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Abstract:

This investigation is a continuation of a study being made at Montana State College on the
air-oxidation and. recovery of the organic material contained .in. Westvaco's * Green- River, Wyoming
.oil -shale. The: study also has as one .of its goals the identification of the oxidized .organic
components.

A stainless steel fluid-bed reactor was used, for the. air-oxidation of the organic material. .The,oxidized
organics were then extracted from the oil shale by boiling a water-shale mixture at atmospheric
pressure under total reflux.

The study was made to determine the optimum, condition for the air-oxidation of oil shale in a
fluid-bed .reactor. The first set of experimental runs was made to study the effect of temperature,
pressure., and ,time on the yield obtained while using a shale size distribution of.

-12, +100 mesh. A maximum yield of 11.17 per cent was obtained when the oil .shale was oxidized at
240°C and 40.2 pounds per square inch absolute pressure for seven hours. The air velocity through the
reactor remained at 0,.55 feet per second for the entire study.

In an effort to shorten the oxidation time, a second study was made using a shale size distribution of
-55, +150 mesh. In this study, a yield of 9.77 Per cent was reported when the shale was oxidized at
240°C ,and 40.2 pounds per square inch absolute for five hours. | This was selected as the optimum
operating condition for this investigation because of the shorter oxidation time.

It was found that a particle size distribution was needed fo obtain, desirable yields. From a charge
haying a size - distribution of -35, + 150 mesh and specific surface of 322 cm”2 per gram of shale, a.
yield of 9.77 per cent was obtained and from a similar charge of a single screen size (-.65, +100 mesh)
.and a. specific surface of 315 cm”2 per gram, a yield of only 5.6 per cent was obtained.

The identification study shows the .oxidation products, to .be -essentially highly complex acid
polymers. Another result of this part of the study shows that the acid soluble portion of the product and
an .acetone extract of the acid insoluble portion have the same structural groups present.
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ABSTRACT

- This investlgation is a centinuation of a study beiﬁg’made at
Montana State College on the air-oxidation and recoyery of the organic
material contained 'in Westyaco's - Green- River, Wyoming .01l -shale. : The:
study also has as one .of its goals the identification of the oxidized

.erganic components.

A stainless steel fluild-bed reactor was used. for the airwoxidation

.of the organic material. The oxidiZed organics were then extracted from

the 01l shale by boiling a water-shale mixture at atmospheric pressure
under total réflux. ’

The study was made to .determine the optimum condition for. the air-

-oxidatien of .oil shale in a fluid-bed reactor. - The first set .of experi-

mental .runs was made to study the effect .of temperature, pressure, -and

Jtime -on the yield .obtained while using a shale size distribution of.

-12, +100 mesh. A maximum yield .of 11.17 per cent was. obtained when the
011 .shale was oxidigzed at 240°C and 40.2 pounds per square inch absolute
bressure for -seven hours. The alr .velocity through the reactor remained

.at 0.55 feet per second for .the entire study.

"~ In an effort to shorten the .oxidation timey -a second. study was made
ysing a.shale size distribytion of -35, +150 mgsh. In this study, a

.yield of .9.77 .per cent was reported when the shale was oxldized. at 240°¢
.and 40.2 pounds. per ‘square inch absolute for fiye hours. ' This was

selected as the optimum.-operating condition for this Investigation because -
of the shorter . oxidation time. - :

It was .found ‘that a particle .size distribution was needed to obtain
desirable yiélds. From a’ charge having a size-distribution of =355 + 150
mesh and specific surface .of 322 cm® per gram of shale, a yield of 9.77
ber cent was obtained and from a -simllar charge of a.single screen size
(=65, +100. mesh). and a specific surface of 315 c¢m? per gram, a yield of

only 5.6 per cent was obtained. )

The ldentification study shows the .oxidation produéts_to.be

-essentlally highly. complex acid polymers. Another result of this part

of the study shows that the acid soluble poertion of the preduct and an

acetone extract of the acid insolublerportion.have,the same Structural

groups present.
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. INTRODUCTION

A. .0il Bearing Shales

The name "oil .shales" has been given to .clayey or .sandy, deposits
from which oil may be obtained by distillation and not by treatment with
solvents (1). -0il shale has a gray to black appearance when 1t is,ﬁined
.due to the amount of kerogen present. -Kerogen is the carbonaceous. matter
derived from plant or animal remains that has been :deposited.wdth. the
" shale. 011 can bé obtained from the kerogen by destructive distillation.

-011 from oil shale has the greatest promise of supplementing the
Supply.of petroleum than any other source. Firsé, because it yilelds
products very simi;ar-to those made from petroleum, and second, because
of the abundance of oil shale in the United States (1}). The largest
known deposits -of oil .shale are in Colorado, .Utah, Wyoming, and Nevada.
-These oll shales contain considerable amounts of kerogen and may become
-commercially important when the more easily exploited petroleum .deposits
approach. exhaustion. At the present time, it 1s not econemically
feasible -to produce .0il from fhe kerogen. contained in the oil shale.
Much.attention has been given to the aspect of obtainihg 6rganic compounds
from these shales or from the .oil obtaine@ tgerefrom,which might warrant
exploiting the .01l .shale deposits. .This f;port is concerned with
extraction of organic compounds from the Green River 01l Shale Formation

at Green River, Wyoming.
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B. Purpose-of this Investigation

At Green River, Wyoming, Westvaco’'Division of the Food Machinery and
Chemical Corporation has been producing. a .high grade soda ash (sodium
éarbonate) from trona. - The trona, sodium sesquilcarbonate,.is a mineral
composed of hydrous sodlum carbonate and sodium bicarbonate. .The trona
is in a bed several hundred feet below the surface of the earth and
is elght to ten féet thick. This trona lies between two layers of shale,
both of which contain organic material in varying degrees. -Because .of
its.plose broximity to the shale, the raw trona also .contains small
quantities of organic material .which find their way to the processing
liquors. Certain investigations made in\coﬁnectiqn wilth the problems
éncountered because of the presence of this organic material led
Westvavo to.consider the feasibility of recovering useful organic
materials from the shale deposits. -The work .reported in this thesis is
a continuation of-a.study made at Montana State College which was under-
taken for the purpose of extracting and identifying the organic material
from the shale,deposifs.associated wlth the Green River trona (3 and 4).

Suiter (4) made .a study of oxldizing the organic material by two
methods. Qﬁe was .the simultaneous oxldation of the organic material by
potassium permanganate and the extraction of the oxidation‘prbducts with
an alkaline water solution. - He reported that 70 to 80 per. cent of the
available organic ‘material was remoyed from the 0ll shale by using this
.above method. The removed oxidized material accounted for approximately

6.7 per cent of the shale weight. - The other method he used was the air-
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oxidation of thevorganib.matefial in the shale. . The oxidation was done
by. fluidizing the shale with air in a heated Byrex glass column. - In

this part of the .study,. he reppfted recovering'ten to twenty. per ecent of
-the-évailable.organic material. This part of his study;,howévery was

very limited.

Eriekson LB) continugd the investigation pf the fluiqébed air-
oxidation of the organic material. - For his investigation, he ﬁsed.a
heated stalnless stéel reactor for the air—oxidation; Only the bottom
or lower shale was used in his investigation. He;reborted a maximum’
yleld of 10.13 per cent of the oxidized shale weight.

-ﬁe also made .2 study.of methods and conditions for.extracting
organic mafgrial,fromloxidized 01l shale. 1In this part.of his study, he
'9oncluded<that boiling a shale-water mixture at atmospheric pressure under
total rgflux was the best method considered. The optimum<extraction
.condition was boiling the mixture for one hour with a water to shale
ratio of. 10:1.

-This Investigation 1s a further study. of the flui@ébed airmoxidatioﬁ
of oll shale -in a heated stain;eSS steel reactor. - The effects of femperau
ture, pressure, shale size, and.oxidation time on yield. were-studied. to »
find an optimum. set, of operating conditions. A limited study of a
simultaneous air-oxidation and,extraqﬁion,method-at;étmospheric ﬁressure

was alsoc made.
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‘PROCEDURE ,. EQUIPMENT,, AND MATERIALS

Procedure and Equipment

1. Preparationvgg the Feed

The -0il shale obtalned. from Green.River, Wyomlng had to be
ground and classified before 1t could be .used in the reactor. The
large chunks of shale were broken up by using a sledge hammer and

then further reduced.in size by a Montgomery Ward.Model -G hammer

mill. . After. screening, the coarser material was further reduced

in silze by grinding in a ball mill. A series of Tyler -screens.was

then used teo .classify all of the ground shale. The screens were

shaken on & Roto-tap screen shéker. The shale from the varicus
screens wasmtﬁen bilended back in-the proper ratios to give the
desired size distribution for each experimental run.

2. -Fluid~Bed Air-=Oxidation

The organic matter in the oil shale was oxidized by fluidizing
the shale in 2 stainless steel reactor (Figure 1, page 44). .The
reactor consisted of fwo parts: the preheat and reaction zoney and
the expansion chamber. The head for the reactor included a. wash
chambery a stainless steel screen, and.a ngedle valye for adjusting
the air:rate, .Following the needle valve was a.manometer and a
wet test flow.meter o measure the alr rate.

The reactor body was made df one-inch (inside diameter). stain-
less steel pipe four feet lqng.;YA,stainless steel screen on a stand

one foot from the bottom-of the reactor was used as the bed support.
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-The sectlon ‘below the screen was filled with one-eighth inch metal.
heliges. These, along with the screen, were used to disperse the
air.evenly.over -the cross-section of the pipe. : This section was
also used to preheat the incoming air. The reaction zone was the
thfee-foot section of pipe above ‘the screen. A six-inch length. of
two-inch black iron pipe was welded to the top of the reactor body
to serve as an expansion chamber.

The body of the reactor was heated with‘three nichrome wire
heating -colls. This nichrome wire was encased in ceramic beads.
-One heating coil supplied heat-to the air preheat Sectlon and the
-other two~cqilé-supplied~heat-to the reaction zone. Each nichrome
wilre heating coll wgs-conneqted to a 110-volt Variac which was used
to regulate the energy supply.

-The-reactor was Insulated with approximately two inches of
magnesia.mudiinsulation and then covered with an aluminum sheet
to reduce radiation of-heat from the reactor. -The reactor body was
supported on a pivot so the reactor would rotate about 1ts middle
to facllitate dumping. A U-bracket at the bottom of the reactor
held it in a verticsal position.l

~ The reactor head was connected to the top of the reactor body
by a two-inch .ynion. It was necessary to remove the head before
loading and unloading the reactor. The reactor head was constructed
of one-inch standard pipe except for-a three-inch long section of

one dnd three quarter—inch pipe which served as an expansion
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.champer, The one-=inch pilpe -was the wash chamber. .It had valves at
- both ends to facilitate filling and.draining the scrubber, .A one~
-.Inch union was placed in the wash chamber so the head.could be

taken apart -and cleaned. :Following the expanslon chamber was a

pressure gauge (0-60 pounds per square inch) used for measuring

thg pressure in the reactér. Following the. pressure gauge was a
stainless steel screen and then a"needlevvalve to control thé éir
velocity %hrough the reactpf. -The screen was used to keep the fine

shale particles, that are-.carried tompletely through the systemy

. from plugging the needle valve.

Alr was used to fluldize the_bed'and also served as a source
ofioxygen for the.oxidation of the organic material. - The alr was
supplied, . at 150 pounds per square irich gauge, by a laborafory

compressor. -The .entering air passed‘through a. pressure regulator

.- which controlled the reactor pressure. -The alr entered the bottom

of the reactor, passed through the preheat and reactor sectiong,

Wfand left'thPBﬁgh the scrubber. The air leaving the scrubber passed
.through the needlé control.valve that regulated the air flow rate.

- The alr then went through an orifice, which was connected to an

incliﬁed alr-water manometer, .and finally to a,wetﬁtest-meter.
The meter was usedAto‘set,the.flow,rate~¢f_air. "

The temperatures in the reactor-aﬁd.prgheat secfions were
measured with the gid of iron-constantan therﬁdcouplesgconnected.to

a Minneapolis-Honeywell "Electronik" temperature indicator. The
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temperature in the air preheat section was measured three inches
below the bed support. A moveable thermocouple was placed in fhé
reaction zone to facilitate taking.a temperature profile .of the
bed.
Erickson (3). found a maximum yleld of 10.13 per cent when

operating. at the following conditions:

Alr Velocity 0.55 fps
Temperature 200°¢C

Pressure 30.2 psié
Shale Size =12, +100 mesh
‘Time 30.0 hrs

Bed Weight 200 grams

- He reported that conslderable difficulty was encountered. during
test—runs because of an exothermic reaction taking place which
would periodidal;y cause the temperature to get out of control and
rise from 200 to 500°C within seconds, At this temperature, retort-
ing would. occur.and the run had to be discontinued. After review-
Ang Erickson's worky, 1t seemed desirable to try to shorten the
oxidation_time by increasing the operating temperature and pressure.
- The problem, however, was to prevent runaway ﬁemperatures while
operating at the more seyere conditions. It was felt that if the
bed temperature could be kept within very narrow limits and a very
uniform efficient.fluidiéation.coulq,be maintained. to prevent any

stagnation of particles,.the possibility of any. local overheating
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would be.minimized: It was hoped in this manner to keep the reaction
in check.anduprevent the temperature from getting out of control.
Before test runs were made, the reactor was taken apart and cleaned.
- In an effort to assure more uniform ailr dispersien across the éntire
cross-sectlonal area of the reactor, the metal helices i1n the air
preheat section were replaced with new ones and a new bed support
screen of fine mesh was installed.

Experience obtaiped during several test runs resulted in the
following operating procedure. The empty reaction zone was heated
with air flowing through it to ten .or fifteen degrees centigrade be-
low the operating temperature. At this time heat to the reaction
zone was, turned off and the charge was Introdueed to. .the reactor.
Sufficient air flow, was maintained to keep the bed fluldized while
the head was connected and tightened. : The reactor was then brought
to. operating pressure and the air veloclty adjusted to .approximately
0.55. feet pef second -(based on the empty reactor crossis§ction).

The preheat air was maintained at all timeS'abouf thigt§~five degrees
centigrade below the reaction zone temperature. fhiésﬁas dane to
prevent overheating in the very bottom of the reaction.zene whére
fluidization is least efficlent. When the. temperature became stable
after charging; .heat was again -applied and the .reactor slowly brought -
up to reaction temperature.  When the reaétpr reached operating
température,:the-éir velocity was again adjusted .to 0.55 feet per

second. -With these precautions during the start-up .and with careful
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control during .the run, it was ppssiblé to run at. the desired con~
‘ditions with a minimum.of difficulty.
.A.series-of runs'(RunsABé%x:~§,.—5) was set .up to sfudy the
effect of increasing the temperature on the yleld while holding the

other variables at the following conditions:

Alr Velocity .0.55 fps

\ Pressure BQW2 psia
Shale Size ' -12y .+100 mesh
‘Time - 7.0 hrs
Bed Weilght 200 grams

The temperatures studied were 200y.220, 230, 240, .and..250°C.: The‘
first run waé made at. 200 and. the next at 220, ete. -The-reason for
this was .to find the highest,operatidnél temperature -at the above
.bonditions. -Twé runs were -attempted .at an operating tempera@ure’
of 250°C. - One.of these runs was at a pressure of 30.2.psia and
-the,other:at‘atmospheric preégure.(12,2 psia). "All attempts td
Opefate the reactor at -these conditions failédubecause»of the in=-
-ab11ity. to keep the reactien in. check and control the temperature.
A study of pressure -effect was next.undertakgnm The effect

of increasing the pressure from 30,2 psia to 50.2 psla at .200, 220,
.éﬁdm24090 ﬁas investigated. All other variables were held at the
same. values usedvfor:the temperaturé-inVestiéation, .The highest
‘pressyre that could be maintained. on the unit, with the source. of

alr avallable, was 50.2 psia.
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‘_A geries of runs (RunS Bﬁll,.fl2{:-13,-—l6) was also made to
stﬁdy the effect.of ‘time while .operating. at .240°C and 40.2 psia
which.appeared.frbm the préceding,investigation-to be optimum.

-One. Important facforﬁthap should be bfqught.ouﬁ at'this point -
is the fact that the =12, +100 mesh shale used above.had. the follow-

- .1ing size -disltrib.u.tion:'

;Retained-gn,-12:mesh'screen. 0.0 per.cent
R N TP R
i N 35 o o ‘ 40,8 " "
n . N ]4_8 it 1n 21 °8 N 1"
L A 8.1 n o
mooowo o100, Mo 6.9 *®

At this point 1t was declded to investigate shale particle
- slze from the standboint of its effect on reaction time at. the

following .conditions:

(Air Veloclty- :0.55.fps
' Temperature 24o°¢
Pressure 40.2 psia

.For this seriles of runs.the size distributioen was .as follows:

.Retained on'- 35 mesh sereen 0.0 per cent
" L UL 8.1 v

o 100 ’:“ ' n ©16.9  " S

'vn " 150, ¥ W 43,2 " 1"

Runs were made at three, five, .seven, and.fen.hours.
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Since the effect of gsing‘the.finer“mésh,mateﬁial was .to lower
ﬁhe,reaction time necessary to reach. optimum yield from seven to
fiye hours?~additidnal,ruhs.were set up-at thils point po again study
the éffeetybf temperatire andﬂpresSuré independently. of the other
varilables.

+To complete a study of the effect of shale.size on yleld, runs

were made with the following;si?e~distributions.at 240°Q;)fiye.h@urs,

. 0.55 feet per second, and 40.2 psida:

Run B-15
Regtained. on 12,me$h-scréen- ' 0.0 per cent
" xf' 20 Li§ i . 20 wooon
B ~i'| 35 It n | 34.1 n Rl
R | 65 . n Bl 15.6 ¢ n
" " 1§o E " 4.3 m
i ’ n 150 ’Tn’ o 16--6 R "
Run B-22
_Retailned. on 48,me§h.écreen. - 0.0 per cent
i 1 65 on R 21.6 " n
R N 100. .ll " 23‘2 n n
n w150 , i 55,2 1 I
Run -B-2l '
Retained on 12 mesh .screen - 0.0 per cent

n mop0 W o 2.9 7 n
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-3uh B-24 (centinued)

Retained on 55;mesh.screen 49.1 per cent
n Mg oem, s 26,2 M W
" ] 65 " n Zi 8 n

In order to determine if a"fange of particle sizes is desirable,
runs were.made where the whole reactor charge was taken from a single
screen. TheSe-fesults were then cbmpared to.the ylelds obtained when
a size .distributlon was used. The screen sizes used .in this study

were: )

_Run B-32 -35, +48 mesh
Run B-33 -48 5 .+65 mesh
Run B-34 -65, +100 mesh

3. ‘Extraction

Due to the previeus work done on the extraction step by
Erickson (3)y no investigation was made of any. of the extraction
varlables. The extraction procedure used fhroughout thié 1nvesti— 
gation 1s shewn sSchematically in Flgure 2, page 45. -The amount.of
oxidized. organies in.the oill shale was determined by the follewing
procedure:

.a) Thirty grams of oxidized.oeil shale and three hiundred

millliters of tap weber were boiled, while being stirred,

for one hour, This step was done at total reflux . and

atmosyherictppessure. - The extraction was done in a 600 ml

Berzelius beaker., The apparatus is shown in Flgure 3, page up.
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-The .stirrer shaft passed. through a rubber stopper which.
‘was proylded wilth-a.mercury seal. .The mercu;y{provjded-a
'seal between the shaft and the rubber stopper. to keep.the.
water yaper from escaping around the . shaft. .An adapterrwag
Inserted through the stopper and.connected to a:céndenSer
fof total, J;'eflux. The condenger was o,pen.. to the atmosphere.
| A;Bpnsen bﬁrnef-suppliéd.fhe-heax.aﬁd a. Fisher "Fulterk Lab~
ﬂmcﬁér” supplied power to the stirring shaft which‘contained

a four~winged propeller,

b) :The extraction mixture was then placed. in a centrifuge
for one hoyr to separate the shale from the aquegus. solution

containing‘the'organic compounds-.

@) . The . aqueous solution‘wés;decanted.fromvthe centrifuge
-containers .and.f1ltered to assure that all the shale parti-

“¢les. were removed.

‘d)_.The liquld was acidified.and the resulting precipitate
was allowed. to settle to the hottom of, the beaker to

facilitate filtering.

e) - Thée mixture was filtered through a welghed filter paper
afid. the dried precipitate was measured as part.of the yield.

- It was called the acid insoluble portion.
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f) The filtrate from (e) was evaporated to dryness. The -

organics on the salt were extracted with acetone.

g) -The acetone was digstilléd from the organic-acetone
solution in a distillation flask. The organic residue was
agaiﬂ~diSSolved.in acetone and filtered to.remove any

solid particles.

h) M infrared lamp was used to drive .off the acetone frpm
the'secgnd.acetoneporganic solubion. - The organic residue-was

welghed and recorded as the acld soluble portion,

i) .The total per cent recovery of the oxidized organic
material-was based .on the sum-of the acid soluble and ag¢ld

Insoluble portions,

J) ALl the ylelds were reported as the grams of oxlidized

organics per ene hundred grams of oxidized eil shale,

4. TIdentification-of the Organic Constltuents

Acetone extracts of the organic materisl, obtained from the -

shale. oxidized at the following‘conditions_‘

Alr Velocity - 0.55 fps
Temperature . 240°¢C

Pressure - 40.2 psia
Shale Size -35y +L150. mesh

Time 7.0 hrs
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were evaporated to dryness on a salt plate to be used in a Bechman
IR-4 infrared spectrophotometer. The resulting infrared analysis
charts were to.be compared to the -charts made by Sulter (4).

5. Simultaneous Air-Oxidation and Extraction

The equipment used in this part of the study was the same as
that shown in Figure 3, page 46,.except for two additions. The
additions consisted of an ailr dispersion tube and a nichrome wire
heater. The procedure consisted of bolling a shale-water mixture
at atmospheric pressure while introducing a finely dispersed stream
of air. Each run was. actompanied by excgssivé foaming. Ehe.nichrome
wire was uniformly stretched back and forth across the entire cross
sectlon of the beaker about one inch below the stopper and was used
to-control_the foam by thermal shock. Only preliminary runs were
made tolsee 1f the principle of thermal shock would disperse the
foam, The.test runs were of about twenty hours duration and met
with only 1imited success.

6. -Large Quantity Alr-Oxidation and Extraction

The Food. Machinery and Chemical. Corporation requested about -one
pound . of the oxidized organic material for further idemtification
- studies. The fluld bed reactor shown in Figure 1l was too small for
this operation and therefoere a small retary kiln was used to oxldize
the ¢il shale. The kiln was eight inches in dlameter and four feet
long. It was electrically heated. The exidized organics were ex-

tracted in a steam heated copper kettle. -The mixture was constantly
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gtinred-and.water was added{perigdieally to.maintain a -constant .

yolume. during the five-hour extraction time,

‘B. Maberials
.01l Shale; :The.oil shale msed in this investigation was .obtained
.frOm,thelléwer-shalé-bedfat Green River, Wyoming.
This. shalenépntains approximately eighf to. ten. per
cent organic material. "

Adrs © : The -alr wasvsquligdwbyza.laboratory compressor. at
150 pounds.per‘squafe.inch.gaugg.

Acetone: . The apgetone used was a commerclal grade re-distilled
at a 10:1 reflux ratio in a thirty theoretical plate
packed ¢olumn, ' -

-Hydrbehloric.Agiﬁg ;Concentfated‘hydrbchloric.aéidﬁ,maqe by Fisher,

was usged to acidify the extractien solution.
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DISCUSSION OF RESULTS

A, . AMr-Oxidation

In an effort to find the optimum operating temperaturey .reaction
temperatures of 200, -229.,; 230, -and 240. degrees centigrade were studied.
All of the air-oxidation data are tabulated in Table .I ¥ Dage 38 .

Several attempts were made to operate the reactor at 250°%C and. 30,2 pounds
pér square inch absolute (Run B-18), but all of them failed. All of the
faillures were duye to the uncontrollable exothermic reaction taking place
Just ;Lf'ter the shale had been charged to the reactor. Extrene care was
taken during the start of the runs, but the temperature could not be
controlled. During one attempted run the shale was In- the reactor at
250°C and 30.2 psia for four hours and whem it was removed . all .of the
-organics had been burned off the shale. During this runy after the

shale was charged, the heat to the reaction zone was shut off for approxl-
-mately three.of the four hours in AQI*de‘I' to maintain the ’t:;énxperatur‘e at
250°C. 'The necessary heat needed to maintain the operating temperature
was generated In the reactor. Other runs were attempted at 250°C and
‘atmospheric pressure (Run B-21). -These runs also had ‘to be discontinued.
.Runs at 250°C and higher pressures were.not attempted because it was

felt that if the runs could not be made at the' lower pressures, _there‘

was no .chance of complefing them at higher pressures. For the shale uded
in. this investigatlony the highest operating temperature that could be

maintained was 240°C. .

——
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The lower curve (30.2 psia) of Figure 4,.page 47, shows the effect
of incfeasing’thettemperature.on»the yield (Runs B~1l,. =34 .=5) while the
operating pressure was held at 30,2.psiay the air velécity.at 0.55 feet
per second, the oxidation time at seven hours and the shale size at =12y
+100 mesh,(for size -distributions ,. see page i}). - The yield increased
from 1.3 per cent to 9.5 per cent when the temperature was 1hcreaSed
. from 200°C to 240°C. The center curve (40.2 psia) of Figure 4 shows that
the yleld also Increases with temperature over the range studied (Runs
B-9, ~10y -11) when the pressure 1s held.-at 40.2 psia. - The yields 6btained
ranged from 2.1 per cent at 20Q°C to 11.17 per cent at 240°C. No ex--
perimental run was made at 40.2.psia and 250°C for the reason stated
aﬁove. Due to iack of precise temperature -controly no runs were .made at
245°C. The top curve (50.2‘psia) of Figure 4, (Runs B~6, -7, =8),.shows
the .effect of increasing the temperature on the yield when the operating
pressure 1s 50.2.psia. .This curve shows the yield goes through a2 maximum -
as the temperature increases from 200°C to 240°C. The max Lmum yield of
9.58 per cent 1s obtained at the operating condition of 50.2 psia and
230°C. Whlle this yileld represents a maximum when operating at 50.2 psia
and 230°C, the yield is lower than fhe.maximum.yield obtained when opera-
ting at 40.2 psia and 240°C.

The same serles of experimental .runs (B=ly -3, .25, =6; =7,.-8,.-9,
=10, .-11) 4- as mentloned above,.are plotted in Figure 5;-page 48, -showing
the per cent yleld versus the oxidation pressure with the oxidation
temperatﬁre as the parameter. This was done to show the -effect of oxida-

.tion pressure.on the per cent yield more cledrly than in Figure 4. The
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lower and middle curves show an increase in yield accompanying an increase
in pressure at 200°C. The top ecurve of Figure 5 shows that when the
temperaﬁure is held at 240°C and the pressure is varied from 30.2 psia
to 50.2 psiax.tﬁe,per cent yield. obtained goes through a.maximum. 'This
maximum yield. of 11.17 per cent . oceurred at 40.2 psla and 240°C. It is
postulated that at some higher pressures the two lower curyes would drop
off the same as the top curye. With the avallable source of alr,. however,
. the reactor pressure could not pe increased beyond 50.2 psia. Even if
some experimental runs could have been made at some higher pressures,. the
maximum yleld obtained would be somewhat -lower than that obfained for
the top curve.

This series of experimental runs indicates that the oxidation. should
be.carried.out at 2ﬁ0°C and 40.2 'psia. Additional runs were therefore
made at this temperature and pressure to determine the effect of reaction
time on yleld.” Figure 6, (Run B-1l, -12, <13, -16) page 49, .shows a plot
of the results of this test series. It 1s a plot of per cent yield versus
oxldation time. The yileld goes through a maximum when the time is varied
from zere to ten hours. This maximum yield'occurred in seven Lours,

. As shoyn in Figures 4 and 5,.a decrease in yleld resulted at 50.2
‘psia when fhe temperature was: increased. from 230°C to 240°C and also
decreased at 240°C when the pressure was raised.from 40.2 psia.fo 50,2
psia. 1In llght of the fact that yleld apparently decredses when reaction
time exceeds certain limits (see Flgure 64.page 49), 1t was postulated

that the decreased yleld at 240°C and 50.2 psia might be caused as a
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result of excéeding the.-optimum reaction time for these conditions. As
a result.of this thinking, another time study (Runs:B-8,. -19, -20,.-23)

wag made at-the_following conditions:

. Ay Velocity 0.55. fps
Teéperéﬁure _ .240°C

Pfessure 50.2 psia
Shalé Size . ~124 +iOO mesh

Bed Weilght 200 grams
The results. are plotted in Figure 7, page 0. .Thiértime study showed that
.thegmaximum‘y;eld.was.obtainba'in_seven hours. It -should be pointed out,
that these rﬁns were ‘somewhat erratic and, it was very difficult to .keep
the reactlon in check: and prevent the teﬁperature from e;qeeding'the de~
- sired value -of - 240°C. .As.a\result,,éiﬁeééive decomposition of the
rorganics.probably.occurred; -1t is.qﬁite apparentiiat any rate, that
reaction temperatures above 240°C and pressures above 40.2‘psia are not
practical. . As .a result of the investigatlon to this pointz‘the optimum

operdating conditions were set at the following:

. Alr Velocity 0.55 fps

' Temperature 240°¢

Pressure - » 40.2 psia
Shale SiZe- =12, - +100 mesh
-Tine | 7.0 hours

Bed Weight 200 .grams
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It was belleved that if the surface area were increased, the .oxida-

.tion time might be shortened while still obtaining desirable yilelds.

Additienal charges of raw Shale in the range .of -35, +150 mesh ‘were
therefore prepared and a series of runs was desigﬁed to study the effect
of temperature, pressure, and time on the per cent yield. On the basis
of preceding results, a temperature -of 240°C and a pressure of 40.2 psia
were chosen while investigating the effect of reaction time. ' The results
of these runs. (B-14, -25,.-264.-31) are plotted in Figure 8y page 51, .
The increase in surface area of tﬁe--35,.+l50 mesh chafge (see page 13-15

for the actual size distribution)‘over-theu—lz, +100 mesh mate;ial,re—

sulted in a reduction of optimum time from seven to five hours, although

. the maximum yleld was only J.77 per cent as compared to 11.17 per cent

for the -coarser grind, .Using a.reaction time of five hours, temperature
and pressure effects were again Investigated. Results-df these runs
(B-14, -27y.-28, ~29,.-30) are plotted in Figures 9 and 10y pages 52-53
showing yleld versus temperature and pressurey. respectively. These
results were similar to previous. investigations and verified the use of
240°C and-40.2 psia as optimum Valu.és° From this study, using a size
distribution of -35, +150 mesh, the -optimum operating cenditions. were

set as.folléws:

CAir Velocity 0.55 fps
- Temperature 240°¢C
Pressure ' 40.2 psia

Shale Size -35, +150 mesh
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--Time 5.0 hours
Bed Weight 200 griams
The .results of the two above studiesy using different size‘diétribu-
tlons, indicate thét the finer the dverage particle slze, the shorter the
oxidatlon time. As postulated, the increase in surface area shortened
the oxidation time. without appreciable sacrifice of yleld. With the
reactor used in this Investigation, some -difficulty was encountered when
using fine shale particles (-1004 +150 mesh) as part of the charge. 1In
view.of thilsy no shale particles smaller than minus 150 meshxwere used
in this study and no attempt was made to investigate finer grinds than
~35, +150 mesh. _ |
Singe particle size and/or size distribution affected the yilelds
and. the -oxldation time, it was declded to. investigate this aspect in
more detail. - Runs B-13, .-14, -15; =24, =32, =33, tabulated in Table III,
page 43,.were used for thls study and the results were correlated on the
basis of the specific surface .of the charge. Thé specific surface is
the total surface area of the particles divided by the weight of the
charge. For this particular study, the shale was assumed to haye pro-

perties sinilar to-quartz.and_the data presented in Unlt Operations by

Brown (2) was used for determining the average specific surfaces of the
varlous charges. . Average dilameters and specific surfaceAfor'single sCreen
slzes are presented in Table II, page 42. 'The specific surface of each
charge, presented in Table IIIy is a welghted average based on the

welght fragtions retained on eaeh screen and the specific surface of
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the materlal retained on each scréen. . in example of the calculations

. follows:
.Sha;e;Size Wt. Fraction | Specific Surface
-48, +65 mesh 0.216 x 225 = U8.6
-65, +100 .M 0.232 X 315 = 73.0
-100, +150 " 0.552 X . 420 = 232.0

353.6 cn®/em.

A1l of these vuns were made at the following conditions:

CAir-Velocity 0.55 fps
Tenperature 210°¢
Pressure k0.2 psia
‘Time . 5.0 hrs

As discussed previously, an oxidation time of five hours was found
to be optimum for the size distribution =35, +150 mgsh used in Run B-14.
Since the optimum time would. be lowered’with a finer grind.and.since
yields decrease as this optimum time is exceededy the size digstributions
for:these rung were all .chosen so that the specific-surface was lower
. than the 322.3 em® per grem for Run B-14. -Therefore, the five-hour
-oxlidatlion time would in no instande exceed.the optimum. ‘Flgure 11,
‘page 54y is a plot of per cent yield\versus'the specific surface of each
charge. The upper curve represents the data from shale sampies having
-2 slze distribution or frac¢tions from several screen sizes. This curve
shows that the per cent f&eld.increases as the specific surface (cmg'per

gram of shale) increases, .As the specific. surface becomes large, the
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~per cent yileld obtained levels off. 'The yield of Run -B=24  1s somewhat
lower than might be expected when.compér@d‘to the general pattern set by
the other three points (Runs B=13, -1, -15), Here, however, the surface
area 1s not the .only fadtor affecting the yleld. - It is believed that
the fluidization of the bed in the reactor 1s not as efficient because

of thq_large fraction (52 per cent) of +35 mesh.material”presentf.'Shale

- of this coarseness is.difficult to fluidize.

The lower curve .of Figure 11, page 5k, . shows the results when charges
of shale from a single screen were charged to the reéctof. -The yield
increases slightlﬁ\with a large, increase in.specific surface. A compari-
son of the two curves shows the need of é.charge~with a size distrdbution
in order to obtain desired ylelds. From a charge having a slze dis-
tribution (-=35,.+150 mesh) and specific surface of 322 cm? per gram of
-shaley a yleld of 9.77 per cent was obtained and from a similar. charge
having only one screen size (=65y¢ +100 mesh) -and a specific surface .of
315.Cm2_per gramy.a yleld. of only 5.6 per cent was obtained. It is
postulated that fluldization 1s better when a size distribution 15 used
‘than when the.qhargé is from a single screen. There is very little
differenée in the ylelds obtained in Runs B-24 and B-32 even though B-24
had a particle size distribution. This, as stated earlier, may. be due
to poor fluidization of Run B-24. It is apparent 4 however, that size
distribution is desirable and that more benefit is derilyed friom the
distribution of particle sizes.at the higher specific surfaces than at

the lower-specific-surfaces.
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The per cerit yileld per specific surface was plotted versus the
'specific surface in Flgure 12, page % . The top curve is for charges
having a size distfibution and the lewer curve for a charge having a
single ‘screen size. As the specific surface increases béyond 175 em? per
gramy the'two,curves are almost parallel., .This figure aiso shows the
need for a charge;héving a size distribution;

A word of caution is given here about interpreting the data in this
pai,'t of the study. A limited study- was made of the éffect of particle
size and only a few gerieral conclﬁsions can be drawn. Any attenmpt to set

‘an optimuwm grind will require additional investigation.

B. Extractidn.ggfthe Organic Material

Although a variable study was ﬁot made in this investigation, some
referenee will be made to the color of the products. The: precipitate
(acid insoluble portion of the product) was dark brown to blacky.depend-
ing vpon how rigorous the .oxidations conditions were. The -amorphous
precipitate turned very dark when it was dried and looked somewhat like
a tar material butbt was hardland.brittle. When all the acetone had been
removed from the acid solublé portion, the resulting. residue was a dark
reddish brown tar-like material, -The-residﬁe would not pour at foom
temperature. - This residue would change color and become very dark with
very little heat Being applied. .After all of.fhe agetone had evaporated,
.under an infrared heat lamp, the residue was no longer entirely soluble
in acetone., This wowld indicate the possibility'of decarboxylation and/or

' polymerization taking place, -The infrared analysils charts show the
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presence of numerocus carboxyl groups and. also indicate that the residue

1s a polymer.

- C. 'Identifipaﬁion of Organic Matgrial
. Due to previous work done 0n:1dentification of the -oxidation products,
infrared-aﬁalysis was chosen for trying to identify some of the structural
groups present iIn.the product obtained in this investigation. The identi-
ficétion work done in this investigation was compared to that done by
Suiter=(4)m ‘The iInfrared analysis chart for the acid soluble product
(Figure.lBgupage=56) 1s almost identical to that.made by Suiter. -This
indlcates that the same products were obiained.when the -011 shale was air-
-oxldized in a .fluild-bed and when oxidized by using potassium permanganate
(by Suiter); The numbers listed.below refer to the absorptien peaks
which are.likewlse numbered on the infrared analysis charts. Dr. Baker
of the.Chemiséry Department at Montana State College made and interpreted
all of the infrared analysis charts and the resulés follow:
1. -Due to broad band.spectr; contribution,of;the OH in a
carboxylic acid (=COOH) structure.
2. Due to aliphatic carbon-hydrogen bonding.
5. Broad band due to spectra -contributions of carbonyl
-groyps (i1.e.y aldehydes and ketqﬂes).
4-5. Broad band spectra characteristic of complex
acid structures.
It should be noticed here that there is no éeak at point 6 on Figure 13.

There should be if there are -acid .dimers present. The fact that there is
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no pesk 1s not eonc;usivg evidence to ryle out the'possibility,of acid

dimers. :However, the broad bands are characteristic .of polymers.

‘Figure 13 is preéumed to be of a product which is essentlally a very

complex acid. .Figure 14, page 56 y is an infrared analysis chart -of the

-acetone fraction of the acid insoltble'product. -Again, this chart was

compared to g similar one made by Sulter. The two were found to be just
about the same.- -Figure 14 indicates the-presencé of the 'same groups.as
does Flgure 13. .However, there is st1ll no peak at 10,6 microns to
indicate the presence of acid dimers. Any unsaturation that might be
present does not show because .of the bread band centributien of the OH
in the carboxyl groups and watér.

It can be condluded that the-acid.soluble-portion-and,the,acetone

fraction of the acid insolubple portion.have essentially the same

‘structural groups present. It 1s possible that the acid insoluble
‘portion 1s more highly polymerlzed than the acid soluble portion. .Both
‘portions belng essentially complex acids. - Further work should be done

-on separating some.of the compenents before another infrared. analysis

is made. This would glve a more positive identification of the structural
groups present.

D, .Simultaneous Alr-QOxidation and Extraction

Excessive foaming o¢curred during the initial runs. This foaming

was detrimental to.the operation of the -test runs. The foam was dis-

- persed by.using a niéhrome wire hedting coil suspended .above the adqueous

mixbture. In order for the wire heater to be effectivey. 1t had. to be
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"red hot", If the foam dried on the wife,_the wire then became in-
effective. .The rate at which the foam dould be dispersed dictated the

air rate. The yields obtained were approximately 1.3 to.1,8 per cent.

- An oxidation'time of twenty hours was required to obtain these yilelds.

The yields 1ndicate that some of the organic material can be removed
by this process. Because of the low yield, the work on this ﬁhaSe of

this inyestigation was discontinued.
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SUMMARY

The -maximum yield obtained in this Investigation was 11"17 per cent.

The oxidation conditions were as follows:

- Temperature
Pressure
.Air Veloclty
Shale Size
Time

Bed Weight

240°¢

40,2 psia
0.55 fps

-12; 100 mesh
7.0 hours

200 grams

These operating conditlons represent the optimum operating conditions

/

when a.shale size distribution eof —laj +10Q mesh was used.

The .optimum :operating. conditions chosen for this investlgation

follow;

. Temperature

Pregsure
Air‘Velocity
Shale Size
Time

Bed Weight

2h0°¢C

. 40.2 psia

0.55 fps

=355 +150 mesh

5.0 hours

200 grams

At these optimum conditionsy a yield of 9.77 per cent was .obtained.

It was decided to select these as the optimum conditions because the

oxidatlon time required was only five hours.
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The,resglts of this investigation show the need for a charge having
8 size distripution. From a charge:having a slze distribution and
-specific-surface -of 322'cm2 per gram of shale, a yield.of 9.77 per.cent
‘was obtailned,.and from a similar charge having only one screen size
and‘a"specific surface of 315 cmé per gram, a yleld .of .only 5.6 per cent
was obtained, -These two runs were made at the above.operating conditions
except that the,parﬂicle size was chénéed.

The -organic products;.resulting from the-oxidation.of'oil-shalé, are
essentially highly complex acld polymers.

Yields of l.B:to'l.S pef.cent were. obtailned durilng the simultaneous
alr~oxidation and extraction. These ylelds were so-low .that the study

was discontinued.
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. RECOMMENDATIONS
Further work could. be done .in continuwation of this_reseafcﬁ
project.
A complete. study should be made -of the effect. of particle size and
slze distribution oﬁ the yield.
Also, the extraction step could be investigated to find out if
any dnorganlc material is passing through the filter papers. »This.
material might be in a c¢ollodial state.
- The results of this investigation could be compared with those
.obtained fyrom Green River top shale and the Colorado shale.
When the oxidized .organic material 1is ldentified, a study should be
made to find the optimum conditions that give the most desirable

.product.
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Run
No .

TABLE 1.

Size Oxldin Ooxld™n

(Mesh) Time Temp.
Hr. °C.

-12 7-0 200
+100

-12 7.0 220
+100

-12 7.0 240
+100

-12 7.0 200
+100

-12 7.0 220
+100

-12 7.0 240
+100

-12 7.0 200
+100

-12 7-0 220
+100

-12 7.0 240
+100

-12 3.0 240
+100

-12 5.0 240

+100

GREEN RIVER,

Oxldin

Pressure

Psla

40.2

40.2

40.2

40.2

40.2

Ailr Extract.

Veloc, Time
Fps Hr.
0.55 1.0
0.55 1.0
0.55 1.0
0.55 1.0
0.55 1.0
0.55 1.0
0.55 1.0
0.55 1.0
0.55 1.0
0.55 1.0
0.55 1.0

AIR-OXIDATION AND EXTRACTION DATA
WYOMING, BOTTOM SHALE

Extract.

Temp.

Oc.

96

96

96

96

96

96

96

96

96

96

96

Acid

Insol.

Cm.

0.087

0.188

0.959

0.174

0.579

0.737

0.175

0.520

1.094

0.355

0.681

Acid

Sol.

Ga.

0.095

0.145

0.102

0.185

0.156

0.108

0.148

0.140

0.124

0.131

0.125

Per Cent
Yield

2.08

11.17

6.86



Run
No.

Size
(Mesh)

-35
+150

-12
+100

-12
+100

-12
+100

-12
+100

+100

Oxldin

Time

Hr.

10.0

5.0

Ox1diln
Temp.
Oc.

240

240

240

230

250

240

240

250

240

240

240

Oxid™n
Pressure

Psla

40.2

Atm.

40.2

50.2

40.2

Air
Veloc.
Fps

0.

TABLE 1.

55

.55

.55

.55

.55

.55

.55

.55

.55

.55

.55

(continued)

Extract. Extract.
Time Temp.
Hr. °C.
1.0 96
1.0 96
1.0 96
1.0 96

Cou 1Id no
1.0 96
1.0 96
C.Ou1d
1.0 96
1.0 96
1.0 96

Acid

Insol, .

Gm.

1.050

0 .876

0.961

1.085

0.374

0.352

0.963

0.444

0.356

Acid
Sol.
an.

0.153

0.098

0.111

0.108

0.105

0.111

un

0.145

0.246

0.122

Per Cent
Yield



Run
No.

B-26R

Size

(Mesh)

-35
+150

-35
+150

-35
+150

-35
+150

-35
+150

-35
+150

-35
+150

-35
+150

-35
+150

+65

Oxidin

Time
Hr.

3.0

OxidiIn
Temp.

°C.

240

240

240

240

240

200

220

240

240

240

TABLE 1.
Ooxid™n Air
Pressure Veloc.

Psia Pps

40.2 0.55
40.2 0.55
40.2 0.55
30.2 0.55
50.2 0.55
40.2 0.55
40.2 0.55
40.2 0.55
40.2 0.55
40.2 0.55

(continued)

Extract.
Time

Hr.

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

Extract.

Temp.

Oc.

96

96

96

96

96

96

96

96

96

96

Acid

Insol.

Cm.

0.419

0.501

0.699

0.938

0.371

0.126

0.349

0.385

0.636

0.379

Acid
Sol.
Gta.

0.097

0.160

0.172

0.163

0.164

0.115

0.168

0.168

0.129

0.162

Per Cent
Yield

6.81

5.06

2.10

5.15



TABLE 1. (continued)

Run Size Oxldin OxldIn Oxldin Alr Extract. Extract. Acid Acid Per Cent
No. (Mesh) Time Temp. Pressure Veloc. Time Temp. Insol. Sol. Yield
Hr. °C. Psla Fps Hr. Oc. Gm. Gm.
B-34 -65 5-0 240 40.2 0.55 1.0 96 0.451 0.1BO 5.60
+100
B-35  -48 3.0 240 40.2 0.55 1.0 96 0.505 0.126 6.15

+150
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TABLE 11

Specific Surface For Each Screen Size

Screen Size Average Specific
Diameter Surface
-14, +20 mesh 0.0394 in. 87 cmZgnm.
-20, +35 mesh 0.0239 in. 130 cmZ/gm.
-35» +48 mesh 0.0140 in. 170 cm2/gm.
-48, +65 mesh 0.0099 in. 225 cm2/gm.
-65» +100 mesh 0.0070 in. 315 cmZ/gm.

-100, +150 mesh 0.0050 in. 420 cm2Z/gm.



*Size
Distribution

-12, +100
-35, +150
-12, +150
-12, +65
-5 =8
8 +5%
-65, +100
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TABLE 111

Data For Figures 11 and 12

Specific Surface
of Charge

186.1 cra2/gm.

322.3

224.8
159.8
170.0
225.0

315.0

Per Cent
Yield

6.86

9.77

8.01

4.78

5.60

Per Cent Yield per
Specific Surface

0.0368
0.0303
0.0356
0.0298
0.0281

0.0229

0.0178

* For actual screen analysis, see pages 13, 14, and 15.



Pressure Gauge Orifice

Thermocouple
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Meter

Needle Valve

Scrubber

Stainless Steel Pipe

Nichrome Wire

Aluminum Shield

Screen
Pressure
Regulator
Insulation

Thermocouple

Needle Valve

Figure 1. Air-Oxidation Fluid-Bed Reactor.



Oxidized Shale

30 Grams

Water

300 ml

Centrifuge

Filtration of
Extract
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Tar-like Acid
Insoluble
Organics

Removal of
Acetone from
Acid Soluble
Organics

Removal of

Inorganic Salts

Extraction
with Acetone

Evaporation
of Filtrate
to Dryness

Filtration of
Precipitate

HCI
Acidification
of
Filtrate

Figure 2. Extraction and Analysis Flow Diagram.



Stirrer Motor

Beaker

Propeller

Burner

Figure 5. Open Boiling Apparatus.

Condenser



Yield (Per Cent of Shale Weight)
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Time : 3.0 hours
Size: -12, +100 mesh
Ailr Velocity: 0.55 fps

Figure 4.

Oxidation Temperature (0C)

Effect of Oxidation Temperature on the Yield.



Yield (Per Cent of Shale Weight)

Size: -12,

Figure 5.
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+100 mesh
Time: 2.0 hours

Oxidation Pressure (Psia)

Effect

of Oxidation Pressure on the Yield.



Yield (Per Cent of Shale Weight)

Temperature
Pressure
Size

Figure 6.
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40.2 psia
-12, +100 mesh
4 6 8

Oxidation Time (hr)

Effect of Oxidation Time on the Yield.

10

USSIij



Yield (Per Cent of Shale Weight)

Temperature
Pressure
Size

Figure 7.

50.2 psia
-12, +100 mesh

Oxidation Time (hr)

Effect of Oxidation Time on the Yield.



Yield (Per Cent of Shale Weight)

Temperature
Pressure
Size

Figure 8

40.2 psia
-55» +150 mesh

Oxidation Time (hr)

Effect of Oxidation Time on the Yield.



- B2 -

Pressure: 40.2 psia

Size - -35» +150 mesh
Time : 5-0 hours

Oxidation Temperature (0OC)

Figure 9- Effect of Oxidation Temperature on the Yield.



Yield (Per Cent of Shale Weight)

30.2

Figure 10.

- B3 -

40.2 50.2

Oxidation Pressure (psia)

Effect

of Oxidation Pressure on the Yield.



Yield (Per Cent of Shale Weight)

Figure 11.

Screen

Specific Surface (cm2/ gm)

Effect of Specific Surface on the Yield.



Surface

1C

Per Cent Yield per Speci

0.0:-

Figure 12.

Specific Surface (cm2/gm)

Yield per Specific Surface versus Specific Surface.
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WAVELENGTH IN MICRONS
12 13 14 15 16

5000 4500 3500 2000 1900 1800 1100

1200
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Figure 13. Infrared Analysis of Products

WAVELENGTH IN MICRONS

Figure 14. Infrared Analysis of Products
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