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EFFECTS OF ORGANIC WASTES ON WATER QUALITY FROM PROCESSING OF
OIL SHALE FROM THE GREEN RIVER FORMATION,
COLORADO, UTAH, AND WYOMING

By J.A. LEENHEER and T.1. NovyEs

ABSTRACT

A series of investigations was conducted during a 6-year research
project to determine the nature and effects of organic wastes on
water quality from processing oil shale from the Green River
Formation. These investigations included retort-wastewater and
spent-shale characterization, determination of sorptive charac-
teristics and chemical interactions between soil and spent shale,
laboratory studies of microbiological degradation of organic con-
stituents in retort wastewater, onsite studies of water-quality
effects resulting from in-situ oil-shale retorting in Wyoming and
Colorado, and characterization of natural organic solutes in waters
associated with oil shale.

An analytical method, dissolved organic-carbon fractionation
analysis, was developed to classify complex organic-solute mix-
tures found in natural waters and retort wastewaters, into hydro-
phobic-acid. -base, and -neutral compound groups. Analytical
methods were applied to each organic-solute fraction to determine
quantitatively the organic solutes in a process retort wastewater
and a gas-condensate retort wastewater produced in a modified
in-situ oil-shale retort. Fifty percent of the dissolved organic
carbon was identified as specific compounds in both retort waste-
waters. In the process retort wastewater, 42 percent of the dis-
solved organic carbon consisted of a homologous series of fatty
acids from C, to Cyy. Dissolved organic-carbon percentages for
the other compound classes were as follows: aliphatic dicarboxylic
acids, 1.4 percent; phenols, 2.2 percent; hydroxypyridines, 1.1
percent; and aliphatic amides, 1.2 percent. In the gas-condensate
retort wastewater, aromatic amines were most abundant at 19.3
percent of the dissolved organic carbon, followed by phenols (17.8
percent), nitriles (4.3 percent), aliphatic alcohols (3.5 percent),
aliphatic ketones (2.4 percent), and lactones (1.3 percent). Steam-
volatile organic solutes were enriched in the gas-condensate retort
wastewater, whereas nonvolatile acids and polyfunctional neutral
compounds were predominant organic constituents of the process
retort wastewater.

Thiosulfate and thiocyanate were major constituents in four
retort wastewaters derived from combustion-type processing of
oil shale. Thiosulfate was the predominant sulfur species with
concentrations ranging from 420 to 2,200 milligrams per liter.
Thiocyanate concentrations ranged from 24 to 720 milligrams
per liter.

The surface chemistry of TOSCO-II spent shale was assessed
by determination of its cation- and anion-exchange capacities,
determination of surface electrical charge, and spectroscopic

studies of its carbonaceous coating after chemical dissolution
of the mineral matrix. The cation-exchange capacity (3 milli-
equivalents per 100 grams) was less than that of most soils, but
the anion-exchange capacity (1 milliequivalent per 100 grams)
was similar to that of soils. The electrical charge of the spent
shale is zero at pH 8.5. The carbonaceous coating on the spent
shale primarily is elemental carbon with few oxygenated func-
tional groups.

Batch-equilibrium sorption studies,using TOSCO-11I spent shale
as the sorbent and combustion-type retort wastewater, determined
that the spent shale is a very effective sorbent for organic solutes.
The carbonaceous coating of the spent shale had a sorptive capa-
city equivalent to that of granular activated carbon. Hydrophobic
organic solutes had the expected greater sorptive capacities than
did hydrophilic organic solutes, but acid solutes had much greater
sorptive capacities than normally found on natural sediment
sorbents. It is this capacity for acid sorption that makes TOSCO-
IT spent shale an effective sorbent for retort organic wastes
codisposed with spent shale.

Chemical and physical interactions of an in-situ oil-shale retort
wastewater with a surface soil were investigated. Major findings
of this study include an ion exchange-precipitation reaction in
which exchangeable calcium in the soil is displaced by ammonium
from retort wastewater and precipitated as carbonate by inorganic
carbon in retort wastewater. This precipitation process decreases
soil permeability. Ammonium was strongly adsorbed from retort
wastewater by the soil and was not removed from the soil by
subsequent distilled-water leaching and drying. The soil absorbed
about 40 percent of organic solutes from retort wastewater in 9.4
pore volumes of leachate; retort wastewater extracted significant
quantities of natural fulvic and humic acids from the soil. The soil
adsorbed variable quantities of ammonium, arsenic, barium, boron,
cadmium, cobalt, copper, fluoride, inorganic carbon, iron, silica,
and zinc from retort wastewater. Exchangeable calcium, magnesium,
manganese, lithium, potassium, sodium, and strontium were extracted
from the soil by ammonium in the retort wastewater. Thiocyanate
did not interact and was the best tracer, under these conditions,
for retort wastewater. Thiosulfate in retort wastewater was degraded
to tetrathionate by passage through the soil columns.

Dissolved organic-carbon fractionation analyses of the soil-
column effluent determined the following order of increasing affini-
ty of the six organic-compound classes in retort wastewater for
soil: hydrophilic neutrals nearly equal to hydrophilic acids, fol-
lowed by hydrophobic acids, hydrophilic bases, hydrophobic bases,
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2 EFFECTS OF ORGANIC WASTES ON WATER QUALITY, COLORADO, UTAH, AND WYOMING

and hydrophobic neutrals. Liquid-chromatographic analysis of
the aromatic amines in the hydrophobic- and hydrophilic-base frac-
tions showed that the relative order of the rates of migration
through the soil column as the same as the order of migration on a
reversed-phase, octadecylsilica liquid-chromatographic column, in
which the retention of the amine increased with its hydrophobicity.

Microbiological degradation of organic solutes in retort waste-
waters was determined to occur preferentially in hydrocarbons and
fatty-acid groups of compounds. Aromatic amines did not degrade
and they inhibited bacterial growth where their concentrations were
significant in a gas-condensate retort wastewater. Thiosulfate was
converted to polythionates and sulfate during bacterial growth.

Effects of true in-situ retorting on ground-water quality was
studied near Rock Springs, Wyoming, and modified in-situ retort-
ing was studied at the Rio Blanco site in the Piceance Creek Basin,
Colorado. True in-situ retorting produced retort wastewater in
direct contact with native ground water, but no appreciable migra-
tion of contaminants occurred as much as 3 years after the burn
because ground-water flow was toward the previously dewatered
retort. Ammonia, aromatic amines, and thiocyanate persisted in
the contamined ground water. but thiosulfate was quantitatively
degraded 1 year after the burn. A first-order soil survey of the
retort site at Rock Springs was performed to assess potential
interactions between soils and retort wastewaters. Shallow perme-
able soils occur in the upland regions, whereas relatively imperme-
able sodic soils occur on the alluvium near watercourses.

Retort wastewaters and gases produced in the modified in-
situ retort at the Rio Blanco site did not contaminate adjacent
ground waters during the burn because of drawdown due to de-
watering of the retort and because of negative gas pressure in
the retort during the burn. However, ground-water contamina-
tion during any future backflooding of the retort after retort
abandonment poses the main potential for adverse effects on
ground-water quality.

Natural organic solutes isolated from ground water in contact
with oil shale in the Green River Formation and from the White
River, which receives the discharge from the Piceance Creek Basin
being developed for oil-shale resources, were characterized by
chemical and physical methods. This characterization included
elemental analyses, derivatization of carboxyl, carbonyl, and hydrox-
yl functional groups, infrared spectroscopy, and proton nuclear
magnetic resonance spectroscopy of both derivatized and un-
derivatized fractions. Organic solutes in ground water were distin-
guished from organic solutes in surface water by the absence of
protons associated with hydroxyl, ester, and ether functional groups
in ground water compared to surface-water organic solutes. In the
White River, polysaccharides and uronic acids were detected in
both the humic-acid and hydrophilic-acid fractions, whereas these
components were nearly absent in the fulvic-acid fraction. Amide
groups were detected predominately in the humic-acid fraction in
the White River. Identified biopolymers, as determined by percent-
ages of polysaccharide, uronic acid, and amide moieties, were
approximately 10 times as abundant in the White River in Septem-
ber at base flow than in June at peak flow. Seasonal changes in
organic solutes in the White River are believed to be due to
autochthonous production of organic solutes during base-flow
periods in the summer and fall, and allocthonous inputs of terres-
trial organic solutes during peak flow in the spring.

Concentrations of dissolved organic carbon found in natural
surface and ground waters (1 to 5 milligrams per liter) in the
Piceance Creek Basin were 2 to 4 orders of magnitude less than
those found in retort wastewaters (500 to 500,000 milligrams per
liter). Organic contaminants of retort origins primarily are small
molecular-weight monomeric compounds, whereas natural organic
solutes are complex heterogeneous polymers of biological origin.

INTRODUCTION

Oil shale in the Green River Formation is the most
promising deposit for synthetic-fuels production in the
United States. Total oil reserves in known deposits of
oil shale yielding more than 18.9 L of oil equivalent
per megagram have been estimated at 636 billion m?
{Duncan and Swanson, 1965) and economically recover-
able reserves have been estimated at 48 billion m?
(Donnell and Blair, 1970). Currently (1983), no signifi-
cant production of shale oil has occurred in the United
States; but several oil-shale conversion technologies have
been developed and tested, which led to projections by
the Office of Technology Assessment of shale-oil pro-
duction goals of as much as 160,000 m3 per day by 1990
(Sladex and others, 1980). However, given the current
economic limitations of oil-shale development, perhaps a
more realistic projection is that significant production of
shale oil is still 10 to 20 years in the future (Barry, 1981).

The Green River Formation was formed from sedi-
ments deposited in interconnected stratified lakes that
existed during the Eocene Epoch (Bradley, 1930). These
lake sediments consisted of a mixture of partly degraded
aquatic organisms that resisted complete decay because
of reducing conditions at the lake bottom, mineral mat-
ter of fluvial and aeolian origin, and precipitate and
evaporite minerals formed during minimum or dry stages
of these lakes. These lakes existed for several million
years and lake sediments accumulated to thicknesses of
as much as 1,100 m. The location of the principal oil-
shale deposits in the Green River Formation is shown in
figure 1.

Oil shale in the Green River Formation ranges from 7
percent organic matter by weight for low-grade oil shale
to as much as 35 percent for high-grade oil-shale. The
organic matter typically is distributed uniformly through
an inorganic marlstone matrix that principally is com-
posed of dolomite and calcite with lesser quantities of
plagioclase, illite, quartz, analcite, and orthoclase
(Hendrickson, 1975). From 5 to 15 percent of the organic
matter is solvent-extractable bitumens, and the remain-
der is defined as kerogen (Robinson, 1969). Extensive
studies of kerogen in the oil shale indicate that it is
composed principally of aliphatic cyclic structures with
the majority of oxygen present as ester and ether bridges
between structural units (Robinson, 1969). When heated
to 500°C, about 80 percent of the organic carbon in the
oil shale is converted to shale oil.

The thickest and highest grade oil shale occurs in the
Piceance Creek Basin (fig. 1); consequently, the major
oil-shale industry probably will develop in Colorado. A
lesser development probably will occur in the Uinta Basin
of Utah because of accessibility of thinner zones of high-
grade oil shale with little or no overburden in limited









WASTE-CHARACTERIZATION STUDIES 5

has been conducting water-resources investigations for
the past several years on oil-shale development (O. J.
Taylor, U.S. Geological Survey, written commun., 1983).
The purpose of this report is to summarize the results
of a 6-year investigation of the various effects on water
quality of organic wastes from processing of oil shale
from the Green River Formation.

This report focuses on liquid and solid organic wastes
present after oil-shale processing. Organic constituents
have received less attention and evaluations in other
water-quality studies related to shale-oil processing.
These constituents comprise a major part of the wastes
because of the organic nature of oil-shale and shale-
oil products.

This report will address most of the previously posed
questions regarding water-quality effects with respect to
organic constituents in wastewater through a discussion
of a series of onsite and laboratory investigations. Relat-
ed chemical and hydrologic studies also will be discussed
to provide a more comprehensive assessment of water-
quality effects resulting from oil-shale processing.
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WASTE-CHARACTERIZATION STUDIES

Most of the water-characterization effort focused on
wastewaters from various oil-shale retorts because little
was known about their composition at the beginning of
this investigation. A more limited investigation was
conducted on the chemical and physical properties of the
carbonaceous coating on spent oil shale to determine the
significance of these coatings with respect to sorptive
interactions with retort wastewaters.

RETORT-WASTEWATER CHARACTERIZATION

At the beginning of this investigation in 1976, the
state of knowledge of the properties of retort wastewater
was summarized by Jackson and others (1975) and
Hendrickson (1975). It then was recognized that ammo-
nium bicarbonate was the primary dissolved constituent
accompanied by lesser quantities of sodium, sulfate, and
chloride. Significant concentrations of dissolved organic
constituents were known to be present, as evidenced by
dissolved organic-carbon concentrations, odor, and color.
Fatty acids and amines were known to be major organic
constituents; phenols were of lesser significance. Major
problems in studies of retort-wastewater characteriza-
tion were the volatility of several dissolved constituents,
difficulty in accurate determination of organic-carbon
content because of volatile organic constituents in ad-
dition to large carbonate and bicarbonate concentra-
tions, lack of solvent extractability of many dissolved
organic constituents, and major discrepancies in anion-
cation balances after a standard, complete water-
chemistry analysis.

A major problem was the inadequacy of organic-solute
characterization data. A characterization of compound
classes of organic solutes was needed because compre-
hensive analyses of specific organic compounds was not
practicable using available methods. Because of the poor
solvent extractability of many retort-wastewater organ-
ic constituents, a method was developed for compound-
class characterization based on adsorbent-resin fractiona-
tions rather than solvent-extraction fractionations.

Accordingly, an organic-compound class fractionation
called “dissolved organic-carbon (DOC) fractionation”
was developed that could be applied to both oil-shale
retort wastewaters and natural waters (Leenheer and
Huffman, 1976). The tiered organic-solute classification
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FIGURE 2.—Organic-carbon classification for organic-solute characterization (from Leenheer and Huffman, 1976).

based on DOC fractionation is shown in figure 2 and the
standard analytical methods (Leenheer and Huffman,
1979) for DOC fractionation is shown in figure 3.

The organic-compound groups present in oil-shale retort
wastewater that are separated in the various stages of
DOC fractionation are shown in table 1, the data are
based on a recent study of specific organic compounds in
oil-shale retort wastewater ( Leenheer and others, 1982).
DOC fractionation of seven different oil-shale retort
wastewaters are shown in table 2. Process retort waste-
waters typically are found as an emulsion in the raw
shale-oil product from a retort, and gas-condensate retort
wastewaters are obtained when hot retort vapors cool
and condense. Some in-situ retorts do not separate pro-
cess and gas-condensate retort wastewaters, and some
surface retorts that recirculate retort gases back into the
retort do not produce gas-condensate retort wastewaters.
The volumes and properties of retort wastewaters are
dependent on the nature of the retort and the mode of
retort operation. The retort-wastewater samples in table
2 were obtained from the Laramie Energy Technology
Center, except for the Geokinetics sample obtained from
Geokinetics Corporation near Vernal, Utah.

The following conclusions can be drawn from the data
in table 2: (1) Retort wastewaters of all types generally
have greater organic-base percentages compared to natu-
ral waters whose organic-base content is only 5 to 10
percent of the DOC concentration (Stuber and Leenheer,
1978b); (2) in-situ and gas-condensate retort wastewaters
have smaller organic-solute (DOC) concentrations than

process retort wastewaters; (3) retort wastewaters, con-
taining significant DOC concentrations, such as the Paraho
and Occidental-6 process retort wastewaters, are greatly
enriched in hydrophilic acids, probably because of the
greater solubility of this fraction relative to the other
fractions; (4) process retort wastewaters in general are
enriched in acid solutes, and gas-condensate retort waste-
waters are enriched in basic and neutral solutes because
of steam-volatility partitioning (Leenheer and others,
1982); and (5) DOC fractionation patterns for the two in-
situ retort wastewaters indicate these waters are a mix-
ture of process and gas-condensate retort wastewaters.

The Occidental-6 process and gas-condensate retort
wastewaters were fractionated by a preparative DOC
fractionation procedure (Leenheer, 1981), and the vari-
ous fractions were analyzed for specific organic com-
pounds (Leenheer and others, 1982). Results of these
analyses are shown in table 3. Aliphatic-monocarboxylic
acids from Ci to Cio are by far the most abundant group
of compounds in the process retort wastewater, but they
only constitute 0.36 percent of the DOC in the gas-
condensate retort wastewater, because ionization of car-
boxyl groups at pH 8.6 of retort wastewater limits the

 volatility of aliphatic-monocarboxylic acids. Other organ-

ic components detected in lesser quantities in process
retort wastewater include aliphatic-dicarboxylic acids,
aromatic-carboxylic acids, thiocyanate, phenols, aroma-
tic amines, hydroxypyridinines, aliphatic amides, nitriles,
aliphatic ketones, and lactones.

Organic solutes in the gas-condensate retort wastewater
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STEP 1 STEP 2 STEP 3 STEP 4
200 milliliters Elute with Sample at pH 2 Elute with
filtered sample 0.1 N hydrochloric 0.1 N sodium
atpH 7 acid hydroxide
DOC 1
] :
]
[ I
]
H
Fl
L
[ i | 3 miliiliters Amberlite XAD —8 resin
H
P
I
. . T
-—Adjust sample pH to 2 with | t——— ~poC 3
hydrocholic acid DOC 2 - ——-1
DOC 4
3 milliliters
AG—MP-50 BIO RAD H * saturated
Cation —exchange resin
DOC 5
6 milliliters
AG—MP—1 BIO RAD OH" saturated
Anion —exchange resin
DOC 6
CALCULATIONS

Hydrophobic DOC (milligrams per liter)

Total =DOC 1-DOC 4
eluate volume

Bases = DOC 2 x
sample volume

eluate volume

Acids = DOC 3 x
sample volume

Neutrals = Total —Bases —Acids

Hydrophilic DOC (milligrams per liter)

Total = DOC 4

Bases = DOC 4—DOC 5

Acids = DOC 5 - DOC 6
Neutrals = DOC 6

FIGURE 3.—Analytical methods for dissolved organic-carbon (DOC) fractionation (from
Leenheer and Huffman, 1979).

consist mainly of phenols and aromatic amines with
lesser quantities of nitriles, aliphatic alcohols, aliphatic
ketones, and lactones. Aromatic amines are mainly respon-
sible for the disagreeable odor of retort wastewaters, and
the quinolines found in this compound group are some of
the most toxic organic constituents found in retort
wastewaters. Generally speaking, monofunctional organ-
ic compounds found in retort wastewaters are limited to
10 carbons or less, because greater molecular-weight
components, being more insoluble in water, partition
into shale oil produced with retort wastewaters. Specific
information on low solubility, solvent-extractable organ-
ic compounds in Occidental-6 retort wastewaters is pre-
sented in a report by Raphaelian and Harrison (1981).
A second area of research in retort-wastewater charac-
terization is the nature of dissolved sulfur species. Inor-
ganic analyses of major constituents in Omega-9 and

150-ton retort wastewaters are shown in table 4. Compari-
son of the total sulfur concentration in Omega-9 retort
wastewater with the sulfate indicated significant quanti-
ties of dissolved sulfur species other than sulfate. Acidifi-
cation of retort wastewaters was found to produce elemental
sulfur, which is characteristic of certain reduced sulfur
species. Four retort wastewaters were tested for sulfide,
polysulfide, sulfite, thiosulfate, polythionate, and thiocy-
anate anions (Stuber and others, 1978). Most of the
missing sulfur was accounted for by thiosulfate, tetra-
thionate, and thiocyanate, as shown by data in table 5.
Discovery of these reduced sulfur species prompted oth-
er investigators, such as Fox and others (1978), to con-
duct comprehensive inorganic analyses resulting in
complete anion-cation balances. Recent research (Wallace
and others, 1981) has shown that most of reduced sulfur

in retort wastewater is present initially as sulfide that
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TABLE 1.— Compound groups found in dissolved organic-carbon
fractions in oil-shale retort wastewater

Organic-carbon fraction Compound group

Hydrophobic organic carbon
Bases: One- and two-ring aromatic amines except
pyridine.

Acids: Aliphatic monocarboxylic carboxylic acids
of 5 to 11 carbons, 1-ring aromatic
carboxylic acids, 8 to 11 carbon
aliphatic dicarboxylic acids and
phenols.

Neutrals: Aliphatic and aromatic hydrocarbons,
aliphatic amides and alcohols greater
than five carbons, aliphatic ketones and
nitriles greater than four carbons,
aromatic nitriles and amides, thiophenes,

thiazoles, furans, pyrroles, lactones.

Hydrophilic organic carbon

QUALITY, COLORADO, UTAH, AND WYOMING

degrades during refrigerated storage at the rate of 20
percent per day to thiosulfate and polythionates. Thio-
sulfate degrades at a more moderate rate to polythionates
and eventually sulfate (Stuber and others, 1978; Leenheer
and others, 1981).

SPENT-SHALE CHARACTERIZATION

The nature of the carbonaceous coating on spent shale,
resulting when shale is retorted at low temperature, was
the topic of a Master’s thesis by Cowling (1979). This
research, funded by the U.S. Geological Survey, was
conducted to evaluate TOSCO-II spent shale as a sor-
bent for retort wastewaters. Specialized procedures had
to be developed to determine exchange capacities and
pH of the zero point of charge because of the calcareous

Bases: Hydroxypyridines, pyridine carboxylic and gypsiferous nature Of Spent Shale. )
, acids, aliphatic amines, pyridine. Ion-exchange procedures were developed that omitted
Acids: Aliphatic monocarboxylic acids of one to . . .
five carbons, aliphatic dicarboxylic the wash step between the ionic-saturation steps and
acids of two to seven carbons, ionic-replacement steps to minimize dissolution of spar-
thiocyanate. ingly soluble minerals in the spent shale. Isopropanol
Neutrals: Aliphatic amides and alcohols of one to was used as a tracer to correct for the volume of solution
four carbons, aliphatic nitriles, and .« . . . .
aldehydes of two to three carbons, remaining in the moist shale after the saturation step.
acetone, urea. Cation-exchange capacity determinations varied between
2 and 3 meq/100 g (milliequivalents per 100 grams), and
TABLE 2.— Dissolved organic-carbon fractionations of various oil-shale retort wastewaters
[in percent)
150-ton? 10-tont Occidental-6 Occidental-6
Omega-9?! Geokinetics? retort retort process? gas-condensatel Paraho! Natural surface
retort retort wastewater wastewater retort retort process water, White
Fraction wastewater wastewater (simulated (simulated wastewater wastewater retort River Basin,
(in-situ (in-situ in-situ in-situ (modified (modified wastevater Utah
retort) retort) surface surface in-situ in-situ (surface (means of
retort) retort) retort) retort) retort) 10 samples)
Total hydrophobic 49 60 55 36 44 68 16 43
solutes.
Total hydrophilic 51 40 45 64 56 32 84 57
solutes.
Hydrophobic bases. 13 12 9 6 5 24 2 .3
Hydrophobic acids. 19 21 26 16 28 19 10 36
Hydrophobic 17 27 20 14 11 25 4 7
neutrals,
Hydrophilic bases. 12 10 15 12 9 12 5 7
Hydrophilic acids. 29 13 15 40 39 9 73 40
Hydrophilic 10 17 15 12 8 11 6 10
neutrals.
Total bases. 25 22 24 18 14 36 7 7
Total acids. 48 34 41 56 67 28 83 76
Total neutrals. 27 44 35 26 19 36 10 17
Dissolved organic 9717 980 5,140 2,940 3,000 790 54,800 7.3

carbon, in
milligrams per

liter.

10btained from Laramie Energy Technology Center, U.S.

20btained from Geokinetics Corp., Vernal, Utah.

Department of Energy, Laramie, Wyoming.
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TABLE 3.— Organic-solute analyses of Occidental-6 process and gas-condensate retort wastewaters

[DOC, dissolved organic carbon; mg/L, milligrams per liter;—, no data; HPI-A, hydrophilic acid; HPO-A, hydrophobic acid; HPI-B, hydrophilic base; HPO-B, hydrophobic base,
HPI-N, hydrophilic neutral; HPO-N, hydrophobic neutral; NA, not anlayzed, ND, not detected]

Process retort wastewater Gas-condensate retort wastewater
(DOC = 3,000 mg/L) (DOC = 790 mg/L)
Compound Doc poc DOC
classification Concentration Concentration
(mg/L) (mg/L) (percent) (mg/L) (ng/L) (percent)
Aliphatic-monocarboxylic acids -— --- 1,263.8 42.1 - 2.87 0.36
Formic acid. HPI-A ND - -—- 1.0 .26 ---
Acetic acid. HPI-A 1,188 475 --- 3.4 1.36 ---
Propanoic acid. HPI-A 364 177 i 1.2 .58 ==
2-Methylpropanoic acid. HPI-A 119 64.9 - .5 .27 ---
Butanoic acid. HPI-A 117 63.8 - 4 .22 -
Pentanoic acid. HPO-A 110 64.7 === .3 18 ---
2- and 3-Methylbutanoic acid. HPO-A 151 88.8 NA -— ---
Hexanoic acid. HPO-A 109 67.9 NA --- ---
Heptanoic acid. HPO-A 149 96.6 --- NA St ---
Octanoic acid. HPO-A 131 87.6 === NA - -—
Nonanoic acid. HPO-A 81 55.5 — NA —— ———
Decanoic acid. HPO-A 31 22.0 - NA .- -
Aliphatic-dicarboxylic acids —— --- 41.6 1.4 - NA -
Ethanedioic acid. HPI-A 4.9 1.3 NA —— ———
Propanedioic acid. HPI-A 8.1 2.8 NA --- -—-
Butanedioic acid. HPI-A 2.0 .8 -—-- NA -—- _—
Pentanedioic acid. HPI-A 21.2 10.0 --- NA —— -
Hexanedioic acid. HPI-A 4.7 2.3 --- NA -—- -
Heptanedioic acid. HPI-A 7.2 3.8 --- NA - —
Octanedioic acid. HPO-A 11.5 6.2 —-- NA ——— —--
Aliphatic-dicarboxylic acids
Nonanedioic acid. HPO-A 12.8 7.4 --- NA --- -—-
Decanedioic acid. HPO-A 11.7 7.0 -—- NA --- -
Aromatic-carboxylic acids --- === 16.6 0.5 bl e ===
Benzoic acid. HPO-A 25.4 16.6 - ND ---
Thiocyanate HPI-A 78.6 16.1 .5 8.1 1.68 0.2
Phenols === --- 64.5 2.2 --- 140.2 17.8
Phenol. HPO-A 26.0 20.0 —-= 54.3 41.8 ---
2-Hydroxytoluene. HPO-A 7.1 5.5 -—-- 23.2 18.1 ---
3- and 4-Hydroxytoluene. HPO-A 9.6 7.4 --- 42.6 33.1 ---
1,2-Dimethyl-4-hydroxybenzene. HPO-A 4.6 3.6 --- 5.6 4.4 -—-
Dimethylhydroxybenzene isomers HPO-A 36.1 28.3 --- 54.5 42.8 ---
remaining.
Aromatic amines --- --- 9.74 .3 --- 152.1 19.3
Aniline. HPO-B 1.6 1.24 --- 21.3 16.5 .-
2-Aminotoluene. HPO-B .2 .16 --- 3.4 2.7 ---
3- and 4-Aminotoluene. HPO-B NA --- --- 5.2 4.1 ---
Pyridine. HPI-B 2.3 1.75 --- 14.7 11.2 ---
2-Methylpyridine. HPO-B NA -—- -—- 9.2 7.1 -
3-Methylpyridine. HPO-B NA --- - 6.5 5.0 ---
4-Methylpyridine. HPO-B NA - -—- 6.3 4.9 -—-
2,6-Dimethylpyridine. HPO-B 1.8 1.41 --- 9.5 7.5 ---
Dimethylpyridine isomers HPO-B NA -—- -—— 37.6 29.5 ---
remaining.
Aromatic amines
2,4,6-Trimethylpyridine. HPO-B 4.0 3.17 - 70.1 55.5 ---
Quinoline. HPO-B 1.9 1.59 --- 5.8 4.8 ---
Isoquinoline. HPO-B .5 L42 -— 2.4 2.0 ---

2-Methylquinoline. HPO-B NA -— -— 1.6 1.3 -
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TABLE 3.— Organic-solute analyses of Occidental-6 process and gas-condensate retort wastewaters —Continued

Process retort wastewater
(DOC = 3,000 mg/L)

Gas-condensate retort wastewater
(DOC = 790 mg/L)

Compound poc DoC DOC
classification Concentration Concentration
(mg/L) (mg/1) (percent) (ng/L) (mg/L)  (percent)
Aliphatic amines?! a-- —-- ——- - - - -
Methylamine. HPI-B 1.8 -— -—— 1.8 — _—
Ethylamine. HPI-B 2.4 - - 3.0 -— -
Hydroxypyridines a-- m—— 31.5 1.1 ND -—- ---
2-Hydroxypyridine. HPI-B 13.6 8.6 - ND - ——
3-Hydroxypyridine. HPI-B 5.6 3.5 - ND --- ---
4-Hydroxypyridine. HPI-B 4.0 2.5 --- ND - -
2-Hydroxy-6-methylpyridine. HPI-B 25.6 16.9 -— ND - -—
Pyridinecarboxylic acids ~—- - .70 Trace NA -—- -
2-Pyridinecarboxylic acid. HPI-B .3 18 --- NA -— -—--
3-Pyridinecarboxylic acid. HPI-B .5 .29 --- NA - -n-
4-Pyridinecarboxylic acid. HPI-B 4 .23 -—- NA - ———
Aliphatic amides ~-- - 38.5 1.2 -— 2.46 0.3
Formamide. HPI-N ND -— --- 2.0 .53 ——-
Acetamide. HPI-N 52.7 21.4 - 4.0 1.63 -—--
Propionamide. HPI-N 23.2 11.4 - .6 .30 -—-
Butyramide. HPI-N 2.0 1.1 == ND - .-
Urea. HPI-N 22.8 4.6 --- NA - —
Nitriles == - 3.4 0.1 --- 34.3 4.3
Acetonitrile, HPI-N 5.8 3.4 - 38.9 22.8 ——
Propionitrile. HPI-N ND -— - 8.5 5.6 -
Isobutyronitrile. HPO-N ND =—- ——- 2.3 1.6 ——-
Butyronitrile. HPO-N ND —— - 2.5 1.7 -
Valercnitrile. HPO-N ND --- --- .6 4 ===
Benzonitrile. HPO-N ND --- -~ 2.7 2.2 ---
Aliphatic alcohols -—- - 1.5 Trace --- 27.26 3.5
Methanol. HPI-N ND - - 3.4 1.28 ---
Ethanol. HPI-N ND --- --- 2.8 1.46 -
Propanol. HPI-N ND —-- - .2 .12 ——-
Isopropanol. HPI-N 2.5 1.5 --- 26.6 16.0 ——
sec-Butylalcohol. HPI-N ND --- - 13.0 8.4 -
Aliphatic ketones - —— 2.42 1 - 20.7 2.6
Acetone. HPI-N 3.9 2.42 --- 19.5 12.1 -
2-Butanone. HPO-N -— ——— --- 10.2 7.9 -
2-Pentanone. HPO-N —— ——— _— 9 7 ——
Aliphatic aldehydes ——- -—- 1.31 Trace —— -—= ———
Acetaldehyde. HPI-N 2.4 1.31 - ND -—- -—
Lactones -— --- 16.7 .6 --- 12.2 1.3
Y-Butyrolactone. HPO-N 13.7 7.6 - 9.6 5.4 -
y-Valerolactone. HPO-N 15.2 9.1 - 11.3 6.8 -
Pyrrols HPO-N ND -—- --- 4.9 3.56 .4
Identified DOC -—- -— 1,508.4 50.3 --- 397.3 50.3

1Tentative data not included in carbon balance.

anion-exchange capacities were less than 1 meq/100 g at
ambient pH of 8.5 to 9.0 for TOSCO-II spent shale.
The cation-exchange capacity of a soil developed on oil
shale in the Green River Formation ranged from 7 to 10
meq/100 at ambient pH. Anion-exchange capacities
were undetectable.

Adsorption of anionic and cationic dyes of fixed charge

as a function of pH was a new procedure developed to
measure pH of the zero point of charge. The pH of the
zero point of charge of TOSCO-11I spent shale was found
to be 8.5. Changes in cation-exchange capacity on destruc-
tion of the carbonaceous coating by oxygen-plasma ash-
ing and destruction of the inorganic matrix by hydro-
chloric-hydrofluoric acids indicated that approximately
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TABLE 4.— Inorganic-solute analyses of Omega-9 and 150-ton |

retort wastewaters
[Data in milligrams per liter except as indicated]

150-ton retort wastewater,

Property or Omega-9 retort wastewater barrel 66, run 13

constituent (in-situ retort) (simulated in-situ

surface retort)

pH 8.5 8.6
Specific conductance 25,800 48,000

(microsiemens per centimeter

at 25° Celsius)
Calcium 8 &4
Magnesium 12 16
Sodium 4,100 188
Potassium 43 24
Bicarbonate 15,100 33,400
Carbonate 2,100 14,900
Chloride 3,900 2,800
Fluoride 56 12
Sulfate 1,400 1,340

Total sulfur 2,300
3,800 --=

4,000 18,000

Ammonium as nitrogen

Total kjeldahl nitrogen

50 to 70 percent of the cation-exchange capacity was as-
sociated with the carbonaceous coating on the spent shale.

The carbonaceous coating (4.5 percent by weight) of
TOSCO-I1 spent shale was examined by X-ray diffraction,
X-ray fluorescence, electron microscopy, and infrared
spectroscopy as the inorganic shale matrix was degrad-
ed successively through a series of acid treatments. The
carbonaceous coating was found to be virtually elemen-
tal carbon with a trace of carbonyl functional groups.

The minimal exchange-capacity values, the pH of the
zero point of charge near environmental pH levels, and
the general lack of oxygen-containing functional groups
in the carbonaceous coating all indicate that TOSCO-11
spent shale is a neutral adsorbent that should have only
slight degrees of ionic and polar interactions with dis-
solved constituents in water. The predominant sorptive

11

interaction should be hydrophobic interactions on the
elemental carbon coating. Because of the relatively large
surface area of the silt-sized TOSCO-11 spent shale, cou-
pled with an appreciable elemental-carbon content, this
spent shale should be a good sorbent for hydrophobic
solutes in wastewaters codisposed with the spent shale.

RETORT WASTEWATER-SPENT SHALE
INTERACTIONS

The topic of retort wastewater-spent shale interac-
tions is an issue of considerable importance because
several technologies have proposed codisposal of retort
wastewater and spent shale. Currently, the U.S. Environ-
mental Protection agency does not allow codisposal
because: (1) There is concern that two separate disposal
problems may be combined into a potentially more seri-
ous disposal problem; and (2) there is a lack of data
pertaining to the environmental acceptability of codisposal
(Stanwood and others, 1980). To obtain information rele-
vant to the above concerns about codisposal, a series of
batch-type adsorption experiments were conducted with
the TOSCO-II spent shale (characterized by Cowling,
1979) as the sorbent and organic solutes in retort
wastewater (obtained from the 150-ton retort, barrel 66,
run 13, Laramie Energy Technology Center) as sorbates.

INTERACTIONS OF INDIVIDUAL
ORGANIC-SOLUTE FRACTIONS

The complex organic-solute mixture in retort wastewater
was simplified for sorption studies by generating more
homogeneous compound groups by the DOC fraction-
ation procedure. Because the DOC fractionation proce-
dure is based on sorptive interactions, it also served as
an interpretive tool for assignment of sorption mecha-
nisms of the individual fractions on spent shale. The
experimental design of the first set of experiments was

TABLE 5.— Concentration of major inorganic sulfur species in four retort wastewaters
[Data in milligrams per liter]

Total Sulfate as

Sample

sulfur sulfur

Thiosulfate Tetrathionate Thiocyanate

as sulfur as sulfur as sulfur

Omega-9 retort wastewater 2,300 680

150-ton retort wastewater - 446

Geokinetics gas-condensate 1,290 390

retort wastewater
690

Geokinetics process retort 27

wastewater

1,270 80 74

690 <5 405

525 <5

240 <5 52
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to test whether the adsorption of the various individual
solute fractions on spent shale would sum to the sorption
of all organic components in the unfractionated retort
wastewater. Lack of summation would indicate synergis-
tic solute interactions that affect sorption.

A preparative-scale DOC fractionation was conducted
on 150-ton retort wastewater to generate gram quanti-
ties of the various fractions; the fractions were redis-
solved in a synthetic inorganic retort-wastewater matrix
at concentrations equivalent to retort-wastewater con-
centrations, and varying quantities of spent shale were
added and equilibrated in stirred systems contained in a
25°C water bath (Stuber and Leenheer, 1978a; Leenheer,
1980). The quantity of sorbent was varied rather than
the sorbate concentration to better observe the chroma-
tographic effect resulting from differential affinities of
organic-solute fractions for spent shale. Results of this
first set of sorption experiments are graphed in the sorption-
isotherm data in figure 4.

The unfractionated sorption isotherm did not coincide
with the sum of the organic-solute-fraction sorption
isotherms, indicating that both positive and negative
synergistic interactions occurred. Secondly, the exponen-
tial increase of the unfractioned sorption isotherm begin-
ning near 70 percent of initial concentration probably is
related to preferential sorption of the hydrophobic-neutral
fraction that could not be tested as an individual fraction
because of its solubility in water in the absence of the
other fractions. As expected, the hydrophobic fractions
had greater sorptive capacities than the hydrophilic frac-
tions because of hydrophobic sorption on the elemental
carbon of the spent shale; however, the greater sorptive
capacities of the acid fractions than the base fractions
were unexpected, because cation-exchange capacities,
although small, previously were found to exceed anion-
exchange capacities for this spent-shale sorbent by fac-
tors of 2 to 3.

SYNERGISTIC INTERACTIONS OF ORGANIC-SOLUTE
FRACTIONS IN WHOLE RETORT WASTEWATER

To obtain better insight into the nature of synergistic
sorptive interactions on spent shale, a second set of
sorption-isotherm experiments was performed under the
same conditions as the first experiment except that
analytical-scale DOC fractionations <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>