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ITH THE RE-EMERGENCE OF an oil shale in-

dustry in the United States, most chemical
engineers have become acquainted with the pyro-
Iytic requirements to decompose the kerogen
contained in the raw shale; namely, temperatures
of 725 - 800 K and a sweep gas to remove the
pyrolysis products. However, what is often over-
looked is the fraction of the organic carbon which
remains behind on the spent shale as a carbona-
ceous char. As Dockter [1] has shown, there is
more than enough energy in the residual char to
supply the pyrolysis heat requirements for shales
assayed at greater than 20 gal/ton (GPT). Al-
though first generation surface retorting pro-
cesses will not utilize this char (TOSCO II,
UNION RETORT B), there is general agreement
that energy efficiency considerations will dictate its
exploitation in all future process schemes.

In discussing oil shale char, distinction must
be made between the western shales of the Green
River formation and the so-called black shales
which are found in the eastern United States (in
a north-south belt from Michigan to Texas). De-
pending on retorting conditions and assay, the
char remaining on spent western shale is 2-5% of
the raw shale weight. On the other hand, whereas
the organic carbon content of the black shales is
similar to that of the western shales, the oil yield
is typically a factor of three lower. Thus the char
content here is substantially greater, undoubtedly
due to the higher degree of aromaticity in the
black shale kerogen [2].

The author has been involved in research on
the reactions and the associated kinetics of oil
shale char for the past six years. The ultimate
goal of the research is to develop quantitative rate
expressions for these reactions in support of
modeling efforts for both in-gitu and surface re-
torting processes. Since any char utilization
scheme will necessarily involve at least partial
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combustion, temperatures will be high (950-1200
K), and a significant fraction of the mineral
matter in the shale will also react. Because a
number of these inorganic constitutents can also
act as catalysts for the char reactions, there is no
way to ignore their behavior. We discovered this
early in our work and although it made our task
more difficult, it led to a number of interesting ob-
servations. The pertinent mineral reactions which
take place in western shale and the char reactions
we have studied are shown in Table 1.

EXPERIMENTAL APPROACH

LL OF OUR WORK TO DATE has been conducted on

western oil shale ; specifically on samples taken
from the Parachute Creek member near Rifle,
Colorado. The raw shale samples, assayed at 15 to
50 GPT, were retorted under various conditions,
crushed to about 100 mesh and placed in a thermal
gravimetric analysis (TGA) system. Continuous
gravimetric measurements together with on-line
chromatographic analyses of the exit gas allowed
us to follow each of the reactions and to obtain
quantitative rate data. Details of the experimental
system and a discussion of its limitations have
been given in previous publications [3, 4].
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CHAR OXIDATION

S PART OF OUR STUDIES OF char oxidation we

included an evaluation of the effects of assay
and retorting conditions on the resultant char
activity. We found no dependence on assay and
only when the retorting rate was less than 1 K/
min and the sweep gas velocity was less than 0.05
m/min was there any effect on char activity. In
this case the quantity of char produced was in-
creased and its activity was 50% lower. As Camp-
bell et al. [5] have suggested, the additional char
is probably due to the coking of the product oils.
Equation (9) gives the reaction rate expression
obtained at temperatures below 900 K where C.
is the char concentration (moles/g shale)
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Yox = 1.41 X 10° exp [~—qr] P Centv(9)

with RT in joules/mole, P,, in kPa, rox expressed
in moles/sec-g shale. It should also be pointed
out that, unlike coal combustion, the activity
does not change with fraction combusted (other
than the first order dependence on C.). Variable
coal activity is generally attributed to changes
in pore size distribution during combustion
whereas oil shale char is distributed rather uni-
formly throughout an established inorganic
matrix. At temperatures greater than 900 K the
mineral reactions given in Table 1 begin to take
place and there is positive evidence [4] that the
CaO produced by reaction (7) catalyzes the char
oxidation. The effect is at least an order of magni-
tude increase in the activity but this has never
been quantified as a function of the CaO con-
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centration.

Both inter- and intra-particle mass transport
resistances are expécted to be significant during
char combustion. Measurements of the effective
diffusivities for diffusion paths parallel and per-
pendicular to the bedding plane give values of
30 x 10-° and 12 x 10° m?/sec, respectively. These,
together with estimates of gas-solid mass transfer
coefficients, were used to show that both forms of
mass transport were equally significant during the
consumption of the initial 409, of the char for a
typical in-situ burn [6].

CO., GASIFICATION
D URING HIGH TEMPERATFRE OIL shale processing,
the reaction between CO, and carbon can be
an important part of the overall gasification
scheme. This is because of the large volumes of
CO, liberated due to combustion and mineral de-
composition. In fact, the simultaneous occurrence
of these reactions is just what makes CO. gasifica-
tion so difficult to isolate and analyze. As a result
it was necessary to develop a careful procedure to
study this reaction [7] and we were necessarily
limited to a rather narrow temperature range
(975 - 1050 K). The kinetic data were fit to the
types of rate expressions derived from the coal

TABLE 1
Char and Mineral Reactions (Western Shale)
INITIATION
TEMPERATURE
REACTION (°K) COMMENTS
Char
1) C+0,-CO, 645
2) C + CO, —» 2CO 975 Strong CO inhibition
3) C+ H,0- H, + CO 975 Catalyzed by CaO
WGSR
4) CO + H,0~ CO, + H, 925 Catalyzed by iron
Mineral
5) CaMg(CO,), » CaCO, + MgO + CO, 900 Difficult to separate from reaction (7)
6) CaFe(CO,), » CaCO, + FeO + CO, 900
7 CaCO, = Ca0 + CO, 950 Reversible
8)  2CaCO, + Si0, — Ca,Si0, + 2CO, 1075 Slow
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literature, resulting in equation (10). The numer-
ical values in equation (10) are similar to those
found in

kc PCOZ Ce
ooy R Pes, + 1K, Pao 10
k. = 7.83 x10*exp [ -184000/RT]
(kPa-sec)
k, = 0.0495 (kPa)~

k, = 5.0 (kPa)-*
the coal literature except that the inhibiting effect
of CO is ten times greater.

STEAM GASIFICATION

TEAM GASIFICATION ALSO PROVED difficult to

isolate since the CO formed by reaction (3)
was found to react very rapidly via the water gas
shift reaction (WGSR), reaction (4). The CO.
formed in that reaction then competes with H,O
for the available carbon. In fact the net effect of
steam gasification is to produce H, and CO. and,
after CO, scrubbing, the H, could be used to offset
hydrotreating requirements for the raw shale oil.
We were able to circumvent these interactions by
taking initial rate data [7] and the rate expression
is given in equation (11).

(D) ks PH20
e K P K

(11)

k, = 6.62 exp [-100700/RT] (kPa-sec)*
K; = 0.20 exp [-17000/RT] (kPa)~*
K, = 0.15 (kPa)*

CATALYTIC EFFECTS

VER THE YEARS THERE HAS been a continuing

interest in alkali promoted catalysis of coal
gasification and, more recently, of biomass py-
rolysis. In both of these applications an alkali
salt must be added to the fuel, either by im-
pregnation or by admixing. However, with oil
shale we already have many of these elements in
place. It is not surprising then that CaO was
found to catalyze char combustion and, later, to
catalyze steam gasification [7]. Recall that iron is
also present in the shale, either in the form of
ankerite (Table 1) or pyrite. In either case, oxida-
tion and its associated high temperatures result
in producing one or more of the oxidation states
of iron (FeO, Fe.O;, Fe;0,). We have studied
the WGSR over shale ash [7] and not only is it
catalyzed by iron, but the iron oxidation state
changes as the surrounding gas composition
changes. Again, as in the case of Ca0O, we have a
variable catalyst concentration and the dependence
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of activity as a function of catalyst concentration
has yet to be quantified.

CONCLUSIONS

As is the case with most complex mixtures,
the study of oil shale and its reactions is a
challenging subject. Whereas we have managed
some success with the obvious, the subtle and vary-
ing catalytic effects of the inorganic matrix is still
in the early stages of investigation. It is likely
that we will discover more interesting catalytic
properties of shale ash as we continue our
studies. O
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book reviews

COAL AND MODERN COAL PROCESSING:
AN INTRODUCTION

By G. J. Pitt and G. R. Millward
Academic Press, New York, 1979

Reviewed by T. D. Wheelock
Iowa State University

A number of books dealing with the properties
of coal and methods of utilizing this complex and
interesting material have recently appeared. Not
least among them is this volume of lectures pre-
sented during the 1976-77 session of the University
College of Wales to commemorate a British coal
scientist Dr. Walter Idris Jones. These lectures
were presented by various technical experts from
the National Coal Board in England and edited by
G. J. Pitt, one of the lectures, and G. R. Millward
who was with the University at the time.

Continued on page 219.
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