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ABSTRACT 

The investigation of cracking and coking reactions of shale oil vapor in the presence of hot oxidized 
oil shale is conducted both for its intrinsic importance and in support of the modeling effort on the oil 
shale process. The model includes mass transfer of vapor through the gas film s w u n d i n g  the shale 
particles with countercurrent flow of cracked low-molecular weight products, diffusion through the 
pore system, adsorption onto the internal surfaces, chemical reaction of the adsorbate, and desorption 
of oil and light gas. Results from two experimental configurations are related to the model calculations, 
and the application of coking and cracking in the retort process to upgrade oil product are discussed. 

INTRODUCTION 

Hot-Recycle-Solids (HRS) oil shale provide the heat for reaching pyrolysis 
temperahues through recycle of a burned shale sueam. The intimate contact between primary oil vapors 
and recycled burned solids results in oil property changes that are mostly favorable but can also result in 
oil yield loss to coke and noncondensable gases. Previous work at LLNL(3.4) and at CSIRO in 
Au~tralia(~.~) has shown that partial coking of shale oil vapors over oxidized shale minerals can have a 
favorable oil upgrading effect due to cracking of heavy oil to lighter components. Hence the degree of 
coking in HRS oil shale processes may provide an opportunity to improve oil quality and at the same 
time control the undesifable loss of product to excess coking an-d cracking. AS a guide to this 
optimization we have developed a coking model that is based on the HRS pilot plant process developed 
at LLNL. 

The coking process is quite complex because of its heterogeneous character coupled with its 
dependence on both oil properties and surface propertid3). In many respects it resembles catalytic 
peuoleum crackers in that both processes involve the contact of oil vapors with a hot porous solid. 
Similar to the deactivation of many solid catalyst, the surface reactions on oxidized shale have been 
shown(4) to change with coke buildup leading to a slowdown of the overall coking rate with time. 

In the model we assume that the oil is a mixture of three pseudocomponents each with a different 
boiling point. The diffusion rates and the adsorption equilibria are different for the three components, 
but the intrinsic coking kinetics are assumed to be the same since experimental data on intrinsic coking 
rates of specific oil components are not available. We also assume that the three oil components 
undergo the same coking reaction on the surface to produce coke and light gas with the same 
stoichiometry (2/3 coke and 113 gas). No production of lighter oil components from adsorbed heavy oil 
has been included since basic kinetic data do not exist. Even with these simplifying assumptions the 
current model has several adjustable parameters which are determined by matching the model to 
experimental results. 

In OUI previous study(4) we used a simple packed-bed reactor with a constant oil feed. With that 
apparatus, the oil upgrading effect was established: Fig.1 shows a sample result that compares the 
boiling point distribution of the feed oil with the product oil dismbution after 27% of the oil is coked. 
The partially coked oil is considerably lighter, and hence more valuable, than the starting oil. In 
modeling this effect, we make use of the fact that the result in Fig.1 can be predicted by postulating that 
coke originates from the heavy end of the boiling point distribution without production of any light oil 
components. Such an explanation is no doubt a simplification of the real coking/cracking reactions that 
probably both produce and remove light oil. Nevertheless, this result provides a basis for the simple 
reaction stoichiometry adopted for the model. In the same study(4) we determined the intrinsic coking 
rate of shale oil adsorbed on a non-porous quartz surface. This coking rate was determined on a well- 
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coked surface, because the fresh surface is covered with coke in a fraction of the total elapsed time of 
each experiment. For this same reason, the apparatus used in Ref. 4 did not allow determination of 
coking kinetics over fresh-oxidized porous shale surfaces. In order to relax this limitation we took a 
different experimental approach in our current work. 

EXPERIMENTAL APPROACH 

The apparatus shown schematically in Fig.2 consists of a fluidized bed for pyrolyzing a small shale 
sample followed by a packed bed of oxidized shale where coking reactions occur. An oil-vapor pulse 
from the fluidized bed enters the packed bed at the inlet and emerges as an altered oil pulse from the 
outlet. The hydrocarbon concentrations of both of these pulses are determined in separate experiments 
by oxidizing the oil pulse to C02 + H20 in a combustion tube and monitoring the combustion products 
by a rapid mass spectrometer. Coke deposited in the packed bed is quantitatively determined by 
subsequent oxygen addition and burnoff with quantification of the combustion products. A 
disadvantage of this apparatus relative to the apparatus of Ref. 4 is that the products are desuoyed and 
cannot be used for studying oil property changes. Another experimental limitation is that only dilute 
vapors(i.e, low oil concentrations) can be studied. 

The system was standardized on an Anvil Points, Green River Formation oil shale with a grade of 
about 24 gallonshon. Shale sample drops varied from 0.5 to 1.6 grams each. Most of the experiments 
included a series of sample drops into the fluidized bed with the resulting oil pulses passing through the 
packed bed followed by bumoff of both beds at the end of each series of drops. Consequently the first 
oil pulse in each series encountered a freshly oxidized shale surface whereas subsequent oil pulses saw 
an increasingly coked surface. The size of the packed bed was varied, so that the coke yield would 
differ relative to the oil pulse. Shorter beds were used for small particles because small particles 
showed a greater overall coking tendency than did large particles. 

COKING MODEL 

The basis for the current coking model is a computer code developed at LLNL(') for heterogeneous 
reactions in a porous sphere. This code is quite rigorous; Le., it incorporates the Stefan-Maxwell 
relationships for describing diffusion of gas species in the multi-component system. The code also 
allows for a film resistance around the particle, but this resistance proved to be insignificant for the 
cases studied here. This general code and the numerical scheme employed for its solution are not 
discussed in this paper. Rather the emphasis here is on the relationship of the experimental data to the 
results obtained from the code. 

Table 1. Oil Component Propemes Used in Model 

Boiling Point Molecular Fraction Diffusivity 
Component "C Weight Wt% @ 500O c cm2ls 

1 200 155 50 0.27 
2 400 338 25 0.17 
3 500 45 1 25 0.15 

Properties of the three oil pseudocomponents are specified in Table 1. This selection of 
components implies a three-point discretization of the continuous boiling-point curve of the shale oil. 
More components could easily be added. Molecular diffusivities predicted by theory (8) are also given 
in Table 1. The effective diffusivities for porous shale are based on the $model (9). A typical porosity 
(E) and total surface area of oxidized Green River formation oil shale are 0.3 and 5 m*/g. respectively. 

The adsorption equilibrium relationships are based on the Langmuir isotherm(9) and are given by: 
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, i = l , 2 , 3  K . .  p* = ei 
I !  

1 - (e, + e2 + e3) 
where 
Ki = Equilibrium constant of component i (Pa-1, function of temperature) 
Pi = Equilibrium vapor pressure of component i ( P a )  
Bi = Surface coverage factor for component i ( [Oil;, ads] / [Oilmlu.adJ ) 

Ki correlates to the heat of adsorption A€$ according to the van? Hoff relationship: 

Ki = exp 1%) (2) 
where 

= 10 Thring (Trouton's rule for heat of condensation) R 
The equilibrium relationships, Eqs. 1 and 2, contain two adjustable parameters: the pre-exponential 

factor 16 in Eq. 2 and the total number of sites for adsorption [Oil,,J appearing in the definition of 
ei. 

A third adjustable parameter is the preexponential factor A appearing in the fmt-order coking rate, 
Eq. 3, for the inmnsic coking rate on a freshly oxidized surface. The activation energy is assumed to be 
the same as for the coking rate on a coked surface from Ref. 4 shown for reference in Eq. 4 

!PG!d dt = y) [Oil, d] (coked surface) (4) 
The model uses a weighted average of Eqs. 3 and 4 for the case of a partially coked surface. 

RESULTS 

The fitted parameters are: = 3.1W7 Pa-',  [oilmm.a&] = 0.6 mg/m2, and A =lo10 s-1. This set of 
parameters produces the match of model results (shown as drawn curves) to experimental results 
(shown as individual points) in Figs. 3 and 4. For plotting the exposure time in these figures, the 
actual oil pulses have been approximated by assuming rectangular oil pulses instead of the true 
pyrolysis-kinetic pulses used in both experiment and model calculations. 

Figure 3 shows that oxidized shale particle size has a strong effect on overall coking rate and that 
the overall coking rate declines significantly at a coke coverage of approximately 3 mg/g. The 
slowdown is particularly suong for the 1-mm particles because the initial overall coking rate for this 
small particle size is not dominated by pore diffusion. The model matches the slowdown by switching 
from a combination of Eq. 3 and Eq. 4 to Eq. 4 kinetics only at a coke coverage of 3 mdg. (There is an 
order of magnitude change in intrinsic coking rate between the two equations.) The coke coverage of 3 
mp/g is equivalent to 0.6 mum2 and corresponds approximately to a monolayer. It is significant that 
the matching of the model produced the same monolayer limit for the maximum adsorbed oil 
concentration on the surface. 

The two sets of 5-mm particle data in Fig. 3 show the importance of differential reactor conditions. 
The diamond series used a larger bed than the triangle series, and the consequence is a significant 
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depletion of cokable reactants across the bed ( hence less coke per g of oxidized shale) for this series of 
experiments. 

Figure 4 shows the results of varying the temperature of the oxidized-shale bed. Increasing 
temperature increases the overall coking rate but not in proponion to the increase in intrinsic coking rate 
that Eqs. 3 and 4 predict. Pore diffusion is only partially responsible for limiting the overall coking 
rate increase with temperature; another effect particularly important at low oil coverage of the surface is 
the reduced adsorbate equilibrium concentration on the surface which is modeled by the equilibrium 
constant in Eq. 2. (The surface is assumed to be in equilibrium with the local oil vapor within the pore 
system.) 

Figure 4 also shows a result of varying oil concentration at a constant temperature of 502 OC. Oil 
concentration is seen to have a significant effect on the overall coking rate for the 5-mm particles. 

Figure 5 contains model results that address the question of coking at higher oil concentrations. 
The maximum oil concentration expected in HRS oil shale processes is a few hundred mg aim. (The 
exact concentration depends on the amount of smpping gas.) Fig. 5 shows that increasing oil 
concentration increases the coke yield but with a proportionality much less than frst-order, this result 
has also been confirmed by experiment. Comparison of Fig. 5(a) and Fig. 5(b) reveals that the 
increased coke yield with higher oil concentration is due mostly to increased coking in the large 
particles. This is explained by pore diffusion responding to a higher driving force. The pore-diffusion 
effect is also evident in the coke profiles of the larger particle sizes: a coke wave penetrates gradually 
into the 5-  and 7.5-mm particles. A distinct coke layer extending from the surface partway into the 
particle has also been observed visually in partially coked shale bed samples. 

CONCLUSIONS AND FUTURE PLANS 

We compared experimental data with a model based on physical and chemical phenomena that 
govern coking of oil vapors over a porous medium. We conclude that mass transfer, phase equilibria 
and inhinsic chemical kinetics are all important in determining the overall coking rates for oil shale 
processes where the product-oil vapor contacts an oxidized recycle solid stream. We have used our 
model to extrapolate the experimental data to higher oil concentrations typical of the HRS processes and 
to larger particle sizes. Although these extrapolations remain to be confirmed in a newly consrmcted 
laboratory apparatus, we are relatively confident that oil losses to coke in the HRS process can be kept 
to a level of 10-15% of primary oil produced (assuming recycle ratios of 2 to 3). We have also 
concluded that the physical adsorption step is at least partially responsible for the observed selectivity 
toward high-boiling components in the heterogeneous coking process. It is likely that the high-boiling 
components also have higher reactivities than the low-boiling components, and we intend to study 
possible differences in reactivity as a function of molecular structure. Different reactivities also lead to 
the question of reaction products: adsorbed oil will no doubt produce lighter oil, not just coke and 
noncondensable gas. Hence cracking reactions for oil adsorbed on the surface should be added to the 
two competing processes, coking and desorption, included in this study. 

ACKNOWLEDGEMENTS 

We wish to thank our colleagues who provided support throughout this project: Bob Cena for his 
technical and supervisory support, Doug Fields for technical skills and practical advice, Bob Taylor and 
Bruce Watkins for technical insight and discussion, Roz Swansiger for analytical support. Special 
thanks to Sharon Crowder for preparing this document and for taking care of a myriad of administrative 
details. This work performed under the auspices of the U.S. Department of Energy by the Lawrence 
Livermore National Laboratory under contract number W-7405-Eng-48. 

REFERENCES 

1. P. W. Tamm, C. A. Bertelsen, G. M. Handel, B. G. Spars and P. H. Wallman "The Chevron 
STB Oil Shale Retort," Energyfrogress 2.37 (1982). 

795 



2. A. E. Lewis and R. J. Cena "LLNL Pilot Plant Development - Part I," Proc. of the Oil Shale and 
Tar Sand Contractor3 Review Meeting, pp. 72-85, T. C. Banke, Ed., DOE/METC-90/6111, 
Morgantown, West Virginia (1990). 

M. F. Singleton, P. H. Wallman, and R. Mallon, "Oil Cracking and Coking Experiments," Proc. 
of the Sixth Bri&ng on Oil Shale Research, Lawrence Livermore National Laboratory, 
Livermore, California, pp. 103-140 (1989). 

P. H. Wallman, M. F. Singleton,, and R. W. Taylor, "Cracking and Coking of Shale Oil 
Vapors," 23rd Oil Shale Symposium Proc., Colorado School of Mines, Golden, Colorado, 

3. 

4. 

pp.125-132 (1990). 

5. 

6. 

7. 

G. C. Wall and P. Udaja, Fuel 67, 1340-1343 (1988). 

P. Udaja and G.J. Duffy, Chensee, M.D. Fuel 69, pp. 1150-1154 (1990). 

S. H. Johnson and A. C. Hindmarsh, "MSRS: A Fortran Code for the Numerical Solution of 
Solidmuid Reactions in Nonisothemal Mulhspecies Porous Spheres with Stefan-Maxwell 
Diffusion," UCRL-21002, Lawrence Livermore National Laboratory, Livermore, California 
(1988). 

R. C. Reid, J. M. Prausnitz, and T. K. Sherwood, The Properties of Gases and Liquids, 
McGraw-Hill, New York (1977). 

M. Suzuki, Adsorption Engineering (Chemical Engineering Monograph 25), Elsevier, 
Amsterdam (1990). 

8. 

9. 

796 



u^ e 
6oo 5 
400 - 

300 - 

e - o O  

e e 

e e 
e 0 - 0 

0 

0 20 40 60 80 100 
Total Oil Distilled (%) 

Figure 1 Effect of coking on shale oil boiling point distribution. 
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Figure 2 Apparatus for studying coking kinetics. 
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Figure 4 Temperature and oil-concentration effects on coke buildup. 

798 



1 I I I I I 
0 
cu ? 

0 
0 - T- 

v) 
'0 
C 

0 0  
0 3 0  

a, 
v) 

a, 

!- 

3 
o m  
- 0  

p. 
X 
W 

Y 

0 
(0 ..E 

?2 

0 
N 

0 cu 
7 

0 
0 F 

v) 
U 

0 0  
c o o  a, 

v) 

a, 

I- 
a, 
3 

o m  
- 0  
P 
x 
W 

Y 

8 .E 
L 

0 
N 

0 


