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ABSTRACT

Three exploratory investigations have been performed to examine the recovery
of oil from the Chattanooga black shale formation. Thermogravimetric data were
analyzed to yield an average activation energy of 57.1 kcal mol~! for the conversion
process; positive deviations from a reaction order of 3.7 were observed suggesting the
presence of autocatalytic effects at low conversion levels. Thermal chromatographic
analysis indicated that the maximum organic product release occurred at approxi-
mately 435°C and resulted in an oil of relatively low distillation range. A packed bed
of shale was retorted in the self-sustained combustion mode ihus suggesting the
feasibility of this mode for in situ oil recovery. Comparisons with oil shale from
Colorado’s Green River formation have been made throughout.

INTRODUCTION

During the Late Devonian Age, a blanket of black shale was deposited over a
large area of North America from the ancient Chattanooga Sea. Typical exposures of
the shale in Tenn&ssee appear within the city limits of Chattanooga—the area from
which it gets its name®. It is the most consistent stratigraphic unit in Tennessee? and
is usually subdivided into the Gassaway, Dowelltown and Hardin members. The shale
generally has a thickness of about 20 ft. and outcrops at many locations in Tennessee,
An exception is the Flynn Creek Disturbance in Jackson County which covers an
arca two miles in diameter and where the shale has an average thickness> of 250 ft.

Chattanooga shale typically contains 20 to 25% quartz, 25 to 30% clay and
mica, 10% feldspar, 10 to 15% pyrite, 15 to 20% organic matter and 5% other
constituents. Unlike oil shale from Colorado’s Green River Formation it undoubtedly
contains no true bitumen!-*. It is the organic content of the shale that makes it
particularly attractive for study at this time since it has long been known that oil can
be obtained by pyrolysis of the shale. :

- Historically, Chattanooga shale has been of little economical value even though
it has been known for more than one hundred years that oil can be distilled from this
shale’*, Unlike its western counterpart, the Green River oil shale, it has not been
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considered in the past in calculating this nation’s oil shale reserves due to its low oil
yield (~10 gal ton™ *). With the depletion of natural oil reserves and coupled with its
potentially valuable by-products (paint pigment, phosphate and uranium)?, the cost
of recovering oil from the Chattanooga shale may become competxtnre w:th other
energy sources in the near future. }

In an effort to obtain a better understanding concerning the potenual recovery
of oil from Chattanooga shale, three mvmgauons, exploratory in nature, were
carried out:

(1) Thermogravimetric analysis (T G) of the shale was studied in order to
obtain kinetic parameters associated with pyrolysis.

(2) Thermal chromatographic analysis of the shale was stud:ed in ordcr to
identify some of its hydrocarbon constituents in the pyrolysis products.

(3) Packed bed retorting of the shale in the combustion mode was made in
order to assess the feasibility of this mode of in situ processing. .

Thxs report pments the r&cults of these prehmmary mv&st:gatxons-

SAMPLE DBCRII’HON

The shale used in these mv&sﬁgatlons was obtained from an outcrop pear Oak
R1dge, Tenn., and was supplied through the courtesy of Oak Ridge National
Labora.tory. Petrographxc examination of thin sections, through the courtesy of the
Department of Geology, University of New Mexico, show the shale sample to be
composed mainly of fine grained quartz with feldspar pyrite, and various clay
minerals also visible. The examination gave no indication of the presence of carbonates
which are characteristic of Green River Oil shale. X-ray diffraction patterns obtained
on a powdered (200 mesh) sampie of the shale also show the main constituent to be
quartz with a positive indication for the clay mineral, illite. A Fischer assay of the
shale was made by the U.S. Bureaun of Mines at Laramie, Wyommg, and the oil and
water yield were found to be 8.14+0.6 and 6.6+0.7 galton™?!, rtspect.wely. These
assays show the samples to be slightly below average in terms of oil yield of the
Chattanooga shale®. Carbon, hydrogen, nitrogen analyses were obtained and the
overall shale cmposrtxon is C=12.02%, N= 0.40% and H= 1.36%. No attempt

_was made to ‘obtain or anaI)mc an organic ﬁa.ct:on or concentrate in thxs study as was
pcrformed for Kcntucky S Ncw Albany Shale®. v

KINETIC ANALYSIS

Kinetic parameters for the thermal degradatxon of solids have been. determmed
“from thermogravimetric data obtained at single heating rates in a number: of
studies*-”~.-More recently, Friedman'® made kinetic calculations for the thermal
degradation of a polymer based on measurements made at four different heating rates.
The Friedman method makes use of the fact that the TG curves are shifted to higher
temperatures with 1 mcrmsmg heating rates. The method is generally conmdu'ed more
reliable than those based on a smgle TG trace at onc hmtmg xate“ o
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In the Friedman method, degradation rates are determined from the slopes of
the famﬂy of TG curves at a given conversion level. Assuming that the Arrhenius
relationship holds and that the weight functionality f(w) is independent of the
temperature functionality, de~®~/RT, the following equation can be used to determine
the kinetic parameters for the decomposmon :
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No assumptions are made with regard to reaction order; sufficient data are available
using the Friedman method, so that an independent determination of the reaction
order is not required.

Samples of the Chattanooga shale were prepared by grinding a representative
rock so as to pass through a 200 mesh screen. Without further preconditioning the
powdered shale samples, which weighed 4 to 9 mg, were piaced in the sample pan of a
Perkin-Elmer TG apparatus (Model TGS-1) and subjected to linear heating rates of
0.62, 5, 10, 20, 40, 80, and 160°C min~* in a dry stream of helium. The maximum
temperature attained in these runs was 594°C. The total weight of organic matter
present in the shale, wq, was determnined by oxidation in air at 459 °C. Decomposition
rates were obtained by determination of the slopes of the TG curves. This was done
graphically by construction of tangents to the curves at selected conversion levels.

The TG curves of the residual weight fraction vs. temperature that were
obtained are given in Fig. 1. The rather large range of weight Ioss that was cbserved at
the lower heating rates (0.625 and 5°C min™") is expanded in Fig. 2. As would be
expected from kinetic theory, the curves are shlfted ‘to hxgher temperature with
increased heating rates.

Eleven values of w/w, were selected at equal mtervals in the range of 0.65 to 0.99
and correspondmg wvalues of 1wz, dwwfdz, and T were- deteljmmed. KRegression analysis
was utilized to determine the intercepts and slopes of In (—1/w, diw/dt) vs. 1/T for
each value of wfw,. The slope values are equivalent to —E,/R and the intercepts
correspond to In [4-f(w/w,)]. Plots of both E, and In [A -f(wfwe)] vs. wlw0 are shown
in Fig. 3. It is immediately apparent from these plots that both the activation energy
and In [4-f(w/w,)] increase with increasing conversion. Similar results were obtained
from the Piceance Basin in Colorado. Two hypotheses have been proposed to explain
these results. Amold'? has proposed that the initial ‘degradation products have a
catalytic effect on the degradation of. the remalmng organic . residue, -whereas
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Fig. 1. TG curxves for Chattanooga Shale as a function of heating rate.
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Fig 2. Extended TG curves for the lower bﬁﬁngrahs. 1 SR
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Fig. 3. The kinctic parameters as a‘ﬁmction of degree of conversion.

Wextkampf and Gutberlet!2 proposed that such trends could be explained on the

basis of diffusional effects.
The average activation energy over the entire conversion range was 57.1 kcal

mol~? for the Chattanooga shale. In contrast, the average activation energies
reported in previous studies on Colorado shales were in the range of 40-48 kcal mol ~*.
The difference in this kinetic parameter is probably attributable to differences in the

chemical constitution of the two types of shale.
The assumption is made in the kinetic method of Friedman that the following

form of the weight functionality holds.

(,)(w-wa R

r = reaction order
= residual char weight
In this stndy, the residual orgamc welght was taken as the organic residue
remammg after heating the sampr to 594°C. Equa:lon (3) can then mdily be
derived from eqgn (2): :

e () o

Valus for In (4-f (w)) are available from previous stcps in the kmeuc analysxs. The
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reaction order, n, and pre-exponential factor, 4, can be obtained from a plot of
In (A f(w)) vs. In (w—1w,[w,). Such a plot is shown in Fig. 4. The values of n and A4,

determined from this plot were 3.7 and 1.7 x 10* min™?, respectively. The positive
deviation from linearity that was noted for n at the lower conversion levels is believed
to be attributable to catalytic effects of the initial pyrolysis products on the decom-
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Flg. 4. Determination of the reaction order, n, and pore-exponential l'aclor. A.

position of the remaining undegraded organic matter. Those autocatalyUc eﬂ‘ects are
also believed to be the reason that the activation energies were low. at-the lower
conversion levels. At the upper conversion levels; however, the pyrolys:s of Chat-
tanocoga shale can be defined by -the following rate expression:

B w—-w.)" U "(4')
w, dt o ';
The trends noted in the kinetic parameters n and E. for the decomposmon of
Chattanooga shale suggest the possibility that autocztalysxs is oocurrmg espemally
during the early stages of the pyrolysis. Similar trends have been reported by Arnold?2
for the pyrolysis of Colorado shale. Furthermore, autocatalytic effects of. bitumen on
the decomposition of kerogen were proposed previously by Allred. Although wexght
. dependence orders gr&tet than one are somewhat unusual for the decomposmon of
- organic polymers, ‘a fifth-order of dependence was rocently reported" for ‘a glass
‘supported phenolic!®, Composite materials of this type resemble oil shale in that both
oonsxstofan organic matrix bound toanmorgamcsubstmte. e e -

'I'HEKMALCHROMATOGRAPHY - :' T

- Thxs mv&ctlganon ‘was mmated to determme what possible dlfferenm or -
similarities: there might be .between ‘the . pyrolys:s ‘of - Chattariooga and- Colorado_,'
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RATUIARBITRARY UNiTY:

Fig 5. Companmve total product thermograms for mc Ch:manooga Black Shale (solid lmc) and a
25 gal ton—* Colorado Greea River Oil Shale (dashed lme) Thermal aonduaivity detector and an

8°C min~! heating rate.
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F’g. 6. Compuamm ommc fractxon thcnnograms for the Chatmnopga Black Shale (sohd lmc) and
a 25galton" Colorado’ Grecn vaer Oil Shalc (dashcd lme) Flame-xonmnon dctector and a

20"Cmm"hamngmte. S TR
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shales. These studies were carried out with a thermal chromatograph (Model MP-3)
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flame ionization detectors. The origin of the Colorado shale was the Piceance Basin
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obtained through the courtesy of the Bureau of Mines at Laramie, Wyoming.
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8, and 20°C min~! and the evolved products analyzed with both detectors. Typical

tharmaorame that ware n]\tonuul are shown in Fies. § onfl T# 30 annarant fenm thaca
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curves that although the initial temperature of volatilization for both shales is about
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range_ Other noteworthy differences were: (1) the maximum in the rate of volatilization

was c'-nﬂpr' fnv'x'mrﬂ hichor tammneratnrec far the Calaradnchale fAU4 ve ARN® Far Aroanis
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products and 385 vs. 450°C for all products); and (2) an inorganic product evolved

‘at ~4350°C from the Chattanoooa shale that wacg not evnlved from the Colorado chala
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This temperatore is characteristic for the loss of water of hydration from illite'4,

which is known to be 2 maior mineral i in the Chatiannooa chale and amac detected hv
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Xx-ray diffraction in these samples. The evolved gases were collected in a trap located

downstreamn from the thermal conductivity detector and backflushed into a egas

Wl o= anoas N ARSI RA N AT e narwe ViswiLsliwsSiiwes RaseTS

chromatograph equipped with an SE-30 on Chromosorb P column!>. The chromato-

grams obtained for both the Chattanooga and Colorado shales are shown in Fig. 7.
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Fig. 7. Gas chmmatograms of shale oil from Chattanooga Shale (A, upper plot) and Colorado
shale from Piccance Creek ‘Basin (B, Iower plot). Conditions: hclmm ﬂow-razc, 28mlmm""
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‘Pyrolysis of Chattanooga shales- occurs at lower temperatures than-those
required for Colorado shales and the product oil has a lower distillation range. These
findings, which are based on preliminary volatilization studies, have important
economic implications on the potential recovery of oil from low-grade eastern shales.

PACKED BED RETORTING

The in situ recovery of oil from oil shale has been receiving increased attention!S.
One proposed method calls first for the fracturing or rubblization of the shale
formation to introduce sufficient permeability to allow the flow of gases and products.
A combustion wave is then initiated and moves through the formation thus providing
the heat necessary for retorting. The process is self-sustaining in that heat is supplied
by the reaction of oxygen in the injected air wiih the carbonaceous or coke residue
remaining on the shale after retorting. Packed bed reactors are being used to simulate
the retorting of oil shale under such a self-sustained, combustion mode® 719,

A 3-in. diameter by 24-in. long bed of crushed Chattanooga shale was retorted
in such a manperina vertical quartz retort. Flow was from top to bottom through the
bed and bed temperatures were recorded by thermocouples located axially at 2-in.
intervals. The top of the bed was resistively heated to a temperature of 600°C and a
flow mixture of 4 std I min~*! air and I std I min~! nitrogen was initiated. The shale
was readily ignited' and maximum temperatures of 900°C were noted for this flow
before various other flow conditions were examined. Initial experimental conditions
were similar to those successfully used to retort typical Colorado shales!®. However,
the combustive characteristics of Chattanooga shale were found to be quite different
for these conditions. Higher temperatures, a lower combustion front velocity and a
wider combustion front were observed. Total gas flow rates were varied between
2.5-5.0 std 1 min~ ! with oxygen contents between 8 and 16.8% in an effort to reduce
the temperature and to increase oil production. Flame temperatures of 700°C were
achieved while sustaining combustion, but burn velocity was drastically reduced.
Control of the reaction could not be maintained under these changing conditions and
'onl'y part of the bed was retorted; thus, oil yield could not be determined.

The product oil was collected in an electrostatic precipitator which efficiently
collects the oil mist or aerosol. The aerosol was nearly white, much lighter in color
than that associated: with Colorado oil shale which has a deep yellowish color.
Little oil (~24 g) was produced during the experiment and most of that was obtained
during the retorting of the first few inches of the bed. Subsequently, little aerosol was
visible in the precipitator despite 'a_ttempts to alter the combustive conditions as
reported above. The oil was very fluid at 25°C and resembles, visually, that obtained
from Colorado shale of low assay (12 gal ton™!). The high combustion temperature
and low oil yield suggest that a significant amount of oil was consumed in combustion;
copious amounts of water were aiso obtained throughout tke collection system.

_ The bed was examined after the experiment and two distinctly different zones
were noted for the unreacted particles. Immediately in front of the combustion zone
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the particles of:shale were lightly coated with oil. Several inches beyond, in the

direction of flow, a yellowish white condensate containing needle-shaped . crysials
was obscrved. The condensate was present in sufficient quantity to completely mask

the normally black surface of  the shale particles. The shale particles behind the

combusted zone contained a large unretorted or unreacted core which indicates that

the permeability of the shale remained low and that the total organic constituent was

not efficiently utilized. Unlike the western shales which are very impermeable but

which delaminate upon retorting; the Chattanooga shale retains much of its stncngth

and mtegnty after retorting. :

- This single preliminary expenment served to- dramanze the large dlﬁ'erences
betwcmtbe Chattapooga and Colorado oil shales: Differences in organic composition
and concentration, accessory minerals, porosity, permeability and strength affect the
conditions encountered during a combustion retorting process. Evidence from this
experiment  demonstrated that such a retorting process is probably feasible for
‘Chattagooga shale based upon the ready ignition of the shale and early advance of
the-combustion front. A- different ‘set. of - retorting parameters will be reqmred
howcvcr, and this suggm the direction of a future xnv&stxgahon - :

CONCLUSIONS .

Tbree exploratory investigations were performed to examine the recovery of oxl
from the Chattanooga black shale formation: BN

- (1) Thermogravimetric data from finely powdcred samplw were analyzed
acoordmg to the method of Friedman'® to obtain the kinetic parameters for the
conversion reaction. The average activation energy over the entire conversion range
was found to be 37.1 kcal mol ™ . The reaction order, n, and pre-exponential factor, 4,
as obtained from these data were found to be 3.7 and 1.7 x 10*® min ™!, respectively.
Higher reaction orders and lower activation energies were observed at low conversion
levels which is believed due to automrz.lync effects by t.he initial pyrolysis produas
on the remaining organic matter. ,

(2) Thermal chromatography showed that the initia.l temperature of volatili-
zation of organic matter occurs at ~300°C and thar the maximum rate of volatili-
zation (at heating rates of 20°C min ™ ') occurs approximately at 435°C. An inorganic
product was evolved at ~450°C and has been attributed to water from the decom-
position of illite; an accessory mineral in thxs shale. Relative.to Colorado oil shale,

the organic product is released over a lower and narrower temperamre range and thc
product has a lower distillation range. @~ -

. (3) A packed bed of crushed shale was retorted ina self-sustamed combustlon
mode. Ignition of the bed was readily attained and maximum bed temperatures of

- 900°C were observed for a gas containing 16% oxygen at a total flow of 5 std I min~ 1.
The bed was not uniformly retorted due to intentional changes in flow and oxygen
content-and yield data were not obtained. The experiment demonstrated that-very
dxﬁ'emntretorhngpmamctcxswﬂlhereqmredfortberecoveryofoﬂ&omChat :
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tanooga shale as compared with Colorado oil shale, but that retorting by this
technique 1S prob'ably feasible.
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