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EXECUTIVE SUMMARY

The removal of sulfur from oil shale prior to or during hydroretorting

could significantly imprOve the overall efficiency of recovering oil from

shale. Oil produced by retorting Eastern shales typically contains 1 to

2 weight percent sulfur. The sulfur must be removed by hydrotredting.

Furthermore, the conversion of sulfur in shale to hydrogen sulfide (H2S)

during hydroretorting increases hydrogen consumption. Therefore, there are

significant economic and environmental incentives for controlling the
distribution of sulfur during shale processing.

This topical report on "Sulfur Control" presents the results of work

conducted by the Institute of Gas Technology (IGT), the Illinois Institute of

Technology (IIT), and the Ohio State University (OSU) to develop three novel

approaches for desulfurization that have shown good potential with coal and

could be cost-effective for oil shales. These are I) In-Bed Sulfur Capture

using different sorbents (IGT), 2) Electrostatic Desulfurization (IIT), and

3) Microbial Desulfurization and Denitrification (OSU and IGT).

The work was conducted as part of the overall program on "Pressurized

Fluidized-Bed Hydroretorting of Eastern Oil Shales," sponsored by the Laramie

Project Office of the U.S. Department of Energy/Morgantown Energy Technology

Center (DOE/METC) under Contract No. DE-AC21-87MCI1089. The primary objective

of the program was to perform the research necessary to develop the

pressurized fluidized-bed hydroretorting (PFH) process for producing oil from

Eastern oil shales. The program also incorporated research on technologies

that have the potential to improve the economics and/or environmental

acceptability of recovering oil shales using the PFH process.

The objective of the task on In-Bed Sulfur Capture was to determine the

effectiveness of different sorbents (that is, limestone, calcined limestone,

dolomite, and siderite) for capturing sulfur (as H2S) in the reactor during

hydroretorting. Tests were conducted in the batch PFH unit at temperatures

ranging from 900 ° to 1050°F (482 ° tj 565°C) and pressures of 400 and 600 psig

(2.8 and 4.2 MPa)° The ratio of sorbent-to-feed sulfur was tested in the range

of 0.5 to 1.5 mol/mol. Because only about one.-half of the feed sulfur in the

shale is converted, the "effective" sorbent-to-feed sulfur ratio investigated

was 1.0 to 3.0 mol/mol. The effect of product gas recycling was also

determined.

Overall, calcined limestone w_s found to be very effective at capturing

H2S. Sulfur capture efficiency is defined a_ the percent of the available H2S
(generated at the reactor conditions utilized) that is captured by the

sorbent. Maximum sulfur capture efflciencies obtained for tests using the

Alabama, Indiana, Kentucky_ Michigan, Ohio, and Tennessee shales were 59.1%,

98%, 40.3%, 78.4%, 100%, and 57.6%, respectively. The original batch of

calcined limestone sorbent used may have been inadvertently hydLated during

preparation, which significantly affected its sulfu£ capture ability for

specific tests with the Indiana, Michigan, and Ohio shales.

Batch PFH tests were per£ormed with Indiana shale and siderite in-bed

sulfur capture sorbents. Raw siderite did not prove to be as effective a
sorbent as calcined siderite. Tests conducted with calcined siderite at

1050°F and 600 psig (565°C and 4.2 MPa) with residence times of 5 and
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30 minutes produced sulfur capture efficiencies of 95.5% and i00%,

respectively. One drawback to the use of raw siderite is that raw siderite,

as mined, usually contains pyrite, which when calcined generates H2S.

The objective of the task on Electrostatic Desulfurization was to

determine the operating conditions necessary to achieve a high degree of

sulfur removal and kerogen recovery in IIT's electrostatic separator. By

examining scanning electron microscope photographs, IIT researchers determined

that shale must be ground to a particle size of i0 to 15 _m to libr.rate the

majority of pyritic sulfur. In parametric studies using their experimental

apparatus, IIT investigated the effects of different methods of charging the

shale particles (tribocharging), gas velocities, particle sizes and loadings,

and surface moisture on pyrite reduction and kerogen recovery. During a

typical test, the applied electric field across the electrostatic separator
electrodes was 2000 volt/cm.

The results showed that at a gas velocity c f 15 m/s, an applied voltage

of 2000 v/cm, and a solids loading of 0.I ib shale/lb air, the pyritic sulfur

content of the treated shale could be reduced by about 53%. At the same time,

the kerogen content of the shale increased from 12.4% to 33.5%. IIT also

conducted modeling studies of the electroseparation process.

The objectives of £he task on Microbial Desulfurization and Denitrifica-

tioJ_ were to i) isolate microbial cultures and evaluate their ability to

desulfurize and denitrify shale, 2) conduct laboratory-scale batch and

continuous tests to improve and enhance microbial removal Of these components,

and 3) determine the effects of processing parameters, such as shale slurry

concentration, solids settling characteristics, agitation rate, and pH on the

process.

OSU isolated 16 different cultures from shale and 1 from coal to be

tested for the ability to desulfurize and/or denitrify shale. They tested a

mixed culture that was capable of metabolizing pyridine (a model nitrogen

compound). They also chemically pretreated (5 M nitric acid or 5 M sodium

hydroxide) a sample of beneficiated shale and removed more than 50% of the
sulfur. OSU was able to remove an additional 9.5% of the sulfur remaining

after chemical pretreatment using a mixed culture.

IGT conducted shake flask experiments with the OSU cultures and several

= others that had been isolated previously by IGT researchers with slurries of

fine-ground beneficiated shale. The results of these experiments showed that

as much as 78% of the pyritic sulfur in the shale could be transformed to

microbial organic sulfur within 30 days, and 83% could be transformed within

63 days of incubation. There was no apparent metabolism of organic sulfur by

these particular microorganisms. However, the nitrogen-metabolizing organismi

transformed 50% of the nitrogen into microbial protein within 7 days of

ix,cubation. This reduction in sha]e nitrogen using microbial means is

s_gnificant; improved nitrogen reductions could be achieved with additional

acclimation of the organismso
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_[N_]_HODUC'i'ION

Shale oil containing less sulfur and nitrogen will reduce oi]. hydro-

treating requirements, save significant capital costs, and reduce hydrogen

consumption. Three novel approaches for desulfurization have shown good

potential with coal and could be cost-effectlve for oll shales: electrode sul-

furization, microbial desulfurization and denitrification, and in-bed

desulfurization.

Electrostatic Desu]furi_at_()rl

Ti_e use of classlc magnetic separation for the desulfurization of coal

has [_ot been very effective or economical. Many research programs have been

conducted tc)improve the performance of magnetic separation by the use of

hlgh-gradient magnetic separation (HGMS), superconducting magnets, or

pretreatment of coal to improve the magnetic properties of pyrite. HGMS has

large energy requirements; superconducting magnets require a llquid helium

temperature of 4.2 K; and coal pretreatment costs are very high.

The electrostatic method for desulfurization requires less energy, does

not require any chemical pretreatment, and can be used at ambient conditions.

This method is based on the principle that pyritic and non-pyrltic components

of shale develop either different levels of the same charge or dissimilar

charges, depending upon the method of charging used. Some work on the

desul._urization of coal in _iluidized beds or conveying systems has been

conducted with very encouraging results. The work at the Illinois Institute

of Technology (lIT) has shown that as much as 70% of the pyrite can be removed

by the electrostatic method. The results can be improved by changing the

tribocharglng system to one that can charge pyrite with one type of charge and

non-pyritic material with the opposite charge.

The electrodesulfurization technique could be used as a stand-alone

reef.hod o_. complementary to the bene_iciation process for removing additionall

pyritic sulfur. In the past, electrostatic methods used expensive rotor-type

machines, which involved scraping of solids that stuck to the electrodes.

Using ax_ electrostatic sieve concept, researchers at 11'I'have solved both the

probiem_{ c_f sticking and the costly rotating mach.ineL'y used in tlle past. 'Phe

rate of pyrite and shale separation is determined by their electrophoretic

[nobility. The concept has been applied to continuous separation in pneumatic

conveyors. This novel techrlique, which was utili_.ed to separate pyrites from

Iillirlois coal[, was applied to Eastern oil shales.

MicroDial Desulfurization ahd Denitrification

L_er_et.iciation Of oil shale reduces only pyritic sulfur and mineral

" matter; it canrlot remove organic sulfur and r_itrogen. Removal of these

components _equires either chemical or m.icrobial processing. Generally,

- milder operating conditions improve thermal efficiency and economics.

Microbial pr'ocessing is conducted at milder conditions, rf'hemicrobial

approach has the poter_tial to desulfurize arld denitrify oi] shaile5 at ambient

pressure and at a temperature of only 25 ° to 55°C. No other chemical cleaning

: approach that can remove organic sulfur and nitrogen operates at such mild
corldJtions.



Under a continuing DOE program, .Atlantic Research Corporation has shown

that one of its proprietary cultures carl reduce the organic sulfur content ,_f

coal by about 47%. In another DOE program, IG[I_ has developed aerobic and

anaerobic mixed 0ultures that can convert over 95% of dibenzylthiophene (DBT),

a typical sulfur compound found in coal. These results _re very exciting
because this is the f'irst time that mixed cultures and anaerobic systems,

which are expected to be more economical than 'the slngle-culture .aer°bic

systems , have been demonstrated to degr_.de DBT. The marginal cost of the
microbial treatment step is expected to be very small because the cost of fine

grinding the shale in a water slurry has already been incurred for the

benef iciation step.

Samples of Eastern oil shale were used as the source of enrichment
culcure inocula for the isolation of both aerobic and ar:aerobic microorganisms

under various growth corlditlons. Lab-scale batch tests were conducted to

determine the effects of various culture development parameters, such as

source of inocula, pH, temperature, arid culture media, on culture growth.

Culture development was accomplished at t'he shaker--flask scale of operation.

The culture media used included non-shale carbon sources, various trace

minerals, an_i vitamins, but omitted sources of sulfur and nitrogen. A similar

test matrix Was used to develop cultures that ultim_ ely have shale as the

only source of organic carbon, sulfur, and nitrogen. Those cultures that

demonstrated the greatest removal of sulfur and nitrogen were selected for

process deve].opment st_Idies.

The effects of process operating conditions on the efficiencies and rates

of organic ._;ulfurand nitrogen removal from Eastern oil shale by the selected

cultures were determined using batch and continuous reactors. Preliminary

I optimum operating conditions of oil. shale concentration_ microorganism
concentration, arid retention time were determined using batch reactors. These

conditions were further refined in experiments using a reactor operating on a

continuous feed mode.

In-Bed Desulfurizatio_

Another desulfurization technique, in-bed sulfur capture, has been

developed and successfully utilized for atmospheric combustion work with

coal. The application of this technique for in-bed sulfur capture in a PFH

retort was investigated. Desulfurization in the PFH reactor will mitigate,

and perhaps eliminate, the need for downstream sulfur recovery and tail gas

, cleanup sections of the integrated PFH process facility. Tests included lab-
scale batch and continuous tests to determine the effects of temperature, _.

pressure, limestone-to-shale ratio, and feedstock on the efficiency of sulfur

capture. Lab-scale batch testing was a cost-effectlve way to identify the

most important process variables to be tested in continuous tests. Continuous
tests were conducted at the laboratory scale to provide material balances and

obtain process design data.

l
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[['AS}(3. rl'ESTING OF PROCESS IMPROVEMENT CONCEPTS

The overall objective of this task was to obtain data on novel process

concepts that have the potential for improving the overall economics of PFH

processing with Eastern oi] shales. This task is divided into five subtasks

corresponding to the five concepts being tested: In-Bed Sulfur Capture,
Electrostatic Desulfurization, Microbial Desulfurization and Denitrification,

Elect roseparat iOn of Fines From Shale Oil, and Restricted Pipe Discharge

System (RPDS). This report focuses on process concepts related to sulfur
con trol.

Subtask 3.1. In-Bed Sulfu_ _ Capture Tests

The objective of this subtask was to determine the effects of! operating

conditions (temperature, pressure, and sorbent-to-shale ratios) on the

effectiveness of in-bed sulfur capture with limestone and presintered iron ore

(siderite).

Discussion

Several series of tests were performed to meet the objectives of this

subtask. '['h_goals of the test series were to determine the reactivltles of

various calcium-based sulfur capture sorbents, to determine the reactivitles

of raw and calcined sidel:ite Sulfur capture sorbents, and to demonstrate the

effectiveness of tl_e sorbents in laboratory-scale PFH reactors. The following

tests were conducted in th:is subtask.

• TGA tests to study the reactivity between hydrogen sulfide and limestone,

calcined limestone, and dolomite

• Batch PFH tests wltl] slx Eastern shales and a calcined limestone sorbent

• (L),_econtinuous PFH test with indiana shale and a calcined limestone

sulfur capture sorbent

• TGA tests to study the reactivity between hydrogen sulfide and raw and

calcined siderite

• Batch PFH tests with ]ndlana shale using raw and calcined siderite

sorbents

: ® [['GAtests to study the reactivities or several Ca-based sorbents

including the batches of calcined limestone used in the laboratory-scale

• PFII testS.

: The sulI!ur contents and sulfur-by-type analyses of the six Eastern U.S.

shales studied in this program are presented in Table 3-1. Total sulfur

contents were found to range from 2._% for the Ohio shale to 9.2% for t,he

Alabama shale. A ]arge fraction of the sulfur in these shales is in pyrite.

During the hydt'oretorting of Eastern shales, up to half of the pyritic sulfur

is converted to hydrogen sulfide (H2S). Other sulfur species can also react

= with hydrogen to produce H2S.
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Continuous PFH tests in Subtasks i..2 and 2.2 yielded sulfur conversions

to H2S of up to 50%. The sulfur conversions for all continuous PFH tests
are presented in rr'able3-2. The Indiana and Kentucky New Albany shales and

the Alabama shale had sulfur conversions to H2S of 40% to 50%. Sulfur

conversions to H2S were lower for the Tennessee, Ohio, and Michigan shales

with Michigan shale showing the lowest conversion of sulfur to H2S. An
attempt was [_ladeto find a relationship between the PFH sulfur conversions and

the shale sulfur analyses in Table 3-1. The shales with the lowest sulfur

converJions have significant amounts of sulfate sulfur. Sulfate and organic

sulfur: conversions were lower for these shales. For ali six shales, hydrogen

su].fide is the Predominant product from PFH processing of the pyrlt_c sulfur,

but sulfate, pyritic, and organic sulfur are al]. converted to some extent.

during PFH processing.

Work in this task was directed toward identifying in-bed sulfur sorbents

that could capture sulfur from H2S In the reducing environment of the PFH
process

TGA Tests With Ca-Based Sorbents

The "irst work completed in this subtask was a series of thermogravi-

metric analysis (rr'GA)tests to determine the reactlvlties of calcined and

uncalcined limestone (calcite) and dolomite toward H2S. [['entests were
conducted in an ambient-pressure TGA unit. The effects of sorbent type,

particle diameter, and reaction temperature were investigated.

A schematic diagram oi_ the TGA unit used in these tests is shown _n

Fl%ure 3-i. During a test, a simultaneous recording is made of the sample

weight, the rate of weight change, and the temperature of the furnace in close

proximity to the sorbent being heated. The sample is contained in a platinum

basket, while a metered flow of gas _s introduced at the top of the furnace

chamber. The platinum basket is suspended from a recording balance. Any

movement of the balance arm, because of a change in sample Weight, is sensed

by a linear differential transfoI_mer on the left arm of the balance. A

restoring force rs applied to the right arm by an electromagnet proportional

to the change in weight. [['nerecording balance control unit senses the

required force to maintain a null and converts this into a signal that is

proportional to the weight of the sample. The sample weight signal and the

temperature slgna].s are recorded by a computer during the test.

The chemical compositions of the sorbents used in these tests are given

in Table 3-3. Tl]e average particle diameters of the sorbents were -80+1.00 mesh

(d - 0.0165 cre) and -20+30 mesh (d = 0.071 cre). The tests were conducted in
t,_ temperature range of 900 ° to 10_0°F i482 ° to 565°C) '. The reactant gas

contained 5 mole percent H2S, 15 mole percent hydrogen, and 80 mole percent
nitrogen. Duplicate runs were conducted to determine the accuracy and

reproducibility of the measurements, rr'heresults of the duplicate tests with

ca]clned limestone are presented in Figure 3-2.

Four tests were conducted to determine the reactivities of uncalcined

sorbents (limestone and do]omlte) oward H2S at temperatures of 900 ° and
1050°F (482 ° and 565°C). The results of these tests indicate that ur,calcined

calcium-based sorbents do not react with H2S in the range of temperature
invest igated.
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Table 3-3. ELEMENTAL ANALYSES OF THE SORBENTS '_USED FOR

IN-BED SULFUR-CAPTURE TESTS

Limestone

Component ]Calcite). Doloml te
wt %

Calci um 40.6 22,1

Magnes ium 0.58 13.5

Si] icon 0.22 0.36

Potassium 0.032 0.07

I ton 0. 054 0. ]3
c ,,

St font ium 0. 016 0. 006

: Aluminum 0. 051 0. ]2
:a

Carbon Dioxide 43.50 46.5

The effect of temperature on the rate of reaction between H2S and
calcined limestone and dolomite .is shown in Figure 3-3, indicating that the

reactivities of the sorbent significantly increase with an increase in

temperature. The data also indicate that dolomite was more reactive than

limestone. Figure 3-4 shows the effect of particle size on the reaction rate

- from both sorbents. As expected, the reaction rate decreases with an increase

in sorbent particle size.

=.

To estimate the extent of desulfurization in a PFH reactor, the

- sulfidation reaction rate at elevated pressure should be determined by

extrapolating the ambient pressure data using a kinetic model. Figure 3-5

shows good agr_-_ement between the experimental ambient-pressure data and the

diffusion-controlled, shrinking-core model for spherical particles of

_. unshrinking size at 1050°F (565°C). This kinetic mode] was used to
<

extrapo].ate the ambient pressure data to elevated pressure.

.... The estimated sulfur capture in a 2-inch-diameter PFH reactor is

presented in Figure 3-6. The results indicate that at a reactor pressure of

400 psia and a reactor temperatu_-e of 1050°F (565°C), about 85% of H2S can be

= 'c_aptured" using -80+]00 mesh particles of limestone w_th a Ca/S ratio of 2.

These data were used tc.)determine the c)perating parameters for the lab-scale

batch and continuous tests.

Subtask 3.1.1. Lab-Scale Batch Tests

-4

: ']'l_e<,.bjective of this subtask is to determine the effects of temperatuLe,

- pressure, and sorbent-to-sl_ale ratio on the in-bed sulfur capture for PFH of

shales by conducting lab-sca].e batch tests. This subtask provided direction
for selection of ope[-ating conditions for in-bed sulfur capture in continuous

tests.

m
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et'imen t a.__._m ent

A schematic diagram of the batch laboratory-scale PFH unit is shown in

Figure 3-7. Major pieces of equipment that comprise the batch PFH system are

a feed hopper with a preheat furnace, reactor_ liquid collection vessel,

recycle compressor, reactor and gas preheat spllt-tube furnaces, mass flow

controllers, and a computer data acquisition and control system. In a typic]al

test, 200 grams of sized shale is charged to the feed hopper and 200 ml of the

same slzed sand or sorbent is charged to the reactor. The system is

pressurlzed with hydrogen, the reactor is heated to the desired retorting

temperature, and tile gas is _JrcuJ.ated at fluidization velocities using the

recycle compressor. A small flow of make-up hydrogen is also established.

Shale is preheated in tile f.eed hopper for the desired time and then dropped

into the preheated fluidized sand or sorbent bed, which is already at

retorting conditions. Reactor conditions of temperature, pressure, and gas

flow are maintained throughout the PFI/ tests. After the test, the furnaces,

are shut oil and opened. All product solids, ilquLds, and gases are carefuJ.ly

collected and analyzed.

Three batches of calclr=ed limestone were prepared for batch and

cox_tinuous lJl,'ll mu.fLu[' capture tests, lt was r_ot possible to prepare enough

sorbeut |u_ ali oi the PFH tests ill a single batch tri the calcir_atlon reactor.

Limestoz_e from the same Michigan quarFy was used for ai[].tllree batches of

calcined llmestone. The first batch of sorbent was prepared from one sample

of llmestotle, and the second and th.ird batches of sorbent were prepared from a

second limestone sample collected a yea[" later, The same ca /cir_ation

procedure was used to prepare each batch of sorbent. Limestone was sized to

-60+i[0O mesh, fluidized in nitrogen, heated to 1600°F (871°C), and then held

at that temperature for 30 minutes, t._hecaic.[ned limestone was removed from
the t'eactor and screened to -60+i[00 mesh to obtain the sorbent for the PFH

tests. Analyses oi the three batches of calclned limestone are [)resented An

Table 3-4, The table also shows the PFI.Itests in which each batch of sorbent

was used.

A total of 24 batch PFH tests were conducted using calcined limestone.

indiana shale was used for nine tests, Tj,tee tests were made with each of the

other five shales, Sulfur analyses were performed on samples of feed and

residue shale from the batch PFH tests with limestone and from a number of

tests without limestone, but at similar conditions. Sulfur contents of a

number of the product oils were also determined.

The effects of PFH operating conditions on the sulfur capture efficiency

of. caJcined limestone were .studied in Indiana shale tests. Indiana sha].e

sulfur conversions with calcined limestone and with no sorbent are presented

iz-_'t'abJe 3--5. Sulfur conversions from tests with the other five shales are

[:)_c_.sentedin Table 3-6.

Batch PF1:1Tests With Calcined Limestone and ]ndlana Shale

With no sorbent added, the average sulfur conversions to oLl and gas

(except for Test 92) were 3.5% and 44.5%, respectively° There is no apparent

correlation between sulfur conversions and temperature [843 ° to I084°F (450 °

Lo 584°C)], pressul:e [400 to 1000 psig (2.8 to 7.0 MPa)l, c)r residence time

(3 Lo 23 mlnutes).
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Table 3-4. ANALYS_S OF CALCINED 5IMES'I'ONI_]

Batch No. I ......2 .... 3

Batch PF}{ Test No. 103-124 1.25-137 138-142

Conti[,uous PFH Test No. C-4]

Composition, wt %
C.aO 96.2 []4.1 92.5

2.5 2.8 3.6
CaCO 3
Others ]. 3 13.1 3.9

Total i00.0 1L}0.0 "i00.0

Dist_ibutlon, % of [leed Ca

CaO 98.6 98.2 96.3

CaCO 3 i. 4 .....1::_8 3.7
Total 100.0 100.0 I00.0

Calcined limestone from Batch 1 was added to the feed shale in Tests 103,

10b, 107, I+08, Ill, aiLd 112. Since the results o[ eaL']le[ batch tests

col,duct, cd without limestone addition showed that the sul. f.ur conversion

reactions were completed In 3 to 5 minutes, a 5-minute residence time was

chosen [:or all batch P_'H sulfur capture tests. Test operating condltlorls were

varied to study the effects Of pressure, temperature, and feed calclum-to-

sulfur ratio on the sulfur capture efficiency when uslng the sorbent. Sulfur

capture efficiency is defined as the percent reduction in sulfur conversion to

gas (as H_.S). Temperatures and pressures of 900 ° and 1050°F (482 o and 565°C),
and 400 and 600 psJg (2.8 and 4.2 MPa), respectively, were tested. Sufficient

sorbent was Included to provide (}.5, 1.0, or 1.5 moles of calcium for every

mo le of feed sulfur. Since 50% of the sulfur is converted to H2S during

hydroretorting, the ratios of calcium to H2S were 1:1, 2:1, or 3:1.

' The use of the calcined limestone sorbent did not significantly affect

the sulfur conversion to oil. With no sorbent added, the product oil

contained 0.9% Lo 1.3% sulfur (3.0% to 3.9% of the feed sulfur). The addition

of sorbent did not change the amount of sulfur" in the oll (1.2% to 1.3%).

The effects of batch [,[d!test conditions on the su].fur capture efficiency

is summarized Irl Flgure 3-8. At 900°F and 600 pslg (482°C and 4.2 MPa), with

a calcium to H2S ratio of 3:1, about ]6% of the calcium is converted to
calcium sulfide resulting in a sulfu_ capture efflclency of 48%.

Inc_+easing the reactor temperature from 900 ° to 1050°F (482 ° to 565°C)

" ixLct+eased the calcium conversion to calcium sulfide at 600 psig (4.2 MPa),

from 16% Lo 29%. At 1050°F and 600 psig (565°C and 4.2 MPa), a Ca/H2S ratio

(jr 3:]. resulted in a sulfur captur'e efficiency of 87%.

The e[l!ects of pressure were studied by cond_.icting a series of tests

using a Ca/H2S ratlo of 3:]. At 90(]°F (482°C), sulfur capture efficiency was
48% at 600 pslg (4.2 MPa) and 58% at 400 pslg (2.8 MPa). At 1050o]3' (565°C),

the sulfur' capture efficiency increased from 87% at 600 pslg (4.2 MPa) to 96%

at 400 pslg (2.8 MPa).1
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The calcined limestone sorbent has been found to be very effective at

capturing H2S, The highest sulfur capture efficiency observed was at reactor

conditions of 1050°F and 400 pslg (565°0 and 2.8 MPa) using a Ca/H2S ratio of
3zl. At this condition, 32% of the calcium was converted to calcium sttlflde,

and a sulfur capture efficiency of 96% was achieved. Analysis of test results

suggests that a high level of sulfur, capture efficiency could be obtained at

other temperatures and pressures by increasing the Ca/S ratio.

The first batch of caiclned .limestone proved to be an effective sulfur

capture sorbent in the first six Indiana shale tests. The second batch of

limestone did not show the same high sulfur capture el!fj.clency when used with

other shales. In order to compare the first and second batches of sorbent,

three final batch PFH tests were conducted with Indiana shale.

The short shale residence times were chosen to allow sufficient time for

the product gas to pass only once through the reactor. A 'single pass' of

feed gas was used in Tests [35, ]36, and 137 to ezlsure tl]at no product gas was

recycled to the reactor. All three tests were conduc_-ed at 1050°F (565°C) (or

higher) and 600 psig (4.2 MPa) with a residence time of 3 to '/minutes and a{

calcined limestone to sui[.ur ratio of 1:5.

Test 135 was conducted will] a _;hale-sorbent mixture, introduced to the bed

from the reed hoppeI:. A suJfu_' capture effic:ieucy of 33% was achieved

compared to an expected value of _I0% to 90% '['helower than expected sulfur

cap[ure etlt.icie,lcy Ix_Test 135 may be attrlbuted to the product H2S.belng
generated and swept from tlle reactor before the sorbent is at a h_gh enough

temperature Lo be effective.

In Tests 136 and 137 the sorbe[it and the sand were mixed and loaded In

the reactor. The sl,ale was introduced after the mixture was preheated an';

fluidized. Operating conditions for the tests were similar, except Test _37

was fluidized at the minimum fluidization velocity, and Test 1.36 had a feed

gas flow rate [.5 t}mes the minimum fluidization ve[ocity.

At minimum fluldizatlon (Test 137), no sulfur capture was achieved. This

indicates the bed was not well mixed. The product H2S was generated in the
top of the bed and left the reactor before contacting the sorbent_ At ].5

times minimum fluidization (Test 136), a sulfur capture efficiency of 57% was

achieved. Good solids ,nixing resulted in much greater sulfur capture, but the

sulfur: capture efficiency was lower than expected based on results from batch

tests conducted previously using the first batch of calcined limestone.

Results from Tests 135 to ]37 indicated the second batch of sorbents was not

as effective as the first batch.

Batch I?F}Iq'ests _ith Calclned Limestone and Other Shales

Calcined limestone was used as a sorbent for 15 tests with the Alabama,

Kentucky, Michigan, Ohio, and Tennessee shales. '['heSame operating conditions

were used for three tests wlth each of the flve shales. Reqldence times were

3 to 5 minutes for all tests since Indiana shale tests showed H2S production
was complete in this amount of time. The pressure was 600 psig and the Ca/S

molar ratio was 1.5 for ali tests. The f_rst two tests with each shale used

feed gas recycle, and the temperatures were 900 ° and 1050°F (482 ° and 565°C).

In the final test with each shale, a temperature of 1050°F (565°C) was again
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used, but a 'single pass' of feed hydrogen was used instead of a recycle feed

gas. The sorbent was mixed and preheated with the Sand in the last test with

each shale, and a gas velocity of 1.5 times the minimum fluidization velocity

was used to ensure good solids mixing and exposure of the sorbent to the

product H2S.

The sulfur capture efficiency of the calcined limestone increased with

increasing temperature in PFH tests with all f_ve shales. This result agrees

with earlier Indiana shale PFH tests at the same 900 ° and 1050°F (482 ° and

565°C) temperatures. Analyses of the oils from Indiana shale tests and tests

with the other five shales showed no apparent effect of the sorbent on the

amount of sulfur in the oil. The sulfur contents of the product shale oils

ranged from 1.2 to 2.0 weight percent (or 2% to 4% of the feed sulfur).

The first two sui'?ur capture tests with Ohio and Michigan shale were

performed using sorbent from the first batch of calcined limestone. The

second batch of calcined limestone provided sorbent for the first two tests

with Kentucky, Tennessee, and Alabama shales. The third batch of sorbent was

used for the final test with all five shales. }ligher sulfur capture efficien-

cies were obtained in the Ohio and Michigan shale tests than in tests with the

other three sha!e_. These results agree with the Indiana shale tests, which

indicate that the first batch of sorbent was more reactive than the second

batch.

Almost no sulfur capture was achieved in the 'single pass' tests using

the third batch of calcined limestone. This suggests that the third batch of

sorbent was even less reactive than the second batch.

TGA Tests With Calcined Limestone Used in PFH Tests

The first batch of calcined limestone appeared to be more reactive than

the other two batches. After completion of the batch and continuous PFH

tests, a series of tests were conducted in a TGA to quantify the relative

reactivities of the three sorbent batches. Additional TGA tests were

conducted to identify a more reactive calcium-based sulfur sorbent.

In the TGA tests, samples were exposed to a reactant gas containing

5 mole percent H2S at a temperature of 1050°F (565°C). The CaO conversions
versus time for the three samples are shown in Figure 3-9. The TGA results

confirm the batch and continuous PFH results. The first batch of calcined

limestone was much more reactive than the second and third batches. A screen

analysis showed that the sorbent from the first batch was less than i00 mesh,

but size alone can not explain the difference in reactivity between the

batches of sorbent.

Four additional calcined limestone samples were tested for reactivity.

, The first sample was from the original batch of limestone used i_ the batch

PFH tests. The second sample was obtained a year later from the same quarry.

The third sample was obtained from a quarry in Alpena, Michigan. The fourth

was from the original limestone sample, which was calcined and then partially

hydrated. The three calcined limestones and one hydrated calcined limestone

were also sulfided at 1050°F (565°C) in a reactant gas containing 5 mole

percent H2S. Calcium conversions-versus-temperature curves for all four
samples are presented in Figure 3-10.
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The results showed that the two batches of the origlnalllmestone and the

A]pena limestone have slmilar reactivltles. All three calcined limestones
were more reactive than the second and thirdbatches and limestones used in

the batch PFH tests, but less reaatlve than the first batch of limestone used

in the PFH tests. The partlally hydrated calcined limestone was more reactive

than any of the calcined limestones tests. Except for the increase in the

reactivity of the hydrated llme due to a large increase in surface area after

hydration, the reasons for different reactivlties among the calcined
limestones were not determined.

TOA Siderite _'l_ests

Siderite (FeCO3) was considered as a second potential In-bed sulfur
capture sorbent for the PFH process. The two-stage reaction path consists of

the calcination of FeCO 3 to produce FeO and the reaction of FeO with H2S to

form YeS and H20. 'the sulfur capture efficiency of naturally occurring
siderite was evaluated since economics wQuld prohibit the use of pure,

manufactured siderite in a commercial PFH process.

A sample of high-grade natural siderite from Nova Scotia was crushed and

screened to a partlc]e size consist of -60+100 mesh. Analysis (Table 3-7) of

the raw, sized siderite sample showed that it_contained about 43% iron and 33%

carbon dioxide i)resent as carbonate. Based on the assumption that the sulfur

was or lgina[ly present as YeS 2, the iron carbonate content of the raw sample
was estimated to be about 60%.

Table 3-7. COMPOSZTION OF RAW AND CALCINED SIDERITE

FOR TGA AND BATCH PFH SULFUR-CAPTURE TESTS

SLderite

Sampie __J_Raw Ca Icined

Composltlon, wt %

Calcium 1.70 6.50

Copper 0.31 0. I0

ircn 43.40 70, O0

Magnesium 2.50 4.50

Manganese 0.46 0.86

Zinc 0.16 0.13

CO 2 (as carbonate) 33.20 1.95

Sulfur 7.19 0.54

Others by diff. (mostly 02 ) 11.08 .!5.42

Total 100.00 i00.00

Two calcination and 3 sulfidation tests were conducted in an ambient

pressure TGA at temperatures of 900 ° and 1050°F (482 ° and 565°C) to allow

direct comparison with earlier tests conducted with the calclned-llmestone
sorbent.

24



Calcination tests conducted in a nitrogen atmosphere demonstrated that

decomposition of siderite begins at about 900°F (482°C). The times required

for complete calcination at 900 ° and 1050°F are 60 and 5 minutes,

respectlve]y.

The composition of the calcined siderite sample is also presented in

Table 3-7. Calcination reduced the carbonate content to <2 weight percent.

The higher cal0ium content of the calcined s_der[te sample compared with the

raw sample is attributed to variations between the samples used for analysis.

Irl the sulfidation tests, fully calcined sorbents were reacted with a

reactant gas containing 5 mole percent hydrogen sulfide, 20 mole percent

hydrogen, and 75 mole percent nitrogen. At 1050°F (565°C), an estimated 65%

of the iron oxide (in the calcined siderite) was converted to iron sulfide in

1 minute. The sorbent was fully sulfided in about 15 minutes. At 900°F

(482°C), the estimated extent of sulfidation was about 45% after 1 minute, and

a maximum conversion of 60% was achieved. The rate of reaction of calcined

siderite with H2S at 1050°F (565°C) is about the same as that of calcined
limestone tested earlier. At 900°F (482°C), the rate of the sulfidation

reaction is higher wlth calcined siderlle than w_th calcined limestone. The

sorbent conversions during the sulfidation tests for calcined siderite and

calcined limestone at 900 ° to 1050°F (482 ° to 565°C) are presented in

Figure 3-11.

Two tests were conducted in a high-temperature, high-pressure thermo-

balance reactor to determine the effect of elevated pressure on the reactivity

of siderite and su].fur. The tests were conducted at 1050°F and 300 psig

(565°C and 2.2 MPa). In orle test, the sorbent was first calcined arid then

reacted with H2S simulating a PFH reactor with calcined siderite injection.
In the second test, uncalcined siderite was exposed to the reactant gas

containing H2S at 1050°F (565°C).

The rates of sulfidation at 1050°F and 300 psig (565°C and 2.2 MPa) are

shown in Figure 3-12. At these conditions, the rate of sulfidation for pre-

calcined siderite is more than double the sulfidation rate for raw siderite.

Comparison of the rates of calcined siderite sulfidation at 0 psig

(Figure 3-11) and 300 psig (Figure 3-12) shows that the reaction is faster at

low pressure. Increasing thepressure decreases the global rate of

sulfidation because the rate of gas diffusion decreases with increasing

pressure.

Batch PFH Siderite Tests

Four batch PFH tests were performed with indiana shale and siderite in-

bed sulfur capture sorbents. The sorbent for the first two tests was calcined

siderite, and raw siderite was used as the sorbent in the other two tests.

For all four tests, the iron (added)-to-shale sulfur molar ratio was 1.5,

corresponding to an iron-to-H2S molar ratio of 3. The sorbents and feed shale
were mixed and introduced to the fluidized bed together. Operating

conditions, sulfur conversions, and sorbent sulfur capture efficiencies foz

Tests 131 to 134 are presented in Tables 3-8 and 3-9.

The tests with calcined siderite were performed at 1050°F and 600 psig

(565°C and 4.2 MPa) with residence times of 5 and 30 minutes. Sulfur capture
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Table 3-8, OPERATING CONDITIONS OF BA_'CH PFH SULFUR

CAPTURE !['ES_'SWITH INDIANA SHAL)_ AND SIDERIT_

Temp, Press,, Residence Fs/S '

[['est °F _.p_S___Ig___ Ti,%e£ min Sorbent Mole Ratio

47 1060 986 13 No 0

89 907 401 18 No 0

131 1097 588 28 FeO I 1.5

132 1088 595 5 FeO 1.5

133 ].084 583 30 FeCO32 1.5

134 949 607 28 FeCO 3 1.5

1 Caloined siderite.

2 Siderite.

Table 3-9. SULFUR CONVERSIONS ACHIEVED IN TESTS CONDUCTED WITH

INDIANA SHALE AND CALCINED LIMESTONE IN THE BATCH PFH REACTOR

Conversion, %

Sulfur_ wt % of Feed Sulfur Sulfur Capture

Test Shale Sorbent Residue _ Oi_.__!l" Oil _as'--4 Efflclenc_ 5 %

47 3.07 -- 2.05 NA 2 4.03 42.4 0

89 3.07 -- 1.70 0.92 3.0 49.7 0

131 3.07 0.54 3.47 1 55 4.03 0 100.0

132 3.07 0.54 3.06 1.01 4.03 2.1 95.5

13[] 3,0'] '].19 3.67 1.25 4.03 21.7 53.9

134 3.07 7]9 3.03 1.25 4.03 20.1 5'7.2

1 Shale and sorbent.

2 NA = Not avallable.

3 Average of 8 batch PFH o_I samples,

4 By d_fference.

5 Decrease in H2S production.
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ef_iolenoles of 95% and 100% were achieved in the two tests. '1'hlslevel of

sulfur capture is comparable wlth the best values achieved with tile ,lost

reactive calcined limestone (first batch).

'l'ests using raw Siderite sorbent were conducted at 950 o and I050°F (510 °

and 565°C) ' using a pressure of 600 pslg (4.2 MPa) and a shale residence time

of 30 minutes. The raw siderite did not prove to be as effective a sorbent as

calcined siderite. At similar conditions, raw siderite captured 53% and 57%

of sulfur from the product H2S, while calcined siderlte removed essentially

all of the product H2S. Results of the batch PFH tests with raw and (_aloined
siderite are in good agreemsnt with the TGA tests conducted with these

sorbents.

Subtask 3.1.2. Lab-Scale Continuous Tests

Oi'heobjectives of this subtask were to obtain steady--state data for

characterizing gas, liquid, and solids products and to perform material

balances for In-bed sulfur-capture tests at selected conditions of tempera-

ture, pressure, and llmestone'to-shale ratio as determined in Subtask 3..]..1.

!_[xl_ei:imen tai Equipment

The continuous PFH unit includes a feed hopper, reactor, unsteady state

and steady-state solids and liquids receivers, feed and residue screws, a

recycle compressor, split-tube furnaces, mass £1ow controllers for the recycle

and makeup hydrogen gases, a dry gas meter, and a computer'based data acquisi-

tion and control system (Figure 3--13), The feed hopper can hold 4000 grams of

raw shale permitting tests of up to 5 hours with a feed rate of 700 g/h.

At the beginning of a test, the tempe[atures, pressure, solids _ feed and

discharge rates, and the gas recycle rate are established. Steady-state data

collection is started after at least three bed turnovers at steady_-state

condlt[ons. Steady-state residue solids and product liquids are collected in

separate vessels, and gas samples are taken at the beginning, middle, and end

of steady-state operation. All residue solids and product liquids and gases

are analyzed for each test. Weights and sample analyses are used for carbon

balance, oll yield, and SUlfur conversion calculations. Operation in the

continuous unit generates larger quantities of effluents for characterization

than batch unit operation.

Results and DiScussion

One sulfur capture test (C-41) was performed in the continuous PFH unit

with Indlana shale and calcined limestone from the second batch. (See

Table 3-4. ) The operating conditions were a temperature of I069°F (576°C) and

a pressure of 613 pslg (4.3 MPa) with a 39-mlnute average shale residence

time. Shale and sorbent were mixed in a calclum-to-sulfur molar ratio of 1.5

and placed in the feed hopper. Solids were charged to the reactor from the

ambient temperature feed hopper. A single pass of feed hydrogen was used to

prevent recycle of product H2S back to the reactor. Operating conditions and
sulfur conversions for Test C-41 are presented in Table 3-i[0.

_

Sulfur capture efficiency in Test C-41 was 30%. 'I'hisdemonstrates in-bed

sulfur capture in a continuous unit is possible. However, the level of sulfur
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'fable 3-10, SUMMARY OF OPI_RATING CONDI'I'IONS ANl) RESU5'I'S

OF CONTINUOUS PFH SULFUR CAPTURI,] '2BST

[['estNo, C-4].

Shale indiana New Albany
Sorbent [ CaO

Feed Ca/S, ll|O_l,e ratio 1.5

Operating Conditions

Average Feed Hopper Temperature, °F 78

Feed Hopper Shale Residence Time, mirl ' --

Average Reactor q'emperature, °F 1.069

Reactor Shale Residence Time, rain 39

Pressure, pslg ' 613

Shale ['article Size, mesh -60+].00

Superficial Gas Velocity ft/s 0.099

Minimum Fluidization Velocity, ft/s 0.056

Operating Results

Product Distributlon, % feed sulfur

Spent Shale 63.3 ,,

H2S2 4.0
011 32.7

Total i00.0

Sulfur Capture El:liiciency, 3 % 30

.I Calcined limestone.

2 By dif[:erence.

3 Fraction of product H2S captured by sorbent.

capture achieved with the second batch was lower than expected based on batch
tests with the first batch of sorbent.

= Subtask 3.1.3. ]Bench-Scale Tests

The objective of this subtask was to conduct in-bed sulfur-capture tests

in a bench-scale unit to determine the effects of scale-up from laboratory-

scale tests and to provide data for environmental mitigation analyses.

D]scusslon

A suitably active sorbent was not identified for retorting conditions;

therefore, this task was not conducted.

i
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- Subtask 3j2. Drl/ F_leotrost@.!io De_ulfurlzatlon of _]astern Oi]. Sha1_e_s

Preface

_['heelectrostatlo process investigated .in this study for desulfurization

and/or beneflolatlon of Eastern oll shales was also tested for lll]nols aoals.

The results of tests with llllno]s coals are included here to provide an '

overall picture of the process and to compare the efficacy of the process i[or

coal and shale beneficiatlon, The coal desulfurization work was pea'formed

with matching funds from the ]llinols Institute of Technology (llr,[').

- Su__mma r

TI_is report presents the work performed by lIT, from October l, 1987,

through April 30, 1990, under Subcontract No. SI-14062 with IGT for

" Subtask 3.2. "D'y E1ectrostatlc Desulfurization of Eastern O11 Shales" of the

overall p['ogram on "Pressurized Fluldlzed-Bed Hydroretorting of Eastern O._i

Shales." This program was funded by DOE/METC under prime Contracb

No. DE-AC21-87MCII089.

The basis of the electrostatic shale desulfurization or beneflciatlon

method is the observation that carbonaceous matter present In shale can be

made tc) acquire a positive charge, while mineral matter, _ncludlng pyrites,

can be charged negatively with a copper tribocharger. Hence, the application

of a direct hlgh-voltage electric field results in a clear separation, once

_ the pyrites and mlne_'als have been liberated from the organic matrix by

grinding or by other means.

The graln slze of mineral inclusions present In coal and shale was

determined using scanning e]ec_ron and optical microscopes. The pyrite and
/_

mineral particles'occurred In the particle size range of 5 to 1.0 Hm in an

Eastern oll shale (Indiana New Albany) sample, making it necessary to grind

the particles to these fine sizes for the liberation of mineral inclusions.

l

= Iz, view oi the requirement of grinding the shale parficles to'5 _im that

fall into the Geldart type "C" classification (cohesive powders), the use of

an electrofluidized bed for separating particles was not feasible. Hence, the

_ work under this contract involved only the use of pneumatic electrostatic

conveyor.

'1'he electrostatic force principally responsible fo_: the separation, is

the product of the surface charge of the particles and the applied electric

field strength. The surface charge on the particles was imparted using a

copper trlbocharger. The magnitude and polarity of charge was found to depend-

primarily on the work functions and, to a lesser degree, on elastic and

electrlcal properties of the particle and the material of the tribocharger. A

semi-empirical approach was developed to correlate the charge with these

propeLrties and to choose a suitable material for the tribocharger. The

= surface charge of the particles was measured using a .Faraday cage, and a

parametric study was conducted to investigate the effect of various ocess

variables on part:Ic]e charglng.

The sur.face charge measurements of various shales containing different

kerogen contents and ground to an average particle size oL 5 Hm showed (:hat
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charge becomes more positive with ar_ increase tri the keroger_ content, This

obseL'vation in con]ullctlon wlLh charge Iileasu_,'eiller_ts [()_° a low-ash coal and

offaL:coal conl_il_med that the ke_'ogeh in the shal_ ac,,quiI_es a poslLlv_ cha_'ge

with the copper tl:ibocharge.['. On the other harid, tile measu['ed value of tt_e

charge acqulred b'y llllllera] lllaLteL' arid pyrite pa,l'ticles was negative with

mineral particles carrying a offal'ge about 2,5 t_Imes tl_at oI: pyL'Jtes, q"hls

obse['vattorl made it di.['ficult to separat,e.tS,rlly the pyr,[tes from [.lle shale

wlthout separating mitrer'al matter, Hence_ the process resulted [;_ a

[_eneflclatlc)r, technique, r.at.her than a.desuiEurlzatlon techniqtle,

]IT'll,el.ectrostatlc plJeUlllatlcconveyor, which had [)eL'[_)L'medvery we.ll

with lll[nc)|s No. 2 coal, was used in this study, This separator' had

perforated alumlnunl, elecl:rc_des, in ths case oi fine].y grotilid shale, which

exhibited a vei:y strong cohesive riature, severe flow problems were

encountei'ed. Hence, experlmerlts we['e restricted tc) batch Units.

The separation tests Lrl a batch separatoi_showed anB0% ash and a 70%

pyrite removal from the lillnols No, 6 ooal. Also, the tests with syntheLic

mixtui:es oi: ni llca a,_d charcoal showed a clear separation. Purthermore, for

the separatioz, oi the synthetic n'xtu['e into. It.s comporients, tile e[fecl_ of

val.'ious hydrod,._,rlamlcvar.lables, such as electrlc field strength, particle

velocity, arid geollletry _J.[tl_e separator, was investigated to determ:ine the

optimum o[_e[at.lng cc)[_dli, iollS iliOSt conducive [o[' the separat.|on.
,'

]lT coi,.lucted abouL 50 tests with an IndLana New Albany sha.le sample.

The best'kerogen ex_rlchment achieved with this sl_ale was 34% ([:eeclhad a.

kerogen cor,terlt of 12%). A _ystematic paraillet lc study showed that the

separation ef[.lctericy increased with a[_ increa_,e iri gas/particle velocity and

with a decrease in particle loacllng :in a gas stream. Purthermore, the ke_'ogen

and the pyrite concentrations at: both electrodes were found to vary witin the

" position ii, t.he separator. A maximum and a mininlum in' Lhe kerc_gen

coricentrati.Jrl we['e observed al: tile negative alid tile positive electrodes,

respect i vel y.

Kerouei_ enrichltlez_ts butler tharl 34% could not be achieved due to the

agglomeration oi finely grc.,urldshale partic]es, These agglomerates were

difficult t__ break, since Life cohesive force between the shale particles,

measured expurimental].y using a cohetester, was very large. Also, an aria-

lyrical procedure ['c_" determ_nat, lon of various sulfur forms ii] the l?,astern oi]

shales was developed, Tile AStI'M method available [o_: c]etermlnation of. various

forms (,f s_u]f!ur Lrl coal was l:.ound to be inapp]icable for the oil sha]es,

A simple mathemattca.l analysis of tile batch electrostatic separator

showed that t. he efficiency of tile separatlon c:ar_ be enhanced by increasinq

a) the lifter-elect,rode spaclng, b) electrlc field strength, and c) the surface

cl]arge of the part lc[es,

l,'ir,al]'.(,a conce[)tua.[ d_s.ign oi a COIILIIILIOUSsepaLator t:o beneficiate

shale was proposed. The uniqtle feature oi this device is a specially designed

bailie, made oi: a material having s.lmilar e]ec'.t['icalprope_:tLes to tl]at of

air, wlth [)F[:._fel:eiitla], per[o['atior_s. In this sepai:ator, the ke['ogen partlcl.es

migrate t_.)the negative electrode wl]ere they are removed w.ith the help of a

vibrator. The bulk stream, which c."ontains mlnera.l nlatter and pyrites, Ls

disposed ,,f-.
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_P[_o__[aLnO__L?_iect.[Ve_

The ove_:ai'l obJectlve of. this progcam was to e_stabl,lsh the feaslbillty oi!

_eparatlng pyL'ites f_om Eastern olI shales by a dry e].ectrostatlc process,
The pL'inclple of operatlon wa_ that pyritic and nor|-pyrltlc con_tltuents of

shale can be made Lo acqUiL'e different surface charge_ _o they can be

separated tn the presence o_ an elecLr:[c field.

Our:lng the couL'se o[ thin{ study, lt was round that b°th pyrites and

minerals pL'esent: In shale acquire very similar surface charges, whl].e

carbonaceous matter (kerogen) present in shale as,_umes an oppo.q:[te charge from

that of the minerals and pyrites, This. observation made lt difficult to just

t'emove pyr.iLes without remov.[ng mineral matter, Therefore, this process

results in _lha.iebeneftclation as well as shale desu]l_ur[zatlon process,

lht roductioll

The bevouiar_ c)i] shales oI_ the Eastern United States are a slgnlf'Icant

domestic energy _:esource; yet Uhtt] the recent attention to alternative fuel

oil[ and petroleum resources, Interest lr, the mineral shales, which contain the

earth's most abundant organic matter, keroge n , has been sporadic, In the

Urlited SLates arid.throughout the world there are vast sha]e reserves, but .the'

technology to exploit tl]em and extract the c:)i] lfrom kerogen by heating and

re[ll_i_Lg tt_e vola[iles produced has 10ecn slow tc)develop, which has prJmarity
beer_ due to ecc,r_omic a.r_d el_viror_mer_tal f.actc)rs,

Oil shale, unlike coat, contains a lagge [_act_on o[ lnet't material,

ty.pical]y about SO%. buring hydroretorting, a process by which the keroge n in

the shale ix cow,vetted to shale oil at high p['essure and temperature and in

the pcesel_ce of" hydrogen, this inert fraction causes signi[icant energy

losses. Hence, removal of" this inert material from the oi:[ shale prior to the

retorting process would improve the p_ocess efficiency, l_'urthermore, operat-

ing the hyd['oretort with bene[lclated sha].e reduces the hydrogen consumption

and pressure vessel requirements. Also, removal of sulfur prior ta h.ydro-

retorting results t_1 a reduced cor_sumption of hydrogen because of less

_- productior_ of H2S and reduction tn the size of tt2S removal and recovery
systems. 't'here are, there[ore, incentives for removing mineral matter and

pyritic sulfur before hydroretorting.

Ct)ai r_t' shale beneficiatior| processes can be classified ]hto physical,

chemical a_d biological techr.lques, Physical and mechanical methods carl be

further classif!ied into dry and wet methods. A detailed literature review of '

various physical beneficiatlon processes ix given in the next section.

Wc.L [r_ethods, such as [:l'otl_ [iotatior_, have gained a commercial status.

t-lowever, [here are problems associater] with the use of wet methods. The£_e

problems il_c.).ude fresl_ water supply, handl, ing oi corrosive s.tu['ries, drying

the particles before further processing, pollution and disposal, oi refuse.

_ A d_._irable process w,:_u]d be a dry process, which would avoid many of the

problems associated with a wet. process wJthoul: i_tcoduc.tng oilier problems.
Two dry processes that have been extensively used to bene[iclate coal are

magnetic and electrostatic., with magnetic methods beirlg tlsed in both dry a_d

wet. processir_g modes. 'Phere ace, howeve[, problems assoc;_ated with magnetic

34



methods when coal is ground to ultra-fine sizes for liberation of finely

dispersed mineral matter and pyrites. These problems include difficulties in

makin.g the fine powder flow through the magnet, the need to maintain cryogenic

conditions (a liquid helium environment) and a reduced drJ_ying force for the

separation for the finer particle sizes with the latter die to the fact that

the magnetic susceptibility is directly proportional to particle volume. Z_

detailed description of the magnetic separation method is presented in the
next sect ion.

The other promising class of dry separation processes is known as

electrostatic separation. The processes under this category separate

materials based on one or more of their elect["ical properties such as the

dielectric constant, electrical conductivity, and work function. In this

method, charged particles are separated based on the differential attraction

or repulsion under the influence of an electrical field. A partial list of

commercial applications of electrostatic separation is presented in Table 3-11

(Lawyer and Dyrenforth, 1973). It is estimated that about 14 mi/lion tons

(12.7 million metric tons) of product per yea[' in the world are produced by

electrostatic separation (Knoll et al. 1984) arid mineral beneficiation

accounts for about 95% of the entire production. This electrostatic process

investigated for shale beneficiation was originally developed for desulfuriza-

tion of .Illinois coals with a sponsorship from the Department of Energy and
Natural Resources of the State of Illinois and the Cenler for Reserach on

Sulfur in Coal (CRSC, Carterville, IL). Further work on coal desulfurization

was conducted with matching funds from the Technology Commercialization Center

at IIT. These results are included in this report to present an overall

picture of the process. The basis of the electrostatic coal or shale

beneficiation method is the fact that the surface charge of the organic matter

in coal or shale can be made positive relative to a copper tribocharger, while

the surface charge of pyrites and minerals found in coal becomes n6gative.

Hence, application of a high voltage electrical field causes a clear

separation, once the pyrites and mineral matter have been liberated by

grinding or by other means.

A simple block diagram in Figure 3-14 illustrates the various steps

involved in an electrostatic shale beneficiation process. First, the shale is

ground to a particle size at which most of the mineral inclusions are

liberated from the organic matrix. A scanning electron microscope was used to

determine the grain size of associated minerals and pyrites. For lllinois

coals, this grain size was found to be in the range of 5 to i0 _m. In the

Indiana New Albany shale, the mineral inclusions also occur in a size range of

5 to i0 _m. Thus, both coal and shale must be finely ground.

The second, and the most important step in this process, is the

triboelectr.lfication or impart]ng of a surface charge on particles by rubbing,

friction or contact. The efficacy of this beneficiation method depends on the

extent of the charge differential created between the inorganic and organic

constituents of the shale. Until recently, very little was known about

triboelectrification, because little fundamental work had been done which

directly relates the surface charge of coal and other minerals present with

their structural properties. Therefore, a comprehensive literature review was

conducted in the area of t[iboelectrification to understand the role of

various process variables on the surface charge of particles in gaseous media.

A complete descript]on of the fundamentais of paLtici_ _:i_,yi_y with methods
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Table 3-11. INDUSTRIAL SEPARATIONS MADE BY ELECTROSTATICS

Arsenopyrite.feldspathic gangue Mica-feldspars/silicates

Asbestos.silicates Molybdenite-silicates
Barite-silicates Monazite-beach sands

Chromite-ilmenite- Nickel-coppe r ores-metasilica.tes

magnetite-monazite Rutile-beach sands

Coal-pyrite Scheelite-pyrite
Coal-shale Silicon carbide-alumina/silicates

Cobalt-silver silicates Spodumene-cassiterite
Coke-iron Stibnite-silicates

Copper ore-silicates Wire-thermoplastics/rubber

Copper wire-insulation Wolframite-pyrite
Diamonds-silica Zircon-beach sand

Feldspar-mica gangue Bark-sand

Feldspar-quartz Barley-rodent excrement
Fluorites-silicates Cocoa beans-shell

Fly ash-carbon Cotton seeds-stems

• Gold/platinoids-beach ,_and Movie film-paper

Gold/platinum-jewelry sweeps Nut meats-shells

Gra ph lte-silica tes Pean uts-s he lls

Halite-sylvite Plastic-lint

Ilmenite-garnet Polyvinals-polyesters
Ilmenite-beach sand Rice-rodent excrement

__ Iron (specular hematite)-silicates Seeds-foreign material

° Kaolin-iron contamination Soap-detergent
_

Kyanite-rutile and iron gangues Soybeans-rodent excrement
Limestone-silicates Walnuts-shells

Magnetite-silicates/rutile Wheat-garlic seeds

&

z
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to calculate the surface cl]arge from elastic and electrical properties of the

particles and tribocharging surface is presented here. An effort has been
made to correlate the work function values to the Surface charge that was

measured experimentally.

The last step in this process is the deslgn of a separator. The dominant

force inside this separator _s electrical, which is the product of the surface

charge and the applied electrical field gradient (F_ = q.E). Normally, inside

all electrostatic separator, there exists a very del_cate balance between the

electrostatic force and hydrodynamic forces (for example, gas-partlcle drag

and momentum forces), making the design of the separator a difficult task.

A number of devices were designed, built and tested to separate pyrites

and ash-forming minerals from coals and shales. These devices included an '

electrofluidlzed bed, an electrostatic sieve conveyor and a batch electro.-

static separator, operating either in continuous or in batch mode. _ Perforated

aluminum electrodes were used to withdraw the mineral inclusions from coal.

At a ]ater stage, the idea of using perforated electrodes for operating

the separator in continuous mode was found to be unsuitable for the fine

particles for beneflclating both coal and oil shale. The primary reason for

the poor performance was that the perforations in the electrode significantly
reduced the extent of the applied electrostatic force andthey provided an air

circulation path. Both of these factors were later found to be detrimental

for the efficient separation. Eventually, the perforated aluminum electrodes

were replaced with solid copper plates. Since there was no provision for

continuously collecting the particles, the system now operated in a seml-batch

mode. In this semi-batch system, particles were found to stick with the

electrodes in the form of a layer, the chemical composition of which was found

to vary along the position in the separator. Concentration profiles for the

kerogen were obtained on both electrodes and the kerogen concentration in the

shale was determined using a Perkin-Elmer Elemental Analyzer. Also, an

analytical scheme was developed for determining the forms of sulfur in the

shale (Appendix A). As discussed earlier, the design of an efficient

electrostatic separator for shale beneficiation requires the value of the

surface charge of both kerogen and mineral matter, lt was not possible to

obtain either pure kerogen or pure mineral matter for the measurement of the

surface charge. Therefore, lIT measured the charge of shales with varying

kerogen contents and extrapolated the value to pure kerogen. This method gave

unsatisfactory results. Therefore, they tested some model mixtures of

well-characterized silica and charcoal particles in the semi-batch separator.

Mukherjee (1987) and Gidaspow et al. (1989) tried simulating this

separator using a multiphase hydrodynamic code, which required the use of a

supercomputer. Their code was not able to predict the formation of the layer

observed experimentally. The major flaws in their method were the absence of

primary forces in the model, such as the force of adhesion which is respons-

ible for sticking of the particles to the electrodes, the unaccountability of

- distortion in the electrical field due to perforations in the electrodes,

etc. Also, their model was so complex that simple order of magnitude analysis

- was not possible. A simple mathematical model was developed to describe

electrostatic separation in a batch separator. This model is essentially an

extension of the diffusion model developed by Soc (1989) for the design of

electrostatic precipitators.
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Since tile equations used in this model are based on simplified assump-.

tlons such a plug flow, steady state, etc., the match between experlmental

results and the model predictions cannot be expected to be perfect. However,

for the separation of the model mixtures, the model predictions are in

reasonable agreement With the experimental data. Therefore, this simplified

model can be used as a valuable tool for design and scaleup of the batch

electrostatlc separator.

The cohesive force between the fine shale particles was also measured

using a Cohetester. Details of the measurement are d_scribed in Appendix B.

Finally, a conceptual design of 'a continuous separator to extract kerogen

from shale was proposed.

Literature Review

Introduct ion

The market distinguist]es two main types of coal; coking (or metallurgi-

cal) coal, used mainly in the iron and steel industry, and steaming (or

thermal coal), used mainly in electric power generation. Coal is also used in

smaller quantities for special purposes such as chemical feedstock for

gasification, liquefaction, the manufacture of graphite and electrode carbon,

and in coal-oil or coal-water slurries. For use as a feedstock or for

admixing with oi], coal should generally be rather pure -- from 3% to less

than i% ash with very little sulfur. Specifications for coking coals

generally range from 6% to ].0% ash. Power station fuels should also be low in

sulfur. Also, with increasing awareness of the slagging and fouling of

boilers and other problems caused by abrasive mineral particles, such as

erosion of heat exchanger tubes inside the combustors, the high mineral matter

content of many run-of-mine (ROM) steaming coals is now seen as a liability.

Thus, the beneficiation of thermal coals, as well as traditional cleaning of

coals for coking, is becoming important. Even where beneficiation of coal is

not essential technically, it helps to reduce the volume of the product and to

increase its value so that the impact of freight charges is minimized.

Coal beneficiation, also referred to as coal preparation or coal

cleaning, is a generic term used to designate various operations performed on

ROM coal to prepare it for specific end-uses, such as feed for a coke oven or

coal-fired boiler, or use in a coal conversion process. Over the years, coal

beneficiation has come to encompass the entire spectrum of operations ranging

from relatively simple crushing and size-classification operations to rather

elaborate chemical or microbiological processes that are used (or being

-- developed) to render ROM coal more suitable for the end use.

Coal beneficiatlon offers a significant, though often overlooked, means

of reducing the sulfur and mineral matter content of several coals and thereby

offering a plausible and, in many cases, economic solution to the problem of

burning high-sulfur coals in an environmentally accepted manner. Moreover,

beileficiati[,g coal also results in i) lower transportation costs per unit of

energy delivered; 2) lower disposal costs at the user facility; 3) improved

coal handling capabilities; 4) higher combustion efficiency J.n the furnace;

and 5) reduced slagging in the furnace, which translates into reduced downtime

for the furnace.
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An up-to-date review of various physical coal beneficiation processes

including commercially used froth-flotation and oil-agglomeration processes is

presented below. Aiso, the importance of electrostatic separation with

special emphasis on its application in coal beneflciatlon is discussed.

Sul.fur Dist['ibution _n Coal

The sulfur in coal is commonly classified into organic and inorganic

sulfur. [['heorgan]c sulfuL 4 is chemically bonded to the hydrocarbon matrix of

coal. while tl]e inorganic sulfur is imbedded in the coal, mainly as loose

pyrites and sulfates. IGT has prepared a Coal Conversion Systems Technical

Data Book wl_ich lists the composition and properties of selected U.S. coal

samples (IGT Data Book, 1982) along with the forms of sulfur. The total

sulfur content of coal samples varies from 0.37% to a high of 7.27%. For

Illinois coals, the sulfur contents range from 2.15% to 4.63%. The pyritic

sulfur content of Illinois coal varies from 1.03% to a high of 2.55%, while

the organlc sulfur content varies from a low of 0.92% to a high of '3% as shown

in Table 3-12. Usually, ocganic sulfur levels much greater than 2% or much

less than 0.3% are uncommr)n. Some Illinois coals, such as Illinois No. 2

coal, has a t'e[ative]y low organic sulfur of 0.92%. If all the pyritic sulfur

is removed [rom tl_Is coal, it can be burned as a compliance fuel, meeting the

NSPS standards of 1.2 pound SO 2 per million Btu.

Coal Beneficiation Methods

The coal beneficiation methods can be generally classified as physical,

chemical, and biological. Physical methods have been extensively used to

remove ash with a fraction of the pyrite, depending on the extent of

grinding. Coal beneflciation, as defined earlier, is essentially a process of

separating raw coal into ash-rich and ash-lean fractions by virtue of the

difference in physical properties of ash in relation to the hydrocarbon

matrix. These physical properties include specific gravity, surface activity,

magnetic susceptibility, work function, electrical conductivity, dielectric

constant, etc. The chemical and biological methods are primarily used to

remove oLganic sulfur, generally after most of the inorganic sulfur and ash

has been removed from the coal by physical methods.

Physical beneficiation methods can be effective in removing mineral.

matter, including pyritic sui:fur from the coal. These processes take

advantage of the differences in physical properties between coal and mineral

matter to achieve I:he separation.

]n a t_/pical physical cleaning operation, raw coa] is crushed to about a

50 mm (2-il,ch top size), lt is then screened into coarse, intermediate and

fine sizes. Crushing the coal liberates some of the ash-forming minerals,

including a portion of pyLit]c sulfur. The percentage of impurities freed

from [he coal matrix generally increases as coal particle size decreases. The

coarse and intermediate-sized coals are typically subjected tc) a cleaning

process based on the differences in the specific gravity between the coal

• particles and the associated impurities. Such cleaning processes use jigs,

dense-medium baths, cyclone systems and concentrating tables (Wilson, 1977).

The fine-sized (typica].]y less than 500 _m) coal, if beneficiated, is

typically cleaned using a froth-flotation technique based on the differences

in surface properties of coal and its associated impurities. At fine sizes,
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Table 3-12. ANALYSES OF COALS IN ILLINOIS BASIN COAL SAMPLE PROGRAM

,, , _. , , , .

Sample # lZ #23 #34 #4_ # 5_

Moisture 14.14 13.62 5.36 10.21 9.47

Volatile Matter 44.12 43.34 39.20 30.56 40.38

Fixed Carbo n 45.62 49,92 52.48 31.36 41.61

H-T Ash 10.28 6.66 8.36 38.10 18.00

Carbon 67.66 73.31 73,82 45.97 63.26

Hydrogen 4.86 5.21 4.94 3.46 4.40

Nitrogen 1,18 1.47 1.68 0.80 1.23

Oxygen 11.63 10.09 8.75 7,43 8,39

Sulfatic Sulfur 0.06 0.10 0.09 0.10 0,00

Pyritic Sulfur 1.20 2.34 1.03 2.33 2.55

Organic Sulfur 3.00 0.92 1 16 1.76 "_ '• ..()8

Py/Org S Ratio 0.40 2.53 0.89 1,32 1.23
Total Sulfur ,:l.26 3.23 2.27 4.19 4.63

Chlorine 0.13 0.03 O.18 0105 0.()9

Btu/lb 12,606 13,526 13,437 8,492 11,522

Frce Swelling Index 4.5 4.3 5.2 2.1 3,8

1. Moisture Free Basis,

2. Preparation plant Illinois #6 coal sample collected from West Central Illinois (IBC-1I)I),

3, Preparation plant Illinois #2 coal sample collecled from Central lllinois (IBC-102),

4. Preparation plant 80% IL #5 & 20% IL #6 coal sample collected from Southern IL (IBC-103),
5. Run-of-mine Illinois #6 coal sample collecled from Southwestern Illinois (IBC-11)4),

6. Channel lllinois #6 coal sample collecled from Soulhwestern Illinois (IBC-105).



greater potential for cleaning exists because a greater portion of the

impurities are released from the coal matrix. However, this potentlal is not

fully realized owing to Inefficlencles iri separating f_ne particles using

state-of-the-art flotation technology.

Table 3-13 lists the various wet coal beneficlation processes with their

sulfur and ash removal capabilities. In this table, the wet processes are

further classified into 3 broad categories, namely froth flotation, oil-

agglomeration, and heavy liquid cyclonlng.

A major effort is underway to improve froth flotation of coals. The

center for' Research on Sulfur in Coal (CRSC, Carterville, IL) has been

sponsoring research tc) develop an advanced flotation process which iS

essentially a combination of conventional froth flotation with oil

agglomeration processes. This process called all "aggregate flotation", is

being developed at the Illinois State Geological Survey (ISGS), Urbana, in

collaboration with Dr. J. Fitzpatrick of Northwestern University (Lytle,

1989). The ISGS researchers have claimed development of some reagents, now

being patented, which selectlvely float the coal with mi;_imal mineral

entrainment. The laboratory-scale testing of this process showed about 80%

asln removal and 50% to 60% reductions Irl pyritic sulfur with a Btu recovery of

80% to 90% at the average particle slze of 37 _m (400 mesh). The poor pyritic

sulfur removals iri this process can be attributed to the fact that at 37 tlm

particle size, only about 70% to 80% pyrites are liberated. For complete

removal of pyrites by any pl]yslcal process, coal needs to ground to a particle

size of about I0 _im. Unfortunately, at a particle size of 10 _m, the

dewatering of the coal becomes a very difficult task, both in terms of the

energy consumption and in the ease of operation

Irl view of the difficdlties with ultra-fine sizes, the U.S. Department of

Energy (DOE) has been sponsoring research to develop advanced technologies
0,

under the clean coal technology program. One of the techniques, static tube

flotation," is being developed at Michigan Technological University (MTU).

This technology utilizes a controlled In-llne reagent dispersion system with a

packed-bed column design, thus permitting a controllable froth bed height

(Yang, 1988). In laboratory tests, MTU has achieved clean coal products in

° the range of i% to 30% ash at weight recoveries of 46% to 94%. The prelimi-

nary economic estimates indicate that the capital arid operating cost of the

static tube flotation process is roughly equivalent to a conventional process.

Another advarLced flotation technology (under a contract from the DOE) is

_- "microbubble flotation," which is being developed at Virginia Polytechnic

Institute and State University (VPI) (Yoon, 1987). Microbubbles are defined

as those having a Reynolds number less than one which, by definition, will not

develop any wake as they rise through the column. The advantages of using

microbubb_[es are increased bubble~particle collision efficiency and minimal

entrainmer_t of fine mineral matter (refuse) in the concentrate due to

quiescent conditions.

The DOE, Irl collaboratioi| with the Electric Pc)wet Research Institute

(EPRI) has aiso contracted, with Bechtel National Inc., to test a German-

developed microbubble flotation process (Bechtel, 1988). In this process,_

_= pL_oduct ash contents of less than 5% were obtained [or the three coals tested

at weight recove_'ies ranging between 30% to 68%.
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_[.Z Bene[ioiatlon Metl_ods

AILhough the wet_leaning processes haw gained aommeralal acceptance,

there are some inherent problems associated with them, '['l_ese prob].ems Jnal_Jde

t'he requlL'ement of a .qource of water of sultable purity and a faoillty 'to

treat 'water from the proce.qs [or reuse ct' d.|soha_ge, The biggest prob.Le,1 is

to dewater the coal slurry alter eleanlng, Currently, there a_e no proven

tecl'inologies available for dewatering, although both the DOE and the CRSC have

sponsored research lr, tl]is area (Parekh, 1987). 'l'l]ecomplexity oi! the problem

Increases when coal. is Sine gL'ound to liberate the impurities (Dahlstorm and

l(le_pper, 119112), Tho only potential substitute for the"dewaterIng process is

thermal drying preceded by meol]anlcal filtration, which IGads to lllgh economic

penalties (Gi_daspow et al.. 19117),

In view oi these difI!icultles, a desirable solution would be a d]:y

process that avoids tile prob!ellls 'associated wltl] tile wet processes without '

introducing se1:ious problemsof its own. Most coa]..mlned today In the world

is burned as a dry, pulveL_Ized powder of about 70% -200 mesh (74 lira)11]

pu]ver:ized coal combustors and techno]ogles for using dry coal powdeL's as fuel

are more developed than are tile techr,ologles for burning coal-water

slurries, .The dry powders, however, present potent la] problems In.storagu,

transportat ion and handl, in 9,

GeI_e_al]y, cll._y separatiorL is carried out using mechanical, magnetic arld

electrical techniques, 'Mechanical bene[iciatlor, of coal is probably ef[ectlve

down to I lllmpartic].e slze, while e).ectrlca], and magnetic techniques are most

appllcab]e to fine coal below 1 mm, Table 3:14 lists various dry coal

beneflclation' processes that were either developed or are presently being

developed around tile woL'id.

_Mg._q.!-!a_p_.!._a_J_Me_.tj_o__d_

Mecha_ical separatloi_ oi mlneral inclusions from coal genera].]y involves

tile response c)[ particles to gravltatlonal, inertia] and centrifugal forces,

while under the influence of another force (usually the viscous drag of water

or air). Tl_e particle size, shape, and density, the f].uld density arld
w

viscosity, and tl_e solids cor,centratlon IF, air or liquid suspension, ali have

a bearing cn_ mechar_ica] separation,

Both air [specific grayly (SG) = 0.001.2] and water (SG = ].0) are less

dense than coal (SG = 1.3 to 1,4) or mineral matter (SG = 2.5 to 5.0),

therefore separation cannot be made based on terminal velocities, However,

wl_en a fluid with a density intermediate to the components involved is used,

the separat ion becomes ab!_olute and will, in pr inclp]e, become irldependent of

particle size s.lnce all particles 'see' am lnterrnedial;e density around them

and they [lost or sink accordingly. This type of separation works only for

coacse particles, because l:he rate of floating or sinking (termlna]. velocity)

for fine partic]es is veL'y low (al cn/s), altl;ough this can be increased using

a cyclone c)r a centrifuge. Not surprisingly, dense-medla separatiorJ using

magnetic suspenslor_s is popular in coal preparation, and []oat-sink test ing

using heavy ].iqulds is a standard procedure. This philosophy al.so underlies

' in most of the heavy liquid c_yc.lor_ing processes indicated .111 Table 3-.1.3

incl.uding the Otisca proce._s which have started using F'reon-ll3 as a heavy

] iquld,
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ft'he eaL'ller mechanloal methods for coal benefloiatlon (also known as dr F

concentration methods) used an airflow cleaner, Sl_ce air is very light a

meclium of sufficient density has to be built with the material itself. Hence,

there must be some device to impart to the bed the neoessary mobillty for

proper class.i_icatlon. HJstorlcally, most alr oleanlng d_vloes used a

vertloal upward current of air through the bed of material. '1'hef dlffer b y

the method of imparting mobillty to the bed and the method of removing the

refuse. In general terms, the air machlnes were divided into three

categorles:
b

I. Pneumat:Ic j lgs where the air current was pulsated.

2. [Jneumatic tables where the refuse was. dev:!ated from the direction of fl0w

of the clean coal by a system of rlff]es fixed to the deck.

3. Pneumatic laul%ders where the products flowed in the same direction and

the cleaned coal was skimmed off the' top of the bed and/or tl'e refuse was

extracted from the .bottom in successive stages.

In recent years, however, the two latter types of units have declined |n

popularity. The only type of unit currently used by coal mining companies is

a pneumatic jig, based on pulsatlng air current.

Or_e of the commercially used devices based on above prJnclple 'is a Super-

Airflow Cleaner manufactured by Roberts and Schaeffer Company (McCulloch e tI

a_!lt 1979). In this cleaneri coal and refuse particles enter by means of

pulsating air. A bed of hutch material, which is genera]]y fine refuse, is

used to migrate the refuse material from the coal through It. This process,

" is highly versatile and economical for prepar.ing aalso called "jigging,

clean coal product. There are a number of commercially available jlgs, such

as Baum jigs and Batac jigs. Baum jigs are generally used for cleaning coarse

coal, whereas Batac jigs are used for both coarse and fine coal cleaning.

Also in Batac jigs, when cleaning fine coals, feldspar beds are used in place

of a bed of fine refuse used as hutch material in Baum jigs. A complete

description of tllese jigs and tables can be found in the review of dry

mechanlcal coal cleaning process by Butcher and Symonds (1981).

The FMC Corporation has developed a dry table (Wilson, 1977) that is

dlffer,ent from conventional jigs and tables because it uses no air flow, lt

operates by vibration and gravitational forces, with the feed material acting

somewhat llke an autogenous medium. The FMC table has an _ncllned deck with a

wedge shape, tapering from the feed to the discharge end. The coal apparently

moves in a spiral path to the discharge llp, while the denser shale and rock

move i,_ a smaller spiral to the back wall. At the discharge lip, mineral

particles that are still present in the coal tend to be conveyed back up the

deck because of a lower resiliency and greater surface roughness. Butcher and

Symonds (198].) assess this device as less efficient than air tables or jigs

but it l_as the advantage of a simple design and few ancillarles.

Air-Flu_dlzed PaI:tiele Beds

As mentioned earlier, the air-fluidized partlc]e bed, where the apparent

fluid density (ph) reflects the density of the solid partlc[es (Os) and their

volume fraction (£s) seems Lo be the best dry mechanical separation device.
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Pb = £s " Ps (3-1)

In a typical fluidized bed, a bed of particles resting on a grid is held

in place by a fine mesh screen at the bed surface. A fluid is passed upward

at low velocity and it encounters frictional resistance exhibiting a pressure

drop as it flows £hrough the interstices° This pressure drop, expressed per

unit length, increases with increase in fluid throughput. If the bed of

particles is not restricted at £he surface, however, then at a sufficiently

high fluid velocity (at which the pressure drop or resistance to flow is equal

to or greater than the weight of the bed resting on the grid), the bed will be

lifted. Since particles are not bonded together and merely rest upon each

u_her (though this is certainly not true for fine and cohesive particles),

theywill move farther apart and open up the interstices which allow easy

passage of the fluids resulting in a decrease in the bulk density and an

increase in the bed volume.

The velocity at which the particles begin to behave as a fluid is called

the minimum fluidization velocity (Umr). A number of correlations have been

proposed for dete_rmining of Umr in the literature (Zenz and Othmer_ 1960).
However, Gidaspow (1990) developed the following equation using a momentum

ba].ance According to his formula, the minimum fluidization velocity Umf is

estimated by -- d2
p(Ps -Pg)g

Umf = emf " Vmf = 1650p (3-2)

: This correlation is very similar to the formula used to determine the

terminal settling velocity of a single sphere settling in a fluid. From

Equation 3-2, it is evident that if a fluidizing medium is chosen of narrowly

sized particles which are appreciably finer than the feed nlaterial to be

separated, then the segregation seems to depend largely on density. The feed

can span a wide range with the limits being determined by the difficulty in

• maintaining the air velocity above the Umf of the largest particles yet still
below the terminal settling velocity of the finest particles, which would
otherwise be entrained out of the bed.

• There is a lot of literature available on practical fluidized-bed devices

working on this principle (Iohn, 1971). Their use, however, seems to be

limited to a very coarse particle size, typically in the range of 50 to 3 mm.

Carta e_t__a__ (1963) has reported good results for coal cleaning down to 0.2 mm

size using a "Dry Flo (pneumatic sluice) separator." In a recent study by

Levy et al. (1987), in which a bed of magnetite particles (-80+10 mesh) was

fluidized with air at room temperature, they reported that pyrites and

minerals segregate from the coal. Their air flow rates were close to the

minimum bubbling velocities. They determined the effects of various operating

variables, such as superficial gas velocity, magnetite particle size and

coal-to-magnetite feed weight ratio on sulfur removal efficiency. Their

" results indicate that about 50% to 60% pyritic sulfur removal is possible with

relatively low coal recoveries at an average particle size of 80 mesh (about

200 pm).

Other nomenclature for this section is included on Pages II-170 to II-172.
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Magnetic Separation

The principles of magnetic separation have been applied commercially for

nearly i00 years. Applications range from the removal of coarse tramp iron to

more sophisticated separations, such as elimination of weakly magnetic iron-

stained particulates from paper-coating clays. The application of magnetic

separation methods to weakly magnetic particles has been made possible by

recent advances, such as development of the technology to generate high

gradient and open gradient magnetic fields.

High-Gradient Maqnetic Separation (HGMS)

The high-gradient magnetic separation (HGMS) technology was developed

around 1969 for the wet separation of feebly magnetic contaminants from kaolin

clay (Lin and Liu, 1977). Kolm and Marston at the Massachusetts Institute of

Technology (MIT) developed a method for generating very high magnetic field

gradients. In combination with high field intensities, this method provided a

magnetic force density (intensity multiplied by gradient of intensity) more

than two orders of magnitude above that previously available, sufficient to _

attract very weakly diamagnetic materials or very fine particles of ferro-

magnetic or paramagnetic materials. HGMS now supersedes earlier devices in

many existi_g applications, as well as being capable of separations not

previously possible.

The key to HGMS is the placement of a fine filamentary structure of

ferromagnetic material, such as ferritic stainless steel wool, knitted wire

mesh, or expanded metal discs, within a fairly uniform magnetic f_eld. With

this design, a strong field intensity of 20 kOe can be generated and distri-

buted uniformly throughout the working volume. Furthermore, by placing the

ferromagnetic packing material that increases and distorts the field in their

vicinity in a uniform magnetic field, large field gradients of the order of 1

to i0 kOe/_ can be produced. At the same time, while the fibers in the matrix

have a high surface area, there is overall still around 95% open space.

Therefore, there can be a high trapping efficiency with only a low pressure

drop and little tendency towards plugging, with the result that high through-

• puts are possible (as long as mechanical entrapment does not interfere).

= The earlier emphasis of HGMS was on wet separations. Dry HGMS of coal

was probably studied after penalties associated with wet HGMS became apparent.

Both dry and wet HGMS studies on coal and coal products have been concerned

primarily with removal of pyritic sulfur because of the importance of sulfur

reduction in U.S. coals. Coal is basically diamagnetic at room temperature,

but the diamagnetism varies from sample to sample. The diamagnetic suscept-

ibility of coals ranges from -0.78 X 10 -6 to .-0.06 X 10-6 cgs.mu/g (Yergey e__tt

4 al. 1976), with a variation of 0.7 X 10-6 cgs.emu/g. The magnetic suscepti-

bility ×m (based on particle volume) is the ratio of magnetic moment,
created on a magnetic material when placed in an external magnetic field to

i the magnetic field intensity H as given by the equation --

= Xm_ (2-3)

Generally, diamagnetic materials have a negative value of Xm and

furthermore, for diamagnetic materials, Xm does not depend on temperature and
= field intensity (Tsai, 1982). If the magnetic susceptibility ot a mater_ai is
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positive, and on the order of 10-6 to i0-3 cgs.emu/g , the material is called

paramagnetic. Most mineral inclusions in coal are _aramagnetic as their

magnetic susceptibility values range from 0.3 X 10-6 cgs.emu/g for pyrites to

4.5 X 10-5 cgs.emu/g for clays and shales. The magnetic susceptibility is a

bulk property and cannot be varled significantly except by chemical change or

by attachment of magnetic material. Electrical properties, on the other hand,

cover a wide range and can be varied rather easily, especially at the particle

surface.

HGMS depends strongly on particle size, partly because the magnetization

of particles is proportional to their volume and partly because the size of

the region where the high field gradient exists is about the same as the size

of the fiber that generates the gradient. For coal, the maximum size studied

was about 700 pm, although efforts are underway to use HGMS for finer sizes

since mineral inclusions are very finely dispersed in most U.S. coals. A

pilot-plant scale study, done by Sala Magnetics, Inc_ for EPRI (Weschler e_!t

al. 1980), indicated that, for an average particle size of i00 pm and under

the best operating conditions, pyritic sulfur reductions in the range of 49%

to 82% with coal yields ranging from 54% to 83% are possible. As one would

expect, the highest level of sulfur removal corresponds to the lowest value of

the coal yield and vice-versa.

In order to avoid the expensive, and operationally difficult step of

dewatering and thermal drying after wet HGMS, desulfurization of dry

pulverized coal was initiated in 1976 by Luborsky, of General Electric

Company, Jn collaboration with MIT. Further studies were carried out at Oak

Ridge National Laboratory (ORNL) and at Auburn University (Liu and his

colleagues). Researchers both at ORNL and MIT adapted gravity feeding of coal

to the HGMS matrix, assisted by vibration or low velocity air flow to handle

the fine particles, while Auburn researchers devised a fluidized-bed matrix

technique. A detailed description of all these dry magnetic techniques can be

found in the book on physical cleaning of coal by Y. A. Liu (1982) and in a

review paper by Lockhart (1984).

Results for the conventional HGMS technique vary considerably, with

pyritic removals from 14% to 94%, ash removals from 15% to 85%; with higher

= removals associated with low coal recoveries as pointed earlier. It was

argued that better liberation through finer grinding would improve the process

performance; however, a]l the researchers reported that fine particles were

detrimental to the performance of dry HGMS of coal, apparently because fines

adhere to the surfaces of larger particles and promote agglomeration. Later

on, it was concluded that dry HGMS in conventional form certainly cannot be

relied on to beneficiate coal crushed to pulverized fuel specification (for

example, 70% ,74 pm).

O_pen Gradient Magr_et[c Separation (OGMS)

The alternative to trapping particles in a magnetized structure is to

spread particles in a falling stream into a spectrum according to their

magnetic characteristics. Since there is no particle trapping, OGMS can run

continuously, splitting a stream of particles into appropriately located exit

channels. In OGMS, solenoids are arranged such that the magnetic field has

'cusps' where there is a strong non--uniformity. The magnetic force acting on

a partic]A in _n O_M_ proce_ is much smaller than in HGMS but the distance



over which the force acts is greater. Tl]is is because the separation achieved

depends on the product of force and distance at any point integrated over the

path length of particles falling through the field region.

The first work on OGMS was started at ORNL from laboratory tests on the

Frantz Isodynamlc Separator to pilot-slze (300 kg/l]) studies (Hise et al.

1982). The feed coals and the test results seem to be much the same as in the

HGMS program, hater on, researchers at the Argonne National Laboratory (ANL)

further developed this process for the high-sulfur Illinois coals. The ANL

OGMS apparatus employs a superconducting quadrupole magnet capable of

operating between I0 to I00 ib/h (4.5 to 45 kg/h) and is based on free-fall
conditions. The force of the particles closest to the magnetic poles is about

36,000 Gauss. A feed annulus controls the fall of the particles in an effort

to prevent them from dropping directly into the center of the magnet or along
the inner walls of the unit. As a result, the pyritic (mineral) fractions of

the feed passing through the unit adhere to the magnetic poles, while the coal

particles are pushed out of the magnetic field, and fall through the center of
the unit for collection (Doctor et al. 1987).

ANL researchers have conducted several tests with an Illinois Basin coal

to verify the performance of their OGMS unit. Their best results with

Illinois No. 6 coal sl]ow a removal of 60% ash and 60% to 70% pyritic sulfur

with about 50% coal recovery. An economic evaluation of their process,

conducted by the CRSC, shows tI_at the process is extremely capital-intensive

and, also, the operating costs are very hig!] due to the need to maintain

cryogenic temperatures to cool the superconducting magnet (Carter, 1989).

Electrostatic Separation

Electrical separation in mineral processing is an old unit operation

dating back to tl]e turn of the century. There have been no comprehensive

books on this subject, other than one by Ralston in 1961 and lately a

monograph by Inculet in 1984.

Dry electrostatic separation involve charging and discharging of the

particles. Charging can be achieved by ion-bombardment, contact or friction

(triboelectrification), conductive induction or some combination of these

processes. A detailed description of all the charging mechanisms and their

role in electrostatic separation is discussed in the section on

Triboelectrification.

In a typical electrostatic process, materials get separated based on one

or more of their electrical properties such as dielectric constant, electrical

conductivity and work function. Charged particles are separated based on the

differential attraction or repulsion under the influence of an electrical
?

field.

A m_xture of particles can be separated by an electrostatic method under

: the following conditions.

a. Positively charged particles from the negatively charged particles,

b. Uncharged particles from charged particles, and
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c. Particles with different charge to mass ratio irrespective of the

polarity of the charge.

For an electrostatic separation to be effective, one of tl_e above conditions

must be met.

The force acting on a particle (Fe) in an electrostatic field is the

product of the cl]arge on the particle (q) and the electrical field strength --

F = q • E (3-4)e

.Tl]esurface charge of a particle can be normalized over its surface area,

as it is a surface property, thus,

q _d 2: o (3-5)
P

where d is tile particle diameter (m), o is surface charge per unit area

(C/ni2).p Therefore, the force acting on a particle becomes --

F = .nd2oE (3-6)
e p

The grav ltational force (Pg) on a particle is --

F - '-_d3ppg 6 pg (3-7)

is the particle derlsity and g is the acceleration due to gravity.where pp

The ratio R of electrostatic force to gravitational force determines the

efficacy of an electrostatic separatio n . Thus,

F _d2oE
e p 6oE_ =- _ - (3-8)

F "n 3 dpppg
g _ dpppg

Equation 3-8 indicates the following:

: a. Smaller particles (d is small) can be separated more effectively.
P

b. Particles having high charge density (o) will separate more easily.

c. An application of high electric field (E) will facilitate the separation.

: However, there is an upper limit on this value, that is, breakdown

strength of air Ebk = 3 X 106 volt/m.

d. In outer space, where the acceleration due to gravity, g_ is small

compared to its value at the earth's surface, will result in a much more

effective separation than on the earth.

e. Particles with smaller densities will separate more efficiently than

heavier particles.
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The practical upper size limit for an electrostatic separation is about

i0 mesh or 1 mm. The lower size limit is about 20 _m.

Coal is a combination of a number of petrographic ingredients, such a

fusain, durain, clarain, vitrain, etc., which are minerals differing in their

internal, structure and their physiochemical and technical properties.

Table 3-15 lists the values for these properties for various coal and its

admixtures. Coal is generally less conducting than mineral matter. Pyrite is

the most conducting material that is found in coal. Vitrain is less

conducting that fusain and duraln.

Electrostatic methods employed for separation in the past could be very

broadly classified into two categories.

i. Electrodynamic or corona separation

2. Triboelectr ic separat ion

As pointed out earlier, although there are separators working on the

conductive induction and other charglng mechanisms, the above two categories

account for more than 95% of the commercially used separators.

Corona Separatioz_

In the corolla technique, a rotating drum (which is earthed) is used

together with a small diameter, pointed electrode that provides the corona

discharge. Feed particles enter at the top of the drum and become charged by

ion bombardment and are pinned to the drum surface. When they leave the

corona region they give up charge to the earthed drum and fall off. The

. particles with higher conductivity lose charge faster and fall off first, and

are thereby separated from the more insulating particles. Modern machines

usually include a large diameter non-ionizing electrode after the corona

electrode, which lifts the particles off the drum and deflects them, and

therefore improves the selectivity of the separation (see Figure 3-15).

Generally, fine particles separate more effectively with high rotor speeds and

lower voltage, while larger particles give better separation at lower rotor

speeds and high voltages.

The corona-rotating drum separator has been widely used to separate

metals from glass, ceramics, plastics, and polymers, plastics from paper and

from other plastics, and for removing contaminants from grains and processed

foods. In mineral processing, the major commercial applications are in

concentration of heavy minerals (rutile, zircon, illmenite, monazite) from

beach sands and alluvial deposits, beneficiation of various ores and

separation of tin ores from gangue materials (Ralston, 1961; Knoll and

Mitchell, 1984; Boron and Grodzicki, 1976; Mugeraya, 1985). At the University

of Florida, Dr. Moudgil's group is developing various reagent coatings capable

of enhancing particle separation efficiencies. They have developed some

polymer coatings to effectively separate quartz from phosphate ore using this

__ corona-d_um technique.

The cow'cna-drum separation of coal was started as early as in 1915 when

F.W.C. Schn_ewind received two patents to separate various petrographic

constituents of coal, such as clarain, durain, vitrain, and fusain from each
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Figure 3-1.5. ROTATING DRUM-TYPE CORONA SEPARATOR

other, using an electrostatic method. Ralston (1961) has reviewed the

state-of-the-art then existing in this area. Gray and Whelan (1956) studied a

variety of coals differing in rank, partio].e-slze over the size range of 2 mm

to 125 _m, and water contents using different electrodes, different drum

materials, different drum speeds and various voltages. They illust_'ated the

diversity oi conditions under which good separation of coal and shale was

achieved. Ralston (1961) mentioned that all ranks of coal from German brown

coal to Pent,sylvania anthracite had been studied, boti_ to obtain low ash., low

sulfur products and to fractionate the macerals. Oloflnskii's 1957 book

refers to.ti_e use of corona techniques for size classification of coal; the

beneflciation was incidental. He reported that for coal beneficiation, the

best results were obtained in. a chamber type corona separator with coal

particle size ranging from 5 to i/2 mm. Furti_ermore, he found that the

cor0na-separation products obtained were selective in composition and

• contained particles within very narrow particle-slze range.

Advanced Energy Dynamics (AED) of Natick, MA, has developed a number of

units tc) beneflciate coals. Their earlieL" units (Rich, 198], 1984) were based
: on corc)na-rotating drum method to cope with coal particles below ].50 Hre. AED

used a knife blade and plastic sl_ie]ds to. strip off the boundary gas layer

just ahead of the particle feed stream, there_.,yallowing adhesion o[ fine coal

particles. Also, spurious charges (presumably of triboelectric origin), which

= caused clumping and agglomeration of fine particles in the feed, were

- eliminated by an a.c. corona discharge.
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AED tested the technology at the Picway Station Power Pliant at Columbus,

Ohio at up to I0 t/h of feed. q_he drums were about 14 inol%es in diameter and

i0 feet long (35.6 cn] by 3.05 M) spinning at 360 rpm and dividing the feed

(partlcle-slze ~74 _m) into three streams: clean coal that goes to the

burners, .intermediate coal for recycling and rejected ash and pyrites.

Arthur D. Little, Inc. of Cambridge, Massachusetts, is investigating the

enhancement of electrostatic separation by charging the particles by trlbo-

electri1_ication and separating them on a rotary-drum type electrostatic

unit. No results are available so far.

T__boelect rlc Separation

Trlboelectric separation involves charglnq of particles vla corltact or

friction with other particles or with a surf,_e (.called trlbocharger) followed

by transport or free fall through an electric field whose intensity is below

the air breakdown voltage (corona discharge). The electric field deflects the

particles according to the magnitude and sign of their charge. Most of the

research reported in the literature assumed that deflection step is relatively

simple, therefore, the emphasis was concentrated on obtaining adequate

selectivity and a sufficient degree of charge in the charging step.

Unfortunately, this .is only true for the coarser sizes (dp > I00 _In). For
finer sizes, aerodynamic problems of charging and transportT1r,g the particles

become acute and the hy_rodynamlcs of flow plays a vital role.

Early t_'iboelectric separators used the charges generated by particles

sliding dowry, or transported through, chutes, pipes or nozzles. AS mentioned

before, the rotating-drum-type separators have also been used for trlboelec-

trifled particles (without the corona discharge); these are pinned to or

repelled from the drum according to the sign of their charge. However,

free-fall and other arrangements that preferentially deflect the triboelec-

trified particles are more common. Besides, cyclones and fluldlzed-beds are

. now popular for improving the charge as a result of more frequent and better

particle-pai'ticle and/or particle-wall contacts. The variety of charging

arrangements is reflected in the variety of triboelectrostatic separation

devices .that l_ave been used.

The most important application of triboelectric separation is undoubtedly

that in the pc_tash mineral salt industry of West Germany (Singewald, 1982).

Deflecting electrodes about i0 meters long are used to separate mixtures of

salts at 200 to 300 ton/h with approximately i00 kV applied and currents of

about 1 [nA. The salt grains become charged through heating and mutual

contact; conditioning agents are also used to modify the surface charges.

CarLa's group at the University of Cagliari in Sardlna, Italy, has been

working for the last 25 years on trlboelectric separation for beneflciating

barite, feldspal_'s, fluorspar and several coals. They developed a variety of

devices_ such as triboelectric cyclone separator and electrocyclojet and

extended their applications to pilot scale. Apparently, they can handle

p_rtlcle sizes in the range 20 to 30 Hm (Alfano et al. 1985; Ciccu et al.

1989).

The other category of triboelectrlc separators involved fluld:Ized beds

for tribocharglng. Historically, the work on fluidized bed techniques mostly
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involved corona charging, Inculet's group at the University Of Western

ontario (uwo), Canada, modified this teahnlque to handle fine particles by

comb[nlng very low gas flow rates with mechanical vlbrat[.on. Howeve[', the UWO

group concentrated their efforts more ol] the trlboeleatrla charging fllnatlolls

of fluidized beds in ordel: to obtain better selectivity of charging,

especially when dealing with mi×tures of relatively insulating particles suall

as coal (Inculet, 1984). Two configurations involving fluidized beds were

used by the UWO group for beneflciatlng coalt namely fluldlzed-bed apparatus

and djlut:e-phase loop. Desc['iptlorls of each of Ll_ese is given below,

In one apparatus, a [tuldlzed bed was used to precharge the particles

tr_boelectrlcally, Tile pat'tlc]es were then allowed to f_low downwards into a

region betweei_ vertical high voltage deflecting electrodes_ at the bottom of

which were a number of containers for cotlectlng the deflected fractions. This

type of apparatus was used for the narrow size rarlge of 80 to 180 pm (Inculet

et ali, ]979).

The oliver apparatus was a dilute-phase loop Eol: part_tc.i.es below 50 Hre,

The loop was 8 meters tall and involved complete entralnment of part lcles into

a gas susper!sion where the_, [ormed thin streamlines. '['he pat'tlcles were

deflected [rom one st'reamllrle to another by an. electrlc fleld wtthln the loop,
accordlng to their charge characteristlcs, '['heactual charglng step In this

system wa._:, ai)parently opexl to choice -- a f]tl|d]zed or vlbt:ated feeding device

for pre-cha_:ginql the part ic.les prior to entra.tnment into tt_e .loop; chargincj

through co_Jtact w:ith copper-wall o r the loop or a copper honeycomb wit, htr, the

.loOp; charg:lng by' corona electrodes with:in the loop; or ,_ome combination of

these methods, The loop is similar in principle tc) the cyclone devices used

by Carla and oti_ers (:[ncu]et, 1984).

Japaflese re:_4earchel's (Masuda et al., ]981) later combined both loop and

cyclone t.r'ib()chargir_gto benelflclate Japanese coals, They reported, that with

a cyclone tribocharge[', they were able to obtain a product of 7.5% asi] content

fr'orea feed of 1"1% ash content with about 85% recovery., The particle size in

their texts was in the range of 50 to 70 Dm. They also investigated the

effect, of cyclone wall. material and found'that copper was the best suited.

- '['['iboelectric separation of coal has also been studied in Poland (Ciesla

et al. 1978), but few details o[' practical, results are available.

Nonetheless, Ciesla et al. (]978) c0nd[]cted a detailed study of char.acteriza-

tion of surface charge of coal arid associated minerals as a functlon of alr

f].ow rate, cyclone material, particle concentration and humldity, to deter'mine.

the best ope['atlng conditions for t.he separation,

. More recent work on beneficiatlon using triboelectrfc separation was done

by AED (1987). AED developed a Vertical-Belt Separator' (VBS) der:ice that

separated coal fL-om its liberated mineral impurities by utilizing the

differences irl their work functions. In the VBS device, particles were

charged by trlboelectrlflcation, The VBS device (Figure 3-16) is composed oI:.

several stationary, flat, parallel electrodes, charged so as to maintain an

electric fie:ld between them. Between the electrodes are two sections of open

mesh transport belt, The tw() sections of belt move in opposite direct:ions and

transport particles adjacent to opposit:e electrodes Jn ()[)[)()site di [ect .ions.

The motion of tl_e belt agitates the particles and genet'ates a h lghl. y

I:urbulent, t_igh-shear zone between the electrodes, '.['his p['oduces v.tgort)us
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Figure 3-16. AED'S CONTINUOUS UFC BELT SEPARATOR
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partlc.le-tcJ-parttcl.e contact arid le'ads tc:)high e.leatrostat;ic char'gJng, The
elect.t'lc f.'.[eld moves the positively charged coal arid iieg'atlvely charged

m.tneral part:lc.l.e,J toward oppos.tte electrodes, whe_'e riley are transported by

the belt In (_ ppO t_ ,li t e directlona_ and resuJ, t_ ii/ a oounteraurrent t_I.ow oi: coal

and L'e[use par'Lie]es, As ttle particles are tran_ported_ they are _ubiected Lo

continued aglLatJont particle contacLt and el_a_gtri9, 'I'l_[s renewed charg._ng.
resutt_ in continued separation a_ tt_e pa_:tiales are transported toward' the

product- aJ_d reject-removal sections ai; oppos.iLe ends of. the sepat'ator, The
VB9 ts s imtj.ar to a dl,stl.lIaLion aol umrl with aountercul_rent [tow ot7 t.he

sepaL'atlrl9 stream_i, and multlstage contaotlrlg and separation leading to a

sepaV, aL Ic)n mtich greater than tha.t ach.tevable witha sing.l.e stage,

The p_';rfornlal_ce ct Al_ll)'s Vt.$_ _vstem t:,or [,ower l<Jttarling arid l.ll. lrlo|s

No, 6 coals gt'ound Lo 90% -44 lJln was repeL'ted to be seLls[ac:teL'y, Ash and

pyr_tte removals were tn tl_e range o£ 50% to 65'_, and 20% to 75%,
t'especi_ive].yt with 62_, to B1% |{tLI t'eCovet'ies, tPhis system was tTound to be

unsuitable f:(,[' Upper Preeport coal al tl)ough reasons [or thi.,t pool: performance
are still Ilot wel..[_-tinderstobd,

The liL-ltouue label:story at PI'JTC has also been,developillg a c:___rltlrluous_

lritegrate|:t, dry e]ect_ostatlc beriet:.lclatiori syst;elll [oi_ process .i r'lcj o'[ tilt[all[le

Coat, ,'.l'lleii syStelii i'elief_ t)il t.FJ.boel.e(._,trl[icatJori ' [or placiag charges etl coal

and tl,e 1 [berat, ed ro.inel:al matt.e_', Unlike the AcD process, Ill which t.he motion

ct the i.,e.lt.£ placed wil. hll| ali elect['ic [[elO Is used to brtrlg |)articLes .iii

cc)liLact al_d i_lcluce electrc)_itat:ic: charge<._ the I)tiVI'C' process uses a copl)er

su[[ace t<) triboe[ect_'ica]!y charge tl_e coal and mineral matter particles,
The work at PP'I_C has shown that this is a novel arid viable means [oc

• ael.ectively plactrlg posiLive chat'ges on.coal and negative charges on its
associated mineral matter, i.hcludtrig p,yril:e,

f'li','l'C',<; Tr ibcJelectrc_at:atic Separator" (Flgtire 3-11"/) corislsL_ el:. two

sectlo_ls, i_amely_ the t.i:.lboelecLric charger arid tile e].ect:rostal;ic sepacator,
Ultrafilie coal rarigil_g ili size from -75 I_[ll to -38 t.lm is. t:ed Jri{;o a currerlt ()t

ali" thai. llTll.)arl;_t to l. lle [)artlc.l.e_ a re.lc)cii. 7 ct 30 to "t()(.)m/s, '.l'tle particles
are ct]arg_,cl a,<._they pass tl_roLigl_ tt_e copper i:i:tboel.ectri[lcation .qection and

a[e then separated iil the electrostatic separate[ that opeeates with a

pc, tentla.l dlf[erence o17 5()_O00, volts, !l'l_e poslttve.l.y charged clean-coal

i)artlctes are separated [rem the negat.ively ct_ar.gecl mineral, matte[' and are

collected _._ the negatively chargecl plate o[ t:l_e e.tectrostaL|c separat(t_r,

_Ultraflne / Clean Coal

co l / ,  ,ooovoli
/ trlboele_trllloallon _;-;_,'_, :'_2<"_":"T'_ C Insula!or

' "_ i Sector (SelectivelyPlaces _..',, • .." -' " ' ''" "'"l_J
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Cons.lderable development work ill seleetlon of trlbochaL_gln9 mater_'aIs

(_['eflon, nylon, copper, stainless gLee l, aluminum, Inconel, and Mo21el),

aerosolizin9 medium for coal (air, carbon dioxide, nitrogen, and argon) and

system design was done at PETC in 198'7 and] 1988, This development work

culminated in the testing cE a new copper trlbooharger conflguratlor, and an

integrated-systeJn concept (Link, 1987, 1988). .q'henew trlbocharger un lt

provides incr.eased turbulence of the aerosol stream and Impz'oves particle-

charging efficiency. The volume of air required llas been reduced by one-

thlrdt and a 33% increase in the aerosol sol;[ds concentration was realized.

Three coals (Upper Freeport, 11lJnols No. 6, and Pittsburgh seam) were ground

to 3'7 _im top size and subjected to two-stage cleaning in tile new trlbocharger

second-generation 'Prlboeleoi;rostatlc Separator configuration. The results

indicate that the ash and pyritic sulfur content of Illinois No. 6 coal in

two-stage cleaning are re_Juced from 13.6% to 1.6% (88.2% reduction) and from

2.42% to 0.18% (92.6% reduction), respectively (Link, 1987) and tile clean-coal

weight yleld was 45.3%, Similar results were obtained for the Pittsburgh seam

coal[ (two-stage cleaning, 87.4% ash reduction, 91.3% pyritic sulfur reduction,

and 42.6% clean-coal weight yield) and tile Upper Freeport Coal (two-stage

cleaning, 9].1% ash reduction, 95.3% pyritic sulfur reduction, and 40.6%

clean-coal weight yield).

PEq'C L'esearchers are developing a continuous unit using mesh type elec-

trodes. '['heir recent results, however, indicate that the open area in the

electrodes Is detrimental to the effective separation.

G['ain Size Characterization of Mineral Inclusions

Iat roduct ion

]n any physical coal ct' shale beneflclation p_'ocess, mineral inclusions

from the organic matrix need to be liberated before they carJ be physically

sepa_'ated. Generally, this is accomplished through fine grinding with the

e×tent of grinding dependent upon the g_aln size of these mineral inclusions.

In coals and shales, these mineral Inclusions are either iron pyrites or the

ash.-form]ng minerals -- silica, quartz, clay, alumina, etc. The characterlza-

tlon of iron pyrite grain size is of vital importance, since this determines

the efficacy of a physical desulfurization process.

Typlca]ly, ,lcre than half tl_e sulfur in hlgh-sulfur coals ]s present as

pyritic su].fur which can, theoretically, be removed with sufficiently rigorous

physical cleaning. However, since the amount, size and distributIon of pyrite

and other mlneral pa rtlcles can vary widely among coals, they can greatly

affect the response of coal to cleaning. TI%us, lt is imperative that the

mineral content of _['awcoal be characterized [o[" effective and efficient

design of coal cleaning processes. Yet_ conventional analyses only provide

results ()l_the bulk ash content and elemental composition; they do not address

the issue of how pyrite and other ash-forming mineral particles are associated

with and distributed throughout the coal matrix.

Scannil',g Electron Microscopy (SEM), in conjunction with energy-dlsperslve

X-ray (El)}()analysis, is able to provide the required i[l-sltu characterization

of pyrite and other minerals in coals and shales for size, shape, chemical

identity and their relation to the organic matrix. SEM offers a way tc)
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v.isualize features Lhat are hundreds and thousands of angstroms in diameter by

direct observation irl three dimensions -- not possible by any other technique.

The .SEM technique is not new in the area of coal cleaning as it has been

around for tile ]ast 20 years. Raymond Geer (1977), at Ames Laboratory in

Iowa, did the pioneering work Jn thls area. He found that pyrites in coal

occur in various forms, such as In frambodlal, amorphous and in cry-qtallJne

forms. [-.{e a1._o studied the distribution of the .forms of pyrites over an

extended size range. Later on, {from the same laboratory, St_aszhelm et al.

(1987) automated thls procedure with the use of an Automated-linage Analysls

(Al_q) technique. HuggJns' group, at Lhe Unlversity of. Kentucky, used thls

techriique to characterize a wide t'arlgeof coals (Hugglrls e_t.._.al±.1982)0

l<neller and Maxwell (1985), al; the University of Toledo, used this technique

to cletermlne the size, shape and Jlstrlbut_on of pyrites Irl 6 Ohio coal beds

and their findings indicated that the maximum pyrlte concentration is detected

in tl)e partlcle-slze range o'f 8 to 16 14m. .For illinois coals, researchers at

the ISGS conducted thl8 .analys.is using SEM technique and found that most of

tlae pyrite particles occLat' iri a size less than I0 lJm, The lit findings were

consistent with the result_ of ISGS researchers. Also, in .Eastern oil shales,

speclflcal]y, In Indlana New Albany shale, pyrite particles were found to occur

iri the range of 2 to 15 lain,

I_xxpe r 'i men ta:[ I nves t iHa_[_,i or._

Two technlques, SEM and optlca], microscopy were used independently to
establlsi_ ti_e slze and distribution of mineral matter, speclf'ical].y iron

pyrites, in coals and shales. A detailed description of both the techniques

is presented below.

Scanntnq Electron Microsco_p._.y

Ali[ these tests were conducted at the :lIT Research Instltute'S (lITR1)

Surface I!',rlglneerlngCenter with the help of Drs. Verma and Panda. II[I'RIhas a

JEOL JSM Mode] 35CF Scanning Electron Microscope with computerized ORTEC

QUAN-2 EDX and ORTEC JBOL WDX energy-dlsperslve spectrometers. Figure 3-18

shows a photograph of 11"£Rl's SEM system. ThJ.s SEM system al.lows examination

of samples with a magnificat:loft of ]0,000 without loss of reso]utlon.

z

S__anm[)1e De sc r i p t:.!f)r_!

'l"wo coal samples, Colchester No. 2 and I].].inois No. 6, (IBC-102 and

IBC-I04, respectlvely) were obtained from the 1111nols Basln Coal Sample Bank

operated by the ISGS. Also, o[_e Eastern oil shale samp].e was obtained from

IGT. These samples were thoroughly washed with water and dried under nitrogen

for 24 hours. The sulfur arid ash content of all the samples were determined

uslr_g starldard ASTM techniques.

S_'a_f,jf_.le Er._'_a_!.'.a_Ll__o_.[!

For f#ach sample, two types of sample specimens were prep_recl using

standard meta]]ographtc techniques. ]n the first type, the samples were

ground in a Bantam Micr opulvet'Izer to an average partlcle size of 53 _am.
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Ground samples were sealed in a glass bottle under nitrogen to prevent them

from absorbing any atmospheric moisture, Then, about 0.i gm of sample was

mounted and these samples received a vacuum-deposited coating of ab¢)ut 200

gold. In the second type, 2 to 3 pieces of coal or shale, about I mm in size,

were mounted using a cold mounting compound (an epoxy in a mold) with a

hardener and left overnight for setting. These samples were polished using

SiC grit papers from 280 to 600 grade, successively. These samples were

further polished using a diamond paste until a mirror polish (6 _m, 1 Hm, and

0.25 _m) was achieved using kerosene oil as a lubricant. The specimens

prepared by this method were also used for a Study under an optical

microscope.

Procedure

Samples were analyzed in the SEM with an accelerating potential of 15 kV

and a beam current of ]-4 nA, using both secondary electron and back-scattered

electron signals. When an electron beam hits the surface of the specimen,

secondary electrons from the surface are generated. These electrons are

channelled by photomultipliers within the microscope system to produce a

scanning or a back-scattered electron image. Thus, the SEM is able to print a

micrograph with a resolution of 50 _m (and less) size range.

The back-scattered electron signal from a phase in a polished cross

section is proportional to its average atomic number (Robinson et al. 1984)

Therefore, since most minerals have a much higher average atomic number than

coal (i0 to 15 vs. 6) they stand out much brighter in a back-scattered elec-

tron image. Similarly, pyrites (with an average atomic number of 21) are very

bright and a_e easily distinguished from other minerals. Furthermore, the

pyrites and the minerals in coal are more conductive than the organic matter.

This difference in electrical conductivities, in conjunction with atomic

number difference, produces contrast on a micrograph as shown in Figure 3-19.

In this micrograph, bright white spots show pyrites, while light gray spotsz

show minerals, and coal particles appear to be dark grayish-blackish. With

this SEM system, one can use either the energy or wave length of these

back-scattered X-rays to identify the various elements which are present in

the specimen. In this study, however, energy of X-ray signals, which were

generated in the microscope, was used after correcting it for i) the atomic

weight of the elements, 2) the fluorescence of the elements and 3) the atomic

adsorption characteristics of the elements, to identify the various elements

present. These X-ray signals are channelled to produce peaks and typical

: X-ray peaks obtained are shown in Figure 3-20. The elements present in the

specimen were analyzed for their composition using software available with the

microscope. Table 3-16 shows the typical composition results obtained using
this software.

Results

The fol]owing sections describe the results of SEM analysis for Illinois
coals and for Eastern oil shales.

Illinois Coals. Figures 3-21 and 3-22 show the scanning electron

micrographs for a specimen of Illinois No. 2 coal sample, at magnifications of
_-_' _ _ _ The180 and 60 times, respectively (the length _u_i_ ]s _Julca_ by .... ).

bright, light gray, and dark gray spots, respectively represent pyrites,
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Figure 3-19. A TYPICAL SCANNING ELECTRON MICROGRAPH

OF ILLINOIS NO. 2 COAL SAMPLE SPECIMEN
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Table 3-16, TYPICAL ELEMENTAL ANALYSIS OF A PYRITE PARTICLE

USING THE ZAP SOFTWARE

, - •

EE-I_,,(3(]F:TEC
ZA P l'i]:I::;R (::)A N A L.h'_:',._Ie.-,,=RE'F:'OR T
V0 ''.__..14 1,7-LII,.IL-B7' IO. 0 2

ID :('_(.')6,SMALL I='ARTICL.E

ELEMEI_I'F WEI[BF'lT AT[lM IC II\ITI-NEI]:TY
PERE:E'NT PERCENT ( CF:'S)

AL KA 0.00 0.00 ....7.5:L
SI I<A 0.00 0.00 -5.82
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Figure 3--21. SCANNING ELECTRON MICROGRAPH OF AN

ILLINOIS NO. 2 COAL SAMPLE SPECIMEN

(Bright Spots Show Pyrite-Enriched Area)

Figure 3-22. SCANNING ELECTRON MICROGRAPH OF ANf

ILLINOIS NO. 2 COAL SAMPLE SPECIMENT

(Bright Spots Show Pyrite-Enriched Area)
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mlnerals, and carbon in the specimen. In Figure 3-21 the bright white section

on top seems to be pyrite enriched since this micrograph represents a large

particle. Similarly in Figure 3-22, most of the bright spots are either of a

cubical or of an orthorhombic shape, indicative of the shape of the pyrites in

the coal. This observation was confirmed with the SEM data of Straszheim et
{

al. (1987). It i_ evide_St that most of the pyrite particles, as individual--

entitles, occur in <7;'e_article-size range of 2 to I0 _m.

Similar observat;_Ds _!el;emade with a specimen of Illinois No. 6 coal

with a pyrite grain size ranging from 2 to i0 _]m and mineral matter grain size

in the i0 to 50 _m range. These ranges are consistent with the findings of

ISGS researchers (Rapp, 1987).

Eastern Oil Shales. Figure 3-23 shows a typical scanning electron

micrograph (1500 times magnification) for the Indiana New Albany oil shale

sample specimen. Various areas on the specimen were analyzed for their

elemental composition using X'ray peaks. Table 3-17 shows the elemental

analysis of 7 mineral enriched areas. The following inferences can be drawn
from the data.

i. The average grain size of pyrite particles in this shale sample is in the

range of 4 to 15 Nm.

2. Silica is a major constituent of the shale mineral matter.

3. The weight ratio of i[on to sulfur indicates that besides pyrites, iron

is present in other forms also, such as iron oxides, iron silicates, iron

sulfide, etc. This observation has a bearing on the applicability of the

conventional ASTM chemical analysis method to determine the pyritic

sulfur content, as discussed in Appendix A.

4. Pyrite particles are approximately of cubold shape.

Hence, based c)n the above observations, it became imperative to grind the

Illinois coal and the Eastern oil shale particles to finer sizes. Since

grinding coal to micron-sized particles is energy-intensive, most electric

utility industries are reluctant to do so. They operate their power plants at

: typical particle size of 70% -200 mesh (74 _m). Hence, in order to evaluate

the performance of any physical desulfurization process, it becomes necessary

to determine the percentage of pyrite liberation as a function of particle

size for various coals. In the case of shale, fine grinding is necessary for

removal of mineral matter because hydroretorting the _ene[_ciated shale over
the raw shale (without removal of any mineral matter )\resul ts in economic

incentives (Section on Beneficiation of Eastern Shales)_

The SEM information obtained above was not enough to determine the

liberation curve. Therefore, these results were used in conjunction with the

= results obtained using an optical microscope..

Optical Microscop_

A Nikon S-2000¥ optical microscope (Leitz-Metallograoh) at IITRI was used

for this study. Samples of coals and shales were prepared as described

earlier. Only the specimens prepared by the second type, that is, by cold

mounting and polishing, were us_,d for this analysis.
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Samples were examined using a pointed source of light (both polarized as

well as columnized beam). The optical reflectivity of various petrographic

constituents present in coal is different. This difference in optical

reflectivity (or contrast) was used to differentiate various mineral

fractions.

Results

• The results of this analysis for various specimens are described below.

All the micrographs shown below were taken using bright light at a

magnification of 200, indicating that I cm on the micrograph represents 5_m.

_llinois No. 2 Coal. Figure 3-24 shows the optical micrographs of

Illinois No. 2 coal specimen taken at different locations. The bright spots

were used to _dentify the pyrite association. The pyrites are not d_spersed

uniformly and occur at cleavage planes. Since this coal sample has very low

ash content, it was relatively easy to identify the pyrite particles.

Illinois No. 6 Coal. This coal sample (Figure 3-25) has a very high ash

content (about 35% to 40%) and the dominance of mineral matter makes it very

difficult to clearly identify the pyrites. These micrographs show a very

interesting distribution pattern of ash minerals in this coal as the grain
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Figure 3-24. OPTICAL MICROGRAPHS OF AN ILLINOIS NO. 2
COAL SAMPLE SPECIMEN
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Figure 3-25. OPTICAL MICROGRAPHS OF AN ILLINOIS NO 6
COAL SAMPLE SPECIMEN
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size Of mineral matter particles ts fairly coarse while pyrites are dispersed

in very fine grains,

rf'hemineral matter in ell shales is generally In tl_e range of 70% to 85%

and it is the dominating constltuen_, of shale, Clear ident cation of

pyrites in the shale laatrl× becomes very difficult due to the dominance of

mineral matter. Figure 3.-26 sl_ows the optical mlorographs of this shale

specimen. Most of the area in these mlcrographs is covered by light gray

spots representative of mineral matter, and to a small extents by the bright

spots representing pyrites, consistent with cllemical composition determined by

ASTM methods. Unlike the coal, the distribution of mineral matter in the

shale is quite uniform. However, the kerogen seems to occur In streaks, aM

carl be seen Erom Figure 3-26 (b).

Construction of Liberation Curves
J

Illinois No. 2 Coal

Based on the results obtained from SEM and optical microscopy analyses, a

curve was constructed showing pyrite liberation as a function of particle size

(Figure 3-27) r.['hiscurve shows an inverse relationship between the percent

pyrite lJberatlon and particle size. This finding is consistent wlth

investigations of Carlston (1985) who determined this curve using float-sink

analysis and whose curve was a best-fit straight line rather than a smooth

curve. Furthermore, for nearly complete liberation of pyrites, the coal

sample must of ground to an average particle size of 2 pm. However, at a

partlc]e size of 20 pm, about 90% of the pyrites are liberated from the

organic matrix. At 74 pm, wl]ich is typically used in pulverized coal burners,

only 65% to 70% pyrites are liberated. Hence, the best pyrite removals at

this parl _cle size cannot be better than 70%. The ISGS researchers llave also

determi_,_ J the pyrite grain size for this coal sample (Rapp, 1987). Their

findings (summarized in Table 3-18) show that the mean diameter of free pyrite

grain is 3.36 Dm.

Indiana New Albany Shale

Figure 3-28 shows the liberation curve for Indiana New Albany oil shale

sample, which was constructed using the same procedure described in the

previous section for Illinois No. 2 coal. For nearly complete liberatlcn of

mlnera] matte[' from the organic matrix, the particles must be ground to less

than 5 pm.

= Gr ind ing___T.echnique s Used

- Having determlned the particle size required for the separation, _t would

be appropriate to briefly describe the techniques used for grinding the

particles. Both the coal and shale samples were ground in 2 stages. In the

first stage, they were ground in a Bantam Micropulverizer from an average

particle-size of 12-20 mesh to 270 mesh (53 pm) In the second stage, they

were ground in a jet mill to an average particle size of 5 to i0 pm. A brief

description of both these techniques is given below.
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Micropulver izer

Figure 3-29 shows a schematic diagram of the micropulverizer manufactured

by tl]e Pulverizing Machinery Company (New Jersey). This machine is a close-

clearance, high-speed, controlled sealed-feed hammer mill, which can be used

for a wide range of non-abrasive materials with the major applications being

sugar', carbon-black, chemicals, pharmaceuticals, plastics, dye-stuffs,

dry-colors and cosmetics. Speeds, types of hammers, feed-devices, housing

variations and screen perforations are all varied to fit applications, with

the result that finenesses and character of g['ind cover a wide range. Feed

material should usually be 1.5 inches (3.8 cre) or finer'.

,Feedscrew
T- shaped hammers, ,,"

=

- //,
. i tPmd_t outlet

Per foro ted cyl/ndric a/ screen discharge I

, Figure 3-29. SCHF.MATIC DIAGRAM OF THE BANTAM-MICROPULVERIZER

z

A replaceable liner for tl_e mill housing cover is made with multiple

serrations, which are designed to promote head-on-breakage of paL'ticles thrown

against the wa].l by the rotating hammers.

These rail.is can be fitted with a variety of screens, with round holes,

trar.lsverse shots, or herringbone slots in a wide selection of opening sizes.

However, the round perforated screen is the strongest and is the one generally

used. The grinding capacity of our mill is about 50 ib/h (22.7 kg/h) and the

typical grind size obtained using this pulverizer is in the range of 40 to

: 90 lJm.



Jet Mill

For ultra-fine grinding Lo sizes up to 1 to 5 pm, a Micron-Mas jet mill

manufactured by the Jet Pulverizing Company (New Jersey) was used. This

4-i.nch pulverizer (Figure 3-30) can grind friable or crystalline material to

an average particle size or i to 5 _m. It is fabricated entirely of ].8-8

stainless steel and consists of a feed injector, grinding chambeL" and an

efficient built-in cyclone collector. This mill uses air compressed to

i00 psig (0.8 MPa), or of superheated steam at 150 psig and 550°F (1.14 MPa

and 288°C). Ali surfaces contacting the product are lined with Teflon bonded-

in-pl ace.

This jet mill, also called fluid-energy mill, has a shallow grinding

chamber wherein the material to be pulverized is acted upon by a number" of

gaseous fluid jets issuing through orifices space around the periphery of the

chamber. The rotating gas must discharge at the center, carr.ying the fines

with it, While the coarse particles are thrown towards the wall where they are

subjected to further size reduction by impact from particles in the incoming

jet. The outlet from the grinding chamber leads directly into a centrifugal

product collector. These mills are constructed in sizes from 2 inches to

42 inches (5.1 to 107 cm) in diameter with grinding capacities up to 200 ton/h

(182 metric ton/h).

This jet mill was used to grind both coal and shale to the fine sizes (5

to i0 IJm). The oi]. shale was ground using high pressure nitrogen at IGT's

Energy Development Center to prevent any oxidation that could possibly occur

in air. The particle-size analysis of ground shale was done using a Coulter
Counter.

h_'.!.Le_!_cly.Consumpt i on in Gr ind i nq

GriJ,di_g can be visualized as a process of increasing the surface area

per unit mass of particles. As particles become finer, ti_e surface area per
unit mass increases. Based on this observation, several laws have been

proposed tc) _elate size reduction to a s:ingle variable, that is, the energy

input to the mill. One of the laws is Bond's law, which is generally used to

estimate the energy required in grinding from. a particle size dpa to a size

d_) b. According to this law, the energy required in kWh per ton of material
(McCabe and Smith, 1.976) is ....

: 0.3162w [ ] (3-9)
rh i /dpb /dpa

Here, P is power in kilowatts, m is mass flow-rate in ton/h, d is feedpa

: particle size in mm, dp_b is product particle size in mm, and W i is the work
: index, which is defined as the gross energy in kWh per ton of feed needed to

: reduce a very large feed to such a size that 80% of the product passes a

i00 pm screen. The values of W] for various materials are tabulated in many
handbooks (Perry et al. ]984). The value of the work index for coal is ]3,
and for oil shale it is 15.87.

Using Equation 3-9 the theoretical energy required in gcinding a feed

particle size c)f 28 mesh (1168 pm) to a desired product particle size (1 um to

?9
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1000 _m) was estimated for coal. Figure 3-31 shows the curve for tl]e required

grinding energy as a function of particle size. [['heenergy requirement

increases at an exponential rate when grinding the particles to very fine

_. sizes.

Also, a comparison was made between the theoretical energy required and

actual energy used in grinding the oil shale from a particle size of 1.82 to

0.04 mm° The energy required when using the equation was about 22 kWh/t,

while actual[ energy consumed was about 44 kWh/t. The actual energy consumed

in grinding was calculated by measuring the output current and multiplying it

to the circuit voltage for the measured feed rate. Thus, the ratio of actual

energy consumed to theoretical energy required is 2 and for economic

evaluation purposes, this provides a rough method of estimating the actual

grinding energy required.
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The energy consumption in the jet mill is very high as the complete

pressure l]ead of the air at a very high flow rate is used in the grinding

operation. Since total power consumption equals the drop in pressure head

times the flow rate, this value becomes very high compared to the energy

co_isumed in a hammer mill operation thus showing that grinding by a jet mill

is a very energy-inefficient process.

Particle-Size Analysis

In order to determine the particle-size distribution of finely ground oil

shale or coal particles, a Coulter Counter (Model TA II) was used. The

Coulter Counter technique is basically a method of determining the number and

size of particles suspended in an electrolyte by causing them to pass through

a small orifice on either side of which is immersed an electrode. The changes

in resistance as particles pass through the orifice generate voltage pulses

whose amplitudes are proportional to the volumes of the particles. The pu.lses

ar'e then amplified, sized and counted, and, from the derived data, tl]e size

distribution of the suspended phase is determined.

Figure 3-32 shows a scl]ematic diagram of a Coulter Counter. A controlled

vacuum initiates flow through a sapphire orifice let into a glass tube and

imbalances a mercury slphon. The system is then isolated from the vacuum

source by closing tap A and flow contlnues due to the balancing action of the

mercury siphon. The advancing column of mercury act.lvates the counter by

means of start and stop probes so placed that a count is carried out while a

known volume of electrolyte passes through the orifice (0.05, 0.5, or 2.0 mL).

The resistance across the orifice is monitored by means of immersed electrodes

on either side. As each particle passes through the orifice it changes the

resistance, thus generating a voltage pulse that is amplified, sized and

counted to determine the particle-size distribution. A more complete

: descriptio_l of this technique is given in Allen (1968).

Figure 3-33 shows the particle-size distribution of ground shale

particles. The volume mean size.is about 7 _m. Fine shale particles are

extremely cohesive and form agglomerates which is very detrimental to an
efficient separation. The cohesive force between the fine shale particles was

measured using a cohetester (details of the.force measurements ar'e described

[n Appendix B).

Tr'iboelect r ificat.ion

Int roduct .ion

Electt'ostatic processes can separate particles based on one or more of

their electrical properties such as dielectric constant, electrical

conductivity, and work function and all of these properties play a role in the

- charging process. The role of dielectric constant in charging can be

explained using Cohen's Law, which states that on contact and sepat'ation of

- two solids, the material with higher dielectric constant charges positively

(Ralston, ]96]). There are, however, always some except.ions to the law. The

=- ro].e of electrical conductivity can be seen in terms of the charge retention

- time. Charged particles with higher conductivity (metals) tend to loose their

charge quickly as compared to particles with lower conductivity (ins_]ators).

= TI_e role of the third property, that is, work function is of prime importance
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due to the [act that the e].ectrostatic separation techniques investigated are

based on triboelectrificatJon as a means of charging the particles. According

to the available theories of particle charging, the triboelectrification

phenomenon is directly related to the work functions and, all of these

electrical properties are inter-related either directly or indirectly with
each other.

Particle Char igj__ Mechanisms

There are a number of ways by which_ a charge can be generated on the

particles so they may be separated in an electrostatic f eld. Following is a

partial list of the various ways.

i. _ Charging by conduction

2. Charging .by induction

3. Charging by dielectric hysteresis

4. Cha['ging by contact and separation of poor conductors (contact potential)

5. Cha_:,jirlgby spray, corona or other electr,ic leakage

.6, Charg.i_g by thermo-.icnic emission ofelectrons or ions

7. Charging by pl]otoel.ectric methods

8 [)yroelectr:ic polar:ization, piezoelectric polarization or other natura.1]y

occurring dipoles in solid state

9. The dielectric medium sepal:ating process (does not require chargin 9 of
the particles but an electric field must be set up).

Some oi! the proces._;es depend not on differences in charging, but in

dissipation of charge, since many of the processes involved in loss of charge

are %:he reverse of the cha['ging process. Charged bodies usua].]y loose their

charges through leakage and every finite solid has, at ].east, microscopic

points (called sharp points) that can cause such leakage. Even when every

ef.[o['t is made to ob[ain perfect insulation, leakage occurs through these

4, sharp points: which are the center of highly concentrated electrostatic fields

= leading to a coLona discharge. Other processes depend on the shape of the

__ field used for separation. Needless to say, the variety of forms of apparatus

_ which effect these separations is very great.

Desp_e many ways in which to cause solids to acqui_e an electrical

charge, only three charging mechanisms are used in commercial electrostatic

separation, namely:

" i. Charging by ccnductive induction

_. 2. Charging by ion or electron bombardment (co[.'ona charging)

3. Charging by contact and frictional electrification

(tr iboe]ect ri[icat ion) .
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lt should be mentioned here that these charge mechanisms are by no means

mutually exclusive. Although several charging mechanisms aL'e often active in

an electrostatic separation (for example, particles sliding over a grounded

chute or electrode in the presence of a high e.l.ectric field), it is always

desirable to design a separator in which only one charging mechanism

predominates. The design of a separator usually depends on the type of

charglng mechanism used to effeat the separation. A brief description of

these charging mechanisms is presented here.

Conductive Induction

In this process, an initially uncharged particle that comes into contact

with a charged surface assumes the polar Joy and, eventually, the potential of

the surface. A particle of a good electrical conductor will assume the polar-

ity and potential of the charged surface very rapidly. However, a dielectric

particle will becomele polarized so that the side of the particle away from the

charged surface develops the same polarity as the surface. Electrostatic

separation of the conductor and non-conductor (dielectric) particles can be

accomp].ished by the movement of the conductors in the electric field.

The electLostatic separators exploiting this principle use various

electrode designs, such as plate separators, screen-plate separators, rotating

electrode separators and electrostatic sieves. In all these designs, the feed

material is introduced onto a ground metal slide in front of which is placed a

static electrode. This static electrode may be a plate, a screen, a t'oller or

a combination of plate and screen, depending upon the nature of application

and feed particle size.

lon Bombardment or Corona CharcL1n__

Charg.lng of particles by means of a corona discharge is a very effective

and sure way of placing a charge of known polaritl7 on particles. Both types

: of particles (assuming a particle mixture of two types) are bombarded by ions

of atmospheric gases which have been g_nerated by an electrical corona

di _charge from a high voltage electroJe (usually a fine tungsten wire at 20 to

30 kV with respect to ground and several centimeters away from the pal:ticles).

When ion bombardment ceases, the conductor particle looses its acquired charge

to ground very rapidly and experiences the elect'rostatic force tending to hold

it to the conducting surface. This mechanism is used in industrial

electrost.atic precipitators. Rotating drum type separators used in the past

to beneficiate ores, also work on this mechanism. There are, however, some

major drawbacks in this process, namely:

I. lt requires relatively high voltage equipment capable of de].ivering the

required current. _:
-

2. Placing the same polatity charge on both types of ti_e particles makes --

_ achieving the necessa_'y selective deflection in an electrical field :

impract ica I.

Contact E].ectrification l

When twcJ dlssimi].ar materials are brought into contact and lhen :-

separated, they are found to be charged; this is the phenomenorl of contact
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electrification. This phenomenon, also referred as trlboelectriflcation, is

from the Greek word "trlbein," meaning to rub. This is one of the most

practical and inexpensive processes by which we can achieve selective charging

of particulate matter in preparation for electrostatic separation. Tribo, or

frictional, or contact electrification involves at ].east two physical

phenomena which are important in determining electrification. The phenomena

are the electronic charge transfer across the interface at the point of

contact of the two materials and the electronic charge back-flow which takes

place as solids are separated. The present state-of-the-art knowledge of

electron transfer, between materia].s of different work function under rigidly

controlled conditions, permits the prediction of the polarity of the charge.

However, the magnitude of the charge transfer which remains on the surface

after the separation is still not quantitatively pred:.ctable.

This subject, of contact electrification natural].y falls in[:o three
divisions:

a. Electrlfication o[- metals by metals

b. Electrification of insulators by metals

c. E[ectl ilicat l<._.s_o[ irlsulators by insulators.

A metal is de[ ined as having h:igh e].ectrica] col|ductivit,y wllicl_dec[ea.__;es

with rise _in tempe_:ature al,d whicl], no[ma]].yt also decreases it impurities at:'e

added. An insu.lator has very low conc:luctivity (resist:ivity 0 >''i(.]]]- _.c'm) an.d

a semiconductor has intermediate values; the conductivity increases with

temperature, and also normally increases with added impurity. A brief

descriptior, of tlJe present state of understanding for each of these is

presented below.

Meta]-Me£al Contacts

Contact electrification is often thought of as a phenomenon associated

with insulators, in fact, charge tt:ansfer across the interface between two

metals may be greater than the charge transfer between a meta] and an

insulator. However, the charging of metals is not usually noticeable because

first, they act an as infinite ground and, secondly, they cannot accumulate

_- charge.

: The extent of the contact electrification in a meta].-meta] contact is

governed by the charge transfer as to bring the combination to a thermodynamic

equilibrium, or cause [he electrochemical potential to be the same throughout

the two metals (Lowell and Rose.-Innes, i[980). The work function, which has a
_

= similar meaning to the electrochemical potential., is defined as the ene_:gy

_ required to remove an electron from its Fermi level. The Fermi ].eve]. is

defined as the ]eve] from which the Drobability of finding an electron is 0.5.

- Suppose two metals having work functions %A and %B al:e brought: into
contact so that the electrons between them are exchanged and come .[l_to

_ thermodynamic equilibrium. The difference .in the surface potential_ of the

metal will then be --

I:{ A
V : ................... 3- I0)

c e
_
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here e .is the electL'on cl]aLge. Vc is called the contact potential
difference. The charge Q on the metal while tl]ey are in contact is given by

the product of Vc and the effective capacitance between them.

O = C ^ V C3-11)
o c

. where C o rs a constant tl]at depends on the nature of contact. Figure 3-34
shows the charge on a chromium sphere after a contact with a sphere of another

metal and plotted against the contact potential difference between the metal[

and Cr (Lowell and Rose-Innes, 1980). Harper (1967) developed a model to

predict the constant CO in Equation 3-11 based on the tunnelling effect. His
experiments confirmed that the charge transfer between two metals is

proportional to their" contact potential differences or work functions. The

work function of metal is sensitive to the presence of oxides, surface

contamination and other factors and Table 3-.19 shows the work function of a

few metals. A complete list of work function values can be found in the works

of Fomenko (].966, 1972) and the CRC Handbook (Michaelson, 1989).

Metal-Insulator Contacts

.' Th:is type of contact is of prime importance in electrostatic separation.

Tl]e charge acquired by an insulator from a metal that touches it may depend

not on].y on the nature of the insulator but also, in some circumstances, on

the part icu]aL" meta], and type and duration of contact. Davies (1967) showed

that the total cha,:ge transferred to polyethylene by contact to a metal

increases w_th the time of contact and reaches an apparently constant value

after about ]5 minutes while Gonsa]ves (].953) found that the increase in the

charge with time of contact was due to the increase in the area of contact.

As discussed in the meta]I-metal contact section, the elias'ge transfer

premise of thermodynamic equilibrium may be applied here. Figure 3-35 shows

the triboelectrlfication of a series of metals in contact with an insulator

(]ncu]et, 1984), and the inter-relationship appears linear, This indicates

that the woLk function theory provides a good tool to analyze and predict the

polarity of the charge on clean surfaces and in controlled ambierlts. The

values for work functions of various insulators are tabulated in several

monographs on electrostatics (Cross, 1987; Moore, 1973).

There are a few examples that do not exl]ibit a linear relationship

between work function and triboelectrification that should be discussed.

According to Akande and Lowell (1985), who conducted the experiments by

contacting a series of metals with both Nylon-66 and PTFE, charge was not

influenced by the work function for PTFE, while, with Nylon-66, it showed a

perfect li,lear relationship and had work functions similar to t.he one shown in

Figure 3-35. They attributed this to the existence of the non-equilibrium

state of electrons in the insulators where the theory of work function breaks
down.

Insulator-lnsulator Contacts

Most of the contact el.ectrification studies were concentrated on the

problem of metal-insulator contacts. Contacts between two insulators have not

been so intensively studied, and relatively little is known about them.
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TL-iboelectrLffication in AlL"

Expe[_imerlts with clea_ surfaces, simple elements and controlled en-

virc)r_ments to maintain the sur[ace clean, such as vacuum, have helped apply

some of the theoretical explanations to the t_'iboelect_ification phenomenon.

When dealing with complex materials at ambient conditions, any pr.ediction as

t.o the polarity or magnitude of charge can only be guess woL'k. However, i[

large numbers of experiments can be conducted to provide a statistically valid

: sample and, at the same time, _eproducibi]ity of the mate:cJals and ambiei_t

conditions can be'maintained, practica], appJ.ications may be designed on tl_e

basis Of such obtairled values. A good example of _eliable data fo_

triboelectrification in ai[ is bene[iciation of coal in an e[ec[.ros[atic

•. separator; where the carbonaceous material in coal acquiLes a positive ct,a_'ge
.
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Table 3-].9. WORK FUNCTIONS OF VARIOUS CRYSTAL _ACES

Material Crystal Face Work Function (eV)

Single Crystal Molybdenum 100 4.35 - 4.40
110 4.90 5.10
111 4.10 - 4.15
112 4.55

114 4.18
116 4.00

Single Crystal Copper 100 5.60
111 4.87

Single Crystal Rhenium 1000 5.53
101.0 5.05
1011 5.04

1100 5.15
1120 4.80
1121 4.70
1124 4.72
2110 5.07
2111 4.82
2112 5.27

2113 4.84

Nickel Single Crystal 100 4.89 - 5.10
110 4.64

111 5.22

Aluminum Single Crystal 100 3.38
110 3.8O

111 3.11

Chromium Single Crystal 100 3.88
110 4.70
111 3.88

112 4.05

: 116 3.75

=,
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while minerals and [)yrite charge negat_ve]y wl_en coa| .s contacted with a

copper surface. A more w_despread application of rh,_ , phenomena could be

separating a sol i(Jmixture into its components. A ,c.itable surface can be

:_ chosell _,.hosework llunct:i(:)Jli[alls between tile wol:k f notion of mi>:tu[e

c()mponen_.s. When powder, is brought into contact with that su_'face, the

component with the highest work function charges negative].y while other

components acquire a positive char'ge thus enabling them to be separated U_BiI)g

an electric field.

w_i)__k_. Z Lj_n_c.k!o_r!9

As defined earlier, the work function is the difference between the

. energy of an electron at the Fermi ]eve] inside the surface of a solid arid an
electron at rest in vacuum outside the solid. This value of the work function

depends boti_ on the internal structure of the material and its surface
conditions. Work functions were studied extensively to determine the

reliability of cathode materials used in electronic devices.

There are several methods available for the experimental, determination

- and theoretical calculation of the work function of a particu].ar material

:_ (Davies, 1969; Cross, 1987) and a detailed description of ali these methoc]s

=- can be found in a book chapter by Riviere (]969). A short description of the

measuring techniques is given here. ,,
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Ti_e thermionic method. The work function is found from the temperature

behavior of the emission curr_nt appearing in response to heating the

substance The measurement results are interpreted with the aid of the

Richardson Equation.

I T2
J - _ = (1 - r ). .exp(-e_e k_) (3-12)

where J is the current density of the current I emitted from area S at cathode

temperature T, re is the zero-field reflection coefficient for the incident
electrons, A is the Richardson constant, e is the electron charge, _ is the

work function and k is Boltzmann's constant.

The photoelectric method. The work function is determined by the

long-wavelength edge of the photoe].ectric effect.

The £ield emission method. The work function is determined by the

current flowing when a high accelerating field (>106 volts/cm) is set up at
the su_'face of the cathode.

The effusion method. The equilibrium pressure of the electron gas over

the emitter at different temperatures is used to determine the work function.

The calorimetric method. The work function i.s computed by using the

relationship between the quantity of the heat supplied to heat the cathode and

the quantity of heat carried off by the electrons participating in the

emission process.

The coi_tact potential difference method. The work function is determined

by measuring the contact potential difference between the material and a

second electrode having a known work function. This method has been widely

used for measuring the contact potential of various minerals.

Ciccu et al. (1989) have successfully used this contact potential

difference method to measure the work function of various minerals. They used

gold as a stable reference electrode in their experiment. In this method, the

work function of material A, CA can be determined using the equation --

CA = e.Vc + _o (3-13)

where _, is the work function of the reference (gold in their case) which iso

known, V c is the measured contact potential difference and e is the charge on
the elect Loi_.

Theoretical Computation of Work Functions

Empirical relationships linking the work function to various physical

characterist, ics are utilized to calculate the work functior_s. The values of

the work functions are corre[ated with atomic number, atomic volume, com-

pressibi]ity factor, crystal lattice energy, first ionization potential of the

atom, packing density of the atoms on the facets of the crystal, surface

tension, e].ectronegatJvity, zero-charge potential, and atomic radius. The

dependence of the kit,eric characteristics of the processes, such as hydrogen
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overvoltage and energy of activation of high temperature oxidation of metals

on the electron work functions, was also determined. The most widely used

cort°elation is given by Gordy-Thomas (].956):

- # = 2.27× + 0.34 (3-.[4)

where X is the electronegativity in Pauling units.

Electronegativity is defined as the tendency evinced by an atom in a

molecule to attach or release electLons, and is usually represented as the

half sum of the first ionization potential I of tile atom and its electron

affiz,ity E.

_ × = [(z + _) (3-15)

Figure 3-36 sI_ows electronegativities of various elements in the periodic

table. Equation 3-!4 can be used to calculate the work function of the

elements in the period.ic table.

To determi_e tl_e work function of binary compounds, such as oxides or

chlorides of various metals, the Gordy-Thomas _]quation was extended by

Yamamoto _e_ta_]__ (1974). They proposed that the work function ¢AB of a binary
compound formed by reaction of elements A and B would be --

" 2¢A - CB- 0.34

CA_ CA + 1.41 [ + ¢ - o 6_ I (3-Js)

.,.,.

dA CA B '

where CA and CB are the work functions o_ elements A and B, respectively, dA
is the single covalent bonc! length of element A. Table 3-20 shows the values

of work functions of various compounds mainly oxides of various metals

(Fomenko, 1971).

Detex;mination of Surface Cha['qe From Work Functions

The knowledge of work £unctions can now be used to estimate the resulting

sul;face charge of the materials after contact with a surface. Professor Sod,

who did tl]e pioneering work (Sod, 1967; So0, 1983; Sod, 1989) on the

phenomenon of particle charging, analyzed the charging of dust particles by

: impact (Cheng and Sod, 1970). He based l_[s analysis in terms of the dynamics

. of impacting bodies. Justification for such a viewpoint came from the fact

that, because of the irregular nature o_ the contacting surface, two bodies

brought into contact will touch each other at a few discrete points. However,

_ with high impact velocities or large impact pressures, deformation immediately

_ occurs thus allowing these discrete points to develop into contact areas. For

this reason, SOd argued that the mechanical properties of the particles (for

example, Poisson's Ratio, Young's Modulus, etc.)must enter into the equat:ion

]n some form and he developed the follow.ing basic relationship.
_

'l'l_e charge on a l_)article by im[)act (:,_,a wall by a tuEbulent suspensiol,

can be givel, by --
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Table 3-20. WORK FUNCTIONS OF VARIOUS COMPOUNDS

Compounds Work Function (eV)

BeO 3.80- 4.70

(Ba, Sr)CO3 1..25
Carbon (graphite) 4.00

La203 2.80
MgO 4.70
CeO2 3.21
? ,,,Oa 4.70

SiO 2 5.00
CaO 1.60 4-- 0.20

TiO2 6.21
FeO 3.85
SrO 1.27

5,20 3 2,00
ZrO_ 5.8(i

Mt_O3 4.25
CS 2 (.).99- 1.17
BaO 1.10

Pr6Ot t 2.8(i)
Nd203 2.30

Sm20._ 2.80 "
Eu.O3 2.60

Gd203 2..10
Tb203 2. l 0

Dy203 2.10
Ho203 2.10
Er'203 2.40
ThO2 2.54
UO, 3.15

a
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Here, the particle is referred to as species 1 and the surface is species

2, dp is the particle diameter, V1 is the velocity of impact, 9 is Poisson's
Ratib, E is the Modulus of Elasticity, Pl is the particle _enslty, V is the,
contact potential and r is the ratio of rebound speed to incoming speed.

In the case of coal particles (d = 16 _m) flowing in a brass pipe at a

velocity of 35 m/s' and the charge va_ue on the coal particle was estimated

using this equation to be 1.6 X 10-3 C/kg as compared to the measured value of

2 X 10-3 C/kg. The duration of contact in the exp_rlment was of the order of

10-5 s, wl)ich was much smaller than the relaxation time of the particle

cloud. Therefore, this equation can be used for estimating the value of the

charge for the case of particle flow in a metal or plastic tube.
s

Tl_e charge value for coal particles, measured experimentally with a tube

charger was found to be irl close agreement With the value predicted by this

equation. For the case of minerals, pyrites and kerogen, it was difficult to

obtain values of the elastic and electrical properties from handbooks, so

rigorous comparisons could not be made. This equation predicts the polarity

of the charge correctly, as is evidenced from charge measurements for coal

particles impacting with copper and plastic surfaces. In the first case, coal

particles acquired a positive charge; while in contact with the plastic, they

charged negatively, because the work function value for the coal (_ = 3.93 eV)

was smaller than for the copper (_ = 4.38 eV) and greater than for the plastic

(¢ =: 3.5 eV).

Harper (1967), proposed a semi-empirical correlation to estimate the

charge of metallic powders by triboelectrification.

-13_1 - _2
2 66 X i0 (8 85 + 1 115 log R) (3-18)

(m) : . PR2 " .

where _i and _2 are the contact potentials, R is the particle radius .in
centimeters and p is the partic]e density in g/cm 3. For example, a 5-1Jm

antimony (Sb) particle (_ = 4:08 volts) will acquire a charge of +6 X 104 C/kg

: on contact with a copper surface (_ = 4 38 volts), while an al_,Llinum particle

(_ = 5.42 volts) will acquire a -2 X 10-3 C/kg charge with a copper surface.

Therefore, a scheme can be designed to charge the particles selective]y in

order to be able to separate them in an electrostatic separator.

Gaussian Limit of CharHs_.b _ Trioboelectrification

The maximum charge qql that can be acquired by a particle in aic by
triboelectrification is glven by the Gaussian limit (Cross, 1987), that is,

2

_ qm = _dp _oEb (3-19)

95



or maximum charge-to-ma_s ratio

where Eb is the breakdown voltage of the air, _:o is the permittiv.lty of
space. .lt can be seen from Equation 3-20 that a 20-_m diameter particle

charged to the Gaussian limit has a maximum charge of 8 X'10 -3 C/kg. '

Particle Charge Measurement

The standard method for measuring charge is through'the use of a Faraday

cage or "pail" coupled to a suitable monitoring circuit (Secker and Chubb,

1984; Nieh and Nguyen, 1987, 1988; Fasso et al. 1982, Soo et al. 1964;

Mukherjee et_aal,_._1987; Gajewski, 1989) and F_igure 3-37 shows a schematic

diagram of a Faraday cage. lt is a double,wa].ied vessel of any suitable shape

with the outer wall being grounded to form an electrical screen that prevents

stray external charges ft'oreaffecting the measurement. The inller wall is

connected to an. electrometer that measures charge by detecting the voltage

build-up across a known capacitance. The principle of operation o_ the

Faraday cage .is illu._trated in Figure 3.-38, ]f a charged object of any form

or conductivity _iS placed ii_ the contair_er, an equal and opposite charge is

induced on the inner wall. This charge leaves behind.an equall and opposite

charge on the capacitor of the electrometer, WhiCh cal_ be measured to give the

charge .inside I:he Coi_tainet irt does not ma_ter whether c_arge fl_ows between

the object and the illnet:wall of the Faraday cage so that the object is

.neutralized, or whether the charges remain separate but paired. The Faraday

cage can, therefore, be used to measure cho_ge on either conductors or

insulators. The insulation between the inner and outer container of the

Faraday cage must be extremely high, that is, there should be no decay of

charge when a charged particle is left in the cage.

Obviously, the Faraday cage is not able to be used when the charge is

stored on a moving belt or a large particle, but it is useful for estimating

the charge on liquid or powder samples. Care must be taken, however, that the

means by which the liquid or powder is introduced into the chamber does not

produce additional charge. The sample must enter the cage directly and not

through a tube or funnel which is not a part of the inner container. When

powder is co]].ected from a gas stream, the inner can is provided with the

holes to allow the air to escape and is ].ined with a filter' to collect the

powder, lt is unimportant whether the _filter is insulating or conducting.

Figure 3_37 also shows the details of isokinetic collectJ.on of particles

inside the Faraday cage. Here, a sampling tube is necessary, but it is

connected electrically to the :inner vessel so if charge separation occurs at

its walls, both charges are measured and there is no net affect. The sampling

tube is covered with an earthen shield to prevent measurement of frictional.

charge from collis_on of dust particles with the outside of the sampling tube,

_arldwith uniform sampling, the charge can be directly measured by an electro-

meter. The weight of the particles collected inside the inner chamber of the

Faraday cage is then determined, giving an estimate of an average charge-to-i

mass ratio of the particile. The typical far,ge of the charge measurement us:ing

a Faraday cage is ]0.-3 to 1.0-6 C/kg, and Table 3-2.[ si_ows the sub:face charge

of various mineral particles measured usi_g a Faraday cage at the lIT

laboratory.

96



9?



98



•able 3-21. SURFACECHARC_,Or VARIOUSPOWDERSMEASUreD
EXP_RIMEN'rALLYUSING A ._ARAOAYCA_E

Particles Charge (CNg) Remarks

Pyrites -7.00 x 10.4 Chemically pure pyrites
were used for the

charge measurements.

Minerals -1.85 x 10.3 Spent shale from IGT
was used as a mineral
resource.

Shale -6.30 x 10"s Indiana-New Albany
Shale was used.

II,, #2 Coal + 1.34 x 104 This was an Illinois

Basin Coal sample,

, Kerogen +7.00 x 10.3 Obtained by extra-
polation (see Fig 4,8)

Alabama Beneficiated +2.00 x 10.3 Obtained from IGT.

Shale (ABS)

ABS + Tullanox -4.00 x 1()s Tullanoxwas added to

improve the flt_wability.

ABS + Alumina -1.50 x 104 Degaussa alumina is

" Charcoal + 1.90 x 103 Wood Charcoal used.

Ali these charge measurements were made at a particle size of 5 microns and at a gas velocity of 5 m/s with
no applied electric field,
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Other charge measuring techniques include a ball probe developed by Soo

(So0, 1967) and perfected by Mukherjee (1987). This ball probe is a very

simple device and makes dynamic measurements possible. However, there are

some drawbacks associated with this technique, whlci_ restricts its use.

Charqe Measurement Results

The ._urface charge of various powders was experimentally determined using

the Faraday cage. The effect of various variables was studied on the particle

charging. A brief description of these variables and their influence on the
triboelectriflcation is discussed below.

Effect of Temperature

Figure 3-39 shows the charge-to-mass ratio of oil shale and pyrite

particles as a function of gas temperature. Charge on both shale and pyrite

is negative but the charge on oll shale is one order of magnitude hlghe_" than

the charge (.)npyrites. Fu['thermore, the charge increases with an increase in

temperature, as one would expect. The increase in air temperature can be

correlated with a decrease ill humidity,; it is well known that surface charge

increases w._th a decrease in humidity (Mukherjee, 1987).

F.ig'_L'e3-40 shows the surface cl_arge of shale and pyrites as a function

of gas velocity. The charge of both sIlale and pyrites increases with increase

in velocity. However, the rate of charge increase of pyrites is much higher

than that of shale. This results in a crossover of charges of pyrites anti

share at a gas velocity of 5.8 m/s. Therefore, gas velocity plays a vital

role in the pL_ocess of particle charging. Below the crossover velocity, the

surface charge on pyrites is less than that on the shale partlc]es, therefore,

shale particles will move preferentially towards the positive electrode.

Howevert if the system is operated at a velocity greater than 5.8 m/s, a

reverse trend should be observed. These observations were supported when

shale ber,el:icJatlon tests were conducted at different velocities. At a

velocity of 5 m/s, the pyrite-rlch stream was detected at the negative

electrode, whereas at a velocity of 8 m/s, the pyrite-rlch stream was

collected at the positive electrode.

According to Equation 3-17, the charge is proportional to the 0.6 power

of the velocity. If this were true, both lines in Figure 3-40 would be

parallel. A possible explanation is that the velocity plotted in this figure

is the conveying velocity, while the equation uses the velocity of impact.

- These two velocities are not the same. Also, while deriving Equation 3-17,

the area of contact for the charge transfer was determined using the elastic

pr'operties of the particles and the surface. However, this area of contact

might not depend linearly on the velocity, as Equatlon 3-17 assumes.

Furthermore, Japanese researchers (Masuda et al. 19"26) calculated a dependency

= of charge on the velocity of impact to the 1.4 power, wh_.ch was based on their

-- observation of scar formatic_ on the meta] surface during impact.
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Effect of l(eroqen Content

Figure 3-41 shows the suri_ace charge of oil shale particles as a function

of kerogen content. For these measurements, three shales of kerogen content

12%, 34% and 50% were obtained from IGT. [['hefirst shale was the Indiana New

Albany shale used extensively for 'beneficlation tests. The second and third

shales were beneficiated shales that IGT obtained fro.m the Mineral Research

Institute (MRI), Alabama. These shales had been beneflciated using the froth

flotation technique.

The results show that with an increase in kerogen content, the surface

charge_ which is negative for raw shale, becomes positive. This is expected,

since the ca *.bonaceous matter in coal also acquires a positive charge,

although kerogen has very different chemical, properties than carbon in coal.
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These values of surface charge may not be used to extrapolate in order to

determine the charge for the pure kerogen, because_

i. The relationship may not be linear. Three data points in Figure 3-41 are

not sufficient to fit a curve.

2. The surface charge of benef_ciated shale might be altered by the addition

of surfactants added while beneficiation in a froth flotation method.

The only correct way to determine the surface charge of kerogen would be

to obtain pure kerogen and measure its charge, which is not possible. Another

possibility might be to beneficiate the shale by a dry electrostatic method in

various stages to obtain the highest purity shale and then measure the charge.

The only problem with this alternative is that it is generally not possible to

obtain enough sample so that it can be run for conducting experiments in

stages and finally to measure the surface charge.

Similarly, the surface charge of mineral matter present in the shale was

determined by measuring the surface charge on a spent shale sample having a

carbon content of less that 0.5%_ This shale was produced as a refuse

material after the raw shale was hydroretorted. Since this was subjected to

high pressure and high temperature conditions, it may not represent the true

mineral matter and, therefore, may not provide the correct estimate of the

charge.

Effect of Additives

Since finely ground shale particles are extremely cohesive, some flow

enhancing agents are added to these cohesive powders to make them flow

better. Tullanox and alumina are two of these agents. Tullanox is a fused

silica of submicron size. Addition of both the agents to shale improved the

flowability. However, the surface change of shale after adding of these

agents changed drastically as shown in Table 3-21. The Alabama beneficiated

shale without addition any of these agents bad a surface charge of +2 X 10-3

C/kg. With addition of Tullanox, this charge decreased to -4 X 10-5 C/kg.

That is why these agents reduce cohesion. Dutta et al. (1989) have used these

agents to improve the flowability of cohesive powders. They report that

addition of these powders reduces the inter-particle forces, but they do not

mention anything about surface charge. Therefore, measurement of surface
F

charge may provide an insight in selecting a flow enhancing agent that can

then be added Jn a right proportion to improve the flowability of the po_ders.

Effect of TribocharHer Geometry

Various tribocharger geometries were tested as shown in Figure 3-42. The

very first tribocharger was an aluminum honeycomb, typically used _n air

conditioners. A schematic diagram of the honeycomb charger is shown in

Figure 3-42 (a). The major drawback with this charger was that due to limited

contact of particles with the metal surface, the charge acquired was very

small.

The second configuration tried was a cyclone tribocharger used in the

past by many researchers (Alfano et al. 1985_ Masuda e__tal. 1981, Inculet,

1984). This cyclone was especially designed to provide maximum particle-to-
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wall contact with a special feed inlet and was custom built at B. G. Wickberg

& Company (Massachusetts) The material of construction was stainless steel
with the inner surface lined with nickel. The work function of nickel lies

between the work function of carbon and mineral matter. Figure 3-42 (b) shows

the schematic of this cyclone tribochargero With this device, kerogen and

minerals present in the shale were found to electrify positively arld

negatively, respectively, which was essential for efficient separation.

However, a significant charge neutralization occurred due to attraction

between the oppositely charged species resulting in poor separation. The main

reason for the charge neutralization was that particles were exiting from the

cyclone at very low velocities and there was a high probability of oppositely

charged species coming into contact with each other.

In view of the problem of charge neutralization in a cyclone tr ibo-

charger, a tube charger was designed and built [Figure 3-42 (c)]. This was a

1-inch (2.54-cm) O.D. copper tube in the form of a spiral to provide maximum

particle-to-wall contact. This device worked reasonably well. The only

problem with this configuration was that significant pressure drops were

observed that resulted in back flow.

Finally, based on the work of researchers at PETC, an impeller type

charger was designed and built and is shown in Figure 3-42 (d) (Link, 1988).

This device consists of an 1.25-_inch (3.2-cm) OD copper tube into which, an

impeller-type copper construction is housed. Proper design of the impeller is

very important because i) enough open area is needed for particles to flow

through it and 2) at the same time, there should be enough contacts between

the particles and the tribocharger surface so that they could charge

effectively.

This tribocharger configuration turned out to be the best, as it was

simple to build, inexpensive, easy to operate and clean, and most importantly,

it charged particles very effectively. The tribocharger was tested for both

coal as well as for shale particles. Also, the mode] mixtures of silica and

charcoal were separated after triboelectrifying the particles with thisi

tr ibocharger.

: Discussion

The role of triboelectrification in the electrostatic separation has been

discussed. An effort has been made to quantify the surface charge imparted on

a particle by triboelectrification. It has been shown that the polarity of

the charge acquired by a particle depends primarily on the work function

values of the particle and the tribocharging surface. Also, the effect of

various process variables on particle charging has been presented with special

emphasis on charging coal and shale particles for beneficiation. Various

tribocharging configurations were investigated and their advantages and

disadvantages were discussed_

Beneficiation of Illinois Coals

Introduction

A comprehensive l'iterature review of various coal beneficiation

processes, including electrostatic separation techniques either presently in
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u._e, or being developed, was presented previously. Also_ the merits of the

electrostatic methods (based on trlboelectrlficatlon) over other wet and other

dry beneficiatlon methodB were identified and discussed. The fluidlzed-bed

type electrostatic separators have been used in the past for coal cleaning

(Inculet, 1984). However, IIT's technique is unique in the sense that the

fluidized bed is used as the means for separating the charged particles rather

than using it as a device to charge the partic]es.

In previous work, lIT used a batch electrofluidized bed to determine the

feasibility of separating iron pyrites from coals. Synthetic mixtures of coal

and iron pyrites were prepared and tested in a batch-electrofluldized bed.

The details of these tests are reported by Saxena (1985). These batch tests

indicated that pyrites could be removed from coal by applying an electric

field. However, the drawback with the batch-type electrofluidlzed bed was

that the process of removal was not continuous, rI'herefore, a continuous

electrofluidized bed was designed and constructed as described irl the next
sect ion.

Separation in a COntinuous Elect rof ].uldlzed Bed

A._i_aratus

Figures 3--43 and 3-44 are schematic diagrams of the continuous

e]ectrofluidi_;ed bed. This device was a transparent, two-dlmensional bed made

of I/2-inch (1.27-cm) thick plexiglas. _I'hebed dimensions were ]/2-inch

(1.27-cm) deep, 7-ir_ches (17.8-cm) wide and 40-inches (102-cre) high. lt

consisted of two sections, the top section and the bottom section, joined

: together with flanges and screws. The top sect_ion of the bed was the actual
.

fluidization section in which coal was continuously fed from the top, through

a hopper and a vibratory feeder, and the pyrite-ent'iched stream and the clean

coal stream were taken out through i/4-inch (0.64-cm) diameter openings near

the bottom of this section on either side of the bed fitted with tubes.

The bottom section of the bed was mainly used as a passage for nitrogen

= that was used as the fluidlzing medium, lt was a 7-1/2-inch (19.l-cre) high,

]./2"inch (1.27-cm)' deep and 7-1nch (17.8-cm) wide section containing two metal

tubes for gas flow to the distributor and a rectangular slit acting as a 3 mm

X I cm rectangular jet for nitrogen flow. Dry nitrogen was supplied from a

high pressure tank and was metered by two rotameters; one measuring the total

gas flow while the other measured the nitrogen flow through the rectangular

jet. The nitrogen flow was regulated using a pressure regulator and the gas

pressure was maintained at 20 psig (0.24 MPa).

The gas distributor was a porous, glass wool strip put between flanges

joining the top and bottom sections of the bed, that maintained a homogeneous

gas flow throughout the bed. Two perforated (_ = 3 mm) alu._inum plates (with

dimensions I/2-inch X 40-inches) were separated from each other by i0 cm and

supported by thin plexiglas pieces glued to the top section of the bed. These

plates were referred to as electrodes when connected to the voltage generator.

A d.c. voltage generator (Universal Voltronics) capable of generating up

to 36 kV, was used to generate the electric field. The distance between the

" electrodes was kept at 10 cm. Since, a spark between the electrodes around

the distributor (support plate) was observed beyond 12 kV, the applied voltage

= in all the experiments was kept below 12 kV.
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Figure 3--43. PERSPECTIVE VIEW OF IIT'S CONTINUOUS
ELECTROFLUIDIZED BED SYSTEM
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The operating principle of the bed is simple. Coal particles, ground to

a particle slze in the range of i00 to 150 _m, were loaded in the hopper.

They were then continuously fed from the hopper through a vibratory feeder

actuated by alr pressure and a high d.c. voltage was applied. While coal was

fluidized using nitrogen gas, pyrites having negative charges migrated toward

the positive electrode while pyrlte-free coal particles (possibly carrying a

positive charge) went to the negative electrode. Since the electrodes were

perforated, both coal and pyrite particles passed through the electrode, fell

in the channel and were collected through openings and weighed by digital

electronic balances. Illinois No. 2 and Illinois No. 6 coal samples were

tested in this unit and the results of the pyrite separation from these coal

samples are described below.

Results

Following are the results for three Illinois coal samples. An Illinois

No. 2, stripmlned coal sample was obtained from Mr. Larry R. Camp of the

ISGS. The initial pyrite content of this sample was 5.2% by weight and

average particle size was 60 Hm.

Six pounds of the coal sample were loaded in the hopper. Nitrogen gas

was then introduced in the bed through the rectangular jet as well as through

the distributor. The total flow of nitrogen to the bed was kept very small

[0.22 cfm (6.23 L/min)] because the coal particles were very fine, having a

minimum fluidization velocity of less than 1 cm/s. At the same time, a

potential of 12,000 V was applied to the electrodes. During the test, coal

started coming out through the outlets on both (positive and ground) sides and

was collected When all the coal in the hopper was used up, and no more

material was observed to be coming out of the channels, the high voltage

source and the nitrogen supply were cut off and materials collected on both

sides were weighed. Samples of feed, pyrite-lean and pyrite-rich coal were

sent to IGT for determination of pyrites by the ASTM method.

Table 3-22 shows the pertinent experimental data. In the first stage,

the pyrite content of the coal was reduced from 5.2% to 3.33%. The stage

number here indicates that pyrlte-enriched coal obtained from the previous run

was used as the feed in this run. The typical flow ratio of the pyrite-

enriched steam and the pyrite-lean steam was about 4. The pyrite material

balance matched within 90%.

Another test was made with Illinois No. 2 coal ground to a particle size

of 150 _m. This coal sample was obtained from Mr. David Rapp of the ISGC.

Table 3-23 shows the experimental data for this sample. In three stages, the

pyrite content of this coal sample was reduced from 4.05% to 2.02% at a

particle size of about 150 Hm. However, coal recoveries were poor.

Figure 3-.45 shows the pyrite removal as a function of stage number. The

data suggest that the pyrite levels have the potential of being re_Juced

sufficiently low to obtain compliance coal from Illinois No. 2 coal. This

= figure _ I_"_,shows finer ground coal gives a better separation.
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Figure 3-46 shows the mass []ow rates f.or the streams it, the electro-

fluidized bed for th_s coal sample. The inlet flow is split approximately

equally .into a clean-coal stream and a pyrite-enriched stream.

, I']xperimez_ts were done with sr, 1.Ilinois No. 6 (IBC--]04) coal samp].e using

the same procedure described ab()ve. This coal sample had an ash content in

the range of 35% to 40%. Tab.le 3-24 shows the experimental data for this

sample. The poor separation results can be attributed to tl_e presence of ash

m.lnerals, which pc)ss:ibly hindered the mjgratlon off pyrite partlc].es towards
the electrode,

1i1 order to el iminate the need for .,.._ta_.ling, a multi-st.age f].uic]ized bed

was designed and built. Unl[ortunately, the particles would not flow prc)perly

through the cavities connect.ing the clean product outlet to feed-inlets o[!

successive stages, rf'here[ore, [urther testing of this multistage unit was
z

abandoned,
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IIT also attempted to run ti_e fine particles (dp = 40 pl, or less) in the

electrofluldized bed t° improve pyrlte removal. H_.,_i_.er,at ti%ese fine sizes
the inter-partlcle Eoroes be0olne dominant, ii'ltepa_ _.!:;les _annot be fluidized

by conventional methods as they fall into Geldart type "C" particle classifi-
cation (Geldart, 1973). A phenomenon called "jet penetration" was observed in

which the gas flow through tl_e Jet penetrates the bed without fluidizing the

particles. At extremely l]igh distributor gas velocities, particles were found

to elutrlate in the gas and ti_e system could no longer be operated with the

result, that the fluidized-bed separation was found to be restricted to fairly

coarse partlc]e sizes (70 pm),

Separatlon in a Electrostatic _leve Conveyor

Since the fluldlzed-bed system was restricted to coals ground to no less

than 70 pm and SinCe, for nearly complete liberation of pyrites, Illinois

coals must be ground to less tl]an 20 pm, a new separator called an

electrostatic sieve conveyor was invented, as shown in [_'igure 3-47. Mukherjee

(1987) worked on this device extensively and showed that, for the fine

particles, this device could be very effectively. He conducted tests with

Illinois No. 2 coal sample ground to a particle size of 40 pill.The results

(shown' In Flgures 3--48 and 3-49) indicate pyrite removals in the range of 40%

to 75% with coal weight recoveries ranging between 18% to 50%. 'i'hehighest

level of pyr.itlc sulfur removal corl._esponds to the lowest value of coal

recovery and vlce.-versa.

A test with a relatively coarse particle size Pittsburgh seam coal showed

30% ash removal, [hdlcatlng that the system could also remove ash along with

pyrite.

_l'hepoor coal recoveries in Mukherjee's experiments were found to be due

to detrimental hydrodynamic flow conditions ll,side the separator, lt became

necessary to determine the optimum flow conditions to achieve maximum

separa_tlon with reasonably good coal recoveries. To better understand the

flow behavior of particles inside in the separator and to simulate his

experimental data, Mukherjee used the hydrodynamic model of Gidaspow etal.

(1987). His computations are shown by dotted lines in Figures 3-48 and 3--49.

Tile model is in reasonable agreement with the experimental data.

Later en, Gidaspow et al. (1989) using a refined version of their model,

w.|th addlt_on of a solids viscosity terms, which is believed to be needed form

• proper boundary-layer development, to design a commercial-scale electrostatic

separator operating on the conditions of a typical pulverized coal combustion

System. They came up with a design that had preferential perforations in the

positive electrode to remove the pyrites at selected locations and they

claimed that their system could recover 99% of the coal with about 90 to 95%

of liberated pyrite removal. However, their findlngs.were not verified

experimentally. Furthermore, in the hydrodynamic code used in the

simulations, there was no provision t% account for the following factors:

a. The code does not have an adhesive or sticking force term that makes the

charged particles stick to the electrode as observed by researchers at

PETC (Link, 1988) and in these experiments in a batch unit.
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b. There is no provision in the code to account for distortion created in

the electric field by the perforations in the electrodes. A recent study

ar PETC indicates that the efflcacy of separation decreases with the

increase in open area in the electrode plate.

c. The coulombic force between the positively charged coal particles and

negatively charged pyritic and mineral particles may be needed to

accounting for charge neutralization.

d. In the code, a guessed value of solids viscosity is used -- some reliable

measurements of this property are needed.

e. They use a very coarse grid in their numerical computations; use of a

very fine computational mesh is needed for the prediction of layer

formation.

The adaptability of this hydrodynamic code has been demonstrated in a

variety of applications involving gas-solid flows (Gidaspow, 1990). In tills

case, however, the model can only be used to determine the order of magnitude

estimates, but, in principle, the code should be able to simulate the experi-

mental data, once all the basic forces are incorporated into it.
:

Separation in a Batch Electrostatic Separator

In view of the problems encountered with the perforated electrodes in the

continuous sieve separator, and based on the PETC experimental data (Link,

1988), IIT designed and built a batch system (Figure 3-50). The electrodes in

this unit do not have perforations. The posltively charged coal particles

stuck to the negative plate while negatively charged mineral matter including

pyrites deposited on the positive electrode.

BAG FILTER

" + ve electrode Air Exhaust

J v-,,-.mineralenriched layer
Cyclone

Triboelectrified --_ _I_

Coal + air I_l_ll__ve electrode, _ .____ /

Panicle .-.--_

Collection

at cyclone
exit

Figure 3-50. mCHEMATICe DIAGRAM OF THE BATCH ELECTROSTATIC SEPARA[IOR' SYSTEM
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A test was made in this unit with a high-ash content Illinois No. 6 coal,

ground to an average particle size of 53 _m. For rho reasons described

previously, the carbonaceous matter present in the coal acquired a positive

charge while minerals and pyrites charged negatively when brought in contact

with a copper tribocharger. When the triboelectrified particles were

introduced into the separator in the presence of an electric field, the

positively cl_arged particles deposited on the negative electrode and the

negatively charged minerals and pyrite particles migrated towards the positive

electrode, resulting in a clear separation. After i0 minutes of operation,

the separator was opened and particles deposited on the positive and the

negative electrodes were scraped off and collected. The particles accumulated

at the cyclone exit were also collected. These collected samples were then

weighed and analyzed for their pyritic sulfur and ash contents.

The _esults, with pertinent experimental data, are shown in Table 3-25.

About 65% ash and 70% pyrites were removed with a Btu recovery of 92%. Note

that at a 53-_m particle size, only about 75% of the pyrites are liberated

from the organic matrix. Therefore, without any process optimization,

therefore, more than 90% of the liberated pyrites were removed in one stage.

Beneficiation of Eastecn Oil Shales

1nt roduct ion

Oil shale is comprised of 70% to 85% inert material. Durii_g thermal

processing all of the inert material must be heated to retorting temperatures.

Hence, removal of this inert material from the oil shale prior to the

retorting process (beneficiation) would significantly improve process

efficiency. Furthermore, removal of sulfur prior to hydroretorting results in

reduced hydrogen consumption because less H2S is formed. There are,
therefore, incentives for removing mineral matter and pyritic sulfur before

hydroretorting.

Backq[ound

Heavy-medlum separation, originally developed for coal beneficiation, is

one method used for upgrading shale feed. Crushed shale is put into an

aqueous suspension of finely ground magnetite and atomized ferrosilicon

particles. Shale rich in kerogen floats, while pieces heavier than the medium

sink. This process may be carried out either in a tank or cyclone. The

processing of shale is very similar to that of coal, the only difference being

the specific gravity of shale is higher -- about 2.1 versus 1.6 for coal.

: Thus, the heavy medium must contain about 75% ferrosilicon and magnetite by

: weight_ compared with about 60% for coal separation. This method, however,

works for relatively coarse particle sizes.

Because of the need for fine grinding to liberate the mineral matter, the

froth-flotation process being used commercially for the beneficiation of fine
: coals has been extended for the beneficiation of oil shales. Researchers at

the University of Alabama's MRI (at Tulscaloosa) have developed a flotation

pcocess which could recover more than 95% of the organic carbon content (Hanna

et al. ]983). In their process, wet ultrafine grinding to a particle size_ .....

less than i0 _m is followed by a flotation process. MRI has been able to

. increase the kerogen content from 12% to 52% of an Eastern shale. The
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beneficiation results for Western shalesr however, are not as good as for

Eastern shales with a kerogen enrichment of only 12% to 24%_ This is probably

due to the presence of dolomite in Western shales that tends to float wlth

organic material (Parkinson, 1982).

Ultrafine grinding is required to liberate the mineral inclusions from

the organic matrix and historically, conventional ball mills were used for Wet

grinding to these fine sizes. However, ball mills are energy-inefficient

devices. As a result, new energy-efficlent grinding approaches, such as

ultrasonic grinding, pressure cycle comminution, stirred ball mill grinding,

etc. are being investigated to wet-grind the shale for a froth flotation

operation.

Other advanced flotation techniques developed for coal beneficlation are

also being investigated for beneficiation of oil shales. These techniques

include column flotation and the LICADO process. Basically, in all these

methods, the finely ground sl_ale particles, which are essentially a mixture of

kerogen and mineral matter (including pyrites), are allowed to separate into

two immiscible phases with the aid of various mechanical forces and reagent

injections. The kerogen--bearing particles, being hydrophobic, attach to the

bubbles in the presence of a surfactant (for example, kerosene) and float,

while mineral-rich refuse, being hydrophilic, remains in water, sinks and
collects at the bottom of the tank.

The principle of the operation of the LICADO process is slightly

different than conventional flotation processes. In this process, liquid CO 2
at about 870 psia and room temperature is used. The operation is carried out

by contacting a shale-water slurry with liquid CO 2. The hydrophobic kerogen

particles are preferentially attached to the liquid CO2-water interface and

then transferred to the liquid CO 2 phase, while the hydrophilic mineral
particles remain dispersed in the aqueous phase. By separating the non-

aqueous (liquid CO2) phase from the aqueous phase, a kerogen-rich shale/liquid

: CO 2 slurry is obtained. The organic-rich product in the form of dry particles

= is then obtained by first deliquoring the slurry to remove as much liquid CO 2

as possible and then recovering most of the remaining CO2 as a gaseous phase

by reducing the pressure of the coal/liquid CO 2 filter cake. This process has
been successfully applied for the ultrafine-coal cleaning (He et al. 1989).

However, tests with Eastern oil shales are reported in a Topical Report

entitled "Beneficiation" (to be published).

Dry beneficiation methods for upgrading shale have been used rarely

except for a corona-charging method investigated by T. A. Ring of the_

University of Kentucky with disappointing results. Magnetic methods have not

been tried due to their inability to handle ultrafine particle sizes. In this

study, an electrostatic method for the benef_ciation of oil shales was

investigated. The driving force for the separation is the difference between

the surface charge of carbonaceous and non-carbonaceous matter present in the

shale and the surface charge is imparted on the particles by impacting them

against a copper surface.

S_e_paration Tests in a Continuous Separator

Based on the surface charge measurements, and on initial experimental

tests, it became clear tl]at shake mineral matter, due to its dominance,
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governs the triboelectriflcation proaess. Hence, pyrites alone could not be

removed without also removing mineral matter since both pyrites and mineral

matter acquire a negative charge. [['hisprocess, therefore, resulted in a _

"beneficiation" process in place of a "desulfurization" process.

Experimenta[ System

Figure 3-51 shows the experimental system for shale beneflclatlon. '['his

system consists of 3 parts:

1. A measurement and control system for air humidity, temperature, pressure

and flow rate.

2. A conveying and trlboelectrlc charging system for charging the finely

ground particles before feeding them to the separator.

3. The electrostatic separation and particle collection system.

A schematic diagram of an electrostatic sieve separator, used in initial

tests, is shown in Figure 3-52. This geometrical configuration was obtained,

after some q:omputer modelling for the separation of iron pyrites from coal, by

Mukherjee (1987) and was discussed previously. This Separator had two

aluminum electrodes with the bottom electrode being perforated while the top

electrode was a flat aluminum sheet. A h_gh d.c. voltage power supply was

used for generating voltages of up to 36,000 volts with the output current

being in the range of a few microamperes.

Using a tL_ibocharger, an additional charge on both kerogen and mineral

particles was imparted and various trlbocharging configurations were

investigated. Trlboelectrically charged particles were introduced in the

separator and a high d.c. voltage was applied. The inlet velocity of the

particles to the separator was controlled by the air flow using a pressure

regulator and a rotameter. Since air humidity plays a vital role in the

particle-charging process, it was carefully controlled, as shown in

Figure 3-51, by measuring it by a Dew Point Hygrometer and passing the air

through a bed of activated silica gel and/or heating.

This process caused kerogen particles carrying a positive charge to

migrate toward the negative electrode, while mineral particles including

pyrites fell through the perforations in the electrode thus resulting in a

clear separation.

Sample Descrlption

The shale sample used in all the tests was an I_]diana New Albany Shale

obtained from iGT. The chemical analysis of this shale sample is shown in

fr'able 3-26. The sulfur is present as pyrites, sulfates, sulfides and organic

sulfur with the pyrites accounting for 80% of the total sulfur. Table 3-27

shows various major and trace elements in the Indiana Albany Shale. The most

abundant element is sillcor_. The SEM analysis for this shale sample also

showed that mineral matter and pyrites are very finely dispersed _n the

organic matrix with the average grain size of mlr,eral partlcles being about
z

5 pm. This shale sample was fine ground in 2 stages, first in a hammer mill

" and then in a jet mill.
_
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Table 3-26. CHEMICAL ANALYSIS OF IN-NA OIL SHALE

Modified Ultimate Analysis Wt.% Feed (Dry P_tsts)

Ash 78.47

Residual Mineral Oxides in Ash 75.33

Organic Carbon 12.33

Organic Hydrogen 1.09

Sulfur 4,06

Nitrogen 0.43

Carbon Dioxide 1,20

High Temperature Water 3.88

MOX Oxygen 0,87

Oxygen (by difference) 1.09

TOTAL 100.00
d

Gross Heating Value (Btu/lb) 2437

Bulk Density (lh per cubic ft) 79.2

Helium Density (g/cc) 2.28

Mercury Density (g/tc) 2.11

•I, This analysis was obtained from the Institute of Gas Teohnology (Project 65072 Task 1,3 gSD Tests)
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'l'able 3-27. MAJOR AND _['RACN ,NLNMI_N'],'SIN IN-NA OIL SHALN

, j .... .: _ • ....... _,.....N.,.,,,,,, i , , i

Elements Composition in ppm (by wt) except as noted

" C ....... 12137% _ ....
H 1.54%
O 4.03%
N 0.45%
S 4.67%

COs 1.80%
Ash 75.14%

Ag <20
A1 5.43%
As 57.1
B 42
Ba 310
Be <5
Ca 0.79%
Cd <4

CI + 260
Cr 33.6
Cu 68.4
F 260
Fe 5.25%

Hg 0.2
K 2.2%
Li 25,2

Mg 0.78%
Mn 301
Mo 160
Na 270
Ni 120
P 380
Pb 2,5
Sb <4
Se <4
Si 24.64%
Sr 110
Ti 0.4%
V 185
Zn 150
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De te rm iqm tiQr!_o_[__yr Itio Suifu r

The ASTM analysis procedure used to determine the _orms of su].fur In coal

cannot be used for oll shales. According to the ASTM pro0edure for coal,

pyritic sulfur is analyzed by determlnlng the iron in the sample and tI_en

stolchiometrlcally converting it into the pyritic sulfur with the assumption

tl%at the iron in the coal is present only in the form of iron pyrites. 'i_hls

assumption, however, is not valid for the case of oll sl_ales, since in addl-

£1on to iron pyrites, iron is present in other forms, for example, iron

silicates, iron oxides, etc., as can be seen from the weight ratlo of Fe to S

from Table 3,-27 _nd from the findings of SEM analysis. _'herefore, a new

technique was needed to determine the forms of sulfur in the shale.

Based on Turtle's paper (Turtle 9t al, 1986) and with the help of Dr.

Chausak Cba\'ex, of the ISGS, a procedure was developed to determine the forms

of sulfur Iii the shale (a complete description of this procedure is given in

Appendix _A), Basically, in this method, when shale is made to reaat with the

concentrated HCf In a reduclng atmosphere, pyritic sulfur is converted into

H2S. The H2S is then dletermined by absorbing it into a CdSO 4 solution and

tltratlng the resultant H2S04 agalnst a standardized NaOH solution. .The
resu!ts _obtained from this procedure were checked with other techniques and

were found to be consistent,

Determlr_at_on of Keroqe__n.

The organlc carbon or kerogen in the shale was determined using an

elemental analyzer. The initial results were based on analyses done with a

[,ECO analyzer. Later, a Perkln Elmer Elemental Analyzer, PE CHN 2400, was

used. A brief desc_ription of the principle of operation of the Elemental

Analyzer _ is given below.

The PE 2400 CHN Elemental Analyzer is used for the rapid determination of

carbon, hydrogen and nitrogen content in organlc and other types ofz

materials. Samples are oombusted in a pure oxygen envlronmept with the

resultant combustion gases measured in an automated fashion. In addition to

the carbon, I]ydrogen and nitrogen determinations, an accesso[_ klt is

available that allows the measurement of oxygen content of organic materials.

Flgure 3-53 shows a schematlc diagram of the PE 2400 CHN Elemental

Analyzer. The system Is comprised of 4 major zones: Combustion Zone, Gas

Control Zone, Separation Zone, and Detection Zone. Operating gases include

_ oxygen, for combustion of sample materials, and a carrier gas, either helium

" or argon. Samples (encapsulated in tin or aluminum vials) are inserted in the

combustion Zone either manually or automatically, from an integral 60-positlon

_'_ auto sampler. In the presence of oxygen and combustion reagents, samples are

combusted completely to CO 2, H20 and N2. These combustion products are then

passed to the gas control zone of the system where the gases are contained in

" a m_xing chamber. Here, the gases are rapidly _llxed and precisely maintained

at controlled conditions of pressure, temperature and volume which results in

the thorough homogenization of product gases.
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Figure 3-53. SCHEMATIC OF PERKIN ELMER CHN 2400 ELEMENTAL ANALYZER

AfteL-' the product gases are homogenized in the ga_ control zone, tl_e

mixing chamber is 'depressuelzed through a column in the separation zone of the

instrument. The approach used here is not a standard chromatography, but a

technique known as frontal chromatography. In this metllod, there is a

selective retention of the gases to produce a steady-state, stepwlse signal

rather than a peak signal which allows for a simpler, more reliable and

accurate determination of the combustion gases.

rf'hestepwise series of gases, illustrated graphically in Figure 3-54, is

then passed through a thermal conductivity detector system in the detection

zone of the analyzer. Since measurements are made as stepwlse changes from

- the carrier gas baseline in this design, the variations associated wlth the

quantitation of peak signals in the standard chromatography techniques are

eliminated. All the steps described above are accomplished in under 5 minutes

of analytical time after the weighed sample is first introduced in the system.

Desulfurization Tests

The initial tests were made in the continuous separator shown in

" Figure 3-52. In this separator, the top electrode was a flat alumink]m sheet

while the bottom electrode sheet had uniform perforations 3 mm in diameter.

When the finely ground shale particles, aerosolized in the air, were

introduced in the separator, most of the particles flowed with the air through
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Figure 3-54. STEPWISE DE'PECTION OF GASES IN PC CHN 2400 ANALYZER

the perforations in the electrode. This was the main reason behind the poor

coal recoveries obtained by Mukherjee (1.987) as discussed p_'evlously. In

order to soJve Lh]s reclrcu[atior] problem, the operation of tills system was

mc)d]fled. By restrlcting the outflow from tl_e poslt]ve electrode and closing

the outlet below tl]e conical section (Figure 3-52) to prevent the air from

escaping, the particles were collected intermittently beneath the electrode in
the col_Ica[ section.

A systematic study was conducted to _nvestigate the effect of gas

' velocity on the _low split in this modified system. Figure 3-55 shows the
i

ratio of particle weight collected at the positive electrode compared to tl]e

particles collected at the negative electrode with an applied electric field

strength of 18,000 volts. This ratio is a strong function of inlet gas

velocity. At a velocity of 7 m/s, approximately equal split of particles

between the positive and the negative elect[_)de was observed.

Another systematic study was conducted to study the effect of gas

= velocity on the separation of pyrites. Figure 3-56 shows the percent of

pyrite sepaL'ation as a function of il]let gas velocity. With at] _ncrease In

gas ve].oclty, the pyrite separation becomu,'_ i.ess effective. Similar trends

were also observed by Mukl]erjee (1987) for desulfurization of llllnols coal in

the same separator.
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Beneficiation Tests in a Batch Separator

In view of the problems encountered irl making the particles flow properly

through the perforations in the electrodes, the perforated aluminum electrode

was replaced by a copper screen with a mesh size Of 600 _m and the top

aluminum plate was replaced by a flat copper sheet. Introduction of particles

into the cyclone-tribocharger was also modified to achieve better control of

solid and gas flow rates. This system could no longer operate in a continuous

mode because of the sticking of the particles with the electrode surface.

A test in this modified separator with shale ground to a particle size of

5 _m and in which particle layers were found to deposit on both the

electrodes, showed significant kerogen enrichments, from a value of 12.37% in

the feed to 20.50% in the layer deposited at the negative electrode with an

applied electric field strength of 20,000 volts. Kerogen material balance
matched within 92%.

Parametric Studies

A detailed parametric study was conducted to study the effect of the

following process variables on kerogen enrichment and pyrite removal:

Particle Size, Surface Moisture, Gas Velocity, and Solids Loading.

Two factors, the Kerogen Enrichment Factor and the Pyrite Removal, which

are used to interpret the results, are defined as follows.

% orqanic carbon in clean shale
Kerogen Enrichment Factor -

% organic carbon in feed

Pyrite Removal, % = (I - pyritic sulfur in clean shale) X i00
pyritic sulfur in feed

For these studies, oil shale particles were ground to an average particle

size of 5 _m.. Tube charger was used to impart an additional surface charge on

particles. A very dilute suspension of triboelectrically charged particles

= Was conveyed pneumatically into the separator. Solid loadings were kept at

0..2 ib solid/lb air and a constant voltage of 2,000 volt/cm was applied. The

kerogen particles, being positively charged, deposited on the negative elec-

trode while a kerogen-lean, or a mineral-rich layer, deposited on the positive

electrode. The experiment was run for a duration of about 2 to 5 minutes. At

the end of the experiment, the separator was opened and the layers were

collected, weighed and analyzed for their kerogen and pyritic sulfur contents.

As discussed in an earlier section, the kerogen in the sample was analyzed by

determining the organic carbon content using a LECO analyzer and analysis for

pyritic sulfur was done using the procedure described above.

Figure 3-57 shows the effect of particle size on the kerogen enrichment

factor and percent pyrite removal. Both kerogen enr.'chment and pyrite removal

are better for shale ground to a particle size of 5 _., than the shale having a

particle size of 53 _m. This is primarily due to the fact that at 53 Hm, most

= of the mineral inclusions are not liberated from the sha]e matrix. Thus, for

efficient kerogen e×trac_i_n, the particles must be ground to finer sizes.
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AND PYRITE REMOVAL

To study the effect of surface moisture, experiments were conducted with

undried freshly ground shale (referred to as undried) and the sample dried in

a vacuum oven for 24 hours (referred to as dried). Figure 3-58 shows the

kerogen enrichment factor and pyrite removal as a function of surface

moisture. There was no significant difference in the results with dried and

undried shale. However, kerogen enrichment and pyrite removal for dried

samples are slightly better. Apparently, it is better to dry the sample

before separation.

: Experiments were conducted to study the effect of gas velocity on kerogen

enrichment and pyrite removal to determine an optimum flow velocity. The

results (Figure 3-59) show that both kerogen enrichment and pyrite removal are

better at 25 m/s compared to 15 m/s. The increase in gas velocity resulted in
an increase in kerogen enrichment from 12% to 24% with around 35% pyrite

removal. The reasons for better separation at high gas velocity may be

(i) less probability of agglomeration (2) higher charge acquired by particles

as charge is a function of velocity and (3) less probability of charge-

neutralization for positively charged kerogen and negatively charged minerals.

Hence for better separation, the system should be operated at a high velocity.
q

Prior work by IIT indicated that the particle concentration in the gas

stream (or solid loading) plays a vital role in separation. A series of tests

133

,fill



4.0" 80
0
I--, Applied Voltage = 2000 v/cm
o 3.5 Gas Velocity = 15 m/sec ...I

u. Particle Size = 5 _lm_ 60 >_

Solid Loading = 0.2 Ib sollds/Ib air O3,0 ,
.-_ uJ
:Z::
U 2.5 40 uJ

W _

2.0 _ o.

1.5 •
ILl z

1.0 0

SURFACE MOISTURE

Figure 3-58. EFFECT OF SURFACE MOISTURE ON KEROGEN ENRICHMENT
AND PYRITE REMOVAL

4.0 80

¢: Applied Voltage = 2000 v/cmO
; v.- 3.5 Particle Size = 5 i_m

c.)
< Solid Loading = 0.2 Ib solids/ib air 60
u= Dried IN-NA Shale .j
I- <C
z 3.0 >
uJ O

UJ
2.5 40

= Q_ _ LU

Z e---"-'--'-"-_ _ - I"-Lu E::
z 2.0 >"uJ __ a.

0 , _....._,K--'_ 20o '
LU 1.5

1.0 ..... ' • -'T----,-----,---'n- ' • ' • , . --_'---- 0
10 15 20 25 30

INLET GAS VELOCITY (m/sec)

Figure 3-59. EFFECT OF INLET GAS VELOCITY ON KEROGEN ENRICHMENT
AND PYRITE REMOVAL

_

: 134-



were conducted to study the effect of solid loading on kerogen enrichment and

pyrite removal. The results (Figure 3-60) show an unexpected high kerogen
enrichment. The feed shale with 12.44% kerogen was enriched up to 33.5%

kerogen with a kerogen enrichment factor of 2.7. At the same time, there was

significant increase in pyrite removal. The primary reason for better

separation (for the very dilute flow case) is that partlcle-particle

interactions are significantly reduced and the suspension behaves as an

aerosol. Additionally, particle motion due to the electrical field is less

hindered by particle proximity.

4.0 • 80

m Applied Voltage = 2000 v/cm
O Particle Size = 5 pm
r_ 3.5 Gas Velocity = 15 m/sec .j

60 ,_
u. >,

3.0 0

:z: 2.5 40 mw

_ m

_ 2.0
z 20 o_
gJ ,

0 1.5
0
m
IJJ
:_ 1.0 ---'--_- . , ..... • , _ • ' 0

0.0 0.1 0.2 0.3

SOLID LOADING (Ib solid / Ib air)

Figure 3-60. EFFECT OF SOLIDS LOADING ON KEROGEN ENRICHMENT
AND PYRITE REMOVAL

The dilute phase transport is certainly beneficial to the separation with

the only disadvantage being that it requires more energy in pumping the air.

However, this energy consumption is small when compared to the upgrade in Btu

output from the product.

Determination of l<eroqen Concentration Profiles

A systematic study was conducted to determine the kerogen and pyrite

concentration profiles in the layers deposited at both pyrite electrodes.

i Experiments were conducted with the IN-NA shale ground to a particle size of

5 _m, with a velocity of 5 m/s and an app]ied voltage of 25,000 volts.

Particles were collected from the 20 cm long segments of the layer deposited

at both the electrodes and each sample was weighed and analyzed for its=

pyritic sulfur and kerogen contents.
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Figure 3-61 shows the variation in kerogen concentration, at both the

positive and the negative electrode with length. Maximum separation is

achieved at the entrance of the separtor. This maximum in kerogen concentra-

tion, however, is a function of hydrodynamic conditlons such as gas velocity

and inlet configuration. Figures 3-62 and 3-63 show the weight of the

particles deposited as a function of position at the negative and the positive

electrodes, respectively. From these figures, it is evident that, in addition

to a maximum in the concentration, the weight co{lected is also maximum at the

entrance, indicating that good kerogen recoveries could be achieved.

Figure 3-64 shows the variation in pyritic sulfur concentrations at the

positive and the negative electrode as a function of position. The feed has a

pyritic sulfur content of 3.43% and at the negative electrode, where kerogen

enrichment takes place, pyritic sulfur concentration is almost constant at a

value around 2%. However, at the positive electrode, thepyritlc sulfur

composition varies from 4.3% to 0.83%. Furthermore, the pyritic sulfur

content of the particles collected in the conical section was found to be

7%. This stream accounted for about 55% of the pyrites present in theshale.

Tables 3-28 and 3-29 show the material balance for kerogen and pyritic sulfur,

respectively, with the locations corresponding to the sample numbers shown in

Figure 3-65. The material balance for both pyrites and kerogen matched within
±i0%.

Effect of Inlet Geometr Z

The geometry of the inlet to the separator plays a vital role in the

separation of kerogen from the shale. Accordingly, this effect was studied

with 3 different inlet configurations. In addition, the separator was further

modified. The copper screen used in the previous tests was replaced with a

flat copper sheet (the same as the top electrode) and the conical section

beneath the bottom electrode was removed. A sketch of this system is shown in

Figure 3-66. The particles exited from the separator to a cyclone where they

were collected. Figure 3-67 shows the three inlet geometries used:

i) Channel: A conical section to introduce the particles in a streamline

fashion, 2) Rectangular slit jet: A rectangular slit of i0 cm X 1 cm was made

for introduction of particles in the separator. The concept of this slit jet

came from the fluidized beds used extensively at the IIT laboratory,

3) Circular jet: A i/2-inch NPT pipe was used for introduction of particles

to the separator..

=

Keeping all other conditions (velocity_ electric field intensity and

particle size) constant, beneficiation tests were made with each of these

inlet configurations and a motionless-mixer type copper tribocharger was used
for charging the particles. Particle layers were found to deposit on both the

= electrodes. Figures 3-68, 3-69 and 3-70 show the kerogen concentration

profiles at positive and negative electrodes. The results show that there is

a maximum _n the kerogen concentration at the negative electrode and a minimum

at the positive electrode in all the cases. However, the position of this

maximum varies with the inlet configuration. This phenomena is related to the

flow hydrodynamics. For the channel inlet, the maximum exists at the

entrance, because the flow has already streamlined itself and there is maximum

driving force for the separation at the entrance.
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Table 3-28. KEROGEN MATERIAL BALANCE

Stream #a Wt. of Layer Kerogen Camp. Wt. of Kerogen

_ms.) (wt.%} _gms.)

1. 19,6 18,8 3.6848

2. 22.9 16.52 3.7830

3. 11,6 14.68 1.7029

4. 4,9 13.90 0.6811

5. 2.9 13.26 0.3845

Sub-total 61,9 15.92 9.8518

6. 20.2 8.98 1,8140

7. 16.7 9.72 1,6232

8. 11.9 11.06 1.31614

9. 8.9 I 1.34 1.00926

10. 8.6 11.90 1.0234

Sub-total 66.3 10.23 6,786

Ii. 12,6 12.81 ]..61406

12. 13.5 12.26 1.6551

13. b 55.7 11.93 6.645

TOTAL 210.0 26.552

.... ....--. ...... .......-.....----------------------------'--------'-----'---"'''''''''--'' ......... ..,.-., .... ...,.

FEED 210.0 12.55 26.355

Percent Error in Material Balmace = i%

z a. Stream numbers are shown In Figure3-65 (page I1-141),

b, This stream aooounts for 25% of the kerogen loss,

139

=



'fable 3-29, PYRIT_ MA,_'ERIAL BALANC_

Stream # Wt, of Layer Pyrite Comp, Wt. of Py_tes

(gins,) (wt. %) (gins,)

1. 19.6 2.33 0.45668

2. 22.9 2.17 0.49693

3, 11.6 1.77 0,20532

4. 4.9 2.24 0.10976

5. 2.9 2,00 0.05800

Sub-total 61.9 2.14 1,32669

6. 20.2 4.3 0,86860

7, 16.7 2,66 0.44422

8. 11.9 1.00 0,11900

9. 8,9 0.83 0.07387

10. 8,6 0,83 0,07138

Sub-total 66,3 2.38 I, 57707

11. 12,6 0,58 0,07308

: 12. 13.5 1,83 0,24705

13, a 55.7 7,00 3,89900

TOTAL 210.0 7, 12289

FEED 210.0 3.43 7,20300

Percent Error in Material Balance = 1%

a, Stream 13 accounts for 540/0 of tile total pyritic stflfUr
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For the rectangular sllt, there Is an abrupt change in velocity as soon

as particles enter into the separator. However, this change is not as abrupt

as in the case of a circular jet (where the flow area is about one-fifth that

of the rectangular jet). Also, the downstream velocity profiles for a

circular jet inlet and for a rectangular slit jet are very different. The

maximum kerogen concentration was also obtained for the case of the pipe jet

inlet (Figure 3-69).

Effect of Gas Velocity

Having determined the best inlet geometry for the separator, the effect

of gas velocity on separation was studied. Figures 3-70 and 3-71 show the

kerogen concentration profi!es at both electrodes at airflow rates of 20 and

24 cfm (566 and 679 L/min). The results show that separation at 24 cfm

(679 L/mir) airflow rate is significantly higher than at 20 cfm (566 L/mir).

The maximum in the kerogen concentration occurs almost at the same position

for both cases, indicating that this maximum is primarily dependent on the

inlet geometry. A kerogen enrichment of about 28% was observed.

Factors Limitinq Separation

As shown in Figure 3-71, the best kerogen enrichment achieved was about

28%. The principal reason for not achieving higher kerogen enrichments was

the agglomeration of fine shale particles. The inter-particle forces

responsible for agglomeration are primarily of Coulombic nature, acting

between the positively charged kerogen and the negatively charged mineral

matter particles. As a result, the charge on the particles is neutralized and

formation of particle clusters occurs. These particle clusters or

agglomerates have either a "+" or "-" charge depending on how the attraction

takes place. An agglomerate rich in kerogen will have a slight positive

charge and vice-versa. These agglomerates then move toward the electrodes as

independent species, resulting in a poor separation.

z In order to determine the strength of the agglomerates formed during the

transport and triboelectrification of the particles, the cohesive force

between the finely ground oil shale particles was measured using a cohetester.

The details of these measurements with pertinent experimental data are

described in Appendix B. The cohesive force on the raw oil shale particles is

4 to 5 times larger than that of the same size wheat flour particles. The

measurements of cohesive force for beneficiated oil shale particles, however,

show that the cohesive force increases with an increase in kerogen content or,

in other words, with the extent of beneficiation. These results indicate that

a shale rich in kerogen exhibits a greater tendency for agglomeration.
=

TO quantify the strength of these agglomerates, the Weber number was

estimated. This number is typically used in gas-liquid systems to determine

the coalescence and the breakage of drops and bubbles. It is essentially the

ratio of the drag force to the surface force. Surface tension or interfacial

tension is a typical measure of the surface force for a gas-liquid system.

: This analysis was extended for determination of Weber number for the gas-solid

system to understand the nature of agglomerate formation. The Weber number

(Nw) car, be defined as -- 2
_(v - v)

- Weber Number --
tensile strength
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The value of tensile strength or cohesive force was measured experi-

mentally as described above. The typical value of the Weber number was

determined to be about 4. A£a critical value of 1.2 for a gas-liquid system,

drops become stable and normally would not break. Thus, with a Weber number

of 4, the agglomerates would not break and, irrespective of operating the

separator under the hydrodynamic Qonditions best suited for separation, better

kerogen enrichments will not. be achieved This should also be true for the

wet separation techniques, such as froth flotation, by which the best kerogen
enrichments achieved so far are about 50%.

Discussion

lt has been shown that an electrostatic process can be used to
beneficiate shale. The carbonaceous material in the shale can be made to

acquire a..positive charge while mineral matter, including pyrites, could be

charged negatively. This charge differential can then be used to make a

separation. However, the efficacy of the separation was found to be

restricted due to the formation of agglomerates. Nevertheless, this dry

electrostatic separation is a feasible means of enriching kerogen.

S_Separation Tests With Model Mixtures
r,

Introduction

Because coal and shale are heterogeneous compounds, it is not possible to

determine directly the surface charge characteristics of their various

petrographic constituents. I'IT made efforts to design a separator for

beneficiating shale by extrapolating the surface charge of kerogen and mineral

matter. Similar attempts were made to design an electrostatic separator to

beneficiate and/or desulfurize coal. Partial successes were achieved in both

the cases with the reason for the poor performance being a lack of understand-

ng of the surface charge characteristics and flow behavior of various
constituents of coal and shale.

=

In view of these problems, a model system, using a mixture of charcoal

and silica, was chosen to study the separation. The charcoal simulated the

carbonaceous component of either coal or shale while silica represented the

mineral matter. A mixture of 50% silica and 50% charcoal was prepared by

mixing them thoroughly and this mixture was then used as a feed to the

separator.

Experimental

Tests were made using the same procedure described previously in'the

electrostatic separator. As expected, the charcoal acquired a positive

charge, the silica charged negatively. A layer rich in charcoal deposited at

the negative plate, while a silica-rich layer formed at the positive electrode

with the separation being visually evident. The color of feed particles was

b].ack, while the silica-rich layer had a clear white color. The carbon

content of both the layers was analyzed as a function of position in the

separator.

Figure 3-72 shows the carbon content of both the layers deposited at. the

negative and positive electrodes, respectively. Feed having about 39% carbon
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as enriched to a value of about 64% while a carbon-lean stream (containing

about 8% to 10% carbon) was deposited at the positive electrode. The carbon

content of both layers varied with position.

Parametric Studies

A systematic parametric study was conducted to determine the effects of

various process variables on the separation, including: i) gas velocity,

2) electric field strength, and 3) inlet configuration. Each of these is
described below. .

Effect of Gas Velocity

Experiments were conducted at gas velocitles of 24, 36, 48 and 58 m/s

through the i/2-inch circular jet inlet. These velocities corresponded to air

flow rates of i0, 15, 20, and 24 cfm (283, 425, 566, and 679 L/min),

_espectively. Carbon composltion profiles were determined for the layers

deposited at the negative (Figure 3-73) and positive (Figure 3-74) eletrodes.

The curves show a maximum in carbon concentration, which is a function of

velocity. With an increase in velocity, the maximum shifts to a position

farther away from t'he inlet. As the particle trajectories strongly depend on

.the initial conditions, this is expected. Also, although the increase is not

significant, the carbon concentration corresponding to these maxima increases

with an increase in velocity. This indicates that, for efficient separation,

higher jet velocities should be used.

Figure 3-74 shows that at the positive electrode, minima irl carbon

concentrations are observed similar to the maxima shown in Figure 3-73. The

position and carbon concentration corresponding to these minima are functions

of velocity.

Effedt of A_plied Voltage

Experiments were conducted with applied electric field strengths of

30,000, I0,000 and 0 volts. The inter-electrode distance was i0 cm. The

formation of layers was observed at both electrodes for the applied electric

field of i0,000 and 30,000 volts. But, when the applied electric field was

zero, no layer was observed.

Figures 3-75 and 3-76 show the effect of the applied electric field

strength on the carbon concentration profiles for the layers deposited at the

negative and positive electrodes, respectively. With no applied voltage,

there was no separation, indicating that the electric force is responsible for

the separation. No significant difference in carbon concentration values were

observed for the 30 and i0 kV fields. The primary reason for this behavior is

that the electrostatic force dominates over gravitational arid inertial

forces. Maxima and minima in carbon concentration were observed, with their

position being a function of applied electric field strength. The change was

not significant.

Effect of Inlet Geometr_

Because the inlet geometry plays a role in separation, experiments were

conducted to study the effect of this variable. Two inlet configurations were
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tried: i) a cslroular Jet and 2) a _ectangular channel (see Figure 3-67),
Since the flow area at the entrance was different in botl_ the oases, it was

not possible to keep the inlet velocity constant, However, the air _low rate

was kept at constant, so the veloolt? away from the inlet is the same.

Figure 3-7'7 shows the carbon concentration profiles at the negative

electrode for both geometrical inlet configurations, As one would expect, the

maximum in carbon oonoentratlon occurs at the entrance for the channel type

Inlet. For the elrcular jet inlet, it occurs a little farther downstream

because it takes a while for the particles to come Into a streamline.

Discussion

The parametric study conducted for the model mixture of silica and

charcoal could be useful in verifying a hydrodynamic model, which can ti_en be

Used as a tool for designing and optimizing mor e efficient separators for

benefialation of coal and shale,

Model in_ of a Batch Separator

Introduction

_he operation of llrl_'sbatch electrostatic separator is similar to that

of a two-stage electrostatic precipitator. The only difference is that the

latter separates particles from a gas stream, while a gas stream is used to

separate one kind of pa_'cicles from a solid mixture in the former. The

difference in surface charge is employed for the separation. The IIT system

works in dilute mode (solid loadlngs of about 0.i ib solld/ib air). The

forces on the particles in the system are such that --

Electrostatic force > Fluid (drag) force > Inertia force

For the dilute suspension of fine particles, it is assumed that the state of

fluid motion is unaffected by tl_e presence of the particles,

Governinq Equation

For a dilute suspension, the diffusion equation of the species car, be

written as (Soc, 1973) --

BC 8C

.___R+ u . --P = -V. [-D VC + C (Up u)] (3-21)Bt Br p p P

Where Cp is the particle concentration, D_ is the particle diffusivity and r
is the spa tlal coordinate, u and Up are _he fluid and particle velocity
vectors, respectlvely.

Assumptions

i. Motion of the fluid phase is unaffected by the motion of the particles.

2. The field created by the charged particles is negligible compared to tl_e
c

applied electric field, since the suspension is very dilute.
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3. _'he adhesion of tlle partloulate matter to the walls or eleatrodes is due

to the presenoe of field foroe8,

4. Steady state prevails, that is, as soon as partiales deposit, they are

removed.

5. Slug flow conditions exist in the channel.

Figure 3-78 sl_ows the geometrical oonfiguratlon used in the modelling.

Wltl_ these assumptions, the dlffuslon equation reduoes in the form:

BC

u . ----]2= -_ . (-D VCp) (3-22)8r p

For a two-dlmenslonal system as shown in Figure 3-78, we get --

BC 8C D2C D2C

Dx Dy D×2 Dy2

Since field forces dominate

B2C
1

= 0 (-?) (a-2 l2
Dx x

and x >) y, this term can be neglected.

Now, V = KE, where K is the eleatrophoretlc mobility and K = (Hm) F'I whet@
F is the inverse relaxation time, given by --

F = 18j!-- (3-25 )
2

d
p 'Pp

where _ is l:he gas velocity, d_ is the particle diameter and p_ is the average

particle density. (_) is the _harge-to-mass ratio for the particle and E is

the applied electrlcmfield. Therefore,. Equation 3--23 takes the form --

DC DC' D2C=

" U ___R + KE _ = D __.R (3-26)

Dx By p Dy2

Solutlon of the Squat Jen
=

TO non-dlmensionalize E_uatlon 3-26, let x* = _ and y* = _ where b is
the electrode spacing, then Equation 3-26 reduces t_ -- b'

' DC BC D2C

= Ub _ + KEb _-]2= _E (3-27)
D * D * *2
p Dx p Dy _y

3
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LI

KEb (3-28)
Let the Electrodifussion Number s - D

P

Ub (3_29)and the Peclet Number Pe -
n

P

Therefore, Equation 3-27 can be written as follows

aC aC a2c

Pe --_ + _ mR = _R (3-30)* *2
ax ay ay

The particle concentration, Cp, can be expressed as a product of particle

volume fraction, Ep, and the particle density, Qp

(3-31 )
C = EppP P

Assumingthe particle density, pp, to be constant, then the Equation 3-30
becomes --

a2

Pe _ + _ __R = ____R (3-32)* *2
ax _y ay

Here subscript p denotes the particle phase. Changing the subscript from p to

c, where c denotes the carbon phase, Equation 3-32 can be written as follows:

ae aE a2e
__ c cPe c + _ _ (3-33)

* * *2

ax ay ay

This is a second order partial differential equation (pde). To solve
this equation, one initial condition, that is, at x = 0 and two boundary

, *

conditions at y = 0 and at y = 1 are needed.

Initial Condition: at x* 0; Vy* == _c EcO (3-34)

Where EcO is the initial concentration of carbon iri the feed.

Boundary Condition I: at y* = 0; Vx* Ec = 0 (3-35)

For y = 0, no carbon particles deposit at the positive electrode.

* = 1 (3-36)Boundary Condition 2: at y = i; Vx* ec

z
*

For y = l, only carbon particles deposit at the negative electrode.

Assuming Pe and _ to be constant, Equation 3-33 can be solved to obtain a

closed solution (Bateman, i_42). The final solution for ec would be as

follows:

_y - 1
- _ = I e } + R + R (3-37)

_C t _ ' -I 2
e - 1



where --
0L *

 (1-y )c1]

R 1 2 _ (-i) n * *= The sin(n1_y )_n(X ) (3-38)
n=l

(] 0_ *

- 2 2 Y * *

R2 = 2_c0 _ Yn II - (-l)ne ]e sin (n_y)Wn(X ) (3-39)
n=l

n_ (3-40)
Yn 2

22 a
n 11 +

4

2 2 2

(X) = exp [ - [ * ), I
n Pe 4_e

Determination of Particle Diffusivity

The particle diffusivity plays an important role in the separation.

Since the gas flow in the channel is turbulent, the Reynolds Number, Re,

calculated using the equation

U bp
o

Re - (3--42)

is about 7100 for the experimental conditions. The particle diffusivity can

be related to the fluid diffusivity using the relation given by Soo (1989).
D 3

--P- _ 1 - k (3--43)
D 2/_

where --

2 1/2

" _ k = 2 <u > (3-44)
XF

Here I is the mean free path of eddies and F is the inverse relaxation time

for the momentun transfer as defined in Equation 3-25.

For very fine particles, k * 0; then D = D Now fluid diffusivity can

be estimated using van Driest's correlationP(1956).

-z/8
O : 0.01231 CRe) (U0)(2R) C3-45)

where 2R is the pipe diameter. In this case, U 0 = 1.1 m/s and 2R = 0.10 m and

m2/sD _ D = 4.4 X 10-4 (3-46)
. P
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This value of the diffusivity was checked with the equation derived by

Gidaspow and Liu (1981) using the relative velocity model, according to which

Iv-v
D = __9-- (3-47 )
p 8

where v is the gas velocity, v is the particle velocity and 8 is drag or
g

inverse relaxation time which isp the same as F in the Stoke's law regime.

is an average velocity given by --
^

v = _ v + (i - c )v (3-48)
g g g P

.i

where E is the gas volume fraction. For a very dilute suspension E _ i,
g

implyin_ that v -- v , then D becomes --
g P

Iv - v.,Iv
D _ ---'_L---_-it----_ (3-49 )
p F

Now Vg 0(I m/s) and F = 104 s 1
= . - , therefore --

2

D - o if,, - " I" zo-41-m. <3-50)
p g p s

Comparison With Experimental Data

The following values were estimated for a and Pe number for carbon phase.

m FD (3-5i)
P

(_):+1.9× io-3c/kg;E:3xlo5_olt._/m_b:o.lom_ :4.4x10-4m2/_
arld DI:'),

F = " ,18p = lO_s-14 (3-52)
2

d "p
= p P

Substituting these values in Equations 3-28 and 3-29, (_= 13 and Pe = 250.=

Taking the only first term of Eqt_ations 3-37 and 3-38 and substituting

the values of (_ and Pe, yields the following:

,
: ]3y * * *

- [ e -_ ] [ 6._y -6._(_-y)l • -o._o__. = + 0.1255 Ec0e - e sin _y . e= C 13
e - 1

(3-53)

= For a particle loading of 0.i ib solids/ib air, _'c0 = 5 X 10-3 .
Furthermore, the layer thickness (6) observed was of the order of 2 mm.

Therefore, gc,avg can be calculated as --
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dy
c - (3-54)
c,avg

which can be calculated by numerical integration.

Figure 3-79 shows the comparison of experimental data with the values

calculated using the above equations. Initially, the match between the data

and the model is very good. The model, however, does not show the significant

rate of drop with the length as observed by the experiment° This is because

the assumptions of plug flow and steady-state condition do not I]old good, and

only the first term of the series is used in the computations.

Effect of Electrodiffusion Number i_l

This simplified model can now be used to qualitatively study the effect

of various system variables. This analysis provides two dimensionless

numbers, Electrodiffusion and Peclet numbers, which are characteristics of

this system. Due to the simplifying assumptions, such as plug-flow motion,

the utility of the Peclet number may not be significant. However, the

Electrodiffusion number can be a very useful parameter for an engineering

design of an electrostatic separator.

m FD (3-51 )
P

or

9Eb
= (3-55)

3_d D
P P

[['hefollowing inferences can be drawn from this simple formula:

o Increase in the electr'ode spacing should result in a better separation.

• Increase in the applied electric field should also result in a better

separat ion.

• Increase in the surface charge of the particle should lead to better

separation efficiencies.

• Finer particles should separate better by an electrostatic process.

• The influence of particle diffusivity can be readily seen from this

equa tion.

4

FiguLe 3-80 shows the volume fraction of carbon as a function of y* for

various values of s. As the value of _ increases, the carbon concentration

" profiles become steeper. This indicates that for an efficient separation, one

- would like to have as high value of (_as possible.-=

=
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Figure 3-80. EFFECT OF ELECTRODIFFUSION NUMBER

Discussion

The model presented in this section is a simplified approach borrowed
from electrostatic precipitator design. To model complex geometrical

configurations, a more rigorous model is needed. Nevertheless, this simple

analysis carl be a valuable design tool..

Conclusions and Recommendations

, lIT has invented a process for: dry electrostatic benef_ic]at:ion of shale.

The process is based on the experimental findings that car_onaceouf_ matter in
-'- shale can be made to acquire a positive charge, while minerals arid pyrites

assume a negative charge. Hence, an application of a direct electric field

- can, in principle, lead to a complete sepa.rat ion of shale into its con-

stituents. To achieve an ideal separation, proper focussing of charged

particles is required. Un.fortunately, the design of such an ideal separator

requires proper characterization oE flow of cohesive fine particles. In viewz

of these problems, a systematic approach is proposed, as outlined in

Figure 3-81, to design the ideal ,qeparator shown in Figure 3-82.

Because the surface charge differential is the driving force for the

separation, Jt is necessary to study the surface charge characteristics of

various constituents of shale in a systematic fashion. Once these data are
-

_-- ]6.I
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Finely ground shale particles in air suspension

COPPER TRIBOCHARGER

>

JET .....
--i L

Electro-

magnetic

Rap_ Electromagnetic Rapper

Negative __
electrode _ 4_. Positive

". electrode

""_'_ _ Special baffle with
preferential perforations
to withdraw the refuse
particles. This plate is
made of a material

: whose electrical Proper-
ties are very similar to the
air.

KER , 1

Figure 3-82. CONCEPTUAL DESIGN OF A CONTINUOUS ELECTROSTATIC SEPARATOR

z

- 166

ii`. ' llrPPt"'IWlII,It'I__I='" tz_,,',,l!',lltl,,,,tI,,rl',i,,1,%i.,rl,_'ill_' ']"_P't'mtvPI1"rMrzllr"llll''''z!'r_' _Ililli'` '''"Il,ll'p'rllEtli fllrl,llll_lliT,,,_]lipi ......



collected, a semi-theoretical model could be used to correlate the

experimentally measured charge values. This type of correlation will be very

useful in deslgnlng electrostatlc separators.

ArieL" development of a correlation for the surface charge, the next

important step is to determine the low conditions most conducive to

separation. To do this, a hydrodynamic model describing the flow behavior of

particles ins_de the separator should be developed. The simplified model

described in _the previous section is not adequate for this purpose.

Therefore, more rigorous models should be developed. Oi _ such model is that

developed by Gidaspow et al. (1989). This model has been used for simulating

the sleve separator, but the predictions were qualitative in nature.
,

In or'der to model an electrostatic separator cor_'ectly, the pre:_o model

must be modified to incorporate ti]e various phenomenon observed expet. Lment-

ally, such as sticking of particles to the electrode surface, accountability
of the distortion created on the electric field due to the presence of

perforatiolls, etc. Then this model must be verified for separation of syn-

thetic mixtures such as silica and charcoal, for which experimental data are

reported. If there are major discrepancies between the c_ata and predicted
results, the model shou]'d be corrected.

As shown in Figure 3-81, the verified hydrodynamic model, in conjunction

with experimentally measured values of surface charge, should be used to

design the continuous separator as shown in Figure 3-82. Since both routes

tested (perforated electrodes and solid copper plates) did not lead to

efficient separator design, a combination of both these methods should result

in design of an efficient separator. In this design, solid copper plates

without any perforations should be used along with a specially designed

'baffle, to withdraw the refuse particles. This baffle should meet the

following requirements.

i. The material of construction of the baffle should have very similar

electrical properties to that of air, so the electric field is not
distorted and the electrical resistivity and dielectric constant of the

baffle material should be comparable to air.

2. Tl_e perforations in the baffle should be made only at the points where

trajectories of kerogen particles meet the baffle surface. Particle

trajectories depend on the following process variables: electric field

. strength, surface charge of mineral and pyrites, particle size

distribution, and jet \,e]ocity, etc_

With these modifications, the experimentally verified hydrodynamic model

of Gidaspow et al. (1989), may b_. used to simulate the effect of these

variables and to properly design the perforations in the baffle. The charge

conservation equation (Laplace or Poisson's Equation) should be incorporated

into the model to account for the disturbance in the electric field due to the

presence of the baffle.

Electromagnetic tappers, similar to those used in electrostatic

precipitators (White, 1963), can be employed to prevent any sticking of

• particles to the solid electrodes Refuse (mineral matter alld pyrites) and
- keroger'_ can then be continuously collecl.ed in a bin.
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The expected outcome of this approach wlll be i) performance data on the

baffled electrostatic sepaLator for economic evaluation and 2) an experi-

mentally verified hydrodynamic model which can be used as a design and

simulation tool,

Nomenclature

b Electrode Spacing

C Content rat ion

CO Capacl tance

dA Single Covalent Bond Length of Element A

d PaL'tlcle Diameter
P

D Fluid Diffusivity

Dp Particle Dlffuslvity

e Cl%arge on an Electron

E Electric Field Strength

E 1 Modulus of Elasticity for Particle

E2 Modulus of Elasticity for Charger Surface

Ebk Breakdown Voltage for Air

F Invecse Relaxation Time Defined by Equation 3-25

F Electrical [_'orce
e

F Gravitational Force
g

g Acceleration Due tc)Gravity

Magnetic Field ]rJtez-_slty

I Cur rent

J Current Density

k Boltzmann's Constant

K El.ectrophoret ic Mobility

m Mass of particle

m Mass Flow Rate

Magnetlc Moment

" P Power Consumed in Grinding

Pe Peclet Number Defined by Equation 3-29

q Charge on Particles

Q Surface Charge Generated by Triboelectrification

r Spatial Coordinate

r Zero Field Reflection Coefficiente

r Ratio of Rebound Speed tc) Incoming Speed

_
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R Particle Radlus

S Surface Area

T Temperature

u Fluid VelOcity Vector

Up Particle Velocity Vector , ,,

Umf Minimum Fluidization Velocity

U X-component of Velocityx

Uy Y-component of Velocity

v Velocity

O Average Velocity Defined by Equation 3-48

Vc Contact Potential Difference _

W i Work Index Used in Grinding Calculations

x Spatial Coordinate Parallel to Flow, Directlon

x Dimension]esa Spatial Coordinate Parallel to Flow Direction

y Spatial Coordinate Perpendicular, to Flow Directioll

y Dimensionless y

Greek LetteL's

a Electrodiffuslon Number Defined by Equation 3-28

B Drag
i

6 Th_ kness of Layer Deposited at the Electrode

k Mean Free Path for Eddies

Volume Fraction

o Electrical Conductivity

p Dens ity

v Polsson's Ratio

p Viscosity

X El,ect ronegat ivi ty

Xm Magnetic Susceptibility

Work Function

Subscripts:

g Gas Phase

= :, Solid Phase

= 1 .Bulk

p Particle

c Carbon

]69



Abels W, T,, M. Zulkoskll d, A. _]rady and J,'W. [_oksrd, "ROlilovlng Pyi:it_ from

Coal by DL'y S(_paratlon Methods," U.S, BuL'eau of Mines Repo_'t, 7732 (1973),

Advanced l_nergy Dynamics, Inc., "Advanced Pl_yslcal [,']neCoal Clearilng," Final

i:eport prepai'e61 Eor the U,S. Department of _nergy# under Contt'act No:

DE-AC22-85PC8121]., Dscember (1987).

Alberta Re_seaL'ch Council, Monthly Pi'ogress Repo£'ts l]or the period of January 4

to FebL'uary 4, ]988, February 5 to March 5, 1988, and March 5 to Apt_i].5,

1988. l?rogram Managerl IgnaSlak, B., Project No. RP 2655-12, Refet'ence

No, 2.o0].-0]-6 (]988). .

i

Alfhno, G , P C.a['birll,M Carta, I._ Ciccul C Del li'a' I_ Perettl, and A

Zucza, "Applicatlons of Static Electricity In Coal and Ore Benef]clat]ons," J_.

of Electrostatics, vol. 61 315-328 (1985).

Allerl, T.. Part icle Slze Measurement, Chaplnan arid Hall Ltd., Lorldon (1968).

Akande, A. [_., and J. Lowell, "Contact EleCtrification of Polymers by Metals, II

J. of E]ectrostatlcs, vol. 16, 147-156 (1985).

Annual Book of! ASTM Stat,clards, Vol. 05.05, Gaseous Fuels[ Coal and Coke, ASTM,

philadelpl]]a, [_A (1986).

Batemari, II,, Partlal Diffentlal Equations of Mathematical Phzslcs, Dover

Publications, New York (1944).

Bauma, J., "Electrostatic Separation of Coal and Flyash Components," IE}/IEIAS,

vol. 34C, 966-971 (]984).

"Advanced Physical Fine Coal Cleaning: Mlcro-bubbleBeclltel Natlonal, Inc.,

Floatatlori," Draft Final Report Prepared for tl]e U.S. Department of l_nergy,

under Contract No. DE-AC22-85PC81205, March (1988). Bechtel Nat.loilal, ]inc.,
' " Draft Phase ]"Advanced Physical Fine Coal Cleaning. Spl]erical Agglol,eration,

Report prepared for the U.S. Department of Energy/Pittsburgh Energy Technology

Center, under Contract No. DE-AC22-87PC79867 (1988).

Boroi,, K., alld A. Grodzlck], "The Application of mn Electrostatic Metllod to

" J of Elect ro-t,he Concen.tration oi Heavy Minera]s iri Some Polish Sands, .

statics, vol. 2, 331-339 (1976).

Butcher, S. G., and D. F. Symol]ds, "A Review of D_'y Cleaning Processes,"

Alberta Coal Mining Res6_arch Center Report, CMRC 81/21-T, March {.|98].).

CarLa, M., C De]. Fa', and G. F. Ferrara,• "A New Apparatus for Pneumatic

Separation," 6th International Mineral Processing Congress, 245 (]963).

Carl;er, L., "Econolrlic Evaluatic)n o17 Dry Pl]ysical Ce)al Cleariirlg Processes,"

Final Reporl: to Center [or Research on Sulfur iri Coal, Ca_terv]lle, ]L. Grant

No. 88-]37, Septelnber ([989).

Cheng, b., and S. L. Soo, "Chargill 9 oi Dust Particles by Impact," J.__.o[ChelA:

P hvsics, vol. 41, 2, February (]970).

]70

" I _ I ,ii i I ' ' _ltif_'l'll lit I" lit1, ,!11)1111i_ I ,ii ,li r, _fl , i _+tl i'lll _



Cl_lang, S,-H., "hlCADO Process for 011 Shale Beneficiatlon," Paper presented

aL tt_e Pressurized Fluidized-Bed Hydroretorting of _aste,rn Oil Shailes Review

Meeting held at the Instltute of Gas _lechnology, Chloago, IL, June 20, 1989.

Cloou, 11,, I_I. Perettlj A, Serc".l, M. '1'amanlnl, and A, Zucca, "E×perlmental

Study orl Trlboelectrlc Charging of Mineral Particles," J, of _]lectrostatlcs,

Vol, 23, pp,, 157-168 (1989),

Ciesla, A,_ and K, Chudyba, "Contrlbutlons to the Investigations of

" Arch lWUm_]leotr:_flcatlon of Coal Grains by the 'l'rlboele0trlc Method,

Elektrotechnlkl, Zeszyt i, gS, 1-80 (1978).

Clark, C. S., J. of San. DIv. Am, cir_i! Engine_e_rs,vol. 92, 127 (1966).

Coal Age, page 23, July (1977).

Cross, d,, Eleetrostatlcs: Prlngl i_ Problem s _nd Appllcatlons, Adam Hilger,

Bristol (1987).
J

Dahlstrom, D. A., and R. P. Klepper, "Practical Aspects of Filtration and

Dewatering Irl Physical Cleaning of Fine Coal," in Pl_yslcal C1eanlnq of Coal,

Y. A. [,iu, Ed., Marcel Dekker, New York (1982).

Davies, D. K., "Static Electtlflcation," Irlst. of Phy. Conf. Series, vol. 4,

29 (1967).

Davies, _ D. K. "Charge Generation on Dielectrlc Surfaces," J. ph y. D'.A__A._

Phi, vo]. 2, pp. 1533-37 (]969).

Doctor, R. D., C. D. Livengood, L. E. Genens, C. E. Swletlik, and K. Foote,
" in"Investigation of Open-Gradlent Magnetic Separations for 1111nois Coal,

Processing and Utilization of HIlL_ Sulfur Coals, Y. P. Chugh and R. D. Caud]e,

Ed., Elsev_er, New York, ].49-162 (1987).

"A Comparative Evaluatlon of Negatively and Posl-Durra, A., and L. V. Dul]ea,

tlve]y Charged Submicron Particles As Flow Conditioners for a Cohesive Pow-

der," Paper preserlted at the AIChE Annual Meeting in San Francisco, November,

; CA (1989).

' Enerqy. Statistics, vol. ii, 4, Institute of Gas 'l_echno]ogy, Chicago (1989).

"Measurement of Electrostatic Chal_gesFasso, L., B. T. Chao, and S. L. Soc,

and Concentl:atlons of Particles in the Freeboard of a Fluidized Bed," Powder

T__echnolog_.y, vol. 33, pp. 21].-221 (1982).

Fomenko, V. S., Handbook oi Thermionic Properties. V. Samsonov, Ed., Plenum

Press Data Division, New York (1966).

" NTI[S U S Department ofFomenko, V. S., "EmJssloi_ Properties of Materials, , . .

Commerce ReLort, No. JPRS-56579 (1972).

Gajewskl, A. "Measuring the Charging Tendency of Po]ystyt'ene Particles in

Pneumatic Conveyance," J. of Electrostatlcs, vol. 23, pp. 55-66 (1989).

171



q

Geer, R., "Coal Microstructure and Pyrlte Dlsti_Ibution," in A6_q___o_:__Ziut1_!

S_erje__ss, Dlvlslon of. Fuel Chemistry, ,i', D, WheeloGkr _d., 3-15', Ma_:oh 23, 1977.

Geldart, D,, "Types o£ Gas [_'luldizatlon," PowdeL' 'l'eol_noloqy, vol, 7, pp.
285--292 (1973),

"Sol lds Mixing in Fluidized Beds - A Hydeodynam_cGldaspow, D,, and Y, L,lU,

Approach," C{_em. l_nq_u Sc___I±, rot, 36, 3, pp. 539-547 (1981),

Gldaspow, D,, R. Gupta, A. Mukl_eL'jee, and D. 'I'. Wasans "Separation of Pyrites

from 1111nois Coals Ualng Eleotrofluld]zed Beds and Electrostatic SieVe

Cotlveyors, " in .........Processln_d Utilization of HiHh SL_Lh_ifurCoals II, Y. P. Cl]ugl]

and [_, D, Caudle, Ed., F.,isevier, New York, pp, 271-281 (1987),
,i

"DeGidaspow, D., U. I<. JaYaswa], Y. 'l_suo,and D. T. Wasan, sign of an Electro-

static Sepa L'ator for Coal Desulfurization," paper pL_esented in AICh[']Annual

meeting In San Franclsco, CA, November 1989.

Gidaspow, D,, M_uitz__phase Flow and F1u_dlzatlon, A,lerlcan Society of Mechanical

Englneers, New York (1990, In press),
r

Oonsalves, V. E., "Some Fundamental Questlotls Col]ce['nlng the Static El ect,'i-

flcatlon of g'extl]e Ya_'n_l Part I," Te×tile Research Journal, pp. 711-718,
OctobeL" ]953.

Gordy, W., and W. ft'boreas,3. Chem. Physics, vol. 24, 439 (]956).

G1:ay, V. R,, and P. F. Whelan, "E1ectr.ostatlc Cleaning of £,0%,Rank Coal by the

Drum Separator," [_'[[e__.ii, vol. 35, p. 184 (1956).

Hanna, H. S., and l,amont, W. _J., "Physical Beneficlatlon Studies of ]_:aste_n

O_i Sh_le," q'bJ_c]IGq' Sznfuels Sm__i_ui__, IG'r Pt)b.llcatlon, 295-321 (1983).

Harper, W. R., Contact and Frlctlona] ]i:lectrlflcatlon, Oxford Unlverslty

Press, Lol_dc, n (1967). i

He, D. X., G. AL'anjo, B. I. Morel, O. E. Kllnzlng, R. Venkatadrl, and S.-H.

Chlang, "Application of LICADO Process to High Sulfur Bituminous Coals," paper

presenLed irl the lnteL"natlonal Conference on P['ocesslnq and Ut;[l]zatlon of

I£I[_ Sulfur Coals Ill, Ames, Iowa (1989).

llise, E. C., A. S. ilo/man, and J, E. Jones, "Inltia] Investigations of OGMS,"

ORNl, Report, 5764, Aprll (1982).

Holt, E. C., Jr., "An Englneer]ng/Econolilic Analysis of the Coal-Pyrite l_].ota-

tlon pt'ocess," Flna] Report prepared for tile U.S. Department of [,,nergy, under

Contt'act No. AC22--B0PC30149, July (1981).

llucko, E:., II. B_ Gala, and P. S. Jacobsen, "Status of DOE-sponsot'ed Advanced
" DOE Report No DE 89008772, Marc[] (1989).Coal Cleaning Processes,

. "Scanning Electron MicroscopyHuggJns, F til.,G. P. H!][ifman, and R. ,]. Lee,

Based Automated Image Analysis (SEM AIA) ar_(ilMossabauer Spect['oscopy," in

Coal a,idiCoal P,'oducts,t Anal!/tJcal Cha,<acterlzatlon r['echn[qu_es, E. L. Fulle_',

Ed., Amer:[can Chemlcal Society, Washington, D.C., pp. 239-258 (1982),

ii72

-=_

' ' ..... ,u ,, , , ,, ,,, ,,, , , ,



Inculet, I. I., M. A., Bergougnou, R. M: Quigley, and J. D. Brown, "Fluidized

Electrostatic Removal of Mineral Matter from Coals Mined at Hat Creek, British

Columbia, Canada," Proceedings of 14rh Annual Meetinq of IEEE I_n_.d_ustryAppli-

cations Society, Cleveland, pp. 112-116 (1979).

Inculet, I.._., Electrostatic Mineral Separation, John Wiley & Sons, New York

(1984).

Institute of Gas Technology, "Coal Conversion Systems Technical Data Book,"

prepared for the u.S. Department of Energy by IGT under Contract No.

AC-0181FE05157; available from NTIS (1982).

Iohn, P., "Fluidized Bed Heavy Medium Separation - A Modern Dry Separations

Procedure," Aufbereitunqs -Technik, vol. 3, p. 140 (1971).

Johnson, C. M., and H. Nishita, "Estimation of Sulfur in Plant Materials,

Soils and Irrigation Water," Analytical Chemistryr vol. 24, 4, pp. 736--742

(1952).

Kindig, J. K., and R. L. Turner, "Dry Chemical Process to Magnetize Pyrite and

Ash for Removal from Coal," SME-AIME Preprint No. 76-F-306 SME/AIME Meeting,

Denver, (1976).

Kneller, W. A., and G. P. Maxwell, "Size, Shape and Distribution of Micro-

scopic Pyrite in Selected Ohio Coals," in Processing and Utilization of Hiqh

Sulfur Coals I, Y. Attia, Ed., _isevier, New York, pp. 41-66 (1985).

Knoll, F. S., and D. W. Mitchell, "Electrostatic Separation," in Perry's

Chemical Engineering Handbookp 6th edition, McGraw Hill, New York (1984).

Lawyer, J. E., and W. P. Dyrenforth, "Electrostatic Separation" in Electro-

statics and its Applications, A. D. Moore, Ed., John Wiley & Sons, New York,

Chap. i0 (1973).

Levy, E. K., B. Kozanoghi, and M. D'Agostini, "Mechanical Cleaning of Coal in

an Air Fluidized Bed," Proceedinqs of Fourth Annual Pittsburgh Coal

Conference, pp. 371-386 (1987).

Lin, C. J., and Y. A. Liu, "Desulfurization of Coals by High Intensity High

Gradient Magnetic Separation: Conceptual Process Design and Cost Estimation,"

in Coal Desulfurization - Chemical and Physical Methods, T. D. Wheelock, Ed.,

ACS Symposium Series, Division Of Fuel Chemistry, 121-142 (1977). Link, T.

A_, "TriboElectrostatic Beneficiation," Quarterly Report, Coal Preparation

Division, PETC In-House Research and Development, October l-December 31, 1987.

Link, T. A., "TriboElectrostatic Beneficiation," Quarterly Report, Coal

Preparation Division, PETC In-House Research and Development, January 1-March

31 , 1988.

Liu, Y. A., "High Gradient Magnetic Separation for Coal Desulfurization," in

Physical Cleaning of Coal, Y. A. Liu, Ed., Marcel Dekker, Inc., New York, pp.

133-246 (1982).

173



Lockhart, N° C., "Dry Beneficiation of Coal," Powder TechnolocLy, vol. 40, pp.

].7-42 (1984).

" Advances in"Contact Electrification,Lowell, 3., and A. C. Rose-Innes,

P__ysics, vol. 29, 6, pp. 947-1023 (1980).

Luborsky, F. E., General Electric Company Report to U.S. Bureau of Mines, SRD

77-047 and 77-147 (].9"77).

Lytler J. M. _ "Advanced Physical Fine Coal Cleaning by ISGS Aggregate Flota-

tion," Final Technical Report Submitted to the Center for Research on Sulfur

in Coal, CarterV_ille, IL, November (1989).

Maronde, C. P., "Fine Coal Beneficiation via Heavy-Liquid Cycloning,

Proceedinqs of International Coal Preparation Exhibition and Conference -

COALPREP 88, March 22-24, Lexington, Kentucky (1988).

Masuda, H., T. Komatsu, and K. linoya, "The Static Electrification of part-

icles in Gas-Sol.ids Pipe Flow," AIChE Journal, vol. 22, 3, pp. 558-564 (1976).
,

Masuda, S., M. Torguchi, T. Takahasi, K. Haga, and Y. Tani, "Electrostatic

Beneficiation of Coal," in Proceedinqs of International Sy_mposium of Powder

Technoloqy, J. K Beddow, Ed., pp. 7R9-796 (1981).

Matovich, E., "Onsite Disposal of Electrical Arc _urnace Dust Through Flash

Direct Reduction," paper presented at the AIME/ISS 44th Electric Furnace

- Conference, Dallas, Texas, December ii, 1986.

McCabe, W. L., and J. C. Smith, Unit Operations of Chemical Enqineerin_/,
McGraw Hill, New York (1976).

McCulloch, W. C., R. L. Leewellyn, K. K. Humphreys, and Jo W. Leonard, in D_.ry

Coal Preparation, J. W. Leonard and K. K. Humphreys, Ed., AIMS, New York, 3td

Edition, (1979).

Michaelsor_, H. B., "Electron Work Function of the Elements," in CRC HanObook

: of Chemistry and Physics, CRC Press, Boca Raton, FL, p. E-91 (1989).

Miller, K. J._ "Laboratory Study to Determine the Effecciveness of Reverse

Coal-Pyrite Flotation with High-Sulfur Ohio Coals," U.S. Department of Energy,

PETC Quarte_'ly Report, Research and Development, Coal Preparation Division,

December (1987).

Miller, J. D., "The Air-Sparged Hydrocyclone for Fine Coal Flotation," pre-.

pared for presentation at the EPRI State-of-the-Art-Review: Microbubble Froth

Flotation, December (1987).

Moore, A. D., Electrostatics and its Applications, John Wiley & Sons, New York

(1973).

Mop-i, B. I. et al., "Liquid CO 2 Coalescence of Fine Coal.," Draft Final Report
(October 1983-January 1988), prepared for the U.S. Department of

Energy/Pittsburgh Energy Technology Center_ under University of Pittsburgh

Contract No. DE-AC22-83PC6308, February (1988).

174



Moudgil, B• M., "Development of Reagent Coatings for Electrostatic Separa-

tion," paper presented at the PECT-DOE Workshop on Dry Coal Cleaning, March

15, 1989.

Mugeraya, S., and B• R. Prabhakar, "Charging Characteristics of Particles in

Electrostatic Separators," IEEE-IAS, pp. 1315-1321, September (1985).

• " Ph DMukherjee, A , Characterization and Separation of Charged Particles, . .

Dissertation, Illinois Institute of Technology, Chicago, IL (1987)•

• . . "Surface Charge of Illinois CoalMukherjee, A , D Gidaspow, and D T. Wasan,

and Pyrites for Dry Electrostatic Cleaning," Preprints for ACS Fuel Chemistry,

i, vol. 32, pp. 395-407 (1987).

Nieh, S•, and T. Nguyen, "Measurement and Control of Electrostatic Charges on

" Particulate Sci and Technoloqy,Pulverized Coal in a Pneumatic Pipeline,

vol. 5, pp• 115-130 (1987).

Nieh, S., and T. Nugyen, "Effects of Humidity, Conveying Velocity and Particle

Size on Electrostatic Charges on Glass Beads in a Gaseous Suspension Flow," J.

of Electrostatics, vol. 21, pp. 99-].14 (1988).

Olofinskii, N, F., Electric Corona Separation of Coal Fines and Certain

Minerals, Moscow, 1957, Translated by Israel Program for Scientific

Translations (1969)•

Parekh, B. K., "A Review of Dewatering of Coal: State of the Art," in

Processinq and Utilization of High Sulfur Coals, Y. P. Chugh and R. D. Caudle,

Ed., Elsevier, New York, 413.-421 (1987).

Parkinson, G., "New Ways to Process Oil Shale, °'Chemical Enqineerinq, February

22, 1982.

Perry, R. H., and D. Green, Perry's Chemical Enqineerix_g Handbook, 6th

Edition, McGraw-Hill, New York (1984).

Ralston, O. C•, Electrostatic Separation of Mixed Granular Solids, Elsevier

Publishing Company, New York (1961).

Rapp, D. M•, "Maceral Analysis of Illinois Basin Coal Samples," Private

Communications, February (1987).

Rich, S. R., "Cleaning Pulverized Coal - Dust Free," Chemical Week, pp. 32-33,

December 23, 1981.

Rich, S. I_., "Coal Cleaning Route Gets Commercial Tryout," Chemical

E_n_sineerinq, February 20, 1984.

Ring, T. A., "Mineral Beneficiation of Oil Shale," University of Kentucky IMMR

Report 82./066, pp. 305-309 (1982)•

Riviere, J. C., "Wo_k Funct%on: Measurements and Results" in Solid State

Surface Science, Mino Green, Ed., vol. 1, Marcel Dekker, New York, pp. 179-289

(1969).

175



Robinson, V.N.E., N. G. Cutmore, and R. G. Burdon, "Quantitative Composition

Analysis Using the Backscattered Electron Signal in a Scanning Electron

Microscope, " Scanninn.q__Electron Microsco__, 1984/II, O. Johari, Ed., SEM Inc.,

Chicago, pp. 483-492 (1984).

Saxena, S., Desulfurization of Coal in an Electrofluidized Bed, M.S. Thesis,

Illinois Institute of _'echnology (1985).

Secker, P. E., and J. N. Chubb, "Instrumentation for E]ectrostatic Measure-

ments," J. of Electrostatics, vol. ii, pp. 1-19 (1984). Simmons, F. J., and

Keller, D. V., Jr., "Sulfur arid Mineral Matter Reduction in Coal Using Se]ec-

tire Agglomeration," Second Quarterly Technical Report (January l-March 31,

1988), prepared for U.So Department of Energy/Pittsburgh Energy Technology

Center Under Otisca Industries, Ltd., Contract No. DE-AC22-87PC79880, March

(1988).

Singewald, A, "Beneficiation of Potassium and Magnesium Mineral Salts in

Electric Fields," Kaliand Steinsalt, vol. 8, po 252 (1982).

Singh, S.P.N., and G. R. Peterson, "Survey and Evaluation of Current and

Potential Coal Beneficiation Processes," Oak Ridge National Laboratory,

ORNL/TM-S953 (1979).

Skoog, D. A., and D. M. West, Fundamentals of Analytical Chem]str Z, 3rd

Edition, p. 750, Rinehart and Winston, New York (1976).

Smith, J. W., N. Bo Young, and D. L. Lawlor, "Direct Determination of Sulfur

Forms in Green River Oil Shale," Analytical Chemistry[, vol. 36, p. 3, March

(1964).

Soo, S. L., G. J. Trezek, R. C. Dimick and G. F. Hohnstreiter, "Concentration

and Mass Flow Distributions in a Gas-Solid Suspension," Ind. & Enq. Chem.

Fund., vol. 3, pp. 98-106 (1964).

Soo, S. L., Fluid Dynamics of Multiphase_Systems, Blaisdell, Waltham (1967).

Soo, S. L., "Particle-Gas Surface Interactions in Collection Devices," Int. J.

Multiphase Flow, vol. l, pp. 89-101 (1973).

Soo, S. L., Multiphase Fluid Dynamics, S. L. Soo Associates, Urbana (1983).

Soo, S. L., Particulates and Continuum, Hemisphere, New York (1989).

Stanfield, K. E., I. C. FL:ost, W. S. McAuley, and H. N. Smith, U.S. Bureau of

Mines Report Inv., No. 4825, 27 (1951).

Straszheim, E. E., K. A. Younkin, and R. Markuszewski, "Dete[mination of

Pyrite Association with Coal Particles by Automated Image Analysis," irl

Processing and Utilization of High Sulfur Coals, II, Y. P. Chugh and R. D.

Caudle, Ed., Elsevier, New York, pp. 41-48 (1987).

Tsai, S. C., Fundamentals of Coal Beneficia_ion and Utilization, Elsevier

Scientific Pub. Company, New York (1982).

].76



Tuttle, M. L., M. B. Goldhaber, and D. L. Williamson, "An Analytical Scheme
" Talantafor Determining Forms of Sulfur in Oil Shales and Associated Rocks,

vol. 33, 12, pp. 953-961 (1.986).

van Driest, E. R., J. of Aerosol Science, vol. 23, p. 1007 (1956).

Weschler, I., J. Doulin and R. Eddy, "Coal Preparation Using Magnetic Sepa-

ration," Volume 3, Final Report pt'epared for EPRI by Sala Magnetics, CS-1517,

July (1980).

White, H. J., Industrial Electrostatic Precipitation, Addition-Wesley

Publishing Company, Reading, MA (1963).

Wilson, D. C., "Dry Table - Pyrite Removal from Coal," Preprint of papers

presented at the 173td National ACS meeting, Div of Fuel Chemistry, vol. 22

(2) p. 132, 1977.

"Work Functions of Binary Compounds," JYamamoto, S., K. Susa, and U. Kawabe, __t

of Chem. Physics, voi. 60, I0, 15 May 1974.

Yang, D. C., "Reduction of Asi] and Pyritic Sulfur by Static Tube Flotation of

Fine Coal," Report Prepared for the EPRI/DOE Workshop on State-of-the-Art
Rev]ew of Microbubble Froth Flotation, December ]987.

Yang, D. C,, "Development and Demonstration of a Static Tube Flotation System

for Producing Superclean Coal," Prepared for the U.S. Department of Energy

under Contract No. DE-AC22-85PC87210, llth Quarterly Technical Report, July

1988.

Yergey, A. L., F. W. Lamps and Ni. L. Vental, "Non-isothermal Kinetics Studies

" Ind Enci.q.Chem., Process Develop_, volof the Hydrodesulfurization of Coal, .

13, pp. 233-240 (1974).

Yoon, R. '.. et al., "The Virginia Tech Microbubble Column Flotation Tech-

nology," prepared for presentation at the EPRI State-of-the-Art Review:

Microbubble Froth Flotation, December (1987).

Zenz, F. A., and D _,F. Othmer, Fluidization and Fluid-Particle Systems,

Reinhold Publishing Corporation, New York (1960).

52WP/61090T3-2/RPP

]77



Subtask 3.3, Microbial Desulfurization and Denitrification

Subtask 3.3.l. CultuI'e Development

This subtask wax conducted by the Ohio State University (OSU).

O_bject ire

The objective of Subtasks 3.3.1.1 and 3.3.1.2 was to develop Cultures

derived from oil shale and soil/water enrichments, respectively. The

objective of Subtask 3.3.1.3 was to evaluate the ability of these cultures to

desulfurize and/or denitrify oil shales.

Background

The lai:ge deposits of Devonian oil shale in the Eastern United States

represent a substantial source of potential energy. Surface-mine accessible

deposits are present in Alabama, Indiana, Kentucky, Michigan, Ohio, and

Tennessee. 15 It has been proposed that the most efficient method of conver-

ting the oL-ganic material, kerogen, to a final syn[hetic liquid fuel product

is pressurized fluidized-bed hydroretorting (PFH). This technique differs
from otheL" conventional retorting methods in that it operates at an elevated

pt'essure and hydrogen is consumed in the process. Therefore, the economic

: feasibility of utilizing Eastern oil sl_a]e as an energy source can be enhanced

by minimizing the amount or hydrogen consumed and by reducing the amount of

process steps that must be accomplished under high pressure.

By reducing the amount of sulfur and nitrogen present in the feed shale,

the amount of hydrogen consumed in the production of hydrogen sulfide (H2S)

and ammonia is reduced. Removal of these elements prior to retortirlg also

reduces the requirement for pressurized removal systems associated with the

PFH process. These systems would be necessary to protect the environment from

release of such gases. A significant amount of the pyL'itic sulfur can be

removed by t,eneficiating the raw shale. The separation and recovery of the

organic portion from the inorganic material in this process requires that very

small particles be suspended in water as a slurry. This feedstock would be in
a form amenable to microbial processing to reduce the residual organic sulfur

al,d nitLogen content prior to PFH. Studies have shown that a variety of

microorganisms are capable of degrading seve[al different sul[uI: and nitrogen

corltaining compounds, which have been chosen as representative of the organic

" sulfur and r_itrogen compounds found in coal. I'5-13'16-21 Also, it has been

demonstrated that micr:obial communities exist inside hard substrate such as

sandstone, quartz and limestone. 2-4 Thet'efore, this research has been

directed at isolating organisms from an Indiana New Albany oil (INA) shale,

developing techniques to gain physical and chemical information about that

substrate before and after various experimental treatments, and developing

cu].tures capable of degrading sulfur- and nitrogen-containing compounds.

Pr o ie .qk.._es_cr_!Pti__:![}

The enrichment medium used to isolate microorganisms from handground INA

shale consisted of (g/L): glucose, 5.0; NaC2H302, 5°0; NaNO 3, 2.0; NaSO 4,.

2.0; tryptophan, 1.0; lysine, ].0; CaCI, 0.25; FeCI 3, 0.25; MgC], 0.25; MnC] 2,

0.25; NaMoO 4 ' 2}-120,0.025, and ZnC], 0.25. The buffer system used to prepare
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this medium at pH 5, 6, 7, or 8 was comprised of 0.125 M KH2PO 4 and 0.187.M

Na2HPO 4 in appropriate ratios. Su].fur-free (S-free)and nitrogen-free

(N-free) media were prepared by excluding the NaSO 4 or the NaNO 3, tryptopl]an
and lysine. The plating medium was either a formulation of the above with

16.7 g agar added per liter or nutrient agar. Organisms were Gram-stained and

examined using standard microbiological techniques.

The National Institute of Occupational Safety and Health (NIOSH) method

of asbestos fiber analyses by transmission electron microscopy (TEM) was

modified to observe and measure the size of shale particles and microorganisms

associated with _shale and coal. 14 The particles were prepared for observation

by suspending i_5 mg shale samples in double distilled (dd) water and filter-

ing through a Milllpore type DA membrane filter (0.65 _m pore size, 25 mm

diameter) in a glass Mil!ipore vacuum filtratlon, apparatus. Circular portions

of the filters were cut out using a No. 4 cork borer and were affixed to glass

microscope slides with ringbinder adhesive rings. The slides were placed on

acetone-soaked Jaffee wicks in glass petri dishes for about i0 minutes or

until the filters became clear. The samples were then coated with pure carbon

in an Edwards E306A high vacuum evaporator. A portion (i/4) of the carbon

coated filter was placed upside down onto 200 mesh copper EM grids that had

previously been ov erlayered with collodion support :film and.coated with

carbon. The gL'ids were placed into an acetone distillation column bath for

2 hours to dissolve and wash away the cellulose filter. The grids were

observed by TEM in a Zeiss l0 equipped with an ORTEC energy dispersive X-L_ay

fluorescence spectrometer (F,DXS).

The modified NIOSH method allows for microorganisms associated with the

particles to be quantitated by direct count in the TEM, which is the accepted

method for enumerating asbestos fibers in a sample. The number of cells per

i0 openings in each grid were counted. The dimensions of about I00 randomly

selected particles visible on the EM grid were measured using a Zeiss

videoplan computer attached directly to the Zeiss EM i0, which calculated the

average length, width, and area of each particle.

Particle surfaces and associated microorganisms were observed by scanning

electron microscopy (Hitachi $500 SEM). Sections of microscope slides were

affixed to SEM stubs with colloidal silver paint. The shale particles were

suspended in dd water, a drop of which was placed onto the glass slide and

allowed to air dry. These were then sputter coated with gold in a Technics

Hummer iii coating device.

The INA shale in all experlments was either handground with a mortar and

pestle o_- crushed in a Spex stainless steel ball mi].l for about 2 minutes.

The beneficiated INA oil shale was obtained from MRI through IGT. The

particles were separated with respect to size by passing them through a stack

of standard sieves either dry with physical agitation or rlnsed with dd

water. The sieves were I00, 200 and 325 mesh with pore openings of 149, 75,

and 45 _m, respectively. The fractions collected were designated as +200 (-

_. i00"_'200), "-200 (-200+325) and -325 mesh

The elemental composition of bulk shale s .i1pleswas determined using a

Tracor Spectrace 4050 EDXS. The dry shale saiLples for these analyses were

about 1.0 9 and ground to uniform texture. The spectra were collected with

the following low or high energy parameters (low/high): 12/45 kV tube
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voltage, 0.15/0.20 mA tube current, none/No. 5 filter, 10/20 kEV maximum

energy, and i00/]00 seconds live time. The sulfur content of these bulk

samples was also quantitated using the EDXS. 'Ph.istechnique required sulfur

standards composed of, or coritained within, a matrix similar to shale.

Therefore, since the sulfur content of the MH-6 shale sample obtained from MRI

had a].:eady been determined by accepted analytical techniques, that quantity

was used as the base value to which flowers of sulfur were added to develop

standaids containing 0.8 to ]0.0 weight percent sulfur. The parameters for

the standards and quantitative sulfur analyses were as follows: ].2 kV tube

voltage, 0.20 mA tube current, no filter, i0 kEV maximum energy and 50 seconds

live time. Each sample was analyzed 3 t iil_esand the S contents represent an

average oi the 3 _'esults.

PLet_'eatment ezperimel]ts were conducted by collecting counts correspon-

ding to the K((_) line energies of various elements with the ED×S at low and

i]igh energy levels fo_" representative samples of the bulk shale before treat-

ment. Samples of the gLound shale (+200 and -200 mesh dry sieved) were placed

into and shaken with 5.0, ].0 and 0.5 M HNO 3 or NaOH; 100 mM on i00 pM EDTA;
or dd water at a ['atio of ].0 g shale to i00 ml solvent for i, 24, and

60 hours. The shale was recove.L'ed by centrifugation (]0 minutes at 4500 rpm)

after eacli time period, _insed twice and dried overnight at 80°C. The samples

were then stirred and/or gently crushed to resto_'e the mixture to its origiilal

form, weighed and transferred to sample holders for EDXS analysis. The shale

samples were all analyzed under conditions identical to those employed prior

to incubat _on.

Various inocula weL:e applied to pL'etreated ground shale samples. In all

experiments, the shale was pretreated with 5,0 M_ HNO 3 for 4 hours and the
hat'vested shale was rinsed until the final supernatant was at pH 3.5 to 4.0.

The su]fuL content was determined using the EDXS for each sample before and

afte_ " pret_eatment. In the Iiist set of experiments the inoculum was prepared

by placing colonies of the INA shale isolates into 20 ml sterile physiological

saline, (:ent[ifuging the suspension and resuspending the resulting pellet .in

115 ml sterile saline. The CFU*/ml were determined by standard dilution and

sp_ead plating techi_iques using plate count agar. 'I'woflasks containing

]00 ml S-[:Lee medium at each temperature and pH combination (pH 6 at 35°C; pl{

7 al,d 8 at 25°C and 35°C) had the pretreated -100+200 ok" -200+325 mesh (d/y--

sieved) sl_a]e samples added. Oile each of these flasks had 1.0 ml of the

inocu]um added and the other was an uninocu]ated contrc)l. After 7 days

incubatioil, the CFU/ml for each flask were determined, the shale was harvested

by celJtrifugation, dried and analyzed with the EDXS. The inoculum for the

next set ..'_fexpe_-iments was 1.0 ml of the supernatant f_-om the previous exper-

iment that contained a +200 mesh shale sample, had an inoculum added and was

incubated at pH 7 and 25°C. Two test []asks arld 2 control flasks for each

size shale (+200 and ....200 mesh dry-sieved) containing 100 ml S-free medium at

pl-I7 were pLepared. The test and contr'ol flasks each contained a shale sample
and ].ll)ml of the il_ocu]um was added to the test flasks. All. flasks wel:e

incubated [o_ ]8 days at 2%°C on a rotary shaker.

' The shale was recove1"ed by filtr,at.ion (Whatman No). 4), dried oven-night al;

80°C and analyzed with the EDXS. irl the next experiments, the S-free medium

CFU : colony-forming ur,it::_.
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without sodium acetate was amended with eitheL" g].ucose or glycerol (0.5 weight

percent) or had no carbon source added. Two test flasks and 2 control flasks

containing ].5 g pretreated -325 mesh (wet-si.eyed) shale and 100 ml

nutritionally amended S-free media (pH '7.0) were prepared. The inoculum added

to the test flasks was from the same source and prepared in the same manner as

that descl'ibed for the previous e×perimento The li.asks were incubated at 25°C

for {8 days on a rotary shaker The shale was recovered by fl.].tration

(Whatman 0.45 '_m pore opening, cellulose nitrate), dried overnight at 80°C and

&nalyzed in the EDXS. For the next experiment, a second mixed starter culture

was developed as previously described [or the initial inoculum, A 1.0-ml

aliquot of the inoculum was added to each of 5 flasks containing i00 ml

sterile S-free medium (ph 7.0) amended with glycerol. Each of 2 ol.!these

flasks had a 1.0 g wet-sieved +200 or -325 me'.h shale sample added to it. The

fifth ii_oculated flask had a 1.0 g sample of -200 mesh pretreated wet-sieved

sha].e. Three flasks, each containing the same medium as the test flasks and

either a ] .0 g sample {,f +200, -200, or -325 mesh pretreated wet-sieved shale

were not inoculated. After 20 days incubation at 25°C on a rotary shaker,

" plate counts were done and the.shale was recovered by filtration as described

above, dried overnight at 70°C and analyzed in the EDXS under the same

parameters as run prioL" to pretreatment and incubation.

Sample preparation and spectrophotometric protocols for experiments

pertaining to pyridine u_tilization were developed. (]'._emilliliter of culture

medium was taken from each flask and microfuged for 1.5 minutes. Two 0.32-mi

aliquots of the samples taken ft'oreflasks containing 0.0 to 0.] weight percent

pyridine we_:e each diluted with 3.0 ml dd deionized water. Samples taken from

flasks containing 0.4 weigt]t percent pyridine had two 0.16-ml aliquots each

diluted in 6.0 ml of dd deionized water. These diluted samples were

transferred to a cuvette and analyzed in a Varion 2200 UV-visible

spectrophotometer from 340 to 220 nm against add deionized water [)lank.

In the first set of expetiments the medium contained NaSO 4 (i°0 g) and
yeast extract (YE, },6 g) per ]200 ml of pH 7.0 buffer with 120 ml trace meta]

solution added. The [nocu_a were 0.5 ml washed cell suspensions taken from a

mixture of shale isolates and isolate No. 6, which had been incubated in a

similar medium containing 0.l weight percent pyridine for 25 days. A third

inoculum was a C.5 ml aliquot of raw sewage. Two test flasks per inoculum

supplemented with 0.i weight percent filter sterilized pyridine were

prepared° Two uninoculated control flasks without added pyridine were

included. These flasks were incubated at room temperature on a rotary shaker

and sampled at various time intervals.

The second set of pyridine experiments was designed to investigate the

mixed culture inoculum that arose from the flasks inoculated with raw sewage

in the previous experiment. Ten 250-mi flasks containing 100 ml pH 7.0 buffer

and 0.08 g NaSO 4 were prepared. Five flasks were amended with YE to a final
concentration of 50 mg YE/100 mr and the second set of 5 flasks to a final

concentration of 15 mg YE/_00 ml. Three of the flasks containing 50 mg YE and

2 containing [5 mg YE had 0.4 mi[ filter-sterilized pyridine added. The

remaining 5 flasks (2 containing 50 mg YE and 3 containing 15 mg YE) had

0.i ml filter-sterilized pyridine added. A flask containing 0.] weight

percent pyridine (15 mg YE/100 ml) and another containing 0.4% pyridine (50 mg

YE/100 ml ) were not inoculated and served as the control flasks. The remain-

ing 8 flasks had 1.0 ml. of inocu]um added to each. All flasks were incubated
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at room temperature on a rotary sl]aker. The Inoculum was prepared bF aseptic-

ally removing ]0 ml of culture medium from the Sewage A flask of the previous

experiment. This Was centrifuged and the supernatant decanted. The cell

pellet was ['esuspended iri I0 ml sterile water, spun and the supernatant

decanted. The pellet was r:insed a second time and finally resuspended in

i0 ml of N-free medium. 'ii'lieinoculum was determined to contain 1.4 X 107

CFU/ml, 'Pileamount Of pyridine present in the control[ and test flasks was

determined initially and was monitored throughout the experiment.

Resu].t s

A list of the Gram reactions and morphologies of microorganisms isoJated

from ].NA shale is given irl Table 3-30. Tl]e most prevalent types of micro-

organisms were Gram-positive cocci. The weight dlstillation of the +200, -200

and -325 mesh fractions col.]ected after dry- and wet-sieving handground or

wet-sieving beneficiated INA shale is presented in Table 3-31. More than 70%

of the handground shale was l:etained by the 200 and 325 mesh sieves when

dry. However, more than 70% of the handground and about 90% of the

beneficiated shale was washed tl]rough the -325 mesh sieve with water.

Figure 3-83 contains SEM pt]otog['aphs of the 3 different sized fractions

collected by wet-sieving.. Figure 3-84 contains TEM photogr%phs of shale

particles with the microo[-ganisms associated with those mat'erial.s visib.le.

The numbe1s of mic[()organisms in samples of wet-sieved s}_ale, determined by

direct count iz| the TEM, are presented in Tab]le 3-32. The INA shale samples

were c]etermir_eci to contalin,l.0 X 1.0I0 ceils per gram, calculated as follows:

Ave. No. Ce].ls ' 1 Grid Open.iri9 -
No. of Cell.s/'g Partic es = ×

i Grid Opening Area of Grid Opening

Area of Filter 3 Filters
× X

1 Filter Total Grams Particles

where the area of i grid.opening was 0.005 mm2, the area of l filter was

201 mm 2 and the total grams of particles applied to the filters were 0.(]015 g.

Listed in Table 3-33 are the average length, width, and area of. particles in

wet-sieved fractJo]-_s of ground INA shale determined using TEM. The average

area of a partic].(-_ in wet-sieved samples determined to be +200, -200, or

-325 mesh was 1.38, 0.532, or 0.265 mm2, respectively. The average sulfur

content i_ dry- and wet-sieved handground or wet-sieved beneficiated INA shale

is presented in Tab[e 3-34. The fraction of handground shale that would not

pass through the 200 mesh sievewhen dry contained 3.64% sulfur, whereas the

fraction that was retained by this sieve when washed througi_ contained only

3.30% sulfur. [['hesmallest sized particles collected by dry- and wet-sieving

handground shale contained very similar amounts of sulfur, 3.82% and 3.87%,

respectively. The +200 mesh wet-sieved beneficiated samples contained 2.99%

sulfur an,] the -325 mesh beneficiated samples contained 3.36% sulfur,

Listed in Table 3-35 is the reduction of several elements in ground (dry-

sieved) ]NA shale after various chemical pretreatments for 60 hours. The
decrease in the sulfur content was calculated as follows.

Decrease, % :

(Avg. S% or Avg. No. of Coul]ts). . _-(Avg. S% or Avg. No. of Counts)_. ,
............................. :.......-- .................................!n-l-i.l--a--[- .......... " ............................................................... rJ:-rL_± X ] 0 0

(Avg. S% or Avg. No. of Counts), initial
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Table 3-30. GRAM STAIN REACTION AND MORPHOLOGIES FOR 16

MICROORGANISMS ISOLATED FROM INDIANA NEW ALBANY SHALE

Gcam

:[s o1a t e !_e_c t..!.o,} ...................................Mor__holo__.y_ ................................

[ + Cocci In clusters

2 ._ Tiny cocci, [)airs, ShOl:t chains, clusters

J - Small coccobacilli, palrs, short chains,
clusters

4 - Rods, chain'_

5 - Rods,. long chains with sheatI]s

6 + Tir|y cocci, pairs, chains, clusters

7 + Cocci, pairs, short chains

8 * Cocci/oval, pairs, short chains

9 - Coccobacilli, short chains

]0 + Cocci, short chains (flattened at junctions)

1]. -t Rods with spores

]2 + Coccl, pairs, tetrads

1.3 + Coccobacilli, pairs, tetrads, clusters

]4 - Rods (cu_:ved)

15 - Short rods, pairs

16 .t Coccoid, "coryneform"-i ike

'['able3-31. AVERAGE PERCENTAGE OF +200, -200, AND -325 MESH

FRACTIONS COLLECTED AFTER DRY- AND WET-SIEVING HANDGROUND

OR WET-S/EYING BENEFIClATED INDIANA NEW ALBANY OIL SHALE

Oi] Shale +200 -200 -325

...... wt % of total

HANDGROUND

Dry-sieved 40.0 31.4 26.1

. Wet-sieved 19.3 7.7 73.0

BENEFICIATED

Wet-sieved 9.9 2.5 87.2

m
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Figure 3-83. SCANNING ELECTRON MICROGRAPHS OF SHALE PARTICLES

DETERMINED BY WET-SIEVING TO BE: (A) -100+200;

(B) -200+325; AND (C) --325 MESH (x 65, Size Bar = i00 _m)

11.84

=
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Figure 3.-84. TRANSMISSION ELECTRON MICROGRAPHS SHOWING VARIOUS

MICROORGANISMS ASSOCIATED WITH FRESHLY GROUND INDIANA

NEW ALBANY OIL SHALE. (A) x 3150, Size Bar = 2 _m; and

(B) x 2500, Size Bar = 2 _m
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Table 3-32. ENUMERATION OF MICROORGANISMS FOUND IN WET-SIEVED

]NDIANA NEW ALBANY OIL SHALE BY DIRECT COUNTING IN A

TRANSMISSION ELECTRON MICROSCOPE

Control Avera_eCells/GriJ Opening Std, Dev, No, Cel!s/_

1 0.9 0,99

2 ] .5 1.43

Average20 = 1,2 1,24

SHALE

*200 51.3.9 61,0

-200 519,3 103,1

-325 469,1 90,9

= 500.8 86,8 4,0 X I0I0
Average30

']'able3-33. THE AVERAGE LENGTH, WIDTH, AND AREA OF PARTICLES

[N WET-SIEVED FRACTIONS OF GROUND INDIANA NEW ALBANY SHALE

DETERMINED USING TRANSMISSION ELECTRON MICROSCOPY

: Average Length, Average Width, Average Area,

Mesh Siz_ .... _m .... pm mm 2

+200 (10]) a 21.1 (15.2) b 22.5 (14.0) ].38 (2.30)

-200 (I]5) ]1.9 (](].4) 12.3 (10.2) 0.532 (].64)

-325 (].06) 9.0 (7.6) 9.0 (7.4) 0.265 (0.566)

a Number of particles sized.

b Standard deviation.

=
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Table 3-34. AVERAGE SULFUR CONTENT IN THE +200, -200, AND -325 MESH

FRACTIONS COLLECTED AFTER DRY- AND WET-SIEVING HANDGROUND

OR WET-SIEVING BENEFICIATED INDIANA NEW ALBANY SHALE

Averaqe % S Standard Deviation

Sulfur Content, wt %

HANDGROUND

Dry-sieved

+200 3.64 0.051

-200 3.82 0_147

Wet-sieved

+200 3.30 0.065 _

-200 3.15 0.098

-325 0.87 0.070

BENEFICIATED

Wet-sieved

+200 2.99 0.025

-325 3.35 0.019

Table 3-35. EFFECT OF CHEMICAL PRETREATMENT ON SELECTED ELEMENTS IN

DRY-SIEVED HANDGROUND INDIANA NEW ALBANY OIL SHALE

Mesh % Decrease

Treatment* Size Si S K Ca Mn Fe Zn As__

5.0 M HNO 3 +200 9.37 3.8 1.9 83.8 29.5 75.0 87.0 67.6
-200 5.5 69.9 0.0 80.6 23.1 73.0 78.7 63.4

5.0 N NaOH +200 16.6 66.0 5.8 9.0 0.0 0.0 35.8 65.4
*_ **

-200 26.9 58.1 9.0 0.0 0.0 0.0

dd H20 +200 18.6 18.9 8.2 25.5 0.0 0.0 14.9 0,0
-200 I0.0 13.9 _.5 27.7 0.0 0o0 10.8 0.0

i00 mM EDTA +200 13.0 8.3 8.8 82.6 18.9 8.4 21.3 29.8

60 hours.

**
Data not available.
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The 5.0 M HNO 3 treatment for 60 hours removed 70% to 75% sulfur and iron
and 80% to 84% calcium. Whereas, the 5.0 N NaOH treatment for the same length

of time removed 58% to 66% sulfur, but apparently I]o iron and only 16% to 27%

calcium. The dd water and EDTA treatments remove much lower amounts of these

elements. After ]. hour of treatment with 5.0 MMHNO 3 (data not shown), 67% to
72% sulfur, 70% to 73% iron and 81% to 84% calcium were removed_ However,

after 1 hour of treatment with 5.0 N NaOH (data not shown), only 15% to 20%

sulfur, negligible amounts of iron and 16% to 20% calcium were removed.

FiguL'e 3-85 represents spectra collected with the EDXS from a sample of

dry-sieved-200 mesh shale before and after the 60-hour treatment with 5,0 M

HNO 3. in addition to the elements listed in Table 3-35 and labelled in
Figure 3-85 (Si, S, K, Ca_ Mri, Fe, Zn, As), the following elements have been

determined by these analyses to be present: Ti, V, Ni, Cu, Sr, Y and Mo. .The

results from the experiments in which a mixed inoculum of shale isolates was

incubated with 5.0 M HNO 3 pretreated sh_].e (+200 and -200 dry-sieved) are
presented in Table 3-36. The pretreatment resulted in a 56.4% and 57.3%

decrease in the sulfur content of the +200 and .-200 mesh shale samples,

respectively. The largest further reduction in sulfur was 9.5%, which

occurred in the +200 mesh sample in the pH 7.0 inoculated flask incubated at
25°C. Further sulfur reductions of 7.4% and 7.9% sulfur were observed in the

-200 mesh samples incubated after inoculum was added at 25°C in pH 7 and 8,

respect ivel y.

The t'esults from the experiment in which an inoculum derived from the

initial mixed cultures experiment are presented in Table 3-37. The +200 and

-200 mesh dry-sieved samples were pretreated in 5.0 M HNO 3 resulting in 55.2%
and 56.7% reduction in sulfur content. The average percer,t decrease for the

+200 mesh controls and test samples was 4.46% (+ 1.55) and /.06% (± 0.156),

respective]y. The -.200 mesh controls showed a 5.44% (+_ 1.15) average decrease

and the test samples a 12.6% (+ 2.26) average decrease.

The t'esults from the nutrient amendment experiments are presented in

Table 3-.38. Tl{e pretreatment of the -325 mesh wet-sieved shale with 5.0 M

HNO 3 resulted in a 54.9% reduction in sulfur content. After 18 days of
incubation, the sulfur content in the shale from the test f,lasks amended with

glucose or glycerol decreased by 8.51% and 6.'21% or 9.10% and 5.11%, respec-

tively. However, the decrease in the sulfur content of the shale from the

contt_ol flasks was only 3.33% and 1.21% or 1.99% and 1.92%, respectively.

There appeared to be no significant decrease in the average sulfur content of

the shale from the test flasks without an added carbon source as compared to

the shale from those control flasks.

The results of the expel;iment in which mixed culture inoculum developed

from the original INA shale isolates are listed in Table 3-39. The decrease

in sulfur content of the +200, -200 and -325 mesh wet-sieved samples as a

result of pretreatment was 50.4%, 50.5%, and 56.3%, respectively.

After 20 days of incubation the shale from the inoculated []asks showed

the following decreases in sulfur content: +200, 5.96% and 2.80%; 200,

8.73%; -325, 6.50% and 6.00%. The unlnoculated controls for the 3 size

fractions showed less than I% reduction in sulfur. Figure 3-86 (SF,M

photograph) shows shale paL'tic].es coated with microorganisms following

incubation with a mixed culture inoculum.
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Figure 3'-85. TWO SPECTPA OBTAINED USING AN ENERGY DISPERSIVE X-RAY

FLUORESCENCE SPECTROMETE_ TO ANALYZE A SAMPLE OF -200 MESH, DRY,SIEVED

INDIANA NEW ALBANY OIL SHALE BEFORE (Unshaded Spectrum) AND AFTER

(Shaded Spectrum) PRETREATMENT FOR 60 HOURS WITH 5.0 M HNO
3
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Table 3-36. [['HEPERCENT CHANGE IN THE SULFUR CONTENT OF +200 AND -200 MESH

(Dry-Sieved) INDIANA NEW ALBANY SHALE BEFORE AND AFTER INCUBATIONS
WITH A MIXED CULTURE INOCULUM

Samp]_fe......... % ChancLe_ in Sulfur Content

p_H Temperature, °C +200 Mesh -200 Mesh

, ,
TEST 6 35 -3.71 +3.84

7 25 -9.45 -7.35

7 35 +i. 41 -2.88

8 25 -2.41 -7.94

8 35 -5.90 -2 .,14

CONTROl 6 :]5 +(].57 -3. ]7

7 25 -2.96 -6. (]7

'7 35 -0.56 +0.51

8 25 +0.88 -5.42

8 35 -0.19 -4.21

* ......ll,dicates an apparent decrease irl sulfur.

"._" indicates an apparent increase _n su][ur.
._-

Table 3-37. Titt/] AVERAGE PERCENT SULFUR CONCENTRATION OF +200 AND -200 MESH

(Dry-Sieved) INDIANA NEW ALBANY SHAI.,E SAMPLES DETERMINED IN AN EDXS
BEFORE AND AFTER INCUBATION WITH h MIXED CULTURE INOCULUM (S-Free

Medium was pH 7 and the Incubation Temperature was 25°C)

1 a i t la1 Final

Average Average %
% S Std, Der. % S Std. Der. CFU/_j_nl....... Decrease

T EST

+200 1.60 0.03 1.49 0.03 1.9 X 1011 6.95

1.63 0.01 1.51 0.06 2.1 X ]010 7.17

- -200 1,68 0.04 ].50 0.08 1.2 X 1011 11.0
i.]1 0.0I 1.47 0.04 3.5 X ]011 14.2

a

CONTROL

: +2(.)0 1., 62 0,02 I, 53 0.06 <] ()5 5,55

1.64 0.03 1.58 0.04 7.7 X 109 3.36

-200 ],7(i) ().05 1.59 0.08 2.'7 X 106 6.25

: 1,69 0.01 1.61 0.07 4.2 X 107 4,62
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Table 3-38. THE PERCENT SULFUR IN -325 MESH (Wet-Sieved) PRETREATED

INDIANA NEW ALBANY SHALE SAMPLES BEFORE AND AFTER 18-DAY INCUBATION

WITH A MIXED CULTURE INOCULUM IN S-FREE MEDIUM (pH 7) ALTERED WITH

RESPECT TO CARBON SOURCE

Before After

Average Average %

Amendment % S Std. Der. % S _td, [)ev. .. CF_UL/ml Decrease

TEST

Glucose 1.57 0.023 1.44 0,016 2.6 X i0 II 8.51

1.58 0.024 1.47 0.016 2.1 X I0I0 6.71

Glycerol 1.57 0.028 1.43 0.034 1,2 X 1010 9.10
1.57 0.023 1.49 0.016 3,4 X 1011 5,].1

None i[.5"7 0.025 1.48 0.026 3.8 X 108 5.93

1.56 0.016 1.49 0.028 3_6 X 108 4.12

CONTROL

Glucose 1.59 0.027 1.54 0.02'7 2.0 X 103 3.33

].56 0.01] 1.55 0.029 1.0 X 103 1.2]

Glycerol 1.56 0.028 ]..53 0.004 <103 1.99

1.57 0.018 1.54 0.019 <103 1.92

None 1.56 0.017 ]..52 0.016 l.l X ]04 2.31

1.59 0.0].6 1.52 0.033 2.6 X ]05 4.6

The sample p_'epa[ation and spectrophotometric protocols developed

resulted in detection of peaks at 244, 250, 256 (maximum) and 262 nm for

samp]es containing pyL'idine. No peaks in this t;egion were seen when samples

of the identically inoculated medium without pyridine added were analyzed.

The Lesults from the pyridine utilization experiment involving several

inocuia are presented in Table 3-40. lt appears that between 4 and 15 days of

incubation the pyridine was completely degraded by the mixed culture which

a[ose from the raw sewage inoculum (Figure 3-87). The decrease from the

initial absorbance at 256 nm after 16 days incubation for the rest of the

flasks are as follows: Control A and B, 13% and 18% respectively; Mix A and

B, 16% and 21% respectively; and isolaLe No. 6 A and B, 12% and 14%

respectively. Plate counts performed at ].7 days indicated that all test

flasks contained between 107 and 108 CFU/ml and the control [].asks were

contaminat-ed, containing gr.eater than 104 CFU/ml.

The _esults from the experiments in which an inoculum derived from the

Sewage A flask of the previous experiment was exposed to different concen-

trations of pyridine in media containing either 15 of 50 mg YE/100 ml are

presented in Table 3-41. The inoculum completely degraded the 0.I weight
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Tab.le 3.-39. THE AVERAGE PERCEN']' SULFUR CONCENTRATION OF PRETREATED

WET-SIEVED ]NDIANA NEW ALBANY SHALE SAMPLES DETERMINED 2N AN EDXS

IXF',DCULTURE INOCULUM (S-FreeBEFORE AND AFTER INCUBATION WITH A M it

Medium Amended With Glycerol was at pH 7.0 and the Incubation

.Temperature was 2b°C)

In it ial Final

Average Average %

% S S_!d_.p__ev_ % S Sid. Der. _CF__F_ml Decrease

TESTS

+200 1.66 0.03"/ 11.56 0.010 1.4 X 1011 5.96

].64 0.035 1.60 0.017 3.6 X ]0 I0 2.80

-200 1.62 0.045 1.48 0.023 4.0 X 109 8.73

-3'2'5 1.69 0.046 1.58 0.005 5.0 X i0 I0 6.50

].65 0.014 ].55 0.0].2 3.7 X i0 ]0 6.00

CONTRO[.,S

+200 ].64 0.026 1.62 0.0365 5.0 X _05 0.86

-200 [. 63 0•C)2,1 ],6 ] 0 •008 <105 0 •74

-'325 11.67 0.024 ].69 0.U30 6.7 X ]06 0.96
=

: peccefLt p!,,ridine present iii both li.asks contain, ng 50 mg YE/IO0 ml between 3

and 5 days. :In tile same period of time, the 0.I weight percent pyridJr_e in ]

of the flasks containing 15 mg '{E/100 ml was completely degraded. However,

the pyridine in the other [.].askat this YE concentration appeared to have

decreased by only 7.2% after 5 days. The inoculum did not appear to

successfully degrade pyridine within this time period to levels much above
con[ rol s.

l) i scussion........................

A ]arge number and variety of microorganisms are present in the 1NA shale

samples examined, Although a significant number have been isolated from the

shale in tt_e OSU enrichment protocols, it is .likely that there are organisms

present that may not be viable or are viable but not culturable by methods

used by OSU. The TEM technique developed to enumerate mlcroorganlsms by

direct count has provided data to support this observation. The shale samples

were determined to have about I0I0 cell/g present, however, when aliquots of

the ster_le water used to wet-sieve the samples were spread plated, only

l06 ce]]/g were observed.

'About 40% of the shale particles that ,were, unable to pass through the

-325 mesh screen when dry were able to be washed through with water. 'l'his

suggests ti_at:smaller [)articles remain associated with one another or with

larger particles when handled dry, but become dissociated when suspended iri

: water, The beneficiated material that was prepared by a process involving
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Figure 3-86. SCANNING ELECTRON MICROGRAPH OF PRETREATED SHALE PARTICLES

COATED WITH MICROORGANISMS FOLLOWING INCUBATION WI'PH A

MIXED CULTURE INOCULUM (x 6000, Size Bar = 2 _m)

=
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Figure 3-87. SPECTRA COLLECTED OF SAMPLES FROM THE SEWAGE A FLASK

INITIALLY (Unshaded) AND AFTER 17 DAYS OF INCUBATION (Shaded)
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suspension in water appeared Lo be comprised mainly of particles smaller than

-325 mesh. The TEM technique for particle analysis also provided information

concerning tl_e actual+ size of the particles in the wet-sleved samples. The

areas of the +200, -200+ and -325 mesh particles were calculated to be 1.38,

0.532, and 0.265 mm 2, respectively. The relatlVely large standard deviator,ns

associated with these areas are due to the random selection of more tl_an i00

p_rtlcles to measure, in whlcl_ a few uncharacteristically small and/or large

particles were included+ If only the size ranges that included the majority

(85%) of the particles, thereby excluding some of the infrequently measured

sizes the area ++f tl_e particles in each of the fractions were 0.012 to 3.05,

0.001 to 1.67, or 0.01 to 0.40 tns2 (data not shown). In each case, a portion

of the remaining 15% was an entlre order of magnitude larger and their

exclusion would greatly decrease tile standard deviations associated witll the

size ranges reported.

The EDXS technique is an effective method to quantify the sulfur content

of bt_Ik shale samples as well as to identify and evaluate changes in a wide

range of other elements that may also be of interest. It appears that the

samples comprised of tile smallest particles consistently contain the highest
sulfur cohtents and that fraction of the beneflclated sha.le contains about i0

to 15% less sulfur than the handg['ound shale.

PretL+eatment of shale w lth 5.0 _MHNO 3 resulted in greater than 50%
reduction in B.ulfur content within the first hour. Treatment with 5.0 N NaOH--

required 60 hours of contact to remove about the same amount of sulfur. Since

the iron content was also decreased by about the same amount as the sulfur

whetl treated .with 5.0 MM HNO 3, this treatment is presumably removing the pyrite
present and the sulfur that remains is likely Lo be oi ai+ organlc nature.

The .ii1ixedctl.tture experiments indicate that the consortium derived from

INA shaJ.e can t:.urther t:educe the amount of sulfur present in pretreated,
i

handground shale. Ur.+der gt+owth conditions tested at OSU, it appea[+s that the

highest ['eductiol_s in sulfur occur: at pH 7.0 and 25°C. The results also

indicate that reduction in sulfur by this inoculum requires that the medium be

supplemented with a carbon source and that no sign.[ficant difference in sulfur

removal is se_rl when either' glucose or glycerol is added. As seen by SEM,

microo.rganisms after inoculation ana incubation coat the particle surfaces.

SEM has also been used to demonstrate that cells are present on the surfaces

of freshly ground particles (microgL'aphs not shown). Also, since unlnoculated

1bretreated controls in these experiments result in 105 to 107 CFU/ml and

uninocu].ated pretreat.ed controls with essentially no nutrients supplied '

supported 104 to 105 CFU/ml, it appea_s that native shale contains, protects,

and suppl ies the necessary nutrients for a community of.mlcroorganlsms.

A mixed culture in,rufus derived from raw sewage has been developed that

degrades 0 ] weight percent pyridine in less than 5 days. Twelve different

microorganisms have been isolated from this mixture.
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Subtask 3.3.2. Microbial P_ocess Development

This subtask was conducted by IGT.

Objective

The objective of this subtask was to determine the effects of process

conditions and inocula from Subtask 3.3.] (which involves development of

cultures to desulfurize and/or denitrify oil shale) on the efficiencies and

rates of organic nitrogen and sulfur removal from Eastern oil shale.

Summary

Mixed heterotrophic cultures isolated by OSU in Subtask 3.3.1 or by IGT

from oil shale enrichments in which the oil shale served as the only available

source of sulfur, and pure (IGTS8) and mixed (IGTS7) cultures isolated by IGT

from coal bioreactors under a separate DOE-funded program were examined for

their ability to remove the sulfur from oil shale. In addition, the chemo-

lithotrophic microorganism Thiobacillus ferrooxidans was examined for its

ability to remove the sulfur from oil sl]ale. Shake flask experiments were

performed. Ali cultures were pregrown and added at a final concentration of

108 cell/ml to slurries containing 4 weight percent oil shale.

The results show that the heterotrophic mixed cultures were transforming

the sulfur in oil shale. The cultures removed the pyritic sulfur and utilized

it for their organic sulfur needs. Chemical analyses indicated that tl]ese

cultures transformed 78% of the pyritic sulfur from oil shale within 30 days.

The results also showed that T. ferrooxidans transformed 44% of the pyritic

sulfur from oil shale within 42 days. The chemolithotrophic organism oxidized

the iron in the oil shale pyrite to obtain its energy for growth and released

the sulfur as sulfate into the liquid medium. However, the cellular ,lass

could not be separated from the particles of beneficiated shale, and

therefore, the organic sulfur remaining in the shale could not be

distinguished from that incorporated into the microbial cells.

Mixed cultures isolated by IGT and OSU from oil shale enrichments in

which the oil shale served as the only available nitrogen source were examined

for their ability to remove the nitrogen from oil shale. Shake flask experi-

ments were performed. All cultures were pregrown and added at a final concen-

tration of 106 cell/ml to slurries containing 4 weight percent oil shale in a

nitrogen-free atmosphere.

The results show that the mixed cultures were transforming the nitrogen

in oil shale. Chemical analyses indicated that these cultures removed about

50% of the nitrogen within 7 days.

For efficient removal of sulfur and nitrogen from oil shale, the shale

particles and microbes should remain suspended in the bioreactor. The

settling characteristics of oil shale in a bioreactor were examined with and

: without microbes. In the presence of microbes, there was minimal to no

settl_ng of the oi_ shale, whereas without microbes, the shale settled. Also,

the mixing characteristics of the oil shale in the bioreactor were examined.

Generally, a mixing rate of 300 rpm resulted in a uniform shale particle
concentration at different levels in the bioreactor and an increased microbial

growth.
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Introduction

The Devonian oil shales of the Eastern United States constitute a

significant energy resource for the production of synthetic liquid fuels. It

is estimated that over 400 billion barrels of oil may be recovered from these

oil resource deposits located in Alabama, Indiana, Kentucky, Michigan, Ohio,

and Tennessee. These deposits are located in close proximity to oil

refineries, distribution facilities and markets, and water supplies which

allows them to be more easily processed. 1

Oil shale contains organic material (primarily kerogen) and a small

amount of bitumen. The kerogen is a polymer of high molecular weight

containing on average several saturated rings with hydrocarbon chains having

an occasional isolated carbon-carbon double bond and also containing oxygen

and small amounts of nitrogen and sulfur. The sulfur in oil shale is in both

organic and inorganic form. The inorganic sulfur is present primary as

pyrite. The organic sulfur occurs in C-S-C bonding in which the carbon atoms

may be either unsaturated or saturated. This three-atom grouping may be part

of either acyclic or cyclic systems. Some of the sulfur groups in oil shale

are thiols, disulfides, and thiophenes. 2-4

Because of the promising results obtained in the microbial desulfuriza-

tion of coal, that is, >90% removal of inorganic and organic sulfur, microbial

desulfurization of oil shale may be feasible. 5-7

Microbial denitrification of oil shale may also be feasible. Researchers

have reported that microorganisms can remove heterocyclic nitrogen compounds

from shale oils. 8

This present research has been directed toward:

• Evaluating cultures developed at IGT that are able to remove sulfur from

coal and model organic compounds for their ability to remove the sulfur
from oil shale

• Evaluating the cultures developed a_ OSU for their ability to remove

sulfur and/or nitrogen from oil shale

• Evaluating the chemolithotrophic organism, Thiobacillus ferrooxidans,

which is able to remove the pyritic sulfur from coal for its ability to
remove the sulfur from oil shale°

• Developing cultures at IGT that have the ability to remove nitrogen from
oil shale

• Determining bioreactor process conditions, that is, examining the

physical and chemical characteristics of oil shale slurries in the

bioreactor on the efficiencies and rates of microbial removal of organic

sulfur and nitrogen from oil shale.
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Technical Discussion

E__xperimenta[ Equipment and Test Procedures

Desulfurization Cultures

IGTS7 and IGTS8 were isolated firom coal bioreactors in which coal served

as the only available source o[ sulfur. IGTS7 was a mixed culture and IGTS8

was a pure culture of Rhodococcus rhodochrous isolated from IGTS7. These

cultures were maintained in a nutrient broth (Difco) or on nutrient agar

plates (Difco, Inc., Detroit, MI) at 30°C0

IGTSTM was isolated frore an oil shale bioreactor at IGT in which oll

shale (4 weight percent) served as the only available source of sulfur. The

culture was ma_ntained on nutrient agar plates at 30°C.

Sixteen pure cultures isolated from oi]. shale enrlchment:s in which the

oil shale served as tl_e only available source off sulfur were obtained from

Dr. R. Pfister, at OSU. These were maintained on nutrient agar slants at

30°C.

Thiobacillus ferrooxidans ATCC 23270 was obtained from the American Type......................

Culture Collection and maintained in a Thiobacillus medium. 9

Denitrification Cultures

A mixed culture (IGTDI) was isolated at IGT from oil shale enrichments ii_

which the shale served as the only available nitrogen source in a nitrogen-

free atmosphe_e. These cultures were maintained in a salts medium (composi

tion 17 g KH2PO4; 26.5 g Na2HP04; 0.8 g Na2SO4; 0.15 g yeast extract and l ml
of a filter-sterilized solution of pyridine; per liter of distil led water),

pH 7 at ambient temperature. To ensure the absence of nitrogen, the culture

was purged with C02:02:He (2:20:78), closed with butyl rubber stoppers and
crimped seared.

Mixed cultures isolated from sewage sludge in which pyridine (0.].% v/v)

served as a source of nitrogen were also obtained from Dr. Pfister. These

- cultures we_e maintained in the salts medium described above in an atmosphere

free of nitrogen.

= Oil Shale

Bene[iciated oii shale (Indiana New Albany, particle size 40 Mm) was used

in this study. The oil shale was obtained from MRI. Ultimate analyses of the

_: sample are given in Table 3-42.

Desulfurization Studies

Shake Flask Experiments. For examining the ability of IGTSTM, IGTS8, and

o the cultures from OSU to remove the sulfur from oil shale, the cultures were

pregrown for several days to late logarithmic phase at 30°C on a rotary shaker

(140 rpm). The cells were grown in a basal salts medium (composition 4 g

K2HPO4; 4 g Na2HPO4; 1.4 g Na2SO4; 2 g NH4Cl; 0_2 g MgCl 2, 0.00] g CaCl 2, and

:: 0.001 g FeC] 3 per liter), pH 6.8, containing glucose (15 mM) as the carbono
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Table 3-42. ULTIMATE ANALYSES OF RAW AND BENEFICIATED

INDIANA NEW ALBANY OIL SHALE

Shale Type _ Raw Beneficlated

Ultimate, % dry

Car bol_ 13.98 27.42

Hydrogen I.60 2.79

Nitrogen 0.59 O. 97

Sulfur 3.43 2.65

Sil icon -- 19.3

source for IGTS7M and cultures from OSU and glycerol (!%) as the carbon source

for IGTS8 (500 ml irl 1 liter flasks). The cells were harvested and washed

several times to remove residual sulfur. After harvesting and washing, the

cells were concentrated and added to sterilized (salts medium 121°C,

15 minutes and oil shale 121°C, 90 minutes) 4 weight percent oil shale

' slurries (50 ml in 250 ml flasks) with glucose (15 mM) as the carbon source at

a final concentration of 108 cell/ml. Cells were periodically added to

maintain the concentration in the control and sample flasks at 108 cells/ml.

The control condition was: autc)claved oil shale + glucose + autoclaved cells,

and the sample condition was autoclaved oil shale + glucose + cells. In thls

study, the pH and microbial growth were monitored.L

: For sulfur chemical analysis from oil shale, 1-gram portions were removed

from the sample and control flasks. To facilitate the separation by centri-

fugation of the cells from the oil shale, the cells were killed by heating.

After separation, tl]e oil shale samples were dried in an oven at I03°C.

Sulfur-by-type analyses and silicon determinations were done on the samples

and controls and the sulfur by type to Si ratios compared to determine sulfur

removal. To determine if the organic sulfur was removed, sulfur-by-type

chemical analyses were per[ormed on oil shale/cell samples that had been

treated with heat (90°C/I0 rain) and alkaline (i N NaOH solution) to solubilize

the pro[ein. After treatment, the oil shale alkaline solution was

centrifuged, the solid oil shale washed and dried in an oven at i03°C and

submitted for sulfur-by-type analyses.

For examining the ability of [[I..ferrooxidans to remove the sulfur from

oil shale, the culture was pregrown for i week to a cell concentration of

i0II cell/ml. They were grown in 6-1iter flasks containing 4 liters of a salt

medium (composition 1.22 g NH4CI; 0.i g KCI; 0.5 g K2HPO4; 0.4 g MgCI2; and
0.01 g Ca(NO3) 2 per liter of deionized water) pH 2.6 (adjusted with a i0 N
solution of HCf) at ambient temperature. The flasks were aerated and

rotameters were used to control air flow rates. The air flow rate was

maintained at about 860 ml/min. After I week, the cells were harvested as

described by Silverman I0 and added to sterilized (salts medium 121°C,

15 minutes and oil shale 121°C, 90 minutes) 4 weight percent oi] shale

slurries (i00 mi/250 ml flask). The cells were added at a final concentration

of 108 cell/ml to controls and samples. The sample conditions were: oil

shale + medium (pH 2.6) + cells, and oi] shale and deionized water (pH 2.6) +

cells. The control conditions were: oil shale + medium (pH 2.6), oil shale +

deionized water (pH 2.6), medium (pH 2.6) alone, deionized water (pH 2.6)
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alone, medium (pH 2,6) + cells and delonlzed water(pH 2.6) cells. Samples and

controls were grown at ambient temperature on a rotary shaker (150 cpm). The

pH of t'.hesamples and _ont_ols were monitored periodically.

Trlpl]cate oil shale samples and cont_'ols were anaiyzed for sulfur

removal. Sulfur by type analysis was performed on l-gram portlons of oil

shale thaL had been washed and dried in an oven at I03°C.

Denitrification Studies

Shake [,'lraSkExperiments. For" examining the ability of ]GTD] and OSU's

cultures Lo remove nitrogen from oil shale, the cultures were pregrown ]n tile

salts medium described in tile Den ltriflcation Culture section in a N-free

atmosphere. They were gr'own at ambient temperature on a rotary shaker

(140 rpt,). After growth, the cells were harvested, washed several times Lo

remove resldual nitrogen, concentrated and added to sterilized (salts medium

12]°C, 15 minutes and oil shale 121°C, 90 minutes) 4 weight percent oil shale

slurries (I00 ml in 160 ml serum bottles) wit)] glucose (15 niM) as the caLbbn

source at a flnal concer_trat]on of 106 cell/ml in a N-free atmosphere.

Samples and controls flasks were incubated at ambient temperature on a Lotary

shaker (150 rpm). The control condition was autoclaved oll shale + glucose +

autoclaved ce].]s and the sample condition was autoclaved oi] shale + glucose

cells. ]n this study microbial growth and protein concentration were
monl toted.

Triplicate oil shale _ampies and controls were analyze d for nitrogen

transformation. For nitrogen Chemical analysis, ].-gram portions of oil shale

were removed, washed and dried in an oven at I03°C. For determining nitrogen

removal, the oil shale/cell samples were treated with heat (90°C/I0 min) and

alkaline (I N NaOH solution) to solubilize the protein. After treatment, the

oil. shale alkaline so]ut]on was centrifuged, the solid oil shale washed and

dried in an oven at I03°C and submitted for nitrogen chemical analyses

St imu]atJon___]nhibltion Shake Flask Experiments

For examin]t_g the stimulation or inhibition of various oil shale concen-

trations on the growth of IGTS7, the cultu_',_ was pregrown, and the cells
harvested and washed as described in Lhc Desulfurization Studies section.

After washing, the cells were concentrated (final concentration in flasks

]06 cells/ml) and added to 4, 8, 12, 20 and 50 weight percent oil shale

slurries (50 ml in 250 ml flasks) with and without glucose as the carbon

source. Glucose (15 mM)was added weekly to tile samples. Control flasks

contained the oil shale with glucose and no culture. Microbial growth and pH

were monltol;ed weekly.

Settlirlq and Mlxinq Characteristics Ex]_)eriments

For determining the settling characteristics of oll shale slurries, batch

settling tests without agitation were performed and analyzed based on a method

by Kynch as descL_ibed by Badger and Ban(hero (1955). ],]. The change ]n height

of the inteL-face which is the solld-liquid interface between the oil shale and

clear liquid, with time was monitored. The settling chacacteristics of

4 weight percent oil shale slur_'ies prepared in either deion]zed water or

phosphate buffer, and 8 and ]2 weight percent oil shale slurries prepared in_

deionized water and 4% oil shale sluri'ies with cells wei._edetermined.
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A__qitation Studies

One-llter L'eactors with 8 cm magnetic spinners were used. These reactor's

were placed on magnetic stirrers and different rates of agitation were

obtained by adjusting the speed control. The different speeds were determined

with a tachometer. For an accurate speed, an average of ten L'eadings with the
tachometer was take_l.

Fo_: examinlng the effect of differer, t _'ates of agitation, the uniformity

of shale particle concentration at different levels in the bioreactor was

determined. The reactors were 12.5 cm high, and samples were taken at 0 cre,

6.25 cre, and 12.5 cm levels. Oil shale samples were L'emoved at these

different levels and the wet weight of the shale pellet was determined and

compared to a standard curve to determine the slurry concentration at the

different levels. A standard curve of slurry concentration versus the wet

weight of the shale pellet was constructed (Figure 3-88). Wet pellet weights

for different slurry concentrations ranging from 2 to 20 weight percent were

obtained in triplicate by centrifuging 25 ml samples at 14,000 rpm for i0 min.

Sulfur Bioassay.

[['hebioassay was performed as described by Kilbane etal. (1989).7

Protein Assay

For determining the pLotein concentration in the oil shale s]hrrles, the

slurries were centrifuged to separate the supernatant, which may contain cells

and the solid oil shale/cell residue. The liquid and solid residue were

separately heated at 90°C/I0 minutes in a i N NaOH solution to solubilize the

protein. After treatment, the liquid and solid residue were centrifuged again

to remove either cellular debris or oil shale cellular debris, respectively.

A protein assay, as described by Pierce, was performed on the two liquid
12

samples to determine total p coteln concentration in the oii shale slurries.

Discussion

Desulfurization Studies

Shake Flask Experimer, ts with IGTSS, IGTS7, and OSU's Mixed Culture.

IGTSS, IGTSTM, and the sixteen cultures mixed together from OSU were examined

for their ability to remove sulfur from _]astern oil shale. The individual

cultures were added to a 4 weight percent oil shale slurry (50 ml in 250 ml

flasks) with glucose at a final concentration of 108 cell/ml. .This cell

concentration was ma%ntained by periodically adding cultures to the shale.

Chemical analyses of the sulfur content of the oli shale after 14 days

incubation :indicated a 24% sulfur reduction in the presence of IG'PS8 and the

mixed culture from OSU and 17% in the presence of IGTSTM. At 30 days, in the

presence of all the cultures, sulfur was reduced by 31% (Table 3--43).

To determine which sulfur species was being removed, sulfur by type anal-

yses were per£.. _ed on the oil shale samples grown in the presence of IGTS7M

and the mixed culture from OSU. Sulfur-by-type analyses indicated there was a

loss in pyritic sulfur and an increase in organic sulfur (Table 3-44). At

Day 14 ar,d Day 30, in t):"_.presence of IGTS7M, there was a reduction in the
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pyritic content by 46% and 78%, respectively, and an increase in the organic

of 100% and 60%, respectively° At Day 14 and 30, in the presence of the mixed

culture from OSU, there was a reduction in the pyritic c]ontent of 36% and 50%,

r_spectlvely and an increase in the organic of 33% and 7%j respectively

(Table 3144). The data suggest that the organisms were removing the pyritic

sulfur for their growth and utilizing it for their organic sulfur needs. The

data further suggest that pyritic .gulfur removal was increasing with time. It

may be that if the oll shale samples were incubated for a longer period of

time in the presence of the microbial cultUre, the remaining pyritic sulfur

could be transformed by the cells and then the cells may possibly utillzethe

organic sulfur present in the oll _hale. To test this hypothesis, IGTS7M was

incubated for an additional 30 days, so that the total incubation was 63 days.

At Day 63, there was a reduction in pyritic sulfur of 83% and an increase In

organic sulfur to 74%, confirming the transformation of the pyritic sulfur

into cellular organic sulfur, however, the data does not. indicate that there

was further removal of the pyt'Itic sulfur oz" removal of the organic sulfur

(Table 3-45). Maximal pyritic sulfur removal may have been reached at Day 30

because [he reduction in pyritic sulfur was similar a£ Days 30 and 63, 78% and

83%, respectively°

To deteL'mine if the oL'ganic sulfur from oll shale was removed, the solid

oll shale/cell residues from Day 63 were treated With heat (90°C/I0 mln) and

alkaline (i N NaOH solution) to solubillze the protein. The oll shale

alkaline solution was then centrifuged, the oll shale separated, washed to

remove cellular debris and suSm[tted for sulfur analysis. Chemical analysis

of the oil sl%ale indicated that pyritic sulfur from the oil shale was utilized

by the cells and transformed into cellular sulfur compounds. There was a

reduction In the pyritic sulfur by 83%. However, based upon these results it

does not appear that ti_e oL_ganisms were utilizing the organic sulfur because

there was no significant change in the organic sulfur:silicon ratio with time

(Table 3-46).

Shake Flask Experiments With Thiobacillus ferrooxidans. _.P:..ferrooxidans

ATCC 23270 was examined for. its ability to remove the sulfur from Eastern oil

shale. The culture was added to a 4 weight percent oil shale slurry (i00 ml

;in 250 ml flask) at a final concentration of 108 cell/ml. Chemical analysis

of the sulfur content of the oll shale at Day 42 (in the presence of the salts

medium) indicated a 46% reduction, whereas in the absence of the organism,

total sulfur reduction was 25% (Table 3-47). Analyses of sulfur-by-type

indicated there was greater pyritic sulfur removal in the presence of T.

ferrooxidans, that is, 85% than in the absence of the culture in which there

was only a 43% reduction.

Other _:esearchers have reported that microbial pyritic oxidation can be

• inhibited by the salts present in the nutrient medium. 6 Therefore, sulfur

reduction by T. ferrooxidans was examined in the presence and absence of

nutrients. The salts did not affect microbial pyrite oxidation. Microbial

pyrite removal was similar in the presence and absence of the salts

(Table 3-4'7). The microbial sulfur reduction, that is, 49% total sulfur

observed in the presence of the acidic delonlzed water solution indicated that

the T. ferrooxidans can obtain all the nutrients required for its growth from
the o'il shale. The cost of nutrients is thus e]iminated.
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.'l'able 3-46. SULFUR REMOVAl., FROM O15 SHALE iN !PHI_IPRESENCE OI_' IGTS7M

Da z_.O_ ............ Da_, ,.63_....................................

Sulfur SSS_p__cies Control and Samp__ Contt'ol _amp_lg___ %S Removal

'l_otal S_Sillcon 0,143±0,006 0,130±0,006 0,061+-0,007 53

Organic S:Silicon 0,034±0,009 0,0.3710,005 0,036±0,003 3

Pyritic S_Sllicon 0,099±0.01 0,082±0.01 0.014']:0,005 B3

Su].fate _S I1icon 0.0 i0i'0 0.010±0 0,010'±0 0

Compat'Jng the sulfur' removal by heterotrophlc and chemollthotrophlc

cultures, the heterotrophle cultures were able to t'emove more of the pyrltlc

sulfur (78%) Iri a shorter incubation period (30 days) than the chemolltho"

trophlc culture (44% in 42 days). However, for a process, the chemolitho-

trophlc organlsm may be more feasible, _h_s culture does not need any added

nutrients besides th_ oli shale for growth, whereas, the heterotrophiO

cultures needed the added mineral nutrients and a carbon source for their

growth,

IDenltri f Icatlon Studies

Shake l;'laskExperiments Wlth IGT and OSU Denltrify![]q C.ultures. IGTDI

and a m_xed culture from OSU, which was isolated from sewage sludge were

examined for their ability to remove the nitrogen from Eastern ell shale. 'l'he

cells were added to 4 weight percent oil shale slurries (i00 ml in 160 ml

serum bottles) with glucose (1.5 mM) as the carbon source at a final

concentration of 106 cell/ml In a N-free atm osphe['e.

The cells may be utl]Izlng the nitrogen from the ell shale for their

growth and transforming the nitrogen into cellular protein. [['odetermine if

the cells were transforming the nitrogen from the oi]. shale to cellular

protein, protein analyses were performed on the oli shale slurries. In

addition to protell, analysis, plate counts on nutrient agar were performed to

monitor bacterlai growth. There was an Increase in bacterial cell counts and

protein concentration in the ell shale slurries with the denltrlfing cultuLt, s

indicating t_at the organisms were transforming the nitrogen from the oil

. shale into cellular protein (Figures 3-89 and 3-90). Cell counts of ell

shale/culture samples on nutrient agar indicated that n_axlmum growth was

reached within 48 hours (Figure 3-89). Corresponding to the increase in

bacterial growth was the increase ill protein Cell concentrations

(Figure 3--90). Whereas, the increase in bacterial growth and protein

concent.r,at lorl was observed for the ell shale/culture samples, there was no

growth or no increase in protein concentration irl the controls Indicating they

remained sterl]e (Figure 3-90).

Based upon nitrogen analyses of ell shale and cell samples a_d protein

concentration determinations, 59% of the nitrogen from the oil shale was

transformed to protein in the presence of the OSU microbial culture at Day 7

and 42% was transformed in the presence of the IGT mioroblal culture at Day 7

(Table 3-48).
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To confirm that the nitrogen was transformed into cellular protein, that

.is, removed from the oil shale and Utilized by the bacteria, the oil shale/

cell sampleswere treated with heat/alkali to remove the cells. Chemical

analyses of the treated 7-day oil shale samples indicated that 50% of the

nitrogen was removed and utilized by the OSU mixed culture for cellular

protein synthesis and 49% of the nitrogen was removed and utilized by IGTDI_

for cellular protein synthesis (Table 3-49).

Stimulation/Inhibition Shake Flask studies

The stimulation or inhibition of various oil shale concentrations on

microbial growth was examined. The growth of IGTS7 in 4 to 50 weight percent

oil shale concentrations with and without glucose was monitored by plate

counts on nutrient agar. IGTS7 was capable of growing in oil shale concen-

trations of 4 to 50 weight percent and using oil shale as the sole source of

sulfur (Figure 3-91). The ce].l growth.increase in the 4 to 20 weight percent

oil shale concentrations was 10-fold. By Day 185 in a 4 weight percent
slurry, .cell growth increased from an initial 2 _ 106 to 4 X 107 cell/ml. By

Day 18, in an 8 weight percent slurry, cell growth increased from an initial
2 X 106 to 6 X 107 cell/ml. By Day 18, in 12 and 20 weight percent slurry,

cell growth increased from an initial 2 X 106 to 8 X 107 cell/ml. Faster

growth was initially observed at the 50 weight percent oil[ shale concentration

compared to the 4 to 20 weight percent, however, growth decreased more rapidly

at the 50 weight percent than at the Other concentrations. Growth began to

decrease at about Day 20 in the 20 weight percent slurry whereas in the 4 to

20 weight percent slurries growth began to decrease after 24 days

(Figure 3-91).

The addition of glucose to the oil shale slurry stimulated microbial

growth. Without glucose, the organisms were not growing but just maintaining

themselves. The cell growth increased from 2 X ]06 cell/ml to 8 X 106 cell/ml

by Day 24 without glucose whereas with glucose the cell growth increased from
an initial 2 X 106 cell/ml to 8 X 107 cell/ml by 24 days (Figure 3-92).

Settlinq and Mixlnq Characteristic Studies

For the efficient operation of an oil shale bioreactor, the shale

particles and microbes should remain suspended in the bioreactor. After the

slurry leaves the bioreactor, however, it is desirable to have rapid settling

of the shale particles to facilitate the separation of microbial cells_

Settling characteristics can be influenced by several parameters that include

the concentration and particle size distribution of the oil shale,

: modification of the particle surface, by the adhesion of the microbial cells,
{

and growth medium components°

Batch settling tests without agitation were performed on oil shale

- samples to determine the effect of oil shale concentration, microbial adhesion

to the oil shale_ and growth medium components on the settling characteris-

tics. The test was performed by measuring the change in height of the

.interface which is the solid-liquid interface between the oil shale and clear

liquid with time.

The _ett]ing of 4, 8 and 12 weight percent oil shale s]urries prepared in

deionized water was compared to determine the effect of concentration on
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settling. Concentration changes the settling charaaterl.gtlas of the oll

shale, z[_icreasing the oll shale concentration resulted in slower settling of

the slurry (Figure 3-93).

To determine the effect of microbial adhesion to the oil shale on the

settling, a 4 weight percent oll shale slurry froth the bioreaator that was

incubated with IGTS7 for 49 days and a 4 weight percent slurry from the

bioreactor that had riot been inoculated with IGTS7 were compared. There was

no interface observed in the presence of the miorobial culture, whereas in the

absence of the culture, an interface was observed (Figure 3-94)_ '['heabsence

of an interface In the slurry from the bloreactor suggests there was minimal

to no settling of the oil shale in the bJoreactor. This is desirable for

efficient microbial desulfurization of oil shale. A stable suspension,

however, is undesirable for the post-_bioreactor separation operation. A batch

settling test without agitation was performed on an effluent from the

bioreactor containing a 4 weight percent oil shale slurry inoculated with

IGTS7 and on an effluent from the bioreaator containing xlo culture. A

distinct interface was observed in the effluent from the bioreactor containing

no culture whereas it was not observed in tI_e effluent from the oil shale

bloreactor containing the cu.[ture. _I'heeffluent from the' bloreaator

containing tile cul_:ure was brownish in appearance. This color was attributed

to the very fine particles of shale in suspension. The shale remained

suspended probably because of microbial association. Microscopic observations

revealed that the cells were adhering to the fine particles.

Tlle settling of a 4 weight percent oil shale slurry prepaL_ed in deionlzed

water and phosphate buffer were compared to determine the effect cir growth

medium components on settling. Settling did take place in the slurry prepared

with deionized Water and phosphate buffer. A distinct interface was observed

in the slurry prepared in deionized water; however, for the slurry prepared in

a phosphate buffer, no interface was observed. Coalescence took place which

was attributed to settling. These observations suggest that growth medium

components affect the settling. From these data, Jt can be suggested that in

a mlcrobJal process, concentrated oil shale slurries can be prepared in.an

ionic medium where the microbes arid oil shale remain suspended for efficient

removal of sul_ur and nitrogen.

A_.qitat io_ St ur31es

The rate of agitation in a hloreactor has to be balanced to ensure that

the microbes arid the solid particles remain suspended, that adequate oxygen
and nutrient transfer is achieved and that no excessive shear forces are

generated to avoid abrasive destruction of the microbial cells or further

reduction of the shale particle size. In this study, the effect of different

rates of agitation (62, 170, 240, 300 and 350 rpm) on the uniformity of the

shale particle concentration at different levels in the bioreactor and on cell

growth was examined. To determine if sett].ing was occurring in the bio-

reactor, wet pellet weights of oll shale samples from three different levels

in the bioreactor were obtained and compared to a standard curve to determine

slurry conce1_trations at the dJffererlt levels (refer to Figure 3-88).

There _as no settling of oil _hale at: the various agitation rates;

however, the agitation rates affected cell growth. At lower rates of

" agitation (62 arid i'/0 rpm) the increase in cell growth after 4 days was less

22 0
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than that obtained at lilgher rates o£ agitation (240, 300 and 350 rpm), 't'he

lower rates of agitation may not allow adequate oxyge n and nutrient transfer
and, th_refo._e miorobla] growth did not Inorease aL the lower oompared Lo

higher rates of agitation,' At an agltat_on rate of 62 L'pm, cell growth

Increased about 50-fold (fz:om 1,36 X 105 to '/,0 X 106 ) and at an ag[tatlon

rate of. 1'10 rpm cell growtl_ _noreased about i00-[old (from 1,36 X 105 to 1,0 ×
10'/). At tile higher rates of agitations oe]l growth increased 1000-fold (from

105 to i0 B) (!Pab]e 3-50).

[?o_lc 1 u S .[oil

The _teS,uILs of the work conducted in thi.u task suggest that a mlcroblal

system can be developed ]or the remova] of sull:'ur and'n:ltrogen from oil shale.

l.'uture work Is needed In the following at'eas be]ore a mtcrobtai system

can have commercial app!tcation.

• Improving the rates and amounts of desulfurization arld denitrlflcatlon.

Identi_y b]oreactor conditions that will Improve mloroblal
de s u I [ u r i z a t t o n and de n I t r i tf i ca t I oil.

• lder;t i[y process;es that will e[fecttvely separate tile oil shal.e f!rc)m the
ce I.I.-_,

• ]mpr<,ve Lhc set. tlirtg (,'haracterlst cs of the oil shale al!teL" lt ]eaves tlse
l'eaCt_)l' ,
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APPENDIX A. An Analytical Method for Determinatlon

of Forms of Sulfur in Oil Shale
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AN ANALYTICAL METHOD FOR DETERMINATION

OF FORMS OF SULFUR IN OIL SHALE

A.I. Introduction

The determination of the various forms of sulfur in coal and shale is

among the most important analytical parameters used to characterize a

sample. The distribution of sulfate, pyritic, and organic forms of sulfur is

a measure of its quality and, furthermore, an indication of the potential

quality that is attainable after beneficiation. Many decisions must be made

based on this information. Yet the methods that are available to obtain such

information can often be difficult, tedious, expensive, subject to errors, and

open to criticism.

The forms of sulfur in coal are determined by ASTM method D-2492 and

total sulfur by ASTM method D-3177 (ASTM, 1986). These methods are the

standards against which, ultimately, all other methods are compared. In

D-2492, the initial step consists of extracting a sample of coal with boiling
dilute HCl to dissolve the sulfates. The sulfate is then leached out as

barium sulfate and determined gravimetrically. In the second step, the
residue from the HCf extraction is leached with nitric acid to dissolve the

,

pyrite The extract is then analyzed for total iron by titration or by atomic

absorption spectrophotometry and pyritic sulfur is calculated assuring the 1:2

stoichiometry of FeS 2. The organic sulfur is then determined by the differ-
ence between the total sulfur (determined using the D-3177 method with

instrumental techniques, such as LECO analyzer) and the sulfate and pyritic

sulfur. There may be some drawbacks in this method. This method, however, is

used all over the world for determination of sulfur forms in coal.

A.2. Determination of Sulfur Forms in Oil Shale

The ASTM Method described for determination of sulfur forms in coal

cannot be used for oil shales because: i) In the initial step of extracting

coal with boiling HCf to dissolve sulfates, there is no guarantee that all the

non-pyritic iron forms are completely dissolved while none of the pyrite is

solubilized, 2) The extent of sulfide sulfur in oil shale may be appreciable.

Since D-2492 method does not involve the determination of sulfide sulfur,

because it is present in coal in trace quantities, the sulfide sulfur may

considerably affect the results, and 3) The basic assumption that the

determination of iron can be used as a measure of the pyritic sulfur, is not

. valid. In addition to pyrites, iron in shale is present in other forms.

In view of these factors, it became necessary to develop a method to
determine the forms of sulfur in oil shale.

A.3. B@ackground

The sulfur in shale is known to occur as sulfate, monosulfide, disulfide

and organical sulfur. The abundance of sulfate in oil shale is generally low

(less than 4% of the total sulfur), although occurrences of monosulfides

[pyrrhotite (Fe(l _,S) and wurtzite (ZnS)] and disulfides [pyrite (cubic FeS 2)

and marcasite (orthorhombic FeS2) ] have been reported. Between 50% to 90% of
the sulfur in most of the Eastern oil shales is believed to be in the form of

pyrites, with the balance occurring as organically bound sulfur and sulfates

A3
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and sulfides. Sulfur containing organic compounds include thiophenes,

benzothiophenes and polycyclic thiols.

Many analytical schemes have been reported in the literature for

quantifying sulfur-by-type. Irl one scheme, (Stanfield et al. 1951)

essentially the same as the ASTM procedure for determination of sulfur forms

in coal, total sulfur is determined by Eschka fusion. Acid-soluble sulfates

are dissolved with hydrochloric acid and pyritic sulfur is quantified by

oxidation with nitric acid and subsequent determination of solubilized iron.

Organic sulfur concentrations are determined by difference. Monosulfide

sulfur is not separately determined. Furthermore, there is no collection of
the sulfur associated with various forms which is believed to be a critical

requirement for any geochemical study. The major drawbacks in this technique,
are as follows:

i. Ti_ere is some debate regarding the effectiveness of nitric acid in

removing pyritic sulfur without removing some organically bound sulfur,

and

2. Pyritic sulfur is generally overestimated if non-pyritic iron is released

during the nitric acid oxidatlon.

The second procedure (Smith et al. 1964) uses perchloric acid to dissolve

acid-soluble sulfates. Pyritic sulfur is determined by a lithium aluminum

hydride (LAH) reduction technique. Organic sulfur is determined by difference

or by an Eschka fusion of the residue from the LAH reduction. Monosulfide

sulfur is not determined. The LAH technique, although commonly used in the

analysis of other sedimentary materials, is not very useful because i) the

reagent can be explosive, 2) yields for LAH reduction for pure pyrites a_e

low, 3) the concentrations of monosulfide sulfur can be slgnificant,

therefore, neglect of this sulfur form may not be justified, and 4) this

method requires a particle size smaller tl_an -400 mesh for quantitative

recovery of pyritic sulfur. _

A.4. IIT's Scheme

IIT's scheme is essentially an extension of the method developed by

Turtle et al. (1986) for determination of sulfur forms in Green River oil

shale resids, fiT's scheme is designed to sequentially collect and

volumetrically determine the sulfur species present in shale (Figure A-l).
- The sulfur associated with monosulfide and acid-soluble minerals is removed

first by treatment of the sample with hydrochloric acid in an inert

atmosphere. Monosulfide minerals evolve H2S when treated with HCf and, hence,
are referred to as acid-volatile sulfides. In the second step, disulfide

sulfur bourJd in pyrites and marcasite is removed. These minerals do not

decompose during HCf treatment, so disulfides can be easily separated from the

monosulfide minerals. In this procedure, IIT used chromium (II) to reduce the

disulfides to H2S, which is then collected as CdS.

In ti_e last step, the organically-bound sulfur is determined as the total

sulfur remaining after removal of sulfatic, acid-volatile and disulfide

sulfurs, either by fusion with an Eschka mixture or by a LECO analyzer.
=

4
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J SAMPLE i

I sulfide sulfur
HCI TREATMENT

filtrate _'-""'-_' _'_._. residue

REDUCING AGENT+ pyritic CrCI 2+ HCI

Acid Soluble

sulfate sulfur FILTR T

,ou_1 t_,L ]
LECO OR ESCHKA _.sca_rd

MIXTURE

o_auic sulfur

Figure A-I. FLOWCHART OF OUR METHOD OF DETERMINATION OF

SULFUR FORMS IN OIL SHALES
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Two Eastern oil shale samples, Indiana New Albany and Kentucky New

Albany, were used for developing and testing the analytical scheme, Unlike

Green River oll shale samples used by Turtle et al. (1986), these samples have
high pyrlt_c sulfur concentration (3% to 5%). The samples were ground to

particle size of less than 400 mesh, to ensure the liberation of pyrites from

the organic matrix. A sample weight of 0,5 gm was used because of the high
concentration of total sulfur.

Figure A-2 shows a schematic of the apparatus used for the analysis, lt

consists of a Jones Reductor (Skoog and West, 1976), which contains

amalgamated zinc for reduction of chromium (III) to chromium (II), and a H2S

apparatus. The H2S generated in the reaction :flask passes through an aqueous
wash solution buffered to a pH 4.0 via a condenser and is then as CdS by

passage through a neu.tral solution of CdSO 4. The reaction flask is a 200-ml
capacity three-neck round bottom flask (RB), SN 24/40 equipped with a magnetic

q

bar, stirrer and a heating mantle.

I. Reagents: Concentrated HCI: 2 N or l_igher.

2. Ama].gamated Zinc: Dissolve 3.25 g Of HgC].2 in 75 ml water and 2 to
3 ml of collc. HCf. Add glasswool to the bottom of the funnel. Add zinc dust

to columrl C ,lbout half fu][. Pour HgCI.2 solution over the column and drain
oht the liquid. [['his is amalgamated zinc,

3. Chromic Chloride (CrCI3.6H20): Dissolve 133 g of CrCI 3 in 0.I N HCf
(500 mi[ solution). Pour about 75 ml over the amalgamated zinc and open the

valve. Throw away first i0 ml. The solution col.or should change from bright

green to deep blue. If color does not cilange to deep blue, throw away the

solution arid .start again. [['henattach the funnel to reaction vessel and start

nit.roger, supply, lt is very important to maintain an inert atmosphere

througho[it, the preparation of chromic chloride solution. Oxygen interferes

with the reaction, therefore the system should be constantly purged with

either high purity nitrogen, helium or argon gas. The chromium (II) solution

is very unstable in air and should be prepared every few days.

4. CdSO 4 Solution: Dissolve 4.5 g of 3CdSO4.SH20 in 125 ml of double
distilled water.. Mix 100 ml of HI (SG 1.7, methoxyl grade), 75 ml of

hypophosphorous acid (150%), and 150 ml of formic acid (90%). Boil with a

stream of nitrogen flowing through the solution for about I0 minutes gently

after the temperature has reached I15°C. This a reducing mixture.

A.5. Sulfur Separation Procedure

Accurately we.igh about 0.5 g of shale samp].e and introduce it into the

reaction flask (Figure A-2). Since most of the Eastern oil shales contain

iron (III), it: is suggested tk{at about 2 g of SnCI 2 be added with the

sample. Si_Cl2 reduces iron (III) to iron (II) and in no way affects the
sulfur determir_at ion.

Wet Lhe shale with either high--purity ethyl alcohol or acetone. Connect

the apparatt]s and flush it for 5 minutes with high-purity grade nitrogen.

Slowly ir,troduce about 20 to 30 ml of concentrated HCl from column C into the

reaction flask. Deareate the acid beforel]and by passage of pure nitrogen

through it. Establish a low flow of nitrogen through the whole system arid
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e-Chromic chloride
B k C

i Am_lqamated Zinc
Conc. HC1 ->

Figure A-2. SCHEMATIC DIAGRAM OF THE APPARATUS USED FOR THE ANALYSIS
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allow the reaction to proceed at room temperature for 15 minutes. Heat slowly

until the solution just begins to boll, reduce the heat and continue the reac-

tion until ti_e CdS is coagulated and no 11S is detected when a paper wetted

with silver nitrate solution is held in t_e gas stream issuing from the

buffer. DisconneCt the apparatus, filter off the residual solids, wash it

with water, dry it, and save the filtrate fo_" the sulfate sulfur determlnatlon.

A.6. [_eterm]nation of Sulfide Sulfur

The H2S evolved by tl]e reaction of shale with concentrated HCi is

absorbed in the neutral solution of CdSO 4 according to the reaction

CdSO i + H2S <=> CdS + H2SO 4

The CdS forms a deep yellow precipitate. Both gravimetric as well as

volumetric methods can be used to determine the sulfide sulfur. However, IIT

found the volumetric method tO be easier with better reproducibility. The

H2SO 4 formed ]n the above reaction was titrated against 0.i N NaOH solution
using methyl red indicator at a pH of 5.25.

H2SO 4 + 2 NaOH <=> Na2SO 4 + 2H20

The sulfide sulfur can then be determined using the following formula:

Ssulfid e = (ml of NaOH X No_matity of NaOH X 1,6033)/samp]e weight (A-l)

The factor 1.6033 in Equation A-] is from stoichiometry, If the sample

contains elemental sulfur, it is detected along with the sulflde sulfur.

Therefore, in order to determine the elemental sulfur, the Shale sample should

be leached with aceLone prior to analysis of any sulfur forms.

A.7. Determination of Sulfate Sulfur

lIT followed the procedure of Johnson and Nishita (]952) to determine the

sulfate sulfur in shale, fr, this method, take the filtrate from the sulfide

separation that contains acid-soluble sulfur. Add 4 ml of reducing mixture.

Boil and reflux with nitrogen. This reducing mixture converts sulfate ions

into sulfide ions. Absorb the resulting H2S gas irl CdSO 4 as before and

titrate the H2SO 4 with 0.i N NaOH to determine sulfatic sulfur using
Equation A-].

= A.8. Determination of PyL_itic Sulfur

Take the residue front sulfide filtration and wet it with about 5 ml of

ethanol. Connect the apparatus and flush with nitrogen. Add about 1 g of

SnCI 2 to prevent interference from Fe 3+ ions present in the shale. Pour about

40 to 50 ml of concentrated HCf and add CfC12 drop by drop till the entire
solution in the flask turns deep blue. Stir the contents of the reaction

_ flask with the help of a magnetic bar. First, allow the reaction to proceed

at room temperature for about i0 minutes and then slowly heat until the

solution starts boiling; let the solution boil for 20 to 30 minutes Allow

the contents of the reaction flask to cool, filter the adsorbent, titrate the

: H2SO 4 formed with 0.1 N NaOH and ca].culate the pyritic sulfur content using
= Equation A-l.
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A,9, Determination of Organic Sulfur

Filter the contents of the reaction flask after determination of pyritic

sulfur. Throw out the filtrate, wash the residue with water and dry it to be

used for o_ganic sulfur analysis. The organlo sulfur can now be determined by

two techniques, either Eschka fusion or LECO Analyzer. (II.T used a LECO

analyzer. )

A.10. Dete_mlnation of Total Sulfur

Total sulfur in shale can be determined by either fusing the sample with

an Eschka mixture or by a [,ECO analyzer irl the same way described for organic

sulfur analysis.

Stota I = Spyrlti c _ Ssulfid e + Selementa I + Ssulfat e + Sorganlc

A.II. Results

After establishing the applicability of this method for calibrated

samples, such as a standard sulfur solution in pyridine, a sodium sulfide

solution and pyrites, spiked in diatomaceous earth, IIT analyzed two shale

samples. The calibration results w lth all these samples were found quite

reproducible (after considerable trial and error).

A well-charactez'ized Kentucky New Albany oll shale sample was then used

tO establish the applicability of this method. This sample was analyzed for

sulfur forms at IGT's Analytical Laboratory by a M_ssbauer spectroscopy

technique, A comparison of results obtained by th.ls method and by using a

M_Sssbauer spectroscopy is given in Table A-I.

Table A-I. COMPARISON OF ANALYSIS RESULTS FOR KY-NA SHALE

Sulfur Form M_Sssbauer Spectrosqo_py Present Method

Sulfide + Elemental ' 0.09 0.07

Sulfate 0.45 0.78

Pyr Jtic 4.31 4. i0+_0.21

Organic 0.77 0.75

Total 5,47 5.47

a The organic sulfur was not determined by difference, therefore,

the total of all the sulfur forms does not add up to the value
determined for the total sulfur.

b The sulfate sulfur shown by the lit method is higher, because

the pyrites in the shale were oxidized during storage, since

both tests were not conducted at the same time,

=
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1lT used this method e×tenslvely for determining pyritlc,, sulfur, because

this sulfur form was of primary interest. Tests with Indlana New Albany shale

sllowed a pytite content of 3.27%, wl_lle IGT reported a value for this sample
of. 3.3%.

A.1,2. Discussion
i

This. procedure i:.o_: detel:mtnation of sulfur forms [n shale is simple, easy

to operate and rapid wl_en compared with the conventional method. The main

idea behltld this technique came from the Dr, Chausak Chaven of the Illinois

State Geological Survey.
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APPENDIX B, Measurement of Cohesive ForCe Between

Fine Particles Using a Colletester
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MEASURI_M_]N[['OF COHESIVE FORCE B_TWE]_N

FINE PARTICSES USING A COH_I,_]_STER

B,I, ]nt roduLtt ion

Fine part,lcles belonging to Geldart Group "C" are very difficult to

fluidlze, These particles are characterized by their cohesive behavior, Both

coal and shale need to be ground fine to an average particle size of 5 _m for

liberation of mineral inclusions from the organic matrix, At this particle

size, fiT's electrofluldized bed could not be used because of the cohesive

nature of the particles,

The principal factor beI%'ind the cohesive behavior of fine particle is the

. inter particle force. 'Pl]Isforce may be either van der Waals force or

electrostat._c force, or may be a combination Of both, In the case of oil

shale, where particles are very cohesive, these interpartlcle forces are

probably electrostatic in nature,' Since kerogen in the shale acquires a

positive charge and mineral matter charges negatively, the attractio'n between ..

oppositely charged particles probably results in agglomeration,

B.2. Instrument Desor ipt ion

A cohetester was used for the measurement of cohesive force or

agglomeration tendency of powders. This instrument was manufactured by the

Hosokawa Micron Corporation of Japan, This ins£rument mainly consists of 3

units as shown iii Figure B-l: Main unit, Operational Amplifier, and ×-Y
Recorder.

Operational
Packing , I amplifier

Looating-- _

,,iooo """ IT-mI --i
I_LuLI I I

! ' - 1
1 /Differential transforme r X I

r ....I" ..... ._

×- Y recor(lor
Movable half-oell Fixed Imlf-cell

F:igure B.-I., SCHEMA]lC DIAGRAM OF COHETESTEtt
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'1'hemall, unit consists o£ a motor seotlon for pulling the cell, a

suspended cell section, and,tile l_ouslng, Also housed in the 111alnunit aL'e'a

strain gauge for meast!rement of, stress and a linear voltage dlfferentlal

transformer (LVD'.t_) foe measut'Ing powdel: displacement.

'l'heope_'atlonal ampl_Ifle[' consists of a stL'a.tn amplifier, displacement

nlete__ arld a signal processor, The funct._on of the slgnal processor Is to

indicate the actual load to the powder layer by subtract lon of blank load,

Blank load In determlnecl by pulling the movable cell without any powder _nto

it, _l,he output of the operational amplifier Is' connected to a X-Y recorder

where the x ooordlnal;e Js the displacement and the y c_oordlnate denotes the

tensile strength, The meastlrlng cell consists of 2 secEions, one in fixed

while the ethel' one is movable, The inside diameter of the cell is 50 mm and

it has a depth o[! 20 mll_,

B,3. 'l_estProce_iiure

A blat_k test is conducted to tune the amplifier and other instrument

settings to check warping of plates, level of the machine, etc. 'l'liecell is

filled with the known weight of a specimen powder. Norma].ly, between 15 to

30 g oi powder', depending upon pat'tlcle density, Is enough, The specimen is

then plac¢gd ui_deL"pi:essure (with compactlofl weights), and the powder layer ).s

allowed tc, stabilize in order to adjust to a constant porosity of the powder

bed. q'be [Jo_'oslty of the powder layer" is calculated from the equation

us = Wp/ppV (B-l)

Where Wp In tl]e weight of the powder _llled, p. is the particle de,nsity and V
is the powder" volume, which is fixed, _l'hlsvolume has been measured at the

factory before shipment of tile instrument,

Circe the powder bed .is stabilized, compaction weight and cell extension

tubes are removed. The motor is then tu_'ned on and tile movable cell Is

released by slowly tu_,ning the secur.ing knob, The motor s•_.arts pulling the

movable celIL. At some displacement, the powder layer is broken, and a peal< is

observecl ii-,the X-Y recorder. The height of this peak is pL-oportlonal tc) tile

tensile strength,

B. ,I, Rest,Its

[_' [ 9 [.ii [" e B-2 shows the tensile strength as a function of solids volume

[ractlon icL" flour and oil shale partlcles. The cohesive force or tensile

strength Inc['eases with increase in solid volume fraction. The ell shale

particles show a higher cohesive force than the flour,

Figure B-3 shows tile tensile sCrength as a function of solids volume
[ractlon [o[ raw and berlef_clated ell shales, The results show that the

cohesive force :is higher for the beneflciated shale than for the raw shale

under identical conditlol_s. Recent measureme_Lts made by Miss R, Bezbarauh on

other beneflclated shales iri_dlcate that cohesive force between finely ground

shale particle increases with an increase in kerogen content.
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B. 5. Dlsou_ion_ ....

rl"l_eool_e_Ive F.orc_ measured by thls In_trument strongly depends upon tl_e

room temperature, humidity and the sur[aoe moisture oi the powder. In order

to obta.[n reproduclble resul.ts, vibrations In surrounding area must be

mlnlmlzed.
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