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PROJECT SUMMARY

This project consisted of three setclions. In the first
part, the physlcal cleaning of Ohio coal by selective
flocculation c¢f ultafine slurry was considered. In the second
part, the mild oxldation process for removal of pyritic and
organic sulfur was Investivgated. Finally, in the third part,
the combined erfects of these processes were studied.

The physical cleaning and desulfurization of Ohlo coal was
achleved using selective flocculation of ultrafline coal slurry
in conjunction with froth flotation as flocs separation method.

The finely disseminated pyrite particles Iin Ohio coals, tn
particular Plttsburgh no.8 seam, make |t necessary to use
ultrafine (-500 mesh) grinding to Illiberate the pyrite

particles.

Exper iments were performed to ldentify the “optimum®
operating conditions for selective flocculation process. The
results indicated that the use of a totally hydrophoblic
flocculant (FR-7A) yielded the lowest levels of mineral matters

and total sul fur contents. The use of a selective dispersant
(PAAX) Increased the rejection of pyritic sulfur further. In
addition, different methods of floc separation technliques were
tested. It was found that froth flotation system was the most

efflclent method for separation of small coal flocs.

The results showed that the optimum flocculant (FR-7A)
concentration was 5-20 mg/! while the most effective PAAX
concentration was at 200 mg/|. Furthermore, it was found that
grinding coal for 3 hours in a ball mill resul ted in the
| Iberation of most of the pyrite particles.

Operating the selective flocculation at the aforementioned
conditions, over 80% of pyritic suifur and over 60% of mineral
matters rejections were obtalned with 85% coal recovery.
Therefore, raw coal with 18% ash and 3.6% total sul fur contents
(1.25% organic sulfur content) could be cleaned to 4% ash and
1.8% total sulfur contents. The economic assessment of the
selective flocculation/froth flotation process resulted In 62%
rate of return on the investment in comparison with that of
only froth flotation process. The selective floccutation/froth
flotation process has the potential near-term commerclalization
and adaptation to existing coal preparation plants. The

environmental Impacts of this process were considered and found
to be minimal.

This project also aimed at developing a mild chemical
cleaning technique for removing organlic and pyritic suiffur from
high sulfur coals. This technique was conducted at room
temperature and atmospheric pressure, using an Inexpensive
commercial chemical, potassium permanganate (KMnO,), as the
oxlidizlng reagent. The oxlidation process was follfowed by a



washing step with a complexing reagent or dilute acid, also at
atmospheric pressure and room temperature, to remove the
undesirable precipitates and loosely heid sulfates produced
during the oxidation.

To achieve the project objectives, Investigation on the
following tasks were conducted: 1) the conceptual feasibility
of the process and effects of important pProcess parameters; 2)
removal of oxldatlion products during the washing step; reagents
for removing the oxidation precipitates. 3) characterization of
chemically treated coal products at varlous phases of the
process; 4) conceptual f lowsheet development; and 5)
preliminary economic and environmental assessments.

The results obtained Iindicate that pPermanganate oxidation
followed by a washing step would be very promising approach as
It can remove substantial amounts of both pyritic and organic
sul fur from coal and therefore has high technical and
commercilal potentials. More than 80% pyritic sul fur rejection
and 33% organic sulfur removal with over 90% Btu recovery can
be achieved through one step oxidation 15% KMnoO followed by
one washing step with 14% HC]|. Generally, up to 50% of organic
sulfur removal and over 90% pyritic sul fur removal can be
expected through two to three washing steps. The
characterization and washing studles showed that the
precipltates formed during the oxlidation step were Successful ly
removed through the washing step. Preliminary economic
assessment suggested that the cost of the chemical cleaning
would be about $11.24/ton clean coal. Environmental impacts of
this process were briefly studied and it was shown that this
process should be environmentally sound.

The advanced physical cleaning by select|ve flocculation
was Integrated with the mild chemical process. The test
results indicated that the combined process is technically and
economically feasible. With one step treatment by the combined
process, clean coal containing less than 0.9% tota! sulfur and
about 4% ash with 12,500 Btu/!b content could be obtained, and
the overall coal recovery was over 81%. The preliminary
economic assessment Indicated a gross project of $4.5/ton of
clean coal.
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PHYSICAL CLEANING OF OHIO COAL BY SELECTIVE FLOCCULATION OF
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I.1 INTRODUCTION

In order to appreciate the complexity of the task of
desulfurization of Ohio coals, in particular Pittsburgh no. 8
seam, one has to know the characteristics of this coal. Since in
physical desulfurization, for the mosf part, the pyrite particles
are removed, the size, shape, and distribution of pyrite
particles in the coals are of extreme importance. There are
several studies to determine these characteristics of the Ohio
coals.

In a comprehensive study, Kneller and Maxwell (ref. 15)
reported that there was a marked increase in the volume
distribution of microscopic pyrite within the size range of -32
to 4 micron with the average size at the range of 16 to 8 micron.
Specificalily, they reported that Pittsburgh no. 8 seam coal which
is the most abundant type of coal in Ohio, has over 70% by volume
of its microscopic pyrite (-840 to 1 micron range) below 32
micron size. This findings clearly indicate that for any pre-
combustion desulfurization method, especially any physical
technique, for pyrite particles to be accessible, the coal has to
be ground to very fine size, e.g., -500 mesh (-25 micron).
Therefore, ultrafine cleaning techniques must be utilized to
effectively remove the pyrite.

Selective flocculation of ultrafine coal slurries is one
of the most promising techniques available. This process has

been utilized commercially for cleaning and extracting other
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minerals such as iron ore, potash and kaolin, The main steps
involved in the selective flocculation are to first liberate the
impurities from the ore structure by grinding it to appropriate
size and then by exploiting the surface chemical differences of
the impurities and the ore, selectively agglomerate the desired
mineral particles into flocs while leaving the remainder of the
mineral particles dispersed. The third critical step is the
flocs separation method. The simpliest method is sedimentation
of the heavier flocs, however, in some cases sedimentation may
not be very effective due to the complex physical properties of
the impurities in the raw ore.

There are many parameters that can affect the performance
efficiency of the selective flocculation process. This
efficiency can be measured by the final upgrading and recovery of
the clean ore. In the following paragraphs, a brief discussion
of several investigations are provided which will give a better
insight to the problems and the methods for solving them.

Perhaps the most important factor in selective
flocculation is the flocculant chemical. The flocculant is
typically a long chain polymer or co-polymer which can have one
to three million average molecular weight. The back-bone of the
polymer is usually a long chain saturated hydrocarbon chain
different functional group attached. Two factors determine the
selectivity of the flocculant: the size or molecular weight of
the flocculant and the affinity of the functional groups to the

desired minerals, their proportionality, and arrangement along



the hydrocarbon chain. Attia (12) presented the structure of
some of the commercially available flocculants having selective
affinity for coal which were also used in this study. He also
tested these flocculant for their deashing effectiveness. These
functional group can be totally hydrophobic, totally hydrophilic
or partially hydrophobic. The ionic characteristics of these
groups determine whether the flocculant is anionic, cationic or
non-ionic. In addition to these electro-chemical properties, the
functional groups can also have specific chemical affinity with
some of the minerals. Therefore, one can design a flocculant for
a specific purpose, if one knows the surface chemical properties
of the ore and its associated impurities. In fact, Attia (1987)
reported ways and means of designing of selective polymers for
colloid separation by selective flocculation. For example, he
reported that for organic colloids, selective adsorption may be
achieved through hydrophobic bonding with the hydrophobic groups
on the polymer. Thus, one may conclude that for flocculation of
coal ultrafine slurries a totally hydrophobic flocculant is most
effective, since most of the mineral matters are hydrophilic.
However, the pyrite is also partially hydrophobic, hence, a new
method should be used for rejection of pyrite.

This method which is used in this study is based on
selective dispersion of the liberated pyrite particles. Before
the flocculation process, the particles in the slurry must be
well dispersed to reduce the entrapment of undesirable mineral

matter. In order to enhance the dispersion of pyrite and other
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ash minerals, dispersing agents are used. The use of a selective
dispersant such as polyxanthate (or PAAX) should improve the

-dispersion of pyrite particles and the selectivity of coal

flocculation process.2

' Xanthate compounds are widely used as mineral colilectors
and flotation reagents for sulfide minerals. The basic structure
of a xanthate-containing compound is:

R--0-~C---SM
S

where R can be an alkyl hydrocarbon group and M is a monovalent

metal such as sodium or potassium.3

High molecular weight xanthates such as cellulose
xanthates have been used as flocculants for processing of sulfide

minerals. Attia4

extensively studied the production and
characterization of cellulose xanthate for selective flocculation
of copper minerals and other metal oxides.

However, the use of xanthate-containing polymeric
dispersants has been recently reported to enhance the dispersion

process of ultrafine pyrite particles in coal desulfurization

process using selective flocculation method.z’5 The xanthated
reagent is used as a selective dispersion reagent to enhance the
performance of the flocculation process.

2

Attia™ reported that the procedure for preparation of PAAX. The

xanthation process is a reversible. reaction, therefore, seldom



does the reaction go to completion which means that not all the
carboxylic acid groups are xanthated.

The dispersion process involves the adsorption of short
chain xanthate-containing polymeric molecules on the active sites
of the pyrite particles. Such adsorption depresses the
flocculant adsorption by pyrite, increases the hydrophilicity of
the pyrite, and enhances the electrical double layer reapulsion of
pyrite particles. Therefore, during the flocculation step the
pyrite particles have l1ittle or no affinity towards the
flocculant molecules and stay dispersed in the slurry while the
coal particles agglomerate and are separated afterwards. A clear
picture of adsorption bonding mechanism is yet to be developed
for the polyxantthate, although there are several reports
indicating the formation of unstable dixanthogen-coating around

pyrite particles with low molecular weight xanthates.‘g’e"8

The other important factor in performance efficiency of
selective flocculation is the liberation size and the size
distribution of the particles in the slurry. As it was discussed
earlier, the size distribution of the slurry determines whether
all the undesired impurities are liberated. 1In addition, the
average size, and size distribution is a measure of the total
surface area of the particles in the mixture. Of course, the
total weight of particles or slurry concentration is also

positively: proportional to the surface area of the mixture. In



general, the higher the surface area the more flocculant
molecules are required for flocculation of the mixture.

There are several important process parameters which can
affect the selective flocculation. In recent study by Driscoll
(9), some of these parameters were studied to define the
“optimum" performance of the selective flocculation. The
parameters investigated were: velocity gradient (mixing rate),
polymer dispersion time, rate of polymer addition, polymer stock
solution concentration, slurry pH, slurry solid content, and floc
conditioning time. The results of this work was used as the
initial point of investigation for the present study. Some of
the parameters listed above already have more pronounced effect
than the others. For example, pH and slurry content are more
important than the flocculant stock solution concentration as
long as the same operating conditions are kept.

The objective in this part of the work was to investigate
the technical and economical feasibility of the selective
flocculation for cleaning and desulfurization of an Ohio coal.
Therefore, a systematic study was designed to determine the
important parameters both fundamental and process oriented.
Three basic factors were involved; namely, the liberation size,
the effect of chemical reagents, and the floc separation method.
Adsorption experiments and surface property characterization
tests such as zeta-potential measurements, and pore size
distribution were performed with pure minerals to provide us with

the essential knowledge to explain the physical effects observed



with the raw coal and to direct us to the determine the "optimum"
conditions for performance of selective flocculation.

In the following section, a complete description of
measurement methods and experimental techniques are presented.
In addition, a full deséription of the chemicals and minerals
used in this study are reported. In the next section, the
results of the different experiments are summarized for
comparison and contrast which is foilowed by a discussion of the
results and their implications in a commercial scale process.
Later, the environmental impact and waste handling of the
suggested process are considered. The toxicity of the chemicals
and the method to overcome these problems are also discussed in
that section. Thé techno-economic assessment answers whether the
process is economically feasible and its potential advantages and

disadvantages. Finally, the conclusions and recommendation are

presented.



1.2 EXPERIMENTAL TECHNIQUES

In the following section, a detailed description of the
preparation and analysis of all the chemicals and reagents used
in our tests, experimental procedures for each set of
experiments, and the tist of all the minerals and their
properties which were used in our experiments are given.

Note that due to the large volume of the work performed
and the relatively long period of time from the beginning to the
end of the project, the properties of the raw coal (mainly
Pittsburgh no. 8) varied rather drastically. It is also not
adequate to use the average values to characterize all the coals
used here since the initial percentage of impurities can directly

affect the quality of the clean product.

Chemicals

Preparaticn of Polyxanthate Dispersant (PAAX)

The sodium salt of polyacrylate-acrylodithiocarbonate, or

in short PAAX, is formed by reacting carbon disulfide (CSZ) with

sodium polyacrylate as shown below:

| H H [y Hoo

~CH,-C--CH,-C- | + 2n NaOH - ---o- > |~CH,-C--CH,-C-= | + n H.,0

! 2 c.0 2 =0 2 c.0 2 c-0 2

i OH OH :n ONa ONa | n

- J_ -

H H i H H
~CH,-C-=--CH,-C= | + d CS, —==-mm- > |=CH,-C-=~-CH.,-C- (PAAX)
2 ¢-0 2 (=0 2 2 c.0 2 ¢=0

i ONa(n-d) ONa, i, | ONa(n—d) 0Cs, gl



Unfortunately, the above reaction sequence is complicated
by the formation of by-products such as mono- and tri-sodium
.thiocarbonate and dixanthogens. Moreover, being an unstable
compound at low pH and room temperature, xanthate group easily

decomposes to CS2 and its initial sodium salt. Consequently, the

reaction conditions such as temperature and stochiometric ratio
of the reactants must be well defined for the optimum production
of PAAX. The experimental range of the different parameters are
listed in Table I.1

Table 1.2 lists the optimum conditions for production of
PAAX. The PAAX was prepared by reacting polyacrylic acid (PAA)

Table I.1 The Ranges of Variables for the Reaction Parameters
Investigated.

Temperature: 15-50°C
Stochiometric ratio: 1.0: 1.5: 0.15 to 1.0: 8.0: 17.0 wt.
ratio of PAA:NaOH: CS2 (weight basis)

Reaction Time: 1 to 5 hours
pH: 11 to 12.5
1% to 15% polyacrylic acid solution

Table 1.2 The Optimum Reaction Parameters for Production of
PAAX.

Temperature: 15°C
Stochiometric Ratio: 1,0: 1.5: 4.0 wt. ratio
of PAA: NaOi: CS2

Reaction Time: minimum 5 hours
pH 12.5
15% polyacrylic acid solution

10



with average molecular weight of 1800 to 5000 with NaOH, and CS2

in 1.0:1.5:4.0 weight ratio, respectively (or molar ratio of
1.0:2.76:4.22). Polyacrylic acid (PAA) was obtained from
Polysciences, Inc., Warrington, PA.

PAAX Preparation Procedure. The general procedure for PAAX

preparation which also used for determining the optimum
conditions was as follows. 3 grams of 50% wt. aqueous-PAA stock
solution were dissolved in 10 ml distilled water to make a 11.5%
PAA solution. Subsequently, 2.2 grams of NaOH were added to the
dilute polyacrylic acid solution. The mixture was then stirred
until aill of the NaOH was dissolved which resuited in a clear
and colorless solution. This solution was cooled down to 15°C in

a constant temperature water bath shaker, and 5.6 grams of CS2

were slowly added to the solution. A reflux condenser was
mounted at the top of the reaction vessel to condense and reflux

any CS2 vapor. In approximately 30 minutes the clear solution

changed to a pale yellow mixture. As the reaction time
increased, the color of the mixture became darker and eventually
the color turned orange. After about 5 hours, the reaction was

stopped and the excess CS2 was removed by decantation.

Purification of PAAX. The purification of the product invoived

basically only one single step which can also be repeated several
times for obtaining cleaner product. 100 ml of ethanol was added
to the reaction mixture upon which a viscous orange layer rapidly

percipitated to the bottom of the reaction vessel, while the bulk

11



of the reaction mixture dissolved in alcohol and formed a
somewhat yellow liquid. The volume of the percipitated viscous
layer was about 2 ml which was approximately equal to the volume
of added PAA from stock solution (50% wt.).

The yellow liquid layer contained most of the ethanol-
soluble compounds which also included excess NaOH in the reaction

mixture and some of the immiscible CSZ’ The excess C52 and NaOH

react with the ethanol to form sodium ethyl xanthate. However,
the immiscible orange layer contained most of the polyxanthate
dispersant. The mixture was then separated by decantation or
through separatory funnel, The polyxanthate product which also
contained approximately 50 to 60% (by volume) water was a very
viscous and adhesive gel similar to viscoelastic materials.
Treatment by ethanol can be repeated several times to extract
excess water and any residual by products of the reaction.

Storage of PAAX. Since xanthate compounds are not stable at room

temperature and susceptible to thermal decomposition, the product
was kept under refrigeration. Nevertheless, it was observed
that upon dilution of the polyxanthate product in water, the
orange color of the solution graduélly changed to pure yellow
even at the refrigeration condition within approximately three
weeks period. The change in the color of the solution directly
correlated with the reduction in the UV-absorbance level which

indicated the gradual decomposition of the PAAX.

12



However, it was also observed that when the product was
not diluted and maintained refrigerated at its original
concentration after the purification step, the color did not
change or fade. The UV-abscrbance level of diluted solution also
indicated that the concéntration of the PAAX did not change
significantly when it was stored at high concentration and under
refrigeration for over 6 weeks.

Characterization of PAAX. Characterization of the product for

its composition and concentration was made by using UV/Visible
1ight Spectroscopy technique. The spectrophotometer systems used
in the experiments were a Bausch&Lomb Spectronic model 2000 and
Beckman model DU 701 UV-VIS spectrophotometer. The results are
discussed in the following sections.

At 1ow concentrations (2 to 50 mg/%), light absorbance of
xanthate group at wavelengths of 302-304 nm is approximately
linear. Therefore, using known concentrations of the
polyxanthate solution, a caliberation curve for UV-absorbance
versus PAAX concentration can be determined. The concentration
of the PAAX product in unknown solutions was determined by
appropriate ditution of small amount of PAAX and measuring the
absorbance at the characteristic peak (302-304 nm).

The degree of xanthation of PAAX was calculated by
measuring the xanthate concentration in PAAX solution of known
PAA concentrations. The xanthate concentration was determined

from a calibration curve made with known concentrations of low

13



molecular weight xanthate compounds such as potasium amyl
xanthate and sodium isopropyl xanthate.

Stability Analysis of PAAX

UV-Spectrophotometry of PAAX. The analysis of polyxanthate

dispersant showed three distinct aborbance peaks at 378, 304, and
212 nm. The UV-spectrum indicated a lower absorbance peak at
about 224-227 nm which is shadowed by the strong absorbance at
212 nm. Figure I.1 shows the UV absorbance characteristic for
PAAX solution. Shown also in Figure I.1 is the UV absorbance of
sodium polyacrylate which has multiple peaks at 210 to 225 nm.
Also shown in Figure 1.2 is the UV absorbance of sodium
ethylxanthate which was formed during the purification process.
This low molecular xanthate compound was formed by the reaction

of ethanol with excess NaOH and CS2 as described previously.

Note the absence of the peak at 212 nm.
These results were compared with the UV analysis for pure

sodium isopropyl and potassium amyl xanthates which showed sharp

absorbance peaks at 380-384, 301.3-304., and 227 nm.>

The strong absorbance peak at 212 nm for PAAX is the
result of the unreacted carboxylate groups present in the polymer
chain. The pure xanthate compounds and the purified PAAX were
also used to caliberate the absorbance of UV 1light for the
concentration and the decomposition rate. Based on the
absorbance peak at 304 nm, it was found that there is a linear

relationship between aborbance and the xanthate concentration for

14
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concentrations of less than 50 mg/% for both PAAX and the low
molecular weight xanthate.

Effect of Reaction Temperature and Reaction Time. Analysis of

the reaction products whose rcaction temperatures were maintained
above 25°C showed strange behavior. The UV-analysis of these
reaction products exhibited consistently an initial peak at 318
nm which gradually leveled off to 307 nm as shown in Figure I.3.
Similarly, the UV-absorbance level also decreased with the
drifting wavelength as shown in Figure 1.4. The same phenomenon
was observed for the products of the experiments whose reaction
time were less than 2 hours at reaction temperatures of 12 to
20°C., It should be noted that this behavior was observed at low
concentrations of the reaction products (approximately 5 to 10
mg/® of the crude PAAX), however the pH of the solution was
maintained above 10.

The exact nature or structure of the chemical compound
responsible for this phenomenon is not known at the present time.
However, the formation of intermediate complex is believed to be
responsible. This is evident in the relatively quick
stabilization of the product upon dilution in water.

In addition, at higher temperature, the characteristic
peak for tri-sodium thiocarbonate compound was also observed at
332 nm, whereas the low temperature products did not indicate the
formation of tri-sodium thiocarbonate.

Markedly, the polyxanthate products of the low

temperature reaction (13 to 20°C, 5 hrs.) showed considerably

17
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more stable behavior and higher absorbance at the same dilution
rate which means a higher degree of xanthation.

"Effect of CSZDosage. Figure I.5 shows the effect of initial

dosage of CSZ' As was expected, the higher dosage of CS2

resulted in a higher degree of xanthation. However, excessive

dosage of CS2 is not recommended since after a certain amount of
CS2 dosage, the xanthate group concentration did not increase
significantly and further addition of CS2 would merely prolong

the purification process. It should be noted that the optimum

amount of CS2 dosage is a function of the reaction temperature

and the reaction time. Therefore, the results of one set of
reaction conditions could not be emplcyed to predict the dosage
for a different reaction conditions.

4

Attia” reported similar findings for the xanthation of

cellulose. The comparison of 40 wt% initial CSzto cellulose
dosage with 400 wt% CS2 dosage indicated a significantly higher

xanthate content and also more uniform substitution of xanthate
group. The reported results are compatible with the data
obtained in these experiments. As shown in Figure 1.5, the
xanthate concentration increased approximately by a factor of

four when the initial C52 / PAA wt. ratio increased from 1 to 4

which, in terms of degree of xanthation of carboxylate groups in

the polymer chain, means an increase of 5 to 35 percent.
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Nevertheless, as discussed before, excessive dosage of CS2 is not

recommended since it can complicate the purification step.

General Dispersant (SMP).

The gerneral dispersant used in all the flocculation and
in some of the adsorption experiments is sodium meta-phosphate
(SMP) which has the chemical structure of

(Na P03) X NaO

where x=13. This chemical is a very strong dispersant due to the

presence of a large number of negatively charged ions of PO3 in

each molecules. The appropriate amount of SMP was added to the
coal before grinding such that when the coal slurry was diluted,
the concentration of SMP was 200 to 300 ppm. SMP was purchased
from Fisher Scientific company.

Flocculants

FR-7A. FR-7A is a type of totally hydrophobic polymer, provided
by Caligon Corp., Pittsburgh, Pennsylvania. The exact chenical
structure of this polymer is an industrial proprietary
information and cannot be revealed. Since this polymer f+s
specifically emulsified, it can well disperse in water. The
molecular weight of FR-7A is believed to be slightly less than
one million., However, it was observed that the FR-7A polymeric
colloid cloud tends toec migrate to the anode under an
electropheresis cell, It seems that FR-7A appears weakly

anionic.
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The calibration of FR-7A concentration vs. turbidity was
made using the nephelometric method (see following section), and
a very good linear relationship was found as follow:

mg/1 of FR-7A = NTU/2.34
Also, it was found thaf this calibration relationship is
independent of solution pH.

F1029-0 and F1029-J. These flocculant are both partially

hydrophobic co-polymers. They were manvfactured by DKS Company
in Japan. Figure 1.6 shows the chemical structure of both
flocculants. Note the ratios of a, b, and ¢ groups can directly
affect the selectivity of the flocculant. The higher the a and b
the more hydrophilic is the flocculant, and thus, it is less
selective. The average molecular weight of both F1029-D and J
were three mitlion. The a/b ratio for D was 85.5 and for J was
60.23 .
Minerals

The coal used in this study was Pittsburgh Number 8 coa’
seam and Upper Freeport coal (used mostly for adsorption tests),
obtained from the R&F Coal Company, Lamira preparation plant,
Warnok, Ohio. The coal was obtained in large chuncks which were
crushed to average size of 5 to 7 mm. The crushed coals were
either directly used for the experiments (both adsorption and
flocculation tests) or pre-cleaned using heavy liquid separation
(tri or tetrachlorethylene, S.G.=1.6 or 1.3) technique. The
float was collected, filtered and washed with acetone and then

drir4 at 104°C for five hours. It should be noted that the
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Figure 1.6 Structure of Partially Hydrophoblic Flocculants Series
F1029 Co-polymer.

The proportlions of the various units are as
follows:

(a) Acrylamide = 55.85%; (b)) Sodium Acrylate = 0-15%;
(c) Hydrophobic Units R = 10-40%. (Attla, 1987)
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change in surface properties of the coal due to heavy liquid
separation is insignificant specially when the float is ground to
"minus 500 mesh (-25 micron).

The coal slurry was prepared by grinding one kilogram of
coal in two kilograms of distilled water which had a pH of
approximately 10, and 3000 mg/% SMP. The high SMP concentration
was used so that when the slurry was diluted to 5% to 10% solids,
the SMP concentration would be 300-600 mg/%. The coal was ground
to minus 500 mesh (-25 micron) in an attrition mill supplied by
the Fort Pitt Mine Machine Co., Pittsburgh, Pennsylvania and/or
in a ball mill.

Pyrite at 99.3% purity from Hunzala, Peru, and the
arigillaceous shale mineral were supplied by Ward's Natural
Science, Inc., NY. Each of them was attritioned to very fine
(the majority below -500 mesh) and stored in the refrigerator.

Characterijzation of samplies. The total sulfur contents of the

coal samples were measured by & Sulfur Determinator, Model SC132,
manufactured by LECO Co., and the ash contents were measured by
an Isotemp Programmable Ashing Furnace, Model 497, Produced by
Fisher Co., respectively. The measurements followed the ASTM
procedures [ref.10].

The surface areas of the samples of coal, pyrite and
shale were determined using an Accusorb 2100E manufactured by
Micromeritics Instrument Corporation, Norcross, Georgia.

A Laser Zee(tm) Model 501, Manufactured by Penkem, Inc.,

Bedford Hills, New York, was employed to measure the zeta

N
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potential (the potential at the shear plane of the electrical
double layer) of colloidal particles by determining the rate at
which these particles move in a known electric field. From the
measured zeta-potentials, the point of zero charge (pzc) of each
sample was derived.

The particie size, and size distribution of the coal
slurries were measured by the Microtrac particle size analyzer
using laser diffraction suppling by Leeds and Northrup Corp.
Small samples of a well mixed slurry were used to perform the
size measurements.

Table 1.3 lists the analyzed data of ash and total sulfur
contents, surface area and pzc of the samples used in the
adsorption experiments. These data indicate that: a) the
prepared shale powders were very fine, which was due to the
over-attrition; b) the pzc of pyrite is almost the same as the

coals', which means that they have similar surface electrostatic

properties.

Procedure of Adsorption Determination
The general procedure for conducting the adsorption study
consists of five steps.
The first step was sample preparation. The selected
fresh mineral solids (coal, pyrite and shale) were finely ground

separately then were stored uder refrigeration to minimize
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Table 1.3 Analyses of the samples which were used in adsorption

Sample Ash Tot. S Surface Area pH of
(%) (%) (m?/q) pzc

Upper Freeport 3.5 1.80 2.615 6.7
coal (after heavy liquid separation at 1.3 s.g.)
Pittsburgh No. 4.2 2.67 3.5 7.1

8 coal (after heavy liquid separation at 1.3 s.g.)
Pyrite ———— ———— 3.578 7.1
Sha]e e ————— 7o422 201

surface oxidation. The subsequent step was adsorption of the
chemicals on the selected minerals. The specific chemical (FR7A
or PAAX) was added to a solid/1iquid mixture at the desired
conditions for a certain time to allow the chemical molecules to
adsorb on the solid particles' surfaces. The third step was
solid/1iquid separation. For coal flocs, the separation could be
conducted easily through filtration. For pyrite and shale
minerals, membrane filtration was performed using membranes with
pore size less than 0.2-0.45 micron. Measurement of the residual
chemical concentration in the 1liquid was made. This concentration
was corrected by comparing it with that of standard or calibrated
ones. Finally, it was data computing. From the difference in
concentration between the initial and residual solutions, the
quantity of adsorbed chemical could be derived. Then, according
to the measured data of surface area, the adsorption density of
the chemical on a mineral of known surface area could be

determined.
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Determination of FR-7A concentration. Two techniques were

employed for measuring the polymer concentration in residual
solution. These were: nephelometry and uv-vis spectrophotometry.

The nephelometric method was found to be directly applicable
to the FR-7A polymer because this polymer is supplied as an oil
in water emulsion. A Nephelometer, Model 21, manufactured by
Monitek Inc., Hayward, California, was employed for the turbidity
measurement. A standard solution with a turbidity 4.3 NTU
provided by the manufacture was used for calibration of the
nephelometer. The range of measured turbidity with this
instrument was 0.01 to 200 NTU. The caliberation curve for FR-7A

is shown in Appendix B.T.

Selective Flocculation Experiments

Table I.4 summarizes all the chemicals and conditions which
were used for selective flocculation of the coal slurries. In
the following sections each parameter is discussed in more
detailed.

Figure I.7 shows the basic steps in the flocculation
experiments. After heavy liquid seﬁaration, the coal particles
were ground and then a 5> wt#} slurry mixture was prepared. The

coal slurry was first agitated for five minutes at a shear rate

of 425 sec'l(approximately 700 rpm), and the pH was adjusted to
the desired value. When the experiment involved the use of PAAX,

PAAX was added at the beginning of the experiment to the slurry
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Table 1.4 The Ranges of parameters for Selective Flocculation
experiments

Dispersants: Sodium meta phosphate General dispersant
Kept at 300 ppm

PAAX as selective dispersant
varied from 50 to 500 ppm

Flocculants: F1029-D, F1029-J, FR-7, and FR-7A
5 to 100 ppm

Slurry concentration: 4.5 to 10% wt. solid

Slurry type: Raw coal Pittsburgh no. 8
Pre-cleaned coal Pittsburgh no. 8
Synthetic mixture

(mixture of measured amounts of
pre-cleaned coal, pyrite and shale)

Agitation: 700 to 1000 rpm for polymer mixing
100 to 250 rpm for flocs conditioning
Flocs separation: Sedimentation (1, 2, or 3 steps)
Dissolved-air flotation (1 and 2
steps)

Froth flotation (1 and 2 steps)
Combination of sedimentation and

flotation
Grinding: Attrition 30 minutes (25% solid)
Ball mill 1 to 17 hours (50% solid)
pH: 5 to 11

and then the pH was adjusted. This is done because the crude
PAAX stored in very basic pH solution with approximately 2-3%
NaOH concentration. The slurry was conditioned with PAAX at 425

sec’lshear rate for 10 minutes. Varied amounts of flocculant

was added over one minute interval, and was allowed to mix for

one minute. The shear rate was then reduced to 170 sec'1 and
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the flocs were allowed to condition for three to five minutes.
The mechanism of selective flocculation is shown in Figure I.8.

The flocs were separated by different methods as l1isted
in the previous Table I.4. Most frequently, flotation (either
dissolved-air or froth flotation) was used. The main advantage
of either of these separation processes is that the flocs do not
settle, so the pyrite which is not dispersed by the PAAX will not
report with the flocculated fraction. The equipment used to
study dissolved air flotation is shown in Figure I1.9. It
consisted of a sealed vessel (1) connected to a long cylinder
column (2) filled with packing (3). The lower end of the column
was connected to a stirred vessel (4) which was used as flotation
cell. The system was allowed to stand at 620 kPa (75 psig) for
five minutes to allow air dissolution to come to an equilibrium.
In addition to hydrophobic flocculant, 0.82 kg/ton of methy]l
isobutyl carbinol (MIBC) was used as the flotation reagent.

A Galligher flotation machine was used for froth
flotation test. The cell has a capacity of 1.5 liter and mixing
was conducted at 1000 to 3000 rpm.

Finally, multiple cleaning stages were tested by
performing one and two step selective flocculation-flotation or
flocculation-sedimentation-fiotation tests. For this set of
experiments, the flocs from the first cleaning stage were re-

disperseq under high shear rate mixing, and then re-flocculated.
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I.3 RESULTS AND DISCUSSION

Adsorption Experiments

Adsorption of FR-7 on minerals

Kinetics of Adsorption of FR-7A. The purpose for studying the

adsorption kinetics of FR-7A was to find out the time for
adsorption to attain equilibrium. Adsorption kinetics of FR-7A
were conducted at various levels of pH and initial FR-7A
concentration. The results as illustrated in Figs. I.10, I.11,
and I.12 indicate that the time for adsorption to attain
equilibrium are about 8 hours for the Upper Freeport coal, about
4-5 hours for pyrite, and about 5-6 hours for shale. However,
the adsorption equilibration time was taken as 12 hours. This
equilibration was used in the subsequent tests for establishing
adsorption isotherms.

Adsorption Isotherms of FR-7A. The tests to establish the

adsorption isotherms were performed at various pH levels and
initial FR-7A concentrations below 250 mg/1. The experimental
data on the adsorption isotherms are summarized in Figure I1.13
for the four mineral samples respectively. The obtained results
indicate that:

a) The adsorption isotherms appear to be the Langmuir adsorption
type [ref. 14].

b) Adsorption density of FR-7A was influencedby pH: at acidic pH
FR-7A adsorbed significantly on all minerals. The adsorption
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densities (mg/mz) are 1.1 for coal, 0.9 for pyrite and 0.3 for

shale. However, above pH 8.5, FR-7A adsorption on shale was very
small (i.e.; less than 0.1 mg/mz), while its adsorption on coal

and pyrite was still high (0.6 and 0.5 mg/mz). Figure I.14 shows
the comparison of adsorption isotherms of FR-7A on the different
minerals at pH between 8.5-9.0. The curves clearly indicated
that FR-7A has a high affinity to coal then to pyrite, due to the
natural hydrophobicity of coal and pyrite. The affinity of FR-7A
to shale is poor because of the natural hydrophilicity of shale.

Effect of pH on Adsgrption of FR-7A. Figure I.15 illustrates the
equilibrium adsorption density of FR-7A vs. pH. This figure
confirms the observations mentioned above. This adsorption
behavior suggests that both the electrostatic and hydrophobic
bonding mechanisms are operative in acidic media, while the
hydrophobic bonding is the main mechanism for adsorption in

alkaline media.

Effects of SMP on Adsorption of FR-7A. Figure I1.16 shows the

effect of SMP on the electrokinetic properties for the Upper
Freeport coal, pyrite and shale respectively. The figure
illustrated that by increasing SMP concentration, the
zeta-potentials of the minerals became more negatively charged.
This was likely due to the adsorption of metaphosphate anions on
the mineral surfaces. However, when SMP concentration was higher
than 300-400 mg/l, the zeta-potentials of the minerals did not

increase any further, This implied that adsorption reaches a
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saturation level akin to langmuir monolayer coverage of the
mineral surface.

Since the presence of SMP leads the mineral surface to be
more electrically negative, the adsorption of FR-7A on coal and
other minerals should be reduced or even inhibited due to
electrostatic repulsion between the solid surface and the anionic
FR-7A molecules. However, the results jllustrated in Figure I.17
indicated that SMP did not influence the adsorption in any way.
This might be due to the relative ease of displacing SMP ions on
the surface with FR-7A molecules which have much higher free
energy of adsorption than the weakly held SMP ions.

Adsorption of PAAX on Coal Minerals

Kinetics of PAAX adsorption. This study was aimed at determining

the time needed for PAAX/minerals interface to attain adsorption
equilibrium. The results, in Figure I.18, indicated that the
equilibration time for Upper Freeport coal and shale was 4 hours
and for pyrite it was 8 hours. However, in the conduct of
adsorption isotherms, the equlibration time was taken as 12
hours. Also, it can be seen that the adsorption density of PAAX
on pyrite was about 6 times higher than that on coal and on

shale.

Adsorption _isotherms of PAAX. The purpose of the tests discussed

in this section was to determine the adsorption isothcrms of
PAAX, i.e., the relationship between adsorption density and
equilibrium PAAX concentration. A set of tests was performed at

pH 11.2 where a certain dosage of PAAX solution was mixed with a
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certain amount of mineral solids at 1 or 2% solid content. The
mixture was allowed to stand for 12-13 hours to attain
adsorption equilibrium.

It can be observed from Figure I1.19 that the adsorption
density of PAAX on pyrite was about 8 times higher than that on
the Upper Freeporc coal, and shale at the lower concentration
range (i.e. less than 350 mg/liter initial concentration of
PAAX) . As the PAAX concentration was increased to much higher
levels, its adsorption density on coal and shales gradually
approached that on pyrite. Usually, the dosage of PAAX in
selective flocculation is controlled at about 200 mg/1l.
Therefore, we expect that PAAX would selectively adsorb on
pyrite in preference to coal and shales and consequently, enhance
the pyrite’'s dispersion.

Effect of Adsorption of PAAX on zeta-potential, In Figure 1.20

were shown as function of adsorption density. The results
indicated that when the PAAX adsorption was relatively 1low,
i.e.:below 350 mg/liter, the zeta-potential of each of the
minerals became more negative with increasing PAAX adsorption.

Effect of SMP on PAAX adsorption. In this set of tests, the

mineral slurry was mixed with pre-determined amounts of PAAX and
SMP at pH 10.5. The initial PAAX concentration was adjusted at
266 mg/l, and SMP dosage was at 0, 50, 100, 200 and 500 mg/1
respectively. The slurry was conditioned for about 12-14 hours.

Adsorption density of PAAX were in the same manner mentioned
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earlier. Correspondingly, the zeta-potentials were measured in
the presence of different concentration of SMP.

In Figure 1.21, the relationship is shown between the
adsorption density of PAAX on the minerals vs. SMP dosage. Also,
shown on this figure were the zeta-potential of the three
minerals as a function of SMP dosage.

In the case of the adsorption on the Upper Freeport coal,
the results indicated that the existence of SMP only slightly
affected thg PAAX adsorption. The reason could be attributed to
the relatively poor affinities of both PAAX and SMP to coal.

For the adsorption of PAAX on shale, it can be observed
from the graph that SMP causes a decrease in the adsorption of
PAAX. As discussed in Section 4.5, SMP has a high affinity to
shale. In a mixed solution of SMP and PAAX, therefore, SMP
molecules would be more likely to adsorb on shale particle than
PAAX.

An interesting observation was that SMP also
significantly affected the adsorption of PAAX on pyrite,
eventhough PAAX had a high affinity to pyrite. This was
probably due to competitive adsorption between both SMP and PAAX
! molecules.

| Summary

The main observations for adsorption studies of FR-7A and

PAAX on two coals, pyrite and shale, can be summarized as

follows:
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a) FR-7A Adsorption

1) Adsorption of FR-7A on the four sampies at relatively low
concentration followed a Langmuir type adsorption.

2) The time for attaining "equilibrium" adsorption of FR-7A was
as short as 8 hours for the Upper Freeport coal, 6 hours for
shale and 5 hours for pyrite. However, the longer period of 12
hours was allowed for adsorption studies to ensure attaining
"true" equilibrium.

3) Since coal is naturally hydrophobic, it had the nighest
adsorption density of FR-7A as it was expected. Because the
pyrite was also partly hydrophobic, the adsorption of FR-7A on
pyrite was also relatively high. For naturally hydrophilic
shale, the adsorption of FR-7A on shale was poor, as expected.
Generally, the affinity sequence of FR-7A to the minerals in a
coal slurry is: coal > pyrite >> shale. That means FR-7A ishould
be highly selective for coal in deashing process, but it would
not be effective for pyrite rejection.

4) The adsorption of FR-7A on the minerals was significantly
affected by pH. At acidic condition, more FR-7A molecules are
adsorbed on the minerals, thus reducing its selectivity towards
coal. The adsorption density for each mineral, however decreased
noticeably with increasing pH, but more so for shale than for
coal, thus enhancing FR-7A selectivity towards coal.

5) It was found that the adsorption of SMP would cause the solids

surface to be more negative probably due to the adsorption of
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metaphosphate anions. However, due to the relatively high
affinity of FR-7A to coal, the presence of SMP had almost no
effect on the adsorption of FR-7A on coal, and only caused a
slight decrease (about 5-7%) in the adsorption density of FR-7A

on shale and pyrite.

b) PAAX Adsorption

1) The time to attain adsorption "equilibrium" of PAAX was about
4 hours for Upper Freeport coal and shale, and about 7 hours for
pyrite.

2) The adsorption density of PAAX on pyrite was found to be about
8 times than that on the Upper Freeport coal and shale. This
indicated that the affinity of PAAX to pyrite was much higher
than that to coal and shale.

3) The adsorption of PAAX induced the surfaces of the minerals
take more negatively charged.

4) It was found that at an initial PAAX concentration of 266 mg/1
and pH 10.5, the adsorption density of PAAX on the minerals
decreased with increasing SMP dosage. The sequence of the effect
of SMP on the PAAX adsorption on the minerals was:

pyrite >> shale > Upper Freeport coal. Meanwhile, at the same
conditions, the magnitudes of the zeta-potentials of the minerals

increased with increasing SMP dosage.
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Selective Flocculation For Coal cleaning and Desulfurization

Experiments werl performed to determine the "optimum"
conditions for deashing and desulfurizing Pittsburgh no.8 coal by
using selective flocculation method. 1In order to increase the
desulfurization rate and selectivity of the flocculants, the
surfaces of pyrite particies were modified by a partially
xanthated hydrophilic compound (PAAX) used as the selective
dispersant. Therefore, seven series of experiments were
performed to establish the effects of operating parameters such
as flocculant concentration and type, PAAX concentration, pH,
particle size and grinding time, and the interaction between
these parameters. In addition, experiments were performed to
find an efficient technique for separaticn of the coal flocs.
This work included multi-step cleaning and/or combination of
several separation technology in a multi-step process.

Following i: the summary of the results of these
experiments and the effects of different parameters. In all the
results reported here, the percent ash and pyrite sulfur
rejections were based on the material balance of the tests and
not merely on the final analyses of feed and clean coal.

Selection of Flocculant Reagent

Four different flocculants were tested (i.e.; FR-7A, FR-
7, F1029-J, and F1029-D). The selectivity of each flocculant was
measured with respect to its ability to reject mainly mineral

matters (or ash forming minerals) and pyrite. Then these values

50



were compared to the coal recovery which in essence was the BTU
recovery of the process.

In these sets of experiments synthetic slurry was used to
ensure the liberation of pyrite and ash mineral matters. The
slurry was prepated from a measured amount of pre-cleaned coal
(by heavy liquid separation s.g.=1.3). The coal was then ground
in the attrition mill for 25 minutes. Following this measured
amount of finely ground pyrite and shale were mixed with the coal
slurry and then the mixture was completely blended in a ball mill
for approximately one hour. The synthetic slurry contained 25.%
ash forming minerals, and 5.13% total sulfur of which 1.25% was
organic sulfur.

Two techniques were employed to separate the flocs. 1In
the first method a single step of froth flotation was used. The
second method was a combination of single step of sedimentation
followed by re-dipersion of the flocs at high shear rate and then
reflocculation followed by another sedimentation step.

The results of these experiments are listed in Table I.5.
A comparison of the results indicated that the two step
sedimentation set generally yielded lower recovery than the one
step flotation set of experiments. The reason was that when
flocs separation was done by sedimentation, a significant amount
of the coal (or carboniferous materials) remained suspended in
the dispersed phase. Moreover, the results indicated that the
total sulfur contents in the sedimentation tests were generally

higher than the total sulfur obtained in one step flotation
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Table

rejection of ash and pyrilte

1.5 Effect of different flocculants on coal

recovery and

Sepn.

pH

Flocculant

Total

Pyr. S

Ash Ash Recovery

Steps Type conc. S Rejectlon Re Jectlon
(ppm) (%) (%) (%) (%) (%)
1.FF 7.5 FR-7A 10 3.e8 46.26  10.64  67.87  87.02
1,FF 7.5 FR~-7 10 3.96 46.85 11.27 64.95 88.40
1,FF  10.5 F1029-J 10 4.24 41.60 10.03 68.94 88.88
1,FF 10.5 F1029-D 10 4.93 29.23 13.04 60.23 84.58
2,SED 7.5 FR-7A 1045 4.26 6§5.78 10.17 72.99 59.18
2,SED 7.5 FR-7 10+10 4.25 72.50 10.73 84.41 41.35
2,SED 10.5 F1029-J 7410 5.30 49.81 10.83 78.72 55.50
2,S€ED 10 F1029-D 56+10 6.26 52.48 19.76 70.27 40.05
2,SED 10, F1029-D 5 6.02 22.47 17.36 §5.26 68.44
7.5 FR-7A 10

FF - froth flotatlion, SED - sedimentation

Tabie |.6 Comparison between the effect of dlfferent flocculants on
coal recovery and rejection of ash and pyrite using a two-step
separatlion technique (sedimentation + froth flotation)

pH Flocculant

Total Pyr. S Ash Ash Recovery
Type Conc. Sulfur Rejection ReJectlon
(ppm) (%) (%) (%) (%) (%)
7.5 FR-7A 10+10 2.4 73.21 7.56 84.76 79.05
7.5 FR-7 10410 2.49 69.58 7.62 83.76 83.15
10 F1029-J 542 4.15 21.75 10.50 75.38 87 .34
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experiments. Liberated pyrite particles, being 4 to 5 times
denser than the coal, can settle as fast (if not faster) or co-
settle with the coal flocs ;thus, resulting in an increase in the
total sulfur content of the flocs. However, when the ash content
of the sedimentation experiments were contrasted with the
flotation results, there was no appreciable difference.

Therefore, a Collective survey of the results indicate
that the separation technique was the cause of the discrepancies.
In other words, one may conclude that the flocs separation by
sedimentation method is not an efficient technique for selective
flocculation process when pyrite is present.

In Table I.6 the results of different flocculants are
listed. The expériments with FR-7 and FR-7A generally resulted
in cleaner flocs with modest recoveries. In addition, there is
no significant difference between FR-7 and FR-7A. However, one
can clearly see the flocs formed by F1029-D have the highest
total sulfur and mineral matters content, and lowest recovery,
ash rejection and pyritic sulfur rejection rates. On the other
hand the use of F1029-J flocculant resulted in modest ash and
sulfur contents, and coal recoveries. '

A second set of experiments were performed to verify the
results of the first experiments. Similar methodology was used
to prepare the siurry, however, a different separation technique
was devised for separation of the flocs. This technique
consisted of first step separation after flocculation by

sedimentation followed by re-dispersion and reflocculation
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processes. The flocs formed in the second step were the
separated by froth flotation technique in the preceding step.

The results are shown in Table I.7. The results clearly
indicated that FR-7A was more effective towards rejecting mineral
matters and pyrite. This is quantitavily shown by higher ash and
pyritic sulfur rejection rates. However, F1029-J resulted in the
lowest rejection rates but higher recoveries.

FR-7 and FR-7A are both totally hydrophobic flocculants
with very similar structure. The results obtained by using
either of these flocculants are also similar. Therefore, one may
conclude that there is no significant difference between the FR-7
and FR-7A flocculants. However, as it was shown in the previous
sections (materials and methods), F1029-D and F1029-J flocculants
are only partially hydrophobic. They both contain similar
functional groups and have nearly the same molecular weight (3
million). HoWever, the ratio of the hydrophilic groups in F1029-
D is by 20% higher than that in F1029-J.

There are actually two factors working simultaneously in
favor of FR-7A flocculant. The first is obviously the higher
hydrophobicity of the molecule. The second factor is its smaller
size. The molecular weight of FR-7A is only one million.

Recaliing the results form the adsorption characteristics
of FR-7A on minerals. It was concluded that the FR-7A is
adsorbed strongly on the coal surface and to lesser degree on the
pyrite surface, however, FR-7A does not have a strong affinity

towards shale. Therefore, it is possible that some pyrite



particles incorporated themselves in the flocs structure.
However, this kind of association is not completely a random
. process. Rather it is a complex function of surface and
hydrodynamic forces which are prevelant during the sclective
adsorption/flocculation process. For example, fast rate of
flocculation could produce large flocs and entrap unwanted
particles. From the adsorption studies, it was clear that FR-7A
also adsorbs on pyrite which would cause it to co-flocculate with
coal., The presence of PAAX or any other suitable dispersant
should reducé the adsorption of FR-7A on pyrite. The
flocculation is also a function of adsorption energy which is
directly proportional to the number of adsorption bonds of the
hydrophobic groups onto the surface of the minerals. Therefore,
the size (or the molecular weight) of the flocculant is a very
important factor since it determines the number of hydrophobic
groups. The larger the molecular weight, the more possibility of
pyrite association. However, by the same reasoning, a small
flocculant can result in low recoveries due to fewer number of
the bonds formed with the desired minerals.

Selection of the Dispersant Reagent

Two types of selective dispersants were tested in the
these experiments. The dispersants were Polyacrylic acid (PAA)
and PAAX. Three sets of experiments were performed to
investigate the effect of each dispersants.

In the first set synthetic slurry was used with 30.049%
ash content and 3.86% total sulfur content of which 1.25% was
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organic sulfur. The coal flocs were separated through a two step
process of sedimentation followed by froth flotation. The
results are shown in Table I.8.

The results clearly indicated that there was a net
positive effect of the dispersant on the rejection levels of
mineral matters and pyrite. There was some interaction between
the type of flocculant and the dispersant effect. The results
presented here show that selective flocculation is more effective
iently with the totally hydrophobic flocculants FR-7A than with
F1029-4J.

The second set of experiments was performed to
differentiate between PAA and PAAX; hence, no flocculant was used
and the coal was separated through single step of froth
flotation. The results are shown in Table I.9.

As expected, PAAX showed a more pronounced affinity
towards pyritic particles; thus resulting in higher level of ash
and pyritic sulfur rejections with higher recoveries while PAA
acted as unselective dispersant for all particles.

The third set of experiments was performed to identify
the "optimum" dosage of PAAX. In these experiments, pre¥cleaned
coal was used and ground for 18 hours in a ball mill to ensure
the 1iberation of minerals. The results of these experiments are
shown in Table I.10.

In agrrement with previous experiments, these results
indicated PAAX has a significant effect on both the ash and

pyritic sulfur rejection levels. Moreover, it is also clear that
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Table |.7 Effect of selective dispersant on selective flocculation
of fine coal slurry

pH Flocculant Dispersant Total Pyr.s Ash Ash Recovery
Type Conc. Type Conc. S Re ). Re ).
(ppm) (ppm) (%) (%) (%) (%) (%)
7.5 FR-7A 10+10 - - 2.40 73.21 7.56 84.76 79.05

7.5,10 FR-7 10+10 PAAX 0+100 2.45 71.91 7.60 84.54 78.81
7.5 FR-7A 10+10 PAA 0+130 2.30 74.92 6.86 85.76 80.47
10 F1029-J 5+2 —- - 4.15 21.76 10.50 75.38 87.34
7.5,10 F1029~-J 5+2 PAAX 04100 3.90 30.25 13.40 69.59 82.69

10 F1029-J 542 PAA 0+130 4.17 18.95 11.12 73.18 90.28

Table |.8 Comparlison of the effect of different dispersants

pH Dispersant Total Pyr. S Ash Ash ' Recovery
Type Conc. Sulfur Rejection Rejection
(ppm) (%) (%) (%) (%) (%)
10.5 PAAX 100 2.20 76.46 8.50 80.68 87.07
10 PAA 130 2.65 62.31 13.06 69.45 86.69

Table 1.9 Effect of the Interactlion between FR-7A and PAAX on coal
recovery and rejectlon of ash and pyrlte using froth flotation

pH FR-7A PAAX Total Pyr. S Ash Ash Recovery
Cconc. Conc. Sulfur Reljection Re jection
(ppm) (ppm) (%) (%) (%) (%) (%)
10.3 50 200 1.91 72.49 3.565 €8.30 89.50
10 - 200 1.91 78.08 3.02 78.80 70.84
10 50 - 2.06 68.24 4.11 66.16 82.50
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the use of FR-7A flocculant ahead of flotation, increases the
coal recovery significantliy. This is due to the fact that in
flotation process particle size directly affect the recovery.
The optimum size for flotation is approximately 200 micron.
However, the unflocculated slurry has an average size of
approximately 5-10 micron; therefore, when no flocculant was
used, some degree of cleaning was observed but the recovery was
low. In contrast, when flocculant was used the particle size
especially the coal particles sizes are increased thus increasing
the recovery of the process. Therefore, one may conclude that
using PAAX and FR-7A can result in cleaner coal with relatively
high recovery even for ultrafine slurries.

Selection of The‘Flocs Separation Method

The technique used to separate the flocs is an important
element of the selective flocculation process. Ideally, the
separation process should be such that it does not break or
disintegrate the flocs structure. Its design should be
compatible with the selective flocculation process. In other
words, uses the same fundamental surface chemical principals for
separation. Naturally, design of 'such a process was beyond the
scopes of this project. However, several methods were tested to
establish the significant effect a good separation process might
have on the outcome of the results.

Several techniques were used to separate the flocs;

namely, dissolved-air flotation (DAF), sedimentation, and froth
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flotation (FF). 1In some experiments several trials were done to
combine one or two of these processes.

Dissolved-Air Flotation (DAF). A synthetic slurry with a

liberated materials was prepared to test this method. The slurry
contained 21.6% ash and 4.92% total sulfur with 1.25% organic
sulfur.

A single step of DAF and a two step process of
sedimentation followed by DAF were employed. The results which
are shown in Table I.11, indicated that the DAF system could not
separate the flocs. This was due to the fact that the there was
not enough air dissolved in the water and the bubble size was too
large and the air and water flow floated virtually everything.
Thus, as the results indicate the concentrate (or the flocs) had
nearly the same levels of ash and total sulfur. In addition, the
recoveries were low.

The results shown here do not necessarily indicate that
DAF system is not compatible with the flocculation process. 1In
fact, DAF can be a good candidate for flocs separation, however,
the system used in this study was poorly designed and was unable
to efficiently dissolve the required amount of air into water.

In fact, in earlier experiments where a different design
and considerably more efficient dissolved-air flotation system
was used, significant desulfurization and de-ashing of an
ultafine coal slurry of pre-cleaned Pittsburgh no.8 coal was

achieved. However, the coal used in these experiments had
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Table

1.10 Effect of dissolved-air flotation on floc separation
Sepn. pH Flocculant PAAX Total Pyr.s Ash Ash Recovery
Mehtod Type Conc. Conc. S Re) Re )
(ppm)  (ppm) (%) (%) (%) (%) (%)
DAF 9.5 FR-7 10 - 4.75 653.30 20.29 54.07 45.22
DAF 9.5 FR-7 10 100 4.71 41.27 18.87 45.58 64.49
DAF 10.5 F1029-J 10 - 4.96 16.49 16.08 38.59 82.61
SDM+ 10.5/ F1029-J 10 0 4.87 41.22 15.056 58.54 59.39
DAF 9.5 FR-7A 10 100
Feed - - - - 4,92 - 21.63 - -
DAF - dissolved air €lotation, SDM -~ sedimentation
Table |1.11 Comparison of dlfferent techniques for coal
separation after selective flocculation
Separation pH FR-7A PAAX Total Pyr.sS Ash Ash Recovery
Mehtod Conc. Conc. S Re)J. Re ).
(ppm) (ppm) (%) (%) (%) (%) (%)
2-S0OM = 7.5 10+5 - 4.26 65.78 10.17 72.99 59.18
2-SDM+FF 11.0 40410 200+ 2.60 70.00 5§.12 86.19 62.67
bl +0 200+100
SDM+ 7.5 10 - 2.45 71.91 7.60 84.54 78.81
FF s*= 10.0 10 100
FF == 7.5 10 - 3.98 46.26 10.64 67.87 87.02
FF == 11.0 10 200 1.87 80.19 7.16 73.19 86.51
2-FF == 11.0 5+5 200+100 2.02 84.24 4.44 89.25 62.45

* The synthetic slurry contains

LR X

sul fur.

The synthetlic slurry contalns

sutl fur.

The synthetic slurry contalins

sul fur.
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3.71% total
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unusually low organic sulfur (about 0.7%) and 2.6% total sulfur
and about 6.5% ash contents.

Tables 1.12 and 1.13 show the results of these earlier
experiments with one and two step selective flocculation. Note
that 200 ppm of PAAX was used in conjunction with dissolved air
flotation as the floc separation technique. It can be seen that
using a single step selective flocculation, the total sulfur
content was reduced from approximately 2.6% to 1.6% and the
pyritic sulfur was reduced from 1.9% to 0.95%. The ash content
of the pre-cleaned coal was reduced to 3.9% with a coal recovery
of 93% . This is very close to the super-clean coal level. The
use of the second step of the selective flocculation produced a
clean coal that had a total sulfur content of 0.95%, and pyritic
sulfur content of 0.2% , i.e. about 90% removal of the ultrafine
pyrite was achieved. The ash content of the cleaned coal in
these tasts was 2.5%, while the recovery was still above 90% .

These results clearly indicated that a less turbulent
hydrodynamic conditions such as the one exists in the DAF system
could reduce the hydraulic entrainment of finely dispersed pyrite
in the solution. Consequently, the heavier pyrite particles
setteled slowly while the fine air bubbles is attached to small
coal flocs and float them to the top of the flotation cell.
Unfortunately, the old DAF system could not be used due to the

malfunction in the system.
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Table 1.12 Selective Flocculation - Dissolved-Air Flotation Cleaning of Pre-
cleaned Pittsburgh No. 8 Coal Using One Step Flocculation/Dissolved-Air

Flotationf
ANALYSIS$ DISTRIBUTIONS

Total Total
Product Weight Ash  Coal Sulfur Ash Coal Sulfur
Flocs 91.8 4.74 95.26 1.67 56.8 94.7 57.5
Dispersed 8.2 40.52 59.48 13.81 43.2 5.3 42.5
Feed 100.0 7.66 92.34 2.66 100.0 100.0 100.0
Flocs 91.4 3.48 96.52 1.64 40.5 95.7 54.3
Dispersed 8.6 54.66 45.66 14.65 59.5 4.3 45.7
Feed 100.0 7.65 92.35 2.76 100.0 100.0 100.0
Flocs 88.8 3.79 96.21 1.73 44.0 92.5 52.2
Dispersed 11.2 38.24 61.76 12.25 56.0 7.5 47.8
Feed 100.0 7.65 92.35 2.91 100.0 100.0 100.0
Table I.13 Selective Flocculation - Dissolved-Air Flotation Cleaning of Pre-

cleaned Pittsburgh No.

8 Coal Using Two Steps Flocculation/Dissolved-Air

Flotationf
ANALYSISS DISTRIBUTIONS

Total Total
Product Weight Ash  Coal Sulfur Ash Coal Sulfur
Flocs 85.5 2.83 97.17 0.94 30.5 90.3 29.3
Dispersed 1 6.9 42,52 57.48 13.48 36.6 4.3 33.9
Dispersed 2 7.6 34.23 65.77 13.27 32.9 5.4 36.8
Feed 100.0 7.94 92.06 2.74 100.0 100.0 100.0
Flocs 88.1 2.40 97.60 0.97 30.1 92.4 30.3
Dispersed 1 5.8 56.90 43.10 14.77 47.2 2.7 30.4
Dispersed 2 6.1 26.01 73.99 18.17 22.7 4.9 39.3
Feed 100.0 7.03 92.97 2.83 100.0 100.0 100.0
Flocs 86.2 2.25 97.75 0.87 25.7 91.2 26.6
Dispersed 1 6.0 45.88 54.12 13.30 36.1 3.5 28.4
Dispersed 2 7.8 37.07 62.93 16.21 38.2 5.3 45.0
Feed 100.0 7.57 92.43 2.81 100.0 100.0 100.0

Note that the old DAF system was used in these experiments and the organic
sulfur content of the coal was unusually low at 0.7%.
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Flocs Separation by Sedimentation/Froth Flotation. Table I1.14

shows a selected sample of results using different separation
techniques. These techniques were used after the flocculation
and formation of the coal flocs.

Two step sedimentation method was used for separation of
flocs with different type of flocculants (refer to Table I.11).
In general, this method resulted in low recoveries. In addition,
the total sulfur content in the flocs was high due to co-settling
of the pyrite particles (refer to Tables I.11 and I.14).

The use of a two steps sedimentation followed by one step
froth flotation with high dosages of flocculant improved the
situation, however, the recovery was still low.

One step sedimentation followed by one step froth
flotation was also tested. The results indicated a modest
improvement in ash and sulfur rejection as well as the coal

recovery.

Flocs Separation by Froth Flotation. From the previous

experiments, it was clear that the reason for low recoveries and
high sulfur contents was in the sedimentation step(s) where most
of the small flocs were lost and the pyrites co-settled.
Therefore, single step froth flotation was used to separate the
coal flocs after formation and coniditioning of the flocs. The
results are shown in Table I.15. It is immediately clear that
the recovery , the pyritic sulfur rejection levels were
significantly increased. However, the ash rejection level was

decreased.
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Table |.14 Effect of FAAX on floc separation with a single
step froth flotation

Chem!icals pH Pyr. S Ash Recovery Remarks
Rej. (%) Rej. (%) (%)

200 ppm PAAX 1 82.90 85.60 §7.20 he
200 ppm PAAX + i1 80.09 73.19 86.51 =

10 ppm FR-7A
200 ppm PAAX 10 78.08 78.480 70.84 ==
No PAAX + 10 €68.24 66.16 82.50 -

50 ppm FR-7A
200 ppm PAAX «+ 10 72.49 68.30 89.50 el

50 ppm FR-7A

* The synthetlic slurry contains 19.93% &<h and 3.71% total
sul fur.,

** The Plittsburgh No. 8 coali after heavy lliquid

separation
contalns 9.63% ash and 3.29% total sulfur.

Table |.15 Effect of PAAX concentration on ccal recovery and
rejection of ash and pyrite In the presence of FR-7A with
single and double step floc separation techniqgues

PAAX Sepn. FR-7A Ash Totai Pyr.S Ash Coal
Conc. Method Conc. Sul fur Re ). Rej. Recovery
(ppm) (ppm) (%) (%) (%) (%) (%)
Too 1 step 50  3.es  2.00  69.63 66.80 85.83
2 steps 50+50 3.70 2.39 71.13 80.33 52.64
200 1 step 50 3.55 1.91 72.49 68 .30 89.45
2 steps 50+50 3.55 2.23 73.38 79.79 57.63
300 1 step 50 4.20 2.04 68.22 64.39 84.63
2 steps 50+50 4.74 2.58 63.44 72.56 57 .41
400 1 step 50 3.96 2.23 62.64 68.20 86.60
2 steps 50+50 3.72 2.32 71.00 78.77 58.89
500% 2 steps 60+40 5.84 2.18 7G.22 8i.22 67.25

* 400 ppm of PAAX was added In the first step,

and 100 ppm of
PAAX was added In the second step
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Two step froth flotation process was also used. The

results indicate that lower ash and sulfur content were obtained

but the coal recovery was also lower.

Effect of PAAX Dispersant

Three sets of Experiments were performed to study the
effect of PAAX on the pyritic suifur rejection and to determine
the optimum dosage of PAAX.

Synthetic slurry was used in the first set of the
experiments. The coal slurry was ground in a ball mill for 18
hours. The ash content was 19.93% and the total sulfur was 3.71%
with 1.2% organic sulfur. In these experiments no flocculant was
added and the slurry was maintained at pH 11. A single step of
froth flotation was used to separate the the coal. Basically, in
these experiments PAAX was used as a dispresant agent for pyrite.

Figure I.22 shows the effect of PAAX concentration on the
recovery and the rejection levels of ash and pyrite. 1In general,
addition of PAAX decreased the recovery and increased the ash and
pyrite rejection. As it was shown in the adsorption experiments
PAAX can also adsorb on coal; therefore, as the PAAX
concentration is increased some of the PAAX will adsorb on coal
and results in dispersion of coal and lowering of the recovery.
From the Figure, one can observe that at 200 ppm concentration of
PAAX, the highest level of pyritic sulfur and ash rejections were
obtained.

The second set of the experiments aimed to study the

effect of PAAX in the presence of flocculant. These experiments
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were done with pre-cleaned (heavy liquid separation S.g.=1.6)
coal Pittsburgh no.8 seam. The coal was ground for 18 hours in a
ball mill. The feed had 9.63% ash and 3.29% total sulfur
(organic sulfur was 1.25%).

Since the slurry was ultrafine (3-6 micron), 50 ppm FR-7A
was added to for all the tests. A single step froth flotation
was used for flocs separation and pH was maintained at 10.3 .

The results are shown in Figure 1.23. At 200 ppm dosage
of PAAX optimum level of rejection and recovery was obtained. At
higher concentrations PAAX begins to disperse coal as well, thus,
resulting in lower recoveries.,

Comparison of Figures 1.22 and I.23 suggests that the
presence of FR-7A flocculant improves the process performance.
Furthermore, the optimum dosage of PAAX is 200 ppm.

Table I1.15 shows the effect of both PAAX and FR-7A on the
process parameters using one step froth flotation as the flocs
separation method. From these results, one can conclude that the
usage of PAAX and flocculant significantly improves the recovery
and the mineral matters content of the concentrate. |

In the third set of experiments the effect of PAAX and
FR-7A concentrations using two steps separation techniques was
studied. The dosage of PAAX and FR-7A were equally divided
between two steps except for the last experiments where it was
indicated. In the first step sedimentation was used to separate

the flocs. The flocs were then re-dispersed under high shear
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rate and then re-flocculated. The secondary flocs were then
separated by froth flotation.

The single step froth flotation resulted in higher
recovery and lower total sulfur and ash contents. Again there
was a significant amount of the coal was lost in the
sedimentation step. It was also clear that the during the
sedimentation step pyrite particles were co-settled with flocs
and increased the total sulfur content of the secondary feed.
Consequently, in the second step the actual sulfur content of the
slurry was increased.

From these discussions, one can conclude that PAAX has a
significant positive effect on the pyrite rejection. The
Presence of PAAX decreases the coal recovery somewhat. However,
the addition of FR-7A flocculant improved the recovery. Finally
the optimum dosage of PAAX was about 200 ppm.

Effect of Slurry pH

pH of the slurry can have a significant effect on the
selectivity of the flocculant and the coal recovery. A series of
experiments was performed to investigate the effect of pH on the
flocculation process. Pittsburgh no.8 seam was used in these
experiments. The raw coal was ground for 18 hours in the ball
mill to obtain an average particle size of 3 micron. The feed
had 16.14% ash and 3.97% total sulfur with 1.25% organic sulfur
content. In all the experiments, the concentrations of SMP,
PAAX, and the flocculant FR-7A were maintained at 300, 200, and
50 ppm, respectively. The pH range was from 5 to 11.
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Figure 1.24 shows the results obtained in these
experiments. It should be noted that PAAX readily decomposes to
when used in acidic media. Therefore, in reality at the lower pH
range, there was no effect of PAAX. From the results it is
clear that the recovery slightly decreased as the pH increased to
10. However, beyond pH 10, there was a sharp decrease in the
recovery. The reason can be explained in terms of the adsorption
and surface charge characterization of the minerals discussed
earlier in this section. The higher the pH of the slurry is the
more negatively charged the surface of the coal and other
minerals become. It was shown earlier that the ZPC of the shale,
pyrite and coal were at pH 2.5, 5.5, and 7, respectively.
Therefore, at high pH of 11 all the minerals (coal, pyrite and
the mineral matters) should be negatively charged and the
agglomeration tendancies of these minerals should be very low.
In additicn, when the particle size is small (3-6 micron), the
resulting flocs would still be small (10-15 micron).
Consequently, these two factors combined would result in a low
recovery of coal flocs.

Effect of Flocculant Concentration

From the very beginning, it was noticed that the
formation of large visible large flocs was a function of the
total surface area and size of the particles in the slurry.
Therefore, the required amount of flocculant needed for formation

of large flocsis inversely proportional to the particle size.
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In order to study the effect of flocculant concentration
ultrafine slurry with over 80% of the particles less than 8
micron of raw Pittsburgh no.8 coal was prepared. The slurry
concentration was also maintained at about 7 to 8%. The feed
contained 15.54% ash and 3.97% total sulfur with 1.25% organic
sulfur. The pH was maintained at 10. The PAAX concentration was
kept constant at 200 ppm.

It was visually observed that from 40 to 100 ppm FR-7A
concentration, visible flocs were formed. As the FR-7A dosage
decreased, the flocs size became noticeabily smaller.

The results of this experiments are shown in Figure I1.25.
The trends observed here were very interesting. At zero FR-7A
condition, the rejection levels of ash and pyrite were about 45
and 70%. However, there was an increase in the rejection levels
as the dosage of FR-7A was increased to 50 ppm witha maximum
rejection at 5 ppm. Beyond 50 ppm the rejections actually
started decreasing while the coal recovery increased.

From the adsorption characteristics of the minerals
tested earlier, this behavior was expected. It was shown that
FR-7A can be adsorbed to lesser extent on the pyrite and shale
minerals. Therefore, at lower concentrations of FR-7A, most of
the flocculant would be adsorbed on coal. FR-7A being a totally
hydrophobic polymer, acts as a strong flotation collector reagent
which can also increase the coal size. However, at higher FR-7A
dosage, some of the flocculant also adsorbed on the undesired

minerals and increased their flotability which decreased the

72



% Uuol10alay

ot

0¢

o¢

0s

09

oL

08

06

001

. ‘Ol = Hd ‘u0|3IRIO|J Yy3lodji dais a|bujs
wdd 002 =XVVd :94% SUO|}|PuUOD |RIUSW]| I9dX® Byl -SJi9318wesed
UO|3IRINODO| 4 9y} UO UO|IRIJUSBOUOD VY.-H4d 3O 3093433 ¢62°| 9@4nb1 4

(wdd) uoilDIULdU0Y Y/ —Y4
08 09 (0} 0

001 rA 0
| v T T T T T T T T
i AiaA023y |DOD v ]
- uonoafey Jnyng onukd ¢ -
a
| o------ _ uoposfay ysy ]
- Ildl \\\\\\\ g-———=—-- lumv-l// |m
: ﬂ, ]
) o’
_ O — i
— <
- o~ o— —0 — — %
/0 — /
I o — R 4
- - —— |\W
v— — v

ot

1 0¢C

o¢

ot

0S

03

0L

% AlanoOay |DO)

08

06

ool

73



rejection levels. It 1s also possible that at higher dosage of
FR-7A some of the minerals and pyrite were entrapped and/or
associated in the structure of the coal flocs which naturally
explains the decrease in the rejection levels. It should be
noted that in the froth flotation cell, the large flocs are
broken to smaller sizes due to the high mixing rate in the cell;
hence, the effect of flocculant on the particles size can not be
completely obtained by this separation method.

It seems that at higher concentrations (over 60 ppm),
there was a larger decreasing trend in the rejection levels while
the recovery rate is also increasing more significantly. This
trend indicate that there is a threshhold or an onset of perhaps
indiscriminate (total) flocculation of the slurry although the
flocculant is totally hydrophobic.

The results indicate that at low flocculant doszge, there
is a net positive effect on the recovery and the rejection
levels. However, this effect diminishes as the dosage of
flocculant increases. In these experiments at dosages of 5 to 10
ppm, the highest levels of rejection were observed. This results
can have significant economical benefits in an industrial scale
operation since lower dosages of flocculant are required for
optimum operating conditions.

Effect of Particle Size and the Grinding Time

The particle size and the grinding time can have a
significant effect in any mineral process. In the previous

sections, in order to eliminate the l1iberation size factor the
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slurry was ground for more than 18 hours. The particle size
distributions of these slurries were indeed at the liberation
size of the pyrite particles.

Clearly for any low-value mineral such as coal, it is not
economical to consume too much energy and capital investment for
grinding. Therefore, a series of experiments were performed to
determine the grinding time and the effect of particle size
distribution on the overall process parameters.

In these experiments natural coal (Pittburgh no.8) was
ground in a ball mill. At intervals of 1, 2, 3, 4, and 18 hours
samples were drawn for the flocculation experiments and the
particle size analyses. Of course, additional, water was added
to maintain the charge of the ball mill approximately constant
throughout the experiments. The feed had 10.58% ash, 3.0% total
sulfur and 1.17% organic sulfur.

The results of the particle size distribution versus
grinding time are shown in Figure 1.26. In Figure I.27 the
flocculation results are presented.

From Figure 1.26, it is clear that there was a
significant effect on the duration of grinding and the sizeo
distribution. While there was only 25% of the particles under 10
micron after one hour of grinding, in two hours this amount was
increased to 55% and over 75% for 3 , 4 and 18 hours. From the
data, it is also obvious that there was no significant difference

in particle size distribution for grinding beyond 3 hours.
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As it is shown in Figure 1.27, the particle size
distribution had a significant effect on the recovery, and the
rejection levels. In fact, during the experiments, a very
significant change in the flocs size was observed. As the
grinding time increased the flocs size noticeabily decreased. In
fact, for one hour grinding slurry, the flocs size were so large
that it was initially thought that total flocculation had
occurred.

From the data it can be observed that the ash rejection
level (from 52% to 66%) and the recovery (from 99% to about 81%)
are leveling off after three hours of grinding time. It should
be noted that the mineral matters actually increased due the
errosion of iron oxide from the balls and the mill surface into
the slurry after 18 hours of grinding. This was clearly evident
from the brown color of the mineral matters after ashing
procedure. Therefore, the last data point for the ash rejection
was not presented here.

However, the pyritic sulfur rejection followed an
interesting trend. There was nearly no significant difference
between the pyritic sulfur rejection from one to two hours
grinding. This implied that only coarse pyrite particles have
been rejected and most of the pyrite particles were still trapped
in the coal floc structure. This result was a clear indication
of what Kneller and Maxwell reported with regards to the pyrite
size distribution in Pittsburgh no.8 coal. After, three hours of

grinding the average particle size was about 8.5 microns, Over

78



65% of the particle under 10 micron and 37% under 4 micron.
Therefore, a majority of the pyrite were 1iberated and at the
same time the coal particles were still not too fine to be 1lost
in the dispersed phase. As the grinding time increased there was
no more significant liberation of pyrite, however, there was
significant increase in the percentage of the ultrafine coal.
Consequently, the new surfaces generated were due to the grinding
of the liberated minerals. The net result was the formation of
smaller flocs size to the extent that hydrodynamic factors in the
flotation cell became significant. The liberated pyrite has been
ground to finer sizes which can be easily entrained with the net
flow of the liquid with froth.

The results of this set of experiments clearly indicated
that there is an optimum size distribution for desulfurization of
the ultrafine coal. A significant portion of the pyrite was
entrapped as very small particles in the coal floc structure.
The results also showed that with three hours of grinding in a
ball mill, the desired size distribution for the liberation of
pyrite particles could be obtained. Over 80% rejection of the
pyritic with over 80% recovery of the coal were achievable with
this process.

Summary of the Findings
1) It was found that the totally hydrophobic flocculants FR-7
and FR-7A have the highest selectivity towards coal compared with
F1029-d and f1029-J.
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2) The preparation and characterization of PAAX was studied and
a procedure for producing PAAX was determined.

, 3) The optimum level of PAAX concentration was found to be 200
ppm.

4) A single step of froth flotation used for floc separation
resulted in highest coal recovery (80 to 90%), with over 60%
pyritic sulfur rejection, and 50% mineral matters rejection.

5) Particle size, and size distribution havea significant effect
on the flocculant performance. Three hours of grinding in ball
mill resulted in the appropriate size distribution, pyrite
liberation, and highest level of sulfur removal.

6) The optimum pH for this slurry was 10.

7) The lower level of dosage of the flocculant FR-7A is
reccmmended. The results indicated that at 5 mg/liter

concentration, the highest rejection levels of pyrite and mineral

matters were obtained.

80



I.4 ENVIRONMENTAL IMPACTS

A brief discussion on the environmental impacts of the
proposed process is presented in this section. Moreover, the
available data on the possible toxicity of the chemical are ailso
discussed. Finally, some recommendations are made for waste
management from selective flocculation process.

Hazardous Properties and Environmental Impacts of the Chemicals

Sodium Metaphosphate. SMP is an inorganic compound with 1ittle
human toxic hazard. 1In fact, in many household products such as
detergents a small amount of it is present. However, SMP may
have a negative impact to some of the 1ife forms (mostly fish)
that 1live in the streams, rivers, or lakes. The phosphates in
the SMP actually increase the growth of microscopic living
organism such as bacteria, algea, fungi, and also vegetation and
plants 1ife forms, therefore, resulting in depletion of oxygen
content of the water. Consequently, animal live forms which are
dependent on the dissolved oxygen in the water will die.
However, in the proposed process, there will be very
1Tittle release of this chemical into the environment. Since the
water i1s recycled in the process, most of the SMP will remain
within the coal cleaning plant.
Poly Acrylic Acid Xanthate (PAAX). Little is known about this
specific compound since it is manufactured in our laboratory and

it not commercially in use yet. However, we can obtain some
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useful information by looking at the polyfier carbon chain and its
functional groups.

Short chain xanthates are commercially used in many
industries such as textile industry. Xanthates are also used in
the flotation of many metal sulfides (PbS, ZnS, etc.). Therefore,
PAAX will not be a new compound and there are established ways
and means to deal with it. However, as it was discussed, PAAX
as the selective dispersant reagent will be recycled with the
process water. The recycle of PAAX is not only an environmental
issue but also a very significant economic factor. We believe
initially the cost of PAAX will be significant and one of the
ways to keep this cost low is to recycle it with process water in
the plant. There are also several operating advantages in doing
so as it was discussed earlier in the previous section. It
should be also noted that PAAX is highly soluble in water and as
long as a good water recycle design 1is wused there will be no
environmental impact due to the use of PAAX.

Although polyacrylic acid is a skin irritant, the
neutralized form of it (sodium salt of the acid) does not have
that property. Thus, as far as standard industrial safety
measures are adhered to, there should not be any human hazard.
However, the process is operating at basic pH (about 8 to 9),
therefore, the equipment and the instruments in use must be
corrosion resistant .

F10ccu1aﬁt FR-7A. Since the chemical structure of this polymer

is a proprietary information of Calgon Company, we can not
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discuss its chemical properties in details. However, this
polymer is used commercially in paper industry. 1In addition, the
company did not inform us of any possible hazard, and in the past
two years that we have been working with it, there was no probiem
with using it. However, as it was shown in the adsorption
experiments most of this polymer is adsorbed on the coal. In
addition, the amount used in the experiments are less than 50
mg/l1iter. It is expected that in the industrial operation the
dosage of the flocculant can be further decreased to less than 5
mg/liter. Therefore, there will be 1ittle if any that remain in
the solution and as it was discussed before the solution (water)
is recycled. Since the poiymer is mostly hydrophobic, it will be
easily burned with the coal and also it will not result in an
increase in the emission of any of the hazardous combustion gas

(i.e., NO, or 502)’

X

In summary, the chemicals and their amounts used in this
process can be categorized as relatively safe with little or no
adverse impact on the environment. The recycled process water
naturally can take care of most of the possible problems and aiso
it will benefit the enconomic aspect of the process.

Waste Management

This is a rather difficult problem which not only faces
this particular process but also any coal preparation plant in
Ohio and in the United States in general. Considering a plant

with a capacity of one million tons of coal per year, a
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conservative estimate of 90% recovery of the process will yield
in about hundred thousand tons of waste which is not very large
for a preparation plant. However, in the process of several
years that can be significant.

There are several methods to dispose of the waste. The
conventional method is to dispose of the waste in the landfills
and specifically the area that tﬁe coal is being mined. However,
this method although very cheap can result in many serious
problems such as acid mine run offs and contamination «f under
ground water sources, nearby streams and rivers. Unfortunately,
this method is widely used in the midwest mining area and has
resulted in many problems to the wild 1ife and the some farming
and residential communities.

There is however a relatively cost effective way'for
treatment of the waste. The waste of the process contains
approximately 10% pyritic sulfur, 20 to 30% mineral matters. The
pyritic sulfur can be taken care of by a bioleaching process
commonly used in many other mining industry such as copper and
lead bioleaching by Thiobacillus ferrooxidans microorganism. The
waste can be dumped in the bioleaching pools and eventually the
pyrite is oxidized to form soluble sulfates. The by product of
this is sulfuric acid which can be extracted and be used or sold.
The remaining waste is mostly mineral matters (30 to 40%) and
coal which can be safely dumped in the landfills. This remaining
waste can actually be very valuable since now some of the rare

metal compounds in the coal structure are highly concentrated and
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it may almost economical to extract some of those. It is also
possible to burn or incinerate the remaining coal and use its
~energy for part of the plant.

On the other hand, there have been several successful
waste disposal and land reclamation methods used on commercial
scale and on demonstration projects. Several examples are given
in Part II.

These processes for handling the waste require a modest
amount of capital investment. However, they are highly efficient
and during the 1ife time of the plant they will pay for

themselves by the savings and/or profits which can be made out of

them.
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1.5 Economic Assessment of Ohio Coal Desulfurization Using

Selective Flocculation Process

As it was discussed in the previous sections, Ohio coals
contain a high amounts of finely disseminated pyrite particies.
By some estimation more than 50% of pyritic sulfur is associated
with these ultrafine pyrite size (less than 75 micron). In our
study the analysis of Pittsburgh no.8 coal resulted in an avergae
value of 16% mineral matters content, 4.% total sulfur content,
and 2.8% pyritic sulfur content.

The experimental results indicate that 70 to 80% of the
pyrite can be removed in a single step of cleaning by using the
proposed selective flocculation process and froth flotation as
fiocs separation method. However, the coal slurry has to to
ground to -500 mesh (-25 micron). The recommended industrial
scale process flow-sheet is shown in Figqure 1.28.

Since there is no similar commercial process with which
we can compare our process, several assumptions and estimation
were made. The following discussions outline the method used to
estimate the cost imposed by selctive flocculation process.

Cost Estimation for Selective Flocculation to Produce One Million

tons of clean coal/year

It was assumed that the flocculation process can be
implemented into an existing froth flotation process with some

minor modification. Therefore, there will be two additional
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changes in an 1industrial circuit for froth flotation process.
The first modification is the extra grinding facilities required
to produce a -325 or -500 mesh slurry. In this analysis, we
compared selective flocculation which is integrated in a
flotation plant to flotation only plant which treats -200 mesh
coal slurry. Furthermore, there will be the extra units and
operating costs associated with the selective flocculation ahead
of flotation unit. Therefore, the cost due to flocculation
process is the summation of these two additional changes. The
benefit on the other hand, is the increase in the value of the
final cwual product.

In all these analyses, it was assumed that the average
plant capacity is one million tons of coal per year. The cost of
a froth flotation plant with this average capacity is listed
below. This information was obtained from McNally Pittsburgh
Engineering, Wellstone, Ohio.

- Crushing and grinding circuit cost to -200 mesh (-74 micron)
without heavy medium separation:

Capital Investment $ 10 million

Operating Cost , $ 2 million/yr

- Capital and operating costs for flotation and associated
processes

Flotation chemicals, waste treatment,diposal, dewatering,

and etc.
Capital investment $ 8 million
Operating Cost $ 10 million/yr
- Total processing cost per ton of coal
Plant life: 10 yrs.
Comminution cost: $ 3/ ton
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Flotation circuit: $ 10.8 / ton

Total cost of flotation $ 13.8 / ton

Note that these estimations are for a flotation circuit
using -200 mesh slurry without using the heavy medium separation
(HMS) circuit. Assuming that there is a HMS process before
comminution, clearly the capital cost will increase. However,
the coarse pyrite and silica particles (hard particles) will be
eliminated. Consequently, the mill capacity will increase,
the operating cost for comminution process will decrease, and the
1ife time of the equipment will increase. In addition, The HMS
process will improve the final value of the product by removing
the coarse size impurities (1% of pyritic sulfur and 7% of the
mineral matters).

Therefore, the advantages of the HMS process naturally
subsidize the extra investment. In any event, the cost
associated with the HMS will be still equal in both the flotation
and the flocculation/flotation processes. This implies that
there is no change in the magnitude of the cost difference
between the flotation process and the flocculation/flotation
process.

Now assuming there is a HMS process before grinding and
flotation processes, the coal to the comminution process has 3.0%
total sulfur and 9.% ash content. As a result of grinding to -74
micron only 40% of the remaining pyrites are liberated (i.e.,
0.74% pyritic sulfur). Flotation can remove about 40 to 50% of
the liberated pyrite (or 0.38%). Therefore, the final product
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has about 2.62% total sulfur, and 6% ash content with 90% coal
recovery.

For the proposed flocculation/flotation circuit, the coal
has to be -25 micron. It is assumed that as a result there will

be a 50% increase in the comminution cost.

- Total comminution cost for the flocculation/flotation circuit

Capital cost of comminution (costant) $ 10 million
(10 years)
or $ 1/ ton
Operating cost $ 3/ yr
or $ 3/ ton
Total comminution cost $ 4 / ton

The residence time of the slurry in the selective
flocculation process is about 5 minutes which implies that a
small mixing tank or on-line mixer is required for this process.
Attia (ref. 16) <calculated the operating cost for the bio-
conditionjng process with 10 minutes residence time. It was
found that this cost is about $ 0.89 / ton. In the floccutlation
process the residence time is shorter and there is no need for
the auxiliary equipment used for the bio-conditioning. However,
there is the operating cost for chemical used in this process
(FR-7A, SMP and PAAX). Approximately 130 tons of FR-7A and 2,500
tons of PAAX are required. However, PAAX can be recycled. As a
result, it can be assumed that the total addition cost of
selective flocculation is $ 1/ ton of coal. Therefore, the

total cost of proposed process is:
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Total cost = Comminution + Selective Floccuation + Flotation
or;
Total proposed process cost = ($ 4 + $ 1 + $§ 10.8) / ton
= $ 15.8 / ton

The produced coal will have 1.8% total sulfur and 3.55% ash
content. the recovery of the coal will be 85%. The market price
of coal is determined by the quality of the coal (i.e., Btu, ash

and sulfur content). The current prices of different type of

coals in Ohio are obtained from the coal outlookTM(ref. 17).
According to these market prices:
Coal with 2.5% total sulfur = $ 30/ ton

Coal with 1.8% total sulfur = $ 35/ ton
The net profit will be:

Gross Profit « (35 - 30) - (15.8 - 13.8)
= 5 -2
= $ 3/ ton
Table I.16 Summary of the Economical Assessment.
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Note that the coal price estimates presented here are
relatively less than the prices paid by either Ohio Power Co.
(AEP) or Ohio Valley Electric Corp for even higher sulfur and ash
content coals (ref. 17).

Final Assessment
a) Increase in income due to selective flocculation:

I, -1

) y =$35x0.787 - § 30 x 0.81

= $ 3.24 / ton
b) Increase in total cost due to selective flocculation:

C, - C; = $ 15.8 - $ 13.8 =% 2 / ton

c) Investment income ratio = 2 / 3.24 =1 : 1.62

i.e., for each $ 1 invested in selective flocculation, $§ 1.62 in
income will be returned. 1In other words, the rate of return on
investment (ROI) was 62%. This value indicate a highly
profitable process.
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I.6 CONCLUSIONS AND RECOMMENDATIONS

Based on the test results mentioned in this report, the
following main concliusion can be made:

1) Selective flocculation process appears to be technically,
environmentally, and economically feasible for deep cleaning and
desulfurization of Ohio coal. The process has the potential of
near-term commercializationa and can be adapted to existing coal
preparation plants with only minor retrofits.

2) Fundamental interfacial studies confirmed the validity of the
process concepts. Thus, the flocculant (FR-7) used was selective
towards coal, while the PAAX dispersant proved selective towards
ultrafine pyrite. This allowed the simultaneous removal of
ultrfine ash and pyrite while recoveries of the clean coal as
agglomerates. The size of this agglomerates can be controlied
which will enhance the dewatering and handling behaviors of the
cleaner coal.

Recommendations:

1) Further study of the implementation of the selective
flocculation to several types of Ohio coal is recommended.

2) Further research work shoutd be conducted to find a more
efficient method for flocs separation since the high turbulance
in the flotation system adversely affects the clean coal product.

3) “A pilot study of the proposed process is recommended before
commercialization of the process.
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PART 11

REMOVAL OF ORGANIC SULFUR FROM OHIO COAL

BY MILD CHEMICAL PROCESS



INTRODUCT ION

The high sulfur content of Ohio coals Imposes a severe
limitation on their utliiization, since the level of sulfur oxide
gases emitted from the combustion of these coals Is higher than
that recommended by the U.S. Environmental Protection Agency.
Removal of sulfur from high sul fur coals before combustion would
therefore help greatly to eliminate this probtlem.

it is known that many Ohio coals are characterized by a
relatively high organic sul fur content with varying proportions
which In some cases represents about 50% of the total sulfur.
Since the organic sulfur Is an Integral part of coal matrix It
cannot be removed by physical techniques. Only chemical and/or
blochemical treatments can selectively destroy the sul fur
compounds present In the coal matrix, rendering the sulfur
amenable to extraction by leaching [1].

Since lnorganic sulfur (namely pyrite) can be removed In
large measure by advanced physical cleaning techniques, there Is
a need for a chemical cleaning technique capable of removing this
organic sulfur and residual pyritic sulfur from Ohio coal. Hence,
this study Is relevant and consistent with the objectives of the
Ohlo Coal development Office.

Conventlional Chemical Processes: A brief review:

The reported chemical cleaning processes for coal Include:
(1) the Battelle Hydrothermal Coal (BHC) process, (2) the mayer's
(TRW) process, (5) Oxydesulfurization (Ames, PETC, LOL) processes,
(4) Chiorinotlysis (JPL) process, (5) KVB process, and (6)
Wicrowave Desul furization [2-5]. The treatment conditions, and

sul fur reduction of these techniques are listed In Table IIl.1.
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In recent years, moiten caustic leaching process-TRW
Gravimelt process has been developed by DOE's chemical-coal-
cieaning program [6]. The TRW Gravimelt process basically
consists of treating coal with moiten caustic (NaOH or a NaOH/KOH
mixture) at 370—39000 for 1-3 hours. The treated coal Is then
washed consecutively with water, dilute acid, and again with
water. This process has been shown by TRW and other workers to
remove 90% or more of the mineral matter, all of the pyritic
sul fur, and 50% or more of the organic sulfur from most coals
studied. C. W. Fan and his coworkers [7] recently conducted a
three-step leaching treatment with ferric and cupric salt
solutions at 200-300 °c and then with sodlium carbonate at 330°¢
and finally with boiling hydrochloric acid. Both organic and
inorganic sulfur were removed with up to half of the organic
sul fur was extracted. In another study, pyritic sulfur and
organic su!fur form dibenzothiophene could be removed wlth
Manganese, ferromanganese at 580°C [81].

Most of the processes discussed above were successful In
achieving 80% pyritic sulfur rejection and 25% to 50% organic
sul fur removal. Some of these chemical processes héve been
developed to pre-pllot plant scale or pllot plant scale such as
BHC and TRW processes, but none has been commerciallized. These
methods are not universally applicable, but are rather suitable
for speclal appllications, because they use costly and sometlhes
corrosive chemicals and are carrlied out under extreme conditlons
of high temperature and pressure. In addlition, the high

temperature treatment may alter the properties of the coal Itself
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and destroy Its caklng tendency. For example, the PETC

oxydesul furization process was carried out at high temperature
‘180—200°C and high pressures 34-68 atm achlieving the remova! of
almost all of the pyritic sulfur and up to 45% of the organic

sul fur. However, the caking properties of the coal were destroyed
in this high temperature oxidation [2].

Miid Chemical Oxldation Process

Mild chemical oxidation processes such as the one
Investigated in thils project are typically conducted at room
temperature and étmospherlc pressure and use Inexpenslive
commerclal oxidlzing reagents. The mild chemical oxidation of
organic sulfur using sodium hypochlorite has been tested In the
laboratory on several coals. Sodium hypochlorite, NaOCl, Is known
to oxidize various organic sulfur functionalitles. It was used
for this purpose in research conducted by the petroleum industry
early In this century to remove sulfur from crude oll and
petroleum distiliates [9-11] and In refining petroleum naphta
solutions [12,13]. More recently, NaOC! was used by Chakrabartty
[14-18] and Mayo [17,18] In the oxidative dissolution of coal for
the purpose of studying coal structure. These efforts, however,
were not concerned with the removal of organic sul fur.

The desulfurlzation process was based on mixing the coal
slurry with the bleach solution at room temperature and
atmospheric pressure. The oxlidation process was followed by a
washing step using warm to hot water or sodium carbonate
solution. A detalled descriptlion of this process Is given In two
recent publications by Taylor [20]. According to Brubaker and

Stolces, the treatment of coal with the bieach soliutlion has
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preferentially decreased the organic sulfur by 10-42%, and most
of the sulfatlic sulfur, while the pyritic sulfur was apparently
the least affected by this treatment. Up to 58% reduction of
total sulfur was reported. iIn this treatment, they found it
advantageous to pre-condition the coal sampie with Ammonium
hydroxide, NH4OH and wash the coal with hot sodium carbonate
after the oxidation with the hypochiorite. These steps were
repeated as necessary to effect a higher degree of
desul furization. Boron and Taylor used float =ink to separate
coarsely |lberated ash and pyrite, followed by mild oxidation
with sodium hypochlorite at elevated temperatures. Organic sul fur
removal approached 30% and coal Btu recovery was greater than
70%. The results they obtalned indicated that sodium hypochlorite
treatment Is a promising approach because it removed up to 30% of
organic sul fur under the ambient conditlions. However, It was at
an early stage of development and It removed only the sulfatic
and organic sulfur, the pyritic sulfur remained almost unchanged.
Another miid desulfurlization process ultrafine coal cleaning
was reported recently [21]. The technical feaslblility of a two
step process to remove Inorganic and organic sulfur as well as
minerai matter from a high sulfur |llinos #6 coal was examined.
the first step was fine grinding of the coal to an average
particle size of 2 microns followed by a physical
demineralization. Subsequent chemical t.-eatment with aqueous
CuC|2 or FeCl,_, solutions under mild conditlions. Total sulfur

3

removal varled up to 65% for the CuCl! reaction, and 60% for

2

reaction with FeCls. About 23% of organic sul fur was removed with
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CuClz. This process did not remove much organic sulfur. In
addition the residual copper removal was difflcult, the
heating value of coal decreased after desulfurlzation, and the

energy consumption for obtalning the ultrafine size coal would be

higher.

Permanganate Desul furlzation

Recently we have developed a mlld oxlidation process, for the
removal of organic sulfur and residual pyritic sulfur from Ohlo
coal using potassium permanganate as the oxidlizing agent. The
conceptual feasiblillity and Important parameters of this process
were investigated. The results obtalned indicated that this
chemical oxidatlon technique was successful In achleving 90%
pyritic sulfur rejection and up to 50% organic sulfur removal.

The oxldatlon process is conducted at room temperature and
atmospher ic pressure and uses an Inexpensive commercial chemical
reagent potassium permanganate. potassium permanganate Is a
power ful oxidlzing agent In either alkaline or acid media [22].
In alkalline solution, purple permanganate Is quickly reduced to
the green manganate, which later deposits brown manganese oxide.
The overall half-reactlion Is [22]:

MRO™ |, + 2H,0 + 3e ---> MnO, + 40H™; E = +1.23 Volits

4 2

potassium permanganate would be expected to oxldize various
organic sulfur functlionallities such as sulflides, mercaptans and

thiophehes In the coal to related sul fates.

In addition to organic sulfur forms, the Inorganic sulfur in
the form of pyrite can also be oxidlzed by the following reaction

[19];

FeS_. + 8H,0 ---> Fe? .+ 2304‘2 + 16HY + 14e”; E = -0.362V

2
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in alkaline solutions, the oxldation of pyrite and organic sulfur

follons the following equation [2]:

SFGSZ + 30NaOH ---»> 4Fe203 + 14Na25 + NaZSZO

U:;j] + 2NaOH ---»> H:—:H + Nazs + 2NaOH

o

g * 15H20

The oxidation process Is followed by washing step with
compliexing reagent or dilute acid at atmospheric pressure and
room temperature also, to remove the side-product precipitates.
This process appears to be more promising than other chemlct!
processes since it does not require high caplital and operating
expenses for maintaining high pressure, temperature and
chemicals recovery. |t has advantage over the milid oxidation with
sodium hypochlorite, because it Iis more effective for removing
organic suifur and It can remove 90% of pyritic sulfur at the
same time. Furthermore, potassium permanganate Is iess expensive
than sodium hypochlorite and other chemlicals used in some
chemicai processes such as copper chioride, ferric chloride,
ferric sulfate, etc.

During chemical oxidation conducted with KMnO4, the
permanganate |Is reduced to insoluble browh manganese dioxide [22].
fnother possible preciplitate during oxidation Is jarosite
KFea(SO4)2(0H)6 [23]) which is a basic alkall sulfate.

In order to remove these precipltates of MnO2 and Jarosite,
a washing step foliowing the oxldation step was conducted at room
temperature and atmospheric pressure using diiute complexing
reagent, lnorganic acid or organlic aclid. Thus, the Integrated

approach would enable the removal of both organic and pyritic
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EXPERIMENTAL APPROACH
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EXPERIMENTAL TECHNIQUES
Materlals:

Coal! Sample Preparation: The coal samples utilized In this

study were from the Pittsburgh No.8 Seam and were kindly supplied
by R & F Coal Company, Lamira Preparation Plant, Warnock,

Ohlo. The raw coal samples were crushed and screened to the slze
range of -6 +100 mesh (-2800 +150 microns) and were pre-cleaned by
heavy liquid separation using 1,1%,1,-Trichioroethane with a

specl flc gravity of 1.33. To eliminate the effects of the
residual 1,1,1,-Trichlioroethane on coal surface properties, the
float coal products were washed with acetone and were dried
overnight in an oven at 10000 to evaporate the organic solvent.
Three pre-cleaned coal samples were prepared in this way from
different fresh raw coal samples at different periods during the
project. The ash and sulfur contents of these three coal samples

TABLE 11.2. Ash and sulfur contents of the Pittsburgh No. 8
. coal samples before and after heavy medium separation

Sample Ash % Total Pyritic Sulfate Oorganic
Sul fur% Sul fur% Sul fur% Sul fur%
Raw coal #1 13.8 3.58 2.82 0.02 0.74
Pre-cleaned
by heavy lliquld 4.4 1.78 1.04 0.02 0.72
Raw coal #2 15.8 3.86 2.80 0.02 1.04
- pre-cleanec
* by heavy liquid 5.4 1.98 0.92 0.002 1.06
* Raw coal #3 16.1 3.97 2.70 0.02 1.25
pre-cleaned
by heavy liquid 5.8 2.26 0.96 0.04 1.26
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before and after heavy liquid separation (pre-cleaning) are
listed in Table 2-2. The pre-cleaned coal samples were ground to
-200 mesh (-74 microns) before use In the chemical oxidation
exper iments.

Chemical Reagents: The oxidlizing reagents, such as 4%-6%

solutions of high purity sodium hypochlorite, crystals of
potassium permanganate, hydrogen peroxide, ammon!ium persulfate
and potassium persulfate, and the washing reagents, such as the
complexing reagent EDTA, hydrochloric acid, nitric acid, sulfuric
acld, ascorbic aclid, oxallc acid and citric acid were all
analytical grade chemicais made by different manufacturers and
were obtained from Fisher Scientific Company, Chemical
Manufacturing Division, Cincinnati Ohlo, U.S.A. Solutions of

the chemicals were made at the required concentratlions.

Procedures

Chemical oxidation: The exper iments were carried out In a batch

mode at room temperature and atmospheric pressure. Twenty or
forty grams of -200 mesh (-74 micros) pre-cleaned coal sample were
placed Into a 500 mlI or 1000 m| beaker containing an aqueous
solution of the oxldizling reagent of the desired concentration.
The volume of the queues solution was varled to obtain the
required sol ids content. Mixing of the coal siurry with the
reagents was accomplished with a magnetic stirrer or a variable
speed Impgller mixer for one or one and half hour. The varlable
speed impeller used was T-line mixer, model 102, suppliled by
Sepor Inc. Wiimington, California, U.S.A. The pH of the solution
was measured and adjusted during the oxlidation reaction using

Chemcadet pH/mv meter, supplled by Cole-Parmer Instrument

107



Company, Chicago, lllinoils. At the end of the Ooxidation period,
the reaction mixture was flitered on a Buckner Funnel,

and was washed repeatedliy with distl!lled water unti| the pH of
the flltrate was neutral. Un@ess mentioned otherwise, the
oxldation period was one hour.

A series of oxidation treatment tests was conducted on the
pre-clieaned coal sample #1 for evaluating the following varlables:
(1) Types of oxidlzing reagent;

(2) Concentration of potassium permanganate (2, 4, 6; 8 and 10%);
(3) Oxidation time (0.5, 1.0, 1.5, 2.0 and 2.5 hours);

(4) Agitation speed (645, 825, 935, 1010 and 1100 rpm);

(5) Solid content (10, 20, 30 and 40% wt.);

(6) Number of oxidation steps (1, 2, 3); and

(7) PH of the reaction slurry (6 to 12).

Washing of oxldation products: The filter cake was transferred to

a 500 m| beaker or flat-bottom flask equipped with a condenser,
where It was re-siurried to the required solids content, with an
aqueous solution of the washing chemical at the desired
concentration. The slurry was continuously stirred using a
magnetic stirrer for one hour. The washing temperature was
maintained by a temperature controlled water-bath when the
washing was conducted at higher levels than room temperature. The
washed slurry was filtered In a Buncher Funnel, dried at 75—80°C
overnight and was analyzed for all forms of suilfur, ash content
and Btu.

A serles of washing tests were conducted on the Chemically

oxidizing coal for evaluating the following variables:
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(1) Types of washing reagent (water, Naz(CO) compliexing

3°
reagent EDTA, HCI, HN03, sto4, ascorbic acid, oxallic acid,
citric acid);

(2) Temperature of the washing step with disti!led water (22,

35, 50, 65 and 80°C);

(3) Concentration of the HCI! and HNO3 (7 and 14%); and

(4) Number of oxidizing/washing steps (1, 2, and 3).

Ultrasonic dispersion was Intermittentiy employed during
oxidation and washing steps using Branson Ultrasonic Cleaner.
Particle size of coal before and after using ultrasonic
dispersion was determined by Microtrac Particle Size Anailyzer
(Leeds & Northrup Company).

Analyses

Total sulfur in coal was determined by LECO automatic sulfur
titrator model 532-500 and LECO Sulfur Determinator Model SC 132.
Pyritic sulfur and sulfate sul fur were determined according to
the recommended ASTM procedures. The sulfate sul fur was analysed
using gravimetric method In which the sulfate ion was
precipitated and weighed as barium sulfate. Pyrite was extracted
quantitatively by dilute nitric acid. The extracted iron was
determined by atomic absorption techniques using Perkin-Eimer
Model 3030. Organic sulfur was calculated by subtracting the
sul fate and pyritic sulfur from the total sulfur In the coal.

Ash contents were determined by Fisher Isotemp Programmable
Ashing Furnace Model 497 according to the standard ASTM
procedure.

Btu value of the coal was determined by using parr Oxygen

Bomb Calorimeter.
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Chlorine content of coal was determined using Bomb
Combustion procedure and Tlitration with silver nitrate according
to the standard ASTM D 2361-85 procedure.

Sample Characterization technlique

X-ray diffraction, automated image analysis, density
determinations and microscoplic methods were used to
characterlze certain properties «f raw coal, pre-cleaned coal,
chemically oxidlized coal and chemically washed coal.

The matrix denslity of the coai was calculated by determining
the welight In alr and the welight in kerosene of the coal samptile.
This method described by Nuhfer and others [24], utilizes vacuum
Impregnation of the ground coa! with kerosene of known speciflc
gravity. The matrix density of the coal can be found to within
0.02 g/cc.

Vitrinite reflectance and pyrite size parametérs were
determined using a Leitz Textural Analysis System, supp!lied by
E. Leltz, Inc. Rocklelgh, New Jersey 07647. This Instrument,
commonly referred to as an automated image analysis system |s
capable of reproducing vitrinite reflectance value in ol!l to
within 0.02 percent reflectance. Coal pelletsvused for the
vitrinite reflectahce determinations were po!ished in accordance
with ASTM Method 2792. A total of 80 fields, each encompassing
2256 square microns and equally distributed over the pellet’'s
surface In a grid-like pattern were used for the reflectance
measurements. Average gray-level values determined by the AlIA for
vitrinite were converted to reflectance values (in oll) using

glass standards. The glass standards used had reflectance values
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slightly below that of the vitrinite being measured.

Geometric mean pyrite sizes and pyrite size distributions
were determined by AlA. Pyrite slzes are based on the equivalent
clrcular diameter (ECD) of the cross-sectional areas of the
Pyrite grains detected by the Image analyser on surface of the
polished coal pellet. Geometric means of the pyrite size
distributions were found by graphic methods [25].

X-ray diffraction analysis of low temperature ashling
products of dilfferent coal samples were per formed by using
Novelco X-ray dlffractometer, Mark |1, Phillips Electronic
Instruments, Mahwah, new Jersey 07430. Low Temperature Asher |s
Mode!l 1iPC 1003B-248AN, supp! ied by Branson International Plasma
Corporation, Hayward, Callfornia 94544, The ashes from these
samples were ground to minus 200 mesh, carefully packed in
aluminum slide holders and X~rayed from 2° 20 to at least 60° 26.

The microscopic examination of samples was per formed
to recognize pyrite and aggregates in coal by using Leitz MPU 2
microscope, E. Lelitz, Inc., Rock lergh, New Jersey 07647.

Manganese content of the coal was determined by powdered
coal leaching with concentrated hydrochloric acld for one hour,
and then collecting and diluting the flltrate. The extracted
manganese was determined by atomic absorption technlques using an
alr acetyliene flame in a model 3030 Atomic Absorption
Spectrophotometer manufactured by Perkin-EImer, Norwalk,

Connecticut.



RESULTS AND DISCUSSION

FEASIBILITY OF ORGANIC AND INORGANIC SULFUR REMOVAL BY THE
MILD CLEANING PROCESS:

Selection of oxldlzing agents

The conceptual feaslibllity of coal desulfurization by mild
chemical treatments was tested with pre-cleaned coal sample #1
using several different oxldation reagents at room temperature
and atmospheric pressure. Table 11.3. lists the sulfur forms and
the organic sul fur removal after chemical treatment with 8% each
of potassium permanganate KMnO,, sodium hypochlorite NaoCl,
hydrogen peroxide H202, ammonium persulfate (NH,).S.O. and

4727278

potassium perchlorate KCIO3. The tests were run with 10% solids

content of coal slurry. The oxldized samples were washed wlth
cold water at room temperature for one hour.

TABLE 11.3. Comparison of different types of oxidizing reagents
for coal desulfurlzation

Chemical Total Pyritic Sul fate Oorganic Organic Sul fur
Treatment Sul fur% Sul fur% Sul fur% Sulfur% Re jection%
None 1.78 1.04 0.02 0.72 ————

KMnO4 0.98 0.32 0.32 0.34 52.0

NaOoC | 1.51 0.88 0.08 0.55 24.0

H202 1.03 0.27 0.06 0.70 0.0
(NH4)25208 1.75 —_———— ———— ———— 0.0

KCIO3 1.56 0.94 0.02 0.62 13.4

As an oxidlzing agent, sodium hypochlorite (NaOC!) has an
oxlidation potential of 0.90 Volits. The half reaction [19] Is:

Clo™ + H,O + 2e -==> Cl  + 20H ; E = +0.90 Volts



Sodium hypochlorite removed about 24% of the organic sulfur, but
oxldized only 15.4% of pyritic sulfur. Moreover, the separation
of the cleaned coal from sodium hypochlorite reactlion saolution
through flltration proved to be difficult because the very finely
oxldized coal seemed to form a stable dispersion In water.
Hydrogen peroxide, In aqueous solution, functlions as an
oxldlizing agent. It oxidizes ferrous salts to ferric, and
sulfites and sulfides to sulfates. It oxidized 74% of pyritic

sul fur from the coal In the test. The reaction is belleved to be

as follows [22]:

2- 2-
S + 4H202 ———> SO4 + 4H20

But none of the organlic sulfur was oxlidlzed according to the
results.

The ammonium persulfate Is known as a extremely power ful
oxidizing agent, but the reaction Is very slow unless silver

salts are present [22].
2

$,04° + 2 —--> 23042'
This might explain why ammonium persul fate was not effective for
coal desulfurlzation at ambient conditions. Potassium perchlorate
only oxidized 13.4% of the organlic sulfur.

Potassium permanganate Is a powerful oxidlizing agent In
either alkallne or aclid media. In alkallne solution, the purple
permanganate Is quickly reduced to the green manganate, which
later deposits brown manganese oxlde. The overall half reaction
Is [22]:

Mn04— + 2H20 +3€ ~—-> MnO2 + 40H ; E = +1.23 Volts

In the acld solution, the half reaction Is:

Mno,” + 8H* + 5e ---> Mn2*t . 4H,0; E = +1.52 Volts

-
-
(&)



Trom Tablie 11.3. both sodium hypochlorite and potassium
permanganate can remove organic sulfur, they would therefore
oxlidize varlious organic sulfur functionallitlies such as sulfides,
mercaptans and thlophenes in the coal.

The probabl!e oxidation pathways are summarized [19] below:

Organic sulfides: R,SR, —=wewee- > RISOZR

- - - R1503H + RZSO3H
Organic disulfides: R182R2:'

- —

=
H2504
H.SO
Mercaptans: RSH_ —=—eme—a > RS R
T~ RSO ,H - 2
Thiophenes: o]l lo) ———cce-- >
o;‘\o

However, the oxidation potential of potassium permanganate Is
higher than that of sodium hypochlorite, therefore, It Is

expected to be more effective for removing organic sulfur. The
results iIn Table 11.3. showed that potassium permanganate oxidized
37.8% of organic sulfur and §8.7% of pyritic sulfur both to

sul fate sul fur, as the oxldatlon potential of potassium
permanganate was higher than the oxldatfon potential for pyrite.

Effect of Process Parameters on Desul furlzation

Since potassium permanganate was more effective for organic
sul fur removal than sodium hypochlorite and other oxlidizing
reagents, |t was selected for further Investigations on the
feasibllilty of coal desulfurization with a mild chemical process.
Important parameters of this process have been investigated and

discussed In the following section. These investigaticns covered
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the following parameters: concentration of oxldation reagent,
reaction time, aglitation speed, pH of reaction and the sol ilds
content.

Effect of Concentration of Oxlidlizing Reagents on the organic
sul fur removal

Chemical oxldations were conducted with pre-cleaned coal
sample #1 using different concentrations of potassium
permanganate at room temperature for one hour, then washed by hot
water at 80°C for one hour. The sol ld content of both oxidation
and washing step was 10%. The resulits are shown Iin Figure 11.2 A
greater organic sulfur reduction was observed with the increase
In the concentration of potassium permanganate. For example,

54.6% of the organic sulfur was removed with 10% of KMnO

4’
compared with 33.3% removal with 4% KMnO4. Lower concentrations
than 4% KMnO4 appeared to have |little or no effect.

Figure 11.2 refliects the variation of different forms of

sul fur |In coal with Increasing concentration of the potassium
permanganate. |t appears that total sulfur decreased gradually
within the whole range of concentrations, but the pyritic sul fur
decreased sharply with the increase In KMnO4 concentration to 4%
and then decreased more slowly from 4% to 10%. Correspondingly
the sulfate sulfur, Increased sharply with the Increase of
concentration from O to 4% and then slowly from 4% to 10%. In
contrast, the organic sulfur changed very I|lttle at the lower
concentrations of potassium permanganate and decreased qulickly
with Increasing the concentration from 4% to 10%. These results
Indicated that the pyritic sulfur was easler to oxidize than the

organic sulfur at the lower KMnO, concentrations (2-4%), while at



higher concentrations (i.e. 8% or more), the organic sulfur was

as effectively removed. This might be due to better accessibillty

of potassium permanganate to pyrite than to organically bound

sul fur. tt must be pointed out that the trends shown In Figure

11.2 might well be exaggerated and somewhat |naccurate, so the

sul fur analyses did not account for the precipitation of reaction

products which Increased the ash content and the final welght of

the coal samples.

Percent Sulfur in Cleaned Coal

|
o) 2 4 6 8 10 12
Percent Concentration of KMnQ, , in Slurry

FIG I1.2. Effect of concentration of KMnO4
on sulfur content of cleaned coal

Effect of Reactlon Time on Organic Sulfur Removal

Table 11.4 and Figure 11.3 show the results of changing the

oxldation time with 10% potassium permanganate on pre-cleaned
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coal sample #1 at room temperature and atmospheric pressure. The
solld content of the slurry was 10%. The reaction time was varied
between 0.5 and 2.5 hours. Tha oxldized samples were washed with
cold water at room temperature for one hour. From Table I1.4,
about 50% of organic Sul fur was removed wlth 1.5 hour chemical
treatment. This reaction time of 1.5 hr seems to be the "optimum*
for this reaction. The resuits In Table 1.4, in terms of
reaction time and percent organic sulfur rejection, are |ower

TABLE |1-4. Effect of reactlion time on chemical oxldation for
organic sulfur removal.

Reaction Total Pyritic Suilfate Organic Organic Sul fur
Time,hours Suifur% Sulfur% Sul fur% Sul fur% Removai%

.79

0.0 1 1.01 0.02 0.76 ————
0.5 1.06 0.22 0.35 0.49 35.5
1.0 0.99 0.23 0.31 0.45 40.8
1.5 C.94 0.24 0.32 0.38 50.0
2.0 0.94 0.23 0.33 0.38 51.3
2.5 0.30 0.22 0.31 0.37 50.0
1 I I | I
e
< _ LOF -
38
.&ggj 0.8, -
c
S¢g 06 -
S a
8 c
o 0.2 —
& )
ou ] ] ol i 1 ]
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Oxidation Reaction Time, Hours
FIG 11.3. Effect of reaction time on organic sul fur content
'n cleaned coai, using coid water in the washing step
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than those In Table I1.5, where hot water was used In the washing
step.

Figure 11.3 shows that organic sul fur decreased qulickly during
the first hour, and down to 0.38 (i.e. 50% reduction In organic
sulfur) after 1.5 hours, and then tended to be ccastant as the
reaction time was increased. This Indicates that the oxidation
reaction might have reached a chemical equilibrium state.

Effect of the Agltation Speed on the Sulfur Removal

Tabie 11.5 and Figure 1.4 Illustrate the effect of agltation
speed during the éhemlcal treatment with 10% potassium
permanganate and 10% solld content on the efficliency of sulfur
removal with pre-cleaned coal sample #1. The chemically treated
coal samples were then washed with cold water at room
temperature.

These resuits show that more than half of organic sulfur
removal could be expected |If the agitation speed was higher
than 825 rpm. That Indicated the organic sulfur reductlion in coal
not only depended on the chemical reaction itself, but also on
the diffuslion factor. Higher rate of transport of the oxlidlizing
agent and the oxidation products to and from the reaction zone
was required to enhance the desulfurlzation process. Hence the
Idea behind testing various speeds of aglitation was to enhance
the removal of sulfate sul fur, at higher agitation by attrition.
By continuously Inhibiting the oxidation products layer from
deposliting on the coal particle surface through attrition, the
leachinr process should continue unimpeded. However, the effect
of agitation speed on the sulfate sulfur removal appeared to be

minimal.



TABLE

11.5. Effect of agitation speed on the chemical

desul furlization

of Plttsburgh No.8 coali, using 10% KMno4 and cold water washing.

Agltation Total Pyritlc Sul fate Organic Organic Sul fur
Speed,rpm. Sul fur% Sul fur% Sul furde Sul fur% Removal%
(o] 1.79 1.01 0.02 0.76 _——
625 0.95 0.20 0.30 0.45 40.8
825 0.84 0.20 0.30 0.34 55.3
935 0.84 0.23 0.31 0.30 60.5
1010 0.91 0.23 0.32 0.36 52.6
1100 0.93 0.23 0.34 0.36 52.6
R | | I |
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Figure 11.4. Effect of agitation speed on the organic sulfur
content In treated coal using 10% KMnO4 and cold water wash

Effect of pH of reaction on organlic sulfur removal

Chemical oxidation reactions at different pH value were

per formed. The Initlal pH of reaction slurry of pre-cleaned coal

sample #1

and 8% of potassium permanganate with 10% sollds
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content was 9.2-9.3. It was observed that the final pH at the end
of the oxidation step after one hour was about 8.2. The lower and
higher Initial pH values than 9.2-9.3 were adjusted using 70%
HNO3 and O0.1N KOH. The oxidlzed samples were washed with cold
water at room temperature for one hour. The results are |isted In
Table il1.6.

According to the experiments, the total sulfur was higher at
the acid conditions (pH 0.5-4.5) than that at neutral and
alkaline conditions. There was very little change in pyritic
sul fur and organlic sulfur contents from pH 6.5 to 12.8. The
sulfate sulfur content was also close at this pH range. These
results Indicated that sul fur removal was not very sensitive to
solution pH durlng the permanganate desulfurization.

TABLE 11.6. Effect of pH on coal desulfurlzation using
potassium permanganate

pH Total Pyritic Sul fate organic
Sul fur% Sul fur% Sul fur% Sul fur%

Pre-cleaned

Coal 1.78 1.04 0.02 0.72
0.50 1.29 ———— ———— ————
4.50 1.32 - -———— ————
6.47 0.99 0.25 0.32 0.42
7.60 1.08 0.26 0.32 0.50
8.17 1.13 0.27 0.33 0.53

10.38 1.10 0.28 0.32 0.40

11.45 1.08 0.31 0.30 0.45

12.80 1.14 0.32 0.32 0.50

Effect of the solld content on chemical cleaning per formance

Several tests were conducted to Investigate the effect of

the solids content In the slurry from 10% to 40% on coal
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desul furlzation with potassium permanganate. Samples of pre-
cleaned coal from sample #1 were reacted with 6% KMno4 at ambient
conditions. After filtration, the oxidlzed samples were washed
with cold water at room temperature for one hour. The results
shown in Table |§.7 Indicat3d that the total sulfur removal
appeared to decrease with the increase in the solids content of
coal slurry, while the ash content of the oxidlized coal decreased
and Btu value increased. However, |f the Increase In ash content
was accounted for, the "true" effect of solids content would
either be Insigniflcant or cause a slight Increase in the sulfur

removal at the higher solids content. The suitable sol ids

content for the chemical treatment was considered to be 20% wt.

TABLE 11.7. Effect of the solld content on chemical cleaning
per formance, using 6% of KMnO4

Sollds Content Total Ash Btu/lb Btu Recovery
wt. % Sul fur% Content% %

Pre-Cleaned

coal 1.78 4.4 13256 100.0
10 1.16 31.5 8572 84.5
20 1.36 21.0 11039 89.9
30 1.50 16.8 11332 891.2
40 1.56 14.3 11593 91.8
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REMOVAL OF OXIDATION PRODUCTS DURING THE WASHING STEP

Potassium permanganate Is a powerful oxidizing agent,and
would be expected to oxidize varlious organic sul fur
functionallties such as sulfides, mercaptans and thiophenes In
the coal to related sulfates. In addition to organic sulfur
forms, pyrite can also be oxidized by potassium permanganate.

However, during the chemical oxidatlon with KMn04, the
permanganate |Is expected to be reduced to the green manganate which
later precipites as the brown manganese dioxide. The overall half
reaction Is [22]:

MnO,” + 2H,0 + 3e ---> MnO, + 40H™ ; E = +1.23 Volts
Another possible preciplitate during the oxidation step was
Jarosite KFe3(304)2(OH)6 [23] which Is a basic mixed alkall
sul fate. This potassium form of jarosite is the easlest to form as
the standard free energy of formation of KFe3(SO4)2(OH)6 Is the
lowest one compared with the other alkall iton Jarosites.

Potassium appears to be selectlively Incorporated into Jaroslite.
There is also a possible third type of precliplitate which Invoive
the double basic sulfates of manganese.

Among these oxldation products, solubie sulfates are easlly

removed through filtration, but the preciplitates of MnO and

20
jarosite KFea(SO4)2(OH)s,and possibly Mn-double sul fates were
mixed with the cleaned coal particles and Iincreased the ash
content. For removing these precipitates from cleaned coal,
single or multiple washing step has to be employed following
oxldatlon step. Various of chemicals were Investigated as washing

reagents In this program. They included hot and cold water,

sodlum carbonate, complexing reagent, inorganic aclids and organic
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acids. The use of each of these reagents s described In the

following sectlons.

Washing with distilled water

After chemical oxldation, the coal was washed with water for
one hour to split off the oxlidized sul fur compounds still attached

to the hydrocarbon matrix. During the washing step with distilled

water, different washing temperatures were tested. Table |!.8 and
TABLE 11.8. Effect of temperature of washing water on washing step
Temperatur Total Pyritic Sul fate Organic.
of Washing C Sul fur% Sul fur% Sul fur% Sul fur%
22 0.99 0.23 0.31 0.45
35 0.97 0.20 0.33 0.44
50 0.96 0.21 0.34 0.41
65 0.89 0.21 0.29 0.39
80 0.87 0.11 0.38 0.34
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Figure 11.5. Effect of temperature of washing
water on organic sulfur removal from coal.
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Figure 11.5 show the effect of washing water temperature on the

sul fur content of the coal. The fligure shows that the organic

sul fur decreased from 0.45% to 0.34%, while the temperature of

the washing water was Increased from 22°C (room temperature)

to 80°C. Thus, the higher washling temperature enhanced organic

sul fur removal, but at a low rate. Using cold water to wash
oxldized coal |s acceptable If a lower energy consumption iIs
desired. However, distiiled water was not effective In removing the
Iinsolubile precipitates.

Washing with Sodium Carbonate

The washing test with chemically oxidized coal using sodium
carbonate was conducted at 80 ©°c. The results Indicated that
sodium carbonate was not effective for removing the precipited
oxidatlion products. The sulifate sulfur of the washed coal was
0.3%, which was as high as that of the coal before washing step.

Removal of the Preciplitates Using the Complexing Reagent EDTA

The preciplitates of MnO2 and jarosite might be removed
using certain complexing reagents which could combine with
manganese ions and other metal lons to form water soluble
compiexes. Table 11.9 lists the total sQIfur. ash content and Btu
values of the cleaned coals which were oxidlzed by 6% and 10% wt
KMnO4 at 40% sollds content from pre-cleaned coal sample #1. The
oxldatlion step was followed by multiple washing steps with 5% wt
of the compliexing reagent EDTA. The results Indicated that the
ash content of the cleaned coal decreased from 14.3% to 6.9% and
from 19.5% to 5.8% as well as Btu recovery reached to 95.7% and
97.0% after two and flve step treatments respectivety, while
total suifur decreased simultaneousty. The manganese content,
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analyzed by Division of Geologlical Survey, ODNR, decreased from

7.30% (before washing step) to 0.99% (after washing step), |.e.

87% of the precipltated manganese was removed.

TABLE |11.9. Effect of the number of washing steps using 5% EDTA

compiexing reagent solution on chemicail cleaning at 40% sol ids
content

Treatments Total Ash Btu/Ilb Btu
Sul fur% Content% Recovery%
pre-cleaned 1.78 4.4 13256 100.0

Coal Feed

A: Oxidatlion with 6% KMnO 1.56 14.3 11593 -——
1st Washling 1.38 11.0 12026 92.3
2nd Washing* 1.31 6.9 12720 95.7
B: Oxldation with 10% KMNO,_, 1.48 19.5 11020 —_———
1st Washling 7 1.40 16.2 11320 _——
2nd Washing 1.35 13.2 11620 —_———
3rd Washing 1.30 10.6 12040 - e
4th Washing 1.26 8.5 12€50 ————
5th Washing 1.21 5.6 12990 97.0

* characterized by ODNR, manganese content decreased from
7.30% to 0.99%

TABLE 11.10. Total sulfur and ash contents of the cleaned coal
which was oxldized by 10% KMNO, at 20% solids content and
washed with 14% solutlion of ED?A complexing reagent

Sample Total Sulfur,% Ash Content,%
Pre-cleaned #2 1.98 5.4
Oxldized 1.40 24.8
washed 1.34 15.4
Pre-cleaned %3 2.26 5.8
oxidlzed 1.49 30.5
Washed 1.50 18.7
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Table 11.10 |1Ists the results of the tests using 14% wt solution
of EDTA compliexing reagent during the washing step. The oxlidation
step was conducted with 10% KMnO4 solution on pre~cleaned coal
samples #2 and #3 at 20% solids content. The results indicated
that 9-12% of ash was removed from oxidized coal by one step
washing with 14% of the complexing reagent. Such high (14%)
concentration of the complexing reagent was obtalned by heating
It Iin solution until all the sollds were desolved. Further
removal of preclipltates from coal might be possible by repeating
the washing step with EDTA, but It was thought that other
reagents might be more effective.

Removal of oxldation products from coal wlth HCI

wWashing tests using dilute hydrochloric acld to remove the
precipitates of manganese dioxlide and Jaroslite from the oxidized
coal were conducted. Table I1.11 shows that two dlilfferent
concentration of HClI were used as a washing reagent in the
washing step which followed the oxidation step of pre-cleaned
coal #2 with 10% KMnO4 at 20% solid content. The results

TABLE 11.11. Effect of the concentration of HCI on washing
per formance

Sample Total Pyritic Sulfate Organic Ash Btu/lb
Sul fur% Sulfur% Sulfur% Sulfur% Content%

Pre-cleaned #2 1.98 0.92 0.002 1.06 5.40 13633
Washed with
7% HCI 1.22 0.20 0.10 0.92 12.40 11800
Washed with
14% HCI * 1.02 0.15 0.06 0.81 6.26 12542

* characterized by ODNR, the manganese content decreased from
13.3% to 0.76%.



Indlcated that the precipltates could successfully be removed by
one-step washing with dilute (14%) HCI, and that the ash content
approached that of the pre-cleaned coal feed. The Btu recovery
reached 92%, and the manganese content decreased from 13.3% to
0.76%, |.e.,94% of the manganese |In preciplitate was removed.

Two step washings using 14% HC| were tested for the
oxldized coals which were treated with dilfferent concentrations
of KMnO4 from pre-cleaned coal #2, the sollds content was 20%.
The results shown In Table 11.12 indicated that dilute HCI Is
very effective washing reagent for removing the undesirable
preclipitates from the oxidlzed coals which were treated with
different concentrations of KMnO4. The ash content of the cleaned
coal decreased to the lower value than that of pre-cleaned coal
after one washing step. One washing step with 14% of HCI |Is
TABLE 11.12. Effect of the concentration of KMnO _ on chemical

cleaning fol lowed by two washing steps with 14% Hél at solids
content of 20%

Treatment Concentration Total Ash
of KMnO4 % Sulfur % Content %

Pre-cleaned #2 1.98 5.4
Oxlidation 6 1.49 22 .4
Washing 1 1.35 3.7
wWashing 2 1.31 3.8
Oxidation 10 1.30 29.3
Washing 1 ° 1.04 4.8
wWashing 2 1.056 3.3
Oxlidation 15 1.11 36.9
Washing 1 0.92 4.4
Washing 2 0.96 4.1




therefore considered to be enough. The only problem of using
dilute HC!| as a washing reagent Is the possible increase of the
chlorine content Iin the cleaned coal, which will be dlscussed
later.

Removal of oxlidation products from cleaned coal with dlliute
nitric acid

In order to avoid the possible chlorine adsorption on coal
problem, Washing tests were conducted using diiute nitric acld
as washing reagent. Table 1i1.13 shows the effect of concentration
of nitric acid on washing performance which followed an oxidation
step of pre-cleaned coal #2 with 10% of KMnO4. The solids content
of coal slurry was 20%. The results shown In Table 11.13
Indicated that the ash content of the cleaned coal was higher
with 8.8% HNO3 as a washing reagent and decreased to 6.0% and
4.2% with 14% and 20% of HNO3 respectively. However all forms of
sul fur of three cleaned coal washed by HNO3 were higher than that
of the cleaned coal washed by HCI, and the sulfate sulfur was
stiil higher than 0.1%. There probably was some Insoluble sul fate

TABLE 11.13. Effect of the concentration of nitric aclid on

chemical washing performance, after coal oxidation using 10%

KMnO4

Concentration Total Pyritic Sulfate Organic Ash Btu/lb
of HNO3 %wt Sulfur% Sulfur% Sulfur% Sulfur% Content%

(Pre-cleaned) 1.98 0.92 0.002 1.06 5.4 13633
8.8%* 1.42 0.45 0.17 0.80 16.8 11853
14 1.19 0.23 0.15 0.81 6.0 12565
20 1.40 0.44 0.13 0.83 4.2 12583

* characterized by ODNR, the manganese content decreased from
13.3% to 7.65%.
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complex still In the washed coal. The manganese content of the
cleaned coail washed by 8.8% HNO3 decreased from 13.3% to 7.65%,
l.e., only 42% of the manganese was removed. Table 1i1.14 |llists
washing tests with 14% of nitric acld for one hour and 18 hours.
The total sulfur of the cleaned coal did not show a big
difference, but the ash content of the cleaned coal was lower
after 16 hrs. washing than that with one hour washing. However, 6%
ash content of the washed coal which was obtained in one hour
could be acceptable, as It was close to that of the pre-cieaned
coal feed.

TABLE 11.14., Effect of washing time with 14% of nitric acid on
washing performance

Treatment Washing Total Ash Btu/lb
Time, hr Sul fur, % Content, %
pre-cleaned #2 1.98 5.4 13633
Washlng 1 1.19 6.0 12565
Washling 16 1.14 4.0 12570

Removal of oxldation products from cleaned coal with dllute
sulfurlc acid

The dilute sulfuric acld (14% wt) was tested as the washing

reagent with the pre-cleaned coal #3. The oxidatlon step was

TABLE 11.15. Washing performance with 14% of sulfuric acid
Treatment Total Sulfur, % Ash Content, %
Pre-cleaned #3 2.26 5.8
Oxlidatlion 1.49 30.5
Washing 1 1.66 17.7
washing 2 1.62 14.0
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conducted at the same conditlions used for HCI & HNO3 tests, |.e.
10% KMnO4 solution at 20% sollds for one hour. The results |isted
in Table 11.15 shows that ash content decreased from 30.56% to
17.7% after one step of washing with 14% of sulfuric acid, ktut
only 3.7% ash was removeu after the second washing step. The ash
content of the washed coal was stiil high. It could therefore be
considered that dliiute sulfuric acid was not effectlve for
removing Insoluble oxidation products. In addition, using
sulfuric acid as washing reagent might bring some sulfur to the

cleaned coal and cause an Increase Iin the total sulfur.

investigation of washing step with organic acids

Several organic acids were investigated as washing reagents
for removing the oxldation products. Dilute solutions (14% wt.)
of ascorblic acid, oxalic acid and citric acid were tested. Table
11.16 shows the results of the washing step with 14% ascorblic
acld, oxallc acld and clitric acld which followed one oxidatlon
step of pre-cleaned coal #3 wlith 10% of KMnO4 at 20% solids
content. The results showed that ascorblic acid and cltric acid
successfully removed aimost all of the added ash during one
oxldation step, |.e., from 30.5% to 6.4% and 6.3% respectively,
while oxallc acld was not effective. Tabie 11.17 |lists the
results of the washing step with 14% ascorbic acld and citric
acld which followed two oxlidation steps. Ascorbic acld removed the
added ash after two oxldation steps from 49.5% to 6.2%, citric
aclid removed the added ash from 49.4% to 17.3%. However, there
was very little change In the total sulfur after oxidatlion and

washlng steps, and the pyritic sulfur of the washed coal

Increased from the oxldized coal. The reason might be cue to the
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fact that both ascorblic acld and cltric acld are reducing agents.
Thus the suifates produced by the permanganate oxlidation of
pyritic and organic sulfur, might have been reduced back to
insoluble sulfides and/or elemental sulfur during the washing
step by these organic acids, and pyritic sulfur Increased
according the analysis.

TABLE 11.16. Washing perfcrmance with 14% organic acids following
one oxldation step

wWashing Reagent Total Pyritic Sulfate Ash
Sulfur% Sulfur% Sulfur% Content%

(Pre-cleaned) 2.26 0.98 C.04 5.8
Oxldation with KMnO4 1.49 0.43 0.37 30.5
Ascorbic Acid 1.25 0.78 0.013 6.4
Oxalic Acid T.23 0.49 0.61 21.0
Cltric Acid 1.90 0.77 0.013 6.3
TABLE |1.17 One-step washing performance with organic aclds
following two oxidatlion steps
washing reagent Total Pyritic Sul fate Ash

. Sul fur% Sul fur% Sul fur% Content%
(Pre-cleaned) 2.26 0.96 .04 5.8
(Oxidation 1) 1.49 0.43 0.37 30.5
(Oxidatlion 2) 0.81 ———— —_——— 49.5
Ascorblic Acid 1.97 0.81 0.015 8.2
Citric Acid 1.64 0.68 0.13 17.3

Summary of Washing Test Results

Compar ison of results of the washing studles using various
washing reagents, showed that:
1) Distllled water and sodlium carbonate were not effective

for removing the oxlidation precipitates even at higher
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temparatures.

2) Organic aclds such as ascorblc acid and clitric acld
successfully removed aimost all of the added ash during
oxldation step, |l.e., the precipitates, but did not help reduce
the total sulfur. |t appeared that they reduced the sulfates
produced by the permanganate oxlidatlion of pyritic and organic
sul fur back to Insoluble sulflides and/or elemental sulfur during
the washing step.

3) Nitric acid and suifuric aclid could remove part of the
precipitation oxidation products formed during oxidation with
permanganate after one washing step. They were not as effectlive
as hydrochioric acid with the same concentration. The results
showed that all forms of sulfur of the washed coal with dilute
nitric acld and su!furic acld were higher than that of the
cleaned coal washed by HCI.

4) 5% solution of the EDTA complexing reagent successfully
removed the preciplitates of MnO2 and jaroslite but multi-washing
steps were needed to achieve that, as only 3 to 4% ash removal was
possible by each washing step.

5) Dilute hydrochloric acld was the most effective washing
reagent for removing the oxlidation products from the permanganate
oxldized coal. Ailmost all the added ash during the oxidatlion step
(l.e. the precipitates products) was removed by only one washing
step with 14% of HC!. By combining an oxlidation step with 10%
KMnO4 and a washing step with 14% HCI|, all forms of sulfur can be
successfully reduced with acceptable ash content and Btu

recovery.
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CHARACTERIZATION OF PRE-CLEANED COAL AND CHEMICALLY CLEANED COAL

This study aimed at characterizing certain propertlies and
ash mineralogy of raw coal, pre-cleaned coal, chemically oxidlzed
and chemically washed coal; and at determining the mineralogical
characteristics of the materlals precipltated during KMnO4
treatment of the coal.

X-ray diffraction, automated Iimage analysis, denslity
determinatlions, microscopic methods and chemical analiysis were
used In this study. This characterization study was performed by
The Ohlo Geological survey [26], Ohio Department of Natural
Resources (ODNR), Columbus, Ohlo.

The coal products used In this characterlization study were
prepared and described as follows:

Product number 1 was raw coal from Pittsturgh No. 8 sample
#2 from R & F Coal Company. Product number 2 was the pre-cleaned
coal #2 which was pre-cleaned by heavy liquid separation using
1,1,1,-Trichloroethane with a speciflic gravity of 1.33. Most
of the coarse pyrite and ash mineralis were rejected by this
process. Product number 3 was the oxlidlzed coal which has been
treated with 10% of KMno4 from the pre-cleaned coal!l #2 using a
variable speed Iimpelier mixer for one hour. The scollids content of
the coal slurry of test products 3a and 3b were 40%, and the
sol lds content of test product 3c was 20%. Product number 4 was
cleaned coal which has been oxidized as product 3a and 3b, and
then washed through three steps with a 5% solution EDTA
complexing reagent. Product number 5 was cleaned coal which has
been oxidlzed as product 3c and then washed with 14% HC| (product

5a and 5b) and 7% HCI| (product 5¢c). The washing process was
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conducted for one hour to remove precipltated materlials. The

sul fur, ash content and Btu as well as treatment of these

products are |listed Iin Table 11.18.

TABLE 11.18. Sul fur, ash content and Btu of the characterized

test products

Product Description T.S. P.S. S.S. 0.S. Ash Btu/lb

No. of Coal % % % % %

Treatment

1 Raw Coal #2 .88 80 0.02 1.04 15. 12191

2 Pre-cleaned #2 .98 0.92 0.002 1.06 5. 13633

3a 10% KMNO, at .48 0.55 0.30 0.63 19. 11020
40% Solld Content

3b 10% KMnO af .48 0.55 0.30 0.63 19. 11020
40% So! 1d Content

3c 10% KMNO, at .12 0.25 0.32 0.55 29. 9040
20% Solla Content

4 10% KMNnO, and .21 ———— ——— ———— 5. 12990
5% Complex

5a 10% KMno4 and .02 0.15 0.06 0.81 5. 12542
14% HCI

5b 10% KMnO4 and .02 0.15 0.06 0.81 5. 12542
14% HCI

5c 10% KMnO4 and .22 0.20 0.10 0.92 12. 11800
7% HCI

Matrix denslity:

Pittsburgh No. 8

The densitlies of flve ground subsamples of

coal

Nuhfer and others [24].

of the ground coal

determining the welght

sample,

the matrix denslty of the coal

in alr and welight

134

This method utilizes vacuum

were determined using methods described by

impregnation

with kerosene of known speclific gravity. By

in kerosene of the coal

can be found to within



manganese and chlorine content for selected products
0.02 g/cc. Densities of the raw coal and subsamplies of the
cleaned coal subjected to various treatments and washings are
shown In Table 11.19. The densities of the subsamples generally
reflect the changes which occurred when the coal was pre-cleaned,
oxldlzed and washed. The dlfference |In denslity between the raw
coal and the pre-cleaned coal was caused by the removal of ash,
specially pyrite, when the coal was pre-cleaned. The high density
of product number 3 which was oxidized by KMnO4 from pre-cleaned
coal was caused by the preclipltation of a substance wlith higher
denslity than coal. When the oxldized coal was washed with the
complexing reagent (product number 4), the density reverted to that
of pre-cleaned coal (product number 2), suggesting that most qf‘
the preciplitated matter was washed out by the complexing reagent. The
Chemical analysis of Mn content In products 3 and 4 support this
Inference.

Three separate subsamp!es (products 5a, 5b, 5c,) were oxidized
with KMnO4 and washed with dilute HCI. Density determinatlions
were made on 5a and 5¢c and Mn analyses on 5b and 5¢c. Density and
chemical data for 5c suggest that 7% HC! wash was Incomplete.
The same data for 5a and 5b Indicated the 14% HCI wash was as
effective as the complexing reagent wash.

Automated image analysis (AlA): Vitrinite reflectance and pyrite

slze parameters were determined using a Leltz Textural Analysis
System. This Instrument, commonly referred to as an automated
image analysis (AlA) system Is capable of reproducing vitrinite

reflectance values In oll to within 0.02 percent reflectance.
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In this study average reflectance, Rav was measured. These
values were obtalined by measuring randomly orlented vitrinite
particles without palarized tight. The arithmetic mean average
reflectance Rav values are shown 'n Table 11.19. Rav values may
be converted to mean maximum values by the following formula:
Rmax = 1.066 Rav [27].

Geometr ic mean pyrite size distributions were found by AlA
for 5 of the coal subsamples (Table 11.19). Pyrite slizes are
based on the equlivalent clrcular diameter (ECD) of the cross-
sectional areas of the pyrite grains detected by the Image
analyser on the surface of the polished coal pelliet. Geometric
means of the pyrite size distributions were found by graphic
methods [25].

Vitrinite reflectance values remained essentially unchanged
for the samples studied. Hence, coal rank was not affected by the
KMno4 treatment or varlious washes.

The Geometric mean size of the pyrite decreased
significantly (as expected) when the coal was pre-cleaned. |In the
oxlidized and washed samplies the average pyrite size dlfferences
were Insignificant. The percent pyrite less than 6 microns
increased when the coal was cleaned but |t was fairly constant In
the oxidlzed and washed samples except for 5a. The reason for 5a
having excessive amounts of flne pyrite Is not clearly
understoodn although one possible explanation is that this
particular sample was not a representative split of parent sample
from which all subsamples were drawn.

Mineraloglical Characterization

(A) X-ray diffraction: X-ray diffraction analysis of the low
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temperature ash (LTA) of products #1, 2, 3c, 4, and 5b were
performed Iin an attempt to determine the mineralogical
characteristics of the materlials precipltated during KMnO4
treatment of the coal, and to compare coal ash mineralogy of the
5 products.

X-ray diffraction analysis of the low temperature ash (LTA)
of product number 1 (Figure I11.6a.) indicated the presence of the
following minerals: Quartz, Kaol!lnlte, pyrite, illite, cailclte
and possibly goethite and feidspars, although the peaks for the
latter two minerals were weak. Product number 2 (Figure 11.6b)
contained essentlially the same mineral sulte except for the
absence of calcite.

The X-ray diffraction pattern of the LTA of product number 3c
(Figure |1.6c) had much iower Intensities than those for products
1 and 2. Only kaolinite, quartz, and pyrite could be identlfled
wlith certainty In product 3c (Figure 11.6c). Apparently the Mn-
rich, precipitated material was amorphous to x-ray diffraction,
but caused matrix problems which reduced the mineral peak
Intensities. As the precipltated material was washed out
(products 4 and 5b) mineral peak Intensitlies agaln become strong
(Figure 11.6d and 6e).

(B) Microscoplic examination Microscopic examination was

per formed on products 2, 3a, 4 and 5a, using reflected light. A
micrograph of product number 2 (Figure |l.7a) shows llight gray
coal! macerals embedded in a darker gray epoxy blinder. White
gralins were pyrite, and coal largest maceral in this photo was

about 70 microns in length.
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A micrograph of product number 3a (Flilgure |1.7b) showed
typical coal macerals In epoxy, and also two large aggregates of
loosely held together coal (left and upper right sides of photo).
The coal In these aggregates rarely exceeded 10 microns and the
cementing material was very flne gra!n, ranging from submicron
slzes to 2 or 3 microns. According to the reactlon of sulfur In
coal and KMnO4 [22], and the high Mn and sulfate content In the
oxlidized coal (Table 11.19), these large aggregates might be Mno2
and I;soluble sul fate complex such as Jjaroslite. X-ray diffraction
analysis (Filgure |1.6c) revealed no unusual mineralogy In product
3, that was because the Mn-rich and Jarosite preciplitated
material were amorphous to X-ray diffraction.

A microscopic examinatlon of product number 4 (Flgure |1.7c)
revealed fewer aggregates than product number 3; it seems that
manganese and sulfate precipitates were washed out through the
washing steps with the compliexing reagent.

From microscopic examinatlion of product number 5b (Figure
11.7d), no aggregates were observed, and most of the precipltated
materials were washed out through the washing step with diliute
HCI .

Summary: According to the results of this characterization
of 5 dlfferent treated coal products, the following conclusions could
be made:

a) From the vitrinite refliectance values, coal rank was not
changed by the KMnO4 treatment or the various washes.

b) Through the study of matrix density, X-ray diffraction
analysis of the low temperature ashing, microscopic

examination and chemical analysils of the manganese content, the
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precipltated materials formed during KMno4 treatment were
successfully removed after washing with the EDTA compiexing

reagent or dlilute hydrochloric acid.
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Flgure 11.7 (a,b). Photomi

crographs of the pPolished surfe
coal pellets made from products 2,

3a, 4, and Sa, under r:
light. Flgure 11.7a. Photomlcrograph of product number 2,
represents the float fractlon of the pPre-cleaned coal.
Flgure 11.8b Photomlcrograph[h of the oxlidlzed coal with

Large Indistinct areas on

left and upper rtght of photo
loosely cemented coal

aggregates of very flne coal partl
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Figure 1.7 (c,d). Photomlcrographs of the pollshed surface of
coal pellets made from products 2, 3a, 4, and 5a, under refiected
llght. Figure 1l.7c. Micrograph of fewer loosely cemented coal
aggregates |n product number 4. which was washed by complexing
reagent. Flgure 11.7d. no aggregate observed In photomicrograph
of product number 5a which was washed by 14% HCI.
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MULTI-STEP CHEMICAL OXIDATION AND WASHING

For achieving higher levels of organic sul fur removal, the
multi-step chemical oxidation and washing tests were conducted.
Studies Involved (a) the effect of number of oxidation and
washing steps, (b) sequence of oxidation and washing steps, and
(c) effect of ultrasonic dispersion during oxidation and washing
steps on desulfurization.

Three-step treatment

Three successive steps of treatment with 10% KMnO4 at 20%

of sollds content and a washing step using 14% HCI| following
each oxldation step were performed.

TABLE 11.20. Three-step oxidation with each step was fol lowed by
a washing step

Step T.S.% P.S.% S.8.% 0.S.% Ash% Btu O0.S.Removal%
o 1.98 0.92 0.002 1.06 5.4 13633 ke
1 1.02 0.15 0.06 0.81 6.2 12542 24
2 0.86 ———— ———— —_———— 16.7  ————- -
3 0.79 0.10 0.02 0.867 13.4 11201 37
The results shown In Table 11.20 Indicated that the organic

sul fur decreased to 0.67%, and Iits reﬁoval reached 37%, while
the total sul fur decreased to 0.8%, and pyritic sulfur removal
reached 90% after three steps of treatment.

However, the sulfur removal In the second and the third
steps was less than that of the first step, and the ash content was
higher than the pre-cleaned ccal after three steps of treatment.
This could be due to the formation of tightly bound product layer

to the coal surface or even Iinside the pores of the coal
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particles. Hence, |t would be increasingly difficult for tie
oxlidlizing reagent (potassium permanganate) to penetrate the coal
particles and oxldize the sul fur compounds. in order to remove
this product layer and to achleve maximum organic sul fur and ash
removal, mechanical or chemical means were employed.

Three steps of treatment employing ultrasonic dispersion

Ultrasonic dispersion was intermittentiy employed during

oxidation and washing steps to break up the product layer.

TABLE 11.21. Effect of ultrascnic diswersion on desulfurization
and de-ashing using three-step chemical treatment

Step T.S.% P.S.% S.S.% 0.S.% Ash% Btu/lb O.S.Removal%

0] 1.98 0.92 0.002 1.06 5.6 13633 -
1 1.02 0.15 n.06 0.81 4 5 12600 24
2 0.86 0.14 0.02 0.70 4.3 12616 34
3 0.786 0.12 0.02 0.62 5.0 11809 42

Each oxlidation step was conducted for one hour using 10% KMnO4
at 20% solids content, during which ultrasonic Irradiation was
intermittently employed for a total of 15 minutes. The oxidation
was followed by filtration and a washing step with 14% HCI for
one hour. After that the coal siurry was dispersed further In an
uitrasonic bath for 20 minutes. The results |listed in Table
11.21. showed that 34% organic sulfur removal with 4.3% ash
content were obtalned after two steps of treatment. About 42%
organic sulfur removal with 5.0% ash content was obtalned after
three steps of treatment. The oxidatlon products were
successfully removed with the help of ultrasonic dispersion.
Compar ison of the recults shown In Table 11.20 and Table 11.21,

Indicated that the ash content sharply decreased from 13.4% to
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5.0% with the ultrasonic dispersion. It could be concluded
therefore that ultrasonic dispersion was effective In removing the
product layer w. '~h covered the coal particle. However, particle
size analysis of the coal slurry indicated a sharp decrease

In particle size, xs shown In Flgure |I1.8. For example, before
ultrasonic dispersion, only 30% of the coal particles were below
10 microns, while after ultrasonic dispersion, about 70% of the
coal particles were below 10 microns. In other words, the coal

was “ground* finer by the ultrasonic treatment, which would

produce more fresh surfaces for oxlidation.

-

108 125
80 | 12@
62 | 115
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20 | {5
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8.1 ] 1222
Mmicxrons

Figure 11.8. The change of the particle size of coal

after using ultrasonic dispersion

Sequence of multiple oxldation and washing steps

Several tests on the effect of the sequence of oxidation and
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washing using three step treatments were conducted.
Table 11.22 shows the results of a test where three

successive oxldation steps with 10% KMnO4 were conducted first,

and were then followed by two washing steps with 14% HCI. After each

oxldation and washing step, the ultrasonic dispersion was emplioyed

for 15 minutes. From the table, it can be seen that the totail

sul fur of the cleaned coal decreased from about 2.0% to 0.74 %,

i.e., 63% of the total sul fur was removed, while the ash content

of the cleaned coal was 4.8%, which was lower than

that of the pre-cleaned coal feed.

TABLE 11.22. Total Sulfur and ash content after three oxidation
steps and two washing steps

No. of washing steps Total Sulfur% Ash Content%
(Feed coal) 1.98 5.6
1 0.66 g.6
2 0.74 4.8

Two tests of three successlive oxlidation steps with 6% KMnoO ,
at 10% solids content, followed by one washing step with 14% HC|
were conducted. The results shown In Table 11.23 indicated that
46% of organic sul fur removal was achieved, while the ash content
of the cleuned coal was lower than that of the pre-cleaned coal
feed. The results of the two tests were very close and
reproducible.

Table 11.24 lists the results of the same procedure
conducted with 6% KMnO4 but at 20% solids content. In this case,

about 38% of organic sulfur was removed, and the ash content of

the cleaned coal was 4.1%. Comparison of results In Table |1.22-24
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with those In Tabie 11.21 Indicated that the procedure of three
successlive oxidation steps combined with a washing step was a
more viable optlon for removing about 40% of the organic sul fur
and the oxlidation products.

TABLE 11.23. Three successive oxldation steps with 8% KMnO, and
10% solild content and followed by a washing step with 14% Hél

Test Treatment T.S.% P.S.% S.5S.% 0.5.% O.S.Removal% Ash
Pre-
Cleaned #2 1.98 0.92 0.002 1.06 —_——— 5.6

Oxldatlion

1 1.18 0.28 0.31 0.59 ———— 32.86
Oxldation 2 0.70 0.10 0.35 0.25 ——— 51.8
Oxldation 3 0.53 0.05 0.35 0.13 —_———— 62.7
Washing 0.74 0.10 0.07 Cc.57 46 .2 4.5
Oxldation 1 1.18 0.27 0.34 0.59 ———— 33.6
Oxldation 2 0.75 0.11 0.35 0.29 ———— 53.8
Oxidatlion 3 0.56 0.11 0.32 0.13 ———— 59.3
Washing 0.76 0.06 0.12 0.58 45.3 4.4
TABLE 11.24. Three successlive oxlidation steps with 6% KMnO

and 20% solid content and fol lowed by a washing step with 12% HC |

Treatment T.S.% P.S.% S.S.% 0.S.% O.S.removal% Ash%
Oxldation 1 1.45 0.44 0.24 0.77 ———— 21.4
Oxidatlion 2 1.07 0.21 0.58 0.58 ———— 34.1
Oxidation 3 0.78 0.13 0.28 0.37 —_———— 47 .1
Washling 0.82 0.10 0.05 0.67 38.0 4.1

Two-step treatments

For achlieving higher organic sulfur removal with minimum
number of steps, two-step treatments were performed. Table 11.25

lists the results of several tests which were conducted on
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pre-cleaned coal sample #2 wltﬁ 10% KMNO, at 20% sol lds

4
content. each oxidation step was followed by a washing step using

14% HCI .

TABLE 11.25. Two stage treatments with each oxlidation step was
followed by a washing step using 14% HCI

Test Treatment Total Sul fur,% Ash Content,%

(Pre-cleaned) 1.98 5.4
1 Oxlidation

& Washing 1 0.98 4.1

Oxidatlion

& Washing 2 0.81 4.9
2 Oxldation »

& Washing 1 0.99 4.1

Oxidation

& Washing 2 0.88 4.9
3 Oxidation

& Washing 1 0.99 4.1

Oxlidatlon

& Washing 2 0.85 4.2

The results Indlcated that the average total sul fur of these
three tests decreased from 1.98% to 0.85%, |.e., 57% of the total
sul fur was removed after two oxlidatlion and washing treatments.

The average ash content of the cleaned coal was 4.7%.

In order to simplify the procedure, two successive oxlidation
steps with 10% KMnO4 on coal slurries containing 20% solids,
followed by one washing step with 14% HC| were conducted.

The results shown on Table 11.26 showed that the total sulfur
decreased from 1.98% to 0.88%. This represents more than 80%

pyritic sulfur rejection and 34% organic sul fur removal. The ash

content of the cleaned coal was 4.6%. Comparison of these results
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with the resuits shown |In Table |1.24, showed that the total
sul fur and the ash content of the cleaned coal! were fairly close,
but this procedure was more simple, economic and less time

consuming.

TABLE 11.26. Two successive oxidation steps with 10% KMnO4
followed by a washing step with 14% HCI

Sample T.5.% P.S.% S.S.% 0.5.% Ash% Btu/lb
Pre-cleaned #2 1.98 0.92 0.002 1.08 5.6 13633
Cleaned Coal 0.88 0.16 0.02 0.70 4.6 123286

Integration of two oxldation steps using H O, and KMnO,

The test of integration of two oxlidation steps using H202

for pyrite oxidation and KMnO4 for organic sulfur oxidatlion was
per formed. The first oxidatlion step was conducted with 10% HZOZ’
the second step with 10% KMnO4. The slurry was flltered and later

washed with 14% HCI. Hydrogen peroxide was supposed to remove most of

pyritic sulfur from the coal (Table 11-3), so that only organic
sulfur will be available for oxidation with KMnO4. The results
listed In Table 11.27 indicate very llttle or no change In the
TABLE 11.27. Integration of two oxlidatlion steps using H202 and
KMnO

4
Chemical Total Sulfur,% Ash Content,%
(pre-cleaned #2) 1.98 5.4
10% H202 1.13 4.1
10% KMnO4 0.60 21.2
14% HCI 0.87 5.2
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total sulfur content of the cleaned coal from the two step
chemical cleaning using permanganate only. However, It seems that
H202 removed 92% of the pyritic sulfur based on results and the
previous assumption while KMnO4 removed 0.26% organic sulfur.

Summary of multi-step treatments

The main findings from the Investigations on multi-step
chemical oxldation and washing, can be summarized as follows:

1) Up to 46% organic sulfur removal with three step
chemical treatments,and 34% organic sul fur removal with two step
chemical treatments can be achleved. The ash content of cleaned
coal obtalned by both treatments equal to or tower than that of
pre-cleaned coal.

2) Ultrasonic dispersion employed during oxldation and
washling steps could assist the removal of the oxidation
precipltates.

3) Two different muiti-step chemical cleaning schemes
obtained very similar results. The scheme employing two or three
successlive oxldation steps followed by one washing step was
simpler, and less time consuming than the scheme employing a

washing step after each oxldation step.
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ENVIRONMENTAL IMPACTS OF CHEMICAL CLEANING

This brlef environmental Impacts study was based on the
following considerations: 1) Chemically cleaned coal Is lower In
ash and sulfur within EPA compllance Iimit of 0.68/106 Btu, but
washing with HC| may produce contamination of coal with Chlorine.

2) Disposal of waste from chemical cleaning process.

Chlorine determination and removal from chemically cleaned coal

We have discussed the integration of oxldation step and
washing step which enable the removal of both organic and pyritic
sulfur as well as the undesirable preciplitates.

In the tests, It was found that dilute hydrochtoric acid
Is a very effective washlng reagent; It could remove more than
80% of the added ash during the oxidation step through only one
step washing. However, the chlorline content In the
cleaned coal could be Increased. |t was 1.34% In the cleaned coal
as determined by ODNR.

For removing the excess chlorine from the cleaned coal,
preliminary experiments and determination of the chlorine content
of the cleaned coal were conducted. One step washing of the
cleaned coal with hot water at 98-100°C at different solids
content and with different leaching time were tested. Table 11.29
Iists the results of the leaching tests with hot water for 3
hours and wlth 5% and 10% sollds content respectively. Table 11.30
lists the results of the leaching tests with hot water and 5%
solids content for 3 and 6 hours respectively. The results
Indicate that 40% of the chlorine could be removed by washing the

coal wlth hot water. The chlorline content of the hot water-washed
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coal was slightly lower with lower solid content and longer
washing time. However, the chlorine content of the washed coal
was qulte close regardliess of the washing time or the sollds
content In the range of variation used In this study.

TABLE 11.29. Effect of solids content on removal of chlorine with
hot water washing

Sample Solids Content Washing Time Chlorine Content
% hr %

Before Leaching

with Water 1.34

After Leachling

with wWater 5 3 0.75

After Leaching

with Water 10 3 0.80

TABLE 11.30. Effect of washing time on removal of chlorine with

hot water washing

Sample Washing Time Solid Content Chlorine Content
hr % %

Before Leaching

with Water 1.34
After Leachling
with Water 3 5 0.75
After Leaching
with Water 6 5 0.75

One alternative technique to avold the problem of chlorine
remova! from cleaned coal would be to use dilute nitric aclid
solutions in the washing step instead of hydrochloric acid. Even
though nitric acid is somewhat less effective than hydrochloric
acld, the cost of chlorine removal might offset the beneflt from

the extra sulfur removal with HCI.
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In this permanganate oxidation might be
ferrous

Discusslion on Waste DIisposals Methods
such as potassium sul fate,
in the depieted filltrate

The produced waste

composed of varlous sulfates,
sul fate, ferric sulfate, manganese sulfate and other sulfate
and excess acld

lron oxldes,
In order to solve this probiem to meet the environmental
systems are recommended:
that

comp | exes,
from the washing step.

the following disposal
USBM & AEP reported recently [28],

Wetland Technlques:

11.9 shows the schematic of the wetland method.
The plants absorb some of the solubile

1.
Minerals In the waste water flowing through the ponds are

requirement,
thls'approach could successfully clean mine acld water. Figure
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metals, but most is reduced to solld metallic or metal sulfide
particles and are deposited In a layer at the bottom of the pond.
The pond Is lined with several Inches of crushed | imestone and
nearly 2 feet of manure compost. Cattalls are planted in clumps
about 6 feet apart. Water leaving the ponds Is free of

discoloration. The AEP test showed that the iron content drops

from 114 mg/titer to 3.4 mg/ilter and even to 0.5 of a milligrams
at the final testing point. The allowable content is 7 millligrams
per lliter. The level of manganese went from 2 mg/liter, which Is

considered acceptable, to 0.4 mg/l at the final testing point.

2. ProMac System: ProMac Systems are belng used on mined-out

land with lots of coal refuse In the soil [29]. This method
could be considered for use In the disposal of pyrite from the
physical cleaning plant to produce pre-cleaned coal feed for the
chemical cleaning plant. It uses liquild spray and controlled-
release pellets contalning chemical bactericlides to control

acld formation. According the manufacturer [29] the chemicals
wash away the greasy film on the bacterlia that allows them to
survive In the acid. The bacteria would then die and would not
cause acld generation. At the same time, the chemicals feed
other types of bacterla needed for healthy vegetatlion. The
products are applled by spraying and scattering time-release
pellets that will keep the bactericide worklng two to seven
years. As reported, the product Is 95% effective In controlling
acld formation.

3. Waste Contalinment: The waste water could be stored in the

mined area which would be well sealed by the impermeable |ayer.
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The Impermeable layer would be constructed with plastic sheets,

compacted clays and cement.

4. Neutrallzation and precipltation: Lime could be used to
precipitate various sulfates and react with excess aclids.

5. Waste Utillzatlion: These wastes might be utillzed, for

example, to produce fertlllzer such as ammonium sulfate.
Systematic research Including characterization of wastes,
identification of types and amounts of species present,
and investigation of possible environmental acceptable disposal
methods of these wastes to select the effectlive method should be
conducted before commercialization could proceed.
It can be concluded, therefore, that commerclal utilization
of the mild chemical cleaning process should not present any
significant adverse environmental problem. The process appears to

be environmentally sound.
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PREL IMINARY ECONOMIC ASSESSMENT OF THE CHEMICAL CLEANING PROCESS

An economic assessment of the process based upon the
batch experiments and preliminary process flowsheet was
attempted. To establish reproducibility of the chemical cleaning
process, three hundred grams of cleaned coal were prepared In
several batches by combining one oxidation step with 10% KMnO4
and one washing step with 14%. Table [i1.30 shows the results of
these tests, which demonstrated that up to 50% total sul fur
removal and 92% Btu recovery were achieved and that the process
per formance was largely reproducible.

TABLE 11.30. The ash content and total sulfur of pre-cleaned coal
and cleaned coal with one step oxidation and one step washing

Sample Chemical Cleaned Coal Feed Coal Total Sul fur
Number Ash % Total Sulfur % Total Sulfur % Removal %
1 6.2 1.05 1.95 44 .1
2 3.4 1.08 1.96 44 .9
3 8.4 1.03 1.96 47 . 4
4 8.8 1.02 1.96 48.0
5 3.5 1.06 2.07 48.8
6 7.2 1.10 2.04 48.0
7 4.5 1.15 2.04 43.6
8 6.0 1.09 2.02 46.0
9 5.6 1.10 2.02 45.5

10 7.9 1.08 2.02 46.5

The preliminary process flowsheet proposed for commercial
production iIs shown In Flgure i11.10. Counter current decantation
leaching will be conducted In two stages of both oxidatlion and
washing steps In this process. Continuous vacuum drum fllter
will be used for solld-lliquid separation after both oxidation and

washling steps. Potassium permanganate will be regenerated from
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spent solution by reacting it with potassium hydroxlide and oxygen.
Possible metheds for regeneration of KMno4 are outllned in the

Appendix |1 2.

Cost Estimation of Chemical Process for 1 Milliion Ton/yr Plant

It Is not possible to obtain an accurate figure on the
reagents (KOH, HCl) consumption/ton coal treated without running
a pllot operation. For example It iIs not known at this time, how
many oxidation cycles can be achlieved with same KMnO4 solution. In
our conceptual flowsheet we Indicated that the solution would be
used only twice. But this could well be under utillization of the
primary solution. The same argument could be sald for HCI. At
this time It can only be inferred that the reagents consumption
could be estimated as follows. According to the results obtained
in our Lab, total sulfur was removed from 2% to 1% through one
step oxldation and washing step. Removing 1% sulfur from 1 ton
physically cleaned coal, KOH consumption should be 12.5 kg and
HCl consumption should be 11.25 kg. Assuming that the commercial
price for KOH is $0.50/kg and for HCI Is $0.07/kg, the cost of
KOH and HC! would be $6.25/ton coal and $0.79/ton cHal
respectively. The total chemical cost would be $7.04/ton coal.
Other operating cost might be estimated at $4/ton coal.

Therefore, the total operating cost would be $11.04/ton coal.

The capltai cost of the chemicai plant is estimated at $4m
based on the conceptual flowsheet and the knowledge supplied by
the handbook [30]. Assun/.ing that plant |ife is 20 years, the
capltal cost woulid be $0.2/ton coal. Thus the total
(capital+operating) cost would be $11.24/ton coal.

i

As shown In Part 11l of this report, the total cost of the
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integrated physical and chemical cleaning processes Including the
cost of raw coal Iis estimated at $40.5/ton of clean coal. The
price of the coal produced by this type of plant Is expected to
be around $45/ton or higher, which allows for about $4.5/ton
gross proflt. In addlition to the profits, this mild chemical
process would open up wide markets for Ohio coal, thus Increasing
the coal ‘s marketability.

Thus |If the mild chemical cleaning process Is Integrated
with an existing conventional or advanced coal cleaning plant,

production of compliance coal would be technically and economically

feasible.
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CONCLUS IONS AND RECOMMENDAT |ONS

This study presented a promising chemical coal cieaning
approach for removing the organic and inorganic sulfur In Ohio
coal which has a high commercial potentlal. From the previous
results and dliscussion, the following conclusions can be made:

1. This permanganate oxidation technique Is successful In
removing organic and pyritic sulfur at amblent condlitions.

2. Increasing the concentration of the oxidlizing reagent
(KMnO,), the number of treatment steps, and the Intensity of
aglitation, will enhance the organic suilfur removal.

3. Removal of the preciplitation of manganese dloxide and
Jarosite from the chemically cleaned coal Is now posslibie using a
complexing reagent or dliiute acid. The Integrated approach of
chemical oxlidation and chemical washing can remove substantial
amounts of both pyritic and organic sulfur from coal. More than
90% pyritic sulfur rejection and up to 50% organic sulfur removal
has been achieved. The ash content of the cleaned coal Is less
than 5%, and Btu recovery Iis over 90%.

4, From the characterlzation study, coal rank was not
changed by the KMnO4 treatment or the various washes. The
precipitated materlial formed during KMnO4 treatment were proved
to be removable after washing the EDTA complexing reagent or
dilute hydrochloric acid through this study.

5. The combined approach of pre-cleaning the raw coal with
gravity separation, followed by one oxldation step and one

washing step, reduced the total sulfur from 3.5% to 0.9%, the
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pyritic sulfur from 2.8% to 0.15%, and the organic sulfur from
1.0% to 0.7%. Thus a premium quallty coal could be produced from
a low-value high sulfur coal by this approach.

6. preliminary economic and environmental assessments showed
that this process should be economically viable and

environmentally sound.
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PART 111

COMB INED PHYSICAL AND CHEMICAL CLEANING AND

DESULFURIZATION FOR OHIO COAL



IIT.1 COBMINED PHYSICAL AND CHEMICAL PROCESSES

In this study, integration of the combined physical and
chemical desulfurization processes described in Parts I and II
was considered. Two sets of experiments were performed using
Pittsburgh no.8 seam coal with and without heavy liquid
separation before selective flocculation.

In the first set, samples of coal were crushed and
sieved. The -28 and +48 mesh portion of the coal was cleaned by
heavy liquid separation using specific gravity of 1.6. The float
was then collected and washed with acetone. The clean coal was
dried and then ground in a ball mill to -500 mesh. This slurry
was used in the selective flocculation process. The experimental
conditions were: pH = 10.3, 200 ppm PAAX, 50 ppm FR-7A, single
step froth flotation.

The concentrate from the physical cleaning was used as
the feed for chemical cleaning process. Three experiments were
performed to find the effect of three different chemical cleaning
treatments. The first experiment was performed with one step
washing with 10% potasium permanganate followed by one step
washing with 14% hydrochloric acid. The second test was one step
oxidation with 10% potasium permangnate followed by 14% nitric
acid washing step. The third experiment was performed with
two-step oxidation with 10% potasium permanganate followed by one

washing step with 14% hydrochloric acid . Table III.1 shows the
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results of this set of experiments. The results indicate that
after heavy liquid separation at 1.6 specific gravity, the total
sulfur was reduced from 3.97% to 3.29% and the ash content
decreased from 16.14% to 9.68%. During the selective
flocculation process, 72% of the pyritic sulfur was rejected and
over 40% rejection of the ash was achieved. The best results of
the chemical cleaning process yielded a 33% rejection of organic
sulfur. The pyritic sulfur after chemical cleaning was nearly
zero.

In the second set of experiments, the heavy medium

separation process was eliminated. The flocculation and

subsequent chemical cleaning steps were performed in a similar
fashion. The results of this experiments are shown in Table
II1.2. The results indicate that the total sulfur level
essentially stayed close to the results obtained in the previous
experiments. However, the ash content of the concentrate from
the selective flocculation process was doubled. Clearly the two
step oxidization with potasium permangnate resulted in the lowest
sulfur content in both sets.

From these results, it can be concluded that:
1) the heavy liquid separation process can reduce the ash
content of the final product by about 50%.
2) using the optimum operating parameters for selective
flocculation, 1.9-2% total sulfur and 3.55% mineral matters

contents can be obtained with 84% coal recovery.
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Tabtle 111-1 Experimental results of the combination process
for cleaning the Pittsburgh No. 8 coal! after heavy liquid
separation

Btu/lb Ash Tot.S org.s Coal Rec.
(%) (%) (%) (%)
Feed 12,700 16.14 3.97 1.25 -
Feed after HLS 13,979 9.68 3.29 1.25 92.0
SF/FF 13,246 3.55 1.91 1.25 89.5
10% KMnO 12,821 2.40 1.17 0.84 97.0
+14% HC?
10% KMnO 12,506 2.67 1.36 0.89 98.0
+14% HN3
3
2-step with 12,012 3.83 0.91 0.76 96.0
KMnO4 + 14%HC1
* SF - selective flocculation, FF - froth flotatlion

HLS - heavy liquid separatlion

Table 111-2 Experimental resulits of the combinatlion process
for cleaning the Plttsburgh No. 8 raw coal

Btu/lb Ash Tot.S org.s Coal Rec.

(%) (%) (%) (%)

Feed 12,700 15.54 3.61 1.25 -

SF/FF 13,016 7.30 2.04 1.25 80.6

10% KMnO 12,428 5.29 1.18 0.84 97.0
+14% HC?

10% KMnO 12,306 7.57 1.13 0.90 98.0
+14% HN8
3

2-step with 11,484 7.63 1.01 0.74 96.0

KMnO4 + 14%HCI
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3) the washing step with hydrochloric acid consistently gave
lower level of ash and total sulfur in the chemical cleanig
process.

4) the two step oxidization with potasium permanganate

experiment resulted in super clean coal products.

Based on these conclusions the combined flow diagram of
this process is illustrated in Figure IIIl.1. The heavy medium
process is required only if lower level of ash content (below 4%)
is required. Note that the total sulfur of the final coal will
be about 1% with about 12,500 Btu/1b heating value.
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I11.2 ECONOMICAL ASSESSMENT FOR THE COMBINED PROCESSES

In part I and part II, the technical and economical
feasibilities of the individual processes were reported. It was
shown that each process individually can be successful and
profitable. However, in order to obtain the level of cleaning

and desulfurization which can meet the EPA's SO2 emission

requirment for combustion usages of Ohio coal both processes must
be integrated. In this section the econonmic feasibility of this
process is considered. Of course, the capital cost and the
operating cost for this integrated process will be higher than
conventional cleaning plants, butcleaner coal with considerably
lower levels of sulfur (less than 1%) and mineral matters (less
than 4%) can be obtained. Consequently, the prices of the final
clean coal will be significantly higher. Furthermore, there are
indirect benefits for the final coal users in terms of reduction
in their capital and operating costs and lower depreciation. On
the other hand, the coal mining industry in the Ohio can
potentially benefit from the improved marketability of Ohio
Coals.

In order to evaluate the economical viability of the
combined process, it was assumed that the chemical cleaning
process would be after the selective flocculation process.
Although there might be some integration of the auxiliary and

waste treatment operations, it was assumed that essentially both
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processes are independent of each other. In other words, they
can be operated in parallel although in this scheme they are in
series.

From the section I.5 (i.e; the economic assessment for
selective flocculation process) the total capital and operating
costs was calculated to be $ 15.8 / ton of clean coal.
Similarly, for the chemical cleaning process, the total cost
excluding the comminution costs, was $§ 11.4 / ton of clean coal.
Therefore, the total cost of the combined process 1{s
approximately $ 27 / ton of clean coal. This total operating and
capital cost does not include the cost of raw coal at 4.% total
sulfur and 16% mineral matters contents.

The total cost presented here is based on the tonage of
the clean coal product. As was reported earlier (see Table
1.14), production of one ton of clean coal by selective
flocculation required 1.27 tons of raw coal. Similarly, to
produce one ton of chemically clean coal, 1.04 ton of raw coal
was required. Therefore, in the combined process approximately
1.33 ton of raw coal is needed for every ton of clean coal ( 1.27
x 1.04).

The summary of the economical assessments of the combined
process are presented in Table III.3. From these results, it is
evident that the combined process is still profitable despite the
considerably higher capital and operating costs. Note that the

price of the final clean coal product (less than 0.8% total
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sulfur, 4% ash, with 12,500. Btu/1b) is estimated conservatively
at $§ 45 / ton.

Table IIT1.3 Summary of the Economical Assessment of the Combined
Physical and Chemical Processes for Cleaning and Desulfurization
of Ohio Coal.

Cleaning Process Flotation S. Flocculation/ Combined
Flotation Process
Coal Composition 2.6% T.S 1.8%4 T.S. 0.8% T.S.
16% ash 7% ash 4% ash
Total cost $13.8/ton $15.8/ton $27.2/ton
Price of raw coal
i required/ton clean| $12.2/ton $12.7/ton $13.3/ton
- coal
] ————————————————————————————————————————————————————————————
Fi:al cost/ton of $26/ton $28.5/ton $40.5/ton
) clean coal
P [y [ SN U PP PRI
- Market Price $30/ton $35/ton $45/ton
Net Profit $4/ton $6.5/ton $4.5/ton
173
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II1.3 CONCLUSIONS AND RECOMMENDATIONS

From the results obtained form the combined physical and

- chemical cleaning processes, following conclusions can be made:

1) the integration of physical and chemical desulfurization
processes are technically feasible. The final coal product has
less than 1% total sulfur and about 4% mineral matters contents
with 12,500. Btu/1b heating value. The overall coal recovery of
the process is approximately 81%,

2) one step chemical cleaning is sufficient for the production
of the clean coal product if the coal is processed first by the
physical process.

3) the economical assessment of the combined process indicated
of a net profit of $ 4.5 / ton of clean coal.

It is recommended that:

1) further research should be devoted to implementation of the
suggested combined process in a pilot scale operation.

2) further study should be conducted on the possible means of

recycling the chemical reagents and the waste treatment
processes. -
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APPENDIX 1T

Table A-1.1

Feed: Synthetlic slurry (Pittshurgh No.8 precieaned coal
+ shaie) + SMP + NaOH

+ pyrite

Grinding Time: Attrition for 25 minutes
Product Weight Ash Total S Total Distribution (%)
(%) (%) (%) Ash Coal Tot. S
1) 2-step SED, pH 7.5, FR-7A (10 + 5ppm)
conc. 51.09 10.17 4.26 23.14 59.18 46.80
Disp. 1 33.65 40.89 5.03 61.29 25.65 36.40
Disp. 2 15.26 22 .91 5.15 15.57 15.17 16.90
Feed 100.00 22.45 4.65 100.00 100.00 100.00
2) 2-step SED, pH 7.5, FR=-7A (10 + 5ppm)
Conc. 52.62 12.56 4.51 28.69 59.78 50.49
Disp. 1 35.01 38.24 4.76 58.15 28.09 35.46
Disp. 2 12.37 24 .50 5.30 13.16 12.13 13.95
Feed 100.00 23.03 4.70 100.00 100.00 100.00
3) SED + FF, pH 7.5, FR-7A (10 + 5ppm)
Conc. 10.58 12.14 4.33 5.38 12.21 8.97
Disp. 1 52.56 32.14 5.37 70.75 46 .86 55.25
Disp. 2 36.86 15.46 4.96 23.87 40.93 35.78
Feed 100.00 23.87 5.11 100.00 100.00 100.00
4) FF, pH 7.5, FR-7A (10 ppm), 0.2 m| MIBC
Conc. 73.91 10.64 3.98 32.62 87.02 59.90
Disp. 1 26.09 62.23 7.55 67.38 12.98 40.10
Feed 100.00 24.10 4.91 100.00 100.00 100.00
5) FF, pH 7.5, FR-7A (10 ppm), 2.0-5.0 ml MIBC
Conc. 33.21 13.24 4.55 10.32 50.24 31.62
Disp. 1 41.53 77.97 5.17 75.90 15.96 44,92
Disp. 2 25.26 23.28 4.44 13.78 33.80 23 .46
Feed 100.00 42 .66 4.78 100.00 100.00 100.00
6) 2 SED, pH 7.5, FR-7 (10+5 ppm)
Conc. 35.56 10.73 4.25 16.42 41.35 31.42
Disp. 1 42 .86 37.00 5.29 68.28 36.17 47 .14
Disp. 21.58 16.47 4.79 16.30 23.48 21.44
Feed 100.00 23.23 4.81 100.00 100.00 100.00
7) 2 SED, pH 7.5, FR-7 (10+10 ppm)
Conc. 76.10 11.27 3.96 35.03 89.41 61.20
Disp. 23.90 66.52 7.99 64.S7 10.59 38.80
Feed 100.00 24 .47 4.92 100.00 100.00 100.00
8) FF, pH 7.5
Cconc. 54 .35 8.79 5.14 21.54 63.70 60.36
Disp. 1 20.17 71.04 3.55 64.60 7.51 15,39
Disp. 25.48 12.07 4.41 13.86 28.78 24 .25
Feed 100.00 22.18 4.63 100.00 100.00 100.00
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Table A- 1.1

(Continued)

Product Weight
(%)
9) SED, pH 10.5,
conc. 48.09
Disp. 1 19.82
Disp. 2 32.09
Feed 100.00
10) SED, pH 10.5,
Conc. 75.78
Disp. 24 .22
Feed 100.00
11) SED, pH 10.5,
Conc. 54 .97
Disp. 45.03
Feed 100.00

12) SED + FF,

Conc. 69.37
Disp. 1 18.04
Disp. 2 12.59
Feed 100.00
13) 2-SED, pH 10,
Conc. 38.77
Disp. 1 13.01
Disp. 2 48 .22
Feed 100.00
14) 2-SED, pH 10.
Conc. 63.07
Disp. 1 22 .64
Disp. 2 14.30
Feed 100.00
15) FF, pH 10.5,
Cconc. 74.62
Disp. 25.38
Feed 100.00

Distribution (%)

Ash Total S Total
(%) (%) Ash Coal
F1029-J (7 + 10 ppm)

10.83 5.30 22.91 55.50

69.28 3.67 60.41 7.88

11.83 4.43 16.70 36.62

22.73 4.70 100.00 100.00

F1029-~J (10 ppm)

10.03 4.24 32.62 88.88

64.79 6.88 67.38 11.12

23.29 4.88 100.00 100.00

F1029-J (10 ppm), PAAX (350 ppm)

12.83 5.35 33.98 60.47

30.43 4.93 66.02 39.53

20.75 5.16 100.00 100.00

pH 10.5, F1029-J (10 + O ppm)

7.00 4.91 20.67 84.31
70.44 3.33 54.10 6.98
47 .05 6.47 25.23 8.71
23.48 4.82 100.00 100.00

F1029-D (5 + 10 ppm)
19.76 6.26 34.37 40.03
53.97 1.91 31.48 7.71
15.79 5.08 34.156 52.26
22.30 5.13 100.00 100.00

5/7.5, F1029-D (5 + 10 ppm), FR-7A
17.36 6.03 45.92 68.43
45.72 2.50 43 .43 16.13
17.76 4.10 10.65 15.44
23.84 4.95 100.00 100.00

F1029-D (10 ppm)
13.04 4.93 41.82 84.57
53.36 4.83 58.18 15.43
23.28 4.90 100.00 100.00

Tot. S
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Table A-1.2

Feed:

+ shale) + SMP + NaOH

Synthetic slurry (Plttshurgh No.8 precleaned coal

+ pyr

lte

ppm)

Grinding Time: Ball mill for 8 hours
Product Welght Ash Total S Total Distribution (%)
(%) (%) (%) Ash Coal Tot. S
1) SED + FF, pH 7.5/10.0, FR=7 (10 + 10 ppm), PAAX (O +100 ppm)
Conc. 61.09 8.15 2.60 17.29 78 .81 42 .13
Disp. 1 28 .46 62.62 5.00 61.88 14.94 37.75
Disp. 2 10.45 57.37 7.27 20.82 6.26 20.12
Feed 100.00 28.80 3.77 100.00 100.00 100.00
2) SED + FF, pH 7.5, FR-7 (10 + 10 ppm)
Conc. 64.03 7.62 2.49 16.90 83.15 43.06
Disp. 1 26.19 65.94 5.03 59.84 12.54 35.60
Disp. 2 9.78 68.61 8.11 23.26 4. 31 21.34
Feed 100.00 28.86 3.70 100.00 100.00 100.00
3) SED + FF, pH 7.5, FR-7A (10 + 10 ppm), PAAX (130 ppm)
conc. 62.34 6.86 2.30 15.36 80.47 39.15
Disp. 1 23.70 64.16 4.87 54.63 11.76 31.52
Disp. 2 13.96 59.83 7.69 30.01 7.77 29.33
Feed 100.00 27 .83 3.66 100.00 100.00 100.00
4) SED + FF, pH 7.5, FR-7 (10 + 10 ppm)
Conc. 60. 55 7.56 2.41 15.68 79.05 38.83
Disp. 1 27 .62 62.65 4.86 59.28 14.57 35.80
Disp. 2 11.82 61.80 8.03 25.02 6.38 25.31
Feed 100.00 29.19 3.75 100.00 100.00 100.00
5) SED + FF, pH 7.5/10.5, F1029-J (5 + 2 ppm), PAAX (0O + 100
Conc. 68.18 156.15 4.07 34.38 82.69 74.00
Disp. 1 10.98 82.21 1.44 30.05 2.79 4.22
Disp. 2 20.84 51.30 3.94 35.587 14.52 21.78
Feed 100.00 30.04 3.75 100.00 100.00 100.00
6) SED + FF, pH 7.5/10.0, F1029-J (5 + 2 ppm)
Conc. 70.43 10.50 4.15 26.58 87 .34 76.90
Disp. 1 14.96 76.68 1.47 41,22 4.83 5.79
Disp. 2 14.61 61.30 4.51 32.20 7.82 17.31
Feed 100.00 27.83 3.80 100.00 100.00 100.00
7) SED + FF, pH 10.0, F-1029-J (5 + 2 ppm), PAAX (O +100 ppm)
Conc. 72.44 11.12 4.17 28.08 90.28 78.26
Disp. 1 14.58 83.65 1.52 42 .53 3.34 5.74
Disp. 2 12.98 64 .94 4.73 29.39 6.38 15.91
Feed 100.00 28.68 3.86 100.00 100.00 100.00

178



Tablie A-1.2 (Contlinued)

tal
(%)

S

6.
3.

Product Welight Ash To
(%) (%)

8) FF, pH 10.5, PAAX (100ppm)
Conc. 68.29 9.64 2
Disp. 31.71 71.10
Feed 100.00 29.13

9) FF, pH 10, PAAX (130ppm)
conc. 70.27 13.06 2
Disp. 29.73 68.46 6
Feed 100.00 29.53 3

.30
47
62

.65
.40
.76

Total Distribution (%)

Ash Coal Tot. S
22.61 87.07 43.39
77.39 12.93 56.68
100.00 100.00 100.00
32.09 86.69 49.53

68.92 13.31 50.47
100.00 100.00 100.00

Table A-1.3

Feed: Synthetic slurry (Pittshurgh No.8
+ shale) + SMP + NaOH

precleaned coal + pyrite

Grinding Time: Ball mill for 18 hours
Product Welght Ash Total S Total Distribution (%)
(%) (%) (%) Ash Coal Tot. S
1) SED + FF, pH 7.5, FR-7A (10 + 20 ppm)
conc. 35.56 5.52 2.61 10.46 41.35 27.32
Disp. 1 59.46 23.29 3.07 73.69 56.17 53.69
Disp. 2 4.98 59.80 12.90 15.85 2.47 18.89
Feed 100.00 18.79 3.40 100.00 100.00 100.00
2) SED + FF, pH 7.5, FR-7A (10 + 20 ppm)
Conc. 34 .54 5.562 2.41 10.11 40.20 24 .94
Disp. 1 59.30 23.87 3.21 75.14 565.62 56.99
Disp. 2 6.16 44 .99 Q.77 14.75 4.18 18.07
Feed 100.00 18.84 3.34 100.00 100.00 100.00
3) SED + FF, pH 7.5/11.0, FR-7 (30 + 50 ppm), PAAX (200 ppm)
Conc. 41.85 5.31 2.20 13.10 47.73 27.65
Disp. 1 49.97 23.67 3.30 69.67 45.94 49.52
Disp. 2 8.18 35.78 9.25 17.24 6.33 22.73
Feed 100.00 16.98 3.33 100.00 100.00 100.00
4) SED + FF, pH 7.5/11.0, FR-7 (30 + 50 ppm), PAAX (200 ppm)
Conc. 41.30 5.82 2.29 12.71 47 .97 28.02
Disp. 1 50.58 27.29 3.50 72.96 45.36 52.38
Disp. 2 8.12 33.36 8.16 14.33 6.67 19.60
Feed 100.00 18.92 3.38 100.00 100.00 100.00
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Table A-1.3 (Cont lnued)

Product

il

welght Ash Total S Total Distribution (%)
(%) (%) (%) Ash Coal Tot. S

5) 2-FF, pH 11.0, FR-7A (5 + 5 ppm), PAAX (200 + 100 ppm)
conc. 48 .24 4.44 2.02 8.17 62.46 27 .37
Disp. 1 43 .48 51.31 4.93 85.18 28.68 60.21
Disp. 2 8.28 21.07 5.35 6.65 8.86 12.42
Feed 100.00 26.19 3.56 100.00 100.00 100.00
6) FF, pH 11, PAAX (100 ppm)
conc. 58.16 6.77 2.23 21.22 66.58 39.30
Disp 41.84 34.95 4.79 78.78 33.42 60.70
Feed 100.00 18.56 3.30 100.00 100.00 100.00
7) FF, pH 11, PAAX (200 ppm)
conc. 49 .31 5.82 2.07 15.27 57 .20 29.16
Disp 50.69 31.44 4.89 84.73 42 .80 70.84
Feed 100.00 18.81 3.50 100.00 100.00 100.00
8) FF, pH 10, PAAX (130 ppm)
conc. 63 .86 6.25 2.12 21.156 73.79 39.36
Disp 36.14 41.16 5.77 78.85 26 .21 60.64
Feed 100.00 18.87 3.44 100.00 100.00 100.00
9) FF, pH 10, PAAX (400 ppm)
conc. 50.70 6.78 2.25 18.08 58.36 30.75
Disp 49.30 31.61 5.21 81.92 41 .64 69.25
Feed 100.00 19.02 3.71 100.00 100.00 100.00
10) 2-SED + FF, pH 11.0, FR-7A (40+10+0ppm), PAAX (200+100+100ppm)
Conc 53.77 5.12 2.60 14 .80 62.67 38.94
Disp. 1 30.12 37.26 4.01 60.38 23.21 33.64
Disp. 2 14.54 25.44 5.02 12.90 13.32 20.34
Disp. 3 1.57 58.47 16.20 4.92 0.80 7.08
Feed 100.00 18.59 3.59 100.00 100.00 100.00
11) FF, pH 11.0, FR-7A (10 ppm), PAAX (200 ppm)
conc. 47 .69 6.89 2.40 10.87 63.64 23.82
Disp. 52.31 51.49 6.71 89.13 36.36 76.18
Feed 100.00 30.22 4.61 100.00 100.00 100.00
12) FF, pH 11.0, FR-7A (10 ppm), PAAX (200 ppm)
conc. 75.55 7.97 2.05 30.62 86.55 47 .20
Disp. 24 .45 55.81 7.09 '69.38 13.45 52.80
Feed 100.00 19.67 3.28 100.00 100.00 100.00
13) FF, pH 11.0, FR-7A (10 ppm), PAAX (200 ppm)
conc. 74.61 7.16 i.87 26.80 g6 .51 43.28
Disp. 25.39 57 .47 7.20 73.20 13.49 56.72
Feed 100.00 19.93 3.22 100.00 100.00 100.00
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Table A-1.4

Feed:

Pittsburgh No.
with 1.6 sp.gr.

8 coal

after heavy
tiquid

liguld separation

Grinding Time: Ball mill for 18 hours
Product Welght Ash Total S Total Distribution (%)
(%) (%) (%) Ash Coal Tot. S
1) SED + FF, pH 10.3, FR-7A (50 + 50 ppm), PAAX (50 + 50 ppm)
Conc. 51.03 3.70 2.39 28.40 52.64 43.67
Disp. 1 42 .14 6.57 2.10 41.72 42 .17 31.72
Disp. 2 6.83 29.05 10.10 29.88 5.19 24.71
Feed 100.00 6.64 2.79 100.00 100.00 100.00
2) SED + FF, pH 10.3, FR-7A (50 + 50 ppm), PAAX (100 + 100 ppm)
Conc. 55.37 3.55 2.23 26.82 57 .63 42.18
Disp. 1 39.46 8.45 2.62 45 .56 38.98 35.39
Disp. 2 5.17 39.14 12.70 27 .62 3.39 22 .45
Feed 100.00 7.32 2.93 100.00 100.00 100.00
3) SED + FF, pH 10.3, FR-7A (50 + 50 ppm), PAAX (150 + 150 ppm)
Conc. 56.06 4.74 2.58 38.09 57.41 46 .36
Disp. 1 36.58 5.22 2.10 27 .37 37.27 24 .68
Disp. 2 7.36 32.77 12.25 34.54 5.32 28.96
Feed 100.00 6.98 3.12 100.00 100.00 100.00
4) SED + FF, pH 10.3, FR-7A (50 + 50 ppm), PAAX (200 + 200 ppm)
Conc. 55.25 3.72 2.32 21.26 58.89 42 .44
Disp. 1 27.72 9.17 2.68 26.24 27 .88 24.68
Disp. 2 17.03 29.84 5.83 52.50 13.23 32.88
Feed 100.00 9.68 3.02 100.00 100.00 100.00
5) FF, pH 10.Z, FR-7A (50 ppm), PAAX (100 ppm)
Conc. 82.71 3.89 2.00 43.56 85.83 50.27
Disp. 17.29 24.09 2.74 56.44 14.17 49.73
Feed 100.00 7.38 3,29 100.00 100.00 100.00
6) FF, pH 10.3, FR-7A (50 ppm), PAAX (200 ppm)
Conc. 86.41 3.55 1.91 44 .90 89.45 50.16
Disp. 13.59 27 .66 9.99 565.10 10.55 49 .84
Feed 100.00 6.82 3.01 100.00 100.00 100.00
7) FF, pH 10.3, FR-7A (50 ppm), PAAX (300 ppm)
conc. 82.07 4.20 2.04 46.30 84.95 50.88
Disp. 17.93 22.33 8.52 63.70 15.05 49.12
Feed 100.00 7.45 3.29 100.00 100.00 100.00
8) FF, pH 10.3, FR-7A (50 ppm), PAAX (400 ppm)
Conc. 77.86 3.96 2.23 42 .69 80.60 52.77
Disp. 22.14 18.70 6.66 57.26 19.40 47 .23
Feed 100.00 7.23 3.29 100.00 100.00 100.00
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Table A-1.4 (Continued)

ppm)

Product welght Ash Total S Total Distribution (%)
(%) (%) (%) Ash Coal Tot. S
g) FF, pH 10.3, FAAX (200 ppm) .
conc. 67 .88 3.02 1.91 28.99 70.84 39.40
Disp 32.12 15.64 5.78 71.01 29.16 60.60
Feed 100.00 7.08 3.29 100.00 100.00 100.00
10 ) FF, pH 10.0, FR-7A (50 ppm)
Conc 79.99 4.11 2.06 46.71 g82.51 50.08
DiIsp 20.01 18.72 5.15 53.29 17 .49 49.92
Feed 100.00 7.03 3.29 100.00 100.00 100.00
11) SED + FF, pH 10.3, FR-7A (60 + 40 ppm), PAAX (40 + 100)
Conc. 64.61 5.84 2.19 39.58 67 .25 43.01
Disp. 1 22.14 16.96 5.73 39.39 20.33 38.59
Disp. 2 13.25 15.15 4.55 21.03 12.42 18.40
Feed 100.00 9.54 3.29 100.00 100.00 100.00
12) 2-SED+FF, pH 10.3, FR-7A (80+20+0 ppm), PAAX (300+150+50
conc. 57 .31 3.43 2.36 23.98 60.29 42 .00
Disp. 1 29.80 12.02 3.15 43 .68 28.56 29.15
Disp. 2 8.59 17.19 4.31 18.01 7.75 11.50
Disp. 3 4.30 27 .30 12.90 14.33 3.40 17.35
Feed 100.00 8.20 3.22 100.00 100.00 100.00
Table A-1.5
Feed: Plttsburgh No. 8 coal
Grinding Time: Ball mitl for 18 hours
Product Wwelght Ash Total S Total Distribution (%)
(%) (%) (%) Ash Coal Tot. S
1) FF, pH 10.0, FR-7A (60 ppm), PAAX (200 ppm)
Conc. 74.53 21.36 2.34 68.19 76.46 43 .94
Disp 25.47 29.14 6.91 31.80 23.54 56.06
Feed 100.00 23.34 3.97 100.00 100.00 100.00
2) FF, pH 10.0, FR-7A (50 ppm), PAAX (200 ppm)
Conc. 76.50 11.08 1.99 '52.80 80.60 38.35
Disp 23.50 30.28 6.97 47.20 19.40 61.65
Feed 100.00 16.14 3.97 100.00 100.00 100.00
3) FF, pH 10.0, FR-7A (40 ppm), PAAX (200 ppm)
Conc 62.57 9.64 2 .44 38.51 86 .92 38.46
Disp 37.43 25.33 5.54 61.09 33.02 61.54
Feed 100.00 15.562 3.97 100.00 100.00 100.00
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Table A-1.5 (Continued)
Product Welght Ash Total S Total Distribution (%)
(%) (%) (%) Ash Coal Tot.
4) FF, pH 10.0, FR-7A (30 ppm), PAAX (200.ppm)
conc. 62.92 9.60 2.52 38.59 67 .44 39.89
Disp. 37.08 25.96 5.565 61.41 32.56 60.11
Feed 100.00 15.67 3.64 100.00 100.00 100.00
5) FF, pH 10.0, FR-7A (20 ppm), PAAX (200 ppm)
Conc. 68.94 9.60 2.47 42 .58 73.80 42 .89
Disp. 31.06 28.77 6.54 57.42 26.20 57.11
Feed 100.00 15.56 3.73 100.00 100.00 100.00
6) FF, pH 10.0, FR-7A (10 ppm), PAAX (200 ppm)
Conc. 71.23 9.92 2.40 46.56 75.64 42 .97
Disp. 28.77 28.16 6.73 §3.44 24.36 57.03
Feed 100.00 15.17 3.64 100.00 100.00 100.00
7) FF, pH 10.0, FR-7A (5 ppm), PAAX (200 ppm)
Conc. 66.22 9.17 1.95 38.69 71.34 32.52
Disp. 33.78 28 .47 6.43 61.31 28.66 67.48
Feed 100.00 15.69 3.46 100.00 100.00 100.00
8) FF, pH 10.0, PAAX (200 ppm)
conc. 67 .82 10.81 2.48 46 .60 71.78 42 .36
Disp. 32.18 26.13 5.77 53.40 28.22 57 .64
Feed 100.00 15.74 3.54 100.00 100.00 100.00
9) 2-FF, pH 10.0, FR-7A (50 + 20 ppm), PAAX (200 + 200 ppm)
Conc. 62.25 7.30 2.02 28.92 68.47 33.20
Disp. 1 23.42 31.18 6.56 46.45 19.12 40.64
Disp. 2 14.33 27 .03 6.93 24.63 12.41 26.26
Feed 100.00 16.72 3.78 100.00 100.00 100.00
10) FF, pH 5.0, FR-7A (50 ppm), PAAX (200 ppm)
Conc. 77.37 9.71 2.62 46.32 82.53 51.06
Disp. 22.63 34.63 6.40 53.68 17.47 48 .94
Feed 100.00 16.14 3.48 100.00 100.00 100.00
11) FF, pH 7.0, FR~-7A (50 ppm), PAAX (200 ppm)
Conc. 77.58 g.62 2.81 45,92 82.69 54 .91
Disp. 22.42 34.53 6.75 54 .08 17.31 45.09
Feed 100.00 16.14 3.69 100.00 100.00 100.00
12) FF, pH 9.0, FR~7A (50 ppm), PAAX (200 ppm)
Conc. 72.21 9.43 2.51 41.70 77 .49 45.65
Disp. 27.79 31.63 6.58 §8.30 22.51 54 .15
Feed 100.00 16.14 3.64 100.00 100.00 100.00
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Table A-1.5 (Contlinued)
Product Welght Ash Total S Total Distribution (%)
(%) (%) (%) Ash Coal Tot. S
13) FF, pH 11.0, FR-7A (50 ppm), PAAX (200 ppm)
Conc. 58.47 12.16 2.54 44 .04 61.25 37.41
Disp. 41.53 21.74 5.00 55.96 38.75 62.59
Feed 100.00 16. 14 3.566 100.00 100.00 100.00
Table A-1.6
Feed: Plttsburgh No.8 raw coal, different griding time
Product Weight Ash Total S Total Distribution (%)
(%) (%) (%) Ash Coal Tot. S
1) FF, pH 10, grinding 1 hr., FR=-7A (20 ppm), PAAX (200 ppm)
Conc. 95.94 7.53 1.99 72.45 98.54 86.23
Disp 4.06 67.78 8.18 27.55 1.46 14.77
Feed 100.00 9.97 3.00 100.00 100.00 100.00
2) FF, pH 10, grinding 2 hr., FR-7A (20 ppm), PAAX (200 ppm)
Conc. 82.42 6.92 2.08 46 .56 87 .43 62.80
Disp 17.58 37.21 5.77 53.44 12.587 37.20
Feed 100.00 12.25 3.00 100.00 100.00 100.00
3) FF, pH 10, grinding 3 hr., FR-7A (20 ppm), PAAX (200 ppm)
Conc. 76.45 6.83 1.66 39.86 81.97 48.00
Disp 23.55 33.46 5.84 60.14 18.03 52.00
Feed 100.00 13.10 3.00 100.00 100.00 100.00
4) FF, pH 10, grinding 4 hr., FR-7A (20 ppm), PAAX (200 ppm)
Conc. 78.73 6.566 1.93 42 .81 83.66 55.86
Disp 21.27 32.46 5.63 57.19 16.34 44 .14
Feed 100.00 13.10 3.00 100.00 100.00 100.00
5) FF, pH 10, grinding 18 hr., FR-7A (20 ppm), PAAX (200 ppm)
Conc. 75.90 9.39 1.89 45.85 81.44 52.60
Disp 24.10 34.99 5.60 54.25 18.56 48.40
Feed 100.00 15.57 3.00 100.00 100.00 100.00
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Table A-I.7
Feed: Pittsburgh No. 8 coal
Grinding Time: Ball mill for 18 hours
Product Welght Ash Total Distribution (%)
(%) (%) Ash Coal
1) FF, pH 10.0, FR-7A (100 ppm), PAAX (200 ppm)
Conc. 93.20 7.17 67.98 95.39
Disp. 6.80 38.49 32.02 4.61
Feed 100.00 10.568 100.00 100.00
2) FF, pH 10.0, FR-7A (80 ppm), PAAX (200 ppm)
Conc. 92.21 7.62 68.79 94.66
Disp. 7.79 38.28 31.21 5.34
Feed 100.00 10.58 100.00 100.00
3) FF, pH 10.0, FR-7A (680 ppm), PAAX (200 ppm)
Conc. 83.70 6.66 53.26 86.73
Disp. 16.30 26.67 46.74 13.27
Feed 100.00 10.58 100.00 100.00
4) FF, pH 10.0, FR-7A (40 ppm), PAAX (200 ppm)
Conc. 85.04 6.92 56.55 87.90
Disp. 14.96 27.12 43.45 12.11
Feed 100.00 10.58 100.00 100.00
5) FF, pH 10.0, FR-7A (20 ppm), PAAX (200 ppm)
Conc. 82.90 6.01 48 .71 85.06
Disp. 17.10 20.00 51.29 14.94
Feed 100.00 10.58 100.00 100.00
6) FF, pH 10.0, FR-7A (10 ppm), PAAX (200 ppm)
Conc. 80.72 6.40 49.14 83.52
Disp. 19.28 22.69 50.86 18.75
Feed 100.00 10.58 100.00 100.00
7) FF, pH 10.0, FR-7A (5 ppm), PAAX (200 ppm)
Conc. 77.99 6.00 43.53 81.25
Disp. 22.01 23.15 56.47 18.75
Feed 100.00 10.58 100.00 100.00
8) FF, pH 10.0, PAAX (200 ppm)
Conc. 79.22 6.79 51.50 81.72
Disp. 20.78 20.50 48.50 18.28
Feed 100.00 10.58 100.00 100.00
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C.I Published Paper on Selective Flocculation:

Y.A. Attia, F. Bavarian and K.H. Driscoll, Use of Polyxanthate

Dispersant for Ultrafine Pyrite Removal from High Sulfur Coal by
Selective Flocculation, Coal Preparation, 1988,

vol.6, pp 35-51.
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USE QOF POLYXANTHATE DISPERSANT FOR ULTRAFINE PYRITE REMOVAL FROM HIGH
SULFUR COAL BY SELECTIVE FLOCCULATION

Y.A. ATTIA, K.H. DRISCOLL, and F. BAVARIAN

Mining Engineering Division, Metallurgical Engineering Depertment, The
Ohio State University, 148 Fontana Labs, 116 W. 19th Avenue, Columbus,
Ohio 43210

ABSTRACT

The technical feasibility of removing ultrafine pyrite from high
sulfur coals by selective flocculation using poly acrylate-
acrylodithiocarbonate xanthate dispersant (PAAX) has been investigated.
The key element in this study was to develop and utilize an xanthate
containing dispersant to enhance the dispersion pyrite. The preparation
and stabjlity of the polyxanthate dispersant (PAAX) was investigated to
optimize the production and purification of the dispersant.

The sulfur removal efficiency of the PAAX was tested on coal samples
of the Pittsburgh No. 8 seam. The coal samples were first pre-cleaned by
heavy liquid separation (pl= 1.6 gm/cc) and then were ground to -25 im

size. A co-dispersant, sodium metaphosphate, was also added in
proportional amount to 5. wt.% coal slurry to make a 500 ppm solution.

The flocculant used throughout the research was FR-7, a tqtally
hydrophobic flocculant obtained form Calgon Corporation. The coal flocs
were separated either by sedimentation followed by decantation or by
dissolved-air flotation. Single and multiple stage flocculation tests
were performed.

The results indicated significant reduction in sulfur level of high
sulfur coal by this process. Using a two step selective flocculation
process, after heavy liquid pre-cleaning, the total sulfur was reduced
from 3.6% to 0.9% while the pyritic sulfur was reduced- from-1.94% to less
than 0.25%. The ash content was also reduced from 13.8% to about 2.5%,
while the coal (Btu) rrxcovery was over 90% by selective flocculation.

Although a more detailed study of the process using PAAX is required,
the results showed great promise for the use of PAAX as selective
dispersant for pyrite, and for possible production of super-clean coal
from high sulfur coals.

INTRODUCTION
Selective flocculation is a feasible process for super-cleaning (less
than 3% ash and 1% sulfur) of ultrafine coal slurries for coal-water fuels
(Attia et al., 1977). The process uses differences in surface chemical

properties of the particles to effect separation. In this pfocess, a
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polymeric flocculant selectively adsorbs on the material to‘flooculated;
leaving all other materials suspended in the slurry. The flocculated
particles are the separated from the slurry by differential gravitational
settling, or some other appropriate technique.

In order to enhance the dispersion of pyrite and other ash minerals,
dispersing agents are used. The use of a selective dispersant -such as
poly arylate-acrylodithiocarbonate xanthate can improve the dispérsion of
non-coal particles which also enhances the selective flooculaéigg process.

Xanthates are widely used chemicals as mineral collectors and
flotation resgents for sulfide minerals. The basic structure of

xanthates is:

R--0--C---SM
S

where R can be an alkyl hydrocarbon g.oup and M is a monovalent metal such
as sodiuﬁ‘;r potassium (Rao, 1971). ) | x

High molecular xanthates such as cellulose xanthates have been use as
flocculants for processing of sulfide minerals. Attia (1974) extensively
studied the p?oduction and characterization of cellulose xanthate for
selective flocculation of copper minerals. The u;e éf éeli;i;se xanthate
have been also extended to selective flocculation of pyrite and coal-
cleaning processes.

However, the use of xanthate-containing polymeric dispersants has
been recently reported to enhance the dispersion process of ultrafine
pyrite particles in coal desulfurization process using selective
flocculation method (Attia and Fuerstenau, 1982; Attia, 1984). The
xanthated reagent is used as a selective dispersion agent iohenhance the

seleétivity of the flocculation process. Possible structure of PAAX has

2



>

ry
been reported by Attia (1985) as shown in Figure 1. Attia (1985) reporéed
that the procedure for preparation of PAAX. The xanthation process is a
reversible reaction, therefore, seldom does the reaction goes to
completion which means that not all the carboxylic acid groups are
xanthated. The degree of xanthation for a molecule is called "d" which
refers to the number of xanthate groups in a polymeric chain as indicated

in Figure 1.

| CHa"CIH" ---CHZ-C|H
ONa (l)-H—O

. ‘/C=S

g WO Na d

- -n

Figure 1., Postulated Structure of PAAX Dispersant (Attia, 1985).

The dispersion process involves chemical adsdrptioh of short chain
xanthate-containing polymer molecules on the active sites of the pyrite
particles which deactivates the surface chemical reactivity of the pyrite.
Therefore, during the flocculation step the pyrite particles have no
affinity toward the flocculant molecule and stay dispersed in the slurry
while the ¢oal particles agglomerate and settle at the bottom of the
beaker. Nevertheless, a mechanistic picture of the exact surface

chemistry of the dispersion process is yet to be developed.

-
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The development of any mechanistic approach is strongly dependent
upon the basic understanding of the physieo-chemical properties of the
xanthates which are inherently unstable and susceptible to heat and
neutral or acidic environmenta. Therefore, one of the objectives of this
research was to develop an optimm way of production, purification and
storage of the PAAX dispersant. This, of course, required a full
characterization of the PAAX compound which involved identification of the
important parameters influencing the stability of the product. |

The other objective of this work was to study the sulfur removal
efficiency of the PAAX selective dispersant together with the selective
flocculat\.ion process. Several parameters were studied in the selective

flocculation such as the pH, and the effects of multiple cleaning stages.

EXPERIMENTAL TECHNIQUES

I. Preparation and Purification of PAAX

Preparation of PAAX: The sodium salt of poly acrylate-

acrylodithiocarbonate xanthate, or in short PAAX, is formed by reacting

carbon disulfide (CSZ) with sodium poly acrylate as shown below:

H H H H
[CH,, ~C--=~CH,~C-] NaOH ---mmm- >  [CH,~C-—- o 0
CH2¢=0—CH2é:on+n CH2¢=O-CH2—$=On+nH2
OH OH ONa ONa

'

[Cﬂz-g----CHz 2 ------- > PAAX

Unfortunately, the above reaction sequence is complicated by the

formation of by-products such as mono- and tri-sodium thiocarbonate and
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dixantogens. Moreover, being an unstable compound at low pH and room

temperature, xanthate group easily decomposes to CS2 and its initial

sodium salt. Consequently, the reaction conditions such as temperature
and stochiometric ratio of the reactants must be optimized for the
production of PAAX. The experimental range of different parameters are
listed in Table 1. '

Table 1. The Ranges of Variables for the Reaction Parameters
investigated.

Temperature: 15-5C °C
Stochiometric ratio: 1.5: 1.: 0.15 to 8.: 1.: 17. wt. ratio
S of NaOH: PAA: CS2

Reaétion Time: 1 to 5 hours
pH: 11 to 12.5
1% to 15% polyacrylic acid solution

Table 2 list the optimum conditions for production of PAAX. The PAAX
was prepared by reacting NaOH, polyacrlic acid (PAA) with average

molecular weight of 5000, and CS, in 1.5:1.0:4.0 weight ratio

2

respectively.

PAAX Preparation Procedure: At first 1,5 gm Qf polyacrylic acid with
average molecular weight of 5,000. supplied by Poiyaciences, Inc.,
Warrington, PA, was dissolved in 10 ml of distilled water and then 2.2 gm
of NaOH was added to the polyacrylic acid solution. The mixture was then
stirred until all of NaOH was dissolved which resulted in a clear and
colorless solution. This solution was cooled down to 15 % in a constant

temperature water bath shaker using ice cubes, and 5.6 gm of CS2 was

slowly added to the solution. A reflux condenser was placed at the top of

the reaction vessel to condense and reflux any 032 vapor. Im

5



approximately 30 minutes the clear solution changed to a pale yellow
mixture. As the reaction time increased, the color of the mixture became
darker and eventually the color turned orange. After about 5 hours, the

reaction was stopped and the excess CS, was removed by decantation.

2
However, most of the C82 can be evaporated by merely leaving the crude
product at the room temperature under a ventilated hood since 082 has a

low boiling temperature and is immiscible in water.

Table 2. The "Optimum" Reaction Parameters for Production of PAAX.

Tempera'.turez 15°%C
Stochiometric Ratio: 1.5: 1.0: 4.0 wt. ratio
of NaOH: PAA: CSz

.Reaction Time: 5 hours

pH 12.5
15% polyacrylic acid solution

v = : \

Purification of PAAX: The purification of the product of the low

temperature reactions (less 20 %) involved basically only one single step.
Simply, 100 ml of ethanol was added to the reaction mixture upon which the
mixture separated into two yellow and orange liquid layers._ The yellow
liquid layer contained most of the ethanol-soluble compounds which also
included some of the low molecular weight xanthates and also most of the
water. The immiscible orange layer contained most of the high molecular
xanthates. The mixture was then separated by decantation or through
separatory funnel. The purity of each layer was tested by UV-spectroscopy
where no observable indication of the by products (no absorbance peak) was
detected, whereas for the products of high temperature reaction (more than
25°C) formation of by products was clearly detected through the UV-

sepctroscopy analysis.
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Storage of PAAX: Since xanthate compounds are not stable at room
temperature and susceptible to thermal decomposition, both liquid layers
were kept under refrigeration to reduced thermal decomposition of the
products. Nevertheless, it was observed that upon the dilution of the
alcohol insoluble layer (the orange liquid layer) in water the orange
color of the solution gradually changed to pure yellow even at the
refrigeration condition within approximately three weeks period.‘
Similarly, the ethanol gsoluble layer (the yellow liquid) was gradually
faded and became pale yellow within the same time interval. The change in
the color of the solutions directly correlated with the reduction in the
UV—abeorSance level which indicates the gradual decomposition of the PAAX.

However, it was observed that when the alcohol insoluble part was not
diluéed Ahd maintained refrigerated at its original concentration after
purification step, the color did not change or fade. The UV-aQeorbance
level of diluted solution also indicated that the concentration of the
PAAX did not change gignificantly when it was stored at high concentration
and under refrigeration.

Characterization of PAAX . .

Characterization of each liquid layer for its composition and
concentration was made by using UV-Visible Spectroscopy technique. The
spectrophotometer gystem used in the experiments was a8 Bausch&Lomb
Spectronic model 2000.

Selective Flocculation Experiments

Chemicals: The flocculant used throughout the research was FR-7, &
totally hydrophobic flocculant obtained from Calgon Corp, Pittsburgh,
Pennsylvania. This polymer is an oil in water emulsion, and-therefore is

easily dispersed in water, and has a molecular weight of less than one
7
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million. Two dispersants were used. Sodium metaphosphate (SMP) was used
at a 500 ppm concentration as a general dispersant to produce a stable
suspension and to disperse the ash forming minerals. The SMP was obtainea
from Fisher Scientific. The slurry pH was adjusted using sodium hydroxide
and hydrochloric acid. The second dispersant used was the purified PAAX
solution at various concentration for 50-300 ppm.

Minerals: The coal used in this study was Pittsburgh Number 8 coal
seam, obtained from the R&F Coal Company, Cadiz, Ohio. The coal was
first pre-cleaned using a heavy liquid separation (tetrachlorethylene,
s.8. 1.6). 'The properties of the raw coal and the pre-cleaned coal are
listed in Table 3.

Table 3. Characterization of the coal samples used from the Pittsburgh
-No. 8 seam.

AsbX  Total SulfurX  Pyritic SulfurX Organic Sulfur¥

Raw Coal 13.8 3.58 2.82 - 0.74

— —— e e - - - -

Pre-cleaned 7.66 2.66 1.94 0.72
by H"L, ScGo 1.6

The coal slurry was prepared from one kilogram of coal_and two
kilograms of distilled water which had a pH of approximately 10, and
3000 mg/t SMP. The high SMP concentration was used so that when the
slurry was diluted to 5% solids, the SMP concentration would be 500 mg/%.
The coal was ground to minus 500 mesh (25 micron) in an attrition mill
supplied by the Fort Pitt Mine Machine Co., Pittsburgh, Pennsylvania.

Standard Selective Flocculation Procedures: Figure 2 shows the basic

steps in the flocculation experiments. After heavy liquid separation, the
coal particles were ground and a 5 wt¥% slurry mixture was prepared. The

coal slurry was first agitated for five minutes at a shear rate of 425

8
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Figure 2. Scheme of Selective Flocculation of Coal Slurries.



sec_l, and the pH was adjusted to the desired value. When the experiment
invelved the use of PAAX, it was added at this time, and was allowed to
disperse for an additional five minutes. A 5 ppm concentration of the

flooculant was then added over a one minute interval, and was allowed to

disperse for one minute. The shear rate was then reduced to 170 sec-l,
and the flocs were allowed to condition for three minutes. The.
flocculated slurry was then allowed to gettle for five minutes, and the
dispersed and flocculated fractions were separated by decantation or by
dissolved air flotation. The two fractions were dried, weighed, and the
ash , total sulfur, and pyritic sulfur contents were determined using the

AS™ recommended procedures.

Parametric Studies: Of the four parameters investigated, two dealt
with the slurry conditions during flocculation. These were the alcohol
soluble PAAX concentration, and the slurry pH. The alcohol soluble PAAX
concentration was studied by varying the concentration during flocculation
from 50 ppm to 300 ppm. These experiments were conducted at two different
o levels, pH 8.0 and pH 9.5, to determine the effect of pH on the
process. o ' T

During the PAAX purification studies, it was discovered that PAAX
existed in both the alcohol soluble and the alcohol insoluble fractions of
the crude reaction product. To determine which fraction was better able
to disperse the pyrite, dispersion tests were done using pure pyrite.
Pyrite was ground to -140 mesh and suspended in 100 ml of distilled water

with 500 ppm SMP. The PAAX concentration in the slurry was adjusted to

100 and 200 ppa, and then agitated for five minutes. The dispersed and

10
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settled fractions were separated by decantation. These two fractions were
dried and weighed, and the pyrite distribution was calculated.

Finally, multiple cleaning stages were tested by performing one and
two step selective flocculation tests. For this .set of experiments, the
flocs from the first cleaning stage were re-dispersed, and then re-
flocculated. With this set of tests, the flocculant concentrations were 7
ppm and 3 ppm in the first and second steps, respectively. In these
tests, the flocs were separated by dissolved air flotation. In this'
process, the flocs do not settle, so the pyrite which is not dispersed by
the PAAX will not report with the flocculated fraction.

| RESULTS AND DISCUSSION

Stability Analysis of PAAX

.UV-Sr;aectrophotometry of PAAX: The analysis of the alcohol soluble

layer shovigd a distinct peak at 301 nm ﬁa.nd for the alcohol insé}uble layer
the peak was at 302 nm. The UV-spectroscopy of the both liquid layers
also indicated a lower absorbance peak at about 227 nm. Figure 3 shows
the UV characteristic absorbance for the both solution. These results
were compared-with the UV analysis of pure sodium lisop_rqpyl«.gr_\‘d potassium
amyl xanthates which showed sharp absorbance peaks at 301.3 and 300.3 nm,
respectively. The pure xanthate compounds and the purified alecochol
insoluble PAAX were also used to caliberate the absorbance of UV light for

the concentration and the decomposition rate.

Effect of Reaction Temperature: Analysis of the reaction products
whoge reaction temperatures were maintained above 25 % showed a strange
behavior on the alcohol insoluble product. The UV-analysis of these

resction products exhibited consistently an initial peak at 318 nm which

11
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Figure 3. Characterization of PAAX by UV-absorption Spectroscopy .
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gradually leveled off to 307 nm as shown in Figure 4. Similarly, the UV;
absorbance level also decreased with the the drifting wavelength as shown
in Figure 5. It should be noted that this behavior was observed at low
concentrations of the reaction solutions (approximately 5 to 10 ppm of the
crude PAAX), however the pH of the solution was maintained above 10.
Markedly, the alcohol insoluble product of the low temperature reaction
showed considerably more stable behavior and higher absorbance which means
a higher degree of xanthation. T

In addition, at higher temperature, the characteristic peak for tri-
sodium thiocarbonate compound was also observed at 332 nm, whereas the low
temperatﬁre products did not indicate the formation of tri-sodium
thiocarbonate.

.Effeét of CS2 Dosage: Figure 6 shows the effect of initial dosage of

cs As was expected, the higher dosage of '§2 resulted in.a hjgher

2°
degree of xanthation. However, excessive dosage of CS2 is not recommended
since after a ?ertain amount of CS2 dosage, the xanthate concentration did
not increase significantly and further addition of\_CS2 would merely

prolong the purification process. It should be noted that the optimum

amount of CS2 dosage is a function of the reaction temperature and the

reaction time. Therefore, the results of one set of reaction conditions
could not be employed to predict the dosage for a different reaction
condition. ,

Attia (1974) reported similar findings for the xanthation of

cellulose. The comperison of 40 wt% initial CS,to cellulose dosage with

2
400 wtx CS2 dosage indicated a significantly higher xanthate content and

13
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also more uniform substitution of xanthate group. The reported results
are compatible with the data obtained in these experiments. As shown in
Fig. 6, the xanthate concentration increased approximately by a factor of

four when the initial CSZ / PAA wt, ratio increased from 1. to 4.
Nevertheless, as discussed before, excessive dosage of CS2 is not

recomnended since it can complicate the purificaiion step.
Flocculation Results

Flocculation and Dispersion with Alcohol Soluble and Insoluble PAAX:

The effect of the alcohol soluble PAAX concentration on the process is
shown in Figure 7, which is a plot of the recovery and upgrading as a
function of the PAAX concentration, and in Figure 8, which shows the
ps;ritic sulfur content of the flocs as a function of the PAAX
concentration. The recovery was seen to decrease and the upgrading
increased” ‘as the alcohol soluble PAAX concentration increased.' This is
believed to be the result of the non-xanthatated portion of the
polyacrylic acid acting as a general dispersant for the coal as well.
This causes the flocs to form in smaller sizes which also leads to a
higher upgrad:mg and lower recovery. In figure 8, ‘the pyritic sulfur in
the flocs can be seen to drop initially, and then showed no further
reduction after approximately 100 ppm PAAX.

Table 4 shows the results of the dispersion experiments which
compared the dispersion ability of the alcohol soluble and the alcohol
insoluble PAAX. From these results it can be seen that the alcohol
insoluble PAAX was able to disperse almost twice as much pyrite as SMP
alone, and over three times as much pyrite as the alcohol soluble PAAX.

Interestingly, the alcohol soluble PAAX seemed to actually reduce the

17
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dispersion of pyrite. However, it should be noted that the pyrite size
was approximately -140 mesh in size, whereas the coal for the selective
flooculation teasts was ground to 25 um. Clearly, the smaller size

particles can form a more steble dispersion.

Table 4. Dispersion ability of alcohol soluble and alcohol insoluble

- -

PMX. :
PAAX ..
concentration Product Weight (g) Weight % PAAX type
100 ppm Dispersed 0.0487 3.42 alcohol
Settled 1.3752 96.58 soluble
Feed 1.4239 100.00
200 ppm Dispersed 0.0650 4.81 alcohol
Settled 1.2858 95.19 soluble
Feed 1,3508 100.00
100 ppm Dispersed  0.1362 10.90 alcohol
Settled 1.1138 89.10 insoluble
. Feed 1.2500 100.00
200 ppm Dispersed 0.1489 11.61 alcohol
Settled 1.1331 88.39 insoluble
Feed 1.2820 100.00
0 ppm . Dispersed 0.0784 7.57 no PAAX
' Settled 0.9568 92.43 used
‘Feed 1.0352 100.00

Selective Flocculation of pre-cleaned pittsburg No. 8 Coal: Tables 5

and 6 show the results of the one and two step selective flocculation when
200 ppm of the alcohol insoluble PAAX was used in conjunction with
dissolved air flotation as the floc separation technique. It can be seen
that using a single step selective flocculation, the total sulfur content
was reduced from approximately 2.6% to 1.6% and the pyritic sulfur was
reduced from 1.9% to 0.95%. The ash content of the pre-cleaned coal was

reduced to 3.9% with a ccal recovery of 93% . This is very close to the

[3*]
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supe~-clean coal level. The use of the second of the selective
flooculation produced a clean coal that had a total sulfur content of
0.95%, and pyritic sulfur content of 0.2% , i.e. about 90% removal of the
ultrafine pyrite was achieved. The ash content of the cleaned coal in
these tests was 2.5%, while the recovery was still above 90% .

Table 5. Selective Flocculation - Dissolved-Air Flotation Cleaning of
Pre-cleaned Pittsburgh No. 8 Coal Using One Step Flocculation.

ANALYSIS% DISTRIBUTION%

Total Total
Product Weight Ash (Coal Sulfur Ash Coal Sulfur
Flocs 91.8 4,74 95.26 1.67 56.8 94.17 57.5
Dispersed 8.2 40.52 59.48 13.81 43.2 5.3 42.5
Feed .. . 100.0 7.66 92,34 2.66 100.0 100.0 100.0
Flocs 91.4 3.48 96.52 1.64 40.5 95.7 54.3
Dispersed _ 8.6 54.66 45.66 14.65 59.5 4,3 45.7
Feed " 100.0 7.656 92.35 2.76 100.0 100.0! 100.0
Flocs 88.8 3.79 96.21 1.73 44.0 92.5 52.2
Dispersed 11,2 . 38.24 61.76 12.25 56.0 7.5 47.8
Feed 100.0 7.65 92.35 2.91 100.0 100.0 100.0
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Teble 6. Selective Flocoulation - Dissolved-Air Flotation Cleaning of
Pre-cleaned Pittsburgh No. 8 Coal Using Two Stepe Flocculation.

ANALYSIS% " DISTRIBUTION%

Total Total
Product Weight Ash Coal Sulfur Ash Coal Sul fur
Flocs 85.5 2.83 97.17 0.94 30.5 90.3 . 29.3
Dispersed 1 6.9 42.52 57.48 13.48 36.6 4.3 33.9
Dispersed 2 7.6 34.23 65.77 13.27 32.9 5.4 - 36.8
Feed 100.0 7.94 92,06 2.74 100.0 100.0 100.0
Flocs 88.1 2.40 97.60 0.97 30.1 92.4 30.3
Dispersed 1 5.8 56.90 43.10 14.77 47.2 2.7 30.4
Dispersed 2 6.1 26.01 73.99 18.17 22.7 4.9 39.3
Feed 100.0 7.03 92.97 2.83 100.0 100.0 100.0
Flocs 86.2 2.25 97.75 0.87 25.7 91.2 26.6
Dispersed 1 6.0 45.88 54.12 13.30 36.1 3.5 28.4
Dispersed 2 7.8 37.07 62.93 16.21 38.2 5.3 45.0
Feed 100.0 7.57 92.43 2.81 100.0 100.0 100.0

-t - 13
OONCLUSIONS

Optimum conditions for the preparation of the polyxanthate dispersant
(PAAX) are identified and were listed in table 2. The low temperature
reaction products showed both higher degree of anthation.gp@ stability.

In addition, the purification of the reaction product was substantially
simplified since at lower temperature the formation of by-products was
significantly reduced.

The use of the PAAX as a selective dispersant for pyrite is feasible,
and indeed, can reduce the sulfur level of high sulfur coal by significant
amount. Using the alcohol insoluble PAAX at a pH 8.0 and a concentration of

200 ppm, the sulfur content of Ohio No. 8 coal was reduced from 3.6% to
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0.95%, with the pyritic sulfur being reduced from 1.94% to less than 0.25%

when a two stage selective flocculation cleaning process is employed after a
pre-cleaning step with heavy liquid separation of 1.6 specific gravity.
Further research is needed to develop this process into commercially viable

technique for the super-cleaning and desulfurization of high sulfur coals.
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REMOVAL OF ORGANIC SULFUR FROM HIGH SULFUR COALS BY MILD CHEMICAL
OXIDATION USING POTASSIUM PERMANGANATE

Y.A. ATTIA and WEIWEN LEi

The Ohlo State University, Metallurgical Engineering Department,
Mining Englineering Division, 148 Fontana Laboratory,
116 W. 18th Ave., Columbus, Ohio, 43210, USA

ABSTRACT

This study was aimed at the removal! of organic sulfur from
an Ohlio coal, Pittsburgh No. 8, by chemlical cleaning using milid,
Iinexpensive oxldizing reagents such as sodium hypochiorite and
potassium permanganate under amblent conditlions.

In the tests, the coal! sampile was pre-cleaned by heavy
llquid separation at a specific gravity Jf 1.33 to reject
coarsely slzed pyritic sulfur and ash minerais, and was wot
ground to -200 mesh (-75 mic.ons ). The oxlidation process was
conducted at room temperature and atmospheric pressure with
either sodium hypochlorite, or potassium permanganate, followed
by a washing step with warm or cold water.

Experimental results Indicated that chemicail oxidation was
effective for removing organic sulfur. A high level of removal of
organic sulfur from coal, more than 50X, was achleved with
potassium permanganate. It also oxidlized most of the pyritic
sulfur In coal to suifate sulfur at the same time. To our
knowledge, this is the first time that potassium permanganate
was used for coal desulfurization.

Process parameters such as concentration of oxidizing
reagents, reactlon time, agitation intensity, number of washing
steps and temperature of washing solutions are reported and
discussed In this paper. Appruximately, 76X of total sulfur, 90%
of pyritic sulfur and 87X of organic sulfur removal were achleved
after three steps of treatment with 6X potassium permanganate.
Thus a premium quality coal could be produced from low-value,
high suifur coatl by this approach. Thls process approach |Is
simple, easy to control and has high technical and commercial
potentials.

{NTRODUCT ION

The high sulfur content of Ohio coals Imposes severe Ilimlitation on
their utillization, since the level of suifur oxide gases emitted from the
combustion of thess coais are higher than that recommended by the U.S.
Environmental Protectlion Agency and are blamed for the acld precipitation
probilem. Removal of sulfur from Ohio coals before combustion would
therefofe help greatiy to eiliminate this problem.

Physlical coal cleaning methods are very efficient in removing the
pyritic sulfur but are Incapable of removing organic suifur. The organic
sulfur is chemically bonded into the coal structure. It can only be removed
by chemical treatments that seiectively destroy the sulfur compounds present
in the coal matrix and render the sulfur. amenable to extraction by
leaching [1].
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Severai chemical cleaning processes for coais have been reported such
as Battelle, Ames, PETC, LOL processes [2-5]. Most of these processes were
successful In achleving more than 90X pyritic sulfur rejection and up to
50% organic sulfur removal. Some of the chemical processes have been
developed to pre-pifot plant scale or pliot plant scale ({1,5)]. However,
these methods are not univarsally appllcabie, but are rather suitable for
specta! applications, because these processes are mostly conducted at high
temperature and pressure and tend to be more compliex and very costiy. In
addition, the high temperature treatment alters the properties of the coal
itself and destroys the caking tendency of coal [4]. Recently, Boron and
Taylor [6] and Brubaker and Stolcos {7] developed an oxlidation process for
the removal of organic sulfur from the coal matrix through mild chemical
oxidation using sodium hypochiorite. Sodium hypochlorite, as an oxidizing
agent with an oxidation potential of 0.9 Volts, was used for removing sulfur
from crude ol! and petroleum distillates early In this century [(8,9]. It
was also used for studying the coal structure [10-12]. Using NaOCi In the
oxldative removal of sulfur from coal, appears to be a promising approach
compared with other chemical processes, because [t can be conducted at room
temperature and atmospheric pressure and uses I(nexpensive commerclal
oxldizing reagents. However, this process |Is at an early stage of
development and further systematic studies are needed.

Iin this study, another good commerclal oxlidizing reagent, potassium
permanganate having an oxidation potenttai of 1.52 Volts, was employed. |t
was believed to be more effective for removing organic sulfur from coal and
had more economic potential than sodium hypochiorite.

The objectives of this study were: 1) to Investigate the feasibility
of removing organic sulfur from Ohlo coal using potassium permanganate and
sodium hypochliorite at room temperature and atmospherlic pressure; and
2) to investigate the Iimportant process parameters and define the conditions
for achleving maximum organic sulfur removal from Ohio coal.

EXPERIMENTAL TECHNIQUES
Materials:

Coal Sample Preparation: The coal sample utilized I(n this study was

Pittsburgh No.8 from R & F Coal Company, Lamiira Preparation Plant, Warnock,
Ohlo. The raw coal was crushed and screened to the slze range of
-6 +100 mesh (~2800 +150 microns) and was pre-cleaned by heavy Iliquid
separation using 1,1,1,-Trichioroethane with a speciflic gravity of 1.33.
To eliminate the effects of the residual 1,1,1,-Trichioroethane on coal
surface properties, the float products were washed with acetons and were
dried overnight 1I(n an oven at 100" C to evaporate the organic solvent.
Table 1 shows the ash and sulfur contents of the raw coal and the pre-~
cleaned coal sampie which was used In this study. The pre-clieaned coal

TABLE 1. Ash and sulfur contents of the Pittsburgh No. 8 coal
sample before and after heavy liquid separation

Sample Ash X Totat Pyritic Suifate Organic
sutfurX¥ Sulfur¥ sulfurX Sulfur¥

Raw coal 13.8 3.58 2.82 0.02 0.74
Pre~cleaned by
heavy tiauld 4.4 1.78 1.04 0.02 0.72
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sample was ground to -200 mesh (-74 microns) before use in the chemical
oxidation experiments.

Chemical Reagents: The 4%-6% solutions of high purity sodium hypochlorite
and crystals of potassium permanganate were obtained from Fisher Sclentific
Company, Chemical Manufacturing Division, Fairlawn, New Jersey, U.S.A.
Solutions of the potassium permanganate were made at the required
concentration.

Procedures

Chemical oxldation: Twenty grams of -200 mesh (~74 microns) pre-cleaned
coal sample were transferred Into a 500 mi flat-bottom flask containing
200m! of 4X to 6X sodium hypochlorite or of the required concentration of
potassium permanganate. Mixing of the coat siurry with the reagents was
accomp! ished using a magnetic stirrer for one hour. The pH of the oxldation
step was 9.3 using potassium permanganate and was 10.9 using sodlum
hypochiorite. At the end of the oxidation perlod of one hour, the reaction
mixture was fiitered on a Buchner Funne!, and was washed repeatedly wlith
distilled water untii the pH of the flitrate was neutral. To lnvestigate
the effect of agltation Intensity, different aglitation speeds were tested,
using a variable speed Impelier Y-iine mixer, model 102, suppliied by Sepor
inc. Witmington, Catifornia, U.S.A. ~

Washing of oxidation products: The fliter cake was transferred to a 500 m!
flat-bottom flask, equipped with a condenser, where It was re-siurried with
200 m! coid or hot distiiled water. The siurry was continuousiy stirred for
one hour while the washing temperature was maintained by a water-bath.
The washed siurry was fllitered In a Buchner Funnel, drled at 75 C overnight
and was analyzed for the different forms of sulfur.

A serifes of KMnO treatment tests was conducted on a pre-cleaned
coal sample for evaluatfng the following variables:
(1) concentration of potassium permanganate (2, 4, 6, 8 and 10%);
(2) oxlidation time (0.5, 1.0, 1.5, 2.0 and 2.5 hours);
(3) aglitation speed (645, 825, 935, 1010 and 1100 rpm);
(4) number cof oxidizing/washing steps (1, 2, and 3);
(5) temperature of the washing step (22, 35, 50, 65 and 80°C).

Analysis

Ash contents were determined In an ashing oven according to the
standard ASTM procedure. Total sulfur was determined using a LECO automatic
sulfur titrator. Pyritic sulfur and sulfate sulfur were determined according
to the recommended ASTM procedures. The suffate sulfur was analysed using
gravimetric method In which the sulfate lon was precipitated and welighed
as barium sulfate. Pyrites were extracted quantitatively by difute nltric
acld. The extracted Iron was determined by atomic absorption techniques
using Perkin-Eimer Mode| 3030. Organic sulfur was calculated by subtracting
the sulfate and pyritic sulfur from the total suifur In the coal.

RESULTS AND DISCUSSION

Feasibllity of Removing Organic Sulfur from Pre-cleaned Coal

The pre-cleaned coal feed samples were oxidized with 6 potassium
permanganate or sodlium hypochliorite at room temperature cand atmospheric
pressure for one hour and then washed with warm water at 80°C, also for one
hour . The fesults chown In Table 2, Indicate that chemical oxidation
was effective for removing organic sulfur from coai. Organic sulfur removal
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reached 24X with sodium hypochlorite and up to 52X with potassium
permanganate. Potasslium permanganate also oxidized more than 50 percent of
pyritic suifur to suifate sulifur at the same time.

TABLE 2. Sulfur analyses of untreated and treated coals with 6%
sodium hypochlorite and potassium permanganate

Coal Sample Total Pyritic Suifate Organic Sulfur
Treatment SuffurX SulfurX SulfurX Sulfur¥ Re Ject ion¥

Untreated

Feed 1.78 1.04 0.02 0.72 _—
KMnO 0.98 0.32 0.32 0.34 52

Naoct 1.51 0.88 0.08 0.55 24

As an oxlidlzing agent, sodium hypochiorite (NaOCl) has an oxlidaticn
potential of 0.90 Volits. The half reactlon [7] Is:

clo” + Hy0 + 28" ——-> Cl~ + 20H; E = +0.90 V
Potassium permanganate s a powerful oxidlizing agent In elther
alkaline or acld media [13]. In alkaline solution, the purple permanganate

Is quickiy reduced to the green manganate, which later deposits brown
manganese oxlde. The overall half reactlon Is [13]:

uno4* + 2H,0 +3e -——> MnO, + 40H ; E = +1.23V

In the acid solution, the hailf reactlion Is:

Mno,” + 8H' + 5o ———> Mn2* + 4H,0; E = +1.52v
Both sodium hypochlorite and potassium permanganate should therafore oxlidlze
varlous organic sulfur functionallties such as sulfides, mercaptans and
thiophenes (n the coal. However, the oxidation potential of potassium
permanganate Is higher than that of sodium hypochlorlte; therefore, It Is
expected to be more effective for removing the organic sulfur.

The probable oxidation pathways are summarized [7] below:

Organic sulfides: R18R2 —————— > R1802R2

~w=— R,SOH + R,SO_H
Organic dlsulfides: R_S_R, =<7 v 23

17272 -
H2804
H2804
Mercaptans: RSH  ———mmee > RSZR

RSO_H
3

Thiophenes:  |of JO] ——-=~-- >

S

Potassium permanganate also oxidized part of the pyritic sulfur to
sulfate sulfur. This was understandablie, as the oxidation potential of
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potasslium permanganate was higher than the oxidation potential for pyrite.
The following equation described pyrite oxidation {5§]:

FeS, + BH,0 ——> Fet? 4 2'so4°2 + 16H" + 146, E = -0.362

Effect of Concentratlion of Oxidizing Reagents on the Organic _Sulfur Removal

Chemical oxlidations of pro-cleaned coal were conducted with dlifferent
concentrations of potassium permanganate at room temperature for one hour,
then washed by hot water at 80 C for one hour. The results are shown In
Filgure 1. A greater organlic sulfur reductlon was expected wlth the
increase Iin the concentration of potassium permanganate, 54.6X of the
organic sulfur was removed with 10X of KMnO,, compared with 33.3X removal
with 4% KMnO4. Lower concentrations than 4% no4 had little or no effect.

Figure 1 reflects the varlation of different forms of sulfur In coal
with Increasing concentration of the potassium permanganate. It appears
that total sulfur decreased gradually within the whole range of
concentrations, but the pyritic sulfur decreased sharply with the Increase
4% and then decreased more siowly with KMnO, concentrations from 4% to 10%X.
The sulfate sulfur, on the other hand, Increased sharply with the increass
of concentration from 0 to 4% and of concentration from-O0% to then slowly
from 4X to 10X. In contrast, the organic sulfur changed very littie at the
lower concentrations of potassium permanganate and decreased quickiy with
increasing the concentration from 4X to 10X. These resuits Indicate that
the pyritic sulfur was easler to oxidize than the organic sulfur at the
fower KMnO, concentrations (2-4%), while at higher concentrations (i.e. 6%
or more), the organic sulfur was as effectlively removed. This might be due

20 T T T !

Percent Sulfur in Cleaned Coal

|
0 2 4 6 8 10 12
Percent Concentration of KMnQ,,in Slurry

FIG 1. Effect of concentration of KMnO4 on sulfur content of cleaned coal
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to better accessibility of potassium permanganate to pyrite than to
organically bound sujfur.

Effect of Reaction Time on Organic Sulfur Removal

Table 3 and Figure 2 show the results of changing the oxidation time
with 10X potassium permanganate on pre-cleaned coal! at room temperature and
atmospheric pressure. The reaction time was varlied between 0.5 and 2.5
hours. The oxidized samples were washed with cold water at room temperature
for one hour. From Tabie 3, about S0X¥ of organic sulfur was removed with
1.5-hour chemicai treatment. This reaction time of 1.5 hr. seems to be the
“optimum” for this reaction. The resuits in Table 3, In terms of reaction
time and percent of organic sulfur rejection, are {ower than those In
Filgure 3, where hot water was used In the washing step.

TABLE 3. Effect of reaction time on chemical oxlidation for
organic sulfur removal

Reaction Total Pyritic Suifate organic Oorganic Sulfur
Time,hours Sulfur¥X sulfurX sutfurX suifur¥X Removai¥%

0 1.79 1.01 0.02 0.76 —_—
0.5 1.06 0.22 0.35 0.49 35.5
1.0 0.99 0.23 0.31 0.45 40.8
1.5 0.94 0.24 0.32 0.38 50.0
2.0 0.94 0.23 0.33 0.38 51.3
2.5 0.90 0.22 0.31 0.37 §0.0

Flgure 2 shows that organic sulfur decreased quickly during the first
hour, and down to 0.38 ( {.e. 50% reduction (n organic suifur ) after 1.5
hours, and then tended to be constant as the reaction time was increased.
This Indicates that the oxldation reaction might have reached a chemlical
equilibrium state.

i 1 1 | |
3 1ok i
£ =
&_8, 0.8} ~
L3
g.g 0.6} -
Q2 o
EU 04} Q O Ommaname -~
3.
0.2} _
&
c) | | i { i
. 0 05 e 15 20 2.5 30

Oxidation Reaction Time, Hours

FIG 2. Effect of reaction time on organic sulfur content
In cleaned coal, using cold water In the washing step
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Effect of the Agltatlon Speed on the Sulfur Removal

Table 4 and Figure 3 {ilustrate the effect of agitation speed
during the chemical treatment with 10% potassium permanganate on the
efflicliency of sulfur removal. The chemtically treated coal samples were then
washed with cold water at room temperature.

TABLE 4. gffect of agitation speed on the chemical desulfurlzation of
pittsburgh No.8 coal, using 10X Kuno4 and cold water washing

Agltation Total pyritic sulfate organic organic sulfur
speed,rpm. sulfur¥ sulfur¥ sulfur¥k sulfur¥ Removal¥%

0 1.79 1.01 0.02 0.76 -—
625 0.95 0.20 0.30 0.45 40.8
825 0.84 0.20 0.30 0.34 55.3
935 0.84 0.23 0.31 0.30 60.5
1010 0.91 0.23 0.32 0.36 52.6
1100 0.93 0.23 0.34 0.36 52.6
1 \ 1 \

L

2 _ 1.0

33

0O 0.8

£3

5 3

oL

€ 04

= O— o—

5 0.2

a

0 ! | 1 |
500 600 700 800 900 1000 1100

TImpeller Speed, rpm

FIG. 3. gEffect of agitation speed on the organic sutfur content
in treated coal using 10X KMno4 and cold water wash

These results show that more than hatt of organic sulfur removal
coutd be expected if the agltation speed was higher than 825 rpm. That
indicated the organic sulfur reductlon In coal not only depended on the
chemical reaction itself, but also on the diffusion factor. Higher rate of
transport of the oxlidizing agent and the oxidation products to and from the
reactlon zoneé was requlired to enhance the desulfurlzatlon process. Hence the
idea behind testing various speeds of agltation was to enhance the removal
of sulfate sulfur, at higher agitation by attrition. By cont Inuous!y
Iinhibliting the oxldation products tayer from depositing on the coal partlcle
surface through attrition, the leaching process should continue unimpeded.
However , the effect of agltation speed on the sulfate sul fur removal
appeared to be minimal.
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Effect of the Temperature of Washing Water on Sulfur Removal

After chemlical oxidation, the coal was washed with water for an hour
to split off the oxidlzed sulfur compounds still attached to the
hydrocarbon matrix. Flgure 4 shows the effect of washing water temperature
on the organic sulfur removal extent. The fligure shows that the organic
sulfur decreased from 0.45% to 8.34x. while the temperature of the washing
water was |Increased from 22°C (room temperature) to 80°C. Thus, the
higher washing temperature enhanced organic suifur removal, but at a
{ow rate. Using cold water to wash oxidized coa! Is acceptable If a lower
energy consumption |s desired. Using cold water in the washing step, about
40% of the organic sulfur could be removed with a magnetic stirrer
(Table 3), and 62X to 60X of organic sulfur couid be removed using
mechanical agitation In one step of treatment (Table 4).

0.7 1 | | |

0.6 -
|
&
SO .5 [~ -~ b
38°
€ g 04| -
c O .
[ K]
ocC
S 8 03 -
= O
é_g 0.2+ =
& ot _

O | | ] |
0 20 40 60 80 100
Washing Temperature ,°C

FIG. 4. Effect of temperature of washing water on organlic sulfur
removal from coal

Effect of the Number of Treatment Steps with €6X KMnO, on Organic Sulfur

Removal

Three successive steps of treatment with 6% KMnO were performed.
Each treatment step was followed by a washing step wlgh warm water as
described eariler, except the third washing step, where cold water (room
temperature) was used. After each oxidatlion and washing step, five grams of
treated coal sample were taken for total suifur, pyrite sulfur and sulfate
sulfur analyses. The rest c¢f the treated coal samples went to the next
oxldation step. The resuits are shown In Table 5§ and Fligure 5. The results
show an Increased reduction of all sulfur forms In the cleaned coal after
three steps of treatment. ([t appears that the organic sulfur was decreased
to 0.1X and it removal reached 87%, while the totail sulfur decreased to
0.42%, Pyritic sulfur decreased to 0.10% after three steps of treatment,
but the sulfate sulfur remained at 0.22X.

Flgure 5 reflects the different reaction behaviors of organic sulfur
and pyritic sulfur. About 66X of pyritic sulfur reacted with KMnO4 and was
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TABLE S. Eftect of the number of treatment steps on coal
desulfurlzatlcn with 6% Kuno4

¢ organic sulfur

Number of Total pyritic sutfate organl
Treatments sulfur¥ sulfur¥ sulfur¥ sulfur¥ Removal¥%

——n—

0 1.78 1.01 0.02 0.75 —
1 1.18 0.34 0.32 0.50 33.2
2 0.76 0.12 0.31 0.33 56.0
3 0.42 0.10 0.22 0.10 86.7
removed in the first treatment step, compared with 34% of organic sulfur

reduction and removal. However , the reactivity of organic sulfur with KMnO
Increased subatantlally in the third treatment step, when the removal ©
70% of the organic gulfur was achleved, while the pyritic sulfur removal In
the third step was only 16.7%. The cumutative organic sul fur removal of the
three treatment gteps was 86.7%.

one of the probiems oncountered in the pormanganate desu\furlzat!on of
coal, was the prec!pltatlon of manganeseé dioxlide. This I8 because the
reaction was conducted at alkatine conditions (pH 9.3). The brown
preclpltate was mixed with the cleaned coal powder and ln:roduced some
errors in the sulfur analysis. The relative error due to proc\pltatlon would

|
o

pPercent Sulfur in Washed Coa

0 | 2 3 4
Nurmber of Oxidationand Washing Steps

FIG. 5. gffect of number of gteps on the sulfur content of
chemically cleaned pittsburgh No. 8 coal
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vary depending on the amount of coal In the feed slurry, being ltower for
the higher coal weight percent In the sjurry. To assess the relative error
on the resuits in Table §, a correctlon factor was applied. The correction
factor was arrived at by determining the coal sample weight before and
after the permanganate treatments. For a repeat test of resuits In Table 5,
the total welght of treated coal was 29 grams, while the Initial weight of
the coal sample feed was 20 grams. The increase In welight, |.e. 9 grams was
assumed to be due to the precipitation of MnO,. Since this experiment was a
three-step permanganate treatment. The avergge MnO, precipitation pet one
treatment step was 3 grams assuming no major losSes In coal due to the
chemical treatment, the correction factors for the sulfur analyses were as
follows: 23/20 for the first step, 26/20 for the second step and 29/20 for
the third step. The corrected sulfur analyses and test resuits are shown In
Table 6. Similar correction factors could presumably be appllied to the
results of other experiments, but the removal of Mno2 precipitate would be
a better approach.

TABLE 6. Effect of the number of treatment steps on coa! desulfurization
with 6% KMno4 using correction factor for the Mno2 preciplitation

Number of Total Pyritic Suifate Organic Organic Sulfur
Treatments SulfurX SuifurX Sulfur¥ Sulfur¥ Sulfur¥

0 1.78 1.01 0.02 0.75 —
1 1.33 0.39 0.37 0.58 22.7
2 0.99 0.18 0.40 0.43 43.6
3 0.61 0.15 0.32 0.15 80.0

Removal of MnO_ precipitate requires mild acid treatment to solublilize
it. However, If thg permanaganate desulfurlzation treatment Is conducted at
aclidlc conditions, precipitation of the manganese diox!ide should not take
place. Future experiments In thls research program will be conducted at low
pH to test this concept and to avoid the precipltation problem.

SUMMARY AND CONCLUSIONS

This paper presents a promising chemlical coal cleaning approach for
reducing the organic sulfur In Ohlo coal which has a high commercilal

potential. From the previous results and dlscussion, the following
concluslons can be made:

1. Potasslium permanganate has a slignificant effect on the organic
sulfur removal through miid chemical oxidation at amblent conditions. A

substantial reduction of the organic sulfur, up to 87X, has been
achleved.

2. Potasslium permanganate, as an oxidizing reagent having
higher oxlidation potential, Is more effective for organic sulfur
+removal than sodium hypochiorite.

3. Increasing the concentration of the oxldlzing reagent (KMnO,),
the number of treatment steps, and the Intensity of agitation, w?ll
enhance the organlic sulfur removal. Most of pyritic suifur can be
oxidized with a lowar concentration of KMnO4. or at the first step of
oxidatlon.

4, The chemical oxldation of Ohlo coal can be successfully con-
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ducted at room temperature and atmospheric pressure using Inexpensive
commerclal oxidizing reagent and followed by a washing step with
cold water.

5. The combined approach of pre-cleaning the raw coal with heavy
medium separation, followed by three steps of chemical cleaning using 6%
KMno4. reducad the tota!l sulfur from 3.5% to 0.42X, the pyritic sulfur from
2.8% to 0.1%, and the organic sulfur from 0.74 to 0.1X. Thus a premium
quatity coal could be produced from a low-vaiue high suifur coal by thls
approach. This process is simple, easy to control, and Is very promising
novel technique which has high technical, economic,and commerclal potential.

6. The sollds recovery, volatile matter and heating vaiue of the
cleaned cocal as well as the environmental effects will be studied In the
future experiments.
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2. POSSIBLE METHOD FOR REGENERATION OF POTASS IUM PERMANGANATE

FOR SPENT SOLUTIONS

After the washing step with HCl| or HNOS, the manganese

salt solution |s obtalined.

Alternative 1 Precipltation of MnO2 and Its further oxlidation

to permanganate
a) 2MnC|2 + 4KOH = 2Mn(0H)2 + 4KCI

b) 2Mn(OH)2 + O2 (atmosphere) = 2Mn02 + 2H20

C ]
c) 2MnCl, + 4KOH + o, 2Mn020 + 4KCl + 2H,0 (1)
heat
4MnO, + 30, + A4KOH m=m==== 4KMnO,, + 2H,0 (2)
fuslion

and/or potassium chlorate

Most used route commercially

heat
4Mno2 + 302 - 2Mn207; 2Mn207 + Hzo = 2HMn04
(permanganic acld)

Alternative 2

an+ salt + nitric acld + sodium bismuthate

A two-step reaction:

a) 2Mn?* + 8B10,” + 16H* = 2HMNO, + 7H,O + 581"

o - —— o =

3_ + 2KOH + 16H+ = 2KMnO4 + 9H20 + 55!3+ (3)

Other Alternatlives

3-Ox ldatlion of MnO2 or Mn salt by air, Clz, persul fate, ozone

or other oxlidlizing agents, or electrolysls.

4-Lead dlioxlide In concentrated sto4 or HNO3 and per lodates

convert manganous salts directly into permanganate.

©
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