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ABSTRACT

Physical cleaning of ultra-fine coal using advanced froth flotation technique provides a low
ash product; however, the amount of water associated with clean coal is high. Economic
removal of water from the froth will be important for commercial applicability of the
advanced flotation processes. The main objective of the present research program is to
study and understand dewatering characteristics of ultra-fine clean coal and to develop
process parameters to effectively reduce the moisture to less than 20 percent in the clean
coal product. The research approach under investigation utilizes synergistic effect of
metal ions and surfactant to lower the moisture of clean coal using the conventional
vacuum dewatering technique.

During the first year of this two-year research project, studies were conducted on surface
chemical characterization of u_rtra-fineclean coal in the presence of various types of metal
ions and surfactants. The results of the study indicated that there is a direct correlation
between the point-of-zero charge (PZC) of metal ion/fine coal system and lowering of
moisture in the filter cake. Adsorption of either metal ions or surfactants alone did not
provide a significant reduction of moisture in the filter cake. However, a combination of
the two provided a filter cake containing about 20 percent moisture. Morphology studies
of the filter cake showed segregation of larger particles at the bottom of the filter cake.

Efforts are in progress to optimize and determine effective ways to add the metal ions
and surfactants to the slurry and conduct semicontinuous studies on filtration and

dewatering of the fine coal slurry using a laboratory vacuum drum filter, i_,_.Ol, rl._
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Resources as part of its cost-shared program with the U. S. Department of
Energy. )
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EXECUTIVE SUMMARY

Recovery of fine clean coal from waste stream offers an attractive source of low-ash, low-
pyritic sulfur clean coal. In fine state, most of the mineral matter _s liberated and could
be effectively removed by the newly developed advanced column flctation technology.
These fine coal cleaning techniques will be particularly applicable to th_ Illinois high ash,
high pyrite sulfur coals, where ultra-fine grinding of coal is necessary to liberate the
mineral matter. However, if the recovered fine clean coal cannot be dewatered
economically to a low (le'ss than 20 percent) moisture level, then acceptance of these
newly developed techniques by the coal industry is unlikely.

The ob,ective of the present research program is to study dewatering cheracteristics of
uffra fine clean coal obtained from the Kerr-McGee's Galatia plant, and to develop
process criteria to obtain a dewatered clean coal containing less than 20 percent
moisture. In this study, a novel concept of utilizing synergistic effect of metal ions and
surfactant is being explored. This is the first annual report of the two-year, funded
research program.

During the first year of the program, adsorption studies were conducted on fine coal
using di-, tri- and tetra-valent metal ions, as well asanionic, nonionic and cationic
surfactants, Results of the study indicate that there is a direct correlation between the
loweringof moisturecontentof the finecoal filtercake and the point-of-zerocharge (PZC)
observed with coal and metal ions. PZC is the pH of the system where there is no
charge on the particle which facilitatescoagulation of fine particles.

Addition of anionic and cationic surfactant did not show any PZC, however, nonionic
surfactant showed PZC at pH " 3.0. No significant moisture reduction was observed with
addition of surfactant solution alone. However, combination of metal ion and surfactant
provided a significant reduction in moisture content of filter cake, providing about 20
percent moisture product. The study also found that, for effective moisture reduction of
the fine coal filter cake, the optimum amount of metal ion and surfactant requirements are
as follows: 50 ppm for di-valent Cu+2 ion, ~5 ppm for tri-valent Ai+3and about 2 ppm
for tetra-valent Ti+4 ions, and 0.25 to about 1.5 kg/ton of nonionic or anionic or cationic
surfactant are needed. Morphology study of the filter cake showed segregation of larger
size particles at the bottom of the filter cake.

During the next year of the program, studies will be conducted to determine the order of
addition of reagents and a detailed morphology study of the filter cake will also be
conducted. Inthe later part of the program, continuous de_sateringtests on the fine size
clean coal will be conducted using a bench scale vacuum drum filter device, in this
continuousdewatering test, the optimum process parameters developed inthe firstyear
of the program will be utilized.
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OBJECTIVES

The main objective of the present research program is to study and understand
dewatering characteristics of ultra-fine clean coal obtained using the advanced column
flotation technique from the Kerr-McGee's Galatia preparation plant fine coal waste
stream, lt is also the objective of the research program to utilize the basic study results,
i.e., surface chemical, particle shape, particle size distribution, etc., in developing a cost-
effective dewatering method. The ultimate objective is to develop process criteria to
obtain a dewatered clean coal product containing less than 20 percent moisture, using
the conventional vacuum dewatering equipment.

The above-stated objectives will be achieved using five (5) different tasks. Task 1
involving acquisition and characterization of the fine clean product obtained from the
'Ken-Flote' column and Task 2 on investigation of surface chemical properties of the coal
before and after flotation, with and without the presence of various surfactants and metal
ions have been completed. Task 3 on laboratory dewatering studies of the clean coal
product utilizing information generated in Task 2 is in progress. Task 4 involving
utilization of the novel AC Electro-Coagulation technique, and Task 5 on continuous
dewatering tests using a laboratory vacuum drum filter utilizing the optimum dewatering
conditions identified in Tasks 2, 3, and 4 will be conducted in the later part of the
program.

INTRODUCTION AND BACKGROUND

Most of the coal presently used by the utility industry is cleaned at preparation plants
employing wet processes. Water, while being the mainstay of coal washing, is also one
of the least desirable components in the final protium,. The problem become.q severe as
the coal particle size decreases. Most of the advanced physical and chemical coal
cleaning processes utilize ultra-fine size coal. The clean coal product so obtained
requires extensive dewatering before it can be used. Currently available dewatering
techniques are inefficient for dewatering of ultra-fine (minus 325 mesh) coal. The coal
industry in the U.S. has expressed serious concern about utilizing a novel advanced
cleaning process, if an efficient and economical dewatering process is not available.
Thus, the present research program presents a novel approach for the urgent problem
which needs to be solved in a short period of time.

Although the term "dewatering" refers to removal of water, researchers have used different
"erms and descriptions to define water associated with particles. Brown et al(1)classified
five types of water associated with coal, including interior adsorption, surface adsorption,
capilZary,interpartic!e and adhesion water. The last three types of water are termed as
"free" water and are potentially removable by mechanical techniques. However, the first
two types of water, known as "inherent" moisture, can only be removed by energy-
intensive techniques such as thermal drying.
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A variety of techniques are currently used in contemporary practice for dewatering coal.
The type and efficiency of various dewatering equipment varies as a function of particle
size. The degree of difficulty associated with mechanical dewatering increases as the
surface area of the parti:,Jesincreases. Particles finer than 0.5 mm (28 mesh) present the
greatest dewatering difficulty.

There has been a rapid increase in research and technology involving developments to
improve fine-coal dewatering. Parekh et ai(2)have published a review on fine coal and
refuse dewatering, which also included new dewatering technologies being developed
in dewatering of fine coal. Methods for improving filtration of fine coal can be divided into
two groups: those involving equipment modification and those involving process
modifications.

In equipment modification, high pressure filters(3),high 'g' centrifuges ("), membrane
pressure filters(_ and electro-acoustic dewatering (8)processes have shown remarkable
success. However, ali these processes are either too high in capital and operating costs
or are in the early stages of testing.

In process modification, most of the research focussed on viscosity reduction, flocculation
and surfactant addition. Addition of heat through direct heating of slurry o; passing
steam lowers the moisture to some extent. The flocculation process involves addition of
polyelectrolyte flocculent, resulting in formation of flocs, changing the apparent particle
size. Even though it provides increased filtration rate; however, due to different pore
structure, higher final moisture contents can result. Addition of surfactants will produce
either a reduction in the surface tension of the water or will adsorb onto the solid surface
t._ make the particles more hydrophobic, and should result in a lower cake moisture.

Most of the dewatering research using surfactant and/or flocculants has been conducted
using larger (>100 micron) size coal particles. There is little or no evidence of any
research conducted on ultra-fine (<44 micron) coal particles. The present research
project utilizes a novel concept of applying a synergistic effect of metal ions, surfactants
and pH of the suspension in a ,,_,inglestage treatment to dewater and filter the ultra-fine
clean coal to a low (<20 percent) moisture using the conventional vacuum dewatering
technique.

This annual report summarizes the experimental results, conclusions and
recommendations for the period September 1, 1990, through August 31, 1991.
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EXPERIMENTAL PROCEDURES

Fine size clean coal product for the study was obtained from the Kerr-McGee's Galatia's
fine coal waste stream using the "Ken-Flote" column. The fine clean coal was
characterized for particle size distribution using the Granulometer, Model 715 (Marco
Scientific), which utilizes the laser beam scattering principle similar to Microtrac
equipment. The ash content was analyzed using the standard ASTM procedure.

For dewatering studies, the clean coal froth was thoroughly mixed with a stirrer in a 5-
gallon bucket. For each dewatering test, a known quantity of the slurry was first
conditioned with a reagent using a magnetic stirrer. The conditioned slurry was
subjected to filtration using a Whatman No. 1 filter paper utilizing a bench scale
dewatering equipment setup, as shown in Figure 1. The rate of filtration was monitored
with time; and after about three minutes of filtration, the wet cake was weighed and dried
at 100 "F and weighed again to determine the amount of moisture present in the cake.

The adsorption studies of metal ions and surfactants onto the coal was studied using the
Zeta Meter, Model 3.0. For the study, a small amount of colloidal-size coal particles
produced in a pestle and mortar was conditioned in a pH-adjusted, known strength,
metal ion or surfactant solution. In the Zeta Meter, a constant voltage was applied in a
cell containing the coal-metal ion or surfactant solution. The zeta potential was measured
from the speed of migration of particles, and the sign of the particle charge is determined
from the direction of the moving particle.

For the morphology study of the filter cake, an improved technique which provided a
means to study in-situ morphology of the filter cake was developed. In this technique,
as soon as the filter cake was formed, a mixture of acetone, Buhler Epoxide Resin, No.
20-8130-032, and Buhler Epoxy Hardener (Ratio 7:1:1) was added to penetrate through
the cake. The acetone/resinmixture took about 10 minutesto saturate the cake. ltwas
then dried overnight in an oven at 100 °F. The hardened cake was sliced in the middle
for the study of the morphology of the filtercake using an image analysissystem.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their

employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-

mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.



. 6

i FILTRATION

FUNNEL

RUBBERSTOPPER

TO VACUUM SOURCE CONTROL VALVE VACUUM GAUGE

GRADUATED
FILTRATION
CYUNDER

Figure 1. Bench Scale Dewatering Equipment Setup



7

t

RESULTS AND DISCUSSIONS

The particle size and ash distribution of the Kerr-McGee's Galatia plant flotation feed is
given in Table 1.

Table 1. Particle Size and Ash Distribution of Flotation Feed from the
Kerr-lVtcGeeGalatia Plant

Size Weight Percent Percent Ash
(mesh) Percent Ash Distribution

+ 200 15.2 7.0 2.5
200 x 325 9.4 13.1 2.9
325 x 500 8.4 17.5 3.5
-500 67.0 56.6 91.1

100.0 41.72 100.0

The ash content of the feed was about 41.7 percent. Note that about 70 weight percent
of the particleswere in minus 500 mesh size, which also contained 90 percent of the
total ash. The 'Ken-Flote' column flotation product obtained from this feed contained
about 8 percent ash, and the average particle size (50th percentile) was 21 microns
(Figure 2).

The electrophoreticmobility (EPM) of the coal before and after the column flotation is
shown in Figure 3. Before flotation the coal shows point-of-zero charge (PZC) at pH
" 4.7. However, after flotationthe coal surface becomes negativeiy charged at ali pH.
This is due to the negative charge carried by the oil droplets, which are adsorbed onto
the coal surface.

DewaterinqStudies

Baselinedewatering t;iataof the columnproduct, withoututilizingany reagents,are shown
in Figure4. Note that at 3 minutes filtrationtime moisturein the filtercake was about 35

=

percent. IncreasingE_rationtime to seven minutesprovided onlymarginalimprovements.

The thickness of the filter cake formed during filtration plays an important role in
controlling the moisture contents of the cake. Figure 5 shows the effect of cake thickness
versus filter cake m_:_isture.Note that in up to 0.50 cm thickness the moisture in the filter
cake was about 30 p.=rcent; but at higher thickness, the moisture rose rapidly to a high
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value. Based on these data, ali the tests reported hereafter were conducted using the
0.50 cm thickness cake.

Addition of fuel oil is known to decrease moisture of the filter cake. In the present study,
addition of about 2.5 pound/ton of fuel oil lowered the filter cake moisture from 34.5
percent to 30.5 percent. However, increasing the fuel oil dosages did not lower moisture
in the filter cake.

Figure 6 shows the electrophoretic mobility of the clean coal and moisture content of the
filter cake with respect to pH. The moisture content of the filter cake ranges from 32 to
36 percent. This type of behavior could be clue to the absence of PZC for the system.

Metal Ions Effect on Dewaterinq

The electrophoretic mobility and filter cake moisture data _ith respect to pH in presence
of lx104 M/L (46 ppm) copper (Cu+2) ions are shown in Figure 7. In presence of Cu+2
ions, coal reverses charge aspH is increased, showing PZC at pH 4.8 and 6.3. Note that
filter cake moisture lowers significantly in the region of PZC. Between the two PZC, about
25 percent more moisture reduction was obtained.

The electrophoretic mobility and filter cake moisture data with respect to pH for
lx10 "4M/L (66 ppm) aluminum (Al +3)and lx10 "4M/L (80 ppm) titanium (33+4) ions are
shown in Figures 8 and 9, respectively. Note that, for AI+3ions, lower moisture in the filter
cake was obtained, around pH 7.0, which is the PZC of the system. Reduction in
moisture content at pH ~ 3.0 and 10.0 is due to compression of the double layer. For
titanium ions, lower moisture was obtained at pH ~ 5.0, which is the PZC of the system.

The adsorption isotherm and electrophoretic mobility of copper (Cu.2), aluminum (AI+3)
and titanium (TI+4) ions onto the coal are shown in Figure 10. The monolayer coverage
of the Cu+2and AI+3ions, as shown by the plateau region on the adsorption isotherm,
is at ~ 50 mg/liter and "5 mg/iiter, respectively. For Ti+4 ions, the plateau region was
not clear, which may be due to a very small amount of metal ions required to show a
monolayer coverage. Note that the charge reversal of the coal particle surface in the
presence of Cu+2and AI+3 takes place at the monolayer coverage region, which also
corresponds to the minimum moisture content in the filter cake.

Effect of Surfactants on Dewaterinq

A series of dewatering tests were conducted using anionic (sodium 2-ethylhexyl sulfate),
non-ionic (octyl phenoxy polyethoxy ethanol) and cationic (1-cetyl pyridinium chloride)
surfactants. Table 2 lists basic information on the three surfactants investigated.

The electrophoretic mobility and filtration data for the anionic surfactant are shown in
Figure 11 . The adsorption of anionic surfactant (0.1 kg/ton) did not indicate any PZC of
the system, and as expected, the filtration data shows no noticeable reduction in moisture
content of the filter cake.
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Table Z..List of Surfactants Investigated

Surfactant

Sodium 2- Octyl Phenoxy 1-Hexadecyl

Ethylhexyl Sulfate Polyethoxy Ethanol Pyridinium Chloride

Type Anionic Non-io nic Cationic

Abbreviation S2ES CPPE CPC

Commercial Name NAS 08 TRITON X-114 Cetyl PyridiniumChloride

Active Ingredient, 40% 100% 100%
weight %

Fo rm ula (34Hg(C2HE)C H2- C,sH17-06 !-14. C16H33CsHsNCI
S04Na (OCH2CH2)7-80 H

Molecular Weight 232 536 340

Manufacturer Niacet Corporation Rohmand Haas Sigma Chemical
Niagara Falls, NY Philadelphia, PA St. Louis, MO
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The electrophoretic mobility and filtration data in presence of 0.1 kg/ton nonionic
surfactant are shown in Figure 12. Adsorptie_ of this surfactant provided a PZC at pH
~ 3.0. The filtration data shows about 4 percent moisture reduction at pH ~ 3.0, which
is close to the PZC.

The electrophoretic and filtration data in presence of 0.1 kg/ton cationic surfactant are
shown in Figure 13. Note that, in presence of this surfactant, as expected, the coal
surface became positively charged at ali pH values and no PZC was present. The
filtration data also showed no significant improvement in moisture reduction.

Combined Effect of Metal Ions and Surfactants

The effect of combining the metal ion and surfactant solution on filtration characteristics
of fine coal was studied using a constant amount (1.5 kg/ton) of trle c_tionic surfactant
and various concentrations of Cu +2, AI+3 and Ti+4 ions. Figure 14 shows the effect of
varying dosages of the three metal ions on moisture content of the filter cake at pH of
"7.5. Note that a minimum filter cake moisture is observed at 50 mg/liter of Cu +2, 5
mg/liter of Ai +3and <2 mg/liter of Ti+4 metal ions. Under ali these conditions, moisture
in the filter cake averaged about 23 percent. One interesting observation to be made is
that ali these metal ion concentrations correspond to the monolayer coverage on coal
particles.

To determine the optimum amount of surfactant needed in combination with metal ions
to provide a low moisture filter cake, studies were conducted on varying amounts of
surfactan*., while keeping metal ions constant, e.g., copper (0.23 kg/ton), aluminum (0.15
kg/ton) and titanium (0.0067 kg/ton). These concentrations correspond to the lowest
moisture content observed in the filter cake, as discussed earlier.

Figure 15 shows the effect of the anionic surfactant concentration with various metal ions
on cake moisture contents. With copper ions, lowest moisture of 22 percent was
obtained v,,ith a surfactant dosage of about 0.5 kg/ton. However, with aluminum and
titanium, there was no noticeable improvement in filter cake moisture reduction.

For the nonionic surfactant, (octyl phenoxy polyethoxy ethanol) (Figure 16), the lowest
moisture of 21 percent is obtained with copper ions; however, the amount of surfactant
required is about 1.5 kg/ton. In this case, aluminum metal ions also provided 21 percent
filter cake moisture using about 0.25 kg/ton of the surfactant. No noticeable improvement
was observed with titanium ions.

With the cationic surfactant, (cetyl pyridinium chloride) (Figure 17), filter cake moisture
obtained using Cu +2 and Ai+_ reduced to about 22 percent using a surfactant dosage
of 0.25 kg/ton. Again, in the case of titanium, no improvement in moisture reduction was
observed. Results obtained with titanium metal ions are inconclusive. This could be due

to either partial solubility of TiCI4 salt used for the study, or the amount of titanium metal
ions required for moisture reduction is very small, and in the present studies, an excess
of titanium ions may have been used.
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Morphology Studies of Filter Cake

A filter cake obtained without the addition of metal ion or surfactant was divided into three

parts using a specially designed cake slicer. The average particle size (Ds0) of the top,
middle and bottom layers of the cake was 22.3 Fm, 34.4/_m and 37.0/_m, respectively.
The moisture content of the cake layers did not vary significantly. These data, however,
suggested that, during filtration, segregation of large particles takes place at the bottom
of the cake.

The image analysis of the filter cake pellet obtained by adding acetone-diluted resin is
shown in Figure 18. From these figures, the void fraction of the top, middle and bottom
layers of the cake were calculated. The percent voids were found to be 42.8, 40.3 and
37.8 percent for top, middle and bottom layers, respectively. These data indicate the void
area between the particles decreases from top to bottom. The void number also
indicates a measure of moisture that becomes trapped between the particles.

CONCLUSIONS

Based on the above-mentioned results, the following conclusions are made.

• Column flotation product obtained from ,'he Kerr-McGee's Galatia plant h_d
an average particle size of 21 microns. Dewatering of this product on a
Whatman No. 1 filter paper provided a filter cake containing about 35
percent moisture.

• Add;tion of 2.5 Ib/ton (1.1 kg/ton) of fuel oil lowered moisture content to
about 30 percent. Increasing the amount of fuel oil did not lower the
mo,sture content of the filter cake.

• A direct correlation exists between the PZC obtained with a metal ion/coal

system and moisture rec _ction in the filter cake.

• Monolayer coverage of Co _2and AI+3on the coal occurred at "" 50 mg/liter
and '" 5 m0/liter, respectively. A monolayer coverage of the metal ions onto
tl-=ecoal corresponds to the point where lowest moisture was observed in
the filter cake.
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• Adsorption of anionic and cationic surfactant do not show any PZC,
however, one PZC at pH ~ 3.0 was observed with the non-ionic surfactant.
Adsorption of these surfactants onto clean coal did not significantly lower
moisture content in the filter cake.

• The combination of metal ion and surfactant provide a significant recluction
in moisture cotnent of the filter cake.

• The optimum amount of metal ion and surfactant concentration combination
found to provide a low (~22 percent) moisture filter cake are listed as
follows.

Metal Ion Surfactant

Cu+2 (50 mg/liter) 1. Cetyl pyridinium chloride (CPC) (0.25 kg/ton)

2. Sodium 2 - ethylhexyl sulfate (S2ES)(0.5 _)

3. Octyl phenoxy polyethoxy ethanol (OPPE) (1.5
kg/ton)

AI+2 (5 mg/liter) 1. CPC (0.25 kg/ton)

2. S2ES (1.0 kg/ton)

3. OPPE (0.25 kg/ton)

Ti+4 (" 2 mg/liter) 1. CPC (1.5 kg/ton)

2. S2ES (0.5 kg/ton)

• Image analysis of the filter cake obtained without addition of any reagent
showed void fraction, decreasing from 42.8 percent (top layer) to 37.8
percent (bottom layer).

FUTURE WORK

l'l the next year of the research program, additional studies will be conducted to identify
the order of addition of metal ion and surfactant. Dewatering studies will then be
conducted with the novel AC-electrocoagulator, which will provide in-line metal ions to
induce coagulation.
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Later on it is planned to conduct a semicontinuous dewatering test using a laboratory
vacuum drum filter utilizing the optimum amount of reagents found to be effective in
dewatering of ultra-fine size clean coal.

lt is also planned to conduct detailed morphology studies of the filter cakes obtained
under various operating conditions using the image analyzer system.
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Hypothetical Milestones:
A. Acquisitionand Characterization of Samples (Task 1)
B. Surface Chemical Studies (Task 2)
C. Dewatering Studies (Task 3)
D. AC Electro-Coagulation Studies (Task 4)
E. Continuous Dewatering Tests (Task 5)
F. TechnicalReport prepared and submitted
G. ProjectManagement reports prepared and submitted

Comments:
This is a 24-month research project..Task 3 and 4 will be completed next
year. Task 5 will be initiated and completed next year.
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COSTS BY QUARTER- EXHIBIT C

DewateringStudies of Fine Clean Coal

Sept I Nov 30 Feb 28 May 31 Aug 31

!

Months and Quarters

0 = Projected Expenditures

A = Actual Expenditures

TotalCILSC Award $ 93,427 Year 1






