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 ABSTRACT 
 
Advanced gravity-based cleaning can potentially reduce the contents of ash and air toxics, 
including sulfur (S) and trace and minor elements, in finely ground coals to levels predicted 
by laboratory float-sink (F-S) tests.  Therefore, the goal of this project was to generate F-S 
washability data on ash, S, and 16 trace and minor elements (As, Be, Cd, Cl, Co, Cr, F, Hg, 
Mn, Ni, P, Pb, Sb, Se, Th, U - all identified as hazardous air pollutants (HAPs) by the Clean 
Air Act Amendments of 1990) in marketed Illinois coals.  The data will assist in developing 
strategies to prevent or reduce the adverse effects of pending environmental regulations on 
the use of Illinois coals in power generation.   
 
Samples of 29 marketed coal products from Illinois mines that were in operation during 
1995 were ground to -100 mesh and separated into their specific gravity fractions (<1.3, 1.3-
1.4, 1.4-1.6, >1.6) using a centrifugal F-S method.  Also, representative splits of 10 samples 
selected among the 29 samples were ground to -200 mesh and subjected to similar F-S 
separation tests. Using the moisture and ash data on the F-S fractions, a composite sample 
of 80%-combustibles recovery was prepared for each F-S test. 
 
For the twenty-nine -100 mesh samples, the ash content in the composite samples decreased 
(relative to parent coals) by 37% to 75%.  Average decreases for As(63%), Cd(73%), 
Hg(70%), Mn(70%), and P(58%) exceeded the average decrease for ash (53%).  Average 
decreases for other elements were: Co(33%), Cr(19%), F(35%), Ni(30%), Pb(45%), 
S(27%), Sb(18%), Th(28%), and U(12%).  Only Be was enriched (on average, 118%) in 
composite samples relative to the original coals.  However, the additional environmental 
risk from Be enrichment during fine-coal cleaning could be insignificant because this 
element has small initial concentration in the coals and relatively low atmospheric mobility 
during coal combustion.  Grinding the samples to  -200 mesh generally did not result in 
significant  improvement in the F-S separation of ash, S, and HAPs, beyond the separations 
obtained at -100 mesh.  Thus, grinding marketed Illinois coals to -100 mesh would be 
sufficient for significantly improving the quality of these coals through the use of advanced 
gravity-based cleaning techniques. 
 
The F-S data of this study showed that the ultimate cleanability of Illinois coals is 
substantially greater than that indicated by release analysis data of a previous study.  



 EXECUTIVE SUMMARY 
 
The Clean Air Act Amendments (CAAA) of 1990 require that emissions of 189 hazardous 
air pollutants (HAPs) and sulfur dioxide into the atmosphere from various human sources 
be reduced.  Among the 189 HAPs, there are 16 elements (As, Be, Cd, Cl, Co, Cr, F, Hg, 
Mn, Ni, P, Pb, Sb, Se, Th, U ) that occur in coal and that can potentially be emitted into the 
atmosphere as a result of coal combustion.  Electrical utilities are presently exempt from 
having to comply with the CAAA requirements on HAPs.  However, this may change after 
the U.S. EPA completes its risk analyses and promulgates emission standards.   
We previously determined contents of ash, sulfur (S), and HAPs in marketed coal samples 
from operating mines in Illinois and compiled existing data on channel samples1.  In another 
project, we investigated froth flotation cleanabilities of ash and HAPs in the same coals 
using a froth flotation / release analysis (FF/RA) procedure2.  The FF/RA data can be used 
to estimate the performance of the coals in standard column or froth flotation circuits.  
However, FF/RA data generally do not indicate maximum, theoretical cleanability of finely 
ground coal3,4.  Float-sink (F-S) washability tests appear to be more suitable than the FF/RA 
for determining the maximum cleanability of a coal sample at a given particle size.  The 
purpose of this project, therefore, was to generate F-S washability data on ash, S, and HAPs 
in marketed coal products from all operating Illinois mines and to compare the results with 
the FF/RA data obtained previously.  
   
New gravity-based cleaning technologies or technologies that combine gravity separation 
and column flotation potentially can  achieve the same levels of washability efficiency 
predicted by results from F-S separation of finely ground coal in the laboratory.  The F-S 
washability data produced by this project can then be used to evaluate the efficiency of 
physical fine-coal cleaning, especially advanced gravity-based cleaning, for reducing ash, S, 
and HAPs contents in marketed coal products from operating Illinois mines.  The marketed 
coal products are currently ground to 70% -200 mesh size for utilization in PC boilers 
which comprise over 90% of the combustion boilers used in Illinois5. Therefore, because of 
no extra cost for grinding, an advanced cleaning strategy to produce compliance coal from 
Illinois coals could be economical. 
 
For this project, samples of 29 marketed Illinois coals were ground to -100 mesh and then 
separated into their specific gravity fractions (<1.3, 1.3-1.4, 1.4-1.6, >1.6) using a 
centrifugal F-S method.  In addition, representative splits of 10 samples selected among the 
29 samples were subjected to similar F-S separation at -200 mesh size.  For a given test, the 
first two and sometimes three lightest F-S fractions were combined in proportion to their 
moisture and ash contents to obtain a clean composite sample with the lowest possible ash 
content at an 80%-combustibles recovery. 
 
The result of the F-S tests indicated that ash and S contents of marketed Illinois coals can 
potentially be reduced significantly, beyond conventional cleaning, through the use of 
advanced physical fine-coal cleaning.  For the 29 samples ground to -100 mesh, the 
decrease in the ash content of the clean composite samples relative to the parent coals 
ranged from 37% to 75% with an average decrease of 53%.  As a result, clean composite 
samples having ash contents of 2.8 to 3.9% were produced from 10 of the 29 samples. For 



the remaining composite samples, the ash content ranged from 4.0 to 5.3 % for 12 samples 
and 5.6% to 7.9% for 7 samples.  The S content of the 29 composite samples varied 
between 0.6 and 3.5%, representing a decrease of a 8% to 47% with an average of 27%. The 
S remaining in the clean composite samples was overwhelmingly organic S. 
 
Among the decrease values for HAPs, the average decreases for As(63%), Cd(73%), 
Hg(70%), Mn(70%), and P(58%) exceeded the average decrease for ash, indicating that 
these five elements were somewhat enriched in relatively coarse mineral grains that were 
effectively removed.  Precombustion removal of As, Cd, and Hg from coal is important 
because of the relatively high atmospheric mobility of these elements during coal 
combustion.  The average decreases for Pb(45%), Se(38%), and F(35%), three other 
elements with relatively significant atmospheric mobility, were smaller than the decrease for 
ash but still significant.  The average decreases for other HAPs were: Co(33%), Cr(19%), 
Ni(30%), Sb(18%), Th (28%), and U(12%).  Although Sb can be mobilized to a relatively 
significant degree by attachment to air-borne fly ash particles, small Sb concentrations 
(generally <1.5 mg/kg) in marketed Illinois coals could limit any environmental risk 
associated with Sb emission from combustion of these coals.  Only Be was generally 
enriched in the -100 mesh washability products (on average, by 118%) when compared with 
the parent coals, suggesting that Be was associated with the coal macerals.  Because some 
of the Be stays with bottom ash and slag during coal combustion, and because the Be 
content of marketed Illinois coals is usually <1.5 mg/kg, additional environmental risk due 
to the enrichment of this element could be very small or insignificant.  Because a Cl-
containing heavy medium was used in the F-S tests, the Cl analysis was compromised for 
this study.  Further improvement in the F-S separation of ash, S, and HAPs made by 
grinding 10 of the samples to -200 mesh was generally insignificant. Thus, grinding the 
coals to -100 mesh would be sufficient for significantly improving their quality through the 
use of advanced gravity-based cleaning techniques. 
 
The F-S process used in this study generally removed significantly more ash and HAPs than 
the previously used2 FF/RA process.  Therefore, the F-S tests can estimate the ultimate 
cleanabilities of marketed Illinois coals better than the FF/RA tests. 
________________________________________________________________________ 
 1Demir, I., Harvey R.D., Ruch, R.R., Damberger, H.H., Chaven, C., Steele, J.D., and 

Frankie, W.T., 1994, Characterization of Available (Marketed) Coals From Illinois 
Mines. Illinois State Geological Survey, Open File Series 1994-2, 26 p. 

2Demir, I., Ruch, R.R., Harvey, R.D., Steele, J.D., and Khan, S., 1995,  Washability of 
Trace  Elements in Product Coals from Illinois Mines. Illinois State Geological 
Survey, Open File Series 1995-8, 22 p.  

3Straszheim, W.E. and Markuszewski, R., 1989, Association of mineral matter with the 
organic coal matrix, Preprints ACS Div. Fuel Chem., v. 34(3), p. 648-655. 

4Forrest, W.R., Adel, G.T., and Yoon, R.H., 1994, Characterizing coal flotation 
performance using release analysis.  Coal Prep., v. 14(1-2), p. 13-27.  

5Honaker, R.Q., Paul, B.C., and Wang, D., 1994, Advanced physical coal cleaning to 
comply with potential air toxic regulations. Quarterly Technical Report (9/1-
11/30/1994) to the Illinois Clean Coal Institute. 
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 OBJECTIVES 
 
The objectives of this project were (1) to generate fine-coal washability data to evaluate the 
potential effectiveness of new gravity-based or a combination of gravity-based and surface-
based coal cleaning techniques for reducing contents of ash, sulfur (S), and trace and minor 
elements in marketed coal products from operating Illinois mines, and (2) to compare the 
results with froth-flotation cleanability data previously obtained on the same coals. 
   
The following tasks were carried out to meet our objectives: 
 
1. Quality control/quality assurance (QA/QC).  A comprehensive QA/QC plan, already used 
for other projects at the ISGS, was adapted for this project. 
 
2. Sample preparation.  The samples used for this project were previously collected and 
stored under nitrogen gas in our laboratory.  Representative splits of the samples were 
ground to two different sizes (-100 mesh, -200 mesh) for the proposed washability tests. 
 
3. Washability tests.  A centrifugal float-sink (F-S) procedure based on those reported in Ho 
and Warchol [1988] and Cavallaro and Killmeyer [1988] was used to carry out the 
washability tests.  Centrifugal F-S separations of the coal samples generated four specific 
gravity fractions (<1.3, 1.3-1.4, 1.4-1.6, >1.6) for each coal at each particle size. 
 
4. Analyses of samples.  Analyses included the following:  For all washability tests (29 tests 
at -100 mesh size, 10 tests at -200 mesh size) moisture, ash, and total S  contents of all four 
specific gravity fractions were determined.  Concentrations of minor and trace elements, 
including 15 HAP elements (As, Be, Cd, Co, Cr, F, Hg, Mn, Ni, P, Pb, Sb, Se, Th, U), in 
the specific gravity fractions from the -100 mesh and -200 mesh tests on one of the 39 
samples were also determined.  For each of the remaining 37 washability tests, the lightest 
specific gravity fractions were combined in proportion to their ash and moisture contents to 
obtain 37 composite samples, each having 80% of the combustibles of their respective feed 
coals. The composite samples, as well as their feed coals, were analyzed for minor and trace 
elements.   
 
5. Washability curves and mass balance calculations.  The analytical data on specific gravity 
fractions from the washability tests were used to obtain washability curves that show ash, S, 
and trace and minor elements rejections at various recoveries of combustible materials.  
Analytical data on the specific  gravity fractions from both the -100 mesh and -200 mesh 
washability tests were also used to calculate mass balances for ash, S, and HAP elements. 
 
6. Compilation and evaluation of results and reports.  Compilation and interpretation of data 
obtained during this project have been included in quarterly reports and this final technical 
report submitted to the Illinois Clean Coal Institute (ICCI).  Financial and personnel aspects 
of the project have been included in management reports to the ICCI.  
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Because of the proprietary nature of the data, names and locations of the individual mines 
that provided the feed coal samples will be held confidential.  Data on individual mines 
were identified only by laboratory numbers and by multi-county coal regions where the 
samples were collected. 
 

INTRODUCTION AND BACKGROUND 
 
A study by the U.S. National Committee for Geochemistry [National Research Council, 
1980] discussed the potential health hazards of various trace elements that might be 
encountered during the mining and utilization of coal.  The committee identified three 
categories of elements of environmental concern with respect to utilization of coal: 
 
 Of greatest concern  -  As, B, Cd, Pb, Hg, Mo, and Se 
 
 Of moderate concern  -  V, Cr, Ni, Cu, Zn, and F 
 
 Of minor concern     -  Li, Na, Sr, Ba, Mn, Co, Ge, Cl, Br, and radioactive elements 
                              Ra, Po, Rn, Th, and U 
 
These judgments were based upon known toxicity, levels of occurrence of each element in 
coal, and anticipated mobility upon combustion or disposal of ash. 
 
The Clean Air Act Amendments (CAAA) of 1990 include 16 elements (or their 
compounds) that are present in coal among the 189 "Hazardous Air Pollutants" (HAPs) 
[Public Law 101-549].  These elements are As, Be, Cd, Cl, Cr, Co, F, Hg, Mn, Ni, P, Pb, 
Sb, Se, Th, and U.  Radioactive isotopes derived from U and Th, such as Po, Ra and Rn, are 
also implicated as HAPs.  A parallel regulation to classify certain elements in coal as HAPs 
has been considered in Illinois [Illinois Pollution Control Board, 1990].  The HAP elements 
are present in all coals, including those from Illinois, but their concentrations and modes of 
occurrences can vary considerably from one coal to another [Gluskoter et al., 1977; 
Swanson et al., 1976; Zubovic et al., 1979, 1980; Cahill et al., 1982; Harvey, et al., 1983; 
Finkelman, 1993; Huffman et al.,1993; Galbreath and Brekke, 1993; Demir et al., 1994].  
The Phase I of the CAAA restricting SO2 emission took effect on January 1, 1995; the 
Phase II, which will put further restrictions on SO2 emission, will begin in year 2000.   
 
The United States Geological Survey (USGS) has a large amount of data on HAPs in face-
channel samples of coals from various regions of the US.  However, the face-channel data 
overestimate the emission of the HAPs from the combustion of coal, especially midwestern 
and eastern coals which are generally washed to reduce their mineral matter contents.  
 
Coal cleaning.  Employment of an economic coal cleaning technique is an attractive 
alternative to costly post-combustion control of SO2 and HAPs emissions from power 
plants. Reviews that summarized progress in the removal of trace elements via coal 
cleaning include Mezey [1977], National Research Council [1979, 1980], Wheelock and 
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Markuszewski [1981, 1984], Streeter [1986], Kaiser Engineers [1989], Jacobsen et al. 
[1992], and  Norton et al.  [1986, 1989, 1992].  In general these reviews point out that coal 
cleaning (both conventional and advanced) is quite effective in significantly reducing most 
HAPs and sulfur prior to combustion.  
 
Physical cleaning of coal was reported to significantly reduce the level of most trace 
elements (Gluskoter et al., 1977; Cavallaro et al., 1978; Harvey et al., 1983) as shown by 
float-sink testing.  In general, physical cleaning becomes efficient if a high degree of 
comminution is utilized to free mineral matter from the macerals.  Those trace elements 
associated (either physically disseminated or bonded chemically) with the macerals are not 
easily removed; in some cases, their concentrations may actually be enhanced in the cleaned 
coal.  Studies tracking trace element removal using chemical means indicate good removal; 
however, costs would be quite high [Norton et al., 1986]. 
 
Float-sink (F-S) separation studies have shown that significant reduction can be achieved 
for some trace elements through conventional coal cleaning; however, the coarse particles 
(~ 3/8") generally limit the amount of minerals liberated.  Float-sink studies on Illinois coals 
(Gluskoter et al., 1977; Fiene et al., 1979; Harvey et al., 1983) indicated that many elements 
(As, Ba, Ca, Cd, Fe, Mn, Mo, Pb, Tl, and Zn) have strong inorganic association and can be 
removed to a significant degree (~50% or greater).  Other elements (B, Be, Ge, Ni, Sb, U, 
and V) are strongly associated with or disseminated within organic matter and are generally 
not removed from coarse coal by conventional physical cleaning. 
 
Demir et al. [1994] generated data on minor and trace elements in 34 product (marketed) 
coals from mines that were operating in Illinois during 1992-1993 in addition to compiling 
existing data on channel samples for the evaluation of Illinois coals for HAPs emissions.  
Results indicated that mean concentrations of all trace elements studied, except U and V, 
were lower in the product coals than in the channel samples which represent the coals in 
place prior to mining.    
 
Recent studies by Paul and Honaker [1994] and Honaker and Reed 1994] indicated that 
compliance coal can be produced economically from finely ground Illinois Basin coals 
using advanced gravity separators.   
 
Development and utilization of fine-coal washability methods.  It has been generally 
recognized that conventional, static F-S procedures are not applicable to fine-sized coal.  
Franzidis and Harris [1986], Cavallaro and Killmeyer [1988], Ho and Warchol [1988], 
Bosold and Glessner [1988], Dumm and Hogg [1988], and Suardini [1993] reported on 
various centrifugal float-sink methods for use with coal of top sizes finer than 14 mesh.  
These methods differ slightly with centrifugal conditions, equipment, particle size of the 
feed, and reagents used.  An extensive interlaboratory comparison program involving 8 
laboratories critically studied the variables in various procedures in an attempt to develop a 
standard centrifugal F-S procedure [ Killmeyer et al., 1992]. 
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Harrison [1986] reported that centrifugal F-S procedures could successfully predict cleaning 
performance for coal sizes smaller than 28 mesh.  Cavallaro and Killmeyer [1988] observed 
that the centrifugal F-S technique gave higher yield-ash relations than the static technique 
for a Kittanning bituminous coal.  Suardini [1993] reported that centrifuge testing of a -100 
mesh Illinois #6 coal using calcium nitrate solution was successful. Crelling and Hippo 
[1992] used density gradient centrifugation and thermal gravimetric analysis to describe the 
separation of fine and ultrafine size coal into various specific gravity fractions.  Vassalo et 
al. [1990] reported on a technique used to predict washability from utilizing diffuse-
reflectance FTIR spectroscopy.  Lin et.al. [1991] applied X-ray computed tomography for 
constructing coal washability curves. 
 
Froth-flotation cleanability and float-sink washability.

with decreasing particle size [Vanangamudi et al., 1988] or inefficiency of the surface-based 
process in treating mixed-phase (coal-ash) particles.  Forest et al. [1994] tested Pittsburgh  
No. 8, Upper Freeport, and Illinois No. 6 coals and concluded that, when compared to 
centrifugal F-S analysis, the FF/RA produces an inferior separation.  The marketed coal 
products are currently ground to 70% -200 mesh size for utilization in PC boilers which 
comprise over 90% of the combustion boilers used in Illinois [Honaker et al., 1994].  
Therefore, because of no extra cost for grinding, an advanced cleaning strategy to produce 

   Based on the approach by Dell 
[1964] and Dell et al. [1972] froth flotation/release analysis (FF/RA) has been used to 
estimate the state of release or ultimate cleanability of a sample by standard froth flotation 
or column flotation [Forrest, 1990; Honaker and Paul, 1994; Demir et al., 1995].    
 
Demir et al. [1995] utilized FF/RA in characterizing 34 Illinois coal mine products as to 
their further potential cleanability by froth or column flotation.  The data indicated that 
further significant reductions for ash, S, and most of the HAP elements are possible if froth 
flotation or column flotation is applied.  At 80%-combustibles recovery, up to 69, 76, and 
83% reductions in ash were observed for the -100, -200, and -400 mesh FF/RA tests, 
respectively.  The average reductions for most HAP elements were less than those for ash.  
However, reductions for some elements in individual samples approached or exceeded 
reductions for ash.  The elements with lower reductions than for ash apparently tend to be 
concentrated in finely disseminated minerals trapped in the FF/RA concentrates.  Both the 
feed coals (washed products of conventional cleaning) and their FF/RA products contained 
significantly less HAP elements than channel samples.  In the -200 mesh FF/RA products 
with 80% combustibles recovery, for example, average concentrations of As, Hg, and Se 
were reduced by 73, 75, and 46%, respectively, relative to their average concentrations in 
channel samples.  Additional FF/RA beneficiation achieved by grinding the feed coals finer 
than -200 mesh was generally small.  This is likely due to trapping of fine ash-forming 
material in the FF/RA concentrates.  
 
Straszheim and Markuszewski [1989] compared separation of a -325 mesh Upper Freeport 
coal with a density-based process to that with a surface-based process.  They found that 
using the density-based process resulted in significantly higher ash rejection than using the 
surface-based process.  This may in part be due to decreasing selectivity of flotation  
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compliance coal from Illinois coals is feasible if the cleaning is done at the power plant or 
problems related to the transportation of fine coal products are addressed.  The foregoing 
literature review clearly indicates that much benefit can be gained by utilizing advanced 
physical coal cleaning (both gravity-based and surface-based) methods and that there are 
well developed laboratory techniques to estimate the performance of the advanced physical 
cleaning.  Since fairly extensive FF/RA data were already available on the product coals 
from all operating Illinois mines, it seemed prudent to acquire comparative F-S data on 
these same coals. 
 
 EXPERIMENTAL PROCEDURES 
 
Quality Assurance/Quality Control (Task 1) 
 
The ISGS's Quality Assurance/Quality Control (QA/QC) plan was implemented for sample 
handling and analysis. The QA/QC plan included the standard operating procedures for 
each analytical task.  Blank, blind, and replicate samples were analyzed to ensure data 
reliability.  The QA/QC plan also included detailed sample description, unique sample 
identification numbers, and sample handling procedures. 
 
Samples and Sample Preparation (Task 2) 
 
Twenty-nine samples of washed (marketed) coal products, one from each of all preparation 
plants processing outputs from mines that were in operation in Illinois in 1995, were 
collected and partially used for two previous projects [Demir et al., 1994, 1995].  These 
samples from five different regions of Illinois coal field (Fig. 1) were preserved under 
nitrogen at the ISGS and were used also for this current project.  Collection, preparation, 
and storage of the project samples were described previously [Demir et al., 1994].  
 
-100 mesh samples.  The 29 marketed coals used in this project were previously ground to -
4 mesh size.  A representative split of each -4 mesh size coal was dry-ground to -100 mesh 
size in a hammer mill.  The -100 mesh samples were stored under nitrogen gas and 
subsequently used for the washability tests.  Previous data on particle size analysis [Demir 
et al., 1995] indicated that this grinding procedure reduced the particle size to 90% -100 
mesh. 
 
-200 mesh samples.  Ten samples, 2 from each region of the Illinois coal field (Fig. 1), were 
selected among the 29 samples that were previously ground to -4 mesh size.  About 700 
grams of each of the ten coals were mixed with 700 mL of tap water and ground in a rod  
mill  for 30  minutes.  The coal slurry  was filtered,  air-dried,  and saved under 
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sodium sulfosuccinate (Aerosol OT-100), was used to disperse the coal in the heavy media. 
 
Steps of the washability test procedure were as follows:  
 
(1)Mix about 100-g of coal sample dried at 104 oC (40oC) overnight with 2 L of coalgrav7 

liquid with 1.3 specific gravity (s.g.).  Add 0.5 g of Aerosol OT-100 to the mixture. 
(2)Agitate the mixture with a mechanical stirrer for 6 to 10 minutes and then in an 

ultrasonic bath until no agglomeration persists (usually 2 to 10 minutes). 
(3)Pour the slurry into 250-mL Teflon centrifuge bottles, tightly cap the bottles, and place 

the bottles in a centrifuge.   
(4)Centrifuge the slurry at 2000 rpm (about 880 g force for the centrifuge used) for 20 

minutes.   
(5)Gently stir the float portion of the slurry in the bottles without disturbing the sink portion.  
(6)Repeat steps 4 and 5 twice. 
(7)Gently pour the float out of the bottles onto a filter paper placed in a filter funnel. 
(8)Filter the float and then wash it thoroughly, first with 250 mL of ethanol, and then 1.5 L 

of deionized water, to remove residues of coalgrav7 and Aerosol OT-100. Dry the 
float overnight at 40oC and weigh it. 

(9)Mix the >1.3 s.g. sink from step 8 with 2 L of 1.4 s.g. coalgrav7, and repeat steps 2 
through 8. 

(10)Mix the >1.4 s.g. sink from step 9 with 2 L of 1.6 s.g. coalgrav7, and repeat steps 2 
through 8. 

(11)Wash, dry, and weigh the >1.6 s.g. sink as in step 8. 
(12)Submit the <1.3, 1.3-1.4, 1.4-1.6, and >1.6 s.g. fractions for analysis. 
 
Analyses of Samples (Task 4) 
 
The 29 marketed coals and their F-S products were analyzed using methods of common 
coal analysis (Table 1).  
 
Ash, moisture, total sulfur.  Samples of the 29 marketed coals and all of their F-S fractions 
were analyzed for ash, moisture, and total S in accordance with established ASTM 
procedures (ASTM, 1992).   
 
Minor and trace elements.  The results of minor and trace element analyses, as well as ash 
and S analysis, of each of the 29 project samples were reported in Demir et al. [1994]. New 
data were generated as follows:  For the -100 mesh and -200 mesh washability tests on one 
of the samples, all the F-S fractions were analyzed for trace and minor elements, including 
15 HAPs (As, Be, Cd, Co, Cr, F, Hg, Mn, Ni, P, Pb, Sb, Se, Th, U), to compute mass 
balances.  For each of the remaining thirty-seven washability tests (twenty-eight -100 mesh 
and nine -200 mesh tests), minor and trace elements analyses were run  
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 Table 1.  Relative precision and detection limits of methods commonly used for analyses of coal samples at the ISGS                
 __________________________________________________________________________________________ 

 Relative Average 
 precision detection               Methods*               
Element % limit WDXRF AAS INAA OEP PyroIC 
__________________________________________________________________________________________ 

Major and  
minor oxides 
 Al2O3 ash 3 0.1 % X 
 CaO ash 3 0.02 % X 
 Fe2O3 ash 3 0.01 % X 
 MgO ash 5 0.1 % X 
 MnO ash 5 0.01 % X 
 P2O5 ash 5 0.02 % X 
 K2O ash 2 0.01 % X 
 SiO2 ash 1 0.1 % X 
 Na2O ash 5 0.05 % X 
 Na20 coal 5 0.003 %   X 
 TiO2 ash 3 0.01 % X 
 
Trace elements 
 As coal 7 1.0  ppm   X 
 B coal 15 10.0  ppm    X 
 Be ash 5 0.03 ppm  X 
 Cd ash 10 0.03 ppm  X 
 Co coal 5 0.3  ppm   X 
 Cr ash 2 7.0  ppm   X 
 Cu ash 5 2.5  ppm  X 
 F coal 10 20.0  ppm     X 
 Hg coal 15 0.01 ppm  X** 
 Li ash 12 5.0  ppm  X 
 Mo coal 10 10.0  ppm    X 
 Ni ash 10 0.12 ppm  X 
 Pb ash 20  0.2  ppm  X  X 
 Sb coal 10 0.2  ppm   X 
 Se coal 10 2.0  ppm   X 
 Th coal 5 0.4  ppm   X 
 U coal 15 3.0  ppm   X 
 V ash 3 0.5  ppm  X 
 Zn ash 7 1.5  ppm  X 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
 Absolute 
Constituent precision (%) Accuracy (%) ASTM method 
_____________________________________________________________________________ 

Moisture 0.02 0.3 D5142-90 
Ash 0.10 0.5 D5142-90 
Volatile matter 0.24 1.4 D5142-90 
Carbon 0.04 0.40 D3178-89 
Hydrogen 0.02 0.10 D3178-89 
Nitrogen 0.03 0.05 D3189-89 
Total sulfur 0.05 0.20 D5016-89 
Sulfatic sulfur 0.04 0.20 D2492-90 
Pyritic sulfur 0.1 0.2 D2492-90 
Organic sulfur 0.19 0.6 D2492-90 
Total chlorine 0.05 0.20 D4208-88 
Calorific value 50 Btu/lb 100 Btu/lb D2015-91 
__________________________________________________________________________________________ 
 * WDXRF  = wavelength-dispersive x-ray fluorescence spectrometry 
  AAS    = atomic absorption spectrometry 
  INAA   = instrumental neutron activation analysis 
  OEP    = optical emission (photographic) spectrometry 
  PyroIC = pyrohydrolysis and ion chromatography 
 ** Hg by cold vapor atomic absorption spectrometry   
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on a composite sample of 80%-combustibles recovery.  Data on several samples indicated 
that the Cl analysis had to be compromised because a small amount of Cl from the heavy 
medium (perchloroethylene) used in the washability tests may have remained at least in 
some of the samples in spite of rigorous washing with ethanol and deionized water followed 
by complete drying.  Such a small amount of Cl is enough to alter the natural Cl levels in 
the samples.  
 
To prepare the composite samples, the combustible materials content of each F-S fraction 
was calculated by subtracting its ash and moisture contents from 100%. Then a plot of 
%cumulative combustibles recovery vs cumulative weight yield of F-S fractions was 
constructed for each F-S test. Using these plots, the lightest fraction (<1.3 s.g.) was 
combined with 1.3-1.4 s.g. and sometimes also with 1.4-1.6 s.g. fraction so that the 
composite sample recovered 80% of the combustible materials from the test.  For example, 
to generate the composite sample of the 80%-combustibles recovery for the -100 mesh test 
on sample C32775 (Fig. 2), all of the <1.3 specific gravity fraction and 11.7 grams of the 
1.3-1.4 specific gravity fraction were combined; this step resulted in a 79 gram clean sample 
that contained 80% of the total combustibles materials of the feed coal. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Relationship between combustibles recovery and yield for sample C32775 
ground to -100 mesh and separated into four F-S fractions.  Specific gravities of the F-S 
fractions are indicated on the plot. 
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RESULTS AND DISCUSSION 

 
Washability Curves and Mass Balance Calculations (Task 5) 
 
Washabilities of ash and sulfur. The F-S washability data (Tables 2 and 3, Fig. 3) indicated 
that ash and sulfur (S) contents of marketed Illinois coals can potentially be reduced 
significantly, beyond conventional cleaning, through the use of advanced physical fine-coal 
cleaning.  
 
At 80%-combustibles recovery, clean coals having ash contents of 2.8 to 3.9% were 
produced from 10 of the 29 samples ground to -100 mesh (Table 4). For the remaining clean 
F-S washability products obtained at -100 mesh size, the ash content ranged from 4.0 to 
5.3% for 12 samples and 5.6% to 7.9% for 7 samples.  The lowering of the ash content of 
the 29 samples ground to -100 mesh represents a 37% to 75% reduction with an average 
reduction of 53% (Table 5, Fig. 4).   
 
The S content of the 29 clean F-S products obtained at -100 mesh size varied between 0.6 
and 3.5%, representing a 8% to 47% reduction with an average reduction of 27% relative to 
the parent coals (Tables 4 and 5, Fig. 4).  Comparison of the S data from this study with the 
data on S forms of feed coals reported in Demir et al. [1994] indicated that the S remaining 
in the clean F-S washability products is overwhelmingly organic S; most of the pyritic and 
sulfate sulfur was removed during the F-S process. 
 
On average, grinding 10 of the 29 coal samples further to -200 mesh did not result in any 
significant improvement in the F-S separation of ash and S, beyond the separations obtained 
for the same coals at -100 mesh size (Table 6, Fig. 5).  It is recommended that future tests 
should be conducted to determine whether longer and higher speed centrifugation 
conditions can improve the F-S separation efficiency at -200 mesh size. 
 
Washability of HAPs. The ranges of average concentrations for the HAP elements in the 29 
samples of marketed Illinois coals (Fig. 6) were as follows: 
 
   <1  mg/kg     Hg, Cd, Sb 
   1-10 mg/kg:   As, Be, Co, Se, Th, U 
  10-30 mg/kg:   Cr, Ni, Pb 
  30-91 mg/kg:   F, Mn, P 
 
The levels of HAPs in the marketed coals studied can be reduced substantially through the 
use of advanced physical fine-coal cleaning as indicated by the comparison of the analytical 
data on these coals with the data on their clean washability products (Table 4). 
 
The concentrations of the HAPs, except Be, in the coals decreased substantially (with a few 
exceptions) as a result of F-S separation at -100 mesh size (Table 5, Fig. 4).  Some of the 
decreases (or enrichments) of element concentrations calculated for some individual 






































