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CHAPTER 1 

INTRODUCTION 

Oil shale is a mineral material from which oil can be extracted. 
Vast reserves of oil shale exist the United States, most of 
which are situated within the tri-state on of Colorado, Wyoming, and 
Utah. In recent times, considerable attention has been focused on the 
large-scale commercial recovery of oil from oil shale. The effective 

citation of oil shale as an energy resource is present limited 
by both economic and environmental constraints. However, economic con
straints are increasingly less s ificant as prices of imported 
crude oil continue to rise and the technologies for oil shale development 
are refined. Thus, it is asserted that eventually environmental con-
straints will be the most s ficant factor controlling oil shale 
development. 

the various environmental concerns, the potential adverse 
shale development on water resources are of particular 
As a consequence of oil shale development, it is antlcl-

effects of oil 
significance. 
pated that the 
may be degraded. 

i of both surface water and groundwater resources 

Formation and Distribution of Oil Shale 

Some of the richest deposits of oil shale in the world are in 
the tri-state region of Colorado, Wyoming, and Utah as part of the 
Green River geological formation. The areal extent of oil shale 
deposits in the Green River Formation are described in Figure 1 
(Ref. 1). In reference to 1, oil shale deposits containing 
25 gallons of oil or more per ton of oil shale are considered to be 
economically oitable in the near future. The richest deposits 
of oil shale associated within the Green River geological formation 
are in the Piceance Creek Basin. The location of the Piceance Creek 
Basin is also defined in 1. 

Deposits of oil shale were formed by sedimentary processes over 
long periods of time. Specifical , deposits were formed by the 
simultaneous sedimentation of mineral silt and algal remains upon 
the beds of ancient lakes. Those lakes subsequently disappeared due 
to climatic changes and upheaval of the surrounding terrain, thus 
leaving behind oil shale deposits (Ref. 2). 

In geographical areas of rich oil shale its such as the 
Green River Formation, oil shale often occurs as a continuous, relatively 
impermeable layer situated between two groundwater aquifers. An example 
of this situation is the Piceance Creek Basin in Colorado where a rich 
layer of oil shale, known as the Zone, persists throughout 
most of the basin. The Zone, identified in the vertical 
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cross section of the Piceance Creek Basin shown in Figure 2, is 
located from 500 to 1,000 ft below the ground surface and averages 
200 ft in thickness. 

The Piceance Creek Basin is t al of areas of oil-rich shale 
deposits. In the Piceance Creek Basin, the Mahogany Zone is sandwiched 
between two groundwater aquifers. Normally, the lower aquifer is a 
confined fer of poor quality le the upper fer is an unconfined 
aquifer of good quali (Ref. 3). 

Chemis of Oil Shale 

Oil shale is a sedimentary mineral in which organic material 
is contained within an c matrix. The predominant components 
of the inorganic matrix are dolomite, CaMg(COJ)2 1 and calcite, CaC03. 

There are three s of organic material found in oil shale: 
kerogen, bitumen, and aliphatic hydrocarbons. About 90 percent of 
the c material is found in the form of kerogen, about 10 percent 
in the form of bitumen, and less than 1 percent in the form of aliphatic 
hydrocarbons (Ref. 4). 

Kerogen is a high molecular weight, three-dimensional polymer 
which is composed primarily of heterocyclic components linked together 
by carbon chains acting as bridges. Individual monomer molecules 
are estimated to have a molecular we of 3,000. 

It is hypothesized that kerogen also contains var1ous "entrapped" 
hydrocarbons and organic acids. Kerogen, one of the most common forms 
of organic carbon on earth, is insoluble in all common organic solvents 
and water (Ref. 5). 

In contrast to kerogen, bitumen is a lower molecular weight "resin" 
composed primari of condensed alicyclic hydrocarbons and polynuclear 
aromatic hydrocarbons. Individual molecules of bitumen often have 
side chains 1 ing various organic functional groups. 

and bitumen are often differentiated by their solubility 
characteristics in organic solvents. Bitumen is soluble in certain 
organic solvents but 1s insoluble 1n water. 

An elemental :Ls of the 
presented in Table 1. As revealed 
present in the organic fraction of 
the "building blocks" of 
that the h n1 and sulfur 
concern in relation to air quali 
utilization,) 

c fraction of oil shale is 
by Table 1 1 the major elements 
oil shale are carbon and hydrogen, 
s. (It is interesting to note 

content of oil shale may be a major 
effects result from shale oil 
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Table 1. Analysis of the c fraction of oil shale derived from 
the Green River Formation.a 

Element Weight % of total organics 

Carbon 76.5 

10.3 

Ni 2.5 

Sulfur 1.2 

Oxygen 9.5 

(Source: Ref. 3) aThis analysis is based on an oil shale sample with 
a Fischer assay (potential oil yield) of 26.7 gallons per ton. 

s1s of Oil Shale to Produce Shale Oil and Related oducts 
--~--<-<<·~"<·-~ 

Oil can be produced from oil shale by pyrolysis (i.e., thermal 
decomposition) of kerogen. This thermal decomposition of kerogen 
occurs as follows: 

pyrolysis 
kerogen shale oil (consensable hydrocarbons) 

The oil produced is in the form of condensable hydrocarbon vapors 
which are condensed and cooled to produce a semi-viscous liquid. 
Not all of the organic material or nally associated with oil shale 
is converted to shale oil. During pyro is, various carbonaceous 
by-products are formed. The formation of by-products during pyrolysis 
1s described in Figure 3, 

The crude shale oil that is produced dur pyrolysis is quite 
viscous with a high pour point. It contains many of the heavier hydro
carbons (i.e., distillation products in the higher temperature ranges) 
found in crude petroleum oil and normally must be upgraded during 
preref operations prior to transport it to a refinery. The 
objective of prerefinery ions is simply to lower the pour point 
1n order to enhance transport of the produced oil. 

Pyrolysis of kerogen produces some low··molecular-weight uncondensed 
hydrocarbons, such as methane and ethane, that are contained in the 
off-gas. In addition, off-gas contains various hydrocarbons and other 

c compounds that are volatile and vaporized at high temperatures. 
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Retort water, th shale oil dur pyrolysis, contains 
approximately 2 by Retort water is derived 
from (1) the liberation of free and bound water from the oil shale 
matrix, (2) the combustion of , (3) the dehydration of 
various compounds, and (4) the recombination of 
H+ and OH~ pyro is, It is hypothesized that organic 
acids are a major organic component of retort water (Ref. 6), 

One of the most important by~products of pyrolysis, from an envi~ 
ronmental viewpoint, is spent shale After pyrolysis, some organic 
material remains associated with the spent shale. Some of this residual 
organic material 11 likely reside within the pores of the spent shale 
matrix, ly as a coke~l substance, partly as oil that was not 
completely volatilized during pyrolys , and ly as miscellaneous 
products of the pyrolytic process. In addition, some organic material 
will likely be associated with the exterior surface of the spent shale 
matrix. The amount and characteristics of organic material will largely 
be determined by conditions employed during pyrolysis, such as temperature 
and presence of oxygen. In some cases the resultant spent shale may 
contain up to 5 percent organic carbon residue (Ref. 5), Some of this 
organic residue may be soluble or sparingly soluble in water. 

Retort of Oil Shale 

The process of converting kerogen to oil by pyrolysis is referred 
to as retorting and the reaction chamber in which the conversion occurs 
is called a retort. Oil shale may be retorted above ground or in~situ 
(i.e., in place below the surface). In~situ retorting is 
the subject of the subsequent scuss1on. 

of Oil Shale 

In order to overcome the associated with 
above~ground , recent is has been placed on in~situ 
retorting; that is, retor the shale in place below the ground 
surface. The production of oil from oil shale by the in~situ process 
involves several steps: (1) an in-situ retort is prepared by mining 
about 20 percent of a block of oil shale and then using underground 
explosives to rubblize the oil shale; (2) the in~situ retort 
is heated by either external or internal means to provide heat for 
pyrolysis; and (3) the volatilized oil is condensed and collected in 
a sump below the retort and pumped to the surface. (As an alternative 
to collection of condensed oil in a sump below the ground, it may 
be possible to pump volatilized oil to the surface where it 
can be allowed to condense.) 

The various s involved in the in~situ oil shale recovery process 
are further described in the schematic of a proposed commercial~scale 
in~situ oil shale facility shown in Figure 4. Tentative plans suggest 
that a typical in~situ retort will be 50 meters by 50 meters and will 
extend downward to almost the entire thickness of the oil 
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Figure 4. Schematic of commercial in~situ oil shale facility. 



shale layer. 
develop a 

It ts li that a cale commercial facility will 
number of these retorts each year. 

The schematic shown in 4 suggests that an in~situ retort 
will be developed in the fol manner. The rectangular-shaped 
section of oil shale will be rubblized. Subsequent 1 the entire 
volume of oil shale within the retort v.1ill be pyrolyzed in a vertical 
direction. is will at the top of the retort and move 
in a downward response to the flow of input gas. 
Oil and gas is will be collected near the bottom 
of the retort. 

It is possible, of course, that other methods of retort preparation 
could be used. For example, one alternative method would involve the 
preparation of a retort that does not penetrate the entire thickness 
of the oil shale layer. It may be to pyrolyze such a 
retort in a horizontal direction; input gas would be supplied at one 
end of the retort and oil and gas collected at the other end. This 
alternative method of retort preparation and subsequent pyrolysis 
is schematically shown in 5. 

Heat Alternatives for Retort of Oil Shale 

As indicated ly, pyrolysis is defined as thermal decomposi-
tion 1n the absence of oxygen. This ies that pyrolysis of oil shale 
requires heat. Heat for the in-situ pyrolysis of oil shale can be 
supplied either an external or internal heat source. These two 
alternative heat sources are schematically represented in Figure 6. 

When an external heat source 1s employed, a hot inert gas (such 
as nitrogen) is pumped into a in-situ retort. This leads 
to the formation of a distinct is zone within the retort which 
moves in the direction of gas flow. As the pyro is zone moves through 
the retort, a zone of spent shale, containing s ificant residual 
organic material, is formed behind the pyrolysis zone. It should be 
recognized that, when this heat alternative is employed, reducing 
conditions exist throughout the retort. 

When an internal heat source is employed, heat for pyrolysis 
1s supplied combustion of some of the residual organic material 
remaining on the s shale. Raw oil shale is initially ignited 
with an external heat source such as a propane burner and a continuous 
flow of air is supplied to the in~·situ retort. This leads to the 
formation of both a pyrolysis zone and a combustion zone moving in 
the direction of gas flow. The ysis zone moves in front of the 
combustion zone and leaves behind spent shale with significant amounts 
of residual c material. The combustion zone forms behind the 
pyrolysis zone and burns some of the residual organic material on 
the spent shale in the presence of oxygen, thus providing heat for 
pyrolysis in the pyro is zone. Behind the combustion zone, a zone 
of s shale is formed ch contains a small amount of residual 
organic material (this small amount of residual organic material is 
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due to te ombust:ion). Thus 9 when this heat alternative is 
d, both oxidiz and reduc conditions simultaneously exist 

in 1ons of the retort. However, since the combustion 
zone "foll the pyrolysis zone, it is conventional practice to define 
the overall conditions within the retort as oxidiz It should be 

zed that the combustion of residual material associated 
with the spent shale is ete (i.e., the resultants shale 
will still cont in some residual organic material after combustion). 

Retorti 

There are numerous conditions that can be varied to 
control itu retort is) of oil shale. A list 
of nre t bles" is presented in Table 2. It is tant 
to note torting variables will s icantly affect the ical 
and chemical 
For example, 
to con.tair1 s 

charac i tics of the resultant in-situ s shale. 
dur inert gas run can be expected 

material than spent shale 
duxtng combustion run since some of the residual 

organic material is burned dur a combustion run. Due t:o the fact 
that retorting variables s ficant:ly affect the characteristics 
of shale, it 1s that retort variables will largely 
determine the amount and composition of residual c material 

on the pent shale as well s of organic materials 
that may be leached or solubilized into contact: 
with in-situ pen shale. 

Table 2. Retorting var ables 
o 1 shale. 

Gaseous envJ.ronmen 
Ai 
Ai recycle gas 
Iner gas ( ) 

Retor r.g 

to control the 

s occurs at ) 
s at 62 oc (11 

Retort. 
Rate of movement of pyrolys s zone 

Turbulence 
Turbulence within tor caused 

Heat Source 
Internal (combustion) 

errta~l 

flow of 

ys1s of 

gas 



With respect to the retort abies described in Table 2, 
a few comments should be made retort t Although 
Table 2 suggests that effect 1s occurs at 482°C, it should 
be that the to e an organic 
molecule will vary molecular and complexity 
of the molecule, For d to pyrolyze 
an ali 1c arbon conta:unog 20 carbon atoms (Le., C2o) into 
two \vill than the ure required to 
pyro e arbon cont s carbon atoms (Le., 
C6) into This implies that the temperature 
required to convert into intermediate ts of pyrolysis 
will be less than the to convert these intermediate 
products into both condensable and non-condensable hydrocarbons. 
Thus, the reported 
(i.e., 482°C) is essential 
complex molecules 
hydrocarbons. 

at which effective 
the minimum 
into condensable and 

Groundwater Pollution Potential of In Situ 

1s occurs 
to convert 

non-~condensable 

Shale 

environmental hazards associated with in-situ 
oil shale is that it creates a ial for establishing 
communication between the upper and lovJer fers surrounding a layer 
of oil shale. The shale and the fer configuration were 
previously described in 2. Because the lower aquifer is usually 
a confined aquifer and the upper fer is usually an unconfined 
aquifer, the pressure difference between the lower and upper aquifer, 
in some cases, may be sufficient to e flow through an abandoned 
retort in an direction, as depicted in 7. Recall 
that the quality of the water in the lower fer is usually poor 
relative to that of the upper fer. The average water quality 
of each aquifer in the Piceance Creek Basin is described in Table 3. 
As revealed by Table 3, the total dissolved solids (TDS) of the 
lower aquifer is about an order of tude than that of 
the upper aquifer. 

In the Piceance Creek Basin, from the upper aquifer 
is primarily used for tural purposes and, to a limited extent, 
for domestic water es for ranches located in various parts of 
the basin. The associated with creat aquifer communication 
by in~situ retort twofold: 

L Poor quali from the lower aquifer may flow 
into the upper aquifer 

s may be leached 
from s through an abandoned 
in~situ retort 

The primary objective of 
groundwater pollution 

shale in either 

this research is to assess the potential for 
c contaminants leached from in~situ 

dissolved or colloidal form. 
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Table 3. water 1 of the upper and lower aquifers 1n 
1n the Piceance Creek Basin. 

Chemical 
Constituent 

Potassium 

Sodium 

Calcium 

Magnesium 

Bicarbonate 

Chloride 

Sulfate 

Fluoride 

Dissolved solids 

Percent Variationa 

(Source: Ref. 3) 

Constituent 

Aquifer 

LS 

210 

50 

60 

550 

16 

320 

L4 

960 

L3% 

Lower Aquifer 

11 

4000 

7.4 

9.5 

9100 

690 

80 

28 

9400 

LO% 

aThe percent variation was computed using the following formula: 

<I: cations anions 1n meq) 

variation 
1 

Percent 

<L:cations in meq) 
1 

+ <I: anions 1n meq) 
1 

After migration through an abandoned retort and contact with 
spent shale, contaminated groundwater will enter the upper aquifer 

X 100 

and mix with uncontaminated groundwater. In response to the hydraulic 
gradient, contaminated groundwater will then flow away from the retort 
and through the upper aquifer at an extremely slow rate, As contaminated 
groundwater flows through an aquifer, it undergoes natural treatment 
processes as a consequence of its contact with aquifer media. The 
concentration of various organic contaminants will decrease due to 
natural treatment phenomena, such as adsorption, ion exchange, and 
microbial degradation (Refs. 7, 8). 



In addition to decreases in contaminant concentration resulting 
from natural treatment ? the concentration of organic contam-
inants will also decrease as a consequence of diffusion/dispersion 
within the aquifer itself. Contaminated 9 after undergoing 
natural treatment and diffusion/dispersion, will eventually reach 
the surface by one of several pathways: 

L of from an aquifer 

2 0 Dis of groundwater at the surface as a spring 

3 0 Dis of into a stream, augmenting its surface 
flow with base flow. 



CHAPTER 2 

RESEARCH OBJECTIVES 

As indicated information presented ln the ous section, 
there exists a s icant for ion of groundwater 
quali as a consequence of and c contaminants leached 
from in-situ shale. transforms oil 
shale from a shale, a relatively 
unstable substance var and organic components 
which are water soluble. It is anticipated that groundwater will be 

in quali various contaminants leached from spent shale 
as groundwater s abandoned in-situ retorts. Although 
some research has been directed toward the leaching of inorganic 
contaminants (Ref. 9), little attention has thus far been directed 
toward contaminants that may be leached from in~situ spent 
shale. 

The leaching of organic contaminants from in-situ spent shale 
is of concern because the pyrolytic process of oil from 
oil shale may result in: (1) the production of certain organics that 
will persist in for ext long periods of time and 
preclude various beneficial uses and (2) the production of potentially 
carcinogenic organic compounds (Ref. 5). It should be noted that this 
latter concern is based somewhat on speculation. 

Based on the above concerns, 
is to assess the potential for 
leached from in-situ spent 
objectives are proposed: 

the overall objective of this research 
r pollution organic contaminants 

ifically, the following research 

1. Identification of factors that influence the leaching of 
organic material from in-situ shale 

2. Determination of the maximum amount of c material 
that can be leached from in-situ s shale under various 
conditions 

3. Qualitative identification of various classes of organic 
compounds that may be present in leachate 

4. Formulation of a mass transfer model to explain experimental 
results 

') . Qualitative assessment of the environmental t and 
fate of c material present in leachate 

6. Identification of possible control meas~res. 



The strategy to accomplish most of the above objectives will 
be described 1n the following cha Basically, this strategy 
consisted of: ( 1) out 1 for ion and character~ 
ization of in-situ s samples, (2) development of laboratory 
experiments to s the leaching 1 (3) identification of 
parameters to define the resultant quality of leachate, and (4) selection 
of data ana is techniques to provide a mathematical framework for 
experimental data. 



CHAPTER 

LITERATURE SURVEY 

Several organizations and institutions have ted or are 
research related to the of organic and 

from both in-situ and surface-retorted spent 
shale. ions/institutions include: 

Denver Research Insti te ) 

Colorado State Universi (CSU) 

Texas Tech Universi (TTU) 

Laramie Technology Center 

U.S. Bureau of Mines 

University of Colorado (CU) 

Colorado School of Mines ( 

As indicated, or objective of this research 
is to assess the le of c material from in·~situ spent shale. 
The completed and concurrent research by other organizations/institu-
tions has focused on the inorganic contaminants 
from both in-situ shale~owever, certain 
aspects of research results described in the literature are relevant 
to this research s Some of these results have been summarized 
and presented in this literature survey because they: (1) provide 
ins into the overall leaching , (2) describe various 
experimental and 1 methods that may be appropriate for 
studying the organic contaminants from in-situ shale, 
and (3) characterize the c s of leachate that may 
significantly affect and amounts of organic contaminants 
leached from in-situ shale. The work accomplished by each of 
the organizat institutions noted above is summarized in the following 
sections. 

Denver Research Institute 

Schmidt-Collerus (Ref. 6) investigated the environmental impacts 
associated with the disposal of carbonaceous shale derived from 
surface-retort oil shale In the context of his research, 
Schmidt-Collerus defined 11 s shale as being spent 

a s cant residual or organic material (i.e., 
2 to 5 we ) after oil recovery. He asserts that certain 
retorting processes produce shale with up to 5 percent organic 
carbon res The actual composition of the resultant spent shale 
will depend on the of retort process used and the conditions 



of retor At retor 9 about ( ) ~ 
in which residual carbon combusted as a heat sourc 9 near complete 

tion of the carbonates (present as dolomite and calcite) to 
the resultant s shale i almost free of 
In contrast, oil shale retorted at lower 

) without combustion carbon as 
a heat source causes very little and the resultant 
spent shale may 2 to 5 carbon" 

of 
Certain c 

shale does 
but also 

are soluble 

not consist only 

As a consequence of the ic 

compounds. 
c solvents and 
process employed 

t of the c matter associated 
1 

to other 

th the 

tant to note some PAH.' s 
In addition to PAR 

(PAR) 

ic and lower 

The or activities associated th t~Collerus' research 
shale from various were: (1) collection of s es of carbonaceous 

retorting processes s of benzene extracts of shale for 

' tion, and air from 
future oil 

aromatic 

from 
aromatic 

The results of Schmidt"~Collerus 1 

below: 
on are summarized 

L 5 c carbon, 
lower molecular weight 

c solvents. Schmidt~ 

materi from 
as a solvent. He found that 

from 0.02 percent to 
total mass shale, 

shale contains 
lear aromatic hydrocarbons 

The P AH (among 
pyrene and other known carcinogenic 

The luble mater al 1n carbonaceous 
orders tude than 

" "., :tn so1 .. L from is 



4. The content of benzo(a)pyrene in benzene extracts of carbonaceous 

5. 

spent shale is about three orders of tude greater than in 
benzene extracts of soils from pristine areas. Schmidt-Collerus 
classified the amount of benzo(a)pyrene present in the benzene 
extract of carbonaceous s shale as be "more than mildly 
carcinogenic au 

Results indicate that leachate derived from 
carbonaceous spent shale may be three to four orders of 
magnitude higher in PAH content than groundwater from pristine 
areas. It is asserted that groundwater can suspend and 
transport POM/PAH compounds colloidal form to some extent. 

6. Polynuclear aromatic compounds can apparently be leached 
from carbonaceous shale water to a considerable 
extent in the presence of water soluble inorganic salts. 
Schmidt:~Collerus believes that solubilization of POM compounds 
in groundwater may be enhanced by the presence of certain 
inorganic salts. 

Extrapolating the results of his research 1 Schmidt~Collerus asserts that: 
in-situ retorting of oil shale may produce vast amounts of carbonaceous 
residues underground, creating a potential for interaction between ln
situ spent: shale and groundwater (this assertion served as an 
impetus for much of the research summarized herein). 

Colorado State Universi 

Margheim (Ref. 1) and Ward et al. (Refs. 10, 11) assessed the water 
pollution potential of spent shale derived from above-ground retorting 
operations. Spent shale from three pilot plant processes was examined: 
(1) from the U.S. Bureau of Mines (USBM) gas combustion retorting process; 
(2) from the Union Oil Company (UOC) retorting process; and (3) from 
The Oil Shale Company (TOSCO) retorting process. The investigation 
consisted of determining the physical properties of each type of spent 
shale and the chemical characteristics of leachate derived from several 
experiments. 

Several types of laboratory experiments were run in order to assess 
the quality of leachate derived from spent shale. The first type of 
experiment was classified as a "blender experiment" and consisted of 
taking a 100 gram sample of spent shale \vhich passed through a No. 40 
sieve, mixing it with 1000 milliliters of distilled water in a blender, 
and blending for five minutes. The second type of experiment, classified 
as a "shaker experiment, 11 consisted of taking a 100 gram sample of spent 
shale which passed through a No. 40 sieve, placing it in a one gallon 
container to which one liter of distilled water was added, and manually 
shaking the container for five minutes. The third type of laboratory 
experiment was conducted only with the TOSCO spent shale: a column 
percolation experiment employing a plastic column 120 centimeters in 
length and 10 centimeters in diameter and filled with 12,500 grams of 
TOSCO spent shale. During the column percolation experiment, a constant 



head of two centimeters was maintained on top of the column. Leachate 
was first observed about 14. after initiation of the column percola~ 
tion exeriment. After initial observation of leachate, volumes of 
leachate were collected at various time intervals for chemical 1s. 

Table 4 describes the conductance and chemical composition of the 
first eight s of leachate collected from the column. As revealed 

Table 4, various ions were readily leached from the TOSCO s shale 
dur the column percolation experiments. As expected, the conductance 
and concentration of various ions decreased as a function of percolation 
time. This suggests that material associated with 

shale was readi initial time periods of 
while, su 1ncreas smaller amounts of 1c 

material the column percolation experiment, 
several for carbon. About 86 mg/1 of 

c carbon were detected in a sample aken from the column after 
1320 millil ters of water had percolated and about 55 rng/1 
was detected aft 3150 millil ters of water had ated through. 

Table 5 describes the mass of various ions leached from the three 
types of s shale examined dur the aforementioned experiments. 
As shown in Table 5, the concentration of most ions was significantly 

for the DOC spent shale than for the DSBM and TOSCO s 
shales. This may be attributable to ly different retort 
conditions associated with the DOC retort process. 

Texas Tech Dnivers 
~,~,,~,,~~ .. 

Parker (Ref. 9) has eted prel 
the 1 of soluble materials from oil 
in-situ conditions. His approach consisted 

experiments assessing 
shale retorted under simulated 
of: 

1. Retorting oil shale samples under a range of simulated Ln
s u cond1t1.ons 

2. spent shale with either distilled 
water or 

Analyz the leachate for chemical composit 

LJ. ~ In t:ing data in. mathematical framework to allow extra--
polation to field condi ions. 

Parker des and fabricated smal 
simulates in-situ retort conditions. 
various shal 
time, and gaseous environment. 

that 
retort, he produced 

, retorting 

Prel des to assess: (1) the ity 
of va:nous dur specified time periods 
and (2) the tort1ng ables on the leach of var 

s. Tl1is init 1 set of experimen s 50 gram s 



Table 4. results of nPrcolation e:x:oeriment conducted with TOSCO spent shale. 

Volume of 
leachate ~~ ~-··r--.., 

, at Ca', MII, , SO, Cl 
-

1 254 78,100 35,200 3,150 4,720 90,000 3,080 

2 340 61,600 26,700 2,145 3,725 70,000 1,900 

3 316 43,800 14,900 1,560 2,650 42,500 913 

4 150 25,100 6,900 
l 

900 ,450 21,500 370 N 
w 
I 

5 260 13,550 2,530 560 500 8,200 205 

6 125 9,200 1,210 569 579 5,900 138 

7 155 7,350 735 585 468 ,520 138 

8 250 6,825 502 609 536 4,450 80 



Table 5. I-later ial leached from spent shale samples (mg/l0l1g) . 

of leachate 
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4 

TDS 

++ 
C:a 
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+ Na 

Shaker 
experiment 

1,120 

102 

31 

206 

5 

775 

970 
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e)qJeriment 

1,260 

114 

27 

165 

8 

728 

1090 

42 

3.5 

225 
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600 

10,000 
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91 

2,100 
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experiment 
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of oil shale retorted in the presence of alr and in the absence of air. 
Four retort L.,8 and 780°C ~~ and two 
retorting times - hours - were These retorting 

were selected because a range of temperatures 
from that at to at a considerable rate 
to that at which considerable carbonate ition can be expected. 

After retort , the residual s shale (less than the original 
50 grams of raw shale) was transferred to a bottle and 200 milliliters 
of distilled water was added. The s shale and water were mixed 
together for 15 hours. The samples were allowed to settle for 5 hours 
and then the s was decanted and filtered. Subsequently, 
the chemical composition of the filtrate was 

The results of thi initial set of experiments are presented 
in Table 6. Table 6 reveals that, at lower retort temperatures 
(430° and 483°C), far less material was solubilized when the oil shale 
was retorted in the absence of air than when the oil shale was retorted 
in the presence of air. At h retort t (630° and 
780°C), comparable amounts of material were solubilized when the oil 
shale was retorted either in the presence or absence of alr. 

General 1 more material was solubilized at higher retorting 
temperatures. The amount of material solubilized at high re-
torting temperatures is likely attributable to carbonate decomposition 
which occurs at high retorting Carbonate decomposition 
results in amounts of calcium and magnesium oxides which produce 
high pH leachates. Indeed, at high retort (630° and 
780°C), high pH leachates were obtained from s samples retorted 
both in the presence and absence of air. It is interesting to note 
that the lowest TDS concentration was encountered in leachate derived 
from spent shale retorted in the absence of air at low retorting 
temperatures, and that the TDS concentration in leachate from spent 
shale retorted in the presence of oxygen was than that in leachate 
from spent shale retorted in the absence of oxygen. This is likely 
due to the fact that air an oxidizing a for reaction 
with certain easi oxidized metals in the shale matrix, thus liberating 
these metals as ions. Another possible anation is the formation 
of soluble salts invo acidic anions and metal cations. 

For spent shale retorted both in the presence and absence of 
air,large amounts of toxic metals such as Cr and Zn were not observed 
in the leachate. It is possible that certain heavy metals are present 
as insoluble salts. However, considerable amounts of soluble metals 
such as sodium, potassium, and calcium were dissolved in the leachate. 

In a progress report descr his research, Parker provided 
an excellent discussion of the actual mechanics of the leaching process. 
This discussion is summarized below. shale must first cool to 
below the boil point of water to t leaching. This may require 
as much as several years for s shale res within an in-situ 
retort. After spent shale has cooled sufficiently, liquid water will 



Table 6. Materials extracted from spent shale samples. 

Quantity of material extracted, mg/lOOg 

Retorting temp, oc TDS Ca Mg Na K Cr 

Retorting time~ hr (A/NA)a (A/NA)a (A/NA)a 

lt30/15 405/ 08 97/ 8/0.88 35/2 2. 76 0.05/--

409/ 80 97/ 6 2.9/0.62 2. 04 0.02/--

6,83/ 5 512/ 100 9 o. 093 22/ 2 2. 86 o. 2/--

483/30 558/ 86 160/ 6 O.Ol/0.072 26/lLI· 3.4/0.85 0. 3/--

5 615/ 878 150/80 0.01/0.038 11/10 5.2/ . 0. 2/--

630/30 895/ 927 210/78 0.002/0.035 12/ 9 7.6/1.2 0 /--

780/ 5 94.4/ 1 75/89 0.001/0.M 66./43 16/2. 9 0.56/0.004 

833/ 595 68/44 0.001/0.034 77/21 18/2.3 .8/0.002 

retorted in presence of air; NA = retorted in absence of air. 

Pb 

--1 --

--1 --

--/ --

--/ --

--/0.014 

--/0.017 

--/ --

--1 --

Zn 

(A/Ntda 

020/0.001 

0. 002 

o. 001 

0.012/0.002 

016/0.020 

0.021/0. 5 

0.017/0.025 

0.008/0.006 

I 
N 
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contact the spent shale and will be drawn into the shale matrix by 
capillary forces. The influx of water the shale matrix will 
slowly displace most of the gases present in the matrix (although 
gases that are relative soluble in water will dissolve to a certain 
degree). 

After the pore space of the shale matrix has been filled with 
water by capillary forces, molecular diffusion will serve as the vehicle 
for transferring soluble material both to and from the spent shale 
matrix and the in which it is immersed. 

When spent shale is sufficient cool to t vJater to exist 
as a liquid, various chemical reactions may occur between the water 
and spent shale. If the water is derived from condensing steam, only 
the ions available from the spent shale will participate in these 
reactions. However, if groundwater contacts the spent shale, ions 
supplied by the groundwater will also participate in these reactions. 
When groundwater is involved in the leaching process, groundwater 
may remove various ions from the spent shale while other ions may 
be removed from the groundwater by the spent shale. These reactions 
between ions originally present in groundwater and leached ions may 
be attributed to metathesis. 

It should be noted that Parker's discussion of the actual mechanics 
of leaching did not include mention of refluxing as a significant 
factor, The phenomenon of refluxing invol.;,;es the continuous process 
of vaporization and condensation of water within the retort. As ground
water initially enters a hot retort, steam will be formed and the 
resultant steam will advance through the retort. This steam will 
eventually condense when it encounters a cool spot in the retort. 
Subsequently, this same condensed water may again vaporize when it 
encounters another hot spot. This dynamic and continuous process 
of refluxing will create both turbulence and pressure changes within 
the retort. Generally, it is asserted that this advancing front of 
refluxing water will tend to enhance mass transfer during leaching. 

According to Parker an important retorting variable that may 
influence potential chemical reactions is retort temperature. 
At temperatures above 550°C, carbonates are decomposed to oxides of 
magnesium and calcium which, in the presence of water, are hydrated 
to form hydroxides which have a higher solubility product than the 
carbonates. Thus, carbonate decomposition completely changes the 
character of the original oil shale, creating soluble components :Ln 
the spent shale which may react with components of groundwater. 

Laramie Center 

Jackson et al. (Ref. 12) conducted experiments to assess the quality 
of leachate from in-situ spent shale. 
spent shale particles produced during 
10-ton simulated in-situ retort. 

He examined three size ranges of 
combustion runs employing LETC's 
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Table 7. Mass of molybdenum, fluoride, and boron leached from TOSCO 
s shale. 

Parameter 

Mo 

F 

B 

Colorado School of Mines 

Mass leached over 127~day period, 
mg/kg of spent shale 

8 

80 

12 

Hines (Ref. 15) is currently conducting research related to the 
adsorption of inorganic and organic components from gaseous and liquid 
wastestreams onto spent shale. The impetus behind this research is 
to determine the potential for treating liquid and gaseous wastestreams 
derived from in-situ oil shale processing by passing these wastestreams 
through columns of spent shale (in a manner similar to activated carbon 
adsorption columns). 

As a subsequent phase of his research, Hines intends to initiate 
spent shale leaching studies. He intends to conduct batch studies 
and packed-bed studies with spent shale produced at several retorting 
temperatures. The primary variables to be considered include: type 
of solvent, solvent flow rate, particle size, retorting temperature, 
shale grade, mineral composition, and bulk density of the shale. 

Certain data recently generated by Hines are icularly relevant 
to the research presented here. Hines retorted samples of oil shale 
in a laboratory~scale retort over a range of retorting temperatures. 
The resultant spent shale, produced in an inert gas environment, was 
then employed in the adsorption studies. After retorting, Hines 
characterized the organic carbon content of the spent shale samples. 
As would be expected, he found that the organic carbon content (on 
a percent by weight basis) was inversely related to retorting temperature. 
Thus, the highest organic carbon content was detected in the spent 
shale sample produced at the lowest retort temperature (Ref. 16). 



CHAPTER L+ 

PREPARATION OF SPENT SHAI.E SAMPLES AND PROCEDURE 
FOR DEFINING CHARACTERISTICS 

shale s 
Lawrence Livermore 

in this research were derived from 
(LLL) lo scale 125-kilogram simulated 

in-situ retort. The raw oil 
Points area in Colorado. The 
of the raw oil shale was 24 

shale used LLL was from the Anvil 
Fischer Assay (i.e., ial oil yield) 

lons per ton, and it contained 10.8 
percent carbon we L 17L 

Bulk samples of s 
mate 10 kilograms taken from 

LLL consisted of approxi
selected areas of the lot-scale 

retort. After removal from the retort, 
to a brief grinding operation at LLL in 

the s shale was subjected 
order to a homogeneous 

s for ana is. 

Bulk s received at the University of California at 
tia1 divided into a series of subsamples 

these s s were recombined 
was considered to be 

tive of the s shale originally 
retort. The potential loss of volatile 

recombination was considered to be insignificant. 

Each homogeneous of spent shale was sieved and divided into 
two particle size ranges: a small particle s1ze range of 0.14 to 0.28 
centimeters (0.055 to 0.110 inches) and a icle size range of 
0.28 to 0.64 centimeters (0.10 to 0.250 inches). From these two particle 
size ranges, a compos te icle size range of 0.14 to 0.64 centimeters 
was deve The election of these icle size ranges was somewhat 
arbi General particles are more likely to be non-
homogeneous and, thus a icle size of 0.64 centimeters was selected 
as a lower limi because smaller "dust~·like" icles will represent 
only a minor por 10n o the spent shale under actual field 
conditions at a commerc al cale facili 

Each s 
chemical, an.d 

of in~-sit:u 

of each s 
received 

shale sample was characterized accord to it:s physical, 
retorting charac istics. These characteristics are 

can influence the lut:ion potential 
shale. The ical and chemical characteristics 

were determined after the s s were 
retort were defined by LLL 

at the time the s to UCB. 

ical Characteristics 

The ist c of spent s s were defined 
the following parame 



particle s1ze range 

111 bulk densi 

@ porosity 

111 solid densi 

111 p errneab i 1i 

Particle Size e. In effect, the particle size range of 
particular spent shale samples was defined a priori by the sieve sizes 

oyed dur the s step of the sample preparation procedure. 
Prepared samples were characterized the three aformentioned particle 
size ranges; a small icle size range of 0.14 to 0.28 centimeters, 
a large particle size range of 0.28 to 0.64 centimeters, and a composite 
particle size range encompassing the small and large particle size 
range (i.e., 0.14 to 0.64 centimeters). 

Bulk Densi The following procedure was used in determining 
the bulk dens shale samples. An aliquot of spent shale 
of known weight was introduced into a graduated cylinder and compacted 
by tapping a rubber mallet on the side of the cylinder for a 60-second 
time period. Afterward, the volume of the spent shale sample was 
observed and recorded. The bulk denisty was thus determined by: 

Bulk Density "" t Shale 
Shale 

Porosity. The porosity of spent shale samples was determined by 
the following procedure. In a manner similar to the determination of 
bulk density, an aliquot of spent shale was introduced into a graduated 
cylinder and compacted for 60 seconds after which the volume was observed 
and recorded. A known volume of distilled water (greater than the bulk 
volume of the compacted shale) was introduced into the cylinder; 
the cylinder was sealed off from the atmo ; and the mixture of 
water and shale was allowed to sit for 24 hours. After 24 hours, 
the total volume was observed and recorded and the porosity was computed 
by: 

Porosity ~ 1 _ Total Volume 
Spent 

Shale Volume 

A schematic of the porosity detennination is presented in Figure 8. 

It should be recognized that this method of determining porosity 
does not differentiate between "macro~porosity" and "micro~porosity". 
Macro~porosi is due to the interstices between adjacent particles 
of shale while micro~porosity is due to the semi~porous infrastructure 
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8. Schematic of porosity determination. 



of each individual shale 
shape and structure of 

icle. Based on what is known about the 
shale icles, it is roughly estimated 

that micro-porosity accounts 
total porosi 

for less than 10 to 20 percent of the 

porosity and bulk density have previously 
been , 1s no need for a direct determination of solid 
density. The solid densi can be computed from the results of the 
porosity and bulk density de 1ons as follows: 

Solid Density 

The above procedure assumes that spent shale does not "swell" 
upon wetting. Based on both observation and a knowledge of the struc
tural characteristics of spent shale, it is asserted that discernible 
"swelling" does not occur, 

Permeability. The permeabili of spent shale samples was determined 
by use of a laboratory permeameter, a schematic of which is shown in 
Figure 9. The determination of permeability consisted of filling and 
compacting a column with spent shale. The compaction procedure consisted 
of introducing incremental volumes of spent shale into the column and, 
after each increment, tapping the column with a rubber mallet for 60 
seconds, The dimensions of the column were 12 inches in length by one 
inch in diameter, After the column was filled and compacted with spent 
shale, it was connected to the permeameter described in Figure 9. The 
permeameter was then operated at several flow rates and after steady
state conditions were attained, the incurred head loss at each flow 
rate was observed and recorded. Knowing the incurred head loss, the 
flow rate, and the length and diameter of the column, Darcy's Law was 
used to compute the permeability (Ref. 18). Darcy's Law is given 
by: 

v 

and K 

Ks 

v 
s 

where K coefficient of permeabili (gallons per day/feet2) 

v approach velocity Q/A (feet/day) 

s hydraulic gradient h/L (feet/feet) 

Q flow rate (feet3/day) 

A cross-sectional area of column (feet2) 
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Figure 9. permeameter, 



h incurred head loss (feet) 

L = length of column (feet) 

Employing Darcy's Law, several approximations of K (coefficient 
of permeability) were derived from the several corresponding values 
of incurred head loss and flow rate, The several approximations of 
K were then averaged to provide an overall estimate of permeability. 
Permeabili is an important parameter because it describes the ability 
of water to flow through a particular type of porous material, Thus, 
the permeability of a spent shale sample will affect the time of contact 
between parcels of water and individual particles of spent shale which 
will in turn affect the leaching phenomenon. 

Chemical Characteristics 

An important characteristic of a spent shale sample is its organic 
carbon content on a percent by weight basis, A determination of the 
organic carbon content of a spent shale sample provides some indication 
of the potential mass of organic material that may be leached although 
it does not indicate the solubility of this organic material in water 
nor how this organic material is associated with the spent shale matrix, 

Analysis for the organic carbon content of solid spent shale 
samples was accomplished with a Dietert Carbon Analyzer which is often 
used in determining the organic carbon content of sediments and sludge 
samples. The procedure involves the combustion of organic carbon to 
C02 which is subsequently measured by the following technique. The 
amount of C02 produced is measured by bringing a gaseous sample of 
known volume into contact with the hydroxide to form potassium carbonate. 
During this reaction, C02 disappears from the gaseous phase and the 
potassium carbonate formed remains in the liquid phase. Therefore, 
the loss in volume of the gas is equal to the C02 content, 

Retort Characteristics 

Retorting characteristics represent the most important category 
of spent shale characteristics related to the leaching phenomenon. 
Previous studies have demonstrated that the conditions employed during 
the retorting of oil shale will greatly influence both the characteristics 
of the resultant spent shale and the quality of leachate derived from 
the spent shale. With respect to spent shale characteristics, the 
most important characteristics employed during retorting include: 

• Gaseous Environment 

e Retorting Temperature 

• Retorting Rate 



It should be noted that the retort characteristics of shale 
samples are icit defined the documented history of the retorting 
run" ific.:tlly, Lawrence Livermore provided a detailed 
retort his of all shale sample to the University 
of California. 

Gaseous Environment. One of three general s of gaseous environment 
exists dur o 1 shale retor 
or (3) inert gas (such as ni 
consist of both inert 

The role of 
process is described in 

(1) air, (2) air plus recycle gas, 
). The recycle gas will largely 

as well as a variety of non-condensable 
gaseous environments in the retort 

L 

When the gaseous environment includes a1r th or without recycle 
gas), combustion conditions exist dur retort and most residual 

c material on the shale after oil extraction is combusted 
heat for 1s. In contrast, combustion of residual 

material does not occur an inert gas run in which combustion 
conditions do not exist. When recycle gas is oyed, this provides 
an opportuni for certain volatile compounds to adsorb or 
condense onto part cles of shale behind the flame front in the 
retort. Thus, it should be that the gaseous environment 

dur retort ly affect the characteristics of 

can s 
shale. 

shale and its sus 

The t 
characteristics of the 

above 6 (l150°F) 

during retorting 
resultant spent 
result in carbonate 

ition which weakens the structure of the spent shale matrix 
and results in TDS concentrations in leachate. When air is employed 
as a gaseous environment, hi retorting temperatures will lead to 
more ete combustion an inert gas is employed as a 
gaseous environment, will lead to the 
formation of d 

the zone o 
retort 
will result 
gaseous environment, in more 
material assoc with the 

is defined as the rate at which 
moves a retort. A slower 

less economical in shale oil production, 
is and, when air is employed as a 

ete combus ion of residual organic 
shale. 



CHAPTER 5 

LABORATORY LEACHING EXPERIMENTS 

An effective assessment of the ial contamination of ground~ 
water by c material leached from in-situ spent shale requires 
the deve of a series of 1 cale experiments 

data" Two general es of laboratory 
experiments were empl to assess the of c material 
from in-situ s shale" These included: 

• batch experiments 

e continuous-flow column s 

Batch s 

Two specific types of batch vJere conducted: 

• kinetic batch 

• equilibrium batch experiments 

Kinetic So The kinetic batch experiments (hereafter 
referred to s as batch experiments) involved placing a small amount 
of spent shale (50 grams) into an individual flask and subsequently 
adding a fixed small voloo1e of water (50 milliliters). After sealing 
the flask, it was allowed to quiescently sit for a designated time 
period, ranging from 0.5 to 30 days" At the end of the designated 
time period, all of the resultant leachate was decanted from the flask, 
(It should be noted that an individual flask was prepared in the above 
manner for each leaching time period investigated. This implies that 
a series of flasks containing shale and water were required 
to examine a range of periods for a particular type 
of spent shale under al conditions), The flasks 
employed during the batch s were 300 milliliter biochemical 
oxygen demand (BOD) and 300 milliliter Erlen_meyer flasks with ground 
glass tops. The BOD flasks were employed in experiments conducted at 
an ambient water temperature while the Erlenmeyer flasks were employed 
1n experiments conducted at an elevated water 

The leachate decanted from each flask was subsequently filtered 
through a Whatman GF/C fiberglass filter to remove suspended material" 
The filtrate, containing both dissolved and colloidal material, was 
then analyzed in order to define the quality of the leachate. (The 
conducted analyses are described in a following section.) 

The major impetus behind the batch experiments was to identify 
factors that influence the leaching of organic material from tu 
spent shale, By employing a relatively simple system such as a batch 



experiment, a number of experimental conditions can be varied in an 
attempt to define factors that influence the leaching phenomenon. 
Another obvious ective of the kinetic batch experiments was to 
assess the kinetics (i.e., 1n leachate quality as a function 
of time) of the 

The equilibrium batch experiments 
the kinetic batch experiments. 

of flasks, a small amount of spent shale (50 
grams was into a flask and subs ly a variable 
of water was added (30 to 200 milliliters). After sk, 

t was lowed to sit quiescent for a period of 30 days. At the 
end of 30 1 the leachate was decanted, filtered, and analyzed 
for s. 

to 
It was 

or tus 
e data enabl 

assumed that 30 
librium comli tions. 

behind the equilibrium batch experiments was 
the deve of equilibrium isotherms. 

for the establishment of 
ion was verified by 

prel f sugges 30 to be an adequate 
time for the establishment of 11 pseudo~equilibrium11 conditions). 

or limitation of the lC batch s described 
ly is that one shale-to-water ratio was examined (i.e., 

50 grams of shale to 50 milliliters of water). It is important to 
note that the shale to water ratio may significantly affect the quality 
of the resultant leachate. Intuit , one would expect a different 
leachate quali if 50 grams of shale were mixed with 100 milliliters 
of water than if 50 grams of shale were mixed with 50 milliliters of 
water. Furthermore, the use of only one shale to water ratio does not 
provide any indication of whether saturated or unsaturated conditions 
exist with respect to various components of the leachate. However, 

a series of batch experiments which encompass a range of 
shale to water ratios, the librium batch experiments (1) enable 
an assessment of the effect of shale-to-water ratio, (2) provide an 
indication of whether standard or unsaturated conditions exist, and 
( 3) de data for the deve of 1 tum isotherms. A 
discussion of librium isotherms is presented in a subsequent 
section related to data ana 1s. 

A schematic describ 
1n F 10. An 
experiment and the 
that time is not 

the librium batch experiments is presented 
differentiation between the librium batch 
ly discussed kinetic batch experiments is 
m the librium batch experiments (30 days 

lS considered ade for the establishment of equilibrium conditions). 

1 Variables Examined in the Batch iments 

The experimental variables examined 1n the batch experiments 
included: 
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Figure 10. Schematic of equilibrium batch experiments. 



• particle s1ze range of shale 

• retort conditions associated with spent shale 

• leach time period 

• water temperature 

• water i 

Examination of all the above variables in both s of batch experiments 
would (1) require an enormous amount of laboratory work and (2) generate 
a certain amount of redundant data. Consequently, a decision was 
made to examine ertain variables in each of batch experiment. 
For e, if the effect of icle size was assessed in one 
of batch exp::riment by examin both a small particle size range 
and a large particle size range, it seemed appropriate to examine only 
a composite par icle size range in the other of batch experiment. 

Two general particle size ranges were examined dur the kinetic 
experiments; a small icle size range of 0.14 to 0.28 centimeters 
and a large particle size range of 0.28 to 0.64 centimeters. The 
equilibrium batch experiments examined a composite particle size range 
of 0.14 to 0.64 centimeters. 

Three of retort conditions were examined 
du the s, including (1) combustion runs, (2) combus-
tion runs g recycle gas, and (3) inert gas runs. The kinetic 
batch experiments examined all three categories of retort conditions 
while the librium batch experiments only combustion runs 
and inert gas runs. These three of retort conditions 
encompass the range of retort that have thus far been 
studied by Lawrence Livermore 1n their experimental retort. 

The leach time period examined during the kinetic batch experi-
ments from 0.5 to 30 This time period was selected to 

an indication of both short-term and term leaching phenomena. 
The maximum 1 time period, 30 , was initially thought to 

of "pseudo-equilibrium" condi t:ions. The 
1 for the equilibrium batch experiments 
was a onstant 30 

Two wate ures were examined dur the kinetic and 
librium batch experiments, 20°C and 80°C. The lower of those 

two t 1 represents the ambient room temperature of 
the lnboratory which the s were conducted and is felt 
to be representative temperatures in 
the oil shale The hi ure, 80°C, is felt to be 

ly representative of water ures within an abandoned 
retort which has not cooled to ambient tures; water ures 
within a recently abandoned retort will likely l00°C. 



Two 
the batch 

es of water ity were examined during both 
distilled water and 1c groundwater. 

The synthetic 
produced in a of several 

was 

grade chemicals with 
groundwater was 

distilled water. the synthetic 
6.0 grams 9 2.0 grams 

of NaCl, 1.0 gram 
water. Thus, the 
was sodium while 
present as anions. 

and LO gram of to a liter of distilled 
the ic groundwater 
chloride, and sulfate were 

The rationale for the above mixture as ic groundwater 
is as follows. It should be generally 
indicative of poor i the lower aquifer of the 

ceance Creek Basin and of throughout the 
oi 1 shale region. The 1 from the lower aquifer 
of the Piceance Creek Bas described in Table 3. 
Close scrutiny of Table 3 reveals that sodium, is by far, the most 
predominant cation while bicarbonate, chloride, and sulfate represent 
the major anions. Thus, 1 was synthesized to 
roughly simulate the described in Table 3. 

It should be zed that the actual composi on of synthetic 
groundwater will cant role in the leaching phenomenon. 
For example, a calcium~dominated would likely produce 
significantly different results than a sodium~dominated groundwater. 
Thus, many of the results presented in this thesis may be peculiar 
to the specific type of synthetic groundwater employed. Furthermore, 
it should be that the ity of synthetic ground~ 
water will change as a function the leaching process. 
These changes in inorganic quality will result from (1) the leaching 
of inorganic material from s shale, (2) ion mechanisms 
involving the spent shale matrix, and (3) precipitation reactions. 

The specific conductivity of the 
mhos/em while its pH was 9.0. In contrast, 

of the distilled water was only 19 mhos/em 

ic groundwater was 12,000 
the specific conductivity 

le its pH was 7.8, 

In addition to the above conditions, the equilibrium 
batch experiments also examined various shale~to·-~later ratios including: 

• 50 grams of shale and 30 milliliters of water 

• 50 grams of shale and 50 milliliters of water 

• 50 grams of shale and 100 lliliters of water 

• 50 grams of shale and 200 milliliters of ~later 



Continuous-Flow Column iments 

In the continuous-flow experiments, one-inch diameter columns 
of various lengths were each filled and compacted with a particular 

of shale. The actual columns were fabricated from PVC 
ping. After compaction, a peristaltic pump was used to pump water 

through the column at a specified flow rate for a 96~hour time 
period. Time- composite samples of leachate were collected 
in an enclosed container at desi time intervals. These composite 

es were filtered through a 1\Thatman GF/C fiberglass 
filter and for a series of quali characteristics that are 
described in the following er. A schematic of the continuous-
flow column experiments is presented in F 11. 

The tus behind the continuous~,flow column experiments 
was an at to simulate the 1 under actual field 
conditions. This cone is based on the premise that an actual in-
situ retort will resemble a large column through which groundwater 
flows on a once- basis. 

It was initially antic that the major difference between 
the results of the column experiments and the results of the previously 
described batch experiments would be a more ''ra leaching rate during 
the column experiments due to the continual replenishment of organic
laden leachate within the column by either distilled water or synthetic 

devoid of organic material. According to mass transfer 
, this would tend to enhance the 1 of organic material 

from spent shale. 

Variables Examined ln the Continuous-Flow Column 

The experimental variables examined in the column experiments 
included retorting conditions associated with shale, leaching 
time period, rate of flow, and column 1 imental variables 
relating to retorting conditions were similar to those examined dur 
the batch experiments; three general ies of retort conditions 
were examined. However, only one water ure, 20°C, one initial 
water quality, distilled water, and cne icle size range, a compositie 
particle size range of 0.14 to 0.64 centimeters, were examined during 
the column experiments" 

The leaching time periods examined dm: the column experiments 
from 0 to 96 hours" The overall 96-hour period was selected 

primarily as a matter of convenience; an experiment initiated on Monday 
morning could be terminated on Friday morn It was felt that a 
much shorter time od (96 hours) than that during the 
batch experiments 30 days) would prove due to the continual 
replenishment of leachate with distilled water which could tend to 
enhance the overall rate of l Within the 96-hour time period, 
the actual time ods at which time- composite s es were 
collected were selected in such a manner as to e an indication. 



Two c es of water ity were examined during both 
the batch experiments: distilled water and ic groundwater. 

The synthetic 
produced in a 
grade chemicals 

vJas 
of NaCl, 1.0 gram of 
water. Thus, the only 
was sodium while bicarbonate, 
present as anions. 

batch experiments was 
fied amounts 

fically 9 

of 

of several reagent 
the synthetic 

1 2.0 grams 
to a liter of distilled 

present in the 1c 
arbonate, chloride, and sulfate were 

The rationale for the above tic groundwater 
is as follows. It was felt that synthetic should be generally 
indicative of poor ity from the lower fer of the 

ceance Creek Basin and of ity groundwater throughout the 
oil shale on. The quality of groundwater from the lower aquifer 
of the Piceance Creek Basin was previously described in Table 3. 
Close scrutiny of Table 3 reveals that sodium, is by far, the most 
predominant cation while bicarbonate, chloride, and sulfate represent 
the major anions. Thus, 1 groundwater \vas synthesized to 
roughly simulate the described in Table 3. 

It should be zed that the actual composition of synthetic 
groundwater will play a s cant role in the leaching phenomenon. 
For example, a calcium~dominated would 1 ly produce 
significantly different results than a sodium~dominated groundwater. 
Thus, many of the results presented in this thesis may be peculiar 
to the speci c type of synthetic groundwater employed. Furthermore, 
it should be recognized that the c quality of synthetic ground~ 
water will change as a function during the leaching process. 
These changes in inorganic quality will result from (1) the leaching 
of inorganic material from spent shale, (2) J.on exchange mechanisms 
involving the shale matrix, and (3) tation reactions. 

The specific conductivi of the synthetic was 12,000 
mhos/em while its pH was 9.0. In contrast, the specific conductivity 

of the distilled water was only 19 mhos/em while its pH was 7.8. 

In addition to the above experimental conditions, the librium 
batch experiments also examined var shale~to~~;,rater ratios including: 

• 50 grams of shale and 30 milliliters of vJater 

• 50 grams of shale and 50 milliliters of water 

• 50 grams of shale and 100 milliliters of water 

• 50 grams of shale and 200 milliliters of water 



Continuous-Flow Column iments 

In the continuous-flow s, one-inch diameter columns 
of ths were each filled and compacted with a icular 
type of The actual columns were fabricated from PVC 

ping. After compaction, a peristaltic pump was used to pump water 
through the column at a specified flow rate for a 96-hour time 
period. Time-aver composite of leachate were collected 
in an enclosed container at desi These composite 
samples were subs ly filtered through a Whatman GF/C fiberglass 
filter and for a series of qual characteristics that are 
described in the following ter. A schematic of the continuous-
flow column experiments is presented in Figure 11. 

The tus behind the cont:inuousc~flow column experiments 
was an at to simulate the under actual field 
conditions. This is based se that an actual in-
situ retort will resemble a large column through which groundwater 
flows on a once-t basis. 

It was initially antic that the major difference between 
the resul s of the column experiments and the results of the previously 
described batch experiments would be a more "rapid" leaching rate during 
the column experiments due to the continual shment of organic-
laden leachate within the column by either distilled water or synthetic 

devoid of c material. Accord to mass transfer 
this would tend to enhance the 1 of organic material 

shale. 

Variables Examined ln the Con.tinuous-~Flow Column 

The experimental variables examined in the column experiments 
included: retorting conditions associated with spent shale, leaching 
time period, rate of flow, and column 1 imental variables 
relat o retort ng conditions were similar to those examined during 
the batch experiments; three categories of retort conditions 
were examined. However, one water ure, 20°C, one initial 
water quality, distilled water, and one icle s1ze range, a compositie 
particle ize range of 0.14 to 0.64 centimeters, were examined during 
the column experiments. 

The leaching time periods examined during the column experiments 
from 0 to 96 hours. The overall 96-hour period was selected 

primari as a matter of convenience; an experiment initiated on Monday 
morning could be terminated on Friday It was felt that a 
much shorter time od (96 hours) than that employed during the 
batch experiments 30 ) would prove adequate due to the continual 

enishment of leachate with distilled water which could tend to 
enhance the overall rate of 1 Within the 96-hour time period, 
the actual time ods at which time·- composite s es were 
collected were selected in such a manner as to an indication 
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Figure 11. Schematic of continuous-flovJ column experiments, 



of both short-term and long-term 
time period, 96 hours, was originally 
most of the leachable c material. 

phenomena. The total leaching 
to be adequate for leaching 

A water flow rate of 0.6 milliliters per minute was employed 
dur the column experiments. The selection of this flow rate was 
based on the measured ili of compacted columns ( ely 
50 gallons per per square foot) and the approximate head differential 
between the upper and lower aquifers in the Piceance Creek Basin (10 
meters) in the vicini of potential in-situ development (Ref. 3). 

Two column 1 >vere examined dur the continuous-flow column 
experiments: 12 inches and 6 inches. The major criteria for selection 
of column lengths included (1) cost of materials, (2) a column size 
appropriate for a la environment, and (3) the limited amount 
of each s shale e available. 

1n the Batch and 
s 

A summary of experimental variables examined dur the batch and 
continuous~""flow column experiments is presented in Table 8. As revealed 
by Table 8, the kinetic batch experiments examined the greatest number 
of variables. This is consistent with the proposed rationale for the 
kinetic batch experiments--the identification of factors that influence 
the 1 of c material from in-situ spent shale. The other 

s of experiments examined only particular variables of concern, 
based on the rationale behind the experiment. 

Table 8. rimental variables examined in leaching experiments. 

Variable 

Particle 
Retort 
Leach 
Water 

size range 
conditions 

period 
ure 

Kinetic 
batch 

experiments 

X 
X 
X 
X 

Water X 
Shale-to-water ratio 
Column 1 
RatE; of flow 

Equilibrium 
batch 

experiments 

X 

X 
X 
X 

Column 
experiments 

X 
X 

X 
X 



CHAPTER 6 

ANALYTICAL PROCEDURES FOR DEFINING QUALITY OF LEACHATE 

A ser1es of was conducted to define the quality of 
leachate samples derived from the previously described leaching experi-
ments. Although most is was aced on the organic 
quality of leachate~ it was considered to analyze samples 
for certain i that would basic insight 
into the leaching phenomenon. 

In the field of sani chemistry, the analysis and characterization 
of organic material present in s s of water and wastewater can 
be made on several levels of sophistication (Refs. 19-21): 

1. A gross estimate of the material present in a water 
sample can be obtained by conducting composite or "lumper" 
analyses that a general indication of the overall 
levels of organic material present but do not distinguish 
between the various organic components. Typical composite 
or "lumper" include Total Organic Carbon (TOC) and 
Chemical Oxygen Demand (COD). 

2. A more refined estimate of the types and amounts of organic 
components present in a water sample can be obtained by testing 
for the presence of (a) particular functional groups or classes 
of organic compounds or (b) groups of organic compounds with 
similar properties based on their solubility in various solvents 
or their acid/base character. 

3. The most precise estimate of the types and amounts of organic 
material present in a water sample can be obtained by testing 
for the presence of specific organic compounds. The tests 
employ various sophisticated instrumental methods such as 
chromatography, mass spectroscopy, etc., in conjunction with 
extraction and concentration techniques. 

It is apparent that a detailed characterization of the organic 
composition of leachate could be derived if leachate samples are analyzed 
according to all three levels of sophistication described above. However, 
it is asserted that such a detailed characterization would be somewhat 
unreasonable because it would severely limit the total number of samples 
that could be analyzed and the number of experimental conditions that 
could be examined. Clearly, the two extremes available were (1) to 
produce only a few samples of leachate under select conditions and subse~ 
quently analyze them in detail or (2) to produce many leachate 
samples under a wide range of conditions and analyze them in considerably 
less detail. The latter approach was selected because it is not presently 
clear which specific experimental conditions are important with respect 
to future oil shale development. Thus, the latter approach allows a 
wide range of many experimental conditions to be examined. 



In 1 
analysis of 
following: 

above remarks~ it was proposed that only a partial 
s be conducted with analyses being limited to the 

®J Total c Carbon (TOC) 

Fractions of Organic Material 

Ni 

®J Phenols 

Analysis for TOC was accomplished by util a Beckman total organic 
carbon The basic le behind the c carbon analyzer 
involves the conversion of ally bound carbon atoms to COz within 
an internal combustion chamber. The COz is subsequently measured 
by an infrared Analysis for TOC provides a general indication 
of the total amount of organic material present in leachate, since 
the carbon atom is the basic bui block of all organic compounds. 

The major limitation associated with assessing the organic quality 
of leachate by TOG measurements is that an estimate of organic carbon 
does not provide any indication of the types of organic compounds 
that may be In order to compensate for this limitation and 
to provide a more refined charac , the organic material present 
in leachate s was fractionated into acid, base, and neutral 
frac The determination of acid, base, and neutral fractions 
provides a indication of the classes of organic compounds that 
may be present in leachate (Ref. 22). 

Employing the extraction/fractionation technique presented in 
Figure 12, the c material can be divided into three fractions 
based on the acid/base character of various organic compounds. The 
technique involves extraction of leachate samples '\vith hexane at various 
pH values. The hexane is subsequently driven off using a rota~vacuum, 
1 a residue that is desiccated and weighed. In this manner, 
the relative proportions of acid, base, and neutral fractions can 
be determined. 

It is a corrnnon procedure 
classify organic compounds 
An acid is defined as a 
proton Thus, some 
behave as bases, and some are 

classified 

1n qualitative organic s1s to 
to their acid/base character. 
while a base is defined as a 

c compounds behave as acids, some 
neutral in character" Examples of organic 

to their character include 
ic acids 1 ls, and compounds 9 

amines, amino heterocyclics, and pyridines as basic compounds, 
and (3) hydrocarbons, aldehydes, and ketones as neutral compounds. 
Classification of organic compounds according to their acid/base 
character is ly for waterc~soluble compounds. 
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As indicated the extracti fractionation t: shown in 
of the s is first usted to 7 and neutral 

c c are extracted from the water with hexane, The pH 
of the leachate is then usted to 1 and acidic organic compounds are 
extracted vJith hexane. At lm .. J (Le, 9 a of 1) 9 acidic compounds 
exist in their un-ionized form as demonstrated below: 

+ RCOO + H ~~~ RCOOH 

The un-ionized form of most acids is ly soluble 
in water but is s ficantly soluble in a solvent such as 
hexane. Thus lowering the to 1, the water-soluble radical RCOO
is converted to the un-ionized RCOOH which is readily extractable with 
hexane. After acidi materials are extracted, the of the leachate 
is raised to 13 and basic c extracted with hexane. 
At a high (i.e., a pH of 13), basic exist in 
their un-ionized form as demonstrated below; 

In a manner similar to 
base 

a 
water-soluble radic 
lS s ficantly more 

+ + OH 

organic acids, the un-ionized form of most organic 
soluble in water and thus is readi extracted 

such as hexane. rai the pH to 13 9 the 
is converted to the un-ionized which 

extractions at values 
in hexane. Thus, in summary, consecutive 

of 7, 1, and 13 eld neutral, acidic, and 
basic fractions of material, respec 

A or limitation associated with the above extraction/fractionation 
ue is that s behave as v1eak acids. As a consequence, one 

would expect s to be extracted in the acid fraction 
while the vJeaker be extracted in the neutral fraction. 
Thus, it should be that one so-called fraction 
may contain S1, ficant amount of ic material. Furthermore, 

ics are not very soluble in hexane, 
material may not be extracted at alL 

s1nce molecular 
appreciable amounts of 

ished 
basical 

employing a 
similar to 

the with certain 
modifications ties. The technique 
bas:tcal involves n which the amino nitrogen 
of many converted to ammonium 
sulfate. ly, the armnonia is distilled from an alkaline medium 
and absorbed J_n boric acid. The ammonia concentration is then determined 
by titration with a standard mineral acid. Thus, the 
amrnoni concentration before and after acid t an 
indication of the n1 present in the 



Analysis for ls was ished by the procedure 
described in Ref. 23. Phenols are distilled at the more or less consta11t 
rate from the leachate sample, behind the non~volatile components. 
The steam~·distillable phenols are then reacted with 4~aminoantipyrine 
at a pH of 10 in the presence of sium ferri to form a 
colored ant ine . This is extracted from aqueous solution 
with chloroform and absorbance is measured at 460 nm. The concentration 
of phenolic compounds is expressed as yg/1 of phenol (C6HsOH). It is 
asserted that this method has a sensitivi of about l yg/1. However, 
a major limitation associated with this method of analysis for phenols 
is that higher molecular phenolics are not particularly volatile 
and thus would not be measured. 

Phenols can exert a toxici toward ic organisms and 
may preclude various beneficial uses of water, icularly the use 
of water as a domestic water supply; chlorination of such water may 
produce odoriferous and objectional-tast chlorophenols. Furthermore, 
certain chlorophenols are suspected of carcinogenic. 

In addition to the previously defined organic analyses, specific 
conductivity and pH analyses were performed on leachate samples. 
Specific conductivity was measured with a Leeds and Northrup conductivity 
bridge. The basic principle behind a conductivi bridge involves 
measuring the ability of an aqueous solution to conduct an electrical 
current. Specific conductivity is a numerical expression of the ability 
of a water sample to carry a current and de s on (1) the total 
concentration of ionized substances dissolved in water, (2) the particular 
inorganic ionic species, and (3) the temperature at which the measurement 
is made. Conductivity is normally expressed in terms of ymhos/cm. 

Analysis for conductivity is important s1.nce it can provide a 
general indication of the TDS concentration of a leachate sample. The 
concentration of TDS can significantly affect the solubility of certain 
organic compounds in leachate by either inhibiting or enhancing solubility. 
Since direct analysis for TDS is a laborious, time-consuming task, it 
is often advantageous to approximately estimate TDS concentrations from 
conductivity measurements. Estimates of TDS can be made by multiplying 
corresponding values of conductivity by an empirical factor ranging from 
0.5 to 0.9 (Ref. 24). The pH level of leachate samples was measured 
with a Beckman digital pH meter. The pH of a leachate sample is an 
important parameter since the hydrogen ion concentration can affect 
the solubility of certain organic compounds, particularly acidic and 
basic organic compounds. 

The total array of analyses selected for defining the quality 
of leachate is summarized in Table 9. It is asserted that this 
total array of selected analyses provides a general indication of 
(1) the total amount of organic material, (2) the possible classes 
of organic compounds that may be present, and (3) the effect of other 
characteristics of leachate (as estimated by conductivity and pH) 
on the solubility of organic components. Although these selected 



Table 9. Analyses selected for defining the quali 
of leachate. 

Organic es 

Total organic carbon (TOC) 

Acid/base/neutral fractions 

~c nitrogen 

Phenols 

Other Analyses 

Specific Conductivi 

pH 

analyses do not precise identi specific organic components of 
leachate, they enable an adequate assessment of factors and conditions 
that influence the leaching of c material from spent shale. 
Furthermore, this limited array of analyses provides a framework for 
subsequent studies to focus on a detailed characterization of particular 
organic components. 

At this point, it is tant to note that measurements for 
TOC, conductivi , and were made on all individual leachate samples 
generated during the leachate experiments. However, due to (1) the 
relatively small mass of organic material present in individual samples 
and (2) the laborious and time~·consuming effort involved in a complete 
analytical characterization of all individual samples, a decision 
was made to composite samples for acid/base/neutral fractions, 
organic nitrogen, and phenols rather than analyzing individual samples. 
The for deve composite samples basical involved 

associated with a certain set of 
experimental conditions into a composite sample. For example, all 
individual samples of the small~scale batch experiments which examined 
the leach of a particular sample of s shale by distilled water 
at a ture of 20°C v:ere combined into a single composite sample. 



CHAPTER 7 

EXPERIMENTAL RESULTS 

This section presents (1) the characteristics of spent shale 
samples employed in the and ( 2) the results of 
the leaching the results of the leaching 
experiments is a discussion which identifies variables that affect 
the leaching of c contaminants from in~situ spent shale. A 
subsequent section will employ various is techniques to 
(1) reduce the data presented in this section and (2) place the results 
of the leaching s into an analytical framework. 

Characteristics of s 

Retort Characteristics. The retort characteristics of spent 
shale samples employed the leach exper s are summarized in 
Table 10. As revealed by Table 10, the various types of spent shale 
represent a wide cross-section of the types of spent shale that may 
be produced under various retorting conditions. 

The retorting variables defined in Table 10 include type of 
retorting run, input gas, maximum retorting temperature, and retorting 
rate. In addition, Table 10 presents an estimate of oil yield, 
defined in terms of percentage of Fischer Assay. The Fischer Assay 
is a laboratory technique for estimat the maximum potential oil 
yield of an oil shale sample. The laboratory technique involves a 
standard heating sequence in which a sample is heated up to 500°C 
and the resultant oil is collected and measured in terms of gallons 
per ton. Knowing the Fischer Assay of a sample, the oil yield achieved 
during a retorting run can be reported in terms of percentage of Fischer 
Assay. 

Table 10 describes the retorting characteristics of four unique 
spent shale samples; hereafter referred to as Type 1 1 Type 2 1 Type 3 1 

and Type 4. Each of these s es has unique characteristics as a 
consequence of the different set of retorting conditions associated 
with each sample. The information presented in Table 10 is of extreme 
:i.mportance to the research summarized in this thesis. The reader 
is warned that, beyond this point, considerable reference will be 
made to Table 10. 

The Type 1 spent shale was produced dur a combustion run in 
which the maximum temperature exceeded that required for carbonate 
decomposition. The Type 2 spent shale was produced during an inert 
gas run in which an extremely high oil yield (99 percent) was attained. 
The maximum temperature achieved was below that required for carbonate 
decomposition. The Type 3 spent shale was produced during a combustion 
run employing recycle gas. The air-to-recycle gas ratio was 1:1 and 
the maximum temperature was far above that red for carbonate 
decomposition. The Type 4 spent shale was produced during an 



Table 10. Retort characteristics of shale s s. 

Retort -
characteristic Tvne 1 shale Tvoe 2 shale Tvne 3 shale Tvoe shale 

of 
retortin12: run Combustion Inert gas Combustion Inert gas 

gas Air N2 N2 Air + 

recycle gas 
(7. 6% ) ( 0.5% ) 

Maximum I 
Vl 

750 510 935 460 to 530 N 
I 

' 
oc 

Retort 
rate, 0 69 1.40 1.34 :==2 

Oil ' (% of Fischer 78 99 96 NR 
Ass 

(Source: Ref. 17). 
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"engineering test" inert gas run in which the maximum retorting tempera~ 
ture varied slightly throughout the length of the retort. It is hypothe
sized that the Type 4 shale may closely resemble spent shale 
produced under actual field conditions. This is because retorting 
conditions (particularly retorting temperature) are somev.rhat difficult 
to control under actual field ions (in contrast to laboratory 
pilot-scale operations). Thus, under actual field conditions, one 
would expect some variation in retorting conditions. 

Physical and Chemical Characteristics. Each of the four spent 
shale samples was analyzed fo·r~a~serfes of physical and chemical 
characteristics, as described in the section on preparation of spent 
shale samples. Each sample was divided into three particle size ranges: 
a small particle size range of 0.14 to 0.28 centimeters, a large particle 
size range of 0.28 to 0.64 centimeters, and a composite particle size 
range of 0.14 to 0.64 centimeters. Although the initial research dealt 
with both the small and large particle size range, most of the subsequent 
research focused on the composite particle size range. 

The physical and chemical characteristics of the composite particle 
size range of spent shale samples are summarized in Table 11. As revealed 
by Table 11, the bulk and solid density of spent shale samples produced 
during inert gas runs was greater than samples produced during combustion 
runs. This is likely due to (1) carbonate decomposition which can 
dramatically alter the shale matrix and (2) the burning of residual 
organic material associated with the shale matrix during a combustion 
run. It is interesting to note that the permeabilities of the spent 
shale samples were generally similar with the exception of the Type 4 
spent shale sample whose permeability was significantly higher. 

Table 11. Physical and chemical characteristics of spent shale samples: 
composite particle size range. 

Characteristic Spent shale sample 

Type 1 Type 2 Type 3 Type 4 

ical characteristics 

Min, particle size, em 0.14 0.14 0.14 0.14 
Max. particle size em 0.64 0.64 0.64 0.64 
Bulk density, g/cm3 0.86 LOS 0.80 0.95 
Solid density, g/cm3 2.0 2.2 2.0 2.1 
Porosity, % 57 51 60 54 
Permeability, gal/day/ft2 560 . '510 490 710 

Chemical characteristics 

Organic carbon, % by wt 0.2 L8 2.1 3.9 



Table 11 also reveals that s shale s es produced during 
inert gas runs were characterized lower porosities than s shale 
produced dur combustion runs. This is likely due to the burning 
of residual c material inside the shale matrix during a combustion 
run, additional "internal" porosi Indeed, one 
would expect si (i.e., porosi due to the semiporous 
infrastructure of individual shale particles) to be for the 
combustion-retorted s than for the inert gas-retorted samples. 

An tant characteristic of s shale samples is 
their sol carbon content, as expressed on a 
by-wei basis. It is interest to note that the Type 1 
contained substantial less or carbon than all other samples. 
Prior to is, it was antic that the 1 shale would 

the least carbon since it was a combust ion 
run in which residual organic material associated with shale matrix 
x..ras combus ted to heat for pyro is. Both the 2 and Type 4 
s shales contained a content of c carbon as anticipated 
since residual material as with the shale matrix 
after an inert gas run. It is hypothesized that the Type 4 spent shale 
contained the carbon content since it was produced 
during an test" run in which retorting conditions were 
varied. It is this lack of retort control contributed 
to the of the 4 spent shale. 

The 3 shale is the ting with respect 
carbon content. Since the 3 shale was produced 

a combustion run, one would initially expect that little residual 
organic material would remain associated with the shale matrix. However, 
since recycle gas contains s ficant amounts of volatile organics 
(parti ) (Ref. 25), it is hypothesized that the high 

content may be due to (1) the ion of certain 
associated with the recycle gas onto the 

gas was ied behind the flame front in the 
the condensation of condensable onto the 

spent shale behind the flame front. 

In addition to the 
it is considered advan 

characteristics described above, 

sual" of 

and 

to the other 
appear entire 

make a few 
shale 

comments on the 
samples, The Types 2 
inert gas run, were black 
shale, produced during 

ily lm.vish~white 

icles. In contrast 
shale did not 



Kinetic Batch irnents 

The kinetic batch experiments examined the leaching phenomenon 
over a leaching time period of 30 A 30-day time period was assumed 
to be adequate for the establishment of 11 pseudo~equilibrium" conditions. 
This original assumption, to a certain extent, was verified by results 
derived from the kinetic batch exper s. 

of The results water s conducted 
~~---~ 

at a water temperature of 20oc are presented in Figures 13 through 16. 
These figures describe levels of organic carbon, conductivity, and 
pH at various leaching times for two icle size ranges; a small 
particle size range and a large icle size range. The organic 
carbon results presented in 13 through 16 were subsequently 
summarized in Figure 17. The organic carbon values presented in 
Figure 17 were derived by averaging the organic carbon concentrations 
measured for small and large icle size ranges at each particular 
leaching time. Thus, the data in Figure 17 provide an estimate 
of the anticipated organic carbon levels in leachate derived from 
a composite particle size range encompassing both the small and large 
particle size range. 

As revealed by Figure 17, leachate from the Type 3 spent shale 
contained the greatest concentration of organic carbon, whereas leachate 
from the Type 1 spent shale contained the least. The Type 1 spent 
shale was produced during a combustion run at a high retorting tempera
ture in the presence of oxygen (without recycle gas) at a low retorting 
rate, thus enabling the combustion of most of the residual organic 
material remaining on the spent shale after pyrolysis 

The concentrations of organic carbon in leachate derived from 
Type 2 and Type 4 spent shale were intermediate to those derived from 
Type 3 and Type 1 spent shale. Type 2 and Type 4 spent shale were each 
produced during an inert gas run at a low retorting temperature in the 
absence of oxygen and thus no combustion of residual organic material 
occurred. Although the Type 3 spent shale was produced during a combus~ 
tion run in the presence of oxygen at a high retorting temperature, its 
leachate contained the most organic carbon. It is hypothesized that this 
is likely due to the use of recycle gas as part of the input gas. Recycle 
gas contains various volatile or condensable organic compounds and thus 
it hypothesized that certain volatile organic compounds associated with 
the recycle gas absorbed or condensed onto the Type 3 spent shale as input 
gas was supplied behind the flame front in the retort. Apparently, certain 
organics present in the recycle gas are volatile at high temperatures but 
condense at low temperatures. It is interesting to note that leachate 
derived from the Type 3 spent shale contained a greater concentration of 
organic carbon than leachate derived from either the Type 2 or Type 4 
spent shale. 
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F e 13. Distilled water batch experiments examining Type 1 spent 
shale at 20°C. 
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Figure 14, Distilled water batch experiments examining Type 2 spent 
shale at 20°C. 
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I 5, Dist i.llcd water hatch experiments examining Type 3 spent 
shale at 20°C, 
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Figure l6, Distilled water batch experiments examining Type 4 spent 
shale at 20°C. 
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The size of s shale particles s antly affects the amount 
of organic material leached, as revealed by s 13 through 16. 
In accordance with theory, leachate from part les in the smaller 
size range contained a concentration of carbon for 
all four types of shale inves ed. This is due to the fact 
that, for the smaller icle size range, there is a r surface 
area per given weight ~vailable for However, assuming equal 
initial solid-phase carbon content, it would be expected that 
larger size particles will leach over a period of time than 
smaller size icles. After an infinite time period, one 
would expect leachate derived from the particles to be similar 
to leachate derived from smaller particles. 

The amount of c material leached from all five types of 
spent shale of 20°C ly appeared to 
increase as a function time, as revealed by Figures 13 
through 16. However, scrutiny of these indicates that there 
were occasional decreases 1n c carbon concentration over certain 
ranges of leaching time. This icularly apparent for the Type 3 
spent shale (see Fig. 17) in which the organic carbon concentration 
generally increases up to day 10 and thereafter generally decreases 
from day 10 to day 30. It is also for the Type 1 spent shale 
where there is a decrease from 4 to day 7. Possible explanations 
of these occasional decreases in organic carbon concentrations over 
time include (1) the occurrence of precipitation reactions involving 
various soluble organic components of the leachate, (2) decreased 
solubility of various soluble organic compounds of the leachate as 
a consequence of inorganic material leached from spent shale (the 
leaching of inorganic material, as indicated by the conductivity 
measurements in Figures 13 through 16 was te significant and 
possibly decreased the solubility of certain organic components 
present in the leachate), (3) microbial degradation of organics during 
leaching experiments, (4) re-adsorption of previously leached organics, 
(5) ion exchange mechanisms in which ly leached organic ions 
displace inorganic ions associated with the shale matrix, and (6) 
experimental error. 

It is interesting to note that the t rate of leaching 
for all three types of spent shale occurred dur st day. 
Thereafter, the rate of leaching decreased significantly until "pseudo" 
equilibrium conditions were approached by the thirtieth day of leaching. 
It was originally assumed that a time period of 30 days was adequate 
for attainment of equilibrium conditions. Although actual equilibrium 
conditions were not attained, the results suggest that the "pseudo 
equilibrium" conditions existing after a 30-day period are representative 
of actual equilibrium conditions. 

It is also interest to note that s ficantly higher levels 
of conductivity (and thus TDS) were detected in leachate derived from 
spent shale produced during combust runs (i.e., Type 1 and Type 3) 
than in leachate derived from shales produced during inert gas 
runs (i.e., Type 2 and Type 4). This is likely due to the fact that 



the two combust on runs occurred at retort t 
while the two t gas runs occurred at retort 

• Furthermore, shale a combustion run results 
in leachate of (and thus a conductivity) 
than derived from in the absence of air; 
this to (1) wate ts of carbonate decomposition 
and (2) the fac that air an oxidiz atmos for reaction 
with easi oxidized me als in 
thes metal lOns (Ref. 9). 

the shale matrix, thus liberat 

It was also noted that leachate derived from shale produced 
dur a combustion run was characterized a hi than leachate 
derived from shale an inert gas run. This is due 
to the fact that carbonate in large amotmts of 
calcium and magnes um oxides which leachates (Ref. 9). 
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2 and 4L 
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Finally, n order 
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carbon. Ac ivated 
carbon environment 

to no the s 
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may be due 
acids (ieeG; 

may be tentative 
HJ leachate. 

to further 

ant decrease in 
shales (i.e., Types 

of organics 
and 1c 

of the presence 

of the results obtained, 
shale and activated 

te (an oxidizing 
occur). The resultant 

activated carbon various functional groups, 
these functional groups re ponsible for hold all types of 
organic material onto the matrix. In a like manner, oil shale can under
go an activation process i it is retorted in a combustion atmosphere 
(activation will no occur if torting takes in an inert gas 
atmos ) " Thus, combustion~oretorted s shale may, H1 certain 
respects, emble carbon 1n t behavior and ies. 

The genera srmr 
and activated carbon 
may 

of 
explain the 

shale in whrch concen. 
near the end of 

bet,N'eei1 combust torted spent shale 
s th.a t mcn·e than s ion/leaching 

3 
1 activated 0 ch<Iracteristics of 

thesized that some 
c may have occurred. This 

unusual sults derived from 
organic 

period. 
decrease 

of The reason for conduct batch 
ure (i.e., ) is as follows. Under conditions, 

an situ retort will be abandoned after the entire retort lS 

After a 
may be 
to thi , 

s abandoned, yeax) 
Prior 



and be heated to an elevated Raising the temperature of 
groundwater in this manner may either enhance or inhibit the leaching 
of various contaminants. Groundwater, heated as it enters a retort, 
may (1) remain in a 1 where it is readily available for 
leaching or (2) be converted to steam in which case it must first con~ 
dense before it can enter into the leaching process. Furthermore, 
it should be recognized that a refluxing zone (see the earlier "Literature 
Survei' section) may be formed in the retort in which water is continuously 
vaporizing and condensing over a period of time. These conditions may 
dramatically enhance the process. 

The results of the batch experiments conducted at a water temperature 
of 80°C are presented in Figures 18 through 21 and summarized in Figure 
22. (The organic carbon levels presented in Figure 22 were derived 
by averaging the organic carbon concentrations measured for the small 
and large particle size ranges at each particular leaching time and 
thus are representative of organic carbon concentrations that would 
be anticipated for the composite particle size range.) 

From Figure 22, it can be seen that leachate derived from Type 2, 
Type 3, and Type 4 spent shale at a water temperature of 80°C contained 
considerably greater concentrations of organic carbon than leachate 
derived from Type 1 spent shale. This is similar to observations 
made during the batch experiments conducted at a water temperature 
of 20°C in which the leachate from Type 1 spent shale contained 
considerably less organic carbon. This is due to the combustion of 
residual organic material during the retorting process. 

A comparison of Figures 17 and 22 suggests that a higher water 
temperature significantly enhances the leaching of organic material 
from Type 2 and Type 4 spent shale, both of which were produced during 
inert gas runs. In contrast, a higher water temperature, over certain 
ranges of time, generally appears to inhibit the leaching of organic 
material from Type 3 spent shale. Thus, it appears that the organic 
components in leachate from Type 3 spent shale may be less soluble 
at higher water temperatures while the organic components in leachate 
from Type 2 and Type 4 shale may be more soluble at higher water 
temperatures. Possible explanations for the apparent high temperature 
inhibition of the leaching of organic material from Type 3 spent shale 
are (1) thermally catalyzed reactions involving leached organics, 
(2) possible volatilization of hydrocarbons or other organic compounds 
(originally present in the recycle gas) that may have adsorbed or 
condensed onto the spent shale during retorting, and (3) solubilization 
of certain inorganics during leaching that are more soluble at higher 
temperatures and which may subsequently react with and insolubilize 
certain organics. A comparison of Figures 17 and 22 suggests that 
water temperature had little overall effect on the leaching of organic 
material from Type 1 spent shale. 
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As a general statement, one would expect a higher temperature to 
enhance molecular diffusion and thus mass transfer during the leaching 
experiments since molecular diffusion is defined as the thermal agitation 
of molecules. Furthermore, higher temperatures decrease water viscosity 
and thus increase the rate at which water is drawn into the shale matrix 
by capillary action, thereby accelerating the leaching process. However, 
certain solubility equilibrium relationships and pH differences at higher 
temperatures may, in some cases, result in a lower organic carbon concen
tration than at a lower temperature. 

The amount of organic material leached from the small particle 
size range at a water temperature of 80°C was greater than that from 
the large particle size range for four types of spent shale investigated, 
as revealed by Figures 18 through 21. The results correspond to the 
results of the batch experiments conducted at a water temperature 
of 20°C. 

For Type 1, Type 2, and Type 4 spent shale, the concentration 
of organic carbon generally increased as a function of leaching time 
except for slight decreases occurring over certain ranges of leaching 
time. In contrast, the concentration of organic carbon in leachate 
from the Type 3 spent shale increased to a high level after one-half 
day of leaching and thereafter tended to decrease with time until 
the seventh day. After the seventh day, the concentration increased 
until the fifteenth day and thereafter decreased. This behavior may 
be due to precipitation reactions involving various organic components, 
decreased solubility of organic components resulting from inorganic 
materials leached from the spent shale, or microbial degradation of 
organics present in the leachate. Furthermore, a visual appraisal of 
the Type 3 spent shale indicated that it did not appear to be entirely 
homogeneous, as indicated previously. Possible non-homogeneity may 
have contributed to the somewhat perplexing results derived from the 
Type 3 spent shale. 

For all four types of spent shale, the rate of leaching was greatest 
during the first day and thereafter decreaser-"Pseudo equilibrium" 
conditions were roughly approached by the thirtieth day of leaching 
as was the case in the batch experiments conducted at a water temperature 
of 20°C. 

The results suggest that the water soluble organics associated 
with the Type 3 spent shale attained equilibrium rapidly during the 
batch experiments whereas the leaching of water soluble organics from 
the other types of spent shale was more gradual. This may be due to 
the fact that (1) most of the organics associated with the Type 3 
spent shale are situated near the exterior surface of individual spent 
shale particles where they are readily leachable or (2) organic materials 
leached after initial time periods are subsequently insolubilized 
by one of several mechanisms. In contrast, organics associated with 
the other types of spent shale are likely associated with both the 
exterior surface and the internal pores of individual spent shale 
particles. The leaching of organics situated within individual pores 



1s a relative slow process since these cs must diffuse a relative 
near the exterior surface of distance than organics situated 

individual spent shale particles. 

In a manner similar to the results of the low-temperature distilled 
water exper s, it was observed dur the correspond high temperature 
experiments that levels decreased as a function of time in leachate 
derived from inert gas-retorted shale. This suggests the possible 

weak organic organic acids such as phenolics 
ic acids. 

r 
derived from 
shale differed s 

c carbon for 3 
manner as a func ion of time, 
In contrast, TOC measurements 
increased with time until " 

Shale Dur 
ance, the most unusual 

water batch experiments were data 
Results obtained using Type 3 spent 

from other results. Concentrations of 
shale tended to fluctuate in an oscillatory 

icularly at a water temperature. 
for other s of spent shale ly 

librium" conditions were a.ttained. 

It is asserted that the most important factor responsible for 
the unusual results derived from 3 spent shale was a high retorting 
temperature. The shale was produced at a retort temperature 
of 935°C, substantial than that required for carbonate decomposition 
(620°C). In contrast, shale was produced at a retorting 
t moderately above that red for carbonate decomposition 

s 2 and 4 shales were produced at retorting temperatures 
less than 
spent shale, 
a considerable 
s shale s 

for carbonate decomposition. Thus, the Type 3 
at a very retorting temperature, underwent 
of carbonate decomposition, in contrast to other 

At retort above , carbonate minerals such 
as dolomite, calcite, CaC03 1 se to form oxides 
of calcium and magnesium as follows: 

CaO + MgO + 2CO 
2 

CaO + CO 
2 

After retort , these oxides rema1n 1n association with the spent 
shate matrix where are lable for Eventually, when 
water comes into contact with shale, these oxides react with 
water to form as follows: 

CaO + 

MgO + 

Ca(OH)
2 

(OH) 
2 



The formation of the above 
These hydroxides can 
and hydroxide ions to 
leachate, 

Ca(OH)
2 Ca 
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++ 
+ 20H 
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results in high pH leachates. 
dissociate into bivalent cations 

, depending on the pH of the 
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h b . . . . ++ d ++ . T e a ove d1ssoc1at1on l1berates free Ca an Mg 1ons. Thus, 
as a consequence of carbonate sition, it should be apparent 
that bivalent cations will ially be a more predominant component 
of Type 3 leachate than the other leachates, depending on pH. 

Furthermore, it is likely that both phenolics and carboxylic acids 
will be formed during certain stages of the pyrolysis of oil shale, 

less of the retorting conditions employed. The phenolics formed 
may range from simple phenol to polyphenolics while the carboxylic 
acids may range from short-chain to long-chain acids. After formation 
during the retort process, these phenolics and carboxylic acids 
will either (1) undergo thermal decomposition, (2) be volatilized and 
subsequently removed from the retort as part of the oil and gas "mist," 
or (3) remain in association with the spent shale after pyrolysis. 
During low-temperature inert gas retorting, one would expect all of the 
above to occur to varying degrees, depending on retorting temperature. 
In contrast, during high-temperature combustion retorting without re
cycle gas, one would expect phenolics and carboxylic acids to be either 
thermally decomposed or volatilized and thus, the resultant spent shale 
would contain virtually no phenolics or carboxylic acids available for 
leaching. However, during combustion retorting employing recycle gas 
(as in the production of Type 3 spent shale), it is likely that some 
of the phenolics and carboxylic acids formed will be volatilized prior 
to thermal decomposition and thus, will become part of the recycle gas. 
Subsequently, some of these phenolics and carboxylic acids contained in 
the recycle gas will likely condense or adsorb onto spent shale particles 
as input gas is pumped into the retort behind the flame front. Thus, 
s shale produced during combustion retorting employing recycle gas 
will likely contain phenolics and carboxylic acids available for leaching. 

Both phenolics and c 

Phenolics 

ArOH ArO + 

lie Acids 

RCOOH 

ic acids dissociate as follows: 

-10 K ~ 10 ~ 



Based on the above, t s apparent that levels favor 
the formation of the ionized form of either the 1 or the 1c 
acid. It should be r ed that the ionized form represents the 
water soluble form. 
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It is tant to note that an tant role in the 
above process, affec the solubili bivalent cations as well 
as ics and acids. Furthermore, it is t to 
note that water can s ficantly affect the solubility 
of these materials. 
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It is asserted that the above ins, to a certain 
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ficant amounts of both bivalent 
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levels of conduc ivi and 
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related to carbonate 111 s 1 and 

formation of of c cium and magnesium 
process. pH of these leachates 

it would be expected that relatively few free and 
exist in solution and that most calcium and magnesium 

vmuld be ~n the form of Ca( 2 and ( phenolics and 
1c acids leach into dissociate 

into their t e forms. on solubility 



1 s and carboxylic acids products and , these ionic 
may combine with available 
and carboxylates. In 

and insoluble phenolates 
to the disappearance of ca++ and Mg++ 

ions in solution, both 
a certain 1 more 
these newly formed and ions 
of phenolics and carboxylic acids as 
it is asserted that there is a series 
that may occur over the entire le 

will then dissociate to 
ions. Subsequently, 

may combine with ionic forms 
appear in leachate. Thus, 

of inter-related reactions 
time period. 

It is tant to note that this series of inter-related reactions 
ts pH dependent. Furthermore, certain of these reactions may be controlled 
by kinetics to varying Thus, if a s ificant amount of phenolics 
and carboxylic acids are leached from 3 shale as anticipated, 
one would expect this series of inter-related reactions to possibly 
result in oscilla fluctuations of organic carbon measurements as 
a function of time. These oscillations may be in part due to pH changes 
which affect certain of the above reactions. 

Based on the above discussion, it is apparent that bivalent cations 
such as ca++ and Mg++ may act as a "s for phenolics and carboxylic 
acids leached from Type 3 spent shale. Thus, for Type 3 spent shale, 
not all leached organics remain in soluble form throughout the leaching 
period. In contrast, results derived from other types of spent shale 
indicate that organic carbon ly increased as a function of 
time. This suggests that various organics were simply leached until 
their solubility was reached and thereafter remained in soluble form. 
It is expected that soluble forms of both phenolics and carboxylic 
acids would be present in leachate derived from inert gas-retorted 
spent shale. 

iments. The previously described 
~~·~~-·~~~~~-·~.~~·~~~-C~~~~~ 

bat exper ts assess organic material with distilled 
water. The reason for us distilled water in these initial experiments 
was to study the leaching phenomenon under the least complicated conditions. 
However, it is felt that the results of these initial experiments may 
not be representative of what will occur under actual conditions since 
the quality characteristics of groundwater coming into contact with 
spent shale may significantly affect the types and amounts of organic 
materials leached. The quality characteristics of groundwater may 
either inhibit or enhance the leaching of organic material depending 
on various solubility relationships, the pH of the groundwater, and 
reactions/interactions between inorganic components of the groundwater 
and organic components of the leachate. Consequently, a decision was 
made to augment the results of the previous batch experiments by repeating 
certain selected experiments with "synthetic" groundwater. Although 
original plans called for use of actual groundwater, logistical problems 
made it more convenient to use tic groundwater produced in a 
laboratory with reagent chemicals. The quality of this synthetic 
groundwater was described in the section on laboratory leaching experi~ 
ments. It should be recognized that experimental results derived from 
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batch experiments presented in Figures 23 26, (The plotted 
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average of the sul s for the small and particle size ranges.) 
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Figure 23, Groundwater batch experiments examining Type 1 spent shale 
at 20°C. 
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Figure 25. Groundwater batch experiments examining Type 3 spent shale 
at 20°C. 
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25 suggests that a s ficant amount of the organic carbon was 
readily leachable within the first s of whether ground-
water or distilled water was emp After the first day of leaching, 
organic carbon concentrations alternate increased and decreased 
over certain time within quite narrow limits, suggesting that 
reactions other than s de ion were occurr (Alternatively, 
these slight fluctuat in c carbon concentrations over time 
may simp be due to experimental error.) 

An examination of 
to slightly enhance the 
4 spent shale. 

reveals that groundwater appeared 
of organic material for the Type 

In contrast to the distilled water batch experiments, it 1s 
interest to note levels did not ly vary as a function 
of time during the ic groundwater experiments. This is likely 
due to the fact that certain anions present in the synthetic groundwater 
(i.e., HC03~ and ) served as a buffering system and thus resisted 
changes in pH dur 

• The results of the synthet batch 
experiments conducted at a water temperature of 80°C are presented 
in Figures 27 through 30. As before, the results of both the 
groundwater batch experiments and the previous distilled water batch 
experiments are presentf!d for purposes of comparison. 

An examination of F 27 reveals that groundwater at 80°C 
inhibited the leaching of organic material from the Type 1 spent shale 
except for the initial 2 and the tenth day of the leaching period. 
After 30 days, about 2.5 mg/1 less organic carbon was leached by ground~ 
water from the Type 1 spent shale than by distilled water. Conductivity 
levels for both the and distilled water batch experiments 
were fairly constant over all but the initial time periods investigated, 
indicating that a considerable amount of soluble inorganic material 
originally associated with the s shale matrix was leached during 
initial periods of leaching by both groundwater and distilled water 
at 20°C. 

The results presented in Figure 28 show that groundwater signifi
cantly enhances the leaching of organic material from the Type 2 spent 
shale at 80°C. After 30 days, ly 25 mg/1 more of organic 
carbon was leached by groundwater than by distilled water. During the 
groundwater experiments the highest TOG concentration - 58 mg/1 - was 
detected after 30 of leaching. This TOG concentration was the 
highest detected in any of the batch experiments. The significance 
of this high TOG concentration is that it is about one-half the TOG 
concentration of domestic sewage (the TOC concentration of typical 
domestic sewage is about 125 mg/1). 28 also reveals that, 
during the entire leaching period of 30 days, conductivity levels 
remained at about 13,000 ymhos/cm, indicating that soluble inorganics 
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Figure 27. Groundwater batch experiments examining Type 1 spent shale 
at 80°C. 
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Figure 28, Groundwater batch experiments examining Type 2 spent shale 
at 80°C. 
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Figure 30, Groundwater batch experiments examining Type 4 spent shale 
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The dramatic enhancement of the 1 of organic material occurred 
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like attributable to the hypothesized 
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A possible explanation for this effec is related to (1) 
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and (2) the presence of ions in the ic ground-
water. A combination of the above factors may lead to the formation 
of sodium and sodium ates, both of which are very 
soluble salts. Furthermore, the in leachate derived from syn-
thetic to distilled water \vould e a greater 

l,C acids. 

In summary 1 it :Ls ic ter compared to 
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shale. In contrast, it appears that ground-
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form a precipitate. 
leached from the s 

A.nother ~on ~s that an inorganic cation 
shale may react ~v-ith and olubilize certain 

ly 
of an ion 
It should be 
only and are 
not describe 

s. Another possible ion is that an inorganic 
the an organic ion 
the matrix as a consequence 

thus nliberat the organic ion. 
noted, however, that these are possible explanations 
presented here for purposes of illustration; they may 
the actual mechanisms responsible for the observed results. 

In a manner similar to the low~~t 

experiments, pH levels did not vary 
synthetic groundwater 

a function of time 
experiments. This 
tic groundwater 

and C03""· 

during the h t 
is likely due to the 
which contained s concentrations 

of Results Derived 

Type during batch 
experiments. In this discussion, it was asserted that phenolics 
and carboxylic acids leached from 3 shale may be subsequently 
insolubilized by with bivalent cations to form phenolates 
and carboxylates. The formation of phenolates and carboxylates involves 
a series of inter-related reactions, including both dissociation and 
insolubilization reaction. Certain of these reactions are influenced 
by pH and, in some cases, kinetics may a key role. 

During the synthetic experiments which examined Type 3 
spent shale, concentrations carbon dramatically increased 
during initial time periods and short thereafter, leveled 
off to a fairly constant value. fluctuations in data observed 
during the corre distilled water experiments \vere much less 
observable in data derived from the ic groundwater experiments. 

During the ~c experiments, leachate derived 
from Type 3 spent shale was characterized by high levels of both con
ductivity and pH ( values from 11.5 to 12,5). 
These high levels of conductivi and are described in Figures 25 
and 29. It is asserted that pH condit in conjunction with 
the presence of bivalent cations enabled the formation of insoluble 
phenolates and tes dur the tic groundwater experiments 
(in a manner similar to the distilled water experiments). In contrast 
to the distilled water experiments, fluctuations in organic carbon 
measurements were much less discernible dur the synthetic groundwater 
experiments. This was likely due to the fact that pH did not greatly 
vary over time as a consequence of the buffering capacity of the synthetic 
groundwater. It is likely that a fairly constant pH resulted in a rela
tively constant rate of phenolate and formation as phenolics 
and carboxylic acids were leached. 



As indicated ously, bivalent cations may serve as a "sink" 
for phenolics and ic acids leached from 3 spent shale. 
Thus 9 phenolics and c ic acids leached from Type 3 spent shale 
may subsequently be insolubilized dur the formation of phenolates 
and tes. In contrast, for other s of shale, it 
is likely that various organics were leached until their solubility 
was reached and thereafter, leached cs remained in solution. 
Since it is antic that leachate derived from inert gas-retorted 
spent shale will contain both phenolics lie acids, one 
vJOuld expect that lC sodium ions may 
enhance the leach materials due to the formation of sodium 
phenolates and sodium lates, both of which are water-soluble 
salts. This enhancement related to inert gas-retorted spent shale 
may be particularly s ificant 

1cs and 
water temperatures where 

the solubil of acids is er. 

Final that the results derived from the 
synthetic have been dramatically different 
if a synthetic high concentrations of ca++ and 

had been used. Instead, the actual contained 
only sodium as a cation. In contrast to , Na+ will not 
insolubilize phenolics or lie acids. 

organic and inorganic 
mater s are summarized in Tables 
12 and 13. 

A summary of TOC levels after 30 of le is presented 
ln Table 12. In addition, Table 12 also describes the initial solid-
phase c carbon content of spent shale s es. As revealed 
by Table 12, relatively little of the material initially 
present in s shale s es was leached. This may be due to (1) 
solubili limitations or (2) the fact that most of this solid-

c material may not be water-soluble. Furthermore, it 
tant to note from Table 12 that retort conditions, water 

rature, and initial water quality s ficantly affect the organic 
water pollution ential of in- itu shale. 

Table 13 presents estimates of TDS levels after 
These TDS estimates were derived mult corres 
levels by an rical factor of 0.6 (Ref. 24). It should 
that this method of es imat TDS , at best 1 a 

s of leaching. 
conductivity 

be recognized 

Although conductivi is an indicator of the total ions , 
it can be s if cant infJuenced Table 13 shows the dramatic 
effect of carbonate ition on the levels of TDS in leachate. 



Table 12. Total c carbon leached from various types of spent 
shale during batch s. 

Experiment type 

30-day distilled water 
batch, 20°C 

30-day distilled water 
batch, 80°C 

30-day groundwater 
batch, 20°C 

30-day groundwater 
batch, 80°C 

aOriginally presented 1n Table 11. 

Total organic carbon (TOC) leached, 
mg/100g of spent shale 

Type 1 Type 2 Type 3 Type 4 

l.l 1.9 3.5 1.7 

L3 3.1 2.9 3.1 

1.0 2.3 3.8 2.0 

1.0 5.8 3.4 4.7 

Initial solid-phase organic carbon 
content of spent shale 
mg/100g of spent shalea 

200 1800 2100 3900 



Table 13. Estimated total dissolved solids (TDS) leached from vanous 
types of spent shale batch experiments. 

Estimated total dissolved solids 
(TDS) leached, 

Experiment 

30-day distilled water 
batch, 20°C 

30-day distilled water 
batch, 80°C 

30~~day 

batch, 

30-day 
batch, 80°C 

1 

510 

420 

250 

8 These estimates for TDS leached with 
taking into account the difference between 
estimated from conductivi ) of the 
final TDS (as estimated from conductivity) 
30 

lOOg of shale 

2 Type 3 Type 4 

110 

230 

""'0 

1,000 

850 

600 

520 

derived by 
1 TDS (as 

160 

360 

140 

70 

1c and the 
of the leachate after 

of the material 
in des no indication of the s of organic 

that may be present. In order to a more refined 
characterization of or c material present in leachate, the organic 
material was fractionated into acid, base, and neutral fractions. 
Ana is for ac bas fractions of material provides 
a general indication of the classes that may 
be present in leachate, classified to their acid/base character, 
include: (l) ic acids artd acidic compounds, (2) 
annnes as s, a.nd ( 3) as neutral compounds. 

described batch and colurnn 
a myriad of 
for acid, base, 

Rather than 

composite s instead of individual s 
(1) the relatively small mass of organic 

s and ( ) the laborious and 
fractionat all of the individual s 

was made to 
This was based on: 
present in individual 

involved in 



:Batch samples were to the following procedure. 
All samples, time, were first 
grouped 9 water type, and water temperature. 
Each of these groups then mixed together to form a single 
composite sample. This was ly considered to be valid 
since most of the leached organ1c material was leached during initial 
time periods and therefore, time was not as important a variable 
as retort conditions, water ure, and water quality. This 
composit scheme resulted in creation of e distilled water composite 
samples (four s of shale, two water temperatures) and four 
groundwater composite samples (two s of s shale, two water 
temperatures). It should be noted that only four groundwater composite 
samples were created for fractionation purposes; only individual samples 
derived from Types 1 and 2 s shale were composited. 

The results of the fractionation of composite samples derived from 
the batch experiments are presented in Table 14. While examining the 
results presented in Table 14, it is to bear in mind that the 
order of extraction, described in will have some effect on 
the relative magnitude of the various extracted fractions. The defined 
order of extraction (i.e., acid fraction extracted before basic fraction) 
may lead to a more effect overall extraction of acidic material than 
basic material. Ideally, two series of extractions should have been 
employed: one extracting the acid fraction before the basic fraction 
and one extracting the basic fraction before the acid fraction. However, 
due to the laborious and time~consuming nature of organic extractions, 
a decision was made to employ the order of extraction described 
in Figure 12. Unfortunately, this realization came as hindsight after 
completion of all extractions. 

It is also to note that the icular solvent selected 
for extraction purposes will influence the types of s extracted 
and the relative of acid, base, and neutral fractions. 
According to solvent extraction 1 a solvent is more effecive 
in extraction (i.e., dissolving) substances that are of a similar 
physical and chemical character. Hexane, being a non~polar solvent 
of neutral character, will more effectively extract compounds of a 
similar character such as neutral Thus, water-soluble 
organic compounds of a polar or ionic character will preferentially 
remain dissolved in leachate rather than be extracted by the hexane. 
However, it should be noted that the ionic character and thus the 
solubility of acidic and basic can be changed by varying 
the pH of the leachate during extraction. 

As indicated previously, it is tant to recognize that some 
phenolic material may be extracted as part of the neutral fraction 
while some of the more strongly acidic phenols may appear in the acidic 
fraction. Furthermore, it should be pointed out that polynuclear 
aromatic hydrocarbons (PAR), some of which are suspected carcinogens, 
would be extracted as part of the neutral fraction, if present in 
leachate. 



Table 14. Acid, base, and neutral fractions of organic material in 
composite s derived from batch experiment. 

Mass of organic material, mg/lOOg of spent shale 

Batch experiment 

Distilled water, 
20°C 

Distilled water, 
80°C 

Groundwater, 20°C 

Groundwater, 80°C 

Acid 

Base 

Neutral 

Total 

Acid 

Base 

Neutral 

Total 

Acid 

Base 

Neutral 

Total 

Acid 

Base 

Neutral 

Total 

Type 1 

0.68 

0.46 

0.86 

2.00 

0.50 

0.61 

0.18 

1.29 

0.42 

0.37 

0.66 

1 .l-i-5 

0.50 

0.33 

0.36 

1.19 

Type 2 Type 3 Type 4 

0.37 0.36 0.88 

0.51 0.29 0.54 

0.88 0.28 LOS 

1.76 0.93 2.47 

0.45 0.33 0.72 

0.33 0.47 0.36 

0.35 0.52 0.89 

Ll3 L32 1.97 

0.92 

0.44 

1.60 

2.96 

LlO 

0.59 

2.30 

3.99 



The results presented in Table 14 generally indicated that the 
t neutral fraction of organic mater was detected in leachate 

derived from spent shales during inert gas runs (Le 1 Type 
2 and Type 4 spent shales). It is sized that this neutral 
fraction may consist of unextracted hydrocarbons which are 
neutral in character and possibly some phenolics. According to this 
hypothesis, some hydrocarbons during the pyrolysis of kerogen 
may remain associated with the s shale matrix as a consequence 
of capillary and adhesive forces. Subs ly, these hydrocarbons 
may be partially solubilized by water into contact with the 
spent shale. In contrast, one would not expect to find significant 
amounts of hydrocarbons ~ which are readily combustible ~ associated 
with spent shale during an ordinary combustion run (i.e., 
Type 1 spent shale). It should be noted that the acid fraction was 
the second most prevalent fraction in leachate derived from spent 
shales produced inert gas runs. This acid fraction may consist 
of carboxylic acids and some phenol s produced as by~products during 
the pyrolysis of kerogen. (Phenolics, if extracted, may appear 1n 
both the neutral and acid fractions to varying degrees.) 

It is interest to note the fractionation results of leachate 
derived from the 3 shale, produced during a combustion 
run employing recycle gas are lower than anticipated, based on data 
presented in Table 12. Recall that it was originally hypothesized that 
recycle gas supplied to the retort behind the flame front may lead to 
the adsorption or condensation of volatile hydrocarbons or other organics 
onto particles of spent shale. This hypothesis was advanced in order 
to explain the high concentrations of organic carbon detected in leachate 
derived from Type 3 s shale. However, all of the fractions derived 
from the Type 3 spent shale leachate, including the neutral fraction, 
were lower than anticipated. This suggests that the original hypothesis 
may not be entirely valid or that volatile organics not readily extractable 
by hexane were adsorbed or condensed onto the spent shale from the recycle 
gas. 

While leachate derived from the Type 1 spent shale had significantly 
lesser concentrations of c carbon than leachate derived from 
Types 2 1 3 9 and 4, the total amount of material extracted from the 
Type 1 leachate was fairly comparable to that extracted from the Type 
4 leachate and greater than that extracted from the Type 2 and Type 
3 leachates. Although the Type 1 leachate contained s ficantly 
less dissolved organic material (based on TOC measurements), it appears 
that the solvent employed (hexane) was more effective in extracting 
organic material from the Type 1 leachate than from Types 2, 3, and 
4. Other possible explanations for this phenomenon include: (1) a 
greater proportion of the dissolved organics in the Type 1 leachate 
were nonpolar (and therefore, preferentially more soluble in hexane 
than in water) or (2) the formation of emulsions between hexane and 
water interfered with the extraction technique. 



A compari on of the distilled water batch experiments conducted 
at a water t of 20°C with those conducted at a water 
ature of 80°C reveals an interest It was determined during 
the distilled water batch experiments that water temperature seemed 
to enhance the of c material (as indicated by organic 
carbon measurements). As shown in Table 14, however, the total mass 
of c material extracted from the h distilled water 
batch experiments was less than that extracted from the low·~temperature 
experiments. This suggests that the s of c materials leached 

the t experiments were different (and less extrac-
table by hexane) from s of materials leached during 
the low- experiments (which to be more extractable 

hexane). 

In the results of the distilled water and the ground·~ 
water batch experiments, it is seen that, in , er 
slightly affected the total amount of organic material leached and 
the relative amounts of the various fractions leached from the Type 1 
spent shale. In contrast, great enhanced the overall 
leach of c material from the s shale, and in 

icular, the neutral fraction. 

The data presented 1.n Table 14 are not alt conclusive. 
It appears that only three s ificant conclusions can be drawn from 
these data, the firs be that there exists a variety of organic 
compounds in leachate derived from in-situ s shale. Virtually 
all of the leachate s s had measurable amounts of acid, base, 
and neutral fractions, sugge t the possible presence of acidic 
compounds such as ic acids and some s, basic compounds 
such as amines and pyridines 9 and neutral compounds such as hydrocarbons 
(recall that some ls, if extracted, may appear in the neutral 
fraction). The second conclusion is that the neutral fraction (probably 
mostly and possibly some s) is the most predominant 
fraction associated with leachate derived from s shale produced 
during inert gas runs. The third conclusion that may be drawn is 
that the of organic c leached at a water temperature 
of 20°C to be different from the s of compounds 
leached at a water of 80°C. Based on the result of Table 
14 9 it is 
to accurately define the classes of 
ln leachate. 

The overall .C r 6 

erLLC of the extraction 
c material from the various leachates is 

Table 15 presents tabulated values of (1) mill 

work is required 
that are present 

in extracting 
described in Table 15. 

of TOC leached 
per 100 grams of s shale, (2) estimated mill cs 
leached per 100 grams of spent shale (estimated by dividing the 



Table 15. of extracted mass of organics with estimated mass of organics in leachate. 

Estimated Extracted Percent 
TOC organics of 

of g leached, 100 g g organics 
Batch shale suent suent extracted 

Distilled water, 20°C l 1.1 1.4 2.0 100 

2 1.9 2.5 1.8 72 

3 3.5 1L6 0.9 20 

Type 4 1.7 2.2 2.5 100 

I 
\.0 
w 

Distilled water, 1 1.3 1.7 1.3 76 I 

2 3.1 4.1 1.1 27 

Type 3 2.9 3.8 1.3 34 

3.1 4.1 2.0 49 

Groundwater, 20°C 1 1.0 1.3 1.5 100 

2 2.3 3.0 3.0 100 

Groundwater, Type 1 1.0 1.3 1.2 92 
Type 2 5.8 7.6 4.0 53 



milligrams of TOC 0 7 ( ) extrac mill o 
leached per 100 grams of shale; and (L,.) the peecent of s 
extracted. As revealed Table 15, the extrac ion efficiencies 

from 20 to 100 percent. 

It is interesting to note that the overall extraction efficiencies 
were es 1 leachat . Thi is consistent with 
observations the disproportionate acid, base, and 
neutral fractions associated with the 1 leachate. In contrast, 
the extraction ffic enc1 the 3 leachate were the lowest 
overall. This is istent with the carbon concentrations 
observed and the lmv ac d, base, and neutral frac detected from 
the 3 leachate. Theoret cal , one would not antic te an extraction 
efficiency of close to 100 due to the inabili of the selected 
solvent to dissolve all cs present in leachate. 

s .. 
te samples 

general indication organic material present 
1n leachate from vaxious shale under various 

ons. results of thes ana es are presented 
ln Table 16, describes both concentration and mass leached per 
unit mass. 

16 suggest that, distilled 
vmter, the 
the LJ. 

gas 
an inert 

concentration 
less than 

c nitrogen 
1 leachat , derived from shale produced 

distilled water, it appears 
the leaching of 
shale while slightly 

1 shale. 

presented in Table 17 indicate 
inert gas runs 

c material. 
the h:ast. An elevated v:ater 

while in other, c;;wes it ted the 

rationale foe the tor of 0.765 lS as follows. The c 
fraction of raw oil le is comprised oi 76. carbon. 

lS assumed to 
is, at bes , 

oluble c material present in leachate 
that this 



Table 16. Organic nitrogen in composite samples derived from batch experiments. 

Type l shale Type 2 shale Type 3 shale Type L, shale 
Batch 
experiment Conc.a Massb C/NC Cone. a Massb C/Nc Conc.a Massb C/Nc Conca Massb C/NC 

--

Distilled water, 
20°C 0.7 0.07 16 0.7 0.07 27 0.9 0.09 39 1.0 0.10 7 

Distilled water, 
80°c 0.4 0.04 33 o. 7 0.07 44 . 3 0.13 22 1.4 0.14 22 

Groundwater, 
20°C 0.9 0.09 l 0.9 09 26 0.7 0.07 54 0.9 0.09 22 

Groundwater, 
80°C o. 7 0.07 14 0.9 0.09 64 0.6 0.06 57 . 2 0.12 39 

I 
\0 
VI 
I 

mg/1. 
per unit mass, mg/lOOg. 

cRatio of organic carbon to organic nitrogen. 



Table 17. Phenols in composite samples derived from batch experiments, 

Phenols in 
composite 

Type 1 

Conc.a 
Massb 

Type 2 

Conc,a 
Massb 

Type 3 
Conc.a 
Nassb 

Type 4 
Conc,a 
Massb 

ac . oncentrat1on 9 

Batch 

s Distilled water, 20°C 

0.43 
0.043 

0.22 
0.022 

0.41 
0.041 

mg/1. 

b 
Mass leached per unit mass, mg/lOOg. 

iment 

Distilled water, 80°C 

0.23 
0.023 

0.30 
0.030 

0.15 
0.015 

0.35 
0.035 

It has been that the ratio of organic carbon to organic 
nitrogen in rcnv oil sh.ale is 35:1 (Ref. 4). Assuming 
that the organic carbon to organic ratio in spent shale is 
also 35:1, it is possible to make a assessment of the solubility 
of nitrogenous organic associated with the spent shale matrix. 
The ratios of or carbon to organic nitrogen in the various leachates 
are presented in Table 16. As revealed by Table 16, the C:N ratios 
in leachate from 11:1 to 64:1. It is interesting to note that 
organic nitrogen was more (based on C:N ratios) in the 
Type 1 leachate than in other leachates. In contrast, organic nitrogen 

to be least in the 3 leachate. 

s. 
compos te tions 

and organic nitrogen were also analyzed for phenols. (Only composite 
samples generated with distilled water as leach water were examined.) 
Phenols represent a potentially significant pollutant in situations 
where oil and water come into contact. The results of analyses for 
phenols are presented in Table 17. The results o Table 17 suggest 
that, emp distilled water at a water of 20°C, the 
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hi st concentration of phenols was detected in leachate derived 
from spent shale produced in an inert gas environment while the lowest 
concentration of phe110ls was detected in leachate derived from spent 
shale produced under combustion conditions. 

EmplDying dic;tilled water at a temperature of 80°C, the JJjghest 
concentration of phenolc; was again detected in leachate derived from 
s shales produced during inert gas retorting. It is interesting 
to note that, at an elevated water tempeature, the corresponding con
centrations of phenols were less than at lower water temperatures. 

During the batch experiments, concentrations of phenols as high as 
0.43 mg/1 were detected. At first ance, it appears that, on a mass 
basis, phenols represent a rather small percent of the overall total 
mass of organics leached from spent shale. However, it is important 
to note that polyphenolics (i.e., phenolics with more than one aromatic 
ring) may not be detectable using the particular method of analysis 
employed. Since the analytical method involved a distillation step, 
one would not expect all polyphenolics to be measured since higher 
molecular weight polyphenolics tend to be rather nondistillable. 
Consequently, the values presented in Table 17 are probably lower than 
the actual concentrations of phenolics. 

The results of thP ''quilibrium batch exneriments are presented 
in Table 18. The major objective of the equilibrium batch experiments 
was to generate data required for developing equilibrium isotherms. 
The results presented in Table 18 will be used to develop equilibrium 
isotherms in a subsequent section on data analysis. As revealed by 
Table 18, the shale-to-water ratlo significantly influenced the 
resultant concentration of organic carbon in leachate. As anticipated, 
the highest shale~,to-water ratio (50 g + 30 ml) normally resulted in 
the highest concentration of organic carbon while the lowest shale-to
water ratio (50 g + 200 ml) normally resulted in the lowest concentra
tion of organic carbon for each sample of spent shale examined. 

It 1s interesting to note that, in some cases, organic carbon 
concentrations \vere approximately proportional to the corresponding 
shale-tu-water ratios for particular experiments while, in other cases, 
organic carbon concentrations were not proportional to the corresponding 
shale-to·-water ratios. In cases where organic carbon concentrations 
were proportional to shale-to-water ratio, saturation limitations 
did not yet exist and thus, doubling the shale-to-water ratio simply 
resulted in a doubling of the organic carbon concentration. In cases 
where organic carbon concentrations were not proportional to the 
corresponding shale-to-water ratios, saturation limitations existed 
at certain shale-to-water ratios. 



Table 18~ Equilibrium batch experiments: organic carbon concentration and mass of organic carbon 
leached per unit mass of spent shale. 

Experiment 

Distilled water, 20°0 
Distilled water, 80°0 
GroundvJater, 20°C 
Groundwater, 80°C 

Distilled water, 20°C 
Distilled water 80°C 
Groundwater, 
Groundwater, 80°C 

18 
16 
19 
16 

l.l 
l.O 
L 
l.O 

13 
10 
10 

1.1 
1.3 
1.0 
l.O 

Type 

5.0 
6.9 
6.9 
7.7 

50 g 
30 ml 

Type 2 

Concentration of organic carbon, mg/1 

3.9 
4.9 
3.6 
4.4 

25 
36 
25 
67 

19 
31 
23 
58 

ll 
24 
10 
38 

50 g 
200 ml 

5.4 
15 

6. 7 
l 7 

Mass of organic carbon leached per unit mass, mg/lOOg 

1~0 

1.4 
l. ~c 
1.5 

1.6 
2.0 
.4 

1.8 

• 5 
2.2 
1.5 
4.0 

1.9 
3. l 
2.3 
5.8 

2.2 
4.8 
2.0 
7.6 

2.2 
6.0 
2.7 
6.8 

I 
\0 
00 
I 



It is tant to note s 
which delineates both shale to water 
conditions and shale·~to~water ratios 

of librium batch experiments 
ratios that results in saturated 
that result in unsaturated conditions 

considerab than a series of batch experiments 
in which carbon ons are all proportional to the shale~ 
to~water ratios and no del between saturated and unsaturated 
conditions is ded. Each of the librium batch experiments 
could theoretically this information if high enough shale-to-
water ratios were and ul 1 an es of the maximum 
saturation concentration could be derived for each spent shale examined 
under specified conditions. However, the highest shale-to-water ratio 
examined in the s (50 g + 30 ml) represents the highest 

tical 11 shale-to···water ratio since employing 50 grams of spent shale 
and 30 milliliters of leach watec results in a situation in which the 
volume of water the entire volume of spent shale, 
Employing a shale-·to··water ratio would result in the spent shale 
volume not being complete submerged in the \<Jater and therefore not 
all of the spent shale would be available for leaching. 

Continuous-Flow Column s 

The pr purpose of these s was to assess the quality 
of leachate derived from once·· through continouous-flow columns as a 
function of time. The major impetus behind the column experiments 
is an attempt to simulate the phenomenon under actual field 
conditions. This is based on the premise that an actual in~situ retort 
will resemble a column which groundwater may flow on 
a once~through basis. 

In these experiments, small ~scale columns were filled with spent 
shale and compacted. Using a peristaltic pump, water was pumped through 
the columns at a constant flo\v rate for a period of 96 hours. Time~ 

averaged composite samples of leachate were captured in an enclosed 
container at specified time intervals. These s es were subsequently 
filtered and analyzed for total organic carbon (TOC), conductivity, 
and 

The continuous~flo1i7 column s examined only the com~ 
posite particle size range. The weight and bulk density of spent 
shale samples compacted into columns are presented in Table 19. 

The flow rate selected for the continuous~flow column experi~ 
ments was 0.6 milliliters per minute. The basis for selecting this 
flow rate was 'sLaw used in conjunct with the experimental 
permeabilities presented in Table 11. assuring a hydraulic gradient 
of 10 feet/100 feet (this is generally descriptive of the pressure 

fference between the upper and lower aquifers in the Piceance Creek 
Basin), it was estimated that the flow through a one-inch diameter 
column under these specified conditions would be about 0.6 milliliters 
per minute. 
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Table 19. (W) and bulk densi (D) of s shale 
s compacted into columns. 

Column th, ~n 

12 6 

l 

W,g 206 102 
D, g/ L40 L39 

2 

210 106 
D, 1 ,L;3 1 .40, 

Type 3 

W,g 168 84 
D,g/ Ll4 Ll4 

Type !+ 

W,g 186 93 
D,g/cm3 L26 L26 

The results of the continuous-flow column s employing 
distilled water are presented in Figures 31 through 34. These results 
suggest that the rate at which organic material is leached is greatest 
during the initial periods of 1 Dur subsequent time periods, 
the rate decreases. It is hypothesized that organic material leached 
dur initial time s is readi leachable due to (1) its proximity 
to the exterior surface of the shale where it is subject to eddy 
diffusion and (2) its weak association with the spent shale matrix 
due to weak leal forces. In contrast, it is hypothesized that 
organic material leached dur time periods is not readily 
leachable due to (1} its the interior of the spent shale 
matrix where it must be s ted to the exter by molecular 
diffusion or (2) its s association with 
the spent shale matrix. 

It ~s interest to note the dramatic decrease in TOG concen-
tration as a function of time for all four shale. 
This is icularly evident for the 3 shale in which the 
initial composite sample had a TOC concentration of approximately 
60 mg/1 while the TOG concentration of subs composite samples 
dramatically As discussed ly, the Type 3 
shale was a combustion recycle gas as part 
of the le gas contains s that may 



~~101-

u 

-

=I inch column 

c: inch c u n 

e (hr) 
B L 792-5 

Figure 31, Continuous-flow column experiments examining Type 1 spent 
shale with distilled water, 
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Figure 32. Continuous~flow column experiments examining 
shale with distilled water. 
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Figure 33. Continuous~flow colmnn experiments examining Type 3 spent 
shale th distilled water. 
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Figure 34" Continuous~flow column experiments examining Type 4 spent 
shale with distilled water" 
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adsorb or condense onto the shale behind the reaction front, 
Most of the adsorbed compounds were likely 
forces on the exterior of the shale where 

held by weak physical 
were readily 

leachable by the tial flow of leach water. 

As ously hypothesized~ there are two mechanisms involved 
in the leaching process the continuous--flow column experiments: 
(1) leaching from the surface and macro-pores situated within 
the shale matrix and (2) from internal rnicro~pores. A continuous 
flow of water can enhance the former but not the latter. Molecular 
diffusion is ultimately the limiting factor involved in mass transfer 
from internal micro-,pores to the exterior. These hypotheses are 
particularly evident in the results der from the Type 3 spent 
shale. The other of spent shale also behave in a similar manner 
but to a lesser extent. 

Results from Batch and Continuous-Flow Column 

Data describing the mass of organic material leached from the 
various types of spent shale per mass of spent shale during the 
continuous-flow column experiments and the batch experiments are pre
sented in Table 20. As shown in Table 20, considerably more organic 
material (on a mass per unit mass basis) was leached during the con
tinuous-flow column experiments than during the batch experiments. 
This is likely due to the continuous replacement of leachate with 
distilled water during the column experiments. According to mass 
transfer theory, this would tend to maximize the concentration 

s 

gradient which represents the driving force for the leaching phenom
enon. Furthermore, in the batch experiments, the only mass transfer 
mechanism is molecular diffusion, a slow process which may require an 
extremely long time for all leachable materials within the pores of the 
shale matr to be leached and subsequently transported to the exterior 
of the shale matrix. However, in the continuous~flow experiments, an 
additional mass transfer mechanism, eddy diffusion, plays an important 
role and tends to enhance the kinetics of the leaching phenomenon. 

The substantial di between the mass of organic carbon 
leached during the batch experiments and the mass of organic carbon 
leached during the continuous~flow column experiments suggests that 
only a portion of the water soluble organics are leached during the 
batch experiments due to (1) solubility limitations and/or (2) the 
absence of eddy diffusion. 

An examination of the data presented in Table 20 reveals that the 
mass of organic carbon leached per unit mass of spent shale was slightly 
greater for the short columns (6 inch) than for the long columns (12 
inch). This is likely due to the fact that, prior to exiting from the 
column, the average concentration of leachate coming into contact with 
spent shale inside a short column was less than the average concentration 
of leachate corning into contact with spent shale inside a corresponding 



Table 20. Total organic carbon leached from various types of spent shale: 
column experiments and batch experiments. 

comparison of continuous-flow 

Total organic carbon (TOC) leached, 
lOOg of spent shale 

Experiment type Water type Type 1 Type 2 Type 3 Type 4 

Cant. flow column, 12 in Distilled water 3.8 4.1 9. 7 6. l 

Cont.-flow column, 6 1n Distilled water 4.4 5.0 ll. 8 6.9 

Batch~ 20°C Distilled water 1.1 1.9 3.5 1.7 

f-> 
0 
0' 
I 



long column. 
detected 

This is evidenced the initial leachate concentrations 
short column and long column experiments. 

It is asserted that the effluent concentration of leachate from 
a short column, as es from Figures 31 through 34, is indicative 
of the leachate concentration at the midpoint of a long column at 
corresonding time ods. ly, it is likely that, during 
initial time ods, less carbon will be leached from the 
second~~half of each column than from the first half (as suggested 
by a comparison of carbon concentrations at initial time periods 
during short~~ and olumn experiments). The rationale 
behind this assertion is that the average concentration of leachate 
in the second half of the column will be than in the first 
half and thus, the driving force (i.e., concentration gradient) for 
mass transfer will be less. This will not hold true for later time 
periods when more organic carbon will be leached from the second half 
since a greater portion of the water soluble organic carbon will have 
been leached from the first half of the column. Given enough time 
(i.e., a time period greater than the 96~hour time period examined), 
it is asserted that the mass of organic carbon leached per unit mass 
of spent shale will be equal for a particular type of shale 
examined in corresponding short~ and long~column experiments. 

Data describing the mass of leached inorganic material are 
presented in Table 21. These TDS estimates were derived by multiplying 
corresponding values of specific conductivity by 0.6; conductivity 
and TDS are related by an empirical factor ranging from 0.5 to 0.9 
(Ref. 24). As indicated previously, this method of estimating TDS 
provides, at best, a rough estimate. Although conductivity is an 
indicator of the total ions in solution, it can be significantly 
affected by pH. Similar to the results presented in Table 20, the 
results in Table 21 reveal that (1) a mass of inorganic material 
was leached during the column s than during the batch experi~ 
ments and (2) a greater mass of inorganics per unit mass of spent shale 
was leached from the short columns than from the corresponding long 
columns. 

As indicated previously, the or behind the column 
experiments is an attempt to simulate the leaching phenomenon under 
actual field conditions, based on the se that an actual in~situ 
retort will resemble a colrunn through which groundwater may flow 
on a once~through basis. Since detectable levels of organic carbon 
were still present in leachate after 96 hours of leaching, the data 
presented in Table 20 for the column s are considered to be 
roughly representative of the minimum potential mass of leachable organic 
material under actual field ons. 



Table 21. EstimatPd total dissolved sol ids (TDS) leached from various typPs of spent shale: 
comparison of continuous-flow co1umn cxperim~nts and hatch experjments. 

To tell dissolved so1ids, (TDS) 
mg/lOOg of spent sh~1l P 

Expcrimc~nt typP Water type Type 1 Type 2 Type 3 

Cont.-flow Column, 12 Jn DistillPd water 2,000 230 2, I 00 

Cont.- low column, ~ 1 n Disti11ed water 2,700 '360 2,800 

Ra tc h, 20°C DistillPd watPr 510 llO I ,000 

le2ched, 

Type ~, 

300 f-' 

0 
00 

L;4() I 
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CHAPTER 8 

DATA ANALYSIS 

As indicated by the results presented in the previous section, 
a voluminous amount of data was during the leaching experi~ 
ments. However, these data are only of academic interest unless they 
can be reduced and placed into an ical framework. This section 
will identify and apply various data analysis techniques including 
(1) kinetic analysis of batch s, (2) development of equilibrium 
isotherms, and (3) kinetic analysis of continuous~flow column experiments 
and development of framework for column mass transfer model. 

A presentation of the theory and rationale behind each data analysis 
technique will be followed by the application of each technique to the 
experimental results presented 1n the previous section. 

Kinetic is of Batch iments 

Theory. The data derived from the kinet batch experiments 
provide a~~-indication of the kinetics of the leaching phenomenon. 
Most results derived from these experiments generally resembled the 
hypothetical data described in Figure 35. The hypothetical data 
presented in Figure 35 suggest that the TOC concentration rapidly 
increases during initial time periods while, during subsequent time 
periods, the concentration increases at a considerably slower rate 
until "pseudo-equilibrium" conditions are attained. 

The results derived from Type 1 spent shale (produced during 
combustion retorting) and Types 2 and 4 spent shale (produced during 
inert gas retorting) generally resembled the hypothetical data described 
in Figure 35. In contrast, the data derived from Type 3 spent shale 
(produced during combustion retorting employing recycle gas) did not 
resemble the hypothetical data shown in Figure 35. In light of the 
unusual results derived from the Type 3 spent shale, the following 
kinetic analysis will not consider these results. (The results derived 
from the Type 3 spent shale suggest that the kinetics of leaching 
associated with this particular type of spent shale are considerably 
more complicated than those proposed in the following simplistic kinetic 
model.) 

The theory and rationale behind the hypothetical data shown in 
Figure 35 are as follows (Ref, 26). It is assumed that the only 
occurring reaction is simple leaching/desorption of water soluble 
organic compounds. As revealed by Figure 35 9 the TOC concentration 
increases rapidly during initial time ods as readily soluble organic 
material goes into solution. This readily soluble material is likely 
associated with the exterior of the spent shale matrix or is situated 
within large pores inside the matrix. Thus, the rate of leaching 
is greatest during initial time ods. Subsequently, the rate of 
leaching decreases as progressively lesser amounts of organic material 
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Figure 35. Hypothetical data derived from kinetic batch experiments. 



are leached and "pseudo-,equilibr conditions are approached near 
the end of the leaching time period invest (i.e., 30 days). 
The material leached during subsequent time periods is likely situated 
within small pores located inside the shale matrix and thus, must 
be transported to the exterior by molecular diffusion. The eventual 
establishment of " libr conditions will likely be due to 
the limitations. 

It is hypothesized that the only reaction is simple 
leaching/desorption of water soluble organic compounds. This reaction 
can be represented by: 

where c,'< the potential TOC concentration remaining 
to be leached at time t 

Ct TOC concentration at time t 

Ce equilibrium TOC concentration at t =oo 

(function of both the mass of organics available 
for leaching and solubility limitations). 

The reaction rate of the above reaction is equal to the rate 
of disappearance of C* and can be represented by: 

where rc = rate of disappearance of c* 
* 
K reaction rate constant 

n = reaction order. 

The above expression implies that the reaction rate (i.e., rate of 
disapearance of C*) is a function of (1) the potential TOC concentra~ 
tion remaining to be leached at time t, (2) the reaction order, and 
(3) the reaction rate constant. 

The reaction order and the corresponding reaction rate constant 
of a particular reaction can be determined by an analysis of batch-
mode kinetic data (Ref. 26). The procedure involves a trial-and~error 
analysis whereby (1) a reaction mechanism is hypothesized and (2) a 
reaction order is assumed. Subsequently, both the hypothesized reaction 
mechanism and the assumed reaction order are tested using batch-mode 
kinetic data. Unfortunately, this procedure is often laborious and 
time~consuming. 



In order to s i this kinetic analysis, it is assumed that the 
reaction mechanism is simply l 1on of soluble compounds. 
Furthermore, it is assumed that first~order ldnetics apply (i.e. 1 the 
rate of reaction is assumed to be propor ional only to c,,_.), Although 
it is possible that the reaction kinetics are more complex than those 
assumed, it is felt that a more r kinetic is is not war
ranted due to the fact that (1) only one TOC measurement was obtained 
during the initial hal of 1 when the reaction rate was 
greatest and (2) very little is known about the types of organic 
compounds and "subreact 1c in the overall leaching 
reaction, 

Assuming first-order kinetics, the reaction order (n) is equal 
to one and the expression s Jifies to: 

dt 

Rearranging the above expression into integral form elds: 

t 

K dt 

Integration elds: 

~~ ln Kt c *o 

In the above expression, the term 
term 1s ent to - Ct)· 
terms the above expression elds: 

~ ln Kt 

to Ce and the 
these equivalent 

By al tion, the above express1on can be converted to 
the following form: 



The above expression approximately simulates the hypothetical data 
described in Figure 35. It models the leaching phenomenon in a batch 
reactor if the only occurring reaction is simple leaching/desorption 
and if the kinetics are first order. 

Finally, it is important to note that the above procedure can be 
used to develop an expression for testing a reaction for kinetics other 
than first order. For example, if it were advantageous to test a reaction 
for second-order kinetics, the reaction rate can be defined by: 

Rearranging and integrating the above expression would yield: 

Application. It has been asserted that the results of the kinetic 
batch experiments, except those derived from the Type 3 spent shale, 
approximately resemble the hypothetical data portrayed in Figure 38. 
Assuming first-order kinetics, the hypothetical data portrayed in 
Figure 38 can be represented by the expression Ct = Ce (1 - e-Kt). 

A least squares analysis was employed to estimate values of 
Ce and K. These estimates are presented in Table 22. Using these 
values of Ce and K, the equation Ct ~ Ce (1 e-Kt) was plotted next 
to actual data for each set of experimental data. These plots are 
presented in Figures 36 through 38, 

An examination of Figures 36 through 38 suggests that the 
proposed reaction mechanism (i.e., simple leaching/desorption with 
first-order kinetics) roughly simulates the leaching phenomenon for 
Type 1, 2, and 4 spent shales. This simulation appears to be best 
for later time periods of leaching. During initial time periods, 
the simulation is not as good as during later time periods. This 
suggests that the assumption of first-order kinetics is not entirely 
valid for initial time periods of leaching. The poor simulation during 
initial time periods may be due, in part, to the fact that only one 
TOC measurement was taken dur the initial one-half day when the 
rate of leaching was greatest. Thus, the initial portions of the 
curves shown in Figure 36 through 38 are not well-defined by data 
points. 

Although this kinetic analysis was based on an assumption of 
first-order kinetics, an attempt was also made to test the data for 
second-order kinetics. However, a kinetic model assuming second-order 
kinetics was found to be completely inadequate for explaining experimental 
data. The results of this second-order kinetic analysis have not been 
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Table 22. Estimated values of Ce and K for kinetic batch experiments: 
spent shale Types 1, 2, and 4. 

iment and 
spent shale type 

Distilled 

Distilled 

water, 

Type 1 
Type 2 
Type 4 

vJater, 

Type 1 
Type 2 
Type 4 

Groundwater, 20°C 

Type 1 
Type 2 
Type 4 

Groundwater, 80°C 

Type 1 
Type 2 
Type 4 

20°C 

80°C 

9.9 
14.6 
17.5 

11.7 
28 
29 

10.8 
23.5 
20 

47 
41 

K 

0.62 
0.81 
1.4 

0.33 
0.35 
0.87 

0.26 
0.21 
2.2 

0.42 
0.63 

included because they were considered to be of little value. If the 
reader wishes to conduct a second~order kinetic analysis, the required 
data have been presented. 

The kinetic analysis of batch experiments conducted in this section 
represents a rather simplistic attempt at gaining a basic understanding 
of the leaching phenomenon in a batch reactor, In a following section, 
a much more rigorous kinetic analysis will be conducted, using the results 
of the continuous~flow column experiments, 

librium Isotherms 

Jheory. Equilibrium isotherms are often employed in sanitary 
and chemical engineering to describe equilibrium conditions in unit 
operations such as adsorption (Ref, 27), In water treatment, a common 
application of equilibrium isotherms involves the removal of trace 
organics from a water supply by activated carbon adsorption (activated 



carbon is a commonly employed adsorbent), With certain modifications 
equilibrium isotherms can be employed to describe equilibrium conditions 
ln desorption/leaching studies, 

An equilibrium adsorption isotherm is defined as a relationship 
between the mass of a solute adsorbed per unit mass of an adsorbent 
and the equilibrium concentration of the solute remaining in solution 
at a constant temperature (Ref, 28). A series of batch~mode experiments 
is normally employed to develop data which can be plotted in the 
form of an isotherm. 

There are two 
sanitary and chemical 
These include (1) the 

types of isotherm models commonly employed in 
ing to describe the adsorption phenomenon. 
model and (2) the Freundlich model. 

The Langmuir model is defined 

q abC 
+ aC 

where q mass of solute adsorbed per unit mass of adsorbent 

C = equilibrium concentration of solute 

a & b constants. 

In addition to the general form of the Langmuir model, there lS a 
linear form expressed as: 

1 1 1 
~ + 

q b ab 

are appropriate, the above form of the Langmuir In cases where data 
model yields an 
1/C. An example 

e linear plot when 1/q is plotted against 
of a plot of the linear form of the Langmuir model 

is presented in 
exemplified by 

39. From a linear approximation of data, as 
39, the constants a and b can be evaluated. 

In contrast to the model, the Freundlich model is defined 
by: 

q 

where K and n "" constants. 

Transforming the above equation into logarithmic form yields: 

q K + l c 
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Figure 39, Plot of linear form of Langmuir model, 



If data conform to the Freundlich model, a t of experimental data 
according to the above ion will eld an straight 
line, as described in F 40. From a straight line approximation 
of plotted data, the constants K and n can be evaluated. 

In adsorption ions, the deve of librium 
isotherms, either the r or Freundlich model, enables 
one to predict librium concentration of a solute corresponding 
to a icular concentration of adsorbent. Using data derived from 
batch-mode experiments examin various adsorbent concentrations, 
the constants of either model can be evaluated. This allows the model 
to be used to ct the librium concentration of a solute resulting 
from any mass of adsorbent 1.n a specified volume of water. 

In the sani and chemical neer literature, most existing 
in format ion on librium isotherms is based on the of 
adsorption rather than the of desorpt leaching (which 
is of icular concern in ). Thus, the techniques for 
deve isotherms must be slightly 
modified and of leaching. 

In order to apply the above adsorption models to a desorption/leaching 
phenomenon, it is necessary to redefine the parameters C and q. The 
parameter C is defined as the equilibrium TOC concentration in leachate, 
expressed in terms of mg/1. The q is defined as the mass 
of organic carbon on the shale per unit mass of spent 
shale (expressed in terms of mg shale). The parameter q 
can be estimated by subtract the mass of organic carbon leached, 
as defined by measurements of C from the initial solid~"phase organic 
carbon content of the shale s es, as defined in Table 11. 

ication. The librium batch experiments examined four 
shale-to-water ratios (i.e., 50 30 ml, 30 g/50 ml, 50 g/100 ml, and 
50 g/200 rnl) for each cornbination of s shale , leach \Vater 
temperature, and leach water Theoretically, this would provide 
four data s for the deve of each isotherm. However, in 
two icular cases, a data point was obvious in error and thus, 
was not included in the fol 1s. 

the described isotherm models in conjunction 
with the results of the librium batch experiments, a series of 
equilibrium isotherms was deve to describe the 
for two 
retort 

Plots of data 
are presented in 
conform to the 

inert gas retort 

to the linear form of the model 
41 44. Recall that, if data 

model, then plot of 1/q versus 1/C should 
be ly linear. An examination of F s Ld through 44 
reveals that the 
modeling experimenta 

model appears to be fair appropriate for 
data for the inert ted shale 
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Figure 40, Plot of logarithmic form of Freundlich model, 
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Figure 4L Linear fonn of r isotherm for 
Type 2 spent shale: distilled watero 
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Figure 42. Linear form of Langmuir isotherm for 
Type 2 spent shale: groundwater. 
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Figu:ce 43. Linear form of r isotherm for 
1 s shale: distilled water. 
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Figure 44. Linear form of Langmuir isotherm for 
Type 1 s shale: groundwater. 
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(Type 2) within the range of data (i,e, 9 shale~to-water ratios) examined. 
In contrast 9 the Langmuir model appears to be slightly less appropriate 
for modeling experimental data derived from the combustion-retorted 
spent shale (Type 1) within the range of data examined. 

Plots of data according to the logari c form of the Freundlich 
model are presented in Figures 45 through 48. Recall that, if data 
conform to the Freundlich model 9 then a plot of log q versus log C 
should approach lineari Similar to the ir model, the Freundlich 
model appears to be fair appropriate for modeling experimental data 
derived from the 2 spent shale within the range of data examined, 
based on the linearity of log q versus log C plots. 

Based on the above 9 both the Langmuir and Freundlich models aproxi-
mately simulate the leaching phenomenon for s shale produced during 
inert gas retort for a particular range of shale-to-water ratios. 
These models appear to be slightly less appropriate for simulating 
the leaching of organic material from combustion-retorted spent shale. 
Although plots of 1/q versus 1/C and log q versus log C for the Type 
1 spent shale appeared to rough follow a linear trend, they were 
not as linear as corresponding plots for the Type 2 spent shale. 

A least squares analysis was used to estimate constants for both 
the Langmuir and Freundlich models. Estimates of constants for each 
model are presented in Table 23. Employing these constants, either 
model can be used to predict the equilibrium TOG concentration resulting 
from a particular shale-to-water ratio. This can be accomplished by 
the Langmuir model: 

abC 
a + aC 

or the Freundlich model: 

q KCl/n 

It is asserted that the isotherm models, as defined by the constants 
presented in Table 23, are fairly accurate in describing equilibrium 
relationships within a particular range of experimental data. This 
implies that in ation within this range of data will provide a 
reasonable estimate of equilibrium relationships while extrapolation 
may not provide a reasonable estimate. 

In retrospect, it may have been somewhat naive to expect a s le 
isotherm model to accurately describe equilibrium relationships for 
a particular type of spent shale over the entire range of possible 
data. More realistically, one would expect a particular model to 
be most appropriate for a certain range of experimental data while 
another model may be more appropriate for another range of data. 
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Figure 45. Logarithmic form of Freundlich isotherm 
for Type 2 spent shale: distilled water. 
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Figure 46. Logarithmic form of Freundlich isotherm 
for Type 2 spent shale: groundwater. 

I 
I 



I 
I 

~-129~ 

I 
I 

I 

I 

I 
I 

I 

I 
I 

I 
I 

g e 

I 
I 

I 

F L 

Figure 47. Logarithmic form of Freundlich isotherm 
for Type 1 spent shale: distilled water. 
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Figure L;8. Logarithmic fonn of Freundlich isotherm 
for Type 1 sent shale: groundwater, 



Table 23. Constants for Freundlich and Langmuir models: spent shale Types 1 and 2. 

Model constants, Type l Model constants, Type 2 
Experiment Freundlich Lan~muir Freundlich Langmuir 

K n a b K n a b 

---

Distilled water, 
20°C 1.98032 615.433 81.1577 1.99075 17.9688 3850.47 433.86,9 7.9846 

Distilled water, 
80°C 1.97197 318.766 36.4383 l. 9923 7 17.8187 408.520 19.1234 17.9995 ,......, 

w 
Groundwater, 

,......, 

20°C 1.98256 816.308 11. 354 1. 99027 17.9638 3116.45 241.323 17.9852 

Groundwater, 
80°C 1. 97152 27~-. 904 36.5797 1. 99405 17.7054 298.471 6.18471 17.9989 



Recall that there are isotherm models other than the r and 
Freundlich models. Furthermore, it should be re zed that isotherm 
models are mere mathematical expressions to describe experimentally 
derived data. 

there appears to be a em associated with 
the Langmuir 1ons as defined by the constants presented in Table 
23. If one substitutes a q value of 18.00 mg TOC/g s shale into 
the mathematical expression for the 2 s shale and then solves 
for C, the estimated value of C will be ive. The same situation 
will occur if a q value of 2.00 is substituted into the mathematical 
expression for 1 shale. The above values of q, 18.00 mg 
TOC/g s shale for 2 and 2.00 mg TOC/g s shale for Type 1, 
are important because the theortically maximum possible 
values of q, as estimated for the solid- organic carbon measurements 
originally presented in Table 11. Us the appropriate mathematical 
expressions for the Lan model, one \vould maximum q values 
of only 17.9846 mg/g for 2 and 1.99075 1. This 
suggests that, at h values of q and c, model may not 
present entire realistic est of librium relationships. 
This behavior of the r at high values of q and C may 
be due to the possibility that true librium conditions were not 
established during certain equilibrium batch experiments used to 
generate datH red for the deve of librium isotherms. 

In contrHst to the model, the appropriate mathematical 
expresssions based on the Freundlich model enable one to actually estimate 
H value of C to the theoretical maximum possible value 
of q, as defined This is s ly due to a mathematical 
peculiari of the ion , as successively larger 
values of C are substituted into the equation, successively larger 
values of q can be calculated. This mathematicHl behavior of the 
Freundlich ion is due to the fact that i is based on a power 
function (i.e., the parameter C is raised to a constant power). The 
mathematical behavior of the r ion differs in that, at 
very high values of C, value of q eventual a constant 
value. 

The differences between the 
model can be par by plo t corres ng mathematical expressions 
for each model us 
both models are 

constants presented in Table 23. Plots of 
1n 49 and 50, representing ts 

of the isotherm for 1 spent shale examined wi h distilled water 
at 20°C and the isotherm for 2 shale examined with distilled 
wHter at , res 

An examination of 49 and 50 reveals some interesting 
characteristics of each model. At values of q and C, the 
Langmuir model eventual levels off at a constant value of q below 
the theoretically maximmn possible value of q whereas the Freundlich 
model elds continual in.creas values of q a a function of C. 
At intermediate values of q and C, both models ld fair similar 
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Figure 49, Plots of Langmuir and Freundlich equations for Type 1 
spent shale examined with distilled water at 20°C, 
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Figure 50. Plots of Langrnuir and Freundlich equat for Type 2 
spent shale examined with distilled water at 20°C, 



estimates of equilibrium relationships. At locver values of q and c, 
the model behaves in a manner according to theoret-
ical expectations. Use of the Langmuir model is normally preferred 
over the Freundlich model in situations where it behaves according 
to theoretical expectations (i.e., in this case, at lower values of 
q and C). 

Based on the above observations, it would seem advan to 
use a combination of the two models in att ing to precise 
a complete isotherm for a particular of s shale examined 
under certain experimental conditions. In reference to Figures 49 
and 50, the use of the Freundlich model would likely be more appropriate 
at higher values of q and C. ifically, for the Type 1 s shale 
described in Figure 49, the Freundlich model would likely be more 
appropriate at C values than lS mg/1 and corresponding q values 
greater than 1.9890 mg/g. In a similar manner, for the Type 2 spent 
shale described in SO, the Freundlich model would likely be 
more appropriate at C values greater than 18 mg/1 and corresponding 
q values greater than 17.9825 mg/g. 

Furthermore, in reference to Figures 49 and SO, the use of 
the Langmuir model would likely be more appropriate at lower values 
of q and C. Specifically, for the Type 1 spent shale described in 
Figure 49, the Langmuir model would likely be more approriate for 
values of C less than 4 mg/1 and corresponding values of q less than 
1.9850 mg/g. In a similar manner, for the Type 2 spent shale described 
in Figure 49 9 the Langmuir model would likely be more appropriate 
for C values less than 4.7 mg/1 and corresponding q values less than 
17.9760 mg/g. 

For values of q and C intermediate to those previously described, 
a combination of the Freundlich and Langmuir models can be used to 
describe equilibrium relat This can be accomplished by 
graphical estimat a curve between the plots of the Langmuir 
and Freundlich equations over the intermediate range of values. 
Alternatively, this same task can be accomplished by taking the average 
of estimates derived from each model over the intermediate range of 
data. 

Therefore, it is asserted that complete isotherms are best described 
by (1) the Langmuir equation at lower values of q and C, (2) a combination 
of both the Langmuir and Freundlich equations at intermediate values 
of the q and C9 and (3) the Freundlich equation at higher values of 
q and C. Based on the above, it was possible to derive an isotherm 
describing equilibrium relationships over a broad range of values 
for the following two cases: Type 1 spent shale examined with distilled 
water at 20°C and Type 2 shale examined with distilled water at 
20°C. These isotherms are shown in Figures 51 and 52, respectively. 

It should be recognized that complete isbtherms for experimental 
conditions other than distilled water at 20°C could have been developed 
using the approach described above. The rationale for specifically 
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Figure 51. Estimated isotherm for Type 1 spent shale examined with 
distilled water at 20°C. 
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F 52, Estimated isotherm for Type 2 spent shale examined with 
distilled water at zooc. 
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developing the two isotherms shown in Figures 51 and 52 is that these 
isotherms are used in an analysis presented ~n the following section. 

Theory. The leaching phenomenon involves the mass transfer of 
organic compounds from a solid phase (i.e., spent shale) to a liquid 
phase (i.e., leachate). The sequence of steps involved in the overall 
mass transfer process include (1) desorption of water~soluble organic 
compounds from an intraparticle surface, (2) diffusion of desorbed 
molecules through an intraparticle liquid surface film and into liquid 
contained within the pores and interstices of the shale matrix, (3) 
transport of desorbed molecules from internal pores to the exterior 
of the shale matrix, and (4) diffusion of molecules through a liquid 
surface film situated along the exterior of the shale matrix and into 
the bulk leachate (Ref. 29). 

The overall rate of mass transfer during leaching is a function 
of one or more of the following mechanisms: (1) internal (intraparticle) 
diffusion, (2) surface reaction of the desorption process at liquid~ 
solid interface, and (3) external mass transfer. Although two or 
more of these mechanisms may simultaneously limit the rate of mass 
transfer, only one of these mechanist steps controls the overall 
rate in many cases (Ref. 30). 

Ideally, it would be advantageous to develop a mass transfer model 
to simulate the leaching phenomenon in a packed column. Theoretically, 
a rigorous model would enable prediction of concentration as a function 
of both time and column length. 

A mathematical model for desorption in a packed column requires 
(1) a mass balance on the component being transferred over a finite 
volume of the column, (2) a relationship for the equilibrium distribu~ 
tion of the component between liquid and solid phases (i.e., an 
equilibrium isotherm), and (3) an expression for the rate of desorption. 
The first of the above steps, a mass balance over a finite volume, will 
yield a differential ion which can theoretically be inte~ 
grated if both the equilibriwn isotherm and the rate of desorption are 
mathematically evaluated fs. 30~36). 

Consider a differential volume of a packed column 1n which desorption 
occurs: 

I 
1._ 



where C concentration (mg/1) 

C + dC concentrat (mg/1) 

dV volume of finite element (cm3) 

dz length of finite element (em) 

A"' cross~sectional area of column (cm2)" 

Conduct a mass balance over the finite volume, it follows that: 

~> Output Accumulation. 

Input CFdt 

where F = liquid flow rate (1/hr). 

The output from the finite volume is defined by: 

Output (C + dC) Fdt. 

The rate of accumulation (actually desorption) which occurs 1n the 
finite volume is: 

Accumulation 

vJhere oq 
8t rate of desorption (mg/g-hr) 

p bulk density of packed'column (g/cm3), 

Thus it follows that: 

3q 
Cfdt - (C + dC)Fdt = 8t·Apdzdt 

CFdt = lg_Apdzdt + (C + dC)Fdt 3t 

3q 
CFdt = 3t·Apdzdt + CFdt + dCFdt 



Rearranging: 

~ dC 
A Clq 
~ -pdz 
F Clt 
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Since C is a function of the variables z and t, the total differential 
is: 

dC (~~ ), dz + (~ )z dt 

From basic principles, it 1s also known that: 

v and F VA a 

where V flow velocity through pores (cm/hr) 

a = porosity of packed column. 

Substituting the above expressions yields: 

The above expression, hereafter referred as the differential mass balance 
equation, can theoretically be integrated if the equilibrium isotherm 
and t~rate of desorption can be mathematically evaluated. Unfortunately, 
this integration is extremely difficult and requires various simplifying 
assumptions, esoteric mathematical analysis, and a computer~assisted 
solution. Due to the complexity involved in integrating the above 
expression, this section will attempt only to assess the rate of 
desorption by employing several kinetic rate models. It s asserted 
that this assessment of the rate of desorption in conjunction with 
previously evaluated isotherms and the differential mass balance equation 
will roughly provide a framework for a packed column mass transfer 
model. It is hoped that future researchers will employ this framework 
to develop a rigorous mass transfer model to simulate the leaching 
phenomenon in a packed column. 



The most in the differential mass balance 
ion is the term (3q/3t)z, the e of desor 1on. As indicated 

ly, a mathematical evaluation of s rate would provid~ part 
of the inforrnation to theoretical the differential 
mass balance ion. 

stated that the ion phenomenon 
may encounter resistances to mass transfer. These resistances 
to mass transfer may resul in one of the fol ng mechanisms being 
rate limit (1) external mass transfer, (2) surface reaction, and 
(3) internal mass transfer. A se mathematical evaluation of 
(3q/3t)z would take into account a.ll of the above mechanisms. However, 
in order to s 1 the mathematics involved, it is often advantageous 
to assume that one mechanism 1s rate controlling over 
(1) the entire time period invest or (2) certain ranges of time 
within the entire time period. 

Several rate have been postulated in the literature to 
describe the rate 
to the ion and 

These models can also be applied 
are srnnmarized below, classified 

according to the rate-cantrall mechanism. 

External Mass Transfer. If external mass transfer is the rate-
contra sm, the rate of des ion can be described by 
(ReL 30): 

where (3q/3t) 
z 

* 

) 

- rate of 1on 
(mg TOC/g shale-hr) 

external mass transfer coefficient 
(1/ ) 

C actual measured TOC concentration in 
bulk leachate (mg/1) 

C t:heoret al TOC concentration in equilibrium 
with actual sol e organic carbon on 
shale icles (mg/1), as estimated from 
isotherm equation. 

In the external mass transfer model, the expression (C ~ c*) represents 
the driving force for mass trans ion and is defined as the 
difference between the actual TOC concentration and the theoretical 
TOC concentration (as estimated from the isotherm equation). 



where 

q 

If internal mass transfer is the rate~ 
rate model, or 

to describe the 
ly hypothesized 

rate of desorption: 

q) 

Glueckauf rate constant 

theoretical sol c carbon on shale 
cles in with actual measured 

TOC concentration in bulk leachate (mg TOC/g shale) 
as estimated from isotherm 

actual sol e c carbon on shale les 
g shale), 

In the Glueckauf model, the q) represents the 
force for mass trans de as the difference 
between the theoretical sol 
the isotherm equation) and the 

(as est from 
carbon. 

The fol express , known as the Bohart 
and 
the 

used to describe the rate of de ion when 
1) : 

<~ q) 

where Bohart and Adams rate constant (1 

m.aximum 
on shale 

e c carbon 
shale), as estimated 

from isotherm :tOIL 

In the Bohart and Adams model, the parameter (q00 

betvveen the maxunum 
ol e c 

~- q) represents 
defined as the 
carbm1 and the 

cation. The methodology can. be ied to the 
continuous~"flow column derived from 

s der from 
cannot be considered s librium isotherms 
for 1 and 

the 
difference 
actual 



(q) 
The 

and C 
an.d c() 

The 

32 due to 
a time of 
the 
the 

from 

descri 
of a 

1-Jith 

( ) 

bulk leachate (C). 
by 

values of q 
lower values of q 

entering 
to 

of the column. 

colunm length, as shown in 
elevant information 
These plots of TOC 

ion profiles," 
concentration the entire length 
column des 

in this section 
53 and 

as a function 
of time are described for two ; 15 centimeters 
and 30 centimeters. However, i zed that, by employing 

with the families of curves a 
56, TOG concentration versus time curves 

, cur11es descri 
a vvcross~plotting11 

function of time for 
various column 57 and 58. 

The var1ous rate models that in this analysis were 
summarized in the section clescr ions of the 
various parameter required to test th.ese models. The procedure for 
evaluat the ra models consists of first estimat all parameters 
in each rate model the rate cons t and then solving for the 
rate constant. For each model, the constant is then estimated 
at several different values of time and the result estimates compared 
to see if 

The 
models are 
Tables 27 

a constant value. 

red for an evaluation of the various rate 
Table 24 26 for 1 spent shale and 

2 As revealed by these 
was estirnated for three column lengths: 7 .5, 

15 and 22.5 centimeters; and for e different values of time, 
from 5 to L+O hours. Time values outside of this range were 

not considered because the TOC concentrat versus time curves are 
not well-defined to 5 hours and after 40 hours. 
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Figure 54. TOC concentration vs time: Type 2 spent shale. 
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57" oximated TOC concentration vs 
column lengths: Type 1 spent shale" 
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Figure 58. oximated TOG concentration vs time curves for var~ous 
column lengths: Type 2 spent shale. 



Table 24. Estimates of parameters required for evaluation of rate constants for Type 1 spent shale at a column 
of 7.5 em. 

Parameter values estimated at various times 

Parameter Units 5 hr 7.5 hr 10 hr 5 hr 20 hr 25 hi 30 hr 40 hr 

mg/l -0.150 -0.080 -0.040 -0.0233 -0.0188 -0.0133 -0.0125 -0.0100 
hr 

l 0.149 0.136 0.128 0.109 0.096 0.0853 0.0800 0.0787 
em 

mg/g -o. ooun -0.001107 -0.001065 -0.000914 -0.000806 -0.000719 -0.000674 -0.000665 
11r f-' 

\..TO 
0 

q* g .974530 L 969826 L 967875 1.963863 
I 

l. 960177 1.956314 1.952561 l. 947128 

qoo mg/g 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 

D:q 0.005855 0.002849 o. 002715 0.004948 0.004300 0.003813 0.003483 0.006695 

L:6q mg/g 0.005855 0.00870l,c 0.011419 0.016367 0.020667 0.024Lf80 0.27963 0.034658 

q g .994145 L 991296 L 988581 L 9836333 L 979333 .975520 1. 972037 L 965342 

c 1.50 1.16 1.06 0.09 0.79 o. 70 0.63 0.55 

C* mg/1 72.4 30.0 12. 3 3.4-3 2.14 1.60 1.30 0. 95 



Table 2 5. Estimates of parameters required for evaluation of rate constants for Type l spent shale 
at a column length of 5 em. 

Parameter values estimated at various times 

--

Parameter Units 5 hr 7.5 hr 10 hr 15 hr 20 hr 25 hr 30 hr 40 hr 

-p:l40 -0.114 -0.095 -0.055 -0.035 -0.020 -0.0075 -0.0030 
r 

0.116 0.107 0.0973 0.0827 o. 0773 0.0760 0.0740 0.0720 
em 

mg/g -0.000897 -0.000837 -0.000767 -0.000669 -0.000636 -0.000635 -0.000626 -0.000612 
t/z hr 

q* mg/g .980986 .978913 l. 977649 1.974948 l. 97261 l. 971318 1.970177 1.968294 
,_... 
1 .. 1'1 
l-' 

'leo mg/g 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 I 

L\q mg/g 0. OOL,485 0.002168 0.002005 0.003590 0.003259 0.003175 0.003150 0.006190 

l:L\q mg/g 0.004485 0.006653 0.008658 0.012248 0.015507 0.018682 0.021832 0.028022 

q mg/g L 995515 L 993347 1.991342 1.987752 1.984493 1. 981318 1.978168 1.971978 

c mg/l 2.50 2.06 1.86 l. 54 .34 l. 25 .18 1. 08 

C* mg/l 110 56.6 30.0 9.00 3.91 2.59 l. 94- l. 29 



Table 26. Estimates of parameters required for evaluation of rate constants for Type l spent shale 
at a column length of 22.5 em. 

Parameter values estimated at var1ous t1mes 

---

Parameter Units 5 hr 7.5 hr 10 hr 15 hr 20 hr 25 hr 30 hr 40 hr 

l -0.170 -0.115 -0.0975 -0.0600 -0.0375 -0.0250 -0.0150 -0.0083 

l 0.085 0.080 0.075 0.072 0.0693 0.0587 0.0560 0.0560 
em 

:r:g/g -0.000612 -0.000606 -0.000575 -0.000574 -0.000566 -0.000484 -0.000468 -0.00472 
em 

q* mg/g 1.98323 1.981902 l. 981139 1. 979458 1. 978250 1.977456 l. 976425 1.975723 I 
f--' 

mg/g 2.00 2.00 
Vi 

q 2.00 2.00 2.00 2.00 2.00 2.00 N 
I 

q mg/g ·co 0.003060 0.001523 0. 00 1~c 7 5 0.002870 0.002850 0.002625 0.002380 0.004700 

L\q mg/g 0.003060 0.004583 0.006058 0.008928 0.011778 0. 0 1!+403 0.016783 0.021483 

l:llq mg/g 1. 996940 1. 995417 1.993942 1.991072 l. 988222 l. 985597 1.983217 1.978517 

c mg/1 3.25 2.76 2.54 2.16 l. 95 1. 83 l. 70 .62 

C* mg/1 171 107 68.0 28.0 10.6 5.10 3.24 1. 99 



Table 27. Estimates of parameters required for evaluation of rate constants for Type 2 spent shale at a colurrm 
length of 7.5 em. 

Parameter values estimated at various times 

Parameter Units 5 hr 7.5 hr 10 hr 15 hr 20 hr 25 hr 30 "br 40 hr 

l -0.220 -0.140 -0.100 -0.0667 -0.0500 -O.OL,50 -0.0238 -OoOI25 

l Oo230 0.206 0.186 Oo153 0.123 o. 05 .0867 0 .. 
em 

-Oo001457 -Oo001332 -Oo001215 -0.001007 -0.000811 -0.000691 -0.000577 -.00051~-

j ,._., 

* U1 
q 17.968970 17.965067 17.962340 17.955454 l7o950405 17. 93965L; 17.928755 7.917987 w 

I 

l8o00 18.00 18.00 l8o00 l8o00 18.00 8o00 18.00 

1\,q mg/g 0. 007285 0.003485 0.003182 0.005555 0. 0045Lf5 0.003755 0.003170 Oo005450 

l:l\,q 0.007285 0 010770 o. 013952 0.019507 0.024052 0.027807 o. 030977 0.036Lf27 

q 17.992715 17 0 989230 17.386048 17.980493 17o975948 7o972193 17.969023 l7o963537 

c 2o65 2o12 L86 .42 L2l 0.92 Oo74 0.62 

* c 1 68 79.5 40o 2 10.8 4.79 3.34 2.66 .97 



Table 28. Estimates of parameters required for evaluation of rate constants for Type 2 spent shale at a 
column length of 5 em. 

Parameter 

* q 

/!,q 

l:/!,q 

q 

c 

Units 

l 

em 

g 

g 

g 

g 

Parameter values estimated at various times 

5 hr 7"5 hr 10 hr 15 hr 20 hr 25 hr 30 hr hr 

-0.400 -0.200 -0.145 -0.100 -0.075 -0.0533 -0.0325 -0.0175 

0.128 0.0967 0.0783 0.0758 0.0700 0.0683 0.0683 0.0633 

-0.000680 -0.000562 -0.000463 -0.000467 -0.000440 -0.000439 -0.000448 -0.000422 

l7 0 9742l;2 17.971655 7.969807 17.965777 17.962220 17.955737 7.946993 17.947331 

18" 18.00 18.00 18.00 18.00 18.00 18.00 18.00 

0034-00 0.001553 0.001283 0.002325 o. 002265 0.002200 o. 002220 o. 006,350 

.003400 0.006,953 0.006236 0.008561 .010826 0.013026 015246 0.019596 

17.996600 7.995047 7.99376L; 7.991439 17.989174 17. 98697L; 7.984754 1 7. 9 80L;OL; 

4.00 3.20 2.80 2.20 .85 .52 LlO l. 11 

385 276 210 28 78.5 l.c9,0 30.5 10. 7 

~ 

\.n 
+" 
I 



Table 29. Estimates of parameters required for evaluation of rate constants for Type 2 spent shale at a 
col Ui'Ttn length of 2 2. 5 em. 

Parameter 

* q 

qco 

!lq 

L:Liq 

q 

c 

* c 

Units 

mg/l 
em 

mg 

mg 

mg 

mg 

mg 

mg/1 

Parameter values estimated at various times 

5 hr 7. 5 hr 10 hr 5 hr 20 hr 25 hr 30 hr 40 hr 

-0.333 -0.200 -0.130 -0.090 -0.060 -0.0367 -0.0287 -0.0100 

0.0733 0.0400 0.0333 O.OLfl7 0.0383 0.0500 0.0583 0.0600 

-0.000341 -0.000177 -0.000163 -0.000241 -0.000232 -0.000322 -0.000382 -0.000403 

7.975784 17.973218 17.971775 17.969029 7.966 12 17.957895 17.954170 17.947990 

18.00 18.00 18.00 18.00 18.00 8.00 8.00 18.00 

0.001705 0.000648 0.000425 0.001010 0.001185 0.00 385 0.001760 0.003030 

0.001705 0.002353 0.002778 0.003788 0.004973 0.006358 0.008118 0.012048 

17.998295 7.997647 17.997222 17.996212 17.995027 17.993642 17.991882 17.987952 

4. 7 3.64 3.23 2.66 2.24 1.55 .36 l. 3 

553 481 440 354 275 204 lOLe 60.5 

! ,.._, 
\.]1 

V1 
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Techniques for estimating each of the various parameters presented 
1n Tables 24 through 29 are discussed below. 

The parameter (8C/ ) 2 was estimated from the slope of the TOC 
concentration versus time curves presented in Figures 57 and 58. 
Due to the shape of these curves, the parameter (8C/8t) 2 was always 
negative. In a like manner, the parameter (~C/3z)t was estimated 
from the slope of the TOC concentration versus column length curves 
presented in Figures 55 and 56. In reference to the aforementioned 
methods of estimating both (8C/8t) 2 and (8C/8z)t, it should be recognized 
that estimating the slope of a curve can be a rather subjective endeavor. 
The normal procedure is to draw a line tangent to the curve at a particular 
point of concern. In an attempt to overcome this subjectivi , slopes 
were estimated by assuming that a short segment of a particular curve 
encompassing the point of concern was approximately linear. 

The parameter (8 8t) 2 was estimated from the differential mass 
balance equation. Values of (8q/8t) 2 were computed by substituting 
in previously derived estimates of (8C/8t) 2 and (8C/8z)t into the 
differential mass balance equation along with values of A, F, a, and 
p. It should be recognized that estimates of (8q/at) 2 are extremely 
important because this parameter represents the rate of desorption 
and is the principal parameter in the various rate equations. 

The parameter q00 was estimated from the solid~phase organic carbon 
measurements originally presented in Table 11. These estimates, 2.00 
yg TOC/g spent shale for Type 1 and 18.00 mg TOC/g spent shale for 
Type 2 1 represent the theoretically maximum potential solid~phase 
organic carbon on shale particles. 

The parameter ~q was estimated for each interval of leaching 
time by multiplying the average value of (8q/8t) 2 during a particular 
interval by the time duration of the interval. Thus, as an example 
the value of Aq given for a leaching time of 15 hours was estimated 
by first the value of (aq/8t) 2 at 15 hours and the value 
of Caq/8t) 2 at the preceding leaching time of 10 hours. This average 
value of (aq/8t) 2 over the period of 10 to 15 hours was then multiplied 
by a leaching time interval of 5 hours (i.e., the duration of the 
interval between 10 and 15 hours), elding an estimate of Aq. As 
an exception to the above procedure, the value of 8q for the interval 
of 0 to 5 hours was estimated by simply multiplying (aq/at) 2 at 5 
hours times the interval duration of five hours (this is because a 
value of Caq/8t) 2 was not obtained for a leaching time of 0 hours). 
The parameter Aq represents the mass of organic carbon leached during 
a specified interval of leaching time. 

The parameter D\q was estimated by sunnning values of L'lq for aU 
leaching time intervals up to and including the interval of concern. 
Thus, as an example, the value of ZAq given for a leaching time period 
of 15 hours includes (1) the value of ~q from 0 to 5 hours, (2) the 
value of 8q from 5 to 7.5 hours, (3) the value of ~q from 7.5 to 10 



hours 1 and (L.c) the value of 6q from 10 to 15 hours, The parameter L'lq 
represents the mass of or carbon leached after a specified leaching 

1_me. 

The parameter q was estimated subtract the quantity ZL'lq 
from the corres value of q

00
, The parameter q represents an 

estimate of the actual sol e or carbon rema1n on spent 
shale particles after a specified leaching time. 

The parameter 
Figures 51 and 52 

was estimated from the isotherms presented in 
us the actual measured TOC concentration. 

This parameter represents an estimate of the theoretical solid-phase 
organic carbon on shale icles (i.e., the solid-phase organic carbon 
theoretically expected to be in equilibrium with the actual measured 
TOC concentration in the bulk leachate). 

The parameter C, the actual TOC concentration 1n the bulk leachate, 
was directly measured dur the column experiments. 

The parameter was estimated from the isotherms presented in 
F s 51 and 52 the estimated values of q (recall that 
q 1s the actual solid- organic carbon on the shale particles). 
The r c* represents an estimate of the theoretical TOC 
concentration (i.e., the TOC concentration theoretically expected 
to be in equilibrium with the actual solid-~phase organic carbon). 

The various rate models were tested by employing the estimated 
parameters presented in Tables 24 through 29. Sample calculations 
involved in estimating the rate constant for each model are presented 
1n Appendix A. Estimates of rate constants for each model are presented 
m Tables 30~35. 

An examination of Tables 30 through 32 suggests that, for 
1 spent shale, the most likely rate-controlling mechanism is 

internal diffusion. The rate model which assumes that internal 
diffusion is rate-limiting, the Glueckauf model, yielded fairly constant 
values for for all three column during time periods ranging 
up to and including 30 hours. Dur this time period, values of 
Kc es~imated for all three column lengths ranged from 0.0374 to 0.0783 
hour'~ 1 • However, with the exception of a few individual pieces of 
data, values of Kc tely ranged from 0.0400 to 0.0600 hour-I. 
After 30 hours, the value of Kc dramatically increased for two of 
the column t:hs, suggest that either (1) internal mass transfer 
was no longer limit 1 (2) two or more mechanisms simultaneously 
controlled the rate of desorption after 30 hours, or (3) inaccurate 
experimental data were obtained. It is strong suspected that the 
latter anation is most likely, thus implying that internal diffusion 
is the sole rate-controlling step for Type 1 spent shale. 
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Table 30. Estimates of KG (internal diffusion t'ate constant) for 
Type 1 spent shale. 

Column 1 em 
9 1/hr 9 estimated 

at various times 7.5 15 22.5 

5 hr 0.0598 0.0617 0.0446 0.0554 

7.5 hr 0.0516 0.0580 0.0448 ().0515 

10 hr 0.0514 0.0560 0.044.9 0.0508 

15 hr 0. OL+62 0.0522 0.0494 0.0493 

20 hr 0.0420 0.0535 0.0485 0.0480 

25 hr 0.0374 0.0635 0.0524 0.0511 

30 hr 0.0346 0.0783 0.0689 0.0606 

40 hr 0.0365 0.1661 0.1689 0.1238 

average 0. 04L+9 0.0737 0.0653 0. 0613 
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Table 31. Estimates of KE (external mass transfer rate constant) 
for Type 1 spent shale. 

Column em 
KE, 1/ g~hr, estimated 

at various times 7.5 15 22.5 Average 

5 hr 0.0000165 0.0000083 0.0000036 0.0000095 

7.5 hr 0.0000384 0.0000153 0.0000058 0.0000198 

10 hr 0.0000948 0.0000272 0.0000088 0.0000436 

15 hr 0.0003613 0.0000897 0.0000222 0.0001577 

20 hr 0.0005970 0.0002480 0.0000654 0.0003035 

25 hr 0.0007989 0.0004740 0.0001480 0.0004736 

30 hr 0.0010060 0.0008237 0.0003040 0.0007112 

40 hr 0.0016630 0.0029140 0.0012800 0.0019520 

~ Average 0.0005719 0.0005750 0.0002297 0.0004588 
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Table 32. Estimates of KBA (surface reac on rate constant) for 
Type 1 spent shale. 

KBA' 1/mg~hr, estimated 
at various times 

5 hr 

7.5 hr 

10 hr 

15 hr 

20 hr 

25 hr 

30 hr 

40 hr 

KBA average 

7.5 

~0.133 

~0.110 

~0.088 

~0.062 

~0.049 

~0.042 

~0.038 

~0.035 

-0.0696 

Co em 

15 22.5 Average 

-0.0915 

~0.061 ~0.0479 -0.0730 

~o . o 4 7 6 ~o . o 3 7 t., -0.0577 

~0.0355 -0.0297 ~0.0424 

-0.036 ~0.0246 -0.0424 

~0.038 ~0.035 ~0.0696 

~0.0243 ~0.0184 ~0.0263 

-0.0202 ~0.0136 ~0.0229 

~0.0408 -0.0312 ~0.0472 
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Table 33. Estimates of KG (internal di 
Type 2 spent shale. 

) 1/hr, estimated 
at various times 7.5 15 

hr 0.0613 0.0304 

7.5 hr 0.0551 0.0240 

10 hr 0.0512 0.0193 

15 hr 0.0402 0.0182 

20 hr 0.0317 0.0163 

25 hr 0.0212 0.0140 

30 hr 0.0143 0.0119 

40 hr 0.0113 0.0128 

KG average 0.0358 0.0184 

rate constant) for 

22.5 Average 

0.0151 0.0356 

0.0072 0.0288 

0.0064 0.0256 

0.0087 0.0224 

0.0080 0.0187 

0.0090 0.0147 

0.0101 0.0121 

0.0101 0 0114 

0.0093 0.0212 



Table 34, Estimates of 
for Type 2 

KE, 1/g-hr, estimated 
at various times 

5 hr 

7,5 hr 

10 hr 

15 hr 

20 hr 

25 hr 

30 hr 

40 hr 

KE average 

~162~ 

(external mass transfer rate constant) 
shale. 

7.5 15 22.5 Average 

0.0000088 0.0000018 0.0000006 0.0000037 

0,0000172 0.0000021 0 ,000000!+ 0.0000066 

0.0000317 0.000002.2 0 .OOOOOOLI, 0.0000114 

0.0001074 0.0000037 0.0000007 0.0000373 

0.0002265 0.0000057 0.0000009 0.0000777 

0,0002855 0,000092 0,0000016 0.0000988 

0,0003005 0.0000152 0.0000028 0.0001062. 

0.0003807 0, 00004L}O 0.0000068 0,0001438 

0.00001698 0 0 0000105 0.0000018 0.0000607 

~-=~~~~~~~-~___,--~--~~--~~=~9~~~--~-~--.-~-~~=-7~-~~~-~-~==----~~~r~~~"·-~~~---~~~~-~~~~-----___ 
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Table 35. Estimates of KBA (surface reaction rate constant) for 
Type 2 spent shale. 

Co 
KBA, l/mg-hr 1 estimated 

at var~ous times 7.5 15 22.5 Average 

5 hr ~0.0755 -0.0500 ~o. 0/+26 -0.0560 

7.5 hr -0.0583 -0.0352 <~0.0207 ~0.0381 

10 hr -0.0468 -0.0265 -0.0182 -0.0305 

15 hr -0.0364 -0.0248 -0.0239 -0.0284 

20 hr ~0.0279 -0.0220 -0.0208 -0.0236 

25 hr -0.0270 -0.0222 -0.0327 -0.0273 

30 h:r -0.0252 -0.0267 -0.0346 -0.0288 

40 hr -0.0228 -0.0194 -0.0296 -0.0239 

KBA average -0.0400 -0.0284 -0.0279 -0.0321 



The values of KE presented in Table 31 indicate that, at no 
time, did external mass transfer control the rate of desorption from 
Type 1 spent shale. Furthermore, Table 32 reveals that values of 
KBA varied s ificantly exce for later time periods. During later 
time periods, the trend in data cates that values of were 
approaching a constant near the end of the time od investigated. 
This suggests that (1) surface reaction may have become the rate
controlling mechanism after 30 hours or (2) both internal diffusion 
and surface reaction simultaneously may have controlled the rate of 
desorption at later time periods. However, the trends in data are 
not strong enough to substantiate either of the above claims. 

Overall, it is sized that internal mass transfer is the 
rate-controlling mechanism for 1 shale. This is likely 
due to the high internal porosi of the Type 1 spent shale. As 
previously reported in Table 11, its total porosity was 57 percent 
and its internal porosity was probably a significant portion of the 
total porosity. As a consequence of its internal porosity, 
desorbed material must diffuse through a "maze" of internal pores and 
interstices prior to appearing in the bulk leachate. 

An examination of Tables 33 through 35 reveals that, for Type 2 
spent shale, none of the proposed rate models appropriately describes 
the rate of desorption over the entire range of time considered. 

The data presented in Table 33 indicate that internal mass 
transfer may have become rate-limiting during subsequent time periods. 
This assertion is strongly supported by data derived from column lengths 
of 15 and 22.5 centimeters. If one were to ignore data derived from 
a column length of 7.5 centimeters, it would appear that internal mass 
transfer was rate-controlling after ely 10 hours of leaching. 
During the period of 10 to 40 hours, values of KG ranged from 0.0064 
to 0.0193 hour-1 for column 1 s of 15 and 22.5 centimeters. For 
all three column values of became relatively constant at 
leaching times of than 25 hours. 

At first glance, the values of presented in Table 34 suggest 
that external mass transfer was not a rate-controlling mechanism at 
any time. However, close scrut of the data suggests that external 
mass transfer may have been initially rate controlling, particularly 
during the first 5 hours. For all three column lengths, values of 
KE were initially low while s values ly increased 
as a function of time. Furthermore, for column of 15 and 
22.5 centimeters, values of remained fair constant during the 
first 10 hours prior to increasing. The above trends in data suggest 
that external mass transfer may have possibly played a rate-limiting 
role during the first 5 hours of leaching. (This assertion is based 
on an extrapolation of observed data trends during initial time periods). 
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In summary, it was ori 1 assumed that this u; of rate 
models would precis identi s rate-controll mechanism 
for both of shale over the entire range of time considered. 
However, these expectations did not evolve for the following 
possible reasons: ( 1) different mechanisms were rate,~control over 
different ranges of time, (2) two simultaneously 
rate-control cular and ity 
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basic data, (2) conduct a more rigorous analysis of the rate of desorp~ 
tion, (3) conduct more rigorous equilibrium studies to precisely define 
equilibrium isotherms, and (4) attempt a computer~assisted integration 
of the differential mass balance equation. 

Suggestions for future research relative to further kinetic analysis 
and the development of a packed column mass transfer model are discussed 
in more detail in a subsequent section entitled "Recommendations for 
Future Research." 



CHAPTER 9 

ASSESSMENT OF THE ENVIRONMENTAL TRANSPORT 
AND FATE OF LEACHED ORGANIC CONTAMINANTS 

Based on the results present section, it is apparent 
that there exists a s ficant ion of groundwater 

residuals leached from. in""Sit:u The purpose of 
is to assess the environmental and fate of leached 

contaminants. assessment -v:dll be somewhat itative since, 
in many areas, there is insuffic information to provide estimates 
for a itative assessment. 

As ous disclosed in the introduction, rich deposits of 
oil shale often exist ble strata situated between two 
groundwater fers. ified by the Piceance Creek Basin 
in which a continuous layer of oil shale Zone) 1 ranging from 
100 to 200 feet in thickness, traverses most of the basin. A schematic 
des the strat of the Piceance Creek Basin is 
m Figure 59. This schematic shows the shale layer and adjacent aquifers 
1n relation to several in-situ retorts. 

Prior to and fers will be continuously 
dewatered in order to fer with the 
retorting process, Upon , dewatering ions 
will cease and groundwater into abandoned retorts 
until s state flow conaitions are eventually established. A 
likely flow through a retort was depicted in 
Figure 7. tern described in 7 is highly idealized 
and assumes that (1) the shale is situated between two aquifers 
as in the Piceance Creek Basin, ( ) the retort tely 
the shale and thus establishes ion between adjacent 
aquifers, and (3) the pressure difference between the upper and lower 
aquifers is sufficient to flow through the retort (as 
will occur in many Creek Basin), 

If 
a like 
is described 
the lower 
operations have ceased and 
will be established. 

and, in 
dis 

shale as 
ly, contaminated 

response to the exist 
such as a well or the 

tern depicted in Figure 7 1 

transport of leached contaminants 
:u1 60, groundwater from 

abandoned retort after dewatering 
tate flow conditions 

s will be leached 
through the retort. 

enter the upper aquifer 
, flow toward a point of 

stream. 

As contaminated groundwater enters the upper fer, a certain 
of dilution 11 occur as it mixes th uncontaminated ground~ 

water from the upper aquifer. As it flows through the upper fer, 
contaminated will be in quali as a consequence 
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of natural treatment 
tion, and microbial 
decrease due to 
tually, contaminated 
a well or may 
contaminat 

such as adsorption, ion exchange, filtra-
ion. Furthermore, contaminant levels will 

dispersion within the upper aquifer. Even
may be pumped to the surface via 

reach of a stream, thereby 

In the pages, an attempt will be made to assess both 
the and the environmental t of leached 
contaminants without regard to the specific location of an actual 
development site. However, it should be zed that the magnitude 
of potent water will be highly site- fie and 
will be influenced by local conditions sucla as (1) stratigraphy, 
(2) ambient ity, (3) ambient geohydrology, and 
(4) of in-,situ retorts to wells, streams, and springs. 

conditions, certain 
exis conditions 
Basin. 

some indication of the of site-specific 
s of the following assessment will consider 

in the general vicini of the Piceance Creek 

The fol assessment will consider only a single retort and 
its potential t on quality. Unfortunately, an assess-
ment simultaneous cons a large number of retorts is considered 
to be beyond the scope of this study. This is primarily due to (1) the 
extremely complex geohydraulics involved, (2) the lack of information 
regarding the areal extent and spacing between a large number of retorts 
at a commercial·~scale facility, and (3) the fact that the leaching 
phenomenon in one retort is not t of the phenomenon 
1n nearby retorts. 

It is assumed that a typical in-situ retort (1) will have approxi~ 
mate dimensions of 50 meters in length, 50 meters in width, and 60 meters 
in height and (2) will approximately penetrate the entire thickness 
of the shale thus establishing communcation between adjacent 
aquifers" it is assumed that this retort will 
contain shale (as the bulk density 
of s 

The 

conductivi 

or more 
10 

fer 

1,0 grams/cubic centimeter). 

a function of its 
icular, 

the "hydraulic 
of a good aquifer can 

sand and fer) 
fer can range down to 

fer) or less 3). 

In areas of 1 in~situ development, the lity of 
the lower fer is important because the flow of groundwater through 
a retort may be limited by the lity of the lower aquifer if 
it is extreme low in relation to the li of the retort. 



For , in the Piceance 
10 

ln the 

The flow 
will also be 
lower and upper 
the head of the lower 
of the upper 
head differential 
cases, to 

fer. For 
averages 
flow 

, 171 

li of the lower 
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The 
of this research 
ignoring the 
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about 500 to 700 
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Temporarily 

acent fers, the ial flow 
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be about 680,000 gallons 

illed with similar s 
(an estimate based on 's Law, 

assuming the li 
and the head difference between the 
10 feet). Al this represents 
that the lities of the upper 
be substantially less than the 
permeability associated with either 
flow a retort. A low 

fer will limit the flow of 
from the retort. 

le in the retort is 
and bottom of the 

500 gpd/ ft2 
retort is 

substantial flow, it is asserted 
lower fers will likely 
of the retort. A low 

fer will 1 control/limit 
associated with the lower 
that can be discharged 

In the Piceance Creek Basin, the 1 of both the lower 
and 
are 
shale 
the 

fers averages about 10 lities 
50 to 70 times le s than the of spent 

the research summa:rized herein. Thus, 
ial flow a retort, 680,000 

per , would prove to be unrealistic for retort situated 
in the Piceance Creek Basin. Instead, a much lower flow rate would 
be antic Unfortunat , a more reali t estimate would be 
difficult without the use of a program which models ground~ 
water movement. Present , research is at the Lawrence 
Berkeley in an at to model 
through a retort by a finite difference 
(Ref. 37). 

ter movement 
employing a computer 



Leach vJithin a Retort 

1 , it was intended that a model bas on the results 
of the continuous~"' flow column experiments would be developed in order 
to an estimate of the ~ of contaminated as 
a function of time as it exits from a retort. However, a. decision 
was made not to develop such a model for the fol reasons: 
(1) deve of such a model would re a complex computer-
oriented is, (2) the use of data derived from extremely small 
columns (12 or 6 inches in 1 inch in diameter) to simulate 
a very retort (50 meters 50 meters 60 meters) represents 

on of data, (3) very little is known about the 
hydraulics of a retort in relation to adjacent fers (information 

red if a retort is to be modeled as a , and (4) the 
continuous~-flow column distilled water at 
20°C when, in emperature ipate 
in the As an alternative approach, 
the devel as a means of 
the al retort. 

The l of c material from an in~-·situ retort v1il1 likely 
represent a ially chronic, term As groundwater 

into a retort, it will solubilize 
saturation conditions are attained. Dur 

c material until 
the initial migration 

of , saturation conditions will be reached near the influent 
tort ~:,rhereas, dur ng the subs inflow of groundwater, 

saturation conditions may not be attained until leachate nears the 
effluent end of a retor • Eventual , after considerable time period 
of 1 , saturation conditions will not be established at any point 
within the This is schematical in 
Figure 61. Essent al , describes TOC concentration profiles 
within a retort function of time. 
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Figure 61. TOC concentration profiles within a retort as a function 
of time. 

/ 

Figure 62. TOC concentration as a function of time in the effluent 
from a retort. 
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At this point, it would seem to estimate the mass 
of carbon that can potentially be leached. from various types 
of shale. Estimates of the minimum mass of organic carbon that 
can ially be leached from combustion~retorted (Le., Type l) 
and inert gas~retorted (i.e., Type 2) spent shales are presented in 
Table 36. These estimates were der from data during 
both the (1) 1 ium batch experiments and (2) continuous~flow 
column experiments. Where there is a range of values appearing in 
Table 36, the lower value was derived from the results of equilibrium 
batch experiments vlhile the higher value was derived from the results 
of continuous~~ flow column experiments. Where a single value appears 
in Table 36, this value was derived from the results of equilibrium 
batch experiments. 

Table 36, Masses of 

Type of leach water 

Distilled water 

Distilled water 

Groundwater 

Groundwater 

ially leachable carbon. 

0 Water temp, C 

20 

80 

20 

80 

Potentially leachable organic 
carbon, mg TOC/lOOg spent shale 

Type 1 shalea 

L6 

2.0 

L4 

L8 

a Type 2 Shale 

2.2 ~ s.o 

6.0 

2.7 

6.8 

1 is a combustion~retorted spent shale; Type 2 1s an inert~gas 
retorted shale. 

Those data in Table 36 that were der from librium batch 
experiments corres to a shale~to-water ratio of 50 grams'/200 milli~ 
liters, the lowest shale-to-water ratio examined. The rationale for 
us icular data is that solubil limitations will be 

icant for the lowest shale-to-water rat Thus, 
a volume of water (Le., 200 milliliters), it was 

originally assumed that a s of the water-soluble 
materials would be leached and limitations would 
not play a major role. Ideally, a volume of water than 200 
milliliters should have been used to derive an es the mass 
of material that can ially be leached. However, the 
l assware used dur the equilibrium batch 
(i.e., 300 milliliter flasks) a lower shale-to-water ratio 



from However, i :c sert:ed which 
examined the lowest: shale~to~wat:er ratio (i, ,, 50 grams/200 milliliters) 

a estimate of the minimum mass of 
carbon. 

Table 36 also contains a limited amount of data obt 
cant 1m;J column experiments, Unfortunat 

distilled water at Al 

ly leachable 

from the 
experiments 
derived 

from s est from 
batch experiment , i to recognize 

are, at bes 1 ind ive of the minimum potentially 
leachable mass. This is due to the f t that column v.1ere 
run for a duration of 96 hours and at the end of this period, 
a ficant material was still be leached. 

Est concentrations of carbon in various 
s of leachates are in Table 7, The est shown in 

Table 37 are in terms of a range, encompass a lower and higher 
value, 

Table 37. Es saturation concentrations of carbon. 

of leach water Water 

Distilled water 20 

Distilled water 80 

Groundwater 20 

Groundwater 80 

a 
Type 1 is a combustion~retorted 
retorted s shale. 

Concentration of organic 
carbon, mg/1 TOC 

Type 1 shal Type 2 shale 

~~~~~~~-=<-=-~~=== 

18 "- 440 25 ~ 790 

16 ~ 90 36 ~ 63 

19 ~ 1270 25 530 

16 ~ 52 67 140 

shale 2 is an inert~gas~ 

a 

The lower values presented in Table 7 vJere derived from equilibrium 
batch experiments ·examining a shale····to~water ratio of 50 grams/30 
milliliters 9 the highest shale·-to~water ratio examined. 
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It is thesized that a s ficant portion of the water-soluble 
organic material will be leached dur the initial few pore volumes 
of groundwater pass through a retort, Assuming-a porosity of 50 
percent, the pore volume of a typical retort is estimated to be about 
7.5 x 107 liters, Therefore, the approximate volume of groundwater 

to leach the mass of potentially leachable organic 
carbon from a retort (as estimated in Table 38) can 
be estimated estimates of TOC saturation concentrations 
presented in Table 37. 

Table 38. Estimated ml.nTmum mass of organic carbon that can 
ially be leached from a typical in-situ retort. 

Organic carbon, kg TOC 

Type of leach water ~ 0 
Water temp, C a Type 1 shale a Type 2 shale 

Distilled water 20 3,300- 7,500 

Distilled water 80 3,000 9,000 

Groundwater 20 2,100 

Groundwater 80 2,700 10,000 

aType 1 is a combustion-retorted spent shale; Type 2 is an inert--gas-
retorted shale. 

Table 9 estimates of the port'! volumes required to solubilize 
the masses of c carbon described in Table 38. These estimates 
were based on the lower values of estimated TOC saturation concentrations 
presented J.n Table 37. The estimated pore volumes shown in Table 39 

as well as a conservative ion of the volume 
that may be in ity by leached 

contaminants. 

After contaminated 
aquifer, it: will mix with 

fer 

will serve to decrease 
Subsequently, this mixture, in 
will flow the upper 

from a retort reaches the upper 
from the upper aquifer which 

levels as a consequence of dilution, 
response to the hydraul ent, 
fer toward a point of discharge, 



Table 39. Pore volumes of water red to leach estimated minimum 
mass of ially leachable carbon from a typical 
retort. 

Pore volumes of watera 

of leach water Water Type 2 shaleb 

Distilled water 20 L7 4.7 

Distilled water 80 2.5 3.3 

Groundvmter 20 L5 2. 1 

Groundwater 80 2.3 2.0 

8
0ne pore volume ~s equal to 7.5 x 107 liters. 

1 is a combustion~retorted spent shale; Type 2 is an inert~gas~ 
retorted spent shale. 

may, 
This 
For 
upper 

As indicated previously, the permeability of the upper aquifer 
in some cases, be substantially less than that of a retort. 
will tend to inhibit the flow of groundwater through a retort. 

1 in the Piceance Creek Basin, the permeability of the 
fer averages about 10 gpd/ft2, substantially less than the 

lity of a retort. 

The 1i ty of the upper fer is important because it 
will control (1) the period of time which groundwater flows 
through fer media and is ected to natural treatment processes 
and (2) the time required for contaminated groundwater to appear in 
a well or in a stream. 

In order to illustrate the above 1 consider an in~situ 
retort 1000 feet ient from a welL Assume that the 
upper has a permeabili of 500 gpd/ , representative of 
a good sand and gravel aquifer • 38), a hydraulic gradient of 
100 ft/mile (a s gradient), and a porosi of 40 percent. Employing 
these assumptions and Darcy's the velocity of groundwater flow 
is computed to be" three feet/ day. Thus, for this illustrative example, 
it would take almost one year for contaminated groundwater to reach 
the designated well, However, it should be noted that the above 
illustrative e e is an extreme case. In most areas of potential 
development, wells and streams will likely be located more than 1000 
feet from a retort and the upper fer will likely have a lower 
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li and ic ent. Thus, 1n some cases, contaminated 
groundwater may flow through the upper aquifer for literally decades 
or centuries before it discharges into a stream or.is pumped from a 
well. As a more realistic illustrative example, consider a retort 
developed one mile up~gradient from the gaining reach of a stream. 
Assume that the upper aquifer has a. lity of 10 gpd/ft2 (approxi~ 
mately ive of the upper fer in the Piceance Creek Basin), 
a hydraulic gradient of 50 ft/mile, and a porosity of 20 percent. Using 
these assumpt , the velocity of groundwater flow is estimated to be 
about 0.1 ft/day. Thus, approximately 150 years would be required for 
contaminated to reach the designated stream. 

Based on the above, it is apparent that, in certain areas of 
potential development such as the Piceance Creek Basin, there will 
be highly localized of groundwater quality. However, 
the tude of this ion will decrease as one proceeds 
ar.vay from the site. This is primarily due to the extremely 
slow flow velocity that is characteristic of groundwater in aquifers 
such as the upper aquifer in the Piceance Creek Basin. 

Dis fer into a Stream 

As indicated previously, contaminated groundwater may eventually 
discharge into the reach of a stream, thereby indirectly 
contaminat streamflow. Many streams situated throughout the tri~ 
state oil shale region receive a substantial influx of groundwater 
in comparison to direct surface runoff. For these particular streams, 
there exists a potential for contamination of streamflow by inflowing 
contaminated groundwater. 

In the Piceance Creek Basin, the average annual flow of the Piceance 
Creek is 14,500 acre-feet per year, as measured by a gauging station 
at the mouth of the basin. About 80 percent of this flow is derived 
from while the remainder is supplied by direct surface 
runoff. te 11,600 acre-feet of groundwater discharges 
into the each year (Ref. 3). 
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t ing groundwater to 
that h 

The time 
several years. 

e 

After tion of 
continuous recirculated 

time period unt l most leachable mater
ials have been extracted and become solubil zed in the solvent. The 

icul solvent(s) used will on ch s are of most 
concern. For e, nonpolar solvents be used to extract nonpolar 
organic contaminants. If solvent ext tion 1s as a control 
measure, the use of solvents would more effe tive than simply 
us water as a solvent due to solubil limitations associated with 
water. After solvent extraction, the resultan spent shale will be 

lat stabilized with respect to s c s. 
However, it should be noted that solvent ext s 
creates waste lem: di of fter extraction. 
Afte extrac ion, the solvent must be to the surface for recovery 
or disposal. ince it is likely that solvent recovery would be low, this 

icular control measure would ly he economically prohibitive. 

Site Location 

Several control measures 9 fall under the c 
location 9 n can be 

organic contaminants. 
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fer characteristics ensure slow pollutant transport. However, it 

should be recognized that eventual surfac of contaminated groundwater 
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of pollutants due 

It is possible 
will (1) ensure 

and (2) provide 
natural treatment of contaminated er processes such as adsorp-
tion, microbial de ion 9 etc. aquifer characteristics will 
de the appearance of cant wells or surface 
waters and will ensure that the quali o 1s significantly 

the time it is 
a surface water. 

to the surface or dis into 
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certa as ceance Creek Basin, 
there groundwater for domestic and 
1rr1 ion uses. Furthermore, in these areas, the upper aquifer is 
often of good quali The selection of development sites remote 
from wells and quali fers will (1) enable existing users 
to continue using er for various beneficial us~s and 
(2) preserve exist quali fers for future exploitation. 

Treatment 

Various control measures, fall under the category of "treatment/ 
disposal," can be empl to control the tion of ground1;,rater 
by organic contaminants. These include: 

Groundwater. After groundwater 
flows a retort, to surface and subjected 
to various treatment processes in order to its quali 
For contaminants can be removed treatment processes 

ion. If ads ion is empl as a treatment process, 
nonpolar organic contaminants can be removed adsorbents such as 
activated carbon while polar c contaminants can be removed by 
adsorbents such as silica gel. Needless to say, this particular control 
measure would be rather expensive. 

ed groundwater can be pumped to the sur 
s ected back into an aquifer at a location up-gradient 
to a retort. tus behind this control measure is to essentially 
recirculate contaminated through a retort for a designated 
period of time. This represents a possible means of stabil-
izing spent shale (similar to the previous discussed technique of 
solvent extraction). As is continuously recirculated through 
a retort in this manner, increas greater amounts of contaminants 
are leached from shale until saturat conditions are approached. 
After the is relative stabilized, the multi-recycled ground-
water can to the surface for subsequent treatment/disposal. 

If geology and groundwater 
to the surface and transported to an appropriate location 

for disposal by deep well i ection. An appropriate location would 
be a deep semi-isolated aquifer or a fractured geo al formation 
situated below usable fers. It is apparent that this particular 
control mea ure would be rather site-specific and contingent upon 
suitable geology/strat in the devel area. 

Out Contaminated 
nat er can to the sur 

of by land ication in order to take advantage of natural 
treatment associated with the soil mantle. The feasibili 
of this disposal scheme on various factors inc (1) depth 
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A number of control measures have been suggested to eliminate or 
minimize the tial ion of leached 

contaminants. Certain of these control measures are considered 
to be both economical al ible. In contrast, 
other suggested control measure considered to be economically 
and/or technol c infeasible at the present time. Control measures 
which are not present feasible have been discussed, in part, as a 
matter of academic interest, and, in part, as means of stimulating 
the future deve of new control measures. 
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CHAPTER 11 

CONCLUSIONS 

lusions Derived from Characterization o 

The solid-phase organic carbon content of spent shale samples 
examined during the leaching experiments ranged from 0.2 to 3.9 percent, 
by weight. This high organic carbon content is indicative of the 
water pollution potential of in-situ spent shale, 

Conclusions Derived from Kinetic Batch 

1. The levels of organic contaminants in leachate are influenced 
by various factors, including: 

• retorting characteristics of spent shale 
• temperature of leach water 
• initial quality of leach water 
• particle size range of spent shale 
• leaching time period 

2. The highest levels of organic carbon were observed in leachate 
derived from spent shale produced during inert gas retorting and during 
combustion retorting employing recycle gas. In contrast, the lowest 
levels were detected in leachate derived from spent shale produced 
during ordinary combustion retorting. 

3. An elevated water temperature appeared to enhance the leaching 
of organic material from spent shale produced during inert gas retorting 
but, in contrast, appeared to have little overall effect on the leaching 
of combustion-retorted spent shale s s. 

4. The initial quality of leach water did not appear to signif
icantly affect the leaching phenomenon except when spent shale produced 
during inert gas retorting was leached with groundwater at a high 
temperature, In this particular case, it appeared that some kind of 
interaction, involving the quality characteristics of groundwater, a 
high temperature, and pH, dramatically enhanced the leaching of organic 
material. 

5. The particle size range of spent shale samples influenced 
the leaching phenomenon according to theory. Slightly higher levels 
of organic carbon were observed in leachate derived from a smaller 
particle size range than in leachate derived from a larger particle 
size range over a leaching period of 30 days. 



6. shal s 
in ly increased as 
a 30~day period, the greatest rate 
during the first day. Thereafter, 
decreased significant until 

the thirtieth 
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es, the levels of organic carbon 
a function of l time. Over 
of leaching generally occurred 
the rate of leaching generally 

librium11 conditions were 

7. The most unusual results derived during the kinetic batch 
experiments were those related to shale produced during combustion 
retorting employing recycle gas. The o c carbon levels in leachate 
obtained from this type of spent shale tend to fluctuate in an oscillatory 
manner as a function of time. Organic carbon levels in other spent 
shale leachates increased as a function of time. This behavior 
is most likely related to insolubilization reactions involving leached 
bivalent cations and leached ics and ic acids, leading 
to the formation of insoluble lates and carboxylates. 

8. During the batch 
carbon, organic nitrogen, 
were observed in most s 

9 s ficant levels of organ1c 
phenols, and acid/base/neutral fractions 

es of leachate. 

9. The highest levels of phenols were observed in leachate obtained 
from spent shale samples produced during inert gas retorting. The 
highest concentration of phenols observed during the batch experiments 
was 430 g/1. Due to the of the method of analysis employed, 
it is believed that estimated levels of phenols are conservative and 
that actual levels of phenols are s ficantly greater. 

10. Significant 
samples of leachate, 
levels were observed 
spent shale. 

levels of organic nitrogen were detected in various 
up to 1.4 mg/1. Generally, the highest 

in leachate obtained from inert gas-retorted 

11. During the fractionation of organic material, the largest 
observed fraction was the neutral fraction extracted from leachate 
derived from spent shale produced dur inert gas retorting. It 
is hypothesized that this neutral fraction may consist largely of 
unextracted hydrocarbons which are neutral in character or possibly 
weakly acidic phenols. 

Conclusions Derived from librium Batch s 

The shale·~to·~water ratio librium batch experiments 
significantly influenced the resultant c carbon concentration 
in leachate. As antic 1 hi concentrations of organic carbon 
were detected in leachate derived from higher shale~to~water ratios. 
Equilibrium batch experiments that examined a series of shale~to~water 
ratios provided an indication of the cular shale-to-water ratio 
at which solubility limitations to play a role. 
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Conclusions Derived fs:om Continuous~Flow Column iments 

1. The ults of the continuous~flow column s' 
distiLled water similar to the results 

of the corre batch s. t levels of organic 
carbon were observed in leachate obtained from s shale produced 

combus ion retort recycle gas. In contrast, the 
lowest levels were detected 1n leachate obtained from shale during 

cornbust.:Lon ~cetor 

2. During the continuous~flow column s, h:vels of 
carbon were greatest initial time periods of leaching 

and thereafter decreased. This implies that the rate of was 
st dur initial time 

3. It is thesized that c material leached during initial 
time periods was readily leachable due to its ty to the exterior 
surface of the s shale matrix while material leached during subse-
quent time ods was not readily leachable due to its ty to 
the interior of the shale matrix. The of organic material 

subs time periods is likely controlled by internal diffusion. 

L;.. The 
was greater 

mass of c carbon leach.ed per unit mass of spent shale 
during the continuous-flow column than during 

the batch experiments. This ies that solubility 
a role during the batch experiments. 

Conclusions Derived from Da lS 

1. A kinetic is of results derived from the kinetic batch 
experiments revealed that the phenomenon in a batch reactor 
can be roughly as a first-order desorption reaction for 
both combustion-retorted and inert gas-retorted In contrast, 
the kinetics associated with shale combustion 
retorting ng recycle gas could not be simulated by simple st-
order kinetics. This ies that, the of spent shale 

ed dur combust on retorting ng recycle gas, additional 
reactions were possib such as re-ad ion of leached 

cs or insolubilization/precipitation of leached organics. 

2. Both the Freundlich and Langmuir isotherm models 
to be appropriate for model equilibrium relationships associated with 
inert gas-retorted shale over a certain range of experimental data. 
To a somewhat lesser extent, these same models were appropriate 
for model librium relat for combustion-retorted spent 
shale. Within the range of al data 9 these models can be used 
to t 1 with a fair accuracy, the librium concentration 
of organic carbon result from a part ar shale-to-water ratio. 
However, it must be ized that extrapolation of these models beyond 
the range of data will de a less accurate estimate 
of equi libriurn relati Based on the tion that isotherm 



models are merely mathematical expressions to describe ally 
derived data, it is asserted that a s isotherm model will not 
precisely describe librium relati s for a particular of 
spent shale over the entire range of possible data. 

3. A kinetic analysis of results derived from the continuous
flow column experiments revealed that, for combustion-retorted spent 
shale, internal diffusion appeared to be the rate-limit mass transfer 
mechanism. This is attributed to the internal porosi of combustion 
retorted spent shale. As a consequence of its hi internal porosity, 
desorbed cs must diffuse internal pores and interstices 
prior to ng in the bulk leachate. For inert gas-retorted spent 
shale, a similar kinetic is suggested that external mass transfer 
may possibly have been rate-controlling dur initial time periods 
of leaching while, during subsequent time periods, either (1) internal 
diffusion, (2) surface reaction, or (3) a combination of both internal 
diffusion and surface reaction became rate"o·limit The possible 
influence of external mass transfer dur initial time periods is 
related to the likelihood that some of the or mater al associated 
with inert gas-retorted e is situated along the exterior of 
spent shale icles where it is readi available for leaching during 
the initial few hours. entering the bulk leachate, this readily 
leachable material results in initial TOC concentrations, se~ving 
as an external resistance to mass transfer until this TOC leachate 
exits from the column. 

Environmental rt and Fate of Leached 

The environmental transport and fate of organic contaminants 
will be strongly affected (1) stratigra ogy, 
( 3) ambient groundwater quali in~,si tu retorts 
to streams, v1ells 1 and s ngso The flow of through 
a retort will be extremely slow as a consequence of the relatively low 
permeabili of adjacen fers. As a parcel of water flows through 
a retort, organics will be solubilized until saturation conditions are 
reached. The initial leachate effluent from an in-situ retort will 
most likely be saturated with s. Saturation levels of organics 
in leachate effluent will like persist for a s ificant period of 
time. Subsequent , when levels fall below saturation, low concentra-
tions of cs will appear in leachate effluent for extremely long 
periods of time. This is due to the fac that mass t ansfer will 
ultimate be controlled nterual diffusion. These lower levels of 
organics may persist for years and represent a very ficant chronic 
pollution problem. Al some leached will be removed by 
natural treatment processes associated with an fer, it is important 
to note that ( 1) certain or contaminants wiU not be affected by 
these natural treatment processes and (2) eventual the ''treatment 
capaci of an fer may be exhausted. 



Conclusions al Control Measures 

A variety of control measures have been advocated to mitigate 
potential associated with in-situ shale leachate. 
Unfortunately, most of these control measures are characterized by 
unfavorable economic and/or technological feasibility. It is asserted 
that one of the most economically and technologically reasonable control 
measures presently available involves the continual dewatering of 
aquifers acent to an abandoned in-situ retort until the retort 
has cooled to ambient The tus behind this control 
measure is that high t s in an abandoned retort will, in 
certain cases, greatly enhance the leach process as a consequence 
of refluxing and different solubilities. 

General Conclusions 

The exploitation of oil shale resources by in-situ processes 
may adversely affect the quality of both groundwater and surface water 
resources within the tri-state region of Colorado, Wyoming, and Utah. 
There is significant potential for the leaching of organic contaminants 
from in-situ spent shale by groundwater on a massive scale. Leached 
organic material may include contaminants with potential public health 
ramifications or ecological effects. Degradation of groundwater quality 
by leached organic contaminants will be a chronic and irreversible problem 
that may persist for decades or even centuries, The eventual appearance 
of contaminated groundwater at the surface will further compound the 
problem by degrading the quality of surface water resources, It is 
the inescapable conclusion of the author of this report that commercial~ 
scale in~situ development of oil shale resources should not be permitted 
until the completion of additional research related to the assessment 

. and control of in~situ spent shale leachate. 
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CHAPTER 12 

RECOMMENDATIONS FOR FUTURE RESEARCH 

The research summarized herein provides a general indication of 
the potential for contamination of groundwater by organic residuals 
leached from in~situ spent shale. However, during the course of this 
research, it became apparent that certain information required for 
an accurate assessment of the problem does not presently exist. It 
~s strongly recommended that commercial-scale in~situ development not 
be permitted until there are adequate data and information for use 
in the decision~making process. Therefore, in order to generate this 
required information, it is suggested that future research focus on 
the following areas: 

geohydraulics of retort and adjacent aquifers 

precise definition of equilibrium isotherms and estimation of 
max~mum saturation concentrations of organic contaminants 

kinetics of leaching phenomenon 

environmental transport of organic contaminants 

public health/ecological effects of leached organic contaminants 

more detailed assessment of particular types of spent shale 

s of Retort and 

It is recommended that the geohydraulics of one or more retorts 
in relation to adjacent fers be defined by employing one of several 
existing computer programs which model groundwater movement. A ground~ 
water flow model can be used to estimate flow through a retort, thereby 
providing insight into the kinetics of leaching and the time required 
for all water soluble c compounds to be leached from spent shale. 
Another application of a er flow model would be to define 
flow conditions in the upper aquifer and thus, provide additional 
insight into the environmental transport of leached contaminants. 

There is present a research effort at the Lawrence Berkeley 
Laboratory involving an attempt to fy and an existing ground-
water flow model for application to the problem of in-situ development 
(Ref. 37). This research effort involves the development of a compre
hensive model that will account for groundwater flow conditions from 
the period of initial dewatering, to subsequent ion of groundwater 
into a retort, to subsequent flow of contaminated groundwater through 
an aquifer. The ultimate objective of this research is to incorporate 
a chemical transport model into the overall flow model for 
use in leaching studies. 
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Precise Definition of Equilibrium Isotherms and Estimation of Maximum 
Saturation Concentration of Organic Contaminants 

An attempt was made during the research described Ln this study 
to define equilibrium isotherms and describe equilibrium relationships 
between spent shale and leachate. Although this attempt provided 
valid data, it is recognized that a more rigorous attempt at defining 
equilibrium isotherms could have been made. More specifically, since 
the research presented here only assessed four shale~to~water ratios 
for each type of spent shale examined under specified experimental 
conditions, it is recommended that future research assess a much larger 
number of shale~to~water ratios. Furthermore, since this research 
only assessed equilibrium conditions after 30 days in a quiescent 
environment, it is recommended that future research conduct equilibrium 
studies in an agitated environment (Le., shaker studies) for a time 
period longer than 30 days. Finally, since this research assessed the 
equilibrium leaching of organics from discrete "particles" of spent 
shale, it is recommended that future research employ "pulverized" 
samples of spent shale to ensure that only solubility limitations will 
limit the amount of organic material solubilized. 

Using the general approach described above, a considerable amount 
of equilibrium data can be obtained. These data can then be modeled 
by one of the models employed in this study (i.e., the Langmuir or 
Freundlich models) or another model such as the BET isotherm model 
(Ref. 27). 

Kinetics of Phenomenon 

It is recommended that additional research can be conducted on 
the kinetics of the leaching phenomenon. This future research should 
be an extension of research already summarized here and should focus 
on the kinetics of leaching during continuous~flow column experiments. 
Future kinetic analysis should consider composite parameters such 
as total organic carbon (TOC) as well as groups or classes of organic 
compounds of particular concern such as phenols or carboxylic acids, 

Future research should employ large-scale columns, in contrast 
to the small-scale columns used during this research. These large
scale columns should be a minimum of six inches in diameter (to minimize 
flow boundary effects) and approximately 10 to 20 feet in length. 
There should be a series of sampling ports situated along the column 
at one to two foot intervals. These sampling ports should be constructed 
in such a manner as to enable the periodic withdrawal of samples with 
a syringe, The overall column system should include a variable speed 
pump, enabling leach water to be pumped through the column at different 
flow rates. 



The above system can be used to assess leaching kinetics for 
a wide range of experimental variables such as: 

~ column length 

~ flow rate 

• initial quality of leach water 

e characteristics of spent shale samples 

Using the above system, it is recommended that future research 
assess the leaching phenomenon over extremely long periods of time. 
One of the inadequacies of the continuous~flow column experiments 
conducted during this research was the relatively short leaching time 
period studied (i.e., 96 hours). Employing this relatively short 
time period, it was observed that a significant concentration (i.e., 
up to 2 mg/1) was still being leached after 96 hours, This suggests 
that leaching may actually persist for an extremely long period of 
time, thus representing a potentially chronic groundwater pollution 
problem. In order to study the long~term aspects of the leaching 
problem, it is recommended that a considerably longer time period than 
96 hours be employed during future continuous~flow column experiments. 

The proper utilization of the experimental apparatus described 
above will enable the development of a series of (1) concentration 
versus time curves and (2) concentration versus column length curves 
(i.e,, concentration profiles), These curves will enable an accurate 
assessment of leaching kinetics, including identification of rate~ 
controlling mass transfer mechanisms, Finally, the data and information 
derived during this kinetic analysis can be used to formulate a mass 
transfer model describing the leaching process in a column packed with 
spent shale. 

The analytical parameters employed in this research~~total organic 
carbon (TOG), acid/base/neutral fractions, organic nitrogen, and phenols-~ 
provide a general indication of the types of organic contaminants that 
may be present in leachate. However, it is apparent that the identification 
of specific organic would enable a more accurate assessment 
of (1) the lie health and al implications of leached organic 
contaminants and (2) the environmental trans and fate of these 
contaminants. 

Presently, 
for identifying 

one of the most advocated instrumental techniques 

Gas Chromatograph/Mass 
it should be recognized 

compounds present in water or wastewater is a 
trometer (GC/MS) system (Ref. 41), However, 

that, when GC is employed as part of an iden~ 
tification system, 
pass through a MS can 
compounds that can be 

those compounds that are le enough to 
be measured and poss i ied. Furthermore, 
identified by GC are usual further restricted 
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to those that can be extracted from water by a nonpolar solvent such 
as hexane or chloroform, or compounds that can be increased in solubility 
by forming derivatives. 

The following general approach, although somewhat esoteric, has 
been advocated as a procedure to fully characterize aqueous organic 
compounds (Ref. 42). First, nonpolar compounds can be extracted from 
water by use of an appropriate nonpolar organic solvent. Next, the 
extracted nonpolar organic material can be concentrated by evaporating 
the organic solvent. Finally, polar organic material can be recovered 
and concentrated by evaporating the water remaining after the initial 
solvent extraction. 

Concentrates of nonpolar and polar organic material (and/or 
derivatives thereof) can then be injected into both a Gas Chromatograph 
(GC) and a High-Pressure Liquid Chromatograph (HPLC), each coupled 
to a Mass Spectrometer (MS) which records spectra of all separated 
compounds. A computer system can then be used to identify unknown 
compounds by matching their spectra with those of known compounds 
in a computer library. The GC/MS system enables identification of 
both nonpolar and polar volatile compounds while the HPLC/MS system 
enables identification of both nonpolar and polar nonvolatile compounds. 

Needless to say, the above approach represents an extremely 
expensive procedure requiring experienced analytical chemists. However, 
a detailed characterization of organic material in leachate, in which 
specific organic compounds are identified, will require a sophisticated 
analytical system similar to the one proposed. 

If a sophisticated GC/MS system is not available, less sophisticated 
techniques such as ultraviolet spectroscopy or thin layer chromatography 
can be employed. In addition, more basic "wet-chemistry" types of 
laboratory analyses can be employed for characterization of leached 
organics. These more basic types of analyses may include (1) "color~ 
forming" tests which qualitatively indicate the presence or absence 
of particular groups or classes of organic compounds, (2) fractionation 
of organic material into acid/base/neutral fractions using solvents 
other than hexane, and (3) extraction of a weakly acidic fraction 
of organics to provide a general indication of the potential presence 
of phenols. Finally, it would be advantageous to test for the presence 
of certain organics with potential public health effects such as Poly
nuclear Aromatic Hydrocarbons (PAH), 

Environmental Transport of Organic Contaminants 

It is recommended that the environmental transport of leached 
organic contaminants be evaluated in a laboratory environment. This 
evaluation can be accomplished by conducting experiments employing 
large-scale columns filled and compacted with actual aquifer media 
taken from an area of potential in~situ development. (These large~ 
scale columns should be similar to those described in the previous 
section regarding future recommended research for kinetic analysis 



of continuous~flow column experiments.) After compaction, water 
containing leached contaminants can be continuously pumped through 
these columns at a specified flow rate, as estimated from actual 
geohydrologic conditions. At various times, samples can be withdrawn 
from sampl ports situated along the entire length of the column 
and analyzed for various parameters, including TOC. Overall, this 
general procedure enables an assessment of experimental variables 
such as column length, characteristics of aquifer media, flow rate, 
and initial quality of contaminated water. 

Utilization of the above approach enables one to evaluate the 
assimilative capacity of an aquifer and to assess the effectiveness 
of certain natural treatment processes in removing contaminants from 
groundwater (Ref. 8). 

Public Health/Ecological Effects of Organic Contaminants 

It is suggested that future research be directed toward defining 
the carcinogenesis/mutagenesis of organic contaminants. These particular 
public health aspects are of concern where there exists a potential 
for domestic use of local groundwater in the vicinity of in~situ 
development. Relatively uncomplicated tests such as the Ames Test 
can be used to assess potential carcinogenesis. 

Research should also be conducted on the potential ecological 
effects of organic contaminants entering the gaining reach of a stream. 
The toxicity of these contaminants toward aquatic biota should be 
evaluated by bioassay techniques. Research is presently underway 
at the University of California to assess the toxicity of retort water 
toward stream biota (Ref. 43). This research is being conducted 
in a laboratory environment using artificial stream channels as a 
method of bioassay. This same approach could readily be adapted to 
an assessment of the potential toxicity of leached organic contaminants 
toward stream biota. 

More Detailed Assessment of Par 

Research results summarized here suggest that spent shale samples 
with the most significant potential for organic contamination of ground~ 
water are those produced during either inert gas retorting or combustion 
retorting employing recycle gas. However, none of the research organizations 
presently involved in the development of in~situ technologies are advocating 
the use of combustion retor employing recycle gas on a commercial 
scale. It appears that either inert gas retorting or ordinary combustion 
retorting will be the most viable technology in the near future. Therefore, 
it is recommended that future research focus specifically on spent shale 
produced during inert gas retorting until it becomes very apparent 
which in-situ technology will most likely be employed on a corrrmercial 
scale. 
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APPENDIX A 

SAMPLE CALCULATIONS FOR KINETIC ANALYSIS OF CONTINOUS~FLOW COLUMN 
EXPERIMENTS 

The following sample calculations describe the estimation of 
all parameters required for an evaluation of each rate constant 
described in the various rate models. These sample calculations will 
focus on data derived from the Type 1 spent shale leachate at a column 
length of 15 em (i.e., z ~ 15 em) and a leaching time of 15 hours 
(i.e., t = 15 hrs). 

I. ESTIMATION OF PARAMETERS 

A. Estimation of (8C/3t) 2 

This parameter was estimated from a linear approximation of the 
slope of the appropriate concentration versus time curve presented 
in Figure 35. At z = 15 em and t = 15 hrs, a linear approximation 
of the curve was estimated to be: 

( ~~ ), 
lac\ 
l·at} 
\ . z 

B. Estimation of 

1.725 mg/1 ~ 1.45 mg/1 
17.5 hrs ~ 12.5 hrs 

This parameter was estimated from a linear approximation of the 
slope of the appropriate Concentration versus Column Length curve 
presented in Figure 34a. At z = 15 em and t = 15 hrs, a linear 
approximation of the slope of the curve was estimated to be: 

(;; ), l':.c c2 ~ c 
1 

Si z2 ~ zl 

('") 1. 70 mg/1~ 1. 39 mg/1 
dZ t 16.875 em~ 13.125 em 

(~~) 0.0827 mg/~ 
em 

Jt 
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C. Estimation of (3q/3t)z 

This parameter was estimated by substituting computed values 
of (3C/3t)z and (3C/3z)t into the differential mass balance equation. 
The differential mass balance equation is defined by: 

Or, upon rearranging: 

where 

(oC/3 z) t = 0.0827 mg/1/cm 

(ac;a t) "' -0.055 mg/1/hr 
z 

F "' 0.036 1/hr 

a "' 0.57 

A = 4.91 
2 em 

p = 0.86 g/cm 
3 

Substituting the above values into the partial differential equation 
yields: 

( ) 

(0.036 h
1
r) (0.0827 l~gem) 

*z=~~ -(0.86 ~) (4.91 ) 
em 

2 
(0.57) (4.91 em ) 

+ ~------~~------~~~------
-(0.86 ~) (4.91 

em 



(
dq) = -0.000669 mg/g 
3t hr 

z 

D. Estimation of 

This parameter was estimated from the solid-phase organic carbon 
measurements originally presented in Table 12. From Table 12, the 
solid-phase organic carbon content of Type 1 spent shale is estimated 
to be 0.2 percent by weight. This implies that q

00 
for Type 1 spent 

shale is 2.00 mg TOC/g spent shale, representing the theoretically 
max~mum potential solid-phase organic carbon on shale particles. 

E. Estimation of 

This parameter was estimated by multiplying the average value of 
(3q/3t)z during a particular interval by the time duration of the 
interval. The value of (3q/3t)z at t = 15 hrs was estimated to be 
-0.000669 mg/g/hr while the value of (3q/3t)z at t = 10 hrs was 
estimated to be -0.000767 mg/g/hr. Thus, the average value of 
(3q/3t)z during the i~terval from 10 to 15 hours can be estimated by: 

Average 

Average (;~), -0.000716 m~~ g 

The value of L'lq for the interval from 10 to 15 hours can then 
be computed by: 

L'lq Average (~) X flt 
z 

L'lq "" 0. 00071.6 m~~ & 5 hours 

L'lq = 0.003590 
mg 

g 
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F. Estimation of E~q 

This parameter was estimated by summing all values of ~q for 
all leaching intervals up to and including the interval of concern, 
Thus, the value of E~q for a leaching time period of 15 hours can 
be estimated by: 

= 0.004485 mg + 0.002168 ~ + 0.002005 ~ + 0.003590 mg 
g g g g 

"' 0.012248 mg 
g 

G. Estimation of q 

This parameter was estimated by subtracting the quantity E~q 
from the corresponding value of q

00
• At t "' 15 hours, the parameter q 

was estimated to be: 

q "' q - E~q 
00 

q "' 2.00 mg ~ 0.012248 mg 
g g 

q 1.987752 ~ 
g 

H. Estimation of q* 

This parameter was estimated from the isotherm presented in 
Figure 32 by using the value of actual measured TOC concentration. 
At t "' 15 hours, the actual measured TOC concentration was estimated 
to be 1.54 mg/1 from Figure 35. From Figure 32, the corresponding 
value of q* was estimated to be 1.974948 mg/g, 

I. Estimation of C 

This parameter represents the actual measured TOC concentration 
in the bulk leachate, From Figure 35, the parameter C was estimated 
to be 1.54 mg/1 at t = 15 hours. 
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J. Estimation of c* 

This parameter was estimated from the isotherm presented in 
Figure 32 by employing the previously estimated value of q, At t 
15 hours, the actual value of q was 1.987752 mg/g. From Figure 32, 
the corresponding value of c* was estimated to be 9.00 mg/1. 

II. EVALUATION OF RATE CONSTANTS 

The rate constant for each rate model was evaluated by employing 
the previous estimates of parameters for z = 15 em and t = 15 hours. 

A. External Mass Transfer 

B. 

* c - c 

-0.000669 m~~g 
1.54 mg/1 - 9.00 mg/1 

KE = 0.0000897 
1 

g-hr 

Mass Transfer 

(~;), 
KG * q - q 

KG "' 
1.974948 

g 

KG "' 0.0522 hour 
-1 
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C. Surface Reaction 

-0.000669 m~~g 
KBA "' ~1-. 5"'"'4,_~-7'( 2=-.-.,o~o-~-m~~~1-. -=-9s=7::-:7=-=scc::2-m-g~) 

1 g g 

1 
KBA = ~0.0355 mg~hr 




