
F__ _ _:_ ....................... _ ...................... ,_ _.,_ _,_,_,_._,_ _,_. _,,_ _ _,,_,, ...... _ ......................

11O0 Wayne Avert Suite 11O0 _,¢__

v;" Silver Spring Maryland 20910 __,,_%1¢

Centimeter
1 2 3 4 5 6 7 8 9 10 1 1 12 13 14 15 mm

1 2 3 4 5

Inches IIIIIo °
,_ IIIg

illli"_ II]11,,_

IIIIINIiill_IIIll''_



L



FINAL REPORT

ON

REMOVAL OF ORGANIC AND INORGANIC SULFUR
FROM OHIO COAL

BY COMBINED PHYSICAL AND CHEMICAL PROCESS

TO

Ohio Coal Development Office
Ohio State Department of Development

Columbus, Ohio

Grant Agreement No. CDO 1R-86-78/91

BY

Yosry A. Attla (P.I.)
M.EI Zeky, W.W. Lel, F. Bavarian and S. Yu

The Ohio State University
Mining Engineering Division

Department of Materials Science and Engineering
Columbus, Ohio 43210

Apri I 28, 1989

IDIS'TRII'3tJI'ION OF THIS DOCUMENT IS UNLIMr"r'_,-m.



PROJECT SUMMARY

This project consisted of three setclons. In the first

part, the physical cleaning of Ohio coal by selective
flocculation cf ultafine slurry was considered. In the second

part, the mild oxidation process for removal of pyritic and

organic sulfur was investivgated. Final ly, in the third part,
the combined effects of these processes were studied.

t

The physical cleaning and desulfurization of Ohio coal was

achieved using selective flocculation of ultraflne coal slurry
in conjunction with froth flotation as floes separation method.

The finely disseminated pyrite particles in Ohio coals, in

particular Pittsburgh no.8 seam, make it necessary to use

ultraflne (-500 mesh) grinding to I iberate the pyrite
particles.

Experiments were performed to identify the =optimum"

operating conditions for selective flocculation process. The

results indicated that the use of a total ly hydrophoblc
flocculant (FR-7A) yielded the lowest levels of mineral matters

and total sulfur contents. The use of a selective dlspersant

(PAAX) Increased the rejection of pyritic sulfur further. In
addition, different methods of floc separation techniques were

tested, lt was found that froth flotation system was the most
efficient method for separation of smal I coal flocs.

The results showed that the optimum flocculant (FR-TA)

concentration was 5-20 mg/I whi le the most effective PAAX
concentration was at 200 mg/I. Furthermore, it was found t:lat

grinding coal for 3 hours in a bal I mi I I resulted in the

liberation of most of the pyrite particles.

Operating the selective flocculation at the aforementio_ed

conditions, over 80% of pyritic sulfur and over 60% of mineral

matters rejections were obtained with 85% coal recovery.
Therefore, raw coal with 16% ash and 3..6% total sulfur 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 flocculation/froth
flotation process has the potential near-term commercialization

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 mi ld chemical

cleaning technique for removing organic and pyritic sulfur from

high sulfur coals. This technique was conducted at room
temperature and atmospheric pressure, using an Inexpensive

commercial chemical, potassium permanganate (KMn04), as the
oxidizing reagent. The oxidation process was followed 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 held 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 process parameters; 2)
removal of oxidation products during the washing step; reagents
for removing the oxidation precipitates. 3) characterization of

chemically treated coal products at various Phases of the

process; 4) conceptual flowsheet development; and 5)
preliminary economic and environmental assessments.

The results obtained Indicate that Permanganate oxidation

fol lowed by a washing step would be very promising approach as

lt can remove substantial amounts of both pyritic and organic
sulfur from coal and therefore has high technical and

commercial potentials. More than 80% pYritic sulfur rejection

and 33% organic sulfur removal with over 90% Btu recovery can

be achieved through one step oxidation 15% KMnO4 followed by
one washing step with 14% HCI. Generally, up to 50% of organic
sulfur removal and over 90% pyritic sulfur removal can be

expected through two to three washing steps. The
characterization and washing studies showed that the

precipitates formed during the oxidation 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 lt was shown that this
Process should be environmentally sound.

The advanced physical cleaning by selective flocculation

was Integrated with the mild chemical process. The test

results Indicated that the combined process is technically and

economical ly feaslbleu With one step treatment by the combined

process, clean coal containing less than 0.9% total sulfur and

about 4% ash with 12,500 Bttl/Ib content could be obtained, and

the overall coal recovery was over 81%. The prel iminary
economic assessment Indicated a gross project of $4 5/ton ofclean coal.
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PART I

PHYSICAL CLEANING OF OHIO COAL BY SELECTIVE FLOCCULATION OF

ULTRAFINE COAL SLURRY



1.1 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 most part, the pyrite particles

are removed, the size, shape, and di stribution 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.

Specifically, 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, especial ly 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

2



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. Thls

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 car, 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

4



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

2
flocculation process.

Xanthate compounds are widely used as mineral collectors

and flotation reagents for sulfide minerals. The basic structure

of a xanthate-containing compound is:

R--O--C---SM
II
S

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

3
metal such as sodium or potassium.

High molecular weight xanthates such as cellulose

xanthates have been used as flocculants for processing of sulfide

4
mineral s. Attia 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. 2'5 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 a11 the

carboxylic acid groups are xanthated.

The dispersion process involves the adsorption of short

chain xanthate-containing polymecic 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 repulsion of

pyrite particles. Therefore, during the flocculation step the

pyrite particles have little 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

3,6-8
pyrite particles with low molecular weight xanthates.

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. In 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 sttldy 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
z

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



wlth the raw coal and to direct us to *he 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 description of the chemicals and minerals

used in this study are reported. In the next section, the

resul ts 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. The techno-economic assessment answers whether the

process is economically feasible and its potential advantages and

disadvantages. Finally, the conclusions and recommendation are

presented.

8
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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 list 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.

Cheml ca I s

Preparation of Polyxanthate Dispersant (PAAX)

The sodium salt of polvacrylate-acrylodithiocarbonate, or

in short PAAX, is formed by reacting carbon disulfide (CS2) with

sodium polyacrylate as shown below:

I I ]r H H
I- -r - - + 2n NaOH > CH2-C--CH2-C- + n H 0
CH2 _0cH2 C= C=O C=O 2

H OH ;n ONa ONa n

! H HI _ H ! 1

- -C .... CH2-
C CH2-C- + d CS2 > CH2 C=O -0-CH2 C 0 C=O _ (PAAX)

ONa(n-d) ONa_ n L ONa(n-d) OCS2 n



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 stochlometric 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 1.1

Table 1.2 lists the optimum conditions for production of

PAAX. The PAAX was prepared by reacting polyacrylic acid (PAA)

Table 1.1 The Ranges of Variables for the Reaction Parameters
Investigated.

Temperature: 15-50_C
Stochiometric ratio: 1.0: 1.5:0.15 to 1.0: B.O: 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: NaOH: CS
2

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

1o
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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 all of the NaOH was dissolved which resulted 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 CS 2

were slowly added to the solution. A reflux condenser was

mounted at the top of the reaction vessel to condense and reflux

any CS 2 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 involved

basically only one single step which can also be repeated several

times for _btaining 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
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of the reactton mixture dissolved In alcohol and formed a

somewhat yellow 11quid. The volume of the percipltated viscous

layer was about 2 ml which was approximately equal to the volume

of added PAA from stock solutlon (50% wt.).

The yellow liquid layer contained most of the ethanol-

soluble compounds which also tncluded excess NaOH in the reaction

mixture and some of the immiscible CS2. The excess C$2 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 gradually 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-absorbance level of diluted solution also

indicated that the concentration of the PAAX dld 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

light Spectroscopy technique. The spectrophotometer systems used

in the experiments were a Bausch&Lomb Spectronic model 2000 and

Beckman model DU 701 UV-VlS spectrophotometer. The results are

discussed in the following sections.

At low 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 dilution 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 nra. Figure 1.1 shows the UV absorbance characterlstic for

PAAX solution. Shown also in Figure 1.1 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 CS 2 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

3
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 light 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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Figure 1.1 UV Absorbance characteristics of Sodium Polyacrylate
and Polyxanthate Product for at Reaction Temperature of 150C and
Reaction Time of 5 hrs.
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Figure I .2 UV Absorbance Characteristics for Sodium ethyl
xanthate.
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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. Analysls of

the reaction products whose r_action temperatures were maintained

above 25°C showed strange behavior. The UV-analysis of these

reaction products exhibited consistently an Initlal peak at 318

nm which gradually leveled off to 307 nm as shown In Figure 1.3.

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. lt should be noted that thls 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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Figure 1.3 Effect of Reaction Temperature on the Decomposition
of PAAX Products of of 15, 35 and 45oC.
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Figure 1.4 Effect of Reaction Temperature on the Stability of
the Characteristic UV-Absorbance Peak for PAAX Products.
Reaction Times were: 5 hours for 150C, 2 hours for 35 and 450C
Reaction Temperatures.
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more stable behavior and hlgher absorbance at the same dllutlon

rate whlch means a higher degree of xanthatlon.

Effect of CS2Dosageo Figure 1.5 shows the effect of initial

dosage of CS2. As was expected, the hlgher dosage of CS 2

resulted in a higher degree of xanthatton. However, excessive

dosage of CS2 is not recommended stnce after a certatn amount of

CS2 dosage, the xanthate group concentration did not increase

significantly and further addttlon of CS2 would merely prolong

the purlflcatlon process. It should be noted that the optimum

amount of CS2 dosage is a function of the reactton temperature

and the reaction time. Therefore, the results of one set of

reaction conditions could not be emplc, yed to predict the dosage

for a different reaction conditions.

Attia 4 reported similar findings for the xanthation of

cellulose. The comparison of 40 wt% initlal CS2to 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 CS2 / PAA wt. ratio increased from I to 4

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

the polymer chain, means an increase of 5 to 35 percent.

2o



Figure 1.5 Effect of Initial CS 2 Dosage On Xanthatlon of

Polyacryllc Acid.
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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 ger,eral dlspersant used in all the flocculation and

in some of the adsorption experiments Is sodium meta-phosphate

(SMP) which has the chemical structure of

(Na PO3) x" NaO

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

of a large number of n3gatively charged ions of PO3 inpresence

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 _s a type of totally hydrophobic polymer, provided

by Calgon Corp., Pittsburgh, Pennsylvania. The exact che_tical

structure of this polymer is an industrial proprietary

information and cannot be revealed. Since this polymer _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

col loid cloud tends to migrate to the anode under an

electropheresis ceil. 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/l of FR-7A I NTU/2.34

Also, lt was found that this calibratiow_ relationship is

independent of solution pH.

FIO2g-D and FIO2g-J. These flocculant are both partially

hydrophobic co-polymers. They were manufactured by DKS Company

in Japan. Figure 1.6 shows the chemical structure of both

flocculants. Note the ratios of a, b, and c groups can directly

affect the selectivity of the flocculant. The higher the a and b

the more hydrophilic is the flocculant, and thus, lt is less

selective. The average molecular weight of both FIO2g-D and J

were three million. 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,

W_rnok, 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.=I.6 or 1.3) technique. The

float was collected, filtered and washed with acetone and then

drill at 104°C for five hours, lt should be noted that the

=
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R =Methyl (,-CH3) ;

2- Ethylhexyl (,-CH2- CH- (,CH2)3-CH3)
I

C2H5

Figure 1.6 Structure of Partially Hydrophoblc Flocculants Series
F1029 Co-polymer. The proportions of the various units are as
fol lows: (a) Acrylamide = 55_85%; (b) Sodium Acrylate = 0-15%;
(c) Hydropl3obic Units R - 10-40%. (Atria, 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 dlstllled water which had a pH of

approximately 10, and 3000 mg/E SMP. The htgh SMP concentration

was used so that when the slurry was dlluted to 5% to 10% solids,

the SMP concentration would be 300-600 mg/Eo The coal was ground

to minus 500 mesh (-25 micron) tn an attrition mill supplied by

the Fort Pitt Mine Machine Co°, Pittsburgh, Pennsylvania and/or

in a ball mi11.

Pyrite at g9.3% purtty 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.

Characterization of samples. The total sulfur contents of the

coal samples were measured by a 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.lO].

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
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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 electrtc field. From the

measured zeta-potentials, the point of zero charge (pzc) of each

sample was derived.

The particle size, and size dlstrlbutlon of the coal

slurries were measured by the Mlcrotrac particle size analyzer

uslng laser diffraction suppl lng by Leeds and Northrup Corp.

Small samples of a well mixed slurry were used to perform the

si ze 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 e]ectrostatic

properties.

Procedure of Adsorpt10n 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

separatel.y then were stored uder refrigeration to mlnlmlze
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Table 1.3 Analyses of the samples which were used in adsorption

Sample Ash Tot. S Surface Area pH of

(%) (%) (m2/g) 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

Shale .... 7.422 2.1

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/liquid 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/liquid 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 liquid 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.I.

Selective Flocculation Experiments

Table 1.4 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 separation, 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

-I
of 425 sec (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



Raw Coal

Heavy Liquid Coarse/Fine Pyrite
Separation =and Shale to Waste

I
Pre-Cleaned Coal

.
I Grinding i< . SMP Dispersant

/

I-- 1 _ -2s.M
• I Slurry I

i PAAX DispersantI Dispersion

I /

I Selective ,L Flocculant FR-7
I Flocculation /
I

Dissolved-Air ._ Fine/Ultrafine Pyrite.
I Floatation and Ash to Waste
I

I....._Coal Flocs

Figure 1.7 Experimental Scheme of Selective Flocculation of Coal
Slurries.
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Table 1.4 The Ranges of parameters for Selective Flocculation
experiments

Dispersants: _odium meta phosphate _eneral dispersant
Kept at 300 ppm

PAAX as selective dlspersant
Varied from 50 to 500 ppm

Flocculants: FlO29-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)
Dlssolved-air flotation (I and 2
steps)
Froth flotation (i and 2 steps)
Combination of sedimentation and
flotation

Grinding: Attrition 30 minutes (25% solid)
Ball mlll 1 to 17 hours (50Z solid)

pH: 5 to 11

and then the pH was adjusted. Thls 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

-1
sec shear 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 ls shown In Ftgure 1.8.

The flocs were separated by different methods as 11sted

In the previous Table 1.4. Most frequently, flotation (etther

dissolved-air or froth flotation) was used. The main advantage

of either of these separation processes ls that the flocs do not

settle, so the pyrlte whlch ls not dispersed by the PAAX wtll not

report with the flocculated fraction. The equipment used to

study dissolved atr flotation Is shown In Flgure 1.9, It

consisted of a sealed vessel (1) connected to a long cylinder

column (2) ftlled wlth packtng (3). The lower end of the column

was connected to a stlrred vessel (4) whlch 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 addltlon to hydrophoblc flocculant, 0.82 kg/ton of methyl

isobutyl carbinol (MIBC) was used as the flotation reagent.

A Ga111gher flotation machine was used for froth

flotation test. The cell has a capacity of 1.5 1Iter and mixing

was conducted at tO00 to 3000 rpm.

F1 nal ly, multiple cleaning stages were tested by

performing one and two step selective flocculation-flotation or

flocculation-sedimentation-flotation tests. For this set of

experiments, the flocs from the flrst cleaning stage were re-

dispersed under high shear rate mixing, and then re-flocculated.
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Figure 1.8 Mechanism of Selective Flocculation of Coal Slurries.
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Io3 RESULTS AND DISCUSSION

Adsorption Experiments

Adsorption of FR-7 on mtnerals

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. 1.10, 1.11,

and 1.12 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. H_wever,

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/l. The experimental

data on the adsorption isotherms are summarized in Figure 1.13

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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Figure 1.10 Adsorption kinetics of FR-7A molecules on the Upper
Freeport coal at various pH values and Initial FR-TA
concentration
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Figure 1.1% Adsorption kinetics of FR-7A molecules on pyrite
at various pH values and Initial FR-7A concentration
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Figure I .12 Adsorption kinetics of FR-TA molecules on shale
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Figure 1.13 Adsorption Isotherms of FR-7A on the Upper
Freeport coal, Pittsburgh No. 8 coal, pyrite and shale at
various pH
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2
densities (mg/m ) are I.i 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.I rag/m2), while its adsorption on coal

and pyrite was still high (0.6 and 0.5 mg/m2). Figure 1.14 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 Adsorption of FR-7A. Figure 1.15 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 1.16 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 rag/l, the zeta-potentials of the minerals did not

increase any further. This implied that adsorption reaches a
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saturation level aktn to langmutr monolayer coverage of the

mineral surface.

Stnce the presence of SMP leads the mlneral surface to be

more electrically negative, the adsorption of FR-7A on coal and

other mlnerals shou]d be reduced or even Inhibited due to

electrostatic repulsion between the solid surface and the anlonlc

FR-7A molecules. However, the results Illustrated In Figure [.17

indicated that SHP did not Influence the adsorption In any way.

This might be due to the relative ease of displacing SNP Ions on

the surface with FR-7A molecules which have much higher free

energy of adsorptlon than the weakly held SHP Ions.

Adsorption of PAAX on Coal Hinerals

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 1.18, 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, lt 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 sectlon was to determine the adsorption isotherms 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 solutton was mixed with a
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certain amount of mineral solids at i or 2% solid content. The

mixture was allowed to stand for 12-13 hours to attain

adsorption equilibrium.

It can be observed from Figure 1.19 that the adsorption

density of PAAX on pyrite was about 8 times higher than that on

the Upper Freepor c 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 adsor'ption density on coal and shales gradually

approached that on pyrite. Usually, the dosage of PAAX in

selective flocculation is controlled at about 200 mg/l .

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 low ,

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 O, 50, i00, 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 Flgure 1.21, the relationship Is shown between the

adsorption denslty of PAAX on the mlnerals vs. SMP dosage. Also,

shown on this figure were the zeta-potential of the three

minerals as a functlon of SMP dosage.

In the case of the adsorption on the Upper Freeport coal,

the results Indicated that the existence of SMP only sltghtly

affected the 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 mlxed 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

fol lows:
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a) FR-7A Adsorption

I) Adsorption of FR-7A on the four samples 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 a11owed for adsorption studies to ensure attaining

"true" equilibrium.

3) Since coal is naturally hydrophobic, it had the highest

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 hydrophillc

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) lt 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

afflnlty of FR-TA to coal, the presence of SMP had almost no

effect on the adsorption of FR-TA on coal, and only caused a

slight decrease (about 5-7%) In the adsorption denstty of FR-7A

on shale and pyrtte.

b) PAAX Adsorption

i) The time to attain adsorption "equlllbrium" 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) lt 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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Selectlve Flocculation For Coal cleanlng and Desulfurization

Experiments werz performed to determine the "optimum"

conditions for deashing and desulfurizing Pittsburgh no.8 coal by

using selective flocculation method. In order to increase the

desulfurization rate and se]ectivity of the flocculants, the

surfaces of pyrite partlcles 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 separation of the coal flocs.

This work included multi-step cleaning and/or combination of

several separatioF: technology in a multi-step process.

Following is the summary of the results of these

experiments and the effects of different parameters. In a)] 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 Reaqent

. 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
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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 prepaled from a measured amount of pre-cleaned coal

(by heavy liquid separation s.g.,l.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. In

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 1.5.

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

51



Table 15 Effect of different flocculants on coal recovery and

rejection of ash and pyrite

Sepn. pH Flocculant Total Pyr. S Ash Ash Recovery
Steps Type Cone. S ReJection Rejection

(ppm) (%) (%) (%) (%) (%)

1,FF 7.5 FR-7A 10 3.98 46.26 10.64 67.87 87.02

1,FF 7.5 FR-7 10 3.96 46.85 11.27 64.95 89.40

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,SEO 7.5 FR-7A 10+6 4.26 55.78 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 7+10 5.30 49.81 10.83 78.72 55.50

2,SED 10 F1029-D 5+10 6.26 52.48 19.76 70.27 40.05

2,SEO 10, F1029-D 5 6.02 22.47 17.36 55.26 68.44
7.5 FR-7A 10

FF - froth flotation, SED - sedimentation

Tab I e I 6 Compar I son between the effect of d I f ferent f I occu I ants on

coal recovery and rejection of ash and pyrite using a two-step

separation technique (sedimentation + froth flotation)

pH Flocculant Total Pyr. S Ash Ash Recovery
Type CONG. SuI fur Reject Ion Reject Ion

(ppm) (%) (%) (%) (%) (%)
w=n

7.5 FR-7A 10+ 10 2.4 73.21 7.56 84.76 79.05

7.5 FR-7 10+10 2.49 69.58 7.62 83.76 83. 15

10 F 1029-J 5+2 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 sedlmentatlon 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 pyrlte is present.

In Table 1.6 the results of different flocculants are

listed. The experiments 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 FlOZg-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 slurry, 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 1.7. The results clearly

indicated that FR-7A was more effective towards rejecting mineral

matters and pyrlte. 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 f locculant. 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.

Recalling the results form the adsorption characteristics

of FR-7A on minerals, lt 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 selective

adsorptlon/flocculatlon 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 reduce 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 Reaqent

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 30.04%

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 tn Table 1.8.

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 di spersant effect. The results

presented here show that selective flocculation is more effective

lently with the totally hydrophobic flocculants FR-7A than with

F1029-J.

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 1.9.

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 unselectlve 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 liberation of minerals. The results of these experiments are

shown in Table 1.10.

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 1.7 Effect of selective dlspersant on selective flocculation

of fine coal slurry

pH Flocculant Dlsgersant Total Pyr.S Ash Ash Recovery
Type Conc, Type Conc. S ReJ. ReJ.

(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 FlO29-J 5+2 .... 4.15 21.75 10.50 75.38 87.34

7.5,10 F1029-J 5+2 PAAX 0+100 3.90 30.25 13.40 69.59 82.69

10 F1029-J 5+2 PAA 0+130 4.17 18.95 11.12 73.18 90.28

Table 1.8 Comparison of the effect of different dispersants

pH 01 spersant Tota I Pyr. S Ash Ash ' Recovery
Type Conc. Su I fur Reject Ion Reject Ion

(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 Interaction between FR-TA and PAAX on coal

recovery and rejection of ash and pyrite using froth flotation

pH FR-7A PAAX Tota I Pyr. S Ash Ash Recovery
Conc. Conc, Sulfur ReJection Rejection
(ppm) (ppm) (%) (%) (%) (%) (%)

m_

10. 3 50 200 1 • 91 72 • 49 3 • 55 68 • 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 flotatlon, Increases the

coal recovery slgniflcantly. 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 relatlvely

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). In some experiments several trlals were done to

comblne one or two of these processes.

Dissolved-Atr 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 stngle step of DAF and a two step process of

sedimentation followed by DAF were employed. The results which

are shown In Table 1.11, 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. In

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 conslderably more efficient dissolved-air flotation system

was used, significant desulfurization and de-ashlng 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 ReJ. ReJ.

(_l:)m) (pl_rl) (%) (%) (%) (%) (%)

DAF 9.5 FR-7 10 -- 4.75 53.30 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.O8 38.59 82.61

SDM+ 10.5/ F1029-J 10 O 4.87 41.22 15.O5 58.54 59.39
DAF 9.5 FR-TA 10 1OO

Feed ........ 4.92 -- 21.63 ....

DAF - dissolved air flotation, $DM - sedimentation

Tab I e I. 1 1 Compar I son of d I f ferent techn I clues for coa I f Ioc

separation after selective flocculation

Separat I on pH FR-7A PAAX Tota I Pyr, S Ash Ash Recovery
Mehtod Conc. Cone. S Re J. Re J.

(pom) (PI:_) (%) (%) (%) (%) (%)

2mSDM = 7 • 5 10+5 -- 4.26 55 • 78 10. 17 72.99 59. 18

2-SDM+FF 11 .0 40+10 200+ 2.60 70. O0 5. 12 86. 19 62.67
= * +0 200+ 1O0

SDM+ 7.5 10 -- 2.45 71 .91 7,60 84,54 78.81
FF =*= 10.0 10 1OO

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 24.47% ash and 5.13% total
su I fur.

== The synthetic slurry contains 19.93% ash and 3.71% total
su I fur.

• =" The synthetic slurry contains 30.04% ash anti 3.86% total
su I fur.
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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 w'ith dissolved air

flotation as the floc separation technique, lt 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 t_sts 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

malfuncti.on 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

Flotation.

ANALYSIS% DISTRIBUTION%

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 I00.0 7.66 92.34 2.66 i00.0 i00.0 I00.0

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 i00.0 7.65 92.35 2.76 i00.0 i00.0 i00.0

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 i00.0 7.65 92.35 2.91 I00.0 i00.0 i00.0

Table 1.13 Selective Flocculation - Dissolved-Air Flotation Cleaning of Pre-
cleaned Pittsburgh No. 8 Coal Using Two Steps Flocculation/Dissolved-Air

Flotation.

ANALYSIS% DISTRIBUTION%

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 i 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 i00.0 7.94 92.06 2.74 i00.0 i00.0 I00.0

Flocs 88.1 2.40 97.60 0.97 30.1 92.4 30.3

Dispersed i 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 i00.0 7.03 92.97 2.83 i00.0 i00.0 i00.0

Flocs 86.2 2.25 97.75 0.87 25.7 91.2 26.6

Dispersed i 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 i00.0 7.57 92.43 2.81 i00.0 i00.0 I00.0

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 Flotatlon. Table 1.14

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 1.11).

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 1.11 and 1.14).

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 1.15. lt 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 1.14 Effect of FAAX on floc separation with a single
step froth flotation

Chemicals pH Pyr. S Ash Recovery Remarks
ReJ. (%) ReJ. (%) (%)

m

200 ppm PAAX 11 82.90 85.60 57.20 =

200 ppm PAAX + 11 80.09 73.19 86.51 =
10 pPm FR-7A

200 ppm PAAX 10 78.08 78.80 70.84 ==

NO PAAX + 10 68.24 66.16 82.50 ==
50 plDIll FR-7A

200 pDnl PAAX + 10 72.49 68.30 89.50 ==
50 ppm FR-7A

= The synthetic slurry contains 19.93% a_h and 3.71% total
sulfur.

• = The Pittsburgh No. 8 coal after heavy I Iquld separation
contains 9.63% ash and 3.29% total sulfur.

Table 1.15 Effect of PAAX concentration on coal recovery and
rejection of ash and pyrite in the presence of FR-7A with
single and double steP f Ioc separation technlclUeS

PAAX Sepn. FR-7A Ash Totai Pyr. S Ash Coa I
Conc. Method Conc. Su I fur ReJ. ReJ. Recovery
(ppm) (pDm) (%) (%) (%) (%) (%)

100 1 step 50 3.89 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. 19 70.22 61 .22 67.25

= 400 pplTI of PAAX was added In the f I rst 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 sulfur 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 P_AX was used as a dispresant agent for pyrite.

Figure 1.22 shows the effect of PAAX concentration on the

recovery and the rejection levels of ash and pyrite. In general,

addition of PAAX decreased the recovery and increased the ash and

pyrite rejection. As it was shown in the adsorption experiments

PAAX can al so 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 wlth pre-cleaned (heavy liquid separation s.g.=l.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 weil, thus,

resulting in lower recoveries.

Comparison of Figures 1.22 and 1.23 suggests that the

presence of FR-7A flocculant improves the process performance.

Furthermore, the optimum dosage of PAAX is 200 ppm.

Table 1.15 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.

Ef___fectof 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 I .24 shows the results obtained in these

experiments. It should be noted that PAAX readtly decomposes to

when used In acidic medla. 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 tn 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 tendencies of these mlnerals should be very low.

In additlLn, 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 beglnnlng, 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

ultraftne 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.g7% total sulfur wtth 1.25% organic

sulfur. The pH was maintained at 10. The PAAX concentration was

kept constant at 200 ppm.

It was vlsually observed that from 40 to 100 ppm FR-7A

concentration, vlslble flocs were formed. As the FR-7A dosage

decreased, the flocs size became notlceablly smaller.

The results of this experiments are shown In Figure 1.25.

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, lt 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
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rejection levels. It ls 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 whtch naturally

explatns the decrease In the rejection levels. It should be

noted that tn the froth flotation cell, the large flocs are

broken to smaller sizes due to the high mlxlng rate In the cell;

hence, the effect of flocculant on the particles size can not be

completely obtatned by thls separation method.

It seems that at higher concentrations (over 60 ppm),

there was a larger decreasing trend In the rejection levels whlle

the recovery rate Is also Increasing more significantly. This

trend lndlcate that there ts a threshhold or en onset of perhaps

Indiscriminate (total) flocculation of the slurry although the

flocculant ts totally hydrophoblc.

The results Indicate that at low flocculant dos_ge, there

ts a net posltlve effect on the recovery and the rejection

levels. However, this effect diminishes es the dosage of

flocculant increases. In these experiments at dosages of 5 to 10

ppm, the hlghest 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 Grlndlng Time

The partlcle stze and the grinding time can have e

significant effect In any mlneral process. In the prevlous

sections, In order to eliminate the liberation stze factor the
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slurry was ground for more than 18 hours. The partlcle size

distributions of these slurries were indeed at the liberation

size of the pyrite partlcles.

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 tlme 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 ml11. At intervals of I, 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 1.27 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 size

distribution. While there was only 25% of the particles under 10

micron after one hour of grinding, in two hours this amount w_s

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.

,,it_
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Figure 1.2E Frequency and Accumulative Particle Size
Distributions of Pittsburgh No.8 Seam Coal.
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As lt is shown in Figure 1.27, the particle size

distrlbutlon had a slgnlflcant 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 noticeablly 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. lt should

be noted that the mineral matters actually increased due the

errosion of iron oxide from the balls and the mill surface into
a

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 f_o m one to tw,_ hours
i

grinding. This implied that only coarse pyrite particles have

been rejected and most of the pyrite particles were still trapped
i

in the coal floc structure. This result was a clear indication
--

of what Kneller and Maxwell reported with regards to the pyrite
i

size distribution in Pittsburgh no.8 coal. After, three hours of
_

grinding the average particle size was about 8.5 microns, Over
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65% of the particle under i0 micron and 37% under 4 micron.

Therefore, a majority of the pyrite were liberated and at the

same time the coal particles were still not too fine to be lost

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) lt 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 an0 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

recommended. The results indicated that at 5 mg/liter

concentration, the highest rejection levels of pyrite and mineral

matters were obtained.
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1.4 ENVIRONMENTAL IMPACTS

A brief dlscusston on the environmental tmpacts of the

proposed process Is presented tn this section. Moreover, the

avai]able data on the posslble toxlclty of the chemical are also

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 wlth little

human toxic hazard. In 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 life forms (mostly fish)

that live 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 life 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

little release of this chemical into the environment. Since the

water ls recycled in the process, most of the SMP will remaln

within the coal cleaning plant.

Poly Acrylic Acld 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 looklng at the polymer carbon chain and lts

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 economlc factor. We believe

initially the cost of PAAX w111 be significant and one of the

ways to keep this cost low is to recycle it wtth 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 destgn is used 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 resistan_ .
a

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

is a proprietary information of Calgon Company, we can not
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dlscuss 1ts chemical properties In detalls. However, thts

polymer ts used commercially tn paper Industry. In addition, the

company did not Inform us of any posslble hazard, and _n the past

two years that we have been working wtth lt, there was no problem

with using it. However, as lt 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

rag/liter. It is expected that in the Industrial operation the

dosage of the flocculant can be further decreased to less than 5

rag/liter. Therefore, there w111 be little if any that remain in

the solutlon and as it was discussed before the solution (water)

is recycled. Since the polymer is mostly hydrophoblc, it w111 be

easily burned with the coal and also it will not result in an

increase In the emission ef any of the hazardous combustion gas

(i.e., NOx or SO2).

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 also

it will benefit the enconomic aspect of the process.

Waste Manaqement

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 w111 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 the coal Is being mined. However,

this method although very cheap can result in many serious

problems such as acid mine run offs and contamination cf 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 life and the some farming

and residentialcommunities.

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

84



tt may almost economical to extract some of those. It is also

posstble 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 life time of the plant they wil I 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 Uslng

Selective Flocculation Process

As lt was discussed In the prevlous sections, Ohlo coals

contatn a high amounts of finely disseminated pyrite particles.

By some estimation more than 50% of pyrlttc sulfur ls associated

with these ultraflne pyrlte size (less than 75 mlcron). In our

study the analysis of Pittsburgh no.8 coal resulted tn 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

pyrtte 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 Figure 1.28.

Since there is no similar commercial process wlth which

we can compare our process, several assumptions and estimation

were made. The following discussions outline the method used to

estlmate the cost tmposed by selctive flocculation process.

Cost Estlmatlon for Selective Flocculation to Produce One M1111on

tons of clean coal/year

It was assumed that the flocculation process can be

implemented into an exlsting froth flotation process with some

mtnor modification. Therefore, there w111 be two additional
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changes tn an Industrial clrcult 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 c,Jal 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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F1otatlon clrcult: $ 10.8 1 ton

Total cost of flotatlon $ 13.8 / ton

Note that these estlmatlons are for a flotation clrcult

uslng -200 mesh slurry without uslng the heavy medlum separation

(HMS) clrcult. Assuming that there is a HMS process before

commlnutlon, clearly the capital cost w111 Increase. However,

the coarse pyrite and slllca partlcles (hard partlcles) w111 be

e11minated. Consequently, the mlll capacity w111 increase,

the operatlng cost for comminution process w111 decrease, and the

llfe time of the equipment wi11 increase. In addltlon, The HMS

process will improve the final value of the product by removing

the coarse slze impurities (1% of pyrltlc 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 liborated (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 wlth 90% coal

recovery.

For the proposed flocculation/flotation clrcult, the coal

has to be -25 micron. It ls assumed that as a result there wlll

be a 50% lncrease in the comminution cost.

- Total comminution cost for the flocculation/flotation circuit

Capital cost of comminution (costant) $ 10 mllllon

10 years )or I / 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-llne mixer Is required for this process.

Attia (ref. 16) calculated the operating cost for the blo-

conditioning process with 10 minutes residence time. lt was
,,

found that this cost is about $ 0.89 / ton. In the flocculation

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 Floccuatlon + Flotation

or;

Total proposed process cost , ($ 4 + $ 1 + $ 10,8) / ton

= $ 15.8 / ton

The produced coal wtll have 1.8% total sulfur and 3.55% ash

content, the recovery of the coal w111 be 85%. The market prtce

of coal Is determined by the quallty of the coal (t,e., Btu, ash

and sulfur content). The current prtces 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 Proflt = (35 - 30) - (15.8 - 13.8)
= 5 - 2
• $ 3 / ton

Table 1.16 Summary of the Economical Assessment.

_---Flotatlon J S. FlocculatlonTFlotation--

Clean Coal 2.62% T.S, 7% ash 1.8% T.S., 3.55% ash

Coal Price $ 30 1 ton $ 35 1 ton

Total Cost $ 13.8 / ton $ 15.8 / ton

Recovery 91% 83 %

Coal yield 81% 78.7 %

ton feed/ton
clean coal 1.22 1.27
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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:

12 _ 11 I $ 35 x 0.787 - $ 30 x 0.81
$ 3.24 / ton

b) Increase in total cost due to selective flocculation:

C2 - C1 = $ 15.8 - $ 13.8 = $ 2 / ton

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

i.e., for each $ I invested in selective flocculation, $ 1.62 in
income will be returned. In other words, the rate of return on
investment (ROI) was 62%. This va1_e indicate a highly
profitable process.
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1.6 CONCLUSIONS AND RECOMMENDATIONS

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

i) 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 controlled
which will enhance the dewatering and handling behaviors of the
cleaner coal.

Recommendatl ons :

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

2) Further research work should 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 II

REMOVAL OF ORGANIC SULFUR FROM OHIO COAL

BY MILD CHEMICAL PROCESS



INTRODUCTION

The high sulfur content of Ohio coals Imposes a severe

limitation on their utilization, 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 sulfur coals before combustion would

therefore help greatly to eliminate this problem.

lt is known that many Ohio coals are characterized by a

relatively high organic sulfur 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 lt

cannot be removed by physical techniques. Only chemical and/or

biochemical treatments can selectively destroy the sulfur

compounds present In the coal matrix, rendering the sulfur

amenable to extraction by leaching [1].

Since Inorganic 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

Ohio Coal development Office.

Conventional 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, (3) Oxydesulfurization (Ames, PETC, LOL) processes,

(4) Chlorlnolysls (JPL) process, (5) KVB process, and (6)

_icrowave Desulfurization [2-5]. The treatment conditions, and

sulfur reduction of these technlaues are listed In Table I1.1.
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In recent years, molten caustic leaching process-TRW

Gravimelt process has been developed by DOE's chemical-coal-

cleaning program [6]. The TRW Gravimelt process basically

consists of treating coal with molten caustic (NaOH or a NaOH/KOH

mixture) at 370-390°C 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, ali of the pyritic

sulfur, 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 sodium carbonate at 330°C

and finally with boi ling hydrochloric acid. Both organic and

Inorganic sulfur were removed with up to half of the organic

sulfur was extracted. In another study, pyritic sulfur and

organic sulfur form dlbenzothlophene could be removed with

Manganese, ferromanganese at 580°C [8].

Most of the processes discussed above were successful in

achieving 90% pyritic sulfur rejection and 25% to 50% organic

sulfur removal. Some of these chemical processes have been

developed to pre-pl lot plant scale or pl lot plant scale such as

BHC and TRW processes, but none has been commercialized. These

methods are not universally applicable, but are rather suitable

for special appl Icatlons, because they use costly and sometimes

corrosive chemicals and are carried out under extreme conditions

of high temperature and pressure. In addition, the high

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

oxydesulfurization process was carried out at high temperature

180-200°C and high pressures 34-68 atm achieving the removal of

almost al I of the pyritic sulfur and up to 45% of the organic

sulfur. However, the c:aklng properties of the coal were destroyed

in this high temperature oxidation [2].

Mild Chemical Oxidation Process

MI ld chemical oxidation processes such as the one

investigated in this project are typical ly conducted at room

temperature and atmospheric pressure and use Inexpensive

commercial oxidizing reagents. The mi ld chemical oxidation of

organic sulfur using sodium hypochlorlte has been tested In the

laboratory on several coals. Sodium hypochlorlte, NaOCI, Is known

to oxidize various organic sulfur functional itles, lt was used

for this purpose In research conducted by the petroleum Industry

early In this century to remove sulfur from crude oi I and

petroleum distl I lares [9-11] and In refining petroleum naphta

solutions [12,13]. More recently, NaOCI was used by Chakrabartty

[14-16] 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 sulfur.

The desulfurization process was based on mixing the coal

slurry with the bleach solution at room temperature and

atmospheric pressure. The oxidation process was followed by a

washing step using warm to hot water or sodium carbonate

solution. A detal led description of this process Is given In two

recent publ icatlons by Taylor [20]. According to Brubaker and

Stolces, the treatment of coal with the bleach solution has
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preferentially decreased the organic sulfur by 10-42%, and most

of the sulfatlc sulfur, while the pyritic sulfur was apparently

the least affected by this treatment. Up to 58% reduction of

total sulfur was reported. In this treatment, they found lt

advantageous to pre-condition the coal sample with Ammonium

hydroxide, NH4OH and wash the coal with hot sodium carbonate

after the oxidation with the hypochlorlte. These steDs were

reoeated as necessary to effect a higher degree of

desulfurization. Boron and Taylor used float ¢ink to seDarate

coarsely liberated ash and pyrite, followed by mild oxidation

with sodium hypochlorlte at elevated temperatures. Organic sulfur

removal approached 30% and coal Btu recovery was greater than

70%. The results they obtained Indicated that sodium hyDochlorite

treatment Is a promising approach because it removed uP to 30% of

organic sulfur under the ambient conditions. However, lt was at

an early stage of development and lt removed only the sulfatlc

and organic sulfur, the Dyrltlc sulfur remained almost unchanged.

Another mild desulfurization Drocess ultraflne coal cleaning

was reported recently [21]. The technical feaslbll Ity of a two

step process to remove Inorganic and organic sulfur as well as

mineral matter from a high sulfur IIIInos e6 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

CuCI or FeCI solutions under mild conditions. Total sulfur
2 3

removal varied uP to 65% for the CuCI 2 reaction, and 60% for

reaction with FeCI 3. About 23% of organic sulfur was removed with
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CuCI 2 . Thls process dld not remove much organic sulfur. In

addition the resldual CODDer removal was dlfflcult, the

heating value of coal decreased after desulfurlzatlon, and the

energy consumption for obtalnlng the ultraflne size coal would be

hlgher.

Permanganate Desulfurlzatlon

Recently we have developed m ml ld oxldatlon process, for the

removal of organlc sulfur and resldual pyrltlc sulfur from Ohlo

coal using potasslum permanganate as the oxldlzlng agent. The

conceptual feaslbl I Ity and Important parameters of thls process

were Investlgated. The results obtalned Indicated that this

chemlcal oxldatlon technique was successful In achlevlng 90%

Dyrltlc sulfur rejection and up to 50% organlc sulfur removal.

The oxldatlon process Is conducted at room temperature and

atmospherlc pressure and uses an Inexpensive commercial chemlcal

reagent potasslum permanganate, potasslum permanganate Is a

powerful oxldlzing agent In either alkal Ine or acld media [22].

In alkal ine solution, purple permanganate Is qulckly reduced to

the green manganate, which later deposits brown manganese oxide.

The overall half-reactlon Is [22]:

MnO 4 + 2H20 + 3e ---> MnO 2 + 40H ; E = +1.23 Volts

potasslum permanganate would be expected to oxldlze varlous

organic sulfur functlonal Itles such as sulfides, mercaptans and

thlophehes In the coal to related sulfates.

In addltlon to organlc sulfur forms, the Inorganlc sulfur in

the form of pyrlte can also be oxldlzed by the following reaction

[19];

FeS2 + 8H20 --> Fe 2 -2 H + -- + 2S04 + 16 + 14e ; E - -0.362V
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In alkallne solutlons, the oxldatlon of pyrlte and organlc sulfur

follows the followlng equatlon [2]:

8FeS 2 + 30NaOH ---> 4Fe203 + 14Na2S + Na2S20 3 + 15H20

The oxidation process is followed by washing step with

complexing 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 chem lcr_

processes since lt does not require high capital and operating

expenses for maintaining high pressure, temperature and

chemicals recovery, lt has advantage over the mild oxidation with

sodium hypochlorlte, because lt is more effective for removing

organic sulfur and lt can remove 90% of pyritic sulfur at the

same time. Furthermore, potassium permanganate Is less expensive

than sodium hypochlorlte and other chemicals used in some

chemical processes such as copper chloride, ferric chloride,

ferric sulfate, etc.

During chemical oxidation conducted with KMn04, the

permanganate is reduced to Insoluble brown manganese dioxide [22].

/.nother possible precipitate during oxidation is Jaroslte

KFe3(SO4)2(OH) 6 [23] which Is a basic alkali sulfate.

In order to remove these precipitates of MnO 2 and Jaroslte,

a washing step following the oxidation step was conducted at room

temperature and atmospheric pressure using dilute complexing

reagent, Inorganic acid or organic acid. Thus, the Integrated

approach would enable the removal of both organic and pyritic

=
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sulfur as well as the preclpltates. The research program on the

proposed process was conducted on coal samples pre-prepared

by heavY liquid separation as shown on the following diagram.

The specific objectives of this study were: 1) to investigate

the feasibility of removing organic sulfur from OhiO coal using

potassium permanganate at room temperature and atmospheric

pressure; and 2) to investigate the Important process parameters

and ,,optimize" reaction conditions for both oxidation and washing

steps In order to achieve maximum organic sulfur removal and Btu

recoverY.
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Figure I1.1. Permanganate coal cleaning approach
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EXPERIMENTAL TECHNIQUES

Materials:

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, Lamlra Preparation Plant, Warnock,

Ohio. The raw coal samples were crushed and screened to the size

range of -6 +100 mesh (-2800 +150 microns) and were pre-cleaned by

heavy liquid separation using 1,1,1,-Trlchioroethane with a

specific gravity of 1.33. To eliminate the effects of the

residual 1,1,1,-Trichloroethan¢ on coal surface properties, the

float coal products were washed with acetone and were dried

overnight in an oven at 100°C 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 Organic
Sulfur% Sulfur% Sulfur% Sulfur%

Raw coal el 13.8 3.58 2.82 0.02 0.74
Pre-cleaned
by heavy I Iquld 4.4 1.78 1.04 0.02 0.72

Raw coal e2 15.8 3.86 2.80 0.02 1.04
pre-cleaned .
by heavy liquid 5.4 1.98 0.92 0.002 1.06

=

Raw coal e3 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 llquld separatlon (pre-cleanlng) are

llsted In Table 2-2. The pre-cleaned coal samples were ground to

-200 mesh (-74 mlcrons) before use In the chemlcal oxldatlon

experlments.

Chemlcal Reagents: The oxldlzlng reagents, such as 4%-6%

solutlons of hlgh purlty sodium hypochlorlte, crystals of

potasslum permanganate, hydrogen peroxlde, ammonium persulfate

and potasslum persulfate, and the washlno reagents, such as the

complexlng reagent EDTA, hydrochloric acld, nltrlc acld, sulfurlc

acld, ascorbic acid, oxallc acld and cltrlc acld were all

analytical grade chemlcals made by dlfferent manufacturers and

were obtained from Fisher Scientific Company, Chemical

Manufacturing DIvision, Cincinnati Ohio, U.S.A. Solutions of

the chemicals were made at the required concentrations.

Procedures

Chemical oxidation: The experiments 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 ml or 1000 ml beaker containing an aqueous

solution of the oxidizing reagent of the desired concentration.

The volume of the queues solution was varied to obtain the

required solids content. Mixing of the coal slurry with the

reagents was accomplished with a magnetic stirrer or a variable

speed Impeller mixer for one or one and half hour. The variable

speed Impeller used was T-line mixer, model 102, supplied by

Sepor Inc. Wilmington, California, U.S.A. The pH of the solution

was measured and adjusted during the oxidation reaction using

Chemcadet pH/mv meter, supplied by Cole-Parmer Instrument
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Company, Chicago, Illinois. At the end of the OXidation period,

the reaction mixture was filtered on a Buckner Funnel,

and was washed repeatedly with distilled water until the pH of

the filtrate was neutral. Unless mentioned otherwise, the

oxidation period was one hour.

A series of oxidation treatment tests was conducted on the

pre-cleaned coal sample #1 for evaluating the following variables:

(1) Types of oxidizing 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).

Washin_ of oxidation products: The filter cake was transferred to

a 500 ml beaker or flat-bottom flask equipped with a condenser,

where lt was re-slurried to the required sol ids 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 ali forms of sulfur, ash content

and Btu.

A series 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, Na2(CO)3 , complexing

reagent EDTA, HCI, HNO3, H2SO4, ascorbic acid, oxalic acid,

citric acid);

(2) Temperature of the washing step with distilled water (22,

35, 50, 65 and 80°C);

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

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

Ultrasonic dispersion was Intermittently employed during

oxidation and washing steps using Branson Ultrasonic Cleaner.

Particle size of coal before and after using ultrasonic

dispersion was determined by Mlcrotrac Particle Size Analyzer

(Leeds & Northrup Company).

Analyses

Total sulfur in coal was determined by LECO automatic sulfur

tltrator model 532-500 and LECO Sulfur Determinator Model SC 132.

Pyritic sulfur and sulfate sulfur were determined according to

the recommended ASTM procedures. The sulfate sulfur was analysed

using gravimetric method In which the sulfate Ion was

precipitated and weighed as barium sulfate. Pyrite was extracted

Quantitatively by di lute nitric acid, The extracted Iron was

determined by atomic absorption techniques using Perkin-Elmer

Model 3030. Organic sulfur was calculated by subtracting the

sulfate 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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Chlorlne content of coal was determlned uslng Bomb

Combustlon procedure and Tltratlon wlth sllver nltrate accordlng

tothe standard ASTM 0 2361-85 procedure.

Sample Characterization technique

X-ray diffraction, automated Image analysis, density

determinations and microscopic methods were used to

characterize certain properties Gf raw coal, pre-cleaned coal,

chemically oxidized coal and chemical ly washed coal.

The matrix density of the coal was calculated by determining

the weight In air and the weight In kerosene of the coal sample.

This method described by Nuhfer and others [24], utilizes vacuum

impregnation of the ground coal with kerosene of known specific

gravity. The matrix density of the coal can be found to within

0.02 g/cc.

Vitrinite reflectance and pyrite size parameters were

determined using a Leltz Textural Analysis System, supplied by

E. Leltz, Inc. Rocklelgh, New Jersey 07647. This Instrument,

commonly referred to as an automated Image analysis system Is

capable of reproducing vitrinite reflectance value in oil to

within 0.02 percent reflectance. Coal pellets used for the

vitrinite reflectance determinations were polished 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 AIA for

vitrinite were converted to reflectance values (in o11) 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 AIA. Pyrite sizes are based on the equivalent

circular 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 ashing

Products of different coal samples were Performed by using

Novelco X-ray dlffractometer, Mark II, Phillips Electronic

Instruments, Mahwah, new Jersey 07430. Low Temperature Asher Is

Model IPC 1003B-248AN, supplied by Branson International Plasma

Corporation, Hayward, California 94544. The ashes from these

samples were ground to minus 200 mesh, carefully Packed In

aluminum slide holders and X-rayed from 2 ° 28 to at least 60 ° 26.

The microscopic examination of samples was performed

to recognize pyrite and aggregates in coal by using Leltz MPU 2

microscope, E. Leltz, Inc., Rocklergh, New Jersey 07647.

Manganese content of the coal was determined by Powdered

coal leaching with concentrated hydrochloric acid for one hour,

and then collecting and diluting the filtrate. The extracted

manganese was determined by atomic absorption techniques using an

air acetylene flame In a model 3030 Atomic Absorption

Spectrophotometer manufactured by Perkin-Elmer, Norwalk,
Connecticut. "
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RESULTS AND DISCUSSION

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

Selection of oxidizing agents

The conceptual feasibility of coal desulfurization by mild

chemical treatments was tested with pre-cleaned coal sample el

using several different oxidation reagents at room temperature

and atmospheric pressure. Table 11.3. lists the sulfur forms and

the organic sulfur removal after chemical treatment with 6% each

of potassium permanganate KMn04, sodium hypochlorlte NaOCI,

hydrogen peroxide H202, ammonium persulfate (NH4)2S208 and

potassium perchlorate KCIO 3. The tests were run with 10% solids

content of coal slurry. The oxidized samples were washed with

cold water at room temperature for one hour.

TABLE I 1.3. Comparison of different types of oxidizing reagents
for coal desulfurization

Chemical Total Pyritic Sulfate Organic Organic Sulfur
Treatment Sulfur% Sulfur% Sulfur% Sulfur% Rejection%

None 1.78 1 .04 0.O2 O.72

KMnO 4 O. 98 O. 32 O. 32 O. 34 52. O

NaOCI 1.51 O.88 0.08 O.55 24.O

H20 2 1.O3 O.27 0.O6 O.70 0.O

(NH 4)2S20 8 1 .75 .... 0.0

KCIO 3 1.56 O.94 0.O2 O.62 13.4

As an oxidizing agent, sodium hypochlorlte (NaOCI) has an

oxidation potential of 0.90 Volts. The half reaction [19] Is:

Q i u

CIO + H20 + 2e ---> CI + 20H ; E - +0.90 Volts



Sodlum hyDochlorlte removed about 24% of the organlc sulfur, but

oxldlzed only 15.4% of pyrltlc sulfur. Moreover, the segaratlon

of the cleaned coal from sodlum hygochlorlte reactlon solutlon

through filtration proved to be difficult because the very finely

oxidized coal seemed to form a stable dispersion In water.

Hydrogen peroxide, In aqueous solution, functions as an

oxidizing agent, lt oxidizes ferrous salts to ferric, and

sulfites and sulfides to sulfates, lt oxidized 74% of pyritic

sulfur from the coal In the test. The reaction Is believed to be

as follows [22]:

S2- + 4H202 ---> S042- + 4H20

But none of the organic sulfur was oxidized according to the

results.

The ammonium Dersulfate Is known as a extremely powerful

oxidizing agent, but the reaction Is very slow unless sliver

salts are present [22].

2- 2-
$208 + 2e ---> 2S0 4

This might explain why ammonium persulfate was not effective for

coal desulfurization at ambient conditions. Potassium perchlorate

only oxidized 13.4% of the organic sul. fur.

Potassium permanganate Is a powerful oxidizing agent In

either alkaline or acid media. In alkaline solution, the purple

permanganate Is quickly reduced to the green manganate, which

later deposits brown manganese oxide. The overall half reaction

Is [22]:

MnO 4- + 2H20 +3e ---> MnO 2 + 4OH-; E = +1.23 Volts

In the acid solution, the half reaction Is:

MnO 4- -- Mn 2++ 8H + + 5e -> + 4H20; E - +1.52 Volts
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from Table 11.3. both _odlum hypochlorlte and Potasslum

permanganate can remove organlc sulfur, they would therefore

oxldlze various organlc sulfur functlonalltles such as sulfldes,

mercaptans and thlophenes In the coal.

The probable oxidation pathways are summarized [19] below:

Organic sulfides: R1SR 2 ....... > R1SO2R 2

._, R S03H + R2SO3H_-°- 1
Organic disulfides: R1S2R 2 _

-_- H2SO 4

Mercaptans: RSH "_H2S04 >'_"_ RS R
_RSO H _ 2

3

Thiophenes: _ > (

However, the oxidation potential of potassium permanganate Is

higher than that of sodium hypochlorlte, therefore, lt Is

expected to be more effective for removing organic sulfur. The

results In Table 11.3. showed that potassium permanganate oxidized

37.8% of organic sulfur and 58.7% of pyritic sulfur both to

sulfate sulfur, as the oxidation potential of potassium

permanganate was higher than the oxidation potential for pyrite.

Effect of Process Parameters on Desulfurization

Since potassium permanganate was more effective for organic

sulfur removal than sodium hypochlorite and other oxidizing

reagents, lt was selected for further Investigations on the

feasibility of coal desulfurization with a mild chemical process.

Important parameters of this process have been Investigated and

discussed In the following section. These investigations covered

114



the followlng Darameters: concentratlon of oxldatlon reagent,

reactlon tlme, agltatlon sDeed, DH of reactlon and the sollds

content,

Effect of Concentratlon of Oxldlzlng Reagents on the organlc
sulfur removal

Chem lcal oxldatlons were conducted wlth Dre-cleaned coal

samDle oi using different concentratlons of Dotasslum

Dermanganate at room temDerature for one hour, then washed by hot

water at 80°C for one hour. The solid content of both oxidation

and washing step was 10%. The results are shown In Figure 11.2 A

greater organic sulfur reduction was observed with the Increase

In the concentration of Dotasslum permanganate. For example,

54.6% of the organic sulfur was removed with 10% of KMnO4,

compared with 33.3% removal with 4% KMnO4. Lower concentrations

than 4% KMnO4 appeared to have little or no effect.

Figure 11.2 reflects the variation of different forms of

sulfur In coal with Increasing concentration of the potassium

permanganate, lt appears that total sulfur decreased gradually

within the whole range of concentrations, but the pyritic sulfur

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 0 to 4% and then slowly from 4% to 10%. In

contrast, the organic sulfur changed very little at the lower

concentrations of potassium permanganate and decreased quickly

with Increasing the concentration from 4% to 10%. These results

Indicated that the pyritic sulfur was easier to oxidize than the

organic sulfur at the lower KMnO4 concentrations (2-4%), while at
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hlgher concentratlons (l,e. 6% or more), the organlc sulfur was

as effectlvely removed. Thls mlght be due to better accesslblllty

of potasslum permanganate to pyrlte than to organlcally bound

sulfur, lt must be polnted out that the trends shown In Flgure

11.2 mlght well be exaggerated and somewhat Inaccurate, so the

sulfur analyses did not account for the precipitation of reaction

products which Increased the ash content and the final weight of

the coal samples.
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RIG 11.2. Effect of concentration of KMnO4
on sulfur content of cleaned coal

Effect of Reaction Time on Organic Sulfur Removal

Table 11.4 and Figure 11.3 show the results of changing the

oxidation time with 10% potassium permanganate on pre-cleaned
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coal sample el at room te_nDerature and atmospheric pressure. The

solid content of the slurry was 10%. The reaction time was varied

between 0.5 and 2.5 hours. Th_ oxld,zed samDles were washed with

cold water at room temDerature for one hour. From Table 11.4,

about 50% of organic sulfur was removed with 1.5 hour chemical

treatment. This reaction time of 1.5 hr seems to be the "optimum"

for this reaction. The results In Table 11.4, in terms of

reaction time and Dercen_ organic sulfur r_Jectlon, ar_ lower

TABLE 11-4. Effect of reaction time on chemical oxidation fororganic sulfur removal.

Reaction Total Pyritic Sulfate Organic Organic Sulfur
Time,hours Sulfur% Sulfur% Sulfur% Sulfur% Removal%

0.0 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 C.94 0.24 0.32 0.38 50.0
2.0 0.94 0.23 0.33 0.38 51.3
2.5 0.90 0.22 0.31 0.37 50.0
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FIG 11.3. Effect of reaction time on ol'ganlc sulfur content
!n cleaned coal, using cold water In the washing steD
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than those In Table 11.5, where hot water was used In the washlng

step.

Figure 11.3 shows that organic sulfur decreased quickly 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 cc_stant as the

reaction time was increased. This Indicates that the oxidation

reaction might have reached a chemical equilibrium state.

Effect of the Agitation Speed on the Sulfur Removal

Table 11.5 and Figure 11.4 Illustrate the effect of agitation

speed during the chemical treatment with 10% potassium

permanganate and 10% solid content on the efficiency of sulfur

removal with pre-cleaned coal sample _1. The chemically treated

coal samples were then washed with cold water at room

temperature..

These results 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 reduction In coal

not only depended on the chemical reaction Itself, but also on

the diffusion factor. Higher rate of transport of the oxidizing

agent and the oxidation products to and from the reaction zone

was required to enhance the desulfurization process. Hence the

Idea behind testing various speeds of agitation was to enhance

the removal of sulfate sulfur, at higher agitation by attrition.

By continuously Inhibiting the oxidation products layer from

depositing on the coal partlcSe surface through attrition, the

leachln# process should continue unimpeded. However, the effect

of agitation speed on the sulfate sulfur removal appeared to be

_ minimal.

Z
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TABLE 11.5. Effect of agitation speed on the chemical desulfurization

of Pittsburgh No.8 coal, using 10% KMriO 4 and cold water washing.

Agitation Total Pyritic Sulfate Organic Organic Sulfur
Speed,rpm. Sulfur% Sulfur% Sulfur% 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
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Figure 11.4. Effect of agitation speed on the organic sulfur

content In treated coal using 10% KMnO 4 and cold water wash

Effect of pH of reaction on organic sulfur removal

Chemical oxidation reactions at different pH value were

performed. The Initial pH of reaction slurry of pre-cleaned coal

_am_le _1 =hd 8% of po+_ium...- _,n_rm_nnanat_,,,_..= _ with... 10_. solids. _
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content was 9.2-9.3. lt 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%

HNO 3 and 0.1N KOH. The oxidized samples were washed with cold

water at room temperature for one hour. The results are listed In

Table i 1.6.

According to the experiments, the total sulfur was higher at

the acid conditions (pH 0.5-4.5) than that at neutral and

alkal Ine conditions. There was very little change In pyritic

sulfur and organic sulfur contents from pH 6.5 to 12.8. The

sulfate sulfur content was also close at this pH range. These

results Indicated that sulfur removal was not very sensitive to

solution pH during the permanganate desulfurization.

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

pH Total Pyritic Sulfate organic
Sulfur% Sulfur% Sulfur% Sulfur%

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
9.17 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 solid content on chemical cleaning performance

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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desulfurlzatlon wlth potassium permanganate. Samples of pre-

cleaned coal from sample el were reacted wlth 6% KMnO 4 at amblent

condltlons. After flltratlon, the oxldlzed samples were washed

wlth cold water at room temperature for one hour. The results

shown In Table 11.7 Indlcat_d that the total sulfur removal

appeared to decrease wlth the Increase In the sollds content of

coal slurry, while the ash content of the oxldlzed coal decreased

and Btu value Increased. However, If the Increase In ash content

was accounted for, the "true" effect of sollds content would

either be Insignificant or cause a slight Increase in the sulfur

removal at the higher solids content. The suitable solids

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

TABLE 11.7. Effect of the solid content on chemical cleaning

performance, using 6% of KMnO 4

Solids Content Total Ash Btu/Ib Btu Recovery
wt. % Sulfur% 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 69.9
30 1.50 16.8 11332 91.2
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 various organic sulfur

functionalities such as sulfides, mercaptans and thiophenes In

the coal to related sulfates. In addition to organic sulfur

forms, pyrite can also be oxldlzod by potassium permanganate.

However, during the chemical oxidation with KMnO 4, the

permanganate is expected to be reduced to the green manganate which

later preclpltes as the brown manganese dioxide. The overall half

reaction Is [22]:

m

MnO 4 + 2H20 + 3e ---> MnO 2 + 40H ; E = +1.23 Volts

Another possible precipitate during the oxidation step was

Jaroslte KFe3(SO4)2(OH) 6 [23] which is a basic mixed alkali

sulfate. This potassium form of Jarosite Is the easiest to form as

the standard free energy of formation of KFe3(SO4)2(OH) 6 Is the

lowest one compared with the other alkali Ion Jarosltes.

Potassium appears to be selectively Incorporated Into Jaroslte.

There is also a possible third type of precipitate which Involve

the double basic sulfates of manganese.

Among these oxidation products, soluble sulfates are easily

removed through filtration, but the precipitates of MnO 2, and

jaroslte KFe3(SO4)2(OH)6,and possibly Mn-double sulfates were

mixed with the cleaned coal particles and Increased the ash

content. For removing these precipitates from cleaned coal,

single or multiple washing step has to be employed fol lowing

oxidation step. Various of chemicals were Investigated as washing

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

sodium carbonate, complexing reagent, Inorganic acids and organic
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aclds. The use of each of these reagents Is descrlbed In the

followlng sectlons.

Washing with distilled water

After chemical oxidation, the coal was washed with water for

one hour to split off the oxidized sulfur compounds still attached

to the hydrocarbon matrix. During the washing step with distilled

water, different washing temperatures were tested. Table 11.8 and

TABLE 11.8. Effect of temperature of washing water on washing step

Temperatur_ Total Pyritic Sulfate Organic.
of Washing C Sulfur% Sulfur% Sulfur% Sulfur%

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 I 1.5. 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

sulfur content of the coal. The figure shows that the organic

sulfur 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 washing temperature enhanced organic

sulfur removal, but at a low rate. Using cold water to wash

oxidized coal Is acceptable if a lower energy consumption Is

desired. However, distilled water was not effective In removing the

Insoluble 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 preclplted

oxidation products. The sulfate sulfur of the washed coal was

0.3%, which was as high as that of the coal before washing step.

Removal of the Precipitates Using the Complexing Reagent EDTA

The precipitates of MnO2 and Jaroslte might be removed

using certain complexing reagents which could combine with

manganese Ions and other metal Ions to form water soluble

complexes. Table 11.9 lists the total sulfur, ash content and Btu

values of the cleaned coals which were oxidized by 6% and 10% wt

KMnO4 at 40% solids content from pre-cleaned coal sample _1. The

oxidation step was followed by multiple washing steps with 5% wt

of the complexing 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 five step treatments respectively, while

total sulfur decreased simultaneously. The manganese content,
-
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analyzed by Dlvlslon of Geologlcal Survey, ODNR, decreased from

7.30% (before washlng step) to 0.99% (after washlng step), l.e.

87% of the preclpltated manganese was removed.

TABLE 11.9. Effect of the number of washing steps using 5% EDTA
complexing reagent solution on chemical cleaning at 40% solids
content

Treatments Total Ash Btu/Ib Btu

Sulfur% Content% Recovery%

pre-cleaned 1.78 4.4 13256 100.0
Coal Feed

A: Oxidation with 6% KMnO 1.56 14.3 11593
1st Washing 1.38 11.0 12026 92.3
2nd Washing = 1.31 6.9 12720 95.7

B: Oxidation with 10% KMnOA 1.48 19.5 11020
1st Washing _ 1.40 16.2 11320 ....
2nd Washing 1.35 13.2 11620
3rd Washing 1.30 10.6 12040
4rh Washing 1.26 8.5 12e50
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 oxidized by 10% KMnO. at 20% solids content and
washed with 14% solution of ED_A complexing reagent

Sample Total Sulfur,% Ash Content,%

Pre-cleaned e2 1.98 5.4
Oxidized 1.40 24.8
washed 1.34 15.4

Pre-cleaned e3 2.26 5.8
oxidized 1.49 30.5
Washed 1.50 18.7
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Table 11.10 llsts the results of the tests uslrlg 14% wt solutlon

of EDTA complexlng reagent durlng the washlng step. The oxldatlon

Step was conducted wlth 10% KMnO 4 solutlon on pre-cleaned coal

samples #2 and o3 at 20% sollds content. The results Indlcated

that 9-12% of ash was removed from oxldlzed coal by one step

washlng wlth 14% of the complexlng reagent. Such hlgh (14%)

concentratlon of the complexlng reagent was obtalned by heatlng

lt In solutlon untll all the sollds were desolved. Further

removal of precipitates from coal might be possible by repeating

the washing step with EDTA, but lt was thought that other

reagents might be more effective.

Removal of oxidation products from coal with HCI

Washing tests using dilute hydrochloric acid to remove the

precipitates of manganese dioxide and Jaroslte from the oxidized

coal were conducted. Table I1.11 shows that two different

concentration of HCI were used as a washing reagent In the

washing step which followed the oxidation step of pre-cleaned

coal _2 with 10% KMnO 4 at 20% solid content. The results

TABLE I1.11. Effect of the concentration of HCI on washing
performance

Sample Total Pyritic Sulfate Organic Ash Btu/Ib
Sulfur% Sulfur% Sulfur% Sulfur% Content%

Pre-cleaned e2 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%.
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Indicated that the precipitates 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%, I.e.,94% of the manganese In precipitate was removed.

Two step washings using 14% HCI were tested for the

oxidized coals which were treated with different concentrations

of KMnO 4 from pre-cleaned coal o2, the solids content was 20%.

The results shown In Table 11.12 Indicated that dilute HCI Is

very effective washing reagent for removing the undesirable

precipitates from the oxidized coals which were treated with

different concentrations of KMnO 4. 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 lo;lowed by two washing steps with 14% H_I at solids
content of 20%

Treatment Concentration Total Ash

of KMnO 4 % Sulfur % Content %

Pre-cleaned e2 1.98 5.4

Oxidation 6 1.49 22.4

Washing 1 1.35 3.7
Washing 2 1.31 3.8

Oxidation 10 1.30 29.3
Washing 1 " 1.04 4.8
Washing 2 1.05 3.3

Oxidation 15 1.11 36.9
Washing 1 0.92 4.4
Washing 2 0.96 4.1
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therefore consldered to be enough. The only problem of uslng

dllute HCl as a washlng reagent Is the Posslble Increase of the

chlorlne content In the cleaned coal, whlch wlll be dlscussed

later.

Removal of oxldatlon products from cleaned coal wlth dllute
nltrlc acld

In order to avold the posslble chlorlne adsorptlon on coal

problem, Washlng tests were conducted uslng dllute nltrlc acld

as washlng reagent. Table 11.13 shows the effect of concentratlon

of nltrlc acld on washlng performance whlch followed an oxldatlon

step of pre-cleaned coal #2 wlth 10% of KMnO4. The sollds content

of coal slurry was 20%. The results shown In Table 11.13

Indlcated that the ash content of the cleaned coal was hlgher

wlth 8.8% HNO3 as a washlng reagent and decreased to 6.0% and

4.2% wlth 14% and 20% of HNO3 respectively. However all forms of

sulfur of three cleaned coal washed by HNO3 were higher than that

of the cleaned coal washed by HCI, and the sulfate sulfur was

still higher than 0.1%. There probably was some Insoluble sulfate

TABLE 11.13. Effect of the concentration of nitric acid on
chemical washing performance, after coal oxidation using 10%

KMnO4

Concentration Total Pyritic Sulfate Organic Ash Btu/Ib

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 coal washed by 8.8% HNO 3 decreased from 13.3% to 7.65%,

l.e., only 42% of the manganese was removed. Table 11.14 llsts

washlng tests wlth 14% of nltrlc acld for one hour and 16 hours.

The total sulfur of the cleaned coal dld not show a blg

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 lt was close to that of the pre-cleaned

coal feed.

TABLE 11.14. Effect of washlng tlme wlth 14% of nltrlc acld on
washlng performance

Treatment Washing Total Ash Btu/Ib
Time, hr Sulfur, % Content, %

pre-cleaned e2 1.98 5.4 13633
Washing 1 1.19 6.0 12565
Washing 16 1.14 4.0 12570

Removal of oxidation products from cleaned coal with dilute
sulfuric acid

The di lute sulfuric acid (14% wt). was tested as the washing

reagent with the pre-cleaned coal e3. The oxidation step was

TABLE 11.15. Washing performance with 14% of sulfuric acid

Treatment Total Sulfur, % Ash Content, %

Pre-cleaned _3 2.26 5.8
Oxidation 1.49 30,5
Washing 1 1.66 17.7
Washing 2 1.62 14.0
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conducted at the same conditions used for HCI & HNO 3 tests, I.e.

10% KMnO 4 solution at 20% solids for one hour. The results listed

In Table 11.15 shows that ash content decreased from 30.5% to

17.7% after one step of washing with 14% of sulfuric acid, _ut

only 3.7% ash was removea after the second washing step. The ash

content of the washed coal was still high. lt could therefore be

considered that dilute sulfuric acid was not effective 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 in the total sulfur.

Investigation of washing step with organic acids

Several organic acids were Investigated as washing reagents

for removing the oxidation products. Dilute solutions (14% wt.)

of ascorbic acid, oxalic acid and citric acid were tested. Table

11.16 shows the results of the washing step with 14% ascorbic

acid, oxalic acid and citric acid which followed one oxidation

step of pre-cleaned coal o3 with 10% of KMnO 4 at 20% solids

content. The results showed that ascorbic acid and citric acid

successfully removed almost ali of the added ash during one

oxidation step, I.e., from 30.5% to 6.4% and 6.3% respectively,

while oxalic acid was not effective. Table 11.17 lists the

results of the washing step with 14% ascorbic acid and citric

acid which followed two oxidation steps. Ascorbic acid removed the

added ash after two oxidation steps from 49.5% to 6.2%, citric

acid removed the added ash from 49.4% to 17.3%. However, there

was very little change In the total sulfur after oxidation and

washing steps, and the pyritic sulfur of the washed coal

Increased from the oxidized coal. The reason might be _ue to the
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fact that both ascorbic acid and citric acid are reducing agents.

Thus the sulfates produced by the permanganate oxidation of

pyritic and organic sulfur, might have been reduced back to

Insoluble sulfides and/or elemental sulfur during the washing

s'tep by these organic acids, and pyritic sulfur Increased

according the analysis.

TABLE 11.16. Washing perfc rmance with 14% organic acids following
one oxidation step

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

(Pre-cleaned) 2.26 0.96 0.04 5.8

Oxidation with KMnO 4 1.49 0.43 0.37 30.5
Ascorbic Acid 1.95 0.78 0.013 6.4
Oxalic Acid _,23 0.49 0.61 21.0
Citric Acid 1.90 0.77 0.013 6.3

TABLE 11.17 One-step washing performance with organic acids
following two oxidation steps

Washing reagent Total Pyritic Sulfate Ash
• Sulfur% Sulfur% Sulfur% Content%

(Pre-cleaned) 2,26 0.96 C.04 5.8
(Oxidation 1) 1,49 0.43 0.37 30.5
(Oxidation 2) 0.81 .... 49.5
Ascorbic Acid 1.97 0.81 0.015 6.2
Citric Acid 1.64 0.68 0.13 17.3

Summary of Washing Test Results

Comparison of results of the washing studies using various

washing reagents, showed that:

1) Distilled water and sodium carbonate were not effective

for removing the oxidation precipitates even at higher
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temDaratures.

2) Organic acids such as ascorbic acid and citric acid

successfully removed almost ali of the added ash during

oxidation step, I.e., the precipitates, but did not help reduce

the total sulfur, lt appeared that they reduced the sulfates

produced by the permanganate oxidation of pyritic and organic

sulfur back to Insoluble sulfides and/or elemental sulfur during

the washing step.

3) Nitric acid and sulfuric acid could remove part of the

precipitation oxidation products formed during oxidation with

permanganate after one washing step. They were not as effective

as hydrochloric acid with the same concentration. The results

showed that ali forms of sulfur of the washed coal with dilute

nitric acid and sulfuric acid were higher than that of the

cleaned coal washed by HCI.

4) 5% solution of the EDTA complexing reagent successfully

removed the precipitates of MnO 2 and Jaroslte 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 acid was the most effective washing

reagent for removing the oxidation products from the permanganate

oxidized coal. Almost ali the added ash during the oxidation step

(I.e. the precipitates products) was removed by only one washing

step with 1"4% of HCI. By combining an oxidation step with 10%

KMnO 4 and a washing step with 14% HCI, ali forms of sulfur can be

successfully reduced with acceptable ash content and Btu

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

This study aimed at characterizing certain properties and

ash mineralogy of raw coal, pre-cleaned coal, chemically oxidized

and chemically washed coal; and at determining the mineralogical

characteristics of the materials precipitated during KMnO 4

treatment of the coal.

X-ray diffraction, automated Image analysis, density

determinations, microscopic methods and chemical analysis were

used In this study. This characterization study was performed by

The Ohio Geological survey [26], Ohio Department of Natural

Resources (ODNR), Columbus, Ohio.

The coal products used In this characterization study were

prepared and described as follows:

Product number 1 was raw coal from Pittsburgh No. 8 sample

_2 from R & F Coal Company. Product number 2 was the pre-cleaned

coal e2 which was pre-cleaned by heavy liquid separation using

1,1,1,-Trlchloroethane with a specific gravity of 1.33. Most

of the coarse pyrite and ash minerals were rejected by this

process. Product number 3 was the oxidized coal which has been

treated with 10% of KMnO 4 from the pre-cleaned coal _2 using a

variable speed Impeller mixer for one hour. The solids content of

the coal slurry of test products 3a and 3b were 40%, and the

solids content of test product 3c was 20%. Product number 4 was

cleaned coal which has been o)_;dlzed 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 oxidized as product 3c and then washed with 14% HCI (product

5a and 5b) and 7% HCI (product 5c). The washing process was

133



conducted for one hour to remove precipitated materials. The

sulfur, ash content and Btu as well as treatment of these

products are listed In Table 11.18.

TABLE 11.18. Sulfur, ash content and Btu of the characterized
test products

Product Description T.S. P.S. S.S. O.S. Ash Btu/Ib
No. of Coal % % % % %

Treatment

1 Raw Coal #2 3.86 2.80 0.02 1.04 15.8 12191

2 Pre-cleaned #2 1.98 0.92 0.002 1.06 5.4 13633

3a 10% KMnO. at 1.48 0.55 0.30 0 63 19.5 11020
40% Soll_ Content

3b 10% KMnO. at 1.48 0.55 0.30 0.63 19.5 11020
40% Soli_ Content

3c 10% KMnO. at 1.12 0.25 0.32 0.55 29.1 9040
20% Soli_ Content

4 10% KMnO. and 1.21 .... 5.6 12990
5% Complex

5a 10% KMnO 4 and 1.02 0.15 0.06 0.81 5.4 12542
14% HCI

5b 10% KMnO 4 and 1.02 0.15 0.06 0.81 5.4 12542
14% HCI

5c 10% KMnO 4 and 1.22 0.20 0.10 0.92 12.4 11800
7% HCI

Matrix density: The densities of five ground subsamples of

Pittsburgh No. 8 coal were determined using methods described by

Nuhfer and others [24]. This method utilizes vacuum impregnation

of the ground coal with kerosene of known specific gravity. By

determining the weight In air and weight In kerosene of the coal

sample, the matrix density of the coal can be found to within
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manganese and chlorine content for selected products

0.02 g/cc. Densities of the raw coal and subsamples 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,

oxidized and washed. The difference In density 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 precipitation of a substance with higher

density than coal'. When the oxidized 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 of

the precipitated matter was washed out by the complexing reagent. The

Chemical analysis of Mn content In products 3 and 4 support this

Inference.

Three separate subsamples (products 5a, 5b, 5c,) were oxidized

with KMnO4 and washed with dilute HCI. Density determinations

were made on 5a and 5c and Mn analyses on 5b and 5c. Density and

chemical data for 5c suggest that 7% HCI 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 (AIA): Vitrinite reflectance and pyrite

size parameters were determined using a Leltz Textural Analysis

System. This Instrument, commonly referred to as an automated

Image analysis (AIA) system is capable of reproducing vitrinite

reflectance values In oi I to within 0.02 percent reflectance.
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In this study average reflectance, Ray was measured. These

values were obtained by measuring randomly oriented vitrinite

particles without palarlzed light. 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 Ray [27].

Geometric mean pyrite size distributions were found by AIA

for 5 of the coal subsamples (Table 11.19). Pyrite sizes are

based on the equivalent circular diameter (ECD) of the cross-

sectional areas of the pyrite grains detected by the Image

analyser on the surface of the polished coal pellet. 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

KMnO 4 treatment or various washes.

The Geometric mean size of the pyrite decreased

significantly (as expected) when the coal was pre-cleaned. In the

oxidized and washed samples the average pyrite size differences

were Insignificant. The percent pyrite less than 6 microns

Increased when the coal was cleaned but lt was fairly constant In

the oxidized and washed samples except for 5a. The reason for 5a

having excessive amounts of fine pyrite Is not clearly

understood, although one possible explanation is that this

particular sample was not a representative split of parent sample

from which al i subsamples were drawn.

Mineralogical Characterization

lA) X-ray diffraction: X-ray diffraction analysis of the low
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temperature ash (LTA) of products oi, 2, 3c, 4, and 5b were

performed In an attempt to determlne the mlneraloglcal

characterlstlcs of the materlals preclpltated durlng KMnO 4

treatment of the coal, and to compare coal ash mlneralogy of the

5 products.

X-ray diffraction analysis of the low temperature ash (LTA)

of product number I (Figure ll.6a.) Indicated the presence of the

following minerals: Quartz, Kaolinite, pyrite, Illite, calcite

and possibly goethite and feldspars, although the peaks for the

latter two minerals were weak. Product number 2 (Figure I I .6b)

contained essentially the same mineral suite except for the

absence of calcite.

The X-ray diffraction pattern of the LTA of product number 3c

(Figure I 1.6c) had much lower Intensities than those for products

1 and 2. Only kaolinite, quartz, and pyrite could be Identified

with certainty In product 3c (Figure I I .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 precipitated material was washed out

(products 4 and 5b) mineral peak Intensities again become strong

(Figure I 1.6d and 6e).

(B) Microscopic examination Microscopic examination was

performed on products 2, 3a, 4 and 5a, using reflected light. A

mlcrograph of product number 2 (Figure I 1.7a) shows light gray

coal macerals embedded In a darker gray epoxy binder. White

grains were pyrite, and coal largest maceral In this photo was

about 70 microns In length.
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A mlcrograDh of product number 3a (Flgure ll.Tb) showed

typical coal macerals In epoxy, and also two large aggregates of

loosely held together coal (left and uDDer rlght sldes of photo).

The coal In these aggregates rarely exceeded 10 microns and the

cementlng materlal was very flne graln, ranglng from submlcron

slzes to 2 or 3 microns. Accordlng to the reactlon of sulfur In

coal and KMnO 4 [22], and the hlgh Mn and sulfate content In the

oxldlzed coal (Table I 1.19), these large aggregates mlght be MnO 2

and Insoluble sulfate complex such as Jaroslte. x-ray dlffractlon

analysis (Flgure II.6c) revealed no unusual mineralogy In product

3, that was because the Mn-rich and Jaroslte DreclDltated

material were amorphous to X-ray dlffractlon.

A microscopic examlnatlon of product number 4 (Flgure I 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 comDlexlng reagent.

From mlcroscoDlc examlnatlon of product number 5b (Figure

I 1.7d), no aggregates were observed, and most of the preclDltated

materials were washed out through the washing step wlth dl lute

HCI.

Summary: According to the results of this characterlzatlon

of 5 dlfferent treated coal products, the following conclusions could

be made:

a) From the vltrlnlte reflectance values, coal rank was not

changed by the KMnO 4 treatment or the varlous washes.

b) Through the study of matrlx density, X-ray dlffractlon

analysls of the low temperature ashing, mlcroscoplc

examlnatlon and chemlcal analysis of the manganese content, the
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precipitated materials formed during KMnO4 treatment were

successfully removed after washing with the EDTA complexing

reagent or dilute hydrochloric acid.
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Figure II .6. X-ray diffraction patterns of the low
temperature ash for products 1, 2, 3¢, 4,and 5b.

141



Figure 11.7 (a,b). Photomicrographs of the polished surfe
coal pellets mane from products 2, 3a, 4, and 5a, under r,

Iight. Figure I 1.7a. Photomicrograph of product number 2,
represents the float fraction of the pre-cleaned coal.
Figure I 1.8b Photomlcrograph[h of the oxidized coal with
Large Indistinct areas on left and upper right of photo
loosely cemented coal aggregates of very fine coal partl
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Figure 11.7 (c,d). Photomicrographs of the pol Ished surface of
coal pellets made from products 2, 3a, 4, and 5a, under reflected
IIght. Figure 11.7c. Mlcrograph of fewer loosely cemented coal
aggregates In product number 4. which was washed by complexing
reagent. Figure I 1.7d. 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 sulfur 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_ KMnO 4 at 20%

of solids content and a washing step using 14% HCI following

each oxidation step were performed.

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

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

o 1.98 0.92 0.002 1.06 5.4 13633 --
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 0.67 13.4 11201 37

The results shown In Table 11.20 Indicated that the organic

sulfur decreased to 0.67%, and Its removal reached 37%, while

the total sulfur 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 coal after three steps of treatment.

This could be due to the formation of tightly bound product layer

to the coal surface or even Inside the pores of the coal
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particles. Hence, lt would be increasingly difficult for t;_e

oxidizing reagent (potassium permanganate) to penetrate the coal

particles and oxldlz_ the sulfur compounds, in order to remove

this product layer and to achieve maximum organic sulfur and ash

removal, mechanical or chemical mea°is were employed.

Three steps of treatment employ!ng ultrasonic dispersion

Ultrasonic dispersion was intermittently employed during

oxidation &nd washing steps to break up the product layer.

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

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

0 1.98 0.92 0°002 1.06 5.8 13633 --
1 1.02 0.15 _.06 0.81 4 5 12600 24
2 0.86 0.14 0.02 0.70 4.3 12616 34
3 0.76 0.12 0.02 0.62 5.0 11809 42

Each oxidation step was conducted for one hour using 10% KMnO 4

at 20% solids conterlt, ,durlt_g which ultrasonic Irradl_tion 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 slurry was dispersed further In an

ultrasonic bath for 20 minutes. The results listed In Table

11.21. showed that 34% organic sulfur removal with 4.3% ash

: content were obtained after two steps of treatment. About 42%

organic sulfur removal with 5.0% ash content was obtained after

three steps of treatment. The oxidation products were

s_ccessful ly removed with the held of ultrasonic dispersion.

Comparison Of the re;,jlts shown In Table I I .20 and Table I I .21,

Indicated that the ash content sharply decreased from 13.4% to
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5.0% with the ultrasonic dispersion, lt 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, _,_s shown In Figure 11.8. 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 oxidation.

0. I I 10 100 1000
Microns

Figure 11.8. The change of the particle size of coal
after using ultrasonic dispersion

SeQuence of multiple oxidation 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 oxidation steps with 10% KMnO 4 were conducted first,

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

oxidation and washing step, the ultrasonic dispersion was employed

for 15 minutes. From the table, lt can be seen that the total

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

I.e., 63% of the total sulfur 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 9.6
2 0.74 4.8

Two tests of three successive oxidation steps with 6% KMnO 4

at 10% solids content, followed by one washing step with 14% HCI

were conducted. The results shown In Table 11.23 Indicated that

46% of organic sulfur removal was achieved, while the ash content

of the cleaned 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% KMnO 4 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 11.22-24
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with those In Table 11.21 Indicated that the procedure of three

successive oxidation steps combined with a washing step was a

more viable option for removing about 40% of the organic sulfur

and the oxidation products.

TABLE 11.23. Three successive oxidation steps with 6% KMnO. and
10% sol ld content and followed by a washing step with 14% H_I

Test Treatment T.S.% P.S.% S.S.% 0.S.% O.S.Removal% Ash

Pre-

Cleaned _2 1.98 0.92 0.002 1.06 5.6

Oxidation 1 1.18 0.28 0.31 0.59 .... 32.6
Oxidation 2 0.70 0.10 0.35 0.25 51.6
Oxidation 3 0.53 0.05 0.35 0.13 62.7
Washing 0.74 0.10 0.07 0.57 46.2 4.5

Oxidation 1 1.18 0.27 0.34 0.59 .... 33.6
Oxidation 2 0.75 0.11 0.35 0.29 .... 53.6
Oxidation 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 successive oxidation steps with 6% KMnO
and 20% solid content and followed by a washing step with 1_% HCI

Treatment T.S.% P.S.% S.S.% 0.S.% O.S.removal% Ash%

Oxidation 1 1.45 0.44 0.24 0.77 .... 21.4
Oxidation 2 1.07 0.21 0.58 0.58 34.1
Oxidation 3 0.78 0.13 0.28 0.37 47.1
Washing 0.82 0.10 0.05 0.67 38.0 4.1

Two-step treatments

For achieving 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 o2 with 10% KMnO 4 at 20% solids

content, each oxidation step was followed by a washing step using

14% HCI.

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

Test Treatment Total Sulfur,% Ash Content,%

(Pre-cleaned) 1.98 5.4

1 Oxidation
& Washing 1 0.98 4.1
Oxidation

& Washing 2 0.81 4.9

2 Oxidation .;..

& Washing 1 0.99 4.1
Oxidation

& Washing 2 0.88 4.9

3 Oxidation
& Washing 1 0.99 4.1
Oxidation
& Washing 2 0.85 4.2

The results Indicated that the average total sulfur of these

three tests decreased from 1.98% to 0.85%, I.e., 57% of the total

sulfur was removed after two oxidation and washing treatments.

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

In order to simplify the procedure, two successive oxidation

steps with 10% KMnO 4 on coal slurries containing 20% solids,

followed by one washing step with 14% HCI 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 sulfur removal. The ash

content of the cleaned coal was 4.6%. Comparison of these results
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with the results shown In Table 11.24, showed that the total

sulfur 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% KMnO 4
followed by a washing step with 14% HCI

Sample T.S.% P.S.% S.S.% 0.S.% Ash% Btu/Ib

Pre-cleaned o2 1.98 0.92 0.002 1.06 5.6 13633
Cleaned Coal 0.88 0.16 0.02 0.70 4.6 12326

Integration of two oxidation steps using H202 and KMnO.1

The test of Integration of two oxidation steps using H202

for pyrite oxidation and KMnO 4 for organic sulfur oxidation was

performed. The first oxidation step was conducted with 10% H202,

the second step with 10% KMnO 4. The slurry was filtered 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 KMnO 4. The results

listed in Table 11.27 Indicate very little or no change In the

TABLE 11.27. Integration of two oxidation steps using H202 and
KMnO 4

Chemical Total Sulfur,% Ash Content,%

(pre-cleaned e2) 1.98 5.4

10% H202 1.13 4.1

10% KMnO 4 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

chemlcal cleanlng uslng permanganate only. However, lt seems that

H202 removed 92% of the pyritic sulfur based on results and the

previous assumption while KMnO 4 removed 0.26% organic sulfur.

Summary of multi-step treatments

The main findings from the Investigations on multi-step

chemical oxidation and washing, can be summarized as follows:

1) Up to 46% organic sulfur removal with three step

chemical treatments,and 34% organic sulfur removal with two step

chemical treatments can be achieved. The ash content of cleaned

coal obtained by both treatments equal to or lower than that of

pre-cleaned coal.

2) Ultrasonic dispersion employed during oxidation and

washing steps could assist the removal of the oxidation

precipitates.

3) Two different multi-step chemical cleaning schemes

obtained very similar results. The scheme employing two or three

successive oxidation steps followed by one washing step was

simpler, and less time consuming than the scheme employing a

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

This brief environmental Impacts study was based on the

following considerations: 1) Chemically cleaned coal Is lower In

ash and sulfur within EPA compl lance limit of 0.6S/106 Btu, but

washing with HCI 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 oxidation step and

washing step which enable the removal of both organic and pyritic

sulfur as well as the undesirable precipitates.

In the tests, lt was found that dilute hydrochloric acid

Is a very effective washing reagent; lt could remove more than

80% of the added ash during the oxidation step through only one

step washing. However, the chlorine content In the

cleaned coal could be Increased. lt 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

lists the results of the leaching tests with hot water for 3

hours and with 5% and 10% solids 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 with hot water. The cb!or!he 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 quite close regardless of the washing time or the solids

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 Leaching
with Water 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 Leaching
with Water 3 5 0.75

After Leaching
with Water 6 5 0.75

One alternative technique to avoid the problem of chlorine

removal from cleaned coal would be to use di lute nitric acid

solutions In the washing step Instead of hydrochloric acid. Even

though nitric acid Is somewhat less effective than hydrochloric

acid, the cost of chlorine removal might offset the benefit from

the extra sulfur removal with HCI.
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Discussion on Waste Disposals Methods

The produced waste In this permanganate oxidation might be

composed of various sulfates, such as potassium sulfate, ferrous

sulfate, ferric sulfate, manganese sulfate and other sulfate

complexes, Iron oxides, and excess acid In the depleted filtrate

from the washing step.

In order to solve this problem to meet the environmental

requirement, the following disposal systems are recommended:

1. Wetland Techniques: USBM & AEP reported recently [28], that

this approach GOUld successfully clean mine acid water. Figure

11.9 shows the schematic of the wetland method.

Minerals In the waste water flowing through the ponds are

fl Itered by the cattal Is. The plants absorb some of the soluble

Anatomy of a
natural mine
drainage filter

Mine draina

2 to 4" Water level

12 to 18" Compost

6" .'._Limestone

Source:U.S.BureauofMines

Figure 11.9. The wetland method
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metals, but most Is reduced to solid 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 limestone and

nearly 2 feet of manure compost. Cattails 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/llter to 3.4 mg/llter and even to 0.5 of a mill Igrams

at the final testing point. The allowable content Is 7 milligrams

per liter. The level of manganese went from 2 mg/llter, which Is

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

2. ProMac System: ProMac Systems are being 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, lt uses liquid spray and controlled-

release pellets containing chemical bactericides to control

acid formation. According the manufacturer [29] the chemicals

wash away the greasy film on the bacteria that allows them to

survive In the acid. The bacteria would then die and would not

cause acid generation. At the same time, the chemicals feed

other types of bacteria needed for healthy vegetation. The

products are appl led by spraying and scattering time-release

pellets that will keep the bactericide working two to seven

years. As reported, the product is 95% effective In controlling

acid formation.

3. Waste Containment: The waste water could be stored In the

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

compacted clays and cement.

4. Neutralization and precipitation: Lime could be used to

precipitate various sulfates and react with excess acids.

5. Waste Utll Izatlon: These wastes might be utilized, for

example, to produce fertilizer 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 effective method should be

conducted before commercialization could proceed.

lt can be concluded, therefore, that commercial 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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PRELIMINARY 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% KMnO 4

and one washing step with 14%. Table il.30 shows the results of

these tests, which demonstrated that up to 50% total sulfur

removal and 92% Btu recovery were achieved and that the process

performance 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 Sulfur
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 Is shown In Figure 11.10. Counter current decantation

leaching will be conducted In two stages of both oxidation and

washing steps In this process. Continuous vacuum drum filter

will be used for solid-liquid separation after both oxidation and

washing steps. Potassium permanganate will be regenerated from
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Figure 11.10. Chemical cleaning clrcultouslng
counter current Decantation
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spent solution by reacting lt with pbtasslum hydroxide and oxygen.

Possible method3 for regeneration of KMnO 4 are outl Ined In the

Appendix I! 2.

Cost Estimation of Chemical Process for 1 MIll Ion Ton/yr Plant

lt Is not possible to obtain an accurate figure on the

reagents (KOH, HCI) consumptlon/ton coal treated without running

a pilot operation. For example lt Is not known at this time, how

many oxidation cycles can be achieved with same KMnO 4 solution. In

our conceptual flowsheet we Indicated that the solution w_uld be

used only twice. But this could well be under utll izatlon of the

primary solution. The same argument could be said for HCI. At

this time lt can only be Inferred that the r¢_gents 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 oxidation and washing step. Removing 1% sulfur from 1 ton

physically cleaned coal, KOH consumption should be 12.5 kg and

HCI consumption should be 11.25 kg. Assuming that the commercial

price for KOH is $O.50/kg and for HCI Is $O.07/kg, the cost of

KOH and HCI would be $6.25/ton coal and $O.79/ton c,al

respectively. The total chemical cost would be $7.C4/ton coal.

Other operating cost might be estimated at $4/ton coal.

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

The capital cost of the chemical plant is estimated at $4m

based on the conceptual flowsheet and the knowledge supplied by

the handbook [30]. Assun, ing th&t plant life is 20 years, the

capital cost would be $O.2/ton coal. Thus the total

(capital+operating) cost would be $11.24/ton coal. _f

: As shown In Part I I I of this report, the total cost of the
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Integrated Dhyslcal and chemical cleaning processes Including the

cost of raw coal Is estimated at $40.5/ton of clean coal. The

price of the coal Droduced by this type of Dlant Is expected to

be around $45/ton or higher, which allows for about $4.5/ton

gross profit. In addition to the profits, this mild chemical

process would open up wide markets for Ohio coal, thus Increasing

the coal's marketabll Ity.

Thus If the mild chemical cleaning process is Integrated

with an existing conventional or advanced coal cleaning plant,

production of comDIlance coal would be technically and economically

feasible.

160



CONCLUSIONS AND RECOMMENDATIONS

This study presented a promising chemical coal cleaning

approach for removing the organic and Inorganic sulfur In Ohio

coal which has a high commercial potential. From the previous

results and discussion, the following conclusions can be made:

1. This permanganate oxidation technique Is successful In

removing organic and pyritic sulfur at ambient conditions.

2. Increasing the concentration of the oxidizing reagent

(KMn04), the number of treatment steps, and the Intensity of

agitation, will enhance the organic sulfur removal.

3. Removal of the precipitation of manganese dioxide and

Jarosite from the chemically cleaned coal is now possible using a

complexing reagent or dilute acid. The Integrated approach of

chemical oxidation 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 Is over 90%.

4. From the characterization study, coal rank was not

changed by the KMnO4 treatment or the various washes. The

precipitated material formed during KMnO4 treatment were proved

to be removable after washing the EDTA complexing reagent or

di lute hydrochloric acid through this study.

5. The combined approach of pre-cleaning the raw coal with

gravity separation, followed by one oxidation 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 quality 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 I II

COMBINED PHYSICAL AND CHEMICAL CLEANING AND

DESULFURIZATION FOR OHIO COAL



III.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 perman_lanate 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

III.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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Table II1-1 Experimental results of the combination process
for cleaning the Pittsburgh No. 8 coal after heavy liquid
separation

Btu/Ib 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% HN_ 3

2-step with 12,012 3.83 0.91 0.76 96.0

KMnO 4 + 14%HCI

= SF - selective flocculation, FF - froth flotation
HLS - heavy liquid separation

Table 111-2 Experimental results of the combination process
for cleaning the Pittsburgh No. 8 raw coal

Btu/Ib 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% HN_ 3

2-step with 11,484 7.63 1.01 0.74 96.0

KMnO 4 + 14%HCI
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3) the washing step wlth hydrochlorlc acid conslstently gave

lower level of ash and total sulfur in the chemical cleanlg

process.

4) the two step oxidization with potasium permanganate

experiment resulted in super clean coal products.

Based on these concluslons the combined flow diagram of

this process is 111ustrated in Flgure III.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/Ib heating value.
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III.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 SO emission
2

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 thls integrated process will be higher than

conventional cleaning plants, butcleaner coal with considerably

lower levels of sulfur (less than i%) 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 paralle1 although in this scheme they are in

series.

From the section 1.5 (i.e; the economic assessment for

selective flocculation process) the total capltal and operating

costs was calculated to be $ 15.8 / ton of clean coal.

Similarly, for the chemical cleanlng process, the total cost

excluding the comminution costs, was $ 11.4 / ton of clean coal.

Therefore, the total cost of the combined process is

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

I. 14) , production of one ton of clean coal by selectlve

flocculatlon 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 des_nite 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/Ib) is estimated conservatively

at $ 45 / ton.

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

-Cleaning Process Flotation S. FlocculationT-" Combined
Flotation Process

Coal Composition 2.6% T.S 1.8% 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
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
cIean coa 1

|

Market Price $30/ton $35/ton $45/ton

Net Profit $4/ton $6.5/ton $4.5/ton
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III.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/Ib 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 I

Table A-I.1

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

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
Dlsp. 1 33.65 40.89 5.03 61.29 25.65 36.40
Dlsp. 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-TA (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-TA (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 23.67 40.93 35.78
Feed 100.00 23.87 5.11 100.00 100.00 100.00

4) FF, pH 7.5, FR-TA (10 ppm), 0.2 ml MIBC
Conc. 73.91 10.64 3.98 32.62 87.02 59.90
DIsD. 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-TA (10 ppm), 2.0-5.0 ml MIBC
Conc. 33.21 13.24 4.55 10.32 50.24 31.62
Dlsp. 1 41.53 77.97 5.17 75.90 15.96 44.92
Dlsp. 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 35.17 47.14
DIsp. 2 21.58 16.47 4.79 15.30 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 64.97 10.59 38.80
Feed 100.00 24.47 4.92 100.00 100.00 100.00

8) FF, pH 7.5
Conc. 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. 2 25.48 12.07 4.41 13.86 28.79 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 Ash Total S Total Distribution (%)
(%) (%) (%) Ash Coal Tot. S

_um_mmmm._m_mmmmuN

9) SED, pH 10.5, F1029-J (7 + 10 ppm)
Conc. 48.09 10.83 5.30 22.91 55.50 54.25
Dlsp. 1 19.82 69.28 3.67 60.41 7.88 15.48
Dlsp. 2 32.09 11.83 4.43 16.70 36.62 30.27
Feed 1OO.O0 22.73 4.70 100.00 100.00 1OO.00

10) SED, pH 10.5, F1029-J (10 ppm)
Conc. 75.78 10.O3 4.24 32.62 88.88 65.84
Disp. 24.22 64.79 6.88 67.38 11.12 34.16
Feed 1OO.O0 23.29 4.88 100.00 100.00 100.00

11) SED, pH 10.5, F1029-J (10 ppm), PAAX (350 ppm)
Conc. 54.97 12.83 5.35 33.98 60.47 56.99
Dlsp. 45.03 30.43 4.93 66.02 39.53 43.01
Feed 100.00 20.75 5.16 100.00 100.00 100.00

12) SED + FF, pH 10.5, F1029mJ (10 + O ppm)
Cone. 69.37 7.00 4.91 20.67 84.31 70.65
DIsp. 1 18.O4 70.44 3.33 54.10 6.98 12.45
DIsp. 2 12.59 47.05 6.47 25.23 8.71 16.90
Feed 1OO.00 23.48 4.82 100.00 1OO.00 100.00

13) 2-SED, pH 10, F1029-D (5 + 10 ppm)
Conc. 38.77 19.76 6.26 34.37 40.03 47.35
DIsp. 1 13.O1 53.97 1.91 31.48 7.71 4.86
DIsp. 2 48.22 15.79 5.08 34.15 52.26 47.79
Feed 100.O0 22.30 5.13 100.00 100.O0 100.00

14) 2-SED, pH 10.5/7.5, F1029-D (5 + 10 ppm), FR-7A (0 + 10 ppm)
Cone. 63.07 17.36 6.03 45.92 68.43 76.76
DIsp. 1 22.64 45.72 2.50 43.43 16.13 11.42
DIsp. 2 14.30 17.76 4.10 10.65 15.44 11.82
Feed 1OO.OO 23.84 4.95 100.00 1OO.00 1OO.00

15) FF, pH 10.5, F1029-D (10 ppm)
Cone. 74.62 13.04 4.93 41.82 84°57 75.08
DIsp. 25.38 53.36 4.83 58.18 15.43 25.02
Feed 100.OO 23.28 4.90 100.00 1OO.00 1OO.00
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Table A-I.2

Feed: Synthetic slurry (Plttshurgh No.8 precleaned coal + pyrite
+ shale) + SMP + NaOH

Grinding Time: Ball mill for 8 hours

Product Weight Ash Total S Total Distribution (%)
(%) (%) (%) Ash Coal Tot. S

n_ _ma

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
Dlsp. 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.O0 100.00 1OO.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
Dlsp. 1 26.19 65.94 5.03 59.84 12.54 35.60
Dlsp. 2 9.78 68.61 8.11 23.26 4.31 21.34
Feed 100.O0 28.86 3.70 100.00 100.00 1OO.00

3) SED + FF, pH 7.5, FR-TA (10 + 10 ppm), PAAX (130 ppm)
Conc. 62.34 6.86 2.30 15.36 80.47 39.15
Dlsp. 1 23.70 64.16 4.87 54.63 11.76 31.52
Dlsp. 2 13.96 59.83 7.69 30.O1 7.77 29.33
Feed 100.O0 27.83 3.66 100.O0 100.00 1OO.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.O0 29.19 3.75 100.O0 100.00 1OO.00

5) SED + FF, pH 7.5/10.5, F1029-J (5 + 2 ppm), PAAX (0 + 100 ppm)
Conc. 68.18 15.15 4.07 34.38 82.69 74.00
DIsp. 1 10.98 82.21 1.44 30.O5 2.79 4.22
DIsp. 2 20.84 51.30 3.94 35.57 14.52 21.78
Feed 1OO.O0 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 8"7.34 76.90
Dlsp. 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.O0 27.83 3.80 100.00 100.00 100.00

7) SED + FF, pH 10.0, F-1029-J (5 + 2 ppm), PAAX (0 +100 ppm)
Cone. 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
Dlsp. 2 12.98 64.94 4.73 29.39 6.38 15.91
Feed 100.O0 28.68 3.86 100.00 100.00 100.00

=
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Table A-I.2 (Continued)

Product Weight Ash Total S Total Distribution (%)
(%) (%) (%) Ash Coal Tot. S

mm

8) FF, pH I0.5, PAAX (100ppm)
Conc. 68.29 9.64 2.30 22.61 87.07 43.39
Dlsp. 31.71 71.10 6.47 77.39 12.93 56.68
Feed 100.00 29.13 3.62 1OO.00 100.00 100.00

9) FF, pH 10, PAAX (130ppm)
Conc. 70.27 13.06 2.65 32.09 86.69 49.53
Dlsp. 29.73 68.46 6.40 68.92 13.31 50.47
Feed 100.O0 29.53 3.76 1OO.00 100.00 100.00

Table A-I.3

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

Grinding Time: Ball mill for 18 hours

Product Weight 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 41.33 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 5.52 2.41 10.11 40.20 24.94
Dlsp. 1 59.30 23.87 3.21 75.14 55.62 56.99
Disp. 2 6.16 44.99 9.77 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)
Cone. 41.85 5.31 2.20 13.10 47.73 27.65
DIs_. 1 49.97 23.67 3.30 69.67 45.94 49.52
Dlsp. 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
Dlsp. 2 8.12 33.35 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-I.3 (Continued)

Product Weight Ash Total S Total Distribution (%)
(%) (%) (%) Ash Coal Tot. S

w

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
Dlsp. 1 43.48 51.31 4.93 85.18 28.68 60.21
Dlsp. 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
Dlsp. 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 21.15 73.79 39.36
Dlsp. 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
Dlsp. 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-TA (40+IO+OPPm), PAAX (200+IO0+IOOPpm)
Cone. 53.77 5.12 2.60 14.80 62.67 38.94
Dlsp. 1 30.12 37.26 4.01 60.38 23.21 33.64
DIsp. 2 14.54 25.44 5.02 19.90 13.32 20.34
Dlsp. 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-TA (10 ppm), PAAX (200 ppm)
Cone. 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 86.5! 43.28

z Dlsp. 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_



Table A-I.4

Feed: Pittsburgh No. 8 coal after heavy Ilguld separation
with 1.6 sp.gr, liquid

Grinding Time: Ball mill for 18 hours

Product Weight Ash Total S Total Distribution (%)
(%) (%) (%) Ash Coal Tot. S

I) SED + FF, pH 10.3, FR-7A (50 + 50 ppm), PAAX (50 + 50 ppm)
Cone. 51.03 3.70 2.39 28.40 52.64 43.67
Dlsp. 1 42.14 6.57 2.10 41.72 42.17 31.72
Dlsp. 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)
Cone. 55.37 3.55 2.23 26.82 57.63 42.18
Dlsp. 1 39.46 8.45 2.62 45.56 38.98 35.39
Dlsp. 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
Dlsp. 1 36.58 5.22 2.10 27.37 37.27 24.68
Dlsp. 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
Dlsp. 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 10.3, FR-7A (50 ppm), PAAX (100 ppm)
Cone. 82.71 3.89 2.00 43.56 85.83 50.27
Dlsp. 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)
Cone. 86.41 3.55 1.91 44.90 89.45 50.16
Dlsp. 13.59 27.G6 9.99 55.10 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. _2.07 4.20 2.04 46.30 84.95 50.88
Dlsp. 17.93 22.33 8.52 53.70 15.05 49.12
Feed 100.00 7.45 3.29 100.00 100.00 100.00

8) FF, pH 10.3, FR-TA (50 ppm), PAAX (400 ppm)
Conc. 77.86 3.96 2.23 42.69 80.60 52.77
DIsD. 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-I.4 (continued)

Product Weight Ash Total S Total Distribution (%)-
(%5 (%5 (%) Ash Coal Tot. Sm_m_m_o_

9) 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 5.76 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-TA (50 ppm)
Conc. 79.99 4.11 2.06 46.71 82.51 50.08
DIsP. 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

115 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

125 2-SED+FF, pH 10.3, FR-TA (80+20+0 ppm), PAAX (300+150+50 ppm)
Cone. 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-I.5
Feed: Pittsburgh No. 8 coal
Grinding Time: Ball ml I I for 18 hours

Product Weight Ash Total S Total Distribution (%)
(%) (%) (%) Ash Coal Tot. S

15 FF, pH 10.0, FR-TA (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-TA (50 ppm), PAAX (200 ppm)
Cone. 76.50 11.06 1.99 52.80 80.60 38.35
DIsp. 23.50 30.29 6.97 47.20 19.40 61.65
Feed 100.00 16.14 3.97 100.00 100.00 100.00

3) FF, DH 10.0, FR-7A (40 ppm), PAAX (200 ppm)
Cone. 62 57 9.64 2.44 38.91 66.92 38.46" 61.09 33.02 61.54

-- • l "

DIsp. 37 43 25 33 5 54
Feed 100.00 15.52 3.97 100.00 100.00 100.00
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Table A-I.5 (Continued)

Product Weight Ash Total S Total Distribution (%)
(%) (%) (%) _ Ash' Coal Tot, S

4) FF, pH 10.0, FR-TA (30 pPm), PAAX (200-ppm)
Conc, 62.92 9,60 2,52 38.59 67.44 39.89
DIsp. 37,08 25,96 5.55 61.41 32.56 60.11
Feed 100.00 15.67 3.64 _00.00 100.00 100.00

5) FF, pH 10.0, FR-7A (20 ppm), PAAX _200 DPm)
Conc, 68.94 9.60 2.47 42.58 73.80 42.89
DIsD. 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-TA (10 ppm), PAAX (200 ppm)
Conc, 71.23 9.92 2.40 46.56 75.64 42.97
Dlsp. 28.77 28,16 6.73 53.44 24.36 57.03
Feed 100.00 15.17 3.64 100,00 100.00 100.00

7) FF, pH 10,0, FR,TA (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)
Cone. 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)
Cone. 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 15.72 3.78 100.00 100.00 100.00

10) FF, pH 5.0, FR-7A (50 ppm), PAAX (200 ppm)
Cone. 77.37 9.71 2.62 46.32 82,53 51,06
Dlsp. 22.63 34.63 6.40 53.68 17.47 48.94
Feed 100.00 16.14 3.43 100.00 100.00 100.00

11) FF, pH 7.0, FR-7A (50 ppm), PAAX (200 ppm)
Cone. 77,58 9,62 2.81 45.92 82.69 54,91
Dlsp. 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-TA (50 ppm), PAAX (200 ppm)
Cone. 72.21 9.43 2,51 41.70 77.49 45,65
Dlsp, 27.79 31.63 6,58 58.30 22.51 54.15
Feed 100.00 16.14 3.64 100.00 100.00 100.00
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Table A-I.5 (Continued)

Product Weight Ash Total S Total Distribution (%)
(%) (%) (%) Ash Coal Tot. S

13) FF, pH 11.0, FR-TA (50 ppm), PAAX (200 ppm)
Conc. 58.47 12.16 2.54 44.04 61.25 37.41
Dlsp. 41.53 21.74 5.00 55.96 38.75 62.59
Feed 100.00 16.14 3.56 100.00 100.00 100.00

Table A-I.6

Feed: Pittsburgh No.8 raw coal, different grlding 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
Dlsp. 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)
Cone. 82.42 6.92 2.08 46.56 87.43 62.80
DIsp. 17.58 37.21 5.77 53.44 12.57 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
Dlsp. 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 6.56 1.93 42.81 83.66 55.86
Dlsp. 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
Dlsp. 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

184



Table A-I .7

Feed: Pittsburgh No. 8 coal
Grinding Time: Ball roll I for 18 hours

Product Weight Ash Total Distribution (%)
(%) (%) Ash Coal

m_,mm m

1) FF, pH 10.0, FR-7A (100 ppm), PAAX (200 ppm)
Conc. 93.20 7.17 67.98 95.39
D SD. 6.80 38.49 32.02 4.61
Feed 100.00 10.58 100.00 100.00

2) FF, pH 10.0, FR-7A (80 ppm), PAAX (200 PPm)
Conc. 92.21 7.62 68.79 94.66
D SD. 7.79 38.28 31.21 5.34
Feed 100.00 10.58 100.00 100.00

3) FF, pH 10.0, FR-7A (60 ppm), PAAX (200 ppm)
Conc. 83.70 6.66 53.26 86.73
D SD. 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)
Cone. 85.04 6.92 56.55 87.90
D SD. 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)
Cone. 82.90 6.01 48.71 85.06
D SD. 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)
Cone. 80.72 6.40 49.14 83.52
D SD. 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)
Cone. 77.99 6.00 43.53 81.25
D SD. 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)
Cone. 79.22 6.79 51.50 81.72
D SD. 20.78 20.50 48.50 18.28
Feed 100.00 10.58 100.00 100.00

D
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Y.A. ATRIA, K.H. DRISOOLL, and F. BAVARIAN

Mining Engineering Division, Metallurgical Engineering Department, 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 prepexnation

and stab$1ity 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 th_ Pittsburgh No. 8 seam. The coal samples were first pre-cleaned by

heavy liquid separation (pz= 1.6 gm/cc) and then were ground to -25 _m

size. A co-dispersant, sodium meta_hosphate, was also add_ in

proportional amount to 5. wt.% coal slurry to make a 500 ppm solution.
The $1ooculant used throughout the research was FR-7, a tqtally

hydrophobic flocculant obtained form Calgon Corporation. The coal floes

were seperated 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-_.94% to less

than 0.25%. The ash content was also reduced from 13.8% to about 2.5%,

while the coal (Btu) _,eovery 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 I% 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 pfxx_ess, a
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polymeric flocculant selectively adsorbs on the material to flocculated,

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 dispersanb-such as

poly arylate-acrylodithiocarbonate xanthate can improve the dispersion of

non-coal particles which also enhances the selective flooculation process.

Xanthates are widely used chemicals as mineral collectors and

flotation reagents for sulfide minerals. The basic structure of

xanthates is"

R--O--C- --SM
t_

' S

where R can be an alkyl hydrocarbon _,_up and M is a monovalen_ metal such

as sodium or potassium (Rao, 1971).

High molecular xanthates such as cellulose xanthates have been use as

flocculants for processing of sulfide minerals. Attia (1974) extensively

studied the p.roduction and characterization of cellulose xanthate for

selective flocculation of copper minerals. The use of cellulose 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 to enhance the
--

- selectivity of the flocculation process. Possible structure of PAAX has
--

= 2



been reported by Attia (1985) as shown in Figure 1. Attia (1985) reported

that the procedure for preparation of PAAX. The xanthation process is a

reversible reaction, therefore, seldom does the reaction goes to

oompletion which means that not all the oarboxylic acid groups are

xanthated. The degree of xanthation for a molecule is called "d" which

refers to the number of xanthate Eroups in a polymeric chain as _cated

in Figure I.

m m

ltH2cH
-CH - --

-- C--

I r I
•. ,- ONa / O-H-O

I

\ /-d sN0
-- -- []

Figure 1.. t_stulated Structure of P,_ Disper_nt (Attia, 1985).

The dispersion process involves ehemc_l adsorption of short chain

xanthate-containinE 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 poal particles aEElomerate 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.

3
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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 environments. Therefore, one of the objectives of this

research was to develop an optimum way of production, purification and

storage of the PAAX dispersant. This, of course, required a fuR1

c_terization of the PAAX compound which involved identification of the

important pex_uneters 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

flocculation process. Several perameters were studied in the selective

fl<_eulation such as the pH, and the effects of multiple cleaning stages.

EXPERIMENTAL TECHNIQUES

I. Preparation and Purification of PAAX

Prepex_tion of PAAX: The sodium salt of poly acrylate-

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

carbon disulfide (CS2) with sodium poly. acrylate as shown below:

H H H H

CH2-_C-__ -C___n n CHo ,_ -CHo _-]_°
- + N_ > t -_--- -_., +

[ ,- "_ d:- ,c:o g:--o-"
n 5o

OH dH CNa CNa

H H

.......>
CNa CNa

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 au unstable compound at low pH and room

temperature, xanthate group easily decomposes to CS 2 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 I.

Table I. The Ranges of Variables for the Reaction Parameters

investigated.

Temperature: 15-50 _Z
Stochiometric ratio: 1.5: 1.: 0.15 to 8.: 1.: 17. wt. ratio

of NaOH: PAA: CS
2

Reaction Time: 1 to 5 hours

pH" II to 12.5
I% to 15% polyac_lio acid solution

.,
4

Table 2 list the optimum conditions for production of PAAX. The PAAX

was pre_ by reacting Na(M{, polyacrlie acid (PAA) with average

molecular weight of 5000, and CS 2 in I.5" 1.0:4.0 weight ratio

respectively.

PAAX Prej_aration Procedure: At first 1.5 gm of polyacrylic acid with
.-_ _

average molecular weight of 5,000. supplied by Polysciences, 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 place d at the top of

the reaction vessel to condense and reflux any CS 2 vapor. In

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 2 was removed by decantation.

However, most of the CS 2 can be evaporated by merely leaving the crude

product at the room temperature under a ventilated hood since CS2 has a

low boiling temperature and is immiscible in water.

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

Temperature: 15
Stochiometric Ratio: 1.5: 1.0:4.0 wt. ratio

of NaDH: PAA: CS 2

•.Reaction Time: 5 hours

pH 12.5
15% polyacrylic acid solution

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

temperature reactions (less 20 _) involved basically only one single step.

Simply, I00 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 seperated 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 absorbanee peak) was

detected, whereas for the products of high temperature reaction (more than

25 _) formation of by products was clearly detected through the UV-

sepctroscopy analysis.

6
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Stors__e of PAAX: Since xanthste 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 soluble layer (the yellow liquid) was Eradually

faded and became pele yellow within the same time interval. The change in

the color of the solutions directly correlated with the reduction in the

UV-abs°rbance level which indicates the Eradual decomposition of the PAAX.

However, it was observed that when the alcohol insoluble part was not

diluted _d maintained refrigerated at its original concen£r_tion after

t

purification step, the oolor did not change or fade. The UV-absorbanee

level of diluted solution also indicated that the concentration of the

PAAX did not change significantly when it was stored at high concentration

and under refrigeration.

Charaeterizatlon 0_ PAAX

Characterization of each liquid layer for its composition a_d

concentration was made by using UV-Visible Spectroscopy technique. The

spectr_photometer system used in the experiments was a Bausch&bomb

Spectronic model 2000.

Selective Flocculation Experiment_s

Chemicals: The flocculant used throughout the research was FR-7, a

totally hydrophobic flooculant 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 ,reed in this study was Pittsburgh Number 8 coal

seam, obtained from the RAP Coal Company, Cadiz, Ohio. The coal was

first pre-cleaned using a heavy liquid separation (tetrachlorethylene,

s.g. 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.

_. Ash_ Total Sulfur_ Pyritic Sulfur% Organic Sulfur_
%

Raw Coal 13.8 3.58 2.82 0.74

Pre-cleaned 7.66 2.66 I.94 0.72

by H-L, S.G. 1.6

The coal" slurry was prepared from one k/log ram of coal and two

kilograms of distilled water which had a pH of approximately 10, and

3000 mg/i SMP. The high SMP concentration was used so that when the

slurry was diluted to 5% solids, the SMP concentration would be 500 mg/i.

The coal was ground to minus 500 mesh (25 micron) in an attrition mill

supplied by the Fort Pitt Mine Machine Co., Pittsburgh, Pennsylvania.

S_ Selective Flocculation Procedures: Figure _ 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

eoal 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.
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-I and the pH was adjusted to the desired value. When the experimentBec

i_velved the use of PAAX, it was added at this time, and was allowed to

disperse for an add/tional five minutes. A 5 ppm concentration of the

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

-I

disperse for one minute. The shear rate was then reduced to 170 sec ,

ar_l the flocs were allowed to condition for three minutes. The

flocculated slurry was then allowed to settle 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 , to_al sulfur, and pyritic sulfur contents were determined _Jsing the

ASTM recommended procedures.

_z1_etric studies: of the four parameters investigated, two dealt

with the slurry conditions during flocculation. These were th_ alcohol

soluble P_u%_ concentration, and the slurry pH. The alcohol solhble PAAX

concentration was studied by. varying the conc._ntration during flocculation

from 50 ppm to 300 ppm. These experiments were conducted at two different

pH levels, pH 8.0 and PH 9.5, to determine the effect of pH on the

process.

During the PAAX purification studies, it was discovered that PAAX

existed in both the alcohol soluble ar_l 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 groLmd to -140 mesh arzl suspended in I00 ml of distilled water

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

I00 and 200 ppu, and then agitated for five minutes. The dispersed and

l0
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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-Spec. trophotometry of PAAX" The analysis of the alcohol soluble

layer showed a distinct peak at 301 nm and for the alcohol insoluble layer

the peak was at 302 nra. The UV-spectroscopy of the both liquid layers

also indicated a lower absorbance peak at about 227 nra. Figure 3 shows

the UV characteristic absorbance for the both solution. These results

were compared-withthe UV analysis of pure sodium isopropy!._and potassium

amyl xanthates which showed sharp absorbance peaks at 301.3 and 300.3 nra,

respectively. The pure xanthate c_npounds and the purified alcohol

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

whose reaction temperatures were maintained above 25 _D showed a strange

behavior on the alcohol insoluble product. The UV-analysis of these_

reaction products exhibited consistently an initial peak at 3/8 nm which

=
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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 _velength 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.

Irl addition, at higher temperature, the characteristic peak for tri-

sodium thiocarbonate compound was also observed at 332 nra, whereas the low

temperature products did not indicate the formation of tri-sodium

thiocarbonate.

• . j

Effect of CS2 Dosage: Figure 6 shows the effect of initial dosage of

CS2 . As wBa expected, the higher dosage of CS2 resulted in a hCgher

degree of xanthation. However, excessive dosage of CS 2 is not recommended

since after a certain amount of CS 2 dosage, the xanthate concentration did

not increase siEn_ficanhly and further addition of CS 2 would._merely

prolong the purification process, lt 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.

Atria (1974) reported similar findings for the xanthation of

cellulose. The comparison of 40 wt% initial CS2to cellulose dosage with

Ic2.n_y h_._ x_ntha_ content --_
400 w_% CS 2 dosage ir_/cat_ a si_--nif"_- _" _"_- ----_

[3
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also room uniform substitution of xanthate group. The reported results

are compatlble 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 CS2 / PAA wt. ratio increased from I. to 4.

Nevertheless, as discussed before, excessive dosage of CS2 is not

recommended since it can complicate the purification 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.FiEure 7, which is a plot of the recovery and upgradinE as a

function of the PAAX concentration, and in Figure 8, which shows the

pyritic sulfur content of the flocs as a function of the PAAX

concentration. The recovery was seen to decrease and the upgr_ng

increased_as the alcohol soluble PAAX-concentration increased. _This is

believed to be the result of the non-xanthatated portion of the

polyacrylic acid actinE as a general dispersant for the coal as well.

This causes the floes to form in smaller sizes which also leads to a

higher upgrading and lower recovery. In figure 8, 'the pyritic sulfur in

the floes 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 p)Tite 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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Figure 7. Effect of Acohol Soluble PAAX Concentration on Recovery and
Upgrading.
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Figure 8. Effect'of the Acohol Soluble PAAX Conc?ntration_on the
Pyritic Sulfur Removal Process.
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dispersion of pyrite. However, it should be noted that the pyrite size

approximately -140 mesh in size, whereas the coal for the selective

flooculation testa was _ to 25 _m. Clearly, the smaller size

pamticles can form a more stable dispersion.

_ble 4. Dispersion ability of alcohol soluble and alcohol insol_le
PAAX.

AAX "

concentration Product Weight (g) Weight % PAAX type

I00 ppa 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 ppa Dispersed 0. 1362 10.90 alcohol
Settled 1.1138 89.10 insoluble
Feed 1.2500 100. O0

200 ppa Dispersed 0. 1489 11.61 alcohol
Settled I.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 coroumction with

dissolved air flotation as the floe separation technique. It can be seen

that using a single step selective flooculation, 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

2O
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sup_,;-cleancoal 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 _s still above 90% .

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

ANALYSIS_ DISTRIBUrICN_

Total Total

Product Weight Ash £ _al Sulfur Ash Coal Sulfur

Floes 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

Floes 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

Floes 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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Table 6. Selective Flooculation - Dissolved-Air Flotation Cleaning of
Pre-cleaned Pittsburgh No. 8 Coal Using Two Step_ Flooculation.

ANALYSIS% DISTRIBUTION%

Total Total
Product Weight Ash Coal Sulfur Ash Coal Sulfur

.-

Flocs 85.5 2.83 97.17 O. 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- . 96.8
Feed 100.0 7.94 92.06 2.74 100.0 100.0 100.0

Flocs 88.1 2.40 97.60 O. 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 100o0 100.0

Floes 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

CONCI/JSIONS

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 xant/zationand 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

22
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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-cleanlng step with heavy liquid sel_u_ationof 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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REMOVALOF ORGANIC SULFUR FROM HIGH SULFUR COALS BY MILD CHEMICAL
OXIDATION USING POTASSIUM PERMANGANATE

Y.A. ATTIA and WEIWEN LEI

The Ohio State University, Metallurgical Engineering Department,
Mining Engineering Division, 148 Fontana Laboratory,
116 W. 19th Ave., Columbus, Ohio, 43210, USA

ABSTRACT

This study was aimed at the removal of organic sulfur from
an Ohio coal, Pittsburgh No. 8, by chemical cleaning using mild,
Inexpensive oxidizing reagents such as sodium hypochlorlte and
potassium permanganate under ambient conditions.

In the tests, the coal sample was pre-cleaned by heavy
liquid separation at a specific gravity _f 1.33 to reJect
coarsely sized pyritic sulfur _nd ash minerals, and was wet
ground to -200 mesh (-75 ml(.'ons ). The oxidation process was
conducted at room temperature and atmospheric pressure with
either sodium hypochlorlte, or potassium permanganate, followed
by a washing step with warm or cold water.

Experimental results Indicated that chemical oxidation was
effective for removing organic sulfur. A high level of removal of
organic sulfur from coal, more than 50_, was achieved with
potassium permanganate, lt also oxidized most of the pyritic
sulfur In coal to sulfate 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, reaction time, agitation Intensity, number of washing

; steps and temperature of washing solutions are reported and
discussed in this paper. Approximately, 76_ of total sulfur, 90X
of pyritic sulfur and 87X of organic sulfur removal were achieved
after three steps of treatment with 6X potassium permanganate.
Thus a premium quality coal could be produced from low-value,
high sulfur coal by this approach. This process approach Is
simple, easy to control and has high technical and commercial
potentials.

INTRODUCTI ON

The high sulfur content of Ohio coals Imposes severe I Imitation on
their utilization, since the level of sulfur oxide gases emitted from the
combustion of these coals are higher than that recommended by the U.S.
Environmental Protection Agency and are blamed for the acid precipitation
problem. Removal of sulfur from Ohio coals before combustion would
therefofe help greatly to eliminate this problem.

-- Physical coal cleaning methods are very efficient in removing the
pyritic sulfur but are Incapable of removing organic sulfur. The organic
sulfur Is chemically bonded Into the coal structure, lt can only be removed
by chemical treatments that select iv61y dGstroy the s,.,!fur compounds present
In the coal matrix and render the sulfur, amenable to extraction by
leach Ing [1].
Copyrtshr. 1987 by Elsevier Science Publ£sh_.nK Co.any. [no.
Pr_ual_ and utlllsatioQ of Ht|h Sulfur _ls _1
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Several chemical cleaning processes for coals have been reported such
as Battelle, Ames, PETC, LOL processes [2-5]. Most of these processes were
successful In achieving _re than 90_ pyritic sulfur rejection and up to
50_ organic sulfur remowll. Some of the chemical processes have been
developed to pre-pilot plant scale or pilot plant scale [1,5]. However,
these methods are not unlwsrsally applicable, but are rather suitable for
special applications, because these processes are mostly conducted at high
temperature and pressure and tend to be more complex and very costly. In
addition, the high temperature treatment alters the properties of the coal
Itself and destroys the cz_klng tendency of coal [4]. Recently, Boron and
Taylor [6] and Brubaker and Stolcos [7] developed an oxidation process for
the removal of organic sulfur from the coal matrix through mild chemical
oxidation using sodium hypochlorlte. Sodium hypochlorlte, as an oxidizing
agent with an oxidation potential of 0.9 Volts, was used for removing sulfur
from crude oll and petroleum distillates early In this century [8,9]. lt
was also used for studying the coal structure [10-12]. Using NaOCl In the
oxidative removal of sulfur from coal, appears to be a promising approach
compared with other chemical processes, because lt can be conducted at room
temperature and atmospheric pressure and uses Inexpensive commercial
oxidizing reagents. However, this process Is at an early stage of

development and further systematic studies are needed.

In this study, another good commercial oxidizing reagent, potassium
permanganate having an oxidation potential of 1.52 Volts, was employed, lt
was believed to be more effective for removing organic sulfur from coal and
had more economic potential than sodium hypochlorlte.

The objectives of this study were: 1) to Investigate the feasibility
of removing organic sulfur from Ohio coal using potassium permanganate and
sodium hypochlorlte at room temperature and atmospheric pressure; and
2) to Investigate the Important process parameters and define the co,_dltlons
for achieving maximum organic sulfur removal from Ohio coal.

EXPERIMENTAL TECHNIQUES

- Materials:

Coal Sample Preparation: The coal sample utilized In this study was
Pittsburgh No.8 from R & F Coal Company, Lamll-a Preparation Plant, Warnock,
Ohio. The raw coal was crushed and screened to the size range of
-6 +100 mesh (-2800 +150 microns) and was pre-cleaned by heavy liquidz

separation using 1,1,1,-Trlchloroethane with a specific gravity of 1.33.
To eliminate the effects of the residual 1,1,1,-.Trlchloroethane on coal

- surface properties, the float products were washed with acetone and were
dried overnight In an oven at 100 Q C to evaporate the organic solvent.
Table 1 shows the ash and sulfur contents of the raw coal and the pre-

- cleaned coal sample which was used In this study. The pre-cleaned coal

TABLE 1. Ash and sulfur contents of the Pittsburgh No. 8 coal
sample before and after heavy liquid separation

Sample Ash Z Total Pyritic Sulfate Organic
- Sulfur_ Sulfur_ Sulfur_ Sulfur_

Raw coal 13.8 3.58 2.82 0.02 0.74

___ Pre-cleaned by
ho=vy liquid 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_-6Z solutions of high purity sodium hypochlorlte
and crystals of potassium permanganate were obtained from Fisher Scientific
Company, Chemical Manufacturing Division, Falrlawn, New Jersey, U.S.A.
Solutions of the potassium permanganate were made at the required
concentrat]on.

Procedures

Chemical oxidation: Twenty grams of -200 mesh (-74 microns) pre-cleaned
coal sample were transferred Into a 500 ml flat-bottom flask containing
200ml of 4X to 6X sodium hypochlorlte or of the required concentration of
potassium permanganate. Mixing of the coal slurry with the reagents was
accomplished using a magnetic stirrer for one hour. The pH of the oxidation
step was 9.3 using potassltua permanganate and was 10.9 using sodium
hyDochlorlte. At the end of the oxidation period of one hour, the reaction
mixture was filtered on a Buchner Funnel, and was washed repeatedly with
distilled water until the pH of the filtrate was neutral. To Investigate
the effect of agitation Intensity, different agitation speeds were tested,
using a variable speed Impeller Y-line mixer, model 102, supplied by Sepor
Inc. Wilmington, California, U.S.A. i

Washing of oxidation products: The filter cake was transferred to a 500 ml
flat-bottom flask, equipped with a condenser, where lt was re-slurried with
200 ml cold or hot distilled water. The slurry was continuously stirred for
one hour while the washing temperature was maintained by a water-bath.
The washed slurry was filtered In a Buchner Funnel, dried at 75°C overnight
and was analyzed for the different forms of sulfur.

A series of IOXnO. treatment tests was conducted on a pre-cleaned
coal sample for evaluating the following variables:
(1) concentration of potassium permanganate (2, 4, 6, 8 and 10_);
(2) oxidation time (0.5, 1.0, 1.5, 2.0 and 2.5 hours);
(3) agitation speed (645, 825, 935, 1010 and 1100 rpm);
(4) number of oxidizing/washing steps (1, 2, and 3);
(5) temperature of the washing step (22, 35, 50, 65 and 60°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 tltrator. Pyritic sulfur and sulfate sulfur were determined according
to the recommended ASTM procedures. The sulfate sulfur was analysed using
gravimetric method In which the sulfate Ion was precipitated and weighed
as barium sulfate. Pyrites were extracted quantitatively by dlSute nitric
acid. The extracted Iron was determined by atomic absorption techniques
using Perkln-Elmer Model 3030. Organic sulfur was calculated by subtracting
the sulfate and pyritic sulfur from the total sulfur In the coal.

RESULTS AND DISCUSSION

Feasibility of Removing Organic Sulfur from Pre-cleaned Coal

The pre-cleaned coal feed samples were oxidized with 6 potassium

permanganate or sodium hypochlorlte at room temperature oand atmospheric
pressure for one hour and then washed with warm water at 80 C, also for one ,.

- hour. The results shown In Table 2, Indicate that chemical oxidation
- was effective for removing organic sulfur from coal. Organic sulfur removal

"l
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reached 24X with sodium hypochlorlte and up to 52_ with potassium
permanganate. Potassium permanganate also oxidized more than 50 percent of
pyritic sulfur to sulfate sulfur at the same time.

TABLE 2. Sulfur analyses of untreated and treated coals with 6X
sodium hypochlorlte and potassium permanganate

Coal Sample Total Pyritic Sulfate Organic Sulfur
Treatment SulfurZ Sulfur_ SulfurX SulfurX ReJectlonX

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 oxidizing agent, sodium hypochlorlte (NaOCl) has an oxidation
potential of 0.90 Volts. The half reaction [7] Is:

ClO- + H20 + 2e- ---> CI- + 2OH-; E - +0.90 V

Potassium permanganate Is a powerful oxidizing agent In either
alkaline or acid media [13]. In alkaline solution, the purple permanganate
Is quickly reduced to the green manganate, which later deposits brown
manganese oxide. The overall half reaction Is [13]:

MnO4 + 2H20 +3e ---> MnO2 + 4OH-; E - +1.23V

In the acid solution, the half reaction Is:

MnO4- + 8H+ + 5e ---> Mn2+ + 4H20; E - +1.52V

Both sodium hypochlorlte and potassium permanganate should therefore oxidizei

various organic sulfur functionalities such as sulfides, mercaptans and
thiophenes In the coal. However, the oxidation potential of potassium
permanganate Is higher than that of sodium hypochlorlte; therefore, lt Is
expected to be more effective for removing the organic sulfur.

The probable oxidation pathways are summarized [7] below:

Organic sulfides: R1SR2 > RISO2R 2

R1SO3H + R2SO3H

_..-.

Organic disulfides: R1S2R2_ ..._ H2S04

H2SO4
Mercaptans: RSH ....... > RS2R

RSO3H

Thiophenes: _ ....... > _

Potassium permanganate also oxidized part of the pyritic sulfur to
sulfate sulfur. This was understandable, as the oxidation potential of
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potassium permanganate was higher than the oxidation potential for pyrite.
The following equation described pyrite oxidation [5]:

Fe+2 -2FeS2 + 8H20 ---> + 2504 + 16H+ + 14e-, E - -0.362

Effect of Concentration of Oxidizing Reagents on the Organic Sulfur Removal

Chemical oxidations of pro-cleaned coal were conducted with different

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 I_
Figure 1. A greater organic sulfur reduction was expected with the
Increase In the concentration of potassium permanganate, 54.6X of the
organic sulfur was removed with 10_ of IOAnO4, compared with 33.3% removal
with 4_ KMnO4, Lower concentrations than 4% KMnO4 had little or no effect.

Figure 1 reflects the variation of different forms of sulfur in coal
with Increasing concentration of the potassium permanganate, lt appears
that total sulfur decreased gradually within the whole range of
concentrations, but the pyritic sulfur decreased sharply with the Increase
4Z and then decreased more slowly with IOAnO. concentrations from 4X to 10_.4
The sulfate sulfur, on the other hand, Increased sharply with the IncreaSe
of concentration from 0 to 4_ and of concentration from,OX to then slowly
from 4X to 10%. In contrast, the organic sulfur changed very little at the
lower concentrations of potassium permanganate and decreased quicklY with
increasing the concentration from 4% to 1OX. These results Indicate that
the pyritic sulfur was easier to oxidize than the organic sulfur at the
lower KMnO. concentrations (2-4_), while at higher concentrations (I.e. 6_
or more), _he organic sulfur was as effectively removed. This might be due

2.0 i' _ _ ( i

-
o 1.6 -o

o
_ 1.2 -

.c_

'*'08 -

C

u

__ 0.4- . S_\_ _ -

n, _ i ,, tv

0 2 4 6 8 I0 12

Percent C0ncentrotion of KMnO4 , 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 sulfur.

Effect of Reaction Time on Organic Sulfur Removal

Table 3 and Figure 2 show the results of changing the oxidation time
with 10_ potassium permanganate on pre-cleaned coal at room temperature and
atmospheric pressure. The reaction time was varied between 0.5 and 2.5
hours. The oxidized samples were washed with cold water at room temperature
for one hour. From Table 3, about 50_ of organic sulfur was removed with
1.5-hour chemical treatment. This reaction time of 1.5 hr. seems to be the
"optimum" for this reaction. The results In Table 3, In terms of reaction
time and percent of organic sulfur rejection, are lower than those In
Figure 3, where hot water was used In the washing step.

TABLE 3. Effect of reaction time on chemical oxidation for
organic sulfur removal

Reaction Total Pyritic Sulfate Organic Organic Sulfur
Time,hours Sulfur_ Sulfur_ Sulfur_ Sulfur_ Removal_

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 50.0

Figure 2 shows that organic sulfur decreased quickly 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 constant as the reaction time was increased.
This Indicates that the oxidation reaction might have reached a chemical
equilibrium state.

I I I I I

1,0

• o.6
_ c

R'- 0.2-#.
. I 1 I I IO0 0.5 1.0 1.5 2.0 2.5 :5.0

OxidotionReoctionTime, 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 illustrate the effect of agitation speed
durlng the chemiCal treatment wlth I0_ potasslum permanganate on the
efficiency of sulfur remOVal. The chemically treated coal samples were then
washed with cold water at room temperature.

TABLE 4. Effect of agitation speed on the chemical desulfurization of
Pittsburgh No.8 coal, using 10_ KMn04 and cold water washing _

Agitation Total Pyritic sulfate Organic Organic _ulfur
speed,rpm- Sulfur_ Sulfur% Sulfur_ 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 _

q-=, ..,.

"50
_ 0.8

o 0.6
"_._:_

o
._ i._ O. n

_c " I -
_. 0.2

O_--
O.. lO00 --'7"O0

Impeller Speed,rpm

FIG. 3. Effect of agitation speed on the organic sulfur content
In treated coal using lO_lOAn04 and cold water wash

air of organic sulfur removal
..... Its show that more than h __ hl-her than 825 rpm. That

coul xp c r

chemical reactl°nr_tself' u ,. cts to and from ,-
Indicated the o _. but a 'ao on the dlffUs " ..... e

transport of the oxidizing agent and the oxidation produ
reaction zone was required to enhance the desulfurization process. HenCe the
Idea behind testing various speeds of agitation was to enhance the removal
of sulfate sulfur, at higher agitation bY attrition. BY continuouslY
inhibiting the oxidation products layer from depositing on the coal particle
surface through attrition, the leaching process should continue unimpeded.
However, the effect of agitation speed on the sulfate sulfur removal
appeared to be minimal.

_
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Effect of the Temperature of Washing Water on Sulfur Removal

After chemical oxidation, the coal was washed with water for an hour
to split off the oxidized sulfur compounds still attached to the
hydrocarbon matrix. Figure 4 shows the effect of washing water temperature
on the organic sulfur removal extent. The figure shows that the organic

sulfur decreased from 0.45X to _.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 sulfur removal, but at a
low rate. Using cold water to wash oxidized coal Is acceptable If a lower
energy consumption le desired. Using cold water In the washing step, about
40_ of the organic sulfur could be removed with a magnetic stirrer
(Table 3), and 52_ to 60_ of organic sulfur could be removed using
mechanical agitation In one step of treatment (Table 4).

f'_7
_'.- I I I I

0.6-
L,.

ff)
u
•__"o 0.4 -
_c080.3-
"_' (DC
_>c 0.2-

a. 0.1- -

O0 I I I , I20 40 60 80 lO0

WashingTemperature,°C

FIG. 4. Effect of temperature of washing water on organic sulfur
removal from coal

Effect of the Number of Treatment Steps with 6_ KMnO4 on Organic SulfurRemoval

Three successive steps of treatment with 6X KMnO. were performed.
Each treatment step was followed by a washing step wl_h warm water as
described earlier, except the third washing step, where cold water (room
temperature) was used. After each oxidation and washing step, five grams of
treated coal sample were taken for total sulfur, pyrite sulfur and sulfate
sulfur analyses. The rest of the treated coal samples went to the next
oxidation step. The results are shown In Table 5 and Figure 5. The results
show an Increased reduction of ali sulfur forms In the cleaned coal after
three steps of treatment, lt appears that the organic sulfur was decreased
to 0.1X and lt removal reached 87X, while the total sulfur decreased to
0.42X. Pyritic sulfur decreased to 0.10X after three steps of treatment,
but the sulfate sulfur remained at 0.22_.

, Figure 5 reflects the different reaction behaviors of organic sulfur

.,._: and pyritic sulfur. About 66_ of pyritic sulfur reacted with KMnO4 and was
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TABLE 5. Effect of the number of treatment steps on coal
desulfurization with 6_KMnO4

Number of Total pyritic sulfate organic organic sulfur
Treatments Sulfur_ Sulfur% Sulfur_ Sulfur% Removal%

0 1.78 1.01 0.02 0,75 ---
1 1.16 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

, compared wlth 34% of organic sulfur
n the first treatment step removal o_removed i reactivity of organic sulfur wlth KMnO.

reduction and removal. However , the treatment steP, when the
increased substantially In the third ItlC sulfur removal In
70_of the organic sulfur was achieved, while the pyr
the third step was only 16.7_. The cumulative organiC sulfur removal of the
three treatment steps was 86.7_.

tered tn the permanganate desulfurization of
. o_lems encoun .... _ xlde This le because _

O.e of the pr ..... *,on of manganeS- .Io ;.u 9 3). Tns ..v_
...... the prectp,_a-" .,._,,.. conditions _w- J" ,-'reduced somu

coal, .a= A,,_ted at al_a, ,,,- .... , .nwder ana '''- ..... ^,,Icl
reaction was con-_.._ .lth the cteaneu _v_^_-_.. to preclplta_lo- .....
nreClpltste was m,Avw..._,. The relative er.v ....
errors In the sulfur ana,y-'-"

FIG. 5. Effect of number of steps 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 lower for
the higher coal weight percent In the slurry. To assess the relative error
on the results In Table 5, a correction 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 results In Table 5,
the total weight of treated coal was 29 Grams, while the Initial weight of
thff coal sample feed was 20 Grams. The Increase In WeiGht, I.e. 9 grams was
assumed to be due to the precipitation of MnO.. Since this experiment was a

three-step permanganate treatment. The average Mn09 precipitation pet one
treatment step was 3 grams assuming no major los§es 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 results are shown In
Table 6. Similar correction factors could presumably be applied 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 coal desulfurization

with 6X KMnO4 using correction factor for the MnO2 precipitation

Number of Total Pyritic Sulfate Organic Organic Sulfur
Treatments Sulfur_ Sulfur_ Sulfur_ SulfurX Sulfur_

Q 1.78 1.01 0.02 0.75 ....
1 1.33 0.39 0.37 0.58 22.7
2 0.99 0.16 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 solublllze
It. However, If th_ permanaganate desulfurization treatment Is conducted at
acidic conditions, precipitation of the manganese dioxide should not take
place. Future experiments In this research program will be conducted at low
pH to test this concept and to avoid the precipitation problem.

SUMMARYAND CONCLUSIONS

This paper presents a promising chemical coal cleaning approach for
reducing the organic sulfur In Ohio coal which has a high commercial
potential. From the previous results and discussion, the following
conclusions can be made:

1. Potassium permanganate has a significant effect on the organic
sulfur removal through mild chemical oxidation at ambient conditions. A
substantial reduction of the organic sulfur, up to 87_, has been
achieved.

2. Potassium permanganate, as an oxidizing reagent having
higher oxidation potential, Is more effective for organic sulfur
+removal than sodium hypochlorlte.

3. Increasing the concentration of the oxidizing reagent (KMnO.)
the number of treatment steps, and the Intensity of agitation, w_ll
enhance the organic sulfur removal. Most of pyritic sulfur can be

o_ldlzed with a lower concentration of IOAnO4, or at the first step of
Oxidation.

4. The chemical oxidation of Ohio coal can be successfully con-
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ducted at room temperature and atmospheric pressure using Inexpensive
commercial oxidizing reagent and followed by a washing step with
cold water.

_. The combined approach of pre-cleaning the raw coal with heavy
medium separation, followed by three steps of chemical cleaning using 6_
KMnO reduced the total sulfur from 3.5_ to 0.42X, the pyritic sulfur from
2.8X4'to 0.1Z, and the organic sulfur from 0.74 to 0.1X. Thus a premium
quality coal could be produced from a low-value high sulfur coal by this
approach. This process Is simple, easy to control, and Is very promising
novel technique which has high technical, economic,and commercial potential.

6. The solids recovery, volatile matter and heating value of the
cleaned coal as well as the environmental effects will be studied In the
future experiments.

ACKNOWLEDGEMENT

The authors would like to acknowledge the financial support given to
this work by the Ohio Coal Development Office, Ohio Department of
Development grant No. CDO1R-86-78/91.

REFERENCES

1. D.G. Williams, "Desulfurization - T_e Status of Development', In Coal
Handbook, Ed. Robert A. Meyers, Marcel Dekker Inc. Pp.289-297, (1975).

2. J.C. Agarwal, R.A. Glbertl, P.F. Irmlnger, L.J. Petrovlc, and fl.S.
Sareen, "Chemical Desulfurization of Coal', Mining Congress Journal,

61, No. 3, pp. 40-43, (March, 1975).
3. S. Friedman, R.B.LaCount, and R.P. Warzlnskl, "Oxidative Desul-

furization of Coal', In Coal Desulfurization: Chemical and
Physical Methods, Ed. T.D. Wheelock, ACS Symp. Series 64, pp.164-172,
(1977).

4. T.D. Wheelock, "Chemical Cleaning", in "Coal Preparation', Ed. J.W.
Leonard, The American Institute of Mining, Metallurgical, and
Petroleum Engineer, INC., pp.20, 29-46, (1979).

5. S.C. Tsal, Fundamentals of coal Beneflclatlon and Utilization,
Elsevier, pp.353-369, (1982).

6. D.J. Boron and S.R. Taylor, "An Effective Physical and Chemical
Treatment Approach For Cleaning High Sulfur and Ash Coals', In
Processing and Utilization of High Sulfur Coals, Ed. Y.A. Attla,
Elsevier, pp.337-351, (1985).

7. M. Brubaker and T. Stolcos, "Precombustlon Coal Desulfurization with
Sodium hypochlorlte", In Processing and Utilization of High Sulfur
Coals, Ed. Y.A. Attla, Elsevier, pp. 312-326, (1985)o

8. H.I. Waterman, and J.H. Helmel, "The Desulfurizing of Crude 011
Distillates by means of Hypochlorlte, after the Method of Dunstan

and Brooks', Inst. Pet. Tech. d., 4..66, (1924).
9. A.E. Wood, A.R. Greene and R.W. Provlne, "Desulfurizing Effects of

Sodium Hypochlorlte on Naphtha Solutions of Organic Sulfur Compounds",

Ind. and Eng. News, 1_88,No, 8, (August 1926).
10. S.K. Chakrabartty and H.O. Kretschmer, "Studies on the Structure of

Coals, 2. The valence State of Carbon In Coal", Fuel, 5._!, (April 1972).
11. F.R. Mayo, "Applications of Sodium Hypochlorlte OxldatJons to the

Structure of Coal", Fuel, 5_44,pp. 273-275, (Oct. 1975).
12. F.R. Mayo and N.A. Klrshen, "Oxidations of Coal by Aqueous Sodium

Hypochlorlte', Fuel, 5..88, (Oct. 1979).
13. C.T. Rawcllffe and D.H. Rawson, Principles of Inorganic and Theoretical

Chemistry, Helnemann Educational Books Ltd., (1969).

•
-- ._

,1



I

2 POSSIBLE METHOD FOR REGENERATION OF POTASSIUM PERMANGANATE
• FOR SPENT SOLUTIONS

After the washing step with HCI or HNO 3, the manganese

salt solution Is obtained.

Alternative 1 Precipitation of MnO 2 and Its further oxidation

to permanganate

+ 4KCI
+ 4KOH - 2Mn(OH) 2a) 2MnCI 2

b) 2Mn(OH) 2 + 0 2 (atmosphere) - 2MnO 2 + 2H20

c) 2MnCI 2 + 4KOH + 02 - 2Mn02_ + 4KCI + 2H20 (1)

heat (2)

4MnO 2 + 30 2 + 4KOH --=--" 4KMnO 4 + 2H20fusion

and/or potassium chlorate

Most used route commercially

heat

4Mn02 + 30 2 2Mn207 ; 2Mn20 7 + H_O - 2HMnO 4"''" Z(permanganlc acid)

- Alternative 2

Mn 2+ salt + nitric acid + sodium blsmuthate

A two-step reaction:
3+

a) 2Mn 2+ + 5BIO 3- + 16H. " 2HMn04 + 7H20 + 5BI
_

b) 2HMnO 4 + 2KOH - 2KMnO 4 + 2H20
m_m

m m

2Mn 2+ + 5BiO 3 + 2KOH + 16 H+ 2KMn04 + 9H20 + 5Bi3+ (3)

Other Alternatives
z

z 3-Oxidation of MnO 2 or Mn salt by air, CI 2, persulfate, ozone

or other oxidizing agents, or electrolysis.
_

4-Lead dioxide In concentrated H2SO 4 or HNO 3 and periodates

= convert manganous salts directly into permanganate

_ i90

,
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