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ABSTRACT 

 

Dewatering has been a technical and economical barrier to the stabilization of coal 

tailings and the utilization of ultrafine coal particles from coal preparation. While 

substantial progress continues to be made in conventional dewatering technologies, a 

non-conventional approach to dewatering utilizing an osmotic gradient was 

investigated as a simple, robust, and low-cost alternative. At its core, the technology 

relies on the directed transport of water from the coal or waste slurry to an osmotic agent, 

effectively achieving dewatering – in essence, a passive dewatering technology. Under 

this approach, dewatering is achieved by inducing an osmotic pressure difference as 

opposed to using mechanical pressure. Potential advantages include the use of low-

pressure equipment, saline brines, and low-grade heat for dewatering. 

 

The activities undertaken in this project support the idea that osmotic dewatering of 

ultrafine coal and refuse slurry is both feasible and scalable. The dewatering performance 

followed expected trends with respect to factors such as slurry osmotic pressure, particle 

size, and dependence on properties such as sphericity. Manipulation of these factors 

allows for the possibility of doubling the productivity of the osmotic dewatering system. 

Finally, the membrane material was shown to withstand repeated use over a period of 

thirty trials without deterioration of performance. It is notable that the membrane was 

readily cleaned with water rinsing alone. 

 

A first-order economic calculation suggests that the operational cost of dewatering per 

ton of solids compares favorably with current costs of alternatives such as deep cone 

thickener, belt press, and filter press while achieving a higher degree of dewatering. The 

estimated cost of dewatering is sensitive to membrane life and still needs to be confirmed 

over longer periods of operation under real-world conditions. 

 

Further development of this dewatering technology could play an important role in 

reducing the volume of coal tailings currently disposed to holding ponds. Additionally, 

through fine coal froth flotation and subsequent dewatering, this technology could enable 

recovery of a significantly greater proportion of ultrafine (< 105 µm) coal (constituting as 

much as 6% of total coal production) currently wasted in Illinois on an annual basis. 

 

Pages 9, 10, and 22 contain proprietary information. 
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EXECUTIVE SUMMARY 

 

Dewatering has been a technical and economical barrier to the stabilization of coal refuse 

tailings and the utilization of ultrafine coal particles from coal preparation.  Conventional 

techniques utilizing thermal or mechanical methods have been ineffective at dewatering 

tailings and ultrafine coal suspensions in an environmentally acceptable and/or cost 

effective manner.  While substantial progress continues to be made in conventional 

dewatering technologies, a non-conventional approach to dewatering utilizing an 

osmotic gradient was investigated as a simple, robust, and low-cost alternative.  At its 

core, the technology relies on the directed transport of water from a coal or waste 

suspension to an osmotic agent, effectively achieving dewatering – in essence, a passive 

dewatering technology.  Under this approach, dewatering is achieved by inducing an 

osmotic pressure difference as opposed to using mechanical pressure.  

 

In this work, the feasibility of osmotic dewatering was investigated on three feed streams 

obtained from the coal preparation plant at the American Coal Company’s Galatia Mine. 

One stream came from the thickener underflow and represented coal refuse (C2) for the 

purposes of this study.  The other two streams were product streams – product slurry 

from the froth flotation process (C1) and overflow product from spiral sieves (C3).  

 

Osmotic dehydration was carried out in custom-built, rectangular forward osmosis (FO) 

cells. Based on experiments conducted with this configuration, the following 

observations regarding the technical feasibility of dewatering coal tailings slurry using an 

osmotic gradient can be made: 

 

(1) Dewatering of coal refuse slurry can indeed be accomplished using an osmotic 

gradient without application of any external pressure. Dewatering to well in 

excess of 70% solids can be routinely achieved.  

 

(2) Mixing of slurry during dewatering results in improved dewatering rates due to 

intimate contact between water and membrane and provisioning of channels for 

water flow. 

 

(3) The dewatering rate is dependent on the total dissolved solids (TDS) level of the 

slurry. The higher the TDS level, the lower the driving force and the lower the 

dewatering rate or flux. The solids content had less of an impact on the 

dewatering rate until the formation of a network and initiation of consolidation.  

 

(4) The larger the particle size in the feed stream, the higher the dewatering rate. 

Increasing particle size through agglomeration or flocculation increases 

dewatering rates. 

 

(5) The mixing of spherical particles such as gypsum into the thickener underflow 

results in a disruption of the cake structure thereby promoting improved 

dewatering rates. 
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The robustness of the membrane was tested by using the same membrane coupon 

repeatedly over thirty trials. No deterioration in performance was noted over these trials. 

Most importantly, the membrane was easily cleaned by the use of a water rinse.  

 

The rectangular FO cell was scaled by a factor of 20 in terms of membrane area and the 

amount processed was scaled by a factor of 60. The performance noted in smaller cells 

were comparable to those obtained with larger cells validating the feasibility of scale-up 

of the rectangular configuration.  

 

The cost of dewatering a ton of solids is dependent on starting slurry concentration, target 

slurry concentration, flux (measured in liters per square meter (m
2
) per hour (LMH), 

membrane life, and mode of draw solution regeneration. First-order calculations suggest 

that the cost of dewatering a ton of solids (~2 LMH average flux, $20/m
2
 of membrane, 

3-year membrane life) is around $3.50 to achieve a final slurry solids content of 75% and 

assuming the use of reverse osmosis for osmotic agent regeneration. This compares 

favorably with costs for alternative technologies such as deep cone thickener, belt press, 

and filter press while achieving a higher degree of dewatering. 

 

Membrane replacement costs can be lowered through productivity enhancement. The 

productivity of the process can be increased by maximizing driving force (minimizing 

osmotic pressure of slurry) and by decreasing cake resistance. Slurry TDS (and therefore 

osmotic pressure) for many coal preparation plants in Illinois are considerably lower than 

the ~8500 mg/L measured for the Galatia Mine samples used in this work. For example, 

the thickener underflow at Peabody Energy’s Willow Lake preparation plant had a TDS 

of ~4000 mg/L and that of White County Coal Company’s Pattiki Mine was 2200 mg/L 

as reported in a previous report. Hence, slurries from Willow Lake and Pattiki are 

expected to be processed with a higher average flux than that of the Galatia slurry. 

Osmotic pressure can also be decreased by water washing. This washing can be achieved 

without additional water consumption in the coal preparation circuit through use of water 

pinch technologies. Cake resistance can also be lowered by increasing particle size within 

slurries, or by increasing the sphericity of materials in the cake bed. A doubling of the 

productivity reported for this second phase of development is considered achievable with 

adjustments to slurry and cake properties as well as membrane material. 

 

In summary, osmotic dewatering of fine coal refuse and ultrafine coal has been shown to 

be technically feasible, scalable, and potentially economic. Further development of the 

technology should focus on evolving design solutions to make the process continuous and 

integrating solids handling within membrane cells. 

 

Pages 9, 10, and 22 contain proprietary information. 
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OBJECTIVES 

 

In a previous project (Rajagopalan, 2011), the feasibility of osmotic dewatering of fine 

refuse and ultrafine coals was demonstrated. Questions remained on whether the process 

could be scaled-up in a manner that preserved and promoted process simplicity, 

membrane productivity, and membrane reliability. The objective of this research effort 

was directed primarily at answering the above questions. Specific tasks addressed were: 

 

Task 1: Determine the dependence of dewatering rates on parameters such as membrane 

choice, osmotic agent concentration, cake properties, and operational mode.  

 

Task 2: Ascertain robustness of membrane material in terms of cleanability, reusability, 

and other factors that determine membrane life expectancy and operating costs. 

 

Task 3: The realization of a membrane configuration that lends itself to scale-up. 

 

INTRODUCTION AND BACKGROUND 

 

As-mined coal contains non-combustible impurities, sulfur containing minerals, and 

hazardous trace elements that need removal prior to use. The removal of impurities – coal 

cleaning or preparation – is predominantly carried out by water-based processes.  Waste 

streams in coal preparation plants are categorized by particle size.  The larger particle 

size fraction can be readily dewatered and disposed of in waste piles or used for 

backfilling.  It is the fine size fraction that poses the greatest challenge due to the waste 

slurry of clays, slimes, and other mineral impurities that is generated.  This fine refuse 

stream typically contains only 2 to 3% solids. It is thickened to about 30% solids content 

before being discharged to impoundments (Parekh, 2009). Maintenance of impoundments 

is expensive and several well-publicized impoundment failures (NRC, 2002) have 

sharply raised awareness of the environmental hazards of storing such wastes. Therefore, 

new impoundments face greater opposition and older ones are filling up leading to 

concerns about waste disposal becoming a critical bottleneck in coal production.  

 

In some plants, very fine coal particles are separated and recovered using froth flotation 

(Tao et al., 2002). The carryover of residual water in the clean coal product is undesirable 

as it makes coal storage and handling difficult, increases transportation costs, and reduces 

heating value. As the cost to dewater fine coal is three to four times higher than that to 

dewater coarse coal, much of this fraction is discarded. It has been reported that US coal 

producers discard between 27 and 36 million metric tons of fresh fine coal to refuse 

ponds each year (Chen, 2003). To date, approximately two to three billion metric tons of 

fine coal have been discarded in abandoned and active tailings ponds. Several drivers are 

propelling the development of new technologies to recover these fines, chief among them 

being economic loss and a desire to limit exposure to long-term environmental liability. 

  

Dry cleaning technologies (van Houwelingen and deJong, 2004), alternative disposal 

methods such as backfilling (Karfakis et al., 1996), reduction of disposal volumes 

through ultrafine coal recovery, and reclamation of old slurry ponds have all been 
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advanced as solutions. Other than dry cleaning technologies, all of these options require 

the removal of water from slurried solids. 

 

There are several options for dewatering fine coal and refuse.  Thermal dewatering, the 

application of heat to evaporate water, is possible but not desirable due to the thermal 

energy involved and associated safety hazards. Other methods for dewatering the fine 

size fractions typically involve filtration or sedimentation. These tend to be complex 

pieces of equipment that consume substantial power, require conscientious operation and 

maintenance, and need redundant dewatering options in case of failure. More recently, 

the use of deep cone thickeners (Patil et al., 2007) has been shown to be effective at 

increasing the solids content of thickener outflow to 45-50% solids with appropriate 

addition of polymers. At this moisture content, waste material has the consistency of 

paste. The rheological properties of the paste allow surface stacking as the suspension is 

non-segregating and non-settling. The most obvious benefit is a reduction in surface 

impoundment area. Other benefits include water recovery, less potential for groundwater 

contamination, and easier reclamation of the site. Paste like material, when mixed with 

appropriate binders, has been used as mine backfill. The production of paste, however, 

requires installation of an additional thickener and chemicals. Moreover, if the paste has 

to be transported, it will require the use of positive pumps and wear resistant piping, all of 

which increases capital and operating expenses. 

 

In a departure from these active dewatering approaches pursued in the past, it was 

proposed that dewatering be accomplished utilizing the self-directed transport of water 

from the coal slurry to an osmotic agent - in essence, a passive dewatering technology. 

The driving force for transport is provided by the difference in activity of water. The 

principle of the technology is best illustrated by Figure 1. Here, a feed solution with a 

relatively low concentration (c1) of ionic or nonionic solute is separated by a semi-

permeable membrane barrier from a solution (a.k.a., the osmotic agent/draw solution) 

containing an elevated concentration (c2) of an ionic or non-ionic solute. As the activity 

of water in the feed solution is higher than that in the osmotic agent, water flows from the 

feed solution to the osmotic agent, achieving dewatering of the feed solution. 

 

 

Figure 1: Principle of osmotic dewatering technology 
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The principle illustrated above is referred to as osmotic dehydration.  Early applications 

of this technique to improve stability of perishable commodities, such as fish, date back 

many millennia. Modern applications include dehydration of fruits and vegetables. In all 

of these applications, the material to be dehydrated is directly contacted with the osmotic 

agent. A disadvantage of this method of contact is the counter diffusion of the osmotic 

agent into the material being dewatered. 

 

The development of highly selective, high-flux, semi-permeable cellulosic membranes in 

the 1960s allowed the principle of osmotic dehydration to be extended to extracting water 

from seawater, a process called forward osmosis. In this variation, an intervening semi-

permeable membrane, as shown in Figure 1, is used to separate the material being 

dewatered from the osmotic agent. This allows selective flow of water without mixing of 

the two solutions. This principle was exploited commercially in the 1990s to concentrate 

fruit juices and difficult to concentrate streams, such as landfill leachate. More recently, 

militaries have utilized this principle to provide drinking water to expeditionary forces. In 

an earlier study (Rajagopalan, 2011), the applicability of this concept to the dehydration 

of fine refuse and coal slurry was demonstrated. 

 

The osmotic dewatering method offers two distinct advantages over conventional 

pressurized membranes or other filtration processes. First, there is no externally applied 

driving force (other than gravitational body force and drag forces) on slurry particles 

ensuring that particles are not forced towards the filter barrier and lowering the potential 

for plugging of the porous media.  Second, while osmotic forces create the equivalent of 

100s of psi, the equipment itself is unpressurized leading to simple processes and ease of 

equipment construction. 

 

The choice of osmotic agent is important as it has ramifications for subsequent phases of 

the operation. The requirements of a good osmotic agent include the ability to lower 

water activity at low concentrations. In this regard, low molecular weight solutes are 

more efficient than high molecular weight solutes. Typical choices are substances such as 

sodium chloride, magnesium sulfate, glycerol, sucrose, etc. High molecular weight 

polymers can also be used. The osmotic agent should also be inexpensive, easily 

dewatered or removed from solution to enable reuse, and preferably noncorrosive, 

nonflammable, and nontoxic. 

 

The concentration of the osmotic agent to be used will depend upon the salinity of the 

coal slurry, increasing with the salinity of the feed slurry. To ensure the minimum 

possible membrane area will require a maximum activity difference between the feed and 

osmotic agent solution; however, the maximum concentration of the osmotic agent 

solution is limited by its solubility. The minimum concentration is fixed by the desired 

extent of dewatering of the feed solution. If, for example, the water activity is 0.9 at the 

desired dewatering set point of the coal slurry, the corresponding activity of the osmotic 

agent must be ≤ 0.9 fixing the minimum concentration of osmotic agent. Another factor 

that influences the concentration of the osmotic agent is the ability to be dewatered using 

energy efficient methods such as reverse osmosis (RO). This places limits on osmotic 



7 

 

agent concentrations to a maximum of about 6-7% sodium chloride.  Using other 

techniques, such as membrane distillation, allow relaxation of these limits. 

 

Previous work suggests that osmotic dehydration can achieve solids content greater than 

70% and in many instances closer to 80% (see Figure 2). The average flux achievable 

while dewatering as-received coal refuse slurry from a starting solids content of 25% to a 

final solids content of about 75% was approximately 1.25 LMH. When processing 

washed coal refuse slurry (i.e., lowering the osmotic pressure of the slurry and increasing 

driving force), the average flux from a starting solids content of 25% to a final solids 

content of about 80% is approximately 3 LMH. This degree of dewatering is achieved 

without application of mechanical pressure. The membranes used in these experiments 

were free-standing, hand-made, cylindrical bags filled with feed slurry.  They were 

immersed in a reservoir of draw solution causing the sides of the bags to collapse as the 

water was removed, thereby creating a moving wall effect. While this configuration was 

effective in proving the concept, it would be challenging to scale-up. On the other hand, 

the use of membrane discs was not as successful in achieving deep dewatering due to the 

impermeability of the developed cake layer. Therefore, this research was focused on 

determining whether a pathway could be found that achieved both deep dewatering and 

presented a plausible route to scale-up. 

 

 

Figure 2: Images of dewatered coal refuse and coal fines (Rajagopalan, 2011) 

 

 

EXPERIMENTAL PROCEDURES 

 

Task 1 – Operational Parameters of Osmotic Dewatering 

 

Sample Characterization: Representative samples of various slurry streams were 

collected from the American Coal Company Galatia Mine in July 2013.  They are 

described in Table 1. The fine refuse sample, C2, was utilized for the bulk of the work 
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due to its smaller particle size and the preponderance of clay type materials that are 

known to be hard to dewater. Towards the latter part of the project, additional samples of 

C2 were collected and used as received without any extensive characterization.  All 

original samples were analyzed for total solids, total dissolved solids, ionic composition, 

and particle size. Particle size analyses of samples C1 and C2 were carried out at Particle 

Technology Labs (PTL) in Downers Grove, IL. The analysis was conducted using a 

Malvern® MasterSizer laser diffraction (LD) system. This instrument is considered an 

ensemble analyzer that calculates a volume distribution from the laser diffraction pattern. 

Sample C2 was sieved using #10, #14, #18, and #20 mesh screens to separate particles 

larger than 850 µm prior to the LD analysis. 

 

Table 1: Sample locations and IDs 

Sample Location ISTC ID 
Volume 

(gallons) 

Flotation cell product Cells A & B* C1 10 

Thickener underflow (Waste) End Point of Plant C2 15 

Spirals product after sieves Spiral Sieve Discharge C3 15 

Screen bowl feed Mix of C1 and C3 C4 10 

* Cell A is expected to contain a higher concentration of ultrafine particles relative to Cell B. 

Slurry Dewatering: Manipulation Of Slurry Solids Concentration: Feed slurries were 

prepared using the C2 thickener underflow sample. The solid content of C2 was separated 

from the sample using a centrifuge (Model j2-21m, Beckman Coulter in Brea, CA). Fine 

solids remaining in the supernatant were filtered and added to the settled solids. In order 

to remove dissolved salts from samples, DI water washes were utilized until conductivity 

reading was below 100 µS. The fine refuse was then dried at 105

C for 24 hours. Feeds of 

20%, 30%, and 50% (w/w %) were prepared by mixing the dried solids with pre-

measured amounts of a synthetic saline wastewater prepared to mimic the average 

composition of ions in sample C2. 

 

Slurry Dewatering: Slurry TDS Adjustment: The TDS of the C2 sample was adjusted by 

adding washed and dried solids to obtain a solids content of 30% (w/w) with a saline 

solution that corresponded to 100%, 50%, and 25% of the TDS of the C2 slurry. 

 

Slurry Dewatering: Particle Size Manipulation by Flocculation: The C2 thickener 

underflow sample was diluted to allow for better polymer/solids interaction.  The dilution 

rate was 2:1 (2 volumes DI water to 1 volume C2). Sample C2 solids content was 

approximately 10% after dilution. This control sample was used to ascertain the impact of 

flocculation on the dewatering rate. 

   

Slurry Dewatering: Effect of Particle Type/Particle Size Distribution Effect: Solids from 

slurries C1, C2, and C3 were separated and used to make 30% slurries in synthetic saline 

solution that corresponded to 100% of the TDS of the analyzed C2 slurry. The type of 

solids in streams C1 and C3 correspond to coal while the particle type in stream C2 is a 

mixture of various refuse materials. 
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Task 2 – Membrane Cleanability and Reusability 

 

A single membrane was used for over thirty dewatering experiments with repeated 

cleaning in between runs. The membrane was checked for water flux after each cleaning 

to detect any integrity issues. Cleaning was conducted mostly by using DI water. On one 

or two occasions, a surfactant was used. On other occasions, a reverse flow of water 

caused by switching the osmotic gradient was also tested. 

 

Task 3 – Scalability 

 

The scalability of the cell design was tested using two other cells.  The intermediate sized 

cell represented a scale-up factor of seven in terms of membrane area. The largest cell 

tested in this project represents a scale-up factor of 20 in terms of membrane area. This 

was limited primarily by the size of membrane sheets available commercially. The largest 

volume processed was three liters, which represented an increase of about 60 relative to 

the smaller cells. A mechanical mixing arrangement was also designed and tested to 

illustrate automation.  

 

RESULTS AND DISCUSSIONS 

 

Task 1 – Sample Characterization 

 

The samples, analyzed individually for aqueous ionic composition, showed little variation 

indicating a common water circuit as would be expected from the preparation plant flow 

sheet. Table 2 reflects the average ionic composition of all samples. The composition in 

Table 2 was used to create a synthetic matrix for experiments. The total dissolved solids 

content (TDS) of the synthetic matrix was ~8500 mg/L.  

 

Table 2: Average composition of ions in samples C1 – C4 

Cations 
EPA 200.7 

mg/L meq/L 
Anions 
EPA 300.0 

mg/L meq/L 

Sodium 2828.75 122.99 Chloride 3536.50 99.62 

Potassium 32.80 0.84 Sulfate 1852.50 38.59 

Calcium 188.75 9.44 
   

Magnesium 44.85 3.74 
   

Total 
 

137.00 
  

138.21 

 

Table 3 lists percent solids of sample streams. Samples C1A and C2A represent the solids 

fraction in froth floated ultrafine coal. The higher solids content in Sample C3 represents 

the ease of dewatering larger sized particles from the spiral circuit. Sample C2 represents 

the solids fraction in the refuse stream currently obtained by chemical addition and 

thickening in the coal preparation plant. Figure 5 provides the estimated volume 

distribution for a calculated equivalent spherical diameter for samples C1, C2, and C3. 

Only 1.0% of the particles in sample C2 were larger than 850 µm. Sample C3 contained 

much larger particles. 
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Table 3: Solids content of various slurry streams sampled within coal preparation plant 

Sample Percent Solids (w/w) 

C1A 13.8 % 

C1B 4.35 % 

C2 31.6 % 

C3 48.0 % 

C4 6.2 % 

 

 

Figure 4: Estimated particle size of samples C1, C2, and C3 

 

 

Task 1 – Coal Dewatering with Rectangular FO Cell 

 

Results presented in this section can be qualitatively understood by using 

phenomenological relationships for flow through packed beds. Typically, flow through 

packed beds is described by a relationship like the Kozeny-Carman relationship. In an 

undisturbed bed, the resistance to flow is dictated by particle size, particle size 

distribution, porosity, and bed height in addition to properties such as viscosity. The 

resistance is inversely proportional to the square of the particle size. As the particle size 

distribution gets broader, the closer the achievable packing resulting in lower porosity. 

This obviously increases resistance to flow. Irregularly shaped particles also tend to pack 

more tightly compared to spherical particles and this increases resistance to flow.  

 

Dewatering of coal refuse slurry with a solids content of 20% was conducted using the 

rectangular FO cell. The sample volume used was fifty milliliters. Experiments were 

conducted under both mixed and non-mixed conditions. Figure 6 shows that mixing is 

beneficial to achieve a faster dewatering rate. Closer inspection reveals two distinct 

regions: an initial faster rate and a second slower rate. In the experiment with no mixing, 
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the initial faster rate is seen for a shorter period. In the experiment with mixing this initial 

linear period is extended for a longer time. This suggests that water is being brought into 

close proximity with the membrane surface as the cake is mixed. During the slower 

periods, when mixing has been discontinued, the slower dewatering rate is a result of the 

extra resistance imposed by the cake. 

 

Figures 7 and 8 illustrate the reproducibility of dewatering achieved using samples with 

20% and 50% solids content. The linear rate for the lower solids content extends for a 

longer time as there is more free water compared to the 50% solids content sample.  

 

Figure 9 is a comparative illustration of the rate of dewatering 50 mL samples with three 

different solids content (20, 30, and 50 wt%) in synthetic saline solution. It is apparent 

that the dewatering rate during the early and middle phases of dewatering is primarily 

independent of the solids content as would be expected when there is free water present 

in the samples. As the cake becomes unsaturated and viscosity increases to the point that 

mixing is discontinued, dewatering rates become dependent on cake properties. Samples 

with larger solids content exhibit more resistance as would be expected.  

 

 

 

Figure 6: Dewatering rate is faster when the suspension is mixed 
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Figure 5: Dewatering achievable with 50-mL refuse slurry containing 20% solids 

 

 

Figure 8: Dewatering achievable with 50-mL refuse slurry containing 50% solids 

 
 

Figure 1 Dewatering achievable with fifty mL of coal refuse slurry containing 50% solids 
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Figure 6: Dewatering rate for 50-mL fine refuse slurry containing 20, 30, and 50% solids 

 

The effect of particle size and type are reflected in the data presented in Figure 10 

showing that an increase in particle size results in an increased rate of dewatering, which 

is in line with expectations.  The dewatering rate difference between samples C1 and C2 

is not appreciable given the similarity in particle sizes; however, these samples have a 

slower rate of dewatering compared to the dewatering of coarse particle fractions from 

the spiral classifier. The larger particle size and potentially the nature of particle type 

seem to have an impact on the extent of dewatering; i.e., the coarser particles seem to 

exhibit relatively lower capillary pressure. The effect of particle nature – coal or clay – is 

harder to discern and would require experiments under more controlled conditions. 

 

The use of flocculants appears to have a beneficial effect on dewatering as shown in 

Figure 11.  Flocculation is designed to increase particle size, which is expected to aid 

dewatering; however, this was not obvious from the particle size analysis of flocculated 

suspensions. The most likely explanation for this may be non-representative sampling as 

visual indicators and filtration using 40-mesh polypropylene suggest that particles were 

fully retained indicating an increased particle size relative to native slurry.  

 

The addition of gypsum also appears to have a beneficial effect on dewatering as shown 

in Figure 12. Gypsum is known to interact with clayey soils and is used in soil 

conditioning applications. It is also known to be effective in the dewatering of 

compressible materials such as wastewater sludge. When mixed with coal refuse slurry as 

in this study, it appears to have increased the hydraulic conductivity. The morphology 

(size, shape, and/or surface) of solid particles in sample C2 (after dewatering) and of 
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gypsum were obtained using an Energy FEI/Philips XL30 FEG scanning electron 

microscope (SEM). SEM images in Figure 13 suggested that gypsum particles are 

spherical while particles in sample C2 resemble flakes. 

 

It was also of interest to this study to determine the effect of the feed slurry osmotic 

pressure, as measured by TDS, on the dewatering rate, 

 

            
 

where d and f represent the osmotic pressure of the draw solution and feed slurry, 

respectively. Lowering the osmotic pressure of the feed solution is expected to increase 

the driving force and lead to greater flux. This increase is not necessarily linear due to 

accumulation and depletion of ions at the membrane interface – a phenomenon termed 

concentration polarization. In this study, the effect is clear that an increase in driving 

force results in greater driving force, but not necessarily linearly. For example, while a 

halving of the TDS from 100% to 50% results in a significant increase in the dewatering 

rate, a further halving does not result in a proportional decline (see Figure 14). 

 

In summary, these results indicate that it is possible to dewater coal refuse slurry, froth 

floated ultrafine coal, and coarser fine coal fractions to above 70% solids content without 

the application of mechanical pressure. Moreover, the rate of dewatering can be increased 

by manipulating factors such as particle size through flocculation, through the addition of 

external materials such as gypsum, and by reducing the feed osmotic pressure. The last is 

particularly relevant as the water sample used in this study is much higher in osmotic 

pressure than other samples cited in a previous study. The results of this study will 

therefore be even more advantageous to other coal preparation sites in Illinois. 

 

 

Figure 7: Dewatering rate for slurries containing larger particle sizes is faster relative to 

those containing smaller particles 
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Figure 8: Effect of flocculation on dewatering rate 

 

 

Figure 9: Effect on dewatering rate of adding gypsum 
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Figure 10: SEM images of particles in dewatered C2 cake (top) and gypsum(bottom) 

 

 

Figure 11: Effect of lowering TDS in feed solution 
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Task 2 – Membrane Cleanability and Reusability 

 

The same CTA membrane was used repeatedly for thirty experiments conducted to 

evaluate membrane cleanability and reusability. The membrane was cleaned by water 

rinse only for the first twenty-four tests, then by osmotic backwash achieved by switching 

feed and draw solution flows. Osmotic washing was carried out for three hours; then the 

membrane was rinsed by DI water until conductivity was below 10 µS. The membrane 

was washed with surfactant before the 30
th

 test. All experiments were conducted with a 

400-mesh (37 microns) stainless steel screen mounted and sealed on the top of the 

membrane to minimize direct contact between the slurry and the membrane surface.    

 

The robustness, cleanability, and reusability of the membrane are very important 

economic parameters. Membrane fouling is a major obstacle to the efficient application 

of membrane technology in various applications; however, the low risk of membrane 

fouling is one of the strengths of FO. The same piece of membrane was used repeatedly 

to evaluate the impact of irreversible fouling. In Figure 15, average DI water flux (LMH) 

is plotted against the test number clearly showing the membrane’s fouling resistance.  

Data also suggest that water rinse is sufficient to clean the membrane and achieves a flux 

recovery of 72%, which is likely to be increased by further optimization of the cleaning 

operation. Reverse salt flux of the membrane also appears to be holding well with no 

discernible deterioration as shown in Figure 16. We have no good explanation for 

observed outliers other than they may be an artifact of inefficient rinsing. Average flux to 

obtain 70-80% slurry solids content was within a band of 1.8 and 3.0 LMH as shown in 

Figure 17. An analysis of all runs reveals a linear relationship between average flux and 

slurry solids content as well as between average flux and variations in flux, as shown in 

Figures 18 and 19. Taken together, these results support the idea that the membrane used 

in the study seems to be relatively immune to fouling and is robust within the time frame 

of this study. Care was taken to avoid any direct abrasion of the membrane surface and 

this mode of failure was therefore not a major concern. If conditions for chemical 

deterioration of the membrane exist, preventive measures should be taken. 

 

 

Figure 12: Average DI water flux for a single membrane measured after dewatering runs 



20 

 

 

Figure 13: Reverse flux of draw solute measured after each dewatering run 

 

 

Figure 14: Average flux and final solids content for 30 runs of C2 sample            

conducted with the same membrane coupon 

 

 

Figure 15: Relationship between average flux and solids content 
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Figure 16: Variation in average flux to achieve desired solids content 

 

 

Task 3 – Scalability 

 

Two cell configurations were initially considered for dewatering: cylindrical and 

rectangular. Characteristics of these configurations are compared in Table 4. The 

attractiveness of the cylindrical cell lies in its smaller footprint. This advantage is offset 

by other considerations such as non-constant area during dewatering, and ease of 

membrane replacement. Another factor that hindered the use of this configuration was the 

inability to obtain a leak-free glue seam at the laboratory scale. The last problem is 

surmountable using more sophisticated equipment such as ultrasonic welders that were 

not available for this project. The above considerations led to focusing efforts on the 

rectangular configuration. 

 

Table 4: Comparison of cylindrical and open cell dewatering systems 

Characteristics Cylindrical Cell Open Cell 

Membrane area  (m
2
) 0.0044 0.0026 

Utilized membrane area 
Deceased with the decrease 
in the sample height 

Constant 

Sample volume (ml) 24 50 

Water flux 
Decline with sample height  
decrease 

More stable 

Membrane cleanability Challenging Routine 

Membrane sealing Glue or ultrasonic Mechanical 

Mechanical access to the 
membrane  backing 

Not accessible Accessible 

Scale up/Footprint Readily/Low Readily/Medium 

Sample mixing Mechanical rotating mixers 
Mechanical scrapers 
and/or mixers  
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Figure 192: Medium cell performance dewatering C2 sample containing 40% solids 

 

 

Figure 203: Medium cell performance dewatering C2 sample containing 30% solids 

 

 

Several experiments were conducted using the large cell to dewater C1 and C2 samples 

as received from the coal preparation plant. The large cell showed good dewatering 

performance when used to dewater 1000 g of C1 as shown in Figure 24. The time 

required to dewater this sample is longer due to lower solids content (about 15%) and 

larger amounts of water that must be removed. Figures 25, 26, and 27 depict data 

obtained for dewatering 1000, 2000, and 3000 g of sample C2, respectively.  The average 



24 

 

flux obtained in these experiments is between 2 and 3 LMH and close to that obtained 

with the smaller cell. These results are particularly interesting when examined as a 

function of solids loading per square meter of membrane area. Such a comparison reveals 

that the degradation in flux with an increase in solids loading (cake thickness) is slight. 

This suggests that the bulk of dewatering occurs without being limited by cake formation 

as described in Figure 28.   

 

 

Figure 21: Dewatering 1000 g of C1 sample with the large FO cell 

 

 

Figure 22: Dewatering 1000 g of C2 sample with the large FO cell 
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Figure 23: Dewatering 2000 g of C2 sample with the large FO cell 

 

 

Figure 24: Dewatering 3000 g of C2 sample with the large FO cell 

 

 

Figure 28: Impact of solids loadings 
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Additional Task – Economic Considerations 

 

A first-order estimate of operating costs was carried out based on assumptions listed in 

Table 5.  Costs were arrived at by calculating the amount of water to be removed from a 

slurry containing one ton of solids when dewatering from an initial solids fraction to a 

target solids fraction. The membrane area to process this volume of water was calculated 

using the flux relationship described in Figure 18. Annual membrane replacement cost 

was calculated from membrane cost and expected lifetime. The amount of solids 

processed per year was calculated from production hours. The remaining operating hours 

were assumed to be used for membrane loading, unloading, and cleaning. Total operating 

costs were then calculated based on a proportion of membrane replacement costs 

assumed to contribute and the FO cost apportioned to annual tons processed to obtain a 

$/tons processed. RO costs were calculated based on water volumes removed per ton. A 

credit for recovered water was subtracted to obtain an estimated total operating cost. It is 

clear that operating costs are sensitive to membrane life expectancy (see Figure 29). To 

these costs must be added an annualized capital cost that has not been estimated yet. 

 

Table 5: Assumptions for the economic analysis 

Assumption Units Value 

Initial solids fraction in slurry - 0.3 

Final solids fraction in slurry - 0.5, 0.6, 0.7, 0.75 

Annual operating hours hours 7200 

Production time hours 5400 

Membrane Cost $/m
2
 20 

Membrane Life Years 1,3,5 

Membrane replacement costs - 50% of FO operating cost 

RO costs for regenerating draw solution $/m
3
 1 

Credit for water obtained from RO $/m
3
 0.264 

 

 

 

Figure 25: Estimated operating costs for the FO dewatering process 
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CONCLUSIONS AND RECOMMENDATIONS 

 

Following up on a proof-of-concept project (Rajagopalan, 2011) that demonstrated the 

feasibility of osmotic dewatering of fine refuse and ultrafine coals, this project addressed 

questions of whether the process could be scaled-up in a manner that preserved and 

promoted process simplicity, membrane productivity, and membrane reliability. To 

accomplish that, the dependence of dewatering rates on parameters such as membrane 

choice, osmotic agent concentration, cake properties, and operational mode were 

determined. Furthermore, membrane robustness was analyzed in terms of cleanability and 

reusability as these factors determine membrane life expectancy and operating costs.  

Finally, developing a membrane configuration that lends itself to scale-up was pursued. 

 

The activities undertaken in this project support the idea that osmotic dewatering of 

ultrafine coal and refuse slurries is both feasible and scalable. The dewatering 

performance followed expected trends in a qualitative manner with respect to factors such 

as slurry osmotic pressure, particle size, and dependence on properties such as sphericity. 

The manipulation of these factors allow for the possibility of further increasing the 

productivity of the osmotic dewatering system.  

 

The membrane material was shown to withstand repeated use over a period of thirty trials 

without deterioration of performance. It is notable that the membrane was readily cleaned 

with water rinsing alone. 

 

The dewatering performance observed in the smaller cell was carried over to scaled-up 

versions of the cell confirming the scalability of the cell configuration. Further 

development efforts should focus on designing a continuous system with a special 

emphasis on solids handling. 

 

A first-order economic calculation suggests that the operational cost of dewatering per 

ton of solids compares favorably with current costs of alternatives such as deep cone 

thickener, belt press, and filter press while achieving a higher degree of dewatering. The 

estimated cost of dewatering is sensitive to membrane life and would need to be 

confirmed over a longer period of operation under real world conditions. 
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DISCLAIMER STATEMENT 

 

This report was prepared by N. Rajagopalan of the Illinois Sustainable Technology 

Center, 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 N. Rajagopalan and Illinois Sustainable Technology 

Center, 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. 

 


