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1. ENTHALPY RELATIONS Fm OIL SHALE 

New relations have been obtained for the heat capacities of shale oil, and 

the mineral, bound water, and organic fractions of 011 shale. New values have 

been obtained for the heat of bound water dehydration and the heat of 

pyrolysis. Although developed for Green River shale, all but the heat of 

pyrolysis can be modified easily for Eastern shale without additional 

calorimetric data. Table 1 summarizes the new recomm~nded relations which fit 

the existing calorimetric data on raw, spent, and burned shale very well. 

"Handbook" enthalpy values of the minerals present in typical Green River 

:ormation oil shale (raw, spent, and burned composite) were added by weight 

fraction and fitted to obtain the heat capacity of the mineral portion of oil 

shale as a quadratic in te~perature. This is very insensitive to expected 

variations in Green River shale mineral composition, including those 

occurring in retorting proce~s es . 

HydrRted minerals are treated as the dehydrated mineral, included in the 

mineral fraction above, plus a separate component called bound water with its 

own heat capacity, heat of dehydration, and extent of vaporization dependence 

on temperat.ure. The heat capacity was estimated by comparing the heat 

capacities of the hydrated and dehydrated forms of several minerals. The heat 

of dehydration wa3 taken to be that measured for analcime (Joonson et al., 

Fuel, 1975) . The temperature range of dehydration was from previous LLNL work. 

Shale organic constituents (kerogen and char cf various compositions) were 

treated based on a correlation established over a wide temperature range 

between the heat capacities of several mouel organj ~ compounds and their 
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coil 

Cdry mineral 

Cbound water 

Xv 

Table 1. Recommended heat capacity and heat of reaction 
relations for Green River oil shale. Here T is 
temperature [K], C is heat capacity [kJ/kg K], 6H is 
reaction heat [kJ/kg reactant], ~ is the mass 
fraction of hydrogen in a compound, and Xv is the 
fraction of initial bound water which has vaporized. 

= -2.548 + 0.0182T -1.38 x 10-5T2 

= 0.3998 + 1.6675 x 10-3T -8.395 x 10-7T2 

-3 = 1.73 + 2.1 x 10 T 

6H 
b~20 vapor 

= 0 for T(393, (T-393)/240 for 393(T(633, 1.0 for T)633 

= 2555. 

Corganic in shale = ~CH + (l-~)Cc 

where = 4.482 + 0.017066T 

Cc = -0.269 + 3.889 x 10-3T -1.8447 x 10-6T2 

~ = 0.1036 for Green River kerogen, 

= 0.0773 for Eastern kerogen, 

= 0.0318 for Green River Fischer assay char 

= 0.0465 for Green River rapid heating char 

6H = 410 kerogen ~ pyrolysis products 

hydrogen mass fractions (see Figs. 1-2). The nonhydrogen heat capacity 

contribution was taken to be the heat capacity of graphite. The hydrogen heat 

capacity contribution and its temperature dependence was found from the above 

correlation. The heat capacity of compounds such as kerogen or char, with a 

known hydrogen mass fraction, is the weighted sum of these t \10 contributions. 

This correlation is limited to compounds with less than 10% Nand 0 content. 
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Figure 1. Organic «10% non-HC) heat capacities at 25°C. If 
heat capacity could be described by C=XHCH+(l-XH)CC, 
then the above p'lot of values should produce a 
straight line with slope CH and intercept CC. Here 
XH is the mass fraction of hydrogen in the compound, 
CH is the heat capacity contribution from hydrogen, 
and Cc is the heat capacity contribution from non­
hydrogen elements. The latter turns out to be very 
close to the heat capacity of graphite. 
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Figure 2. Model compound and kerogen heat capacity data plotted as 
though C=XHCH+(l-XH)CC. Aliphatic/aromatic character iza­
tion factor and average boiling point are shown for 
petroleum fractions. The intercept at each temperature 
is the value of the heat capacity for graphite,CC. The 
slopes of the lines are fitted through the data and 
represent the heat capacity contribution of hydrogen, CH. 
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The heat capacity relation for shale oil is based on th£ liquid and vapor 

enthalpies of a petroleum fraction which has the same specific gravity, mean 

boiling point, hydrogen content, and characterization factor as Fischer assay 

shale oil. The distribution between liquid and vapor (and hence the weighting 

of those enthalpies) changes with temperature according to the simuldted 

distillation curve of the shale oil. The h:!at capacity relation t.hus contains 

the heat of vaporization implicitly. 

The value for heat of pyrolysis was obtained from enthalpy data fcr five 

sha'l!s by first I:!stin.ati'lQ and sutmling all the heats raqulred during the 

a~tual experiments, with the exception of the heat of pyrolysis (see Fig. 3). 

This estimate for each shale was subtracted from the post-pyrolysis data, with 

the difference being the heat required to pyrolyze the kerogen. The heat of 

pyrolysis varies little with temperature since th~ heat capacity of kerogen is 

almJst identical to the summed heat capacities of the pyrolysis products over 

temperatures of interest. 

ThF:' relations we have been using 1n modeling studies up to this time were 

obtained by Carley at LLNL (1975) by regression fits of the available data. 

The main disadvantage of this approach is in extrapolating these fits to 

higher temperatures or different shale compositions ~uch as high bound water 

content or Eestern minerals and kerogen. The new relations should be more 

accurate at higher temperatures and can be easily applied to shales of 

different cow~osition. 
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Figure 3. Measured (~, Wise) und predicted cumulative heat require­
ments for 34.3 gpt shale. Most of the pyrolysis occurred 
between 340-370°C for these experiments. Above 370°C, the 
difference between data and top predicted line is the 
estimate for heat of pyrolysis, for this experiment. 
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II. Ct£MICAL REACTION f4lOELING 

We have completed the analysis of our experimental data for combustion of 

residual organic carbon in Colorado oil shale that has undergone rapid-heating 

pyrolysls. The intri nsic kinetic parameters for oxidation of the residual 

organic carbon were determined by a least squares fit of the measured and 

calculated fraction reacted, as shown in Fig. 4 for experiments at 384 and 

474°C . The me slJred fract ton reacted was obtained by integrating the net 

rates of evolution of CO2 and CO at constant reactor temperature. It is 

i"roportant to limit the experimental temperature to lass than approximately 

475°C in order to preclude CO2 contribution from carbonate-capture of 502 

that h being evolved frol ll sulfide oddaticr . A single reaction that is 

first-urdcr with respect to Grganic carbon did not give a satisfactory fit to 

the experimental data. A singl e secor'id-order reaction, however, was found to 

fit the experimental data very well. The second-order reaction rate 

coeffic ient, Getp.rmined from the Arrhenius plot of eight experimental runs at 

constant ter.lperatures ranging fr.om 384 t!J 474°C, i s 

-, - 1 
k = 1.33 exp(-9780/T) s - Pa 

Two simultaneous first-order reactions fit the integrated ex erimental data 

quite well, but not as well as a si ngle second-order reaction. 

Previous work at this laboratory also indicated a second-order reactiC':l 

for char combustion, but at an appreciably faster apparent rate than the 

above. In those earlier experiments, however, only CO2 pvolution was 

me~sured and temperatures up to 555°C were used. Both of these factors would 

cause the apparent char co~ustion rate to be inclJ'.rrectly high (due to 
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Figure 4. Fraction of residual organic carbon oxidized. 
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significant early release of CO2 from carbonate-capture of 502 at 

temperatures above 415°C). 

Comparison of the preser ,t results for combustion of char prepared by 

rapid heating with the results of Sohn and Kim for char combustion after 

slow-heating pyrolysis indicate a significant effect of heating rate. In 

order to make a direct comparison of the intrinsic kinetics for these two 

chars, we have re-interpreted the data of Sohn and Kim in terms of a 

second-order rp,action, which was found to fit their data approximately as well 

as a first-order reaction. The comparisons are shown in Fig. 5. The 

rap:d-heating char appears to be two to three tir~s more reactive than the 

slow-heating char. We are continuing to investigate the effect of heating 

rate. 

Bearing in mind that the temperatures of interest for combustion of 

retorted oil shale are in the range of 500 to 650°C, or higher, Fig. 5 

dramatically illustrates that our present knowledge of the applicable 

intrinsic kinetics for char oxidation depend Ilpon extrapolation from 

appreciably lower temperatures. This may not be quite as dangerous as it 

would appear from Fig. 5, however, since at the upper part of this temperature 

range the rate of char combustion will be controlled more by the effective 

diffusivity of oxygen into the shale particle than by the intrinsic oxidation 

kineti cs. 

III. GENERIC PYROLYSIS MODELING 

Reactions of complex organic molecules can be interpreted by allowing a 

Gaussian distribution for the activation energy. One of the consequences of 
-9-
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Figure 5. Arrhenius plot for char oxidation, assuming a 2nd-order 
reaction with T~spect to res i dual organic carbon. The 
original data of Sohn and Kim were reinterpreted in 
terms of a 2nd-order react ion. 
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doing this is that the kinetlcs of the reaction are then influenced by the 

past history of the reactants. For exampl~, the temperature (T ) at which 
~x 

the reactioll rate is ~ximum for a given heating rate will be a function of 

the fraction that is pre-reacted at some other heating rate. This 1s in 

contrast with a reaction that is assumed to have a single activation energy, 

for which T is independent of the reaction history. max 

We have modified our generic pyrolysis model, PYROL, to enable extreme 

changes in heating rate to be made in a given run. Then ~e determined T 
max 

at a moderate heating rate of 10°C/min for various fractions pre-reacted at a 
-9 

very low heating rate of 10 °C/hr (typical of geologic heating rates in 

petroleum basins). Significant shifts in Tmax were obtained, depending on 

the standard deviation of the activation energy distribution and the fraction 

pre-reacted. Figure 6 illustrates some typical normalized reaction rate 

profiles at a heating rate of 10°C/min for 0, 10, 50, and 90% pre-reacted at 

10
9 

°C/hr, assuming that the standard deviation of the activation energy is 

8%. Note that Tmax shifts from 457°C at 10% or less pre-reacted to 4870C at 

50% pre-reacted and to 550°C at 90% pre-reacted. Figure 7 summarizes the 

effects of the standard deviation ranging from 0 to 16% of the principal 

activation energy. This method, when used 1n conjunction with kinetic data 

for pyrolysis of Type II kerogen, will be useful in determining the maturity 

of samples taken from petroleum basins. 
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