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SUMMARY 

This report describes an investigation of the emission of hazardous air pollutants at a coal- 

burning electric power plant identified (for reasons given below) as EPRI PISCES Site 110. The 

sampling of air toxics was performed at the power plant during September 1991 and January 1992; 

the analytical work was in progress from September 1991 until September 1992. Southern 

Company Services, Inc., was the immediate sponsor of the this work Financial support, however, 

came from the Electric Power Research Institute (EPRI) and the U.S. Department of Energy 

(DOE). Thii research was related to EPRI’s measurement program on hazardous air pollutants 

from electric power stations, known as PISCES (Power Plant Integrated Systems: Chemical 

Emission Studies). The test site was designated as Site 110 by EPRI; the sampling and analytical 

,strategies were consistent with protocols developed for use in the PISCES program. This 

research was also related to the DOE’s role in the response to the Congressional mandate for the 

control of hazardous air pollutants under Title III of the Clean Air Act Amendments of 1990. 

Two features of the plant that were of particular interest in this investigation of hazardous 

air pollutants (also known as “air toxica”) are 1) the modification of the combustion process to 

reduce the emission of nitrogen oxidea and 2) the use of two electrostatic precipitators (ESPs) in 

a tandem arrangement, on the hot side and the cold side of the air heater, for the control of 

particulate emissions. The specific questions to be addressed by this research project were as 

follows: 

1) How does the change to low-NO, firing alter the emission of hazardous air pollutants? 

2) What degree of control over the emission of air toxica is exercised by the hot-side ESP? 

3) What added benefit toward the control of emissions does the cold-side ESP provide? 

The principal types of substances treated as air toxica in this project were the following: 

Trace elements, mainly metals. Most of the metals were from the list in the Clean 

Air Act Amendments; they consisted of antimony, arsenic, beryllium, cadmium, 

. . . 
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cobalt, chromium, lead, manganese, mercury, nickel, and selenium. Four other 

metals - barium, copper, molybdenum, and vanadium - were added to that list. 

Collectively, these elements were of interest insofar as their total concentrations in 

various streams were concerned and also insofar as their concentrations in gas 

streams were divided between the particulate and gas phases. Individually, arsenic, 

chromium, and mercury were to be determined as different species - arsenic in 

the trivalent and pentavalent states, .&@I) and As(V), having somewhat uncertain 

relative toxicities; chromium in hexavalent form, Cr(Vf), which is acutely 

carcinogenic; and mercury in an oxidised state or the elemental state, which 

determine whether the effects of mercury emission are likely to occur locally or 

only at a remote location. 

Inorganic gases consisting of SO,, HF, HCl, HCN, and ammonia (NH,). The first 

three of these gases are the common forms in which sulfur, fluorine, and chlorine 

are emitted from a coal combustor. The latter two gases contain nitrogen in 

reduced states in distinction to the oxidised states found in NOs, the predominant 

form of emission of nitrogen other than N,. The emission of the latter two gases 

was presumed to be the possible result of staged combustion to reduce NOs 

emissions. 

Aldehydea (notably formaldehyde) and ketones, which are partially oxygenated 

hydrocarbons. These compounds are possible emissions resulting from the partial 

oxidation of more complex structures. 

Volatile organic compounds, which are generally organic compounds with boiling 

points below 100 “C. Formally speaking, volatile organ& would include 

formaldehyde and some of the other aldehydes and ketones. Practically speaking, 

however, these compounds exclude formaldehyde and may be defined as those 

compounds that can be collected under the specific sampling conditions employed 

in EPA’s Volatile Organics Sampling Tram (VOST). The two speciEc volatiles of 

primary interest were the two simple aromatic hydrocarbons - benzene and 

toluene. 
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Semi-volatile organic compounds, which generally have boiling points above 

100 “C. The compounds of paramount interest in this group are known as 

polynuclear aromatic hydrocarbons (PAHs); they are solids in the pure state at 

ambient temperature and are not usually thought of in terms of volatility. The 

PAH with the lowest molecular weight is naphthalene C,,,Hs, which has a melting 

point of 80 “C and a boiling point of 218 “C. The PAH with perhaps the longest 

standing reputation for toxicity, as a carcinogen, is benzo(a)pyrene. 

AU of the above types of compounds were included in the analysis of flue gas streams at 

the inlet of the hot-side FSP and the outlet of the cold-side ESP. Those elements that are by 

their nature indestructible in the process of coal combustion were also determined in other 

materials (coal, feed water, pyrite, bottom ash, and ESP hopper ash). Stream flow rates and 

element concentrations were used in the calculation of material balances, which were of interest 

for two reasons: 1) revealing how the input elements, mainly in the coal, are distributed in 

eftluent streams and 2) providing an evaluation of the internal consistency of the analytical data. 

Measurements necessary for computing material balances included the flow rates of tlue 

gas and the concentrations of fly ash at the inlet and outlet of the ESP system These data 

revealed that approximately 99.5% of the inlet mass of fly ash was removed by precipitation and 

almost aU of the removal of ash occurred in the hot-side ESP. 

The sampling of gas streams for air toxica in the above categories was performed mostly by 

the use of sampling trams based on EPA’s Method 5 concept (the VOST was the one exception). 

That is, flue gas is extracted through a heated probe to a filter in an oven outside the duct, and 

then after undergoing filtration the Sue gas is scrubbed in aqueous impinger solutions where tine 

particulate matter or selected gaseous matter that passes through the filter is collected. 

Depending upon the type of compounds to be collected, the sampling tram may have to be used 

in a traversing mode, or it may be used at a single point. Again depending upon the type of 

compounds of concern, both particulate matter on the filter and substances in the impingers may 

have to be analyzed, or only the contents of the filter may require analysis. 

For the primary categories of the pollutants investigated, the key Endings were as follows: 



Trace elements 

- In the coal, the concentrations of the elements listed above as trace elements 

occurred at wncentrations ranging from approximately 1 &g (for beryllium) 

to 50 crglg (for vanadium). The overall composition of the coal was such that 

if combustion caused all of the trace elements to be entrained in the flue gas 

the concentration of each element in the gas stream expressed in the units 

Mm3 would be approximately 100 times the concentration in the coal in the 

units &g. Thus, the maximum calculated wncentrations in the flue gas 

would range approximately from 110 &Nm’ to 5500 @Nm3. (The specific 

conditions to which these wncentrations apply is gas containing 4% 0, in the 

dry state at a pressure of 1 atm and a temperature of 68 ‘F.) This 0s 

concentration was selected as the reference concentration because it 

approximates the actual concentration at the hot-side ESP inlet. 

- In the flue gas at the ESP inlet, the measured wncentrations departed from 

the calculated values cited above mainly because of partitioning between the 

particulate and gas phases. Only hvo of the elements were primarily in the 

vapor state; these were mercury and selenium. This conclusion is an 

inference based upon analyses of various materials: bottom ash, economiser 

ash, and ash removed from entrainment in the flue gas.. It should be 

understood that the Method 5 filter when operated at 250 “F as stipulated 

cannot in principle teU the difference between an element in the particulate 

state and in the gas phase at the inlet duct temperature of 700 “F. By and 

large, the elements other than the two named were not markedly partitioned 

between solids in various locations, as between bottom ash and Ey ash, for 

example. It should also be understood that general conclusions as to the 

disposition of the individual elements, have been very difficult to make in 

view of the quite considerable uncertainties in the analytical data. 

- Whereas the fractional penetration of the ESP system (primarily the hot-side 

unit being effective) is about 0.5%, the penetrations of the trace elements 
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range roughly from a minimum of 1% for manganese (or others) to 100% for 

mercury. (This value for mercury, although not perfectly supported by the 

analytical data, is at least nominaUy wrrect.) For the majority of the trace 

elements that appear to reside primarily as particulate matter, the range of 

penetrations was roughly from 1 to 5%. There is, therefore, reason to think 

that these trace elements must have been present mainly as particulate matter 

in the fine particle size range if they failed to undergo removal by 

precipitation to the same degree as the overall Ey ash mass. 

- Calculation of material balance for the trace elements was constrained by the 

absence of Eow rates on some of the streams that in principle must be taken 

into account. The efforts to wnstruct material balance dealt with two 

sections of the power plant - 1) the inlet and outlet streams up to the inlet 

of the hot-side ESP and 2) the inlet and outlet streams at the ESP system 

and the ash removed in the hot-side ESP. Recoveries of input elements in 

the gas stream were estimated to have a norm of about 80%, allowing for 

disposition in the bottom ash and ignoring selective occurrence in the vapor 

state. Actual calculated recoveries ranged from roughly 15% to over 200%. 

These values represent extremes in indiidual teats and may be explained by 

additive positive and negative errors for the gas stream and the coal. Based 

on analysis by inductively coupled argon plasma emission spectroscopy (ICP), 

approximately one-third of the elements were recovered within the range of 

60-lOO%, which is about as narrow a range as can be expected. The results 

for mercury, when based on sorption tube sampling, were within this range, 

these results seem to be a striking success compared with the results reported 

for mercury in other prior investigations. Based on neutron activation 

analysis instead of ICP, recoveries were somewhat better. Closure of material 

balance was more successful across the E!SP than across that part of the 

system up to the ESP. At the ESP, the deposition in the hopper ash of the 

hot-side ESP was compared with the loss from the gas stream The closure 

figures at the BSP ranged from 60 to 130% (there were also indeterminate 

values resulting from individual concentrations assigned only a lower limit). 
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Acid eases 

- The recovery of coal sulfur as SO, was approximately SO-SO%, a satisfactory 

range that allows for an indeterminate rejection of sulfur in pyrite waste. The 

recovery of coal halogens as HP and HCI varied considerably but was 

consistent with essentially 100% occurring as these wmpounds at the outlet 

from the ESPs. 

- The emission of nitrogen in the reduced states represented by HCN and 

ammonia was almost not measurable and not increased by low-NO, fiing. 

Aldehvdes and ketones 

- One compound of each type, formaldehyde and acetone, was measured during 

the low-NO= firing; no information for baseline firing was obtained because of 

errors of judgement in the analysis of the samples. The concentrations of 

both compounds in the low-NO= mode were in the range l-100 &Nm3. 

Volatile oreanic wmwunds 

- Benzene appeared to occur at highly variable concentrations. Some samples 

seemed to contain no benzene, implying that the concentration in the duct 

was as low as 1 &Nm3; others indicated that the wncentrations were as high 

as 10,OCHl &Nm3. Toluene was often detected but at concentrations one to 

two orders of magnitude below those of benzene. There is no objective basis 

for discrediting the data on these hvo compounds, but there is the suspicion 

that the amounts found were due to artifacts, such as degradation of the 

polymeric sampling medium Tenax 

- Benz&e and toluene represent only a part of the entire spectrum of volatile 

compounds detected. Many of the other compounds evident horn the gas 
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chromatograms and associated mass spectra were not identified, nevertheless, 

they may represent sign&ant emissions. 

- Low-NO, firing paradoxically did not seem to increase the emission of volatile 

organics but may even have had the opposite effect. Unfortunately, this 

statement may be more of a commentary on the uncertainties of sampling and 

analysis than on the true change in character of the emissions. 

Semi-volatile oreanic wmnounds 

- Naphthalene was the only PAH compound on the target list that was 

positively identified. Its concentration was approximately at the detection 

limit, around 2 Mm”. (Note: the contrast between the apparent 

concentration of naphthalene and the highest concentration of benzene cited 

above is correctly indicated - that is, the concentration of naphthalene is 

approximately four orders of magnitude lower.) 

- The wmpounds phenol and benzoic acid (the latter is not on the list of toxic 

chemicals in the Clean Air Act Amendments of 1990) were wnsiatently 

observed. The concentrations of these two compounds were as high as 

500 &m3. 

- Low-NO, tiring gave evidence of markedly increasing the emission of 

semi-volatile compounds, most of which, unfortunately, were not identified. 

In the second paragraph of this summary, three questions of primary interest were stated. 

Some of results presented subsequently bear on these questions. In addition, a concise summary 

of the answers to those questions is presented below 

1) Effect of low-NO, firing. There was no clear-cut effect on the emission of trace 

metals or acid gases. The data give marginal evidence for a decreased emission of 

Cr(VI), which would be a favorable change but is not certain by any means. The 
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effect on aldehydes and ketones cannot be stated because of the loss of samples 

for baseline conditions; no credible data on these wmpounds were obtained for 

baseline conditions. The change in volatile organics appeared to be a reduction in 

emissions, whereas that for semi-volatilea seemed to be an increase. Inasmuch as 

low-NO= tiring is sometimes accompanied by large increases in the amount of 

unburned carbon in the ash, the result for semi-volatiles is more in line with 

expectation. 

2) Effect of the hot-side ESP. As indicated above, the hot-side ESP lowered 

trace-element emissions to the range roughly from 1 to 5% of the levels found in 

the inlet gas stream. Not surprisingly, the hot-side ESP had no measurable 

influence on the emissions of SO=, HP, and HCI. Quite surprisingly, on the other 

hand, the ESP seemed to suppress the emission of certain organic substances. 

Suppression of the emission of formaldehyde is particularly difficult to explain. 

Presumably, the apparent disappearance of organica in the vapor state may be due 

in part to chemical changes at the high temperature of the ESP or in the wrona 

regions, where ozone and other high-energy reactants are present. Perhaps 

chemical destruction was aided in the instance of semi-volatile compounds by 

relatively long residence. times at high temperature while the compounds were 

adsorbed on ash particles in the hoppers. 

3) Effect of the cold-side ESP. Limited data with the cold-side ESP in operation 

made it diicult to detect any but the most emphatic effect of that ESP. No 

dramatic effect was seen. Little effect, if any, occurred in the control of total 

particulate matter. The main place, then, to search for reduced emissions would 

be for materials that are volatile at the hot-side temperature but not volatile at the 

cold-side ESP. Such materials are mercury and selenium. Improved control of 

these trace elements was not observed. 

The wntents of the body of this report can be easily located from the section titles given 

in the table of contents. Certain important reference material is given in the appendixes, 

SpeciEcally: 
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. Graphs showing data on particle-size distributions 

. Copies of the reports submitted by Brooks Rand, Ltd., covering the analysis 

of samples of mercury collected on solid sorbents. 

. Copies of the reports from the University of Mimi-Columbia, dealing with 

results of neutron activation analyses. 

. Discussion of measures used during this project for Quality Assurance/Quality 

Control. 
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MEASUREMENT OF CHEMICAL EMISSIONS UNDER THE INFLUENCE 
OF LOW-NO, COMBUSTION MODIFICATIONS 

1. INTRODUCI-ION 

1.1 RESEARCH OBJECTIVES 

This report presents the results of a research project on the measurement of chemical 

emissions from a coal-burning electric power station. The research was conducted by Southern 

Research Institute under contract with the Power Teehnologiea Department of Research and 

Environmental Affairs of Southern Company Services (KS). The funds for the research were 

provided through SCS on a joint basis by the Electric Power Research Institute (EPRI) and the 

U.S. Department of Energy (DOE) through the Innovative Clean Coal Technology Program. 

The electric power station that was the site of the chemical emissions study was designated as 

Site 110 in the list of EPRI’s PISCES investigations. The period covered by this project was 

August 1991 to September 1992. This period covered the entire research effort, from initial 

planning and preparation through the final sample analyses and data interpretation. 

One of the objectives of the proposed research program was to determine how the 

emission of so-called “air toxia” will be changed by modiing a coal-burning furnace to lower the 

emission of nitrogen oxides (NOJ. Unit 2 of the test site has been modiied to lower NO, 

emissions through a modification of the combustion conditions; this modikation was made as part 

of the Clean Coal program of the Department of Energy. 

A second objective was to generate data on the emission of air toxics to augment the body 

of data being compiled under a program of the Electric Power Research Institute. This program 

is known as Power Plant Integrated Systems: Chemical Emission Studies and is referred to as 

PISCES (1). The EPRI program and a newer program being instituted by DOE will cover a 

variety of power plant confIgurations as defined in terms of fuel type, furnace design, and 

emission control strategies. Site 110 offered two features that made it attractive for study in 

connection with PISCES. First, it is unusual in that it provides control over the emission of NO,; 

however, it does so with modikd combustion conditions having the potential of producing 
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unwanted increases in emission of toxic organic wmpounds and conceivably undesirable changes 

in the emission of inorganic substances. Second, the plant is unusual in controlling emissions of 

particulate matter through the combination of a hot-side ESP and a cold-side ESP in a tandem 

arrangement. 

The final objective was to determine whether the cold-side ESP contributes materially to 

the removal of particulate matter or hazardous air pollutants. The primary removal of fly ash was 

known to occur in the hot-side ESP; the degree of removal of other material, which might be 

favored at a lower gas temperature, could only have been inferred. A single day of operation 

with the cold-side unit energised and three days of operation with the cold-side unit deenergized 

during each test series were the operational parameters to evaluate the cold-side ESP 

contribution. 

A key approach in the evaluation of the data from this project was to conduct material 

balances for the overall plant and for the ESP system in terms of those substances whose masses 

must be conserved throughout all processes occurring. Primarily those substances were trace 

metals; however, they also included the non-metallic elements sulfur, phosphorus, chlorine, and 

fluorine. 

1.2 TECHNICAL BACKGROUND 

Air toxics is a term designating certain hazardous pollutants that are addressed by the 

1990 amendments to the Clean Air Act by the U.S. Congress. Title III of the 1990 legislation 

establishes a list of 189 toxic chemicals whose effects are to be evaluated and regulated as 

determined necessary by the Environmental Protection Agency. 

Regulating air toxia is to occur in two phases (2). During the first phase, within a year, 

the EPA was required publish a list of source categories emitting 10 tons annually of any one 

toxic or 25 tons annually of a combination of toxics. The agency subsequently had to issue 

Maximum Achievable Control Technology (MAGI) standards based on the best demonstrated 

control technology or practices in the industry to be regulated. Within two years, EPA was 

required to issue MAGI standards for 40 source categories and set in motion plans to ensure that 

aU controls will be adhered to within 10 years. The second phase of regulation will take effect 
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8 years after the first-phase MAGI standards. Standards based on health risks will be set in place 

if a facility’s emissions present a cancer risk of more than one per million. 

Approximately 90% of the hazardous substances listed in the 1990 act are specific organic 

wmpouncts, which are made up of the elements carbon, hydrogen, oxygen, nitrogen, and chlorine 

or another halogen. Most of the remainder of the hazardous elements listed are described more 

generally as compounds of specilic metallic elements: antimony, arsenic, beryllium, cadmium, 

chromium, cobalt, lead, manganese, mercury, nickel, and selenium. Most of the wmpounds of 

these metals are likely to occur as inorganic compounds, specifically including the oxides. Some, 

however, may occur in organic compounds; mercury is one such example. 

Other potentially hazardous pollutants are acidic inorganic gases derived from certain key 

nonmetallic elements. These include hydrogen Uuoride (HF), hydrogen chloride (HCl), sulfur 

oxides (SO& and phosphorus pentoxide (P,O,, possibly occurring as phosphoric acid, HsPO,). 

There is not now available a sampling and analytical protocol that would cover all of the 

compounds listed in the 1990 Clean Air amendments. There are, however, procedures generally 

rewgnized to be appropriate for selected representatives of the classes of compounds that are of 

concern, including specific compounds from the 1990 act. These procedures are largely based 

upon analytical developments by the EPA The plans for the analytical work at Site 110 were 

based on the EPA-sanctioned methodology, which has been used extensively in previous PISCES 

studies, as well at Southern Research Institute, in work for the U.S. Army in the disposal of 

obsolete chemical agents. 

In general terms, the objectives at Site 110 were to collect and measure the following: 

l Compounds of any form containing the toxic trace metals cited in Table III of the 

Clean Air Act Amendments of 1990: antimony, arsenic, beryllium, cadmium, cobalt, 

chromium, lead, manganese, mercury, nickel, selenium. Selenium, for example, occurs 

in coals typically in the concentration range l-10 ppm by weight (3), and will be found 

in the combustion gases in the concentration 100-1000 &Nm’. (Four other metals 

which were also evaluated - barium, copper, molybdenum, and vanadium - are not 
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cited specifically as trace components of pollutant emissions by the 1990 Clean Air 

legislation, but they will occur at trace levels in the pollutants emitted by coal-burning 

power stations. 

. Acidic inorganic gases based on the nonmetals fluorine, chlorine, sulfur, and phosphorus 

(HF, HCI, SO, and SOs, and PsOs or HsPO,) 

. Volatile organic compounds, including benzene, toluene, and formaldehyde 

l Semivolatile organic compounds, primarily polycyclic aromatics 

Further objectives only incidentally related to the occurrence of air toxics were to determine the 

total concentrations and particle-size distributions of the suspended particulate. matter at the inlet 

and outlet of the dual JZSPs. 
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2. DJZSCJUPTION OF THE TEST SITE 

2.1 GENERAL FEATUKES 

There are two units at the teat site. Unit 1 is rated at 175 MW and Unit 2 at 1% MW. 

Both units have Combustion Engineering tangentially-fired boilers. Originally, both units were 

equipped with cold-side ESPs; in 1977, however, when the units were converted to balanced draft 

operation, both units were also retrofitted with hot-side ESPs. Both units continue to operate 

with a hot-side and a cold-side ESP in tandem. Flue gas evolved from the two cold-side ESPs is 

vented to the atmosphere through a common stack 

Over the years, the fuel supply at the teat site has varied. About 10 years ago, for 

example, a low-stdfur coal from South &ca was employed (4). During the past year or longer, 

on the other hand, coals from Southern Jlliiois and Western Kentucky containing about 

3% suhitr have been used as the fuel. Western Kentucb coal purchased on the spot market, 

with about 3% sulfur, was burned during both of the test occasions descrii in this report. As 

will be shown subsequently, the results of analyses of coal samples from both occasions showed a 

high level of agreement; thus, differences in the coal were not likely causes of any large 

diierences in the test results. There is no provision at the test site for the removal of sutfur from 

the flue gas in a scrubber of any type; however, a portion of the sulfur present in the coal as 

pyrite is removed during the pulverization process prior to combustion and is discharged as a 

waste stream. 

During the Fust half of 1991, the furnace of Unit 2 began to undergo modification with 

the installation of burners to produce lower concentrations of NO=. This report discusses the 

measurement of emission rates of toxic organic and inorganic substances in the flue gas both 

before and after the burner modiications were made. The baseline measurements prior to the 

final adoption of mod&d combustion conditions were conducted during the period 

September 17-22, 1991; however, as will be described in the next paragraph, the baseline study 

was performed after certain structural changes in the furnace had been completed. The 

subsequent measurements with burner modifications in place were made during the period 

January M-17,1992. 
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The furnace modification installed at Site 110 to achieve low-NO, combustion is known as 

the Low-NO, Concentric Firing System Level JJJ (LNCFS JJJ) of ABB Combustion Engineering. 

Figure 1 is a diagram provided by SCS to show the configuration of Bring systems in place at 

Site 110 before the combustion modifications were started, while the modifications were being 

made, and after all changes had been completed. The configuration in place during the 

measurements in September 1991 was that designated as LNCFS Level II; to approximate the 

combustion conditions under the baseline wnfiguration during September 1991, the dampers for 

overfire air were closed and the nozzles for offset air were set to inject this air in the same 

pattern as the regular air. The configuration operated for low-NO, production in January 1992 is 

the one identified in the figure as LNCFS Level EL The quantitative effect of the furnace 

modifications on NO= production is Uhrstrated in detail by data from continuous emission monitors 

that are presented later in thin report. 

2.2 INLET AND OUTLET STREAMS 

The features of the test site that determined where sampling for pollutants was to be 

performed are illustrated schematically in Figure 2. The streams that had to be sampled for the 

purposes of establishing emission rates and closing material balances for the inorganics are also 

indicated in this figure. 

Streams entering the system are these: 

l The coal 

l The water admitted to the bottom of the furnace to serve as a boiler seal and to 

transport the bottom ash to the ash pond 

The water stream cited above wmes Born a fresh-water well. There is also a stream of 

water entering the plant not shown in the figure; this is water Born the ash pond that is 

recirculated as needed for transporting ash to the ash pond None of the materials sampled and 

analysed in this project was affected by the recycled pond water. Care was taken to collect aU 

solids before the materials made contact with the pond water. The bottom ash, however, was 

necessarily collected after it had been wet with the fresh water. 
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Streams leaving the system are the following: 

l Pyrite waste from the coal 

l Bottom ash from the furnace 

l Part of the fresh water that is used for sluicing the bottom ash 

l Fly ash from the economizer 

l Fly ash from the hvo ESPs 

+ Flue gas that exits the cold-side ESP and enters the atmosphere through the stack 

2.3 SAMPLING LOCATIONS 

The coal was sampled after it had been crushed but before it was pulverized and thus, 

before the pyrite was removed. Samples were collected as the coal was discharged from each of 

the milk. Approximately 1 pint was coUected from each discharge stream at hourly intervals each 

test day. At the end of the day, the samples were combined, riftled, and divided into different 

portions, one of which was provided for analysis on this project. AU of the work to acquire the 

coal samples was accomplished by employees of the plant 

The pyrite horn the crushed coal was rejected into hoppers that were a part of each coal 

mill. Each hopper was quipped with a hinged door and a grate at the bottom; where the pyrite 

was deposited. Employees of the plant inspected the grates once per shift and removed a sample 

if pyrite was present. At times, no pyrite was found, because there was relatively little pyrite to 

be removed from the coal being used as a fuel during the time this project was being conducted. 

The bottom ash was sampled after it had been collected and transported in water. This 

material, unlike any of the other solids, was collected in wet form; it could not be wUected 

otherwise. 
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Samples of fly ash were collected from the hoppers underneath the economizer and the 

hoppers beneath the hot-side ESP. The original plan was to collect ash from the hoppers of the 

cold-side ESP as well; this, however, proved to be impossible because the hoppers were always 

found to be empty when opened. Presumably, the absence of ash in the cold-side hoppers was 

due to the small amount of ash wllected in the cold-side ESP and due also to the draft of air that 

swept through the hoppers, under negative pressure, when the sampling ports were opened. 

Removal of ash from the outlet row of hoppers of the hot-side ESP also proved to be impossible. 

The rate of ash accumulation in the outlet field occurred relatively slowly, and the draft of air that 

swept through the hoppers when the sampling ports were opened, as with the hoppers of the 

cold-side ESP, removed the limited amount that accumulated. 

The array of hoppers under the hot-side ESP wnsists of three rows with eight hoppers in 

each row, as depicted in Figure 3. The hoppers are numbered 1-S in the inlet row, 9-16 in the 

middle row, and 17-24 in the outlet row. The ash was necessarily wllected from those hoppers 

that were fitted with sampling ports; the ash was removed specitically from Hoppers 2 and 6 in 

the inlet row and Hoppers 10 and 16 in the middle row. This ash was analyzed as a suitably 

weighted composite from the different rows in an effort to wnstruct a material balance of trace 

elements across the ESPs. 

The gas stream entering the hot-side ESP was sampled through three different arrays of 

sampling ports, as depicted in Figure 4. One set of ports required vertically oriented sampling 

probes; these ports were located on the roof of the duct that directs flue gas from the outlet of 

the economizer to the hot-side ESP. These ports are normally operated with connections to 

thermocouples and gas monitoring equipment. The normal use of the thermocouple ports was 

interrupted long enough to permit sampling of the gases SO,, SO,, NH,, and HCN. The other 

two arrays of sampling ports were located on the inside vertical walls of the two ducts that lead 

gas into the hot-side ESP through a wye. Each set of ports providing horizontal access consisted 

of a total of nine ports; they were used for aU of the remaining sampling operations at the inlet of 

the hot-side ESP - collection of samples of metals, mercury, acid gases, the organics (volatile+ 

semi-volatile& and aldehydea), and size-segregated fly ash., As far as possible, the location of a 

given type of train was alternated from one duct to the other on a day-by-day basis. 
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Figure 4. Sampling ports at the inlet of the hot-side ESP. 
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The gas stream leaving the cold-side ESP was sampled through a series of ports in the outer 

vertical wall. Near the ESP, there were six ports in a vertical row, which were used for the bulk 

of the sampling (wrrespondmg to most of the sampling done at the two ducts entering the 

hot-side ESP). Near the stack, there were two ports side by side that were used for sampling 

SO,, SO,, NH,, HCN, and mercury. AU of the ports between the cold-side ESP and the stacks 

were between the ID fans and the stack and thus were under positive pressure. 

2.4 MATERIAL FLOW RATES 

How rates of the coal were provided from the computer records of the plant. The rates 

were recorded for each of five mills at lO-min intervals throughout each 24-hour period. The 

daily averages presented later in Table 1 of this report were calculated for the hours 0600-2400 

for the ,test days in September and for the hours OfXlO-2100 for the period in January. These 

periods covered the entire periods of sampling on each occasion. 

Flow rates of only two other streams among those required, in principle, for use in 

material balance calculations could be evaluated. These were the flow rates of Sue gas at the 

inlet of the hot-side ESP and the outlet of the cold-side ESP. These flue gas flow rates were 

measured by Pitot traverses of the pertinent gas ducts. The results of the measurements are 

presented subsequently in Section 4; the flow rates were in reasonable agreement with the rates 

calculated from the compositions of the coal and the firing rates. Corresponding flow rates of fly 

ash entrained in the flue gas were calculated as the products of gas Uow rate and ash 

concentration, determined from the weights of ash collected with the out-of-stack filter that was 

used in the Multiple Metals Train for collecting ash for metals analysis. 

The flow rates of the other streams required, in principle, for material balance calculations 

could not actually be. measured and were not recorded with plant equipment. These streams for 

which flow-rate data were lacking are enumerated below; the wnsequences of not having the data 

are also discus&. 

l Water for uroducine the boiler seal and for sluicine the bottom ash. In a strict sense, 

only the water vapor and the foreign components of the water that evaporate from the 

boiler seal contributed materials to the part of the system reserved for material balance 
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considerations. Organic wmpounds in the water were the most likely components of 

the water to evaporate and become a part of the combustion gas leaving the boiler; 

these wmpounds, however, were irrelevant in the sense that no material balance with 

respect to organics was attempted (the potential for combustion of organic compounds 

in the coal made a material balance for organ& essentially impossible). Substances 

from the water that were wmbiied with the bottom ash were relevant only in the sense 

that they became analytically a part of the bottom ash (they remained with the ash 

when the ash was dried in preparation for analysis). 

. Pvrite rejected from the coal feed between the crushers and oulverizers. Sometimes 

none of this material was available for collection, and when the material was present it 

included extraneous magnetic waste such as bolts and nuts. Not surprisingIy, the 

analysis of the pyrite samples gave highly variable results, as described later in 

Section 5.1. Clearly, high relative quantities of coal were rejected along with pyrite 

(formally, the compound FeS& It is thus clear that, even if the mass flow rate of pyrite 

were known, much repetitive sampling and analysis would have been required to obtain 

a meaningful input to material balance calculations. 

l Bottom ash. Typically, for boilers that fire pulverized coal, 20% or so of the coal ash 

will appear in the bottom ash. Our data on recoveries of fly ash at the inlet of the 

hot-side ESP (diiussed in Section 4) indicate that this is a reasonable approximation. 

Moreover, the absence of marked peculiarities in the metals composition of the bottom 

ash, as described in Section 5.3, lessens the errors that might arise from knowing the 

rate of accumulation of bottom ash. 

l Ewnomizer ash. No information at aU about the rate of accumulation of ash in the 

economizer hoppers was obtainable. The ability to perform material balance 

calculations in the absence of this information is based on the same logic as mentioned 

above for bottom ash, the matter is discussed further in Section 6. 

l ESP hormer ash. No independent measure of the rate of ash collection and removal in 

the hot-side ESP was obtained. Similarly, no corresponding measure for the rate in the 

14 



cold-side ESP was obtained either; however, this latter factor is believed to be small 

enough to be immaterial (a reasonable deduction based on total ash removals with and 

without the cold-side unit operating, for which data are given in Section 4). Any 

information on the accumulation rate and removal rate for the ESP system has to be 

based on total inlet and outlet ash flow rates in the flue gas. 
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3. DESCRIPTION OF SAMPLING AND MEASUREMENT PROCEDURES 

3.1 SAMPLING TRAINS FOR GAS STREAMS 

The strategy of the project with respect to sampling the gas streams was to collect the 

entire set each day of testing at each location (ESP inlet and outlet). In practice, during the 

baseline testing series, some adjustments in this plan became necessary, as diicussed in 

Section 3.4. 

Several Method S-types of trains were employed. They were identical with respect to the 

probe and filtration unit but differed in the contents of the impingers behind the filter. Each 

probe was 12 ft long and had a heat-traced Pyrex lining; the nozzles attachable to the flue-gas end 

of the probe were interchangeable and were selected to permit isokinetic sampling. The filter was 

a 3- or 4-inch quartz-f&r disc that was maintained in an oven at 250 “F. A heat-traced Teflon 

umbilical 15 ft in length was used to wnnect the filter compartment within the oven to the 

impingers, which were kept in a fixed location. An umbilical of this length was necessary to 

permit full traversing of the duct while the impingers were kept in a fixed location. The solutions 

used in the impingers to catch vapors or Jine particles that penetrated the filters were selected 

according to the type of material being collected, as described below. 

One type of train of the Method 5 type was the Multiple Metals Train, which is illustrated 

in Figure 5. The procedure for using this train will presumably be incorporated in the next 

edition of EPA’s analysis manual for solid wastes, SW-S& now in the 19% edition (5). The 

method is also scheduled to appear in a future edition of 40 CFR as Method 29. This train is 

presently descrii in an existing EPA report (6). 

The impingers of the Multiple Metals Tram include two in series that contain a mixture of 

H202 and HNO, and two additional impingers in series downstream that contain a mixture of 

KMnO, and H$O,. The probe wash and the filter catch are digested and used for 

determinations of all of the metals of interest. The H,O$-INOs impingers are analyzed for aU of 

these same metals in addition. The KMnO&SO, impingers, on the other hand, are analyzed 

only for mercury. AU of the metals except mercury are presumed to be partitioned between solids 
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retained in the probe and on the filter, plus the H,O#INO, impingers. Mercury is presumed to 

be in these locations, plus the KMN’O&SO, impingers as well. 

Another tram of the Method 5 type is the so-called Modified Method 5 tram, which is 

illustrated in Figure 6. This train is described as Method 0010 in SW-846. It is used for sampling 

semi-volatile organic wmpounds. A cartridge of X0-2 resin is located behind the filter for 

collecting vapors from the gas phase. Impingers fnled with water are located behind the XAD 

cartridge to collect vapors that penetrate the solid sorbent. 

The third train of the Method 5 type was used for wllecting acid gases (speciftcally I-IF, 

HCl, P,O, or HsPO,, and SO, and SO,). The Acid Gases Train was descrii by the Radian 

Corporation in a guide to sampling and analysis of air toxics of wncem to the PISCES program 

(7). The train employs a heated particulate filter in the customary Method 5 mode, but it 

depends upon impingers behind the filter to collect only the gaseous wmpounds of interest. The 

impingers use a basic solution containing sodium carbonate and bicarbonate with hydrogen 

peroxide added to trap and oxidii SO, to sulfate. 

The fourth train of the Method 5 type was used for collecting aldehydes and ketones. 

Thii train was also described in the Radian analytical plan cited above. This train differs from the 

one for formaldehyde that is descrii in Section 3.6 of EPA/530-SW-91-010 (5), which does not 

include a Elter of the Method 5 type and which wllects particulate matter to be analyzed in 

addition to the vapors caught in the impingers. The Aldehyde Train (more broadly identified as 

the Aldehyde-Ketone Tram) employs impingers containing 2,Qdinitrophenylhydrazine (DNPH) 

for trapping carbonyl compounds in non-volatile forms, as 2,4diitrophenylhydraaones. 

A substantially diierent tram from the Method 5 types known as VOST (Volatile 

Organ& Sampling Train) was used for collecting volatile organic compounds; the train is 

illustrated in Figure 7 and is described in SW-846 as Method 0030. A filter of quartz wool is used 

in the probe to screen out most of the particulate matter entrained in the gas stream being 

sampled. There are two sorbent tubes for collecting the vapoa. One is filled with Terms resin, 

and the second is packed at the front end with Terms and at the rear end with charcoal. Each 

sorbent tube is bathed with condensate from the gas stream; the hvo condensates are analysed as 
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a composite. The sorbents are subject to being overloaded and suffering from analyte break- 

through during sampling; as a wnsequence, different pairs of sorbent tubes are used for different 

sampling times so that at least one pair will not be overloaded and, at the same time, will contain 

adequate sample for analysis. Sampling times at a gas flow rate of 0.5 L/mm were 2, 10, and 

40 mitt during the baseline sampling series; they were 2.5, and 10 min during the later low-NO, 

series. The 40-min samples from the ESP inlet contained too much material to be analyzd and, 

incidentally, caused significant poisoning of the analytical system. 

Other sampling trains for relatively specific analytes are listed below: 

. SO&O, train (controlled condensation train . This train employs a probe and tilter 

that are maintained near 290 ‘C, a condenser held at 70 “C, and bubblers containing 

hydrogen peroxide. The heated probe and filter ensure that the vapor of SO, (or, the 

equivalent vapor of H.$O, that exists at lower temperatures) will be able to reach the 

condenser but also ensure that particulate matter will be removed horn the gas stream. 

The condenser selectively condenses SO, as a binary mixture of H.$O, and water. The 

bubblers collect SO, as sulfate. 

+ Mercury train. This tram was provided and operated by Brooks Rand, Ltd., under the 

supervision of Niwlas Bloom It employs four sorption tubes containing solid sorbents 
- hvo traps of KCl-treated soda lime and two of iodated carbon. The Erst hvo traps 

collect mercury in the oxidii state (as Hg** wmpounds or as organic compounds such 

as methylmercury - e.g., CHsHgCI), whereas the latter traps collect elemental mercury 

vapor. Bloom described this sampling tram at a recent wnference on air toxics (8). 

l Ammonia train. Ammonia was wllected in a tram normally used for SO, but with 

bubblers containing dilute aqueous suUiuic acid to absorb the gaseous ammonia in place 

of aqueous peroxide to absorb SO,. Ammonia is collected in the condenser along with 

SO,; part of the condensate is aqueous ammonium sulfate in addition to aqueous 

H$O, if SO, is in excess of the ammonia. 
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+ Hvdroeen cvanide collector. The gas was filtered and then passed through an alkaline 

solution of sodium carbonate and sodium bicarbonate. During the baseline testing, a 

separate tram was set aside for this purpose. During the low-NO, testing, to simplify 

the sampling procedures, peroxide was omitted from the impingers of the Acid Gases 

Train and HCN was collected in the carbonate/bicarbonate solution along with the 

other acid gases. 

Suspended particulate matter was collected for determination of mass wncentration in the 

front half (probe and filter) of the Multiple Metals Train. It was wllected for particle sizing in 

either of two ways. At the inlet of the hot-side ESP, a series of cyclones were used At the 

outlet, University of Washington impactors were employed. 

3.2 SAMPLING OF COAL, ASH, AND WATER 

The plan for analyzing the solids and the water was, first, to acquire several samples of 

each during each test day and, then, to make a composite of aU samples of a given type for each 

day and to perform the analysis of the composite. This plan was followed insofar as it proved 

practicable; however, as indicated in Section 2.3, there were difilculties in obtaining all of the 

diierent kinds of materials on a regular basis. 

The procedure used to obtain coal samples described previously in Section 2.3 yielded a 

daily composite; approximately 2 lb of coal from the composite was made available for analysis on 

this project. The procedures used to obtain the water and other solids were also described in 

part; the key features of the sampling procedures are reiterated and described more broadly here: 

l Pyrite was available to be recovered from the hopper grates only intermittently. This 

material was not wllected every test day. 

l Samples of water were taken from a pipe that feeds the bottom water seal of the 

furnace and the sluicing arrangement for the bottom ash. 

l There are four ewnomizer hoppers. The one designated No. 44 was the only one that 

had a fitting that provided access for sampling. A threaded rod was inserted into the 
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hopper for raking ash out into a scoop. At times there was suction on the opening into 

the hopper which indicated that the ash depth was not great enough for a sample to be 

removed. Consequently, samples of economizer ash were not obtained on a regular 

basis. 

l Selected hoppers under each ESP are fitted with sample ports, which consist of l-m. 

pipe nipples with gate valves. Each port is located about 18 in. above the bottom of 

the hopper and about 30 degrees below horizontal. A rod was inserted into the hopper 

to induce ash to stream out through the port onto the floor. After a time, when the 

ash streaming out of the hopper was thought to be fresh, part of it was caught in a 

bucket and, when cooled, was transferred to a sample container. 

For all samples, making composites was a straightforward matter of combining the 

individual samples of a given type. For the ESP hopper ash, the task was more complex. The 

added complexity arisea from the fact that differences occur in the physical properties (especially 

particle size) and also the chemical properties of ash when collection occurs in diierent electrical 

fields and thus in different rows of hoppers. The first step in making a composite for the entire 

available catch of the ESP was to mix equal amounts of samples from hoppers on the front row 

and then the same for samples from the middle row. Composites representing the diierent rows 

were then mixed on a weighted basis to obtain a composite for both rows. The principle used for 

weighting was based on the Deutsch relationship for a three-field ESP with equal collecting areas 

in all three fields: 

Total fractional penetration = $ 

where x = mass fraction of ash entering each field that is not collected there. 

If the overall mass efficiency is about 99%, as at the test site, the value of the fractional 

penetration is 0.01; hence, x = 0.215. The fractions of the inlet ash that are collected in the 

three fields is then 0.7846 in the 6rst field 0.1690 in the second field, and 0.0364 in the third 

field Consequentiy, the composite representing the inlet and middle rows of hoppers was 

prepared to contain ash from the two sources in the mass ratio 0.7846/0.1690 (there was no ash 

from the outlet row to include in the composite). 
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3.3 ANALYTICAL. METHODS 

3.3.1 Metals 

Total concentrations. The primary method used for determining metals was Inductively 

Coupled Argon Plasma Emission Spectrometry (ICP). The typea of samples anal@ for metals 

by ICP were coal, ash, and impinger solutions from the Multiple Metals Tram. The two solids 

had to be digested with concentrated acids at elevated temperatures to place the metals in 

solution; the digestion procedure used a combination of concentrated mineral acids in a 

microwave oven. There is a procedure for digesting the solids that is included in the description 

of the metals sampling train (6); however, the Enclmgs in this project were that this procedure, 

involving treatment of the solids with a mixture of HNO, and I-IF, would sometimes leave 

substantial fractions of the solids undiilved. Ultimately, the most satisfactory procedure found 

consisted of an initial digestion of the solids with a mixture of HNOs, HF, and HCl, followed by a 

final digestion with HsBO, added to the remaining mixture of the original three acids. This 

procedure was adopted from recommendations from CEM Corporation, the manufacturer of the 

microwave oven used in the digestions. 

The method used for carrying out metals analysis by ICP is described in SW-S46 as 

Method 6010. This method lacks sensitivity for some of the metals of interest. Therefore, when 

the sample quantity was limited and the metal concentration in the solution prepared for analysis 

was limited, supplemental analyses were performed by auxiliary methods based on Atomic 

Absorption Spectrometry (AAS), which had greater sensitivity than ICP. The metals analyzed by 

the supplemental procedures, the forms of AAS used, and the SW-S46 methods employed were as 

follows: 

Antimony (Sb) 

Arsenic (As) 

Cadmium (Cd) 

GFAAS 
(graphite furnace AAS) 

GFAAS 

HGAAS 
(hydride generation AAS) 

GFAAS 

Method 7041 

Method 7060 

Method 7061 

Method 7131 
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Chromium (Cr) 

Mercury (Hg) 

Lead (Pb) 

Selenium (Se) 

GFAAS 

~tEpi3r AAS) 

AFS 
(atomic fluorescence) 

GFAAS 

GFAAS 

HGAAS 

Method 7191 

Method 7470 

(Not SW-846) 

Method 7421 

Method 7740 

Method 7741 

For mercury collected in the Multiple Metals Train, CVAAS was the method used in the 

Southern Research laboratory. For this metal collected alternately on sorption tubes, as will be 

described subsequently, analysis by the more sensitive method, AFS, was performed by another 

laboratory, Brooks Rand, working under purchase order. 

A second method (apart from ICP and the AAS methods) was used for determiniig a 

majority of the metals of interest. This was Instrumental Neutron Activation Analysis (NAA). 

Selected samples of coal and ash were submitted to the University of Missouri-Columbia, where 

the irradiation and counting were done in the Research Reactor Facility under the direction of 

Dr. Michael D. Glaswck. Four of the metals could not be determined by N&4, either because 

irradiation does not yield a suitable radioisotope for counting or because the laboratory lacked the 

appropriate counting equipment. The metals not included in NAA were Be, Cd, Cu, and Pb. 

The metals not determined by NAA were determined by flame injection AAS at Southern 

Research to obtain a complete set of results apart from the data provided by ICP, GFAAS, 

HGAAS, and CVAAS. 

Individual sneciea of selected metals. Certain metals, including arsenic and chromium, 

have different toxicitia in different chemical forms. For mercury, the issue is whether mercury is 

emitted in oxidized forms that can have effects only at relatively remote locations. Practically 

speaking, the likelihood of local effects depends upon the occurrence of compounds of Hg(II) 

and organometallic compounds such as methylmercury. For chromium, the question is how much 
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of the metal occurs in the hexavalent form, CR(VI). For arsenic, the question is the degree of 

partitioning between the trivalent and pentavalent states, As(JH) and As(V). 

Speciation of mercury was performed by analysts working under the direction of Niwlas 

Bloom of Brooks Rand, Ltd., of Seattle, Washington. The relevant sampling train that Bloom has 

developed (described previously in an earlier part of the discussion of analytical methodology) 

contains a tandem arrangement of four sorption traps, the first two of KCl-treated soda lime and 

the second two of iodated carbon. These traps operated in a heat-controlled probe, behind a 

quartz wool plug for tiltration, at a temperature of about 120 “C. Little mercury is collected on 

the quarta wool as solid matter; most of the mercury is vaporous and undergoes sorption in the 

traps. The KCVsoda lime traps collect methylmercury and divalent inorganic mercury (probable 

forms of these species are CHsHgCl and HgCl& The iodated carbon traps elemental mercury. 

The analysis of the traps is complex, as Bloom has recently described at a technical conference 

(8). The critical step is vaporixation of all forms of mercury and measurement by atomic 

fluorescence, which permits determination of concentrations down to 0.05 &Nm3 in a gas volume 

ofonly2OL 

Speciation of chromium, specitically the quantification of Cr(VI), was performed by 

Method 425 of the California Air Resources Board, which is similar to EPA Method 71% of 

SW-846. This method determines only Cr(Vf) that is water-soluble; it does not provide any step 

whereby Cr(VI) that is located within the aluminosilicate matrix of individual ash particles may be 

extracted into the aqueous solution and then quantified. The extracting solution contains 20 g of 

NaOH and 30 g of NasCO, in 1.0 L; the Cr(Vf) extracted is measured wlorimetricaUy at 540 nm 

as a complex with diphenylcarbaxide. 

Both the CARB and EPA method descriptions carry warnings of interference from 

molybdenum and vanadium if these metals are present at high concentrations. The possibility of 

interference was investigated during the work with the samples from this project; the results 

indicated that, even though molybdenum and vanadium could be much more concentrated than 

Cr(Vf) in extracts of the ash, their effects on the measured wlor could be ignored The data for 

one sample of ESP hopper ash illustrate the results obtained in the inquiry about interference; 

these data are illustrated below: 
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Total concentrations in the NaOH/Na,CO, extract were as follows: 

Cr 0.171 &mL 

MO 2.19 &mL 

V 3.77 pg/mL 

Apparent concentrations of Cr(Vf) with spikes added changed as follows: 

Snike added Annarent CrfVI) wncn. &mL 

None 0.052 

Cr(VI), 0.25 &mL 0.253 

Mo(Vf), 2.00 &mL (molybdate) 0.039 

V(V), 4.00 &mL (vanadate) 0.062 

The molybdenum and vanadium, added as ammonium salts in amounts roughly equivalent to the 

amounts of these metals already present, made far lower wlorimetric effects than the spike of 

Cr(Vf); the interference from the molybdenum was slightly negative and that from the vanadium 

was slightly positive. One can conclude that in the actual extract, without spikes, the two 

interfering metals produced offsetting effects with an insubstantial combined effect. 

There is an alternative method developed by EPA for Cr(V’I), in which there is a special 

sampling train with an alkaline absorbing solution wntinually sprayed into the inlet to stabihze 

water-soluble Cr(VI) during sampling (6). One of the deficiencies of the EPA method is that SO, 

may bc absorbed in the solution at a concentration sufficiently high to reduce Cr(VI) to Cr(IfI); 

because of the high SO* concentration in the flue gas at the test site, the EPA method was not 

appropriate at that location. 

Only Cr(Vf) data for solid samples are presented in this report. Certain determinations of 

Cr(VI) were made with peroxidecontaining impinger solutions and, surprisingly, the results 

indicated that Cr(VI) and total chromium could be differentiated, suggesting that not all of the 

Cr(III) captured was oxidized to Cr(VI). None of the results for the impinger solutions are 
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presented in this report, however, since no effort was made to evaluate the stabilities of the two 

forms of chromium on a quantitative basis when both are in the peroxide medium. 

Determinations of As@) and As(V) in water-soluble forms were made by the method of 

Weigert and Sappl (9). Ash samples were extracted with water; to one aliquot HCl was added 

and to the other citrate buffer was added. Sodium borohydride was next added to convert arsenic 

to AsHs, which was measured by HGAAS. With HCI present, total arsenic was determined 

(usually, this was mostly As(V)); with citrate added instead, only As(Hf) was measured. Although 

the extract of a sample must have contained species capable of oxidiig As(IlI) or reducing 

As(V) - for example, Cr(VI) as an oxidiig agent or sultite as a reducing agent - spikes of 

arsenic were sufficiently stable to be recovered as AsHs from either HCI or citrate medium. 

3.3.2 Acid Gases and Ammonia 

Samules from the acid eases train. The analytes determined from the gases absorbed in 

the acid gases tram were fhroride ion, chloride ion, sulfate ion, and phosphate ion. The s&ate 

collected in this tram presumably came mostly from SOs in the gas stream; virtually none of the 

sulfate was likely to have wme from the SO, (or H&SO1 vapor) in the flue gas because the, 

temperature of the Method 5 filter (250 “F) would not allow more than 2-3 ppm of SO, to 

penetrate. The normal procedure with the sampling train was to include peroxide in the 

carbonate/bicarbonate buffer to oxidize absorbed SOs to sulfate. This procedure was followed in 

the baseline sampling series. The peroxide was omitted from the carbonate/bicarbonate solution 

during the low-NO, series to permit HCN to be captured in a stable form, without the need for a 

separate train. Despite the omission of peroxide, sulfate rather than sulfite was present at the 

time of analysis. 

Chloride, sulfate, and phosphate were measured by ion chromatography. Fluoride 

sometimes gave a readable signal by ion chromatography, but it suffered from interference from 

the carbonate/bicarbonate medium used in the analysis. Fluoride was thus determined for the 

record by use of an alternative procedure, based upon an ion-selective electrode. 

SO, and SO, (HSO, vanor). The two portions of sample kom the SOx sampling train 

were analyzed by ion chromatography. Both SO, and SO, as collected were determined as 
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sulfate; SO, was converted to sulfate during sampling owing to the use of peroxide in the sample 

collector. 

HCN and NH* These gases were collected in different trains and were analyzed 

separately. Both, however, were measured with ion-selective electrodes in alkaline media. In 

such a medium, HCN exists as cyanide ion and is measured with a cyanide-specific electrode; 

although collected in an acidic medium as NI-I~ + ion, ammonia is formed in the alkaline medium 

and measured with an ammonia-selective electrode. 

3.3.3 Aldehvdea and Ketones 

The method described here for determining aldehydes and ketones is the appropriate 

method and was used wrrectly for samples from the low-NO, teat series. It was not used 

properly, however, for samples from the baseline series; as a consequence, no useful result for 

aldehydes and ketones from the first teat series was obtained. The errors that were made with 

those first samples are described later in Section 54.3. 

Aldehydea and ketones were determined by a method developed by EPA for samples from 

the ambient environment. The specific method followed is M 5 (10). This method is similar to 

the analytical procedure incorporated in SW-846 Method OUllA (6). The aqueous solution of 

2,4dinitrophenylhydrazine in which the compounds are trapped is extracted with a mixture of 

methylene chloride and a-hexane; the organic solvent is then removed by evaporation and the dry 

residue is diilved in methyl alcohol. The hydrazone derivatives are separated and quantitated 

by High Performance Liquid Chromatography with an ultraviolet detector. 

‘Ihe sample volumes during the low-NOx teat series averaged about 1.4 Nm”. The final 

measurement of the compounds was performed with the compounds in 5 mL of methyl alcohol. 

The limit of detection expressed for formaldehyde, for example, was about 0.5 M. Thus, the 

equivalent limit of detection of formaldehyde in the original 5ue gas was about 0.4 &Nm3 or 

0.3 ppbv. 
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3.3.4 Volatile Oreanic Comoouncb 

Volatile compounds wllccted from the flue gas duct were determined by SW-S46 Methods 

5040 and 8240. The tirst step of the procedure is a so-called “purge and trap” procedure, whereby 

volatile organ& in each of the three sample components of the VOST (water condensate, Tenax 

tube, and Tenax/charwaf tube) are vaporized and then collected on another sorption tube, which 

contains several different packing materials. Next, the volatile matter is desorbed thermally from 

the intermediate sorption tube and conveyed in the vapor state to the gas chromatographic 

wlumn. The components of the sample are separated on the GC wlumn and detected as they 

are eluted by mass spectroscopy. The manner in which the MS signal is interpreted is described 

at length in Section 5.4.4. 

3.3.5 Semi-Volatile Oreanic Comnounds 

SW-846 Method 0010 descni the preparation for analysis of samples of semi-volatile 

organic+ as well as the sampling tram that provides the samples. Sample preparation yields a 

single extract solution, with methylene as solvent, Erom the several components of the sampling 

train. The method allows for reduction of the extract volume by evaporation to the range 

l-10 mL. Obviously, the smaller the volume, the greater sensitivity the method provides, unless 

contaminants o&set the advantage of less volume. Extract volumes were 10 mL in the work with 

baseline samples, where a deep wloration suggested either contamination or an unusually high 

concentration of sample matter. Extract volumes were reduced to only 1 mL in the low-NO, teat 

series, and method sensitivity was proportionally increased. The analysis of the extracts by 

GC/MS, acwrdiig to SW-846 Method 8270, utilizes the single extract from one sampling 

experiment. In other words, the analysis of semi-volatilea yields only one chromatogram, whereas 

the analysis of volatilea yields three or four cbromatograms, depending upon whether two separate 

portions of water condensate are analyzed in place of a composite. The interpretation of the data 

from the GC/MS analysis is discussed in Section 5.4.5. 

3.4 SAMPLING SCHEDULE 

OriginaUy, the sampling at Site 110 was intended to provide an evaluation of performance 

with only the hot-side ESP energized. Later, however, before the project was approved, the 

operating utility requested that the cold-side ESP be energized for one day of testing on each 
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occasion, during basefine or low-NO, operation. As events transpired, during the baseline testing 

in September 1991, the cold-side E8P was operated on three days. The first day of operation 

with the cold-side unit energized was intended to be a full test day that would provide a full 

complement of samples. Various diiculties and delays on that occasion, September 17, led to 

rescheduling of the first day of testing on September 18. Even then, a short period of further 

operation on September 22 was required to complete sampling with the cold-side ESP energized. 

The days of sampling and conditions with respect to B8.P operation were as foUows: 

Boiler ooeratine mode 
ESP ooeration 

Q& Cold-side Hot-side 

Baseline Sept. 17 on on 
Sept. 18 on on 
Sept. 19 off on 
Sept. 20 off on 
Sept. 21 off on 
Sept. 22 on on 

Law NO, Jan. 14 on on 
Jan. 15 Off on 
Jan. 16 Off on 
Jan. 17 Off on 
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4. DISCUSSION OF PHYSICAL CHARACIERIZATIONS 

4.1 COAL FIRING RATES 

The teat unit at Site 110 was operated at full load (just under 200 MW) on each day of 

sampling in both September 1991 and January 1992. Full load was maintained from 0600 to 

2400 hours daily on the occasion in September, when sampling sometimes was not completed until 

late in the evening. FuU load was required for shorter times daily in Januaq when sampling was 

completed by 2100 hours, or earlier. 

The record of unit load and coal feed rate through each of fne mills was obtained from a 

computer record maintained by the plant. The values of both parameters were recorded at 

10&n intervals for 24 hours per day and were averaged. The average unit load and average coal 

feed rate for each test day are listed in Table 1. The value of thermal input rate corresponding to 

the coal feed rate (based on calorific values of the coal, which are given later in Table 3) and the 

ratio of electrical power to thermal input rate (efficiency) are also listed in this table. The data 

indicate. that the electrical power output was slightly higher in January than in September 

although the coal firing rate decreased by a somewhat greater degree. This anomaly can be 

explained as the result primarily of higher calorik values in January. 

4.2 GAS FLzOW RATES AND PARTICULATE CONCENTRATIONS 

The gas flow rates were determined in the ducts upstream from the hot-side ESP and 

downstream from the cold-side ESP by traverses with a Pitot. The mass concentrations of 

suspended particulate matter were determined from data obtained in the operation of the 

Multiple Metals Train (the procedures for use of this train permit the option of recovering and 

weighing the collected particulate matter if desired). The concentrations of 0, were measured 

with the Teledyne instrumenL ‘Ihe results of these measurements are presented in Table 2, 

which also includes certain other information: 

l Gas temperatures at the inlet of the hot-side ESP were approximately 700 “F and at 

the outlet of the cold-side ESP about 340 “F in the baseline measurements or about 

320 “F in the low-NO, measurements. 
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Table 1 
Electrical Power and Coal Ftig Rates 

‘Cakulated as the product of the coal rate and the calorih value given in Table 3, 
with wnvexsion to the units Mw = MT/s = (Btu x 1054.8)/ (1 x ld x 3600). 
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. Actual gas flow rates and fly ash concentrations adjusted to 4% 0, approximately the 

concentration of 0, at the hot-side ESP inlet. Gas volumes are expressed in the units 

Nm3, which are on the dry basis with 68 “F or 20 “C as the reference temperature. 

. Expected rates of flue gas flow and values of fly ash concentration (the latter assuming 

complete entrainment in the tlue gas of all the ash in the coal). These data were 

calculated for 4% 0, from the coal analyses given later in Table 3. 

l Gas flow rates and ash concentrations at the hot-side ESP inlet and gas flow rates at 

the cold-side ESP outlet as percentages of the expected values based on the coal 

composition and firing rate. 

. Ash recovery at the hot-side ESP inlet, which is the observed mass flow rate (product 

of observed gas flow rate and ash concentration) as a percentage of the ash production 

rate, again assumed to be entirely as fly ash. 

l ESP collection efficiencies (based on actual ash concentrations, compared at the hot- 

side ESP inlet and cold-side ESP outlet). 

The major observations from the information in Table 2 are as follows: 

l Gas flow rates at the hot-side ESP inlet were in the range 91.1-101.3% of the expected 

values. These ratea at the cold-side ESP outlet were 90.5-104.6% of the expected 

vahle.s. 

l Ash concentrations at the hot-side ESP inlet were in the range 63.0-84X4% of the 

maximum possible values based on total coal ash in September or in the range 

74.5-95.8% of the maximum possible values in January. A rule of thumb sometimes 

used to predict fly ash concentrations is that 80% of the coal ash will be found as tly 

ash in the flue gas and 20% will be found as bottom ash. The observed values bracket 

the figure of 80%. Other measurements at this plant by personnel of Southern 
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Research at different occasions in 1991 and 1992 found these percentages of coal ash as 

fly ash entering the hot-side FSP: 82%, 65%, and 70%. 

l Ash recoveries at the hot-side ESP inlet ranged from 60.4 to 93.6% in all eight teats. 

They were higher in the low-NO, testing than in the baseline testing. The reason is not 

apparent; the data from earlier studies just mentioned above show considerable 

variability as well. 

l ESP efficiencies ranged from 99.40 to 99.55% in September or from 98.80 to 99.37% in 

January. The data suggest that there was a slight degradation of the FSP performance 

as the wnsequence of the change in combustion conditions. As for the effect of the 

cold-side ESP as a contributor to fly-ash control, the data indicate that the effect was 

small at best in September. The cold-side ESP operated on the 18th but not on the 

other dates; the efficiency changed from 99.47% on the 18th to an average of 99.48% 

on the next three days. In January, with the cold-side ESP operating on the 14th, the 

efficiency was 99.36%; it apparently degraded to an average of 98.99% on the next 

three days when the cold-side unit did not operate (the penetration increased from 

0.64% to an average of 1.01%). 

The data in Table 2 do not include results from September 21 when the outlet was 

sampled during sootblowing of the air heater. At that time, the measured outlet dust 

concentration was 0.1250 g&Jm3, in comparison with the value of 0.0522 g/Nm3 in the table for 

the same day when sootblowing was not in progress. 

4.3 ASH PARTICLE-SIZE DISTRIBUTIONS 

Figures given in Appendix A present the results of particle-sizing experiments. At the 

ESP inlet, sizing was accomplished with five cyclones in series, with a back-up filter for the very 

finest material. At the outlet, University of Washington Mark v impactors were used. The 

impactors had seven stages with a back-up filter. 

The figures cover both test series, baseline and low-NO, Successive figures compare a 

given parameter as measured tirst in the baseline teat series and then in the low-NO, series; thin 
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arrangement facilitates the comparison of the effects of the different boiler conditions on the 

individual parameters. 

The figures give, for each se&, averages and 90% confidence limits for four inlet 

experiments, one outlet experiment with the cold-side ESP energixed, and averages with 90% 

wntidence limits for three experiments with the cold-side ESP deenergixed. For each of the 

measurement conditions, there are two graphs of particle-size parameters as functions of particle 

size, the first in each pair is for cumulative percent of maas and the second is for the differential 

mass concentration dM/dlog D. In the plots of cumulative mass, the parameter “probit” is used as 

the linear parameter on the vertical ti, this parameter was selected because its linearity is useful 

for plotting purposes Probit has a complex mathematical derivation but its practical importance 

is obvious through its relationship to the familiar probability distribution on the righthand vertical 

-. 

The principal observations from the twelve graphs on particle size are the following: 

l The inlet particle-size distributions were virtually identical. 

l The outlet distriiutions with the cold-side FSP energixed showed minor differences. 

The cumulative mass plot was steeper up to 2 m and flatter above 10 fl for the 

baseline operating condition. The consequence of this in the differential plot was that 

the peak was steeper on the side of larger particle sixes. 

l The outlet diitniutions with the cold-side ESP deenergixed were very similar in both 

teat series. 

l The outlet distributions with the cold-side ESP energixed or deenergized were hard to 

distinguish in either teat series. 

All of the above statements are consistent with information based on determinations of mass 

concentration with the Method 5 type train, indicating that the cold-side ESP had very little 
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influence on performance and that the overall performance of the FSPs was nearly the same in 

each teat seriw, baseline and low-NO,, or possibly somewhat less in the latter series 

Experience elsewhere on the effect of low-NO, Ering shows that this modification can 

significantly enhance the amount of unburned carbon in fly ash, especially in coarse particle-sire 

ranges, above 74 m (200 mesh). Expe . nence at Site 110 has ken different, however, there being 

generally no indication that the carbon content of ash increased after the furnace modiications 

were made. 
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5. RESULTS OF CHEMICAL ANALYSES 

5.1 COAL AND PYRITE 

Composite samples of coal from four dates during each of the two test series (baseline 

and low-NOA were submitted to Commercial Testing and Engineering Company for proximate 

and ultimate analyses The results subsequently provided by CT&E are presented in Table 3. 

The composition of the coal appeared to be highly uniform during each test series, and the 

compositions did not differ a great deal between the hvo series. There were somewhat lower 

wncentrations of moisture and ash and wrreapondingly higher caloritic values on the second 

occasion. There were also significantly lower fluorine concentrations on the second occasion, 

which was responsible for the lower HF concentrations observed in the flue gas, as described in 

Section 5.4.2. 

Calculations were performed to predict gas volumes and fly ash concentrations resulting 

from the combustion of coal. Results for the gas volume expected from 1 kg of coal are 

presented in Table 4. The predicted concentrations of CO,, SO,, HCl, and HF are also given in 

this table. AU of the predictions about the flow rate and composition of the flue gas are based on 

the assumption that the excess air produces a tinal 0s concentration of 4% by volume. The 

information in Table 4 was used in mass balance calculations that are reported in Section 6. 

Samples of the coal were ashed at Southern Research at 750 “C and analyzed for the 

major metals and non-metals. Analysis for the metals was performed by AAS, analysis for the 

non-metals was based on wlorimehy and ion chromatography. The analytical data are 

summarized in Table 5. The data given in this table are averages and standard deviations for each 

set of samples. 

Data on trace elements in the coal are presented in Tables 6, 7, and 8. The first of these 

three tables gives averages and standard deviations for each metal in each teat series. The latter 

two tables give data for daily samples in each series. The data on trace metals concentrations 

were obtained by essentially hvo methods or combinations of methods: 
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1) ICP and AAS methods were employed in the Analytical and Physica Chemistry 

Department of Southern Research. Arsenic, antimony, cadmium, lead, and selenium 

were determined by hydride generation or graphite furnace A4S procedure; mercury 

was determined by cold vapor AAS. 

2) NAA was performed at the Research Reactor Facility at the University of 

Missouri-Columbia. Four of the metals of interest could not be determined at 

Missouri’s reactor facility (beryllium, cadmium, copper, and lead). The data obtained 

by NAA were therefore augmented by determinations of these four metals by AAS 

(flame injection) in the chemical laboratory of the Environmental Sciences 

Department of Southern Research. Also, phosphorus was determined wlorimetrically 

to augment the NAA data. 

The coal was digested in preparation for ICP analysii; it was analyzed directly, without any 

preparation, when NAA was used. The supplementary determinations of the four metals and 

phosphorus by AAS, on the other hand, were performed after the coal had been ashed, with the 

assumption that none of these four elements would be lost in the ashing of the coal. 

A recurring feature of the comparative analysis of the coal for trace elements is that ICP 

yielded lower concentrations for most of the elements than NAA did. At the end of the program, 

we learned that there is a difficulty of completely digesting coal ash or fly ash with the 

EPA-recommended method. Incomplete sample dilution is certainly a probable cause for the 

lower element concentrations found by ICP. In addition, comparison of analyses of coal and fly 

ash from the National Institute of Science and Technology (Standard Reference Materials) 

showed that ICP yielded low concentrations of the trace elements, whereas NAA was accurate in 

nearly every instance (see Appendii D). Acwrdingly, the data in Tables 6,7, and 8 based on 

NAA must be regarded as more dependable than the data based on ICP. 

Pyrite rejected from the coal after crushing proved to be a highly variable substance. On 

two occasions during the baseline teat series there was no pyrite to be removed from the 

collection chambers. For the samples that were obtained, the analytical data for the major 

components are given in Table 9. The line of data across the bottom gives loss-on-ignition figures 
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that show the variability of the sample composition. Losses on ignition ranged from 34.2 to 

91.9%, which indicated that the material was sometimes largely inorganic (pyritic) and sometimes 

highly wmbusttble (that is, high in coal content). The percentage of the residue from ignition 

that is reported as FesO, varied inversely with the loss on ignition. The concentration of sulfur 

varied widely on a relative basis, although not on an absolute basis. Most of the sulfur passed off 

in the off-gases during ignition, presumably as SO, mainly; only a small fraction of the sulfur was 

retained in the residue as sulfate (SO,). (Note: the weight ratio of sulhu to iron in the 

compound pyrite, Fe&, is 1.15.) 

Pyrite analyzed by ICF’IAAS methods for trace elements yielded the data in Table 10. The 

compositions of the pyrite samples were again shown to be highly variable. 

Samples of the pulverised coal were treated in the same manner as ash to determine 

whether either Cr(VI) or As(III) could be detected. Neither of these speciea was observed. For 

Cr(VI), all that can be said is that the concentration extracted into alkaline solution corresponded 

to a concentration in the coal of <4 &g (compared to a total chromium concentration of just 

about twice that limit, S-9 &g). For As(III), the concentration extracted corresponded to a 

concentration in the coal of ~0.1 j&g, not more than 4% of the total concentration of arsenic. 
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Table 3 
Proximate aad ultimate Analyses of the Coal 

Table 4 
Production of Gases and Fly Ash 

from the CoaP 

I CO,%voL 11 14.7 1 14.7 1 14.8~ 1 14.7 11 14.7 1 14.8 1 i4.7 1 14.7 1 

SO, vumv 11 2420 1 2520 1 2490 1 2280 11 2290 1 2370 1 2350 1 2360 1 

HQ PP~” 143 

HE ppmv 10.2 

‘At 4% Oz on tie dry basis. 
bFrom 1 kg of coal. 

129 145 142 119 119 133 133 

10.3 a9 10.4 7.8 73 7.8 8.7 
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Table 5 
Average Mineral Concentrations in Cd Ash 

(concentrations in weight percentages) 

Baseline Low NO, 
seat 1991 Jan. 1992 

I LO I 0.02 * 0 I 0.02 * 0 I 
WO 0.81 * 0.19 0.65 * 0.04 

%O 2.4 * 0.1 2.4 f 0.1 

M!ZO 0.88 * 0.01 0.86 * 0.02 

I CaO I 4.5 l 0.4 I 4.9 * 03 I 
%93 18.2 * 1.4 18.8 io.2 

ALO% 18.6 * 0.4 19.0 * 03 

I SiO, I 47.4 f 1.7 I 47.5 f 0.5 I 

LOP 90.8 i 0.1 91.8 * 0.5 

‘Refers to loss on ignition from the coal; ash was adyzed after 
knition. 
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Table 6 
Comparison of Trace Element Gxxentrations in Coal 

for Diierent Test Series by Different Methods 
(concentrations in &g) 
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limit (co.5 j&g) in the coal ash in Table 17 but as concentrations around 20-25 ccglg in 

the bottom ash and fly ash. This wntrast is obviously absurd; it must be due to an 

error in the determination of cobalt in the coal. 

. Differences behveen element concentrations in the ESP ash and the metals train ash 

are plausible in some instances and not plausible in others. The difference in the 

temperature in the ESP (700 “F) and the sampling train (250 “F at the tilter) can make 

the concentration of a volatile element higher in the sample from the train. The 

diierences for selenium are likely to be the result of this temperature difference. The 

difference for barium in Table 17, on the other hand, cannot be interpreted as an effect 

of the volatility of barium but must be attributed to analytical error. 

All of the data on metals discussed above were determined by ICP and AAS methods in 

combination. Data in Tables 18 and 19 compare the concentrations of the metals in ESP ashes 

that were analyzed by both ICPAAS and NAA The data are in reasonable agreement except for 

antimony and selenium in Table 18 and for arsenic, antimony, and molybdenum in Table 19. 

Samples of economizer and ESP hopper ash were analyzed for semi-volatile organic 

compounds. Except for certain phthalate eaters, none of the 80 or so wmpounds on the list of 

target wmpounds discus& in Section 5.4.5 was found. Nearly every sample contained one or 

more phthalate eaters at the time of analysis, these compounds are believed to have been present 

as the result of contamination of samples in the laboratory. For all but one of the compounds not 

detected, the maximum concentration that could have been present was 0.75 ccg/g; for the 

exception, bet&dine, the limit was 3.0 &g. 

Analyses of the ash samples included determinations of Cr(VI) and As(III)/As(V). The 

data for Cr(VI) are given in Table 20. Cr(VI) was not found in pyrite or bottom ash. It was 

found in economizer ash and ESP hopper ash, however, at levels around 5% of the total 

chromium. Neither form of arsenic was found in extracts of pyrite or bottom ash (the 

concentration limit for the original solid was 0.1 &g). No As(III) was found in extracts of 

ewnomizer ash or ESP hopper ash either, but As(V) was observed in these extracts. The 

concentration of As(V) extracted was highly variable but accounted for only a small percentage of 
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the total arsenic in any instance. (Analysis of the SRM ash from the National Institute of Science 

and Technology, No. 1633a, on the other hand, recovered about 15% of the total arsenic as 

A@) and about 30% as As(v) in aqueous extracts). 

1 
Table 12 

Carbon, Hydrogen, and Nitrogen in ESP Hopper Ash 

I Baseline 
I 

Low NO, 
September 1991 January 1992 I 

I Carbon I 5.4 l 0.5 I 7.3 * 1.1 I 

Hydrogen . 0.0 * 0 0.0 * 0 

Nitrogen 0.05 * 0.01 0.05 * 0.01 
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Table 13 
Average Mineral Concenttatiotts in Ashes from Various Sources 

(concentrations in weight percentages) 
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Table 16 
Further Comparison of Trace Element Concentrations in Ash from the Boiler 

to the Hot-side ESP - Baseline Testing, September 1991 
@II data from ICPAAS. j&g) 
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Table 17 
Further Comparison of Trace Element Concentrations in Ash from the Boiler 

to the Hot-side ESP - Low-NO. Testing, January 1992 
(all data born ICPAAS, pglg) 

I I Coal ash’ II Bottom II Ewnomi7.er 

I cu I 186 I 13 II 44.7 I 2 II 102 I 18 

1 He I 0.92 1 58 1 ~0.06 I II co.15 I - co.06 I - 
IMnl 198. 1 5 II 222 I 4 II 310 I 4 

64.0 1 6 

195 I 10 

762 t 15 

0.19 I 38 I 

176 I 11 I 

121 I 22 I 

I Talculated as UC element/e coal + % a&/100. 
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Table 18 
Comparison of Trace Element Concentrations 

in Baseline ESP Samples by ICP and NAA Methods 

co 34*6 31 * 1 

cr 184*27 175 * 6 

Hg co.05 co.03 

Mn 227*x 239 * 1 

I MO I 120*70 

Ni 115 *22 87*6 

sb -b 13 * 1 

I se I 
I v I 597*77 585~61 

‘The uncertainty figure is the standard deviation. 
bwide variation: results of ~2, cZ3.5, and 20.7. 
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I 

Comparison of ‘Trace Element Concentrations 
in LOW-NO, ESP Samples by ICP 

and NAA Methods 
cd- in P&4 

Table 19 

61 



Table 20 
Data on Chromium Speciation in Solids 

l/15 134 4.0 3.0 

1116 190 5.2 21 

l/17 171 6.9 4.0 

*Cannot be evaluated because of the variabilitv of ovrite comwsitions. 
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5.4 COMPONENTS OF THE FLUE GAS STREAMS 

5.4.1 Trace Elements 

Total concentrations of the elements. Tables 21 and 22 present summaries of the data on 

the concentrations of trace elements found in the flue gas streams at the hot-side ESP inlet and 

the cold-side ESP outlet. The first of these tables gives the data for samples collected during the 

baseline test series; the second table gives the data for the low-NO, series. In each table, there 

arc data for four test dates; the first of these dates in either table is the occasion when the 

cold-side FSP was energixed, whereas the remaining three dates were times when the cold-side 

ESP did not operate. 

For each date, there are six concentration terms for each element. Three values are for 

samples from the inlet: 1) the front half of the sampling train (particulate matter), 2) the back 

half (nominally materials in the vapor state but actually not just vaporous material, as will be 

explained), and 3) Snally the sum of the values from the front and back halves. The three 

remaining concentration terms are the corresponding values from the outlet sampling location. 

Some of the results for the back half of the sampling train can hardly be just for vaporous 

substances collected in the impingers. Reasons for this observation are cited in the following 

diiussion: 

l There must be anomalous results in the table that are due to errors in sampling or 

analysis. One example is the value 768 @m3 of cadmium reported for the ESP inlet 

for September 18. Another is the 223 &Nm3 of chromium reported for the ESP inlet 

on January 14. Other data that must be erroneous are several high concentrations of 

manganese in the back halves of the outlet samples. These high concentrations of 

manganese are attributed to some form of carry-over of permanganate solution from 

the final impingers (HsSO,/KMnO, for mercury collection) to the first impingers 

(HNOJH,O, for collecting mercury and all other metals). 

. Even some relatively small concentrations for the back half that are less obvious than 

those cited above can hardly represent actual amounts of vapor that penetrated the 
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filter at 250 “F. For example, the values for chromium in Table 21 for the back half of 

the sampling train, ranging from 1.4 to 11.7 &m3, are doubtful for the vapor of this 

element. Presumably, if these values are not due to an analytical error of some type, 

they represent slippage of tine particulate matter past the filter. 

Despite the comments above, the amounts of certain other elements partitioned between 

the front and back halves of the sampling train probably give true indications of occurrences in 

the particulate and vapor states. The inlet data for arsenic in Table 21, for example, indicate that 

less than 1% of this element occurred as the vapor at the filter temperature of 250 “F. This 

observation for arsenic, sometimes regarded as one of the more volatile trace metals, does not, of 

course, address the question of the state of arsenic in the hot-side ESP at 700 “F and does not 

reveal the fate of the element in the precipitation process. 

The data for selenium suggest substantial fractions of this element occurred in the vapor 

state in the sampling train. This is a valid conclusion, although there are some troublesome 

aspects to the data on selenium, such as outlet concentrations that exceeded inlet concentrations 

in Table 21. The data for selenium in ashes from locations other than the sampling trains, it will 

be recalled, showed very low concentrations of selenium. Consequently, much of the selenium 

found in the front half of the sampling train (far from the total wllected) must have been found 

there because deposition occurred as the result of the tilter having a lower temperature than the 

duct sampled. 

The data for mercury show some surprising features. For example, there are 

concentrations for the particulate catch that are higher than the concentrations for the impinger 

catch. This was not expected, because of the anticipation that mercury would be mainly in the 

vapor state. In addition, there are results that show higher total concentrations of mercury at the 

inlet than at the outlet; little collection of mercury in the ESP from the predominant vapor state 

was expected. Some of the anomalies of the data for mercury were almost certainly caused by 

incomplete data for mercury in the impingers of the sampling train. Generally, little or no 

mercury was found in the peroxide impingers. Belatedly, the procedure for analyzing the peroxide 

impingers for mercury was tested and found inadequate, because mercury spikes could not be 

recovered from the peroxide medium. The origin of the problem lies in the need to destroy 
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excess peroxide before the determination of mercury is started. Thus, the data for mercury in 

Tables 21 and 22 should be disregarded, and the data obtained from samples from another source, 

presented later in Tables 25 and 26, should be accepted instead. 

Examination of the data for antimony suggests that there is little evidence for occurrence 

of this element in the vapor state within the sampling train. The conclusion for this element 

based on the data in Tables 21 and 22 is in accord with the conclusion reached earlier from the 

data on ashes from various locations. 

The data for the front halves of the outlet samples from the low-NO, sampling (Table 22) 

have caused a great deal of wncem and may not be as reliable as the corresponding data for the 

baseline testing. All of the solutions prepared born the outlet solids as well as certain control 

samples analyzed at the same time by ICP (for example, the filter from a blank train) showed high 

concentrations of many of the metals, but particularly four: chromium, manganese, molybdenum, 

and nickel. Apparently there was widespread contamination or interference from a source not 

normally encountered, but there is no information as to the identity of the source. Extensive 

back-up analyses with the graphite furnace were performed to eliminate errors in the ICP data, 

and repeated ICP analyses were made in a final effort to obtain the most dependable data set 

possible. Nevertheless, the suspicion remains that outlet front-half concentrations of several of 

the metals in the low-NO= testing were not as high as are reported. Unfortunately, the exact 

reason for such an error cannot be stated, and thus recommendation for avoidance of future 

problems cannot be offered. 

Table 23 gives values of the ratios of trace element amounts to the total particulate mass 

at the FBP inlet and outlet. The-se values are the element totals (from front and back halves of 

the sampling train) divided by the amount of particulate matter in the front half. The ratios do 

not indicate in all cases the element concentration in the solid since a substantial part of the 

element must have cccurred in the vapor state. For selenium in particular, the very large ratio at 

the ESP outlet in either test series reflects occurrence of this element as a vapor. For meat of 

the elements, however, the ratio was higher at the ESP outlet than at the ESP inlet. (Admittedly, 

ratios at the outlet in many instances had to be reported as limits; even though numerical values 

are not known always, the limits still wnvey the impression of high ratios at the outlet). The 
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observation of widespread high ratios of elements to total particulate matter would appear to 

indicate that few of the elements occurred as matrix elements in the fly ash and that most 

occurred predominantly as fine particles or surface components of fine particles. Barium is the 

clearest exception. This could imply that most of the elements existed as vapors at some time in 

their thermal history, even if not during tbe sampling process. 

Two important questions to he answered from the data in Tables 21 and 22 are as, follows: 

1) How did operation of the cold-side ESP influence. passage of the trace elements to the outlet? 

2) How did the degree of penetration through the ESP system change when the switch was made 

from baseline boiler operation to low-NO, operation ? Answers to these questions may be seen 

more easily from the summary given in Table 24. Tbii table gives data on penetrations of the 

individual elements through the two tandem ESPs as percentages of the inlet amounts. 

Specifically, the table shows outlet concentrations as percentages of inlet concentrations. It does 

this for each teat series, baseline or low-NO,, two ways: for the one teat in which the cold-side 

ESP was in operation, and for the three tests in which only the hot-side ESP was in operation (an 

average penetration value is given in the latter case). 

Consider the question of whether the cold-side ESP lowered the penetration of any 

element in either teat series. First, if the uncertainties in the data are duly taken into account, 

only a few instances of lower penetrations with the cold-side ESP in operation can be noted. 

Selenium in both test series and arsenic in the low-NO= series were more completely removed 

from the gas stream with the cold-side ESP operating. The actual data for selenium, failing to 

show distribution reliably between the particulate and vapor states, make a very poor case for a 

reduced penetration due to the cold-side ESP. The data for arsenic, on the other hand, are not 

subject to this equivocation, and reduced penetration stands as a pcssible real phenomenon. 

Piially, however, a different perspective needs to he considered. Tbe cold-side FZSP can only 

improve the removal of particulate matter as a primary function. If the elements that clearly 

occur primarily as particulate matter (the majority) are considered, no significant improvement in 

removal is evident. 

Now consider the question of whether the emission of the trace elements was improved or 

degraded after low-NO, firing was adopted. If the data obtained with the hot-side ESP operating 
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alone are considered, the changes in emissions of elements showing changes upon adoption of 

low-NO, firing differences in the two test series are as follows: arsenic (+), barium (+), cobalt 

(-), copper (-), manganese (+), nickel (-), phosphorus (+), selenium (-), and vanadium (+). 

There is no consistent pattern for these elements, most of which occur in the particulate matter 

subject to control in an HSP. CcmsequentIy, the effect of changing the firing conditions is 

obscure. Nevertheless, low-NO, firing apparently made no dramatic increase in penetrations. 

Concentrations of sneciated elements. Three elements were determined in different 

chemical forms: mercury, chromium, and arsenic. The results of speciation work on these 

elements is descrii in the following paragraphs. 

(a) &&pty. Tables 25 and 26 present the results of efforts to speciate mercury by use of 

the sampling train devised by Niwlas Bloom of Brooks Rand, Ltd. A probe packing of quartz 

wool collects particulate matter. Behind the filter, two sorption tubes packed with KC&treated 

soda lime collect methylmercury and vapors of Hg(H), and two tubes packed with iodated carbon 

collect the vapor of Hg(0) - that is, elemental mercury - which passes through the soda lime 

tubea without beiig trapped. Hg(H) compounds are likely to include the chloride HgCl,, which 

has been identified in the combustion gases from some typea of sources that have both mercury 

and chlorine in the fuel (11). 

The more complete and successtid sampliig and analysis were completed during the 

baseliie test series. The results of this work are presented in Table 25, the data consist of 

mercury concentrations at the ESP inlet and outlet. Both particulate and gas phases were 

analyzed at the inlet. As expected, there was little mercury found in the inlet particulate matter; 

the total ranged from 0.023 to 0.343 &Nm3, and methylmercury was undetectable at the 

O.OMlZ-mm3 level. There was no methylmercury detectable in the inlet gas phase at the 

concentration 0.0001 @Nm3, but Hg(II) and Hg(0) were found in concentrations totalling 

4-6 &Nm’. 

The results at the ESP outlet showed that the total gas-phase mercury concentration 

ranged from 6.40 to 10.05 @m’, somewhat higher than the inlet range of 3.91 to 6.39 @m3. 

Mercury obviously was not created in the flue gas stream during passage through the ESP system; 
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probably, the outlet data are the more reliable because of the lesser likelihood of interference 

during the sampling operation. (The high-temperature gas sampled at the ESP inlet may have 

raised the temperature of the traps in the sampling apparatus to levels that caused incomplete 

adsorption of mercury. Alternatively, the heavy concentration of particulate matter at the inlet 

may have impeded sample flow.) The proportions of the three vapor forms of mercury at the 

outlet were approximately as follows: methylmercury, 0.02%; Hg(II), SO%; and Hg(O), 20%. No 

attempt was made to analyze the particulate matter at the ESP outlet, which was present in very 

small amounts and was unlikely to contain much mercury. 

The data for the low-NOs test series, given in Table 26, show vapor compositions at the 

ESP outlet that were similar to those found at the ESP inlet. The concentration of 

methylmercury, however, was somewhat higher at the outlet; it represented no less than 0.2% of 

the total in any one sample and as much as 0.9% in hvo samples The ratio of Hg(II) to Hg(0) 

was somewhat higher than before. 

Previous reports of HgCl, in combustion gases have dealt with the incineration of 

municipal wastes, where the concentrations of mercury and chlorine (as HCl) are substantially 

higher than they are in the combustion gases from coal. Certainly, higher wncentrations of HCI 

would promote the conversion of elemental mercury to HgCl,. Even with only a modest chlorine 

level in the coal at Site 110 (0.15-O.ZO%), however, the concentrations of HCl expected are high 

enough, according to thermodynamics, to make HgCl, the predominant vapor form of mercury. 

The analytical reports given in Appendix C temper somewhat the certainty of the identification of 

Hg(II)containing vapors in the flue gas at Site 110; they state that there is the possibility of the 

conversion of Hg(0) to Hg(II) in the sampling train. In the absence of knowledge that this 

transformation could have actually occurred, however, the prudent conclusion from the 

information known is that Hg@) was probable as the dominant form of mercury. 

(b) Chromium. Table 27 presents the results of determinations of Cr(VI) in the ash 

samples from the front half of the metals train For the samples from the baseline testing, around 

5% of the total chromium was found as Cr(VI) in the extracts of the ESP inlet samples and much 

higher percentages - up to 76% or perhaps an even higher value - were found as Cr(vI) in 

the outlet samples. For the samples from the low-NO, testing, lesser amounts of the total 
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chromium was identified as extracted Cr(VI). For the inlet samples at low-NO, conditions, l-2% 

of the total chromium was thus identified, for the wrrespondimg outlet samples, Cr(VI) was 

always below the detection limit but accounted for no more than 35% of total chromium. An 

increasing ratio.of Cr(VI) to total chromium on moving from the ESP inlet to the ESP outlet, as 

suggested by the baseline data, is logical because the particle sixe of the ash decreases from the 

inlet to the outlet of the ESP and the fraction of total chromium that is extractable would be 

likely to increase also. The percentage of the total chromium that is actually Cr(VI) may not 

change, but it may appear to change simply because more is extracted (the particles are smaller 

and more of the total chromium is exposed to extraction). 

(c) &&. Table 28 givea the results on the speciation of arsenic. In the inlet samples 

from the baseline testing, an average of 0.40% of the total arsenic was extracted as As(III) and 

29.3% was extracted as As(V). In the inlet samples from the low-NO, testing, the results were so 

highly variable that a clear-cut summary is diicult to make. Nevertheless, the extracted arsenic 

was clearly As(V) in the main. In the outlet samples from the baseline testing, both As(III) and 

As(V) in the extract increased absolutely over values at the inlet, and both increased as 

percentagea of the total. Also, the ratio of As(III) to As(V) increased. Paradoxically, the 

extracted As(V) appeared to exceed the total arsenic. In the second set of outlet samples, the 

quantities of As(III) were highly variable and often below the limit of detection; the quantities of 

As(V) were substantially higher and averaged approximately 18.9% of the total arsenic. 

Several features of the data on arsenic require comment, as follows: 

l The values of total arsenic concentration for both the inlet and outlet samples differ 

substantially between the baseline and low-NO, samples. The data for the baseline 

samples probably are more accurate. Difficulty was encountered in the analysis of the 

samples from both locations in the low-NO= teat series, as mentioned previously in this 

report There is, however, no objective reason for considering one data set to be more 

nearly accurate than the other. 

l The paradox mentioned above, wherein the extracted amount of arsenic exceeded the 

total present, arises only because two diierent portions of the sample were analyzed for 
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total arsenic and for the separate species. The processing of the two portions differed 

considerably. The portion that yielded the value for total arsenic was subjected to acid 

digestion before the analysis was made, whereas the portion used for speciation was 

simply extracted in water. Perhaps in the acid digestion and the following analysis part 

of the arsenic was lost, or part was not converted to AsH, for determination by the 

hydride AAS method, or some other error was made in the analysis. 
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Table 21 
Trace Element Concentrations (pg/Nm’) at the ESP Inlet 

and Outlet under Baseline Conditions* 



Table 21 (Concluded) 
Trace Element Concentrations &Nrn’) at the ESP Inlet 

and Outlet under Baseline Condition@ 

‘AU of the data presented here were obtained by the methods of ICP, HGAAS, GFAAS, and CVAAS for 
samples obtained with the Multiple Metals Train. 

bThe cold-side ESP operated only on September lg. 
T refers to the front half of the sampling train (up to and including the filter). B refers to the 
back half-that is, impingers. T gives the sum or total of both F and B. Gas volumes sampled are 
denoted at the bottom of the table. 

This value as an obvious oudier that is to be disregarded. 
‘These data for Hg are regarded as unreliable in compatison with results from the sorption-tube 
measurement5. 

‘High Mn concentrations in outlet impingers are attriiutable to KhhO, transfer by splashing from 
the KMnO, impingers to the HIO, impingers. 
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Table 22 
Trace Element Concentrations (pg/Nm’) at ‘the ESP Inlet 

and Outlet under Low-NO Condition@ 



Table 22 (Concluded) 
Trace Element Concentrations (@Nm3) at the ESP Inlet 

and Outlet under Low-NO, Condition@ 

samples obtained with the Multiple Metals Train. 
bike cold-side.ESP operated only on January 14. 
T refers to the front half of the sampling train (up to and including the alter). B refers to the 
back balf-tbat is, impingers. T givea the sum or total of both F and B. Gas volumes sampled are 

denoted 
at the bottom of the table. 

data for Co, Ma. MO, and Pb in the outlet front halves are. based on a reanalysis of d&estates, which 
Showed 
evidence of unrealistic hig,h concentrations of these elements when the digestates were 6tst analyzed. 

These data for Hg are regarded as unreliable in comparison with resuks from the SOrptiOn-Nbe 
measurements. 

‘High Mn concentrations in outlet impingers are attributable to KMnO, transfer by splashing from 
the KMnO. imuineen to the H,O, imoineers. 
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Table 23 
Trace Element Quantities as Ratios to the 

Mass of Total Particulate Matter (pg/g) 
at the ESP Inlet and Outlet’ 



Table 24 
Penetration of Trace Elements 

Through the ESP System 
(percentages of inlet concentrations observed at the outlet) 

cmcentrations found at 

use of evident contamination of 
peroxide impingers with liquid fro 



Table 25 
Mercury Speciation Data for Flue Gas in Baseline Testing 

(concentrations in Mm’) 

ESP inlet I sept 1F I Sept. 19 I SePt. 20 I seut 21 I 

I Particulate 

I methvlmercurv I <0.002 I co.002 I <o.oOz I co.002 I 
total 

Gas phase 

methvlmercurv 

0.343 0.101 0.027 0.023 

co.0001 <O.OOOl <O.Ofxll 

I Helm I 1.92 I ND I 5.00 I 0.90 I 

- E&O) 1.65 ND 1.37 3.95 

total 3.51 ND 637 4.85 

Grand total 3.91 ND 639 4.87 

I ESP outlet I Sept. IF I %Dt. 19 I seat 20 I seat 21 I 

I Particulate INDINDINDINDI 
I Gas ohase 
I methvlmercurv I 0.0009 1 0.0026 1 0.0020 1 0.0017 1 

%@I 5.66 5.53 851 8.07 

HizW 0.74 2.52 1.54 1.50 

total 6.40 8.05 10.05 957 

I Grand tdtai” I 6.40 I 8.05 I 10.05 I 957 I 
‘The data here are a combination of resulu for September 17 and September 18, 
when the cold-side ESP operated. 

bTae contribution of the particulate forms (unmeasured) ir presumed to be 
negligible. 

ND=not determined 



Table 26 
Mercury Speciation Data for Flue Gas in Low-NO, Testing 

(concentrations in flm3) 

I Jan. 14’ I Jan 15 I Jan. 16 I Jan 17 I 

I total I co.003 I NJ3 I ND I <oii- I 

I Particulate I 0.02 I 0.04 I 0.04 I <O.OOl I 
I Gas phase I I 

methvlmercurv 1 0.057 1 0.012 1 0.016 1 0.075 1 

%(=I 5.78 6.57 3.70 811 

W&O) 0.68 0.65 0.45 0.75 

Grand total 653 7.27 4.21 8.94 

The cold-side JZSP operated only on January 14. 
%is was the only occasion when an attempt was made to speciate the inlet mercury. 
The results were: methyl, 0.024 

Hg(II), co.01 
Hg(O), ~0.008 

‘Another result, when only iodated carbon was used for sorption, was 4.45. 
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Table 27 
Chromium Speciation Data for Flue Gas Solids 

(collected on filters) 

9119 146 95 1 6.5 ( 330 251 76 

I 9RO I 148 I 7.7 I 5.2 I 227 <360 Cl60 
I I g/21 I 137 I 9.7 I 7.1 I 462 I 140 I 30 I 

Low NO, l/14 143 Cl0 <7 524 Cl0 <2 

I 1 1115 I 108 / 1.6 Il.51 408 I <93 I 43 I 
I 1 l/16 1 89 I 1.6 I 1.8 I 503 I Cl05 I <21 I 

1117 164 27 1.6 259 49 c35 
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Table 28 
Arsenic Speciation Data for Flue Gas Solids 

(collected on filters) 

‘Average of data on the three or four lines above. 
bPercentage of total arsenic 
Tercentege of extracted arsenic. 
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5.4.2 Individual Flue Gases 

Data on concentrations of individual components of the flue gas at the ESP inlet and 

outlet are presented in Table 29. These data give an overall perspective on the compositions of 

the flue gas; they do not, however, include all of the results of the Institute’s measurements, 

which are also presented in later tables. Some of the data in Table 29 are from the project 

CEMs; these data are averages of readings at S-mio intervals for the duration of each day of 

sampling. The balance of the data consists of SO, and SO, concentrations from the Institute’s 

controlled condensation train (CCI’), 0, and CO, concentrations from the Teledyne and Fyrite 

measurement devices, and H,O concentrations calculated from amounts of moisture collected on 

Drierite adsorbent or collected as condensates. All of the data are for the dry basis at actual 0, 

concentrations except that the data for Ha0 vapor are for the wet basis, 

One issue of high interest that can be addressed from the data in Table 29 is the effect 

that the boiler modifications had on the NO= concentration. The two CEMs measured somewhat 

differently. One instrument indicated that the outlet NO, concentration decreased from about 

380 ppm to about 236 ppm (each calculated for 4% 03 as the result of boiler modifications; the 

other CEM indicated a change approximately from 365 to 250 ppm (again, calculated for 4% 0,). 

The first indicated change is a reduction of 38%, whereas the latter is a reduction of 32%. The 

data here are not necessarily a typical measure of the reduction of NO, emissions brought about 

by the low-NO= burner changes, but they are recorded to show the effect evident during the 

measurement program described in this report. The ultimate conclusion at Site 110 about low- 

NO, combustion is that a 45% reduction in NO, formation occurred at full load but that a 

decreasing improvement occurred at reduced load (ultimately at 49% of full load, no 

improvement was seen.) 

The data on CO and THC (total hydrocarbon) can also be examined to reveal effects of 

the burner modiications. Paradoxically, the average CO wncentration during the low-NO, test 

series was lower than that during the baseline testing. The data on THC during either teat series 

were not wnsisteot enough to show what effect, if any, the burner modification had on 

hydrocarbons. (Other data given later in Section 5.4.4 indicate that the concentration of total 

hydrocarbon, if referred to in the broadest possible context, cannot be as low as the data in 

Table 29 suggest). Specifically, the apparent concentrations of benzene ranged up to 
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10,000 &Nm3, which is the same as 3 ppmv. This discrepancy will be discussed further in 

Section 54.4.) 

Another matter of interest i.s the increase in Oa across the two ESPs. The nominal value 

was 4% at the inlet or 6-8% at the outlet At least semi-quantitatively, the data on SOa and CO, 

reflect the inleakage of air within the ESPs and air heater that was responsible for the increase in 

0, concentration. To compensate for the effects of air inleakage on gas concentrations, 

concentrations of varying substances in the gas streams were adjusted to the values that would 

have occurred at 4% Oa, the nominal wncentratioo at the ESP inlet. 

Approximately 25 ppm of SO, was found at the ESP inlet. This represented somewhat 

more than 1% of the total concentration of sulfur oxides. Thh relative concentration of SO, was 

not unexpected, but it is higher than Institute investigators have usually encountered. Only about 

12 ppm of SO, (actually present at the lower outlet temperature as HaSO,) was found at the 

outlet. The loss between the inlet and the outlet is due to the adsorption of acid vapor on the fly 

ash particles as the temperature decreases from 700 to 300 “F and probably due also, to some 

extent, to the condensation of acid vapor on the surfaces of the air heater, which in places were 

below the deqoint of the acid vapor (roughly 2N-290 “F). 

Further details on the concentrations of SO,, all expressed for 4% 0,, are presented in 

Table 30. The several ways of expressing concentrations of SO, in thii table are as follows: 

l The concentration of sulfur in the coal was used to calculate the concentration of SO, 

to be expected in the flue gas, assuming that ah of the sulfur was to be found in the 

flue gas (that is, negligible amounts were found in pyrite waste, bottom ash, or fly ash). 

l The concentrations of SOa from the wotrolled condensation train were adjusted to 4% 

Oa and reported as percentages of the concentrations predicted from the coal 

composition. 
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. The quantities of SO, apparent from the amounts of sulfate found in the Acid Gases 

Train were expressed as the equivalent concentrations of SO2 at 4% 0s in the flue gas 

and as percentages of the values expected from the coal composition. 

Recoveries of SO, were more consistent for samples collected with the controlled 

condensation train. The average recoveries based on samples from this train were 86% at the 

ESP inlet and 90% at the outlet. There is little evidence from this investigation that the much 

longer sampling time for the Acid Gases Train is justified for SO,. Typical gas volumes with this 

train, around 0.5 Nm3, yielded about 5 g of sulfate from SO,, which is far greater than that 

required for accurate quantitation. (Later, experience with Acid Gases Train has yielded far more 

consistent data on SO2 than Table 30 reveals.) 

Concentrations of HP and HCl calculated from the coal compositions and the analysis of 

samples from the Acid Gases Train are presented in Table 31. Recoveries of HP were more 

erratic than those of HCI; recoveries of either gas were more erratic at the ESP inlet than at the 

ESP outlet. The best indication of the degree to which fluorine and chlorine in the coal were to 

be found in the gas phase is obtained from the data for the ESP outlet. The average HP 

recovery at the outlet was 80%; the average HCl recovery at the outlet was 109%. 

An upper limit for the concentration of the vapor HsPO, was calculated from the results 

of the ion chromatographic determinations of chloride and sulfate. Phosphate ion was in no case 

observed; if it had been observed, the threshold quantity in the solution would have been about 

2500 M. This solution contained dissolved gases from about 0.5 Nm’ of flue gas. Hence, the 

upper limit for HsPO, vapor would have been 1 ppmv. (Calculation of the phosphate vapor as 

H,PO, is arbitrary; the limit as Pro, would have been 0.5 ppmv.) 

During the baseline measurements, ammonia was found at the inlet of the ESP at 

concentrations ranging from 0.7 to 3.1 ppmv and at the outlet at concentration ranging from 0.7 

to 1.5 ppmv. During the low-NO, measurements, on the other hand, ammonia was not present 

except possibly at concentrations below 0.3 ppmv. These measurements were based on data taken 

with the ammonia-responsive electrode; all of the ammonia found was in the condenser, where it 

presumably had reacted with SO,, which was in excess, to produce ammonium sulfate. 
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The Institute investigators were very skeptical about the occurrence of ammonia in gases 

boom a conventionally-fired pulverized-wal boiler but cannot disregard the results because of 

wnfitmation from other observations. White deposits were observed in the filter chamber of the 

Mod&d Method 5 train (for semi-volatile organica), behind the filter, as though some material 

that passed through the filter as a gas or gases condensed on the clean gas side of the filter due 

to further cooling. Scrapings of this material for infrared analysis were identified as ammonium 

sulfate. Moreover, a water rinse of the deposit was analyzed for ammonia and sulfate and found 

to contain them in the mole ratio equivalent to anunonium sulfate. 

There is no explanation for the absence of detectable amounts of ammonia with low-NO, 

IIring of the boiler. Logically, an enhancement of ammonia formation with less efficient oxidation 

might have been expected. 

During the baseline testing, cyanide ion was collected in impingers containing a buffer 

solution of carbonate and bicarbonate behind a particulate filter. The amounts of cyanide found 

corresponded to HCN wncentrations of 0.4 ppmv at the ESP inlet or 0.3 ppmv at the E..SP outlet. 

During the low-NO= testing, cyanide was collected in the carbonate/bicarbonate buffer of the Acid 

Gases Train (used with peroxide omitted, to avoid oxidation of the cyanide). Calculated 

wncentrations of HCN in the flue gas at the ESP inlet were 0.05-0.06 ppmv or at the outlet 

0.04-0.05 ppmv. There was a clear-cut decrease during the second series of tests, in opposition to 

the change anticipated from low-NO, firing. 
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I 1 
Table 30 

Concentrations of SO2 at 4% O2 

so, wnc.eotmtiom, ppmv 

soutce September 1991 January 1992 

of data 9118 9119 9RO St21 1114 l/15 l/16 , l/l7 
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Table 3 1 
Concentrations of HF and HCl at 4% Oz 

source 

of data 

Gas concentration, ppmv 

September 1991 I January 1992 

Gas 9118 I 9119 9RO I I 9/21 1 1114 I l/l5 1 1116 I l/17 

Coal wmpositioo HF 10.2 103 8.9 10.4 7.8 73 7.8 8.7 
HCI 143 129 14s 142 119 119 133 133 

AGT, inlet 

Concentration HF 0.4 1.8 6.7 5.7 0.S 
(% t-“-Y) I-IF (4) (17) (75) (55) (?I 

Coocentratioo HCI 10.5 
(% recover) HCI C7I 

4.9 7.4 
e-4 (94) 

70 
153) 

AGT, outlet 

Concentration HF 1 10. 
(% rem”enr) H 

Concentration 
(So recovery) 

AGT = Acid Gases Train 

162 163 142 157 152 
(125) (112) (119) (118) (114) 
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5.4.3 Aldehvdes and Ketones 

Analvtical obiectives. The single compound of primary interest was formaldehyde. The 

method used for collecting and determining formaldehyde, however, is applicable to other 

aldehydes and to certain ketones. Aldehydes such as acetaldehyde and propionaldehyde could 

have been detected but were not; formaldehyde was the only aldehyde detected. Acetone was the 

only ketone detected. 

The reason that a wide variety of aldehydes and ketones is subject to inclusion in the 

analysis is that any carbonyl compound that reacts with 2,4dinitrophenylhydrazine to produce the 

corresponding hydrazone is subject to detection. These hydrazone derivatives are exceptionally 

stable and allow the compounds of interest to be removed quantitatively from the gas stream 

beiig sampled; they also aid in detection and quantitation in the laboratory. 

From the point of volatility, any of the carbonyl compounds listed above is a volatile 

organic compound. Formaldehyde was not detected among the compounds identified in samples 

from the VOST procedure, as shown in Section 54.4 to follow; acetone was identified, on the 

other hand, in the VOST samples, but this compound is presumed to have been present largely an 

analytical artifact at the concentrations found in the VOST samples. The reason why 

formaldehyde was detected when collected in DNF’H solution but not in the sampling components 

of the VOST is not known; it is likely, however, to have been the result of the high degree of 

solubihty of formaldehyde in the water condensate of VOST and the inefficient stripping of the 

compound from the condensate during the analytical procedure. 

Analvtical results. The analysis of samples from the baseline teat series proved to be 

faulty. The analyst failed to extract the anafytea from the aqueous collection medium and thus 

failed to concentrate the anaiytes for determination in methanol solution. Neverthelw, the 

analyst reported acetone present in each sample but reported none of the aldehydea. The results 

for acetone were clearly tlawed because of the presence of this compound at high concentrations 

even in the blanks used for control purposes. The aldehydes were reported to be below certain 

very low stated liits; however, none of the aldehydes could have had detection limits as low as 

those given. In actuality, the aldehydes could have been present at significant concentrations - 
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specifically, at the levels found for formaldehyde in the samples from the low-NOx series described 

below. 

The data from the second teat series are presented in Table 32. The data include 

concentrations for the hvo compounds detected (formaldehyde and acetone), which are 

wrrections from the concentrations apparent in the raw data. The footnote of the table fists the 

average background concentrations derived for blank solutions of DNPH; these background 

concentrations were subtracted from the original apparent concentrations of the two analytea in 

the samples. 

Although the data are variable, they indicate rather strongly that formaldehyde was 

.preaent at a lower concentration at the ESP outlet than at the inlet. This is an anomalous result 

for a compound that is certain to be present in the vapor state and thus not subject to removal by 

electrostatic precipitation. Conceivably, the diminished concentration at the outlet is the result of 

chemical transformations proceeding in the gas phase behveen the inlet and the outlet Oxidation 

is one possible process, with either 0, or NO, serving as the reactant. Ozone in the corona 

regions is another possrble reactant. 

The concentrations of formaldehyde in Table 32 range from 10 to 163 &Nm3. The 

equivalent concentrations on the volume basis are S-130 ppbv. 

The highest concentration of acetone listed in Table 32 is about 20 &Nm3, which is 

equivalent to 8 ppbv. The magnitude of the acetone wncentrations in this table seems to confirm 

the interpretation of the results for acetone in the section to follow, to the effect that apparent 

concentrations as high as 20,ooO @Jm’ from VOST are the result of field or laboratory 

contamination of the samples. 
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Table 32 
Coacentratious of Formaldehyde and 
Acetone in the IAW-NO, Test Series 

8 
1 I 

l/17/92 Inlet 163 1 
Outlet 11 1 

Blank corrections already applied: formaldehyde, 4.9 gg 
acetone, 5.6 # 

90 



5.4.4 Volatile Oreanic Comwunds 

5.4.4.1 Analvtical Obiectivea. The first task was to determine whether hvo specific 

compounds, benzene and toluene, were present and to determine the wncentrations of these two 

compounds. These compounds are the primary targets of concern in the class of compounds 

known as volatile organica. Thii statement is based on the draft report prepared by Radian 

Corporation as a guide to the sampling and analysis of air toxics in EPRPs FCEM program (7). 

The two compounds are also among those named in Title III of the Clean Air Act Amendments 

of 1990. 

The second task was to determine whether any other identifiable volatile wmpounds that 

would be collected by the same sampling method might be. present. To complete this task, use 

was made of a list of target compounds that had been compiled from wmpounds named in 

SW-846 Method 8240, which is the method employed during thii project for the analysis of 

volatile organica. This list of wmpounds includes benzene and toluene. The list is used routinely 

by the GC/MS laboratory at Southern Research for identification and quantitation of substances 

that are analyzed by Method 8240 in appropriate quantities, having detection limits of the order 

of a few nanograms for most compounds. 

The list of target compounds employed in the analysis of samples obtained during the 

baseline test series is given in Table 33. There are a total of 41 compounds on the list. Of this 

number, 35 are actual target compounds to be identified if present in the sample. Among the 35 

are 24 compounds that appear in the Clean Air Act Amendments; these compounds are identified 

in the table. In addition to the 35 compounds, there are 3 surrogates and 3 internal standards, 

which are detined below. The table also gives the limits of detection of the compounds. These 

limits are concentrations in the gas sampled; they are derived from the inherent sensitivity of the 

analytical method and an assumed gas volume of 0.02 Nm3. This is the maximum volume found 

practical at the ESP inlet; the detection liits are thus minimum values for the inlet and will be 

higher if a lesser volume of gas is taken. The maximum sample volume at the outlet, on the other 

hand, was 0.04 Nm3 and thus the detection limit of each compound at the outlet was half of the 

value listed in the table. 
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The list of wmpounds employed in the analysis of samples from the low-NO, se&a was 

essentially the same. It differed in that methyl iodide took the place of carbon diiulfide and in 

that 2chloroethyl vinyl ether was omitted. Carbon disulfide remained detectable in the low-NO, 

series as a “tentatively identified compound,” as deiined below. Methyl iodide was added as the 

result of an effort to augment the list of target wmpounds by includiig others from the 189 in 

Title III of the 1990 Clean Air Act Amendments. The list of surrogates for the low-NO, samples 

differed in that 4-bromofluorobenzene was not used as a surrogate when Tenax or Tenax/charwal 

sorption tubes were analysed, since the recovery of this compound from these media had been 

found very erratic. 

The deftition of surrogates and internal standards is as follows: 

1) A surrogate is a compound not to be expected in the source sampled which is 

added to a sample in the original collection medium just before the sample is 

proceased in the laboratory for analysis. Two of the surrogates are deuterated 

compounds, which makes them absent from the samples collected in the field; the 

third compound is a halogenated derivative of benzene that also is not to be 

expected to occur naturally (this is bromofluorobenzene, BFB, the surrogate not 

used in the low-NO, samples with Tenax or Tenax/charwal). A surrogate is added 

to each of the three sampling media (Ten- Tenax/charwal, and water vapor 

condensate) before laboratory processing (transfer of the collected volatile 

compounds from the original collection medium to an intermediate sorption tube, 

just ahead of gas chromatographic processing). The completeness of recovery of 

each surrogate therefore provides an inferential means of assessing the 

completeness of recovery of unknowns from the source sampled. 

2) An internal standard is a compound added to each fraction of the sample 

just before the fraction is injected onto the chromatographic column. The 

internal standards are distinguishable from unknowns in the source stream 

for the same reasons that the surrogates are distinguishable. 
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The tinal analytical task with respect to volatilea was to attempt to identify wmpounds 

that were detected but not identified in the group of target compounds listed in Table 33. 

Unknown compounds that are subjected to identification attempts produce signals that are at 

least 10% of the signals from adjacent internal standards in the ion-current chromatograms. If an 

unknown compound is to be included in efforts at attempted identitication, it obviously fails to : 

satisfy criteria of identification as one of the target wmpounds. Its mass spectrum is compared 

against a library of mass spectra in a computer program. Compounds in the library that bear 

sufficient similarity to the unknown are termed “hits”; the degree of similarity is rated numeri- 

cally. The experience on this project was that a high degree of matching was rarely achieved and 

most of the compounds remained simply unknowns, rather than “tentatively identified 

compounds,” a term that implies a reasonably successful attempt at identification. 

5.4.4.2 Illustrative Chromatomams. Chromatograms illustrating the results obtained in the 

analysis of VOST samples are presented in Figures 8 and 9. (These chromatograms are for two 

components from the experiment designated later in Table 36 as g/19/91 Inlet Run 1). The 

chromatogram in Figure 8 is for one 4O-mL portion of water vapor condensate; the chromatogram 

in Figure 9 is for the Tenax sorption tube. 

The peaks for surrogates and internal standards are identified by the code entered in each 

figure. The relative peak heights and areas can be appreciated by the following information of 

the concentrations and masses of these compounds. In the condensate, the concentration of each 

surrogate was in the range 3845 ng/mL, comparison of each concentration value in this range 

with the original value, 50 ng/mL, reflects the extent of recovery during the analysis. The 

concentration of each internal standard in the condensate was the same original value, 50 ng/mL. 

From the Terms, the mass of each surrogate recovered varied more widely; compared with the 

original amount of each surrogate (250 ng), the mass of 1,2dichloroethaned4 (SURR 1) was 

25.6 ng (10.2%) that of toluened8 (SURR 2) was 261 (104.4%) and that of 4dibromobenzene 

(SURR 3) was 7.36 ng (7.4%). In the Tenax sample, the mass of each internal standard was 

250 ng. 

In addition to the peaks of the surrogates and internal standards, the peaks, 

concentrations, and masses of certain identified and unidentified compounds can be pointed out. 
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Information on these matters is given in Table 34. The two compounds of primary interest, 

benzene and toluene, are relatively insigniticant in the chromatogram for the condensate; 

moreover, the two compounds at the highest concentrations in the condensate are’ not identified. 

Benzene and toluene are relatively more important in the sample from Tenax, but acetone 

(believed to be an external contaminant) is dominant and three unknowns are also important. 

5.4.4.3 Tareet Comwunds - Identities and Concentrations. The compounds from the list 

of target compounds in Table 33 that were identified are listed in Table 35. The maximum 

concentration of each compound that was observed in each teat series, baseline or low-NO, is 

listed with regard to the sampling location, ESP inlet or outlet. Many of the compounds were not 

observed at all in some of the samples. Thus, the concentrations listed in Table 35 are not meant 

to be representative of the test results. They are meant simply to show the diversity of wncentra- 

tions observed. The fact that the concentrations are given in the unit pg/Nm” is underscored 

because the magnitudes of the numbers are so large compared to the magnitudes for most of the 

other types of analytea diicussed in this report. 

The data in Table 35 for the baseline testing came from samples collected in 2- or lO-min 

intervals at the ESP inlet, or 2-, 5-, or 4Omin intervals at the outlet. The data for the low-NO, 

series came from samples collected during intervals of 2-, 5-, or lO-min intervals at either location. 

The 40-min samples from the ESP inlet during the tirst test series were so heavily loaded that 

they could not be analyzed; moreover, they heavily contaminated the analytical system and caused 

serious inconvenience. and delay in restoring the operation of the analytical system. Thii problem 

with the baseline samples led to avoidance of 40-min sampling intervals during the low-NO, 

sampling. 

Several important observations can be made from the information in Table 35, as follows.: 

l The list of compounds identified is far longer for the baseline samples than for the 

low-NO= samples. Moreover, there was only one compound found in the latter 

samples that was not present in the baseline samples This exception was methyl 

iodide, which was added to the target list after the baseline work was completed. 

There was the suspicion that irreversible contamination of the analytical system from 



40-min inlet samples from the baseline teat series contributed to the results with 

volatilea during the subsequent analyses of the remainder of the samples from that 

series. A new and thus uncontaminated GC wlumn was used for the second set of 

samples. 

. Concentrations of some compounds reached astounding levels. For example, acetone 

was found at concentrations as high as 20,000 &Nm3, which is equivalent to 8 ppmv. 

Concentrations of benzene reached very high levels also, as high as 10,000 &Nm3, 

which is equivalent to 3 ppmv. 

. Some of the compounds identified can be logically eliminated as components of the 

flue gas streams sampled and attributed to contamination of the samples either in the 

field or in the laboratory. For some compounds this statement is speculation; for 

others, there is a fair technical basis. There was the suspicion that acetone was a field 

contaminant during the baseline sampling; there were then steps taken during the 

low-NO, sampling to eliminate the contamination. All work-up of the volatilea 

sampling train was performed in a dedicated, solvent-free enclosure and, as a 

consequence, no acetone contamination occurred. The appearance of 

l,l,l-trichloroethane in every sample was almost certainly due to laboratory 

contamination because of the appearance of this compound in laboratory and field 

blanks. Some compounds surely must be regarded as contaminants because they 

appeared in some cases, only once at very high concentrations; examples of 

compounds for which thii was true were the ketones 2-butanone, 2-hexanone, and 

4-methyl-2pentanone. 

. Although Table 35 doea not list concentrations with respect to sampling location, ESP 

inlet or outlet, an examination of the data in detail makes it difficult to say whether or 

not samples from the hvo locations systematically ranked differently in the 

concentrations observed. Some compounds had their maximum wncentratjons at the 

inlet; others were seen at the highest levels at the outlet. The absence of any 

difference between inlet and outlet concentrations would appear logical for a 

compound in the vapor state; hence, the occurren& of maximum concentrations 
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randomly at the inlet or the outlet might be expected if there were uncontrolled 

factors responsible for variations. 

Benzene and related aromatics in the baseline testinp. It is appropriate to focus attention 

on the concentrations found for benzene and toluene, because these were prominent target 

compounds. It is also appropriate to consider at the same time certain related aromatic 

hydrocarbons - the xylenea, ethylbenzene, and styrene. The similarity of these compounds is 

indicated as follows: 

l Benzene has the unsubstituted aromatic ring. 

. Toluene has one methyl substituent. 

l Each xylene has two methyl substituents - or-&o, meta, or para. 

l Ethylbenzene has one ethyl substituent 

l Styrene has one vinyl substituent (CHs=CH-). 

Details of the data for the aromatic hydrocarbons from the baseline testing are presented 

in Table 36. Concentrations of each compound in the gas stream that was sampled are given in 

hvo wlumns; the tirst his based on the amount found in the Tenax sorption tube, and the second is 

based on the amount found in the Tenax/charwal sorption tube. Occasionally, a small amount 

was found in the water condensate, but the amount was always small enough, relatively speaking, 

to be disregarded. The two columns of data are presented to show whether the second sorption 

tube contained a large amount compared with the Brst, which would suggest-that breakthrough 

occurred and thus the total found in both tubea was probably leas than the true amount present. 

Evidence of breakthrough occurred only occasionally; hence, evidence of breakthrough doea not 

often invalidate the sum of the hvo concentrations as representative of the actual duct 

concentration. 

The lines of data for samples labeled FB (“field blank”) provide another way to evaluate 

the reliability of the concentration data. As subsequently described in Appendix D.4, a field blank 

is a sorption tube that has had no air or flue gas drawn through it The numerical values for the 

blanks are placed within parentheses to designate that these values are given in the mass unit ng, 
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not the concentration unit @m’ or the equivalent concentration unit ngL. When the 

concentrations equivalent to the mass in the Geld blank are calculated and compared with the raw 

concentration values, the magnitudes of the corrections are usually insignificant. For example, for 

the g/19/91 inlet values, the corrections are of the order of 6-g%. 

There were a few experiments that yielded results that can be presumed to be erroneous. 

One was Run 3 for the outlet on 9/1&Y, where the Terms tube yielded no benzene during the 

analysis. Another that raises doubt is Run 2 for the inlet on g/17/91, where the indicated 

concentrations of benzene and toluene are unusually high. One curious aspect of the data that 

may be noteworthy is found in the two sets of results where five runs are listed in each set: the 

calculated concentration of benzene appeared to increase as the sample volume decreased. A 

possible explanation for this anomaly is that part of the benzene found may have been due to a 

partial degradation of the Tenax resin (2,6diphenylene oxide polymer) that was caused by some 

factor other than the duration of sampling, perhaps the presence of a reactive flue gas 

component 

The very large amounts of benzene often observed were beyond the range of the usual 

calibration of the method for this compound. The calibration was usually assumed to be linear to 

several times the maximum amount of benzene used in calibration. An inquiry into the validity of 

the extrapolations indicated that the extrapolations were essentially valid, although they may have 

given values for benzene that were 20% below the true values. 

Clearly, the concentrations of toluene were much below those of benzene and those of 

the other related aromatic hydrocarbons were even lower and were not consistently high enough 

to be observed. 

Benzene and related aromatia in the low-NO- testing. Details of the analytical data for 

the volatile aromatic hydrocarbons from the low-NO, testing are presented in Table 37. The 

calculated gas-phase concentrations from the low-NO, work are generally lower than those from 

the baseline testing. As might be expected, the comparison of Tenax and Tenax/charwal at lower 

indicated concentrations shows no evidence of breakthrough during sampling. The amounts of 

the compounds found in the field blanks (FB) were all zero and cause no correction (they are not 
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Wed). The samples collected during the low-NO, work include those labeled AB (“air blank”), 

which were obtained by sampling outdoor air on the platforms adjacent to the sampling ports. 

The air blanks, unlike the field blanks, did reveal measurable amounts of the hydrocarbons on 

occasion but not amounts large enough to cause significant correction. 

Benzene and related aromatics from an overall nersnective. No comment on the possible 

effect of the cold-side ESP on the concentrations of benzene and the related aromatics seems 

appropriate since only one set of inlet and outlet samples was obtained with the cold-side ESP in 

operation. Moreover, the variability of the data would seem to make it hopeless to attempt to 

discern the subtle effect, if any, of the cold-side ESP. If the operation of this ESP is eliminated 

as a relevant variable, then the data for benzene and the other compounds can be shown in 

relationship to variables that clearly are relevant: sampling time, sampling location, and test 

occasion. 

The data for benzene and toluene are shown in relationship to these variables in Table 38 

(the data for the xylenea, ethylbenzene, and styrene are omitted from this summary, since these 

compounds appeared to be significant only in the baseline teat series). For each teat series, each 

sampling time, and each sampliig location, the average wncentrations of benzene and toluene are 

shown, as well as tire standard deviation if hvo or more results are represented. Despite the high 

degree of variability of the data, as indicated by standard deviations that are as large as the 

averages in several instances, certain observations that appear important can be made: 

l Changing the combustion process to reduce the emissions of NO= apparently did not 

increase the emission of the aromatic hydrocarbons as the result of leas efficient 

combustion of the coal. If the data address this issue at all, they say that the emission 

of the aromatics was reduced, not elevated. This may not be a credible conclusion, 

however, because of the uncertain quality of the data. 

l Despite indications that there were diierencea on occasion between inlet and outlet 

concentrations, the prudent conclusion is that no clear difference is illustrated. A 

striking indication of a difference is seen in comparing the inlet and outlet benzene 

concentrations from the low-NO, teat series. Surely, however, benzene was not 



generated in the ESP system, although such a phenomena appears to have occurred if 

the data are taken at face value. 

l Trends in increasing apparent concentration as the sampling time was shortened are 

evident, as mentioned before. The phenomenon that caused this anomaly may have 

been a more or leas constant quantity of an analyte, contributed by an unknown 

source, that made an exaggerated impact on short-term samples. 

. The credibility of benzene and toluene concentrations at the levels listed in Table 38 

will have to be asxased in terms of the data obtained from other PISCES 

investigations. ‘I&e data from other studies are not available to the Institute 

investigators. They are certainly far higher than the ranges reported recently by 

Garcia for coal-burning plants in Europe (12). where benzene concentrations, for 

example, were 20 Mm? 

5.4.4.4 Vnidentified. Table 34 notes unidentikd compounds that were 

evident in hvo of the chromatograms. The mass spectrum of each unknown was compared with 

mass spectra in the reference Library but no reasonable match was obtained. The first-listed 

unknown in the condensate had its principal ion at Mass 44 and had no other ion of any 

corresponding signiiicance; yet, the compound was not identified. Obviously, CO, is a candidate 

to account for Mass 44, but it is not a probable candidate for the observed retention of 5.75 min. 

The other unknown in the condensate had its principal ion at Mass 75 and had other minor ions 

near Mass 45; still, no match with the mass spectrum of a known compound was obtained. On 

the scale whereby the quality of a match against a known compound is rated numerically, the 

quality of matches for these hvo unknowns was zero; no candidate compound as a match was 

named. 

The first unknown listed in Table 34 for the Tenax sample was the same as the first in the 

condensate. The other two were different; the second unknown had its primary ion at Mass 89 

and its secondary ion at Mass 59; the third unknown had its primary ion at Mass 163 and its 

secondary ion at Mass 133. The quality of matches against mass spectra of known compounds was 

zero for all three unknowns. 
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The Tenax sample referred to above had not just three but a total of twelve compounds 

that were not target compounds. Not any one of the twelve could be matched against library 

compounds, and the highest quality of any attempted match was 50 (on a scale from 0 to 100). 

Some of the information given above dealt with identified target compounds in regard to 

relative wncentrations at the ESP inlet and outlet and in regard to relative concentrations in the 

baseline and low-NO, teat series. Further information can be compiled on the matter of 

unidentified wmpounds in each of these wntexts; even though the compounds cannot be named, 

the extent to which they are found may be regarded as a key to the performance of the ESP 

system or the boiler. Table 39 givea a summary on a pair of experiments at the ESP inlet and 

outlet in the baseline test series and another wrreapondiig pair of experiments in the low-NO, 

test series. The most striking feature of the data in this table is that the numbers and 

concentrations of unidentified compounds were far greater in the baseline tests than in the 

low-NO= teats. Differences between the ESP inlet and the ESP outlet, on the other hand, were 

not remarkable in either teat series. The data on unidentified compounds, therefore, seem to be 

in accord with the data on identified target compounds (notably benzene and toluene) with 

respect to two important observations: 

l Concentrations of volatile compounds were not changed to an important degree as the 

result of passage of the gas stream through the ESP system. 

l Concentrations of volatile wmpounds were higher under the baseline operating 

conditions than under low-NO= conditions. 
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Table 33 
Target Compounds in VOST Samples 

(lit includes surrogates and internal standards) 

I Comnound’ I Detection limit. uelNm.f I 

I / 1. chlommethane I 0.12 I 

I / 2 vim4 chloride I 0.16 I 

/ 3. bromometbane 0.43 

J 4. cblomethane 1.89 

5. l.l-dichlomethene 0.06 

I 6. acetone I 246 I 
d 7. carbon diiuffide 0.15 

1 
/ 8 methylene chloride 0.29 

I 
I 9. l.ldichIorcethane I 0.09 I 

10. tram-12dichlomethene 0.05 

11. 2-butanone 1.26 

12 bromochloromethane IS1 

J 13. chloroform 0.11 

14. l,l,l-trichloroethane 0.43 

I J 16. carbon tetrachloride I 0.11 I 
d 16. benzene 

J 17.1,2dichloroethane-d, SURRl 

/ 18. Udichloroethane 

0.06 

0.13 

I 19.1.4-difluombenzene IS2 I - I 
/ 20. trichloroetbene 0.08 

21. 12dichloropropane 0.12 

22 bromodicbloromethane 0.12 

/ 23. cis-l$dichloropropene 0.05 

24. 2-hexanone 0.17 

r---~~ 25. toluened. SURR2 I - I 
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Table 33 (Concluded) 
Target Compounds in VOST Samples 

(list includes surrogates and internal standards) 

/ 28. trans-13dich.IorotxoDene 

/ 29. l,lJ-trichloroetbane 0.11 

/ 30. tetrachloroethene 0.06 

31. 4-methyl-2-oentanone 0.29 

I 32 diiromochlorometbane I 0.10 I 
33. chIombenzene~ IS3 

J 34. chlorobenzene 

J 35. ethylbenzene 

0.03 

0.07 

I d 36. m- & u-xviene I 0.08 I 
J !37. o-xylene 0.03 

J 38. styrene 0.06 

/ 39. bromofonn 0.05 

I 40.4-bromofiuorobenzene SURR3 I - I 
/ 41. 1,1,2,2-tetrachloroethane 0.13 

The check mark designates a compound listed in Title III of the Clean Air 
Amendments Act of 1990. 
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Table 34 
Compounds Represented in the Cbromatograms 

inFigures8and9 

Comoound 
Retention time, Peak Concentration 

mill number or mass 

I Condensate 

unknovm 5.8 none 590 n&nL 

acetone 105 6 62 

methylene chloride 11.6 8 40 

unhlown 14.0 11 674 

I benzene I 15.8 I 17 I 1.2 I 

toluene 19.6 26 0.2 

Tenax 

unlolown 5.8 none 629 ng 

acetone 10.7 6 aooo 
unknown 11.8 8 1213 

benzene 16.0 17 s380 

unknowl 19.1 24 2891 

toluene 20.0 26 3u20 
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Table 35 
Compounds Detected in VOST Samples 

chlommethane 

bromomethane 6 100 

chioroethane 60 

acetone I mm0 I - I 
carbon disuKide/methyl iodide’ 200 18 1 
methylene chloride 

I 2-butanone 

I 1.1.1~trichloroethane I 900 I 310 I 
carbon tetrachloride 26 

benzene 10,ooo 1600 

2-hexanone I 160 I 

toluene I 4300 I 15 I 

4-methvl-2-uentanone I 370 I - I 
chiorobenzene a 

ethylbenzene 870 1.6 

m- & u-xvlene I &I I 14 I 
o-xylene 170 43 

stjmne moo ! -~ 

1,1,2.2-tetrachloroethane 6 

‘NOTE It is clear that some of these results, especially for the baseline, reveai 
contamination and should be accepted with strong reservations, as explained in the 
text. Acetone in the baseline result is an example of such contamination. 

bBlank means the compound was not detected 
‘carbon diiulfide is reported for baseline samples and methyl iodide for low-NO, 
samples. 
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I I 
Table 38 

Average Concentrations and Standard 
Deviations for Benzene and Toluene 

Test sampling 
series time, min 

Benzene Tohene 

Inlet Outlet Inlet Outlet 
Q 

~ Baseline 40 500*200 - mim 

10 2800*1300 1980*20 310 * 320 13 * 14 

2 io,ooa 35mi15m 4300 50 * 67 

Law NO, 10 16oi220 lom*430 7.1 * 26 6.6 * 3.4 

5 230*280 1200 * 590 24’* 23 5.7 * 3.0 

. 2 310 * 260 1850 * 1930 3.0 * 6.0 6.8 zt 7.1 
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Table 39 

I I Tenaxkharwai I IO I 13@2750 I 7700 I 

Baseline Outlet 

Condensate 

Tenax 

2 250&21,7OU wmo 

7 150-2ooO 45&l 

I I Tenaxkharwal I 6 I m-700 I 10.200 I 

I 1 TenaxMarwalI 3 I 20230 I 470 I 
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5.4.5 Semi-Volatile Oreanic Comwunds 

5.4.5.1 Anal&al Obiectives. The analytical objectives with semi-volatile organic 

wmpouncb were similar to those previously described with volatile compounds: 

l To determine whether the samples from the gas ducts contained any compound on a list 

applicable specifically to the PISCES program 

l To determine whether the samples contained any compound from an extended list of 

target compounds routinely used in the GC/MS laboratory at Southern Research 

l To attempt to identity non-target compounds that were found to be present 

The 16 polynuclear aromatic hydrocarbons listed in Table 40 comprised the fundamental 

target list of semi-volatile organics to be determined in the samples from the gas ducts. This list 

of wmpounds was taken from the draft report prepared by Radian Corporation as a guide to the 

sampling and analysis of air toxics in the PISCES program (7). Additional compounds were added 

to this list by Radian at a later time; some but not all of these compounds are included in the 

expanded list of target compounds described below. 

The expanded list of target semi-volatile organics is given in Table 41. This list was 

compiled from the wmpounds named in EPA Method 8270 (for the analysis of semi-volatiles by 

capillary column technique); it is a list of 79 wmpounds that the GC/MS laboratory at Southern 

Research is programmed to identify and quantify. (Compound numbers in the table run up 

through 80, however, three wmpound numbers - 6, 12, and 22 - are not assigned. Also, as 

will be explained, 12 of the 79 compounds are actually on the list as control compounds, not as 

wmpounds to be identilied.) In addition to the compound names, the table lists the detection 

limits for the wmpoumls. These limits are based on the detection limits in the extract a&red, 

the volume to which the extract is finally reduced by evaporation, and the volume of gas sampled. 

The specific limits given in the table are based on a final extract volume of 1 mL and a gas 

volume of 2 Nm3 (the minimum for any of the samples anal+). 
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The expanded compound list in Table 41 includes all of the 16 P.4H.s from Table 40. The 

list also includes 20 compounds from Title III of the Clean Air Act Amendments of 1990 (none 

of which are on the PISCES list in Table 40). Finally, the list includes 12 compounds referred to 

as surrogates and internal standards (there are 6 compounds in each group and each is identified 

in the table). Aa with the analysis of volatile organ&, a surrogate is a compound not to be 

expected in the source sampled; some of the surrogates are deuterated, for example, and the 

others are halogenated compounds not frequently encountered. Each surrogate is added to XAD 

resin from the sampling train before extraction is started. Again, as with the analysis of volatile 

organics, an internal standard is a compound added to the concentrated wmbined extract of all 

sample components just before an aliquot of the extract is injected onto the chromatographic 

column The internal standards are distinguishable from unknowns in the source stream by the 

fact that they are all deuterated analogs of compounds that may be encountered. 

There are still two other deuterated compounds in the extract analyzed, which are not 

listed in Table 41, that are referred to as spikes. These wmpounds are 2&iichlorophenold3 and 

1,2,4-trichlorobenzeneds. They are not listed in Table 41 because data relevant to these 

compounds are obtained separately. The spike compounds are added to the XAD resin used in 

the sampling tram before the sampling operation is performed, they are employed to determine 

whether they and similar wmpounds actually sampled are able to survive the sampling 

environment. 

Compounds that were evident in the sample analysis but not identi6ed as target 

compounds were subjected to identification by the procedure already descrii with volatile 

organica. That is, if the mass spectrum of an unidentiEed compound could be matched against the 

mass spectrum of a compound in the spectral library, identification would be established. 

5.4.5.2 Illustrative Chromatoeram. Selected chromatograms will be used subsequently in 

the discussion of the experimental results on unidentiiIed wmpoun&. As a background for the 

chromatograms presented later, a relatively simple chromatogram will be shown, to illustrate the 

peaks due to surrogates and internal standards. This illustrative chromatogram is for a field blank, 

which contains none of the peaks for substances encountered only in the field samples. (A tield 

blank is an XAD cartridge that was transported to the Geld, opened to the ambient field 
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laboratory atmosphere, sealed, and then treated in the laboratory as though it were part of an 

actual sample.) 

Figure 10 shows the chromatogram for a field blank from the baseline test series. Peaks 

numbered 2, 19,38,57, and 68 are for the surrogates (the peak that wrresponds to Surrogate 1 is 

not Iabeled); the peaks numbered 9,29, 45, 62, 72, and 79 are for the internal standards 

(identities of these compounds may be seen in Table 41). The surrogates would have been 

present at concentrations of 10-20 &IL in the extract analyzed if they had been completely 

recovered, they were actually recovered at levels of about 2550%. The internal standards were 

all present in the extract at the added concentration of 40 &mI.. 

5.4.5.3 Target Comoounds - Identities and Concentrations. The compounds from the 

target list in Table 41 that were identified in the samples from the flue gas ducts in the baseline 

and low-NO, tests are listed in Table 42 As is obvious from a glance at the table, the list of 

identified compounds is not long; moreover, as will be shown subsequently, the list of compounds 

that were identified is short in comparison with the number of wmpounds that were detected in 

the chromatographic analysis but not identiCed. 

Some of the compounds in Table 42 appear to be actual components of the tlue gas 

stream, whereas others are likely to be contaminants introduced by imperfect experimental 

procedures. Phenol was present in every sample, and benzoic acid was present in most of the 

samples. These two compounds are regarded as probable components of the gas streams. 

2-Nitrophenol is similarly regarded, although it appeared but once. Naphthalene and 

2-methyhraphthalene are also likely to have been present in the flue gas ducts. The two phthalate 

esters, on the other hand, are presumed to be contaminants introduced from sampling practices in 

the field or from analytical steps in the laboratory. 

Only one of the target PAH compounds in Table 40 (naphthalene) was identified, and this 

occurred for only one inlet sample in the low-NO= series. A derivative of naphthalene 

(2-methylnaphthalene) was also identified in the same sample. It is fairly clear that neither 

naphthalene nor any other~of the 16 PAHs in Table 40 occurred with any frequency in the 

samples from the low-NO= series at Sue gas concentrations above the detection limit of about 

114 



DUIl-Ce TIC: 0601006.D 

7" 

1600000 

1400000 - 

1200000 - 

1000000 - 

800000 - 

Surrogates 
1. 2. 19. 38, 57, 68 

Internal Ptandard.3 
9. 29, 45, 62, 72, 79 

45 
42 

600000 

1 
400000 3f 

2 

200000 

ILL 1 

oJ,,,,,,,,,.,,,,,,,,,,,,,,, 
‘he -> 10.00 20.00 30.00 40.00 50.00 

Figure 10. Ion chromatogram of field blank for semi-volatiles showing peaks for surrogatea 
and intemai standards. 

115 



2 &Nm3. On the other hand, these. compounds cannot be ruled out with the same degree of 

certainty in the baseline series because the detection limit was higher as the result of a larger final 

extract volume. The detection limit for the baseline series was approximately 20 @m3. 

The main questions of interest have to do with the influence of the two EsPs on changes 

in the concentrations of semi-volatiles across the ESPs and the intluence of the change in 

combustion conditions on the occurrence of semi-volatiles. These issues are taken up in the 

paragraphs that follow. 

It may seem unreasonable even to consider the influence of the ESPs on the compounds 

listed in Table 42, because the precipitation pr- is not likely to influence the concentrations 

of compounds that occur in the vapor state. The volatilities of phenol and benzoic acid, although 

leas than the volatilitiea of benzene and toluene, are nevertheless high enough for both 

compounds at the concentrations reported to occur entirely in the vapor state in the range of 

temperatures where the ESPs operate. On the other hand, although potentially occurring in the 

vapor state, the wmpounds may be adsorbed on ily ash particles and thereby be subjected to 

removal in the ESPs. 

With respect to the influence of the ESPs, there is fust the question of the cold-side ESP. 

With only one experiment in each teat series having been performed with the cold-side E?SP 

energized, it is diicult to be certain of any conclusion. Moreover, the data set is incomplete in 

that no inlet sample was collected on the first occasion when the cold-side ESP was energized. 

(The absence of this sample is due to the fact that a successful leak check of the sampling train 

could not be completed even at a late evening hour; finally, the sampling run had to be cancelled. 

This action seemed justiliable since the composition of the gas stream at the inlet of the ESP 

system could not have been affected by the energization of the cold-side unit and inlet samples to 

be taken later should have been representative on the occasion when the sample was missed.) 

About all that can be. said about the cold-side ESP is that it gave no evidence of an effect on 

semi-volatiles that was not also apparent as the effect of the hot-side ESP alone. 

When the hot-side ESP alone was energized, the compounds believed to have been 

present as actual components of the flue gas stream were found at lower concentrations at the 
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outlet than at the inlet, with one exception. That exception occurred with benzoic acid in the 

experiment on September 21. Superficially, therefore, there is evidence that the hot-side ESP 

removed significant amounts of the semi-volatile organics, and there is the presumption that the 

removal must have occurred because the organics were physically bound up with the fly ash being 

precipitated. 

The wncludiig statement in the preceding paragraph, it will be seen, can only be allowed 

to stand if it is supported by the occurrence of organic matter on the fly ash removed from the 

hoppers of the hot-side ESPs. Unfortunately, the experiments to determine organic matter in the 

hopper ash did not identify any organic compound attributable to the flue gas environment. (As 

previously stated in Section 5.3, only phthalate esters were found, and these wmpounds were 

believed to be due to contamination of the ash samples in the laboratory. The concentration of 

benzoic acid in the hopper ash should have been of the order of 10 ccg/g, provided that it had 

occurred in the same ratio to the ash in the hopper as to the ash in the flue gas entering the 

hopper. At this level, benzoic acid should have been seen, since the nominal limit for the 

detection of benzoic acid in a solid is 0.75 Lcp/g.) 

Thus, the fate of the target compounds found relatively frequently in the samples from the 

gas stream is not known. One possibility, however, is removal from the system by oxidation, with 

ozone in the ESP corona regions beiig a possible oxidiing agent. 

5.4.5.4 Unidentified Comwunds. figures 11 and 12 are the chromatograms for inlet and 

outlet samples for September 19.1991, during the baseline teat series, while the cold-side FSP 

was not energized. Both of these chromatograms, it must be noted, have ion currents on the 

vertical axis that range up to 10 times as high as the ion currents in the preceding chromatogram. 

These two chromatograms are thus not visually comparable to the previous one, but they are 

comparable with each other. 

The mcst striking difference between the two chromatograms is that the inlet 

chromatogram is far more cluttered with peaks in the range of retention times from 10 to 30 min 

than is the outlet chromatogram. Another striking feature of the inlet chromatogram is that the 

peaks that are so visually dominant are far larger than those of the two target compounds that 
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were identified, phenol and benzoic acid, which are Compounds 3 and 25, respectively. Neither 

of these peaks is labeled, but they correspond to analyte concentrations of 56.6 and 18.1 &mL, 

whereas the 10 largest unidentified peaks for the range in retention times from 10 to 30 min 

range in concentration from 30 to 230 &mL. 

Eight of the ten most prominent unidentified peaks for the inlet sample portrayed in 

Figure 11 were tentatively identified as silicone wmpounds. They were thus identified by the 

computer matching of the ion mass spectra of the unknownsagainst mass spectra of compounds 

in the reference library. On the other hand, only one of the seven compounds prominent enough 

in the outlet cbromatogram for identification to be attempted was tentatively identitIed as a 

silicone compound. 

Silicones are compounds frequently encountered as contaminants in work of the type 

described here. Thus, consideration must be given to two possibiities: 1) silicones were 

introduced somehow as contaminants in the inlet sample but not the outlet sample, or 2) silicones 

actually occurred in a prominent way in the flue gas at the ESP inlet but not in the flue gas at the 

ESP outlet (reflecting, by inference, the removal of silicones in the hot-side ESP). It seems most 

likely that silicone contamination occurred selectively in the inlet sample and that it perhaps 

occurred during the sampling event, not the subsequent laboratory analysis. 

Silicone lubricant obviously has to be considered as the source of the silicone compounds 

detected, but no such lubricant was deliberately used. (For effecting seals at ball-and-socket joints 

in the sampling train, silicone grease was avoided, but a fluorinated polymer from Dupont, Krytox, 

was used) The nxxt likely source of tbe silicone wmpounds detected is believed to be some 

inner component of the probe, perhaps a glass-tiber lubricant associated with the glass-fiber sleeve 

that held the electrical heating wire around the Pyrex liner. The inlet duct was under a 

significantly negative pressure; ambient air could have swept through the probe into the duct 

(passing hehveen the metal sheath and the jacketed, heated liner), thus sweeping out silicone 

vapors that may have been evolved at the 700 ‘F sampling temperature. Such silicone vapors 

would have entered the duct near the sampling nozzle and could thus have become part of the 

sample being wllected 
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Even though the silicone compounds seemed to disappear between the inlet and outlet of 

the ESPs, they were not found in the ESP ash, just as the target compounds phenol and benzoic 

acid were not found. 

Figures 13 and 14 are comparable to the two figures discussed above except that they are 

from the low-NO= teat series rather than the baseline series. They are samples collected at the 

inlet and outlet of the ESPs on January 15, 1992, when the cold-side ESP was not energized. 

The visual wntrast between inlet and outlet cbromatograms here for low-NO, conditions is less 

striking than the contrast for the inlet and outlet chromatograms discus& for baseline conditions. 

Indeed, the estimated concentrations of the unidentified compounds in the low-NO, samples show 

that for the retention time range of lo-40 min the total concentration of these compounds in the 

extract is somewhat greater at the outlet than at the inlet - 433 Irg/mL versus 404 &mL. 

Only one of the unidentified compounds at tbe inlet is a silicone compound and none at 

the outlet is a silicone compound. Thus, the cause of contamination that existed during the 

baseline test series apparently did not exist during the low-NO, test series. Moreover, and more 

to the point insofar as the purposes of this study were concerned, low-NO, conditions in the 

boiler evidently produced a substantially elevated total concentration of semi- volatile compounds, 

which unfortunately could not be identified satisfactorily. 

Table 43 lists the most ten most concentrated unknowns from the inlet and outlet data 

discussed above. Tbe compounds are listed in the order of increasing retention times. The other 

data given are the estimated concentrations in the extract being analysed and the numerical rating 

to designate tbe quality of the tentative identification (the term is Qual; the values range from 0 

at the bottom to 100 at the top). Where there are multiple possibiitics for compound 

identification, the one with tbe highest Qua1 value is listed in Table 43, unkss some compound 

with a lower Qua1 value in one sample matches a compound with a similar retention time in the 

other sample. Thus, guanidine with a retention time of about 9.9 min is listed for both samples; it 

has the second ranking Qua1 value for the inlet sample but the top ranking for the outlet. 

If near agreement in retention times and agreement in tentative identifications between 

inlet and outlet unknowns are essential criteria, the conclusion is that only two of tbe compounds 
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listed are wmmon to both inlet and outlet samples. Tbe number of compounds that can be 

assumed wmmon to both samples increases if unknowns in addition to the ten at the highest 

concentrations are considered. Even so, there is no way to avoid the impression that the 

unlmowns at the inlet and the outlet are, in the main, different wmpounds. 

Tbe questions that follow from the foregoing conclusion - what happens to the inlet 

wmpounds that are not found at the outlet, and where do the outlet compounds come from if 

they are not present at the inlet - must be given answers that are only speculative. One 

conceivable answer - that tbe inlet wmpounds were found in tbe ESP hopper ash - is refuted 

by the analytical results for the ash. Another answer that cannot be either confirmed or refuted 

is that the residence time within the system possibly led to chemical changes. A compound might 

disappear altogether as a wnsequence of oxidation, or it might be chemically altered as the result 

of partial oxidation or some type of reaction. As stated previously, ozone in the wrona regions of 

the ESP is a possible reactant that leads to destruction or alteration. Even if the rate of chemical 

alteration were slow, the compound might disappear from the gas stream during the transit time 

from the hot-side ESP inlet to the cold-side ESP outlet (probably a time of the order of 10 sec.) 

as the result of its removal with precipitated ash and then reach the tinal altered chemical state 

during the longer time that the compound resides with the ash in the 700 “F zone of the hot-side 

ESP. 
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Table 40 
-. Semi-Volatile Target Compounds of the PAH Type 

1 Acenaphthvlene I Cbmene 

1 Acenanhthene I Dii~a.h~anthracene I 

Anthracene 

Benzo(a)anthracene 

Benzo(a)pyrcne 

Benzo(bXluoranthene 

Fluorantbene 

Fluorene 

Indeno(l~-d)pyrene 

Naubthaiene 

Benxo(g&)perylene Phenanthrene 

Benzo(k)tluoranthene Pyrene 
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Table 41 
Target Semi-Volatile Compounds of Extended Typessb 

No. Compound 
Detection 

limik 
Mm3 

1 2-Fluorophenol SURRl 

2 Phenol-d, SUFW2 

I 8 I 1.3~DWorobenzene 

I (13 I 1.2-Dichlorobenzene 

I 14 I 2-Metbvlobenol 

I /18 I Hexacblomethane 

I 23 I 2.~Diietbvlobenol I 3 I 
24 2-Nitropbenol 5 

25 Ben&c acid 5 

26 Bis(ZChloroetboxy) methane 3 

27 2&Dicbloropbenol 8 
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Table 41 (Continued) 
Target Semi-Volatile Compounds of Extended TypePb 

No. L 
29 

(30 

E 
31 

A2 

33 

46 
J47 

E J48 

J49 

J50 

1 

Compound 

1.2.~Trichloroben t 6 1 

Hexacblorobutadiene 3 

4-Cbloro-3-methvlphenol 5 

2-Methvlnanhthalene I 3 I 
2,4,6-Trichlorophenol 5 

Hexachlorocyclopentadiene 5 

2.4.5-Trichloronhenol 1 8 1 

Acenaohthened,. IS3 I 3 I 

Dibenzofuran I 5 I 
24-Dinitrotoluene I 3 I 
Diethyl phthalate 3 1 
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Table 41 (Continued) 
Target Semi-Volatile Compounds of Extended Type& 

Detection 
No. Compound limit, 

Mm’ I-- 
52 4-Chlorophenyl phenyl ether 3 

53 Fluorene 3 

I 54 I 4-Nitroaniline I 5 I 

QBromophenyl pbenyl ether 

I 61 I Phenanthrene 

62 Phenanthrened,, IS4 

t 63 1 Anthracene I 3 I 

I 64 I Di-n-Butvl pbtbalate I 3 I 
I 65 I Fluoranthene I 5 I 

A6 Benzidine 3 

67 Pyrene 30 

68 Terpbenyld,, SURRS 

69 1 Butvl benzvl ohthalate 5 

JIO 3,3’-Dicblorobenzidine 8 

71 Benzo (a) antbracene I 3 

72 Cbrysened,, IS5 

73 Bii(ZEthylbexy1) phthalate 5 

74 Chrvsene 5 

I 75 Di-N-Octyl pbthalate 5 
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Table 41 (Concluded) 
Target Semi-Volatile Compounds of Extended TypesLb 

No. Compound 
Detection 

limit, 
Mm’ 

76 Renzo (b) fluoranthene 5 

77 Renzo (k) fluoranthene 5 

78 Benz0 (a) pyrene 5 

79 Perylened,, IS6 

80 Indeno (1,2,3-cd) pyrene 8 

81 1 Dibens la.h) anthracene I 8 

82 Benxo (g,h,i) perylene 8 

%n-rogates and internal standards are designated 
diitinctly. SURR3 and SURR4 were not used in 
this work Compounds listed in Title III of the 
1990 Clean Air Act Amendments are designated by 
check marks. Compound numbers 6,12, and 22 
were not assigned 

bTlle detection limits given here are based on 
assumptions of a gas volume of 2 Nm3 (lower than 
any actual volume in this work) and an extract 
volume of 1 mL. The latter was achieved in the 
low-NO, work but not in the baseline work The 
lo-mL extract volume in the latter case multiplied 
the detection limit bv 10. 
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Table 42 
Semi-Volatile Compounds 

Identified in Baseline 
and Low-NO, Tests 

2-Methyhapbthakne 

l/15/92 Off 

l/16/92 Off 

l/17/92 Off 

Di-N-butyI phthalate 

Phenol 
Diethyl phthaIatc 
Di-N-butyl phthalate 

Phenol 
ZNitropbenol 
Diethyl phthalate 
Di-N-butyl phthalate 

Phenol 
Ben&c acid 
Diethyl phthalate 
Di-N-butyl phthalate 

35 <4 

30 3.6 
32 <2 
21 <3 

68 71 
1.7 26 
62 c2 
30 3.1 

52 3.7 
114 96 
5.0 c2 
33 <3 
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r- Table 43 
Comparison of Tentatively Identikd Compounds for Inlet and Outlet 

Samples from the Low-NO, Series 

ran ~~~~ I 17.64 Benxothiazole. zz’dithiobis 1~~~ ~30.07 I 9 
I AS I 12-Bemenedicartmw~c ati& butvl I 33.93 I 83 ~1 
I 38.10 I BisCZ-eth~lhex~l~ phthalate I 30.15 I 91 I 

I- OUTLJT I 

9.94 GUWidillti 290.32 37 

10.68 Phenol 2-tImroD 67.76 91 

13.27 Hexanoic acid, anhydride 79.47 42 

1602 UnkmJWtl 33.45 0 

18.10 Pyridiie, 2-chloro-3,4&We~ratluoro 44.72 38 

21.88 I.l’-BiohenvL 4-tluoro 53.07 96 

ran 26.00 ~1 PhenoL 24-bis&methvlethvl~ I~~ ~~kz7 I 46 I 
I 035 I Pentadecanoic acid. methvl ester I 39.23 I 83 I 

34.26 9HXanther&one, 1,3&uihydroxy 30.51 40 

42.86 Noaacosaae 57.42 94 

‘The compounds are probably the same but probably are not guanidia~ 
(H&C=NI-L 

‘l%e compounds may be the same but not the mmpound named. This 
compound was a surrogate and was detected ss such at a retention time of 
about 10.6 min. The Qual value of 91, although high, does not make this a 
wntirmed identitication; the evidence distwta the tentative confirmation. 

. 
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6. DATA ON MATERIAL BALANCE 

6.1 TRACE ELEMENTS 

6.1.1 General Considerations 

The principles that must be used to learn whether the analytical data provide a material 

balance for an element in all relevant streams are considered in Table 44. The components of 

material balance considered here include the gas stream at the inlet of the hot-side ESP but 

nothing beyond that point. Arsenic is the element considered; the data cited are from the 

baseline test on September l&1991, when the cold-side ESP was operating. In the absence of 

flow rate data for some of the pertinent streams (a matter previously discussed in Se&ion 2), 

hypothetical flow rates are stated. These hypothetical flow ratea and the resulting fluxes of 

arsenic are shown in parentheses. They are adjusted as n- ry to give an exact material 

balance whereas, based on the only hard data available, all that can be said is that 70% of the 

arsenic in the coal was recovered in the gas stream at the ESP inlet. 

The hypothetical flow rates were given values on the basis of the following ideas: 

l The fIux of arsenic in the boiler seal water was set equal to zero. This water 

contributes arsenic to the gas stream leaving the boiler only if the arsenic component is 

vaporized. In the absence of any knowledge that arsenic could be vaporized from the 

water, the assumption that none occurs is the only logical assumption that can be made. 

(If the alternative assumption is made that the water contributed arsenic in an amount 

that is one-tenth of that provided by the coal, all of the arsenic in water supplied at the 

rate of 46,000 gal/min would have been vaporized. Surely, this would be an absurdity.) 

l The rate of rejection of pyrite from the coal was estimated to be 2% of the feed rate of 

the coal. The specific concentration of arsenic in the pyrite, 6.4 &g, was assigned to 

make the overall material balance exactly even. It can be seen by reference to Table 10 

that this concentration is within the range experienced, yet there is no way to assign a 
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representative value because of the variability of the compositions of the pyrite samples 

analyzed. 

. The rate of ash accumulation in the economiser hoppers is assumed to be 5% of the 

total ash. The concentration of arsenic in tbis ash is based on the actual analysis. 

. The partitioning of coal ash between the bottom of the boiler and the 5y ash entrained 

in the 5ue gas is assumed to be 20% as bottom ash and 80% as 5y ash. The 

concentration of arsenic in the bottom ash is the observed value. If the water that had 

wet the ash before it was dried and analyzed made any contribution to the arsenic 

found, then, in principle, the fraction of the coal ash assumed to be in the bottom ash 

would be. slightly leas than 20%. (It could not be very different. The concentration of 

arsenic in the water was very small and not much water was associated with the bottom 

ash that was analyzed.) 

For arsenic, the factor that seems likely to have the largest effect on material balance was 

the 5ow rate of the pyrite. This conclusion is due to the large uncertainty in both the rate at 

which pyrite is rejected and the average concentration at which arsenic appears in this material. 

The term “recovery,” referring to the percentage of an element in the coal that was found 

in the 5ue gas at the inlet of the hot-side ESP, has been selected to serve as an indirect measure 

for materia1 balance. This has been done since the absence. of some of the material 50~ rates 

prevents a rigorous test of material balance. Recovery obviously cannot, in principle, exceed 

100%. It would be about SO%, assuming an W20 split between 5y ash and bottom ash, for any 

element that is not discharged in the vapor state or discharged in the pyrite, bottom ash, or 

economiser, at a greatly enriched concentration. If an element were discharged primarily as a 

vapor, its recovery might reach 100%; if it were highly concentrated in the bottom ash, its 

recovery would be less that So%. 

If, then, a recovery of 80% is the norm for the trace elements as a group, what does a 

recovery of 70%, as in Table 44, mean for arsenic? It implies that arsenic is not discharged 

primarily as a vapor but that it may be somewhat enriched in the solids discharged before the 5ue 
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gas reaches the ESP inlet. There are no data to support either of these hypotheses. Thus, the 

observed recovery is a plausible value, somewhat below the norm of 80% because of imperfect 

sampling and analysis. 

6.1.2 Recoveries at the ESP Inlet 

The data on element recoveries, based on fluxes expressed in g/mm in the coal and the 

5ue gas, are presented in five tables. Tables 45 and 46 present data based mainly on ICP analyses 

of samples from the Multiple Metals Train. Tables 47 and 48 give data based on neutron 

activation analysis of samples collected from the suspended state - in series cyclones in the 

baseline testing or in the metals train in the low-NO, testing. Table 49 deals only with mercury 

determination in samples collected in the traps of soda lime and iodated carbon. 

The following comments applying to Tables 45 and 46, based principally on ICP data, 

should clarify some of the “recoveries” for which exact numerical values are not given: 

. The notation “??” denotes a 5ux in the gas stream that is consistent with the flux in the 

coal. However, because of insufficient analytical sensitivity, the latter can only be 

assigned a limiting value; thus, the recovery cannot be given a numerical value. This is 

often true for antimony, arsenic, and cobalt. 

. The very high minimum values, such as >161, >2.56, and >239 that appear for lead in 

Table 45 are probably attributable to lead concentrations in the coal that are known 

only by upper limits. The true values presumably were above the limits cited for lead in 

the coal. 

Certain additional comments applying to Tables 45 and 46 attempt to summarize 

information that is known (or believed correct) to account for divergences of the recoveries from 
the norm of 50%. These wmments apply only to elements that have an average recovery in 

either table outside the recovery range 80 * 20%, which re5eet.s a reasonable range of 

experimental error. These additional wmmenta are as follows: 

134 



l Arsenic. The data are unaccountably low in Table 46 for the low-NO, testing. The 

problem is attributed to erroneous, low concentrations found in the samples from the 

gas stream. NAA yielded substantially higher values (see Table 48). 

. m. The high recoveries in Table 46 may be due to incomplete dissolution of the 

ash in the coal and thus due to faulty values of the concentration in the coal. Still, 

there was clearly a problem with the analyses of the samples from the 5ue gas, which 

required two steps of digestion. Most of the barium reported was obtained in the 

second digestion. 

. Cadmium. The variation of concentrations in the 5ue gas appeared to be too great to 

be plausible. Errors in the concentration in the gas phase are the likely explanation for 

the wide range of recoveries 

. Chromium. The high rewveries are probably due to low values for the element in the 

Wd. 

l m. The recoveries of copper averaged about 70% in the baseline testing but only 

about 28% in the low-NO, testing. Superficially, the explanation appears to tie in 

differences in wpper concentrations in the coal, which appeared to be higher in the 

second teat series. 

l Mercuq. The recoveries have an average around 25% and thus are not in agreement 

with the idea that a volatile metal might have a rewvery above the norm. The problem 

lies with a known deficiency in the analysis of peroxide impingers from the metals train, 

where mercury was not recovered properly. The data for mercury in Table 49 must be. 

considered in place of that in Tables 45 and 46. 

l Phosnhorus. Recoveries of phosphorus appeared low only in the data for the low-NO, 

testing. Yet, ICP must be. regarded as unusually undependable for measuring 

phosphorus. The wncentrations of this element in the coal based on ICP data were 
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39% or less of the concentrations derived from data based on wlorimetric 

determination of phosphate in coal ash. 

. Selenium. In some instances, this volatile element was recovered at levels above the 

norm of 130%, as expected for volatile elements. The data for the low-NO, testing, 

however, generally departed from this behavior. Selenium was an element that gave 

persistent analytical problems. 

The rewvery data in Tables 47 and 48, based on neutron activation analysis, are generally 

nearer the norm than those already discussed, which were based on ICP. Even so, the NAA data 

are based only on solids. They contain no wntriiutions from substances that were in the vapor 

state and thus subject to collection in impingers. 

Although apparently superior to the ICP data for element recovery, the NAA data still 

present problems. For some elements - mercury and nickel, for example - there are undefined 

recoveries. For others, such as chromium, the data are more credible than the results from ICP. 

The data for arsenic and selenium require particular attention. Arsenic, for example, had an 

average recovery of 53% in the baseline testing and an average of 139% in the low-NO, testing. 

Selenium had an average of 6% in the former and 98% in the latter. The fact that there was a 

difference in the sources of the solids analyzed has to be brought up in wnnection with the 

anomalies for arsenic and selenium. In the baseline testing, the solids were composites of ash 

wllected from the duct, at 700 “F, with the series cyclones. In the low-NO, testing, the solids 

were from the front half of the metals train and were thus collected at temperatures that 

deereased to 250 “F at the filter. The volatile element, selenium, was thus brought out of the 

vapor state, incorporated in the sample analysed, and more fully recovered in the low-NO, testing. 

The other element, arsenic, might be said to appear volatile also on the basis of the diierences in 

recovery in the two kinds of solids, but there are wmpelling data from other sources to believe 

that arsenic was not largely present as vapor. The disparity in data for arsenic cannot be 

eaplained. 

Table 49 tells a refreshing story of relatively high success with mercury from the sampling 

train with solid sorbents. The data on this element, clearly volatile, are from the ESP outlet. In 
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the baseline testing, the average recovery of mercury was 0.092/O.OS2 x 100 = 112%. In the 

low-NO, testing, the recovery was SO%. 

6.1.3 Balance ’ m 

Tables 50 and 51 give an analysis of material balance in the ESP system. Two factors are 

compared: 1) the rate at which each element was removed from the gas stream and 2) the rate at 

which the element was collected in the ESP hoppers. The first of these factors was calculated as 

the difference between inlet and outlet values of the product of gas 5ow rate and element 

concentration. The second factor was calculated as the product of element concentration in the 

hopper solids and the total solids accumulation rate. The accumulation rate of total solids was 

calculated as the difference between inlet and outlet values of the product of gas 5ow rate and 

total solids concentration. The ratio of the accumulation rate in the ESP to the loss rate from 

the 5ue gas, as a percentage, is termed “closure.” 

Indefinite results were obtained for mercury in both test series and for antimony, 

beryllium, and selenium in the second. There are some poor or even absurd results, mainly in the 

second test series, as illustrated by closure figures of 200% for barium and 211% for cadmium. 

GeneraUy speaking, however, the data are satisfactory. They show conclusively that arsenic was 

removed from the gas stream as a component of the solids in the BSP and that mercury and 

selenium, on the other hand, were retained in the vapor state at the BSP outlet. 

6.2 HALOGENS AND SULPUB 

Numerical values of the recoveriea of coal sulfur as SO, and coal halogens as HP and HCI 

have already been given in Section 5.4.2. The following is a summary of data from the hvo 

sampling trains (controlled condensation train and Acid Gases Train): 
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Element recoverv. % 
Element Samoling Baseline teatine Low-NO- testing 

Sulfur CCT, inlet 90* 3 84* 1 

CCT, outlet 94+ 8 87 A 10 

AGT, inlet %*46 81 * 21 

AGT, outlet 107 * 19 85 * 18 

Fluorine AGT, inlet 49 * 29 80 * 14 

AGT, outlet 79 * 19 82* 9 

Chlorine AGT, inlet 80 * 31 825 9 

AGT. outlet 98*25 12Oi 6 

The recoveries are wnsidered satisfactory. A portion of the sulfur not included here was 

discharged in the pyrite, and part was incorporated in the 5y ash. Portions of the halogens may 

have been incorporated in the ash as 5uoride and chloride salts, but long experience with 

analyzing water extracts of 5y ash by ion chromatography suggests that not much of the halogens 

was combined with the ash. Analysis of extracts of selected samples of solids from the front half 

of the Acid Gases Train confumed that negligible fractions of the halogens were combined with 

the ash. 

6.3 ORGANIC COMPOUNDS 

No attempt was made to wnstruct material balance for organic compounds. There was no 

effort made to determine the concentrations of these compounds in the coal, although their 

presence was to be expected. Garcia et al. (12) have reported the concentrations of individual 

organic compounds in a number of coals. The combustion process, however, is certain to destroy 

part of the original organic wntent of the coal and is likely also to create new organic compounds 

from more complex wmpounds. Material balance for an organic compound, therefore, would be 

coincidental if it existed. 
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Table 44 
Illustration of Material Balance 

(arsenic in baseline test of September 18,19X2) 

I skeam I Flow rate’ Concn of As Ekment 5u? 1 

Input 

coal 166,18Olb/hr x 1.65 &g = 210 g/min~ 

Boiler seal water [O gavminl x 0.0012 j&L = Og/Utill 

I OutJmt pyrite [3324 Ib/hrJ x 6.4&g = [0.16 @in] 

Bottom ash [2988lb/lx] x 3.54 J&3 = [0.08 @in] 

Eumomixer ash [747 lbihr] x 71.5 /AgIg = [OAO g/min] 

thi stream 10,914 Nm31udn x 134#m3 = 1.46 g/minb 

Total = 210 ehnh 

‘Ratea in parentheses are hypothetical, as described in the text. Pyrite, 2% of 
coal; bottom ash, 20% of coal ash; economizr ash, 5% of coal ash. 

b~-=100x1.46/210=70%. 
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Table 49 
Recovery of Mercury from the 

Coal in Flue Gas at the ESP Outlet 
(data based on samples collected on sorption tubes) 

. 

l+=7 g/min 
Basedonwal Based on gas 

analysis(cvAAs) =ws WV 

Baseline testing 

Sept 18 0.078 0.076 

seat 19 0.088 0.088 

I sent 20 I 0.087 I 0.103 I 
sept21 0.076 0.102 

Average 0.082 * 0.006 0.092 * 0.013 

I Jau 16 I 0.033 I 0.047 I 
1 Jan.17 I 0.094 I O.lCQ I 

Average 0.094 l 0.055 om5 * 0.022 

‘AFS = atomic 5uocescence spectrometry (performed at 
Brooks Rand. Ltd.). 
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Table 50 
Material Balance Across the ESP System 

During Baseline Testing 

Elemeat5uxesin 

I Ba I IB.I I 0.056 I 23.0 I 385 I 60 I 
Be 0.668 <o.oa 0.668 co.972 z-69 

cd 139 co.015 139 1.47 95 

GY 1.90 al.074 1.90 223 117 

I Cr I 113 I 0.124 I 11.2 I 14.6 I I l31 
cu 5.07 0.066 5.00 5.47 109 

Hg 0.007 <O.ool 0.007 co.lm4 c57 

Mn 159 0.075 15.8 18.1 114 

1 MO I 7.14 I co.086 I 7.14 I 7.65 I I 107 

Ni 7.75 <0.083 7.75‘ 9.12 118 

P 13.2 <OS53 13.2 14.9 113 

Pb 133 <0.115 133 13.1 99 

Sb 1.40 co.115 1.40 co.56 40 

se- 0286 0209 0.077 CO.080 ?? 

V 429 <0.1&I 429 

Tlow rate, idetz 10,998 Nm3/min 
outlet: 10,943 Nm3/min 

bAsh tincentdon: inlet, 7.28 g/Nut3 
outlet, 0.0384g/Nm3 

Wopper ash accumulation rate: 79,645 urnin 
nnt 

475 111 
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Table 51 
Material Balance Acnxs the ESP System 

During Low-NO, Testing 

Element 5uxes in gas streams, g/min Element 
accumulation rate aam, 

Ider 0utler Ne@ in hoppers,= g/min % - 
As 0.967 0.143 0.824 133 161 

Ba 79.1 0276 78.8 395 200 

Be 0.682 CO.009 0.682 0248 36 

cd 1.01* co.033 1.01 213 211 

1 Co 1 205 1 0.64 1 1.41 1 1.87 I 133 I 
Cr 10.6 0325 103 13.8 134 

cu 5.18 co.015 5.18 5.41 104 

HII 0.016 <0.006 0.016 <osm <30 

I Mn I 15.0 I 1.576 I 13.4 I 16.5 I 123 I 
MO 10.2 -co.521 9.68 463 89 

Ni 8.14 <OS11 8.14 83 102 

P 11.9 0.752 11.1 14.8 133 

Pb 7.60 0.23? 737 10.2 138 

I sb I 0.944’ I co.033 I 0.944 I 0.898 I I 95 

se 139 0.402 0.988 

V 53.1 0557 525 

‘Flow rate, inlet: 10,941 Nm3/min 
outlet 11086 Nm3/min 

bAsh concentration, bet 7.73 g/Nm3 
outlet: 0.0790 g/Nm3 

?Iopper ash accumulation rate: 84,486 glmin 
*Average of three, not four, results 
‘Averaee of hvo results. 

0.045 5 

64.4 123 
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7. DISCUSSION 

The Institute investigators embarked on the investigation at Site 110 with prior experience 

on the analytical methods in a less complex environment - the relatively clean emissions from 

the U.S. Army’s incineration process for obsolete chemical emissions. Experience from this study 

led to unexpected findings about the diiculty of following the established methods with the types 

of emissions that occur with a coal-fired boiler. This diiussion is devoted to the problems of 

completing the assigned tasks at the test site with these methods, it also givea suggestions for 

improvements in sampling and analysis. 

Trace elements. The results obtained on analyses of ash samples by ICP and supporting 

.4AS procedures were disappointing. The impression received in this investigation is that the 

analytical protowl consisting of acid digestion of ash and analysis of the resulting solution by 

ICP/AAS methods cannot be used to achieve the desired results without great labor and great risk 

of error. 

The problem begins with the acid digestion procedure described for the work-up of 

samples from the Multiple Metals Train Perhaps the procedure was devised for materials other 

than the 5y ash from coal combustion. Certainly, the digestion procedure cannot be depended 

upon to dissolve all ash samples completely, and it provides no precaution for testing to establish 

that complete dissolution of the mineral portion occurs, which is critical. The procedure says 

simply to filter the residue from digestion and proceed with the analysis. Usually, ash will contain 

unburned carbon that need not be dissolved, but the ash will mask mineral matter that has not 

been dissolved and that in the absence of contrary evidence must be expected to contain elements 

that are among the targets for analysis. 

The instructions for ICP analysii in Method 6010 emphasize that aluminum and iron will 

cause interference in the determination of some of the trace elements of interest. ‘Dr9 even 

suggest that a solution may have to be diluted until these two metals are below 50 ccglml before 

analysis can proceed. Fly ash from the combustion of coal may easily contain aluminum and iron 

at concentrations of 10% by weight. If the ash contains 10 &g of a trace element, the solution 

will contain 0.005 &mL of that element when aluminum and &on are diluted as directed, and the 
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determination of the element will be jeopardii or made impossible. The instructions call for 

use of the method of additions to cope with media effects, such as those associated with the 

common, more concentrated elements. It is doubtful that this provision will make reliable 

determinations possible for all the elements of concern, notably arsenic and selenium. 

The cumulative effect of analytical problems such as those described above makes 

achieving material balance a very formidable task If the analyst achieves a reasonable degree of 

success in the analysis of one stream, with an element determined within a range of QO% of the 

true value, but then facea the reality of uncertainties of 520% in the concentration of that 

element in each other stream of concern, su- in making a meaningful overall material balance 

will be doubtful at best. 

Analytical approaches that were employed for support of the ICP and AAS methods 

showed promise for becoming preferred methods. In the realm of sampling, the sorption traps for 

mercury proved to be highly attractive. Insofar as analysis is concerned, neutron activation proved 

effective for accuracy. Although the cost seems high (the cost was $250 per sample in this work), 

the cost conceivably is not only competitive but advantageous from the point of view of improved 

productivity and accuracy. For those elements not determined by NAA, x-ray tluorescence may 

be an acceptable supplemental method. 

Acid eases The use of the acid gases train was reasonably successful. The samples 

obtained with this tram provided acceptable data in terms of the recovery of the sulfur and 

halogens in the coal. 

Perhaps this tram is bulkier than it needs to be, and it seems to be designed for sample 

volumes that are larger than they need to be. The more simple controlkd condensation train 

yielded superior data for SOs in terms of reproducibility and, of course, it also provided data on 

SO,. This was done with samples of 0.085 Nm3, compared with samples of the order of 0.5 Nm3 

with the Acid Gases Train. With somewhat longer sampling times, the controlled condensation 

train could permit determination of HCl and also HP. It could simultaneously collect ammonia. 

Possibly it could also collect HCN if the impingers contained a metal ion for complexing cyanide, 
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holding it in solution and protecting it against oxidation by the peroxide that is used in the 

collection of SO,. 

Aldehvdes and ketones. The determination of these compounds seemed straightforward 

and successful during the second series of sampling experiments in the field. The failure to obtain 

acceptable data during the first teat occasion is a reflection on the judgment of the laboratory 

analyst. It does not suggest that the sampling method employed or the analytical procedure 

intended was flawed. 

Volatile oreanica. The quality of the data on volatile organ& is uncertain. There are 

many questions about the quality and reliability of the data. On the critical question, whether 

benzene and toluene were emitted at sign&ant levels, the answer has to be a qualiGed yea, 

although the concentration range is questionable. From a broader perspective, the analysis 

reveals that if benzene and toluene are indeed significant emissions, there is a much wider variety 

of compounds emitted whose identities were not established. 

The sampling and analytical techniques were clearly flawed during the baseline teat series. 

The evidence for this is the large number of contaminants (or presumed contaminants) that were 

encountered sporadically at highly variable concentrations. There was improvement in technique 

during the low-NO, series; the number of contaminants was reduced. Still, there were apparent 

variations in the concentrations of those substances believed to be actual components of the flue 

gas that cannot be explained on a rational basis. Why should the apparent concentration of 

benzene be zero in one sampling operation, and another be 10,900 @Nm’ under nominally the 

same conditions? Instances of such variations were encountered during teat series.. 

The total hydrocarbon analyzer in service at the plant rarely recorded concentrations 

above 0.55 ppmv and typically recorded concentrations between 0.05 and 0.55 ppmv. The 

reliability of this instrument is not known. If, however, the benzene concentration had ever 

reached 10,MlO &Nm’ (3 ppmv), the instrument should have shown a response above the range 

consistently recorded. ITIC instruments are usually calibrated with propane. The responses to 

different hydrocarbons at equal concentrations will differ, but most THC analyzers will give a 

response to benzene that is greater than that to propane at the same concentration. Episodes 
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when elevated readings occurred (above the typical range of 0.5 to 0.55 ppmv) were extremely 

rare and brief; one such unusual episode occurred on January 14 when successive readings at 

5-min intervals were 0.15, 43.85, 79.45, -0.25, -0.05, and 0.15 ppmv. The duration of this 

particular upset was long enough to have profoundly affected any sample being simultaneously 

collected with the VOST. Such upsets were too rare, on the other hand, to have produced all the 

questionable data on benzene that VOST yielded. 

The literature available for review fails to support the finding of benzene concentrations 

as high as those found in this work. Garcia et al. (12) gave the following concentrations as typical 

of emissions from coal-fired power plank: 

Benzene 14 @Nm3 

Toluene 119 @m3 

Ethylbenzene 21 j@Nm3 

Xylenea (all three) 80 @m3 

This absolute concentration of benzene and the concentrations of the other compounds that are 

higher than that of benzene differ from the restdk of this work. 

Ahlberg et al. (13) reported somewhat higher benzene concentrations from coal-fired 

boilers, near 100 Mm’. StiU, the difference between this level and the maximum level found in 

this work is a factor of 100. 

Logan et al. (14) reported difticulties with benzene in their validation of the VOST. 

These authors refer to “the inherent problem of benzene contamination in the Tenax sorbent.” 

They cite recoveries of 300%, but at concentrations far below those sometimes encountered in 

this work. The basis for the reference to the inherent problem with benzene is not explained, the 

reference, however, may have to do with the fact that the Tenax polymer is a phenylene oxide 

polymer that has susceptibility to attack by vigorous reactants, such as NO, Benzene is a possible 

product of such an attack. Unfortunately, the procedures with blanks that are part of the VOST 

procedure do not allow evaluation of the effects on the sorbent of reactank in the gas stream. 
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Recent solicitations for air toxics work have sometimes required only benzene and toluene 

to be determined. It is doubtful that the broad potential of the VOST procedure justifies the cost 

of this procedure if data on just benzene and toluene are required. On the other hand, in view of 

the long list of target compounds in the 1990 Clean Air Act Amendments that may be determined 

by the VOST procedure, one must question whether data only on benzene and toluene are 

sufficient. 

Semi-volatile oreanic wmnounds. The information obtained on semi-volatile wmpounds 

indicates that this class of compounds is a leas serious form of emissions than the volatilea. The 

target PAH compounds except naphthalene did not occur at measurable concentrations, and 

naphthalene was observed only sporadically. Other compounds on an extended list of targets 

were found at much lower concentrations than benzene and are thus leas a cause of disturbance. 

There is another leas complacent viewpoint on the results for semi-volatile& The 

appearance of a large number of unidentified semi-volatiles during low-NO, firing, at elevated 

wncentrations, indicates that low-NO, firing doea have an undesirable impact on emissions. 

Prudence will require that they ultimately be identified. 
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8. CONCLUSIONS 

This Enal technical discussion will be focussed on the answers that can be offered on the 

key questions of concern: 

1) How does the change to low-NO, firing alter the emission of hazardous air pollutants? 

2) What degree of control over the emission of air toxica is exercised by the hot-side 

ESP? 

3) What added beneEt toward the control of emissions doea the cold-side ESP provide? 

Effect of low-NO. firing. As far as inorganic emissions are concerned, there was no 

clear-cut effect from low-NO, firing. In this statement, the term inorganica refers to the trace 

elements collected with the Multiple Metals Train and the SO,, I-IF, and HCI collected with the 

Acid Gases Train. 

If there were effects on the emissions of the trace elements, the effects were too subtle to 

be detected in the scattered analytical data. To be sure, if the data are examined superficially, 

differences will be seen between the results of the baseline and low-NO= test series. For example, 

arsenic was found at lower concentrations in the gas stream during the latter testing. The 

explanation must be presumed to lie in the problems of analysis, not in an actual change brought 

about by the Ering change. Certainly, an important aspect of the emission of trace metals to the 

environment wnce.ms the emission of metal vapors, which escape control by electrostatic 

precipitation. Arsenic does not exist to a large degree as a vapor. The two elements that do exist 

significantly as vapor are mercury and selenium The measured emission of mercury was 

somewhat lower with low-NO, Ering and that of selenium was somewhat higher in that mode. 

Still, neither emission can be said to be different in the two firing modes because of the 

uncertainties in the analytical results. 
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14. T. J. Logan, R. G. Fuerst, M. R. Midgett, and I. Prohaska. Validation of the Volatile 
Organic Sampling Train (VOST) Protocol. Volume II. Field Validation Phase. 
EPA/~XWI-861-014b, January 1986. 
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APPENDIX A 

GRAPHS OF PARTKLESIZE DATA 
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APPENDIX B 

CORRESPONDENCE AND DATA 
hm 

Michael D. Glasccck 
University of Missouri-Columbia 

NBUTIiON ACl-IVAlTON ANALYSIS 





I s II 
UNWERSITY OF MlSSOURl-COLUMSlA 

Research Reactor Facility 

Resemchpanc 
GYumba Mi.saui 65211 
%lnmma (314 eaz4ws17 

FAX [3141 as2-a 
c3c-d 

December 16, 1991 

FAX NO: 205-561-2875 

Edward Dismukes 
Southern Research Institute 
P-0. Box 55305 
Birmingham, AL 35255-5305 

Dear Mr. Dismukes: 

I have completed the work required to extract the 
concentrations for Eg, MO and Se from the coal and ash samples. 
The data have been enclosed on a tabulation of &ta for all 
elements. 

I apologize for failing to send these earlier. The analyses 
were conducted with a larger batch of geological specimens for 
which we routinely do not report those three elements and as a 
result Hg, MO and Se were overlooked. The &ta for MO are fine as 
there are no analytical interferences. However, the data for Ag 
and Se are more uncertain than other reported elements because of 
interferences which occur when analyzing for Hg and Se by NAA. In 
general, the orders of magnitude are okay but the absolute values 
for Hg and Se are somewhat more uncertain that all other elements 
reported. 

A copy of this letter will be sent by regular mail. Eyou 
have any questions, do not hesitate to call. 

Enclosure 
Micdael D. Glascock 

COLUMBIA KANSAS Cl-W ROLLA ST. LOUIS 
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Research Reactor Facility I s II 
UNlV!?RSllY OF MlSSOURl-COLUMBlA 

Resewchpark ccbmlaa MisJavls.5211 
RA3mcm (314) ssze ! 

FAX (3141 a%?=* 
& 

March 30, 1992 

FAX: 205-581-2726 

Edward B. Dismukes 
Southern Research Institute 
P.O. Box 55305 
Birmingham, AL 35255-5305 

Dear Ed: 

Forgive me for not responding to your letter of March 20 until 
today. I was attending a meeting in Los Angeles last week. I will 
be here this week and then gone again most of next week to attend 
a meeting in Pittsburgh. 

I have enclosed the results from our analysis of the second 
batch of coal and ash specimens using INAA. A second copy will be 
sent by regular mail. 

The glass tube packed with charcoal for collection of mercury 
vapor is a difficult analytical problem. In particular, the glass 
tube and copper/aluminum mesh when irradiated will emit a very high 
signal causing the mercury to be nearly impossible to observe. 
Thus, the only way I can analyze the sample would be by removing 
the charcoal and placing it into one of my irradiation vials. I 
assume the charcoal has not been impregnated with Ag or some other 
element. The charges would be the same as with other analyses 
already conducted for you. Please call if you have any questions. 

Sincerely, 

-r/\ L&q D. g&k-+ 

Michael D. Glascock 
Enclosures 

COLUMBIA KANSAS CITY ROLIA ST. LOUIS 
m-m- 
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APPENDIX C 

CORRESPONDENCE AND REPORTS 
from 

Nicolaa Bloom 
Brwks Rand. Ltd. 

MERCURY SPECIATION 

Names of the plant (Site 110) 
and its location have been 

deleted to avoid identification. 





BROOKS RAND, LTD. 
3960 Sixth Avenue Northwest 
Seattle, WA 98107 
Phone: (206) 632-62,06 

October 21, 1991 
Ed Dismukes 
Southern Research Institute 
P.O. Box 55305 
Birmingham, Al 53255-5305 

Dear Dr. Dismukes, 

Enclosed please find my report on mercury speciation at the 
powerplant, as well as a copy of the invoice. already 

submitted to accounts payable. Although the total number of samples 
analysed was one less than anticipated, there were additional costs 
related to Eric’s longer than anticipated stay in I hope that 
there will be no trouble paying the entire invoice--if so. please let me 
know. 

Overall, I think that the results look good, but lack of concurrent 
sampling for total Hg, or simultaneous sampling at the hot and cold 
sides, makes it diiflcult to verify the accuracy of the results. If at all 
possible, could you tell me sometime this week what the expected 
Iig concentrations were at this site (based upon input coal 
mercury levels). It would be great if the EPA-methodology numbers 
were in too, but I will not hold my breath. In the future, I think that 
we will collect simultaneous samples for total and speciation, to 
provide our own internal QA. 

I have sent a copy of this report directly to Roy Clarkson (Southern 
Company), and Don Porcella (EPRI). to help facilitate having my paper 
for the Air Toxics conference approved. Thank you for your support of 
my research. I look forward to working with you again in the future. 

Sincerely. 

c2zzkk 
Nicolas Bloom 
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Mercury Speciation in the Stack Gases of the 
Coal Fired Power Plant (September l&21. 1991) 

Nicolas S Bloom 
Brooks Rand, Ltd. 

3950 6th Avenue NW 
Seattle, WA 98107 

October 21, 1991 

Sampling. Stack gas samples were collected from both the hot 
side and the cold side of the ESP at the power plant 

over the period from September 18-21, 1991. 
Generally, one sample from each point was collected each day, with a 
goal of 4 hot side and 4 cold side samples. The hot side and cold side 
samples were collected at different times each day, so they are not 
directly comparable. Samples of 40 L volume were collected by 
vacuum at a flow rate of 0.5 L/m& using a heated (115eC) quartz 
sampling probe. The probe was designed to sample 1.5 m inside the 
stack. but it broke off on the first sample, resulting in all samples 
being collected at about 0.5 m inside the stack. 

Samples were collected through a stack of dry sorbants consisting 
first of two tandem KCl-soda lime traps (to collect or&ised Hg 
species), and then two tandem iodated carbon traps (to collect HP). 
The tandem trapping works to allow an assessment of the trapping 
eBciency for the various species. No filter was used, so that 
particulate Hg is included as part of the oxidised Hg fraction. 

Because Brooks Band, Ltd. has no isokinetic sampling equipment, 
particulate samples were collected by SRI, and aliquots shared with 
Brooks Rand. OriginaIly, our intent was to collect our samples filtered 
through quartz wool plugs, and to only analyse the gas-phase samples, 
adding to them, afterwards the data generated from the SFU 
particulates. Equipment difficulties prohibited our prefiltering the 
gas-phase samples, however, so that the particulates were collected 
onto the soda-lime traps. Thus, gas-phase concentrations for Hg(II) 
and CH$-lg were determined by subtracting the mean particulate 
levels determined on the SRI samples from the measured results from 
the soda lime traps. Although the particulate on the soda-lime traps 
was not collected isoktnetically. and so probably under-represents the 
actual particulate contribution, the potential error is small, given the 
very small fraction of the total Hg represented by the particulates. 

Analysis. Elemental Hg was determined as total Hg on the iodated 
traps in the following way: The entire contents of each trap were 
emptied into a 18.2 mL teflon vial, and 3 mL of 7:3 BNCs/&SC4 were 
added. The vials were sealed, and the contents digested at 7OoC for 3 
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h. The samples were then diluted to 18.2 mL with 0.02N BrCl in 10% 
HCI. Aliquots of from 25 to 200 PL were reduced with SnC12, and the 
Hgo then purged onto a gold coated sand trap. Analysis was achieved 
by thermally desorbing the Hg into an argon stream, flowing into a 
cold vapour atomic fluorescence (CVAFSI detector. The total number 
of ng Hg in each sample was then calculated from the volume ratio of 
aliquot to 18.2 mL. The mean of mercury values on the backup traps, 
which was found to be indistinguishable from new blank iodated 
carbon traps, was subtracted to give the net ng Hg per sample. 
Concentration Hgo was then calculated by dividing this net ng per 
sample by the sample volume in m3 (0.040). 

The KCl-soda lime traps, including the glasswool plugs. were 
digested in 125 mL of 10% HCl, in teflon bottles, until all of the soda- 
lime was dissolved (about 3 hours). This solution was then analysed 
for Hg(I1). by direct SnC12 reduction, and the steps outlined above. An 
aliquot of each sample was also in the same way analysed for total Hg, 
after first oxidizing with BrCl. The total and ionic mercury values 
were indistinguishable from eachother, indicating that no significant 
quantity of any species except Hg(II) was collected on these traps. 
Analysis of ikst and second traps indicated that the trapping efficiency 
was 81.2 f 6.3% per trap, for an overall collection efficiency of 96.5%. 
The Hg(I1) and Hgovalues were not corrected for this small deviation 
from 100%. as it is witbin the analytical noise. ln the next sampling 
set, larger soda-lime naps will be employed, to increase sampling 
efficiency to >95% per trap. 

The soda-lime trap solution was also analysed for methylmercury, 
using methyiene chloride extraction, reextraction into pure water, 
aqueous phase ethylation, cryogenic GC separation of the ethyl analogs. 
and CVAFS detection. The methylmercury values were very small, 
making assessment of trapping efficiency very diEicult. From the data, 
however, the efficiency is at least 80% per trap. Alkaline digestates 
(25% KOH in methanol) of particulate samples collected by SRI were 
analysed for methylmercury by the same method. All methylmercury 
results were calibrated by the method of standard additions. to take 
into account any potential interferences. No differences in standards 
were observed between sample matricies and deionised water. 

Summary of QA/QC results. Listed below is a summary of the 
important QA/QC results generated in the laboratory. Individual data 
are available on request. Unfortunately, no provision was made to 
provide field QA/QC data (simultaneous replicates. in situ spikes. etc.), 
so this data represents only the analytical side of the QA/QC. The 
sampling efficiency results, are true field data. however. from tandem 
trapping. 
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Method Blanks (0.040 m-3 sample size) 
elemental mercury: 0.021 kO.019 pg.m-3 (n=lO) 
ionic Hg(I1): 0.019 * 0.002 pgm-3 (n=2) 
methyl mercury: 0.00053 f: 0.00011 pg.rn-3 (n=3) 
particulate total Hg: 0.003 * 0.000 pgrn-3 (n=2) 
particulate methyl Hg: co.002 pg.rn-3 (n=2) 

Hgo Sampling efficiency 
mean ng Hg/carbon @ap (tit): 
(backup trap): 
mean recovery on first trap (Oh): 

Hg(I1) Sampling efficiency 
mean ng Hg(II)/trap (first): 
(backup trap): 
mean recovery on first trap (o/o): 

CH3Hg Sampling Efficiency 
mean ng CHsHg/trap (fist): 
(backup trap): 
recovery on first trap (O/6): 

CH3Hg Extraction Efficiency 
mean efficiency from Na-Lime 
historical mean from DDW 

69.34 f 49.80 (n=7) 
0.28 2 0.58 (n=7) 

97.9 LL 3.2 

148.25 f 54.35 (n=6) 
35.97 f 20.07 (n=6) 
81.2 If: 6.3 

0.054 C 0.030 (n=4) 
co.005 (n=2) 
>81 to >95 

85.2 2 11.1 (n-7) 
82. + 5. 

Total versus Hg(II) on Soda Lime Traps 
% of total as Hg(II), front traps: 100.2 k 3.1 (n=7) 
% of total as Hg(II), backups: 108.6 f 2.6 (n=5) 
[labile@.gm-3) = 0.96*total(vgm-3) c 3.8 (n=13, r=O.999)] 

Analytical Replicates (pgm-3 Hg) 
Hgo g/20/91 cold side: 1.280: 1.233: 1.263 
Hgo g/21/91 cold side 1.153; 1.147: 1.141 
Hg(I1) all days: see total us HgilIl above 
CH3Hg 9/20 cold side: 0.0019: 0.0014 

Comments. The data look reliable, although it is curious that the 
mean of results for the hot side are lower than for the cold side. The 
standard deviations overlap, however, and the sample sizes are too 
small to read much significance Into this. However, in the future, it 
would be best to monitor the hot side and cold side simultaneously, so 
that the numbers are directly comparable. The sampling efficiency for 
the iodated carbon traps was lOO%, and though for the soda-lime 
traps it was 81%. it was quite reproducible between runs. No 
analytical difficulties (interferences, etc.) were noted for any matrix, 
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with the exception that the large HgUI) values in the soda-lime trap 
digestates resulted at first in elevated methylmercury peaks. This was 
overcome by the methylene chloride extraction. which excludes most 
of the HgUIl. 

Two interesting chemical diiTerences rue readily apparent from the 
data: On the hot side, a greater percentage of Hg is in the elemental 
form, and CHsHg was only detected on the cold side. Both of these 
observations would be expected, given the thermal stability of oxidised 
mercury species. Although the values are low, it is somewhat 
surprising to find any particulate Hg on the hot side samples. 
Although it is our current belief that the Hg(II1 collected on the KCl- 
soda lime traps is actual ambient Hg(I1). this has yet to be proven with 
careful field spiking experiments. Until this is done, the possibility 
remains that some fraction of the Hg(II) observed actuaIly represents 
on-line oxidation of HgO. It is hoped that this question wiIl be 
resolved at the EPRI sponsored Somerset project, in the spring of 
1992. 

New sampling equipment, made with a stainless steel probe 
sheath, is being constructed, to minimize breakage in the future. Also, 
a total of 4 sampling systems will be constructed, to allow 
simultaneous sampling at two or more points, for QA purposes. For 
best QA of the data, mercury sampling should be conducted on a 
separate sampling schedule from the other work at the site, to allow 
for the use of simultaneous sampling of hot and cold sides, and/or 
simultaneous sampling of speciation and total Hg. 
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BROOKS RAND, LTD. 
3960 Sixth Avenue Northwest 
Seattle, WA 98107 
Phone: (206) 632-6206 

March 18, 1992 
Ed Dismukes 
Southern Research Institute 
P.O. Box 55305 
Birmingham, Al 53255-5305 

Dear Dr. Dismukes, 

Enclosed please find my report on mercury speciation at the 
powerplant (January, 1992). as well as 2 copies of the 

invoice. As you will see from the data, we encountered considerable 
problems this round, especially in relation to the hot-side sampling. 
Although we have spent considerable effort trying to discover the 
cause of the low results from the hot side (see discussion in report), 
we have yet to Bnd an explanation. Thus, we are only billing for the 
results obtained from the cold side and the hot side particulate data, 
where available. I am sorry for the poor results from this run--I expect 
that it is a sampling related problem. hopefully which we will resolve 
at our upcoming EPFU funded QA projects. 

At this point I should also note that I will soon be leaving Brooks 
Rand, to my own company, Frontier Geosciences. My new company 
will focus only on publishable research, and thus I will be unavailable 
for work such as this in the future. However. if you continue to need 
these anslytical services, Brooks Rand, Ltd. will continue in the 
business of mercury speciation routine analysis. The person to talk 
with in the interim is Richard Brooks, the owner. I will still remain 
affiliated with Brooks Rand as an advisor for approximately one year. 

Sincerely, Sincerely, 

Nicolas Bloom Nicolas Bloom 
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Mercury Speciation in the Stack Gases of the 
Coal Fired Power Plant (January 14-17. 1992) 

Nicolas S Bloom 
Brooks Rand, Ltd. 

3950 6th Avenue NW 
Seattle, WA 98107 

March 18, 1992 

Sampling. Stack gas samples were collected from both the hot 
side and the cold side of the ESP at the power plant 

over the period from January 14-17. 1992. 
Generally. one sample from each point was collected each day, with a 
goal of 4 hot side and 4 cold side samples. The hot side and cold side 
samples were collected at different times each day, so they are not 
directly comparable. Samples of 20 L volume were collected by 
vacuum at a flow rate of 0.35 L/m@ using a heated (115oC) quarts 
sampling probe. The probe was designed to sample 1.0 m inside the 
stack. 

Samples were collected through a stack of dry sorbants consisting 
5rst of a quarts wool filter, then two tandem KCl-soda lime traps (to 
collect oxidised Hg species), and then two tandem iodated carbon 
traps (to collect HgO). The tandem trapping works to allow an 
assessment of the trapping efficiency for the various species. The 
filters were analysed for total particulate mercury, although they were 
not isokinetically collected. Because the mercury on particulates is 
vanishingly small, the error due to non-isokinetic sampling is 
insignifmant to the mercury budget. Methylmercury was not analysed 
on the particulates, as it would be well below the limits of detection, 
given the total Hg levels. ‘Iwo particulate samples from the hot side 
were analysed on a mass rather than a volume basis, because it was 
apparent by inspection that some of the very high particulate loading 
had fallen out of the filter upon retrieval, making a per volume 
calculation impossible. 

Analysis. Elemental Hg was determined as total Hg on the iodated 
traps in the following way: The entire contents of each trap were 
emptied into a 18.2 mL teflon vial, and 3 mL of 7:3 HNGs/H2SG4 were 
added. The vials were sealed, and the contents digested at 7OoC for 3 
h. The samples were then diluted to 18.2 mL with 0.02N BrCl in 10% 
HCl. Aliquots of from 25 to 200 pL were reduced with SnC12. and the 
Hg? then purged onto a gold coated sand trap. Analysis was achieved 
by thermally desorbing the Hg into an argon stream, flowing into a 
cold vapour atomic fluorescence (CVAPS) detector. The total number 
of ng Hg in each sample was then calculated from the volume ratio of 
aliquot to 18.2 mL. The mean of mercury values on the backup traps, 
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which was found to be indistinguishable from new blank iodated 
carbon traps, was subtracted to give the net ng Hg per sample. 
Concentration Hgo was then calculated by dividing this net ng per 
sample by the sample volume in ms (0.0201. 

The KCl-soda lime traps, including the glasswool plugs, were 
digested overnight in 125 mL of 10% H2SO4, in teflon bottles. This 
solution was then analysed for Hg(I1). by direct SnCl2 reduction, and 
the steps outlined above. Analysis of iirst and second traps indicated 
that the trapping efficiency was >95% per trap, so that only the fast 
trap data were used. These traps were larger than those used during 
the first sampling at accounting for the much better 
collection efficiency this time. 

The soda-lime trap solution was also analysed for methyhnercury, 
using distillation puriilcation, aqueous phase ethylation, cryogenic GC 
separation of the ethyl analogs, and CVAFS detection. The methyl 
mercury values were very small. making assessment of trapping 
efiIciency difficult. From the data, however, the efficiency is at least 
80% per trap. All methylmercury results were calibrated by the 
method of standard additions, to take into account any potential 
interferences. No differences in standards were observed between 
sample matrices and deionfzed water. 

Summary of QA/QC results (cold side data onIy). Listed below 
is a summary of the important QA/QC results generated in the 
laboratory. Individual data are available on request. Unfortunately, 
little provision was made to provide field QA/QC data (simultaneous 
replicates, in situ spikes, etc.). so this data represents only the 
analytical side of the QA/QC. The sampling efficiency results, are true 
fleld data, however, from tandem trapping. Please note in the table of 
data the single data point collected in the field for total mercury 
(iodated carbon only, #20 cold side), which should equal the sum of all 
species measured using the speciation train. 

Method Blanks (0.020 m-s sample size) 
elemental mercury: 0.012 f 0.004 pgm-3 (n=8) 
ionic Hg(II): 0.012 + 0.006 pg.m-3 (n=3) 
methyl mercury: co.004 kg.rn-3 (n=3) 
particulate total Hg: 0.01 f 0.01 pg.m-3 (n=2) 

Hgo Sampling efficiency 
mean ng Hg/carbon trap (iirst): 33.87 k 58.01 (n=6) 
(backup trap): 0.18 2 0.24 (n-6) 
mean recovery on first trap (O&: 99.2 zk 1.2 (n=6) 
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Hg(II) Sampling efficiency 
mean ng Hg(II)/trap (first): 98.50 k 30.01 (n=4) 
(backup trap): 6.11 & 1.23 (n=4) 
mean recovery on first trap (o/l: 93.3 f 2.0 (n=4) 

CHaHg Sampling Efhciency 
mean ng CHaHg/trap (Arst): 0.69 f 0.53 (n=4) 
(backup trap): CO.1 (n=41 
recovery on first trap (O/b): >50 to s-95 

Mercury absorbed in sampling train (pgm-3 Hgl 
CO.015 ng/m3 (n=4) 

Comments. Clearly, a problem occurred this period with the hot 
side sampling, as-little or no Hg was recovered on any of the traps, for 
all four sampling attempts (data are presented in the table, in italics, 
for illustrative purposes only). The data from the cold side look 
similar to, if a bit lower, than last year’s data. We had several 
hypotheses, which we tested in the laboratory, to try to explain the 
loss of Hg on the hot side, but none was satisfactory. These were as 
follows: 

1. That the traps became too hot, allowing 
breakthrough. We tested this first by checking the 
breakthrough of the iodated carbon traps up to 2300C 
(maximum operating temperature of teflon). Even up to 
this temperature, no breakthrough was observed, even 
after 18 Hours of sampling. To further check that the 
traps could not have been even hotter, we measured the 
temperature in the probe downstream of a very hot 
(7OOoC) gas source. Within 10 cm, the gas temperature 
had dropped to only 800C. In the case of our sampling 
probe, the traps were at least 30 cm from the hottest 
possible stack temperature. 

2. That the mercury was contained on the (very 
heavy) loading of particulate matter collected only 
with the hot-side samples. Analysis of this particulate 
matter showed virtually no mercury. Adsorption of Hg on 
flyash at the hotside temperatures would have been a big 
surprise, in any case. 

3. That the heavy loading of particulate matter on the 
hot side blocked the flow, thus diminishing the sample 
volume. When we tried, in the laboratory, to pull air 
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through one of the particulate-packed Alters. using the 
field sampling system, we were at best able to obtain 60 
mL/min. whereas the field sampling rate target was about 
400 mL/min. The data logs, and conversations with 
sampling personnel, however, indicate that the flow rate 
did not drop appreciably during sampling. 

At this point, we have two remaining hypotheses, which we will 
test next time we are in the field. The most likely, is that indeed, the 
system did become clogged by particulate matter. But, owing to the 
high operating temperatures (virtually at the melting point of teflon), 
leaks developed around the teflon fittings, or holes melted through 
them, which allowed air to continue to flow, around the clogged filter. 
In this case, the explanation for the low Hg would have to be explained 
by (a) interaction with the steel sheath tubing--as any gas leaks would 
occur within that tube, or (I$. by virtue of the sheath tubing actually 
being fIlled with atmospheric air rather than stack gas, due to the 
negative pressure on the hot side. The other remaining hypothesis is 
that a combination of elevated temperature in the traps and high SO2 
levels resulted in breakthrough (our laboratory temperature 
z;ernyts have generally been conducted in an ordinary air 

A hint must be found to this problem in the fact that on the first 
sampling, we obtained reasonable results on the hot side (albeit 
slightly lower). The only obvious difference that we can iind between 
the two runs is that this time, we used filters on the ends of the tube, 
bent toward the direction of flow--resulting in much more particulates 
being collected than when we had the unfiltered tube end 
perpendicular to the direction of flow. If you are aware of any other 
differences between the two runs which might explain this problem, 
we would be very interested in talking about it. 

I think that one reasonable suggestion that I would make, however, 
is that mercury speciation not be attempted in environments greater 
than 2000C. This is because both of the msximum temperature for 
teflon, of 2300C. and because geochemically, it makes no sense. That 
is because the speciation probably changes upon cooling--and it is only 
the cooled gas which is released to the atmosphere. For mass balance 
purposes, then, only total Hg need be measured on the hot side. 
allowing the construction of special glass-only iodated carbon traps, 
which have no connectors between the sample and the iodated carbon. 

Finally, I note that methyl mercury was not analysed on the 
particulates, given the low level of total Hg found. Methyl mercury 
would have been below the limits of detection. 
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APPENDIX D 

QUALITY ASSUR4NCE/QUALITY CONTROL 



D.l METALS ANALYSIS 

Each time a set of samples was anal@ a set of calibration standards and a blank were 

run to establish the linear calibration equation between instrument signal and concentration. Al1 

of the elements to be analy-zed were present in each of the calibration standards, the relative 

concentrations of the individual elements were the same in each standard solution, but the 

calibration range for each element was extended far enough, normally by the use of tii standard 

solutions, to cover the range of concentrations in the samples being analyzed. 

A QC check sample, customarily one of the calibration standards, was run in each group 

of samples to ensure that the instrument remained in calibration while the samples were being 

analyzerL Periodically, in addition, an EPA certified quality control sample (from Spex Industries, 

Inc.) was analyzed for an independent check on instrument performance. 

Each calibration standard and each sample were run in duplicate. The average of the 

instrumental responses for duplicates was used for calculating the calibration equation and for 

calculating the composition of the sample. 

For samples available in essentially unlimited quantity, such as ash from the ESP hoppers, 

analyses were performed on the solutions prepared directly from the samples and on these 

solutions with added spikes of each element of concern. For the samples from the metals train, 

which were available in limited supply, spikes could not be added routinely. Instead, these 

samples were simulated by mixing the acids that are used to digest the samples from the trains 

and adding to the mixed acids known concentrations of the elements of interest; these simulations 

of the tram samples with spikes were then analyzed. 

All relevant blanks were analyzed. These blanks included the reagents used to assemble a 

sampling tram and the reagents used for sample digestion and analysis: filter, acids, peroxide, and 

permanganate. ‘Ihe blanks also included the components of a blank train for each teat series, ) 

which were processed analytically by the same procedures as the components of each train - 

actually used for sampling. The contribution of the blank train was negligible with respect to the 

data obtained for samples from inlet sampling trains but not with respect to the data for samples 
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from outlet sampling trains. Amounts of the elements found at the outlet were reduced by the 

amounts found in the blank tram. 

For an independent assessment of the accuracy of the KF%4AS analyses, Standard 

Reference Materials 1632b (coal) and 1633a (fly ash) were analyzed. The results of quadruplicate 

anaIyses of each are presented in Tables D-l and D-2. The results of one analysis of each SRM 

by neutron activation are also shown in these tables. 

The use of an internal standard in the ICB analyses is ~a QC measure normally used at 

Southern Research, but an internal standard that could be used successfully was never identified 

before the project was completed. Yttrium is the customary choice, but this element precipitated 

in the sample media, presumably because of the presence of high fluoride concentrations. 

Thorium and zirconium were tried as substitutes, but they failed also. Now, it appears that in the 

future osmium, purchased as the compound (NH&OsC&, may be satisfactory. 

D.2 ACID GASES 

Blank samples of the carbonate/bicarbonate solutions used in the impingers for trapping 

the acid gases and blank samples of the water used for rinsing the impingers were set aside each 

day for later analysis in the field. None of these blanks contained measurable amounts of the 

andytes of wncem. 

D.3 AEDEHYDES AND KETONE3 

Blanks of the 2,4dinitrophenylhydrazine trapping solution and blanks of the water used 

for rinsing the DNBH impingers were reserved daily in the field for laboratory analysis along with 

actual samples. Two blank trains also yielded samples for analysis. The DNF’H and water blanks 

were wmbined in the same proportions as these components of the sample trains and were 

analysed to obtain a single result for each anaiyte. The blank results for both formaldehyde and 

acetone were significant in comparison with sample results; blank corrections were applied to the 

latter as descni in Section 5.4 3. 
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Table D-l 
Test of Analytical Performance on Coal’ 

Element 

As 

MST valueb 

3.72 

Concentration, &g 

ICP/AAS results 

4.13 (12.4%) 

NAA result 

3.8 

I Ba I 61.5 I 53.6 (4.2%) I 67 I 

cd 0.0573 0.041 (7.2%) __ 

co 229 1.24 (6.4%) 2.3 

Cr (11) 4.00 (7.0%) 13 

1 Cu 1 6.28 1 4.59 (3.7%) 1 

Mn 124 11.5 (4.0%) 12.9 

MO (O-9) 0.82 (3.8%) 2.5 

Ni 6.10 3.98 (6.5%) Cl3 

I Pb I 3.67 I 3.42 (7.0%) I __ I 
I Sb I 10.241 I no result I 0.2 I 

se 1.29 0.28 (25.6%) 1.08 

V (14) 12.6 (3.6%) 15 

‘SRM 16321, 
bvalues in parentheses are advisory, not certitied. 
“Parenthetical txxcentagea express relative standard deviations. 
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Table D-2 
Test of Analytical Performance on Ply Ash’ 

Concentration, &g 
Element r 

NIST valueb ICP/AAS results NAA result 

As 145 137 (13.7%) 155.7 

Ba (1500) 1206 (2.7%) 1401 

Be (12) 9.65 (9.6%) __ 

cd 1.00 0.80 (1.8%) __ 

I co I (461 I 46.9 15.1%) I 46.8 I 
Cr 

cu 

1% 134 (3.1%) 207 

118 86.9 (6.4%) __ 

I HZ I 0.16 I I -co.042 I 
Mn 179 150 (29%) 190.5 

MO (29 24.9 (6.5%) 31.7 

Ni 127 99.1 (28%) 103 

I Pb I 724 I 43.6 (11.8%) I __ I 
I Sb I I 6.87 (9.3%) I 6.6 I 

se 10.3 6.03 (13.7%) 6.51 

V 297 258 (22%) 298 

SRM 1633a 
bValues in parentheses are advisory, not certified. 
‘Parenthetical uercentaees extwess relative standard deviations. 
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D.4 VOLATILE ORGANIC COMPOUNDS 

Tbe analytical work with the volatile organic compounds included the QA/QC measureS 

that are required or recommended by EPA in the instructions for sampling and analysis (SW-846 

Methods 0030, 5040, and 8240). The highlights of the procedures followed are described in this 

section. 

Samnling. So-called field blanks were included among the materials analyzed. Field 

blanks included portions of the water that was used to dilute condensates collected in the VOST; 

the volumes of condensates were usually small and volumetric dilution was necessary for 

quantitation purposes. Field blanks also included Tenax and Terms/charcoal sorption tubes that 

were transported to the field and momentarily exchanged with corresponding tubes that had 

previously been assembled in sampling trams. No sample air or gas was drawn through these 

blank tubes. 

Trip blanks consisted of Tenax and Tenax/charwal sorption tubes that were shipped from 

the laboratory to the field and then back to the laboratory in compartments with the other 

sorption tubes; however, the end caps were never removed from the tubes in the field and were 

only removed finally in the laboratory just before the trip blanks were analyzed. 

No blank trams of the type desc&ed in connection with the sampling of semi-volatile 

organic compounds were assembled; however, the field blanks descrii above were practically 

equivalent to tubes in a blank train 

Method 0030 does not require any exposure of the sampling tubes to ambient air except 

during brief periods when the caps are removed from the blank tubes. Nevertheless, during the 

low-NO, test series, fully assembled trains were set up on the sampling platforms at the inlet and 

outlet ducts, and ambient air was drawn through the sampling train for 10 min. The result for 

these so-called air blanks are given in Table 37 and have been discussed. 

The compound 4-bromofluorobenzene (BFB) was used to ensure that the Anahsii. 

spectrometer used in the GC/MS analysis remained properly tuned. A standard solution of this 

compound was analyzd each 12-hour period when GC/MS data were acquired. To satisfy the 
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performance criteria in Method 8240, the spectrometer was required to produce mass spectra with 

the ions of BFB within specified limits as percentages of the total. 

Five-point calibration curves for the condensates and three-point calibration curves for the 

sorption tubes were generated for each of the target compounds and surrogate wmpounds. The 

calibration curves satisfied the requirements of Method 8240. 

So-called wntinuing calibration wmpounds (CCC’s) were used in a standard solution each 

Z-hour period of GC/MS analysis to ensure that the spectrometer remained properly calibrated 

for quantitative analysis. The results were consistent with the requirements of Method 8240. 

Recoveries of surrogates (the wmpounds added to condensates or absorption tubes just 

prior to desorption) are listed below for the first test series, along with acceptable limits from 

Method 8240: 

Comwund 

1,2dichloro- 
ethaneda 

tolueneds 

4-bromofluo- 
benzene 

w 

condensate 
Terms/charcoal 

condensates 
Tenax/charwal 

condensate 

ObSUVd Required 
limits. % limits. % 

90-121 76-114 
87-125 50-150 

88-111 88-110 
62-162 50-150 

77-102 86-115 

Most of the recoveries were within the accepted limits, but there were exceptions. Not indicated 

here are exceptions - usually recoveries below 50% for DCE - that were due to interference 

from benzene in the samples. BFB was not used as a surrogate with the sorption tubes because 

of unusually erratic recoveries. 

D.5 SEMI-VOLATILE ORGANIC COMPOUNDS 

The analytical work with the semi-volatile organic wmpounds included the QA/QC 

measures that are required or recommended by EPA in the instructions for sampling and analysis 
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(SW-846 Methods 0010 and S270). The highlights of the procedures followed are described in 

this section. 

So-called field blanks and blank trains were included in the materials analyzed. Samoling. 

Field blanks included portions of the methyl alcohol/ methylene chloride solvent used in the field 

for rinsing probe, filter compartment, and impingers of the sampling train Field blanks also 

included XAD cartridges that were transported to and from the field along with cartridges used in 

the actual sampling. Blank trains were sampling elements of the MM5 train, which were 

assembled in the field as was a train to be used for sampling; the blank trains, however, had no air 

or gas drawn through them. Neither field blanks not blank trains produced analytical results that 

would have compromised the integrity of field samples. 

The XAD resin was cleaned in the laboratory according to Method 0010 specifications 

prior to being used in the field, as was all of the glassware to be used in the field. 

All XAD used in the field or used for blanks was spiked initially in the laboratory with 

hvo wmpounds: 2,4dichlorophenolds and 1,2,3-trichlor&enr.eneds. The quantity of the former 

was about 100 a; that of the latter was about 200 H. These quantities were the same as actual 

analytea at concentrations of 50 or 100 Mm3 for the minimum sampling volume of 2 Nm’. In 

actual samples, DCP was recovered at levels of 3&74% of the spike levels in the baseline testing 

or S&199% in the low-NO, testing. TCP was recovered at levels of lOO-137% in the first test 

series and 70-191% in the second These recoveries were acceptable in terms of the criteria of 

Method 8270. 

The compound decatluorotriphenylphosphine (DFI’PP) was used to ensure that Analvsis. 

the spectrometer used in the GC/MS analysis remained properly tuned. A standard solution of 

this compound was analyzed each 1Zhour period when GC/MS data were acquired. To satisfy 

the performance criteria in Method 8270, the spectrometer produced mass spectra with the ions 

of DFTPP within specified limits as percentages of the total. 
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Five-point calibration curyes were generated for each of the 68 target compounds, 

6 surrogates, and 2 spiking compounds. The calibration curvea satisfied the requirements of 

Method 8270. 

So-called continuing calibration compounds (CCCs) were used in a standard solution each 

12-hour period of GC/MS analysis to ensure that the spectrometer was properly calibrated for 

quantitative analysis. The results were consistent with the requirements of Method 8270. 

Recoveries of surrogates (the wmpounds added to the XAD just prior to extraction) are 

listed below for the tirst test series, along with acceptable limits from Method 8270: 

Comnound 

2Pluorophenol 
Phenol-d, 
Nitrobenzened, 
2-Pluorobiphenyl 
2,4,6&ibromophenol 
p-Terphenyld,, 

Observed Required 
limits, % limits, % 

57.0-83.0 21-100 
42068.5 lo-94 
30.2-56.2 35-114 
45.4-70.6 43-116 
23.4-80.5 lo-123 
48.8-66.9 33-141 

Only one result was outside the acceptable range. Data of similar but somewhat inferior quality 

were obtained during the second teat series (low-NOJ. The falter blank had low recoveries of the 

early-eluting surrogates. One inlet sample had a high recovery of nitrobenzeneds and one outlet 

sample had a low recovery of phenolds. 
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