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ABSTRACT 
 
Froth flotation is a proven separation technology in the minerals industry and has been 
applied to coal previously.  This exploratory study investigated the technical feasibility of 
applying a modified froth flotation process for separating organic and inorganic sulfur 
from pulverized Illinois coal after its activation with an organic solvent (toluene).  The 
process was expanded to determine if additional ash and mercury could be remove from 
the coal beyond what is achieved by present practice.  The process was developed at 
Argonne National Laboratory for separating mixed polymers having equal or overlapping 
densities. The process separated mixed solid polymeric particles using a modified froth 
flotation technique which involves selective modification of the surface of the desired 
species.  
 
Preliminary testing of the process was conducted on Illinois #6 coal samples.  The 
procedure consisted of the following steps: (1) magnetically separating the coal sample 
into a magnetic and a non-magnetic fraction, (2) classification of the non-magnetic 
fraction by size, (3) selective surface modification of sulfur bearing particles in different 
size fractions, and (4) applying froth flotation to separate sulfur bearing particles from 
coal.  The key step in the process is the selective surface modification step using an 
organic solvent.  Pulverized coal was contacted with toluene at room temperature in an 
attempt to selectively alter the hydrophobicity of sulfur bearing compounds relative to 
sulfur free particles.  Three separate aqueous solutions with differing pH levels were 
evaluated. 
 
Results indicate that activation with toluene followed by froth flotation did not achieve 
acceptable separation of sulfur or mercury from coal. However, the fractions of activated 
coal that floated in different froth flotation solutions varied.  For example, while more 
than 6% of the <25 μm and of the 25-50 μm coal fractions floated in the acidic solution, 
less than 1% of these fractions floated in the basic solution.  Activation with different 
solvents could lead to better results. 



EXECUTIVE SUMMARY 
 

A preliminary investigation of a novel process for separating organic and inorganic sulfur 
from Illinois coal in order to meet expected future environmental regulations was 
conducted.  The process was also evaluated for possible additional removal of ash and 
mercury.  Originally developed at Argonne National Laboratory as part of a US DOE 
sponsored program, the process is designed to separate mixed polymers having equal or 
overlapping densities. It uses a modified froth flotation technique, which involves 
selective modification of the surface of the desired polymer to allow it to be separated by 
sinking or floating away from the rest of the polymers.  This technique proved very 
effective in separating a mixture of polystyrene and acrylonitrile-butadiene-styrene 
(ABS), two polymers that have overlapping densities, and produced a 98% ABS fraction 
and a 95% polystyrene fraction.  
 
To investigate the technical feasibility of employing this process for coal cleaning, we 
conducted exploratory experiments measuring the process’ ability to separate organic 
sulfur, as well as inorganic sulfur, ash and mercury from Illinois coal.  A 10 kg controlled 
Illinois #6 bituminous coal sample with known composition was acquired from 
Argonne’s Premium Coal Site.  Processing steps employed were: (1) magnetic separation 
to remove magnetic (non-coal) minerals, (2) size classification with chemical 
composition determined for each fraction, (3) selective surface modification of sulfur 
bearing particles, and (4) application of froth flotation techniques to separate sulfur 
bearing particles from desired coal product.   
 
The key step in the process is the selective surface modification step using an organic 
solvent.  Pulverized coal was contacted with an organic solvent at room temperature to 
alter the hydrophobicity of sulfur bearing compounds relative to sulfur free particles.  
Three separate aqueous solutions with differing pH levels were evaluated.  Development 
of aqueous solution chemistries that allow for rapid modification of surface properties of 
sulfur bearing particles relative to sulfur free particles is the key to achieving separation 
of the two types of particles. Results indicate that activation with toluene followed by 
froth flotation did not achieve acceptable separation of sulfur, ash or mercury from coal. 
However, certain size fractions of activated coal floated better than others in different 
froth flotation solutions.  For example, while more than 6% of the <25 μm and the 25-50 
μm coal fractions floated in the acidic solution, less than 1% of these fractions floated in 
the basic solution.  Activation with different solvents could lead to better results. 
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OBJECTIVES 
 

The overall objective of this exploratory project was to investigate the technical 
feasibility of a novel process for separating organic and inorganic sulfur from Illinois 
coal.  In addition, separation and removal of additional ash and mercury from coal was 
investigated.  The process was originally developed at Argonne National Laboratory as 
part of a US DOE sponsored program for separating mixed polymers having equal or 
overlapping densities1. 
 
Task I 
 
The first task was to prepare a pulverized coal sample received from the Argonne 
Premium Coal site by first removing additional ash from the coal via magnetic 
separation.  A strong magnet was used to separate the magnetic material from the non-
magnetic material in the Illinois #6 coal. The objective of this task was to determine if the 
mineral content of different fine coal particles can be reduced using this simple 
conventional technique. 
 
Task II 
 
The second task involved batch sizing of the non-magnetic portion of the Illinois #6 coal 
sample using a sieve separator.  The as-received pulverized coal sample was separated 
into the following fractions: greater than 50 μm, 25 to 50 μm, and less than 25 μm.  A 
sample from each fraction along with the as-received sample were sent for particle 
distribution and short proximate analyses including a mercury determination. The 
objective of this task was to determine if organic sulfur, inorganic sulfur, ash and 
mercury are more concentrated in certain size fractions. 
 
Task III 
 
Development of chemistries for selective modification of sulfur bearing particles was the 
key step in the process and the objective of this task was to determine if the surface of 
sulfur bearing compounds can be selectively modified by having sized coal interact with 
an organic solvent to alter hydrophilicity of sulfur bearing compounds relative to sulfur 
free particles.  Even though sulfur is distributed among coal, when coal is finely ground, 
sulfur may not be evenly distributed among particles.  Therefore, properties of particles 
will be modified according to the amount of sulfur they contain.  This potential difference 
in properties was exploited to affect separation of sulfur rich particles. 
 
Task IV 
 
The objective of this task was to explore the technical feasibility of using flotation 
techniques to separate sulfur bearing particles after surface modification. Also, the 
effectiveness of solutions in modifying the surface of sulfur bearing particles was 
                                                            
1 United States Patent Number 5,653,867 
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evaluated using the same froth flotation techniques.  Flotation of surface treated material 
was tested in three aqueous based solutions.  The surface tension of solutions was held 
constant at ~38 dynes/cm and the specific gravity of each solution was held constant at 
1.00 g/cc for these exploratory tests.  The pH of three aqueous solutions was varied 
between the following values: Solution 1 was adjusted to ~1.5, Solution 2 remained at 
neutral pH, and Solution 3 was adjusted to ~11.5. 
 

INTRODUCTION AND BACKGROUND 
 

Argonne has developed a novel flotation technique for separating plastics with 
overlapping densities.  This froth flotation technique, which modifies the surface of 
plastic chips, was applied to Illinois #6 coal for potential separation of sulfur, ash, and/or 
mercury.  The aqueous froth flotation solution chemistries were varied to explore the 
most appropriate conditions for affecting the separation. 
 
The coal sample used in the experiments was provided by the Argonne Premium Coal 
Site.  The actual collection of coal samples was conducted with at least one staff 
geologist from the United States Geological Survey (USGS) present for supervision and 
to document the seam for later description in USGS Circulars.  During coal collection to 
produce samples for the Argonne Premium Coal Site the following procedure was 
followed.  On the morning of collection, the coal bed face was freshly exposed by cutting 
back through about 8 feet of coal to provide a 12 to 18-inch wide block of coal the entire 
thickness of the coal bed and long enough to provide for a one ton sample. The bed was 
exposed with a continuous miner and a roof bolter immediately followed to secure the 
seam roof. Loose coal was scraped away from the sample block and several layers of 
plastic were placed on the mine floor. After measuring and calculating the amount needed 
for the sample, the block was marked for removal by the USGS representative. The block 
was then removed from the face by the collection crew with hand picks in channel 
sample fashion.  Particular care was taken cut out the block from the roof to the floor and 
to avoid contamination of the sample with nearby material. Stainless steel 55-gallon 
drums taken into the mine for sample collection were loaded with the sample from one-
half to five hours after it was cut out from the face.  Once loaded, drums were purged 
with argon.2  The Illinois #6 or Herrin seam sample was collected about 60 miles 
southeast of St. Louis in St. Clair County Illinois during December 1985.  After removal 
from the mine and transportation to a processing and packaging facility, the drums were 
weighed and placed into an airlock in a nitrogen-filled environment.  The oxygen content 
at this facility was maintained below 100 ppm, and typically was about 30 ppm.  
Processing consisted of crushing and pulverizing the coal to -20 mesh and mixing the 
entire ton-sized batch. This batch was then placed into containers. Half of the batch was 
placed in sealed 5-gallon pails for regrinding to -100 mesh and subsequent packaging3, 
which is the sample used for this test. 
 

                                                            
2 Users Handbook For The Argonne Premium Coal Sample Program 

3 Users Handbook For The Argonne Premium Coal Sample Program 
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EXPERIMENTAL PROCEDURES 
 
The experimental test plan consisted of four separate tasks summarized in Figures 1 and 
2.  These tasks were conducted using a 10 kg sample of Illinois #6 coal.  Selected 
samples were sent to a commercial laboratory for analysis to determine: particle size 
distribution, sulfur content, heating value, mercury content and ash content. 
 
 

 

 
 

Figure 1: Experimental Test Plan A – Coal Preparation 
 
 

Task 1  
 
The first step consisted of separating Sample A (see Figure 1) from the 10 kg sample of 
Illinois #6 coal procured from the Argonne Premium Coal Samples group. This “as 
received” sample contained approximately 600 g of coal.  A moisture content analysis 
was performed on the sample using a Mettler Toledo Moisture Analyzer as shown in 
Figure 3. The moisture analysis procedure consisted of heating approximately 6 g of coal 
at 150˚ C until a steady weight was obtained for 15 seconds. The resulting weight loss 
(moisture content) of the sample was determined to be 10.6%. 
 
Next, a 5 kg split of the coal sample was subjected to a mechanical testing process.  This 
process consisted of separating magnetic material from the coal using a magnet. During 
this process, the amount of magnetic material removed was insignificant (<0.1%).  
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Figure 2: Experimental Test Plan B – Testing Prepared Coal Samples 
 
 
Task 2  
 
The non-magnetic fraction from Task 1 was separated into three size fractions using a 
Tyler RX-29 sieve shaker as shown in Figure 4 with the following three sieve screen 
sizes: 75 μm, 50 μm, and a 25 μm.  During each sieve test, approximately 50 mL of dry 
ice was used to eliminate oxygen within the sieving area and reduce the chance of the 
sample catching fire.  
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Figure 3: Mettler Toledo Moisture Analyzer 

 
 

 
Figure 4: Tyler RX-29 sieve shaker 

 
 
The first sieve test was performed with 500 g of coal for 30 minutes. The following 
weights were recovered for each size fraction: (<25 micron: 11.91 g), (25-50 micron: 
88.15 g), (50-75 micron: 31.20 g), (>75 micron: 366.28 g).  Examination of the sieve 
trays when the test was completed revealed that the 25 μm and the 50 μm screens were 
plugged and not much separation was taking place. It was determined to repeat the test at 
different sieve loadings.  The second sieve test was performed with 250 g of coal for 30 
minutes and the following weights were recovered for each size fraction: (<25 micron: 
1.8 g), (25-50 micron: 48.6 g), (50-75 micron: 14.81 g), (>75 micron: 185.01 g).  Once 
again, examination of the sieve trays revealed that the 25 μm and the 50 μm screens were 
plugged and not much separation was taking place so it was determined to repeat the test 
with an even lower sieve loading. The third sieve test was performed with 150 g of coal 
for 30 minutes with the following weights recovered for each size fraction: (<25 micron: 
1.16 g), (25-50 micron: 29.15 g), (50-75 micron: 9.22 g), (>75 micron: 113.89 g). Even at 
this reduced loading, the 25 μm and the 50 μm screens were plugged.  Results of these 
three tests are summarized in Table 1.  Because the finest sieves were plugging rapidly, 
these initial results do not represent the particle distribution of the coal. Consequently, the 
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sieving process was used simply as a means of producing samples in three size ranges: 
<25 μm, 25-50 μm and > 50 μm.  Additional sieving was conducted to produce samples 
of these different fractions for evaluation.  The total amount sieved and the mass of the 
fractions collected are given in Table 2.  Samples from each size fraction were sent for 
particle size analysis.  Results are shown in Figures 5 and 6.  Figure 6 shows that the fine 
sieve separation was acceptable as far as particle size distribution is concerned. 
 
 

Table 1: Results of Three Sieving Tests 
 

        Test #1, 30 min.     Test #2, 30 min.    Test #3, 30 min.               Totals
mass, g mass % mass, g mass % mass, g mass % mass, g mass %

Starting mass 500.0 250.0 150.0 900.0
Particle size, mm

>75 mm 366.3 81.8 185.0 73.9 113.9 74.2 665.2 78.1
50mm-75mm 31.2 7.0 14.8 5.9 9.2 6.0 55.2 6.5
25mm-50mm 48.6 10.9 48.6 19.4 29.2 19.0 126.4 14.8

<25 mm 1.8 0.4 1.8 0.7 1.2 0.8 4.8 0.6
Total recovered 447.9 89.6 250.2 100.1 153.4 102.3 851.5 94.6  

 
Table 2: Total Amount of Sieved Samples 

 
Fraction Size, μm

>50 
25‐50
<25

3788
1046
162

weight (g)

 
 

 

 
Figure 5: Particle Size Distributions of “As Received” Coal and the >50 μm Fraction 

 



7 
 

 
Figure 6: Particle Size Distribution of 25-50 μm and < 25 μm Fractions 

 
 

Task 3  
 
About 600 g from each coal sample, Sample A, B, and C (see Figure 1), underwent 
activation using toluene for three hours. A 1:1 volumetric ratio of coal to toluene was 
used. Toluene was selected in this study because in earlier studies it showed promise for 
de-vulcanizing rubber by acting on the C-S bond. After three hours, gravity filtration was 
used to separate the coal from the toluene and the coal was set out to air dry in the hood. 
After 24 hours, a moisture content analysis was performed and a loss of 6.5% for each 
sample was observed. 
 
Task 4  
 
After toluene activation, Samples A, B, and C (see Figure 1), were placed into three 
separate froth floatation solutions. Each Sample A fraction consisted of 195 g and 
Samples B and C each consisted of 190 g. The pH of the first solution was 1.5, the pH of 
the second solution was 7.6, and the pH of the third solution was 11.5.  Each solution had 
a volume of 3 L and their surface tensions were adjusted by adding 6 mL (0.02%) of 
surfactant. The surface tension for each solution was measured and recorded as follows: 
the acidic solution surface tension was 36 dynes/cm, the neutral solution surface tension 
was 39 dynes/cm, and the basic solution surface tension was 34 dynes/cm. A glass 
sparger and de-oiled, filtered house air was used to produce bubbles for the froth 
floatation. During froth floatation shown in Figure 7, floaters were removed from bubbles 
for each fraction using a strainer lined with filter paper. Each froth floatation trial was run 
for 20 minutes while the floaters were continuously being removed via filter paper.  
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Figure 7: Froth Flotation 

 
 

RESULTS AND DISCUSSIONS 
 

Results for the particle size distribution and the short proximate analyses are shown in 
Table 3.  The mass balance distribution for the size separation testing indicated that only 
about 3% of the coal sample was less than 25 micron in size.  Due to this, froth flotation 
could not be conducted on this fraction.  There was only enough material produced to 
send it for particle size distribution and short proximate analysis. 
 
 

Table 3: Proximate Analysis of Different Coal Fractions and the Starting Coal Sample 
 

  Coal  Sample Description As  Is > 50 μm 25‐50 μm** < 25 μm Loss^

Sample Mass, g 5000 3788 1046 99 67

Mass  Fraction, % 100 75.76 20.92 1.98 1.34

Property* Units Coal  As Is >50 mm** % Change 25‐50 mm** % Change <25 mm** % Change

Ash wt% 15.99 13.87 ‐13.3 20.32 27.1 24.83 55.3

Sulfur wt% 4.98 4.81 ‐3.4 5.07 1.8 4.79 ‐3.8

Mercury μg/g 0.09*** 0.1 10.0 0.08 ‐24.0 0.12 20.0

Gross  Calorific Value Btu/lb 11857 12129 2.3 10857 ‐8.4 10261 ‐13.5
Notes: * All data are on dry basis 
  **After separation of magnetic material 
  *** Calculated based on data for other fractions, excluding the loss 
  ^ All Loss numbers are back calculated 
  From the energy balance, heating value of the lost material should have been 10300 Btu/lb  
 
 
The >50 μm fraction contained about 78% of the calorific value of the original coal 
sample but only 68% of its ash content. Its mercury content was about the same as the 
starting material. The 25-50 μm fraction contained about 27% more ash and surprisingly 
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24% less mercury. The <25 μm fraction was about 25% ash and it contained about the 
same amount of mercury.  Sulfur was about the same for all fractions.   
 
Even though we have only a few data points, the following preliminary observations can 
be made: 
 

• Some of the more brittle ash particles broke down more than the less brittle 
organic material to produce finer particle sizes. 

• Total sulfur is about the same for all fractions. Because smaller size fractions 
contained more ash, it may be that they contain more inorganic and less organic 
sulfur. 

• The mercury data is difficult to interpret at this time 
 
Results of froth flotation experiments are summarized in Tables 4 and 5 and in Figure 8.  
In general, mass balance data indicates that smaller percentages of material floated in the 
froth of the basic solution versus the acidic or the neutral solutions.  At the high end, 
about 10% of the material was removed from the coal during the froth flotation step.  

 
 

Table 4: Mass Balance Data for Froth Flotation Experiments 
 

As-Received Acidic Neutral Basic
Sinkers 109.03 173.24 152.12
Floater 12.87 27.78 11.25
Totals 121.90 201.02 163.37
% Floated 10.56 13.82 6.89

>50 micron Acidic Neutral Basic
Sinkers 180.85 184.46 197.06
Floater 11.64 6.21 1.94
Totals 192.49 190.67 199.00
% Floated 6.05 3.26 0.97

25-50 micron Acidic Neutral Basic
Sinkers 181.40 178.43 197.06
Floater 12.46 12.52 1.47
Totals 193.86 190.95 198.53
% Floated 6.43 6.56 0.74  
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Figure 8: Flotation of Coal Fractions in Different Froth Flotation Solutions 

 
 
 

Table 5: Ash, Sulfur and Mercury Content of Different Froth Flotation Fractions 
 

Results of FF in acidic media (pH=1.5)
as is as is as is floaters floaters floaters sinkers sinkers sinkers

% ash % S % mercury wt% float % ash % S % mercury wt% sink % ash % S % mercury
As is coal 15.99 4.98 0.09 10.56 13.43 5.16 0.09 89.44 16.29 4.96 0.09
> 50 mm 13.87 4.81 0.1 6.05 13.71 5.41 93.95 13.88 4.77 0.11
25-50 mm 20.32 5.07 0.07 6.43 19.88 5.44 93.57 20.35 5.04 0.07

Results of FF in neutral media (pH=7.6)
as is as is as is floaters floaters floaters sinkers sinkers sinkers

% ash % S % mercury wt% float % ash % S % mercury wt% sink % ash % S % mercury
As is coal 15.99 4.98 0.09 13.82 14.61 5.71 0.10 86.18 16.21 4.86 0.09
> 50 mm 13.87 4.81 0.1 3.26 13.77 5.24 0.08 96.74 13.87 4.80 0.10
25-50 mm 20.32 5.07 0.07 6.56 20.67 5.34 93.44 20.30 5.05 0.07

Results of FF in basic media (pH=11.5)
as is as is as is floaters floaters floaters sinkers sinkers sinkers

% ash % S % mercury wt% float % ash % S % mercury wt% sink % ash % S % mercury
As is coal 15.99 4.98 0.09 6.89 15.24 5.79 0.10 93.11 16.05 4.92 0.09
> 50 mm 13.87 4.81 0.1 0.97 15.29 5.86 99.03 13.86 4.80 0.10
25-50 mm 20.32 5.07 0.07 0.74 21.08 5.06 99.26 20.31 5.07 0.07  
 
 
Analysis of floating and sinking fractions indicate that the process did not result in any 
significant separation of the sulfur, mercury or ash.  The surface activation process using 
toluene at room temperature was apparently not effective. 
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CONCLUSIONS AND RECOMMENDATIONS 
 

This exploratory study involved a very limited number of experiments and tested only 
one activation agent, toluene.  However, the following observations can be made: 
 

1. Some of the more brittle ash particles broke down more than the less brittle 
organic material to produce finer particle sizes (< 50 μm). 
 

2. Sulfur is fairly evenly distributed among different particle size ranges. 
 

3. Smaller size fractions contained more ash, suggesting that fine fractions contain 
more inorganic and less organic sulfur. 
 

4. Mercury data is difficult to interpret at this time. 
 

5. The process did not result in any significant separation of the sulfur, mercury or 
ash. The surface activation process using toluene at room temperature was 
apparently not effective. 

 
The following recommendations are made for further study: 
 

1. Tests should be conducted with toluene at different temperatures. 
 

2. Other activation agents including other solvents should be tested. 
 

3. Tests should be conducted on the < 25 μm fraction. 
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