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ABSTRACT

Rcsults on the diclectric behavior of Green River oil shale in alternating current
ficlds are reported. Qil shale samples with oil yiclds in the range 10-40 gallons per ton
have been obtained by coring of the rock perpendicular to the bedding planes. Trends
in the variation of AC conductivity, diclectric constant and loss factor arc studicd
with frequency and icmperature as the varniable parameters. Measurements have been
carried out in the range of frequencics | Hz-1 MHz and temperatures 25-300 “C.
Increases in the conductivily of several orders of magnitude are observed for the
samples heated from room tcmperature to 300 “C. The abnormally high values of
diclcctric constant and loss factor point toward the importance of Maxwell-Wagner
interfacial polarization in clectrical conduction mechanisms in oil shale. Striking
variations in the conductivity-temperature curves are found before and after decom-
position of the organic matter in the shale. The results of the present study indicate
that measurement of electrical conductivity could be utilized to monitor the progress
of retort fronts in oil shale beds.

INTRODUCTION

Characterization of the thermophysical properties of oil shalz and related fossil
fuel matcrials has assumed increasing importance in recent years in view of their
attractiveness as viable cnergy sources. Thermoanalytical methods such as Differential
Thermal Analysis (DTA) and Thermogravimetric Analysis (TGA), have been applied
to varying degrees of success for the study of oil shale: these studies have ranged from
routine identification of the various constituent minerals to investigations on the
kinctic and mechanistic aspects of the thermal degradation of the organic matter in
the shale'=?. Knowledge of the thermal behavior of oil shale, however, must be
regarded as being far from conclusive. Heterogencity of composition, the complex
nature of chemical reactions and the sensitivity of the hydrocarbons present in oil
shale to atmospheric cffects, have all contributed to inconsistencies in the literature
data. These problems are accentuated by the limitations inherent in techniques like
DTA and TGA, namely that the information attainable by the application of thesc
thermoanalytical methods reflects only the gross macroscopic nature of the reactions
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taking place in the material. On the other hand, the extreme sensitivity of electrical
methods of analysis¥-? to physical and chemical changes provides information on a
molecular level. In view of this, it is surprising to notc that very few examples for the
application of such techniques to the study of solid fucls exist in the current literature.
Direct current measurements on shales and coals have been reporied'®-'? ; the data
obtained in these studies is. however, hmited on accoant of the fact that only ohmic
conduction is monitored. The varicty of information provided by polarization cffects
manifests. itself in alternating current measurements and adds a new dimension to the
thermophysical picture of the material of intercst. This paper, thercfore, reports
results of an investigation on the diclectric behavior of Green River oil shale in
altermating current fields. Trends in the vanation of diffcrent parameters such as
diclectric constant £°, loss factor ™ and conductivity o are studied with frequency and
temperature as the vanables.

EXPERIMEXTAL

The experimental arrangement for the measurcement of clectrical conductivity is
reported clsewhere®*-*2>.

Samples of Green River oil shale in the present investigation werc obtained
from Rifle, Colorado. Care was 1aken to sclect samples which were crack free. Right
circular cylindrical specimens (7:3-in diameter, 1/4-in thick) were cored perpendicular
to the bedding planes. Oil yvicld of the shale samples was calculated from measured
densities using correlation tables’. Samples with oil viclds in the range 10-40 zallons
per ion were chosen for the present study.

Goad clectrical contact between the sample surface and the clectrodes was
ensured by appropriate loading of the clectrode contact plates onto the sample. Silver
paint was employed in a few instances to reduce contact resistance but subsequent
investigation proved this effect to be neghigible.

Mcasurements were carricd out in the range of frequencies | Hz-1 MHz and
temperatures 23-300 ‘C. A continuous range of frequencies was facilitated by the
automatic recording technique developed in this laboratory'?; conscequently the
<wecisical conduction behavior at a larze number of frequencics could be convenicntly
stedied. Conventional bridge measurcment techniques®®, on the other hand, are
time-consuming and laborious: the frequency range in these techniques is also severely
limited by the need to use different types of bridges in the various frequency domains.

Ia view of the extreme sensitivity of oil shale hydrocarbons to atmospheric
oxidation’, all experiments were carried out in a rapidly flowing atmosphere of pre-
purified nilrogen gas over the samples. The gas also serves to sweep out the thermal
degradation products from the reaction zone.

RESULTS AND DISCUSSION

Figurc 1 shows the elccrical conductivity of a 19.8 gallons per ton oil shale
sample as a function of frequency and temperature. The conductivity is seen to exhibit
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Fig. 1. Frequency and temperature dependence of the clectrical conductivity of a 19.8 gallons per ton
oil shale samplc.

a smooth increase in its magnitude with frequency and temperature. The peaks in the
conductivity curves at higher temperatures arc interpreted to anse from polarization
effects discussed below. Similar behavior is characteristic of other oil shale samples of
varying grades. The trends observed in the present study for the dependence of the
clectrical conductivity on frequency are consistent with previously published work on
the clectrical propertics of limestone, marl and dolomite'™, which shows that the lower
the water content andfor the higher the resistivity of the material. the greater is the
increasce in the conductivity with increasing frequency. The water content of oil shale
is vanable: however. it seldom excecds 6-107,. which is well within the limits observed
for sedimentary rocks exhibiting similar diclectric behavior. The temperature range in
which the water is driven off from the oil shale matrix is quite broad < 100-<300 "C.
The absence of well-defined endothermic dchydration peaks in the DTA'? and the
eradual weight loss observed in TGA of oil shale at these temperaturcs® suggest that
the water molecules trapped in the oil shale matnix are probably zcolitic.

The increase in the electrical conductivity with temperature can be related to
ohmic conduction which follows the well-known relationship®”.

Oemicr = T CXP(—E/RT) n

wherc E, is the activation energy for the mobility of the current carriers and 4, the
pre-exponcential factor related to the lattice vibration frequency. The ohmic contribu-
tion to the electrical conductivity of oil shale presumably arises from ionic condaction
of the mineral constituents present in it. Conductivity in afternating current fields,
however, is the sum of the ohmic and polarization components cxpressed as

Tiresat) = Gonmic) = Tipety = G CXP(—EJRT) & Qxre™ )
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where £” is the loss factor, 6., represents the contribution of polarization currents
to the 1o1al conductivity G and 7 is the operating frequency. The frequency and
temperature dependence of the electrical conductivity in alternating current fields is
therefore given by

Sereecat 7T ) == Cipnic (1) + Grppa . T) 3

The heterogencous nature of oil shale and the presence of a varicty of minerals in
admixture with the orgzanic matter are cxpected to give rise to strong Maxwell-Wagner
interfacial polanzation'!. The contribution of the sccond term in cgn. (3) to the total
conductivily of o1l shale s thercfore appreciable. This is reflected in the abnormally
high values of £” and #” observed in the present study. The frequency and temperature

Frg. 2. Froguescy and temperzitune dependence of the diclectnic constant. £ at low tcmperatuoncs.

v--—-m—;’r—wm;’~—~-~fn- - .0— ) L~
FRIQUERCY (Hz)

Fiz 3. Froguency dependonce of £ at chavztad temperatures.
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Fig. 4. Representative plot for the variation of loss factor ¢~ with frequency at difforent tomperaturcs.

dependence of these paramcters is shown in Figs. 2, 3 and 4. The strong dispersion
shown by ¢ (Fizs. 2 and 3) is indicative of an intcrfacial polarization mechanism'®.
Additional evidence is also provided by the occurrence of loss tangent (1and) peaks
at low frequencics in oil shale’>. It is significant that organic polymer systems with
morgzanic fillers exhibit analogous diclectric behavior=?: this is reasonable in view of
the fact that both oil shale and these materials represent heterogencous sysiems with
organic and inorganic compounds interspersed in them. Polarization at the interfacial
boundarics in these systems is expected to predominate their Giclectric behavior,
cspecially at Jow frequencics and high temperatures'®. Oil shales with low organic
content (= 30 gallons per ton) can be regarded as a Maxwell-Wagncer sysicm of highly
resistive organic particles dispersed uniformly in a fairly conductive mineral matrix;
£] 35 T £, 4, < T e, where £] is the diclectric constant of the organic fraction and
i‘x. is the composite diclectric constant representing the various mineral consti-
tuents®, @, is the electrical conductivity of the organic matrix and T a; is the total
conductivity of all the mincral particles in the oil skale matrix. Richer shales with
high organic content, on the other hand. can be represented by the organic matter as
the continuous phase and the mineral particles as the disperse phase.

At low temperatures, the conductivily of the mineral matrix is probably the
dominant factor in the total conductivity of oil shalc. i.C.. GruuicX7T) P Grpa(7.7) in
cqn. (3). Examination of the conductivity curves in Fig. 1 shows that this is indeed the
case: the dispersion exhibited by the clecincal conductivity is scen to increase with
temperature as the sccond term in eqn. (3) becomes more and more important.

ll mus( bc notcd 1hat the diclectric constant of the mineral matrix expressed as = .r is not strictly

additive in many cascs. Previous work on the diclectric properties of rocks and mmcr:ls‘ ' has shown
that the presence of mosture can increase the diclectric constant by an amount greater than that
predicted by simple mixing rules.



The initial decrease in £ values with temperature shown in Fig. 2 is corrclated
with the loss of polar water molecules from the matrix. The subsequent increase in £”
witi tempernture seen in Fiz. 3 presumably anses from the Maxwell-Wagner polar-
ization effects discussed above. Changes in the orientational freedom of the varnious
molccules and 1ons brought about by the decomposition of the organic matter are
also likely 1o cause vanation in the diclectric constani. An added factor in the extremely
high values of £ found at elevated temperatures (Fig. 3) could be the carbon which
forms as a residue from the decompaosition of the orzanic matier in the shale. The
siluation is similar Lo the high dielectric constants characteristic of carbon-filled rub-
ber vulcanizates™ .

The cxtreme sensitivity of the clectrical conductivity to the chemical reactions in
oil shale is depicted in Figs. 3 and 6 which show semi-log plots of o vs. 1;kT (o is the
resistivity and & the Bolizmann constant) at sclected frequencies for two different
erades. The curves exhibit a sharp minimum in the resistivity values in the 100-250 “C
range followed by a peak in the temperature range corresponding to the decomposition
of the organic matter. Similar behavior 1s characteristic of all the oil shalz samples
examined in the present studv. The presence of such peaks in o vs. 1/7T curves is
indicative off changes in polarization behavior anising from the physical and chemical
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Fig_ 5. Semi-log plot of resistivity (0) vs. reciprocal temperature (1/47) for a 10.3 gallons per 1on oil
shafe szmple.
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Fig. 6. nvs. 1:T plot for 3 27.3 gallons per ton shale sample.

transformations in the material®. The resistivity curves for the same samples after
decomposition of the erganic matter are shown in Figs. 7 and 8; the difference in the
shape of the curves is striking. The clectrical conductivity of the ““spent™ shale arises
from thc mincral constitucnts present in the shale® and the carbon residue from the
thermaldcgradation of the organic matter. The absence of any thermal reactions in the
material is indicated by the non-occurrence of sharp maxima or minima in the con-
ductivity curves. The small peaks in the conductivity curves at the lowest frequency in
Figs. 7 and 8 arise from polarization cffects superimposed on the ohmic contribution
to the conductivity (cf. of Fig. 1).

It is possible to extract activation energies for mobility of the current carriers
from the slope of the above plots (sec eqgn. 1). In materials as heterogeneous as oii
shale, however. such values are of imited significance. The presence of a variety of
mincral particles in the system and the complicating effect of the decomposition
products arising from the organic matter, make it difficult 1o pinpoint the exact nature

® All the minerals present in the oil shake samplcs examined in the present stedy are stable up 1o the
femperatuncs comresponding 1o dacomposition of the organic nmaticr as indicatad by DTA. Analcime
(decompeosition temperature ~ 330 "C) and nabeolite (decomposition temperature ~ 150 °C) two of
the minerals commonly present in Green River oil shalc were absent in the samples examined in the
present study.
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Fig 7- Same plot 2s in Fig 5 for the samphe aficr complcte docomposition of the organic matier.

of thecurrentcarriers.Onthe basis of the above results, a transition from an ionic con-
duction mechanism to semi-conducting behavior at clevated temperaturces also cannot
be ruled ousi.

COXNCLUSIONS

The results of the present investigation show that:

(1) The electrical conductivity of Green River oil shale in altcrmating current
ficlds, increases with increasing frequency and temperature. Increases in the con-
ductivily ol several orders of magnitude are commonly observed for the samples heated
from room temperature to 500 °C.

(2 The abnormally hich values of £” and £” point toward the importance of
Maxwell-Wagner interfacial pelanzation in electrical conduction mechanisms in oil
shale. Interfacial polarization effects are more pronounced at low frequencies and
hizh temperatures.

(3) The various diclectric parameters are extremely sensitive to the presence of
water molecules in the oil shale matnix.

(4) The electrical conductivity is extremely sensitive to the physical and chemical
chanzes in the matenial. The results of the present study indicate that measurement of
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Fig. 8. Same plot as in Fig. 6 for the sample after complete decomposition of the organic matter.

this parameter could be utilized to monitor the progress of retort fronts in oil shale
beds. Striking variations in 2 vs. 1/7 curves are found before and after decomposition
of the organic matter in oil shale.

(3) The trends observed in the results of the present study should be typically
charactenstic of analogous fossif fuel systems and in general, any system with organic
and inoreganic constituents interspersed in it.
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