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ABSTRACT

British  literature, correlating superheater/reheater corrosion in PC boilers with the total
chlorine (Cl) content in coals, has led many US boiler manufacturers to set their
recommended Cl level at 0.25% to 0.3% for burning US coals.   However, Cl-related boiler
corrosion has not been reported by the US utilities burning high-Cl Illinois coals.  This
means other factors, such as alkali metals, sulfur, or boiler parameters, may be responsible
for accelerated corrosion.  The goals of this study are to: 1) measure the rate of corrosion
caused by two coals (UK and IL) under identical boiler conditions for a duration which will
give a reliable comparison, 2) obtain data on the concentration and occurrence of chlorine,
sodium, sulfur, and potassium compounds in the gas and solid phases produced during
combustion, and 3) define the nature of Cl in both Illinois and British coals and the factors,
if any, that could affect its behavior or rate of corrosion during combustion.  

This is the first year of a two-year project. Chemical analyses were performed on three
British coals and two Illinois coals.  A high-Cl Illinois coal, Rend Lake, and a high-Cl
British coal, Gascoigne Wood, with similar Cl (0.4%) and sulfur (1-1.3%) contents were
chosen for this investigation.  A twenty-ton lot of Rend Lake coal chosen for this study was
ordered, processed, and distributed.  The combustion tests are now in progress.  The
Gascoigne Wood coal was also ordered and received in the U.S.  Combustion tests for both
Gascoigne Wood and a low-Cl baseline coal will be initiated in the next project year starting
September 1, 1996.

Characterization results indicated some differences and some similarities between the two
high-Cl coals.  When Gascoigne Wood coal was heated under air at low temperature, some
of the Cl in the coal combined with Na to form solid NaCl. With further heating at higher
temperatures, the NaCl  was decomposed and the formation of an organic chloride was
observed.  When Rend Lake coal was heated under air at low temperature, however, showed
no formation of solid NaCl, but further heating at high temperature showed the formation
of an organic chloride similar to the Gascoigne Wood.  These tests will be continued to
include the analysis of all three coals chosen.  Conclusive results from short-term
combustion and characterization may be helpful in the interpretation of the pilot scale
combustion results.



EXECUTIVE SUMMARY

Many British studies have associated accelerated fireside corrosion of heat exchanger tubes
in utility boilers with the high-Cl content in the fuel coal.  Their corrosion data suggested
that the corrosion rate of boiler tubes increased proportionately with increasing Cl
concentration in the fuel coal.  Based on the results of these studies, U.S. boiler
manufacturers and utility operators consider coals containing more than 0.3% Cl to be
potentially corrosive.  This 0.3% limit primarily was based on engineering studies in which
the British coal data were extrapolated to the probable corrosion behavior of U.S. coals.  The
0.3% limit on Cl level has discouraged the burning of many Illinois Basin coals in utility
boilers.

A recent survey jointly conducted by the EPRI and ICCI indicated that some U.S. utilities
have decades of experience burning high-Cl coals in the PC-fired boilers.  Although fireside
corrosion problems have been reported, most of  them could not be directly related to the
presence of Cl in coal.  This contradiction in the published results suggests that the role of
Cl in coal on boiler-tube corrosion is not fully understood.  It is possible that the level of Cl
in coal is not as harmful as predicted, or the corrosivity of high-Cl Illinois coal is less severe
than that of British coal, or other coal properties, such as sulfur and potentially volatile alkali
metals in coals are the major cause of boiler corrosion.  This discrepancy may also be
attributed to the difference in boiler design and operation between the US and UK utilities,
such as boiler superheater and reheater temperatures. Tests are needed to show how the
corrosivity of high-Cl Illinois coals actually compare with that of British coals of similar Cl
contents.

Many researchers have associated high-temperature superheater/reheater corrosion with an
alkali-sulfate-driven mechanism.  It is possible that the existence of Cl in coals may have an
impact on the liberation of the alkali metals in coals, which, in turn, may promote the
production of complex alkali trisulfates and, thus, increase the rate of boiler corrosion.  This
mechanism could be induced by the association of alkali metals with Cl in coals or by the
capability of Cl to catalytically react during coal combustion with minerals that contain
alkali metals.  Tests are required to measure the concentration of alkali metals, their
volatility and ability to form corrosive coatings during combustion. In addition, the chemical
or physical properties of the two coals may be different, and the differences could directly
or indirectly contribute to their differences in corrosion abilities. A study is also needed to
reveal the modes of occurrence of Cl, its availability (mobility) and chemical association in
the two (UK and IL) coals and their behavior during combustion.  

This study focuses on how the corrosivity of a high-Cl Illinois coal compares with that of
a British coal of similar Cl content.  It also focuses on revealing the mechanism for
differences in corrosive behaviors, if any, of these high-Cl coals. The goals of this study are
1) to measure the rate of corrosion for  high-Cl coals from the UK and IL under identical
boiler conditions for a duration which will give a reliable comparison, 2) to obtain
concentration and occurrence data on Cl, sodium, sulfur, and potassium compounds in the
gas and solid phases produced during each stage of combustion, and 3) to define the nature



of Cl in both Illinois and British coals and the factors, if any, that could affect its behavior
or rate of corrosion during combustion.      

The specific objectives of this study are to:

A. Estimate the content of potentially volatile alkali metals in a set of Illinois and
British coals  using a serial-dissolution ash analysis method. Choose  and acquire
twenty tons of one high-Cl Illinois coal, one high-Cl British coal, and one low-Cl
Illinois coal for the combustion tests.

B. Conduct advanced characterization techniques to define the nature of the chlorine in
the British and Illinois coals and the factors, if any, that could affect its behavior or
rate of corrosion during combustion.

C. Conduct three burner-rig corrosion tests in the Babcock & Wilcox (B&W) stoker
boiler.

D. Perform metallographic examination of boiler scale and/or deposit, and measure rates
of corrosion from specimen cross sections.

E. Interpret the sampling and analysis results, and compare the rates of corrosion of the
two high-Cl coals (UK and IL) with respect to the low-Cl baseline Illinois coal.

  
F. Conduct Multifuel Combustor (MFC) tests at Sandia National Labs - Combustion

Research Facilities (SNL-CRF) on three coal samples, analyze the combustion gases
using an on-line tunable diode laser technique, and collect/analyze particulate
samples during each stage of the MFC tests.

G. Interpret the MFC sampling and analysis results and propose mechanisms of
corrosive species formation.

H. Consolidate and interpret the results of the MFC tests, the burner-rig tests, and the
characterization tests.      

Chemical analyses were performed on three British coals (Gascoigne Wood, Thoresby, and
Lea Hall) and two Illinois coals (Rend Lake and Jader) obtained from our previous
investigations.  They  were analyzed for the total chlorine, total sulfur, and total ash contents
by ASTM methods.  A high-Cl Illinois coal, Rend Lake, and a high-Cl British coal,
Gascoigne Wood, with similar total chlorine (0.4%) and total sulfur (1-1.3%) contents were
chosen for this investigation.  To form a basis for assessing the corrosion effect, an Illinois
Basin coal, Jader, which contains about 0.16% chlorine will be included in the combustion
tests to provide “baseline” data.

This is the first year of a two-year project.  In the first year, 20 tons of coal from Rend Lake
mine was selected, purchased, processed, and distributed.  The Rend Lake coal sample lot
contained 0.42% Cl, 1.22% S, and 7.9% ash.  The Cl and S data were consistent with data



obtained from a previous analysis on a smaller size sample of the same coal.  The ash content
from the large sample collection (7.9%) was much lower than the content of the sample
(15.3%) previously obtained for the preliminary analysis, but it is comparable with the as-
shipped coal sample.  The combustion tests on the Rend Lake coal are now in progress.  The
Gascoigne Wood, a high-Cl British coal, was also ordered and received in the U.S.
Combustion tests for both Gascoigne Wood and a low-Cl baseline coal will be initiated in
the next project year starting September 1, 1996.

The three pilot-scale combustion tests of the three coals chosen will focus on measuring
long-term corrosion rates on the superheater stainless-steel alloys most common used in the
U.S. and U.K. under identical operating conditions.  All three coals will be tested for a
duration of 1000 hours, so that a reliable comparison can be made between them.  Also, two
specific boiler temperatures, which are commonly adopted in the U.S. and the U.K. (1100°F
and 1200°F, respectively) will be employed.

The Multifuel Combustor tests of the three coals will focus on short-term corrosion behavior
including the concentration and occurrence in the gas phase of Cl-, Na-, and K- containing
compounds produced during each stage of combustion.  The concentration and occurrence
data of these compounds in both the gas phase and the combustion residues may be helpful
in the interpretation of the long-term combustion results.

The nature of Cl in coal was determined by heating the coal, then analyzing the char using
chlorine x-ray adsorption near edge spectroscopy (Cl-XANES). The analysis was also
followed by  low- temperature  ashing of the coal, then analyzing the gas with quadrupole
gas analyzer (LTA-QGA).  The results showed that when Gascoigne Wood coal was heated
under air at low temperature around 200°C - 350°C, some of the Cl in the coal combined
with Na to form solid NaCl.  With further heating at higher temperatures, the NaCl was
decomposed and the formation of an organic chloride compound was observed.  When Rend
Lake coal was heated under air at low temperature, however, there was not observed
formation of solid NaCl, but with further heating at high temperature, an organic chloride
was formed similar to the Gascoigne Wood.

On the other hand, when the Gascoigne Wood coal was heated under N2 at temperatures
around 200°C - 350°C, the formation of solid NaCl was observed, in a manner similar to
when the coal was heated under air.  However, after further heating at high temperatures,
instead of forming an organic chloride, as observed when the coal was heated under air, the
generation of solid NaCl continued until most, if not all of, the remaining chlorine was
converted.  These results indicated that the formation of the organic chloride was associated
only with oxidation condition.  This study will be continued and extended to include the
three coals and both oxidation and pyrolysis conditions.  Conclusive results from both MFC
combustion and the follow-up characterization may be helpful in the interpretation of the
pilot-scale combustion results.
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OBJECTIVES

This study focuses on how the corrosivity of high-Cl Illinois coals compares with British
coals with similar Cl contents.  It also focuses on revealing the mechanism that could cause
the differences, if any, in corrosive behavior between these high-Cl coals.  

The goals are to: 1) measure the rate of corrosion caused by two high-Cl coals (UK and IL)
and a low-Cl Illinois coal under identical boiler conditions for a duration which will give a
reliable comparison, 2) obtain and evaluate the concentration and occurrence of  the
chlorine, sodium, sulfur, and potassium compounds (chlorides and sulfates) in the gas and
solid phases produced during each stage of combustion, and 3) help define the nature of
chlorine in the coals (UK and IL) and factors, if any, that could affect its behavior or rate of
corrosion during combustion.  The specific objectives of this study are to:

A. Estimate the content of potentially volatile alkali metals in a set of Illinois and
British coals  using a serial-dissolution ash analysis method. Choose  and acquire
twenty tons of one high-Cl Illinois coal, one high-Cl British coal, and one low-Cl
Illinois coal for the combustion tests.

B. Conduct advanced characterization techniques to define the nature of the chlorine in
the British and Illinois coals and the factors, if any, that could affect its behavior or
rate of corrosion during combustion.

C. Conduct three burner-rig corrosion tests in the Babcock & Wilcox (B&W)
stoker boiler.

D. Perform metallographic examinations of boiler scale and/or deposits, and measure
rates of corrosion from specimen cross sections.

E. Interpret the sampling and analysis results and compare the rates of corrosion of the
two high-Cl coals (UK and IL) with respect to the low-Cl baseline Illinois coal.

  
F. Conduct Multifuel Combustor (MFC) tests at Sandia National Labs - Combustion

Research Facilities (SNL-CRF) on the three coals, analyze the combustion gases
using an on-line tunable diode laser technique, and collect/analyze particulate
samples during each stage of the tests.

G. Interpret the MFC sampling and analysis results and propose mechanisms of
corrosive species formation.

H. Consolidate and interpret the results of the MFC tests, the burner-rig tests, and the
characterization tests.      
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INTRODUCTION AND BACKGROUND

The current limits on Cl in coal, as recommended by U.S. PC boiler manufacturers, are based
only on old British literature.  This is because there are no data available on the corrosivity
of the high-Cl U.S. coals.  It is possible that applying the same limits to the high-chlorine
Illinois coals is not reasonable because the properties of the Illinois and British coals and/or
their combustion conditions are different.  Furthermore, different boiler designs and
operating conditions may create different corrosive environments.  It is possible that boiler
operating conditions in the U.S. may provide a less corrosive environment in comparison
with those in Britain.  This research will generate long-term corrosion data on a high-Cl
Illinois coal, and provide a reliable comparison of the corrosivity of the Illinois coal with that
of a British coal under identical boiler conditions.  This research also is designed to obtain
data on the chemistry of chlorine, sodium, sulfur, and potassium compounds (chlorides and
sulfates) in gas and solid phases produced during each stage of combustion.  The results of
this study will be used to assist in revealing the mechanisms which could cause the
differences, if any, in corrosion behavior between the high-chlorine Illinois and British coals.

EXPERIMENTAL PROCEDURES

Task 1. Sample logistics (ISGS/CONSOL/SNL-CRF: Years 1 & 2)

Subtask 1.1. Procurement of coal samples (ISGS/SNL-CRF:  Year 1) 

A total of five coal samples was prepared in -60 mesh for Subtask 1.2 and Task 2.
These samples were obtained previously and were stored in the facility provided by
the Illinois Basin Coal Sample Program.  The samples include three  high-Cl British
coals: Gascoigne Wood (about 0.4% Cl), Thoresby (about 0.6% Cl), and Lea Hall
(about 1.2% Cl); a  high-Cl Illinois coal from the Rend Lake mine (about 0.4% Cl);
and a low-Cl Illinois coal from the Jader mine (about 0.16% Cl). 

Subtask 1.2. Sample characterization and selection (ISGS:  Year 1)

In this task,  the potentially volatile portions of the alkali compounds in coals from
Subtask 1.1 were estimated by subjecting the samples to a serial-dissolution ash
analysis (Figure 1) in addition to  traditional ASTM analyses.  During the four-stage
serial dissolution, inorganic constituents of the coal were isolated sequentially as
water-soluble salts and loosely bound materials, ion-exchangeable materials, acid-
soluble materials, and acid-insoluble materials.  The concentration of alkali metals
in the raw coals and extraction residues was determined by ashing the sample
followed by analyzing the ash using energy-dispersive X-ray fluorescence (EDXRF)
spectroscopy.  Based on these analytical data, and in consultation with other
members of  the research team (a telephone conference, November 20, 1996), the
final selection of the two high-Cl coal samples was made.  A high-Cl Illinois coal,
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Figure 1 Flow diagram of serial dissolution of ash in coal.

Rend Lake,  and a high-Cl British coal, Gascoigne Wood, with similar total chlorine
(0.4 %)  and total sulfur (1-1.3%) contents were chosen for this investigation.  

To form a basis for assessing the corrosion effect of the two high chlorine coals, a
low-Cl Illinois coal will also be included in the combustion tests.  Jader coal is our
current choice for the low-Cl Illinois coal.  This coal was used as a base line coal in
a pilot scale corrosion test (Monroe and Clarkson, 1994) to evaluate the corrosivity
of a high-Cl Illinois coal.  By using the Jader coal as a baseline coal in this
investigation, the new data obtained can be added to the data generated from the
previous investigation.  The total chlorine content of the Jader coal is about 0.16%
which is a coal accepted by the U.S. boiler manufacturers for burning in domestic
boilers.

Subtask 1.3. Procurement of 20-ton coal samples (ISGS:  Year 1 & 2) 

A twenty-ton lot of  the high-Cl Illinois coal, Rend Lake, chosen for this study was
provided by CONSOL Inc. without cost.  Processing of the coal sample according
to the procedure described in Subtask 1.4. was completed by CONSOL Inc. at
Library, Pennsylvania. A split of this sample was subjected to traditional ASTM
analyses and four-step serial-dissolution ash analysis.  The data confirmed previous
analytical results with respect to the comparability of the total chlorine and total
sulfur content of the coal.  The determination of  the alkali metals in residues from
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the four-step serial-dissolution procedures is in progress. The processed sample was
distributed to B&W,  SNL-CRF,  and ISGS for combustion and characterization tests
in June 1996. 

A twenty-ton lot of  the  high-Cl British coal, Gascoigne Wood, from a coal company
in Great Britain was purchased and shipped to the U.S..

Subtask 1.4. Preparation and distribution of 20-ton coal samples (ISGS/CONSOL:
Years 1 & 2)

A twenty-ton lot of the Rend Lake coal was prepared into a stoker boiler grade of 1"
x 0" (less than 15% minus-28-mesh) using the CONSOL mill pilot plant.  Each as-
received coal sample, nominally 2"x 0", first was screened to remove the plus-1"
material for further size reduction in a hammer mill.  The size-reduced material then
was screened and reprocessed, as necessary, until all was minus-1".  It was then
remixed with the original minus-1" material.  

Also, one 55-gallon drum of PC grind (typically 70%-75% minus 200 mesh) coal
was prepared for Multifuel Combustor tests.  A 20-lb split of that sample was
provided to the ISGS.  This was accomplished by using ASTM procedures to obtain
a representative  barrel-size sample from a twenty-ton lot.  A barrel-size sample was
then pulverized using a CE Raymond Model 352 bowl mill to obtain a PC grind
sample.

The 1" x 0" sample (roughly 20 tons) was shipped by truck to Babcock & Wilcox
Alliance Research Center in Ohio.  One 55-gallon drum of PC was shipped to Sandia
National Laboratories in Livermore, California.  Coal characterization was
conducted at each location upon receiving the coal samples.  

A similar procedure will be conducted to acquire and process the high-Cl British coal
and a low-Cl Illinois coal which will be tested in the second year.

Task 2. Conduct  advanced characterization techniques to focus on the nature of chlorine in
both British and Illinois coals and on the factors that could affect the behavior of HCl release
during coal combustion (ISGS:  Year 1)

Chlorine XANES analysis on coal chars from stepwise heating -  Two splits of the
Gascoigne Wood coal and one split of Rend Lake coal (from Subtask 1.1) were
prepared and analyzed.  One split of the Gascoigne Wood coal and the split of the
Rend Lake coal were oxidized and the second split of Gascoigne Wood coal was
pyrolyzed.  The weights of the coal sample were between 100g to 110g.  A split of
the raw coal was removed before testing.  The sample was then charged into a
fluidized bed reactor (FBR) and placed in the oven.  A gas line and thermocouple
were then connected.  In the pyrolysis experiments, a second nitrogen feed was



5

added at the top of the reactor in order to insure minimal oxygen backflow into the
reactor.  The gas flow was set at 1L/min and the oven was turned on.  The controller
was set to raise the temperature from room temperature to 200EC in one hour.

The temperature was maintained at 200EC for 30 minutes.  The FBR was then
opened and a sample was obtained.  The FBR was closed and the temperature was
raised from 200EC to 250EC in approximately 15 minutes.  The temperature was
maintained at 250EC for 30 minutes then another sample was obtained.  This process
was repeated every 50EC up to 650EC.  The samples obtained were then subjected
to Cl-XANES analysis.  This procedure will be used for the low-Cl coal sample
during the second project year.

Low-temperature ashing-quadrupole gas analysis (LTA-QGA) -This Subtask in part
involves the characterization of the nature of Cl in 4 selected British and 4 Illinois
coals by a proprietary analytical technique recently developed at the ISGS.  The
technique is based upon radio-frequency low-temperature ashing (LTA) of coal with
concurrent characterization of selected off-gases by quadropole gas analysis (QGA).
Time-release profiles at these mild oxidation LTA-QGA conditions for volatile
chlorine, carbon, sulfur, and other compounds are possible.  The main intent of this
Subtask is to probe whether the rate of hydrochloric acid release from coal, when
subjected to low temperature ashing, might be related to the nature of Cl bonding or
association in the coal.

Task 3. Conducting Multifuel Combustor tests on three coal samples (SNL-CRF:  Years 1
& 2)

Subtask 3.1. Conducting MFC tests on a high-Cl Illinois coal sample:  Round I
(SNL-CRF:  Year 1)

A split of the twenty-ton lot of high-Cl Illinois coal sample, Rend Lake, was
subjected to traditional ASTM analyses and four-step serial-dissolution ash analysis.
The data confirm previous analytical results with respect to the comparability of
total chlorine and total sulfur content of the coal sample. Analyzing the alkali metals
in residues from four-step serial-dissolution is in progress.  

The Multifuel Combustor (MFC) located at SNL-CRF in Livermore CA will be used
to obtain concentration and mode of occurrence data on chlorine, sodium, and
potassium compounds in the gas phase produced during each stage of combustion.
In addition, the solid residues will be analyzed for the same constituents.  The MFC
facility allows experiments to be performed under well-known and well-controlled
conditions while simulating most of the important characteristics of commercial-
scale boilers.  Particle and gas residence times, temperature histories, and local
stoichiometry are independently controllable in the MFC.
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The coal samples will be tested at conditions simulating one, two, or all of the
following conditions: the midsection of a boiler furnace (approx. 1200EC gas
temperature, 300EC tube temperature, 80% coal burnout, and 3.5% O2

concentration), entrance to the convective pass (approx. 900EC gas temperature,
500EC tube temperature, 95% coal burnout, and 3.5% O2 concentration), and
convective pass exit (approx. 500°C gas temperature, 300°C tube temperature, 97%
coal burnout, and 3% O2 concentration).  

During these tests, deposits will be accumulated on probes inserted in the combustor.
The probes will be removed later, cast in epoxy, and examined under a scanning
electron microscope (SEM) to determine their structure and elemental composition.
In particular, the probe-deposit surface will be investigated to determine the extent
of sulfidation and corrosion.

Advanced diagnostic procedures  under development in the laboratory will be used
to perform in situ time-resolved monitoring of deposits and gases. The two principal
diagnostic procedures to be used include a Fourier transform infrared (FTIR)
spectrometer and a tunable diode laser (TDL).  The former is used to monitor
emitted infrared radiation in order to determine the chemical components that form
on the surface of the probe.  The laser is used to probe the combustion gases for
inorganic vapor concentrations (including chlorides, hydroxides, oxides, and
sulfates).  Both of these techniques are under development.  While we believe they
will provide valuable insight, the solid sampling and other standard techniques will
provide complementary backup information using more traditional and established
procedures.

Subtask 3.2. Conducting MFC tests on a high-Cl British coal sample:  Round I
(SNL-CRF:  Year 2)

Upon receipt, the high-Cl British coal sample will be subjected to traditional ASTM
analyses and four-step serial-dissolution ash analysis.  The alkali metal and chlorine
contents of the raw coal and extraction residues will be determined. The MFC tests
will be conducted under the same conditions described in the previous task to
examine deposits, NaCl concentration, volatile alkali-metal-containing compounds,
and fly ash.  Corrosion probes will also be employed.

Subtask 3.3. Conducting MFC tests on a low-Cl Illinois coal sample:  Round I (SNL-
CRF:  Year 2)

Upon receipt, the low-Cl Illinois coal sample will be subjected to traditional ASTM
analyses and four-step serial-dissolution ash analysis.  The alkali metal and chlorine
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contents of the raw coal and extraction residues will be determined.  The MFC tests
will be conducted under the same conditions described in the previous task to
examine deposits,  NaCl concentration, volatile alkali-metal-containing compounds,
and fly ash.  Corrosion probes will also be employed.

Subtask 3.4. Conducting MFC tests, Round II (SNL-CRF:  Year 2) 

Up to a total of nine combustion tests for three coals will be performed in the first
round (Subtasks 3.1 to 3.3).   A second, smaller round of tests is planned to resolve
any discrepancies or uncertainties discovered in the first round.

Subtask 3.5. Data collection and interpretation of results (Years 1 & 2) 

Feed coals, intermediate, and combustion residues will be analyzed for alkali metals
and chlorine compounds.  The gas produced during coal combustion will be analyzed
in situ.  These measurements will be supplemented by analysis of size-classified
solids extracted from the MFC.  The combustion residues will be analyzed for
sodium, potassium, chlorine, and sulfate.  Other characteristics, such as total Btu of
raw coals and combustion residues, will also be determined.  These data will be
examined as a function of the element concentrations in the original coal samples.
Metallographic characterization and short-term corrosion data will be evaluated and
compared with those of long-term corrosion testing to be performed at B&W.

Task 4. Conducting three burner rig tests (B&W:  Year 1 & 2)

Subtask 4.1.  Conducting a stoker boiler corrosion test on a high-Cl Illinois coal
sample  (Year 1).

The Rend Lake high-Cl Illinois coal sample was subjected to proximate analysis,
ultimate analysis, heating value (Btu), chlorine content, major constituent analysis,
and alkali content analysis at B&W,  according to the ASTM procedures. 

Combustion of the Rend Lake coal is now in progress and is expected to be
completed in August 1996.  Corrosion probes, containing duplicate specimens of two
test materials, were fabricated and installed in the Fireside Corrosion Testing
Facility.  In order to test two specific boiler wall metal temperatures for boiler
corrosion, two common commercial alloys (SA213-T304 and SA213-T310) are
being tested.

Table 1. Nominal composition of common superheater alloys in wt%.

Alloy C Mn P S Si Ni Cr Mo
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SA213-
T304

0.08
Max

2.0
Max

0.04
Max

0.03
Max

0.75
Max

8-11 18-20 -----

SA213-
T310

0.08
Max

2.0
Max

0.04
Max

0.03
Max

0.75
Max

19-22 24-26 ----

The nominal compositions of these alloys are given in Table 1.  The stainless-steel
grade materials (i.e., 304SS and 310SS) are frequently used at the hottest superheater
section of utility boilers.  The gas and metal temperatures of the corrosion probe are
being controlled to reproduce conditions in a superheater of a typical PC-fired utility
boiler.  The probe will be exposed to the combustion gas for a total of 1000 hours.
After the test, the probes will be removed and the alloy samples will be examined as
follows:

Corrosion measurement - Prior to corrosion probe testing, the initial weight and outer
diameter of each tube sample will be carefully measured.  After the 1000-hour
exposure in the Fireside Corrosion Testing Facility, one of the specimens of each
alloy will be chemically cleaned.  The chemical cleaning will remove the coal ash
deposit on the sample surface as well as the oxide scale formed during the high-
temperature exposure.  After the cleaning is completed, the final weight and outer
diameter will again be measured.  Based on the weight change data, corrosion rates
of the alloys will be calculated.

Metallographic examination -  Metallographic examinations will be performed on
the other specimens of each alloy after the corrosion exposure.  Cross-sectional
samples will be mounted and polished using the standard metallogical procedures.
The ash deposit and oxide scale morphologies will be examined using an optical
microscope and a SEM equipped with energy dispersive X-ray (EDX) spectrometry
capability.  Element mapping will be performed on selected samples, when deemed
necessary, to reveal the distribution of various corrosion species.  Sufficient
metallographic examinations will be conducted to establish a better understanding
of the corrosion mechanism and the role of chlorine in coal, if any, in the high-
temperature corrosion of superheater materials.

Analysis of coal-ash deposit -  Selected samples of the coal-ash deposit condensed
on the cooled corrosion probes will be analyzed.  The purpose of this analysis is to
determine the major constituencies in the coal ash layer,  adjacent to the alloy
surface, which governs the corrosion mechanism.  Results of this analysis may help
identify the degree of chlorine involvement in the coal ash corrosion process on
superheaters.  In addition to Na and K, Ca and Mg should also be considered as
possible constituents of the corrosion scale.
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Subtask 4.2.  Conducting a stoker boiler corrosion test on a high-Cl British coal
sample  (B&W:  Year 2).

After receipt, the high-Cl British coal sample will be analyzed according to the
standard ASTM procedures.  The coal sample will then be burned in the same test
facility, and the gas and metal temperatures of the corrosion probe will be controlled
to the same condition as used in Subtask 4.1.   After the test, the alloy samples will
be examined according to procedures described in Subtask 4.1.

Subtask 4.3.  Conducting a stoker boiler corrosion test on a low-Cl Illinois coal
sample  (B&W:  Year 2).

After receipt, the low-Cl Illinois coal sample will be analyzed according to the
standard ASTM procedures.  The coal sample will then be burned in the same test
facility, and the gas and metal temperatures of the corrosion probe will be controlled
to the same condition as used in Subtask 4.1.   After the test, the alloy samples will
be examined according to procedures described in Subtask 4.1.

Subtask 4.4.  Data collection and interpretation of results  (Years 1 & 2).

All relevant technical data collected from this program will be recorded in a
laboratory log book.  Any instruments used for the data generation will be first
certified by the instruments personnel and documented.  The corrosion data will be
analyzed and interpreted primarily by B&W, with technical advice from the ISGS
and other members of the research team.

Task 5. Preparation of reports to the ISGS.

SNL-CRF serves as a participant in this ICCI program, and funding for SNL-CRF
is contributed from the U.S. DOE.  SNL-CRFcontributed to periodic (quarterly)
reports and a final report to the ISGS to update the program development.  Dr. Larry
Baxter of the Combustion Research Facility serves  as the SNL-CRF project leader
to oversee the program development and is responsible for report preparation.
Analytical support, in part, is contributed by CONSOL Inc..  The ICCI program
review meetings will be attended by a SNL-CRF technical representative at the
request of the ISGS.

B&W serves as a subcontractor to the ISGS for the ICCI program.  Dr. Steven C.
Kung of the Corrosion section at the Alliance Research Center serves as the B&W
project leader and oversees the program development.  Technical supports at B&W
comes from  the Analytical Chemistry, Combustion Technology, and Metallurgical
Technology sections.  Quarterly reports and a final report were submitted to the
ISGS. Dr. Kung had attended the ICCI annual program review meeting held at
Champaign-Urbana on July 30 and 31, 1996.
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Task 6. Preparation of reports to the ICCI/U.S.DOE

Three quarterly reports and an annual report were prepared and submitted to the
ICCI.  The progress results of this investigation were presented at the ICCI Annual
Technical Meeting on July30 and 31, 1996.  Conclusive data from the nature of
chlorine in coal characterization, results from SNL-CRF's investigation on the
chemistry and mechanisms of corrosion, and corrosion data from long-term testing
at B&W will be discussed and incorporated with the entire research findings

RESULTS AND DISCUSSION

Sample selection

Three British coals (Gascoigne Wood, Thoresby, and Lea Hall) and two Illinois coals (Rend
Lake and Jader) obtained from our previous investigations (Chou et al., 1995) were analyzed
for total chlorine, total sulfur, and total ash contents by ASTM method.  The wt% data on
dry coal basis from the British coals were compared to data from the Rend Lake coal, a high-
chlorine Illinois coal (Table 2).  As indicated in the table, both Rend Lake and Gascoigne
Wood coal samples have identical chlorine contents of 0.4%, whereas, the Thoresby and Lee
Hall coals have a higher total chlorine content (0.6% and 1.2%, respectively).  Furthermore,
the sulfur content of the Gascoigne Wood sample (1.3%) is also very similar to that of the

Table 2. Total chlorine, sulfur, and ash contents of 
three British coals and two Illinois coals.

Wt% on dry
coal basis

Thoresby Lee Hall Gascoigne
Wood

Rend
Lake

Jader

Cl 0.6 1.2 0.4 0.4 0.2

S 2.0 0.9 1/3 1.0 3.0

Ash 14.1 3.6 22.0 15.3 8.2

Rend Lake sample (1.0%).  However, the ash content of the Gascoigne Wood sample (22%)
is much higher than that of the Rend Lake coal sample (15.3%).  Of all the criteria to be
considered, the total chlorine content is the most important for choosing similar coals, and
the two remaining factors are of secondary importance.  The British coal, Gascoigne Wood,
and the Illinois coal, Rend Lake, were chosen as high-chlorine coals for this investigation,
on the basis of the chemical data obtained.

To provide  a basis for assessing the corrosion effect of the two high-chlorine coals, a low-Cl
Illinois coal will also be included in the combustion tests.  Jader coal is our current choice
for the low-Cl Illinois coal.  This coal was used as a baseline coal in a pilot-scale corrosion
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test (Monroe and Clarkson, 1994) to evaluate the corrosivity of a high-Cl Illinois coal.  By
using Jader coal as a baseline coal, the new data obtained can be added  to the data generated
from the previous investigation.  The total chlorine content of the Jader coal is about 0.2%,
which is a coal accepted by U.S. boiler manufacturers for burning in their boilers.

Current situation on sample acquisition and preparation

This is the first year of a two-year project.  In the first year, the purchasing, processing and
distribution of the Rend Lake coal was completed.  Combustion tests on the Rend Lake coal
are now in progress and should be completed before August 31, 1996.  The Gascoigne Wood
coal was purchased from England and was delivered and received in the U.S.  If everything
proceeds as planned, the sample should be processed and delivered to the combustion site
before the end of August 1996. The Jader coal will be purchased during the next project year
after September 1, 1996.  Combustion tests on both the Gascoigne Wood coal and the Jader
coal will begin shortly after they are received at the combustion sites.

A split of the 20-ton lot of Rend Lake coal was used to obtain chlorine, sulfur, ash, and oxide
composition of the coal sample.  These data, along with data obtained from a split of
Gascoigne Wood coal shipped from Great Britain, are listed in Table 3.

The sample of Rend Lake coal contained 0.42% Cl and 1.22% S; whereas recently shipped
Gascoigne Wood coal contained 0.46% Cl and 1.13% S.  These data were consistent with
data obtained from the previous analysis on a smaller size sample. A comparison of the ash
content of the Rend Lake coal (7.9%) with the ash content (15.3%) obtained for the coal
during preliminary analysis (Table 2) indicated that coal from the large sample collection
had a much lower ash content.  Although the ash content of the large sample of Rend Lake
coal was somewhat less than determined during our preliminary analyses (Table 2), this coal
is acceptable to all the investigators because the main concern of this investigation is to
compare the corrosivity of two coals that have similar total chlorine contents. 

Table 3. Total chlorine, sulfur, and ash contents of Rend Lake coal from the 20-ton
lot sample and Gascoigne Wood coal from a newly shipped sample.

Wt% on dry coal basis Gascoigne Wood Rend Lake

Cl 0.46 0.42

S 1.13 1.22

Ash 14.69 7.90
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Table 4. The ash oxide composition of Rend Lake coal from the 20-ton lot sample
and Gascoigne Wood coal from a newly shipped sample.

Wt% on dry coal basis Gascoigne Wood Rend Lake

SiO2 53.63 50.05

Al2O3 27.05 23.30

TiO2 0.81 1.12

Fe2O3 6.49 4.11

CaO 1.72 3.49

MgO 1.61 1.77

Na2O 1.90 1.73

K2O 3.77 2.36

P2O5 0.19 0.25

SO3 1.56 2.42

The oxide composition data (Table 4) obtained by inductively coupled plasma mass
spectrometry (ICPMS) analysis indicated a similarity between the two coals.

Pilot scale stoker boiler combustion tests

Combustion test for Rend Lake coal sample is now in progress.  Preparation for the test was
initiated in April.  The test began shortly after the coal was received at B&W in June.
Corrosion tests at B&W focus on providing identical boiler conditions including boiler
materials and tubed temperatures that are most commonly used in both the United State and
Great Britain.

Multifuel combustor (MFC) tests

Combustion testing with the Rend Lake coal sample is in progress.  Short-term (drop tube)
multifuel combustor tests at Sandia national Laboratories focus on short-term corrosion
behavior and on the concentration and the occurrence of volatile alkali metals and chlorine-
containing compounds during each stage of coal combustion.  Gas phase analysis will be
conducted using an in situ  tunable diode laser technique.  The concentration and occurrence
of chlorine, sulfur, sodium, and potassium compounds in the gas and/or solid phases
produced during each stage of combustion may help in interpreting results from the pilot-
scale combustion test at B&W.



13

Characterization tests

Two advanced characterization techniques were used to determine chlorine in coal: 1)
Heating a sample of coal followed by char analysis using chlorine x-ray adsorption near edge
spectroscopy (Cl-XANES) and 2) Low-temperature ashing with quadrupole gas analysis
(LTA-QGA).

Chlorine-XANES analysis on coal chars from stepwise heating

The behavior of chlorine in a British coal (Gascoigne Wood) during both pyrolysis (N2) and
oxidation (air) conditions, and the behavior of chlorine in an Illinois coal (Rend Lake) during
oxidation only were examined through the interpretation of Cl-XANES spectra of sets of
chars prepared using a fluidized bed reactor.

The Cl-XANES results were interpreted by comparing the spectra of chars with those of
reference compounds.  As indicated in Figure 2, the  spectrum for crystalline NaCl shows
a strong broad peak at 0 to 1 eV and a sharp peak in the region of 12.5 eV.  The sharp peak
at 12.5 eV is a characteristic of the appearance of crystalline NaCl.  Solutions of both NaCl
and HCl show a strong double peak at 0.0 to 3.5 eV followed by a much broader weaker
peak at about 20 to 22 eV region.  In contrast, spectra of the reference compounds of organic
chlorides show a very sharp peak at -2.5 to -0.5ev followed by a broader peak in the region
of 15 to 21 eV.  It should be noted that for most untreated coals the only form of Cl observed
is in solution, and the identity of the positive counter ions with which the chloride anions are
associated in the solution cannot be unambiguously determined from Cl-XANES spectra.

The results of Cl-XANES analysis of chars prepared from Gascoigne Wood (Figure 3)
showed that the chlorine behaved similarly during low temperature (up to 250°C) heating
under both N2 and air.  The ionic Cl occurred as NaCl crystals.  When heated under nitrogen,
NaCl crystals continued to be generated as the temperature was increased in the stepwise
heating procedure. The XANES spectrum for the char produced at 400° consisted of almost
pure NaCl.  When heated under air, however, the NaCl crystals produced during low-
temperature heating were decomposed, and the formation of organic chloride compounds
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Figure 2: The Cl-XANES spectra of standard compounds used to interpret the current
results.

was observed at higher temperatures.  The Rend Lake sample heated under air revealed no
crystalline NaCl formations but did show formation of organic chloride similar to the
Gascoigne Wood.  The most interesting features of this study were that crystalline NaCl was
observed in char from the Gascoigne Wood coal but not in those from the Rend Lake coal;
however, organic chloride compounds were observed at similar temperatures in chars of

both coals.  The NaCl formation in the British coal may be due to the higher content of
sodium in the British coal or that chlorine in the Illinois coal is associated with cations other
than sodium.  The appearance of organic chloride seems to occur only during oxidation
condition.  Additional results from this investigation may help in interpreting the results of
the long-term and short-term combustion tests.

The results of the current investigation using the coal samples heated in a fluidized bed
reactor were compared with  results of tests in which  the coal samples were heated stepwise
in a tube furnace under air (Chou et al., 1995)(Figure 4).  The results of the two
investigations are consistent with the fact that crystalline NaCl was produced in chars from
the Gascoigne Wood coal but not in those from the Rend Lake coal, and organic chloride
formation was indicated for chars from both coals when they were heated above 400°C.



Figure 3: Cl-XANES spectra of stepwise heated char samples of a Gascoigne Wood heated under nitrogen (left) and under
air (center) and Rend Lake heated under air (right).

         15
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Figure 4. Cl-XANES spectra of Gascoigne Wood and Rend Lake coals and 
chars obtained from stepwise heating under air in a tube furnace. 

L o
w-temperature ashing-quadrupole gas analysis (LTA-QGA)

The LTA-QGA method was previously developed at the ISGS.  By determining the sulfur
dioxide evolution profile during low temperature ashing (oxidation) of the coal, the method
can distinguish the forms of sulfur in coal.  The purpose of this study is to determine the
hydrogen chloride (HCl) evolution profile of a set of coals and to examine if the evolution
profile during low temperature ashing (about 130°C) of the coal could be related to the mode
of chlorine (organic or inorganic) association in the coal.

From several initial runs, there appeared to be significant differences in the rate of HCl
release between the various coals, however, replicate runs were not consistent enough for
conclusive interpretations.  Low-temperature ashing experimental runs were made on  8
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Figure 5. Comparison of HCl evolution profiles from pure NaCl, IBC-112 (0.2%Cl),
and mixture of IBC-112 and pure NaCl generated by LTA-QGA analysis.

coals (differing in Cl and other constitutes).  Experimental variables such as storage
conditions, drying conditions, grinding to smaller particle size, and hot water extraction to
remove labile chlorine were investigated.  These HCl-release results were interpreted in
relation to replicate runs, differences in Cl content, and other available physical data.  The
preliminary finding are: 1) sample storage, either long-term under dry conditions or vacuum-
dried prior to low-temperature ashing, was not found to be critical, 2) reduced particle size
did not appear to influence the HCl release significantly, and 3) there did not appear to be
any significant relationship between HCl release rates and porosity, surface area, or %
extracted sodium value of the coals.

The preliminary LTA-QGA data showed a good correlation between the HCl partial pressure
(at LTA equilibrium conditions) and ASTM Cl contents for the coals tested.  The results also
indicated that under oxidation conditions, coal could induce the removal of chlorine from
solid NaCl at a temperature (about 130°C) much lower than the temperature for pure solid
NaCl decomposition (Figure 5).
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The preliminary results show that the combination of heating of coal and Cl-XANES
analysis of the resulting char appears to be a better method than LTA-QGA method for
determining the occurrence and behavior of Cl in coal.  This is due to the fact that the latter
method does not discriminate between chloride in solution, organic chloride, and solid NaCl.
Characterization tests using both advanced techniques will be continued in the second year.
These tests will be extended to include the three selected coals and both oxidation and
pyrolysis conditions.  The final results for the characterization of Cl in coal and for the
Multifuel Combustor tests may help in the interpretation of the pilot-scale combustion
results.

CONCLUSIONS AND RECOMMENDATIONS

This is the first year of a two-year project.  In the first year, sample selection was completed.
Two high-Cl coals, Rend Lake and Gascoigne Wood, were purchased and received.  Both
the short-term and the long-term combustion tests on the Rend Lake coal are in progress.
Purchasing of a low-Cl baseline coal and performance of combustion tests on both the
Gascoigne Wood and a low-Cl baseline coal, Jader, will be initiated in the next project year
starting on September 1, 1996.

The nature and behavior of Cl in the two coals during oxidation were examined by
determining the chlorine x-ray adsorption near edge spectroscopy (Cl-XANES) spectra of
sets of chars prepared using a fluidized bed reactor.  The results showed that when
Gascoigne Wood coal was heated under air at low temperature (approximately 200°C -
350°C), some 
of the Cl in the coal reacted with Na to form solid NaCl. After further heating at higher
temperatures, the NaCl produced was decomposed and the formation of organic chloride
compound was observed.  When Rend Lake coal was heated under air at low temperature,
however, no formation of solid NaCl was observed , but upon further heating at high
temperature, it showed formation of organic chloride similar to the Gascoigne Wood.

The nature and behavior of Cl in the Gascoigne Wood coal during pyrolysis was also
examined.  The results indicated that when the Gascoigne Wood coal was heated under N2

at temperatures around 200°C-350°C, the formation of solid NaCl was observed, as when
the coal was heated in air.  However, after further heating at higher temperatures, instead of
forming organic chloride compounds as observed when the coal was heated under air, the
generation of solid NaCl continued until most, if not all, of the remaining chlorine was
converted.  These results suggested that the formation of organic chloride compounds was
associated only with oxidizing condition.  This study will be continued and extended to
include the three coals chosen under both oxidation and pyrolysis conditions.  The final
results from both short-term combustion tests and characterization tests may help in the
interpretation of the pilot scale combustion results
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Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its
endorsement, recommendation, or favoring; nor do the views and opinions of authors
expressed herein necessarily state or reflect those of the Illinois Department of Commerce
and Community Affairs, Illinois Coal Development Board, or the Illinois Clean Coal
Institute.

Notice to Journalists and Publishers: If you borrow information from any part of this
report, you must include a statement about the State of Illinois’ support of the project.


