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ABSTRACT 

 

Approximately 50 million tons of run-of-mine coal are produced annually in Illinois. 

Most of it is processed in preparation plants where about 65% is recovered as clean coal 

suitable for shipping to prospective users, which are typically coal-burning power plants. 

The roughly 14 million tons of preparation plant waste present disposal and 

environmental management issues. Of this waste, approximately one-third is recoverable 

carbon mostly in form of fine (< 850 m) and ultrafine (< 105 m) coal particles.  Failure 

to recover this resource translates into a major economic loss to the Illinois coal mining 

industry of about $238 million per year based on May 2011 spot coal prices. Therefore, a 

new technology, step-ladder pressure wave columns, is proposed to recover deeply 

cleaned fine and ultrafine coal particles from waste streams of Illinois coal preparation 

plants and produce a product with significantly reduced toxic metal and moisture content. 

The viability of this technology has been demonstrated at bench scale by constructing 

multiple 6” diameter x 24” tall columns and using them in a three-step configuration to 

extract 92% of the recoverable carbon from the fine circuit waste stream of a southern 

Illinois coal preparation plant.  The product was dewatered to a moisture content as low 

as 10 wt%. This was complemented by achieving 93% reduction in mercury content in 

the recovered product.  This product could be blended with the coarse clean coal product 

produced by existing Illinois coal preparation plants.  The overall product could achieve 

higher BTU values by combining this new step-ladder column technology with waste oil 

agglomeration technology, which was also demonstrated at bench scale. Utilizing this 

material may not require additional metal capturing steps downstream from a gasifier or 

coal-fired boiler. The recovered fine/ultrafine product was also combined with biomass in 

a pelletization process, resulting in further reductions to sulfur and ash content, which 

may fetch higher prices than conventionally cleaned Illinois coal. 
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EXECUTIVE SUMMARY 
 

Objectives: This project was to develop a new approach to recover and dewater carbon 

from coal waste streams while substantially rejecting mercury and ash. The main 

emphases of this research were to: (i) design, develop, and test a step-ladder sonication 

system for recovering fine and ultrafine cleaned and dewatered coal from fine waste coal 

slurries and ponded waste coal streams, (ii) optimize the treatment of coal-water slurry 

for deep coal cleaning, (iii) enhance stripping of volatile metals using a sonication 

approach in conjunction with step-ladder columns, (iv) achieve substantial dewatering of 

coal fines and ultrafines (i.e., water content less than 10 wt%), and (v) produce pelletized 

coal suitable for transportation. 

 

Introduction: It is believed that approximately 15% of the 50 million tons of coal 

produced from Illinois mines is lost because it is not currently economical to recover and 

dewater fines and ultrafines generated during coal mining and preparation. With the 

current market value of Illinois Basin coal, this translates into almost $238 million in 

revenue lost to the coal industry each year. This loss does not take into account handling 

and pond maintenance costs incurred in disposing of fine coal waste; thus, the actual loss 

to the coal industry is higher than $238 million. There is a critical need for technology 

that can economically recover and dewater fines and ultrafines producing a sellable 

product rather than continuing to pay for disposal and management of disposal facilities. 

 

Spot prices for Illinois Basin coal peaked around August 2008, reaching as high as $95 

per short ton (www.eia.doe.gov). Since then, prices have come down to $48 per short ton. 

Coal produced by Illinois mines typically has about 11,800 BTU and 5 lbs SO2/MMBTU 

sulfur content. Contrasted with Central Appalachia (12,500 BTU, 1.2 lbs SO2/MMBTU) 

and Northern Appalachia (13,000 BTU, < 3.0 lbs SO2/MMBTU) coals, whose current 

prices are $79 and $76 per short ton, respectively, the economic issues become clear. The 

higher the BTU value and the lower the sulfur content of the coal, the higher the price 

received for the coal. Furthermore, if Illinois can produce clean coal with higher BTU 

value and lower sulfur, nitrogen, and toxic metal content, the marketability of Illinois 

coal will be enhanced while fetching a higher price per ton. Reduced volatile toxic metal 

content in the clean coal will provide further economic benefits because it may not 

require expensive downstream technology to either scrub or capture toxic metals from 

gases produced during combustion or gasification. 

 

In general, coal preparation entails particle size reduction, cleaning to reject inherent ash 

in coal, and dewatering. Over the years, various technologies have been proposed and 

tested and have become commercially available to clean coal.  The current technology to 

recover fine and ultrafine coal particles and subsequently dewater them is neither very 

selective nor very economical. Therefore, significant quantities of these fines and 

ultrafines are lost to waste streams. The step-ladder technology to recover and dewater 

carbon from coal waste streams offers the following benefits: (i) it accomplishes pre-

combustion, deep cleaning to achieve substantially lower ash content and higher BTU in 

the final clean coal product, (ii) it produces a coal-biomass (biomass < 5 wt%) blended 

product, with lower sulfur and nitrogen content, suitable for coal-fired boilers, (iii) it 

reduces moisture content in the final clean coal product, (iv) it lowers the volatile metals 
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content in the final clean coal product, and (v) it recovers carbon from fine coal waste. If 

this can be successfully developed and brought to commercialization, then it can make 

Illinois coal more competitive in the marketplace. 

 

Experimental Approach: To accomplish project objectives, a step-ladder column 

system shown in Figure 1 was developed where coal waste slurries could undergo 

repeated and multiple pressure wave reflections in the presence of oil and chemical 

conditioner. Various products were obtained from the bench-scale system to determine 

moisture, ash, mercury, and recovered carbon content using standard ASTM procedures. 

 

 

 

Figure 1: Step-ladder column system at bench scale. 

 

 

Results and Conclusions:  Research focused on developing the step-ladder column 

technology to successfully and economically recover carbon from fine waste coal streams 

produced by coal preparation plants located in Illinois. At the bench scale, the technology 

achieved significant dewatering of ultrafine and fine coal particles recovered from waste 

streams, while the final pelletized product showed major reductions in mercury content. 

The step-ladder column apparatus constructed used multiple reflecting pressure waves in 

conjunction with vegetable oil agglomeration to achieve a deeply cleaned and dewatered 

carbon product. This product, which was in pelletized form, had significantly reduced 

mercury content so that on its combustion, flue gas may not require scrubbing 

downstream from the boiler.  Specifically, the following outcomes were achieved: 
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1. Two 3-column step-ladder systems were constructed from 4” and 6” diameter 

Plexiglas where pressure waves could be sustained while fine waste coal slurry 

underwent oil agglomeration. To make these systems more continuous, column 

heights were modified so that they were all at the same level.  

2. Two fine waste coal feed slurries tested had remarkably different solid particle size 

distributions. This suggests that each plant will require its own fine tuning to 

achieve significant carbon recovery.  However, this is to be expected. 

3. Mercury analysis of incoming waste coal streams suggested that most of the 

mercury is associated with heavier solid particles, i.e., heavier particles had mercury 

content of ~ 576 g/kg against ~ 69 g/kg for lighter solid particles. 

4. Oxalic acid was ineffective not only in reducing mercury concentration in the 

recovered carbon but was also equally ineffective in reducing the moisture content 

of recovered ultrafine and fine particles. 

5. Results suggest that a proprietary oxidizer, in conjunction with the establishment of 

pressure waves in columns, was effective in reducing mercury concentration of 

recovered carbon from coal waste slurry by as much as 93%. 

6. Vegetable oil played a crucial role in recovering carbon from fine waste coal 

streams. Interestingly, subjecting oil to pressure waves prior to contact with the 

waste stream was much more effective in recovering carbon and achieving 

significant reduction of moisture content in the product. Results indicate that step-

ladder columns in conjunction with pressure waves could reduce moisture content 

of recovered ultrafine and fine particles to as low as ~ 10 wt%. 

7. There is a critical concentration (relative to solids in the slurry) of the vegetable oil 

in the columns needed to achieve maximum recovery of carbon from fine waste 

coal streams while having the least amount of moisture content. Results indicate 

that for Illinois coal, that concentration is ~ 1 wt% (relative to solids). In fact, 

adding additional oil concentration produced poorer dewatering results. 

8. Step-ladder columns routinely were successful in recovering more than 75 wt% of 

carbon from fine waste coal streams. 

9. The carbon recovery approach also demonstrated that pellets could be readily 

formed from ultrafine and fine carbon particles recovered from waste streams when 

combined with biomass. Remarkably, no binder was needed to form these pellets, 

which could be varied in size if desired. Also, biomass completely surrounded 

agglomerated carbon particles, thus inhibiting any ultrafine particles from getting 

air-born during transportation and/or handling. 

10. Results demonstrate that upon subjecting the fine waste coal stream to pressure 

modulation in the presence of vegetable oil, the recovered carbon significantly self-

rejected moisture. This approach could be harnessed to achieve deep dewatering 

from recovered carbon by simply storing the product in piles. 
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OBJECTIVES 

 

The Illinois coal industry throws away millions of dollars of potentially extractable 

carbon from the coal waste generated during coal cleaning every year. This amounts to a 

substantial economic loss to the state’s coal industry. Through ongoing research, a new 

approach to recover and dewater carbon from fine waste coal streams is being developed.  

The process also substantially rejects mercury and ash. The main emphases of the 

proposed research were to: 

 

1. Design, develop, and test a step-ladder column sonication system for recovering 

fine and ultrafine cleaned and dewatered coal from waste streams of coal 

preparation plant fine circuits and ponded waste coal streams; 

2. Optimize the treatment of coal-water slurry for deep coal cleaning; 

3. Enhance stripping of volatile metals using a sonication approach in conjunction 

with step-ladder columns; 

4. Achieve substantial dewatering of coal fines and ultrafines, i.e., water content less 

than 10 wt%; and  

5. Produce pelletized coal suitable for transportation. 

 

INTRODUCTION AND BACKGROUND 

 

It is believed that approximately 15% of the 50 million tons of coal produced from 

Illinois mines is lost because it is not currently economical to recover and dewater fines 

and ultrafines generated during coal mining and preparation. With the current market 

value of Illinois Basin coal, this translates into almost $238 million in revenue lost to the 

coal industry each year. This loss does not take into account handling and pond 

maintenance costs incurred in disposing of fine coal waste; thus, the actual loss to the 

coal industry is higher than $238 million. There is a critical need for technology that can 

economically recover and dewater fines and ultrafines producing a sellable product rather 

than continuing to pay for disposal and management of disposal facilities. 

 

Spot prices for Illinois Basin coal peaked around August 2008, reaching as high as $95 

per short ton (www.eia.doe.gov). Since then, prices have come down to $48 per short ton. 

Coal produced by Illinois mines typically has about 11,800 BTU and 5 lbs SO2/MMBTU 

sulfur content. Contrasted with Central Appalachia (12,500 BTU, 1.2 lbs SO2/MMBTU) 

and Northern Appalachia (13,000 BTU, < 3.0 lbs SO2/MMBTU) coals, whose current 

prices are $79 and $76 per short ton, respectively, the economic issues become clear. The 

higher the BTU value and the lower the sulfur content of the coal, the higher the price 

received for the coal. Furthermore, if Illinois can produce clean coal with higher BTU 

value and lower sulfur, nitrogen, and toxic metal content, the marketability of Illinois 

coal will be enhanced while fetching a higher price per ton. Reduced volatile toxic metal 

content in the clean coal will provide further economic benefits because it may not 

require expensive downstream technology to either scrub or capture toxic metals from 

gases produced during combustion or gasification. 
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The technology studied in this research offers the following benefits: (i) it accomplishes 

pre-combustion, deep cleaning to achieve substantially lower ash content and higher BTU 

in the final clean coal product, (ii) it produces a coal-biomass (biomass < 5 wt%) blended 

product, with lower sulfur and nitrogen content, suitable for coal-fired boilers, (iii) it 

reduces moisture content in the final clean coal product, (iv) it lowers the volatile metals 

content in the final clean coal product, and (v) it recovers carbon from fine coal waste. If 

this can be successfully developed and brought to commercialization, then it can make 

Illinois coal more competitive in the marketplace. Most of the effort reported herein was 

directed towards generating needed parameters for integrating step-ladder column 

technology with current coal preparation plant technologies. 

 

Costs involved for high intensity sonication equipment are typically less than other 

flotation devices. Because it is much easier to couple power to pressure waves in fluids 

due to better impedance matching, 10 to 40 wt% coal-water slurries require only 8% of 

the total power of a high-intensity sonicator to establish cavitation in the fluid. This 

corresponds to merely 60 W of power consumption. Increasing the sonicator’s amplitude 

to 80% for a 40 wt% coal-water slurry still only consumes 105 W of power for cavitation. 

A continuous flow step-ladder system would require larger-sized transducers to establish 

pressure waves, but results from using pressure sonicators to extract crude oil from tar 

sands in Canada suggest that it would still be less expensive than the current technology 

on the market. The approach being developed combines sonication and waste vegetable 

oil agglomeration to recover carbon from fine waste coal slurries and ponded waste coal 

streams. Bench-scale results indicate that less than 2 wt% (based on solid carbon content) 

of oil would be more than adequate to accomplish recovery and dewatering goals. In this 

study, the best results were observed for 1 to 2 wt%. 

 

In general, coal preparation entails particle size reduction, coal cleaning to reject inherent 

ash in coal, and dewatering. Over the years, various technologies have been proposed and 

tested and have become commercially available to clean coal [1-10]. According to 

Mohanty and Wiltowski [11], the most common commercial fine coal cleaning 

technologies available are Denver and Wemco sub-aeration flotation cells, the 

MicroCell
TM

 column, Jamseon cells, the Canadian Process Technology column, and 

Turbo flotation columns. In addition to these technologies, other coal cleaning 

technologies available are selective flocculation and oil agglomeration, especially for fine 

coal cleaning [10]. Only a few coal preparation plants in Illinois use conventional froth 

flotation technology for fine coal (i.e., < 850 m) cleaning. Almost all dispose of this 

stream as waste. Coal cleaning technologies generate substantial volumes of fine and 

ultrafine coal slurries. The current technology to recover fine and ultrafine coal particles 

via commercial coal cleaning devices and then subsequently to dewater them is neither 

very selective nor very economical [1-12]. Therefore, significant quantities of these fines 

and ultrafines are lost to waste streams.   

 

The output of a fine coal cleaning circuit is in wet slurry form requiring filtering, 

mechanical dewatering, or thermal drying. This dewatering problem becomes much more 

acute the finer the coal involved. High moisture content in clean coal has deleterious 

effects on the heating value of the coal besides generating handling problems, e.g., high 
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agglomeration and freezing. It is believed that a 1 wt% increase in moisture offsets a 4.5 

wt% decrease in ash content. Because the price of the coal is affected by $2.00 to $2.75 

per 1000 BTU/lb, economic considerations of dewatering are of great importance to coal 

producers. The Illinois Clean Coal Institute (ICCI) has in the recent past funded projects 

exploring fine coal dewatering. Researchers at the Illinois State Geological Survey 

(ISGS) [12] explored the use of sawdust and corn stover to lower moisture content in fine 

coal finding that it can reduce to less than 30 wt%. Mohanty and Wiltowski [11] of 

Southern Illinois University tested a commercially developed technology, the Steel Belt 

Filter (SBF) approach, to dewater fine clean coal and fine tailing materials. The SBF 

technology uses both pressure and vacuum to achieve moisture content varying between 

18.5 wt% for coarser clean coal to 31 wt% for finer clean coal. A number of other 

dewatering technologies have been proposed with mixed outcomes [13-15]. Our own 

fundamental and applied research on coal-water interactions and coal dewatering has 

been summarized elsewhere [16-18]. At present, no effective technologies for 

fine/ultrafine coal dewatering are available which can achieve deep (< 10 wt%) moisture 

reduction, therefore, there is a critical need for new approaches to convert resources 

currently being wasted into sellable products. 

 

It is worthwhile to briefly examine how water interacts with coal. It is generally 

recognized that the physical structure of coal is composed of three components: an 

organic matrix, inorganic matter, and an extensive network of pores. Coal’s ability to 

hold water is very complex, and there are no generally agreed upon mechanisms. It has 

been proposed [19] that water associated with coal particles can be subdivided into five 

categories: (1) interior adsorption water is the water contained in micropores and micro-

capillaries within each particle, which, it is speculated, is deposited during coal 

transformation, (2) surface adsorption water forms a layer of water molecules adjacent to 

coal molecules but on the particle surface only, (3) capillary water is contained in 

capillaries and small cervices found on the surface of particles, (4) interparticle water is 

found between two or more particles, and (5) adhesion water forms a layer or film around 

the surface of individual or agglomerated particles. Unfortunately, these descriptions of 

water in coal have seldom been correlated with microscopic evidence. 

 

Dewatering is not the only difficulty associated with effective power production using 

coal combustion. Environmental concerns associated with vapors and gases produced 

during combustion and/or gasification of coal also negatively affect costs of power 

generation from coal.  It is expected in the near future that the EPA will implement new 

regulations for controlling mercury and SO2 emissions. Therefore, it is important to 

develop technologies which will not only substantially reduce SO2 emissions but also will 

mitigate concerns associated with toxic metal release to the atmosphere. Reductions in 

SO2 emissions will require a number of power plants that burn high sulfur coal to install 

scrubber units, whether they are retrofitted or are an integral part of new power plants. It 

is well known that scrubber units significantly reduce SO2emissions as well as capture 

water soluble oxidized mercury, i.e., largely HgCl2, from the flue gas. However, it is also 

becoming clear that significant amounts of mercury might be re-emitted when forced 

oxidation of FGD liquors in scrubber units occurs. This was born out by our own 

research, supported by the ICCI, and by those being funded by the US-DOE. 
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Two approaches can be adopted to address the issue of toxic volatile metals like mercury 

(Hg) emissions from coal burning plants. One would be to install expensive volatile metal 

capture devices downstream of the boiler, e.g., powdered activated carbon for mercury 

capture.  This approach is very expensive. For example, it will require a carbon-to-

mercury ratio of 1,000:1 to 100,000:1 to reasonably capture mercury from the flue gas. 

The second approach would be to substantially reduce the mercury content of coal along 

with ash during the coal preparation phase.  This approach, if successful and economical, 

can make Illinois Basin coals even more attractive because of their higher BTU values. 

There has been research proposing various approaches to reduce mercury concentration 

in the coal prior to combustion, which can be classified as: (i) hot acid leaching, in 

particular HCl acid leaching [20], (ii) hydrothermal treatment [21], and (iii) oxalic acid or 

vinegar chemical attack [7]. Unfortunately, all of these proposed approaches are fraught 

with their own secondary environmental concerns. Therefore, they have not found much 

acceptability by the coal industry. 

 

EXPERIMENTAL PROCEDURES 

 

Mercury Analysis: The Hg concentration of fine waste coal samples was determined 

with a Direct Mercury Analyzer (DMA-80) using the standard EPA7473 method.  The 

DMA-80 was calibrated using NIST samples before measurements were undertaken on 

waste coal samples. The DMA-80 first dries samples at 300
o
C for 10 seconds and then 

heats samples to 850
o
C for 4 minutes in an oxygen environment. Coal decomposes and 

combusts, and mercury is trapped in a gold amalgam. When heated, the amalgamator 

releases mercury vapors. An atomic absorption spectrometer, operating at a fixed 

wavelength, detects mercury concentration. Mercury concentrations in as-received, as 

well as processed or treated coals, were determined by running each sample at least five 

times. Significantly large standard deviations for a number of samples suggest that Hg is 

randomly distributed within those samples tested. 

 

Moisture Content: Moisture content of coal was ascertained using standard ASTM 

D3173-03 procedure, which is expressed as follows: 

 

                       
                     

          
    . 

 

Coals were accurately weighed before drying to determine wet weight, then dried in an 

oven at 110
o
C for 2 hours, and finally weighed again to determine dry weight. 

 

Recovered Carbon (RC): ASTM Method A 7348-08 was used to determine carbon 

content of as-received and processed coal samples. It is based on the following equation:  

 

                     
                     

          
     

 

After heating samples at 110
o
C in aluminum pans for two hours, they are re-weighed to 

determine             Then the sample is loaded into glazed ceramic crucibles and 

subjected to combustion in air at 750
o
C for 2 hours, after which it is weighed again to 
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determine           . Some samples, chosen at random, were mixed and placed back 

into the muffle furnace, which was ramped back up to 750
o
C for an extra 2 hours to 

ensure that no unburned carbon remained at the bottom of any crucibles. RC values were 

calculated as the ratio of carbon content in product recovered from a process to carbon 

content in the feed to the process. 

 

Fourier Transform Infrared (FTIR) Measurements: FTIR analysis was conducted to 

investigate changes in chemical make-up of coals during the cleaning and dewatering 

process both before and after measuring RC. Samples were collected at five stages of the 

process and scanned in the mid-infrared range, i.e., 4000-400 cm
-1

 for both pre- and post-

RC. These were the same five stages of the process in which the samples’ mercury 

content was measured and reported. In order to collect spectra on these coals, they had to 

be ground and formed into potassium bromide (KBr) pellets. All samples were carefully 

weighed out and thoroughly mixed with KBr at a ratio of 1:0.02 (KBr:coal) to form 

pellets. The FTIR spectrum allowed monitoring at which wavenumber the sample was 

absorbing, i.e., which functional groups were present in the sample as it was subjected to 

cleaning and dewatering. KBr was used because it is undetectable in the mid-infrared 

region. Pure KBr pellets were fabricated and used to record a baseline. The pure KBr 

pellet’s FTIR spectrum was subtracted from the coal pellet’s spectrum, thus minimizing 

any distortions to coal’s FTIR spectrum due to KBr. In this fashion, the coal’s fingerprint 

was found.  For example, the coal could be described as heavy in organics, ashes, or 

clays. In comparing coals, the area under peaks, or the intensity of bands was determined 

for quantitative analysis since total pellet weight and coal/KBr ratio were maintained. 

Fifty scans at 4 cm
-1

 resolution were recording for each pellet’s FTIR spectrum. 

 

Step-Ladder Column Systems: A schematic of the step-ladder column system is shown 

in Figure 2. Columns were constructed from clear acrylic material to enable monitoring 

of interactions between oil and solid hydrocarbons under multiple pressure wave 

reflections. Initially, it was envisioned that it would be more effective to have columns at 

different elevations with each column in the sequence slightly high than the previous 

column. However, once testing commenced, it was determined that it would be more 

effective to have columns at the same level with froth being transferred from one column 

to the next. Figure 3 shows 6” diameter by 2-3’ high columns constructed to test the 

pressure wave multi-reflection approach. Waste coal slurry is pumped into the first 

column on the right and agitated by aeration allowing heavier waste debris to settle to the 

tapered section at the bottom of the column where it collects and is drained by opening 

the drain valve. Lighter, suspended particles in froth flow out of the top of the column 

into the second column where additive SIU-X along with waste vegetable oil is added. 

The mixture is subjected to pressure waves undergoing multiple reflections produced by a 

probe-type 750 W sonicator. Results suggest that this action produces intense reactions 

culminating in vigorous frothing as can be seen in Figure 4. Initially, vegetable oil was 

added in the third column instead of the second column; however, much better frothing 

was observed when oil was added along with the SIU-X additive. Froth formed in the 

second column flowed into the third column where it was again subjected to sonication 

resulting in the coating of carbon particles with vegetable oil, thus facilitating the 

rejection of water from these particles. From the third column, the froth-oil mixture was 
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poured onto a vibrating screen where further dewatering occurred. The dewatered, 

cleaned coal was then subjected to pelletization with wheat straw biomass. 

 

 

 

Figure 2: Schematic of step-ladder column system for recovering fine (< 850 m) and 

ultrafine (< 150 m) coal particles from fine waste coal and ponded waste streams. 

 

 

 
Figure 3: Components of step-ladder column system. 
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Figure 4: Froth produced in step-ladder columns. 

 

 

RESULTS AND DISCUSSION 

 

TASK 1. Slurry Collection: Run-of-mine (ROM) and ponded waste coal were collected 

from Knight Hawk’s Creek Paum (surface) and Prairie Eagle (surface and underground) 

mines. ROM coal was collected by hand from surface stockpiles, stored in bags, and 

transported to the laboratory. Prior to comminution, average particle size was at least four 

inches in the shortest dimension. Particle size distribution measurements for baseline Hg 

and RC content determination were made after the coal was crushed in hammer and ball 

mills. Milling reduced sample particle size to <355 m as shown inFigure5. The fraction 

greater than 355 m was comprised of material that was not crushed during 10 minutes of 

ball milling; however, with an increase in ball milling time or speed of the mill, enhanced 

particle reduction could be achieved. 

 

Fine waste coal samples were collected from both coal processing plants’thickner  

underflow discharge line as a slurry. An apparatus made up of a handle and hose was 

used to sample this stream.Slurry was collected in 5-gallon buckets and transported to the 

laboratory. Portions of this slurry were laid out on shallow trays to air-dry before particle 

characterization and baseline measurements. Water was saved to recreate the slurry used 

in columns during coal cleaning and dewatering experiments. Particle size distributions 

are shown in Figure 6. Values for volume and mass ratios between different particle sizes 

stayed relatively constant for Prairie Eagle samples, whereas Creek Paum ratios differed. 

For Creek Paum, ultrafine particles, which make up most of the volume, were found to be 

the least fraction by weight. This could be an advantage for cleaning and recovering 

ultrafine coals. Previous research has shown that, in general, smaller particles, in both 

ROM and waste streams, have the lowest Hg concentrations. Therefore, if recovered 

fines are a greater percentage of the product, the overall product will have a higher BTU 

value and potentially emit less mercury when combusted.  

 

Fine waste coal slurry typically contained 30% solids, which were allowed to settle to the 

bottom of sample buckets. Cores were extracted from settled fine waste coal particles at 

different depths and allowed to air-dry for seven days prior to testing for Hg 

concentration. As shown in Figure 7, despite significantly large standard deviations, Hg 
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concentration was generally much higher, as much as 10 times, for solids extracted from 

the bottom of the settled slurry (576±58g/kg) than for solids extracted from the top of 

the settled slurry (69±3g/kg).  It is clear that density separation occurs as solids are 

allowed to settle over time. 

 

 

 

Figure 5: Particle size distribution of Creek Paum (left) and Prarie Eagle (right) 

ROM coal after ball milling. 

 

 

 

Figure 6: Particle size distribution of solids in Creek Paum (left) and Prairie Eagle 

(right) waste slurries. 

 

 

 
Figure 7: Mercury distribution in solid cores recovered from top and bottom of settled 

fine waste coal slurry. 
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TASK 2. Development of Step-Ladder Columns: The initial fabrication and set-up of 

the step-ladder column system had the following steps as labeled in Figure 8: (a) mixing 

coal-water slurry using a variable speed blender; (b) pumping the slurry to 4” columns 

where chemicals or oils were added and the mixture was sonicated with two 15” 

sonication probes; (c) probes were driven by a 750W power supply; (d) dewatering 

samples of the froth product using a shaking screen; and (e) blending dewatered coal with 

biomass in a tumbler.  

 

 

 

Figure 8: Initial 4” step-ladder column set-up. 

 

 

A single 6” column was then fabricated and a more automated system was created with 

the goal of maintaining a constant flow rate and beginning to froth the sample as soon as 

fine waste coal slurry was introduced into the column. The set-up shown in Figure 

9allowed operators to electronically control several steps of the process as opposed to 

manually performing each task (i.e., mixing slurry, filling the column, and emptying 

waste),resulting in less operator variability. The automated system had the following 

process steps: (i) mechanical stirring of fine waste coal slurry in a large 20-gallon bucket 

(seen in lower right corner of Figure 9) at 1750 RPM with two propellers; (ii) pumping 

mixed slurry into the sonication column where vegetable oil is added and the slurry 

undergoes simultaneous oil agglomeration, aeration, and sonication; (iii) releasing 

gangue through a manual valve located in the discharge line coming from the tapered 

bottom of the column into a 5-gallon bucket (seen in lower left corner of Figure 9) for 

disposal; (iv) pouring column froth product into a sieve (seen in inset in upper right 

corner of Figure 9) for dewatering and agglomeration; (v) analyzing samples of 

agglomerated coal product for moisture and RC content analysis without any time delay 

(i.e., they were not allowed to air dry); and (vi) tumbling additional samples (seen in inset 

in upper right corner of Figure 9) to increase agglomeration, decrease moisture content, 

and add biomass. 

b 

d a 

b 

c 

e 
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Figure 9: Initial 6”step-ladder column set-up. 

 

 

A second and a third 6” column were then added to the step-ladder system. The first 

column was used to aerate the coal slurry. The second column was used to sonicate the 

oil/conditioner mixture into the slurry to create froth. Froth was collected by ladle and 

transferred to a sieve where it was sieved for 80 seconds before being transferred to a 

tumbler where biomass was added in 1, 5, or 10 wt% concentrations. The fine waste coal 

from Creek Paum Mine had a carbon content of 39% which was increased to 73% after 

treatment in the step-ladder columns. Unwashed, micronized Illinois wheat straw had a 

carbon content of 91%, so the addition of wheat straw in the pelletization process further 

improved the final RC content of cleaned, dewatered coal pellets. 

 

The final arrangement of the step-ladder column system, shown in Figure 1, had a second 

sonicator in the third column and a second aerator in the second column.  Fine waste coal 

slurry was pumped into the first column where it was agitated by aeration. It was found in 

the intermediate step-ladder column assembly that it was not possible to pump waste 

vegetable oil and SIU-X chemical at a fast enough rate to sufficiently froth the coal-water 

slurry. Consequently, the feed tube was reduced from 1” to ½” in order to reduce the flow 

of incoming slurry. Also, a bypass system consisting of a T-joint and valve was installed 

in the feed line just before the first column to divert excess feed back to the mixing 

bucket if the flow rate became too high.  
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TASK 3. Mercury Reduction: To determine mercury concentration per particle size, as-

received Prairie Eagle ROM coal was ground into powder and a particle size distribution 

study was performed to ascertain the correlation between particle size and mercury 

content. Coal samples then underwent standard carbon content and mercury analyses. As 

shown in Table 1, carbon content returned high values greater than 92% across all 

particle sizes except for those greater than 850 m. This was likely due to minerals in the 

coal or pyrite-rich fractions. The literature suggests that with increasing mineral and iron 

content, there will be an accompanying increase in the mercury concentration of coal and 

coal combustion byproducts. It was found that larger particles, which were significantly 

harder to grind, averaged at least twice the Hg concentration of smaller fractions although 

at a significantly higher standard deviation. This suggests that it is not advisable to strive 

for enhanced particle size reduction during pulverization. Figure10clearly shows that 

combustion byproducts from coarser particles higher in Hg concentration show a drastic 

difference in color and color is not uniform throughout the sample as it is with the sample 

from finer particles less than 355 m. 

 

 

Table 1:  Prairie Eagle ROM sample characterization. 

Particle Size (m) Carbon Content (wt %) Hg Content (μg/kg) 

< 45 92 65.2 ± 21.9 

45-106 94 67.9 ± 0.5 

106-355 93 72.0 ± 4.4 

355-850 93 74.7 ± 1.2 

> 850 50 168.0 ± 96.6 

 

 

 

Figure 10: Ash produced from combustion (at 750
o
C) of Prairie Eagle ROM coal 

samples < 355m (left) and> 355 m (right). 

 

 

Samples obtained from Prairie Eagle and Creek Paum fine waste coal streams were 

allowed to air dry under normal indoor atmospheric conditions. Once dry, they were 

broken down into a powder using a mortar and pestle and sieved through a series of 

descending mesh sizes before undergoing standard carbon content and mercury analysis. 
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Results are displayed in Table 2. Carbon content values for the Prairie Eagle fine waste 

coal stream were significantly less than that of the fine waste coal stream sample 

collected at the Creek Paum Mine. This may be largely due to more inherent clays and 

minerals (as high as 72% by weight for particles < 45 m) in Prairie Eagle coal. A lower 

starting organic content would provide a greater challenge in recovering carbon from the 

waste stream while removing water and trace metals. Although there was no unique 

particle size containing significantly higher mercury concentrations, a trend does exist 

indicating larger particle sizes have a higher mercury concentration. 

 

 

Table 2: Prairie Eagle and Creek Paum fine waste coal sample characterization. 

Particle Size 

(m) 

Prairie Eagle Creek Paum 

Carbon Content 

(wt%) 

Hg Content 

(g/kg) 

Carbon Content 

(wt%) 

Hg Content 

(g/kg) 

< 45 28 83 ± 2 50 82 ± 2 

45-106 32 75 ± 2 54 90 ± 2 

106-355 48 108 ± 3 59 140 ± 9 

355-850 39 121 ± 12 50 286 ± 36 

> 850 36 118 ± 15 51 174 ± 31 

 

 

To gauge the effectiveness of stripping mercury from RC, a control sample containing 

20% fine waste coal slurry with distilled water was sonicated at 80% amplitude 

consuming ~105 W for 90 seconds, then removed from the column for 72 hours of air 

drying. A 1% solution of SIU-X was added to a second batch of fine waste coal slurry, 

which was sonicated and air dried in an identical manner to the control sample. Solids 

recovered from both samples were lightly hand ground, carefully weighed, and analyzed 

for Hg content. Results were 123±16 g/kg for the control sampleand89±11g/kg for the 

sample sonicated with 1% SIU-X additive. Increasing the SIU-X additive to a 3% 

solution resulted in an average mercury concentration of 94±11g/kg, which is not 

statistically different from results with 1% SIU-X.  These results indicate that treatment 

with SIU-X additive aided in lowering Hg concentration by nearly 30%. 

 

Fine waste coal slurry was then processed in the 4” columns shown in Figure8. After 

processing a control sample with no additives, the following procedure was used:(i)in 

Column 1, fine waste coal slurry was treated with 1% SIU-X additive; (ii)in Column 2, 

fine waste coal slurry was treated with 2% soy oil and sonicated at 80% amplitude 

drawing 320 W power; (iii)after processing in Columns 1 and 2, product (froth) slurry 

was discharged on a 106 m vibrating screen for dewatering. Both retained and passing 

dewatered solid fractions were subjected to moisture and RC analyses.  The solid fraction 

greater than 106 m contained agglomerates formed by treatment with soy oil. Results 

are shown in Figure 11. It should be noted that moisture content of the control sample 

was almost double that of the sample processed with SIU-X additive and vegetable oil 

and that solids greater than 106 m had significantly higher RC content, i.e., 93%. 
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Figure 11: Batch processing measurements using 4” step-ladder columns. 

 

 

For comparison purposes, samples from the Southern Illinois Power Cooperative (SIPC) 

power plant were collected and characterized.  SIPC burns a blend of clean coal from 

mining operations and coal recovered from old fine waste coal slurry impoundments.  

The latter is commonly referred to simply as carbon. Characterization results for SIPC 

samples are listed in Table 3. Comparing these results with those in Table 2 clearly 

suggests that high levels of RC would be required of a step-ladder column process if the 

product is to be deemed suitable for combustion in boilers. 

 

 

Table 3: SIPC sample characterization. 

 
Mercury Content 

(g/kg) 

Moisture Content 

(% H2O) 

Carbon Content 

(wt%) 

SIPC Carbon 49.5 ± 5.6 11.5 86.0 

SIPC Coal 98.9 ± 18.9 N/A 91.7 

 

 

Since settling rarely occurs in today’s continuous coal preparation processes, the 

effectiveness of the step-ladder column process was evaluated using a second fine waste 

coal control sample. A portion of as-received fine waste coal was air-dried, then blended 

with distilled water for five minutes using a mixing blade attached to a drill. This 

significantly reduced standard deviations in Hg concentration for the control sample. 

Then the following process was used: (i) the liquid portion (water, SIU-X, and soy oil) of 

the slurry was sonicated; (ii) coal was added and mechanically stirred; and (iii) froth was 

allowed to rise to the top of the column where it was removed in three sections, i.e., top, 

middle, and bottom; and (iv) gangue solids remaining at the bottom of the column were 

collected. All samples were analyzed for Hg concentration.  Results (see Figure 12) 

indicate a homogeneous distribution of Hg throughout the froth. It is also clear that Hg 

concentration of froth waste was significantly higher than that of froth coal. 
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Figure 12: Hg distribution in froth product and waste for unsettled fine waste coal 

sample. 

 

 

Upon finding that Hg concentration climbed almost 42% in RC samples after sieving, 

further analysis revealed that water passing through the sieve contained significant levels 

of ultrafine particles. These ultrafine particles showed the potential for higher RC values, 

as shown in Figure 13. Because ultrafine particles with low Hg concentration were not 

being recovered during cleaning and dewatering, Hg concentration in recovered coal was 

higher. Furthermore, waste contained a much higher amount of carbon when these 

ultrafines passed though the sieve. RC was again divided into various particle sizes using 

the stacked sieving method and Hg concentrations were determined (see Table 4). 

Strikingly, ultrafine particles were found to have the least Hg per weight and to be the 

least fraction by weight, i.e., at 10%. Sieved coals > 106 m accounted for 73% of the 

overall mass of the waste stream solids. 

 

 

 

Figure 13: Moisture and RC content of samples recovered from the sieving process. 
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Table 4: Hg concentration of particle size fractions recovered from fine waste coal.  

Particle Size (m) Hg Concentration (g/kg) 

> 850 174 ± 31 

355-850 286 ± 36 

106-355 140 ± 9 

45-106 90 ± 2 

< 45 82 ± 2 

 

 

Researchers in Ohio have suggested that oxalic acid treatment may be an effective tool to 

reduce Hg concentration in cleaned coals [8]. To test this hypothesis, oxalic acid was 

used in the step-ladder column system instead of SIU-X. A control sample with no 

additive was followed by samples treated with oxalic acid additive in 1, 3, and 5 wt% (on 

solid content basis) increments. It was observed that froth produced by the oxalic acid 

treatment was less in quantity and more dense than that produced by the SIU-X treatment 

at the same concentration levels. Results of the oxalic acid treatment are listed in Table 5. 

While no meaningful trends were observed, it was clear that there was no statistical 

difference in Hg concentration of RC from SIU-X treatment and oxalic acid treatment.  

Moisture content remained very high for all levels of oxalic acid treatment. This can be 

attributed to the sieving process not being very effective on the densely packed froth 

produced by oxalic acid treatment.  Furthermore, RC values, while consistent for varying 

levels of treatment, remained under 70%.  These results suggest that oxalic acid is a less 

effective treatment than SIU-X. 

 

 

Table 5: Results of oxalic acid treatment of Creek Paum fine waste coal stream. 

Oxalic Acid 

(wt% of solids) 

Hg Concentration 

(g/kg) 

Moisture Content  

(wt %) 

Carbon Content 

(wt %) 

0 203±27 55 64 

1 196±51 56 63 

3 215±49 53 66 

5 183±32 57 62 

 

 

SIU-X is a very cheap and readily available chemical.  Its effectiveness in stripping Hg 

from Illinois coals using conditions identical to those used for oxalic acid tests is shown 

in Figure 14.Hg concentration in RC was reduced by as much as 93% relative to Hg 

concentration in the fine waste coal feed stream. Multiple reflections of pressure waves, 

in the presence of SIU-X in the fine waste coal slurry medium resulted in Hg being 

transferred from the froth product to the waste generated by the step-ladder columns. 
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Figure 14: Hg concentrations of Creek Paum fine waste coal stream at various stages of 

step-ladder column process. 

 

 

TASK 4. Optimized Agglomeration Approach: Oil agglomeration is used to achieve 

deep cleaning and enhance dewatering.  The goal of this task was to produce a RC 

product from the step-ladder column system processing fine waste coal slurry that 

achieves carbon content levels approaching the levels found in ROM coal samples.  As 

reported in Tables 1 and 2, carbon content for ROM coal averaged 93% while carbon 

content for solids in fine waste coal slurry average 42%. This is a lofty goal and falling 

short is acceptable as many power plants burn coal with carbon content < 90%.  For 

example, SIPC’s blended feed coal has a carbon content of ~ 84%. 

 

The effect of screen mesh size in the vibrating sieve was evaluated by processing a 

reconstituted fine waste coal slurry with 20% solids. The slurry was processed with 3% 

SIU-X and 1% soy oil (with respect to the weight of solids in the slurry). The froth 

product from the step-ladder columns was filtered through 52, 80, 120, 160, 325, and 400 

mesh sieves. Each sieve was given a recorded amount of froth and then vibrated for two 

minutes, after which the amount of product collected on the sieve and the amount that 

passed through the sieve was collected, weighed, and analyzed for moisture and carbon 

content. Results are shown in Table 6. As expected, they indicate that as the size of the 

screen opening decreases (i.e., mesh size increases), more material is retained on the 

screen; and as more material is retained, moisture content increases.  The opening size of 

the 52 mesh sieve allowed nearly all of the feed to pass through the screen. The 120 mesh 

sieve retained 27% (by weight) of the feed on the screen.  Moisture content significantly 

increased at 160 mesh and above due to the screen becoming clogged with small particles 

and not allowing water to pass through. 

 

The effectiveness of waste vegetable oil in coal cleaning and dewatering was evaluated in 

two sets of experiments. In the first set, batch samples were prepared by mixing dried 

Creek Paum fine waste coal, water, SIU-X, and vegetable oil. Coal, water, and SIU-X in 

the slurry were kept constant, while the amount of oil was increased from 0 to 4 wt% 

(solids basis)in increments of 1 wt%. In the second set, keeping coal, water, and SIU-X 
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constant, vegetable oil concentration was increased from 0 to 25 wt% (solids basis) in 

increments of 5 wt%. Oil concentration was limited to 25 wt% because the literature 

reports that biomass tends to become problematic at percentages higher than 20% during 

co-firing. Results showing the effect of oil concentration on moisture content can be seen 

in Figure 15. In general, higher oil concentrations negatively affected the ability to 

dewater cleaned coal recovered from the fine waste coal stream; however, using 1 wt% 

oil achieved a dramatic reduction in moisture content to ~ 10 wt% immediately after 

vibrating the froth on a screen. Figure 15 verifies the observation that when oil 

concentrations higher than 5 wt% were used, most of the oil washed out or drained during 

sieving. Carbon content > 60% measured in the passing material explains why higher 

carbon contents were not measured for recovered coal when higher vegetable oil 

concentrations were used. 

 

 

Table 6: Effect of screen mesh size in vibratory sieve. 

Mesh 

Size 

Retained on 

Screen  

(wt%) 

Moisture 

(% H2O) 

Carbon Content of 

Recovered Fraction      

(wt%) 

Carbon Content of 

Passed Fraction 

 (wt%) 

52 7 0-4 67 62 

80 4 0-4 71 58 

120 27 24 70 53 

160 24 57 72 52 

325 25 51 67 45 

400 34 66 70 45 

 

 

 

Figure 15: Effect of vegetable oil concentration on moisture content. 

 

 

Biomass was added using a tumbling approach to further increase RC, offset total Hg 

concentration, and lower moisture content. A rotary drum system with no binders except 

wheat straw particles was tested. Biomass analysis showed dried, micronized Illinois 

wheat straw having Hg concentrations of 13±1 g/kg and an average carbon content of 

91.6%. Various other Illinois-grown biomass materials were tested and compared to the 

micronized wheat straw. After dewatering froth recovered from Creek Paum fine waste 
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coal slurry, biomass was added in a tumbler to produce small pellets like those shown in 

Figure 16 that were analyzed for RC and Hg concentration. Carbon content increased 

from 39% in the feed to 66% in the final product, while Hg concentration was lowered 

from ~120 µg/kg in the feed to ~ 35 µg/kg on pelletization, a 75% reduction. It should be 

noted that there was a large (50% of total) standard deviation in Hg concentration 

measured for pellets made in this fashion. This may be due to the length of time that the 

mixture was tumbled causing some pellets to have larger biomass content than others. 

Batch size was doubled in an effort to produce larger pellets, which was successful. 

 

 

 

Figure 16: Biomass-coated pellets with no binder produced in a tumbler                     

from dewatered coal recovered in step-ladder columns. 

 

 

It was found that using water with a slightly elevated temperature not only sped up 

reaction time but also produced much more froth. Heat speeds up any chemical reactions 

taking place during sonication and sonication is more effective in hotter water. Sonication 

is the growth and collapse of bubbles and higher temperatures increase chances for 

bubble formation and growth resulting in more cavitation. More cavitation accompanied 

more bubble collapse; and with more bubble collapse, there were more accelerated 

particles, more cleaving of heavy metals, and better dispersion of coal particles and waste 

oil. Because waste vegetable oil was much better dispersed with higher temperature 

sonication, there was a better chance of oil coating coal particles, enhancing flotation 

yielding quicker and more abundant froth as seen in Figure17. Tables 7 and 8 show the 

relationship between water temperature and RC in the step-ladder column system. Table 

7 shows the improvement in carbon content when water temperature is increased from 

ambient to warm when processing the fine waste coal stream from Creek Paum.  Tap 

water in the laboratory was measured at 23
o
C and distilled water was measured at 24

o
C. 

Both produced the same carbon content. Using warm and heated water produced higher 

carbon content but there was no difference between the results from using lukewarm 

(33
o
C) water versus heated (56

o
C) water. Previous experiments revealed that it is more 

difficult to froth the fine waste coal stream from Prairie Eagle because it is contains more 

ash and clay; however, Table 8 shows an average of 60% carbon content in the RC for 

this stream regardless of water temperature. 
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Figure 17: Froth produced with room temperature water (left) and warm water (right). 

 

 

Table 7: Effect of water temperature on RC for Creek Paum fine waste coal. 

Water Temperature (˚C) Carbon Content (wt%) 

24 (distilled) 61 

23 61 

33 66 

56 66 

 

 

Table 8: Effect of water temperature on RC for Prairie Eagle fine waste coal. 

Water Temperature (˚C) Carbon Content (wt%) 

12 61 

24 62 

49 58 

 

 

TASK 4. Optimized Concentration of Oxidizer Conditioner:  A fine waste coal 

(Illinois #6) slurry from Knight Hawk’s Prairie Eagle preparation plant was processed 

using the step-ladder column system to evaluate moisture reduction and cleaning 

performance with varying amounts of SIU-X used starting with a control sample at 0% 

and increasing in 1% increments to 3% SIU-X. Both froth from the top and waste from 

the bottom of the step-ladder column were collected and analyzed. Results are shown in 

Table 9. The most success came with addition of 2% SIU-X, which produced a product 

with 77% carbon content from a fine waste coal stream having 42% carbon content.  All 

samples had carbon content greater than 70% while carbon content in the rejected 

fraction was less than 23%. Samples with no additive did not separate, as was expected. 

For consistency, tests were repeated at1% and 3% SIU-X treatments to check 

repeatability of the step-ladder column approach, as well as to probe mercury reduction. 

Results in Table 10 indicate that the step-ladder column approach is repeatable and 

produces a product lower in Hg concentration when compared to ROM coal received 

from Prairie Eagle. Mercury reduction was roughly 40%. 
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Table 9:  RC results for step-ladder column product at varying levels of SIU-X. 

SIU-X Concentration 

(wt% - solids basis) 

Carbon Content of Product 

(wt%) 

Carbon Content of Waste 

(wt%) 

0 39 39 

1 74 22 

2 77 23 

3 70 22 

 

 

Table 10: RC and Hg concentration for repeatability tests. 

SIU-X Concentration 

(wt% - solids basis) 

Carbon Content of Product 

(wt%) 

Hg Concentration 

(µg/kg) 

1 73 73 ± 7 

3 72 70 ± 6 

 

 

TASK 5. Overall Sample Analysis: After establishing experimental procedures for 

Tasks 3 and 4, a control sample was generated by simply sieving the fine waste coal 

slurry. Table 11 shows as-received (solids recovered from the top of the slurry bucket) 

fine waste coal slurry and control sample moisture and carbon content. It should be noted 

that sieving alone significantly reduces moisture content; however, it also reduces RC.  

Then samples from strategically important steps in the step-ladder column process were 

collected and analyzed for moisture, ash and Hg content. Results, such as shown in 

Figures 18 and 19, were used to optimize the step-ladder column approach for coal 

cleaning and dewatering fine coal. For each experiment,  

 

 

Table 11: Moisture and carbon content for as-received and sieved (control) samples    

taken from Creek Paum fine waste coal slurry. 

 
Moisture Content 

(% H2O) 

Carbon Content 

(wt%) 

Slurry Bucket (Top) 46.7-50.0 61.0 

Sieved Control 28.5 53.7-53.8 

 

 

Figure 20 indicates how the Fourier Transform Infrared (FTIR) spectra of Creek Paum 

fine waste coal were affected as it underwent different steps of coal cleaning and 

dewatering using the step-ladder column approach. Intensities of ash and organic bands 

are listed in Table 12. It should be noted that a significant reduction in ash bands 

occurred for cleaned, dewatered coal; while at the same time, organic band intensities 

significantly increased. Clearly, this illustrates the effectiveness of the step-ladder column 

approach in achieving deep ash and moisture reduction from fine waste coal slurries 

currently being disposed of at most Illinois mines. 
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Figure 18: Moisture content at various steps in the step-ladder column process. Tests 

#1(left) and #2 (right) were conducted using Creek Paum fine waste material. 

 

 

 

Figure 19: Carbon content at various steps in the step-ladder column process. Tests #1 

(left) and #2 (right) were conducted using Creek Paum fine waste material. 

 

 

 

Figure 20:  FTIR spectra of (a) control; (b) cleaned; (c) cleaned and dewatered; (d) 

waste during mixing or blending; and (e) waste from sonication samples. 
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Table 12: Numerical analysis of FTIR spectra shown in Figure20. 

Sample 

Inorganic Peak Intensities 

(Frequency Range:  

3750 – 3575 cm
-1

) 

Organic Peak Intensity 

(Frequency Range:  

2985 – 2790 cm
-1

) 

As-received fine waste coal  10 7.2 

Recovered clean froth 5.6 20.0 

Cleaned, dewatered coal 1.7 27.0 

Froth recovered from 

blending (middle) column 
15.5 6.5 

Recovered Waste 10.9 4.4 

 

 

TASK 5. Dewatering Benefits of Step-Ladder Columns Technology: After cleaning in 

a typical coal preparation plant, coal is stored in large piles to await shipment to 

consumers. Residence time in these piles varies from hours to weeks. Because of the oil 

agglomeration aspect of the step-ladder column process, the clean coal product lends 

itself to natural dewatering.  With minimizing the cost of dewatering and maximizing 

total carbon recovery in mind, simple air drying of carbon recovered from the fine waste 

coal stream was explored as a means of dewatering without incurring the additional cost 

of expensive processes like centrifugation, pressing, or thermal drying. For these 

experiments, froth produced from step-ladder columns was collected and placed on top of 

open containers with perforated bottoms for water drainage to simulate a coal storage 

pile. Simultaneously, settled solids from the unprocessed fine waste coal slurry were also 

piled in open containers. The moisture content of both piles was monitored as a function 

of time and is graphed in Figure 21. For cleaned, recovered carbon, 60% of its initial 

mass was lost over three days with no significant loss thereafter. Small increases or 

decreases in weight observed after three days can be attributed to relative humidity 

changes or current fluctuations in surrounding air flow. It should be emphasized that no 

external heating source or additional dewatering techniques were used in this experiment. 

On the other hand, waste coal did not show similar behavior and retained a considerable 

amount of moisture even after eight days. Using this approach, moisture content values 

well below 8.0 wt% were repeatedly obtained for step-ladder column product. Oil 

agglomerated coal particles are coated with a thin layer of oil making them hydrophobic, 

thus facilitating easy moisture drainage. It appears that the combination of step-ladder 

columns along with air drying has the potential to significantly reduce the cost of 

dewatering fine and ultrafine coal particles.  

 

During these natural drying experiments, it was observed that cleaned coal stratified into 

two layers – a top layer that was very porous and full of cavities similar to a sponge and a 

bottom layer that was much denser and had no cavities. These two layers were separated 

and analyzed for carbon content. Results are shown in Table 13. While higher than the 

control sample, piled coal had lower carbon content than expected, which may have been 

due to piling all of the froth product and not just the upper portion of the column. This 

experiment was repeated on a smaller scale with separate samples drying in individual 

pans under normal atmospheric conditions. After daily weighing, the sample would be 

analyzed for moisture content. Table 14 lists results from this experiment. After one day 
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of air drying, moisture loss was almost 7%.  Another 1% was lost by the fourth day, but 

there was no detectable loss after that. 

 

 

 

Figure 21: Comparative weight loss during natural air drying in piles. 

 

 

Table 13: Carbon content of air-dried layers of piled cleaned coal. 

Sample Carbon Content (wt%) 

Top Layer 70.23 

Bottom Layer 66.50 

Control 58.77 

 

 

Table 14: Small scale air drying moisture loss. 

Time (days of air-drying) Water Loss (%) 

1 6.57 

4 1.19 

5 0 

6 0 

 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

Research Conclusions: Step-ladder columns using multiple reflecting pressure waves in 

conjunction with vegetable oil agglomeration were constructed to achieve a deeply 

cleaned and dewatered carbon product in pelletized form that had significantly reduced 

mercury content.  Specifically, the following outcomes were achieved: 
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1. Two 3-column step-ladder systems were constructed from 4” and 6” diameter 

Plexiglas where pressure waves could be sustained while fine waste coal slurry 

underwent oil agglomeration. To make these systems more continuous, column 

heights were modified so that they were all at the same level.  

2. Two fine waste coal feed slurries tested had remarkably different solid particle size 

distributions. This suggests that each plant will require its own fine tuning to 

achieve significant carbon recovery.  However, this is to be expected. 

3. Mercury analysis of incoming waste coal streams suggested that most of the 

mercury is associated with heavier solid particles, i.e., heavier particles had mercury 

content of ~ 576 g/kg against ~ 69 g/kg for lighter solid particles. 

4. Oxalic acid was ineffective not only in reducing mercury concentration in the 

recovered carbon but was also equally ineffective in reducing the moisture content 

of recovered ultrafine and fine particles. 

5. Results suggest that a proprietary oxidizer, in conjunction with the establishment of 

pressure waves in columns, was effective in reducing mercury concentration of 

recovered carbon from coal waste slurry by as much as 93%. 

6. Vegetable oil played a crucial role in recovering carbon from fine waste coal 

streams. Interestingly, subjecting oil to pressure waves prior to contact with the 

waste stream was much more effective in recovering carbon and achieving 

significant reduction of moisture content in the product. Results indicate that step-

ladder columns in conjunction with pressure waves could reduce moisture content 

of recovered ultrafine and fine particles to as low as ~ 10 wt%. 

7. There is a critical concentration (relative to solids in the slurry) of the vegetable oil 

in the columns needed to achieve maximum recovery of carbon from fine waste 

coal streams while having the least amount of moisture content. Results indicate 

that for Illinois coal, that concentration is ~ 1 wt% (relative to solids). In fact, 

adding additional oil concentration produced poorer dewatering results. 

8. Step-ladder columns routinely were successful in recovering more than 75 wt% of 

carbon from fine waste coal streams. 

9. The carbon recovery approach also demonstrated that pellets could be readily 

formed from ultrafine and fine carbon particles recovered from waste streams when 

combined with biomass. Remarkably, no binder was needed to form these pellets, 

which could be varied in size if desired. Also, biomass completely surrounded 

agglomerated carbon particles, thus inhibiting any ultrafine particles from getting 

air-born during transportation and/or handling. 

10. Results demonstrate that upon subjecting the fine waste coal stream to pressure 

modulation in the presence of vegetable oil, the recovered carbon significantly self-

rejected moisture. This approach could be harnessed to achieve deep dewatering 

from recovered carbon by simply storing the product in piles. 

 

Recommendations for Future Research: The following recommendations are provided 

to guide future research on step-ladder columns with ultrasonic oil agglomeration: 

 

1. Parametric evaluations for scale-up are needed.  Any larger scale systems should be 

continuous in operation with control automation. 
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2. Future experiments should investigate the overall level of dewatering achieved by 

blending coal recovered from fine waste coal streams using the step-ladder column 

system including oil agglomeration and sieving with clean coal from the coarse, 

intermediate, and spiral circuits of a conventional coal preparation plant. 
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DISCLAIMER STATEMENT 

 

This report was prepared by Vivak Malhotra of Southern Illinois University-Carbondale, 

with support, in part, by grants made possible by the Illinois Department of Commerce 

and Economic Opportunity through the Office of Coal Development and the Illinois 

Clean Coal Institute. Neither Vivak Malhotra, Southern Illinois University-Carbondale, 

nor any of its subcontractors, nor the Illinois Department of Commerce and Economic 

Opportunity, Office of Coal Development, the Illinois Clean Coal Institute, nor any 

person acting on behalf of either:  

 

(A) Makes any warranty of representation, express or implied, with respect to the 

accuracy, completeness, or usefulness of the information contained in this report, or that 

the use of any information, apparatus, method, or process disclosed in this report may not 

infringe privately-owned rights; or  

 

(B) Assumes any liabilities with respect to the use of, or for damages resulting from the 

use of, any information, apparatus, method or process disclosed in this report.  

 

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 Economic Opportunity, Office of Coal Development, 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. 


