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Waste-to-energy has become an attractive alternative to 

landfills. One concern in this development is the release 

of pollutants in the combustion process. The binder 

enhanced d-RDF pellets satisfy the requirements of 

environmental acceptance, chemical/biological stability, and 

being storeable. The acid gas emissions of combusting d-RDF 

pellets with sulfur-rich coal were analyzed by ion 

chromatography and decreased when d-RDF pellets were 

utilized. The results imply the possibility of using d-RDF 

pellets to substitute for sulfur-rich coal as fuel, and also 

substantiate the effectiveness of a binder, calcium 

hydroxide, in decreasing emissions of SOx. 

In order to perform the analysis of the combustion 

sample, sampling and sample pretreatment methods prior to 

the IC analysis and the first derivative detection mode in 

IC are investigated as well. At least two trapping reagents 

are necessary for collecting acid gases: one for hydrogen 

halides, and the other for NOx and SOx. Factors affecting 

the absorption of acid gases are studied, and the strength 



of an oxidizing agent is the main factor affecting the 

collection of NOx and SOx. The absorption preference series 

of acid gases are determined and the absorption models of 

acid gases in trapping reagents are derived from the 

analytical results. To prevent the back-flushing of 

trapping reagents between impingers when leak-checking, a 

design for the sampling train is suggested, which can be 

adopted in sample collections. Several reducing agents are 

studied for pretreating the sample collected in alkali-

permanganate media. Besides the recommendation of the 

hydrogen peroxide solution in EPA method, methanol and 

formic acid are worth considering as alternate reducing 

agents in the pretreatment of alkaline-permanganate media 

prior to IC analysis. The first derivative conductivity 

detection mode is developed and used in IC system. It is 

efficient for the detection and quantification of 

overlapping peaks as well as being applicable for non-

overlapping peaks. 
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CHAPTER I 

INTRODUCTION 

Incineration of municipal solid waste (MSW) is rapidly 

becoming an attractive alternative to landfilling. The 

benefits include the reduction of the number and the size of 

landfills as well as energy recovery from wastes. One 

challenge in the development of such MSW resource recovery 

facilities is the release of pollutants in the combustion 

process. The potential pollutants include inorganic acid 

gases, heavy metals and toxic organics. In the studies of 

the low-cost binders for use in producing improved 

pelletized densified refuse-derived fuel (d-RDF), lime 

(Calcium hydroxide) was indicated to be the top ranked 

binding agent (_1_). Besides the improvement of the physical 

and chemical characters of storage and of combustion, the 

binder is expected to minimize acid gas emissions. A full-

scale cofired combustion test of binder enhanced dRDF 

pellets and high sulfur coal was conducted during June/July 

of 1987 at Argonne National Laboratory to develop a test 

protocol to establish the impact of cofiring d-RDF/coal fuel 

mixtures on plant operations and boiler performance. In the 

tests, 658 tons of dRDF pellets, which contained different 

percentage content of binder, were cofired with high sulfur 

Kentucky coal at different heat content percentage pf d-RDF. 

1 
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The inorganic acid gases emitted from the combustion were 

collected in alkali solutions and were analyzed by ion 

chromatography. Research has been performed to obtain the 

optimum conditions of sampling inorganic acid emissions 

during the combustion for ion chromatographic analysis. 

This chapter includes the literature review on the 

development of binder enhanced d-RDF pellet for municipal 

solid waste treatment and the ion chromatography method used 

in the determination of inorganic gases emitted from the 

combustion of municipal solid waste. 

Development of Densified Refuse Derived Fuel 

Garbage Problem Has Hurt Our Life 

Municipal solid waste is the heterogeneous mixture of 

organic and inorganic wastes discarded by home, businesses, 

school, hospitals and a variety of other entities in the 

community. The quantities have been increasing steadily 

over the years and are expected to continue to increase in 

the future. It has been estimated that amounts collected 

have risen from approximately 2.0 pounds/capita/day in 1965 

(2) to reach 6 pounds/capita/day by 1987 (3). If our 

wealthy lifestyles and prosperous economic conditions 

continue, the per capita generation rate will increase 

quickly in the future (4). In the past, we did not pay much 
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attention to the garbage problems; however, as civilization 

develops far more quickly today, these problems have begun 

to bother us. The space, the transportation, and the 

pollution problems become increasingly obvious day by day. 

MSW has already damaged our environment and threatened our 

life. Treatment of those wastes in an environmentally 

acceptable manner is a serious problem, but it also can 

provide us an opportunity to recover some benefits while 

reducing the damage and threat. The awareness of the 

potential hazards of municipal solid waste to life and 

environment have driven us to consider some alternate 

methods available for disposal (J5): 

1. Landfills with careful planning, building, and 

operating. 

2. Incineration with well designed furnaces, good 

controlled operation, and useful methods for 

controlling atmospheric, land, and water pollutions. 

3. Recovery of valuable materials for reuse, and energy 

from the combustible materials, and then landfill 

residues carefully. 

These alternatives are all expensive. The choice 

depends on the local circumstances and necessity. 

Disposal of Municipal Solid Waste 

Disposal completes the solid waste management 

chronological cycle (_4J . Sometimes a pretreatment of 
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physical processing or recovering the reusable materials may 

precede disposal, but in most cases, refuse is disposed of 

directly. Sanitary landfilling and incineration are the two 

basic methods of disposal. However, only landfilling can 

complete the disposal. Incineration is the proper method 

that can produce a reduction in waste volume. No matter how 

high the incinerator's operation efficiency, total 

combustion is impossible. There always exists some residue 

which still requires disposal. 

A sanitary landfill is a well-designed, operated, and 

controlled facility for the disposal of solid waste on land 

(±). Basically, landfilling consists of three steps: (1) 

Refuse is deposited at the working area or face, (2) The 

refuse is spread into thin layers and compacted by heavy 

equipment, and (3) The refuse layer is covered with earth 

material daily and further compacted. Although the landfill 

method is the most simple method and has the advantages of 

flexibility and economy, the land requirements, the 

completed site limitation, and the increasing transportation 

costs have decreased its appropriateness. Even more, 

deleterious elements and hazardous chemicals, due to the 

leaching of landfill wastes, have been introduced into 

lakes, streams or aquifers which have penetrated into the 

soil and impaired the groundwater quality. 

Incineration has been the traditional competitor to 

landfill in communities where the landfill cannot fit 
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economic necessity, which conducts the controlled burning of 

wastes in a furnace or boiler with the principal end product 

being ashes and gases. Under ideal conditions, the incoming 

refuse may be reduced to a weight and volume of about 10-20% 

of the original (4_) . Incineration reduces the amount of 

materials requiring landfill disposal and thereby prolongs 

landfill life. Owing to the decreased volume of wastes and 

the fact that incinerators can be built in urbanized areas 

close to major waste generation sources, the transportation 

costs can be reduced greatly. The construction of 

incinerators requires substantial outlays of capital, and 

the operation and maintenance involve high cost manpower and 

supplies. The energy produced in the combustion can be 

recovered and sold to make up for the cost difference 

between the incineration and the landfill. Therefore, 

developing a waste-to-energy facility has been the new trend 

of the municipal solid waste treatment. 

Energy Recovery from Municipal Solid Waste 

Energy recovery has been the main purpose for most of 

the technical developments of resource recovery procedures 

in the world today. There are several methods to recover 

energy from MSW. One is through the direct combustion of 

MSW (_8) . Another method is to convert the MSW into liquid 

or gaseous fuel by means of pyrolysis, bioconversion, or by 

hydrogenation (10). A majority of these processes are 
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designed to utilize refuse as a solid fuel to generate steam 

or hot water. Approximately eighty-three percent of 

municipal solid waste is combustible, and this combustible 

portion is known as refuse derive fuel (RDF) (6). Of the 

total volume of MSW, the combustible portion is composed of: 

52% paper, 14% plastic, 5% wood, 4% garden waste, 3% food 

waste, 3% textile, 1% rubber, and 1% leather. The 

quantities of materials in each item will vary considerably 

and depend on the geographic location and the season more or 

less. Table 1 presents the chemical characterizations of 

municipal solid waste which includes elemental and proximate 

analyzes (_7). From the table, the organic fraction is 

almost half of the waste, and the source of energy we are 

interested is primarily the cellulose in it. 

Each ton of municipal solid waste is equivalent to one 

barrel of oil (j3). Therefore, the 150 million tons of 

municipal solid waste annually produced in the United States 

is an energy equivalent to 150 million barrels of oil. This 

is roughly seven percent of the oil imported annually into 

the United States (8). Besides, the supply of MSW is 

inexhaustible. The U.S. Bureau of Mines (_9) analyzed the 

heat content of MSW which was in the range of 4.26-5.26 kilo 

Btu/lb. In the study of d-RDF test burns, it showed that 

the combustible portion of MSW has 6000-7000 Btu/lb in its 

dry state. This approaches the energy equivalent of a good 

grade of lignite coal and 60% of bituminous coal. In the 



Table 1 Chemical Analysis of Municipal Solid Waste 

Component Wt% 
Moisture 

(%) 
Inorganic 

(%) 
Organic 

(%) 

Paper 38 8.0 3.0 27.0 
Wood 3. 5 0.5 0.3 2.7 
Textiles 1. 5 0.5 1.0 
Yard wastes 14 6.0 0.7 7.3 
Food wastes 16 10.0 0.9 5.1 
Rubber and 2. 5 0.5 0.4 1.6 
Leather 
Plastics 3 0.4 0.3 2.3 
Metal 10 1.0 9 
Glass 10 1.0 9 
Miscellaneous 1. 5 0.1 1.4 

TOTAL 100 28 25 47 

Chemical Analysis Organic Proximate Analysis 
Element Composition Component 

(%) (%) (%) 

Carbon 23.4 Cellulose 79 Volatile matter 42 
Hydrogen 3.0 Fat, waxes, Fixed carbon 5 
Oxygen 20.0 oils, Moisture 28 
Nitrogen 0.3 starches, 13 Inert 25 
Sulfur 0.1 protein 

Other 0.2 Rubber, 100 
leather 3 

Inert 25.0 
Water 28.0 Plastics 5 

100.0 100 
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future, the heat content of MSW will increase with the 

tendency of the substitution of more plastic for glass/metal 

goods and the acceptance of short-lived (one-time-use) 

merchandise which are usually made of paper or plastic. 

It is well known that the sulfur content of MSW is much 

lower in comparison with that of coals and residual oils. 

The average sulfur content in MSW is only 0.1 to 0.2%. For 

those bituminous coals which are most commonly fired in 

power plants, the sulfur content is in the range of 2.5 to 

3.5%. Therefore, the refuse can act as a low sulfur fuel to 

substitute for sulfur-rich coal. 

Development of Densified Refuse Derived Fuel (D-RDF) 

Wastes can be used as fuel directly or upgraded into 

more concentrated solid. The pathways of combustion are 

critical to the conversion and energy recovery process (11). 

The combustion process follows the following sequential 

steps: initial heat up, drying, pyrolysis to volatiles and 

char, and then combustion. The pyrolysis step is the most 

critical step. The higher energy content components, 

reactor temperature, moisture content in the fuel, and the 

p&rticle size and shape of fuel influence the distribution 

of precombustion or pyrolysis products. Ash also plays a 

more prominent role as the MSW contains materials such as 

glass and iron which serve as significant heat sinks cooling 

the combustor in the firebox, and paper which carries 
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substantial quantities of clay. The incineration of 

unprocessed refuse has inherent difficulty. The 

heterogeneity of the material makes distribution of 

combustion air difficult (12). A 100% excess air, or more, 

is often used which causes considerable amount of heat loss. 

So, it is difficult to recover energy efficiently from MSW 

by direct combustion. Therefore, an increasing number of 

methods of a converting waste to fuel have been proposed. 

Some new forms of MSW fuels and incineration method are set 

up instead of the direct combustion. The fuels produced by 

these ways are known as refuse-derived fuels (RDF). The 

objective of an RDF system is to separate combustible and 

noncombustible wastes and reduce the combustible wastes to a 

uniform material that can be burned (13.), and compatible 

with conventional coal-fired combustion systems. At least 

seven forms of RDF have been defined, as described in Table 

2 (14). Most of the description of RDF by the people refer 

to RDF-3 (fluff RDF) or to RDF-5 (d-RDF). Fluff RDF ranges 

in size from chunks of about four inches to particles 

roughly three-fourths of an inch in size (13). Densified 

RDF is made by compressing the smallest fluff RDF into the 

form of pellets, slugs, cubettes, or briquettes. RDF-3 is 

usually intented to be burned as a supplement to coal in a 

suspension (pulverized coal) boiler or semisuspension 

boiler, or by itself in the semisuspension boiler (14). D-

RDF is usually intended to be burned as a supplement to 
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Table 2 Types of Refuse-Derived Fuel 

RDF-1 Wastes used as fuel in as-discarded form 

RDF-2 Wastes processed to coarse particle size with or 
without ferrous metal separation 

RDF-3 Shredded fuel derived from municipal solid waste 
(MSW) that has been processed to remove metal, 
glass, and other inorganic materials (this 
material has a particle size such that 95 wt% 
passes through a 50-mm sequare mesh screen) 

RDF-4 Combustible waste processed into powder form, 95 
wt% passing 10 mesh (2 mm) 

RDF-5 Combustible waste densified (compressed) into 
the form of pellets, slugs, cubettes, or 
briquettes (this is d-RDF) 

RDF-6 Combustible waste processed into liquid fuel 

RDF-7 Combustible waste processed into gaseous fuel 
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coal or as the sole fuel in a stoker boiler. The first 

preparation of RDF-3 in the United States was performed at 

the Union Electric Company in St. Louis in 1973 (15.). The 

technology has not grown, just a few plants are operating 

and only a few more are planned at this time. The main 

reasons might be the poor quality of the fuel and difficulty 

in storing and handling. The fuel delivered to the plants 

contained too much ash and too much oversize materials. In 

short, it did not meet the buyer's specifications. Storage 

bins were mostly inadequate to the task of delivering the 

fuel in a reliable manner and associated conveyors performed 

poorly, something related to the preparation methods used 

for the RDF as well as to the content of extensive ash. 

Therefore, it is believed that the preparation and use of 

the d-RDF will grow in time because of its relative ease of 

handling and storage compared to RDF-3. 

Manufacture of D-RDF 

The dry process of d-RDF manufacture begins when refuse 

is pushed onto a conveyor and carried into a shredding 

machine (_1_3) . The components of MSW are torn or broken into 

pieces by the hammer in shredding machine. Any ferrous 

metals in the waste are removed by large magnets and taken 

by a conveyor to another part of the plant. The remaining 

waste passes through cylindrical screens that sort the 

refuse to remove more noncombustible elements. Fine sand, 
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dirt, and glass are separated for landfill disposal. Rock, 

large pieces of glass, and other heavy, dense objects are 

removed. The remaining material continues to the fine 

shredding machine to reduce the size of combustible 

material. This shredded waste goes through an air 

classifier, where the lighter, more combustible materials 

are further separated from the rest of the waste by air. 

This very light material is fluff RDF which can be 

compressed into pellets or briquets by the densifier and 

pelletizer to form the d-RDF. The cellulose is the majority 

in the d-RDF. During pelletization an elevated temperature 

is produced. In the presence of moisture, the hydrogen 

bonds in the cellulose should be weakened or broken, so that 

the cellulose would act as a thermoplastic material (15). 

In addition, at the elevated temperature, the lignin portion 

of the cellulose is likely to be thermoplastic. Therefore, 

the RDF particles can be binded together. To produce an 

environmentally acceptable, chemically/biologically stable, 

and storeable d-RDF pellet, a suitable binder(s) must be 

used (_1) . The binders are added to the mixer which contains 

the fluff RDF by means of a sprayer using compressed air. 

The materials from the mixer are transferred to buggies and 

tipped into the surge bin which preceds the pelletizer (1). 
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Role of the Binder in the D-RDF 

In the studies of binders by University of North Texas 

in 1985 QJ, approximately 150 different binders and binder 

combinations were evaluated by a series of criteria based on 

cost, environmental acceptability, and effectiveness as a 

binder. Calcium hydroxide or combinations involving calcium 

hydroxide were suggested to be the best binder to produce 

excellent quality d-RDF pellets when commercially produced. 

The basic binders (those using calcium hydroxide or 

combinations) perform best because of the following (1): 

1. The calcium binding agent breaks down the RDF 

substrate to react in a complex or chelate formation 

mode with the acidic groups of RDF. 

2. The calcium hydroxide in the RDF gradually 

carbonates with the carbon dioxide in the air to form 

calcium carbonate. 

3. The above processes form very strong and well-knit 

pellets that resist water penetration and can be stored 

for long periods of time with little biological and 

chemical degradation. 

4. The carbonated species might be calcined in the 

furnace during RDF combustion, and should allow the 

pellets to quickly break apart in the firing zone and 

. be readily consumed as fuel. 

Some preliminary studies (1_) indicated the basic 

binders which have been shown to be effective for producing 



14 

high quality pellets, may also reduce potential emissions 

from the pellet combustion. These may include potential 

emissions such as polyaromatic hydrocarbons, polychlorinated 

biphenyls, furans, and dioxins. It is also expected that 

these binders can reduce the acid gas emissions. From the 

results of the d-RDF test burns, the emission of sulfur 

oxides has been decreased owing to the existance of the 

binder (calcium hydroxide) in the d-RDF. 

Combustion of D-RDF and Emissions 

The usual reason for producing the d-RDF is so it can 

be cofired with coal in lump form in existing boilers which 

need no, or only slight, modifications to accommodate d-RDF. 

This saves the expense of building a new energy system. It 

is not difficult to use the d-RDF as a supplemental fuel to 

coal or use it as the sole fuel in stoker-fired boilers 

(14)• Because of the lower heat content in d-RDF, 

allowances must be made when it is used alone in combustion. 

The "dedicated boiler" which is a spreader stoker unit is 

designed to accept d-RDF as the primary fuel (16). As the 

d-RDF is fed into the boiler above the stoker or grate, the 

light particles are burned almost instantaneously in 

suspension. Heavier particles fall to the front of the 

stoker and are burned quickly while they travel through the 

combustion zone to the rear of the boiler, remaining there 

until burned completely. Hot air initiates the combustion 
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of refuse on the grate. As the fuel moves closer to the 

front end of the boiler, it is slowly combusted. The sandy, 

dry ash is discharged into an ash pit. As with the mass-

combustion system, the combustion air should be controlled 

carefully (16). In the d-RDF test burns, different 

percentage blends of d-RDF/coal were prepared and conducted 

in power plant No.5 boiler in Argonne National Laboratory, 

which is a spread-stoker fired boiler. 

Although using the refuse as fuel has the benefit of 

reducing the negative environmental effect (diminishes and 

inactivates the refuse for disposal) and recovering energy 

and materials, it also produces residues which need control 

and disposal. In the energy recovery systems, the main air 

pollution comes from the combustion of RDF. The composition 

of refuse, temperature, excess air and retention time in 

combustion, and the flue gas velocity, contribute to the 

pollution characteristics of flue gas. The potential 

pollutants of concern comprise a wide range of chemical 

species including acid gases, metals, and trace organics. 

The metals are emitted with particulates or fly ash, the 

amount of emission depends on the efficiency of the 

particulate control system. The organics comprise the total 

hydrocarbon fraction (THC) which are the products of 

imcomplete combustion, usually in the form of low-molecular-

weight hydrocarbons; and the toxic organics, polyaromatic 

hydrocarbons (PAH's), polychlorinated biphenyls (FCB's), 
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polychlorinated dibenzo-dioxin and dibenzo-furans, which 

come from the combustion of fungicide, plastics, thermal 

oils that existed in the refuse. The acid gases include 

nitrogen oxides, sulfur oxides, and hydrogen halides. The 

source of nitrogen oxides emissions are either from the 

conversion of nitrogen in the fuel or the fixation of 

atmospheric nitrogen at high temperature. The nitrogen 

monoxide formed in the combustion will be oxidized to 

nitrogen dioxide in the atmosphere. In general, the 

nitrogen oxides produced from the combustion of refuse is 

low owing to the low operating temperature. Emissions of 

sulfur oxides on the burning of refuse are dependant on the 

sulfur content. Usually, the sulfur content in RDF is very 

low, it is just about 0.1% to 0.2% (17). In the test burns 

of d-RDF cofired with sulfur-rich coal, the sulfur oxides 

come mainly from the sulfur-rich coal. The hydrogen 

chloride and the hydrogen fluoride are by-products of the 

combustion of chlorinated and fluorinated pesticides or 

plastics. One of the primary sources of chloride is 

polyvinyl chloride which is popular in refuse. Since the 

plastic contents of MSW will increase in the future, the 

emissions of these two pollutants will increase too. As to 

the hydrogen bromide, because the bromo—compounds are rarely 

used in life, it is seldom in the waste; therefore, the 

hydrogen bromide emission is pretty low in the flue gas and 

its presence was not seen under the sampling conditions in 
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test burns. Carbon monoxide is the most abundant gaseous 

pollutant emitted on the combustion of refuse. It is 

produced by incomplete combustion. Improving the design of 

furnaces has reduced the imcomplete combustion. Most of the 

trace metals and organics are emitted with particulates. 

The control of particulate emissions is very important in 

the refuse combustion system. The most commonly used 

pollution control devices to remove particulates are 

electrostatic precipitators: fabric filter system, and 

electrostatic granular filters (16). A fabric filter system 

(baghouse) has been used to remove the particulates in the 

d-RDF test burns, which uses mechanical screening to trap 

solid particles. As the flue gas passes through the 

baghouse installation, particles are initially captured and 

retained on fibers of the cloth by means of interception, 

impingement, diffusion, gravitational settling, and 

electrostatic attraction (16). The filters are cleaned 

periodically by mechanical shaking, reverse air flow, or 

pulse air jets. Two scrubber systems (wet systems and dry 

systems) are designed to remove the acid gas emissions from 

flue gas. In the d-RDF test burns, a spray dryer absorber 

(SDA) and a system of two gas dispersers has been used to 

scrub the acid gas emissions (JL£) . While passing through 

the two dispersers, the flue gas contacts a fine spray of 

absorbent (lime feed slurry). Sulfur oxides are absorbed 

into the alkaline droplets as water is evaporated 



18 

simultaneously. Control of the gas distribution, lime feed 

rate, temperature and pressure within the SDA module assures 

that the reacting droplets reach their desired dryness 

before they leave the SDA chamber. A portion of the dry 

product, consisting as fly ash, calcium sulfite, calcium 

sulfate, and unreacted lime, falls to the bottom of the 

absorption chamber and is conveyed to recycle. The treated 

and cooled flue gases exhaust from the SDA module and flow 

to the baghouse to remove the particulates. 

Sampling and Analysis of the Emissions 

To ensure the emissions are at environmentally 

acceptable levels, suitable monitoring of the emissions from 

the stack outlet is necessary. Besides continuous emission 

monitoring instruments used to measure the concentrations of 

emissions, manual stacks sampling and analysis by different 

kinds of instrumental techniques for emissions have been 

used to identify and quantify the pollutants. For these 

research purposes, the samplings are not only from the stack 

exit, but also from other positions. The samples withdrawn 

from the effluents should be representative, so the sample 

must be collected without physical or chemical alternation, 

and without altering the flow pattern or the concentration 

of pollutant at the point of collection of the sample. That 

is, the sampling must be accomplished isokinetically (i.e., 

by withdrawing a sample through a probe at the same velocity 
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as that in the stack). Sampling trains for organics can be 

modified according to the ASME protocol by adding a 

condenser and resin trap after the filter (19). The resin 

trap collects the organics which are extracted for analysis 

in the laboratory. They are analyzed by gas 

chromatography/mass spectrometry (GC/MS) or gas 

chromatography/ fourier transform infrared spectrometer 

(GC/FTIR). Sampling for total particulates and metals can 

follow Environment Canada procedures (20). Impingers 

containing aqua regia and permanganate are used to collect 

volatile metals, whereas particulate matter are collected on 

a glass fibre filter. The atomic absorption/ emission 

spectrometer and the inductively coupled plasma (ICP) 

spectrometer can be used to analyze those metal emissions. 

The acid gas emissions are collected from a single point 

through a series of midget impingers containing caustic 

aqueous solutions with the help of an Andersen Sampling 

Apparatus. The recovered samples are identified and 

quantified by Ion Chromatography. 

Ion Chromatography Method 

Development of Ion Chromatography 

Ion chromatography is a modern technique for the 

separation of cations and anions by a chromatography method 
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and an in-line detection system, which was developed (22) to 

solve several analytical problems in aqueous systems. In 

classical wet methods, the separation and determination of 

cations and anions in aqueous solution involve several 

complicated steps and reagents in order to analyze the ions. 

Sometimes, there are some interference problems in the 

sample matrix, especially in those samples that contain 

chemically similar species. Therefore, the determination of 

trace levels of ions co-existing with large amounts of 

similar ions require special analytical techniques. The 

ion-exchange methods are always proposed to remove those 

interferants in quantitative analyses and to separate the 

cations and anions in the mixtures. The analyte ions are 

separated based on the characteristic ion-exchange reactions 

between the ion-exchange material and ions. In the older 

forms of ion-exchange chromatography, high capacity ion-

exchange resins were used, and high concentration eluents 

were required to elute most analyte ions. A prescribed 

amount of sample was added to the top of an ion-exchange 

column and an appropriate eluent solution flowed through the 

column continuously by gravity flow. The flow rate was slow 

and sometimes unstable, and it took a long time for one 

separation. The separated fractions of column effluent were 

collected and analyzed chemically. A chromatogram was 

constructed by plotting the amount of solute in each 

fraction against the fraction number or average volume of 
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eluent in each fraction (22J. This was a complicated and 

time-consuming process which severely restricted the 

application of ion-exchange chromatography. 

In 1975 ion chromatography was first developed by 

Small, Stevens, and Bauman (22). A rapid separation of 

inorganic cations and inorganic or organic anions was 

achieved using ion-exchange resins and a conductivity 

detector. They ultilized a small-bore column packed with 

low-capacity ion-exchange resins of uniform particle size to 

accomplish the separation of these ions under a continuous 

constant flow eluent. A second column (suppressor) was used 

to lower the background conductance as the column effluent 

passed through. In the suppressor column, the higher 

conducting eluent ions were converted into lower conducting 

species, and the conductance from the sample ions was 

enhanced by converting them to higher conducting species. 

This method provided an efficient and reliable analytical 

technique for the rapid separation and measurement of 

mutiple ions in solution. The improvement can be 

contributed to better instrumental components and more 

efficient ion-exchange resins and columns. The smaller 

sample size required for analysis and the automatic 

detection of separated species also enhances the performance 

of ion chromatography. Figure 1 is the conventional dual-

column ion chromatographic system. Several years after the 
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Fig. 1 Schematic of conventional dual-column IC system 
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dual-column system was introduced, a single-column ion 

chromatographic system was demonstrated by Fritz and co-

workers in 1979 (23), which can perform the ion 

chromatographic analysis without using a suppressor unit 

because a sufficiently low ion exchange capacity resin is 

used in the separation column and a very dilute or low 

conductance eluent is used to elute the analyte ions (24). 

The apparatus is very similar to that of the dual-column 

system with the elimination of the suppressor column. 

Ion Exchange Resins 

Many materials which have the ability to exchange one 

ion from another can be employed as the ion-exchangers in 

ion chromatography, such as clays, functionalized organic 

polymers, synthetic or natural zeolites, and some inorganic 

oxides. These materials should have a uniform particle 

size, usually ranging from 5 HM to 50 HM in diameter. The 

most important ion-exchangers in ion chromatography are made 

from organic crosslinked polymers, such as styrene-

divinylbenzene copolymers or a porous silica which has been 

modified with an ion-exchanger materials on the surface. 

The ion-exchange resins can be classified as cation-exchange 

resins or anion-exchange resins. 

• For a cation-exchange resin, the most common type of 

resin is prepared by sulfonating the benzene ring of a 

styrene-divinylbenzene copolymer (25). This process is 



24 

known as sulfonation. The copolymer reacts with hot 

sulfuric acid to form a thin surface shell of sulfonic acid 

groups, which act as the active sites in the ion exchange 

reaction. The reaction of this sulfonation is shown as 

follow: 

CH2CH 

A 

CH2CH-

0 
. V 

H 2S0 4 

-CHCH, 

-CH2CH CH2CH 

A 

SO,H 

SO-.H 

The -SO3" anionic functional groups are bound to the resin 

chemically. They are stable on the resin and have severely 

restricted movement. As to the counter ion, H+ f it is free 

to move about and can be exchanged for another cation. The 

following exchange reaction occurs if a solution containing 

sodium chloride is brought into contact with a hydrogen ion 

form cation exchange resin. 

Res-S03-H+ + Na+ > Res-S03-Na+ + H+ 

The ion exchange reactions proceed stoichiometrically and 

reversibly, and subject to the mass action law governing the 
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chemical reaction equilibria. As in the ion exchange 

equation, Na+ and H+ compete for the S03- exchange site on 

the resin. For a polyvalent cation, a similar reaction will 

occur; the counter ion of the resin will compete with the 

polyvalent cation and be replaced by the polyvalent cation 

stoichiometrically. 

For an anion exchange resin, quaternary ammonium groups 

are the active-sites for the ion-exchange reactions. The 

resin is made by a chloromethylation reaction of the benzene 

rings in styrene-divinylbenzene copolymer and then a 

alkylation reaction with an aliphatic amine (25). The 

reactions are shown as follows: 

C1CH20CH3 

R e s — < f | \ + • Res 
ZnCl2 

CHZC1 

N(CH3)3 

R e s — / [ vl \ • Res 

CH2C1 \ /XH 2N(CH 3) ,+Cl 

Similar to the cation exchange reaction, the counter 

ion of anion resin competes with the analyte anion and is 

replaced stoichiometrically by the anion when the sample 

solution passes through the anion-exchange column. 
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The ion-exchange reaction is reversible. The 

reversibility of a reaction is expressed by the selectivity 

of the resin for the competing ions. The selectivity is a 

measure of the relative affinity of the sample ion to the 

eluting counter-ion for the resin exchange sites (26). For 

an ion with greater selectivity, it remains in the exchange 

sites longer, and elutes from the column later. The 

differences in the selectivity cause the different lengths 

of time they are captured by the resin. This permits the 

separation of the analyte ions with different selectivitiese 

when passing through the separation column. To determine 

the selectivity of a resin for a given species in an elution 

is difficult. However, the following guidelines(26) can 

help us to understand the differences in selectivity: (1) 

The higher the valence of the ion, the greater the 

attraction between the ion and the resin; (2) For the 

different ions of the same charge, the larger the ionic 

radius, the more strongly attracted to the resin. 

Illustrated in Figure 2 are the cation and anion exchange 

resins used in the ion chromatography. 

Suppressor Column 

Suppressor columns usually contain a high capacity ion 

exchange resin to reduce the background conductance of the 

©luent and increase the conductance of analyte by conversion 

to highly conductive species. The following reactions take 
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place in the suppressor column when the potassium salts of 

chloride and nitrate are separated in the anion column with 

the sodium carbonate and bicarbonate as the eluent. 

Eluent: NaHC03 + R-S03-H+ •RS03-Na++ H2C03 

Samples: K+Cl", K+N03~+ R-S03~H+ • RS03"K
++ H+C1-+ H+NO 3 

The suppressor column containing ion-exchange resin 

requires regeneration into the appropriate form if all the 

active sites have been occupied by the eluent and sample 

ions. That complicates the use of ion chromatography, and 

it takes time to regenerate. For some ions, the percent 

exhaustion of the suppressor column affects the variance in 

the elution times and detection respose (43). These 

problems can be eliminated by using the ion-exchange hollow 

fiber suppressor which was introduced by Stevens, Davis, and 

Small (27J . The fiber suppressor consists of a 

cylindrically shaped body around which a semi-permeable 

membrane fiber is wrapped (2£). When the column effluent 

travels through the interior of the fiber, a dilute 

regenerant solution flows countercurrent to the eluent, in 

contact with the exterior of the fiber. The regenerant 

solution can be an acid or base form depending on the 

specific analysis. Due to the driving force, the regenerant 

ions, continue diffusing across the membrance and are " 

consumed constantly. Since the low conductivity eluent 

species is preferred to form, the counter-ions of the 
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analyte ion diffuse into the flowing regenerant solution to 

maintain an ionic balance; thus suppression is maintained. 

Figure 3 demonstrates the actions in a fiber suppressor 

. This type of suppressor device doesn't need to be 

regenerated periodically. The suppressor is never exhausted 

and can be operated for indefinite periods of time. 

Detectors 

The automatic detection of the separated analyte ions 

by ion exchange resins is an important role in ion 

chromatographic technique, which involves the selection of a 

compatible detector with the analyte and eluent ions. There 

are several kinds of detectors which have been used to 

detect the species after ion-exchange separation. The major 

detectors used in ion chromatography are listed in Table 3 

(29). These detectors can be classified as either universal 

or selective according to their response to the ions. The 

detectors which respond to all ions present in the detection 

cell are universal detectors. Those detectors which respond 

only to certain ions present in the detection cell are 

called selective detectors. A conductometric detector is an 

example of universal detector, because all ions in the 

solution will exhibit a certain degree of conductance. The 

electrochemical, ultraviolet-visible spectrophotometer, 

atomic absorption or emission spectroscopic detectors are 

examples of selective detectors. 
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Table 3 Detectors Used in Ion Chromatography 

Detector 

Conductivity, suppressed 

Conductivity, SCIC 

Spectrophotometric 

Spectrophotometry 

Fluorometric 

Refractive index 

Electrochemical 

Atomic absorption 
or emission 

Detection mode 

Direct 

Direct or indirect 

Direct or indirect 

Postcolumn reactor 

Indirect 

Indirect 

Direct 

Direct 
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The selectivity of the Ultraviolet-Visible 

spectrophotometric detector can be changed by adjusting the 

wavelength monitored by the detector. The signal response 

can be enhanced by adding a color-developing reagent to the 

effluent prior to the detector. Detection is based on the 

Lambert-Beer law, 

A_=abc 

where A, is the absorbance of a species of concentration c. 

_a is the molar absorbtivity of the species in the 

specific wavelength. 

Jb is the light path in the cell. 

is the concentration of analyte species. 

In general, spectrophotometric detection can be used in a 

direct mode, indirect mode, or in connection with a post-

column reactor. In the direct mode, the wavelength is 

chosen where the sample ions absorb but the eluent does not. 

In the indirect mode, an eluent is chosen that has a strong 

absorbance at a wavelength where the sample ions absorb 

weakly or not at all; by this mode, the elution of analyte 

ion gives a negative peak in the chromatogram which results 

in an equivalent decrease of absorption in effluent ions. 

The post-column method utilizes a color-developing reagent 

to react with the analyte ion in a small mixing chamber. 

The background absorption of the color-forming agent should 

be low while that of the metal-complex should be high (30). 
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Electrochemical detectors are more selective and 

sensitive and are used to monitor the analyte ions posterior 

to ion exchange separations. The selective character is due 

to the principles of oxidation or reduction of the analyte 

ion on the surface of electrode (31.) . The potentials 

required to induce the electrochemical reaction are 

different for different species. Therefore, the selectivity 

of the detector is controlled by adjusting the potential 

aPPlied to the cell. A potential is applied to induce the 

electrochemical reaction, and the current generated is 

measured as the analyte species is reduced or oxidized. The 

current generated is proportional to the concentration of 

analyte species in solution and obeys Faraday's law, 

J2=nFN 

where Q is the number of coulombs in a detector, 

measured per unit time, or in terms of current; 

_N^is the number of electroactive moles; 

_n is the number of electrons per reaction; 

is Faraday's constant. 

The sensitivity of the detector depends on the solubility 

product or the strength of the complex formed (i.e., the 

formation constant) which is different for different ions. 

The behavior in the electrochemical cell can be described by 

the Nernst equation (32). 

Conductivity detection is a popular and very useful 
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detector in ion chromatography. It has been used 

effectively for the detection of a wide variety of ions 

including cations and anions since it was applied in ion 

chromatography. But it does not respond to molecular 

substances such as water, alcohol, or non-dissociated weak 

acid molecules. In the detection of analyte species, the 

response should be different to that of the eluent ions. 

The eluent can be chosen or a suppressor column can be used 

for suppressing the eluent conductivity and enhancing the 

sample conductivity. Owing to the high sensitivity and 

universal response to most ions, the conductivity detection 

system is always considered preferentially. The conductance 

is the ability of the solution to conduct electricity 

between two electrodes when an electric potential is applied 

•(31). It depends on the mobility and concentration of all 

ions present in the solution. Because each ion has a 

distinct mobility in the solution, the sensitivity will 

differ for each ion. The conductance of a solution is the 

reciprocal of the electrical resistance and has the units of 

ohm-* or mho. That is, 

_1 
G. ® 

R 

where is conductance; 

is the resistance in ohms 
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It is proportional to the cross-sectional area (Aj of 

electrodes, and inversely proportional to the distance (1) 

between the electrodes. The proportionality constant k of 

this relation 

k_ .A 

is called specific conductance. Taking into account the 

concentration of electrolyte in the solution, the equivalent 

conductance (A) is defined by the equation, 

1000 k 
A = 

C. 

where SL is the concentration in equivalents per liter; 

is the equivalent conductance with the unit of 

mhos.cm2/equiv. 

Combining the specific conductance (k) and the equivalent 

conductance (A), conductance is measured by the equation, 

A C 
G = 

100 OK. 

where is the cell constant which is equal to 1/& and has 

the unit of cm-*. 

Electrical current obeys the ohm's law, V=IR (V is the 

electric potential; JĈ  is the electric current; _R is electric 

resistance), and is carried by both cations and anions in 

the Elution. In an infinitely dilute electrolyte solution, 

the conductance of the solution (Aj is the sum of the cation 

conductance (A*), and anion conductance (A"). 
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A = A+ + jV" 

For a mixture electrolyte solution, the specific 

conductance is proportional to the sum over all ions of the 

equivalent conductance of each ion multiplied by its 

normality (J[3) . 

k = I 
t 1000 

The detector response, AG, is the equivalent 

conductance difference between the analyte ion and the 

eluent ion, and it is proportional to the concentration of 

the analyte ions in the effluent. When the equivalent 

conductance of analyte ion is greater than that of eluent 

ions, a positive signal will be obtained. A negative peak 

is obtained when the analyte ions have lower equivalent 

conductance. Both positive and negative signals can be used 

for qualitative and quantitative works. 

Temperature increases cause ion conductance increases 

at infinite dilution since the mobility of ions in solution 

varies with the solution temperature. For an increase of 

one degree Celsius, the equivalent conductance of an ion 

increases about two percent (33) which causes deviations 

from linearity. Therefore, most commercially available 

instruments contain thermistors and compensation circuitry 

to compensate for the temperature change. 
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Analysis of Acid Gases in Flu© Gas with Ion Chromatography 

Ion chromatography has been recognized as a useful 

analytical technique in environmental analysis since it was 

introduced {21). It seems to be a standard analytical 

method for the inorganic pollutants after the first and 

second symposiums on IC analysis of environmental pollutants 

which were held in 1978 and 1979 (34). The determination of 

nitrate and sulfate in ambient aerosols by ion 

chromatography was first reported by Mulik et al. in 1976 

(35). After the leaching of particulates collected on glass 

fiber filters with water, the nitrate and sulfate in aqueous 

extracts were analyzed by IC. Lathouse and Coutant 

described the separation of fluoride, nitrate, and sulfate 

in aqueous leach solutions of filter-catch samples by IC 

(36). After comparing with other available methods, they 

concluded that IC was preferable for routine analytical 

work. In the paper of Butler et al. (37), the main anions, 

F-, Cl-, N02-, P04-3, Br
-, N03~, S04

-2, were analyzed by IC 

and compared with the standard autoanalyzer and ion specific 

electrode techniques. The IC technique proved to be an 

accurate and sensitive alternative method for the 

determination of anions. Holm and Barksdale used ion 

chromatography to do the measurements of acid gases present 

in the smoke from burning materials (38). They found that 

typical ionic products scrubbed from smoke include CO3-2, 

Cl~, P04
-3, Br~, NO3-, and S04~

z. They also found that the 
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organics and NOx present do not interfere in the halide 

analysis. IC can achieve conveniently the separation and 

determination of sulfite and sulfate as well as nitrite and 

nitrate (_39). This technique can be applied in the 

determination of the relative gases in flue gas. The 

S02/S03 and N0/N02 were analyzed in the form of SOx and NOx 

with chloride and fluoride by IC after being oxidized by 3% 

H202 in absorbing reagent (40.) . In the EPA method (41), an 

alkaline-permanganate solution was used to collect the NOx 

emissions from fossil-fuel fired steam generators, electric 

utility plants, nitric acid plants, or other sources as 

specified in the regulations. The collected sample aliquot 

was pretreated with hydrogen peroxide solution and then 

analyzed by ion chromatography. Margeson and co-workers 

determined the sulfur dioxide, nitrogen oxides, and carbon 

dioxide in emissions from electric utility plants by 

alkaline permanganate sampling and ion chromatography (.42). 

The method showed 100% collection efficiency for all three 

pollutants at a sample flow rate of 35 ml/min and was found 

to be unbiased relative to independent monitoring systems. 

At a flow rate of 75 ml/min, the collection efficiency was 

still 100% for sulfur dioxide and nitrogen oxides, but 

dropped to 80% for carbon dioxide. The relative standard 

deviation for the three determinations was as follows: 

sulfur dioxide, 0.2-8%; nitrogen oxides, 3-6%; and carbon 

dioxide, 2-8%. It has been identified as a good method to 
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collect the flue gas in an alkali-permanganate solution and 

analyze by ion chromatography. In the enhanced densified 

refuse-derived fuel combustion tests, the acid gas emissions 

in flue gas were trapped in alkali solution or alkaline-

permanganate for the analysis of halides or nitrogen 

oxides/sulfur oxides separately. For comparison, the 

alkaline hydrogen peroxide solution was also used to trap 

the acid emissions. Different concentrations of trapping 

reagents and different sampling conditions were investigated 

in the study of the absorption phenomena. The results will 

be discussed later. For determining a suitable reducing 

agent used in the pretreatment of alkali-permanganate media 

prior to ion chromatographic analysis, several reducing 

agents were evaluated. Methanol and formic acid were found 

to be good reducing agents as well as the hydrogen peroxide. 

The details will be discussed later. For the overlap of 

peaks caused by the aging of column materials, except the 

general trouble shooting techniques (adjusted flow rate or 

concentration of eluent), a new detection technique has been 

developed by using a conductivity detector. A first 

derivative conductometric detection method was developed 

based on a simple modification of a commercially available 

instrument. It can provide for accurate quantitative 

detection especially for overlapping peaks, and can increase 

the operating efficiency of an ion chromatography. It will 

be discussed later too. 
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CHAPTER II 

METHODOLOGY 

To accomplish d-RDF test burns, several methods have 

been developed and applied including the inspection of the 

raw material (d-RDF pellet) and evaluation of the sampling 

technique. A test schedule and sampling plan were performed 

during the test. Several techniques had been reviewed and 

set up before the test start, and they were used in the 

plant tests or in the post-sampling analysis. Those methods 

that related to the inorganic acid emissions will be 

described in this chapter. 

D-RDF Test Burns 

A full scale cofired combustion test of binder enhanced 

d-RDF pellets and sulfur-rich coal was conducted by 

University of North Texas and Argonne National Laboratory in 

June/July 1987. The fuels were the blends of the binder 

enhanced d-RDF pellets and the sulfur-rich coal at the 

different ratio percentages by heat input. Then, they were 

fired in the power plant of Argonne National Laboratory, 

No. 5 boiler, which is a conventional spreader stoker, 

traveling grate type boiler. The response characteristics 

44 
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of the boiler were investigated after the boiler was placed 

into steady state operation at each blend ratio's 

combustion. Once the boiler efficiencies were calculated, 

the emissions were quantified under these conditions to 

evaluate the performance of the d-RDF combustion. Identical 

evaluations for the full coal combustion were carried out 

for comparison to the blend ratio tests. 

Fuel Preparation 

Binder enhanced d-RDF. The binder enhanced d-RDF 

pellets were supplied from two sources. One was the TRF 

facility, which was a small scale (60-80 tons per day, TPD) 

on-line d-RDF processing facility, located at Thief River 

Falls, Minnesota; the other was the Reuter facility, which 

was a 400 TPD facility, located at Eden Prairie, Minnesota. 

The TRF facility used Lunde.ll designed and built equipment. 

The equipment for adding the binding agent to the RDF 

substrate, and the additional dryer, were added in the 

process. The Reuter facility used Buhler-Miag, Inc. 

designed and built equipment. The d-RDF pellets were made 

both with and without a binding agent. Four percent and 

eight percent by weight of calcium hydroxide were used in 

the manufacture of the binder enhanced d-RDF pellets, 

respectively. 

Coal. The high-sulfur Kentucky coal was burned in the 
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power plant of Argonne National Laboratory. A typical 

sample analysis taken on January 8, 1987 is shown in 

Table 4. 

Blending of the fuels. The d-RDF pellets and coal were 

mixed throughly before each test run. With the four cubic 

yard front end loader being used at Argonne National 

Laboratory, three volume of coal to one volume of d-RDF 

produced a blend which was close to 10 % d-RDF by Btu 

content. The four volumes were blended together using the 

front end loader until the material looked roughly 

homogeneous. This was accomplished by approximately four 

turns of the blended coal/d-RDF. The pile was then moved by 

front end loader to the coal pit and transported by conveyer 

to the coal bunker. The appearance of the blend was 

homogeneous in the coal bunker. No problems were observed 

in blending coal with d-RDF up to the 50 % Btu levels by 

this method. 

Boiler Configuration 

The No. 5 boiler in Argonne National Laboratory was 

built by the Wickes Boiler Company (currently Combustion 

Engineering Company) and was installed in 1965. It had a 

related capacity of 170,000 lb/hour at a gauge pressure of 

200 psig saturated which was about 212 million Btu/hour. At 

maximum rated capacity of 170,000 lb/hour the coal use 
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Table 4 Sample Analysis of Kentucky Coal 

Proximate Analysis 

% Moisture 
% Ash 
% Volatile 
% Fixed Carbon 

BTU/lb 
% Sulfur 

As Received 

6 . 2 8 
8.15 

37.38 
48.29 

100.00 

12,461 
2.70 

Dry Basis 

xxxx 
8.70 

39.37 
51.52 

100.00 

13,296 
2 .88 

Ultimate Analysis 

% Moisture 
% Carbon 
% Nitrogen 
% Hydrogen 
% Chlorine 
% Sulfur 
% Ash 
% Oxygen (diff.) 

As Received 

6 . 2 8 
69.17 
1.49 
4.79 
.01 

2.70 
8.15 
7.41 

100.00 

Dry Basis 

xxxx 
73.81 
1. 59 
5.11 
.01 

2 . 8 8 
8.70 
7.90 

100.00 

Bulk Density = 41.96 lb/Ft3 

Free Swelling Index = 4 

Ash Fusion Temperature 

Initial Deformation 
Softening (H=W) 
Softening (H=1/2W) 
Fluid 

Reducing 

1950°F 
2175°F 
2285°F 
2390 °F 

Oxidizing 

2380 °F 
2500 °F 
2585 °F 
2650 °F 
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requirement, based on coal at 11,600 Btu/lb. is 9.0 tons per 

hour, and at the average capacity of 85,000 lb/hour the coal 

use requirement was 4.1 tons per hour. The maximum firing 

rate equivalent to producing 130,000 lb/hour steam (output), 

was about 144.4 million (1). Further design performance 

data are shown in Table 5. In the early 1980's, the boiler 

was refurnished to repair and reactivate the coal-handling 

and burning equipment. The boiler was serviced by a 

dedicated stack. The top of the stack was 80 feet above the 

roofline of the boiler building. 

Air Pollution Control Equipment 

The air pollution control equipment associated with the 

test boiler consisted of a mechanical multiclone collector 

followed by a spray dryer absorber, and a fabric filter 

baghouse. A schematic of the steam generating equipment and 

air pollution control devices is shown in Figure 4(1). The 

multiple cyclone which was manufactured by Western 

Precipitation, Inc. contained 105 cyclones and had a 

particulate removal efficiency of 90 % for gas flow rates of 

50,000 SCFM and 25,000 SCFM respectively. The spray dryer 

absorber was designed to remove a minimum of 78.3 % of the 

sulfur dioxide contained in the flue gases exiting the 

boiler multiclone system when the total boiler flue gas flow 

rate varied from 87,600 pounds per hour (35 % MCR) to 
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Table 5 Test Boiler (Boiler No. 5) Design Performance Data 

Manufacturer: 

Date Installed: 

Boiler Area: 

Economizer Area: 

Water Wall Area: 

Furnace Volume: 

Turndown Capability Ratio: 

Firing Equipment: 

Performance Based on Fuel 
of Not Less Favorable 
Analysis Than: 

Wick.es Boiler company 
(now Combustion Engineering 
Company) 

1965 

17,647 Ft2 

11,900 Ftz 

1,345 Ftz 

9,600 Ft 3 

3.3 to 1 

Hoffman Stoker-Grates 

Bituminous coal 
Moisture 
Vol. Matter 
Fixed Carbon 
Ash 
Total 
BTU/lb 

(as fired) 
Fusion Temp 

of Ash 

13.0% 
36.5% 
41.1% 
9.4% 

100.0% 
11,200 

2050°F 
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Table 5 Test Boiler (Boiler No.5) Design Performance Data 
(Continued) 

Load 1/2 MCR* 
Fuel Coal 

Steam Output, 10&lb/hr 85.0 

Press, in Boiler Drum (psig) 200 

Temp. Feed Water Entering 228°F 
Feedwater Heater 

Temp. Feed Entering 292°F 
Econ. 

Temp. Feed Leaving 350°F 
Econ. 

Temp. Air Entering Unit 100°F 

Temp. Gas Leaving Boiler 500°F 

Temp. Gas Leaving 331°F 
Econ. 

Excess Air-Boiler Exit 37% 

Excess Air-Econ. Exit 38% 
Wet Gas at Boiler Exit, 113 .1 

10&lb/hr 
Wet Gas at Econ. Exit, 114 .0 

106lb/hr 
Air Weight Entering Unit, 100 .0 

106lb/hr 
Draft in Furnace, "H20 0 .10 

Draft Loss thru Boiler, "H2Q 0 .27 

Draft Loss thru collector, 0 .65 
"H20 

Draft Loss thru Econ, "H20 0 .33 

Draft Loss thru Glass, Baffle, 0 .22 
"H20 

MCR* 
Coal 

170.0 

200 

228 °F 

270 °F 

347 °F 

100°F 

582 °F 

346°F 

30% 

32% 

217.0 

219.0 

191.0 

0.10 

1.00 

2 . 2 0 

1.20 

0 . 8 0 
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Table 5 Test Boiler (Boiler No.5) Design Performance Data 
(Continued) 

Load 
Fuel 

1/2 MCR* 
Coal 

MCR* 
Coal 

Draft Loss thru Flues, "H20 0.19 0.70 

Draft Loss Toal, "H20 1.76 6.00 

Air Press. Loss thru Burners, 
"Hz0 

Air Press. Loss thru Damper 
Ducts "H20 

Air Press. Loss thru Stoker, 
"H20 

Air Press. Loss Total, "H20 

0.02 

0.55 

0.75 

0.70 

1.10 

1.80 

Water Press. Loss thru F.W. 
Htr., lb/in2 

Fuel Burned, 106lb/hr 

2.1 

8.99 

8.2 

18.00 

Liberation, BTU/hr/Ft3 
10,450 22,500 

Heat Losses 

Dry Gas (%) 5.94 6.01 

H2 & Moist, in Fuel (%) 5.21 5.24 

Moist, in Air (%) 0.15 0.15 

Unburned combustible ** 1.30 2.30 

Radiation 0.90 0.40 

Manufacturer's Margin 1.50 1.50 

Total Losses 15.00 15.60 

Efficiency 85.00 84.40 

* Maximum Continuous Rating 
** Based on 50% Recovery 

• 
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219,000 pounds per hour (100 % MCR). Design performance 

data for the SDA are given in Table 6 Q J . The treated and 

cooled flue gases exhausted from the SDA module and flew to 

the baghouse. Here, the remaining fly ash and entrained 

spent dry chemicals were removed. The clean scrubbed flue 

gases exited the baghouse and passed through the induced 

draft fan and stack, exhausting to the atmosphere. 

Performance design data are shown in Table 7(1). 

Test Plan 

A total of 567 tons d-RDF pellets (224.7 tons from TRF 

facility and 352.3 tons from Min-Reuter facility) were 

cofired with 2041 tons of sulfur rich Kentucky coal in 

twelve test runs. The classification was according to the 

different Btu contents of d-RDF in the fuel, and the 

different binder contents in the d-RDF pellets. The Btu 

content as a percentage of d-RDF varies from 0 to 50 %; and 

the binder percentage varies from 0 to 8 %. Table 8 shows 

the test schedule in the combustion tests. The run No. 9 

and 10 were the combustion tests for the d-RDF that was 

prepared with reduced plastic. Run No. 2 through 8 and 11 

were the combustion tests for the d-RDF that contained 

plastic. Run No. 1 and 12 were coal alone in order to 

establish baseline data. The "coal only" runs were 

performed between the runs that burned with different Btu 
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Table 6 SDA Design Performance Data 

Maximum Continuous Rating 35** 70** 100 
(% MCR) 

Flue gas to absorber (ACFM) 28,869 53,677 73,608 
(lb/hr) 87,600 153,300 219,000 

Flue gas inlet temperature 330 346 346 
to absorber (°F) 

Flue gas outlet temperature 146 148 148 
grom absorber (°F) 

Flue gas ACFM to baghouse 24,415 43,059 61,519 
Flue gas inlet temperature 146 148 148 

to baghouse (°F) 
Flue gas outlet temperature 136 138 138 

from baghouse (»F) 
Flue gas dew point temperature », 126 128 128 

outlet from baghouse (°F) 
Flue gas ACFM from baghouse 24,620 43,415 62,035 
Barometric pressure (mm Hg) 760 760 760 
Sulfur in Fuel *(%) 3.5 3.5 3.5 
SO2 from boiler (lb/hr) 441 882 1,260 
SO2 leaving bag filter at 95.7 191 272 

78.3% removal (lb/hr) 
Outlet loading baghouse 0.01 0.01 o

 
o
 
H
 

(GR/ACF) 
Flue Gas Analysis (Volume %) 

35% MCR 70% MCR 100%MCR 
O 2 6.74 5.00 5.00 
N2 75.73 74.90 74.90 
C02 10.32 11.82 11.82 
HZ 6.98 8.02 8.02 
SO 2 0.23 0.26 0.26 

Raw pebble lime (lb/hr) 479 838 1,198 
Water 11.6 19.4 26.4 
Atomizer KW 50 82 111 
Disposal material (lb/hr) 1 ,074 1,970 2,814 

* * 
As specified 
These figures are calculated with the assumption that the 
flue gas flow in the 70% case in direct proportion with 
the 100% figures supplied and that the flue gas flow in 
the 35% case is equal to 40% of the flow in the 100% 
case. 
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35% MCR* * 70% MCR** 100% MCR 

Gas volume (ACFM) 24,415 

Temperature (°F) 146 

Bag fabric 

Number of compartments 

Bags per compartment 

Bag diameter (inches) 

Bag length (feet) 

Total filter area per compartment (sq.ft.) 

Total air-to-cloth ratio 

Gross 1.2:1 

Net (with 1 comp. 1.6:1 

off-line) 

Hopper outlet clearance 

to ground 

Length 

Width 

Height 

43,059 61,519 

148 148 

Huyck Glass Fiber 

4 

280 

6 

12 

5,278 

2.2:1 

2.8:1 

3.03:1 

4.04:1 

4 feet 

48.0 feet 

30.0 feet 

45.0 feet 
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Table 8 Coal/D-RDF Test Run Schedule 

Time Date Run# Composition Binder 
B=Beginning 

"R 
E=End 

1-5 June (1)E Coal -

9 : 00 PM 5 June (2 )B Coal/10%dRDF TRF#1 0 
10 : 00 AM 7 June (2 )E Coal/10%dRDF TRF#1 0 

10 : 00 AM 7 June (2 )B Coal/10%dRDF MIN#1 0 
11 : 00 PM 8 June (2 )E Coal/10%dRDF MIN#1 0 

11 : 00 PM 8 June (3 )B Coal/10%dRDF TRF#1 4 
12 : 00 NOON 10 June (3 )E Coal/10%dRDF TRF#2 4 

12 : 00 NOON 10 June (3 )B Coal/10%dRDF MIN#2 4 
1 : 00 AM 12 June (3 )E Coal/10%dRDF MIN#2 4 

1 : 00 AM 12 June (4 )B Coal/10%dRDF TRF#3 8 
2 : 00 PM 13 June (4)E Coal/10%dRDF TRF#3 8 

2 : 00 PM 13 June (4)B Coal/10%dRDF MIN#3 8 
3 : 00 AM 15 June (4 )E Coal/10%dRDF Min#3 8 

3 : 00 AM 15 June (1 )B Coal _ 

8 : 00 PM 18 June (1 )E Coal -

8 : 00 PM 18 June (5 )B Coal/20%dRDF TRF#4/#5 0 
8 : 00 PM 20 June (5 )E Coal/20%dRDF TRF # 4 / # 5 0 

8 : 00 PM 20 June (5 )B Coal/20%dRDF MIN#4/#5 0 
12 : 00 NOON 23 June (5 )E Coal/20%dRDF MIN#4/#5 0 

12 : 00 NOON 23 June (7) B Coal/20%dRDF TRF#6/#7 4 
8 : 00 PM 23 June (7 )E Coal/20%dRDF TRF#6/#7 4 

8 : 00 PM 23 June (6 )B Coal/30%dRDF MIN#6/#7 8 
8 : 00 AM 25 June (6)E Coal/30%dRDF MIN#6/#7 8 
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Table 8 Coal/D-RDF Test Run Schedule (Continued) 

Time Date Run £ Composition Binder 

8:00 AM 25 June (6 )B Coal/30%dRDF MIN#8/#9 4 
8:00 AM 26 June (6 )E Coal/30%dRDF MIN#8/#9 4 

8:00 AM 26 June (7 )B Coal/20%dRDF TRF#6/#7 4 
8:00 PM 28 June (7 )E Coal/20%dRDF TRF#6/#7 4 

8:00 PM 28 June (8)B Coal/20%dRDF TRF#8/#9/#10 8 
12:00 MID 1 July (8)E Coal/20%dRDF TRF#8/#9/#10 8 

12:00 MID 1 July (12 )B Coal 
6:00 PM 4 July (12 )E Coal -

6:00 PM 4 July (11 )B Coal/50%dRDF 4 
MIN#10/#11/#12 

MIDNIGHT 5 July (11 )E Coal/50IdRDF 4 
MIN#10/#11/#12 

MIDNIGHT 5 July (12 )B Coal _ 
MIDNIGHT 6 July (12 )E Coal -

MIDNIGHT 6 July (9)B Coal/30%dRDF MIN#13/#14 0* 
MIDNIGHT 7 July (9)E Coal/30%dRDF MIN#13/#14 0* 

MIDNIGHT 7 July (10 )B Coal/30%dRDF MIN#15/#16 4* 
3:00 PM 8 July (10 )E Coal/30%dRDF MIN#15/#16 4* 

3:00 PM 8 July (12 )B Coal -

Reduced-Plastic d-RDF pellets 
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percentage contents in order to clean out the d-RDF from the 

previous runs and to avoid the cross-contaminationss. 

Sampling Plan 

For assuring the success of the combustion tests, 

quality control was maintained through the whole test 

process. The d-RDF pellets were inspected for the dust and 

sampled for the bulk density determination and the binder 

content analysis as it was unloaded from the trucks. During 

test runs, samples were picked up from the positions that 

were of interest in the study. The sampling stations and 

interested samples taken were demonstrated in Figure 4. The 

fuel samples were taken at the coal scales A and B from 

sampling station 1 to determine the percentage of coal and 

d-RDF, and were analyzed for: proximate analysis, ultimate 

analysis, heating value, ash fusion temperature, and bulk 

density. The bottom ash samples were collected at sampling 

station 2. The fly ash samples from the economizer and the 

multiclone were collected from sampling station 3. These 

ash samples taken were used to analyze their particle sizes 

distribution and specific metals' content. They were also 

used for the toxicological analyses. The organic emissions 

were collected at sampling station 8 (at the boiler), 9 (at 

the dust), and 10 (the EPA observation port), for the 

determination of PAH's, PCB's, Dioxins, and Furans. The 



59 

emitted metals were collected at sampling stations 9 and 10. 

The inorganic acid emissions were collected at sampling 

stations 9 and 10 too. Besides, the lime and ash samples 

were taken from sampling station 4 and 7, and ash samples 

from station 5, twice per day. Lime samples from station 6 

were also taken daily. Sampling station 11 was the in-line 

monitoring instrument which offered the data on a continuous 

basis. As to the moisture content, carbon dioxide, and 

oxygen, the samples were taken for in-house analysis or in-

field analyse at the sampling position 8, 9, and 10. The 

major sampling stations 8, 9, and 10, were named as site 1, 

site 2, and site 3, respectively. 

Sampling for Acid Gases And Moisture 

For the study of the acid gases emitted during the 

combustion, the samples were collected at site 2; and for 

the investigation of the efficiency of the air pollution 

control equipment, samples were collected from site 3. 

These samples were also used to evaluate the sampling 

conditions and for the study of the absorption phenomena if 

the samples in different impingers were collected 

separately. For the humidity checks prior to isokinetic 

sampling, moisture samples were collected from site 1, 2, 

and 3. The Andersen Gasampler was used and some technical 

procedures were used in the sampling of acid gas emissions 
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and moisture. 

Gas Sampler 

Andersen Model 300 Gasampler (Atlanta, Ga.) was used to 

collect the moisture and acid gases samples from flue gas in 

stack. The sampling train is shown in Figure 5(2) and the 

component parts are discussed as follows: 

1. Probe. Borosilicate glass, approximately 12 mm inside 

diameter, with a heating system to prevent water 

condensation and a filter (in stack) to remove particulate 

matter, including sulfuric acid mist. A plug of 

borosilicate glass wool was used as the filter. 

2. Bubbler and impingers. One midget bubbler, with medium-

coarse glass frit and borosilicate glass wool packed in the 

top (see Figure 5) to prevent sulfuric acid carryover, and 

four 30 ml midget impingers were used. The bubble and 

midget impingers must be connected in series with leak-free 

glass connectors. Silicone grease was used to prevent 

leakage. 

3. Glass wool. Borosilicate glass wool was used. 

4. Stopcock grease. Acetone-insoluble, heat stable silicone 

grease was used. 

5. Temperature gauge. Dial thermometer was used to measure 

temperature of gas leaving impinger train to within one 

degree Celsius. 
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6. Drying impinger. Packed with 6 to 16 mesh silica gel to 

dry the gas sample and to protect the meter and pump. If 

the silica gel has been used previously, dry at 170 degree 

Celsius for 2 hours. New silica gel may be used as 

received. 

7. Control module. The control module included the 

following parts; a needle valve was used to regulate sample 

gas flow rate; a leak free diaphragm pump was used to pull 

gas through the train; a small surge and flow meter was 

used to eliminate the pulsation effect of the diaphragm pump 

on the flowmeter; a flowmeter capable of measuring flow 

rate to within 2 % of the selected flow rate of about 1 

liter/min. was used; a dry gas meter to measure the sample 

volume within 2 % (calibrated at the selected flow rate and 

conditions actually encountered during sampling) and 

equipped with a temperature gauge (dial thermometer) capable 

of measuring temperature to within three degree Celsius; and 

a vacuum gauge was used for leak checking. 

Reagents 

Three kinds of trapping reagents were prepared from ACS 

certified reagent grade chemicals and deionized distillated 

water for the collection of acid gases. They were (1) 2 % 

sodium hydroxide solution; ( 2 ) 2 % sodium hydroxide with 4 % 

potassium permanganate solution; (3) 2 % sodium hydroxide 
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solution with 2 % hydrogen peroxide solution. For the 

absorption phenomena study and evaluation of the sampling 

conditions, 4 %, 6 %, and 8 % sodium hydroxide solutions, 

and a 4 % sodium hydroxide with 4 % potassium permanganate 

solution were also prepared. 

Preparation of Collection Train 

For acid gases. Measure 25 ml of trapping reagent 

solution into each of the first three midget impingers, 

leave the fourth midget impinger dry, and place 30 ml 6-16 

mesh silica gel in the final impinger. Then adjust the probe 

heater to a temperature sufficient to prevent water 

condensation (110-120 degree Celsius), and place crushed ice 

and ice water around impingers. 

For moisture. Fill the first three impingers with 15 

ml of deionized distilled water, leave the fourth impinger 

empty and add 30 ml 6-16 mesh silica gel in the last 

impinger. Before the connection, weigh each impinger with 

contents and connector to 0.01 gram, and record the data. 

Leak-Check Procedure 

Leak checks prior to the sampling run and after the 

sampling run were performed. The leak check procedure was 

as follows: With the probe disconnected, place the vacuum 

test plug at the inlet to the bubbler and pull a vacuum of 
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250 mm-Hg; plug or pinch the outlet of the flow meter, and 

then turn off the pump. The vacuum should remain stable for 

at least thirty seconds. Carefully release the vacuum to 

prevent back flow of the impinger fluid. 

Sample Collection 

Record the initial dry gas meter reading and barometric 

pressure. To begin sampling, position the tip of the probe 

at the sampling port and start the pump. Adjust the sample 

flow to a constant rate of approximately 4 SCF/H as 

indicated by the flowmeter. Maintain it constant (plus or 

minus 10 %) during the entire sampling run. Take readings 

of dry gas meter temperatures, impinger outlet temperature, 

and flowmeter at least every 5 minutes. Add more ice during 

the run to keep the temperature of the gases leaving the 

last impinger below 10 degree Celsius. Take the sample 

until 1.1 cubic feet of gas has been collected. At the end 

of each run, turn off the pump, remove the probe from the 

stack, and record the final readings. Conduct a leak check. 

If the system is found to be leaking, discard the solution. 

Drain the ice bath, and purge the remaining part of the 

train by drawing clean ambient air through the system for 15 

minutes at the sampling rate. 
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Sample Recovery 

Acid gases. Disconnect the impingers after purging. 

Pour out the contents of each impinger into a leak free 

polyethylene bottle for shipment. Rinse the impingers and 

the connecting tubes with deionized distilled water and add 

the washings to the same storage bottles. Mark the fluid 

level, then seal and label the sample container. For those 

samples used in the study of the absorption phenomena or the 

evaluation of sampling conditions, the samples in different 

impingers were collected separately. 

Moisture. After the disconnecting and purging of 

impingers, each impinger with contents were weighed to 0.01 

gram and recorded. 

Calibration of Metering System 

An Andersen calibrated dry gas meter was used to 

calibrate the metering system. The calibration procedure is 

shown as follows: Connect the Andersen calibrated dry gas 

meter to the inlet of the drying tube. Pump the dry gas 

through these two meters (one is the calibrated dry gas 

meter, the other is the sampler dry gas meter), and record 

their readings. There were six independent calibration 

runs, using two 0.5 cubic feet, four 1.0 cubic feet volume 

(both volumes adjusted to the same reference temperature and 

pressure) for each run and averaged the results. If the 
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calibration factor of dry gas meter deviates by more than 2 

% from the average, the metering system is unacceptable for 

use. 

Sample Analysis 

After bringing the samples back to the laboratory, the 

liquid level in each container was checked and confirmed 

whether sample was lost or not on the shipment. If a 

noticeable amount of leakage had occurred, the volume lost 

can be determined from the difference between the initial 

and the final solution levels, and then this value could be 

used to correct the analytical result. The sample solution 

was transfered to a volumetric flask and diluted to the mark 

with deionized distilled water. Those samples trapped in 2 

% sodium hydroxide or 2 % sodium hydroxide with 2 % hydrogen 

peroxide, were diluted to 250 or 300 ml, and those samples 

trapped in the media containing potassium permanganate were 

diluted to 350 or 400 ml, depending on the recovered volume 

of sample aliquots. As to the samples collected by 

different impingers, they were diluted to 100 or 150 ml. 

These adjusted volume samples were the stock sample 

solutions. They were used in the anion analysis for acid 

gases by ion chromatography, and the carbon dioxide content 

determination in each impinger with pH titration method. 
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Analysis of Acid Gases by Ion Chromatography 

Sample Pretreatment 

The samples were analyzed for the acid gas emissions by 

ion chromatography based on an EPA method (3) after 

appropriate pretreatments and dilutions. The pretreatment 

methods and dilution factors depended on the sample media 

and concentration status of anions. For the samples 

collected in 2 % sodium hydroxide: take the stock sample 

solution 2 ml or 5 ml into a 100 ml volumetric flask, and 

dilute to the mark with the solution containing 75 % the 

eluent used in ion chromatography and 25 % deionized 

distilled water. For the samples collected in the media 

containing 2 % sodium hydroxide and 2 % hydrogen peroxide: 

take the stock sample solution 2 or 5 ml into a 50 ml 

Ermeyler flask, and add 20 ml deionized distilled water, 

then heat on hot plate to boil off the excess hydrogen 

peroxide. Using the deionized distilled water to wash the 

wall of the flask, cool to room temperature, and then dilute 

to 100 ml in volumetric flask with the diluting solution as 

described before. For the samples collected in the media 

containing 2 % sodium hydroxide and 4 % potassium 

permanganate solution: a 5 % hydrogen peroxide solution was 

recommanded in the EPA method 7D (40 and used in the study. 

A 2 or 5 ml stock sample solution was taken and put into a 

100 ml Ermeyler flask containing 40 ml deionized distilled 
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water, add a magnetic stirrer bar and adjust the stirring 

rate, and then add 5 % hydrogen peroxide drop by drop while 

stirring. As the potassium permanganate color appeared to 

have been removed, allow the precipitate to settle, and 

examine the supernatant liquid. If the liquid was clear, 

the hydrogen peroxide addition was complete; if the color 

persisted, add more hydrogen peroxide with stirring until 

the supernatant liquid was clear, then heat on hot plate to 

boiling to expel the excess hydrogen peroxide and cool down 

to room temperature, then filter the precipitate. Filter 

the aliquot into 100 ml volumetric flask, wash the solid 

material several times with deionized distilled water. When 

filtration was finished, dilute to the mark. An alternate 

method was used to do the pretreatment in a short time. 

Adding 1 % diluted hydrochloric acid to adjust the pH value 

of the solution to acidic prior to the addition of hydrogen 

peroxide solution, the color of potassium permanganate will 

disappear very soon. It can not be used in the chloride 

analysis. However, a diluted sulfuric solution can be used 

to adjust the pH value in the solution if the chloride 

content in the solution is of interest. A study for the 

pretreatment of alkali permanganate media prior to ion 

chromatographic analysis has been done, several reducing 

agents were evaluated. They will be discussed in next 

chapter. 
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Equipment 

Class A pipets, volumetric flasks, an Orion research 

digital ionalzer/501 pH meter, a Mettler H 30 analytical 

balance, a thermometer, a Coors filtering crucible, and a 

Corning PC 351 hot plate stirrer were used to accomplish the 

preparation of eluent, regenerant, and sample pretreatment. 

A Dionex Model 2010i ion chromatograph (Dionex Corp. 

Sunnyvale, CA) equipped with a factory installed 

conductivity detector was used for analyzing samples. A 

Dionex HPIC-AS4 anion separator column was used for the 

separation of the anions and a Dionex anion fiber suppressor 

was used for eluent suppression. The eluent used was a 

mixture of sodium bicarbonate and sodium carbonate solution. 

Concentrations ranged from 0.003 M sodium bicarbonate and 

0.0024 M sodium carbonate solution to 0.0015 M sodium 

bicarbonate and 0.0012 M sodium carbonate solution, and flow 

rates were from 2.3 ml/min to 1.0 ml/min, depending on the 

resolution of the separation column. The regeneration agent 

used with the fiber suppressor was 0.025 N sulfuric acid 

solution. The chromatogram and data were recorded on a 

Spectra-Physics SP4290 integrator (Spectra-Physics, San 

Jose, CA). To keep the conductivity detector in high 

efficient conditions through all samples' analyses, the cell 

was clean and calibrated once a month (5). 
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Reagents 

All reagents were reagent grade or equal quality 

chemicals. The water used to prepare all of the solutions 

and the chromatography eluent was building deionized water 

which was distilled in the laboratory prior to use. An 

anion standard solution kit was purchased from Wescan 

instruments, Inc. (Santa Clara, CA) which containing 200 ppm 

each of the following: fluoride, chloride, nitrate, nitrite, 

bromide, and sulfate. They were used as standard stock 

solutions. An appropriate concentration range was set for 

each ion depending on the detector response and the 

concentration of ion in the injected solution. Several 

standard solutions within the range were prepared from the 

standard stock solution. The standard solutions for 

chloride were from 0.05 ppm to 2 ppm, nitrate were 0.05 ppm 

to 2 ppm, and sulfate were from 5 ppm to 30 ppm. These 

standard solutions were analyzed and used to construct 

calibration curves daily. 

Procedure 

The normal operating procedure for use of the ion 

chromatograph was followed. The solutions were injected, 

and the detector output range and the integrator chart were 

adjusted appropriately to provide peaks shown in the chart 

screen. The calibration curve for an ion was plotted with 
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the peak area corresponding to the concentration of standard 

solution injected. To insure the least-deviation of the 

calibration curve, the standard solutions were injected 

periodically to monitor drift. From the peak area response 

of an ion in the sample injected, and the calibration curve, 

the concentration of the analyte ion in the injected 

solution was determined. Considering the dilution factor, 

amount of gas being sampled, and dry gas temperature when 

sampling, the acid gas emission in flue gas was quantified. 

Analysis of D-RDF and Fuel 

The samples of d-RDF pellets collected from the 

unloading truck were prepared for bulk density and binder 

content analysis. The fuel samples collected at coal scales 

were also analyzed for bulk density. Bulk density is a 

measurement of the weight of a unit volume of solid that 

falls freely into the container (_6) . The determination 

procedure for bulk density used is as follows (7): a. Allow 

the sample (d-RDF pellets or fuel) to fall freely into a 5 

gal. container (rounded-bottom iron-bucket) until 

overflowing, b. Scrape the excess sample off to achieve 

complete filling, c. Weigh the sample in the container 

(total weight subtract container weight) and divided by the 

volume of the container. The bulk density is in the"unit of 

pounds per cubic feet. 
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Binder Content in D-RDF Pellets 

Calcium hydroxide was used as the binder in d-RDF 

pellets. To insure the correctness of preparation of each d-

RDF batch sent for combustion, the binder content was 

determined. The calcium hydroxide content in the sample can 

be analyzed by atomic spectroscopy method (£), ion 

chromatography method (_9_), and EDTA 

(Ethylenediaminetetraacetic acid) titration method (10) 

after appropriate sample pretreatment. Although the 

instrumental methods can give higher efficiency results, it 

was inconvenient to carry these heavier instruments to power 

plant to perform the field-analysis. Therefore, the EDTA 

titration method was used to analyze the binder content of 

d-RDF in the trailer. In this method, a standard 0.01 M 

EDTA solution was prepared and standardized with calcium 

carbonate powder (10). An ammonical buffer solution was 

prepared to adjust the pH value of analyte solution, and a 

10 % sodium cyanate solution was prepared as an inhibitor to 

prevent the interference from iron ion, etc., and a 0.1 % 

(w/v) calmagite aqueous solution was used as the indicator. 

The procedure for the determination of binder content in d-

RDF pellets is as follows: 

1. Weigh about 50 grams d-RDF pellets collected from 

unloading truck, and put into a 1000 ml beaker containing 

about 300 ml deionized water. 
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2. Heat to boiling on the hot plate, using a stirrer bar to 

loose the pellets. 

3. Cool to room temperature, and filter through a funnel 

containing glass wool. 

4. After washing the solid waste with 200 ml deionized 

water, dilute the filtrate to 1000 ml. 

5. Take 50 ml and dilute to 1000 ml with deionized water. 

This solution was the test solution. 

6. Place 50 ml of the test solution into a 250 ml Ermeyler 

flask, add 2 ml 10 % sodium cyanate solution and 3 ml 

ammonical buffer solution. 

7. Add 3-6 drops of calmagite solution, and titrate with the 

0-01 M EDTA solution. As the color of test solution in the 

Ermeyler flask changes from dilute wine red to sky blue, 

stop the titration, and record the volume of titrant used. 

8. Triplicate analyses for each test solution, and the blank 

test was necessary. 

9. Consider the sample weight, dilution factor, EDTA 

solution exhausted, blank test result, and concentration of 

EDTA, the binder content can be calculated. 

The above method provided the soluble binder content in 

the pellets. For the total calcium content in the pellets, 

an appropriate amount of hydrochloride acid was necessary to 

dissolve the carbonated or chelated calcium. A 5 % 

hydrochloric acid solution was gradually added to the cooled 

RDF solution prior to fitration until no more gas evolved. 
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A sufficient amount of buffer solution was added to insure 

the pH value of the test solution being around 10 prior to 

titration. 

Analysis of Carbon Dioxide and Oxygen in Flue Gas 

The molecular weight of a stack gas changes with the 

process, usually nitrogen, oxygen, carbon dioxide, water 

vapor, and sometimes carbon monoxide are present in a 

combustion process. To evaluate the combustion efficiency, 

and the molecular weight calculation which is related to the 

percent isokinetical calculation (11), the carbon dioxide 

and oxygen contents in flue gas were analyzed by Fyrite 

absorption analyzers (12) or Orsat analyzers. The nitrogen 

content in flue gas can then be obtained from the residual 

amount of flue gas after the oxygen and carbon dioxide being 

absorbed and considering the moisture content in flue gas. 

An Orsat apparatus is an older equipment for gas 

analysis. It operates on the principle of measuring a 

volume of gas at atmospheric pressure and then passing the 

gas through various reagents. The volume of remaining gas 

is measured after the absorption of each reagent, and the 

volume lost in each reagent is the volume of gas absorbed in 

that reagent (13). In the flue gas analysis, 20 % potassium 

hydroxide was prepared and put in the absorption bulb to 

absorb carbon dioxide. An alkaline pyrogallol solution was 
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prepared to absorb oxygen. It was prepared by dissolving 39 

grams of potassium hydroxide in 50 ml of water, cooling the 

resulting solution, and adding a solution of 27.5 grams of 

pyrogallol in 50 ml of water. An acid cuprous chloride 

solution was used for carbon monoxide absorption. It was 

prepared by mixing 400 grams of cuprous chloride with 1800 

ml of conc. hydrochloric acid and 400 ml of water, and a 

copper turning was placed in the pipet to keep the solution 

reduced. 150 ml of a 5 % sulfuric acid solution was 

prepared as pushing liquid and filled into the leveling bulb 

which connected with the measuring burette. The analyzing 

procedure used in-field analysis is as follows: 

a. Insert the sampling probe (part of Andersen sampler) into 

the sampling port, and connect to vacuum pump (Andersen 

sampler). The outlet of vacuum system then connect to the 

three-way valve in the inlet of Orsat apparatus. 

b. Carefully controlling the three-way valve, withdraw 100 

ml of flue gas with the help of vacuum pump and leveling 

bulb into the measuring burette. 

c. With the help of leveling bulb, control the three-way 

valve in the potassium hydroxide bulb, push and withdraw the 

flue gas passing through the potassium hydroxide solution 

several times. Carbon dioxide is absorbed by the potassium 

hydroxide. Withdraw the residual gas back to the measuring 

burette. The carbon dioxide volume was read from the 

reading of meniscus of pushing liquid in measuring burette. 
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d. The same procedure was used for pushing the residual gas 

through the alkaline pyrogallol solution to determine the 

oxygen content in flue gas. 

e. The same procedure was used for pushing the residual gas 

through the acid cuprous chloride solution to determine the 

carbon monoxide content in flue gas. 

A modified Orsat equipment, Fyrite absorption analyzer, 

was also used to determine the carbon dioxide, oxygen, and 

carbon monoxide contents volumetrically. A potassium 

hydroxide solution (dyed red) was used to absorb carbon 

dioxide, and a chromous chloride solution (dyed blue) was 

used to absorb oxygen in flue gas. Because the absorbing 

liquids are able to indicate the scale of liquid level, the 

Fyrite has the function of both measuring burette and 

absorption pipette. The operation procedure used in-field 

analysis of flue gas is as follows (12): 

a. Set scale on zero. After absorbing the analyte gas 

existing in the Fyrite column, hold Fyrite upright and slide 

scale with zero to the top of the fluid column lines. Then 

tighten scale locknut. 

b. Pump gas sample into Fyrite. Insert the sampling probe 

into sampling port and connect the open end of the sampling 

tube with the available end of the probe. Hold Fyrite in 

upright position and place sampling assembly rubber 

connector tip over the plunger valve. Then, depress plunger 

va^-ve fitmly with connector tip and pump sample by squeezing 
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and releasing aspirator bulb 18 times, during the 18th bulb 

squeeze, release connector tip and plunger valve. 

c. Absorbing gas sample. Transfer sample gas into Fyrite 

fluid by inverting until fluid drained into top reservoir, 

then turn upright to drain fluid into bottom reservoir. 

Repeat this step once. 

d. Reading scale. With Fyrite held upright, permit fluid in 

column to stabilize a few seconds, then immediately read 

percentage of carbon dioxide or oxygen on scale at point 

corresponding to top of fluid column. 

Analysis of Carbon Dioxide Absorbed in Basic Media 

For the study of absorption phenomena, some samples 

were collected in three bottles with different impingers. 

The carbon dioxide absorbed in different impingers was 

analyzed by potentiometric titration. In the determination, 

a 0.10 N hydrochloric acid solution was prepared and 

standardized with sodium carbonate; a phenolphthalein 

solution and a bromocresol green indicator solution were 

prepared as indicator. An Orion research digital 

ionalzer/501 pH meter and a Corning PC 351 hot plate-stirrer 

were used. A class A buret was used for titration. The 

analyzing procedure is operated as follows: 

a. Heat 40 ml deionized distilled water in a 150 ml beaker 

on hot plate with stirring, and keep temperature around 60 
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degree centigrade. 

b. Add 5 ml of stock sample solution into the hot water, 

insert the pH electrode into the solution. 

c. Titrate the the sample solution with 0.10 N hydrochloric 

acid solution from buret drop by drop with stirring. 

d. Record the pH reading versus per increment of titrant 

added. 

e. For the samples in the media that did not contain 

potassium permanganate, as the pH approached to 10.0 and 

5.0, add phenolphthalein indicator and the bromocresol green 

indicator, respectively, to help in the recognition of 

titration end points. 

e. Continue titrating untill pH is below 3.0. 

f. Plot the titration curve of pH versus volume of 

hydrochloric acid added. Decide the volume of acid used in 

each end point. 

g. Calculate the carbon dioxide trapped in alkali media from 

the volume difference of two end points, concentration of 

hydrochloric acid used, sample amount used in titration, and 

dilution factor. 
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CHAPTER III 

EVALUATION OF REDUCING AGENTS USED IN THE PRETREATMENT 

OF ALKALI-PERMANGANATE MEDIA PRIOR TO 

ION CHROMATOGRAPHIC ANALYSIS 

Introduction 

Ion chromatography is a widely used instrumental method 

for the analysis of environmental pollutants (1). in fact, 

ion chromatography is one of the standard methods for the 

determination of nitrogen oxide emissions from stationary 

sources (2). In the method for the determination of 

nitrogen oxides, an alkaline permanganate solution is used 

to extract an integrated gas sample from the stack. The NOx 

(NO + NOz) emissions are oxidized to N03~ and then N03~ is 

determined quantitatively by ion chromatography. This 

method has been used in our laboratory in the study of the 

combustion of densified refuse derived fuel (d-RDF) when co-

fired with high sulfur coal. The NOx and SOx emissions are 

oxidized by a sodium hydroxide-potassium permanganate 

solution to the nitrate and sulfate ions, respectively. 

Before the ion chromatography determination can be 

accomplished, a reduction of the excess permanganate ion is 

recommended using a 5 % hydrogen peroxide solution (2). In 

this study, several reagents have been evaluated as possible 
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alternate reducing agents for the pretreatment of the alkali 

permanganate solution in order to allow for the subsequent 

ion chromatographic determination of the chloride, nitrate, 

and sulfate ions present in the combustion gas. The test 

solutions included hydrogen peroxide, methanol, formic acid, 

oxalic acid, sodium oxalate, and hydrazine. 

Experimental 

Equipment 

The equipment which was used for this research was a 

Dionex Model 2010i Ion Chromatograph equipped with a factory 

installed conductivity detector. The eluant was a mixture 

of 0.0015 M NaHC03 + 0.0012 M Na2C03 at a flow rate of 1.0 

ml/min. A Dionex HPIC-AS4 anion separator column was used 

for the separation of the anions and a Dionex Anion Fiber 

Suppressor was used for eluant suppression. The regenerant 

used with the Fiber Suppressor was 0.025 N H 2S0 4. The data 

was recorded on a Spectra-Physics SP4290 integrator. Hot 

plate/stirrers were used during the actual pretreatment 

reduction and Class A volumetric burets were used to measure 

the volume of reducing agent required to reduce the 

permanganate. 
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Reagents 

All reagents were reagent grade or equal quality 

chemicals. The water used to prepare all of the solutions, 

the eluant, and the suppressor regenerant was building 

deionized water which was distilled in our laboratory prior 

to use. A stock solution of 50 ppm chloride, 200 ppra 

nitrate, and 2000 ppm sulfate ion concentration was prepared 

from the sodium salts of the anions. The information 

regarding the preparation of the various sample solutions is 

contained in Table 9 as is the information regarding the 

preparation of the various reducing solutions. 

Procedure 

5.00 ml of the test solution was added to 40 ml of 

distilled deionized water in a 150 ml beaker. This beaker 

was placed on the hot plate/stirrer and heated to 

approximately 45 degree C with stirring. The reducing agent 

was placed in the buret and dispensed until the purple color 

of the permanganate ion disappeared. At this point there 

was a precipitate of manganese dioxide present in the 

solution. The solution was heated to boiling to remove any 

excess reducing agent (present to the extent of a fractional 

portion of a drop). The heating would also eliminate any 

volatile reaction products which might have been formed 

during the pretreatment process. After cooling, the 
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Table 9 Summary of Solutions 

Solutions 

Standard Reference Solution 
100 ml of stock solution diluted to 500 ml with 0.5 % 
NaOH solution 

Sample Solution I 
100 ml of stock solution was added to a 500 ml 
volumetric flask. 3.0 grams of potassium 
permanganate and 1.5 grams of sodium hydroxide were 
added and the flask was brought to volume using 
distilled deionized water. 

Sample Solution II 
Same as sample solution I except the NaOH was omitted 

Blank Solution 
This solution was 0.8% potassium permanganate and 0.4 % 
sodium hydroxide without any of the analyte ions being 
present 

Reducing solutions 

Hydrogen Peroxide Reducing Agent 
Dilute 30% hydrogen peroxide with distilled deionized 
water to produce a 5% hydrogen peroxide solution 

Hydrazine Reducing Agent 
Dilute 85% hydrazine monohydrate with distilled 
deionized water to produce a 5% hydrazine solution 

Methanol Reducing Agent 
Absolute methanol was used 

Oxalic Acid Reducing Agent 
Add 0.63 grams of oxalic acid dihydrate to sufficient 
water to produce 100 ml of solution 

Sodium Oxalate Reducing Agent 
Add sufficient sodium oxalate to produce a solution 
which is 0.05M sodium oxalate 

Formic Acid Reducing Agent 
10% Baker Analyzed Reagent was used 
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solution was filtered, the precipitate was washed with 

several aliquots of distilled deionized water, and the 

filtrate was diluted to a final volume of 100 ml in a 

volumetric flask using distilled deionized water. The 

results for each reducing agent were corrected by the amount 

of agent used in the blank solution test. 

Results and Discussion 

Owing to the difference in the chemical properties of 

the reducing agents, the results of the pretreatment 

titrations are dependent upon the particular reducing agent 

which was being tested. For a reducing agent that is 

effective in basic solution, only a small amount of reducing 

agent was needed. For the regents that are most effective 

under acidic conditions, the amount of reducing agent 

required was in excess of that calculated based upon the 

stoichiometric reaction between the permanganate ion and the 

reducing agent. 

In order to obtain the most significant results, 

reduction of the permanganate ion to manganese dioxide was 

desired. A complete discussion of the reduction mechanisms 

of the permanganate ion has been presented elsewhere and 

will not be included here (_3J . The reduction to the 

manganese dioxide would provide an easily filterable 

precipitate which could be removed from solution thereby 
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drastically reducing the quantity of extraneous ions present 

in the solution which might interfere with the determination 

of the analyte ions. 

The summary of the results of the various reducing 

agents is given in Table 10. Each of the reducing agents 

will be discussed in detail at this time. 

Hydrogen Peroxide 

Hydrogen peroxide is the reducing agent which is 

recommended for this procedure as outlined in the 

introductory section. The reduction of the permanganate ion 

using hydrogen peroxide is quite simple and rapid in acidic 

conditions. However, the anion which accompanies the 

hydronium ion required to acidify the solution will 

interfere with the anion analysis which is the ultimate goal 

of this procedure. In basic solution, the reduction is also 

very effective and there is no significant addition of 

extraneous anions which might interfere with the analyte ion 

determinations. However, the anion contaminants in hydrogen 

peroxide will interfere slightly with low level anion 

determinations. 

Hydrazine 

Hydrazine is an effective and powerful reducing agent 

in basic solution. The hydrazine is oxidized to 
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Table 10 Performance of Reducing Agents 

Reducing Agent Vol. needed, ml Remarks 

5% Hydrogen Peroxide 

5% Hydrazine 

Methanol 

0.05% Oxalic Acid 

0.05M Sodium Oxalate 

10% Formic Acid 

2.10 ml Worked well 

0.25 ml Interference with 
nitrate determination 

1.60 ml Worked well 

13.00 ml Worked well, large 
excess interfered 
with sulfate 
determination 

No reduction observed 

0.35 ml Worked well 

Note: Volume of reducing agent needed to reduce 0.253 mmoles 
of potassium permanganate in the presence of 
0.46 mmoles of sodium hydroxide. 
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elemental nitrogen during the oxidation-reduction process. 

The addition of an excess of hydrazine, excess after the 

disappearance of the purple color characteristic of the 

permanganate ion, will result in the reduction of the 

manganese dioxide to the manganous ion with the resulting 

loss of the filterable precipitate. The chromatogram of the 

sample solution which was pretreated with hydrazine also 

show that the nitrate ion peak has disappeared, see Figure 

6. The hydrazine is such an effective reducing agent that 

it is able to reduce the nitrate ion to the nitrite ion with 

some loss in total nitrogen content of the sample. This 

means that the use of hydrazine as a reducing agent would 

cause significant problems in the nitrate determination and 

therefore hydrazine is not recommended for use as a reducing 

agent for this type of analytical procedure. 

Methanol 

The low molecular weight alcohols can also be used as 

reducing agents as they can be easily oxidized to the low 

molecular weight carboxylic acids (4_) . The result of the 

reaction between the permanganate ion and an alcohol such as 

methanol produces manganese(II) formate as one potential 

final reaction product although it may not be the initial 

reaction product (5J . This reaction is not favored in basic 

solution so an excess of methanol must be added to shift the 

equilibrium so that an essentially complete reaction is 
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Fig. 6 The chromatograms obtained after the reduction with 
(a) hydrogen peroxide, (b) methanol, (c) hydrazine, 
(d) oxalic acid, (e) formic acid, (f) reference solution. 
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obtained. Large excess quantities of methanol can pose an 

interference for the chloride ion either from the elution of 

the excess methanol causing baseline instability in the 

region of the chloride peak or from the co-elution of the 

formate ion with the chloride ion. The reaction between 

methanol and permanganate can be performed in an acidic 

medium or a basic medium, but it was not successful to 

obtain useful reduction in a neutral medium using methanol. 

Oxalic Acid 

Oxalic acid is a frequent reducing agent used in 

reaction with the permanganate ion. The reaction is 

frequently performed in an acidic solution and the resulting 

products are manganese(II), carbon dioxide, and water. In 

basic solution, the ability of the oxalic acid to reduce the 

permanganate ion is very limited and the reduction was 

obtained only with a large excess of oxalic acid in a 

solution heated to boiling. The probable reason for the 

reduction at high temperature is the increased ionization of 

the weak oxalic acid which would neutralize some of the 

sodium hydroxide in the solution thus providing a solution 

which is more acidic than at lower temperatures. 

Unfortunately, the retention time of the sulfate ion and the 

oxalate ion in ion chromatography are fairly close to each 

other. A large excess of oxalic acid will result in a large 

oxalate ion peak which can easily overlap with the earlier 
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eluting sulfate ion peak, see Figure 6. 

Sodium Oxalate 

One of the interesting points using oxalic acid was the 

reduction at elevated temperature under originally basic 

conditions. In order to test the hypothesis mentioned above 

regarding the neutralization of the base by the oxalic acid, 

sodium oxalate was tested as a potential reducing agent. 

Any useful reduction of the permanganate ion using sodium 

oxalate in a basic solution was unable to be obtained. This 

seems to imply that the oxalic acid neutralization concept 

has at least some validity. 

Formic Acid 

Formic acid was used as a reducing agent in these 

experiments. The formic acid would, as in the case of 

oxalic acid, neutralize the base present and the oxidation 

reduction reaction would effectively be occurring in a 

weakly acidic environment. The formic acid is not as 

efficient as oxalic acid in reducing the permanganate ion. 

So, even though the formic acid worked quite well, an amount 

in excess of that required when using oxalic acid was needed 

to insure complete reduction. Excess formic acid does have 

the potential for slight interference with the chloride ion 

when in large excess. 
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Table 11 Effect of Reducing Agents on Concentration of 
Species in Solution 

Pretreatment Method Chloride Nitrate Sulfate 

Reference * 0.50 ppm 2.0 ppm 20.0 ppm 

Hydrogen Peroxide 0.40 PPm 2.0 ppm 20.3 ppm 

Hydrazine 0.40 ppm 0.0 ppm 20.4 ppm 

Methanol 0.40 ppm 1.99 ppm 20.2 ppm 

Oxalic Acid 0.37 ppm 2.0 ppm * * 

Sodium Oxalate No Observed Reduction 

Formic Acid 0.34 ppm 2.0 ppm 20.3 ppm 

* Reference concentrations are based upon the weighed 
quantity of each ion added to a given volume of solution 

** Oxalic acid peak interference with sulfate ion, unable 
to quantitate. 
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Conclusions 

Table 11 shows the results obtained for the analysis of 

the standard reference solution with the various reducing 

agents. From this Table 11, the potential interferences are 

quite obvious. Figure 6 illustrates the chromatograms 

obtained after reduction of the permanganate using a variety 

of different reducing agents. Again, the interferences are 

obvious in some cases as discussed above. 

One of the problems in working with permanganate based 

medium is that the chloride ion can be slowly oxidized to 

chlorine by the permanganate. This is the reason for the 

low recovery for the chloride ion as indicated by the data 

in Table 11. For accuracy, the standards with a known 

chloride ion concentration must be tested in order to 

determine the extent of chloride oxidation or that the 

samples must be obtained and analyzed in a relatively short 

period of time (1-2 days). 

Methanol and formic acid seem to perform the desired 

reduction efficiently without introducing any major 

interferant problems. The methanol and formic acid are 

worth consideration as alternate reducing agents for this 

type of procedure. The cost, the stability, and the safety 

consideration for methanol and formic acid also indicate 

that their use as reducing agents prior to the ion 

chromatographic determination of chloride, nitrate, and 

sulfate ions may be desirable. 
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CHAPTER IV 

USE OF FIRST DERIVATIVE CONDUCTOMETRIC 

DETECTION IN ION CHROMATOGRAPHY 

Introduction 

Ion chromatography is a widely used, versatile 

separation system which was originally developed in 1975 

QJ • T h e typical applications include environmental analyses 

(2), industrial analyses(3), biochemical analyses (4J, as 

well as a wide variety of other applications (_5_). The 

availability of good detection systems has assisted in the 

growth and success of ion chromatography by providing a 

mechanism whereby trace levels of ions can be determined 

with a high degree of precision and accuracy. 

Conductometric, electrochemical, and photometric detectors 

have all made significant contributions to ion 

chromatography (6). However, the detectors most frequently 

used in ion chromatographic analyses give the best results 

only when the species of interest are well resolved from any 

potential interfering ions. The presence of overlapping 

peaks in an ion chromatogram, as in many other areas of 

chromatography, increases the difficulty of analysis and 

makes accurate quantitative analysis more time consuming, 

the potential for the apparent co-elution of peaks always is 

94 
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of concern to the analytical chemist and must be considered 

in many analytical situations. 

Boeke (7) employed a derivative mode detector in gas 

chromatography and Essigmann and Catsimpoolas (J3) introduced 

this mode in a UV dual channel detector for use in liquid 

chromatography. In this chapter, a simple modification of a 

commercially available instrument which provides for first 

derivative conductometric detection will be discussed. The 

first derivative detector can measure retention times 

directly, can easily observe differences in peaks with 

similar retention times, can provide for accurate 

quantitative detection especially for overlapping peaks, and 

can increase the operating efficiency of an ion 

chromatograph. 

Experimental 

Chromatographic System 

A wide variety of chromatography components were used 

in this study. One of the less obvious manifestations of 

this use of multiple systems is that the detection mode 

described here is thus applicable to a wide variety of 

situations and equipment. A general flow schematic could be 

described as the following using one specific system as an 

example: a high-performance liquid chromatography pump ( 
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Tracor Model 959 ) was used to pump the eluent through the 

entire system which was comprised of ( in order of 

appearance ) an injection valve ( tracor Model 925 ), a 

separator column (250 mm X 4.6 mm I.D.; Dionex HPIC-AS4), a 

suppressor column (optional) (Dionex AMMS), a single-channel 

conductivity detector (for comparison purposes) (Dionex 

Model 2010 ion chromatography and the first derivative 

conductivity detector ( Tracor Model 965). All of the work 

was recorded on a dual pen chart recorder to facilitate 

comparison (Houston Instrument). 

Figure 7 shows the geometry of the dual-channel 

conductivity detector. Figure 7A shows the flow schematic 

of the detector as originally received from the factory and 

Figure 7B shows the new flow schematic as used for this 

work. 

Reagents 

All reagents were reagent grade or equal quality 

chemicals. The anion solutions were prepared either from 

the sodium salts (for most of the inorganic ions) or from 

the pure material (for the organic acids). The water used 

to prepare all of the solutions and the chromatographic 

eluent was building deionized water which was distilled in 

laboratory prior to use. 
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Fig. 7 Flow schematic through dual-channel conductomot-ric 
detector. (A) Eluent flow as originally designed for the 
detector. The reference eluent flow is essentially subtracted 
as a blank value. (B) New flow arrangements whereby the 
detector will operate in the first derivative mode. 
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Procedure 

The detectors were connected in series for comparison 

since the development of a new, or modified, detection 

system must be superior in at least some applications to the 

current detection modes in order to be of significance. 

During the course of this work, the chromatographs were 

operated using normal operating guidelines with the 

exception of the modification to the dual-channel detector 

and the use of the detectors in series. 

During portions of this research, the chromatographic 

operating conditions were manipulated in such a manner as to 

decrease the resolution of the system. This would not be 

the typical manner for a chromatographic system but it was 

done here in order to compare the detection modes under less 

than ideal conditions. 

For quantitative determinations, the peak height from 

the normal conductivity detector was measured and used a 

triangle technique to calculate the area for the first 

derivative detector. 

Examples of the chromatographic results and the 

illustration of the methods of calculation will be presented 

later in this chapter. The calibration curves obtained from 

the normal conductivity detector were then compared with the 

calibration curves obtained from the first derivative 

detector. 

The operating conditions were optimized for best 
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chromatographic results for the determination of the linear 

operating range and the evaluation of the detection limits. 

Also, in the evaluation of the effect on the first 

derivative detection on the change in the loop volume, the 

optimum chromatographic conditions for that particular 

situation were employed. 

Mathematical Basis for Detector Response 

A complete theoretical treatment of first derivative 

detection has not been included as a very concise, lucid 

explanation is available in the literature (9). 

Results and Discussion 

An example chromatogram is given in Figure 8 which 

shows the results of the chromatographic separation of a 

multiple anion solution followed by both normal conductivity 

detection as well as first derivative conductivity 

detection. It is quite easy to see the relationship between 

the two chromatograms and also to see that the first 

derivative chromatogram is quite efficient and easy to use. 

The key advantage to the use of the first derivative 

conductometric detection is in the evaluation of overlapping 

peaks. Figure 9 illustrates a rather extreme case of 

overlapping peaks. Figure 9A is the normal conductivity 
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0 2 4 6 0 10 12 
TIME IN MINUTES 

Fig. 8 (A) First derivative conductometric detection of a 
solution composed of eight inorganic ions. (B) Normal 
conductometric detection for the same solution. Peak 
identification is as follows:! =0.4 ppm F~;2 = 0.4 ppm Cl~, 
3 = 1 ppm NOz~; 4 = 2 ppm P043-;5 = 2 ppm SO.,2-;6 = 1 ppm Br* 
7 = 2 ppm N03-;8 = 5 ppm S04

2~. Chromatographic conditions: 
Dionex AS4 separator column (length 250 mm, I.D. 4.6 mm), 
0.003 M NaHC03 + 0.0024 M Na2C03 eluent at a flow-rate of 
2.3 ml/min. Chart speed is 0.5 cm/min. 
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Fig. 9 (A) Normal conductometric chromatogram of a nitrate-
sulfate solution purposely co-eluted. (B) Same solution 
using the first derivative detection mode. Notice that the 
first derivative detection does indicate that there are 
co-eluted peaks not just a single peak as seen by the 
normal conductance detection. The two detectors were 
connected in series for this experiment so the 
chromatographic tracings actually represent two different 
detection modes for the same injection. Chromatographic 
conditions: Dionex AS4 separator column (length 250 mm, 
I.D. 4.6 mm), eluent was 0.0045 M NaHC03 + 0.0036 M Na2C03 
at a flow-rate of 1.8 ml/min and a chart speed of 1.0 cm/min 
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chromatogram showing what appears to be a single large peak. 

The same solution is shown in Figure 9B using first 

derivative conductometrie detection (two detectors were 

actually linked in series). It is obvious from Figure 9B 

that there really are two peaks present and not just the 

one. Granted, quantitative analysis of the two peaks would 

be quite difficult, but at least the presence of two peaks 

would be confirmed, a fact which would most likely have been 

missed using normal conductivity detection. 

The area measurements for this work reported here were 

performed by approximating the area as a triangle. Table 12 

illustrates the error in quantitative analysis which was 

obtained from experimental data for overlapping nitrate-

sulfate peaks. Data reduction for the normal mode was 

performed based on peak height while that for its first 

derivative mode was based on area as discussed later. The 

first derivative mode shows smaller error indicating that 

the first derivative mode is capable of performing 

quantitative analysis at least as well as, if not better 

than, normal conductivity detection for overlapping peaks. 

Figure 10 illustrates this kind of overlap where it is 

obvious, even from normal conductivity detection, that two 

peaks are present. Figure 11 is an example illustrating 

exactly how the quantitative analysis was performed using 

the first derivative chromatogram. 

The linear dynamic range for this detector compares 
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Table 12 Observed Concentration Errors for Overlapping Peaks 

Actual conc.(ppm) Nitrate (%) Sulfate (%) 

Nitrate Sulfate Normal 1st Deriv. Normal 1st Deriv. 
mode mode mode mode 

2.5 2.5 6 0.4 18 6 

5.0 5.0 6 3.0 12 0 

7.5 7.5 3 0.7 11 1 

10.0 10.0 4 0.5 13 0.5 



104 

0 1 2 3 4 5 6 
TIME JN MINUTES 

-1-—i x I 
7 0 9 10 

Fig. 10 (A) Normal conductometric detection of a nitrate-
sulfate solution where the conditions were such that 
complete resolution was not obtained. (B) First derivative 
conductometric detection of the same solution. 
Chromatographic conditions: Dionex AS4 separator column. 
eluent was 0.00375 M NaHCO, + 0.0030 M Na2C03 at a flow 
rate of 1.2 ml/min. The chart speed was 1.0 cm/min. 
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Fig. 11 Example of the first derivative chromatogram of two 
overlapping peaks. The first peak is the nitrate ion and the 
second peak is the sulfate ion. A corresponds to the 
baseline width under the first peak which is used to 
determine the area, and hence quantitate the nitrate ion 
concentration. B represents the retention time for the 
nitrate ion. C corresponds to the retention time for the 
sulfate ion. D corresponds to the baseline width under the 
second peak used to determine the area and quantitate the 
sulfate ion concentration. 
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favorably with normal conductivity detection. The range is 

approximately 0.1-400 ppm. The calibration data is shown in 

Table 13 where the calibration data is broken down into 

several linear portions more closely representing the way 

experimental data would be obtained and manipulated. The 

change in slope as the concentration increases for the first 

derivative curve indicates that the calibration curve is 

actually an arc of large radius. The correction 

coefficients confirm that any relatively small segment (a 

variation in concentration of slightly over one order of 

magnitude) can be quite adequately considered to be a 

straight line. The linearity of this method would lead to 

very acceptable quantitative results when good analytical 

practices are followed for data collection and manipulation. 

One important feature of the first derivative detector 

is the volume of the loop used to connect the two cells in 

the detector. Loop volumes of 0.02-0.08 ml were 

investigated. The sensitivity of the method increases with 

increasing loop volume since the two conductance readings 

from which the derivative is made will be farther apart in 

time. A large loop volume provides for higher sensitivity 

for sharp peaks with relatively small peak widths. Peaks 

with a large peak width will show a decreased sensitivity 

due to the slow rate of change of the detector signal and 

hence the smaller difference observed by the first 

derivative detector. In all cases, the loop volume should 
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Table 13 Calibration Curve Comparison of Normal and First 
Derivative Conductivity Detection 

Concentration 
range 

Normal detection 1st deriv. detection 

Slope r Slope r 

0.1-2 : ppm (5)* 6.86 1.000 6.03 0.999 

1.0-20 ppm (5) 5.33 0.999 4.94 0.998 

10-200 ppm (6) 7.71 0.999 2.89 0.985 

50-600 ppm (6) 8.24 0.999 1.53 0.982 

0.1-20 ppm (8) 5.41 0.999 5.06 0.998 

10-600 ppm (8) 8.11 0.998 1.14 0.707 

*: Number of data points in calibration curve, 
r: Correlation coefficient (The value that indicates the 

extent to which the function deviates from true 
linearity). 
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be much smaller than the peak elution volume. 

The performance of the first derivative detector has 

been observed under a variety of different analytical 

operating conditions. The detector response will, of 

course, vary to some degree from one set of conditions to 

the next. The detector has worked quite well in a single 

column (non-suppressed) mode providing that the conductance 

of the eluant is sufficiently low to allow for adequate 

detector measurements. This has not been a problem with any 

of the eluents typically used in single-column ion 

chromatography with which we have experimented. The 

detector has also been used in a two-column mode, with a 

suppressor column, and the results have been found to be 

quite satisfactory. As with the previous material presented 

here, the first derivative detector seems to work as well 

as, if not better than, the normal conductivity detector and 

its application can follow the rules of applications for 

normal conductivity detectors. 

As with any scientific procedure, a gain in one aspect 

of a method is usually made at the expense of a second 

aspect. In the case of the first derivative detector, the 

advantage is that the detector is better at quantifying 

overlapping peaks than is normal conductivity detection. 

The disadvantages are that the first derivative conductivity 

detection has an apparent, although not extremely limiting, 

loss of linearity in the calibration curves. Another 
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disadvantage, or loss, is that the sensitivity of the first 

derivative detector decreases as the peak width increases 

thereby decreasing sensitivity for the broad, later eluting 

species. 

Conclusion 

The first derivative conductivity detection mode 

described in this chapter is an efficient detection mode for 

the detection and quantification of overlapping peaks in ion 

chromatography as well as being applicable for non-

overlapping peaks. The detector has the ability to 

ascertain the presence of overlapping peaks which might be 

missed using other detection modes. In addition, the first 

derivative detection can be performed by making a small 

adjustment to a currently existing, commercially available, 

detector. The wide dynamic operating range and the 

relatively low detection limits imply that the first 

derivative conductometric detector should have a wide range 

of applicability in ion chromatographic analysis. 
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CHAPTER V 

RESULTS and DISCUSSION 

In the d-RDF test burn, mass and energy balances had 

been performed under steady state operation of the boiler at 

each blend ratio of fuel. The performance of the boiler 

will not be discussed here. What will be discussed in this 

chapter are those results that relate to the acid gas 

emissions during the cofiring with sulfur-rich coal. In 

addition to the bulk density determination of d-RDF pellets 

and coal, and the binder content determination in pellets, 

which were used for quality control purpose, there were 

several hundred runs of analyses used for combustion 

studies. Sixty runs of carbon dioxide, oxygen, and carbon 

monoxide in-field analyses and thirty-five runs of moisture 

determination in flue gas were used for adjusting or 

evaluating the isokinetic status of sampling. There were 

141 samples from seventy-nine runs of sampling analyzed for 

the concentration of acid gases in flue gas. They are the 

main part of the studies of acid gas emissions in combustion 

which will be used to investigate the effects of the d-RDF 

content in the fuel, calcium hydroxide content in d-RDF 

pellets, and the plastic content in d-RDF pellets, on the 

acid gas emissions during d-RDF cofiring with sulfur-rich 

coal. The samples collected with different kinds of 
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trapping media, different concentrations of trapping 

reagents, or different flow rates of sampling, and the 

temperature of impingers in sampling were analyzed in order 

to investigate the factors affecting absorption of flue 

gases in alkali trapping solutions. The collected samples 

isolated from other impingers were analyzed for the 

evaluation of sampling conditions. There were seventy-nine 

pH titrations for determining the carbon dioxide content 

trapped in different impingers and over hundred runs of 

carbon dioxide determination of discharged gas after being 

absorbed in alkaline media. These data are used for the 

studies of absorption phenomena when acid gases were passed 

through a basic trapping reagent. All of the data are 

collected in appendix. Some typical or average data will be 

shown in this chapter according to the necessity of 

comparison or discussion. Table 14 and 15 show the 

statistic results of sampling in each test run or according 

to the fuel compositions and binder contents in d-RDF 

pellets. The study of the effects of binder enhanced d-RDF 

cofiring with sulfur-rich coal on acid gas emission is 

centered on the results of the analyses of these samples. 

Quality Control of D-RDF Pellets 

Quality control is one of the most important processes 

in industry field for assurance of continued high quality of 

products and service via inspection and testing. In short. 
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Table 14 Total Numbers of Sampling for Acid Gases Analysis 

Run No. Runs of Sampling Numbers of Sample 

1 3 6 

2 5 5 

3 8 8 

4 8 12 

5 10 21 

6 6 18 

7 10 26 

8 9 23 

9 3 5 

10 3 3 

11 6 6 

12 5 5 

Blank 3 3 

Total 79 141 
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Table 15 Number of Sample in Different Binder Contents and 
Different fuel Compositions 

Fuel 0% Binder 4% Binder 8% Binder Total 

Coal only 12 

Coal/10% d-RDF 5 6 8 19 

Coal/20% d-RDF 10 10 9 29 

Coal/30% d-RDF 0 4 2 6 

Coal/50% d-RDF 0 6 0 6 

Coal/30% d-RDF 
(reduced-plastic 

3 
) 

3 0 6 
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the quality control makes quality certain. To insure the 

reliability of analytical results and the steady situation 

of combustion the boiler satisfying the demands of studies, 

the incoming materials, d-RDF pellets, were inspected for 

ash and size and tested for bulk density and binder content, 

and the coal was tested for bulk density. The inspection and 

testing of d-RDF pellets were conducted on all deliveries of 

d-RDF. The data are shown in the appendix table 22. Bulk 

density of d-RDF pellets is expected to have something to do 

with the binder content of d-RDF pellets because of the 

higher density of calcium hydroxide and the complex or 

chelate formation mode of the binder with acidic groups of 

RDF. Table 16 is the average bulk density of d-RDF and 

coal. As the binder content increases, the bulk density 

increases too for the pellets from MIN. But this 

relationship did not exist in the d-RDF pellets of TRF 

facility. It might be caused by the inhomogeneous 

dispersion of calcium hydroxide or inhomogeneous impaction 

in the manufacture process, because the d-RDF pellets from 

TRF were more loose and irregular in size. The use of the 

basic binder has been shown effective in producing high 

quality pellets (1), and is expected to reduce potential 

emissions from the pellet combustion. The effect of binder 

on the decrease of emissions is one of the most important 

topics in the studies. So, the calcium hydroxide contents 

in the pellets are an important item in the performance of 
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Table 16 Average Bulk Density of D-RDF and Coal 

Binder MIN TRF Coal 

0 % 41.64 26.77 53.30 

4 % 43.35 25.60 

<*>
 

CO 45.60 26.83 

8.5% 45.90 

* Unit: lb/cu. ft 
* Data for the bulk densities in table are the average 
values of three determinations. 
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quality assurance. To insure the correctness of each d-RDF 

batch sent for combustion, analysis of calcium hydroxide 

content in the pellets is necessary. An EDTA titration 

method was used to analyze the calcium hydroxide in d-RDF 

pellets. The results of these determinations for batch 

deliveries are shown in the Appendix Table 22. The results 

do not concur with the expected values. If dissolution of 

binders in d-RDF is made using water, the result of 

determination is the soluble calcium hydroxide. Usually it 

is much smaller than the expected value owing to the 

carbonated and chelated calcium not being dissolved easily 

in neutral water solution. The data of analysis results of 

MIN No.2, No.3, and TRF No.2, No.3 are analyzed by this way. 

Because there are variable amounts of calcium salts in MSW, 

they increase the analytical results. The calcium salts (as 

calcium hydroxide) existing in the zero percent d-RDF 

pellets are original from MSW or contamination from the 

manufacture process. Upon adding dilute hydrogen chloride 

as the dissolving solution, the results approach the 

expected values, because the acid solution has dissolved the 

carbonated or chelated calcium prior to the EDTA titration. 

However, the heterogeneous dispersion of calcium hydroxide 

in d-RDF pellets and the indefinite calcium salts existing 

in MSW, still cause deviations in the analytical results 

from the expected values. For estimating the binder content 

more accurately, more runs of sample analyses and usage of 



118 

statistical methods are necessary, but it takes time to 

conduct these works. Although there is deviation in the 

analytical result of the expected value of binder content in 

d-RDF pellets, the determination of calcium hydroxide by the 

proposed method is still useful in confirming the correct 

batch of d~RDF pellets unloaded in the coal yard. When d-

RDF pellets of TRF No.7 was analyzing for binder content, 

the result was 8.7 % calcium hydroxide, it was an 

unreasonable deviation from the expected value 4 %. When 

analyzing the TRF No.8 d-RDF pellets of 8 % binder, the 

result was also far removed from the expected value (8 %), 

only 5.3 %. These two deliveries of d-RDF pellets were 

suspected. After comparing the results of the bulk 

densities of d-RDF pellets from these two deliveries, it was 

assured that the deliveries of d-RDF pellets were wrong in 

TRF No.7 and No.8. Therefore, the binder content 

determination of d-RDF by EDTA method is still effective to 

identify the correct batch of d-RDF delivery, if the 

heterogeneity of the dispersion of binder in d-RDF pellets 

is not too serious. 

Isokinetic Sampling 

It is important that the sampling instrument not 

influence the measured variable in any sampling program. 

For minimizing the error caused by a sampling operation, an 

isokinetical sampling is designed (2). That is, withdrawing 
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a sample through a probe at the same velocity as that in the 

stack. This is not very important in the sampling of gas 

only, however it is critical when sampling for particulates, 

especially for those particles bigger than 5 micrometers. 

Usually, the particulate sampling requires to be run within 

10 % error of isokinetic conditions (3.) . To match 

isokinetic conditions, the sampling velocity must be equal 

or as close as to the stack velocity. As with a pitot tube, 

the velocity through the orifice is a function of the 

pressure drop across it (3_): 

1 
AP0 2 

V0 = k0 ( 2 Gc ) 
- - S0 

Where AP0 = pressure drop across the orifice. 

S0 = gas density at the orifice. 

Gc = Newton's law conversion factor. 

k0 = orifice calibration factor. 

V0 = gas velocity through the orifice. 

Considering the moisture condensed in impingers, and 

temperature, pressure correction for gas volume, the 

equation can be derived as follows (j}) : 

1 2 1 2 
AP0 2 K D0 AP 2 IT Dp T0 P 

k0(2Gc ) ( ) « k{2Gc ) ( ) ( ) ( ) (1-Fw) 
S0 4 S_o 4 T j 0̂ 
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or 
k Dp 2 T0 P 2 S 0 

AP0 - {{( ){-=—) ( )( ))( 1 - Fv*)} — AP 
iSo J2.0 JL JLo §_ 

Where D0 = orifice diaaneter 

Dp = probe tip inside diameter 

To = gas temperature at the orifice 

JT = gas temperature in the stack 

P0 = average gas pressure at the orifice 

J? = gas pressure in the stack 

Fw = volume fraction of moisture in the gas sample 

£! = average gas density in the duct 

Jc = pi tot tube calibration factor. 

After approximating gas densities 

the equation can be simplified as: 

2 
k Dp 2 

AP0=( {( )( ) ( 1 - Fw )} (-
ko 2 

D0 

or AP0 = KAP 

where = average molecular weight of the gas in the duct. 

M0= average molecular weight of the gas at the orifice, 

R = Universal gas constant. 

k = proportionality constant. 

Therefore, the pressure drop across the sampling orifice 

must be obtained proportional to the pressure difference 

across the pitot tube to keep isokinetic conditions. It is 

with the ideal gas law, 

T0 P M0 

_)(. ) ( ) } AP 
T lo H 
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obvious that the proportionality constant depends on the 

moisture content of flue gas in the dust and the molecular 

weights of the gases in the duct and at the orifice, in 

addition to the dependance in the items of temperatures, 

pressures, diameters, and calibration factors. The samples 

collected for moisture determination are used to calculate 

the volume fraction of moisture in the flue gas and the 

molecular weight of stack gas. The carbon dioxide, oxygen, 

and carbon monoxide analyses in the flue gas are applied in 

the calculation of the molecular weights of dry gas and 

stack gas. 

The volume fraction of moisture in the gas sample (Fw) 

is calculated by 

Vw 
Fw = 

Vw + Vdg 

where Vw = volume of water vapor collected, corrected to 

standard conditions (SCF). 

Vdg= Dry gas volume, measured by the dry gas meter 

corrected to standard conditions (SCF). 

The molecular weight of dry gas M0 is calculated by 

M 0 = 44 Fco2 + 32 Fo2 + 28 ( Fn2 + F co ) 

where _Fco2 = volume fraction of carbon dioxide (dry) 

FO2 = volume fraction of oxygen (dry) 
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ITn2 = volume fraction of nitrogen (dry) which is 

obtained from l-(Fco2 + _Fco2 + Fo2) 

Fco = volume fraction of carbon monoxide (dry). 

The molecular weight of stack gas (M_) is calculated by 

M = (M0)(1-Fw) + 18 Fw 

In the d-RDF test burns, a condensation procedure was 

used to analyze the moisture content in the flue gas (4_) . 

Moisture is condensed in impingers containing water with the 

help of crushed ice and quantified by the difference in 

gravity weights of impingers. Usually it takes a long time 

to collect the sample and calculate the result. The Dew 

point method (jj_) is much faster than the condensation method 

and is convenient in in-field analysis of moisture in gas 

stream. Dew point is the temperature at which the gas is 

saturated with water vapor at the existing pressure. 

Saturated water vapor, represents the water vapor 

concentration in a gas mixture; and it depends on the 

temperature and pressure. So at existing pro.«5rjuto, the water 

vapor concentration in gas can be obtained from the dew 

point temperature of water by decreasing the gas 

temperature. 

The Orsat analysis or Fyrite analysis was used to 

determine the volume percentage of C02, 02, CO, and Nz (by 

difference) of the gas on a dry basis. The results are 

shown in Table 23 of the Appendix. Determination of the 
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volume percentage of gases by Orsat or Fyrite apparatus are 

easy and convenient in in-field analysis, but the accuracy 

is low compared to a GC (Gas Chromatography) method, 

especially in the determination of a lower concentration 

gas. A 2-foot column packed with molecular sieve 5A, using 

temperature programming with a helium carrier gas flow of 80 

ml/min has been used to analyze 02, N2, COz, GO 

successfully, in an injection, within 13 minutes (_6_) . 

The C02, 02, CO determination can also be used to check 

the efficiency of combustion. The C02 and 0 2 contents give 

the information of the amount of material burned and the 

excess of air that is used. The presence of CO and a low 0 2 

content indicates an insufficient amount of air and 

incomplete combustion. Too much air indicates that there is 

heat lost in heating the excess air. 

Acid Gas Absorption in Alkaline Media 

Ion Chromatography has been recognized as accurate and 

sensitive method for the measurement of acid gases present 

in the flue gas (7,8̂ ). With the IC method, the sample 

should be collected in alkaline media, and given an 

appropriate pretreatment prior to be analyzed. A hydrogen 

peroxide solution was suggested to collect sulfur dioxide 

which would be converted to sulfate ion and then be easily 

analyzed by an ion chromatographic method (£). In the EPA 

method 7D, an alkaline-permanganate solution is used to 
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collect the emissions of nitrogen oxides from stationary-

sources. Both methods use oxidizing agents, hydrogen 

peroxide and potassium permanganate, to oxidize S02 and NO, 

respectively, to form the more soluble and stable species, 

sulfate ion and nitrate ion in solution, which can be 

identified and quantified by ion chromatography. In the d-

RDF test burns, the alkaline-permanganate solution was used 

to trap the acid gas emissions from dust or stack. Although 

the sodium hydroxide solution and the alkaline hydrogen 

peroxide solution were used to trap the acid emissions for 

comparison purpose, the alkaline permanganate solution was 

expected to trap hydrogen halides too. However the analysis 

results of the samples trapped by alkaline-permanganate 

solutions show that the chloride contents are always less 

than that trapped in the sodium hydroxide solution only or 

with hydrogen peroxide solution. Table 17 is the typical 

comparison between these three alkaline solutions which 

shows the effect of trapping reagents on the absorption of 

acid gas emissions. The lower quantity of hydrochloride 

trapped in alkaline-permanganate reagent than in other two 

reagents might be due to the oxidation of chloride ion by 

permanganate ion to form chlorine which could then react 

with sodium hydroxide or other species. The analytical 

results do not show a remarked decrease of hydrochloride 

content from the sample trapped in the alkaline-hydrogen 

peroxide solution. It means that the oxidizing power of 
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Table 17 Effect of Different Trapping Reagent on Absorption 

Time Reagents Sites HCl NOx SOx 

7/7 2% NaOH 

10:36 2% H 2O 2 

2 24.1 39.6 1169 

7/7 2% NaOH 

11:16 4% KMn04 

2 20.9 215.8 1172 

7/7 
14:29 

2% NaOH 2 25.5 <12.7 999.6 

* Unit is ppm (v/v) in flue gas. 
* Data for the acid gases are the average values of three 

runs of IC analysis within 5% RSD. 
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2 % H 20 2 is weaker than that of 4 % potassium permanganate 

to oxidize the chloride ion. The trapping solution without 

oxidizing agent cannot trap the sulfur oxides completely and 

almost all of the nitrogen oxides. It shows the instability 

character of sodium sulfite and very low absorption 

efficiency of nitrogen oxides in the sodium hydroxide 

solution owing to the low solubility of NO which accounts 

for about 95 % of the nitrogen oxides emissions. The 

collection of NO apparently involves the following reactions 

(10) : 

2 Mn04~ + 4 NO + 2 OH- • N03- + 2 Mn02 + H20 + 3 N02" 

2 Mn04- + 3 N02- + H20 • 3 N03" + 2 OH~ + 2 Mn02 

The overall reaction is 

Mn04- + NO • N03- + MnOz 

The rate controlling step in the first reaction is the 

solubility of NO. A 4 % potassium permanganate solution has 

the same ability with 2 % hydrogen peroxide solution to 

oxidize the sulfur dioxide; but the 2 % hydrogen peroxide 

solution did not show the ability to oxidize the NO in 

sampling. Only the alkaline permanganate solution can be 

used to trap both of nitrogen oxides and sulfur oxides. 

Therefore, it is impossible only using one kind of alkaline 

solution to collect acid gas emissions from the flue gas. 

The 2 % sodium hydroxide solution can only trap the 
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representative HCl gas from flue gas, and the 2 % sodium 

hydroxide with 4 % potassium permanganate solution can trap 

the nitrogen oxides and sulfur oxides emissions. Therefore, 

at least two trapping solutions are required to collect the 

acid gas emissions. In the studies, the data of HCl are 

taken from the analytical results of the samples trapped in 

2 % sodium hydroxide solution, and the nitrogen oxides and 

sulfur oxides are taken from the trapping media containing 

permanganate. To investigate the absorption of acid gas 

emissions in different impingers, almost all of the hydrogen 

chloride and sulfur oxides are trapped in the first 

impinger, only trace amount in the second impinger, and none 

in the third impinger. As to the nitrogen oxides that 

require stronger oxidizing reagent in the trapping solution, 

the oxides are trapped in all three impingers. This implies 

the collecting conditions were not satisfactory to the 

complete absorption of nitrogen oxides. Although the 

collecting conditions did not produce complete nitrogen 

oxides absorption, the data are still comparable, because 

the absorption media for trapping nitrogen oxides emissions 

are all the same. When a 4 % sodium hydroxide with 4 % 

potassium permanganate solution substituted for 2 % sodium 

hydroxide with 4 % potassium permanganate solution to trap 

the nitrogen oxides emissions, the absorption of nitrogen 

oxides is shifted to the later impinger. Table 18 

demonstrates the comparison of absorption between these two 



Table 18 Comparison of Absorption Between Two 
Alkaline-Permanganate Reagents 

128 

Time Reagent 
Acid 

Gas 

Impinger 

1 

Impinger 

2 

Impinger 

3 

HCl 23.8 0.7 

6/25 4% NaOH 
NOx 67.5 61.7 84.2 

13:48 4% KMn04 

SOx 1109 ; 

C02 11.9 13.8 17.3 

HCl 21.7 0.4 

6/25 2% NaOH 
NOx 94.1 53.3 43.4 

15:45 4% KMn04 

SOx 1104 0.6 

C02 8.43 9.25 9.25 

* Unit is ppm (v/v) acid gas in flue gas. 
* Unit for C02 is mmole in each impinger. 
* Data for the acid gases are the average values of three 
runs of IC analysis within 5% RSD. 

* Data for the C02 are the average values of two runs 
analysis using potentiometric titration for each sample. 
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alkaline permanganate media. The absorption of carbon 

dioxide is increased with the sodium hydroxide concentration 

increases. Therefore, the shift of nitrogen oxides 

absorption might be caused by the larger amount of carbon 

dioxide absorbed in the front impingers when the sodium 

hydroxide concentration increases. This implies that the 

main factor affecting the nitrogen oxides absorption is the 

concentration of potassium permanganate solution, and the 

absorption in sodium hydroxide prefers C02 to NO. Figure 12 

is the plot of C02 % in discharged gas after the absorption 

of impingers when in sampling. If 2 % sodium hydroxide 

solution was used as absorbing reagent, more C02 was 

absorbed than in 2 % sodium hydroxide with 2 % hydrogen 

peroxide solution, and than in the solution containing 2 % 

sodium hydroxide with 4 % potassium permanganate. It means 

that there is less C02 absorbed in impingers at the 

beginning of absorption when the oxidizing agent is 

stronger. It also implies the absorption of S03 and N02 

decreasing the absorption of C02; that is, there might be 

the reaction of sodium carbonate with acid to release the 

CO2 in the first impinger. An absorption preference series 

of acid gas emissions can be concluded as: 

HCl, S03 > N02, S02 > C02 > NO 

in an alkali solution. If the trapping reagent contains 

enough oxidizing power, the absorption of C02 will be the 

last one. 
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Factors affecting absorption of flue gases in alkali 

trapping solution. 

In addition to the effect of different reagents on the 

absorption of acid gas emissions, several factors that might 

affect the absorption of flue gases in alkali trapping 

solution were studied. When the concentration of a sodium 

hydroxide trapping solution was varied from 2 % to 8 %, the 

absorption curves of sulfur oxides, hydrochloride, carbon 

dioxide are almost linear. See Figures 13-A and 13-B. They 

show that absorption of acid gases emissions are increasing 

with the increase of the concentration of trapping reagents. 

Figure 13-C is a graph showing the amount of C02 absorbed in 

different impingers. When the concentration of trapping 

solution is low, (2% NaOH), the amount of C02 trapped in the 

second impinger is larger than that in the third impinger, 

and the amount of C02 in the third impinger is larger than 

that in the first impinger. As the concentration of alkali 

trapping solution increases, the amount of C02 in the first 

impinger increases over the third impinger, and the 

difference between the first two impingers decreases. When 

8 % sodium hydroxide solution was used as the alkali 

trapping solution, the amount of C02 trapped in the first 

two impingers is almost the same. This matches the 

absorption series of acid gases in alkali media. Alkali 

solutions prefer to absorb HCl, N02, S03. If higher 

concentration of alkali solution is used, there will be 
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excess alkali in the first impinger to absorb more C0Z . As 

the 8 % sodium hydroxide solution was used, the excess 

alkali in the first impinger is approximately equal to that 

in the second impinger, because the amount of alkali 

required to trap acid gases is much less than that of the 

excess alkali solution. A phenomena of the C0Z absorption 

was found in the study. No matter how much the C02 content 

in flue gas, the total amount of C02 absorbed in the same 

concentration of alkali solution are almost the same. This 

implies the alkali solution is not of sufficient quantity 

for the absorption of C02. The amount of C02 is in much 

excess to the ability of alkali solution to absorb it. 

While changing the sodium hydroxide concentration in the 

alkaline permanganate solution, the total amount of absorb 

nitrogen oxides or sulfur oxides did not change. See Table 

18 and Figure 13-D. It implies again that the concentration 

of alkali is not be the main factor affecting the absorption 

of sulfur oxides and nitrogen oxides in alkali-permanganate 

solution, although the concentration of alkali solution 

affects on the absorption of sulfur oxides when sodium 

hydroxide is used as the trapping reagent only. 

The flow rate of sampling also affects the recovery 

efficiency of acid gas sampling. A study was conducted by 

taking samples from site 3. Samples were taken at the flow 

rate from 3 SCFH to 6 SCFH and analyzed for sulfur oxides 

and carbon dioxide. A great variation in the recovery of 
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sulfur oxides is illustrated in the results, although it 

only gives a small variation in the absorption of carbon 

dioxide. Figure 14A and 14B, are the plots showing these 

effects. The lower recovery efficiency of sulfur oxides at 

higher sampling flow rates, comes from the shorter duration 

time of the acid gases in the alkaline solution. As to the 

carbon dioxide absorption, the duration time is not 

meaningful for such an excess amount of carbon dioxide, so 

the flow rate does not have much influence on the carbon 

dioxide absorption. The solubility of a gas in a liquid 

decreases when the temperature increases. Table 19 shows 

the temperature effect on the acid gas absorption. The 

increase in temperature decrease the absorption of HCl 

greatly, but it doesn't give a large decrease in the sulfur 

oxides absorption. Although the hydrogen chloride and 

sulfur oxides have high solubility in water solution, 

temperature effects of absorption are much different between 

them. It might be easiest to explain this by the high 

percentage content of S03 mist which is liquid in room 

temperature and the differences in boiling points between 

hydrogen chloride and sulfur dioxide. The S03 mist in 

sulfur oxides depends on the excess oxygen and moisture in 

the flue gas. As to the hydrogen chloride gas, the boiling 

point is much lower than that of sulfur oxides, so it is 

more affected by temperature change. At higher temperature, 

the absorption of C02 in the first impinger decreases, but 
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Table 19 Effect of Impinger Temperature on Absorption 

Time Temp. HCl NOx SOx 
C02 absorbed in 

#1 #2 

impingers 

#3 

6/30 
12:47 

40°F 32.1 <6 1066 9.14 9.86 9.45 

6/30 
16:30 

120 °F 20.4 <6 1.056 8.94 10.50 9.66 

* Reagent is 2% NaOH, Sampling point is site 2. 
* Units of acid gases are ppm (v/v) in flue gas. 
* Units of C02 in impingers are mmole. 
* Data for the acid gases are the average values of three 
runs of IC analysis within 5% RSD. 

* Data for the C0Z are the average values of two runs 
analysis using potentiometric titration for each sample. 
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increases in the second and third impingers. 

Model of the absorption of acid gases in impingers 

Flue gas usually contains the acid gases, HCl, NO, N02, 

S03,H2S, and C02 . They are trapped in the alkali media when 

the sample is being collected. Figure 15 are the possible 

models that can explain what happen in the impingers when 

sampling is running. If only sodium hydroxide solution is 

used as the trapping reagent to collect acid gases, all of 

the HCl, SO3, and most of the S02, N02, and part of C02 are 

trapped in the first impinger, then the residual of S02 and 

part of CO2 are trapped in the second impinger. After some 

of the C02 gas is trapped in the third impinger, the NO and 

the residual C02 are discharged by the help of vacuum pump. 

If the alkaline-permanganate solution is used as the 

trapping reagent, all of the HCl is trapped in the first 

impinger, but part of the HCl is oxidized to Cl2, and the 

Cl2 may react with alkali to form OCl
- in the solution. 

This may be the reason why the HCl content trapped in 

alkaline permanaganate solution is always less than that 

trapped in the alkaline solution only. All sulfur-

containing gases (S02, S03, and H2S) are trapped and 

oxidized to form the S0 4
- 2 ion, and all N02 and part of the 

NO are oxidized and trapped in the first impinger. Part of 

CO2 is trapped and there is trace of C 20 4
- 2 in impinger one. 

The form of C 20 4
- 2 may be produced from the reaction of C02 
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with Mn02 (8). In the second and third impingers, part of 

C02 and NO are trapped and oxidized, they still contain 

trace of C204~
2. The amount of C 20 4"

2 is low compared to 

C02 content, and it is insignificant. 

From the acid gas absorption models and the absorption 

preference series, conclusions about the acid gas absorption 

can be obtained. 1. Two trapping reagents are necessary for 

collecting acid gases from stack. One is for HCl, and the 

other is for nitrogen oxides and sulfur oxides. 2. The 

trapping solution, 2 % NaOH with 4 % KMn04 solution, can 

satisfy the sulfur oxides' collection, but not for nitrogen 

oxides. 3. For completely absorption of nitrogen oxides, a 

higher concentration of sodium hydroxide and potassium 

permanganate solution is necessary. But when the 

concentration of NaOH is increased to 5 %, the KMnO+ is 

precipitated. Therefore, design for a higher efficiency 

sampling method is required to collect the nitrogen oxides. 

Effect of D-RDF Content in Fuel on Acid Gas Emission 

D-RDF is being investigated as a potential alternate 

fuel produced from MSW. The fuel could then be cofired with 

coal or other fossil fuels to reduce the volume of waste as 

well as the production of steam or electricity. An 

environmentally acceptable potential alternate fuel relies 

on the extent of pollution which produced from the 

combustion of the alternate fuel. Therefore, the d-RDF has 
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been considered to substitute or cofire with a sulfur-rich 

coal in order to decrease the sulfur oxides emissions. In 

the d-RDF test burns, the effect of d-RDF content in fuel on 

acid gas emissions was studied. Because the d-RDF pellets 

of TRF facility are unstable in quality (see Table 16 and 

22), and the the analytical results of the samples from 

their combustion are also unstable {see Table 20), so only 

the results of the test runs burning the d-RDF pellets from 

the MIN. facility are studied. Figure 16 demonstrates the 

effect of d-RDF content in fuel on acid gas emission when d-

RDF pellets are burned. The emissions of sulfur oxides 

decrease with increasing d-RDF content in the fuel. This is 

expected, because using the very low sulfur-containing d-RDF 

pellets to substitute the sulfur-rich coal, amount of sulfur 

oxides in emissions should be decreased due to the function 

of dilution. The other factor decreasing the SOx emissions 

is due to the reaction between the SOx and the binder 

(Ca(0H)2) which will be discussed in next section. From 

Figure 16, the sulfur oxides is decreased about 30 % when a 

fuel with 50 % d-RDF containing 4 % binder was used in 

combustion. For most combustion processes, only NO and N02 

are present in significant concentration in the flue gas. 

About 90 to 95% of the total NOx is NO in the flue gas. 

There are two mechanisms of the formation of NOx: the 

thermal fixation of atmospheric N2 and the conversion of 

fuel-bound N. Their mechanisms are complicated (11). In 
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Pellet Combustion 

Fuel Binder Content HCl NOx SOx 

Coal only 15.1 272 1592 

0 % 27.9 

10 % d-RDF 4 % 24.4 295 1365 

8 % 25.8 356 1380 

0 % 36.5 245 1292 

20 % d-RDF 4 % 24.4 388 1386 

8 % 32.4 165 1332 

* Unit: ppm (v/v) 
* Data for the acid gases are the average values of three 
runs of IC analysis within 5% RSD. 
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thermal fixation, the combination of molecular N2 and 0 2 is 

an equilibrium reaction. The concentration of NO primarily 

depends on the reaction temperature and the amounts of 

available 0 2 and N2 in the furnace. The higher the 

combustion temperature and the higher the available 0 2 

and/or Nz, the higher the equilibrium constant of NO in the 

flue gas. As to the conversion of fuel-bound N, it is 

relatively independent of combustion temperature. When the 

concentration of bound N in the fuel increases, the actual 

conversion of this N to NOx decreases but the total NOx 

emitted from the boiler increases (12). That is, the 

conversion of fuel N to NOx would decrease with increasing 

fuel N. The conversion of fuel N is also dependent on the 

0 2 concentration. Increasing the concentration of 0 2 in the 

combustion will increase the conversion of fuel-bound N. In 

the burn test, the nitrogen oxides are also decreased as the 

d-RDF content in the fuel is increased. This may be 

originating from the low temperature combustion and the 

lower volume for excess air (more volume occupied by fuel) 

in the furnace when a higher d-RDF content fuel was burned. 

Unless the MSW contains nitrogen compounds, the emissions of 

nitrogen oxides are obtained only from the atmospheric 

fixation by combustion. Combustion at lower temperature, 

less excess air, and using two-stage combustion are the 

usual ways to reduce the form of nitrogen oxides. Low 

temperature combustion depresses the thermal NO mechanism in 
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nitric oxide form (11). Therefore, using d-RDF pellets as 

fuel can decrease the production of nitrogen oxides. As to 

the hydrogen chloride emission, because of the MSW 

containing variable amounts of chlorine-containing 

materials, and the polyvinyl chloride being popular in 

refuse which is expected to be the main source of hydrogen 

chloride emission as well as the chlorine-containing 

materials, the emission of HCl increase with the increase of 

d-RDF content in fuel that is demonstrated in Figure 16. 

Although the combustion with d-RDF increases the emission of 

hydrogen chloride, it decreases the emissions of sulfur 

oxides and nitrogen oxides. The total amount of acid gas 

emission are decreased significantly. Therefore, d-RDF is 

qualified for an environmental acceptable potential 

alternate fuel from the consideration of the acid gas 

emissions. 

Effect of Binder Content, in D-RDF pellets on Acid Gas 

Emissions 

The use of a binder was suggested to produce excellent 

quality d-RDF pellets and supposed to reduce potential 

emissions from the pellet combustion. Calcium hydroxide is 

used as the binder in the manufacture of binder enhanced d-

RDF pellets. It is expected to decrease the acid gas 

emissions in the combustion. From the comparison of 

decomposition temperatures of calcium carbonate (898.6' 
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degree C), calcium sulfate (1360 degree C), and the boiling 

point of calcium chloride (1935 degree C) (13), the calcium 

carbonate is less stable than the other two compounds. So, 

the usage of calcium carbonate to depress the acid gas 

emission is possible (.14). However, this is not useful in 

the boiler in which the flame temperature is higher than 

1700 degree C because the chemical equilibria of gas-solid 

reactions are shifted in the wrong direction, see Figure 

17(14) . At higher temperature, the sulfates decompose and 

sulfur dioxide is released; lime is turned to calcination, 

and an eutectic mixture is formed from the residual 

carbonate and CaO. After melting, granulating, and being 

burned dead, the eutectic mixture loses surface area which 

is critical in the gas-solid reaction. Therefore, the 

temperature of combustion is better at 1000-1300 degree C, 

which is low enough for the equilibrium to favor the 

formation of sulfite and sulfate, but it still high enough 

for the reaction rate to be sufficient to complete reaction 

within a short time. The coal/limestone fuel mixtures have 

been speculated and developed as an environmentally 

acceptable means of burning high-sulfur coal in existing as 

well as new boilers (15). . Limestone was utilized to capture 

S02 emissions from coal combustion. The net reaction may be 

as follows: 

CaC03 + 0.5 0 2 + S02 • CaS04 + CO 2 
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A combustion study of this coal/limestone pellets with a 

Ca : S ratio of 3 : 5 have achieved sulfur captures up to 70 

% for a laboratory combustor, and up to 50 % on a small 

industrial stoker (16) . Hydrolysis of carbonate and the 

calcined oxide were shown to increase the reaction kinetics 

(14) due to the reaction between the sulfur oxide, a Lewis 

acid, and the base function of the oxide surface in an ionic 

form. The equations are shown as: 

H 20 + CaO • Ca(OH) 2 

Ca(OH) 2 + S02 • CaS03 + H 20 

It is believed that the reaction rate of oxides is 

determined by the concentration of hydroxide site (14). 

From the equations, the water is regenerated and acts as an 

catalyst. So, an appropriate amount of moisture or 

hydroxide site in the calcium oxide is helpful to increase 

the reaction of removing SOx. In the manufacture of the 

binder enhanced d-RDF, Ca(0H)2 is used as the binder, it is 

better than the CaC03 to be the binder in d-RDF pellets. 

Although part of Ca(0H)2 have been carbonated before the 

pellets are burned, it still works because there is moisture 

formed in the combustion of hydrocarbon, which will react 

with the CaO (from the decomposition of CaC03). When the d-

RDF pellets are burned, the lower temperature combustion in 

the furnace is favor to the gas-solid reaction of SOz with 

CaO. Therefore, the binder in d-RDF pellets, Ca(OH)z, can 
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Fig. 18 Effect of Binder Content in D-RDF on Emission 
(A) effect on SOx emission; (B) effect on NOx emission; 
(C) effect on HCl emission. (MIN pellets only) 
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be expected to decrease acid gas emissions when the d-RDF is 

cofired with sulfur-rich coal. In d-RDF test burns, the 

pellets containing the binder from 0 % to 8 %, were cofired 

with sulfur-rich coal and studied for the effect of binder 

on acid gas emissions. Figure 18 demonstrates the acid gas 

emissions having being depressed by the binder ( Ca(OH)z ) 

of d-RDF when d-RDF pellets was cofired with sulfur-rich 

coal. In the combustion of coal with 10 % d-RDF pellets, 

the emissions of sulfur oxides were decreased about 28 % 

from zero binder content to 8 % binder content. The 

emissions of nitrogen oxides and hydrogen chloride also have 

the tendency of depression. However, NO is the major 

component of nitrogen oxides, it does not form stable 

compounds with calcium hydroxide. So the available N02 and 

HCl, reacting with calcium hydroxide to form calcium nitrate 

and calcium chloride, respectively, are not important 

reactions. Therefore, the effects of the binder, Ca(0H)2, 

on the emissions of nitrogen oxides and hydrogen chloride 

are not significant as shown in the Figure 18. 

Effect of Plastic in Pellets on Acid Gas Emissions 

Two runs of combustion tests were for the investigation 

of plastic effect, in which the d-RDF pellets were prepared 

after the separation of plastic. The results of these two 

runs are compared with that of the pellets containing 

plastic. The reduced-plastic d-RDF pellets were prepared in 
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Table 21 Effect of Plastic in D-RDF Pellets on Acid Emission 

Time Site Status HCl NOx SOx 
ppm (v/v) ppm (v/v) ppm (v/v) 

6/25 2 plastic 33.3 202.1 1107 

7/8 2 reduced-plastic 27.5 204.7 1137 

* Data for the acid gases are the average values of three 
runs of IC analysis within 5% RSD. 
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two forms, one was for 0 % binder content, and the other was 

for 4 % binder content. Both were run in 30 % d-RDF 

pellets. In comparison with the plastic-containing d-RDF 

pellets, the hydrogen chloride emission was less than that 

emitted from the combustion of the plastic-containing d-RDF 

pellets. Table 21 shows the comparison of emissions between 

these two types of d-RDF cofiring with coal. Only the 

emission of hydrogen chloride decreases if the plastics were 

removed in the manufacture process. This implies the 

hydrogen chloride emission partly comes from the combustion 

of plastic which exists in the d-RDF pellets. The emissions 

of nitrogen oxides and sulfur oxides do not show any 

influence by the existance of the plastic in the d-RDF 

pellets unless there are large amount of nitrogen or sulfur-

containing compounds in the plastic. It is unnecessary to 

remove the plastic from MSW prior to the manufacture of d-

RDF pellets because the hydrogen chloride is the minor 

component of the acid gas emissions when the d-RDF is used 

to substitute the sulfurrich coal and the labor is expensive 

in removing it. However, it has been recognized as the 

source of dioxins when the the MSW is combusted (17). 

Ion Chromatography Method 

• Ion chromatography has succeed in the analysis of acid 

gases in the flue gas (7, 8̂ ) because its rapidly analyzing 

diverse types of samples. It is useful particularly for 
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Fig. 19 Chromatogram of anions. Peak identification is as 
follows: 1 = 0 . 4 ppm F~; 2 = 0.4 ppm Cl~; 3 = 0.3 ppm N02~; 
4 = 2 ppm P0 4

3 -; 5 = 1 ppm Br"; 6 = 2 . 7 ppm N03-; 7 = 7 ppm 
S042 — -r * * — ' XT £ J r 

Chromatographic conditions: Dionex AS4 separator 
column(length 250 mm, I.D. 4.6 mm), 0.003M NaHC03 + 0.0024M 
NazC03 eluent at a flow rate of 2.0 ml/min. Chart speed is 
0.5 cm/min. 
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8 10 12 14 

Fig. 20 A chromatogram of analysis of a sample collected in 
alkali/permanganate media. Peak identification is as follows 
1 = system peak; 2 = Cl" NO,-; 4 * S04z-
Chromatographic conditions: Dionex AS4 separator column 
(length 250 mm, I. D. 4.6 mm), 0.003 M NaHC03 + 0.0024 M 
Na2C03 eluent at a flow rate of 2.0 ml/min. Chart speed is 
0.5 cm/min. Attenuation is adjusted from 256 to 1024 at 
retention 7.8 min. 
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analysis of more than one anion in the sample. Figure 19 is 

the chromatogram of analyzing anions that were considered 

for valuation in the flue gas by Dionex AS-4 anion column 

and Dionex suppressor column with the eluent prepared from 

the buffer solution: 0.003 M NaHC03 and 0.0024 M Na2C03 

solution at the flow rate of 2.0 ml/min.. The performance 

of ion chromatography was very good at these conditions when 

the ion-exchanger column was used at the beginning. Figure 

20 is the chromatogram of analyzing a sample which was 

collected in the alkaline-permanganate media and pretreated 

by hydrogen peroxide solution prior to IC analysis. The 

Cl~, N03", and S04~ ions which corresponding to HCl, NOx, 

and SOx, respectively, are identified to be the main species 

in the sample solution. And the other anions corresponding 

to the minor components are not existed in the sample 

solution or below the detection limits. After a long time 

use of ion-exchange column, the performance of the ion 

chromatography was not as stable as the beginning. So, it is 

necessary to take some precautions in routine analysis for a 

large number of analyses. In addition to care about the pH 

deviation of eluents in preparations and the instrumental 

situations, the calibration curves need to be constructed 

daily and checked frequently by injections of standard 

solutions. As the column has been used over and over, the 

retention times shorten and the peaks sharpen. These are 

originated from the gradual poisoning of the column or aging 
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of the resins, and will change the retention times and 

resolution. For keeping a good performance of the 

separation, an appropriate adjustment of the eluent 

concentration or the flow rate of elution is necessary. A 

first derivative conductometric detection method was 

developed and used for accurate quantitative detection of 

poorly resolves peaks. It increases the operating efficiency 

of an ion chromatography. Chapter IV has discussed the 

development and performance of a first derivative 

conductometric detection method used in ion chromatography. 
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CHAPTER VI 

CONCLUSION 

The development of densified refuse derived fuel is an 

attractive alternative technique to garbage treatment. Not 

only does it reduce the number and the size of landfills, 

but also the reusable materials can be recovered and the 

energy produced from the combustion can be used to generate 

steam or electricity. The main challenge in the development 

of this technique, release of pollutants in the combustion 

process, can be overcome when using the d-RDF pellets to 

substitute for sulfur-rich coal as fuel or cofiring with the 

sulfur rich coal. The emissions of SOx and NOx are reduced 

when combusting with d-RDF pellets owing to the very low 

sulfur content in MSW, and the lower combustion temperature, 

respectively. Although the HCl emission increases due to the 

chlorocompounds in the MSW, the increase is very small 

compare to the decrease of NOx and SOx emissions. The usage 

of binding agent, Ca(0H)2, improves the physical and 

chemical characters of d-RDF pellets in storage and in 

combustion. An environmentally acceptable, 

chemically/biologically stable, and storeable densified 

refuse derived fuel pellets can be obtained when using the 

binder in the manufacture process. It also decreases the 

SOx emissions if the binder ( Ca(0H)2 ) enhanced densified 

158 
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refuse derived fuel is burned with sulfur-rich coal. 

Therefore, the binder enhanced densified refuse derived fuel 

is the most appropriate alternative technique to solve the 

garbage problems today, and it is believable that the 

preparation and use of the d-RDF will grow fast in the near 

future. 

At least two kinds of reagents are necessary to trap 

the acid gas emissions if an ion chromatography method is 

applied to analyze these samples. One is NaOH solution 

which is used to trap the HCl emission, and the other is the 

alkali-permanganate solution which is used to trap the SOx 

and NOx emissions. The amounts of HF and HBr are below 

detection limits (2.5 ppm and 2.0 ppm (v/v) in flue gas, 

respectively) in the sampling volume of 1.1 SCF. They are 

rare in the flue gas. If the detections of these two gases 

are critical, the volume of sample collection from the stack 

should be more than 1.1 SCF. The concentration of 

permanganate solution is the main factor affecting the 

absorption efficiency of SOx and NOx emissions. Other 

factors that affect the absorption of acid gases in alkaline 

media are the concentration of trapping reagents, impinger 

temperature, and the flow rate of sampling. Using an 

appropriate trapping media is more important than the other 

factors. An absorption preference series of acid gases was 

concluded, HCl and S03 > S02 and N02 > C02 > NO, if only 

NaOH solution was used; if the trapping solution containing 
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enough amount of permanganate was used, NO would be absorbed 

prior to C02. 

Leak-checking for the sampling system are necessary 

before and after sample collecting from the sources. A 

careful operation is required because the back-flushing of 

the alkaline media between impingers happens frequently 

owing to the unbalanced pressures. For decreasing the 

possibility of back-flushing of trapping reagent, a design 

for a sampling train ( Figure 21 ) will be suggested. A 

pressure buffer tube is connecting to each impinger when 

leak-checking is in testing. As the leak-checking finishes, 

and is going to collect samples from sources, isolating the 

impingers from the pressure buffer tube by the valves is 

required before the sampling starts. To collect acid gases 

in the same sampling run, six impingers and two different 

trapping reagents are used. The assembling of a sampling 

train is shown in the Figure 21. The first impinger 

contains 4 % NaOH and is used to trap HCl, S03, and most of 

S02, N02; the second to fourth impingers containing 4 % NaOH 

with 6 % KMn04 are used to trap NO and residual of S0Z and 

N02; the fifth impinger is blank, and the last impinger is 

filled with silica gel to remove moisture from the residual 

gas. The test for this design will be discussed in the 

future study. 

Before the ion chromatography analysis, an appropriate 

pretreatment of sample is necessary. For the pretreatment 
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of those samples collected in alkaline-permanganate media, 

hydrogen peroxide solution is recommended in the EPA method 

(1)• Methanol and formic acid seem to perform the desired 

reduction efficiently without introducing any major 

interferant problems, and are worthy to consider as 

alternate reducing agents in the pretreatment of alkaline-

permanganate media. For considering the cost, stability, 

and safety, methanol and formic acid also indicate their use 

as reducing agents prior to the ion chromatographic 

determination of chloride, nitrate, and sulfate ions may be 

desirable. 

Ion chromatograph is an effective instrument for 

^&pidly analyzing acid gases. As a lot of samples have been 

analyzed, the degradation of ion-exchanger resin in column 

decreases the efficiency of separation. For keeping a good 

working of column, the adjustments of eluent concentration 

&nd flow rate are necessary. Constructing the calibration 

curves daily and checking them frequently are required. The 

first derivative conductivity detection mode is an efficient 

detection mode for the detection and quantification of 

overlapping peaks in ion chromatography as well as being 

applicable for non-overlapping peaks. The detector has the 

ability to ascertain the presence of overlapping peaks which 

might be missed using other detection modes. The wide 

dynamic operating range and the relatively low detection 

limits imply that the first derivative conductometric 
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detector should have a wide range of applicability in ion 

chromatographic analysis. 
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Data for the bulk densities in Table 22 are the average 

values of three determinations and for the analyzed binder 

contents are the average values of analyzing two samples 

with three determinations each. 

Data for the C02 and 0 2 contents in Table 23 are the 

average values of three determinations. Before June 20th 

the Fyrite methods were used, and the orsat apparatus was 

used after that day. 

The data for the acid gases in Table 24, 25, 26, 27, 

and 28 are the average values of three runs of IC analysis 

within 5% RSD. 

The data for C02 absorbed in different impingers in the 

Table 29 are the average values of two runs of analysis 

using potentiometric titration. 
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Table 22 Bulk Densities! and Binder Contents in D-RDF 

Date Type % Binder Bulk Densities % Binder Note 
(expected) (lb/cu. ft) (analyzed) 

6/3 '87 MIN#1 0 40.4 0.7 1 

6/4 '87 TRF#1 0 27.3 0.8 1 

6/5 '87 MIN#2 4 44.1 1.6 1 

6/5 '87 TRF#2 4 27.4 1.9 1 

6/11*87 MIN#3 8.5 45.9 3.0 1 

6/11*87 TRF#3 8 29.6 4.4 1 

6/15'87 TRF#4 0 26.5 0.1 1 

6/15*87 TRF#5 0 26.5 0.2 1 

6/15*87 MIN#4 0 42.6 

6/16*87 MIN#5 0 42.9 

6/19* 87 MIN#6 8 45.6 7.2 2 

6/20* 87 MIN#7 8 45.6 

6/22*87 TRF#6 4 24.7 

6/22*87 TRF#7 4 24.7 8.7 2,3 

6/23*87 MIN#8 4 44.1 4.6 2 

6/24*87 TRF#8 8 25.6 5.3 2,3 

6/24* 87 TRF#9 8 27.0 8.8 2 

6/24* 87 MIN#9 4 44.1 
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Table 22 Bulk Densities and Binder Contents in d-RDF 
(continued) 

Date Type % Binder 
(expected) 

Bulk Densities 
lb/cu. ft 

% Binder 
{analyzed) 

Note 

6/25"87 TRF#10 8 25.1 

6/26*87 MIN#10 4 43.3 2.6 2 

6/29'87 MIN#11 4 41.2 3.3 2 

6/29'87 MIN#12 4 42.8 4.2 2 

7/1 '87 MIN#13 0 40.8 0.8 2,4 

7/2 '87 MIN#14 0 41.5 1.3 2,4 

7/7 '87 MIN#15 4 43.3 4.1 2,4 

7/7 '87 MIN#16 4 43.9 2.4 2,4 

Note 1. Water soluble calicium salt 
2. Total calcium salt content 
3. Questionable sample 
4. Reduced-plastic d-RDF pellet 



169 

Table 23 Carbon Dioxide and Oxygen Contents in Flue Gas 

Date Time Run Site C07% 0 ?% Fuel 

6/4 17:04 1 2 9.5 11 coal only 

6/5 1 2 9.0 12 coal only 

6/5 1 2 9.0 12 coal only 

6/6 16:10 2 2 9.5 12 coal/10%dRDF(TRF) 
0% binder 

6/7 13:30 2 3 9.0 12 coal/10%dRDF(MIN) 
0% binder 

6/7 17:00 2 2 9.5 11.5 N 

6/8 09:30 2 2 9.5 11.0 H 

6/8 17:30 2 2 9.0 10.5 II 

6/9 10:40 2 1 6.0 15.0 coal/10% dRDF(TRF) 
4% binder 

6/9 17:09 2 2 8.0 10.0 H 

6/10 10:10 3 1 5.5 14.0 II 

6/10 10:50 3 2 9.5 10.5 W 

6/10 15:35 3 3 8.5 10.5 coal/10%dRDF(MIN) 
4% binder 

6/11 10:30 3 1 6.5 13.5 ii 

6/11 13:00 3 2 8.5 9.5 H 

6/12 12:35 3 2 9.0 9.0 coal/10%dRDF(TRF) 
8% binder 

6/12 13:30 3 1 7.5 12.5 it 

6/13 11:20 4 2 9.5 10.0 II 
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Table 23 Carbon Dioxide and Oxygen Contents in Flue Gas 
(Continued) 

Date Time Run Site C07% 0-7% Fuel 

6/14 13:00 4 3 8.5 10.0 coal/10%dRDF(MIN) 
8% binder 

6/14 14:10 4 1 6.5 13.0 (i 

6/14 16:20 4 2 8.5 9.5 ii 

6/15 12:55 4 2 9.0 11.0 coal only 

6/15 14:40 4 1 6.5 15.0 ti 

6/18 11:00 1 2 10.0 12.0 it 

6/18 19:05 1 1 7.0 15.0 N 

6/19 13:30 5 2 8.5 10.5 coal/20%dRDF(TRF) 
0% binder 

6/20 15:30 5 2 9.8 10.0 " (Orsat) 

6/20 15:45 5 2 9.0 11.0 " (Fyrite) 

6/20 16:20 5 3 9.0 10.0 " (Fyrite) 

6/20 16:35 5 3 7.8 9.8 " (Orsat) 

6/20 18:45 5 1 7.0 12.0 " (Orsat) 

6/21 10:40 5 2 8.0 10.0 coal/20%dRDF(MIN) 
0% binder 

6/22 10:30 5 2 8.0 10.0 ti 

6/24 09:45 6 1 6.8 11.2 coal/30%dRDF(MIN) 
8% binder 

6/24 10:45 6 2 8.0 10.2 II 
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Table 23 Carbon Dioxide and Oxygen Contents in Flue Gas 
(Continued) 

Date Time Run Site CO?% 0-7% Fuel 

6/25 08:45 6 1 7.6 11.6 coal/30%dRDF(MIN) 
4% binder 

6/25 09:45 6 2 8.4 9.6 u 

6/25 16:52 6 2 8.0 9.4 u 

6/26 09:15 7 2 8.8 9.4 coal/20%dRDF(TRF) 
4% binder 

6/26 11:38 7 1 7.6 11.0 M 

6/26 17:30 7 2 8.8 9.6 II 

6/27 10:10 7 1 6.9 11.6 N 

6/27 10:50 7 3 8.0 10.2 N 

6/29 10:00 8 1 7.4 11.4 coal/20%dRDF(TRF) 
8% binder 

6/29 11:00 8 2 8.2 9.8 • 

6/30 10:00 8 1 7.6 11.6 « 

6/30 10:55 8 2 8.0 10.2 ii 

7/1 10:30 8 1 7.7 11.1 H 

7/1 11:16 8 3 8.2 9.8 It 

7/2 09:50 12 1 7.4 11.8 coal only 

7/2 10:10 12 2 7.8 10.2 » 

7/3 10:15 12 1 7.0 12.0 ti 

7/3 11:54 12 3 8.2 9.8 it 
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Table 23 Carbon Dioxide and Oxygen Contents in Flue Gas 
(Continued) 

Date Time Run Site o
 
o
 

0 7%. Fuel 

7/5 10:00 11 1 7.0 12 . 6 coal/50%dRDF(MIN) 
4% binder 

7/5 11:00 11 2 9.0 9 .4 it 

7/5 17:03 11 3 7.8 10 .0 ii 

7/7 09:10 9 1 7.2 12 .2 coal/30%dRDF(MIN) 
0% binder 
reduced-plastic 

7/7 10:15 9 2 9.4 9 .4 H 

7/8 09:50 10 2 9.4 9 .6 coal/30%dRDF(MIN) 
4% binder 
reduced-plastic 

7/8 11:45 10 1 7.0 11 .8 ti 
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Table 24 Acid Gas Emissions in the Combustion of Coal 

Date Time Reagent Site HCl NOx SOx 

6/5 15:00 2% NaOH 3 1.9 5.9 308 

6/15 10:42 1.2%NaOH 2 11.2 < 6 1190 

6/15 11:39 2%Na0H/4%KMn04 2 7.3 288 1602 

6/18 10:25 2% NaOH 2 14.2 5.4 1324 

7/1 16:25 2%Na0H/4%KMn04 3 0.3 84.0 501 

7/2 11:28 2% NaOH 2 15.3 < 6 1370 

7/2 14:18 2%Na0H/4%KMn04 2 8.3 201 1537 

7/3 11:30 2%Na0H/2%H20z 3 0.8 46.6 407 

7/3 12:24 2% NaOH 3 0.7 < 7 409 

7/3 15:46 2%Na0H/4%KMn04 3 <0.7 178 341 

Unit: ppm (v/v) 
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Table 25 Acid Gas Emissions in the Combustion of 10% D-RDF 

Date Time Reagent site HCl NOx SOx D-RDF/Binder 

6/6 18:00 2%NaOH 2 27.9 <5 1270 TRF#l/0% 

6/7 14:52 2%NaOH 3 0.2 <3 39.4 MIN#l/0% 

6/7 15:55 2%Na0H/4%KMn04 3 1.0 327 103 H 

6/8 08:00 2%Na0H/4%KMn04 2 23.2 431 1484 II 

6/8 09:00 2%NaOH 2 25.5 <4 1247 N 

6/9 14:05 2%Na0H/4%KMn04 2 19.5 295 1365 TRF#2/4% 

6/9 15:20 2%NaOH 2 24.4 <15.8 1267 M 

6/10 13:20 2%Na0H/4%KMn04 3 <2.2 464 193.4 MIN#2/4% 

6/10 14:40 2%NaOH 3 1.9 <7.9 177 K 

6/11 11:15 2%Na0H/4%KMn04 2 19.4 315 1298 N 

6/11 12:10 2%NaOH 2 26.6 <15.9 1126 II 

6/12 12:02 2%Na0H/4%KMn04 2 17.1 310 1067 MIN#2/8% 

6/12 14:38 2%NaOH 2 19.3 <15.9 1004 H 

6/13 10:15 2%Na0H/4%KMn04 2 19.7 356 1380 TRF # 3/8 % 

6/13 12:50 2%NaOH 2 25.8 <6 1064 il 

6/14 10:45 2 %NaOH/4 %KMnO 4 3 0.4 328 367 MIN#3/8% 

6/14 11:39 2%NaOH/3%H2Oz 3 0.5 40.4 371 il 

6/14 13:26 2%NaOH 3 <1 <6 338 il 

unit: ppm(v/v) 
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Table 26 Acid Gas Emissions in the Combustion of 20% D-RDF 

Date Time Reagent ; Site HCl NOx SOx D-RDF/Binder 

6/19 10:50 2%Na0H/4%KMn04 2 17.9 245 1292 TRF#4# 5/0% 

6/19 11:40 2%NaOH 2 36.5 <6 1075 » 

6/20 10:26 2%Na0H/4%KMn04 3 0.3 181 108 M 

6/20 11:27 2%NaOH 3 0.2 <1.5 250 M 

6/21 11:22 2%Na0H/4%KMn04 2 15.9 263 1340 MIN#4#5/0% 

6/21 12:50 2%NaOH 2 21.8 <12 1027 M 

6/21 13:50 4%NaOH 2 23.1 <12 1092 M 

6/22 11:03 2%Na0H/4%KMn04 2 18.1 237 1336 II 

6/22 11:55 6%NaOH 2 27.6 <12 1164 H 

6/22 12:56 8%NaOH 2 27.4 <12 1246 M 

6/26 09:51 2%Na0H/4%KMn04 2 <2.8 388 1386 TRF#6#7/4% 

6/26 10:39 2%NaOH 2 24.4 <13 1183 H 

6/26 12:08 4%NaOH 2 21.1 <13 1206 II 

6/26 15:39 6%NaOH 2 24.3 <6.4 1212 II 

6/26 16:36 8%NaOH 2 <1.1 192 473 " 7 

6/27 11:21 2 %NaOH/4 %KMnO 4 3 <2.8 357 654 II 

6/27 14:09 2%NaOH 4SCF/H 3 1.0 <12.7 414 II 

6/27 16:05 2%NaOH 3SCF/H 3 <2.2 <12.7 454 II 

6/27 17:11 2%NaOH 5SCF/H 3 <2.2 <12.7 335 II 

6/27 18:07 2%NaOH 6SCF/H 3 <1.1 <6.4 325 II 

Unit: ppm(v/v) 
?: Questionable sample 
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Table 27 Acid Gas Emissions in the Combustion of 30% and 
50% D-RDF 

Unit: ppm(v/v) 

Date Time Reagent Site HCl NOx SOx D-RDF/Binder 

For Coal/30% D -RDF 

6/24 11 : 16 2 %N aOH/4 %KMnO 4 2 23.1 204 1034 MIN#6#7/8% 

6/24 12 : 07 2%NaOH 2 31.8 10.2 1021 U 

6/25 10 : 12 4%NaOH 2 33.0 <12.7 1049 MIN#8#9/4% 

6/25 13 : 48 4%Na0H/4%KMn04 2 24.5 213 1109 II 

6/25 15 : 45 2%Na0H/4%KMn04 2 22.2 191 1105 M 

6/25 16 :24 2%NaOH 2 33.7 <12.7 1096 M 

For Coal/50% D -RDF 

7/5 11 : 20 2%Na0H/2%H202 2 40.8 30.1 962 MIN#10-12/4% 

7/5 12 : 02 2%NaOH 2 45.9 <15.9 945 II 

7/5 12 : 49 2%Na0H/4%KMn04 2 35.9 216 1014 IL 

7/5 16 : 00 2%NaOH/2%H2Oz 3 0.2 34.1 393 II 

7/5 16 : 43 2%Na0H/4%KMn04 3 0.2 199 415 II 

7/5 17 : 29 2%NaOH 3 0.4 <8.0 269 M 

For Coal/30% D -RDF (Reduced-plastic)) 

7/7 10 : 36 2%NaOH/2%H2Oz 2 24.1 39.6 1169 MIN#13-14/0% 

7/7 11 : 16 2%Na0H/4%KMn04 2 20.9 216 1172 M 

7/7 14 : 29 2%NaOH 2 25.5 <12.7 999.6 II 

7/8 10 : 29 2%NaOH/2%H2Oz 2 23.2 349 1137 MIN#15-16/4% 

7/8 11 : 05 2%Na0H/4%KMn04 2 21.8 205 1109 IL 

7/8 14 : 29 2%NaOH 2 27.5 <12.7 1037 H 
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Table 28 Acid Gases Collected in Different Impingers 

Date Time Reagent Site Impinger HCl NOx SOx 

For Coal/20% D-RDF (TRF#6#7, 4% Binder) 

6/26 10:39 2%NaOH 2 

6/26 12:08 4%NaOH 2 

6/26 15:39 6%NaOH 2 

6/26 16:36 8%NaOH 2 

6/27 16:05 2%NaOH 
3SCF/H 

6/27 14:09 2%NaOH 
4SCF/H 

6/27 17:11 2%NaOH 
5SCF/H 

6/27 18:07 2%NaOH 
6SCF/H 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

24.4 --- 1183 

21.1 — 1206 

24.3 — 1212 

192 473 ? 

454 

1.0 — 414 

18.9 335 

325 

Unit: ppm(v/v) 
?: Questionable sample 
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Table 28 Acid Gases Collected in Different Impinger 
(Continued) 

Date Time Reagent Site Impinger HCl NOx 

For Coal/30% D-RDF (MIN#6tt7, 8% Binder) 

6/24 11:16 

6/24 12:07 

2%NaOH 
4%KMnO, 

2%NaOH 

1 
2 
3 

23 
0.1 

93.1 
71.0 
39.8 

30.8 10.2 

1.0 

For Coal/30% D-RDF (MIN#8£9, 4% Binder) 

1 
2 
3 

6/25 10:12 

6/25 13:48 

6/25 15:45 

4%NaOH 
4 %KMnO 4 

4%NaOH 
4%KMn04 

2%NaOH 
4%KMn04 

6/25 16:24 2%NaOH 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

32.8 
0.7 

23.8 
0.7 

21.7 
0.4 

32.8 

0.9 

61.7 
84.2 

67.5 
61.7 
84.2 

94.1 
53.3 
43.4 

SOx 

1032 
1.2 

1020 
0 . 6 

1048 

1109 

1104 
0.6 

1095 
0 . 6 

For Coal/30% D-RDF (MINftl3ttl4, 0% Binder) (Reduced-plastic)) 

7/7 14:29 2%NaOH 2 1 25.5 — 999.6 

3 

Unit: ppm(v/v) 
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Table 29 The Amount of C02 Absorbed in Different Impingers 

Run# Sample# Site Reagent #1 £2 i3 Remark 

6 1 2 2 %NaOH/4 %KMnO 4 8.94 11.1 9.14 

2 2 2%NaOH 8.94 9.86 9.04 

3 2 4%NaOH 14.2 15.1 13.6 

4 2 4%Na0H/4%KMn04 11.9 13.8 17.3 @ 

5 2 2%Na0H/4%KMn04 8.43 9.25 9.25 

6 2 2%NaOH 9.04 9.97 9.25 

7 2 2 2%NaOH 8.43 9.97 9.14 

3 2 4%NaOH 13.6 14.2 12.3 

4 2 6%NaOH 18.7 19.4 18.3 

5 2 8%NaOH 23.1 20.3 11.3 

7 3 2%NaOH 9.66 9.66 8.63 4SCF/H 

8 3 2%NaOH 8.73 9.76 8.94 3SCF/H 

9 3 2%NaOH 9.04 8.84 8.63 5SCF/H 

10 3 2%NaOH 8.43 8.43 10.1 6SCF/H 

2 2 2%NaOH 8.47 9.86 9.14 

4 2 2%NaOH 9.14 9.86 9.45 

5 2 2%NaOH 8.94 10.5 9.66 uncooling 

Sampling volume: 1.1 Cubic Feet 
Unit: mmole 

Back-flushing in sampling 
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Table 29 The Amount of C02 Absorbed in Different Impingers 
(Continued) 

Run# Sample# Site Reagent 11 

Impinger 
#2 #3 Remark 

6 2 2%Na0H/4%KMn04 10.4 10.1 9.74 

7 3 2%Na0H/2%H202 10.8 12.1 11.3 

8 3 2%NaOH 10.1 9.66 10.1 

9 3 2%Na0H/4%KMn04 9.74 9.74 9.49 

5 6 2 2%NaOH 9.04 8.43 9.66 

7 2 4%NaOH 13.3 14.3 12.8 

9 2 6%NaOH 16.5 18.6 15.7 

10 2 8%NaOH 24.5 24.7 22.2 

2 2 2%NaOH 
#1 

3.94 
#2 

4.68 
#3 #4 

4.40 4.45 * 

Sampling volume: 1.1 Cubic Feet 
Unit: mmole 
* Sample was collected in four impingers, only 0.85 CF 

of flue gas absorbed. 



BIBLIOGRAPHY 

Alter, Harvey. Materials Recovery from Municipal Waste; 
Marcel Dekker Inc.: New York, 1983. 

Andersen Samplers, Inc. Universal Stack Ssimpler Operation 
Manual; Andersen Samplers, Inc.: Atlanta, G.A. 

A.S.M.E. ASME Draft: Sampling for the Determination of 
Chlorinated Organic Compounds in Stack. 

A.S.T.M. ASTM Method E 775. 

A.S.T.M. ASTM Method D 4230. 

Bacharach Fyrite. Instructions 11-9026: 
Operation/Maintenance; Bacharach Instruments Corp.: 
Pittsburgh, PA. 

Boeke, in Scott, R. P. W. (Editor) Gas Chromatography; 
Butterworth: London, 1960. 

Butler, F. E.; Jungers, R. H. ; Porter, L. F.; Riley, A. E. 
Toth, F. J. Presented at the First National Symposium 
on the Ion Chromatographic Analysis of Environmental 
Pollutants; U.S. EPA: Research Triangle Park, N. C., 
1978. 

Daugherty, K. E. Presented in the Association of Energy 
Engineers in Atlanta, Georgia. 1986. 

Daugherty, K. E. Draft: Test Plan for Determining the 
Combustion Performance and Impact of Cofiring 
Pelletized D-RDF/Coal Blends on Plant Operations and 
Emissions; University of North Texas: Denton, Texas, 
1987. 

Daugherty, K. E. Refuse-Derived Fuel Monthly Reports to the 
U.S. Department of Energy; University of North Texas: 
Denton, Texas, 1984-1986. 

Daugherty, K. E. Report to U.S. Department of Energy on 
Grant DOE/CS/24311-1; University of North Texas: 
Denton, TX, December, 1982. 

Department of Energy. Waste-to-Energy Report, 1987, 

181 



182 

September, 2. 

Dionex. Electrochemical Detector Operation's Manual; Dionex 
Corporation: Sunnyvale, CA; Appendix B. 

Dionex. Ion Chromatography Model 10/14 User Guide; Dionex 
Corporation: Sunnyvale, CA, 1981; Chapter 2. 

Dionex. Manual of System 2010i; Dionex Corporation: 
Sunnyvale, CA. 

Dionex. Technical Note 9; Dionex Corporation: Sunnyvale, 
CA, 1981. 

Dionex. Technical Note 14R; Dionex Corporation: Sunnyvale, 
CA, 1982. 

Douglas, B.; McDaniel, D. H. ; Alexander, J. J. Concepts and 
Models of InorgtfrCic Chemistry, 2nd Ed.; John Wiley 
and Sons Company: New York, 1983; p.779. 

Edwards, J. B. Combustion: The Formation and Emission of 
Trace Species; Ann Arbor Science: Ann Arbor, Mich., 
1974. 

EPA, Environment Canada Procedure EPA Method 200.7 

EPA, EPA Method 4. 

EPA Stationary Source Sampling Method, 7D-1, Rev 6/85 Rules 
and Regulations, 1984, September. 

Essigmann, J. M.; Catsimpoolas, N. J. Chromatogr., 1975, 
103, 7. 

Federal Register 36 (247): 24882-24911 (December 23, 1971); 
39: 20790 (June 14, 1974) 

Fritz, J. S. Anal. Chem., 1987, 59, 340A. 

Fritz, J. S.; Story, J. N. Anal. Chem., 1974, 46, 825-829. 

Fritz, J. S.; Gjerde, D. T.; Pohlandt, C. Ion 

Chromatography; Dr. Alfred Huthig Verlag: N.Y., 1983. 

Fritz, J. S.; Gjerde, D. T. Anal. Chem., 1980, 52, 1519. 

Geisler, J. F. J. Am. Chem. Soc., 1887, 9, 120. 
Gershman, Brickner and Bratton, Inc., Small-Scale Municipal 

Solid Waste Energy Recovery System; Van Nostrand 



183 

Reinhold Company: N.Y., 1986. 

Giammar, R. D., et al. in Proceedings of the Joint Symposium 
on Stationary Combustion NOx Control, Vol. Ill 
EPA/IERL-RTP-1085; U.S. EPA, Industrial Environmental 
Research Laboratory: Research Triangle Park, N.C., 
1980; pp 1-38. 

Gjerde, D. T.; Fritz, J. S.; Schmuckler, G. J. 
Chromatography, 1979, 186, 509-519. 

Haddad, P. R.; Jandik, P. in Tarter, J. G. (Editor) Ion 
Chromatography; Marcel Dekker: N.Y., 1986; pp 87-156. 

Hasselriis, F. Refuse-Derived Fuel Processing; Butterworth 
Publishers: Boston, 1984; pp 1-20. 

Hawley, G. G. The Condensed Chemical Dictionary, 10th Ed.; 
Van Nostrand Reinhold Company: N.Y., 1983; p 312. 

Hecht, Norman. Design Principles in Resource Recovery 
Engineering; Ann Arbor Science, Butterworth 
Publishers: Boston, 1983; p 10-40. 

Holm, R. D. and Barksdale, S. A. Presented at the First 
National Symposium on the Ion Chromatographic 
Analysis of Environmental Pollutants; U.S. EPA: 
Research Triangle Park, N.C., 1978. 

Jones, V. K.; Frost, S. A.; Tarter, J. G. J. Chromatogr. 
Sci., 1985, 23, 442-445. 

Kaiser, E. R. in Proceeding of the 1975 Lowisville 
Symposium on Energy Recovery From Refuse; University 
of Lowisville: Lowisville, MS, 1975. 

Kirk-Othmer. Encyclopedia of Chemical Technology, 3rd 
Edition, Vol 4; John Wiley and Sons Corp.: N.Y., 
1978; pp 413-448. 

Kirth-Othmer. Encyclopedia of Chemical Technology, 3rd 
Edition, Vol 11; John Wiley and Sons Corp.: N.Y., 
1978; p 397. 

Koch, W. F. Anal. Chem., 1979, 51, 1571. 

Lathouse, J. and Coutant, R. W. Presented at the First 
National Symposium on the Ion Chromatographic 
Analysis of Environmental Pollutants; U.S. EPA: 
Research Triangle Park, N.C., 1978. 



184 

Lewandowski, G. A. in Instrument and Analysis; 
Cheremisinoff, P. N. Ed.; Ann Arbor Science 
Publishers Inc.: Ann Arbor, Michigan, 1981; p 120. 

Lyford, C. A. J. Am. Chem. Soc., 1907, 29, 1227. 

Margeson, J. H.; Knoll, J. E.; and Midgett, R.; Oldaker, G. 
B.; Reynolds, W. E. Anal. Chem., 1985, 57, 
1586-1590. 

Margeson, J. H.; Knoll, J. E.; Midgett, M. R., Anal. Chem., 
1984, 56, 2607-2610. 

Meyer, B. Sulfur, Energy, and Environment; Elsevier 
Scientific Publishing Company: N.Y. 1977; p 200-205. 

Miller, J. A.; Fisk, G. A. C & E News, 1987, Aug. 31, 
35-36. ~ 

Mobley, J. D.; Lim, K. J. in Handbook of Air Pollution 
Technology; Calvert, S.: Englund, H. M., Eds.; John 
Wiley and Sons Company: N.Y. 1984; pp 210-211. 

Mulik, J. D.; Sawicki, E. Ion Chromatography Analysis of 
Environmental Pollutants, Vol I; Ann Arbor Science 
Publishers: Ann Arbor, Michigan, 1978. 

Mulik, J. D.; Sawicki, E. Ion Chromatography Analysis of 
Environmental Pollutants, Vol II; Ann Arbor Science 
Publishers: Ann Arbor, Michigan, 1979. 

Mulik, J. D.; Puckett, R.; Williams, D.; Sawicki, E. Anal. 
Lett. 1976, 9, 653. 

O'Dell, J. W.; Pfaff, J. D.; Gales, M. E.; and Mckee, G. D. 
EPA Test Method 300.0; March, 1984. 

Ohlsson, O. O.; Venables, B. J.; Daugherty, K. E. Draft: 
Test Plan for Determining the Combustion Performance 
and Cofiring Pelletized D-RDF/Coal Blends on Plant 
Operations and Emissions; University of North Texas: 
Denton, Texas, May 1987. 

Pecevich, P. Pollut. Eng., 1985, 17, 53. 

Petersen, Nancy M. Waste-To-Energy Facilities, A Decision-
Maker's Guide; National Publishing: Alexandria, VA, 
June, 1986. 

Rappe, C.; Marklund, S.; Berqvist, P. -A.; Hanson, M. 
Chlorinated Dioxins and Dibenzofurans in the Total 



185 

Environment; Chondhary, G.; Keith, 1. H.; Rappe, C., 
Eds.; Butterworth: Stonehaw, MA, 1983; Chapter 7. 

Rimberg, D. Municipal Solid Waste Management; Noyes Data 
Corporation: N.J., 1975. 

Saturday, K. A.; Yuen, A.; Hieftie, G. M. Analytica Chimica 
Acta, 1984, 164, 51-66. 

Sawicki, E.; Mulik, J. D.; Wittgenstein, E. Ion 
Chromatographic Analysis of Environmental Pollutants; 
Ann Arbor Science Publishers Inc.: Ann Arbor, Mich., 
1978; p 23. 

Schultz, H.; Sullivan, P. M.; Walker, F. E. U.S. Bur. Mines 
Rep. Invest. 1975, 8044. 

Scott, R. P. W. Liquid Chromatography Detectors (Journal of 
Chromatography Library, Vol 11); Elsevier: Amsterdam, 
1977; pp 209-215. 

Skoog, D. A.; West, D. M. Fundamentals of Analytical 
Chemistry, 4th Ed.; CBS College Publishing: N.Y., 
1982; pp 749-753. 

Small, H.; Stevens, T. S.; Bauman, W. C. Anal. Chem. 1975, 
£7, 1801-1809. 

Smith, F. A. Waste Age, 1976, April. 

Smith, F. C.; Chang, R. C. The Practice of Ion 
Chromatography; John Wiley and Sons, Inc.: N.Y., 
1983; pp 3-97. 

Snell, F. D.; Ettre, L. S. Encyclopedia of Industrial 
Chemical Analysis, Vol 16; Interscience Publishers: 
N. Y.; p 455. 

Steiber, R. and Merrill, R. Presented at the Second National 
Symposium on the Ion Chromatographic Analysis of 
Environmental Pollutants; U.S. EPA: Research Triangle 
Park, N.C., 1979. 

Steiber, R. and Statnick, R. M. Presented at the First 
National Symposium on the Ion Chromatographic 
Analysis of Environmental Pollutants; U.S. EPA: 
Research Triangle Park, N.C., 1978. 

Stevens, T. S.; Davis, J. C.; Small, H. Anal. Chem., 1981, 
53, 1488. 



186 

Tan, L. K.; Detrizac, J. E. Anal. Chem., 1985, 57, 1027. 

U.S. EPA. EPA Stationary Source Sampling Method 6; Rules and 
Regulations, 1977, August. 

U.S. EPA. EPA Stationary Source Sampling Method 7D; Rules 
and Regulations, 1984, September. 

Weiss, J. Handbook of Ion Chromatography; Dionex 
Corporation: Sunnyvale, CA, 1986; pp 87-156. 

Yaverbaum, L. H., Nitrogen Oxides Control and Removal; Noyes 
Data Corporation: New Jersey, 1979; pp 2-9. 

Yoshizawa I.; Kaneyama, M. J. Chromatogr., 1985, 338, 404. 


