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EXECUTIVE SUMMARY

The Mineral Resources Institute at the University of Alabama, along with

investigators from the University of Pittsburgh and the University of Nevada-

Reno, have conducted a research program on the beneficiation of Eastern oil

shales. The program was supported by a contract from the Department of Energy

(DE-AC21-87MCII089) through a subcontract from the Institute of Gas Technology

(SI-14063).

The objective of the research program was to evaluate and adapt those new

and emerging technologies that have the potential to improve the economics of

recovering oil from Eastern oil shales. The technologies evaluated in this

program can be grouped into three areas: fine grinding, kerogen/mineral

matter separation, and waste treatment and disposal.

Four subtasks were defined in the area of fine grinding. They were as

follows: Ultrasonic Grinding, Pressure Cycle Comminution, Stirred Ball Mill

Grinding, and Grinding Circuit Optimization. The planned ultrasonic grinding

research was terminated when the company that had contracted to do the

research failed.

Pressure cycle comminution is a novel process in which rock is confined

in a fluid-filled vessel, the fluid is pressurized, then subjected to a near-

instantaneous pressure release. The rapid pressure release creates a tensile

force (high internal pressure) on the rock. Under the proper conditions this

tensile force can be great enough to cause shattering of the rock.

Researchers at the University of Nevada-Reno evaluated the applicability of

this process to Eastern oil shales.

A microcomputer-based digital control strategy was developed to control

pressure rise time, hold time, and pressure release time. Extensive testing
under controlled conditions indicated that --

i. Surface energy modifiers increase the amount of fines generated when

grinding shale at comparable energyuse

2. Multiple pressure release cycles have a positive effect on oll shale

breakage

3. The pressure cycle technology cannot be used as a stand alone method for

the ultimate fine grinding of oil shale

4. The technology may be advantageous as a precursor to conventional

grinding technology.

Stirred ball milling is a well-developed technology for specialty

applications that is beginning to find application in mineral processing.

Evaluation of this technology was performed by the University of Alabama

research team. Research was conducted using a 4._liter Netzsch mill equipped

with a "John option" agitator and instrumented to provide constant digital

power draw readout.

Operating variables evaluated in the investigation of stirred ball mill

grinding included feed size, pulp density (feed percent solids), feed rate,
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media size, percent of mill volume occupied by media (percent filling), and

rotor speed. Tests we_:e pelformed in a continuous mode on both Alabama and

Indiana oil shales. The size distribution of the mill produced was monitored

with a SILAS model/715 Granulometer.

The results showed that the mill was most efficient at 80% to 90% media

filling with pulp densities of approximately 50%. Within the range of test

conditions, finer sized media required less energy per ton of _hale ground to

any specific size than did coarser-sized media. Slow rotor speeds generally

resulted in lower energy consumption and media wear, but also reduced the mill.

capacity.

Detailed analyses of test data sI_owed that stirred ball milling follows

Charles law and the concept of self-preserving size distributions. It was

also shown that stirred ball mills require less energy per ton at a given size

product titan do conventional tumbling ball mills.

Research performed in grinding circuit optimization led to major

reductions in the energy consumed in grinding. The key to energy reduction

was in eliminating material from the circuit at the earliest possible time.

lt was found that half of the output of the primary ball mill could be

screened out so as to bypass the first stage of stirred ball milling. Rougher

flotation proved to be successful in producing a "throw away" tailing. Sizing

of the rougher flotation concentrate resulted in further reduction in the

amount of feed to the second (final) stage of stirred ball milling. Thuse an

integrated circuit combining conventional grinding, fine screening, stirred

ball milling, and rougher column flotation results in a net grinding energy

consumption of 48.86 kWh/t of raw feed.

Three technologies for effecting a separation of kerogen from its
associated mineral matter were evaluated: column flotation, the air-sparged

hydrocyclone, and the LICADO process. Column flotation proved to be the most

effective means of making the kerogen/mineral matter separation.

Column flotation tests were performed in a continuous or equilibrium

mode. An initial screening of operating variables showed that air flow rate

was a dominar, t factor with low rates yielding high concentrate grades and high

rates resulting in high kerogen recoveries. In summary, the research

established that the preferred conditions for column flotation were as

follows: low pulp interface level with high feed point addition, 45 ppm

frother concentration, 3% to 5% solids, and a feed rate of 12.5 g/min.

Increased solids in the feed were generally detrimental to the flotation

: response, but that effect could be overcome by increased column height or by'
increased residence time.

Flotation concentrates containing 40 gal/ton (167 L/metric ton) with oil

recoveries of 95% could be achieved in one stage of colump flotation on an

Alabama shale that had been ground to I0 _m. Comparable, but less favorable,

results were obtained with shale samples from Indiana, Michigan, and Kentucky.

" Samples from Tennessee and Ohio responded least favorably, possibly due to

weathering effects on the samples.

Rougher flotation tests performed in conjunction with the grinding

research revealed that an effective separation could be made at a grind of
z
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23 _m. Over 97% of the kerogen was recovered in a concentrate containing

20+ gal/ton (83 L/metric tori).
F

The air-sparged hydrocyclone proved to be ineffective in making a

kerogen/mineral matter separation. Tests over a wide Lange of operating

pressures, air flow rates, pedestal diameters, and fuel oil additions revealed

rlo tendency to se.[ectively float the kerogen.

The LICADO process was evaluated by the University of Pittsburgh research

_eam. Their research showed that the process has potential for beneficiating

oil shales but may require further development to be commercially c_ompetitive.

Tests of finely ground samples showed that it is possible to make

concentrates containing as much as three times the oil content of the raw

shale at oil recoveries of 90%. Unlike coalt oil shales do require surfactant

addition for satisfactory separation. An alcohol, l-Octanol, proved to be
effective.

An investigation of waste treatment and disposal was conducted at the

University of Alabama. Both liquid (water) and solid (tailings) wastes were

investigated. Analysis of wastewaters produced in the beneficiation of the

si:_ shales included in this program showed that the metal content of the water

was directly dependent upon the shale source. Beneficiation of Alabama

shales, for example, resulted in highly acid waters (pH 4.3); yet, Ohio shales

yielded water containing anomalous levels of cadmium and chromium.

ion exchange and sulfide precipitation both proved to be effective in

removing dissolved ions from tailing water. Sulfide precipitation is

particularly interesting because it increases the potential for recovering

metals as a by-product of oil shale operations.

Pozzolanic tests on oil shale tailings revealed that they do not have

pozzolanic properties and cannot be added to concrete. It is known, however,

that raw shale and combusted shale can be used in the production of Portland
cement.

Although this program has resulted in substantial advances in the art of

oil shale beneficiation, further work is recommended. Further reduction in

grinding energy consumption may be achieved through an investigation of

alternative grinding media. Grinding research must also focus on the

auxiliary operations of fine screening and hydrocyclone sizing.

Column flotation has proven to be a very successful separation

technology. Further work must be done to determine the long-term effects of

recycled water use and to select the most efficient commercially available
columns.

No problems are expected in the disposal of oil shale tailings. It is

assumed that the tailings will be placed in a sealed pond and the water

recycled to the plant as is the normal practice. It may be advantageous,

however, to conduct further research on the recovery of metals as by-products

arld to assess the market for tailings as an ingredient in cement making.
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OILSHALEBENEFICIATIONRSS ARCt

 NTROOUC ION

Research at the University of Alaoama (UA) (Hanna, 1981) established the

technical feasibility of beneficlating Eastern (Devonian) oil shales. This

work showed that a combination of fine grinding and froth flotation could

produce r-oncentrates containing ~25 gal/ton (~104 L/metrlc ton) from raw

shales containing ~12 gal/ton (~50.1 L/metric ton). Subsequent research

sponsored by the Department of Energy (Contract No. DE-.AC21-SgMCII089)

established that a synergistic economic effect is realized when the

beneflciation technology developed at the UA is used to pro?ide feedstock for

the hydroretorting technology developed by the Institute of Gas Technology

(IGT). The use of concentrated feedstocks reduced the size (and hence cost)

of the high-pressure hydrogen retorts required to produce a unit volume of oil

by an amount more than sufficient to pay for the cost of beneficiatiOn

(Johnson and Riley, 1988).
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SUBTASK 4.1. GRINDING STUDIES

Grinding iS by far the most energy intensive and the least efficient unit

operation in mlneral beneflclation. Up to 99% of the energy consumed in

grlndiDg the mineral ores is expende_ Ir_ the movement of machinery, the

generation of noise and heat, and undesirable by-products, leaving less than

1% of the applied energy available for size reduction (Herbst, 1981). The low

energy utilization efficiency in grinding operations indicates an enormous

potential for improvement.

There are several reasons for conducting grlndlng research on Eastern oil
shales:

i. Comminution (fine grinding) is tile highest-cost unit operation in the

beneficiation of oil shale.

2. The recovery of oil and the grade of kerOgen in the concentrate largely

j depends on the method and rate of power input to grind the shale; a high-.
grade concentrate obtained by flotation requires grinding the shale to

less than l0 _m (Fahlstrom, 1979).

3. The comminution characteristics of Eastern oil shales are not known;

therefore, it is necessary tO establish the scientific base of

understanding concerning their comminution behavior.

Little attention has been given to fine grin_ing of oll shale, possibly

due to the limited research interest in oll shale processing by physical

beneficiation (Fahlstrom, 1979; Lamont and Hanna, 1983; Misra etal___., 1983).

Moreover, these studies are restricted to conventional devices (ball mills)

with no report of correlation between size reduction and expended energy

except a few (Misra et al., 1983; Misra and Hilleke, 1987) in stirred ball

mills, where the energy requirements for ultra-fine grinding of Kentucky and

Chattanooga shale were determined.

Tl_e objectives of this task were to evaluate three advanced grinding

technologies and to optimize the overall grinding operation. The advanced

technologies were: ult£asonic grinding, pressure cycle comminution, and,

stirred ball mill grinding.

Subtask 4.1.1[. Ultrasonic Grindinq

This subtask was subcontracted to Energy and Minerals Research Company

which had developed an ultrasonic grinding technology. This technology was

presumed to promote intergranular rather hhan transgranular fracture, thereby

promoting liberation at the coarsest possible size. Prior testing on coal had

shown considerable promise. Energy and Mineral Research Company declared

bankruptcy shortly after the contract was awarded and no work was performed.

Subtask 4.].2. Pressure C_c/e Comminution

introduction

The power requirement for the comminution of ores is on the order of

32 bill.ion kWh per year in the United States, which corresponds to 2% of the

2



total electrical energy (Herbst, 198]; DOE, 1978; Lawrison, 1974). Mineral

processing industries rely on Gonventlonal tumbling mills for size reduotion.

Although tumbling mills are tile most important comminution devices, they are

energy intensive and inefficient. In a tumbling mill operation, only 0.6% of

the energy is used for grinding the rest is wasted. Table 4-] shows the

typical distribution of energy for a comminution operation (DOE, 1978;

Lawrlson, 1974).

Table 4.-.1. TUMBLING MILL ENERGY CONSUMPTION

Percent

Bolt Friction 4.3

Gear Losses 8.0

Heat Losses From Drum 6.4

Heat Absorbed by Air Circulation 31.0

Heat Absorbed by Product & Steel 47.6

Unaccounted Energy 2.1
Product Reduction 0.6

In recent years a significant amount of research has been dire6ted to

reduce _he energy demand for comminution by increasing the efficiency and/or

by utilizing process control strategies. Progress has been substantial in the

,reas of process control and simulation, liberation analysis and the study of

large ball mills (Austin et al., 1989; Herbst, 1984; Report TR89-90). However

_t should be emphasized that research i** the area of new grinding processes is
lim!ted.

O__ective

The objective of this research program was to develop an energy-efflcient

comminution technology for oil shale grindinq involving pressure cycle

comminution (Misra et al., ]990; Rao et al., 1990; Rehbinder and

Kalinkosvasky, 1937). The approach involves hydrahlically developing and

propagating microcracks along the grain boundaries where the applied energy

can initiate the fracture with minimum energy.

Background

Recent studies have shown that oil shale can be ground to an extremely

fine size at a moderate energy input if stirred ball mill grinding techniques

are used. Previous work on oil shale grinding are given in Table 4-2 (Misra

and Hilleke, 1987). Conventional ball mill grinding of oil shale to 80% finer

than 20 _m requires a specific energy input in the range of 4'7 to 72 kWh/ton

depending on the types of oil shale used. In contrast, the energy for

grinding oil shale to 80% passing 20 _m in a stirred ball mill is about

26 kWh/ton. Stirred ball milling can reduce the energy demand by at least 50%

compared to conventional ball-mill grinding. Nevertheless, the energy

requirement for ultra-fine grinding is stil.1 high.



Table 4-2, ENERGY-SIZE REDUCTION RELATIONSHIP FOR

DIFFERENT OIL SHALES

Energy Input,

Oil Shale Mill 'i_[p____ kWh/ton __

Colorado

(Mahogany Zone) Rod-Ball Mill 25-45

Michigan

(Antrim) Ball Mill 46
Colorado

(Anvil Point) Ball Mill 72

Kentucky

(Ohio) Ball Mill 46

Kentucky High Speed

(Ohio) Stirred Ball Mill i6

Process Description

The novel pressure-cycle comminution technique uses instantaneous

pressure fluctuation and rapid depressurization to shatter the ore. The

process involves three major steps (Misra et al., 1990; Rao et al., 1990).

i. Loading a liquid filled vessel with oil shale.

. 2. Pressurizing the fluid slowly according to a predetermined rate.

3. Releasing the confined fluid suddenly
d

Initially, pieces of oll shale saturated with air at one atmosphere are

immersed in the fluld in a reservoir and are penetrated by the fluid as it is

pressurized. The fluid is forced into the micro-cavltles of the ore pieces

. and also creates additional fractures and micro-cracks depending 0,% the local

stress. In this way, the internal pressure increases until it is the same as

the external pressure. The sudden release of the confining pressure results

in very high stress gradients in all regimes of the specimen (that is, the

stress differential between the inside and outside), causing the material to

fracture into small particles. For effective fracturing, it is important that

the specimen be saturated with the fluia and that the de-pressurizatlon be

very rapid so that the differential stress will cause the micro-cracks to

fracture the particle. The external stress leads to differential strain

between mineral grains.

Theoretical Considerations

The flow of fluid inside an ore specimen can be approximated by analogy

tO the general equation of heat flow in a solid sphere as follows:

[(d2T) + Id2T[.__ (d2T) k[d_3 1 dT-



where --

t = time

T = temperature

q = heat generated per unit volume

a = thermal diffusivity [thermal conductivity/(speoifio heat X

material density)]

Assuming a uniform sphere with s constant and that the pressure is

analogous to temperature, the above heat conduction equation can be

approximated to --

= { , +2 } (21
o dr z (rdr)

where --

P = pressure

r = radius of the specimen

ao = is the fluid diffusivity and is given by,

{_-} = {_ [8e - 8S + n(Sf - 8S)]} (3)
0

where --

= water viscosity

k = the material permeability

n = material porosity

Be = effective ore compressibility

Bs = solld compressibility of the ore

Bf = water compressibility

The normalized solution is,

r _ .( 2

- 1 + 2 o Z [(-l)'n+l)].........s_n i_q.,_r)_ (-Stq)
P

e (4)P ('.r) n r
O n=l o



Where, 8 = _--- the nornlalized time constant

(ro _o)'

Po = the applied pressure

P = the required pressure at radius r at time t.

From these equations, for a given average ore size with known porosity,

permeability, and compressibility, it is possible to predict the pressure

required at the center of the ore and thus the pressure rise and hold times to
shatter the ore.

Experlmental Procedure

Experimental Setu R

The laboratory setup (Figure 4-1) is composed of a pressure vessel, a

computer-controlled positive displacement fluid reservoir, and transducers and

sensors along with a very fast acting dump valve. The experimental reactor

assembly was built by Terra Tek, Inc. (Salt Lake City). A small motor/adapter

combination controlled by the computer is used to open and close the valve on

command. The setup includes a wattmeter with which the A/D converter can

automatically record the total power consumed in each t_st, including the

losses in the power consumed in each test, losses in the electric motors and

the pump. The pressure vessel is a cylindrical stainless steel chamber

6 inches in diameter and 6 inches in height (15.2 cm in diameter and 15.2 cm

in height). Actuation of the valve is controlled by the computer. The fast-

acting dumping valve was manufactured by the NordBerg Company. Extensive

research and development was directed towards the development of the automatic

control. The experimental setup is divided into two main categories;

mechanical hardware and electrical hardware. The system is designed to be

operated either in manual or automatic control mode.

Results and Discussion

The experimental results presented in this report are divided into two

main parts. One part deals with control strategy development and the other

part deals with the pressure cycle comminution study. As this is a rapid

pressure release system, most of the research efforts were directed towards

controller development.

Controller Desi_H_q

In high-performance hydraulic systems, it is necessary to have an

accurate representation of the systems input-output relationship or transfer

function. In the case of this high pressure comminution system, as the process

is very slow, typically in the 100's of seconds, the transfer function could

be easily determined by measuring the input-output response. Also, since the

high pressure chamber is already connected to the process with electric motor,

water lines, A/D converters, etc. an easy way to find its transfer function

would be to measure the output response for a known output. Using the

computer network analyzer, the system response for the open loop transfer

[Gc(s)] was measured for a step input as shown in Figure 4-2.
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The following assumptions were made.

i. The 12-bit A/D converter used is calibrated to accurately represent the 0

to 100% speed and stroke of the motor.

2. The motor speed is linear over the range of interest.

The input to the system at 50% stroke and 50% speed is given by:

X (t) = 2048'2048u (t) (5)

4194304
x (s) - (6)

S

The response was plotted and was fit to a linear curve given by:

26.1324

Y (s) - 2 (7)
s

It can be easily seen from Misra et al. (1989) that the transfer function

of the system is a first order integrator. With a sampling time of 1 s, the z

transform of the system with zero-order hold is given by,

-4
6.2304 X i0

G (z) : Z-_ (8)

An important factor in designing the compensator for this system, is that

the A/D converter provides data about the last response of the system. Also,

because the sample rate is slow, the response time in this kind of a physical

system will have an inherent delay. As the system is a first order integrator

and from Equation 4 one can see that for successful comminution, input

pressure rise should be exponential or parabolic, hence forcing the controller

to have more zeros than poles so as to have a finite steady state error. A

control algorithm, determined by trial and error, for the system that will

provide a good control of the pressure rise time into tl%e comminution system

is given by,

C(1) = C(-I) + 25e(0) - 37.5e(-i) + 17.2e(-2) - 2.34e(-3) (9)

where --

C(1) is the next output of the compensator

C(-I) is the last output of the compensator

e(O) is the difference between the current and the desired pressure

e(-l) is the error at the last sample

e(-2) is the error at two samples away

e(-3) is the error at three samples away

9



The transfer function of the aompensator for the pressure rise is given by

"l -2 " -3
G (z) 25 - 37.5 z + 17.2 z - 2.34 z: -i (i0)

c 1 - z

However, once the peak value of the pressure has been reached, the transfer

function of the compensator to hold the pressure at this peak value is given

by

-I -2 -3
25 - 3'7.5 z + 17.2 z -2.34 z

G (z) : -I (ll)
C 2(1 - z )

AS mentioned above, the values for the compensator were obtained by trial
anderror and were found to work very well even with different kinds of

inputs, such as ramp, parabolic, etc. Figure 4"3 shows actual pressure rise

curve and the error associated with the ramp and parabolic inputs. Except at

the start, the error is within 8% for both the ramp and parabolic inputs.

Pressure cycle comminution is an emerging potentially energy efficient

concept in grinding. Several interrelated variables control the operation and ,

comminution steps. The variables are divided into two groupst

i. Process variables

Saturation pressure
Pressure rise time

Hold time

Pressure release time

Energy requirements

2. Ore Characteristics

Size (nominal diameter)

Permeability

Porosity

Hardness

Process Control

A typical plot of computer-controlled pressure rise time, hold time and

pressure release time is given in Figure 4-4. The first section of the curve

is the rate of pressurization from atmospheric pressure to the desired

= value. The second section is the hold time at the peak pressure. The third

section of the curve is the pressure release from the maximum pressure to

atmospheric. The pressure release time is a critical aspect of the pressure

release comminution. Faster pressure release will allow rapid breakage. The

release time is limited by the modified dump valve used in the system.

However, calculations showed that the release time is sufficlently fast to

develop fluid expansion inside the rock (at 5000 psi external pressure) and

thus to shatter the particles. The process control has been developed in such

a way that multiple pressure rise and pressure release experiments can be done

on command. A typical plot for multiple cycles with calculated energy

required to achieve pressure size is given in Figure 4-5.

i0
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The confined pressure within the roak can be increased by increaslng the

applied pressure. The nature or wave form by which pressure is increased

deterl, ines the extent of penetration of invading fluids into rock. Three

different wave forms, linear, exponential and parabolic, were tested. The

nature of these wave forms is given in Figures 4--6 through 4-8. Tile results

indicate that the exponential and parabolic pressure rise techniques were more

effective than the linear pressure rise. _his is probably due to the low

permeability and porosity of Eastern oil shales, Table 4-3 illustrates the

energy required to achieve desired pressure in the reactor starting at ambient;

pressure (calculations are based on 50% stroke and 50% speed).

Experiments Wltb Oil Shale

As described in the experimental section, most of the tests were

conducted with Indiana shale. Selected tests were conducted with Alabama

shale. Experiments were conducted as a function of the following variables:

I. Particle Size

2, Saturation pressure

3. Hold time

4. Pressure rise time

5. Pressure cycle

6. Fluid compositions (surface energy modifiers, surfactants)

7. Gas phase compositions (Air and Carbon Dioxide).

Effect of Particle Size

Many experimentswere conducted with different particle size, pressure

rise time, saturation time, saturation pressure and pressure release time.

The results showed that a saturation pressure of 5000 psi (34.6 MPa) (or

more), hold time of 600 s, and minimum pressure release time of 15 to 20 ms

are required to develop some breakage in the shale. It was noticed that due

to the pressure release several layers of shale were removed from the surface

and no catastrophic breakage was noticed. The surfacial breakage was due to

the inherent laminar structure of shale material and low permeability. Irl

each case, at optimum condition (exponential and/or parabolic pressure rise,

5000 psi peak pressure, 600 s hold time, 15 ms release time, one cycle) about

1% to 2% material was removed from the shale. For particle sizes below 1 ,lm,

no significant: breakage was noticed_ The effect of pressure cycle was rather

pronounced on coarse size materials.

Coarse sized Indiana and Alabama oil shales i%aving narrow size range of

30 X ]6 mm were used in all the tests. After pressure treatment, oil shale

samples were ground under a standard condition in a tumbling mill. Grinding

of the wet materials (immediately after removing from the pressure reactor)

showed improved grindability. A material mass balance experiment showed that

less than 0.5% of the fines generated during the pressure release experiments

14
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Table 4-3. ENERGY REQUIRED TO ACHIEVE DESIRED PEAK PRESSUR E

(_xponentlal, Oil Shale i kg)

Energy

Ti Requirements,Peak Pressure, me,

_ psi s watt-h

5000 250 7.14

4000 200 5.69

3000 180 4.43

2000 135 3.29

are entrapped in the valve assembly and less than 1% released along with the

discharged water.

Effect of Pressure CTcles

The effect of several pressure cycles on the b_eakage of Indiana shale is

given in Table 4-4. As described before, due to the inherent nature of

Eastern oil shale, surfacial (or layered) breakage was noticed. To quantify

the effect of pressure Cycle on the surfaclal breakage, standard grinding

tests with treated shale were conducted. The fine materials produced during

pressure cycle experiments were removed by wet screening prior to each

grinding test. The size analysis Of the crushed products was conducted using

a conventional screening technique. After 5 pressure cycles, the amount of

-l.7-mm materials produced was 14.2% as compared to 5.73% without pressure

cycle treatment. Similarly, the fines produced in multiple cycle_ increased

from 0% to 4.3%. The increase in the number of pressure cycles has a positive

effect on fines production.

Table 4-4. EFFECT OF PRESSURE CYCLE ON OIL SHALE COMMINUTION

(30 X 16 mm Feed Size, 5000 psig0 500 s Exponential Rise Time

and 600 s Hold Time)

Cumulative Percent PassinH
" Pressurized

Product Size, ,,m No Pressure C__l_e__l C_vcle 2 _ CCCC_cle 5

-30 i00 i00 i00 I00 i00

-16 72.83 77.81 83.69 88.23 92.23

-8 16.8 18.23 23.50 30.21 36.41

-3.5 6.97 8.30 11.12 14.21 18.5

-1.7 5.73 6.43 9.46 11.23 14.21

Fines (-38 _m removed

before gridlng) 0 <I <I 2.30 4.3

Effect of Surface Energy Modifiers

In the early thirties it was su_l_ested by Rehblnder that certain

chemicals can reduce the cohesive force which holds the discrete particles

together (Rehbinder and Kallnkosvasky, ]937; Austin e_t_al. 1984). This

phenomenon is referred as the [_ehbinder effect. The Rehbinder effect reduces

18



the surface binding energy due to the adsorption of surface active agents at

the cracks and in flaws (Figure 4.-9)! 'iilcre are two kinds of Rehbinder

effects, "the external effect" and "internal effect;," As far as grinding is

concerned tl%e "external effect" is insignificant. The "internal effect,"

which arises due to the penetration and adsorption of additives at the cracks,

is responsible for the decrease in surface energy and the cohesive force.

Some of the chemicals that can be used as ore softeners are chlorides of

sodium and aluminum. Tests showed that tllese reagents have some effect on the

breakage, however, the effect was not significant (Klimpel @t _i., 1978).

This is not surprising because the mill dynamics, fluctuations and the

solution chemistry in the grinding mill can mask the effect of tllese reagents.

If these additives are allowed to penetrate the ore through the cracks and

micro_.oavitles, the surface binding energy can be decreased. A series of

tests were conducted with selected surface energy modifiers. The effect of

surface energy modifiers during the pressure cycle comminution is glvenln

Figure 4-10. Oil shale samples were pretreated wlth sodlum chloride solution

for 24 hours. After 24 hours, the shale was transferred into the pressure

reactor. The reactor pressure was increased in an exponential wave form arld

was kept for 15 minutes at 4300 psi (29.7 MPa). The pressure cycle was

repeated three times, lt was noticed that pressure treatment and surface

energy modifiers enhanced the grlndability. A similar effect was noticed with

aluminum chloride conditioning. It should be mentioned that the surface

energy modifiers alone did not improve grindabillty.

In addition to selected inorganic hardness reducers, three different

surfactants (anionic, cationic and nonlonic) were used in the pretreatment

experiments. In each case, oll shale particles of 30 X 16 mm were treated

with 0,01 M surfactant solutions for 24 hours. After 24 hours, the treated

oll shale was transferred along with the solution into the reactor. A

parabolic pressure rise wave form was used. Oil shale particles were kept at

a saturation pressure of 5000 psi for 600 seconds. After 600 seconds, the

pressure was released. Oil shale particles were removed from the reactor and

the fines (-400 mesh) were removed by washing on a 400-mesh screen. The wet

particles were ground under a standard condition as described before.
Experiments with the oil shale treated with surfactants without pressure

treatment were conducted for comparison purposes. The results (Table 4-5)

show that only the cationic surfactant (low molecular weight amine-

hydrochloride) had some positive effect on the breakage of oll shale. It is

recommended that future research should be continued in this promising area.

Effect of Gas Phase Composition

All the experiments were conducted with sized oil shale samples exposed

to ambient pressure. A few experiments were conducted with CO 2 pressuriza-

tion. It has been demonstrated that CO 2 bcs a specific interaction at the
surface of coal (Miller and Misra, 1985). lt was thought that pressurization

of oii shale with CO 2 (as d,y ice) in the reactor might improve the breakage
kinetics. In this regard, shale particles (i X 2 inch, Alabama shale) were

mixed with dry ice (0.5 kg/kg oil shale) in the reactor and the pressure was

increased to 4790 psi and the peak pressure was maintained for 600 s.

However, the addltion of CO 2 in the reactor created some problems during the
depressurization time. Under normal circumstances the pressure release time

is in the range of 15 to 20 ms. With the addition of CO 2 the pressure release
time was i:ather slow and erratic. This phenomenon is probably due to the

solubility of CO 2 in the fluid phase.

19
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Table 4-5. EFFECT OF SELECTED SURFACTANT ON THE PRESSURE

CYCLE COMMINUTION OF OIL SHALE

(Condition: 0.001 M, 5000 psi, Hold Time 600 s)

Surfactants Remarks

Anionic (Sodium Oleate) No Positive Effect

Nonionic (Igepal 650) No Positive Effect

Cationic (Amine) Improved Grindability

Conclusions

Several process variables such as saturation pressure, pressure rise

time, hold time and pressure release time control surfacial breakage and

fracture of the oil shale. The critical part for the implementation of this

emerging technology is largely dependent upon the process control strategy. A

microcomputer-based digital control strategy has been developed to control the

pressure rise time, hold time and pressure release time. Another aspect of

this process is the implementation of convenient multiple pressure release

cycle along with the incremental power requirement to achieve that operation.

The research conducted during the project period demonstrated that the

pressure cycle technology cannot be used as a stand-alone method for the

ultimate grinding of oil shale. This process can be used as a pretreatment

(or pre-processing) strategy to create enough cracks and fracture in the ore

so that subsequent size reduction can be accomplished. The addition of

surface energy modifiers during the pressurization increased the grindability

of oil shale significantly. Multiple pressure release cycles have a positive

effect on breakage of oil shale. It is recommended that pressure cycle

strategy be used as an adjunct to conventional milling opgration.

Subtask 4.1.3. Stirred Ball Mill Grindinq

Grinding tests on coal have indicated that the stirred ball mill offers

an attractive alternative to conventional ball/rod mills for fine grinding to

micron sizes. In contrast to conventional rod or ball mills, the stilred ball

mill is reported to achieve particle size reduction of mineral materials in a

more energy-efficient way. In conventional ball/rod mill grinding, much of

the size reduction is obtained principally by impact crushing of the mineral

particles. As a result, when grinding to extremely fine sizes, considerable

energy is expended in the balls or rods impacting on each other. The stirred

ball mill operates in a different fashion. The mineral material being

processed is stirred with a charge of small steel or ceramic balls. During

stirring, the mineral matter is trapped in the spaces between the balls, and

is subjected to a combination of compressive and shear forces by the small

balls. A comparison of the grinding action in conventional and stirred ball

mills is shown in Figure 4-11. Estimates indicate that an energy savings of

80% (Stehr et al_, 1985) or more can be achieved by grinding coal in the

stirred ball mill to a size of about 5 _m.

Thus, fine grinding of oil shale in the stirred ball mill offers the

opportunity to substantially reduce the cost of the fine grinding step prior

to concentration by froth flotation. Realization of this opportunity is
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important because effective flotation requires that the shale feed be ground

to about I0 _m. The objective of this subtask was to obtain energy-slze

reduction data on Eastern oil shales and rougher flotation conaentrates, and

to determine the most effiolent .kill operating conditions.

E_quipment

Stirred Ball Mill

An LME-4 Netzsch stirred ball mill was used in the John Option mode.

This consisted of a stationary cylindrical vessel with a net volume of
2.48 liters attached to the drive unit. The stirrer shaft was furnished with

8 annular rows of 4 stirrer pins each. The grinding shell was equipped with

the same type of pins which were radially fastened to the inner wall of the

grinding chamber. Accordingly, stirrer pins plus stationary pins imbedded in

the shell form a rotor-stator type of agitator The grinding chamber was

typically filled with small grinding media (i.i- to 3-mm diameter) to a media

filling of 80% to 90% by volume. The ground suspension discharged through a

screen that was sized to prevent grinding media from leaving the mill. This

device was operated in continuous mode.

Particle Size Analyzer

The particle size analysis was carried out using Marco Scientific Model
No. 715 Granulometer.

Experimental Procedure

Continuous grinding tests were carried out using Eastern oil shales of

varying fineness. The feed stock to the Netzsch mill was prepared using a rod

mill Ill-inches long X 8.25 inches in diameter (27.9 cm long X 20.9 cm in

diameter)] with 27 stainless steel rods [8.75 inch length X 0.6 inch diameter

(22.2 cm long X 1.5 cm in diameter)] each weighing 402 grams. The amount of

shale used was -4 mesh (i000 grams). The grinding was done at 40% solids for

30 minutes. The grinding done at these conditions gave a product which was

approximately --i00 mesh. Figure 4-12 shows the stirred ball mill grinding

setup. The grinding was carried out using stainless steel media of l.l-mm,

2-mm, and 3-mm diameter The degree of media filling was varied between 80%

to 90%, but in most cases kept at an intermediate value of 85%. The rotor

speed was varied between 1200 to 2000 rpm. The slurry feed rate was varied

between'f00 to 1400 mL/min. Slurry percent solids was varied between 33% to
55%.

Raw Shale Grinding Studies

The Netzsch mill was operated at different speeds and the power draw of

the mill was recorded. The data was used in plotting a calibratlon curve for

tare power as shown in Figure 4-13. The linear regression resulting from the

data is also shown in this figure.

Net power was calculated by subtracting the tare power from the total

power observed at steady state. Tare power is calculated from the following

equation:
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Figure 4-12. SCHEMATIC DIAGRAM OF THE NETZSCH LME-4 STIRRED BALL

MILL SETUP FOR CONTINUOUS GRINDING
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Tare Power (watts) = 679.9525 + 0.4624'N (12)

Where N is rotor speed >1200; for N <1200, a value of tare power = 1235 watts
was used.

Slurry density was calculated by assuming a raw shale density of 2.4 g/mL.

The dry shale feed rate was aalculated using the following equation:

Feed rate (t/h) ,= slurry flow rate (mL/min) X slurry density (g pulp/mL)

x fractional solids (_] X 60

_g pulp j 1 X 106

The first series of experiments were carried out with Indiana and Alabama

shales. Both shale feeds were -i00 mesh and tests were made by targeting a

ground product having a d90 of i0 _m. Tables 4-6 and 4-7 llst the energy-size
reduction data obtained at different operating conditions. These results show

that the energy requirements for producing mlcronized shale are quite high.

Table 4-6. CONTINUOUS GRINDING DATA USING 2-mm BEADS FOR INDIANA SHALE

(-150 mesh: dg0 = 51.0 and d50 = 15.4 _m) AT DIFFERENT
OPF_ATING CONDITIONS

Rotor Media Net Specific
Product, Nm

Speed, Filling, Solids, Feed Rate, Power, Energy,

__[R.___ % wt % mL/sin watts kWh/t dg0 d50

1170 80 46 -- 1316 -- 18.9 6.3

1300 80 46 540 2069 101.4 14.8 5.2

1500 80 46 720 3026 110.8 15.8 5.6

1200 80 43 150 1505 295.1 13.9 4.9

1300 80 43 150 2009 393.7 ii.i 4.0

1450 80 43 150 2929 574.3 10.5 3.7

1500 80 43 150 3211 629.6 8.1 3.2

1200 80 43 275 1505 160.1 15.4 5.4

1300 80 43 275 1919 204.] 12.9 4.5

1450 80 43 275 2599 287.1 11.5 4.0

1500 80 43 275 3086 328.3 ii 4 3.9

1200 85 45 250 1645 ].80.8 13.9 4.9

1300 85 45 250 2099 230.5 11.7 4.2

1450 85 45 300 2879 264.1 10.9 3.8

1500 85 45 300 3226 296.0 10.8 3.9

The next series of tests were conducted using a coarser shale feed,

Feedstock for these tests was prepared by grinding -I0 mesh Indiana shale in a

rod mill for 15 minutes to achieve -65 mesh feed. The stirred milling tests

were conducted using 2-mm beads. Table 4-8 lists the energy-size reduction

data for this series of tests. In these tests, energy requirements are also

very high possibly because of three reasons: first, low percent solids,

second, coarse feed size, and third because of lower media filling.

J
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Table 4-'7. CONTINUOUS GRINDING DATA USING 2-mm BEADS FOR ALABAMA SHALE

(-100 mesh: d90 =.84,0 and d50 = 23.9 _m) AT DIFFERENT OPERATING
CONDITIONS AT SLURRY DENSITY OF 45% SOLIDS

Roto_ Media Product, _In_

Speed, Filling, Feed Rate, Net Power, Specific Energy, d9r_/_pm___ % mL/min watts kWh/t _____0 d50

1350 85a 240 291] 334.5 11.8 4.4

1400 85 275 3173 317.2 10.3 3.7

1450 85 275 3499 349.9 9.9 3.5

1500 85 275 3786 378.6 9,8 3.5

1550 85 275 4153 415.3 9,4 3.4

]..600 85 275 4450 445.0 9.2 3.4

1350 83 b 150 2246 408.2 11,6 4.1

1400 83 170 2473 398.7 Ii.i 4.0

1450 83 200 2829 3875 10.6 3.7

1500 83 205 3026 403.5 10.5 3.7

1550 83 215 3243 415.8 10.4 3.6

1600 83 215 3590 460.2 i0.i 3.5

1200 87 c 300 1885 172.9 13.8 5.1

1300 87 300 2264 207..6 11.3 4.2

1400 87 300 2873 263.5 10.8 3.9

1500 87 300 3576 328.1 10.2 3.7

1550 87 300 3853 353.5 I0.I 3.6

1600 87 300 4310 395.4 i0.0 3.6

1600 8'7 200 4240 580.8 9 8 3.6

1600 87 450 4130 251.8 11.2 3.8

1600 87 120 4230 961.4 9o6 3.6

a Void Volume = 1265 cc.

b Void Volume = 1245 cc.

c Void Volume = 1180 ct.

Table 4--8. EXPERIMENTAL CONDITIONS AND RESULTS FOR THE LME-4 NETZSCH MILL*

OPEN-CIRCUIT TESTS WITH INDIANA OIL S_ALE FEED**

Rotor Specific

Test Speed, Feed Rate, New Power, Energy, Residence Product, _m
d 9 d 5NO. rpm m_L_min watts _kW!_/t ._ Time L mln 0 0

1 1300 500 1895 160.6 2.5 15.5 5.7

2 1400 350 2648 320.5 3.6 12.0 4.6

3 1500 300 3554 502.1 4.2 10.7 4.0

4 1.600 300 4757 671.9 4.] 10.2 3.8

5 1500 200 3783 801.6 6.3 10.5 4.3

Mill charged with 2-mm beads at 81.7% loading, void volume = 1264 ct.

Feed -65 mesh, 32% solids by weight having d90 = 96.0 and d50 =.25.4 _m.
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In another series of experiments, coarse feed shale was ground at 85%

media filllng using higher slurry solids content (44% to 48%), These data are

listed in Table 4-9. Again, the magnitude of energy requirements is i_igh.
b

Table 4-9. EXPERIMENTAL CONDITIONS AND RESULTS FOR THE LME-4 NETZSCH MILL

OPEN-CIRCUIT TESTS WITH INDIANA Oil, SHALE FEED USING 2-mm BEADS

AT 85% MEDIA FILLING

Rotor Feed Net Specific Feed, _Jm_ P__roduct, pm
Test Speed, Rate, Solids, Power, Energy, d d
No. _rm_r_ mi_/min wt % watts kWh/t 90 d50 d g0__O_ 5___9_0

I 1300 400 44.5 2449 169.6 198.4 62.1 11.7 4.3

2 1400 400 44.5 3123 216.2 198.4 62.1 Ii.3 4.2

3 1500 400 44.5 3773 261.3 198o4 62.1 10.9 3.9

4 1600 400 44.5 4600 i 318 6 198.4 62.1 10.6 3.7

5 1600 250 44.5 46].0 510.9 198.4 62.1 9.1 3.4

6 1300 600 47.1 2268 97.0 96.4 16.9 14.3 5.2

7 1400 600 47.1 2973 127.1 96.4 16.9 13.5 4.9

8 1500 600 47.1 3796 162.4 96.4 16.9 12.5 4.6

9 1600 600 47.1 4830 206.6 96.4 16.9 11.9 4.3

10 1300 325 49.1 2358 175.8 205.5 81.8 11.5 4.2

ii 1400 325 49.1 3117 232.4 205.5 81 8 11..0 3.9

12 1500 325 49.1 3856 287.5 205.5 81.8 10.7 3.8

13 1600 325 49.1 4760 354.9 205.5 8]..8 10.4 3.7

14 1300 525 49.1 _ 2].79 100.5 205 5 81.8 13.7 4.8

15 1400 525 49.] 2793 128.9 295.5 81.8 12.6 4.6

In previous tests, energy requirements were found to be high. This

result was attributed to the rotor speed. Therefore, it was thought that if

the rpm could be kept low and other variables changed parametrically, then a

reduced energy requirement may result.

Therefore, grinding tests were carried out using -65 mesh Indiana shale

and -I00 mesh Alabama shale at an agitator speed of 1130 rpm. The energy size

reduction data are shown In Table 4-10. It was interesting to note that high

slurry density and high mill feed rate at lower agitator rpm lead to lower

energy requirements.

The tests conducted thus far were aimed at producing a product having d90
of I0 pm in one pass. The data indicate that this could be accomplished, but

with relatively high energy requlrem_nts. Therefore, it was decided to

determine the energy requirements to produce a product having d90 in the
vicinity of 20 pm using 3-mm steel beads. A series of tests was conducted

using Alabama shale at high slurry density (56% solids) and low agitator speed

(1130 rpm) by varying feed rate in the range of i000 to 2000 mL/min.

Table 4-11 lists the energy-size reduction data obtained in these tests. A

product having dg0 of 20.1 pm required 83.6 kWh/t (Sample i), whereas, a

product having d90 of 25.3 required only 37.8 kWh/t (Sample 8). This

reduction in specific energy gave an indication of a two step beneficiation

route where shale could be ground to a product size of dg0 = 25 pm suitable
for rougher flotation and subsequently rougher flotation concentrate could be

reground to achieve a feed having d90 = i0 _m suitable for cleaner flotation.
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'['ab.Lm 4-]+0. EXPI]IRIMENTAL CONDITIONS AND RESUI.,TS Li'OR '£HE

5ME-4 NETZSCH MILL OPEN-CIRCUI'I' TESTS

(l_oto[' Speed : 1.1.30 rpl,, 85% Media Filling, 2-mm Steel[ Beads)

Feed Net Specific __ v__ee_d__L_m PvoducLL. Jmile__
Shale t_ate0 l?owet , l_.nergy, d d d
'.t,_e._ m_F.ufmLn wat ,. •kWh/t , 90 50 d90 ____0

Indiana 375 45]', 282.3 199.7 61,4 10.l 3.8

(50,25% 600 3945 154.2 199,7 61,4 12.1 4,7

solids) 800 3725 ]09.2 199.7 61.4 13,4 5,0

-65 mesh i000 3565 83,6 199.7 61.4 13.9 5.]

1100 3335 71,5 199.7 61.4 14.8 5.4

Alabama 500 3525 ]49+0 135.7 23,1 1.1,9 4.8

(53.81:% 700 3305 100,4 135.7 23.1 13.3 5.1

solids) 800 3245 86.2 135,7 23.1 13.9 5.3

-i00 mesh I000 3215 68,3 135.7 23,1 15,6 5.9

Table 4-11. EXPERIMENTAL CONDITIONS AND RESULTS FOR rI'HELME-4 NETZSCH MILL

OPEN-CIRCUIT TESTS FOR THE ALABAMA SHALE AT 55.9% SOLIDS

(Rotor Speed = 1130 rpm, 85% Media Filling, 3-mm Steel Beads)

Speclflc Feed _._/__. Product u_]!"!

Sample Feed Rate, Net Power, Energy, d90 d dN_,. mL/mln watts __k_Wh/t__ 50 90 d50

J i000 4166 83.6 115.7 27.6 20.1 6.9

2 1200 4015 67.1 11.5.7 27.6 21 .4 7+4

3 1400 4001 57.3 115.7 27.6 22.4 7.7

4 1450 3905 54.0 115.7 27.6 22.5 7.8

5 1600 3895 48,8 115.7 27.6 23.3 8.1

6 1700 3875 45.7 ].].5.7 27.6 23.5 8.2

7 1800 3845 42.B 115.7 27.6 24.1 8.6

8 2000 3765 37.8 115.7 27.6 25.3 8,8

In order to compare the energy e£ficiency of 2-mm beads wlth 3-mm beads,

-65 mesh Alabama shale feed was ground separately with 2-mm and 3-mm beads at

identical rotor speed (1140 rpm) and media filling (85%). The results of this

comparative, study are shown in Tables 4-].2 and 4113. True comparison of the

efficiency of 2-mm arid 3-mm beads in terms of energy saving and mill capaolty

ca+, orJly be done at identical product size distributions. However, in the

absence of such data, the comparison can be done at identical dg0 and ds0
product size.

Cons Jder lng a comparison at identical d90 of 2]+.9 lJl,(compare rf'est3 of
Table 4-12 with ']'est4 of Table 4-13), the specific energy is reduced from

62.2 to 40.0 kWh/t when using finer size media, also the mill capacity is

increased by 41,6% (1700 m[,/mir_ as compared with 1200 mL/m:[n). Similarly,

considering a comparison at identical d50 of 7.5 _m (compare Test 2 of
Table 4.-12 and [['est2 of Table 4-13), the specific energy is reduced from

69.1 to 50.4 kWh/t when using finer size med_a and the mi[l capacity is

increased by 18.2% (1300 m[,/mlrl as compared w:tth 1100 mI+,/min),
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Table 4-12. EXPeRIMeNTAL CONDITIONS AND RESULTS FOR THE LME-4 NETZSCH MILS

OPEN-CIRCUIT TESTS FOR THE ALABAMA SHALE (Rotor Speed = 1140 rpm,

85% Media Filling, 3-mm Steel Beads, 52% Solids)
.

Specific

Sample Feed Rate, Net Power, Energy, _'eed, _m + Produ__

No. _ ....mL/mln _ watts .... kW__t +d9____0_0o.d50 d90 d50

1 1000 3465 77.4 133.6 67.1 21.0 7.3

2 1100 3405 69'.1 133.6 67.1 21.7 7.5

3 1200 3340 62.2 133.6 67.1 21.9 7.7

4 1200 3265 60.8 133.6 67.1 22.6 7.9

_' 5 1750 3287 42.0 133.6 67.1 26,0 9.4

6 2500 3345 29.9 133.6 67.] 33.6 11.8

Table 4-13. EXPERIMENTAL CONDITIONS AND RESULTS FOR THE LME-4 NETZSCH MILL

OPEN-CIRCUIT TESTS FOR THE ALABANLA SHALE (Rotor Speed = 1140 rpm,

85% Media Filling, 2-mm Steel Beads, 52% Solids)

Specific _,@ed_L__l_m_ Product, _m
Sample Feed Rate, Net Power, Energy, d
No. mL/mln ..... watts __kWh/t. dg0 ____52 d90 d50

1 1100 2945 59.8 133.6 67.1 17.5 6.7
2 1300 2935 50.4 133,6 67.1 20.0 7.5

3 1.500 2905 42.4 133.6 67.1 21.2 8.0

4 1700 3045 40.0 133.6 67.1 21.9 8.3

The higher efficiency of 2-mm beads compared with 3-mm beads can also be

demonstrated by utilizing Charles relationship. If one plots the size

reduction data for Alabama shale as shown in Figure 4-14, for 2-mm beads and

3-mm beads, by using specific energy and product median values, it is clear

that to produce a given product median size, 2-mm beads require less specific

energy input than 3-mm beads. Another interesting feature of this plot is

that stirred ball milling data can be normalized.

Up to this point the tests were conducted with a view to lowering energy

requirements by keeping rotor speed at its lowest level. This is because the

mill power draw is proportional to the third power of mill speed (Sepulveda,

1981). This results in lower energy consumption but also reduces the mill

capacity. This is because, at lower agitator speed, mill throughput should be

low enough to yield reasonable resldencetlme for particle breakage.

Alternatively, mill throughput can be increased, but agitator spe'ed must be

increased proportionately to offset the decrease in residence time.

In fine grindlng, +the objective is to minimize energy requirements by

maintaining a high mill capacity for a specific product size. The critical

task, therefore, is to determine the optimum combination of rotor speed and

feed rate to achieve the objective. In order to determine which one, whether

high or low rotor speed, will be more energy efficlent, tests were conducted

at high (1300) and low (1150) rpm. At high rpm (1300), the mill feed rate was
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Figure 4-14. ENERGY SIZE REDUCTION RELA_'IONSHIP FOR STIRRED
BALL MILLING OF ALABAMA SHALE DEMONSTRATING THE CONCEPT

OF ENF_GY NORMALIZABILITY
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varied in the range of 1000 to 2100 mL/min. The results (Table 4-14) show

that energy requirements at 1300 _pm can be reduced from 72.7 to 31.6 kWh/t by

increasing feed rate from i000 to 2100 mL/mln maintaining the desired a

product d90 (~20 _m).

Table 4-]4. _XP_/RIMEN_'AL CONDITIONS AND RESULTS FOR TH_ LME-4 N_TZSCH MILL

OPEN-CIRCUIT TESTS FOR TH_ ALABAMA SHALE (85% Media Filling,

2-mm Beads, 52% Solids, d90 :_ 171.0 and d50 = 62.7 _m)

Rotor Net Specifla Product, Nm_
sample Speed, Feed Rate, Power, Energy, Pressure

No. r___ __mL/min watts kWh__ d90 d50 bar

1 1150 2000 2535 28.3 27.2 10.4 0.5

2 1150 1800 2395 29.'I 23.3 9.2 0.5

3 1300 1999 3479 77.'7 16.8 6.7 0.7

4 1.300 1200 3469 64.5 18.7 7.2 0.7

5 1300 1400 3399 54.2 19.7 7.4 0.6

6 1300 1600 3344 46.7 20.0 7.6 0.6

7 1300 1800 3219 39.9 20.4 7.7 0.6

8 1300 2000 3069 34.3 21.8 8.4 0.6

9 1300 2100 2969 31.6 21.9 8.5 0.5

At low rotor speed (1150 rpm) two experiments were performed (Tests i and

2), which indicate that at this rpm, a feed rate lower than 1800 mL/min had to

be maintained to achieve the targeted l_roduct size, and it was likely that

energy requirement would be higher than 31 to 56 kWh/t (on the basis of

observed trend in specific energy values of Tests 1 and 2).

Rougher Concentrate Regrlnding Studies

Alabama shale rougher flotation concentrate from column flotation tests

was used to collect energy-size reduction data for regrinding in the range of

dg0 = 10 _m. The primary objective was to determine the efficiency of 2-mm
beads versus l.l-mm beads. The rougher concentrate measuring density of

2.14 g/mL, and having a d90 = 26.9 and d50 = 10.2 wm was ground at 85% media
loadiog and 53% solids. The data are listed in Tables 4-15 and 4-16. By

comparing the efficiency of 2-mm beads versus l.l-mm beads, on the basis of

equal throughput, specific energy input (-50 kWh/t), l.l-mm beads are more

energy efficient because they produce finer products (compare Test 3 of

Table 4-15 with Test 1 of Table 4-16). Similarly, by comparing the efficiency

at almost equal product size, l.l-mm beads are superior to 2-mm beads in terms

of lesser specific energy input and higher throughput (compare Test 1 of

Table 4-15 with Test 3 of Table 4-16)

Grlndability Comparison

The Charles equation (Charles, 1957) is an empirical relation often used

to correlate energy input with some characteristic size of the particle

distribution obtained by coarse grinding. For ultra-fine grinding, the median

size (d50) is an appropriate representative size because of the significant
amount of fines present. For conventional or coarse grinding, the coarse end
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Table 4-15. EXPERIMENTAL CONDITIONS AND REGRINDING RESULTS FOR THE LME-4

NETZSCH MILL OPEN-CIRCUIT TESTS FOR THE ALABAMA SHALE ROUGHER CONCENTRATE

(2-mm Beads, 85% Media Loading, 53% Solids Having Shale Density of

2.14 g/mL, d90 = 26.9 al_d d50 = 10.2 tlm)

Rotor Feed Net Specific
Product, [Im_m

Test Speed, Rate, Power, Energy, d

1 1160 475 1675 79.6 12.6 5.1

2 1160 600 1725 64.9 13.4 5.4

3 ].160 800 1775 50.1 14.] 5.6

4 1160 _ i000 2025 46.7 14.0 5.7

5 1300 1000 3149 71.1 13.1 5.3

6 1500 1000 4746 ].07.1 11.8 4.9

Table 4-.16. EXPERIMENTAL CONDITIONS AND REGRINDING RESULTS FOR THE LME-4

NETZSCH MILL OPEN-CIRCUIT TESTS FOR THE ALABAMA SHALE ROUGHER CONCENTRATE

(l.l-mm Beads, 85% Media Loading, 53% Solids Having Shale Density of

2.14 g/mL, d90 = 26.9 and d50 = 10.2 Bm)

Rotor Feed Net Specifio "
Product, Bm _

Test Speed, Rate, Power, Energy,

No__z__. rpm c_ watts kWh/t d90 d__550

1 1160 800 1'755 49.5 12.7 5.5

2 1300 600 2879 108.3 11.4 4.8

3 1300 i000 2689 60.'7 12.5 5.2

4 1500 I000 4366 98.6 11.5 4.8

(de0) is appropriate, if the representative size is taken to be the median

s_ze (d50), the modified Charles equation is of the form:

-_ - d5 "'Y) (13)= A(d50,p 0,f

where --

= Energy input to the mill (kWh/t)

A, y = Constants

d50,p 50% passing size or median size of the product (Bm)

d50,f = 50% passing size or median size of the feed (pm)

For comparing the energy utilization among different oll shales, because

these shales had a dlfferent feed size and the product size was not much finer

-Y << -¥
than feed size, the approximation made in Equation 13, where d50,f d50,p
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is no longer valid. Hence Equation 13 was used in its original form, A

logarithmic transformation of this equation yields:

log E = log A + log (d50,p-¥ _ d50, f-Y) (14)

If this form of the modified Charles equation is app£opriate tor a

material-grinding device combination, then a plot of log E against log

(d50,p-Y - d50,f-¥) should result in a straight line of slope i. A major

disadvantage of this technique is that it requires the determination of y on a

trial and error basis untilthe slope of line obtained becomes unity.

However, for Comparison purposes, an approximate estimate of y was obtained by

plotting E versus d50 on a log-log scale as shown in Figure 4"15. The
estimates of y for Alabama and Indiana shales were found to be 2.243 and

2.886, respectively. Using these values of y, the data of E verses

_y -y

(d50,p - d50,f ) was plotted on log-log scale. This plot is shown in

-Y f-Y). The slope of these linesFigure 4-16, where X denotes (d50,p - d50,

fitted through data points turned out to be close to 1.0, as they should if

the empirical Charles relationship holds true for this material-grinding

device combination.

Another interesting feature of this plot is the relative grindability of

the shales in the particle size ranges finer than 150 _m. The curve on the

left side of the plot is characteristic of a material which is harder to grind

and the curve on the right is for material that is easier to grind.

Therefore, resistance to grinding of the shales based on the Charles approach

in the fine grinding regime was higher for the Indiana shale than the Alabama _

shale. Also, the size reduction energy input correlation is much better for

the Indiana shale than the Alabama shale as shown by the correlation

coefficients. This indicates that the breakage pattern of Alabama shale is

relatively more complex.

Self-Similar and Self-Preserving Size Distributions

The size distribution of the comminuted products obtained at different

operating conditions was used to obtain the median size (ds0). Using these

d50 values, the distributions of the ground products were plotted as a

function of modified dimensionless size (d/ds0) in Figure 4-17 and 4-18 to
obtain the "characteristic curves" for Indiana and Alabama shales. The size

distribution points, obtained with different conditions of the experiments,

fall onto the same curve indicating that the characteristic curve remains

constant with changes in the levels of the variables. This is in confirmation

with the earlier observation reported for other materials (Kapur, 1972).

The self preserving nature of the characteristic curve implies that the

size distribution of the comminuted product can be predicted if the following

are known:

i. The shape of the characteristic curve

2. The d50 value of the ground shale for any set of conditions of the
experlment.
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_uantificatlon of the Characteristic Curve

The characteristic curve was quantified using the equations proposed for

the reduced efficiency curves encountered in hydrocyclone classification.

There have been many mathematical forms of equatlonsused in quantifying the

characteristic curve but two are quite extensively used (Lynch and Rao, 1975;

Plitt, 1976).

Tile Lynch and Rao equation is given as --

eYx - 1

F 3 (d) = ¥x y (15)
e +e -2

and the Plitt equation is given by --

m

F 3 (d) = i - exp[-0.613 (d/ds0) ] (16)

When these equations are used for representing the characteristic curve,

F_(d) represents the cumulative Weight fraction of ground material passing
slze d, y, and m are constants, and x represents dimensionless size (d/dg0).
Of these two equations, Equation 15 requires an iterative procedure for the

evaluation of the constant y, whereas in Equation 16, the constant "m" can be

evaluated directly after taking logarithms us_[ng the method of least squares.

Hence, the Plitt equation was used in the present analysis for representing

the characteristic curve.

The equation for the characteristic curve plotted in Figure 4-17 after

the evaluation of the constant "m" was found as:

1.0883

F3 (d) = 1 - exp [-0.693 (d/d50) ] (17)

Predlcting the Particle Size Distribution of Commlnuted Product

The self-similar particle size curve as described by Equation 17 and

shown in Figure 4-17 in conjunction with the energy-size reduction relation as

shown in Figure 4--16 are useful for predicting the entire size distribution of

the ground product for a given expenditure of energy as follows:

I. Corresponding to the level of the specific energy input to the mill,

obtain the median size of the comminuted product using the plot such as

that in Figure 4-16

2. Substitute the value of d50 obtained in Equation 17 to yield entire
particle size distribution.

In order to validate such approach, one grinding test was carried out

with Indiana shale. The -I00 mesh slurry feed, at 31% solids, was ground at

1400 rpm using a feed rate of 225 mL/min. The media loading was kept at

87%. The level of specific energy input was determined as 128 kWh/t.

Using the correlation mentioned in Figure 4--16, d50 was calculated as
4.183 _m as opposed to experimentally determined value of 4.2 _m. The
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predicted size distribution based on this value of (d50 = 4.183) is plotted in

Figure 4-19, along with the experimental data. The experimental and predicted

d50 agreed well and an excellent agreement with regard to the upper part of
the size distribution was present, however, there was a discrepancy in the

finer portion of the size d_stribution. This may be due to the complex

transport behavior of particulate phase in 1 to 3 _m range.

In the absence of a phenomenological model in the ultra-fine grinding

regime, this approach for predicting the particle size distribution is of

potential use for scale up and circuit simulation purposes.

Media Wear Studies

One of the principal factors contributing to the high cost of stirred

ball milling is the consumption of grinding media. In the course of high

energy density stirred ball milling, media wear is quite significant.

Therefore, during fine grinding tests, the ground shale product was analyzed

for media Jontaminatlon. Figure 4-20 shows that the chromium content of

Indiana shale ground product was as much as 3 to 4 times that of feed shale

(0.029%). This plot also shows that the degree of contamination is directly

related with grinding severity, that is, high media filling tends to give

higher contamination. This chromium plck-up in the shale was due to wear of

grinding beads. The data also show that the chromium content of the ground

product was directly related to the specific energy consumption. Higher

specific energy input to the mill resulted in increasingly severe wear of the

beads which ultimately found its way into the product. The rate of media

consumption in grinding was calculated from the increase in the chromium

content of the shale. For example, if the chromium content of the ground

product is 0.05% then the increase of 0.021% can be attributed to grinding.

This in turn amounts to 0.21 kg of chromium per ton of shale ground. If the

grinding media contains 20% chromium, then 1.05 kg of media have been consumed

in grinding one metric ton of shale on the basis of chromium wear.

In another series of grinding tests (Table 4-8), the product was analyzed

for Ct, Ni, Cu and Mn. The results (Table 4-1'7) again show an increased

element uptake by shale with increased specific energy to the mill. Based on

these test results, a media consumption of 1.46 kg/t of shale is expected.

Tables 4-18 and 4-19 list another series of shale contamination and media

consumption data corresponding to grinding tests mentioned in Table 4-9.

Again, similar trends as observed previously are seen.

Based upon the data collected, it can be concluded that about 0.9 kg of

media will be consumed in grinding one metric ton of Indiana shale.

Subtask 4.1_4. Grinding Circuit Optimization

Objective

The objectives of this task were to collect energy-size reduction data on

Eastern shales by performing Bond locked cycle grindability tests, conduct

conventional ball mill tests to verify the population balance model framework

for scale-up design, conduct experiments on auxiliary unit operations, such as

screening, and integrate grinding, sizing, and concentration devices to

minimize total energy.
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Bond,,Gr,indab._i_.

The concept of an energy-size correlation has led to a number of'rela-

tionships that can be used in mlll design. The bQst known of the energy-slze

relationships is that developed by Bond (1962), which can be expressed ass

: 10wi( i I ) (1810.5 0.5

X XfP

Where E Isspeclflc energy (kWh/t), X_, and Xf are the 80% passing sizes (1_m)

in the product and feed, respectlvely_' and W I is an empirical factor called
the Work Index. Standard Bond locked cycle grinding tests were conducted to

estimate work indices of Eastern oil shales.

E__gulpment

A Hazen-Quinn Package Grinding Unit was used to estimate the Bond work

indices of Eastern shales. The grinding mill is 12 inches (30.5 cm) in inside

diameter by 12 inches (30.5 cm) inside length with radlused corners to meet

Bond specifications and for ease of cleanout, A large, easily detachable

cover plate for discharge is provided. Also, a direct drive from 1/3 hpand

60 rpm gear motor provides required Bond grinding speed. The ball charge

consisted of 285 balls weighing about 20.4 kg and distributed as follows:

Ball Diameter No. of Balls

-- inch ---

Z-l/2' 43
1-1/4 67

1 I0

3/4 165

Procedure

The feed for these tests was crushed to -8 mesh. About 8 to 10 kg of

each oil shale sample was prepared. These samples were split into 500- to

700-gram batches to facilitate addition and minimize particle segregation of

the make-up fresh sample. The oi]. shale samp]e was packed to 700 cc volume

using a vibrating table. The weight of this volume of sample was the initial

ore charge to the mill and this weight was maintained throughout the test.

For the first cycle, the mill was run for a certain number of mill revolutions

(~75) to produce about 400 to 500 grams of finished product, that is, passing

: the test sieve (PI : i00 mesh). The oversize fraction was returned to the
mill for the second cycle. This was built up to the original weight of ore

charge by replacing the finished product removed with exactlythe same weight

of fresh sample. The unit weight of product produced per mill revolution was

calculated. This number, the ore grindability for the cycle, was used to

estimate the numbeL of revolutions required for the next grinding cycle in

order to produce a circulating load of 250%.

The locked cycle test was continued until steady state was reached. This

condition was indicated by slight changes in grlndability of the ore with
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grinding cycles, or small fluctuations about a oertaln value. At. this point,

, the weight of the finished product was close to that required for 250%

clraulatlng load. Thls condition required 6 to 8 grinding cycles.

After having reached equilibrium, the grlndabilltles for the. ].ast three

cycles were averaged. Simflarly, the finished product produced during the

last three grinding cycles was combined, mixed, and sampled for screen

ahalysls. [l'heaverage value was taken as th_ standard Bond ore grlndability

to calculate the work index (W i) in kWh/t £_omputed using the following
emplriaal equation (Yap, Sepulveda and Jauregui, 1981).

4a, [ lo _ lo llgl
wl : 1 i°,2=11%p

where --

Pl = the sieve opening at which the test was made in microns [for
these tests thls was 150 _m (I00 mesh)]

Gbp : Bond's standard ball mill grindablllty, net grams of ball mill
product passlng sleve slz_ Pl produced per revolution

P = Product, B0% p_sslng size (_m)

F = Feed, 80% passing size (_m)

According to Bond's Third Theory, the work input is proportional to the

new crack tip length produced in particle breakage and equals the work

represented by the product minus that represented by the feed_ For partlcles

of similar shape, the crack tip length is equivalent to the square root of

one-half the surface area and the new crack length is proportional to

[I/(P 0'5) - I/(F0'5)]; where P and F are particles diameter of product and

feed, respectively.

Therefore, the work input is given by,

wo"i 1[ 0.5) (p.s]
(20)

where --

W : the energy input to the mill (kWh/t)

W i = work index as determined by Equation 18

P and F = defined previously in Equation 18

Dr__Z and Wet Ball Mll]inq Tests

A more complete analysls of grinding systems can be obtained by

considering the process to be analogous to a chemical reaction in which large

particles react in the mill to produce a set of smaller particles. For ouch
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systems, it is convenient to describe the process in terms of the kinetic

models of grinding which involve two fundamental parameters of the breakage

process, Sj (selection function) and bij (breakage function). This analysis
is carried out by collecting energy-size reduction data in a laboratory

tumbling mill. Also, this analysis has the capability of describing the

breakage pattern of shales.

Conventional Tumbling Ball Mill

The dry grinding tests performed initially were carried out in a 10-inch

(25.4 cm) diameter by ll.5-inch (29.2 cm) length stainless batch mill at the

Comminution Center, University of Utah. This mill has been used extensively

for grinding studies in the past and is described in detail elsewhere (Mehta,

1987). These tests were performed externally, because MRI was in the process

of setting up its own grinding mill. The tests performed at the later time

for comparison purposes were carried out using the MRI bal]. mill set up as

shown in Figure 4-21. This mill is a stainless steel batch ball mill

8.25 inches in diameter and 9 inches long with 8 square lifters (0.25 inch in

height) and equipped with a variable-speed drive and DAS-16F data acquisition

system for current measurement drawn during the grinding for the purpose of

measuring power draw.

Conventional Dry Bali Milling Tests Using i0 Inch Mill

The University of Utah mill is equipped with a Graham variable speed

transmission coupled to a BLH torque sensor and a recorder to measure power

draw directly from the drive shaft between the transmission and the mill. The

specific energy input to the mill was computed from the measured net torque.

The equation used is given below.

-5
p = 1.18 X I0 T.N (kW) (21)

Where T is the net torque recorded by the sensor in in-lb and N is the

number of revolutions per minute of the mill. The specific energy input (E),

in kWh/t to the mill is computed from the relationship:

_3 = P-it (22)
H

Where t is the grinding time in hours and H is the mass hold-up in the mill in
tons.

A stainless steel ball load of 30.5 kg was used, which corresponds to a

50% filling of the mill. The ball size distribution approximated that of an

"equilibrium charge distribution" often used in laboratory tests for mill

scale-up design. The distribution is listed in Table 4-20.
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Table 4-20. BALL SIZE DISTRIBUTION USED FOR i0 INCH BALL MILL

Ball Diameter, Weight, Mass,

inches, cm % k_.

1-1,/2 3.81 52.8 16.1

1 2.54 30.2 9.2

3/4 ]..91 11.6 3.5

1/2 1.27 5.4 1.7

In all tests, the mill was loaded with about 3000 grams of -8 mesh shale,

which corresponded to 100% filling of the interstices of the ball charge in

the mill. The speed of the mill for all tests was kept at 70% of the critical

speed (64 rpm). A dead torque value of 28 in-lh was taken into consideration

to calculate net average torque. Batch test conditions are summarized in

Table 4-21.

Table 4-21. BATCH GRINDING TEST CONDITIONS FOR 10-INCH BALL MILL

Average Net

Shale Feed Size, Mass Hold-Up, Torque, Grinding Time, '

_ Type mesh grams in-lb, m-N minutes

Alabama 8 X 0 2990 96 10.8 2, 4, 8, 16

Kentucky 8 X 0 2997 100 11.3 2, 4, 8, 16

Ohio 8 X 0 2996 98 Ii.i 4, 8

Tennessee 8 X 0 2989 I00 11.3 2, 40 8, ].6

Michigan 8 X 0 3024 98 II.I 2, 4, 8, 16

Indiana 10 X 0 3000 96 10.8 2, 4, 8, 16

Due to unavailability of sample, only two grinding tests were carried out.

After each grinding time, the ground product was wet screened through a

325 mesh sieve to remove very fine material, which may be occluded to the

coarser particles. The -325 mesh material was filtered and its weight

determined after drying. The +325 mesh product was dried, split to obtain a

representative sample of about 150 to 200 grams¢ and screened using a Ro-tap

testing sieve shaker for 20 minutes. The weight of the material retained on

each sieve was determined using a Mettler balance. The size distribution of

ground product was obtained by combining wet and dry screen data.

Conventional Dry and Wet Ball Mi]_li_ Usin.n_.q MRI Bali Mill

Dry and wet grinding experiments were carried out using -i0 mesh Alabama

and Indiana shales. Wet grinding tests were conducted at 40% solids. The

calculations of ball charge, material filling and mill speed were done using

standard methods and are listed in Table 4-22. The tests were carried out for

. 2- and 4-minute periods.
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Table 4-22. BATCH GRINDING TEST CONDITIONS FOR 8.25-INCH MILL

Mill Size = 8.25 Inch X 9 Inch (20.96 cm X 22.86 cm)

Ball Filling = 50%

Ball Load = 18.5 kg

Material Filling = 100%

Oi] Shale Charge = 2.5 kg

Ball Size Distribution = 9.8 kg (1.5 Inch) (3.81 cm)

5.6 kg (i.0 Inch) (2.54 cm)

2.2 kg (.75 Inch) (1.91 cm)

0.9 kg (.50 Inch) (1.2'7 cm)

Mill Speed = 75% Nc = 7l rpm
Current Drawn With No Load = 1.2 amp

Current Drawn With Load = 1.85 amp

Results and Discussion

Bond Work Indexes

Estimates of specific energy values were calculated using Equation 20.

The results of these calculations are listed in Table 4-23 along with Bond
Work Indexes.

Table 4-23. BOND WORK INDEXES (Wi) AND COMPUTED SPECIFIC
ENERGY ESTIMATES (W) FOR EASTERN OIL SHALES

Bond Work Index **
Specific Energy Input

Oil Shale T y_, W i, kWh/t W, kWh/t

Alabama 23.2 16.5

Kentucky 19.6 13.9

Ohio 15.6 II.i

Michigan 13.3 9.5

Tennessee 12.7 9.0

Based on a theoretically infinite feed size to a product of

80% passing i00 _m.

Based on a feed size of 80% passing 1200 _m to a product of

80% passing i00 _m.

The Bond Work index is the comminution parameter that expresses the

resistance of the material to crushing and grinding. Numerically, the work

index is the energy required to reduce the material from theoretically

infinite feed size to 80% passing 100 _m. Based on the experiments conducted

in this study, it is concluded that the Alabama shale offers the most resis-

tance to grind followed by Kentucky, Ohio, Michigan, and Tennessee. The

Indiana shale was not used in this study because at the time of experimenta-

tion, a representative sample was unavailable.
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EnergY-Size Reduction Relationship in the Context of Empirical

Appr0ach

The Charles equation (as mentioned in Subtask 4.1.3) is an empirlcal

relation often used to correlate energy input with some characteristic size of

the distribution for coarse grinding. If the representative size is taken to

be the 80% passing size then the modified Charles equation is of the formz

- -¥ - d8 , -YE = A(d80,p 0 f ) (23)

Becausethese shales have different feed sizes and product size is not

much finer than feed size, therefore, for the purpose of comparing the energy

utilization among different oil shale, the approximation made to Equation 23,

where d -¥ << d -X is not valid. A logarithmic transformation of
80,f 80,p

equation yields:

log E = log A + log (d80 -¥ - d -X,p 80,f ) (24)

If this modified form of the Charles £quation is appropriate for a mater-

ial device combination then a plot of log E against log (d80 ' -Y - d f Y)p 80,

should result in a straight line of slope one. A major disadvantage of this

technique is that it requires the determination of ¥ on a trial and error

basis until the slope Qf line obtained becomes unity. However, for the

comparison purposes, an approximate estimate of ¥ was obtained by plotting

E versus ds0,p on a log-log scale. Using values of y thus obtained, the data

E(ds0,p-_ - ds0,f-¥) on log--log scale was plotted. This plot is shown in
of

Figure 4-22. Interestingly, the slope of lines for all shales was equal to

0.71 to 0.73 except for Michigan (0.53). This may be due to the nature of

Michigan shale sample (outcrop). Another interesting feature of this plot is

the relative grindability of these shales. The curve on the far left side of

the plot is characteristic of a material which is harder to grind and the

resistance to grinding decreases from left to right. Therefore, the relative

grindability of these shales based on Charles approach was:

Alabama > Indiana > Kentucky > Tennessee > Ohio > Michigan

Interestingly, this approach gave results that seem to correlate the

hardness of these shales with their geological origins. As one moves from

south to north_ the shale grinds easier.

Ener__r__-Size Reduction Relationship in the Context of Population

Balance Approach

A very well known approach in the modeling area of comminution, known as

population balance approach (Herbst, Grandy and Fuerstenau, 1973; Herbst and

Fuerstenau, 1973) was used to describe the breakage characteristics of these

shales. The advantages in using this approach are:
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I. This approach is based on first principles.

2 Instead of taking into account one characteristic particle size (d or

d501, complete particle size distribution is taken into considerat on for
breakage analysis, which is realistic.

3. Breakage behavior of different shales in terms of breakage distribution

and breakage rate of different size particles can be estimated.

A detailed discussion of the population balance framework i's given in

Appendix A. A computer program MRIEST, based upon the principles mentioned

above was used to estimate kinetic parameters from the batch grinding data.
E -i

Figure 4-23 shows the estimated specific selection function S i (kWh/t)
versus particle size provided by MRIEST-fit and Figure 4"-24 show the estimated

cumulative breakage distribution function Bij versus particle size.

Figure 4-23 shows that the specific selection function values for any

shale are strongly dependent upon particle size. In other words, the shale

particles of one type which are hardest to grind in coarse particle regime may

change their comminution behavior in the fine particle regime. This is

particularly true for the Indiana and Ohio shales. The distinct comminution

features of these shales are more clearly exhibited in the fine particle

range. Figure 4-24 shows that the breakage behavior of the Alabama shale is

quite different from the other shales. The Alabama shale is the hardest to

grind in terms of initial threshold energy value, but once the particles

break, they yield the finest size distribution. The breakage distribution

" function values of the Kentucky and Ohio shales are comparable and similar
values were observed for the Tennessee and Indiana shales. Table 4-24 lists

the values of breakage parameters obtained from these estimation runs.

Co_q_arison of Dry and Wet Grinding in the Context of PBM _

Dry and wet grinding tests on -i0 mesh Alabama and Indiana shales were

carried out using MRI ball mill. Dry grinding tests were conducted on each

shale for 2 and 4 minutes. Wet grinding tests at 40% solids were conducted

for one time period (4 minutes). The current drawn during dry and wet

grinding remained the same. The data collected in these runs was treated by

MRIEST. Figure 4-25 shows a plot of estimated specific selection functions,

siE versus geometric particle size for dry grinding of Alabama and Indiana
shales. As can be seen from this plot, comminution behavior of these shales

is highly dependent on particle size for example, in the coarse particle size

range (1500 to 352 _m). Alabama shale particles are relatively harder to

grind, whereas, as we go in the fine-size range (< 352 _m), Indiana shale

particles are harder to grind. This type of information is very important and

must be taken into consideration when comparing the comminution behavior of

these shales. Figure 4-26 shows a plot of the cumulative breakage function

(Bij) versus particle size for dry grinding of these shales. The breakage
disfribution of Alabama shale is finer than Indiana shale. In comparing these

E
shales in wet mode, Figure 4-27 shows a plot of Si versus particle size. The
Alabama is a little harder than Indiana for all particle sizes, however, the

difference in siE values is not much. Figure 4-28 shows a comparison of Bij

*

Population Balance Method.
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Table 4_24. COMPARISON OF BREAKAG_ PARAMEteRS FOR DRY

0RINDING OF _AST_N OIL SHALES USING 10-INCH MILL

--].

Shal__erl_l__ S i (kWh/'l') _ .... 9__....

Tennessee 1,8578 3.029 0,6249

Ohio 3,5090 3,4396 0,5092

Alabama 2.6257 3.6532 0.2022

Kentuck_ 2.9726 3,6876 0,5227
Indiana 0.8493* 2.8730 * 0,624B*

,
q'op particle size is 1700 _m.

i

values of these sl%ales for wet grinding, Interestingly , their breakage

distribution behavior is quite reversed to that of dry grinding (compare

Figures 4-26 and 4-28). From these data, one may conclude that the presence

of water not only enhancesthe grinding rate of each shale, as expected, but

also alters the comminution behavior in terms of particle breakage.

Kinetic A_.p.proachto Wet Ball1_!ilingScale-Up

Most commercial ball mill scale-up procedures in themlneral industry

have been based on the empirical Bond energy-slze reduction equation, however,

this proc_edure has several limitations (Herbst et al. 1982). The prooedure

does not allow the prediction of circuit size distributions. The principal

drawback of the Bond approach to mill design results from its inability to

account for 3 important sub-processes (breakage kinetics, particle transport

and size classification). The Bond scale-up lumps the effect of these sub-

processes into a single empirical equation (Herbst and Fuerstenau, 1980),

In recent years there have been considerable research efforts on the

subject of phenomenologlcal grinding models derived from population balance

approach. Thls type of model is capable of predicting the size distribution

in a tumbling mill as a function of time and mill position. In these models,

the breakage process is characterized by two physically interpretable

quantities (that is, selection function and breakage function). Selection

function gives the fractional rate of breakage of particles in each size

interval and breakage function gives the average size distribution of daughter

fragments resulting from primary breakage o£ parent particles, By suitably

deflnlng the dependence of these two quantities on mill design and operating

conditions, the behavior of each size fraction in the mill can be represented

mathematically for grinding conditions of industrial importance (Herbst and

Fuerstenau, 1980).

q'he research conducted in the last decade in this area confirms the

validity of the scale-up procedure suggested by Herbst (1980) for the

description of dry and wet ball milling (Herbst et al. 1983) of homogeneous

materials (limestone and quartz) as well as heterogeneous minerals (complex

molybdenite ore). In addition, these models have demonstrated the predictive

capability of the performance of industrial-scale large diameter mills

(Herbst, Lo and Rajamanl, 1985).
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The objective of this section is to provide additional confirmation of

the scale-up procedure referred to here as "similar fineness of grind" (Herbst

et al. 1982) for the ball milling of Eastern oil shales.

E__xperimental Procedures

The data presented in this section are the results of dry and wet

grinding tests performed in batch mill (8 inch X 9.25 inch) and a continuous

wet grinding test in a [18 inch X 30 inch (45.7 X 76.2 cm)] Marcy rod mill

operated in a ball mill mode. The ball size distributions used for two mills

a_e given in Table 4-25. The mill speed for the batch mill and the continuous

mill was kept at 75% Nc (77 rpm) and 81% N c (50 rpm), respectively.

Table 4-25. BALL SIZE DISTRIBUTION USED FOR 8.25- AND 30-INCH MILLS

Ball Diameter, Percent by 8.25 Inch Mill 30 Inch Mill

Inches Weight 50% Filling 50% Filling

1-1/2 52.9 9.8 164.4

1 30.3 5.6 94.3

3/4 11.9 2.2 37.0

1/2 4.9 0.9 15.7

i Total 100.0 18.5 kg 311.4 kg

Batch grinding tests were carried out with Indiana and Alabama oil shales

having a specific gravity of 2.4 using monosize fraction (4 X 6 mesh) and

-4 mesh raw feed. Continuous wet grinding test in open-circuit mode was

carried out using -4 mesh Alabama shale at a feed rate of 780 ib/h for 2 hours

to allow the mill to reach steady state before mill product was sampled for

analysis.

Breakage Kinetics

Monosize fractions (4 X 6 mesh) of Alabama and Indiana shales were dry

and wet ground (at 55% solids) in the batch mill under standard condikions for

2, 4, 8, and 16 minutes. The energy-size reduction data collected was

analyzed by writing th_ first order disappearance kinetic equation in the

energy normalized forn. using specific energy as a reduced time variable:

-I M,1 (_) = M.1 (0)exp(-SiEE ) (25)

Figure 4-29 is a disappearance plot for dry and wet g_ound Indiana shale.
E

Interestinglyv the specific selection function (Si ) for dry ground shale is
higher [0.406 (kWh/t) -I] than the wet ground shale [0.266 (kWh/t)-l]. This

indicates that wet grinding of this shale at such slurry density and given

conditions is en_,rgy inefficient. Usually wet grinding of minerals is

kinetically faster than dry grinding and this should be true for shale

grinding too. Hence, data of Figure 4-29, if replotted on the time scale and

specific rate of breakage (min -I) were to be determined on a regression basis,

(0.0056). From mill scale-up design considerations energy normalized

63



0.0

Dry
-0.5

Wet

E

E
E Si = 0.406 0.266
Z

-1.0

4X6 Mesh Indiana Shale

-1.5

0 1 2 3 4 5

Specific Energy, E (kwh/t)

: Figure 4-29. FIRST ORDER DISAPPEARANCE PLOT FOR DRY

AND WET GRINDING OF INDIANA SHALE

]

64



d

selection function values are more relevant because as mentioned earlier, they

are independent of mill design and operating conditions.

Figure 4-30 is a disappearance plot describing the breakage kinetics of

Indiana and Alabama shale under similar conditions. This reveals that Alabama

shale is harder to grind. In other words, the Alabama shale will require

twice as much energy as the Indiana shale. This finding is consistent with
the researchers in the oil shale beneficiation area (Lamont, 1990).

Estimation

Top size breakage kinetic data yielded a good starting estimate for

specific selection function value. Estimation was carried out using energy-

size distribution data obtained by grinding -4 mesh Alabama (I and 4 min) and

Indiana (4 min) shale at 50% solids. Estimated specific selection functiOn

values for Alabama and Indiana shale are plotted as a function of particle

size in Figure 4-31. Note that specific selection function values are almost

independent of particle size (smaller slope) for Indiana shale, whereas, they

are highly dependent on particle size (higher slope) for Alabama shale. Also,

the differences in specific energies required to comminute equal size Alabama

and Indiana shale particle increases as particle size becomes finer.

Figure 4-32 is a plot of the estimated cumulative breakage function (Bij)
ve_us particle size (Xi). It is clear from this plot that the distribution
0_ daughter fragments produced from primary breakage of parent particles is

narrower for the Indiana shale and results in very small amount of fines.

The quality of estimation can be Judged by comparing how well the

experimental data is fitted. Figure 4-33'shows experimental and fitted size

distribution data for Indiana shale. The fit is satisfactory except in the

fine particle size range. This is due to the presence of small amounts of

material in this size range. Another important feature of estimation, which

can be used to judge the quality of estimation is simulation and prediction.

Figure 4-34 shows a comparison of predicted and experimental size distribution

data for Alabama shale.

Continuous Grindinq

Having shown the utility of population balance model in predicting the

response of a batch grinding system, this procedure must be able to predict

the performance of a continuous grinding mill.

Steady state open-circuit predictions require residence time distribution

(RTD) information in addition to breakage rate parameters, The RTD parameters

(N, _) were estimated using correlations available in the literature (Lo e__t

= al. 1988). These correlations have been successfully used in predicting large

scale mill performance. In this study, the power draw of 8-inch mill

predicted by Equation A-10 was identical to the experimentally measured

value. Hence, power draw of large mill was not experimentally measured but a

value calculated from the correlation was used. Figure 4-35 shows a similar

fineness prediction for the open-circuit wet grinding of Alabama shale in

18 inch X 30 inch pilot scale Marcy Ball Mill using a -4 mesh feed at

780 ib/h. The experimental product size distribution is also shown in this
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plot, The kinetic approach is quite satisfactory in prsdlctlng the response

of a large mill based upon bhe tests conducted in a mnall batch mill.

I__nt_q.qratedCircuijt ._izat ion

An integrated oil shale beneflciatlon circuit involves three steps:

grinding, sizing and concentration. Research on grinding and concentration

was carried out in this project in separate subtasks. In order to avoid over.-

grinding in the stirred ball mill, the ball mill ground product must be

screened to remove 25 _m material. This can be achieved by a sizing step, one

of which is screening. Therefore, tests were conducted using a Derrick Screen

incorporating 460 mesh screen cloth to demonstrate the feasibility of such

sizing separation.

Derrick Screenlnq Tests

These tests were conducted to remove material finer than 20 _m, which

otherwise would result in over-grlndlng. There were two feed streams in the

beneficlation circuit that needed screening_ The first was the primary ball

mill product (that is, feed to the stirred ball mill), and the second was the

rougher concentrate to be used for re@rindlng in the secondary stirred bali.

milling step. A vibrating Derrick screen having slotted 400/460 mesh size

screen cloth was used for screening tests. Since feed rates tested were low,

the feeder was modified to cover the entire area of the screen. Tests were

run for a predetermined time and samples of oversize and undersize were

collected. The oversize samples were wet screened on a 270 mesh screen and

analyzed in the same manner as the undersize sample.

Results
J

The -48 mesh feedstock for stirred ball mill tests contained material

about 50% fine_ than 24 _m A series of experiments were conducted to remove

this fraction of material from the feed. In most cases, the screening

efficiency at 24 jim was close to 85%. The data obtained in this series of

tests are listed in Tables B-I through B-4 (Appendix B). Figure 4-36 shows

particle size distribution for feed, undersize and oversize, obtained for a

typical test using the 460-mesh Derric_ Screen.

Early column flotation tests led to the assumption that the beneficlation

flow sheet might be of the form shown in Figure 4-37 (No. i). This assumption

reflects the observation that one stage of column flotation could replace

several stages of conventional flotation. Also considered was the indication

that initially satisfactory flotation could not be achieved at sizes coarser

than about 10 _m.

Such a configuration is appealing because capital costs are minimized.

In this flow sheet, optimization consists of defining the sizes at which the

transition from conventional to stirred ball milling and between successive

stages of stirred ball milling is made.

° The inherent inefficiency of this flow sheet is that the entire feed

stream passes through two stages of energy intensive stirred ball milling.

The concept of removing finished (ground) material from the circuit at the

earl_est possible time is ignored.
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_ilxaminat.lon of the -48 mesh produat from the p_,,imary ball mill ['eveaied

that 50% of it was finer than 24 _inl. ('l'hesize analysis o_ that product is

presented in [['ables B-I through B-4), S_reenlng tests on this product showed

that an efficient size separation gould be made. This then ,lakes th_ flow

sheet shown in Figure 4-37 (No. 2) a viable option,

In this aonfiguratlon tully 50% of the total feed stream bypasses the

first stage of stirred ball milling and perhaps as much as 25% bypasses the

se_ond stage, [[_l%isflow sheet is, thorefore, substantially more energy

efflolent than the prlor one,

Flotation tests were conducted on the -24 _m fraction of the primary ball

mill dlsoharge. The tests were conducted i_, a taller column than had been

used previously. [_he results, shown in FigL_re 4-38, demonstrate that a

satisfactory rougher concentrate can be made at a relatively coarse size.

The favorable flotation results make possible a still furtheL' refinement

of the beneficiation flow sheet as shown in Figure 4-39 (No. 3)_ In this

arrangement the amount of feed tO the secondary stirred ball mill is reduced

to about 25% of the total raw shale feed stream, lt should be noted that this

_eduction in grinding cost is achieved by foregoing some of the benefits

possible with column flotation.

[['hene_ energy required for the three flowsheets discussed above was

determined on the basis of Bond Work Indices and stirred ball milling results

obtained in this work. _he results are shown in Tables 4-26 through 4-28.

The assumption made in this galculatlon is tI_at during cyclone sizing, 50% of

the material (raw shale or rougher concentrate) reports to cy_lone underflow.

Also, the energy balance for secondary stirred mill, as mentiened in

'fables 4-26 and 27, are based on the assumption that regrindlng

characteristics of raw shale is the same as that of roughe_ shale concentrate.

Based on the total net specific energy values obtained among these 3

flowsheets, it is clear that flowsheet No. 3 is a viable energy efficient

integrated circuit.

Concluslons an_@dR____ecommendatlons
q

From the data presented here, it is concluded that:

i. The energy requirements for producing product shale in the size range

(dg0 = ]0 _im) from a feed having dg0 in the range of 200 I/m was found to
be ~I00 kWh/t in a single pass. For an integrated circuit, 50 kWh/t was

required for a d90 = I0 _m product (see No. 16 below).

2. The operating valuables in t..he stirred milling of shale that minimized

energy requirements were: high percent solids, 53% to 55%; high feed

rate, 2100 mL/min; high rotor speed, 1300 rpm.

3. The size reduction efficiency of 2-mm beads was found to be superior than

3-mm beads in terms of energy savings and mill throughput for raw shale.
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Table 4-26. NET SPECIFIC ENERGY VALUES OF FLOWSHEET NO. 1

FOR ALABAMA SHALE

Percent Net

Unit of Feed kW_t_/t kWh/t

Ball Mill i00 16.48 16.48

Primary Stirred Mill i00 40.00 40.00

Secondary Stirred Mill 100 49.52 49.52

Total 106.00

Based on the assumption that regrinding characteristics of raw

shale and rougher concentrate are the same as mentioned in
Table 4-28.

Table 4-27. NET SPFCIFIC ENERGY VALUES OF FLOWSHEET NO. 2

FOR ALABAMA SHALE

Percent Net

Unit of Feed kWh/t kWhh/__t_

Ball Mill 100 16.48 16.48

Primary Stirred Mill 50 40.00 20.00

Secondary Stirred Mill 50 49.52* 24.75

Total 61.23

See footnote of Table 4-26.

Table 4-28. NET SPECIFIC ENERGY VALUES OF FLOWSHEET NO. 3

FOR ALABAMA SHALE

Percent Net

Unit of Feed kWh/t

Ball Mill 100 16.48 16.48

Primary Stirred Mill 50 40.00 20.00

Secondary Stirred Mill 25 49.52* 12.38

Total 48.86

Taken from Table 4-16.
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4. The size reduction efficiency of l.l-mm beads was found to be superior

than 2-mm beads in terms of energy saving and mill throughput for rougher
concentrate.

5. Energy-size reduction behavior of Alabama and Indiana shale was found to

follow empirical Charles relationship in the fine size range.

6. In the ultra-fine size range Indiana shale was found to show higher

grindingresistance than Alabama shale, whereas, in the coarse size range

the opposite was true.

7. The size distributions of ground Alabama and Indiana shale were found to
be self-similar.

_. The approach of predicting product particle size distribution using a

combination of Charles relationship and self-preserving curve was
validated for Indiana shale.

9. The media consumption during stirred milling was found to be about 0.9 kg

of media per ton of Indiana shale.

i0. The Bond Work Indices of Alabama, Kentucky, Ohio, Michigan, and Tennessee

were estimated to be 23.17, 19.56, 15.59, 13.28 and 12.70.

11. Energy-size reduction relationship such as that of Charles was found to

be true during coarse grinding of shales.

12. Relative grindability of these shales using Charles approach was as
follows:

Alabama > Indiana > Kentucky > Tennessee > Ohio > Michigan

13. The description of shale grinding behavior in conventional mills was

described by population balance approach revealing observations

concerning breakage distribution function and selection function.

14. A kinetic approach to mill scale procedure of eastern shales was

confirmed using "similar fineness of grind" procedure.

15. Fine screening tests using Derrick Screen resulted in a screening

efficiency of 85% at 24 _m size.

16. Three different integrated circuit flowsheets were evaluated on the basis

of net energy consumption per ton of raw shale. It was found that

intermediate rougher flotation and sizing steps could reduce overall

energy consumption to a great extent. An estimate of 50 kWh/t was

obtained for the best integrated circuit. The energy consumption for

size separation is fairly low (0.25 to 1.00 C/ton of screen feed --

Derrick Screen Manual, KB0186, p. Ii).

Before advancing the research to a 2 to 5 ton/h process development unit

scale, MRI recommends the followirlg:
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i. Alternate ways of grinding shale to fine size range should be found. The

use of silica sand as a grinding media looks promising as this has been

successfully demonstrated for coal (Mehta and Schultz, 1991).

2. Secondary stirred ball milling tests on raw shales should be carried out.

3. Sizing data 0,% raw shales and rougher concentrates should be collected

using other devices such as cyclones.

4. Closed-circuit conventional grinding tests should be performed.

5. Optimization of integrated circuit should be carried out on the basis of
total overall cost.

61WP/61090top4/RPP
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SUBTASK 4.2. KEROGEN/MINERAL MATTER SEPARATION

At the heart of any mineral processing operation is the process by which

a separation of the valuable minerals from waste minerals is made. In the

case of oil shales it is the separation of kerogen from its associated mineral

.latter. Prior to the onset of this program all beneficiation research on oil

shales was conducted using froth flotation in mechanical flotation cells. Tl_e

objectives of this subtask have been to evaluate advanced technologies £or the

separation of kerogen from mineral matter and to determine which technologies

might represent an improvement over prior technology.

Three technologies were selected for evaluation: column flotation, the

air-sparged hydrocyclone, and the LICADO process. Column flotation and the

air sparged cyclone are froth flotation processes. They are new technologies

only in terms of the equipment in which the flotation process is conducted.

These technologies were evaluated by MRI.

The LICADO process utilizes the property of organic matter, which tends

to be wetted by liquid carbon dioxide in preference to water. When finely

ground oil shale is agitated in a mixture of liquid CO 2 and water, and the

immiscible phases are allowed to separate the kerogen tends to go into the CO 2
layer. Hydrophilic clay particleB tend to segregate with the water, thus

affecting a separation. The LICADO process was developed by the University of

Pittsburgh and evaluated by them in this program.

Subtask 4.2.1. Column Flotation Tests

Column flotation is rapidly gaining wide acceptance in the mineral

industries. The increasing popularity is due to the peculiar ability of

column flotation cells to make efficient separation at very fine sizes.

Typically a single stage of column flotation can replace as many as five

consecutive stages of conventional flotation.

The efficiency of column flotation is normally attributed to two factors;

effective countercurrent flow of solids relative to air bubbles, and the

ability to wash the froth. Figure 4-40 shows the cross section of an

idealized column flotation cell. Prepared feed enters the cell as a dilute

slurry at a point in the upper portion of the column. Air is directed into

the cell at the bottom. The air may be fed under pressure through a porous

sparger or as a dispersion of very fine bubbles from an external bubble

generator. Feed particles flowing downward are moving countercurrent to the

rising bubbles. As a result, each particle is given opportunity to contact

and attach to a bubble thereby insuring a high recovery of the kerogen. As

the bubbles rise in the column they expand and coalesce to form a froth° The

froth consists of kerogen coated air bubbles, water, and clay minerals

entrained in the water. A spray of clean water is directed onto ti_e top of

the froth. As the spray water drains through the froth it washes out the

entrained clay minerals cleaning the kerogen concentrate.

In contrast to column cells, conventional (or mechanical) flotation cells

function as perfect mixers offering random opportunity for particles to

encounter and adhere to bubbles° Recovery can be controlled by reflotation of

the tailings or by increasing the retention time. Effective froth washing is

not feasible with conventional cells and as a _esult cleaning of the

concentrate is only achieved by reflotation of the froth product.
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Research Plan

The research conducted to evaluate column flotation and to define the

preferred conditions for the separation of kerogen from mineral matter was

carried out in four distinct phases ....The first phase of testing was performed

in batch mode for the purpose of screening a number of variables and their

effect on oil recovery and concentrate grade. The second and longest phase of

the program was performed to gain insight into the effects of several

operating variables to compare column flotation with conventional flotation

and to compare the behavior of the six oil shale samples used in the

program. All tests in phase two were performed in a continuous (equilibrium)

mode. The purpose of the third phase of testing was to determine the effect

of increased height on column performance. The fourth and final phase of the

test program was to define an efficient beneficiation flow scheme, The tests

in this phase were interactive with tests being performed in Subtasks 4.1.3

Stirred Ball Mill Grinding and 4.1.4 Grinding Circuit Optimization.

E_erimental Equipment and Procedure

Batch column flotation tests were performed using a laboratory column

cell which was essentially as illustrated in Figure 4-40. The column was

constructed of plexiglass tubing of 7.62 cm ID (3 inch) and was 109.2 cm

(43 inch) in height. Air was supplied through a 5.1 cm (2 inch) diameter

fritted glass sparger. The air sparger was removable. Three different

spargers having average pore diameters of 15, 50 and 85 _m were used in the

test program.

When performing tests in batch mode, the column was charged with an

initial quantity of slurry at a preselected solids-to-water ratio. After

charging the column, air and spray water were supplied at the desired rates of

flow. Slurry from the bottom of the column was continuously recycled to a

feed entry near the midpoint of the column through an external pump. Froth

(concentrate) was collected continuously until it appeared barren of kerogen

or until the slurry reached the top of the column. At that point the air and

spray water were shut off and everything remaining in the column was taken as

tailings.

This is a relatively rapid procedure but tends to obscure the effect of

such variables as feed rate, percent solids and froth depth. All were found

subsequently to have important effects on column flotation performance.

The arrangement of the column cell and auxiliary equipment for continuous

flow testing is shown schematically in Figure 4-.41. The feed pump (i) is

filled with a sufficient volume of prepared sample to permit a large number of

tests to be performed (typically 12). Past experience has shown this is

necessary due to high sample variability and variability in the size

distribution resulting from ultra fine grinding.

The feed slurry is maintained at abou 20% solids and is constantly

recirculated and stirred. Sample is metered from the circulating pipe by a

peristaltic pump (2). The feed slurry was diluted with reagentized water (3)

by a second peristaltic pump (4). Wash water (5), also reagentized is

supplied through a third peristaltic pump (6), While this feed system may

seem complex it does permit varying either the _ash water rate or the ;_et
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solids content of the cell, and to maintain all conditions, including froth

depth, constant within the period of each test.

Diluted feed enters the column through I/4-inch diameter copper tubing

and is discharged upwardly at the center of the column. Tailings are

discharged through flexible tubing which can be adjusted so as to control the

position of the pulp-froth interface.

In performing a series of tests both the concentrate and tailing are

allowed to discharge continuously. The system is allowed to equilibrate for a

period of 30 minutes after the pulp and froth reach operating levels.

Concentrate and tailing samples are taken simultaneously for timed intervals _

(5 to 15 minutes, depending on the volume of sample desired). After sampling

a change in operatir, g conditions is made and the system is again allowed to

equilibrate. Operating in this fashion a series of six tests can be performed

in a day.

Beyond the first phase of column flotation tests, the results are

presented irl the form of grade vs. recovery curves. These curves are obtained

by repeating each test condition at several air flow rates. The resulting

grade-recovery curve represents the range of response possible at that

condition. Thus, to judge the effect of frother dosage, for example, two

grade-recovery curves would be developed and judgment is made on the relative

position of the curves rather than on two single point responses.

Samples are analyzed by measuring their specific gravity with a helium

pycnometer. Specific gravity is converted to Fischer Assay oil yield using a

experimentally established relationship (Schultz and Bates, 1989). Because

the Fischer Assay procedure has a high variability or experimental error the

use of the specifi_ gravity relationship has the effect of reducing the

experimental error in our flotation tests. The same density to oil relation-

ship was used by other investigators in this program (see Figure 4-70,

p. 131).

ExPerimental Results and Discussion

Phase One

The objective of this phase was to screen a number of variables presumed

to be critical to column flotation performance and to quantify their effects

on separation, concentrate grade, and organic carbon recovery. Five variables

were selected for these screening tests. A factorial experiment was designed

in which each variable was tested at two levels plus six replicate ,.

centerpoints. The variables tested, together with their coded and absolute

levels, are presented in Table 4-29.

The screening tests were performed on a sample of Alabama (Chattanooga)

shale which had been ground to d90 = 12.6 _m and db0 = 4°7 _m. An analysis of
the Alabama oil shale used in this experiment is as follows:

Fisher Assay = 11.7 gal/ton (48.8 L/metric ton) _

Carbon = 15.53%

Hydrogen = 1.63% |_

Nitrogen = 0.41%

Sulfur = 7.66%
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Table 4-29. CODED AND ACTUAL FACTOR LEVELS FOR THE FACTORIAL

EXPERIMENTS ON COLUMN FLOTATION OF ALABAMA OIL SHALE

Coded Values

Variable Units -i 0 +i

Air Sparger Pore Size _m 15 50 85

Air Flow Rate SPLM 3 5 7

Frother (MIBC) ppm 40 60 80

Percent Solids % 3 5 7

Sodium Silicate ib/ton 0 5 I0

The tests were performed in batch mode as previously described. Both

concentrate and tailing products were analyzed for carbon, hydrogen, nitrogen,

and sulfur. The coefficient of separation for Carbon an_ the Fischer Assay of

the products were calculated from the analyses. The coelficient of separation

for carbon is defined as the carbon recovery less the fraction of the non-

carbon material recovered in the concentrate. It is a measure of separation

efficiency that was used in the factorial experiment as the primary response

(Schulz, 1970).

The results of the factorial experiment are presented in total in

Table 4-30. A multiple regression analysis on these data yielded the

following equation for the coefficient of separation:

CS = 0.7761 -. 0.04151 xI - 0.002115 x2 - 0.01908 x 3 + 0.003443 x 4 (26)

- 0.000409 xix 2 - 0.000419 XlX 4

where --

CS = coefficient of separation

x I = Air flow rate (SLPM)

X 2 = Sparger Pore Size (_m)

X3 = Feed Pulp Density (percent solids)
i

X4 = Frother Concentration (ppm)

As ,light be expected, air flow rate was found to be the most _mportant

variable but appea_ed to have a negative effect on separation efficiency.

Frother level shows a positive effect on separation efficiency but appears to

be a much less important variable than might be expected.

The data from t_'_ factorial experiment were further evaluated with

respect to concentrate grade and carbon recovery. The models derived from

this analysis were as follows:
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For concentrate grade (% carbon)

J

G = 5957 - 3.622 X 1 + 0.0427X 2 - 0.6836 X3 - 0.0594 X 4 (27)

and for carbon recovery %

R = 63.786 + 3.4037 Xl - 0.0550 X2 - 0.8453 X3 + 0.1667 X4 (28)

When considered in total, the models are consistent with expectations.

For example, an increase in air flow rate or frother concentration tends to

increase carbon recovery and decrease concentrate grade. An increase in

sparger pore size accomplishes the opposite effect. Increasing pulp density

is detrimental to both grade and recovery. All variables tend to appear more

significant with respect to concentrate grade or carbon recovery than with

respect to the composite coefficient of separation. Note that in no case does

the addition of sodium silicate appear to have an effect and hence does not

appear in the model equations.

Phase Two -- Alabama Shales

Beyond the firstphase of this test, all column flotation tests were

performed in the continuous flow or equilibrium mode described earlier.

Initial tests utilized Alabama oil shale as the feedstock° The objectives of

the initial testing, in addition to generating "material speciflc" information

on the Alabama shale, were to establish a set of basic operating conditions

which would serve as basis for comparlng the response characteristics of the

various shales, and to establish the reproducibility of individual tests.

Operating conditions for the initial tests were based on experience

gained in the variable screening tests. These conditions were:

Feed Rate (dry solids) = 12.5 g/min

Pulp Density = 3.3%

Tailing Overflow Height = 56 cm

Wash Water Rate = ]_0 mL/min

Frother (Dowfroth 250) = 30 ppm

Note that air flow rate, the most important of the variables screened in

the factional experiment described previously, is not included in this list.

Because air flow is a dominant variable it was decided that it would be used

as a variable in each test while all other conditions were held constant.

' The response to each test, then, was not a single point but a curve

representing the full array of possible uutcomes at a single condition. The

data plotted in these curves are the grade of the concentrate (i.e., oil yield

in gal/ton) _ versus the recovery of oil on the concentrate.

This type of curve is a common method of characterizing a separation. It

is known as a liberation curve in the minerals industry and a washabilit_

" curve in the coal industry. In the format used in this report, a shift in the

curve upward and to the right is indicative of a more efficient separator.

The use of the full grade-recovery curve to judge the response to a

single variable avoids the ambiguities and possible errors that might result

from a single point comparison.
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Figure 4-42 shows the grade-recovery relationship for Alabama oil shale

as a function of particle size. Curve A was developed for a feed sample that

was ground to dg0 = 18.6 pm and d50 = 6.3 pm. Individual points on the curve
represent variations in air flow rate frjm 4.3 SLPM to 6.0 SLPM. Curve B

shows the grade recovery relationship for a feed sample that had a d90 = 9.4
and ds0 = 3.7 particle size and was tested at the same air flow rates. These
curves show the expected effect of fine grinding and air flow rate. Curve A

also shows that for this material, the fineness of grind limits the grade but

not the recovery which is attainable. Note that a 94+ % recovery is achieved

at a grade which is approximately twice the feed grade (shown as dashed line).

Figure 4-43 shows that an increase in frother concentration noticeably

improves the character of the separation achi£ved. Curve C was obtained at a

frother concentration of 42 ppm (2.5 ib/ton) while Curve B was at the baseline

condition of 30 ppm.
/

An attempt was made to improve the recovery noted in Curve B by

increasing the retention time in the cell. In this instance, the retention

time was increased by raising the level of the tailing discharge (and with it

the pulp froth interface)thereby increasing the pulp volume. The resulting

grade-recovery Curve D (Figure 4-44) showed a decrease in recovery rather than

the expected increase. It was subsequently noted that the significant
difference in the two curves was that in Curve D the feed was introduced into

the cell at a point above the pulp-froth interface whereas in Curve B the feed

was directed into the pulp phase. This observation indicates that the froth

zone in a column flotation cell can have a major role in particle collection

(recovery) as well as product cleaning. This observation may be contrary to

popular notions concerning column flotation but is consistent with what is

being done in froth separators (Young, 1982) and the observations ,Lade in a

packed column (Yang, 1988).

The effect of increasing wash water rate is illustrated by Figure 4-45.

Curve C as described earlier was developed at a frother concentration of

42 ppm and the baseline wash water rate of 130 mL/min. Curve E shows the

effect of increasing the wash water rate to 180 mL/min. The grade recovery

curve is shifted to generally less favorable results.

Earlier it was stated that one objective of the early continuous flow

tests was to establish rh6 reproducibility of tests performed in this

manner. This was accomplished by taking consecutive five minute samples

immediately following a change in operating conditions. Table 4-31 shows the

results of two such experiments. The first set of data show the effect of an

increase in air flow while the second set of data were taken after the height

of the pulp-froth interface was raised. Note that in both cases the weights

of the products equilibrated quite rapidly, (within the first i0 to

15 minutes) while the analyses of the products continued to drift for a longer

period of time. These data confirmed the practice ef waiting for a period of

at least 30 minutes, after making a change in the system, before sampling.

Phase Two -- Indiana Shales

A series of sixteen tests were performed on a sample of Indiana (New

Albany) shale. The shale had been ground to 90% finer than i0 _tm and had an

average particle size of 3.5 _m.
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Table 4-31. TIMED SAMPLES OF FLOTATION PRODUCTS

(a) Followlnq an Increase in Air Flow

Sample Concentrate Tailing Carbon Content_ %

No. Weiqht, g Weight, g Concentrate Tailinq

1 32.6 41.8 36.26 7.04

2 23.0 47.1 34.73 6.98

3 Lost ......

4 24.6 47.9 37.14 6.76

5 23.4 48.1 34.98 6.48

6 23.0 47.7 35.02 6.30

7 14.7 49.5 34.71 6.30

8 22.7 46.8 35.05 6.02

9 22.7 48.5 35.55 6.58

i0 23.1 46.3 35.01 6.05

(b) Followinq an Increase in Pulp Height

1 32.2 7.9 29.99 6.56

2 31.3 35.2 28.20 5.80

3 32.3 39.5 28.68 5.88

4 30.3 38.] 28.80 5.47

5 30.8 38.1 28.58 5.46

6 31.7 38.2 28.31 5.23

7 29.7 36.5 28.17 5.19

8 30.9 37.9 28.03 5.12

The purposes of this series of tests were to gain further insight into

the effect of column operating pararaeters and to establish conditions for the

production of a bulk concentrate of Indiana shale (Task 7.2). The average

analyses of the Indiana shale used in the program are as follows:

Fischer Assay = 14.03 gal/ton (58.5 L/metric ton)

Carbon = 13.45%

Hydrogen = 1.74%

Nitrogen = 0.50%

Sulfur = 3.07%

Figure 4-46 compares the grade-recovery relationships generated at two

pulp-froth interface levels. These data show that a more favorable grade-

recovery relationship is obtained at lower pulp levels. This observation is

an extension of the results reported earlier (Figure 4-45) and further

emphasizes the importance of the froth phase in recovery as well as in

concentrate grade. The lower grade-recovery curve in Figure 4-46 was obtained

at the same conditions as Curve C of Figure 4-43. A comparison of the two

curves shows that the Alabama shale yields more favorable results at

essentially the same fineness of grind. This difference may be attributed to
a difference in the liberation of the two shales or the differences in their

surface character.
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Figure 4-47 shows the effects of feed rate and frother concentration on

the flotation of Indiana Oil shale. The four points shown are all at the same

air flow rate. Points A and B were obtained at a feed rate of 6.25 g/min,

while Points C and D were obtained at a feed rate of 12.5 g/mlnute. Clearly,

decreasing the feed rate improved the grade of concentrate with virtually no

effect on oil recovery. The effect of increased frother concentration is seen

by comparing Points A and C (42 ppm) with Points B and D (60 ppm). Oil

recovery is increased, but wlth large decreases in concentrate grade. Note,

however, that the effect of increased frother concentration is diminished at

lower feed rates (that is, A-B < C-D).

Other tests performed on samples of the Indiana shale indicated that

additions of sodium silicate (a dispersant) had no effect on flotation

performance.

Phase Two -- Shale Comparisons

The purpose of this series of tests was to determine the relative

response of all the shales included in this program to a standard column

flotation test. Grade-recovery curves, at 30 and 45 ppm frother, are

presented for the Kentucky, Michigan, Ohio, and Tennessee shale in

Figures 4-48 through 4-51, respectively. In each case a grade recovery curve

representing several stages of conventional cell flotation is also presented.

Note that in all c_ses the higher frother concentration yields the more
favorable results. It is also shown that in most cases the column flotation

approaches the results which are achieved iD four or five stages of
conventional flotation.

Figure 4-52 compares the grade-recovery curves generated for each of the

six shales included in this program. The six shales differ widely in their

response with the Alabama (Chattanooga) shale being the most readily treatable

and the Ohio (Cleveland) the least amenable to beneficiation. The six shales

were tested under similar conditions, i.e., feedrate of 12.5 g/min, 3.3 weight

percent solids and frother concentration of 45 ppm with the exception of the

Michigan and Ohio shales_ which are shown at 30 ppm. Note also that the Ohio

shale yields a grade-recovery curve of anomalous form. No explanation can be

offered at this time.

Phase Three -- Optimization Tests

The objectives of this phase were to optimize the flotation of the

Alabama and Indiana shales and to investigate the effects of column design

parameters. To achieve these objectives a new flotation column was
constructed. The column was of the same diameter as the column described

earlier but was built in sections so as to permit variation in column height.

The maximum height used in this investigation was 63 inches (1.6 m). The new

column was also fitted with multiple access ports to permit changes in the

feed entry position.

Figure 4-53 shows the effect of column height and feed inlet position on

the flotation of Alabama shale. The sample was somewhat coarser than had been

used in previous tests with a dg0 = 12.2 _m. _'he data show that at the
shorter column height the position of the feed inlet has a marked effect on
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flotation performance. At the greater column height the effect of feed inlet

position is greatly diminished. It is difficult to state that a difference

exists in the two upper curves. These data further imply an interaction

between column height and feed entry position. In all four cases shown the

feed was directed into the froth phase, and the pulp-froth interface

maintained constant at 14 inches (35.6 cm) above the sparger face.

The effects of air sparger pore size and column height are shown irl

Figure 4-54. At the 43-inch (.109 cm) column height, the finer pore size (and

presumably finer bubble size) improves the grade-recovery relationship. At a

height of 53-inches (135 cm), the effect of sparger pore size essentially

disappears. The data are similar to those shown in Figure 4-53 and also imply

an interaction between column height and air sparger pore size.

Figures 4-53 and 4-54, when considered jointly, show that column height

is an important design parameter and that increases in column height improve

the quality of separation by flotation. On the basis of these observations an

experiment was performed to determine whether increased column height could
offset the detrimental effects of increased solids concentration which had

been observed in phase one. A sample of Indiana shale ground to dg0 = 11.9 _m
was used for this purpose. A baseline grade-recovery curve was established at

a column height of 43 inch with a feed rate of 380 mL/min at 3.3% solids.

This curve is presented in Figure 4-55 together with grade-recovery curves for

operation at 7% solids in 43- and 63-inch columns. The data show that

increased solids are detrimental to the quality of separation achieved.

However, an increase in column height from 43 to 63 inches more than

compensates for the increased solids and yields a grade-recovery relationship

superior to the base case. In each of these three cases, the pulp froth

interface position was maintained at 14 inches above the sparger face. Thus,

with a constant pulp volume and feed rate the residence time in the cell was

essentially constant. Therefore, the effects noted can be attributed only to

column height and percent solids.

The uppermost curve in Figure 4-55(D) shows that an increase in residence

time, brought about by a decrease in slurry feed rate, results in still

further improvement in the grade-recovery relationship.

Froth washing is thought to be one of the attributes of column flotation

that contributes to its efficiency and its ability to produce clean

concentrate. An experiment was undertaken to isolate the effect of wash water

additions and to quantify tile effect on concentrate grade and oil recovery. A

series of twelve tests were performed in the 53-inch column in which four

levels of wash water addition including zero were tested, each at three rates

of air flow. At each wash water addition rate the dilution water was adjusted

so as to maintain the percent solids in the cell constant at 3.3%. The effect

of wash water addition was therefore isolated from any effect due to changes
in solids concentration.

Figure 4-56 shows the effect of spray water addition rate on oil

recovery. As the spray water rate is increased from 0 to 65 mL/min the

rerovery decreases (at low air flow rates) and increases thereafter. At 130

° and 195 mL/min spray water rates, the recovery is higher than at the base

level (no spray water). The fact that recovery is improved at the highest

spray water rates is contrary to what had been expected.
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The effect of spray Water rate onc0ncentrate grade is shown in Figure 4-

57. The results are contrary to what had been expected. High spray water

rates tend to decrease the grade of concentrate obtained.

An explanation of the effects noted in Figures 4-56 and 4-57 is not

readily apparent. It may be, however, that in the operating conditions (that

is, low pulp levels and deep froth beds) the spray water tends to stabilize

the froth and increase its "carrying capacity". That effect combined with the

tendency of wet froths to prevent bubble coalescence may permit greater

entrainment of particles not speciflcaily attached to air bubbles which would

enhance recovery of gangue and middling particles and in turn dilute the grade
of concentrate.

The net effect of spray water addition is shown in Figure 4-58 where the

data shown in the previous figures are presented as grade-recovery curves.

This figure does show an overall beneficial effect of spray water addition,

with the optimum level being 130 mL/min (the curve for 195 mL/min has been

omitted for clarity).

Phase Four -- Circuit Development

This finai phase of the column flotation testing was the development of

an integrated beneficlation flow sheet for Eastern oil shales. A major

concern in this effort was to establish a means of reducing overall grinding

costs. The most readily apparent means of accomplishing this objectives is to

reject material from the circuit at the coarsest possible size. In terms of

column flotation testing, the objective was to determine whether a rougher
flotation could be conducted to eliminate a substantial f,:action of coarse

material from the circuit wlth minimal loss of kerogen.

A sample of Alabama shale having a d90 of 23.1 _m was used for this
series of tests. The sample was the undersize product from screening a

primary ball mill discharge. A secondary objective of the series of tests was

to gain further insight into the effect of froth depth and feed entry

position. A series of tests were performed in the 63 inch column with varying

froth depth and feed entry position. The test conditions are illustrated in

Figure 4-59. The effect of froth depth (or pulp froth interface level) is

shown in Figure 4-60. The results show that the kerogen recovery improves as

the pulp froth interface level is lowered. These data confirm earlier

observations that beneficial results are achieved by directing the feed into

the froth phase of the column. The data, when compared with those presented

in Figure 4-42, further illustrate the beneficial effect of the taller

column. These data show that in the best case approximately 50% of the feed

weight can be rejected as a tailing product containing only i,.6% of the
available oil.

Figure 4-61 shows that the higher feed entry position moderately improves

the quality of separation.
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Conclusions and l__gco__t_ons

From the data presented here, it is concluded that_ "

i. The six ell shales vary considerably in their response to froth flotation

with the Alabama sample appearing to be the most readily amenable to

separation,

2. Fine grinding, typically 111 the range of dq0 = i0 _m, is required to
achieve suitable concentrate grades and oil recoveries

i

3. A single stage of column flotation is in most cases equal or superior to

four or five stages of conventional flotation.

4. Air flow is the most important operating variable in column flotation and

can be used to control the grade and recovery of product.

5. Column height appears to be a dominant design parameters. Increased

column height enhances the quality of separation which is achieved. No

indication of a "maxlmum" helght was seen within the range tested in this

investigation.

6. The preferred mode Of operation for the flotation of oil shales is to

direct the feed into the froth phase at a point near the top of the

column with pulp-froth interface maintained at about 10% of column

height.

7. Rougher concentrations of coarse shale are possible, producing

concentrates in the range of 20 to 25 gal/ton (83.4 to 104.3 L/metric

ton) with ell recoveries ill excess of 95%.

Before advancing the research to a 2 to 5 ton/h process development unit

scale it is recommended that:

i. Long term testing, employing recycled water, be performed to identify any

effects due to changes in process water quality.

2. Scaling laws relating operating and performance data to the physical

dimensions of the column be developed.

3. Further research be conducted to define limiting effective column height

and froth depth.

4. Alternative circuit configurations (flow sheets) be tested in a

continuous mode at laboratory scale.

Subtask 4.2.2. Air-Sparsed Hydr_e

The air-sparged hydrocyc]one (ASH) was developed during the early 1980's

to achieve fast flotation of fine part leles in a centrifugal field (Miller and

Van Camp, 1982). A schematic d_awing Qf the ASH and a horizontal cross

section showing flow characteristics is presented in Figure 4-62. This device

consists of two concentric cylinders, a cyclone header at the top and a froth

pedestal at the bottom. The inner cylinder is constructed of porous material
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through which air is sparged radially. The outer cylinder serves as an air

jacket to provide for even distribution of air through the porous inner

tube. The Slurry is fed tangentially through the header to the inside of the

porous cylinder, so as to develop a swirl flow, and is dlsaharged through the

annular opening between the inner porous byllnder wall and the froth

pedestal. Air is sparged through the jacketed, inner porous wall and is

sheared into small bubbles by the swirl flow. Kerogen-rlch partlales in the

slurry collide with these bubbles and after attaching are transported

radially into a froth phase. The frotl_ phase is stabilized and constrained by

the froth pedestal at the und,rf low and thus moves towards the vortex finder

of the cyclone header and is discharged as an overflow product. Hydrophilia

particles (silicious gangue) generally remain in the slurry phase and are

discharged as an underflow produ0t through the annulus created by the froth

pedestal.

A 5"am diameter ASH (length, 50 cm; vortex finder, 2.1 am; and pedestal

diameter, 4.4 am) with a wall pore size of I0 _m was used in the flotation

tests. It was reasoned that because residence time in the hydrooyclone is

extremely short (less than one second), each kerogen rich particle has very

few opportunities (perhaps only one) to collide with an air bubble.

Therefore, to increase the probability of attachment in that single collision

it would be necessary to increase the hydrophoblcity of the kerogen rich

particles. Further, it was reasoned that the selectivity of the process might

be enhanced if the particles were presented singly rather than as

aggregates. The need, therefore, was to develop a System for dispersing

finely ground oll shale and selectively coating the kerogen rich particles

with oil to enhance their hydrophoblcity.

Due to the size and Capacity of the equipment involved, air sparged

hydrocyclone tests require substantial quantities of prepared sample for a

single test. It was decided, therefore, to develop and validate the systems

fordlspersing and oil coating ground shale in an external system. Oil

agglomeration was chosen as the external-pilot system.

Raw Indiana shale ground in the Netzsch mill to a size d90 = i0 _m was
tested using a Denver scrubber in batch mode° The effects of variables such

as scrubbing time, percent solids, oil dosage, agitation intensity and pH were

determined in terms of yield and recovery of kerogen. In this series of

tests, the agglomeration was found to be very sensitive to pH and agitation

intensity. The natural pH of the ground slurry was around 4 and even if

agglomeration tests were carried out at the best conditions of other variables

such as intensity (3000 rpm), kerosene dosage (40% of the weight of dry

shale), percent solids (5% by weight) and scrub time (15 minutes), little

agglomeration was observed (that is, concentrate yield was 3%). The yield was

determined by screening the slurry at i00 mesh. The +100 mesh material was

taken to be agglomerated material. Electrokinetic (zeta potential) measure-

ments indicated that a pH of i0 is required to achieve reasonable repulsive

forces (dispersion) between kerogen-kerogen, kerogen-mineral and mineral-

mineral aggregates. Based on this finding, experiments were conducted at

pH 10 with all other variables held constant, this resulted in a yield of 15%

to 20%. Similarly, a positive effect of agitation intensity was also

observed. In another series of experiments, the effect of solids loading was

observed. Percent solids were varied in the range of I% to 9% in steps of 2,

scrubbing time was kept at 20 minutes and ali other variables were the same as
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mentioned above. In these experiments, th_ only experiment that gave yields

of 15% to 20% was at percent solids = 5%. Experiments conducted at lower (<5)

and higher (>5) percent solids resulted in yields of 9% to ii%. These experi-

ments suggested that optimum ratio of solids and oil was highly desirable.

For example, at low solids (~0.5%) not enough shear will be generated to form

flocs, and at high solids loading, clustering will inhibit oil coating.

Therefore, optimum solids loading of 5% was desired. These tests concluded

that concentrate yield should be at least 20% or higher in order to achieve a

good kerogen recovery in the concentrate. The conditions for optimum oil

agglomeration, in terms of pH and oil coating were subsequently adopted for

conditioning micro_ized oil shale prior to ASH testing.

A conventional ASH test loop has two limitations: i) _ large feedstock

of micronized shale was needed and 2) cyclone underflow and overflow are

directed into the feed sump. This arrangement reduces the demand for

feedstock, but results in a non-homogenized feed for other tests. Hence, an

important modification in the ASH circuit was completed so that a small

quantity of micronized shale could be used for many tests without altering the

feed characteristics. Figur_ 4-63 shows the schematic diagram of the AS}{

circuit. Initial tests were conducted using water with and without Dowfroth

250 to find the condition which corresponded to minimum water split to

overflow. Two variables were varied, that is, feed inlet pressure (3 to

9 psig) and airflow rate [6 to 14 ft3/min (170 to 396 L/min)]. In the_e

experiments, a (high) feed inlet pressure of 9 psig and a (low) airflow rate

of 6 ft3/min gave the best response in terms of fractional split (0.5).

Table 4-32, 4-33, and 4-34 list the operating conditions for such tests.

Using these conditions to be a preliminary optimum, a series of experiments

were carried out on Kentucky and an unspecified shale mixture. Zt is of

interest to note that the oil recovery in the overflow product is of the same

magnitude as that in the underflow, however, a small but consistent higher

grade of overflow was obtained. This may be largely due to a large size

(1.75 inch) pedestal being used in these experiments leading to a condition of

froth core thickness being larger than swirl layer (1.70 inch) thickness. In

subsequent experiments, a smaller size pedestal was used so that fractional

overflow water split be maintained in the range of 0.3 to 0.35. Before this

change was implemented, alternative ways of reducing the overflow split were

tested by replacing the large-size vortex with a middle size vortex.

Therefore, a test series using 23 first-order factorial experimental design

was conducted using 1.75-inch diameter pedestal and middle-size vortex (1.6 <

d < 2.0 cm). The manipulated variables were percent solids, slurry inlet

pressure, and air flow rate. This test series was repeated for two di[fferent

levels of kerosene concentration (1 and 3 kg/t). Table 4-35 lists the

' experimental design along with the results obtained in these experiments.

In another tests series, percent solids was maintained at a fixed value

(3%) and the manipulated variables were: kerosene pedestal and vortex were

changed to smaller pedestal (l.70-inch diameter) and smaller vortex (1.6 inch

diameter). Table 4-36 lists experimental design and results obtained. This

change was made irl order to check whether a clean concentrate from this device

was possible or not. Results similar to those obtained previously

(Table 4-35) were achieved except that the oil recovery in the underflow was

quite substantial due to the significant weight fraction reporting to the

underflow.
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Table 4-32. RESULTS OF AIR-SPARGED HYDROCYCLONE TEST WORK

USING WATER WITHOUT FROTHER

Air Flow Slurry Slurry Fraction of Total Fraction of Total

Rate, Pressure, Flow Rate, Flow Reported Flow Reported

_i_.q SCFM psig _ L/min in overflow in Underflow

65 6 3 27.93 0.52 0.48

65 6 5 51.56 0.47 0.53

65 6 7 59.84 0.45 0.55

65 6 9 68.34 0.43 0.57

65 i0 9 62.87 0.48 0.52

65 i0 7 53.90 0.52 0.48

65 i0 5 51.56 0.57 0.43

65 i0 3 34.60 0.60 0.40

40 14 3 40.62 0.64 0.36

40 14 5 45.31 0.65 0.35

40 14 7 56.71 0.55 0.45

40 14 9 65.62 0.52 0.48

Table 4-33. RESULTS OF AIR-SPARGED HYDROCYCLONE TEST WORK

USING WATER WITH 22 ppm DOW FROTH 250

Air Flow Slurry Slurry Fraction of Total Fraction of Total

Rate, Pressure, Flow Rate, Flow Reported Flow Reported

_si_ SCFM psiq L/min in Overflow in Underflow

65 6 3 32.81 0.57 0.43

65 6 5 44.43 0.51 0.49

65 6 7 57.18 0.49 0.51

65 6 9 71.25 0.50 0.50

65 i0 9 63.43 0.54 0.45

65 I0 7 59.68 0.58 0.42

65 i0 5 45.31 0.62 0.38

65 i0 3 30.31 0.67 0.38

40 14 3 31.87 0.65 0.35

40 14 5 42.96 0.62 0.38

40 14 7 54.68 0.60 0.40

40 14 9 60.78 0.59 0.41

Table 4-34. RESULTS OF AIR-'SPARGED HYDROCYCLONE TEST WORK

USING WATER WITH 80 ppm DOW FROTH 250

Air Flow Slurry Slurry Fraction of Total Fraction of Total

Rate, Pressure, Flow Rate, Flow Reported Flow Reported

SCFM _ L/min in Overflow in Underflow

65 10 9 54.6 0°60 0.40

65 10 5 39.6 0.69 0.31

65 6 2 30.0 0.50 0.50
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Table 4-35. AIR-SPARGED HYDROCYCLONE TEST SERIES USING 23 FIRST ORDER

FACTORIAL DESIGN WITH PEDESTAL 1.75-INCH-DIAMETER AND MIDDLE VORTEX

ON ALABAMA OIL SHALE FOR TWO DIFFERENT LEVELS OF KEROSENE DOSAGE

(AI-AS for 1 kg/t and Ag-AI6 for 3 kg/t)

Test Pump Slurry Inlet Air Flow Oil Oil

Number Settinq Pressure, ps___ Rate, SCFM gal/ton Recovery

A-I OF 50 12 6 9.8 48.6

UF 50 12 6 8.6 51.4

A-2 OF 50 4 14 i0.0 67.1

UF 50 4 14 9.3 32.9

A-3 OF 35 12 14 ii.2 59.6

UF 35 12 14 8.1 40.4

A-4 OF 35 4 6 ii.8 61.8

UF 35 4 6 10.3 32.2

A-5 OF 35 12 6 12.2 50.1

UF 35 12 6 10.8 49.9

A-6 OF 35 4 14 11.2 69.1

UF 35 4 14 i0.4 30.9

A-7 OF 50 12 14 ii.0 49.8

UF 50 12 14 9.4 50.2

A-8 OF 50 4 6 9.0 48.9

UF 50 4 6 9.0 51.1

A-9 OF 50 12 14 i0.3 50.7

UF 50 12 14 9 .I 49.3

A-10 OF 50 4 6 8.7 54.7

UF 50 4 6 9.5 45.3

A-II OF 35 12 6 ii.7 47.7

[IF 35 12 6 I0.5 52.3

A-12 OF 35 4 14 10.8 64.5

UF 35 4 14 10.4 35.5

A-13 OF 35 12 14 i0.3 56.3

UF 35 12 14 9.4 43.7

A-14 OF 35 4 6 i0.4 59.3

UF 35 4 6 9.2 40.7

A-15 OF 50 12 6 10.6 48.0

UF 50 ]2 6 9.1 52.0

A-J6 OF 50 4 14 Ii.0 57.2

UF 5- 4 14 10.9 42.8

Pump setting 50 gave percent solids in the range of 6 to 13% (average of

9%); a 35 setting yielded a range of 1.5% to 5% (average of 3%).z
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Table 4-36. AIR-SPARGED HYDROCYCLONE TEST SERIES USING 23 FIRST ORDF_

FACTORIAL DESIGN WITH PEDESTAL 1.70-INCH-DIAMETER AND SMALLER VORTEX,

ON ALABAMA OIL SHALE AT FIXED PUMP SETTING AND 4% SOLIDS

Kerosene

Test Addition, Slurry Inlet Air Flow Rate, Oil Oil

Number ko/t Pressure, psig SCFM _on Recover Z

A-I OF 1 4 6 i0.36 22.0

UF I 4 , 6 9.93 78.0

A-2 OF I 12 6 i0.43 13,3

UF 1 12 6 9.67 86.7

A-3 OF 1 12 14 10.19 16.2

UF 1 12 14 9.52 83.8

A-4 OF 1 4 14 i0.i0 26.8

UF ' 1 4 14 9.31 '73.2

A-5 OF 2 4 6 9.90 22.0

UF 2 4 6 9.36 78.0

A-6 OF 2 12 6 10.47 15.0

UF 2 12 6 9.04 85.0

A-7 OF 2 4 14 I0.07 27.3

UF 2 4 14 9.28 72.7

A-8 OF 2 12 14 i0.79 18.4

UF 2 12 14 9.17 81.6

These tests indicated that flotation, through this device, on micronized
shale was not feasible. The results were deemed definitive and no further

testing of the ASH was performed.

Subtask 4.2.3. LICADO Process

The focus of this subtask was to beneficiate samples of Eastern oil shale

using the LICADO hlgh-pressure process, prior to retorting. The objective was

to enhance the product quality (Fischer Assay) of the samples and also achieve

a high oil recovery.

Background

The LICADO process was originally developed at the University of

Pittsburgh as a method to produce premium quality coal by physical beneficia-

tion (Araujo et al. 1987; Chi, S.M.B.r 1986). The LICADO process can be

applied to beneficiate the oil shale by taking advantage of the inherent

differences in surface properties of the kerogen-rlch materials (hydrophobic)

and the mineral matter (hydrophilic). Thus, it is possible to achieve the

desired upgrading by contacting an oil-shale water slurry with liquid CO 2. A
schematic diagram illustrating the process principles is shown in Figure 4-64.

The mechanism of separation is governed by the interaction between the

interfacial, shear and body forces present in the oil shale-water-liquid CO 2
system.
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The principal advantages of the LICADO process are as follows_

I. Low viscosity and low surface tension of liquid CO 2, permitting easy
separation from upgraded product.

2. Low operational cost ct tl]e process.

3. DeWatering requirements are minimized since the product Is relatively

dry.

4. Liquid CO 2 is non-toxic and non-flammable.

Methodology

The pz'incipal objective of the experimental work was to increase the

[i'ischer Assay in the product samples and enhance the oll recovery. Four

different types of experiments were carried out:

]. Batch experiments ix] the 2~inch (5.l-cre) Batch l{esearch Unit (B}{U)'

2. Screen-type agglomeration experiments in the modified BRU,

3. Semi-continuous tests in the 4-inch (10.2-.cre) Research Development Unit

(RDU) with an internal two-stage device.

4. Surface property measurements to determine wetting characteristics of oil

shale samples. These included contact angle measurements in air and CO 2

atmospI_ere.

The equipment details and operating procedures are provided below.

Batch |_eseali'chUnit

Figure 4-65 shows the 2-incI] l]Igh pressure Batch Research Unit. lt

consists of two high pressure cells of 2-1nch I.D. connected by a 2-inch ball

valve. The system is provided with two variable speed motors. A 900-,uL oil

shale-water slurry was fed to the low_r section of the BRU in each test.

Liquid CO 2 was injected from the bott(:,mof the column to effect the upgraded

product-refuse separation. At the e[_J of the contact period with liquid CO 2,
the upper and lower sections of the BRU were separated by c;losing the 2-inch

ball valve. The system was then de-pressurized to ambient pressure. The

contents of the upper cell contained the upgraded product while the refuse

fraction _was collected in the bottom cell. During these batch tests, the

slurry volume is mairitained constant and liquid CO 2 does not leave the system.

Figure 4-66 shows the 2-inch BRU modified to perform screen-type

= agglomeration experiments. An 80-mesh screen was incorporated in the ball

valve separating the upper and lower cells. The screen was inserted to retain

the agglomerates of the upgraded kerogen-rich material when the mixture of oil

shale-water-liquid CO 2 was drained to the bottom cell. A sample of 500 ml
slurry was introduced into the top Cell with the ball valve in the closed

position, q'he system was then pressurized until ]00 ml of liquid CO 2 was
observed to collect as a clear layer above the slurry. The ratio of liquid

CO 2 to slurry was maintained at about 0.2 in all the experiments conducted at
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a low slurry concentration (2% by weight). The liquid CO O was vigorously

agitated with the oil shale slurry for 3 minutes at 2500 _pm. _'he slurry

containing the agglomerated product was immediately drained through the

screen. The upgraded product, in the form of agglomerates were captured on

the screen and Samples were collected after de-press'urizlng the system.

Research Development UILIt

A 4-1nch hlgh-pressure unit denoted as the Research Deve].opment Unl£ and

shown in Figure 4-67, was utilized in semi-contlnuous tests. _he pressure,

temperature and flow rate of liquid CO 2 were monltored from an instrument
panel adjacent to the apparatus. Prior to performing the experiment, the

slurry was premIxed with llquid CO 2 at high speed (3050 rpm) for 7 min.

During the experiment, liquid CO 2 was introduced from the bottom of the
separatlon column through a disperser at a constant flow rate for a specified

contact time of 30 min. The upgraded product was carried up to a aolleatlng _

cup at the top of the separation column and into a product sampler where the

liquid CO 2 left the system through a baak-pressure valve. Refuse samples
remained in the separation column and were withdrawn from the bottom of the

cell to a sampler at the termination of the experiment.

A two-stage device was fabricated and installed within the separation

aoiumn of the RDU and this is depleted in Figure 4-68. _wo cylindrical draft

tubes comprising the two stages were installed with the conical section or,

top. A vortex-lnduclng plate was attached at the top of eacli draft tube with

the impeller shaft passing through the draft tubes. In this arrangement, the

upgraded product and refuse were ejected tangentially from the vortex plates

after being subjected to vigorous agitation of at least 1000 rpm. The denser

refuse material sank to the bottom of the separation column after collision

with the walls of the column. _'he lighter agglomerates bearing the kerogen-

rich shale were collected on the top after overflowing from the conical
sect,ion.

S_urface Pr___AIt__ Measuring Apparatus

Surface property measurements were conducted by measuring the contact

angle of water on oil shale pellets In a specially designed high pressure

apparatus shown in Figure 4-69. An overhead mixing cell was used to

equilibrate the immiscible liquid CO 2 and water phases and to feed either of
these two liquids to the measurement cell by gravity. The measurement cell,

equipped with 2-inch windows on opposite sides, was mounted on a rotary table

capable of a 180 degree rotation. A sessile drop of water was deposited In a

CO 2 environment on a 1 X 1/4 inch (2.54 X 0.64 cm) thick polished pellet of an
Eastern oil shale, which was contained in a specimen holder. The oontaat

angle of water was measured with an angular protractor inside the eyepiece of

tile mlcroscope at various liquid CO 2 pressures ranging from zero to saturation
pressure at room temperature (about 850 psla).

The contact angle of water was also measured at room temperature and

pressure with a conventional gonlometer using the sessile-drop method.
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'1'hree different _]astern oil shale samples were utilized 'in the

experimental wor)_. These samples were supplied by MR1 as part of a joint

program Irl benefioiatlon of Bastern shales. Table 4-37 lists the samples and

their prlnclpal characteristics.

Table 4-37. KEY PROPERTIES OF OIL SHALE SAMPGI,]S

Fischer Ash Carbon
Particle

Oil Assay, Content, Content, Size, d50 , mnShale GPT % %

Michigan 7.5 79.5 7.2 4 and 13
i

Indiana 12.0 78.0 13.8 7

Alabama 9.0 74.0 14.8 4

Fine grinding of the particles was performed with a rod mill followed by

wet grinding in a stlrred ball mill to fine particle sizes, usually below

i0 _m. The density of the feed and product oil shale samples were measured

with a Quantasorb Helium Pycnometer. Ash analysis was also carried out with

product samples and the changes in ash content followed the same trend as the

changes in product density. Both ash content and density of the product were

used as indicators for product quality. Correlations for Fischer Assay and

carbon yield were developed by MRI as a functlon of material bulk density for

each of these samples. These were utilized to calculate the Fischer Assay of

the upgraded product. A typical correlation for the Fisaher Assay of Alabama

shale as a function of particle density is shown In Figure 4-70.b

The oll recoverywas calculated from the following relationship:

(Oil Recovery, Wt %) :(Product Yield, Wt %) X IPr°duct Oil Conten_, gal/ton)
(Feed Oil Content, gal/ton)

An extensive study was also made on the effect of chemical additives on

process performance. The chemical reagents included l-Octanol, 2-Octanol,

tall oll and sodium hexametaphosphate. The reagents were introduced at the

desired dosage in a slurry of oil shale in water (slurry concentration was

varied in the range of 2% to 5% by weight). The slurry was preconditioned by

vigorous agitation for at ].east 45 minutes ensuring that equilibrium adsorp-

tion of the reagents occurred on the oll shale samples. Subsequently,

beneflclatlon tests were carried out with the slurry. Duplicate experiments

were carried out for each set of conditions. The raw data are presented in

Appendix C. The results, discussed below, indicate that the LICADO process

holds promise as an efficient method to upgrade Eastern oil shales.
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Results and Discussion

Contact Anqle Measurements

Measurements of the equilibrium contact angle on polished samples of an

Eastern oil shale revealed that the surface of oil shale was being rendered

hydrophobic in the presence of liquid CO 2. The results are shown in
Figure 4-71. The average value of the contact angle measured in the water

phase was 44 ° at room temperature and atmospheric pressure, but it increased

steadily at higher CO 2 partial pressures, reaching IILOF (46°C) at the
saturation pressure of 870 psig (6.1 MPa). Based on the enhanced hydrophobic-

ity of oil shale samples (as indicated by large contact angles) in the CO 2

atmosphere, it was concluded that the LICADO process would be effective in

upgrading Eastern oil shale samples.

Batch Tests in the BRU Without Additives

Batch tests were conducted in the 2-inch BRU with various samples listed

in Table 4-37. In this section, the initial results obtained in parametric

studies in the absence of chemical additives will be presented. Table 4-38

lists the experimental parameters and their operating range for these tests.
The results obtained in the BRU tests with additives is discussed in detail in

the next section.

The effect of contact time of liquid CO 2 on process performance in the
batch tests is shown in Figure 4-72 for the finely ground Indiana oil shale.

A contact time of 2.5 minutes generated a high yield of 32.6% while the longer

contact times resulted in lower yields. When the contact time was increased

to 15 min., the yield decreased sharply, to 15.8%. At the same time, the ash

content of the product decreased, indicating enrichment of the upgraded

shale. It is suspected that particle sedimentation at the longer contact

times could be responsible for the observed results.

Settling time (that is, the operating time at which the ball valve was

closed in the BRU to effect a physical separation of the refuse and upgraded

material) did not improve the results. The data indicated that sedimentation

problems in the batch unit could be minimized by maintaining a small contact

time of 2.5 minutes and no settling time.

The effect of agitation speed for Indiana shale was also investigated in

the parametric tests. A comparison can be made for the results on yield and

ash in the product at the same contact time of 5 minutes. Figure 4-73 shows

that the ash content of the product shale is dependent on the agitation

speed. The lowest ash content of 71.6% was achieved at the lowest impeller

speed employed (800 rpm). The yield increases slightly with agitation speed

and the increase in product yield is not sufficient to counteract a sharp

increase in the product ash content at higher speeds. An increase in the

mixing speed in the water phase promotes an increase in the interfacial area

available for particle-droplet contact and consequently, a higher product

yield is obtained. However, the entrainment of ash particles in the upgraded

shale-liquid CO 2 agglomerates at the higher speeds is detrimental to product
quality. Subsequently, batch tests were conducted at the lower mixing speed

of 800 rpm.
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Table 4-38. OPERATING VARIABLES IN BRU TESTS

Variables Ranqe

Pressure, psig 800-870

Temperature, °F 70-80

Particle Size, d50, _m 4-20
Slurry Concentration, wt % 2-10

Agitation Speed, rpm 400-2500

Liquid CO_ Injection Rate, mL/min ].00-350
Contact Time, min 2.5-15

l

Reagent Dosage, ppm 25-1000

The effect of slurry concentration for the same Indiana shale is

demonstrated clearly from the results in Figure 4--74. There is a perceptible

increase in yield at the higher slurry concentrations, but it is also

accompanied by an increase in the ash content of the upgraded oll shale_

While the use of more concentrated slurries translates into a larger operating

capacity per unit volume, it is clear that process performance for oil shale

slurries would be improved only at lower solid loadings (preferably 2.5%)

where the dispersion problem can be minimized.

The effect of injection rate of liquid CO 2 is shown in Figure 4-75 for
this sample of Indiana oil shale. An increase in yield as well as product ash

content can be observed in Figure 4-75 as the injection rate was increased

gradually to 350 mL/min. Higher injection rates would facilitate better

contact between the droplets of liquid CO 2 and the oil shale particles and
increase the yield. However, the entrapment of fine ash material in the

agglomerate at the higher injection rates causes a loss In product quality.

Similar results were achieved with Alabama and Michigan oil shale sample

that had been fine ground in a stirred bali mill to an average particle size

of 4 _m. The data show a similar trend -- higher injection rates resulted in

increased experimental yield. Subsequent batch processing with finely ground

Alabama shale was carried out at a injection rate of 150 mL/min. In the case

of fine Michigan shale, the trend of the results was similar to that of

Alabama shale. Based on this information, it was decided to carry out

subsequent tests with fine Michigan shale at a liquid CO 2 injection rate of
200 mL/min.

In one set of experiments with the finely ground Michigan shale, the

effects of slurry pretreatment conditions were examined. The slurry was

filtered and the filter cake was dried overnight in an oven at 60°C and

pulverized prior to processing in the BRU. A 5% slurry was remade with water

and the experiments were performed in the BRU. Tests were also carried out by

dispersing the filter cake in water directly to form a 5% slurry without

drying. Both the yield and product quality are reduced when the sample was

subjected to drying. Oxidation of the sample during the drying process and

the slime coating on the solid particles during the consolidation of the

filter cake are suspected to be the reasons for this behavior.

Figure 4-76 summarizes the results with Alabama and Indiana oil shales in

the absence of additives in the BRU tests. The yield appears to increase
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correspondingly with ash in the upgraded product shale. This strongly

suggests that without the aid of chemical reagents, improved yields cou].d be

achieved only at the expense of a decrease in product quality.

The major conclusions from the BRU tests without additives were as
follows:

i. Small contact times without a settllng period is suitable for obtaining
high yields.

2. Higher liquid CO 2 injection rates increased the yield, but only at the

expense of a reduction in the product quality. Intermediate injection

rates for each shale sample appeared to favor improved product quality

and recovery.

3. A low mixlng speed of 800 rpm in both phases appeared to generate the
best results.

4. Low slurry concentrations were desirable in order to improve the product

quality.

5. Sample oxidatlon must be avoided in order to obtain improved yields and

product quality.

Batch Tests in the Presence of Additives

In this section, results of batch tests conducted in the presence of
additives, SHMP, l-Octanolr 2-Octanol, and tall oil are discussed.

SHMP Addition

The first chemical reagent employed in the beneficiation tests in the BRU

was a dispersant commonly used in the mineral processing industry: Sodium

Hexametaphosphate (SHMP). The dispersant dosage effect was studied at three

levels: I00 ppm, 500 ppm and 750 ppm in solution. The batch tests were

performed with no settling time allowed.

The results and the earlier parametric tests with Indiana shale show that

a decrease in the product yield was registered when the dlspersant was

employed in the process. However, the decline was not statistically signifi-

cant. The ash content in the product also appears to be generally lower when

the slurry was preconditioned with SHMP. The dosage of the reagent did not

influence the results substantially within the range explored. The most

encouraging results were achieved at the lower agitation speed of 800 rpm,

where the ash content in the product was consistently lower than at the higher

agitation speed of 1200 rpmo

The results were analyzed statistically using a statistical software

package and are presented in Appendix D. The main conclusions based on the

limited number of tests performed are that impeller speed and the presence of

dlspersant are statistically significant in determining the yield as well as

: product quality. The higher impeller speed generated higher yields but the

lower impeller speed of 800 rpm resulted in improved product quality. The

presence of the reagent SHMP at any dosage was detrimental to the product
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yield -- that is, it did not selectively disperse the mineral matter.

• Overall, the process performance In batch tests with SHMP as the additive in

upgrading Indiana oil shale was not satisfactory.

Batch Tests in Modified BRU (Screen-Type Agglomeration

E__x_periment s1

Beneficlation tests were conducted in the modified BRU by recovering the

upgraded agglomerates on a 80 mesh screen, as described earlier. Meaningful

and reproducible results were obtained only after eliminating the settling

time. _'he objective in performing screen tests was to obtain a quick

qualitative assessment of the reagent addition on process performance and the

results are not to be compared to that obtained in the batch tests.

The experimental results obtained in the presence of various dosages of

the straight-chaln alcohol, l-Octanol, were analyzed statistically using the

Duncan test (Appendix D). q'he results of the statistical analysis for oil

recovery as well as Fischer Assay are shown in Figures 4-77 and 4-78. The

error bars represent the 95% probability that experimental data will fall in

the indicated range, as obtained in the statistical analysis. Figure 4-77

shows that the higher dosages of l-Octanol are more conducive for increasing

the oil recovery (up to about 70% by weight). From Figure 4-78, it appears

that the dosage of 500 ppm is sufficient to cause a significant increase in

the Fischer Assay (up to an average value of 27.4 GPT, compared tO about

12 GPT in the feed material). It can be concluded that l-Octanol should be

employed at about a dosage of 500 ppm (close to its solubility limit)in order

to upgrade Indiana oil shale.

The effect of employing a branched chain alcohol (2-Octanol) on process

performance for Indiana shale are similar to that obtained with l-Octanol.

However, the increase in the Fischer Assay was not as pronounced as with
l-Octanol.

: Effect of l-Octanol and Tall Oil in BRU Tests

These experiments were conducted at an impeller speed of 800 rpm with a

contact time of 2.5 minutes and no settling pet'iod allowed during the test.

Except in one series of tests with Alabama shale, the slurry concentration was

maintained at 2.5%.

The results of pretreatment of Michigan oil shale with different dosages

of l-Octanol are shown in Figures 4-79 and 4-80. Significantly improved

results for oil recovery and Fischer Assay were achieved with the sample that

was finely ground to an average particle size of 4 _m. The slurry concentra-

tion was maintained at 5% in these tests. At low dosages up to 300 ppm of l-

Octanol, the reagent appeared to disperse the mineral matter effectively,

since the Fischer Assay increased from 7.5 GPT in the feed to the range of 24

to 27 GPT in the upgraded product. Unfortunately, it also resulted in a

decrease of the product yield, suggesting that the kerogen-rich material was

also being partially dispersed. At the higher dosages of l-Ootanol (exceeding

300 ppm)_ the product yields were much higher at slightly lower values of

Fischer Assay, indicating that l-Octanol was behaving as a co-agglomerating

agent. At a dosage of 500 ppm, oil recoveries exceeded 90%. Statistical
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analysis using the Duncan test for this case revealed that maintalnJng the

reagent oonaentratlon in the range of 500 ppm would be suitable.

It may be speculated that l-Octanol is essentially acting as a dlspersant

for Michigan shale at lower dosages owing to its mode of adsorption. At the

higher dosages, the orientation of the adsorbed molecule could change, with

the formation of multilayers, The configuration of the adsorbed molecule

could be such that the hydrophoblc tall group might orient toward the bulk

phase and accommodate more molecules. This would impart hydrophoblclty to the

surface and increase the product yields, though not necessarily have a serious

detrimental effect on the product quality.

The variation Of oil recovery wlth dosage 0f l-Octanol is illustrated in

Figure 4.-81 for a relatively coarse sample of Michigan shale, ground to a

larger partlcle size of 13 _m. These results may be attrlbuted to poor

liberation characteristics of the oil-rlch fraction from the mlneral-laden

matrix for the coarsely ground samples.

Figures 4"82 and 4-83 illustrate the effect of pretreatment of finely

ground Michigan oll shale with tall oil at various concentrations, up to

500 ppm. lt is apparent from Figure 4-82 that the presence of tall oil

considerably enhances the oll recovery, exceeding 95% at dosages greater than

100 ppm. The improvement in Fischer Assay is not so pronounced as in the case

of treatment with l-Octanol, as shown in Figure 4-83. Statistical analysis by

the Duncan test for this series of runs revealed essentially no effect of tall

oil on the Fischer Assay and a considerable enhancement of oil recovery at a

dosage of 300 ppm of tall oil. Figures 4-84 and 4-85 demonstrate the effect

of tall oli on Alabama shale, fine ground to an average particle size of 4 _m.

The trend of the results was similar to that obtained with Michigan shale.

The effect of preconditioning with l-Octanol on the process performance

was also investigated with Alabama oli shale, finely ground to 4 _m at a

slurry concentration of 2.5%. The results are presented in Figures 4-86 and

4..87. It is evident from Figure 4-.86 that hlgholl recoveries (close to 90%)

were achieved at dosages of l-Octanol above i00 ppm. Figure 4-87 reveals that

at a dosage of 300 ppm of l-Octanol, the Fischer Assay of the product

increased beyond 25 GPT. Statistical analysis indicated that both high oil

recoveries and product quality can be achieved for this case by maintaining a

dosage of 300 ppm of l-Octanol.

In the next series of experiments with finely ground Alabama shale, the

slurry concentration was increased to 5% from 2.5% and the tests with

l-Octanol were repeated. Data in Figures 4-88 and 4-89 suggest that though

oll recoveries were improved at the higher concentrations of l-Octanol, there

was surprisingly little influence on the Fischer Assay, which varied in the

range of 16 to 19 GPT.

[i_Ste_ Processing in the BRU

In this series of tests in the BRU, the product sample from the first

step was reprocessed by utilizing it as the feed for the second step. Finely

ground Alabama shale was studled in the two-step experiments. The slurry

concentration was maintained at 2.5% for both steps, lt can be observed that

the enrichment of the product is considerably enhanced after pretreatment of
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the feed sample with l_Oo_anol. A Fischer Assay of 29 GPT was registered

after the second step treatment When the sample was Pretreated with l-Oatanol.

However, the overall oil recovery is much lower than that obtained after the

first step treatment, owing to the sharp decrease in the product yield.

Semi-COntinuous _periments in the RDU

Experiments were conducted in the 4-1nch RDU with all ti_ree oi] shale

samples listed in Table 4-37. Alabama and Miohlgan shale were processed irl

the RDU after incorporating the internal two-stage device. The product sample

was collected in the overflow cell. Some product was also collected Jn the

top of the cone in the separation cell and was recovered independen£1y. The

refuse was withdrawn from the bottom of the cell. The product yield was

calculated by mater}al balance on the ash of the feed, refuse and product

samples for each test.

Single-__St_s_slng in the RDU

In the case of Indiana shalev a pre-mixing time of 7 minutes was

maintained. The liquid CO 2 flow rate was fixed at 500 mL/min and the contact
time at 15 minute. The pre-mlxlng agitation speed was maintained at 2050 rpm.

The results show that higher speeds resulted in increased oil recoveries at

the expense of a decrease in Fischer Assay. Significant upgrading of Indiana

shale was achieved at an agitation speed of 1700 rpm and a dosage of 500 ppm

of l-Octanol, since the Fischer Assay of the product was nearly 26 GPT.

Two-Stage Processing in the RDU

The internal two-stage device in the RDU was employed for processing

Alabama oil shale in the semi-contlnuous mode of operation. The pre-mixing

speed was set at 3050 rpm and the slurry was preconditioned with liquid CO 2
for 7 minutes prior to carrying out the test. A slurry concentration of 2.5%

was utilized. During the experiment, liquid CO 2 was injected for 30 minutes
at a flow rate ranging from 1000 to 2000 mL/min.

The results of processing Alabama shale with and without l-Octanol in the

system show that the product quality appeared to improve as the agitation

speed was decreased. The effect of agitation speed on the product yield was

not significant. Lower impeller speed and higher liquid CO 2 flow rates
facilitated increases in the oil recovery. A significant improvement in the

oil recovery as well as product quality can be achieved with semi-continuous

two-stage treatment with no additives. When l-Octanol was employed to

pretreat Alabama shale at a dosage of 300 ppm, the oil recovery increased to

94%, mainly due to an increase in the product yield. _here was no significant

effect on Fischer Assay. It can be concluded that two-stage treatment in the

RDU is beneficial to process performance compared to BRU tests. The improve-

ment is particularly noticeable in the case where no chemical additive is
used.

Economic Evaluation of Process

Economic evaluations were carried out to estimate the cost of the LICADO

process for upgrading Eastern oil shale samples. A conceptual 200 ton/h plant

was used as the basis for these calculations. A process economics model
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' developed _by Westinghouse Electric Corporation for personal computer appllca-

tlons with LOTUS 123 was used _or these calculations. The processing cost of

the beneficiated shale was estimated £rom the capital cost of the plant,

ope_atlng costs, financing costs, maintenance costs etc. (details a_e in

Appendix _). The experimental data obtained in two..:stage processing in the

RDU without additives was considered as input data for oalculatlon.

Sensitivity analyses were made to determine the e_fect upon the _equired

processing cost of 011 shale for a given rate of return or, investment,

Results of the analysis for the conceptual 200 ton/h plant show that a

processing cost of $3/ton (grinding costs excluded) must be charged In order

not to incur losses. To obtain a rate of return of 20%, the processing cost

is estimated to be about $4/ton.

Conclusions

i. The LICADO process proved to be effective in upgzadlng three different

samples of Eastern oil shale.

2. Parametric studies established that low impeller speeds, small contact

times, no settling time, intermediate injection rates and low slurry

concentrations were favorable J.n upgrading the oil sha_e samples tested.

3. Sample oxidation appeared to have a detrimental effect on oll recovery

and product quality.

4. The dispersant SHMP proved ineffective In upgradlng the oll shale

sampi[es. Tall oll facilitated an enhancement in oil recovery without

degrading the product quality.

5. Significant improvements in oll recovery and product quality were

achieved by conditioning all three oll shale samples with l-Octanol. The

desired dosage of reagent was established for each set of experiments.

Oil recoveries exceeded 90% and the Fischer Assay was improved three-fold

for Michigan and Alabama shale samples.

6. Smaller particle sizes (below 5 _m) and low slurry concentrations

(2.5 wt %) were favorable for enrichment of the shale samples.

7. Two-step operation in the batch mode improved the Fischer Assay of the

product at the expense of a decrease in overall oil recovery.

8. Two-stage operation in semi-aontlnuous ,,ode improved the process

performance in terms of oil recovery and product quality as compared to

slngle-stage operation.

9. An economic analysis of the process indicated that the processing cost

for beneflciated oil shale is estimated to be about $4/ton for a rate of

return on investment of 20%.

61WP/61090to4-2/RPP
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SUB'I'ASI(4.3. WAS[['E'I'Fd_A'I'M_N'I'AND DISPOSAb

Pz:ocesslng of EasteL'n _,_[ shales by flotation to L'eoove_' upgraded kerogen

p£'oducts requires grinding Lhc shales to particle sizes finer than 10 _Iilto

llbet'ate the Inorganla mineral matter from the kerogen network. '1'hlsresults

in the release of organic and inorganlo constituents into the process waters.

'J'llesesoluble constituents may or ,kay not be hazardous but +their control and

containment have become a matter of ounce rn,

'i'11etalllngs remaining after removal of the kerogen represent 65% to 80%

by weight of the sl_ale. GeneL+slly they contain some soluble lonlo species

that are not removed duL'ing thlcksning and dewatering and, in any planned

commercial operation, would have to be disposed |n an environmentally safe and +

acceptable manneL +, Also, because of their fineness, the tailings may be

susceptible to rlatural leaching over extendf]d periods of time, Although

disposal of tailings continues to be the subjeci_ of discussion, little

a_tentlo.n has been given to th_ use of the rejects as a potential raw

inorganic mineral resource. [['heextent to which that may be possible needs to

be determined.

in this subtask, the flotation process waters and tailing rejects were

aonsldered waste streams in need of treatment to render them innocuous. The

tall!ing sollds also were evaluated as a potential raw mlnera[ for recyollng.

'I'hus, the overall objectives were to ....

• Characterize the type and quantities of soluble organic and inorganic

ionic species generated and released to process water during fine

grinding and flotation treatment of Eastern oli shales.

• Develop methods for removing or recovering the soluble oonstltuents from

the process water; to a level acceptable for recycle o[' discharge to the

land, rivers and streams.

• Determine the quantity of soluble salts dlschaL'ged with the flotati,Jn

tailing rejects and assess their significance as a potential

environmental problem.

® l)etezmlne the susceptibility of the flotation tailing rejects to natural

ieach|ng over extended periods of time, and suggest methods for their

safe impoundment and storage.

• Study the feas lbillty of using the flotation tailing in selected

commercial applioatlons.

Subtask 4+3.1. Waste Water '1'reatment

'l'l_eobjective of this subtask Is to determine the type and quantlty of

organic and inorganic const.ituents that are released into tlle process waters

during ultra-fine grinding and flotation, and to develop methods for removing

o_' recovering then, as valuable byproducts for return to the domestlo mineral
and metal resource base.
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i_nvi_:onmenta! Ana!ys,ls _Of_sl__]ulj_t___[_rQqe'ss Water li'tomAlabama and
Indiana Shale

Samples o£ Alabama and Indiana shales were ground to flotation size

(<15 _m) using deionized water and filtered to recover the water. The

flitrates wer_ diluted with delonlzed water in the ratio of 9|1 to represent

c,ll shale flotatlon prooess water. Assuming that part of the frother/

collector USed in the flotation process was not ali. utilized and would remain

in the recycle water, 5 drops of Dowfroth 250, representing about ll ppm, was

added to the process waters.

One half of each process water sample was retained for analysis for BOD,

COD, TDS, oll and grease and sulfates. 'l_heother half of each water sample

was passed through a co].u,ln of activated charcoal at a flow rate of 1.5 to

2 gallon/mln/ft 3 (3.34 to 4.46 L/m3/s)of charcoal to determine the potential

for reducing environmental problems associated with oll shale process water.

Results of these studies are shown in _'able 4-39.

_able 4,-39. RESULTS OF STUDIES TO REDUCE BIOLOGICAL, OXYGEN

DEMAND (BOD) AND CHEMICAL OXYGEN DEMAND (COD) IN

ALABAMA AND INDIANA PROCESS WA_'ERS

A!abama indlan__a

Parameter _ ____W*_-;IACE_____- ___SPW__W___ACE_:

Biologlcal Oxygen Demand (BOD 5 day), mg/L 4.4 I.I 3.5 <1.0
Chemical Oxygen Demand (COD), mg/L <5.0 <5.0 <5.0 <5.0

O11 and Grease, mg/L <i.0 <I.0 <i.0 <i.0

:Potal Dissolved Solids ('I'DS),mg/L 800 700 1,230 1,150

SO4=Sulfate, mg/L as 650 560 1,040 889

pH 4.6 4.3 5.4 4.6

Conductivity, j_m mhos/am 930 886 1,364 1,356

SPW Simulated process water.

** ACE - Activated charcoal effluent.

Data In Table 4-39 show that the activated charcoal was effective in

reducing the BOD of the simulated waste water and that the COD and oll and

grease content of the process water were very low despite the addition of the

frother/collector used to float the kerogen.

Additional process water studies from each of the six shale samples were

conducted by grinding 500 gram samples of --i0 mesh shale at 40% solids, using

deionized water, in a stainless steel laboratory rod mill for 2 hours. [Phe

ground samples were filtered and filtrate samples were taken for analysis.

Results of these studies are shown irl Table 4.-40.

The results show significant differences in the soluble inorganic meta]

ion species generated by gr_ndlng the six Eastern oil shales. Of particular

interest is the high cadmium (Cd) content of the water generated in grinding

the Ohio shale sample. Otherwise, the data suggest that the indicated
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'l'able4-40. ANALYSBS OF ROD MILL GRIND WA'I'ER FIL'I'RAT_]S

Analysis, Delonlzed O11 Sl_ale Source

___]zpm Water Alabama 'l'ennessee Kentuckl[ Indiana O_hio__ Miahiqg_[!

Cd <0.i0 0.33 0.02 0.02 0.20 7.90 0.12

Cr <0. I0 I. 01 0.07 0.09 0.15 2.79 0. ii

Cu <0.i0 0.10 0.03 0.03 0.03 0.91 0.04

Pb <0.50 0.24 0.15 0.13 0.25 0.21 0.20

NI <0.i0 75.6 26.0 9.4 41.2 73.7 2.9b

Zn <0.50 5] .0 3,8 0.34 16,0 3.00 1.00

Fe <0 _i0 I,150 4.84 0.30 284.0 760 6.7

Mn D.10 34.6 16.4 22.2 73'.0 22.7 5.0

F- NA* ]16.1 ND** ND ND 267.5 ND

CI- NA 89.0 ll. 3 12.7 547.4 236.0 27.3

l?O4 NA 4,929 2,258 1,900 5,082 5,171 2,784

SO 4 NA 5,208 2,3'20 2,140 5,338 5,484 2,959
pH 7.0 4.3 6.2 7. C) 5.2 4.3 6.8
Conduo.

_]m mhos/cm 0.4 5,480 3,190 3,240 6,000 5,700 3,990

NA- not analyzed.

ND - not detected.

solubility o_ the metal ions may be a function of solution pH and/or the

sulfate content of the solutions. Previous studies of Alabama oil shale grind

waters (Davis, G; Misra, M., and Lamont, W.E., 1987) show much lower metal ion

specie solubility when the solution pH was 5.5 as opposed to a solution pH of

4.3 shown in the present study. Data in the previous study show the effeat of

solutlon pH, when grinding an Alabama shale sample, on the quantity of Fe in

solution. At a pH of 2.5 the total Fe concentration was 200 ppm. By

increasing the pH to 5.5, the iron concentration decreased to 2 ppm. Results

of this study as well as the data shown in Table 4-40 imply that simple pH

control in a grinding and/or flotation circuit would yield conditions

conducive to metal-ion precipitation, thus obviating the necessity for

expensive wastewater treatment facilit._es.

However, since Subtask 4.3.1 specifically called for studies of methods

for L'emoving or recovering the soluble metal icns two methods were studied to

determine the potential for reducing and/or recovering the metals in solution,

i) ion exchange and 2) precipitation as sulfides. Limited studies were made

to reduce organic contamination in the recycle, or waste, water.

Flotation Plant Process Water

S_nce the data shown ii, Table 4-40 reflect the metal ion solubility

attributed to grinding only; that Is, at 40% sol lds, and past flotation

studies (Schultz, Bates, and Lamont, ].989) have shown that kerogen flotation

was most effective in the 4% to 5% solids range, the grind waters were diluted

with delonlzed water at a 9.1 ratio of del onlzed water to grind water to

represent the type of plant process water that might be encountered in a
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flotation plant utilizing on-line metal ion removal techniques. Ion exchange

studies as well as sulfide precipitation studies were conducted using this

diluted process water. Analyses of the diluted process waters are shown in

Table 4-41.

Table 4-41. ANALYSIS OF DILUTED PROCESS WATER USED IN ION EXCHANGE

AND SULFIDE PRECIPITATION STUDIES

Oil Shale Source

Analysls_ ppm Alabama Tennessee Kentuck_ Indiana Ohio Michigan

Cd 0.08 0.01 0.01 0.06 2.00 0.03

Ct" 0.20 0.05 0.04 0.04 0.60 0 04

Cu 0.03 0.01 0.01 0.01 0.25 0.02

Pb 0.05 0.05 0.04 0.04 0.05 0.07

Ni 15.35 6.9 2.2 9.9 12.9 0.68

Zn 24.0 1.20 0.I0 3°7 58.0 0.29

Fe 650.0 i. 21 0.07 64.0 194 i. 06

Mn ii.01 4.4 5.8 17.5 5.4 i. 39

F- ND ND ND 4.0 ND

C] " 28.4 2.6 6.6 3.2 4.4 6.2

- 2,421 605 502 1,149 1,141 643
SO4,
TOC <5 <5 9.5 <5 <5 6.9

pH 3.5 6.3 7.1 5.2 4.5 6.8

Conduc., _m mhos/cm 3,530 1,160 I,ii0 2,020 1,880 1,450

TOC - total organic carbon.

Comparison of the data in Tables 4-40 and 4-41 show discrepancies in the

analytical data when using a 9:1 dilution ratio of deionized water to grind

water; however, these discrepancies may be the result of slight changes in

solution pH and/or aging. Since both ion exchange and sulfide precipitation

techniques would cause significant pH and conductivity changes in the process

water, thus altering the analysis of metal ions in solution_ studies utilizing

either technique would require testi, j in a continuous operating mode to

determine their effectiveness in removing metal ions as well as the affect on

kerogen flotation.

Removal of Orqanic Contaminant__ss

Analysis of each of the proces_ waters to be used in the metal ion

removal studies for total organic carDon (TOC) showed that the Alabama,

Tennessee, Indiana and Ohio recycle waters contained less than 5 ppm TOC while

the Kentucky and Michigan recycle waters contained 9.5 and 6.9 ppm TOC,

respectively.

Each of the recycle waters was passed through a column of activated

carbon (Darco HD-4000) manufactured by American Norit Co. Inc., Jacksonville,

Florida. Analysis of the recycle water effluent from the activated carbon

-_ column _howed that the ",-'C_ ix, th_ MiuhiH_x, _m_l_ w_ _duced f_o,-_6°9 to

<5 ppm. whereas, the TOC in the Kentucky sample analyzed 9.7 ppm versus

_ 9.5 ppm in the feed water, probably wi£hin the range of experimental error of
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the analytical procedure. TOC analyses for the other 4 water samples treated

with the activated carbon remained below 5 ppm.

No additional organic analysis of these simulated process waters w_re

made because of the low TOC analyses.

Ion Exchange Removal of Metal Ions

Metal ion removal and recovery by ion exchange techniques from waste

streams and/or process streams is well documented and has been utilized

successfully for many years on a commercial basis. While certain ion exchange

resins are capable of selectively removing specific metal ions from process

streams which contain valuable metals in relatively high concentration, other

resins can be used to strip bulk metal ions from waste streams to prevent

subsequent ecological problems. Under the proper conditions the bulk metal

ions removed from such waste steams can be stripped from the resins and,

depend ing upon the commercial value of specific ions, can be further processed

to yield recyclable metals.

Oil shale flotation process waters have been found to contain a number of

metal ions in solution which represent either potentially valuable by-

products, or which must be removed to prevent degradation of the

environment. In the present study the flotation process stream waters were

considered waste streams requiring removal of bulk metal ions to prevent

environmental degradation in case of accidental discharge, or to prevent

build-up of specific ions which might subsequently affect the flotation

process itself.

In order to determine the potential for removing the various metal ions

in solution in the simulated process waters, a bench-scale ion exchange system

was set up to measure solution pH and conductivity changes when utilizing both

cationic and anionic exchange resins. Exchange resin effluents were sampled

on a periodic basis and, based on significant changes in both pH and

conductivity, the effluent samples were analyzed for metal ion conte,%t.

. The simulated process water from the Tennessee oil shale sample was not

processed through the ion exchange system because this shale sample was a

highly weathered, very soft outcrop sample which could not be considered

representative of a mineable shale. While the data in Table 4-41 show that

the Kentucky, Indiana, and Michigan shale sample process waters were equally

low in metal ion content these shale samples represented material taken from

active quarries and hence could be considered representative of an active

mining operation.

Both resin forms used in the ion exchange studies of the process waters

were obtained from Rohm and Haas Company and represented commercially

available resins. The cationic resin, Amberlite IR 120, was received in the

sodium form and the anionic resin was received in the chloride form. For the

purposes of this study a bulk sample of the cationic resin was converted to

the hydrogen form using a 10% solution of hydrochloric acid (HCI) and a bulk

sample of the anionic resin was converted to the hydroxyl form using a 10%

so]ution of potassium hydroxide (KOH).
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The bench-scale ion exchange resin system consisted of two 250-mL glass

burets, which contained 25 mL of glass wool above the annulus and 225 mL of

either cationic or anionic resin. The burets were superimposed one above the

other so that the effluent from the upper buret containing the cationic resin

fed the lower bu£et containing the anionic resin. A funnel was used as a feed

reservoir for the upper buret and the stopcocks on each buret were adjusted to

yield a constant flow rate of process water; in these studies, a flow rate

equivalent to 1.44 gallon/mir/ft 3 (3.21 L/s/m 3) of resin. Timed samples of

the effluent from the buret containing the anionic resin were taken every

20 minutes for flow rate calculations as well as pH and conductivity measure-.

ments. These timed samples were accumulated separately until pH and

conductivity measurements showed significant changes indicating metal ion

breakthrough in the system. The cumulative volume of water treated up to

breakthrough is indicative of the resin capacity. The five process water

samples, excluding the Tennessee shale process water, were all treated by this

procedure using fresh resin charges for each sample.

Figure 4-90 presents the results of studies of the pH of each of the

process waters exiting the sequential resin exchange system as a function of

time, and Figure 4-91 shows the results of studies of the conductivity of the

solution from the same timed samples. The data clearly show that the Alabama

process water sample, havin_ a resin system indicates capacity of about
1.33 hours or ]15 gallon/ft _ (15.37 kL/m 3) of resin, would be the most

difficult to treat in terms of cost per unit of metal ions removed. The other

£our waste water samples appear to be somewhat similar in resin system

indicated capacity based on the flow rate equivalent of about 1.44 gal/min/ft 3

of resin.

Of interest at this point is the statement made previously that studies

such as this should be conducted in a continuous oil shale flotation operating

mode rather %ban on a bench scale using simulated process waters. Figure 4-90

shows that w_i_enutilizing a resin exchange system such as this, a distinct

sharp pH break at the resin system indicated capacity point yields solutions

having much lower pH values than found in the initial feed solutions.

Returning such low pH water to the grinding and flotation system could

exacerbate the solubility of the various metal species not in solution in the

finely ground slurry. Conversely, the sharp initial increase in pH of the

solutions over that pH found in the feed solution, would effectively

: precipitate most of the metal ions in solution thus negating the necessity for

any ion exchange system.

Data in Table 4-42 show the effectiveness of the ion exchange resin

system used for removing selected metal ions, as well as sulfate, from

solution. This system effectively removed the Ca, Mg, K, Ni, Zn, Fe, Mn, Cd,

and SO 4 from solution up to the point of saturation loading of the resins at
the designed flow rate of 1.44 gal/min/ft 3 of resin; however, the data

indicate significant differences in the capacity of the resin system based on

the metal ion content of the feed to the system.

Additional analyses of feed solutions were made to determine the AI, U,

V, and Ba contents. These analyses were conducted by a local certified

testing laboratory using inductively coupled argon emission spectroscopy.

Results of these studies are presented in Table 4-43.=
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Table 4_43. RESULTS OF ADDITIONAL ANALYSES OF PROCESS WATERS

Analysis, mg/L

Oil Shale Sample AI U V Ba

Alabama 34.00 i04.0 0.06 <0.05

Tennessee 0.23 11.6 <0.05 <0.05

Kentucky 0.21 12.4 <0.05 <0.05

Indiana 1.00 21.0 0.05 <0.05

Ohio 52.00 71.3 0.06 <0.05

Michigan 0.28 ii. 9 <0.05 <0.05

Because of the unexpected high values for uranium in solution, additional

samples, representing cationic exchange resin eluates as well as other water

samples, were submitted for U analysis. Uranium analyses of these additional

samples proved highly inconsistent;hence, samples of other Alabama and

Indiana waste waters were submitted to Dr. Paul Bonner of Tennessee

Technological University, an authority on uranium analysis. Dr. Bonner's

results showed less than 0.05 mg/L U for both samples. The response of the A1

in solution in the five samples to the ion exchange resin system was not

determined, A copy of Dr. Bonner's report is appended (Appendix F).

Metal Ior_ Precipitatiorl

Metal ion precipitation using either quick lime (CaO) or hydrated lime

(Ca(OH)2) is common practice in industry when metal ion concentration must be

reduced in process waste streams or acid-mine drainage streams prior to

discharging into the natural environment° Precipitation of metal ions as

hydroxides along with flocculation of the solids in most mineral processing

streams occurs naturally when using either quick lime or hydrated lime for

clarifying process water. Such hydroxide precipitates are generally

physically entrapped with the flocculated mass of solids and hence pose little

or no problems in water clarification. However, if the metal ions are

precipitated from waste streams containing little or no solids, the light,

fluffy metal hydroxides generated are extremely difficult to thicken and/or

filter.

To determine the potential for precipitating the metal ions contained in

oil shale process waters as fast settling, easily filterable sulfide

precipitates, as opposed to hydroxide precipitates_ the process water from the

Alabama shale was titrated incrementally with a 10% solution of sodium sulfide

(Na2S.9H20). Upon the first 1-mL addition of the sulfide solution it was
determined visually that dense, black, fast settling precipitates were

forming. Titration of the Alabama recycle water was continued with pH

measurements taken after each 1-mL addition of 10% Na2S.gH20. Subsequently,
each of the other 5 recycle process water samples also were titrated in the

same manner. Figure 4-92 presents the results of these studies comparing

solution pH as a function of grams of Na2S (converted from Na2S'gH20)/L of
recycle solution. Visual observation of the precipitates formed in the

titrating studies indicated that only minor precipitates were formed in the

= Tennessee, Kentucky, and Michigan recycle waters while dense black

precipitates were formed in the Indiana, Ohio, and Alabama recycle waters.
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Upon oompletlon of each of the titration studies shown in Figure 4"92 the

titrated waters were filtered and samples of the filtrate were taken for

analysis. The filter residues were oven dried; however, only the Alabama and

Ohio filter residues yielded sufficient weight of material for subsequent

analysis. Data in Table 4.-44 present ,tileresults of 'these studies. Tile da£a

shows that essentially all of the Fe, Ni, Zn, and Mn in solution in the

Tennessee, Kentucky, Indiana, and Michigan process waters were preoipltated

under the conditions of trial. Howeveri inco,lplete precipitation of the Fe

and Mn was indicated for both the Alabama and Ohio proces_ waters. Analyses

of the metal precipitates from the Alabama and Ohio process waters indicate

the potent lal for recovering valuable metal species from these process war,

by sulfide precipitation.

Sulfide precipitation studies of the Alabama process water, shown in

Table 4-44, indicated that there might be a possibility of selective

precipitation of the metal ions by incremental addition of Na2S to the recyc].e
water. One additional study of the Alabama process water was conducted to

determine i) the sequence of metal precipitation and 2) the quantity of Na2S
required for complete precipitation of the Fe, Ni, Zn, and Mn ions. In this

study, 4 mL of a 10% solution of Na2S.gH20 was added to 1 L of recycle water
and resulting precipitate was filtered from the solution. Conductivity and pH

measurements were taken of the filtrate and the filtrate was sampled for

analysis. This sequence was repeated until no visible precipitate was formed

upon addition of the Na2s.gH20. Results of conductivity and pH measurements
are given in Figure 4-93 and analyses of the filtrates for Fe, Ni, Zn, and Mn

are presented in Table 4-45.

Data in Table 4-45 show that a total of 1.3 grams of Na2S/L of recycle
process water was required to precipitate essentially all of the Fe, Ni, Zn,

and Mn ions. The data also show that the precipitation sequence of these 4

metal ions was Zn > Ni > Fe > Mn thus indicating some potential for

controlling the concentration of metal values by sulfide precipitation of the

metal ions from oil shale recycle waters.

Subtask 4.3.2. Tailing_ Disposal Studies

In the beneficiation of Eastern oil shales about 1500 pounds (680 kg) of

tailings or waste solids are generated for each ton of raw shale processed.

Typically, such tailings are impounded in a closed tailings pond to permit

recirculation of process water and to prevent the very finely ground material

from being washed into natural waterways (that is, lakes and streams). Three

questions relevant to the disposal of tailings are addressed by the research

performed in this subtask: i) What are the thickening and settling character-

istics of the tailings?, 2) What are ;heir long-term leaching characteris-.

tics?; and, 3) Can the tailings be utilized in ways which do not require

impoundment?

ThicKener Req_y.irements _or Alabama and Indiana Oil Shale Flotation
Wastes

Column cell flotation tests were conducted on samples of Alabama and

Indiana oil shales, rod mill ground to pass 20 _m, to obtain flotation waste

samples for settling tests and thickener calculations.
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'l'able 4-45. S}_QUENTIA6 PRECIPI'I'A'I'IONS'fUDI_S OF ALABAMA CIr, SHAL}_

PROCESS WA_['_]RUSING Na2S

Na2S Added, Solution, Filtrate AnalYsis_L_p_p_m _-
_____H/6 .___pH .... F.ge- N i Zn _ Mn_

o 3.00 650.0 15.75 22.50 ii. 2

0.26 4.43 420 9.45 0.08 10.6

0.52 4.61 343 4,10 0.03 i0.0

0.78 5.03 216 0. I0 0.03 9.5

1.04 5.78 28 ND 0.03 8.2

1 .30 I0.40 0.03 ND 0.01 ND

Size analyses of the flotation tails from the Alabama and Indiana shales

are presented in rl'ables 4-46 and 4-47, respectively. 'failing slurries from

both the Alabama and Indiana flotation tests were thoroughly mixed and one I-L

samples were removed from eaah slurry sample for sedimentation studies. One

additional sample was taken from each tailings slurry to determine the density

of the solids for subsequent thickener calculations. The density of the

slurry sol_ds was found to be 2.8 g/mL for both the Alabama and Indiana

samples.

'/'able 4-46. _;IZE ANALYSIS OF ALABAMA FLOTATION TAILS

Weight, % ii.i 12.0 18.7 13.1 14.2 7.6 7.7 7.9 6.9

Table 4-47° SIZE ANALYSIS OF INDIANA FLOTATION TAILS

Weight, % 11.2 18.7 17.8 12.9 14.9 8.3 8.9 8 5 6.'[

Standard settling tests were conducted on the Alabama and Indiana

flotation tailings slurries to determine the natural settling characteristics

of the finely ground solids. Upon completion of the studies to determine the

natural settling characteristics, the slurries were flocculated with Nalco

88/2, a slightly anionic polyacrylamide (molecular weight i0 to 12 million)

produced by Nalco Chemical Co. at a dosage rate of 20 ppm.

Settling data from these studies was used to calculate the thickener

requirements for both the natural and flocculated slurries based on a standard

procedure used to determine the square feet of thickener area required per ton

of dry solids per 24 hours.

[Results o£ the calculations for both flotation tailings slurries are

presented in Table 4-48.
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'1'able 4-48. CALCULAt[']_D THICKI_N]_R RI_QUII_I_MI_N,IL_

_A!abama i_nndian_

Natural Settling 28. '12 41.30

Flocculated Sottllng 2.11 2.37

Data in Table 4-48 show that the use of the sliglltly anionic

polyacrylamide flocaulatlon was highly effective in redualng the square

footage of thickener area required.

_-Term Leaohlnq Studies

Qb__lective

Investigate the natural[ leaching characteristics of eastern oll shale

flotation solid wastes that might occur during long term storage and devise

methods for preventing potential ecological problems associated with waste

waters from long term storage of the solid wastes,

Procedure

Representative samples of Alabama and Indiana flotation wastes were

filtered and thoroughly washed to remove flotation water containing soluble

salts. Analyses of the two dry solid waste samples are presented in
Table 4-49.

Table 4-49. ANALYSIS OF FLOTATION WASTES

Anal_%

Flotation Waste _ H ,N__ S Vol As_h_h _/_[I Moisture

Alabama 2.78 0.62 0,28 6.18 6,62 90.44 2.05 0.89

Indiana 4.51 0.95 0,28 4.01 8.26 88.02 2.41 ]..31

Four 50 gram samples from each of the washed flotation waste samples were

taken for long term solubility studies. One 50 gram sample of each waste was

mixed with 1 L of deionized water having a pH of 6,5 and aonductlvity of

1.8 micromhos/cm. Calcium hydroxide (Ca(OH)2 equivalents of 10, 25 and
100 ib/ton of dry solids were added to the other three samples from each waste

and each of these samples were mixed with one liter of deionized water to

determine the effectiveness of Ca(OH)2 in reducing the metal ion concentration
in the pond effluents. Both pH and conductivity measL_rements were made of

each of the samples _mmedlat:e].y after mixing with the delonlzed water.

Results of the_:e studies are presented in Table 4-50.

Both pH and conductivity measurements were made of each of the samples

every week for a period of 4 months. Water samples were removed from each of

the tests after two weeks, one month, two months and four months for soluble

metal ion analyses. At each analytical sampling period, 100-mL of effluent

was removed for analysis and an additional 100-mL of deionized water was added

to the samples to represent potential rain water dilution.
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Table 4-50. INITIAL pH AND CONDUC'I'IVI'I'YOF ALABAMA

ANl) INDIANA SOLID WAS'Iq_EFFI,UI_NrI'S

Ca (O}I)_ Ibe/ton Alabama Indian@____._

of dr_. solids ...j_l'l,_ Conduatlvltl __.. Conductivlt_

0 4,4 ]75 6,4 2].3

].0 6,4 254 8.0 24'I

25 7,8 282 8.2 288

I00 i0.8 485 i0,5 330

Results

The pH and conductivity of the water sample are presented as a function

of time in Figures 4-94 through 4-97.

Figure 4-94 shows that about 25 pounds of Ca(OH)2 per ton of dry solids
(12.5 kg/metrio ton) was required to keep the pH of the simulated Alabama pond

effluent within permissible discharge limits over a four month period;

whereas, only i0 pounds of Ca(OH)2 pe_" ton (5 kg/metric ton) was required for
the Indiana POnd effluents, show[, in Figure 4-96. The conductivity of the two

wastewater effluents were quits similar in response to the quantity of Ca(OH)2
added to the slurry.

Tables 4-51 and 4-.52 present the results of periodic analyses of the pond

effluents with no Ca(OH) 2 addition and with Ca(OH) 2 additions from the Alabama
and Indlar,a flotation solid wastes, respectively.i

Analytical data from both simulated pond effluents show continuous

solubility of Fe, Ni, Zn, Mn and SO4 = as a function of time when no Ca(OH)2
was added to the slurry system. The addition of as little as i0 ibs of

Ca(OH)2 pe[' ton of dry solids effectively reduced the soluble metal ion
concentration of the pond effluents. However, the data also indicate the

potential for continued metal ion solubilizatiOn, particularly the Zn and Mn,

as a function of time when using as much as i00 pounds of Ca(OH) 2 per ton of
dry solids.

The inurease in Ca ion and S04 solubility with both time and quantity of

Ca(OH) 2 added is reflected in the increase in solution conductivity shown in
Figures 4-95 and 4-97. It had been anticipated that the Ca ions present in

solution would react with the SO4 = to yield some form of CaSO4.XH20 which
would precipitate out of solution with the metal hydroxides thus yielding a

nonhazardous effluent. However, this reaction apparently did not occur under
the conditions of trial.

Utilization of 'Pailinqs in Cement and Concrete

Object i_e

The objective of this study was to investigate the potential for

utlJizlng shale tailings as a component in the manufacture of portland cement,

and as a replacement or par[lal replacement fo_ cement in concrete.
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Figure 4-94. EFFECT OF Ca(OH) 2 ON THE pH OF ALABAMA
OIL SHALE FLOTATION WASTE POND EFFLUENT
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Figure 4-96. EFFECT OF Ca(OH)2 ON THE pH OF INDIANA
OIL SHALE FLOTATION WASTE POND EFFLUENT

175

=



Cp
'tl"

X

E
6

t,n
o

E
2
.__ 5
E

,> Ca(OH)2 , Ibs/ton of dry solids- 4O

= O 0'10

[] 10
3 A 25

+ 100

1 ; _____._.._ , ,, I .... , ,, --J--------._.. ,,
0 1 2 3 4

Time, months

Figure 4-97. EFFECT OF Ca(OH)2 ON THE CONDUCTIVITY OF
INDIANA OIL SHALE FLOTATION WASTE POND EFFLUENT

176



(DI O O O O 00 "_
e •

o,.. oooo

I _ o c-_00o M
(._ O r-IO C_ u_ t'.• , . , r-IC_l

O O O O

O_ O O C'-_ Cq
(.DI ,-I C_ O'_ _ O O
ell

I P-- ff'l 0 _ IM kOo ,-_c,q'_ _' c_

,--I o o o o

Z c_orn om 00
I--4 u_l o r-4o _,4CD o

Z C',,ll , • • , e-I (NC_ O O (;D
O

H CN

Ol O m ,-IkO 00 C_I
_-I _ n . , ' , (M
Z I OOOO

U
_,_mrnm

O _ o I , .

I-t _ 0 0 0 0 0 ¢',1 _N

CD , _ • . ,--_C,4
,-4 O O O

OOOO
O_

"_ C O ('qO .._OO 00
O_ e-- . • • , r-_O O O O
"C_
m H

O I r-IC_ O C'qC_I _'4O O_ ,-_

tO o o c.q o tD 0_

[_ _- oo O o
_4

r._ U O ,--IO O t'- %O
O O O O

I u_

_1 oO o o
E_

C._ • , , , r4
o ,-_o ,-I

m 0

','_ 0

_3

1 7 7





Devonian Shales in Cement Manufacturing

The LaFarge Corporation uses Antrim shale in their cement making

operation at Alpena, Michigan (Lakin, 1990). Antrim shale is mixed with

locally occurring limestone in their clinkering operation. The organic

portion of the shale (kerogen) is burned off in the operation and marginally

reduces the process energy requirements.

The operation also report that burned shale, the results of spontaneous

combustion of the shale during storage, has also been used in the clinkering

operation with no ill effects. From this then we can infer that either shale

tailings or spent shale would be usable as a raw material in cement

manufacturing. Further, the uniformity of the composition of the mineral

matter in various Devonian shales means that this inference can be extended to

all the shales in the program.

The Use of Tailings in Concrete

-j

A test program was undertaken to determine whether oil shale tailings

have pozzolanic properties which would permit them to be used as a

replacement, or partial replacement, for portland cement in concrete.

Approximately I0 pounds of Alabama oil shale flotation wastes were generated

for the pozzolan studies. Fischer Assay, C-H-N, S, and ProTimate analyses of

tile flotation waste are presented in Table 4-53.

Table 4-53. ANALYSIS OF ALABAMA SHALE FLOTATION WASTES

Analysis _ %

Specific

FischeL' Gravity,

Ass__ GPT _ H N S Volatiles Ash C(f1 Moisture g/mL

0.8 3.42 0.57 0.15 5.82 9.34 87.51 1.77 1.38 2.86

Whole rock analysis of the flotation waste sample gave the results shown

in Table 4-51. Particle size analysis of the flotation waste sample is shown
in Table 4-55.

Table 4-54. _tOLE ROCK ANALYSES OF ALABAMA

FLOTATION WASTES

_

C___om_nlDound Percent C___om_pound P_ee[cen____tt

SiO 2 58.42 Na20 0.53

AI203 9.80 P205 0.20
CaO 0.50 TiC 0.51

Fe203 9.63 MnO 0.02

K20 3.71 Ba 0.04
MgO 0.84 Cr 0.03
S 6.01 LOI 12 86
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Table 4-55. PARTICLE SIZE ANALYSIS OF ALABAMA FLOTATION WASTES

Plus Minus

Size, ]J_m__ 24 24/'].6 1__6/12 _ 8_6 6_/4 4//3 3___2 2/1 1

Weight, % 1.7 9.4 12.0 18.7 13.1 14.2 7.6 7.7 7.9 6.9

A standard Type 1 Portland cement and Ottawa sand were used in the

pozzolan studies to determine baseline cement parameters. The specific

gravity of the Portland cement was 3.26 g/mL and that of the Ottawa sand was

2.67 g/mL. Neither the Portland cement nor the Ottawa sand were chemically

analyzed. The Ottawa sand had the size consistency shown in Table 4-56.

Table 4-56. SIZE ANALYSIS OF OTTAWA SAND USED IN POZZOLAN CEMENT STUDIES

Size, mesh Plus 40 40_/__5_O0 50/6D 60__/80 80/100 Minus i00

Weight, % 18.8 33.4 23.0 18.6 4.0 2.2

Tests were conducted by MRI to determine the potential use of oil shale

flotation wastes as a pozzolan in cement mixtures. All work was performed

according to ASTM specifications.

Table 4-57 summarizes the results of studies conducted under this phase

of the oi] shale waste program.

[['able4-57. EFFECTS OF ADDITION OF ALABAMA OIL SHALE

FL.OTATION WASTE TO PORTLAND CEMENT

Water Compressive

Required, Strength, Activity Initial Final

Mix % __j_sc Index Settinq Time Settinq Time

Control I00.0 2875

12.5% o.s. 102.2 1750 60.87 5 hfs 36 rain 7 hfs 20 min

25% o.s. 109.5 1640 57.0"7 5 hrs 55 rain 8.0 hrs

37.5% o.s. 115.3 1016 35.33 7 hrs 15 rain 9-].0 hrs

50% o.s. 116.0 778 2'7.10 8 hrs i0-ii hrs

Oil Shale Flotation Waste.
z

Data in If'able4-5'7 show that the Alabama oil shale flotation wastes have

a negative effect on compressive strength, pozzolanic activity index, and both

initial and final setting time.

Conclus ions

Studies of the long-term leaching characteristics of flotation solid

: wastes from the Alabama and indiana si_ales show that the effluents from ponded

wastes became more acid as a function of time and that Fe, Ni, Zn, Mn, and

SO 4 ions in solution increased as the pH decreased.
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The addition of lime, in the form of Ca(OH) 2, at a ratio of about

0.0125:1, or 25 pounds of Ca(OH)2 per ton of dry waste solids, effectively
reduced the solubilized Fe_ Ni, Zn, and Mn to insignificant quantities for a

period of four mcnths and also yielded pond effluent pH values falling between

6 and 9, the desired pH range for intentional discharge.

Data derived in these studies over a four-month period indicated that the

quantity of Fe and Ni in solution was directly proportional to the quantity of

Ca(OH) 2 added per ton of dry solid wastes. The quantity of Zn and Mn in

solution also was directly proportional to the quantity of Ca(OH) 2 added;
however, the Zn and Mn was indirectly proportional to time regardless of how

much Ca(OH) 2 was added.

While the addition of Ca(OH)2 was effective in stabilizing the pH values
over a period of four months, the conductivity of the effluents from both oil

shale waste solid_ increased significantly because of the increase in both Ca

and SO 4 ions. Ta e Alabama Department of Environmental Management (ADEM) was

contacted to determine the maximum allowable SO4 = content for industrial waste

water discharge; however, ADEM personnel indicated that the SO 4 content by
itself was not a standard parameter used to determine discharge permitting.

Since total dissolved solids is a standard parameter for determining

discharge permitting in Alabama and TDS is a function of conductivity (conduc-

tivity OX.67 = TDS for both the Alabama and Indiana solid waste effluents),

the high TDS content of the effluents indicated potential discharge problems.

Upon discussion of this problem with a local certified environmental labora-

tory it was determined that the maximum permissible TDS content of industrial

waste discharges was 250 mg/L, which indicated that both effluents would

exceed the permissible limits for TDS. However, it was subsequently deter-

mined that the Alabama permissible TDS limits were based on the chloride

content of effluents and analyses of the Alabama and Indiana solids waste

effluents showed less than 1 mg/L chloride, respectively. On this basis

' neither of the effluents from the solid wastes should represent potential

ecological problems when using sufficient Ca(OH)2 to precipitate out the
soluble metal ions and to control the pH of the effluent to meet standard

discharge parameters.

Recommendations

Since the data presented in this study represents results obtained under

static conditions, and all mineral processing waste ponds operate under

dynamic conditions until filled, the most appropriate method for preventing

future ecological problems associated with such solid wastes would be to

maximize techniques for containing the waste. Such techniques, based on

proven technology, would include construction of lined waste ponds, probably

with a limestone base, overflow monitoring equipment, as well as a number of

monitor wells drilled around the periphery of the waste pond to detect

potential future problems.

The existence of an industrial operation utilizing Devonian shale in the

manufacture of portland cement precludes any need to conduct laboratory

studies toward that end. lt would be of interest, however, to determine how

much spent shale and shale tailings could be adsorbed into the cement

manufacturing market.

61WP/6109Oto4-3/RPP
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CONCLUSIONS AND RECOMMENDATIONS

The objectives of the Cii[ Shale Beneficiation Research program have been

achieved. Investigators from The University of Alabama, The University of

Pittsburgh, and The University of Nevada-Reno have conducted definitive

evaluations of advanced technologies for oil shale grinding and for kerogen-

mineral matte[' separation. Problems, or potential problems, associated with

the disposal of waste materials from beneficiation have been identified and

approaches to their solution have been advanced.

With respect to oii shale grinding, it can be Concluded that:

i. Pressure cycle comminutior, is not, at its current stage of development, a

viable means of grinding oil shale to fine sizes.

2. Stirred ball mill grinding is superior to conventional (tumbling) mills

in grinding to the fine sizes required for kerogen-mineral matter

separation.

3. The energy efficiency of stirred ball milling is increased as the media

size is decreased.

4. Energy efficient circuitscan be achieved when appropriate sizing and

concentrating devices are used to prevent over-grinding and to reject

waste at the earliest possible time.

While considerable progress has been made in reducing the cost grinding

still further progress is possible. To that end, it is recommended that

further research be conducted in the following areas:

i. The effect of alternative grinding media such as sand.

2. Optimization of operating conditions on the basis of cost rather than

energy consumption.

The research conducted in the area of kerogen-mineral matter separation

leads to the conclusions that;

i. The air sparged hydrocyclone is not an acceptable means of affecting a

kerogen-mineral matter separation.

2. The LICADO process is capable of affecting a separation of kerogen from

its associated mineral matter.

3. Column flotation is superior to the other technologies tested for the

separation of kerogen from shale and represents an advance over

conventional flotation technology.

lt is recommended that further research be conducted in preparation for a

major PDU program. This research should include:
i

I. Long-term testing in a closed cycle configuration to determine the effect

of recycled water on flotation performance.
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2. Evaluation of commercially available column flotation cells.

3. Further research on the effects of cell geometry and the development of

scaling laws

4. Further research on specific oil shales other than the Alabama

(Chattanooga).

Research on the disposal of waste materials revealed no insurmountable

problems. There is, however, a need for continuing research in certain

areas. Specifically it is recommended that;

i. Long-term leaching and settling tests in a dynamic mode be conducted in

conjunction with long-term, closed-loop column flotation testing.

2. Appropriate market and economicanalyses be performed to quantify the

potential use of tailings and spent shale in cement manufacturing.

3. The mode of occurrence of certain heavy metals such as Uranium and

Vanadium be determined.

4. Means of recovering the potentially valuable Uranium and Vanadium be

investigated.

61WP/61090to4co/RPP
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GRINDING MODEL FRAMEWORK

The formulation of population balance models for grinding and relevant

discussion have been presented by several authors (Herbst and Fuerstenau,

1980; Austin, 1973). The size-discretlzed form of the model is especially

convenient for application to experimental data. A brief discussion of this

follows below.

Consider a mass of material H in a ball mill divided into n narrow size

intervals with maximum size x1, and minimum size Xx+l" The lth size interval,

bounded by X i above and Xi+ 1 below contains a mass fraction of material mi(t )
at time t. A mass balance for the lth size interval yields the kinetic model:

Hm (t) i-I

d[--i-------]dt= - SiHsi(t) + _ bijS.Hm3 J(t) (A-l)
j=l

Where S i is the size discretized selection function for 'the lth size interval
that denotes the fractional rate at which the material _s broken out of the

ith size interval, and bis is the size discretized breakage function that
r_presents the fraction o_ primary breakage fragments of material from the jth

size interval which appear in the lth size interval. An estimation scheme

(Mehta, Adel, and Yoon, 1989, 1990) based on a Modified Levenberg-Marquardt

algorithm and a finite difference Jacobian are used in conjunction with this

model for the estimation of selection and breakage functions from grinding

data.

Mill Scale-UR

The approaches have been explored for finding a relationship between

model parameters and mill design and operating variables. The first involves

the correlation of selection and breakage functions with mill diameter

(Tanaka, 1972; Austin, 1973). The second involves the correlation for the

model parameters with the specific power draft of the mill (Herbst and

Fuerstenau, 1980, Malghan, 1975). According to findings first reported by

Herbst and Fuerstenau (1973), the size discretized selection functions are, to

a good approximation, proportional to the specific power input to the mill

(P/H), that is,

= sE (A-2)si

where S termed the "specific selection function" for the ith size interval is

essentially independent of mill design and operating conditions. Also, the

breakage functions, bij , have been found to be a good approximation invariant
with respect to design and operating variables over a wide range of

conditions. Incorporating these observations into Equation A-I, yields the

energy normalized form of the batch grinding model:
_

dm.(E) i-I

- - S.m (E) + b sEm,(E) (A-3)

where B is the specific energy input to the mill and is equal to the product
of specific power (P/t1) and grind time t. This "detailed energy-size

A-3



reduction relationship" predicts that for a given laaterial and feed-size

distribution [mi(0)], a necessary condition for identical product size
distributions in different batch mills is identical specific energy input into

each mill independent of mill dinlenslons and mill operating variables in the

normal operating range.

A description of continuous tumbling mill requires not only a description

of tt_e breakage kinetics, but also a mathematical description of material

transport through the mill. Such a description can often be obtained by

considering the continuous response, mp, to be an average of batch responses,

m-batch(t) weighted accocding to the amount of material that resides for
various times in the mill, 0(t), that is,

m-Mp fo mbatch(t) 0(t)dt (A-4)

where 0(t)dt is the fraction of particles that spend time between t and t+dt

within the mill. Since particles spending a time t to t+dt are consuming

specific energy input of (P/H)t to (P/H)(T+dt) or R to _+dR, Equation A'4 can

be transferred to energy nor_;_alized form:

-mp o mbatch

where _(E) is an energy density function (or "input energy distribution") that

is related to residence time distribution by

0(_)d_ = 0(t)dt (A--6)

lt has been demonstrated in many research papers that _esidence time

distribution in a mill (t) follows a flexible mixer-in-series model

(Himmelblau & Dischoff, 1968).

"ct= ..... -Nt/'[0(t) N--_N-I e (A-7)
_F(N)

where N is the mixing parameter which gives the equivalent number of mixers-

in-series and '[ is the mean residence time for material in the mill. These

: values of parameters (N,_) can be predicted for a given mill design and

operating variables using dimensionless correlations (Lo et al.., 1988).

To simplify the task o£ estimating all of these kinetic parameters from

experimental data, the following functional forms we_e used;

0.5

E -, (xx ) £
, Si = sE [ i i+10.5 ] for n<i<n-i (A-8)

(xix2)

A-4
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Xi
l-exp(-(.... 1_)

xj+l
BI j = l-exp(-l) (A-9)

This reduces the parameters to be estimated to: a, _, S .

Finally, the power d_aft of the mill can be calculated from the following

correlation (Bond, 1962):
,

3.4 * * * 9-10N

P(kw) = 2.2 Pballs(L/D)D MB (3.2 -3M B ) N (i - .1/2 ) (A-10)
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Table B-I. 460 MESH DERRICK SCREEN SIZE ANALYSIS DA[PA

(19% Solids, 750 mL/min Feed Rate, No Spray Water)

Cumulative Percent Passlnq___
Par ticle Screen Screen Screen

Size Undersize Oversize Feed

48 mesh 300 i00.0 i00.0 i00,0

270 mesh 53 96.5 _3.5 63.2

4B 95.6 30.7 61.3

32 89.9 21.9 53.9

24 83.1 16.1 _.7.7

16 69,5 ii.0 38.6

12 57°4 8.5 31.5

8 44.5 6.8 24.6

6 35.5 5.4 19.6

4 25.6 4.0 14.2

3 19.0 2.9 10.5

2 12.0 1.9 6.7

1.5 6.5 1.0 3.6

] 4.8 0.8 2.7

WL % 47.1 52.9

% Solids 8.0 6.0

At 25 _m, the separation efficiency is 82.1%.
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Table B-2. 460 MESH DERRICK SCREEN SIZE ANALYSIS DA'I'A

(21% Solids, 750 mL/rain Feed Rate, No Spray Water)

Cumulat_Ive Percent Passinq i.

Particle Screen Screen Screen

Size Under'size Oversize Feed

48 mesh 300 i00.0 i00.0 i00.0

270 mesh 53 99.5 18.0 51.3

48 99 ,_l 16.9 50.5

32 94.0 13.3 46.3

24 88.8 10.8 42.7

16 74.5 8.2 35.3

12 62.3 6.5 29.3

8 47.7 5.1 22.5

6 38.6 4.1 18.2

4 27.5 3.0 1.3.0

3 20.5 2.2 9.7

2 12.7 1.4 6.0
1.5 6.9 0.8 3.3

1 4.9 0.6 2.4

Wt % 40.9 59.1

% Solids 1.2.0 15.0

At 25 |Jm, the separation efficiency is 85.1%.



Table B-3. 460 MESH DERRICK SCREEN SIZE ANALYSIS DATA

(21.% Solids, 400 mL/min Feed Rate, No Spray Water)

Cumulative Percent Passlnq___
Particle Screen Sc_:een Screen

Slze Undersize Oversize Feed

48 mesh 300 100.0 i00.0 i00.0

270 mesh 53 99.6 28.2 62.8

_8 99.3 26.1 61.6

32 95.0 19.0 55.9

24 89.6 14.2 50.8

16 75.4 9.S 41.6

12 62.8 7.6 34.4

8 48.3 6.1 26.6

6 38.9 4.9 21.4

4 27.9 3.6 15.4

3 20.8 2_6 11.4

2 13.1 I.7 7.2

1.5 7.1 0.9 3.9

1 5.1 0.7 2.8

Wt % 48.5 51.5

% Solids 13.0 i0.0

At 24 _m, the separation efficiency is 85.5%.
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Table B-4. 460 MESH DERRICK SCREEN SIZE ANALYSIS DATA

(21% Solids, 1400 mL/rain Feed Rate With New Feeding

System 'l'hatUses More of the Screen, No Spray Water)

Cumulative Percent Passing

Particle Screen Screen Screen

Size Under size Over size Feed

48 mesh 300 100.0 100.0 100.0

270 mesh 53 99.7 23.8 56.7

48 99.4 22.2 55.6

32 94.2 15.6 49.6

24 98.8 11.5 45.0

16 74.1 7.6 36.4

12 61.7 5.9 30.1

8 47.2 4.6 23.0

6 37.9 3.7 18.5

4 26.9 2.7 13.2

. 3 20.1 2.0 9.8

2 12.5 1.3 6.1

1.5 6.8 0.7 3.3

1 4.9 0.5 2.4

Wt % 43.3 56.7 •

% Sollds [2.0 18.0

At 24 _m, the separation efficiency is 85.4%.
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Table C-l. CONTACT ANGLE ON POLISHED OIL SHALE PELLETS

(Room Temperature: 22°C)

CO 2 Pressure, psig Contact Angle, ....o

[4.7 44

200 84

400 86

850 88

870 (liquid C02) 115

Table C-2. EFFECT OF CONTACT TIME INDIANA SHALE

(Liquid CO 2 Flowrate: 200 mL/min)

Settling Impeller Contact Product Product

Time, Speed, Time, Yield, Ash, Ash,

min rpm secs wt % wt % wt %

5 1200 5 23.9 74.4 80.4

5 1200 2.5 32.6 75.0 80.2

5 1200 i0 22.9 74.8 79.8

' 5 1200 15 15.8 71.6 79.6

0 1200 5 24.1 76.9 79.5

0 1200 2.5 32.8 74.3 79.8

0 1200 I0 23.2 72.8 79.7

0 800 5 26.0 71.8 79.7

Table C-3. PARAMETRIC STUDIES WITH INDIANA SHALE

(Slurry Concentration: 5%)

Impeller Inject ion Contact Product Refuse

Speed, Rate, Time, Yield, Ash, Ash,

rpm __min min wt % wt % wt %

1200 250 5 24.0 74.9 80.6

1200 350 5 26.5 75 80.3

1200 200 2.5 32.6 76 80.2

1200 200 I0 22.9 74.8 79.8

: 800 200 5 27.8 71.6 81.1

1400 200 5 24.5 74.9 80.1

1600 200 5 25.3 74.3 79.8

i C-3
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Table C-4. EFFECT OF SLURRY CONCENTRATION FOR INDIANA SHALE

(Contact Time of Liquid CO2: 6 min)

Impeller Injection Contact Product Refuse

Speed, Rate, Time, Yield, Ash, Ash,

rmp_m.__ mL_/min .__min_ wt % wt___%__ wt %

1200 200 2.5 22.7 74.3 801

1200 200 5 23.9 74.4 80.2

1200 200 i0 28.2 76.4 80.1

1200 200 15 30.6 77.1 80.4

Table C-5. EFFECT OF INJECTION RATE FOR INDIANA SHALE

(Slurry Concentration: 5%; Contact Time of Liquid CO2: 5 min)

Impeller Injection Product Refuse

S__p_egd,rpm Rate L mL/mi n Yields_%_ A__shz_%_ Ash___L___

i000 i00 15.5 69.5 '78.6

].000 200 17.6 69.8 80.7

i000 300 24.4 71.4 80.5

1000 350 25.5 71.'7 80.7

1200 200 20.6 71.0 80.1

1400 200 23.8 72.5 80.3

Table C-6. EFFECT OF INJECTION RATE FOR ALABAMA SHALE

(Particle Size: 4 Microns; Slurry Concentration: 5%)

Injection Fischer Assay, Oil Recovery,

Rate, mL/mln Yield_ % ___.q_Lton wt %

i00 24.0 15.5 41.3

150 30.9 15.1 51.8

200 31.5 15.1 52.8

300 37.0 11.0 45.2

Table C-7. EFFECT OF INJECTION RATE FROM MICHIGAN SHALE

(Particle Size: 4 Microns; Slurry Concentration: 5%)

Injection Fischer Assay, Oil Recovery,

Rate_ mL___min Yield, % gal/ton wt %

I00 22.0 16.9 53.1

150 24.3 16.6 57.6

200 27.0 16.6 64.0

300 27.0 16.0 61.7

(_--/I
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Table C-8. PRELIMINARY TESTS WITH MICHIGAN SHALE

(4-Micron Sample)

Fischer Oil

Filte_ Cake Injection Rate, Yield, Assay, Recovery,

Treatment mL/min wt % gal/ton wt %

Dried 250 7.0 ii.0 10.3

Dried 350 15.6 15.7 32.5

Not Dried 350 21.8 17.6 51.1

Table C-9. EFFECT OF DISPERSANT SHMP IN BRU TESTS FOR INDIANA SHALE

(Liquid CO 2 Injection Rate: 200 mL/min)

Dispersant Impeller Contact Product Refuse

Dosage, Speed, Time, Yield, Ash, Ash,

ppm rpm min wt % wt % __wt_t__%_,

i00 1200 5 29.0 75.4 79.7

i00 1200 2.5 24.0 73.8 80.1

I00 800 5 25.1 72.5 79.6

500 1200 5 29.2 76.2 79.7

500 1200 2.5 28.5 75.5 80.1

500 800 5 20.9 69.3 79.9

750 1200 5 28.4 74.4 79.9

750 1200 2.5 24.3 73.8 80

750 800 5 20.6 70 80_I

Table C-10. EFFECT OF SETTLING TIME IN SCREEN TESTS FOR INDIANA SHALE

(Slurry Concentration: 2%)

Liquid CO 2 Settling Yield, Product
Volume r mL Time, min wt % Ash, wt %

0 3 25.0 782

100 3 58.0 77.4

0 0 ].0 --z

I

i00 0 16.0 75.1
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Table C-II. SCREEN-TYPE AGGLOMERATION EXPERIMENTS WITH INDIANA SHALE

Dosage of Product Yield Fischer Assay, Oil Recovery,

l-Octanol, ppm wt % gal/ton wt %

0 18.1 15.6 23.5

0 19.2 15.0 24.0

0 14.9 16.9 21.0

I00 18.8 27.8 43.5

i00 20.4 27.2 46.2

100 25,0 22.3 46.4

300 28.0 23.6 55.1

300 26.2 25.8 56.3

300 26.8 24.0 53.6

500 25.1 33.0 69.0

500 24.8 32.0 66.1

500 27.0 _ 29.2 65.7

I000 30.4 20.9 53.0

i000 29.1 22.4 54.3

i000 30.8 21.7 55.7

Table C-12. SCREEN-TYPE AGGLOMERATION EXPERIMENTS WITH INDIANA SHALE

Dosage of Product Yield Fischer Assay, Oil Recovery,

l-Octanolz__p_p_m wt % gal/ton wt %

0 18.7 17.1 26.6

0 19.2 16.4 26.2

0 14.8 20.0 24.6

i00 20.9 25.9 45.1

i00 24.3 26.9 54.5

i00 21.9 23.2 42.4

300 26.4 22.1 48.6

. 300 27.2 24.] 54.6

300 25.0 24.8 51.7

500 31.0 22.7 58.7

500 30.2 23.2 58.4

500 28.8 24.5 58.8

1000 30.6 27.3 69.6

1000 30.2 26.4 65.3

1000 3]..6 25.9 68.2
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Table C-13. BATCH EXPERIMENTS WITH MICHIGAN SHALE

(Slurry Concentration: 2.5%; Partlcle Size: 4 Microns)

Dosage of Product Yield Fischer Assay, Oil Recovery,

l-Octano!., ppm wt % __gal/ton wt %

0 21.8 16.4 47.6

0 24 0 18.4 58.9

0 201 18.0 48.3

100 17.8 20.3 48.2

100 18.8 20.9 52.4

i00 14.9 24.2 48.1

300 19o2 25.0 68.6

300 20.9 24.3 6'7.7

300 16,0 27.2 58.0

400 29.0 20.6 79.7

400 27.0 22.0 79.2

400 25.4 23.0 77.9

500 33.1 20.9 92.2

500 32.2 21.6 92.7

500 33.4 21.1 94.0

700 33.6 18.2 81.8

Table C-14. BATCH EXPERIMENTS WITH MICHIGAN SHALE

(Slurry Concentration: 2.5%; Particle Size: 13 Microns)

Dosage of Product Yield Fischer Assay, Oi] Recovery,

l-Octanol, ppm wt % ..........gal/ton wt %

0 17.6 9.1 21.3

0 15.8 ii.0 23.1

0 16.0 10.2 21.8

i00 9.4 15.1 18.9

100 12.3 12.2 20.0

100 10.6 14.4 20.4

300 23.8 ].4.5 46.0

300 25.1 13.6 45.5

400 24.1 14.0 45 0

400 25.3 13.9 46.9

500 24.5 13.9 45.4

500 26.0 12.0 41.6
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Table C-15. BATCH EXPERIMENTS WITH MICHIGAN SIDLE

(Slurry Concentration: 2.5%; Particle Size: 4 Micron)

Dosage of Product Yield, Fischer Assay, Oil Recovery,

Tall Oil_ ppm wt % gal/ton _ wt %

0 28.0 16.0 64.0

0 26.0 17.2 63.9

0 27.0 16.6 64.0

50 32.2 16.0 73.6

50 28.6 18.7 76 4

50 29.4 18.0 75.0

100 32.0 17.0 7'7.7

i00 29.1 18.6 77.3

i00 31.6 1.8.0 81.2

300 36.0 19.1 98.2

300 33.0 20.2 95.2

300 34.5 20.1 99.0

500 39.0 17.2 94.9

500 35.7 19.4 98.8

500 38.4 17.4 95.3

Table C-16. BATCH EXPERIMENTS WITH ALABAMA SHALE

(Slurry Concentration: 2.5%; Particle Size: 4 Microns)

Dosage of Product Yield, Fischer Assay, Oil Recovery,

Tall Oil, ppm wt % _ gal/ton wt %

0 26.3 14.8 43_2

0 27.2 ].4.1 42.6

0 23.3 17.6 45.6

50 36.2 15.6 62.7

50 34.3 16.0 61.0

50 36.9 15.5 63.6

I00 38.1 15.0 63.5

i00 35.0 16.5 64.2

100 37.6 16.5 69.0

300 42.7 20.0 95.1

300 43.2 19.0 91.3

300 44.1 19.3 94.8

500 44.4 18.9 93.1

500 43.2 20.0 96.0
m

500 45.1 19.4 9'7.2
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Table C-17. BATCH EXPERIMENTS WITH ALABAMA S_L_]

(Slurry Concentration: 2.5%; Particle Size: 4 MicronS)

Dosage of ProdUct Yield Fischer Assay, Oil Recovery,

l-OctanOl,_p._p_m wt % ___.__l____tpn wt %
1

0 26.8 14.9 41.4

0 25.8 15.3 4319

50 24.0 21.3 56.8

50 26.0 20.5 59.2

50 25.0 20.6 57.2

I00 26.2 20.4 59.4

i00 24.9 22.1 61.1

I00 26.1 19.3 56.0

300 28.2 25.9 81.2

300 27.5 25.0 76.4

300 27.9 25.9 80.3

500 40.0 20.9 92.9

500 37.0 19.7 81.0

500 38.8 20.0 86.2

Table C-18. BATCH EXPERIMENTS WITH ALABAMA SHALE

(Slurry Concentration: 5%; Particle Size: 4 Microns)

Dosage of Product Yield Fischer Assay, Oil Recovery,

l-OctanQl_Lppm wt % .......gal/ton_ wt %

0 30.9 15.1 51.8

0 32.6 14.0 50.0

0 28.4 16.0 50.5

50 33.0 18.7 68.6

50 31.3 20.2 70.3

50 34.2 16.9 64.2

100 32.2 19.0 68.0

i00 35.0 18.0 70.0

i00 30.6 19.2 65.3

300 39.3 17.8 77.7

300 40.6 17.5 78.9

300 37.0 18.9 77.7

500 43.1 16.5 79.0
500 42.2 17.0 79.7

500 40.7 172 77.8

700 44.6 16.0 79.3

700 45.2 15.7 78.8

700 43.9 16. 2 79.0

a
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Table C-19. BATCH TWO-STEP TESTS WITH ALABAMA SHALE

(Particle Size: 4 Microns; Flowratez 150 mL/min)

Slurry l-Octanol Fischer Oil

Cone., [)osage, Assay, Recovery,

St__t_ wt % ___P_P_m____ Yie]d_ wt % S__ wt %

1 2.5 0 28. 16.0 9.7

2 2.5 0 40.0 (11.2)* 24.1 30.1

1 2.5 300 42.8 19.2 91.2

2 2'.5 300 60.6 (25.9)* 29.0 82.9

Table C-20. RESULTS OF RDU TESTS FOR INDIANA SHALE

Product Fischer Oil

Speed_ Dosage, Flowrate, Ash, Yield, Assay, Recovery,

r_pm ., ppm __mL__/min wt % wt % sal_l_ wt %

1.800 0 500 70.1 17.5 22.8 31..6

1700 500 500 66.5 14 8 25.9 30.4

1700 i000 500 66.5 23.8 24.3 5.8

2050 500 500 73.6 40.5 19.7 63.3

Table C-21. RESULTS OF TWO-STAGE RDU TESTS FOR ALABAMA SHALE

Product Fischer O11

Speed, Dosage, Flowrate, Ash, Yield, Assay, Recovery,

_rpm _.RP___ mL/mln .... wt % wt % al_ wt %

1320 0 i000 67.7 39.1 15.1 65.6 _

1700 0 i000 69.4 41.8 ].3.0 60.4

I000 0 2000 64.8 38.9 19.1 82.6

]000 50 2000 65.3 36.1 19.5 78.2

I000 300 2000 65.1 42.5 19.9 94.0
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Table C-22. COMPARISON OF PERFORMANCE FOR ALABAMA SHALE

IN TWO-STAGE RDU WITH BRU TESTS (No Additives Used)

Opsrating Produ0t Fischer Oil

Mode of Flowrate, Speedl Yield, Assay, Recovery,

_Operation __mL/mln _ wt % _[Lt__.o_ wt %

Batch

Single-Stage 150 800 25.6 15.5 44.0

Semi-Contlnuous

Two-Stage 2000 ]000 38.9 19.1 B2.6

Table C-23. RESULTS OF TWO-STAGE RDU TESTS FOR MICHIGAN SHALE

Product Fischer Oil

Speed, Dosage, Flowrate, Ash, Yield, Assay, Recovery,

_r_@!_ _ m___/min wt % wt % gal/ton wt %

I000 0 2000 77.8 31.5 ].9.1 85.9

I000 300 2000 74.6 24.5 22.3 78.1
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STATISTICAL ANALYSIS OF TH_ BATCH TESTS

WITH INDIANA OIL SHAL_

A brief description of the methodology for statistical analysis is given

below. This is followed by the presentation of the results for experiments

conducted using the Batch Research Unit. The conclusions are based on yield

as well as th_ ash in tile product,

The experiments in the batch mode were designed at four levels for one

factor and at two levels for two other factors. These are indicated in

Table D-I. Twelve tests (without replication) were considered fo_ analysis of

results. The raw data were presented in the preoedlng section. It must be

mentioned that the statistical analysis was carried out to provide an

indication of any definitive trends in the results and that more tests are

planned in the future based on the initial conclusions.

Table D-1. TEST VARIABI,ES LEVELS

Level _
Factor 1 2 3 4

Dispersant Concentration, ppm 0 i00 500 750

Contact Time of Liquid CO 2, ppm 2.5 5 -- --

Impeller Speed, rpm 800 1200 ....

Two parameters were analyzed:

(a) Yield, defined as:

WeiHht of !ecovered productYield -
Weight of the feed in experiment

(b) Ash in the final product:

The data are analyzed for each factor as follows:

rl

" 3 = SUM Yij J = 1,2,...,m
Total for each level" t.

i=l

Total Number of Tests: N = nxm = 12

n

Sum of Squares: gS = SUM t 2/n - SSt
j=l J'

n III,

SSt = (SUM SUM Yij)2/N
i=l j=l

n m
2

= SUM SUM Y ij - SSTotal Sum of Squares: SSTo T t
I=i
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_aal_ £aator has f = m- I degrees of freedom arid the total number of

degrees o1_ freedom is fTOT = N - 1 = 11,,

The alean square, fo[: each factor can be calculated asl

s2 = SS/f

The residue is oonsldeL'ed an estimation of the experimental error. The

same parameters calculated for the factors can be determined for the residue:

SSR = SSTo T - SDUM SS
factors

(SR) : SS/ R

fR = fTOT - SUM f = 6
rasters

Ti_e significance of eacll faster is determined by comparing the ratio

s2/(SR)2 with F distribution values with (f,fR) degrees of freedom.

The analysis of variance was performed for the yield and the product ash

results of the batch experiments. Table D-1 lists the levels aonsldered for

each variable studied for the Indiana oli shale. Several tests were repeated

and the _'eproduclbillty was within 10%.

A summary of the analysis of variance results for the Indiana oil shale

is given in Tables D-2 and D-3.

Table D-2. YIELD (%)ANALYSIS OF VARIANCE

Level Averaqe 2.s/ 2Factor I 2 3 4 SS s2 s R
_-_-

Concen trat ion

cE Dispersant 29.4 24.4 24.8 22.8 73.5 24.5 5.6

Contact '£]me 24.1 26.6 [2.5 12,5 2.9

impeller Speed 22.0 28.7 9],.1 91.1 20.9

Residue 26.1 4,4

Table D"-3. PRODUCT ASH ANALYSIS OF VARIANCE

Level Averaqe 2/SR2Factor 1 2 3 4 SS s2 s

Concentration

of Dispersant 73.8 72.8 72.6 71.7 4.1 1,4 1.0

Contact Time 71.9 73.3 3.6 3,6 2.7

impeller Speed 70.2 75,0 46,1 46,1 34.8

Residue 7,9 1.3

1)-4
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Table D-2 shows the analysis of variance of the yie)id results. The

analysis of variance indicates that the yields are In£1uenced signlfioantly

only by the impeller speed with a speed of 1200 rpI_ ,[4,1%eratlng higher yields.

This conclusion is significant at the 99% uonfldenae level, lt is also

interesting to note that the presence of any concentration of dispersant

proved detrimental to the yield obtained.

Table D-3 depicts the analysis of variance performed to the product ash

results. The analysis indiQates that impeller speed again influenced the

results significantly at the 99.9% confidence level, The lower impeller speed

of 800 rpm generated lower ash in the product. Higher concentrations of

dispersant resulted in lower ash contents in the product. There appears to be

an optimum speed and dispersant concentration where it is possible to obtain

higher yields as well as low ash content in the product.
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DUNCAN MULTIPLE RANGE TEST

(_]×cerpt from "Design and Analysis of Experiments,"

Douglas C. Montgomery, John Wiloy & Sons, 1976)

To apply Duncan's multiple L'ange test for equal sample sizes, the "a"

treatment means are arranged in ascending order, and the standardy error of

each mean is determined as

MS E
S- =/--

Yl n

[vrom Duncan's table of s]gnlflcant ranges, obtain the values ra(p,f), for
p = 2,3,...,a, where (_ is the significance level an_1 f is the number of

degrees of freedom for error. Convert these ranes into a set of (a- i) least

significant ranges (e.g., Rp) for p = 2,3,...,a, by cal_ulatlng

R = r (p,f) S_ , for p = 2,3, ....,a

Then the observed ranges between means are tested, beginning with largest

versus smallest, which would be compared with the least significant range Ra ,
Then the range of the largest and the second smallest is computed and compared

with the least significant range Ra_ I. These comparisons are continued until
all means have been compared with the largest mean. Then the range of the

second largest mean and the smallest is _omputed and compared against the

least significant range Ra_ I. This process is continued until the ranes of
all possible a(a - 1)/2 pairs of means have been considered. If an observed

range is greater than the corresponding least significant range, then we

conclude that the pair of means in question are significantly different. To

prevent contradictions, no differences between a pair of means is considered

significant if the two means involved fall between two other means that do not

differ significantly.
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Analysis of Variance Report
Indiana Oil Shale

Reagent: l-Octanol

FISCHER ASSAY

Mean of Standard 95%

Squares Deviation C.L.
2.09 1.45 3.59

l-Octanol Average '

Concentration, Number of Fischer Assay,

ppm Tests ga__(L/metric, tQr_

0 3 19.23 (80.2)

100 3 21.33 (89.0)

300 3 22.33 (93 2)

500 3 2'7.40 (114.3)

1000 3 25.03 (104.4)

Duncan's Range Test
_=0.05

Response Variable: FISCHER ASSAY

Independent Variable: l-Octanol Concentration

19.23 27.40 I.... E... .......... D,A.o.,..,,,,,,,.,,,,.B,,..,,,,C • • ._.....•_,

xxxxxxxxxxxxxx.....ii ...............I........ ............ XXXXXXXXXX .............. •

.............................. XXXXXXXXXXXXXXX

A = 0 B = I00 C = 300 E = i000 D = 500

OIL RECOVERY

Mean of Standard 95%

Squares Deviation C.L.
10.94 3.31 8.31

l-Octanol Average Oil

Concentration, Number of Recovery,

_ ppm Tests %
0 3 26.83

i00 3 45.57

300 3 54.37

500 3 67.43

i000 3 70.47

Duncan's Range Test

_=0.05

Response Variable: OIL RECOVERY_

Independent Variables: l-Octanol Concentration
z

26.83 70.47

A ............................... B .............. C ..................... D .... E

= ..................................................................... XXXXXX

A = 0 B = I00 C = 300 D = bOO _ = IUUU
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Analysis of Variance Report

Michigan Oil Shale (4 _m)

Reagent: l-Octanol

FISCHER ASSAY

Mean of Standard 95%

Squares Deviation C.L.

1.88 1.37 3.41

l-Octanol Average

Concentration, Number of Fischer Assay,

ppm Tests gal/ton (L/metrlc, ton)

0 3 17.60 (73.4)

100 3 21.80 (91.0)

300 3 25.50 (106.4)

400 3 21.87 (91.2)

500 3 21.20 (88.5)

700 1 18.20 (75.9)

Duncan's Range Test
: 0.05

Response Variable: FISCHER ASSAY

Independent Variable: l-Octanol Concentration

17.60 25.50

A ..... F ........................... E .... BD .................................

XXXXXXX ...................................................................

.................................. XXXXXXX .................................

A = 0 F = 700 E = 500 B = I00 D = 400 C = 300

OIL RECOVERY

Mean of Standard 95%

Squares Deviation C.L.

16.48 4.06 10.08

l-Octanol Average Oil

Concentration, Number of Recovery,

ppm Tests %

0 3 51.60

i00 3 59.57

300 3 64.77

400 3 78.93

500 3 92.97

700 1 81.97

Duncan's Range Test

= 0.05

Response Variable: OIL RECOVERY

Independent Variables: l-Octanol.Concentration

49.57 92.97
B A ...................... C........................ D .... F ................... E

XXXX.. ..........................

................................................. XXXXXX ....................

B = I00 A - 0 C = 300 U = 400 F = 700 E = 500
_
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Analysis of Variance Report

Michigan Oil Shale (13 _m)

Reagent: l-Octanol

FISCHER ASSAY

Mean of Standard 95%

Squares Deviation C.L.

1.23 I.ii 2.75

l-Octanol Average

Concentration, Number of Fischer Assay,

ppm Tests 9a_l_L!gn (L/metric, ton)
0 3 I0.I0 (42.1)

100 3 13.90 (58.0)

300 3 14.05 (58.6)

400 3 13.95 (58.2)

500 3 12.95 (54.0)

700 1 13.80 (57.6)

Duncan's Range Test
= 0.05

Response Variable: FISCHER ASSAY

Independent Variable: l-Octanol Concentration

10.10 14.05

E FBD CA .......oeeeoeooe..eooe.eeooeeeoe.ooeeealeeaeoeeeeooo .oeeoeeeeoo..o.. • •

..................................................... XXXXXXXXXXXXXXXXXXXXXXX

A = 0 E = 500 F = 700 B = I00 D = 400 C = 300

OIL RECOVERY

• Mean of Standard 95%

Squares Deviation C.L.

1.73 1.31 3.24

l-Octanol Average Oil

Concentration, Number of Recovery,

_ ppm Tests %
0 ,, 3 22.07

100 3 19.77

300 2 45.75

400 2 45 95

500 2 43.50

700 1 43.80

Duncan's Range Testz

= 0.05

' Response Variable: OIL RECOVERY

Independent Variables: l-Octanol Concentration

19.77 45.95

B ....... A .................... ...................................... EF .... CD

° XXXXXXXX ' XXXXXX

B = i00 A = 0 E = 500 F = 700 C = 300 D = 400
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Analysis of Variance Report

Michigan Oil Shale (4 _m)

Reagent: Tall Oil

FISCHER ASSAY

M6an of Standard 95%

Squares Deviation C.L.

0.97 0.98 2.44

l-Octanol Average

Concentration, Number of Fischer Assay,

ppm Tests gal/ton (L/metric_ ton)

0 3 16.60 (69.3)

50 3 17.57 (65.0)

zoo 3 17.8'7 (74.6)
300 3 19.80 (82.6)

500 3 18.00 (75.1)

, Duncan's Range Test
a = 0.05

Response Variable: FISCHER ASSAY

Independent Variable: Tall Oil Concentration

16.60 19.801

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX. ......................

A = 0 B = 50 C : 100 E = 500 D = 300

OIL RECOVERY

Mean of Standard 95%

Squares Deviation C.L.
2.82 1.68 4.17

l-Octanol Average Oil

Concentration, Number of Recovery,

ppm Tests %

0 3 63.97

50 3 75.03

I00 3 78.73

300 3 97.47

500 3 96.67

Duncan's Range Test
a = 0.05

Response Variable: OIL RECOVERY

Independent Variables: Tall Oil Concentration

63.97 97.47

- A ....................... B ........ C ...................................... E.D

eeoeoe,.e.eeeoee.eo.eooe.eee.u..e_ee_e,ee_Qeo.ee_eee,oeeb,oeoe_.loe®.eemXXX

A = 0 B = 50 C = !00 E = 500 E = 500
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Analysis of Variance Report

Alabama Oil Shale (4 _m)

Reagent: Tall Oll

FISCHER ASSAY

Mean of Standard 95%

Squares Deviation C. Lo
0.96 0.98 2.44

l-Octanol Average

Concentration, Number of Fischer Assay,

L ppm Tests 9al/ton (L/metric, ton)
0 3 15.50 (64.7)

50 3 15.70 (65.5)

I00 3 16.00 (66.8)

300 3 19.43 (81.1)

500 3 19.43 (81.1)

Duncan's Range Test
_=0.05

Response Variable: FISCHER ASSAY

Independent Variable: Tall Oil Concentration

..............i::..............i°°ii°°:................, .XIOOt.OIIllQ.Ilel" " • "" • ' ' • "" II . i l I11

A : 0 B = 50 C = i00 D = 300 E = 500 Note: D~E

OIL RECOVERY

Mean of Standard 95%

_ Squares Deviation C.L.
4.43 2.10 5.23

l-Octanol Average 0ii

Concentration, Number of Recovery,

____p..pm Tests %
0 3 43.80

50 3 62.43

I00 3 65.57

300 3 93.73

500 3 95.43

Duncan's Range Test

_=0.05

: Response Variable: OIL RECOVERY

Independent Variables: Tall Oil .Concentration

43.80 95.43

A ........................... B,..C ....................................... D.E

............................ XXXXX ..........................................

A = 0 B = 50 C = i00 D = 300 E = 500
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Analysis of Variance Report

Alabama Oil Shale (4 _m)

Reagent: l-Ootanol

FISCHER ASSAY

Mean of Standard 95%

Squares Deviation C.L.

0.58 0.76 1.89

l-Octanol Average

Concentration, Number of Fischer Assay,

ppm Tests __metrlc, ton)

0 3 15.10 (63.0)

50 3 20.80 (86.9)

i00 3 20.60 (85.9)

300 3 25.60 (106.8)

500 3 20,20 (84.3)

Duncan's Range Test

s= 0.05

Response Variable: FISCHER ASSAY

Independent Variablez l-Octanol Concentration

15.10 5. 25.60...............................................................
............................ XXXXX .........................

A = 0 E = 500 C = i00 B = 50 D = 300

OIL RECOVERY

Mean of Standard 95%

Squares Deviation C.L.

i0.ii 3.18 7.90

l-Octanol Average Oil

Concentration, Number of Recovery,

__ ppm Tests %
0 3 43.97

50 3 57.73

100 3 58.83

300 3 79.28

500 3 B6.70

Duncan's Range Test ,,

_=0.05

Response Variable: OIL RECOVERY

Independent Variables: l-Octanol Concentration

43.97 86.70

A ........................ B.C .................. .C.............. D ............ E

......................... XXX ................................................

A = 0 B = 50 C = i00 D = 300 E = 500
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Analysis of Variance Report

Alabama Oil Shale (4 _m)

Reagent: l-Octanol

FISCHER ASSAY

Mean of Standard 95%

Squares Deviation C.L.
0.82 0.90 2.23

l-Oatanol Average

Concentration, Number of Fischer Assay,

, ppm Tests 9al/ton (L/_metrlaf ton)
0 3 15.03 (62.7)

50 3 18.60 (77.6)

i00 3 18.73 (78.1)

300 3 18.07 (75.4)

500 3 16.90 (70.1)

700 3 15.97 (66.6)

Duncan's Range Test
= 0.05

Response Variablex FISCHER ASSAY

Independent Variable: l-Octanol Concentration

15.03 18.73

A ...... ,....... , .... F .................. E ...................... D ......... B..C

XXXXXXXXXXXXXXXXXXXXX ............................................ •..........

XXXXXXXXXXXKXXXXXXXX ....................................

.... _, .............. "................... XXXXXXXXXXXXXXXXXXXXXXXX .............

..................................... ............... , ......... XXXXXXXXXXXXXX

A = 0 F = 700 E = 500 D = 300 B = 50 C = I00

OIL RECOVF_Y

Mean of Standard 95%

Squares Deviation C.L.

2.97 1.72 4.26

l-Octanol Average Oil

Concentration, Number of Recovery,

ppm Tests %

= 0 3 50.77
50 3 67.70

i00 3 67.77

300 3 78.10

500 3 78.83

700 3 79.03

Duncan's Range Test

a = 0.05

Response Variable: OIL RECOVERY

Independent Variables: l-Octanol Concentration

5(',77 79.03

A ............................................ BC ...................... ,.....DEF

A = 0 B = 50 C = i00 D = 300 E = 500 F = 700
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APPENDIX E. Economic Analysis of the LICADO Process
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Table E-I. CALCULATION OF FIXED CAPITAL COST

BASED ON PROCESSING 200 TONS/H OF BENEFICIAT_D SHALE

DIRECT COSTS

No. of Power, Total Cost

No_.__. Item/Compqnents Units ___hhp.___ in @1000

i. Raw Shale Storage (*) 3 0 500

2. Filters for Product 6 i00 1309

3. Slu_ry Feed Pump 2 400 450

4. CO 2 Circulating Pump 2 300 325
5. Slurry Tanks 3 90 2520

6. Hydraulic Mixer 3 -- 30

'7. _ SeparatuL • 3 -- 1190

8. Product Shale Column 2 -- 1175

9. Pressurizer " 1 --' 152

10. CO 2 Accumulator 1 -- 140

Ii. CO 2 Recycle Compressor 1 350 275
12. Cyclone 4 -- 125

13. Coolers 2 -- 60

14. Gas CO_ Filter 3 -- 24
A. Total for Components 8275

B. Installation (0.39 [A-_]) 3227

C, Instrumentation (0.13A) 1].53

D. Piping Installation (0.31A) 2751

E. Electrical System (0.1A) 887

F. Site Preparation (0.1A) 887
G. General Services i00

Total Direct Costs 17919

INDIRECT COSTS

H. Engineering and Supervision (0.20A) 1775

I. Construction (0.45 [A-*I) 3768

J_ Contractors Fee (0.09A) 753

L. Contingency (0.25A) 209____33
Total Indirect Costs 8389

=

Hence, Total Capital Cost = Direct Coat + Indirect Cost

= 17919 + 8389 $26308 X i000

i.e., Total Capital Cost = 26.3 Million Dollars
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Calculation of Total Operating Cost/yrz

Total Operating Hours, assuming 75% time operation (18 hfs daily) = 24 X
365 X 0.75 = 65'/0 hours.

This is split into 3 shifts of 6 hours each daily.

Assume 4 people/shlft, i.e., 12 people/day.

Assume average salary/person = $40,000/yr.

Overhead = 50% of salary

Total Operating labor cost = 60,000 X 12 = $720,000/yr

Hence, labor cost/Fr = 0.72 Mii[lions Dollars.

Utility Costs/Fr are estimated as = $1.44 M

CO2/Yr Costs = $0.'70 M

Hence total operating cost/Fr = 0.72 + 1.44 + 0.70 = $2.86 M.

Table E-2. PARAMETERS USED IN ECONOMIC MODEL

: CAPACITY: 200 TONS/HR OF BENEFICIATED SHALE

Plant Capacity, tons/h 200

Capital Cost, SM 26.3

CO 2 Usage, wt % of Product 0.5
Return on Investment (after taxes), % 20

Taxes, % 37

Plant Capacity Factor, dimensionless 0.80

Operation and Maintenance, SM/Fr 2.86

Plant Life, years 20

Escalation, % per year 5

Interest During Construction, % i0

Debt, % 75

Long Term Interest, % 12

Table E-3. PROCESSING COSTS VERSUS RATE OF RETURN

Oil ,Shale Selling Price, Rate of Return,

S/ton__ %

3.00 i.i

4.O0 18.5

4.25 23.3

4.50 28.4
5.00 40.3
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APPENDIX F. Uranium Analysis From TTU
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NOV 1

"bu,lldingllI the future on past achieuements"

_ III J

• ",)_s,_i';_'_ Tennessee T_,¢h.olog!cal University
Department of Civil Engineering

Box 5015 • Cookevllle, TN 38505,615-372-3454
FAX Number: 615-372-6i 72

November 19, 1990

E

Dr. W. E. Lemont

Assistant Research Engineer

The University of Alabm, a
Mineral Resources Institute

14 BOX 870204
Tuscaloosa, ;_ 35487-0204

Dear Dr. Lamont:

Results from the analysis of two samples for uranium are enclosed.

The two samples were identified as:

(A) IGT Alabama, Net 2C5H Mill, Feed water, from 48 M grind, and

(I) IGT Indiana, Feed water, 3/30/90, pH 3.0.

Solids were present in each sample. Thus, the samples were pre-

treated by adding two drops of distilled HCI to 25 ml of the homogeneous

sample and gently heating. The _esult was a clear sample.

The samples submitted to the lab for analysis were designated as I,

A, and AO . The AO sample was clear supernatant from the IGT Alabama
sample. I simply wanted to determine if uranium was in the solids.

Samples I and A were pretreated as above.

Analyses were performed by inductively coupled plasma. The instru-

ment was standardized with a uranium standard certified by Fisher
Scientific.

J

Quality control parameters are as follows:

Parameter Outcome

1.0 mg/L standard 92.9% recovery

Spiked sample 94.6% recovery

Duplicate samples 0% relative error

I hope the results are helpful. Please let me know if I can he of
additional assistance.

: Sincerely,

William _. Bonner

WPB:Jb Professor

F.-3

_lrll ' I' _P_II I , rl111I _llll _ I ,_ 'Ill



I_IENNESSEE'rECh
LINIv£ rts ITy
-" - _ ' TennesseeTechnological University

l_ enter for the Management, Utilization and Protection of Water Resources

Box5082. Cookeville,TN 38505. 615-372-3507 ,

MEMORANDUM

TO: Dr. Paul Bonner, TTU Civil Engineering

FROM: Mr. Jeff Curtis, TTU Water Center

DATE: October 30, 1990

SUBJECT: Results, samples received 10/23/90: 2893

Sample mg Uranium/L

I <0.05

AO <0.05
A <0.05
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