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THE KINETICS OF LEACHING OF ORGANIC CARBON
FROM IN SITU SPENT SHALE

William Gordon Hall
Lawrence Berkeley Laboratory

University of California
Berkeley, California 94720

ABSTRACT

, Spent 0il shale from the Laramie Energy Technology Center 10-ton
simulated in situ retort was leached in a series of bétch and coluﬁn
experiments. The packed columns, (11.4 and 30 cm in_‘dia), were
filled with water and allowed to reach equilibrium before leaching
flows were commenced. Batch leachate and column break-through con-
centration data are presented, characterized by electrical conduc-
tivity (EC); total organic carbon (TOC), and pH. >Column “(TOC)
break-through data typically dropped to less than 10 percent of ini-
tial levels within three to four leachate pore volumes and thereafter

decreased very slowly.

A three-stage model of the break-through curve was proposed in
which solute moves from the solid surface into the fluid contained in
the'micro-pore structure of the particle during Stage. I, and then
diffuses to the external liquid phase in Stage II. Solute from sites
within the mineral matrix 1is transported to tﬁe micro- and macro-
pores by Stage III mechanisms. Stage II mechanisms disappear within

a few pbre.volumes while Stage III continues for an extended period

dependihg on the mass of solute initially present.
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Mathematical models of Stages II and III were developed and ver-
ified. Solutions of the.Stage_II model, obtained by numerical inver-
sion of Laplace transforms, were adjusted'to-observed column TOC data
and diffusion coefficients then being calculaﬁed. The proximity of
the calculated coefficients to 1072 sz-sec, a mean diffusivity for
weak coﬁcentrétions of organics in water, was taken as evideﬁce of

-

model validity. The Stage II model predictions were found to be par-

ticularly sensitive to.barticle and bed porosity measuremehts, and to

axial dispersion in the column. Fluid density andvtemperature'gra-

: N - . ' . ‘ v - -y . . L N
dients were also shown to have a significant effect on experimental

results.

et

T

< ¥

The Stage III model prediéted leachate concentrations of 1less

-than 1 -mg/L in the tail of the break-through curve. A reasonable

verification of this model against-observed data was obtained .consid-

ering the reliability of TOC analytical techniques in this,low range.

R
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CHAPTER I

INTRODUCTION

0il shale is a marlstone, a clay-carbonate rock, which contains
appreciable amounts of kerogen, a high molecular weight organic com-
pound. The kerogen is a potential sdurce of 0il which can help meet

national energy needs. .

The deposit was fbrmed in the geolbgic past in sedimentary for#
mations on'léke bottoms. With progressive burial, algae and other

organic content were converted to kerogen.

0il shale is found in the United States in the tri-state area of
Colorédb, Wyominé, and Utah. Several exploratory developments are
presently under way in the Piceance Creek Basin in north-western
Colqrado to exploit the resource. The potential impact of these
developments on regional water quality was a primary motivation‘for

 ‘this study.
SHALE OIL RETORTING PROCESSES

Both surface and underground techniques have been proposed for
. the production of o0il from raw oil shale. 'These.are discussed in
detail in articles contained in the Prbceedings of the 0il Shale Sym-
posia, published annually by the Colorado School of Mines at Golden
(Coloradb_School of Mines, 1964-1981). Heating of the raw shale to
950 °E or more thermally converts the kerogen to hydrocarbon vapors
and liquids,.and carbon. The Vapbrs ahd liquids are then collected

for processing and SQPSequent marketing.



Surface Retorting

Surface retorting may be used as the sole means of o0il shale
processing or it méy be used in conjunction with underground retort-
ing. 1In either case, raw Shale is mined and conveyed to the surfaéé
facilities for'retorting.' Paraho Direct and TOSCO II are two exam~
ples of surface retofting methods that have been prbposed and studied
in detail. The Paraho Direct retprt is a Qertical kiln in which raw
shale moves downwérd tﬁrough a combustion zone. Heat from this zone
éonverts the organic kerogen into vapors which are recovered. A high
molecular weight carbon remains in the min;ral matrix and becomes the

fuel for combuétion. Spent shale, the combustion residue, is removed

from the bottom of the retort and hauled to nearbybdisposal'sites;

. - The TOSCOVprocess uses heated cerami¢ balls to contact grushed
raw shale in a rqtating_kiln. The resulting hydrocarbon‘yaporé are
removed from the kiln and condensed. After passage through the kiln
the ba;lé and the Spent shale are‘separated, the ballé are reheated,

and the spent shale sent to disposal piies.

In-Situ Retorting

Underground or in-situ shale o0il retorting operations bare an
alternative to aboveground processes. The in-situ retort is_preparéd
by fracturing the raw shale bed by external means and thep,retorting
the rock in place. One of the many methods, which have been érbposed
and studied in detail, is the Vertical Modified In-Situ (VMIS) pro-
cess. sA VMIS development consists of large numbers of undergrognd

chambers filled with fractured shale. These chambers are located in
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oil shale béds several hundred'meters below the surface and ﬁay be 30
to SO‘méters équare in plan by 200 ér more meters high. Each chamber
is separated from its neighbors by vertiéal walls of bed material,
The actual dimensions of the retorts, Qall thickness, and eitent of
dévelopméht depend on site donditions and the process variations

favored by the developer.

An individual retort is constructed by using conventional mininé‘
techniques to femove about 20 of 30 percent of the raw,shale withiﬁ
the boundaries of the proposed retort. The raw shé;g is cpnvéyed to
the surface for disposal 6r fof fétorting in surfacé facilities. “Thé-
void space remaining after removal of the raw shale is then distri-
buted throughout the retort by drilling and blasﬁing, ‘The_resuit is
an underground chamber filled with fractured shale. IThe oilxshale éﬁl
the top. of the chamber is set on fire and the combustion zone driven
down through the bed by‘injécted air. Steam or recycled retorting
gases may also be injected to aid combﬁstion. Kerogen conQefsion

occurs.  in the -pyrolysis zone‘immediately below the flame front. The

retorted liquids and gases are driven to the bottqm]of the retort for

- eollection and conveyance to the surface. The carbon remains in the
. o il

mineral matrix and becomes the fuel for combustion. When the flame
front nears the bottom of the retort the fire is allowed to die and

thé retort abandoned.
WATER POLLUTION POTENTIAL OF SPENT SHALE

Large volumes of spent oil shale are generated by both surface
and in-situ processes. About one ton of rock is co-produced along

with each 25 gallons of oil. Spent shales from‘surface activities



are conveyed‘ to nearby disposal piles while in-situ spent shales
{remaiﬁ undergrdund. The poliution potential is .considerable.
Leachété from spent shale, formed when rain, énow'melt, pf groundwa-
ter contact the retorted‘material, may seriously‘QegraQe suffage ahd
groundwater supplies. Extensive protective meaéqres'méyyﬁginécéé;
.sary. >Surface protective facilitieé might include Ause of 1inérsv
under disposal piles to restricf vertical movehént éf ieaéhate into
the underlyiné soil and containment structures to collect runoff from

pile surfaces.

Control of Leaching from Abandoned VMIS Retorts

Isolation, modification 6f retort voperating conditions, and
intentional 1eaching have been = proposed to coqtrol -leaching from
abandoned in-situ retorts (Fox et al.,1980). 1Isolation techniques
prevent or minimi?e groundwater contact with tHe spént shale. The
construction' of grout curtains around the retort‘énd filling voids
- with grout ~decrease permeability. = Since water is restrained from
entering the retort, soluble material will remain fixed within the
-solid shale. Locating retorts above groundwater tables is also an

isolation technique.

Modification of retort operating conditions has been suggested
because investigators have reported that leachability of shale
.depends on retort operating conditions such as temperature, rate of

flame advance, and composition of injected gases (Fox et al., 1980).

Intentional léaching is a technique in which most of the soluble

substances are removed from spent shale by first injecting water into



t

i)

the\retort-and thén recovering the resulting leachate:—The—leachate
is treated at the surface to remove dissolYgé.solids and then re-
iﬁjecéed. The pfoéess is continuéd until.the éonceﬁtfationshbf the
solutes of interest in the leachate are'low eﬂéﬁgh .hot to create
problems in the aquifers. The proposed technique is -based on obser-

vations that effluent concentrations from columns drop rapidly to low

levels after the passage of only a few pore volumes of water (Amy,

I

1980), (Kuo et al., 1979).
IMPACT OF ABANDONED VMIS RETORTS ON WATER QUALITY

The potential impact of an abandoned VMIS retort on quality of

bégionai water supplies  is impossible- to. predict given-the present

\state_of knoﬁledge. The difficulties may be ‘illustrated by consider-

.ing a hypothetical VMIS retort complex at the time of abandonment.

Dewatering ' activities. have lowered the groundwater table 1in the

: vicinity so that retorting could be undertaken in the dry state. Air

injection and combustion have ceased, dewatering pumps have -been shut

. off, and the groundwater begins' to reinvade the dewatered unsaturated

zone. The returning water eventually reaches the retorts and con-

tacts the spent shale. Soluble material is transferred from “the

- solid phase to the liquid. Ultimately, there is a net flow of fluid

through'the,retort carrying quantities of dissolved solids into the

groundwater aquifers.

Factbrs'Complicating Impact Analysis

Faétorsrwhich compliéate the analysis of impact on water quality

from an abandoned in-situ: retort are:
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1. Non-homogeneity_of the material within the retort.

2. Elevated temperatures of the epent shale at the‘start of

leaching.

3. -Non-uniform. and generally unpredictable leachate flow pat-

terns.
y, Unknown quality of influent leaching fluid.
5. Poorlyvdefined rate-limiting leaching mechanisms.

6. Poorly defined solute transport mechanisms in the aquifers.

.Non-homOgeneity of Retorted Shale. . Material within an abandoned
retort "is extremely heterogeneous. Retorting by-products are distri-

butedrthroughout.on shale surfaces - and within particles. - The spent

shale Varies-in size and shape, chemical compOSition5 and solubility._

Differences are due .to natural variations  in the raw shale beds,

retort preparation, and operating techniques.

Elevated Temperatures. The temperature of spentb shale' within

ﬁhe retort mey be well.above the boiliné poinﬁ owaater at the ﬁime
when the groundwatef arrives. Eerly leaching may thus eccur af
elevated temperatures in ﬁhe presence of solid, 1iquid,‘and gaseous
phases. Leaching mechahisms will be eifficelt to define except in

the most general manner.

Non-uniform Leachate Flow Patterns. Thei flow pattern of the
re-invading groundwater depends on the geo-hydrology=ofvthe surround-

ing aquifer system, as well as conditions within the in-situ.chamber.
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Reliable*oaleulations*of‘flow—patternSftherefore—dependfontanradea
quate knowledge of regional aquifer parameters.vIn'most ‘cases, data
of this sort are inadequate (Merhan et al., 1981). Additional com-
plications 'are encounteredr'once +the water reaches .the- retort.
Leachate flow withinvthebporeS'will not"be uniform.. Both liquid and
gaseous phases will be'present; Variations in particle and porosity
size and distribution due to the'nature of the techniques used in
‘ retort preparation will encourage channe11Z1ng and short 01rcu1t1ng.
Temperature and den31ty gradients formed within the fluid phase w1ll
tend to establish counter-currents. ‘.Mechanical disper31on in the

pore system will also become a 31gn1ficant factor.

Quality of Influent Leaching Fluid. The quality of the effluent_

leaving the retort depends on the quality of the entering water.
- Influent. concentrations, in turn, depend on the flow regime . esta-
blished in the aquifer after dewatering operationsware.terminated.
The penetration. of relatively‘impervious'layers.of bed rock by the
highly pervious VMIS chambers may permit flows from previouslybiso-
lated saline areas to enter the aquifer system. Leachates from one

retort may also be directed into another retort.

Leaching Mechanisms. Basic mechanisms involved in the transport

of a solute from a 31te in the solid phase to the fluid phase mov1ng
through the pores between the particles are‘generally understood and
have been well described in the literature. On the other hand,
mechanisms for‘solute transport in spent shale‘are not well defined.

A primary reason for this is the non-homogeneity of the material.

Many of the previous leaching studies that ‘have been reported in the



litérature have been;directed toward characterizing a leachate pro-
duced in laboratory cslumn or batch studies. The data produced are
usefpl in understanding the composition of the leachate produced
.under the given conditions from a specific shale; however, the
" results cannot be extended to other shales or other leaching condi-
tions with any degfee of certainty bécause leaching mechanisms are

not defined.

Transport Mechanisms. Solute may»precipitate, decay, or react.‘
with other chemical compounds as it is conveyed through the fractured
raw shale aquifers. The modelling of flow through'fracture systems

is in itself a difficult and complex problem.
STUDY OBJECTIVES

One of the -basic reasons. for the inability to. determine the
impact of abandoned VMIS retorts on water quality is a lack of
knowledge of the leaching mechanisms involved in the transfer of a
solute'from the so0lid shale to the leaching fluid.

The objective of thé present study is to investigate the kinet-

ics of leaching of soluble substances from in-situ speht shales by

water. Specifically the following is undertaken:.

1. Evaluate mass-transfer mechanisms involved in the 1eaching
of in-sitt:\.spent shale by water and deter'mi,ne'which are

rate-limiting.



- ambient temperatures.

Evaluate changes in mass transfer coefficients with respect
to chgnges in bed media, approach velocity and bed poros-:

ity.

Develop a mathematical}model of the variation of concentra-
tion of organic compounds with time“and depth in a spent’

shale bed.

The following assﬁmptions "are made to simplify the

analyses:

Y . . . . . o
Inorganic and  organic species concentrations in the

leachates .will be characteriied by electrical conductivity

‘and total obganic’carbbn,“respectively.'

Column and batch leaching experiments will be conducted at

b
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CHAPTER II
LITERATURE SEARCH
P . |
Research on leaching cf inorganic and organic substances from
spent o0il 'shale can fbe classed roughly into two groups: leachate

characterization, and leaching and transport mechanisms. A majority

of o0il shale leaching studies has beén directed toward the character-

ization of leachates1; leaching and transpoﬁt mechanisms, however,.

have received relatively little consideration.

LEACHATE CHARACTERIZATION STUDIES

Inorganic Characferization of In-Situ Spent Oil Shale Leachates

Inorganic characterization studies of 1eachates_ frcm in-situ
spent o0il shale have been made by Jackson et al. (1975), farker et
al. (1980), Kuo et al. (1979), Wildung ct al. (1977, 1978), Krause et
al. (1980), McWhorter (1980, 1981) and Peterson et al. (1981). Stu-
dies of leachates from spent shales derived from cores takén from the
Occidental 0il ia-situ retort were conducted ac three laboratofiés,
University of Colorado, Los Alamoa Scieﬁtific Laboratory (LASL), and
Battelle Pacific Northwest Laboratories (PNL), (0il Shale Task Force,

1980).

1. Fox (1982) has prepared a review and evaluation of the litera-
ture on leaching of oil shale including raw, and surface and in-
situ spent shales. The author of this dissertation had the oppor-
tunity to read a preliminary draft of the report just prior to the
completion of the present study. The Fox report is comprehensive
and detailed and should be a primary reference for oil shale
‘leaching investigations.
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Company in-situ retort material, as did-investigators at PNL and the
University of Colorado. ' Jackson et al., and Wildung et al. investi-
gafed shale from the -10-ton simulated in-situ retort at the Laramie
" Energy Research Center (LETC) in Wyoming. Parker et al., Park et
al., and Kuo et al.»investigated leachates from cores produced in
laboratory scale r'etor'tsf Krause et al. investigated the inorganic
'quaiityv of"leachatés 'Qf spent: shalés; frém 'Géokinetics in-situ

retorts.

The studies conductéd by Kuo et al., Park et al., Peterson et

al., and Wildung et al. are summarized below.

Kuo "et al. . Kuo: et al. (1979) leached cores obtained from
~ Occidental Retort " 3E. The spent;~shalé showed leaching properties
similar to those of 'raw shales. for.elements .Ca, SOu,'Na,“and B. The
pH levels of core leachates»were less than 9.5. Thgy also conducted
a series of experiﬁeﬁts Qith 1aboratbfy-producéd‘spenﬁ éhale sémples
éovering é retdrting range sf 5400 td 900°C.r.haw shal; grades ranged
from 10>to 37vga1 pef‘tpn ahd partiéle siieé &aried from’0.3 to 4.0
cm. Stirred batch tesﬁs were conducted atﬁrdoh temperature in de-
ionized water with water-to-shale ratioé varying from 7 to 75 ml/g.
Spent shale was also leached ﬁith de-ionized water in continuous flow

columns ‘7.5 cm in diameter by 1.2 m long.

Results and conclusions from these latter experiments included

the following:

~--Kuo-—-et—al, - Park—et—al.,-and-Peterson et .al.. .used Occidental 0il
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1. For shéles retorted above 650 °C, éoncentrations of most
-ions fell to negligible levels ‘after the passage of 5 void
volumes of water. This was attributed to a two-stage remo-
val mechanism. Solute was first rémoved'from the'particle
surfaces.. After the surfaee_ waé depleéeted, additionalv

material came from. within the solid phase. -

2. Cavlciruvlm‘ and hydppxyl jons were found in relatively high
concentfatioﬁs in early'v 1eachatés. Calcium leveis
increased for the first few void volumes and did not reach
‘low. levels for as many as 20 volumes; The pH remained

above 11 for as many as 50 volumes. .

3. - Ion concentrations in 1leachates produced from shales
retorted at 1lower temperatures fell off more slowly than

did those produced from higher temperature material.

4, Leachate céncentrations fell off most rapid1y fof runs con-
dﬁcted with ihe 1;rger'particles and with shale retorted aﬁ
higher temperature. Thé \effecté could ndt be separated
beéausé retorting of lﬁrger particlés tended to résult in

higher retort temperatures.

- Park et al. Park et al. (1979) investigated the mineralogy of

gpent shale from the Occidentgl 'ih-situ _retort with particular
emphasis on identifying thevmajor minerals present and the effects of
retofting coﬁditiohs on eaéh ph#se. The spent shale minerélogy was
found to depend on the original mineralogy of the raw oil‘shalé and

retorting conditions -such as temperature, time at temperature and
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‘retorting gas composition. High temperatures, long reaction times,
and stéam environment should result in the formation of relatively
insoluble silicates; ‘Park et ,gl. alsq investigatedj effects  of
retorting conditions on quality df.leachate from spent shalg produced

@

in a small laboratory retort..

~ Peterson et al. Peterson et aI.,.(1981) performed extensive
studies of the 'mineralogy, trace element content, and leaching
characteristics of three cores retrieved from Occidental 0il Retort
3E. Core samples were examined for major, minor and trace.éléments.
‘content. Leachates from the core samples were also lanéleed..for

trace elements.

The identities of the mineral species found were correlated with
retorting conditions encountered within the retort. ‘Silicate épecies
thét form under higﬁ temperétures‘ob'lohg Heating durations were pre-
valent in the upper 60 ‘percent of the retort. There was a general
absgncé' of 'these silicate Species in the lower portions. Several
ﬁinerais normally found. in raw shale were also found'in the lower
regions. The lack of'silicateé and the présence of the raw shale
minerals in the lower regionshindicates\that the retorting"conditions
weré probably not so severe as_thosg:that occurred in thgjupper lev-

els.

Carbonate ,compounds” werev_distpibuted_zthrogghout the }etort.
Carbonates are normally decqmpgsed below temperatures at which sili-
cates afe forﬁed and one woﬁld expect}that cérbohates apd silicates
would ﬁbt co-exist. The authors hypothesized that the parbbnates in

the uppervpart, predominantly aragonite (CaC03), were created during

-
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post-burn activities when water was introduced into the retort for
"cooling purposes. The aragonite crystals were deposited from

leachates containing soluble calcium and carbon dioxide.

' Leachate compositions geherally reflected retorting conditions
experienced by the spent shale. Concéntrations-of major cations in
leachates. from shales containing the high temperature silicate
speciés tended to be 1ower‘than leAChates from shales without sili-
cates. .A correspoﬁding reduction in ‘copductivityv was also noted.

The authors observed, however, that solubilities of some environmen-

tally sensitive trace elements, i.e., As, B, F, and V, were not

necessarily mitigated by the formation of the high temberature sili-

cate species.

Maximum, minimum, and mean values of pH, conductivity, and major ‘

ion concgﬁtrations found in leachates from core R3E2 are tabﬁlated in
Table II-1. These data represent 19 samples distributed over a
retort depth of 106 feet. Leachates were produced by 48-hour static
shaker leaéhes of -100-mesh material havipg solid-liquiq-container
volumeﬁratios of 1:5:1Q. Solutions, separated from the solids by

centrifugation, were filtered through 0.45 micron Millipore filters.

~ The 'studies done by Peterson et al. may be summarized by the

following:

1. Zones characterized by different mineral species were pro-
duced in the retort depending on processing temperatures,

rates and other conditions.
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Table II - 1

Conductivities, PH and Major Ion Concentrations
Leachate from Core R3E2
Occidental In-situ Retort 3E

Item Units | Range - Mean

pH o 8.78-11.60 10.06°
Conductivity mmhos/cm 0.88-2.78 _ 1.78'
B mg/L 0.29-6.55 2.14
Ca mg/L 3.5-566 167

F | mg/L 0.3-21 6.3

K mg/L 53-220 154

Na ' mg/L : 92-308 ‘ 173

Si mg/L . 5.4.46 23

" Material in the retort ranged from shales containing par-
tially deéomposed carbonates to shales containing partially

or wholly silicated species.

The solubility of most major cations was reduced to low
levels and conductivity was also reduced when high-
: , ) :

temperature silicate product phases_are formed during pro-

cessing.

Some trace élements,.i.e.,.As, B, F,'Mo, Ni, énd V, may not

be immobilized by.the formation of high-temperature sili-

A}

cates.
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Wildung et al. Wildung et al., (1977, 1978) leached in-situ
shale from the 10-ton LETC retort with a 0.01 M cacl, solution. The
spent shale was < 2 mm in size and was packed in a glass column, 4.05
cm in diameter by 34 cm long. Lea&hing flow;wéé 0.168 mL/min in an
upward direction. = Effluent was collected in 15 mL fractions énd
analysed for méjor ions; trace eléments, and organic énd total éar-
bon.. Selected cation and carbon concentrations are shown in Table
II-2. The data for Na, K and carbon exhibit rapid drops with time.
Ca; on the other hand,‘increases'toward a quasi-equilibrium condi-

tion.

Table II-2

< 2 mm Spent Shale Leached with 0.01 M CaCl2

C LETC 10-ton Retort
Sample Pore Na - K Ca Organic Total

' Vol . Carbop Carbon
' mg/L mg/L  mg/L mg/L mg/L
. . !/

1 ~0.015 23925 2980 565 1430 1460
3 0.056 8140 1240 728 349 360
5 - 0.114 1980 501 670 120 124
10 0.282 200 91 816 20 22
15 - 0.442 180 55 902 10 11
50 1.57 171 55 1338 Ty 8
99 3.10 207 52 1127 5 "5

Reference- Wildung et al. (1977)
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Summary—gg—lnorganie~Leachate—Charactenization;Studies-,

It is‘difficult to review the above characterization studies on
a common basis. The compositions of the mineral spécies content of
the raw and retorted shales are not available, and the retorting con-
ditions experienced by the various spent shales are not known.
Leachate quality also debends on such factors as solid-liquid contact
time, léaching fluid compositioﬁ, temperature, particle size and.
porosity. Information on these factors has not been reported on a

uniform basis by the inveStigators.

Fox (Dec. 1980) has compared in-situ leachate data compiled by
Amy (1978), Jackson et al. (1975), Kuo et al. (1979), and Parker et
al. (1977). Constituent concentrations, expressed as mass leached
per 100 grams of shale, were grouped according to the maximum |

observed value as follows:

1. Less than 10 mg/100g - Al, B, Cl,.Cr, F, Fe, Li, Mo, Mg,

N03, Pb, Sr, Zn.

2. Between 10 and 100 mg/100g - HCO,, K, OH, Si.

3

3. Greater than 100 mg/100g - Ca, CO,, Na, SOy.

3

This grouping is subject to the qualifications imposed for lack of
information about material composition and retorting conditions but
it does serve to identify the major jions typically found in in-situ

spent shale leachate to be Ca, Na, SOu, and CO3.
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Organic Characterization of Leachates

. Organic characterization studies of leachates from spent shéiéé '
have generally been limited to the measurement of totai organic'car-

bon (Jackson et al., 1975), (Wildung et al., 1977, 1978).

TOCZanalyées are simplé‘compared to fhelfechniques'requifed io
idéntify and quéﬁtifyiindiyidual organic species. Some inveStié;térs
have con¢uctéd more detailed analyses. Wildung et al. (i977f inQes-
tigated organics“and dhganic-metalﬂcompiexes in leachatés from'lyéim-
~ eters containing retorted shales originatihg'ffom'the:Parahd retort.
Amy (1978) conducted fractionation studies of leachates from simu-
lated in-situ spent shales and found approximately equal amounts of

'aéidic, neutral, andvbasic materials present.
LEACHiNG 'AND TRANSPORT MECHANISMS

Leaching and transport of solutes within the pores of a fixed

béd can be described by the classic advection-dispersion equation:

g%_=_E‘§E§ ) Up‘%% R i' %%~ o o , : (I1-1)
z e ~
in which:
'C = Concentration of solute in liquid phase
t = Time
g .

Distance in direction of flow
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'E = Dispersion coefficient . : - .

U = Interstitial fluid velocity

P

-Rr= Chemical reaction rate

m = Ratio of macro-pore to micro-pore volumeé
q,:

Uniform concentration of solute in solid phase

-~

The termé on .the ‘right $ide of the eduation represent dispersive
transport, convective transport, chemiCallreaction, and infernal mass

transfer. A source term may be added if necessary.
' The transport of solute between phaseé ‘can’ be described by
Fick's law of diffusion:

in which:
Dm= Diffusion coefficient

2 : '
V7= Laplacian operator for the applicable.coordinate system.

These two equations were the bases for several of the research inves-

tigations into leaching mechanisms discussed later in this chapter.

Diffusive Mechanisms

Diffusive}édiute ﬁrahgport is conventionally described by tran-
sport méchaniSms-driVeﬂfo concentration gradients (Sherwood et al.,

1975), (Bird et al., 1960), (Perry et al., 1973). Consider a
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particle located in a'fiked bed of similar particles as shown on Fig-
ure II-1. The bed porosity is proportioned into micro- or internal .
porosity and macro- or external porosity. ﬁicro;porosity lies
totally within the particle‘boundaries and macro-porosity oocurS‘only
in the space between the particles. An element of solute moves from
a site within the solid phase to the solvent flowing through the
macro-pores by mechanisms of solld‘ dlffu51on; surface 'dlffus1on,
interface transfer, and ordinary or Knudsen d1ffus1on in the liqu1d
phase. Rates of solute transport are expressed 1n terms of d1ffus1on

coefficients or d1ffus1v1t1es.

Dispersive Transport Mechanisms

Axial and radial dispersive mechanisms mix and. spread solute
‘through thefmaero-pore system. These dispersions are a combination
of molecular diffusion driven by local concentration gradients ‘and,
mechanical or hydrodynamic dispersiOn caused by variations in direc-
tion andqmagnitUde-of looal pore velocities. The dispersion causes
the‘ solute 'to be distributed - within continually increasing bed
volumes in the»directioniof net  flow. Relationships between disper-
- sion, ”moleeular: diffusion and particle Reynolds ‘number have. been.h
established from correlations of experimental data (Sherwood et al.,

1975)
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Figure II-1. Schematic section through porous media in a_fixed bed.
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INVESTIGATIONS INTO OIL SHALE LEACHING MECHANISMS

Amy (1978,1980), Kuo et al. (1979), McWhorter (1980, 1981), and
Rameriz (1981) have conducted investigations into the mechanisms of
leaching of solutes from oil shale. Only the pOrtions of work per-

tinent to leaching mechanisms are summarized herein:

Amy

Amy (1978, 1980) conducted continuous flow column and e&uili-
brium batch ekberiments on four tybés of:,spent‘ shale from the
Lawrence Livermore Laboratory 125—kg‘simglated in-situ retort. Two
of the shales, type 1 and type 2, wére retorted in an pxyéen envirbn-i
ment and in an inert gas atmospheré, respectively. The study objeé-
tive was to define the mechanisms by ‘which organic matter is leached

from spent shale by groundwater.

Columns, 2.5 cm inldiameter by 15 or 3Q cm long, were filléd and
compacted wifh épenﬁ‘shales having a particle size range of 6.14-0.64
cem. Distilled water at 20 C was pumped through the pores at a rate
of 0.6 mL/min for 96 hours. T1me-averaged composite samples were

analysed for total organic carbon, conductivity and pH.

Equilibrium iéotherms describing the relationship between the
solute concentration in the solid and the equilibrium concentration

of the solute in the liquid were alsd developed from batch tests.

Amy presented a model'of leaching in a packed bed based on Equa-
tion II-1 with dispersive and reactive terms neglected as follows:

<8q> F (ac) ! (ac)
=) == (= - (= (I1-3)
ot 7 p_A \9Z ¢ pB ot 7

B



23

in which:
g = TOC concentrations in the solid phase
t = Time
Z = Distance in the direction of flqw.
.F = Water flow rate
A = Cross-sectional area of column
C = TOC concentration in 'liquid phése
pB = Bulk density of shale

Amy assumed that the. rates of leaching of TOC from the solid

phase could be expressed by the following mass transfer equaﬁions:

External Mass Transfer

(Eﬂ)z - Kﬁ(C - c%) | B | (11-4)

Surface Reaction

(%%)z = Rpp (9, = @ 5 B (11-5)

Internal Mass Transfer
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in which:
KE = External Mass Transfer Coefficient
C* = Equilibrium iegchate TOC concentration
C = Measured leachate TQC_concentration
KBA = Surface reaction rate coefficient.
Q, = Maximum potgntial of solid phase TOC on shale‘gurfgge
qQ = Actual solid-phasg'TOC on shale-particlg -
KG = Internal mass trahsfer rate coefficient
_qf‘/=,Equilibrium solid phase ?OC concgnpration

Equation IT-3 was solved together” with each of the equations II-},
II-5, and II-6 to determine which of the three mephanisms webe limit-

ing for the two types of shale investigated.

Amy hypothesized that interhal mass transfer is the rate:conm
trolling ﬁechaﬁism for the'combustion retorted shéle. ' He deemed tﬁis
1iké1y because the reiatively high internal porqsity assoc}ateq with
combustion retorted shales implied an extensive internal nétwork of -

pores that solute must travel.

Noné of the rate models accurately described the rate of leach-
ing over the entire range of time for type 2, the inert gas retorted
material. ;Some evidence, although not conclusive, indicated that
internal mass transfer or surface reaction mechanisgs may have been

rate limiting during time periods after 10 hours of leaching.
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External mass transfer appeared to be rate limiting during'the first
10 hours. Amy suggested that this may have been due to the early
high TOC éoncentration in the leachate which served as an externél

resistance to mass transfer.
Kuo et al.

Kuo et al. (1979) derived a simple mass transfer model for
'leaching of inorganic ions from spent shale columns. The model
predicted effluent concentrations with time for the spent shale uséd

in the experiments.

The model was described but not presented. It ﬁas based on a
Shrinking core model for individual particleé and presumed tha; péfe
diffusion is the rate controlling process.v‘The column was taken as a
series of weli-stirred tanks. Solutions were obtained by numerical
a‘nalysis‘ of difference equations. Pore xdiff’usiviﬁy was determined
from both single particle 1eaching‘data and byvfitting the column
' leaching data to the numerical model. Coefficients with values

8

between 10'7 and 10° cn®/sec were obtained.

/

McWhorter .

. McWhorter (1981) reported on studies of the role that the bi-
modal property of shale fragmenté played in the leaching of raw oil

: C
shale. .

In -previous studies the author had saturated two columns of
fresh raw shale and one column of weathered raw oil shale with de-

ionized water (McWhortet, 1980).‘ De-ionized water was then passed
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through the columns at a constant rate and the conductivitiesiof the
resultant effluent meagured. In general the EC_of the effluent
started to_drqp Jjust prior tp the passage of one pore volume, and
then showed a gradual decreaée o&ér the next severg;‘pgre volumes

producing an asymmetrical breakthrough curve.

Following the initial run, the columns were allowed to gravity
drain fér about 6 weeks, re-saturéted with de-ionized water and the
 experiment repeated.  Initial EC concentratiopsuih the coiumns con-
téining fresh raw shale approached those observed‘in_thevfirst cyﬁle,
After the passage of one pore volume, the EC again dropped in a
similar manner to the first run. Effluent conducﬁivifies in the
second cycie for a giygn pore volume_passagé were about halfvto_twof

thirds of those in the initial runs.

The naturally weathered shale did not recover in the samé ménner
as did the ffesh shéle; Initial EC coﬁcentrations‘ﬁere an ofder of
magAithdé less than those observed during thé first part of the
experiment. .-Eff‘luent EC did however show a gfadual decréase with

increasing time.
Tentative conclusions reached by the author were:

1. Simple linear desorption was not the rate limiting meéhan-

ism.

2. Non-equilibrium chemistry within the macro-space did not
provide aﬁ adequate explanation of the asymmetry of the

breakthrough curve.
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3. The diffusion of dissolved species within the micro-pores

may contribute to the asymﬁetry of the breakthrough curve

but is not, by itself, an explanation.

y, The diffusion process'may also have an indirect effect on

v

the rate of reaction within the micro-space by limiting

mass transport to and from the reaction sites.

McWhorter proposes a mathematical advective-dispersive model of

the leaching process based on Equation II-1.

3%c ' 3c _ 3C  9s ,

R S T T
in-whicﬂ:
D = Hydrodynamic dispersion coefficient
C = Tracer concentration
V = Mean pore velocity
t = Time
X = Space coordinate
S = Source term

(II-7)

The source term S represents a rate of solute mass addition to the

macro-space by the particle. It depends on, among other factors, the

size, shape, size distribution, porosity and tortuosity of the parti-

cles. McWhorter used an analogy based on diffusion flux from a

-
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sphere resulting from a unit step change in surface concentrations to
define the source term for a wide distfibgtion of particle shapes and
sizes. This source .term was substituted into  the —advective-
~ dispersive .equaﬁion and a - solution ostained by Laplace transform
techniques was given in operational form. A closed form soiution was

not obtained.
Ramirez

Raﬁirez (1981) has propo;ed aﬁmathématiCal.modeL-of tpe.leaching
and traﬁsport mechanisms of spent Shale. The model consists of éwo
- equations, one applicable to the main channels in thewporous media
anq the other to dead space. Scanning eiectrdh microscoﬁe‘studies
identified the possibility of significant dead space vélume in add;—

tion to main channel flow regions. The'equations are:

BCm BCm 32C Am de )
f-ét—+V-ﬁ-=Df—é‘;é'—K(Cm Cd)-T)‘—Ti—t__ (11-8)
and
. ac, . ' A dar
c d _ —d d
@ -8) 50 =K -C) -F & | _, (11-9)
in which:
Cm = Main’chaqnel leachate composition -
Cq = Dead space leachate composition 7
f = Flowing fraction -
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V = Liquid phase velocity in media
~-D ~ = Dispersion coefficient © |
K = Mass transfer coefficient_
<Ay \= Main ¢hannel leaching area per volume
& .= ?érééity éf speht shg;e
Pm = Amount of -pollutant leached in main channel
Ad‘ z Dead'Space‘léaching area per volume
ré; =  Am§unt of»ieaehed sélpte ?n:deéd spaqe

Thé?Tm and Fd‘terms'will be defined by- equilibrium isotherms.
DIFFUSIVE.AND DISPERSIVEYMECHANISM RESEARCH IN ALLIED FIELDS

Research conducted in allied fields such as chemical engineer-
ing, soil science, and geo-physics are valuable sources of informa-
tion' on thé;the'basic phenomena encountered in o6il shale leaching.

Pasgsioura g& al.

Passioura (1971) "and Passioura and Rose (1971) -developed and

tested a model of hydrodynamic dispersion in aggregated soil media in

‘which pores are partioned into labge'and small sizes. Viscous flow

occurs only \ih ‘the large or macro-pores and solute movement takes
place in the micro-pores only by diffusion. The micro-pores act as
reservoirs for‘solute storage. The net effect of the storage is to

extend the tail of the break-through curves.
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Rqsen (1952, 1954) studied the kinetics of diffusion into spher-
ical particles in a fixed bed system. He presented a solution to the
general problem of transient behavior in a linear fixéd bed system.
The rate of adsorption is determined by the combined effects of.
liquid film resistance and‘diffusion within a particle in a fixed bed
containing homogeneous spherical particles of uniform radius. A fluid

phase flows through the bed with a constant linear velocity.

Two primary aésumptions were made to linearize the system‘and
thus facilitate the solution; (1) Solid diffusion and 1liquid film
resistance coefficients are independent of concentrétion and poéition
and (2) the’equilibrium isotherm between phases is linear. Two solu-
tions were presented: an exact solution based on numerical integra-
tion of an infinite integral ahd an approximate Solgtion based'6n a
saddle point integration of a Laplace transform inversion integral.
The dependent variable in the.Rosen solution is the-golutg concentra-
tion C in-éhe leaching fluid. This term‘is a function of the bed
length and time following a step increase in influent concentrations
from zero to Co at time zero. Independent variables included were
particle radius, coefficient of solid diffusioh, equilibrium isotherm
slope, ratio of void volume to particle unit volume, solute concen-
tration in the solid phase, surface film resistancg, pore veiocity of‘
the liquid phase, énd time and distance .of leachate travel. Graphi-
cal and tabular solutions were given for dimensionless time, dis-

tance, and film resistance parameters.
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Rasmunson and Neretnieks

Rasmunson and Neretnieks (19é1$~developed and solved a model of
migration of radionﬁclides in the'fi$sures of bed rock based on equa-
tions I{-1 and II-2. The rqck Was"regardéd as é double porosity
media 6onsiéting of boféus blocks surrounded b&’f&séures. Viscous
flow takes place only in the fiSsures.A“The.solutioh considered dif-

fusion of a solute into the'pofous<blocks, 1inear'sorption; and-longr

" itudinal disbersion.

" For the case of no dispersion and a non-decaying species the
solution is identical to that found by Rosen for diffusion into

_porous spheres. ‘ Lo
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CHAPTER III

EXPERIMENTAL PROCEDURES
PHYSICAL CHARACTERISTICS OF SPENT SHALE

Bapch and  column exper;ments were conducted on spent shale pro-
duced in Run S-55 of the_Lafamie Enefgy_Technology Center (LETC) 10-
ton simulated in-situ retoft._ The LETC retort, located in Laranmie,
Wyoming, isuoperated in the following manner. After the retort has
been carefully packed with random-sized raw shale, the top 1ayer is
ignited. The_ﬁesulting flame front is then driven down through the
'shale'bed'by air-ihjected at the'top. The kerogen'cbntéined in the
shale 'is converted to'oil, gas, and carbon in the hot, oxygen-free.
zone immediatelj below the bufning méss. The advancing flame front
feeds on the carbon remaining aftér the kerogen conversion anq ;he
oil and gases are forced to the bottom and rémoved. ~ After " the
combustibn Zoné‘reaches thé bottom, the air injection is stopped and
the shale allowed to cool. A summary of the operating conditions for

Run S-55 is shown on Table III-1.

.Handling and Classification of Spent Shale

Run S-55 of the pETC 10-ton retort was completed.iﬁ the last
week of June 1978. The entire charge of spent shale was made avail-
able to the 0il Shale Project at Lawrence Berkeley Laborétory (LBL).
The following is a bfief’description of the steps taken to unload the
retort and_to pack, ship, and classify the material;b This is signi-~
ficant because thé original "as retorted" condition vof the shale
pieces is affecteq by abrasion and impact incurred during handling

and shipping.
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Table III-1

‘Operating Conditions
LETC 10-ton Retort - Run S-55

Shale spurce o Anvil Poiﬁts, Co
Shale grade - 26 gal per ton
Particle size range ' fines to 24 in. N
Run type 67% air/33% steam
O, content of retort gas 13.8%

Steam injection rate. ' 920 scfh
Superficial gas”velocity 2.8 scf‘h/f‘t2
Maximum temperéture 1200 °F

Retorting rate ' 1.53 in/hr

Average heating value of gas 67 BTU/ft3

Yield % Fischer Assay 46.6 vol.%

The spent shale was first dropped through a hatch located in the
retort bottom into a tared dump truck. The tfuck was driven several
miles to é scale, and the weigﬁt of the shale determined. The 1load
was then returned to LETC, dumped on a concrete slab, and loaded into
plastic-=lined, 55-gallon drums with an end-loader. Twenty~seven
drums, weighing some 5500 kgs, were shipped by truck to LBL facili-

ties in Richmond, Calif. -

At Richmond, the shale was classified with motorized vibrating
screens having openings of 1, 1/2, and 1/8 inches. Pieces of shale

greater than ‘3 inches were removed by hand. The number of barrels
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accumulated of each size 35 shown on Table III-2. Shale size is
expressed inside brackets as a range, the negative term is the screen
opening that passes the particle.and the ppsitive term is thé opéning
that retains the parficle. Dimensions are in inches unless otherwise_
noted. TonQrums of (-1/8) inch shale were saved,dand the remainder

of this fine material was discarded. Two barrels.ofwthe "as shipped"

material were retained for reference.

Table III-2

Spent Shale Quantity

Size (in)  Number
' of Drums .

RV 2

(<12 tos 1/8) 2.5

(-1 to + 1/2). 4.5
’ (-3 to + no 11
(+3) . : |  '5
Unclassified 2

In general, most experimehts were conducted with spent shale
taken from barrels cohtaining classified material in the (-1 to +1/8)
inch range. Samples for batch and column ieaching were taken. ran-
domly,from'drumé containing the desired size and composited. These
composites weré then di?ided.intb ﬁortioné suitable for use in the

individual batbh and small column studies.
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Characterization of Shale

A randomly selected drum of "aé Shipped" S-55 shale was screened
by hand to charaéteriielthe material. The résults of the size clas-
sification are shown on Table III-3. The nature of the spent shale
was heterogeheous; ﬁith the piecés ranging from shiny black to grey
and tan in color and from heavy and dense to 1ight and porous in den-
sity. A sample of shale from the (-1 to +1/2) range contained about
50 percentvblack particles, 33 percent tan, and 17 percent grey. The
shapé of the pieces were generally flat and ahgular. The retorting
weakened the internal bonding of the minerals; and the stresses
induced during heating, cooling and handling caused the shale to
spiit along natural bedding planes. Photngaphs of typical' shale
particles in two size ranges, (-1/2 to +1/8) and (-1 to + 1/2), are

presented in Figures III-1 and III-2; respectively.

Pieces. larger than U4 inches were generally uniformly grey or tan
on the exterior. Many of the larger pieces, however, exhibited a
unique shading pattern. A black center sector, corresponding roughly
" to the general outline of the particle; was surrounded by a band of
light grey extending out to the edges. These pieces wére split in
the handling process with the interiors being exposed. - The black
zone cqntained carbon derivedb-from the conversion of the kerogen.
The carbon has been rgmoved by oxidation in the grey zone. The sharp
line of demarcation between zones is the limit of the penetratiop of

the oxygen into the solid. Examples are shown on Figure III-3.
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Table III-3

Size Classification of Spent Shale
as Received at Richmond, CA v

\

Size (in) Percent Weight*
Passing #8 screen’ . - ° - 15
(=1/2 to +#8) 22
(21 to +1/2) 20
(=2 1/2 to +1) 23
(-4 to +2 1/2) 12
(-6 to +4) ; - Y
(+6) - ' y
* Total weight of sample 178 kg.

#% Mesh opening 2.36 mm
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XBB 818-816¢

Figure III-1. Spent shale particles, (-1/2 to +1/8) inch size range.
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Figure III-2. Spent shale particles (-1 to +1/2) inch size range.
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Figure III-3. Spent shale showing carbon zone demarcation.
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Bulk Density. The bulk density of the shale was determined from

weights and volumes obtained by packing pieces of the shale into
small columns. The bed was compacted by impact in the same manner
used for preparing the actual leaching experiments. Average bulk

densities computed in this manner are tabulated on Table TI1-4.

Table III-U

Size and Bulk Density of Sieved Spent Shale

Range in Sieve Mesh (in.)

(-1 to +172) (=1/2 to +1/8)

. Bulk Density - g/cm3 0.94 0.88
Mean.particlé'size.
Diameter - cm 2.2 0.7

Height - cm 0.7 0.2

forosity. Porewvdlhme meésurémengs Qere made for each indivi-
dual coluﬁn. After the column was filled with shale and compacted, a
" known volume of water was introduced into the bed and the correspond-
ing rise noted. Well packed small columns of (-1/2 to ;178) shale
were.fouhd to have total pdrosities of about 62 percent of the column
volume. Tables iII-17 and 18 contain tabulations of observed total

porosities.

The total porosity estimated by this method contains two types

of voids; external, which occur between the particles, and internal,
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which are located'ﬁithin thé boundaries of the solids. Both types
may contain water. 1Internal porosity can be a significant 'f‘actor'
since the spent shale particles have an appreciable porosity result-
ing from the retorting process. Pieces containing internal void
ratios o@lup to 50 percent of the total particle volume were identi-,

fied by a pressurized mercury test.

N

- The relative contributions of the two types of porosities to the
total was,estimated by calculating the sphericity;of a typical shale
particie. This faétor, which felates the surface area of a given
particle _to that of a ‘sphere of the same volume, cén in turn be
related embirically to external‘pore vqlume in‘a fixed bed (Foust
1960). According to fhié metﬁ;d, the external porosity in a packed
bed of (-1 to +1/8) shale should lie between 45 and 50 percent of
vtge total bed volume. A coiumn having a total porosity of 60 percent
and anvexternal porosity bf 45 percent would have ah internal bdre
volume of 15 perceht of the total bed volume or 37.5 percént of the
partiqle volume. Poroéities of this magnitude are not unreaéonabié
assuming that some ﬁhermal,ﬁdécomposition of mineral carbonates
occured during retorting (Tisot, 1967). Total porosities encountered
in columns and estimated e#ternal pore volumes based on an assumption
of a 15 percent bed internal porosity are tabulated in Tables III-17

and 18.

Solid Density. The solid density is the bulk density divided by

the volume of the solid particles as determined in the column poros-

3

ity test. A shale sample having a-bulk density of 0.88 g/cm” and a

meaéured tptél porosity of 60 percent has a solid density of 2.2
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8/cm3. This is an average value. Individual pieces of spent shale

were found to have densities as high as 2.6 g/cm3.

Particle Size. For modeling purposes the shale pieces were
assumed“to'be.cylinders having average diameters and heights obtained
by the following méthod (Foust 1960). A quantity of shale was
selected from a‘1afger volume by quartering to obtain a suitable sam-
ple. The pieces were then spread out on a shget of graph paper and a
direction Qf.meaéurgment chosen along éﬁe axis of the paper. The
gfeatest distance across each bartiéle was’ recprded. The mean of
these:.dimensions was bresumed to be the 'diameter of a cylinder(
characterizing this‘raﬁge of sha;e. The cylihder ﬁeiéht'was‘obtained
byi méésuring the heights of the par%icles and averaging. Average
heighﬁs and diamétérs are tabulatedlbn Table III-4. Histograms of
dimensions determined in this mannef are shown on Figures III-4 and
III-S'for the (-1 to +1/2) and (-=1/2 td +3/8) size ranges, respec-
tively. the that there.ére particles falling outside the selected
rﬁnges;' This wasvbecauée many pieces are oblong and either pass or
are retainéd by‘the sieve depending on the;direction of approach to

the mesh opening.
CHEMICAL CHARACTERISTICS OF SPENT SHALE

The total organic carbon (TOC) ééntent of the spent shale was
determined with wet oxidation in accord with the procedures of Jack-
son (1958). A representative sample of the shale was taken from the
(=1 to +1/8) sieve size ﬁange, crushed in a jaw crusher and pulver-
ized in a mortar to pass a #45 (0.354 mm mesh) ‘screen. The pulver-

ized shale was soaked overnight in sulfurous acid to remove the
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DIAMETER ~ onm - XBL 825-9486

Figure III-4. Histograms of shale particle diameter and height for a
shale size range of (-1 to +1/2) inch . ’ o
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inorganic carbonates. The residue was then digested in a hot bath of
chromic, sﬁlfuric and phosphoric acids. The evolving carbon dioxide
was captured in a 0.5 N solution of sodium hydroxide}« After comple-
tion of the acid digestion step, the NaOH was titrated with- 0.5 N HC1
to determine the amount of CO2 captured. This procedure was repeated
four times to obtain TOC contents of 1.86, 1.56, 1.44, and 1.80 per~.
cent of the dry weight of the shale. A mean value of 1.7 percent was

taken to be the representative TOC content of the spent shale. B
WATER ANALYSES

Leachate samples taken during the course of these investigations
were routinely analysed for pH, electrical conductivity (EC), and

total organic carbon (TOC).

PH and Conductivity

‘JpH readings Qere‘made oh a Beckman Modei 4560 pH meter éné a
Sensefex probe calibfeted .agaiﬁst an rofion probe' an fresh pH 10
buffef. Eiectrieai conductivity wasAmeasureé with a:Yellow Springe
Instrument Model 31 meter and a Model 3403 probe ‘calibrated with a
standard potassium chloride solution. Most EC.measurements were mede
in an open cell mode in which‘3 mL . of solutionvwes{poured,into a

chamber at the end of the probe..
TOC

Total organic carbon analyses were made on two Beckman carbon
analysers (Models 915-A and 915-B). The operation of the two models

is similar. An injected 'sample is heated in, a furnace in the
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presence of oxygen and a catalyst to convert the carbon content. to .. .

carbon dioxide. The amount of CO, produced is then determined with

an infra-red detector and shown as a peak on a chart recorder. Two

furnaces are incorporated in . the instrument.“ One, maintained at 960

°C, measures total carbon and the other, operated at 150 oC, measures-

inorganic carbon.

Conventional analytical.methods for measuring carbon nere fol—
lowed as outlined in Standard Methods (1975). At the start of each
session,‘the instrument was calibrated. Small volumes, either 50 or
,100 mlcro-liters, of - standard carbon solutions containing 2.5, 5, 10,
20 40, and 80 mg/L total carbon, were 1njected into the analyser and
the_resulting’peak heights recorded. The standards were freshly made
~ for each session by diluting a potassium biphthalate stock solution
with carbon-free water. A calibration curve, relating .chart- peak
height'to sample‘carbon concentration, was then constructed. Samples
of leachates were then injected 1nto the instrument and the carbon

content determlned from the peak heights and the callbratlon curve.

. A common method of TOC analyses is to determine ‘both total and

inorganic ‘carbon - and then take the difference to obtain TOC. The
large number of 1leachate samoles discouraged the use of this pro-
cedure. An alternate method was followed in which the inorganic car-
bon was converted to carbon dioxide by acidification with hydro-
chloric acid to a pH of 2. The CO, was then purged with nitrogen
gas. The remaining carbon was considered to be all ‘organic. ‘The TOC

concentration was determined directly by a single injection into the

total carbon channel of the analySer.

sl
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Tests demonstrated that a purging period of 5 minutes was suffi--
cient to remove most of the C02 derived from the inorganic  carbon
after acidification. Acidification_ and sparging has at least oﬁe ,
drawback in that volatile organic carbon may be removed. from the
leachate by the sparging gas; consequently, the total organic carbon

measured by the sparging method is defined as non-purgable TOC.

The inorganic constituents in- the injected samples caused some
difficulty in the operation of the carbon analyser. Salts, remaining -
after sample evaporation, tended to coat the interiors of the ana-
lyser tubes and cells and"distort the analyser éutput. A halogén
filter was installed in the analyser to control salt deposition but
was not completely effective. Disassembly and cleaning of analyser

tubing and cells was required after approximately every 200 samples.

Sampling and Analytical Procedures

Liquid leachate sampleé were collected in 2-dram (9 mL) glass
vials with screw tops. A1l samples were kept sealed and stored in
the refrigerator untii the analyses were completed. Samplés col-
lected from batch leaching studies commonly confained a large amount
-of suspended solids. In these cases, leachates were first filtered
through a 0.45 micron filter before conducting the TbC analyses.
Early samples taken from the column studies also contained some
.suspended material, but later samples were usually clear with no
visible evidence of either suspended or collodial material. Tests
conducted on filtéred and clear unfiltered leachate samples column

studies indicated no significant difference in TOC measured. For

\

this reason samples containing small amognts of suspended solids were
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allowed to set until the solids settled to .the bottom of the vial.
The supernate was then decanted into a clean vial. Fresh acid

cleaned vials were used for all samples.

The pH of ﬁhe 1eachaté'samples commonly exceeded 10.5, a condi-
tion ﬁhich favéré‘the fast absorpti’on-of'fb2 from the atmosphére.
This reduces the sémple pH éndmencdurages the formation of chemical
" precipitates :in the presence of Ca and Mg ions.A-Foq this reason, EC
~and pH were detérmihed as quickly aé_possib;e after sample collec-
tion;' The pH'was.then 1owered'to-é.to discoupage pfecibita#e forma_

tion and to remove the inorganic‘capbOnates{

Reliability of Data

Replicate eleétrical conductivity:;measurements of. selected
leachate samples indicated a precision of plus or minus 3 percénf.
The precision of pH measurements was affeeﬁed by’thé high pﬁ of;the
leachates. The tendency .of the leaéhate tq ab'so_r'b_CO2 from the atmo-
sphere made it difficult -to conduct replicate measurements in small
samples. In addition, the accuracy of pH probes at elevatedvlevels
was questionable. Special probesvare available for these applica-
tions: however, : they are affected by dissolved substances-such as
silica and are difficult to-maintain<proper1y. Measﬁrement precision
for pH levels abové_1b.5 was considered to be plus or minust.OS

units.

In general, TOC concentrations reported herein are the means of
at least two separate injections from a sample. In case consecutive

injections 'resulted in significantly different ’recordér peaks,
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additionai injections from the same sample were made, and the
incorrect recorder peaks elimipated. Gross errors caused by injec-

tion of particulates or improper technique were thereby minimized.

TOC concentrations equal to or gbeater than 5 mg/L are estimated
to have a coefficient of variation, (standard deviation / mean), of
10 percent. At TOC levels of 2.5 and 1.0 mg/L the estimated coeffi-

cients of variation were greater, being 20 and 30 percent, respec-

tively.

TOC error estimates given above should be viewed with caution.
They are based on multiple injegtions_from the same sample and would
probably be reasonabie for liquids containing simple organic com-
pouhds such as the potassium biphthalate used for standards. There
is no assurance that the complex mixtﬁrés of Orgahics aﬁ@ inorganics
in the samples will combust within the analyser.in the same manner as

the reference standard does.
"~ WATER SUPPLY AND LEACHATE CHARACTERISTICS

Distilled water was used td-conduét batch and small column stu-
dies in the laboratoﬁy. Richmond City. tap water was supplied to the
large columns located outdoors é; the Richmoﬁd Field Station. Water
supplies were checked fréquehﬁiy.for contamination. Typiéal EC and
TOC vconcentration leve;s found in fresh_ distilléd water were 2
- mmhos/cm and << 1 mg/L; respectively. The\éonductivity of the Rich-
mond tap water was about 0.1 mmho/cm and the TOC levels varied

between 2 and < 1 mg/L.
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A sample of the tap water was collected and subjected to a’majof
inorganic. ion analysis with the results. shown in Table III-5. The

analytical methods used to obtain the data shown in the table were

all in accord with the recommendations of the US Environmental Pro-x

tection Agency (EPA, 1979). The appropriate EPA section number for
each ion analysis is given in Table III-7. The cafion-anion balance

T
3

for this sample was within one percent.

Table III-5

Analysis of Richmond Tap Water
Used in Large Column Studies

- .Anions . Cations
mg/L ) meq/L . mg/L meq/L
Nog 0B 0.0 Na 6.7  0.29
S0, 21 0.44 K 1.0 0.03
co, 4.8 0.16 Ca 20 1.0 -
HCO, 52 0.85 = Mg 3.1 0.26
PO, 6.4 0.13
OH - . 0.01
Sum - 1.60 - Sum : - 1.58

Electrical conductivity = 0.11 mmhos/cm
pH = 9.0
Temperature = 18 °¢

Ve
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Composition of TDSFLeached from Spent Shale

Thc compositicn of the‘TDS leached with time in the large packed
column studies was investigatcd by collecting two effluent samples
for inorganic ion analysis frcm a column'packed with the (-1 to +1/2)
size. . The'aamples were collected 10 hours and 10 days after commenc-
ing leaching; The bhysical prcperties of the ieachate were measured
directly after >colléction and before the acidification discussed

below. The results are tabulated in Table III-6.

The usual chemical precici;ates, which formed immediately after
sample collection in thesebtwo samples, were redissolved by decreas-
ing the cﬁ to about 6.5 with phcsphofic acid. The amount of acid
added is shown in Table III-6. Phosphoric acid was chosen bccause
phosphate has not been reported to.any significant deghec in speht

shale leachates or in wastewaters derived from the o0il shale

processes (Fox 1980). The samples were analysed for the most likely

major ions, aside from those compounds associated with silica: Na, K,
Ca, Mg, SOM’ N03, and the alkalinity ions. The results are summar-
ized in Table III-7. The methods of analysisiused to determine the

ionic species were those prescribed by the E?A reference section

listed in the table.

The cation-aaiOn balances for the data shown in the - table
disagree ‘by about 10 percent for the 10-hour samplc and by 25 percent
for the ten day sample. The latter indicates that either the‘methods
of analysis were inaccurate or that some major;cation was‘not deter-
mined. ,The'amounts cf phosphates'as PO,4 added did match, within-rcaf

son, the POu concentrations found in the samples.

b
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.Table III-6

Spent Shale Leachates
Physical Properties

Parameter 10 Hour 10.Day,
’ Sample Sample
pH . R Y L
EC - mmhos/cm : 10.9 0.85
DS - mg/L . - 10,250 580
Temperature - °c ‘ o 18 18

"Phosphoric acid added
for acidification
(mg/L as PO,) 239 . 169

The accuracyvof the ahalyéis can also be checked with the values

vdf TDS determined prior to acidification. Assuming that all of the
carbonaées are lést in the TDS prodedure, that.the’phOSphateé did not
exist in therriginai samplé, and that the ﬁydfoxidés’are.convértéd
to oxides, TDS calculated ffom the data iﬁ the table'indiéate approx-

imate,valués of 9500 mg/L for the 10 hour sample and 500 mg/L-for‘the

10 day sample. These values are about 7 and 14 percent lower than

. the measured TDS in the original samples as tabulated in Table III-7.
This indicates that compounds other than those identified are present

in the leachates.

The analytical methods used may also be inaccurate for waﬁer of
this quality (Farrier et al., 1979). For'example,vthe sulfate ion

-was determined by a turbidimetric methpd_ in which the sample was

N
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Table III-T-

Spent Shale Leachates
Major Inorganic Ion Analysis .
After Acidification with Phosphoric Acid ‘

Ion EPA 10 hr 10 day -
‘Method - - Sample (pH=6.5) *  Sample (pH=6.5)
mg/L meq/L mg/L meq/L
No;  353.2 038" 0.01 - 0.35 0.0
'S0, 3754 6390° - 133 T 312 7 6.5
coy 31041 o o - o o
.HC03‘ 310.1 201 3.3 48 0.79
PO,  364.5 250  «4.8" 150 2.9"
‘Sum T : S LS I 1042
Na ‘273.1 2500 109 53 2.3
‘K 258.1 W70 12 29 - 7 0.7T4
ca  215.1 . m 2.1 93 4.6
Mg 243.1 50 - M. 6.6 0.54

Sum - 127.2 | © 8.18

hd Adjusted for phosphoric acid dissociation at pH of 6.5
and a temperature of 25 Oc (Stumm and Morgan, 1981)

acidified with the resultant precipitate being measured. Other com-

pounds could have also.précipitéted.alqng with the_sulfate.
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The Mg, Ca, and carbonate concentrétions found in the acidified
Samples require clafification; No analyses of the fresh leachates
were made for specific ions or inorganic carbon. These 1leachates
were clearly supersaturéted with respect'to éir as evidenced by the
immediate precipitation upon collection. Thei composition of these
precipitates'was not investigated. ‘The>carbonates found in- the aci-
dified Samples w‘er'é undoubtedly due m vpart to the absorption of
atmospheric carbon dioxide by the leachates. The presencé of the Mg
ion indicates the possibility that Mgland Ca complexes may have been

‘present in the originai samples.

Regardless of the possible analytical errors and missed' com-
pounds, the analyses summarized in Table III-7 do demonstrate that
Na, K,Vsou and OH must represenﬁrthe major portion, by weight, of the
ions leached from spent shale. The predominate ions in the 10 hour
leachate are Na and SO,. Sulfate is also a principal ion in the 10

day leachate, but the Na ion has been displaced by the”Cé.ion.'

An estimate of the contributiqn of inorganic ions by spent shale
to leachates is shown in Table III-8. This table was prepared by
assuming that the pH was that observed immediately after Sample coi-
lection, and that the background contributions present in the ﬁap

water supply can be subtracted directly from the results.

Leachate Trace Organics

Thirty days' after the pump was shut'roff, a sample- of - the
leachate remaining in the large column containing the (=172 to +1/8)

size shale was taken and analysed to identify trace organics. The



. Table III-8

Estimated Contribution of Inorganic Ions to Leachate

by Spent Shale

Ion 10 Hour 10 Day
Sample (pH=11.4) Sample (pH=11.1)
mg/L meq/L mg/L meq/L

NO *

3 n n n n

POu n n n n

» OH - 205 - 1-3

SOu 6370 133 290 - 6.0

CO3 - 4.7 n | n

Sum 1m0 7.3

Na 2500 109 46 . - 2.0

K 470 12 - 28 0.7

Ca 21 1.1 73 3.7

Mg 47 3.9 3.5 0.3

Sum 126 : 6.7

¥ negligible
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leachate, made basic with NaOH, was extracted with nano-grade hexane.

The extract was reduced to a volume of 0.1 cc and analysed for trace

organics in a Finnigan Model 4023 gas chromograph-mass spectometer

having a 30m 0OV-101 quartz capillary column. The residue from the

hexane extract was methylated with (CH3)2804‘ An internal standard
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of perdeutero phenol (C6D50H)_was used. The residue was extracted
with nano-grade hexane, the extract reduced, and phenols determined
as methyl-phenyl ethér; The compounds found and the respective con-

centrations are given in Table III-9.

Table III-9

Tface'Organic Analysis
30 Day Quiescent Leaching Sample from
Large Column Containing (-1/2 to +1/8) Shale

~Compound Concentratibn, pPpPb
,‘Phenolv | 5
o-cresol S 3
p-cresol 2
2,6 dimethyl phenol 2
Methyl-ethyl phenol o 0.7
3;methy1 pyridine : 2

Akylpyridines 1.8

The original sample was found to contain 6.6 mg/L of TOC. The
shale from which the leachate was derived was 1eached.with tap water
for 360 hours. After the pump was shut off, the leachate was then
allowed to sit in the pores for 30 days. During this time the TOC in
the leachateﬂincreaséd'from 2.5 mg/L at shut-off to 6.6 mg/L. The
conclusions from the anélysis are that most of the organics present
are not (1) extractable with hexane, i:e. are polar, énd (2) are not

volatile.

an
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Correlation of EC and TDS

The TDS determination is more useful then EC and also much more
time consuming to run. The EC of nearly every leachate sample was
determined with the TDS being measured only occasionally. An attempt
was made to correlate observed EC and TDS for typical lééchate sam-

ples.

In one experiment, a Samplé of (-1/2 to»+1/8) sieve size shale
was placed in a one-liter flask, and the voids filled with water to
the top of the shale. The free-draining portion of the leachate was
removed at various time “intervals and anaiysed for EC, TDS, and pH.
The portion removed was repléced with fresh distilled water. The

results are tabulated in Table III-10.

The tabulation shows a decrease in the TDS/EC ratios with
decreasing TDS and bH. The ratios cannot be checked theoretically
because the ionic compositions of the leachates webe not measured.
It is, however, possible to show that the relative magnitude of the
ratios are reasonable by assuming that the only ioﬁs present are

sodium, sulfate, aﬁd hydroxide.

The leachates ﬁay be considered to be mixtures of sodium hydrox-
ide and sodium sulfate. The amount of hydroxide is determined by the
measured pH, and the total quantity of the two compoundsiis set from
the calculated TDS. Conductivities may be calculated by applying
equivalent conductance factors determined for the particular ions at
the given iOnic.strength (Perry et al., 1973). Conductances calcu-

lated by this method ranged from approximately the same as observed
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Table III-10

Relation of EC with TDS in Leachate
Collected from Non-steady Batch Experiment

.Sample Contact  pH EC TDS TDS/EC

No. Time
‘hrs. mmhos/cm g/L
1 16.3 1.7 12.7 1.3 0.88
2 2.0 1.5 6.1 4.4 0.72
3 é.u 11.6 5.2 4.1 0.79
Y 2.9. s w3 . 3.0 0.70
5 20.0 1.4 1.y 3.3 0.75
6 72.0 11.3 .y 3.0  0.68

7 3.0 1.3 2.9 . 2.0 0.69

to aboqt, ten percent lower. The inclusion of small quantities of
calcium and potassium, ions with higher conductances than sodium,
would improve the fit of the calculated chduétivities to the
observed data. The simple analysis shows that the decregsing ratios
of the magnitude shown in Table III-10 are reasonable for decreasing

I
!

pH and TDS.

A serviceable estimate for the TDS in g/L may be obtained by
multiplying the observed EC in mmhos/cm by 0.72. This factor is the
average of the tabulated TDS/EC ratios, excluding that for sample 1,

and is applicable for EC values less than about 8.0 mmhos/cm.
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BATCH INVESTIGATIONS

Several kinds of batch.studies were undertaken. These studies
were used to define equilibrium relationships, determine time rates
of change of solute concentrations, and eStimate the soluble total
organic carbon content of the solid shale.  Solute is ueed in this
vreport as a general term for the'eomponent ofAinterest. Solutes con-
'sidehed in the present studies are primarily non-purgable: total

organic carbon (TOC) and electrical conductivity (EC).

Equilibrium Relationships

A representative sample of shale was taken from the (-1 to +1/8)
size renge, crushed iﬁ"a jaw crusher, and ground in a.mortafvto pass
a #45 (0.354 mm opening) mesh screen. Varying amounts of the
powdered shale were added to 50 mL of dispilled water in 250-mL
flasks to obtain solid-liquid ratios (S/L) of 1.5 to 0.01 g shale/mL
water. The flaske were placed en a shakiﬁg'tabie and shaken fof 21
~ days at temperatures of 22 +/- ] °c. At the end of the period the
flasks were removed, the leachate decanted and centrifuged, and the
EC, TOC and pH measured. The experiment was repeated for 73 days,
and it was concluded that twenty-three days was sufficient time to
attain equilibrium for pulverized shale. The data shown in Table
III-11" represent the results obtained after 73 days, for mixes 1

through 6 and after 21 days for mixes 7 through 11. TOC data are

shown plotted against the S/L ratios in Figure III-6.

The TOC data may,be fit_to a straight line as shown on Figure

‘III-6. A definite non-linear relationship is seen to exist below TOC .
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concentrations of 6 mg/L. No attempt was made to define this rela-
tionship because of equipment and analytical limitations at TOC lev-

els in this low range.

- An isothermvrelating TOC concentrations in the solid phase to
those existing at equilibrium in the 1liquid phase was consﬁructed
following the method used by Amy (1978). The average TOC content. in
the unleachéd shale was assumed to be 1.7 weight percent as deter-
mined by _the wet oxidation test. A mass balance was then madé
between the solid and 1liquid phases inbeach of the flaské of the
batch study to find the amount of TOC, in mg/g, r'emain'ihg' in the
solid phase at equilibrium. This value was plotted against the
corresponding liquid TOC concentration for each of the solid-liquid
mixtures. An isotherm célculated by this method is shown in Figure

Rates of Increase of Leachate Solutes

Several Dbatch studjes were conducted to investigate solute

‘build-up in leachates.
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Table III-11

Equilibrium Achieved in Agitated Batch Studies
with Pulverized Spent Shale
(< 0.35 mm mesh size) at 22 °c

Mix  Wt. Vol st toc EC pH

: Shale Water Ratio
g mL g/mL mg/L mmhos/cm

175 50 1.5 105 - 12.7
2 50 50 1.0 75 - 12.6
3 ko 50 0.8 55 12.0 12.6
4 30 50 0.6 42 9.8 12.6
5 20 50 0.4 33 7.4 12.5
6 1.5 50 0.23 19 . 5.8 -
7 10 50 0.2 22 4.9 12.2
8 5 « 50 0.1 9 3.2 -
9 1 50  0.02 6 1.50 - =
10 | 0.75 50  0.015 8 ° 1.35 -
11 0.50 50 0.01 7 0.92 -

*# Solids to Liquid Ratio

Rate of Increase of Leachate EC. The purpose of this study was

to monitor the time rate of change of leachate EC in shaking batch
studies conducted:with three different solid-liquid ratios. This
differs from the equilibrium shéking batch studies in which concen-
trations were measured only after long contact times. Ground shale

passing a #45 screen was added to 50 mL of water contained in 250-mL
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flasks in S/L ratios of 0.075, 0§015, and 0.3 g shale/mL water. The -
flasks were placed on a shaking table for 56 days at room tempera-"

tures. Periddieally samples of leachate were removed, centrifuged to
bseparaﬁe the solids, and measured for EC and pH. Both solids and
iiduid were returned to the 250-mL flask ahd the shaking continued.

The results are tabulated in Table III-12.

Table III-12

Increase of Solute EC with Time
Pulverized Spent Shale in Agitated Flasks

Solid-Liquid Ratios (g/mL)

0.3 _ 0.15 0.075

Time pH EC pH EC | pH EC
hrs ' mmhos/cm ' mmhos/cm mmhos/cm
0.2~ 10.9 . 3.5 10.9 2.1 . 10.8 1.4
0.8 10.9 3.5 10.9 2.3 10.8 . 1.5
7.2 - | 4.3 - 2.9 - 1.9
25 - b4 - 3.1 - 1.9
56 11.3 4.6 11,2 3.1 11.0 2.0
254 1.6 . 5.7 - 4.3 - 2.4
1350 1.8 7.9 1.5 4.8 - 11.1 3.1

.Long-term‘Leaéhingvgg Shale Types. The purpose of this study was

* : . .
to determine if there were significant differences in the leachable

TOC derived from grey, black, and‘tan shales. vSampLes of shale typi-

fying each of the three colors were selected from drums contaiping
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shale larger than 3 inches in diameter and crushed. Black, grey, and_

tan particles in the (~2.8 mm to +1.4 mm) size range were leached

with one pore volume (includes both external and internal”voids) of

distilled water for 253 days in 1 liter flasks at.room.temperatures.

The results are shown on:Table III-13.. Although_there-Wgre gross

~differences in the 253 day EC values of the three types Qf shale, the

corresponding TOC concentrations were essentially the same: conse-

quently, further studies were conducted without regard to shale

colors.
Table III-13
Comparison of_Speht‘Shale_Solutes :
Black, Tan and Grey Types

2.8 mm to 1.4 mm Mesh Size Range -
17 Days Leaching v 253 Days”Leéching -
Shale  pH EC ToC pH EC_ TOC
type mmhos/cm mg/L ... mmhos/em  mg/L
Black  12.1 - 25 12.1 -~ 6.6 36
Tan 12.2 - 21 12,1 23.7 37
Grey  12.0 - 20 2.1 13.8 37

Long-Term Leaching of Column ' Dumps. After certain small column
rdns.were ébmpleted,‘a liter of shale-and dne pofe volume of the
final leachate were removed and stored in flaéks’at room temperature.
Thé‘;ufidsé was to obtain an estimate of the equilibrium concentra-

tions that would be established in a leachate remaining in contact

I
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with previbusly well-leached shale. A tabulation of results is shown
on Table III-14, The shales were all taken from the (-1/2 to +1/8)
size range and were: leached in.smali columns -at pore velocities of

less than 9 cm/hr.

Table III-14

Long Term Leaching
Leached Spent Shale Derived from Column Studies

Starting Condition Terminal Condition
Run Age  pH EC  Toc  pH EC TOC
no. mo. mmhos/cm  mg/L mmhos/em mg/L
A 19 1.y 1.8 3.5 12.0 9.5 16
B 17 1.5 1.6 4.0 12.0 9.2 20

c 16 11.8 1.8 <3.0 . 12.1 4.7 23

Leaching of a Shale Slab in a Stirred Solution. A single piece

of grey shale was suspended in a beaker containing two liters of
stirred deionized water. The purpose was to investigate the internal
.diffusion of solute within ﬁhe solid phase. The shale piece had
dimensions of approximately 10_x 12 i 1 cm and weighed 308 g. The
increase with time in solute TOC proved too small to be monitored
reliably, put the:increasevin'EC was significant as shown in Table

III-15.

Soluble TOC Content of Spent Shale. An attempt wés made to

determine the total'aEOunt of TOC which can be leached from the spent
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Table III-15

Increase in Solute EC with Time
for a Single Piece of Shale
Suspended in Agitated Water

Time EC
hrs . mmhos/cm
0.02 - . 0.02
0.08 - | 0.04
1.0 0.12
1.9 o 0.17
5.6 0 0.33
8.8 0.42
18.8 0.55
25 0.63
66 . 0.81
129 0.95
162 - 1.06
379 - 1.7
457 ) 1.32
650 1.36

shale. Twenty grams of pulverized shale passing a #U45 screen was
ad&ed,to one liter of distilled water in a flask and placed on a

shaking table at room temperature. Periodically, ther liquid was

removed, centrifuged to separate solids, meaéured for TOC, EC, and pH

and then discarded. Suspended solids were returned to the flask for

further leaching with, fresh water. The experimént was continued

o
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until the TOC in the samples dropped to about 1 mg/L. The total TOC

Cra

leached amounted to about 0,25 percent of tﬁé dry shale weight. 7fﬁe
value represents the ﬁinimum TOC which may be leached from the spent
shale, and it might be compared with the value of 1.7 percent
obtained by wet oxidation of the shale. The amount of TOC removable
by long term leaching with water isiprobably intermediate between the

two.
SMALL COLUMN STUDIES

Extensive 1leaching studies were conducted with spent shale
packed in 11.4 cm diamepeﬁ columns; These were followed by shorter

duration investigations involving 30 cm diameter columns.

A schematic of the small column'system'is shown on Figure III-8.
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Columns

Two identical lucite columns 11.4. cm.in diameter by 1.2 m long
were constructed to leach a one-meter-deep shale bed. The shale was
supported by a 10-cm-high stainless steel wire mesh stoolvinserted:
into the bottom of- the columns. . Spaces were thus.provided at- both
top and bottom of the column fdrfuater:pools. Six sample taps were

inserted at 15-cm: intervals along‘the column as shown in-the figure.-
The sample taps were 1/8-1nch tygon tublng passed through rubber

stoppers inserted 1nto holes drllled 1n the column wall. The tygon

tubes.extended to: the center:of-the column cross-section and were

protected from crushing: by Jackets of hard PVC tubing fltted over - the :

~ softer tygon. - The. outside. end of the tap ‘was closed with 'a ‘clamp

which could begreleased_for sampling. . -

The column was orlélnelly de31gned for upflow” operatlon with
water enterlng into’the bottom pool and the leachate leav1ng from the '
top pool. For.certaln reasons to be dlscussed subsequently, the flow
direction was reversed after several runs, with water entering_at the
top and leachate leav1ng from the bottom. In the case of the down-_'
flow mode of’operatlon, the packed shale was capped with a 2-cm thick
layer of 2-mm sand supported by a stainless wire'screen; The water
.supply pump delivered water at a slightly greater rate . than necessary
for the desired leaching flow. - The excess was wasted from the upper
pool. This arrangement elimihated the problem of solute build-up in

the top pool caused by back.diffusion from the shale bed. .
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Water Supply and Pumps

The spent shale was 1eached with distilled water in the small
column studies. vThe water was st§red in as many as five 20-liter
Nélgene plastic or glass bottlés, depending upon the nuﬁber “of
columns in operation and the leachihg rate. Ihitially, some diffi-
culty was experienced with an increase with ‘time in the background
levels of TOC in the water supplied to the columns. . This was
corrected by draining, cleaning, and refilling the bottles daily.

Water temperatures varied between 22 ° and 24 oC .

The water was conveyed in either tygon. or silicon tubing
| throughout the system. The tubing was passed through a model 7567
Cole Palmer Masterflex pump. Pump heéds were selected for the appli-
cable flow range. 'Constant COIumn f1ow rates were méintained by a
similar_pump placeq in the outlet line leading frbm the bottom pool.
: Frequen£ time—vo1ume determinations indicateg ﬁhaﬁ‘flows were main-

tained within'plus or minus two percent of the desired value.

System Operation

The following discussion is applicable to the downflow mode, but

it also holds in general terms for column runs in the upflow mode.

Most of the studies were made with the (-1/2 to +1/8) size
shale. The.ratio of the column diameter to the mean particle diame-
ter employed was about- 16. The smaller this ratib, the more 1likely
the possibility of fluid rshort-circﬁitihg down the walls of the
column. The bed material was carefully placed with the external

voids being well distributed throughout the bed. The wall effects

Py
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appeared ﬁo be insignificant during the course of the experiments.
No attempt was made to check,the plug flow characteristics of the
water phase. To do so would have been labonious due to the high
internal porosity of the solids and the high.pH which tends to desé

troy the fluorescence of most fluorescent dye wa%er tracers.

Shale of the selected size was 1ightly‘screened with a #8 sieve
(2.36 mm opening) to remove accumulated fines.‘ The shale nas care-
fully placed”in 5 to 1Q cm increments and compacted by impact on the
column 'sides and bottoms. The sample taps were _instalied as the -

shale levels reached the level of the‘tap holes.

The columns were commonly filled with water before starting a

run. >Severa1 methods of accomplishing this were investigated:
1. Filling the packed column rapidly from the bottom pool.

2. Filling the packed column rapidly, first from the bottom

and then from the middle in sequence.
3. Filling the packed,column‘slowly from the bottom pool.

M; Filling'the packed column slowly from each'sample tap in

' sequence.

The last scheme was the most successful, based on the uniformity
of leachate concentrations contained within the column at the start
of the run proper. In this method, water was pumped from the reser-
voir through each sample tap in sequence from the bottom upward, witn
each tap being used to fill the 15-cm-height tribntary‘tc the tap.

After the water had risen a short distance into the bed, the water
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supblj was switched temporarily to a pre-measured Y-liter volume of
water.' The corresponding rise in the bed for this volume was used to
svaluate the bed porosity. The filling was then continued until the
water reached the sand layer at the top of the column, with the inlet
pool béing filled from the top. The inlet pump remained on after
filling, and a.smallv amount of water. wa; wasted from the pool to

eliminate solute build-up from back diffusion as much as possible.

The columns were allowed to set for at least an hour after fil;,
ling to permit establishment of a uniform concentration gradieht.
Leaéhate-samples were taken from eaéh tap.and from the upper pool
Jjust prior to the’start of pumping. In general, a run was discontin-
ued when the TOC in the effluent decreased to less than 2 mg/L, but
difficﬁlties were encountered with this criterion as discussed subse-

quently.

Quiescent‘Leaching

In two column runs, the leachatg was‘allowed to set in the pores
of the'.leacﬁed shale after termihaﬁing ‘the run. The subsequent
increases of TOC, EC, and pH in the leachate were monitored for
several hundred- hours. The résﬁlts are sﬁmmarized in Table III-T6.
Refer to Table III-17 for information on the particular column opera-
tion. TOC concentration data are plotted versus time on Figure IV-5

in the next chapter.

Sampling Procedures

Thé methods used for samplé analyses required the removal of a

total of at least 35 mL from the six sampling taps within a5 minuté



Table III-16

Quiescent Léaching in Columns

Subsequent to Column Runs

Run Time pH EC TOC
. No. - hrs. mmhos/cm  mg/L
D-6 O - 0.6 1.0
D-6 44 - - 5.1
D-6 U517 - 7.2 9.7
D-6 936 - 9.6 15
D-6 1699 - - 15
D-6 1632 .12.0 10.1 20
D-7 0 - 0.6 0.9 .
-7 91 - 2.3 3.6
D-7 115 - 2.5 6.2
'D-f 431 - 6.1 9.6
D-7 595 - 9.9 13
D-7 1030 - - 16
D-7 1151 - 10.1 13
D-7 1941 12.2 10.8 17
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period of time. Because the range of leaching flows studied extended

from 5 .to 55 mL/min, it is apparent that incautious sample withdrawal

would disturb the plug flow regime in the 1liquid phase.

Leachate

samples were taken in the direction of flow to minimize the potential

disruption. Three mL of fluid were first wasted to clear the tap of

the last withdrawal, and a similar amount was then withdrawn into a
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glass vial. Samples were usually taken at intervals considerably

greater than one hour to permit restoration of plug flow.

Results

A summary of operating parametersvfor ﬁen small column runs is
given in Table III-=17. Leachate pH, EC, and TOC data for these runs
are tabulated in Apbéndix A in Tablés A-i through A-27. TOC data in
this table are adjusted to‘correct for influent water background lev-
els. Measured TOC in effluents wés, in gene{al, 1 to 1.5 mg/L higher
than va;ues shown' in the table. Adjusted yalues less than 1 mg/L are

shown as < 1 mg/L because of analytical accuracy limitations.

-
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Small Column Experiments

‘Table III-17

Summary of Operational Parameters

Shale Total

.. D-5

Slow fill from each -sample tap

75

Run _ External Flow Flow Pore  Fill
No. Size - Porosity Porosity Rate . Mode Vel. Type
' mL/min cm/hr
U-1 A 0063 00)48 701 up 807 F-M
v-2 A 0.63 0.48 7.1 up  ° 8.7  S-B
D-1 B 0.58 0.43 6.3  down 8.6  F-B
D2 € 0.60 0.45 15 ' down 20 S-T
' p-3 c 0.63 0.148 5.0  down = 6.1  S-T
D-4 ‘A 0.61 0.46 12 down 16 . S-T
A 0.6 0.46 39.  down . 50  S-T
D-7 A 0.59 0.4 55 down 71" S-T
D-8 D 0.60 0.45 20 down 26 S-T
!
"Legend
A (=1/2 to +1/8) in. mesh size shale
. B (-3/4 to'+1/2) in. mesh size shale-
- C (-1 to +1/2) in. mesh size shale
D (-1/2 to +1/4) in. mesh size shale
F-B Fast fill from bottom pool
F-M Fast ‘fill from bottom pool and then middle
S-B Slow fill from bottom pool '
S-T
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The runs descéribed in Table III-17 cover a wide range of operat-
ing conditions. Most . runs were conducted with (-1/2 to +1/8)
nmaterial, although largef material‘was used in three columns as shown
in the table. The total porosity values are calculated  from the
change in bed water level due to the introduction of a known volume
of water. External ponosities shcwn are based on a calculated inter-
nal pcrosity of fifteen percent. The nore velocities are calculated
_from»the averege flow rate and the assnmed external porosity. The
fast and slow methods of filling the pores are relative. Fast fill
was accomplished by filling the column with gravity flow of water
from a reservoir'in about two minutes, while slow fill was done with
the tubing_pumps_operatingiat a rate of about 175'mL/min. Run U-2

was filled at a rate of 7 mL/min, the same used for leaching.

The column experiments were originally designed for upflow
leaching primarily because initial"conditions are more simply
described for modelling punposes. For example, water can be intro-
duced at the same natev and direction as used for leaching in the
upflow mode, whereas an abrupt discontinuity is introduced between

filling and leaching operations in the downflow mode. When the

column is filled from the bottom, the direction of flon must be

i

changed before leaching flow is started. If the column is filled
fron the top, three-phase flow ccnditions”exist as the water trickles
thrcugh the unsaturated shale bed. Another reason for selecting the
upflow mode was that it simulatec the probable path taken’ b& the

returning groundwater in field in-situ retorts.

i s

«
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The upflow moderwas abahdoned after several runs. Density gra-
.dients caused by local differences in leachate dissolved solids con-
centrations created currents in the ﬁacro—pores counter to .the direc-
tion of net flow. These currents back-mixed the solute in the bed

pores and tended to blur the concentration profile.

The -effects can be seen clearly by referring to data from runs
U-1 and U-2 presented in Tables A-1 through A-5 in Appendix A. Béth
runs are for the upflow case, differing mainly in the method used for
the initiél filling with water.' The U-1 column was first filied
rapidly from the bottom pool and then leaching flow at a slower rate
_wés beggn immediately; The column of run U-2 was filled from the
bottom at the same rate used for subseqhent leaching. Sampleé were

vtaken at regular intervals as the front passed by the sample taps.

Data from U-1, in Tables A-1 and A-2, are affected by the ini-
tial filling operation. The rapid filling and the immediate start ofv

.

ieaching flow resulted in a poor initiai diétribution of soluté con-
centrations. Cohcentrations observed in the cénter of the column
were génerally higher than at either end. One would expect that con-
centrations would  increase in the direction of flow as mass was
transferred from the solids to the liquid. It is hypothesized that
cOncen£?ation profiles did act in this manner during the initial fil-
ling stage. After the slower leaching f‘low was established, dis-

solved salt concentration gradients were such as to cause some of the

denser leachate to drop back in the column.

U-2 data, presented in Tables A-3, A-4, and A-5 decrease in the

direction of flow. In this case, density counter-currents were
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sufficiently strong to overcome the relatively slow upward leachate

flow. Calculations showing the validity of the hypothesized back-

flow of solute will be presented in Chapter V. -

Runs D-1 through D-8 were.conducted under downflow conditioﬁ;.
In general, concentrations at any given time increased iﬁ tﬁé direc;
tiqn of flow and decreased with time at any given bed level. The
natural density stratification from light at the top of the bed to

dénse at the bottom discouraged the formation of density currents.. -

Data from the small column runs will be analysed in a later
chapter. It is worthwhile, howeVer, to comment on the overall qual-

ity of the data from downflow leaching of shale in the small columns{

Conductivity data were well behaved. Smooth decreases with time

at constant distances and uniform increases with distance at constant
times were the rule. EC decreased from initial levels as high as 10
mmhos/cm to as low as 0.1 mmhos/cm after several hundred hours of

. leaching. .

TOC data were not as well behaved. In early leachingvstages,
TOC did drop relatively'smoothly from initial concentrations of 30lto
‘50 mg/L to about 5 mg/L. Thereafter, although the general trend of
the data was downward, inexplicable increases were often noted. Some
of these incfeases were short term peaks and others occurred over

several hours.

The tails of the TOC break-through'curves below about 2 mg/L did

not exhibit the smooth decrease with time observed for EC.. This is

o\ »
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attributed, at least in part, to the loss of analytical—accuracy—at

low TOC values.
‘LARGE COLUMNS

- The large column system included three columns, a constant head
‘water supply tank connected to the city water;' subply, and outlet

pumps. A flow schematic is shown on Figure III¥9.
Columns

The large columns were located at the Richmond Field Station of
thexUnivérsitj of Célifornié, Berkeléy. fhbee vertical-columns, one
foot in diameter”by 10 feet‘long, were constructed from'corrugated
stéel culverts. Steel plates- were welded on the .bottoms and all
joints Qeré sealed'with epoxy cement. Thirty cm high steel.cége
stools were plaéed in the bottom of each columﬁ to support the shale

" bed and to provide a space for a lower pool.
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Figure III-9. Schematic of large column leaching apparatus.
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'Holes were drilled into the culvert walls for sample taps,
inleté; and outlets. ‘Sample taps were constructed of 1/?Iinqh plasQ
tic pipe passing through a rubberl stdppers which ‘inA turn were
inserted and clampeqwinto holéé driiled in the column‘wélls. The
pipes serveq as qonduits.for.three'tygon tubes, 1/8 inch in‘diameter,‘
which carried leachate sambles from the pores.to_phe' outside of theA
column. The tubes projected about 3 cm into the shale bed from.holes
drilled 7.5 cm on centers along the axis of the plastic pipé. 1Thése
holes were located so that, when the sample tap was inserted through
the culver; wall; the center tube terminated at the center of'thei
cross-séction. It was thus possible to sample at the center and quar-
ter poiniS"on the column.diametef. There were two sample tap loca-

tions, as shown on the schematic, 65-énd 145 cm froﬁ the topHOf the

bed.

The upper end of the shale beq was covered with a stainless
steel wife mesh supporting a four cm thick bed of 2. mm dia sand with
a water pool on top. As in the smaller columns, excess water was

wasted from the top pool.

. Water Supply and Pumping

Municipal tap water was conveyéd to a constant head tank ‘and
then fed by gravity to the inlet pools located on the top of the
columns. Leaching flow rates were establiéhed by pumping from the

column effluent lines in the manner described previously for the

~small column studies.
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Column Operation

The columns were loaded with the aid of a cherry picker hoist.
Shale was poured into the columns directly from the drums and.tamped
lightly with a steel rod. The sampling taps were inserted at the
appropriate time during the filling prdcedure. One column.has filled
with (-1/2 to ;1/8) material and the other two with (}1 to +1/é)

material.

The voids in the packed béd were_filled slowly from the bottom
up Qith water conveyéd from fhe constant head tanks.n Twenty liters
_6f'wétef were used to estimate bed porosity in the mannéfidescribed
previously for the small columns. Filling from the bottom éontinuéd
until the water reached the sand layér; The flow from the. constant
head tanks was then diverted to the uppef‘ pool. Inf‘low continued
after the pool was filled and a slight waste maintainéd to keep the
pool ciear. The column was allowed to set for ﬁ.S to 6 héufs. to

allow the concentration patterns in the bed to stabilize.

Just-before the run was started, 1leachate samples were taken
from the sample taps and inlet pools. The outlet pump flow rates
were set and downward leaching flow established in  the shale bed.

Samples were taken at frequent intervéls._

The large-columns had»t§ be'operated outdoors, unlike thé saall
column studies which were pefformed ‘inr a temperature controlled
laboratory. The diurnél.temperatures variations were thereforé con-
sidérably gfeater in tﬁe large columns, and the exéeriments'had to be

terminated when a heat wave struck the area. Diurnal variations of
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12 oC‘o_r' greater with a maximum temperature of 30 Oc were observed.
It Qas strongly guspected thaﬁvthése téméerature variations éfeated
density gradient driven free-convection currents in the shale beds
wh;ch distorted the éffluént break-througb curves. This matter is

discussed in more detail in Chapter V.

Sampling Procedures

" Flow and'cbncentration profiles in the large columns were less
affected by the withdrawél of samples than the smaller columns
because the volumes taken represented a smaller fraction of the the

total flow. Samples were collected from the upper tap first. Five

ml. of fluid were wasted to clear the tube of previous withdrawals and

four mL of leachate were then collected from each tap.

Results. .

Column ‘ operating parameters are summarized on Table. III-18.
Leachate pH, EC, and TOC data are shown in Appendix A in Tables A-28

through A-36. Data are presented at the far, center, and near quar-
|

.ter points of the c¢ross-section, with reference to the observer, at

two levels. TOC data have been adjusted- for raw water background TOC

" and thus reflect actual pick-up of solute during passage through the

bed. Temperatures taken at the time of sampling are also shéwn‘

Although detailed data analysis is delayed wuntil Chapter V,
sevéral comments on'the'datéjare pertinent at this time. pH and EC

data geherally dedreased with time at a given bed depth and increased

‘with depth at a'barticular‘time, "Significant variations in data, not

" consistent with plug flow conditions, were observed at both sampling
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levels. It cannot be determined with certainity if these variations
were caused by local variation in material composition or by poor

flow distribution.

Dirunal temperatﬁre variations undoﬁbtedly affected the dafa.
Otherwise unexplainable increases between conseéupive samplgs were
noted particularly during the latter part of the run when afternoon
temperatures attained 30 OC. The size of the shale also had a signi-
ficant impact on the solute levels. Cinmn LC-1 was packed Qith (=
172 té +1/8) éhalé and had the highest initial solute concentration.
This was aiso higher £han observed in effluenté from sma11 co1ﬁmns

packed with the same size of shale.

The setting time between filling and the start of_leaching flow"

also affected the initial concentrations. Columns LC-2 and LC-3 were

filled with the same size shale. Higher starting EC and pH levels in

LC-2 reflected a longer setting time of 6 hours after filling versus

4.5 hours for LC-3. TOC data, in general, for the large columns

dropped from initial levels ih a manner similar to that,observed-fbr
. . S . \

EC and pH until concentrations of about 5 mg/L were reached.

Thereafter, both short and long term peaks were noted before levels

tailed off.
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Table III-18

Large Column Experiments
Summary of Operational Parameters

Run Shale Total External  Flow  Flow Pore Set

No. Size  Porosity Porosity Rate Mode  Vel. Time

't mL/min cm/hr hr
LC-1 A 0.56 0.41 63 “dn 12.6 4.5
-2 ¢ 0.57 0.42 32 dn 6.2 6.0
LC-3 ¢ o.s7 o.42 " B2 an 12.1 s

See Table III-17 for.Legend . -
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CHAPTER IV

LEACHING AND TRANSPORT MODEL

The advection-disperSion equation, Equation II-1 in Chapter 1II,
was presumed to be applicable to the leaching and transport of the

3

solute of interest, TOC, in a bed of spent shale.

= |
3C 3¢ _ 4 9C _ o _ 1 3q . 1I-1
Bt E 322 Up 9Z Rr m ot ( .,)

14

'The'equation is bésed on a mass balance on an elemental volume of
bed. The change of leachate TOC concentration with time is expressed
as the sum of changes due to dispersive, advective, reactive, and

internal mass transfer meChaniSms. 
PHYSICAL MODEL

A physical model of the leaching and tbansport of TOC was pr§;
pbsed. Tn}s model was based on: (1) physical characteristics of the
fixed bed, (25 obsérvations of leachate behavior during column and
batch tests, and (3) assumptions ‘on rate limiting transport mecﬁan-

isms and initial solute distribution in the solid and 1liquid phases.

Physical Characteristics of the Fixed Bed

The spent shale bed comprises shale particles of various sizes
in contact. Channels are formed in the spaces between the particles.
In addition, small pofes, located within the solid pafticles, ter-
minate on the.outside walls of the shale‘and interconnect with the
larger channels. The pores within the shale were formed dufing the

thermal conversion qf the kerogen. The escaping liquids and vapors
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left a network of voids within the particles.. The presence of this
network was confirméd in the present study by subjecting selected
shale particles to an internal'borosity test in:a pressurized mercury
bath. quosities of up to 50 percent of the total particle volume

were found.

The pores in the two networks range downward in size from dimen-
sions on the order of the particle diameter to a few microns.: This
distribution is characterized by considering that only two types of
pores are present: macro-pores ﬁhich occur in the spaces betWeen»the
particles and micro-pores which occur within the particle. The ﬁwo
types of pores are further characterized by the method of solute
transport. Viscous flow ocecurs only within the saturated macro-
poreé,‘whefeiﬁ soluté transport is by advecti&e, dispersive; aﬁd dif-
fusive mechanisﬁs. Mass transport within the micro-pores is by dif;.

.

fusion only.

Mass Transfer Mechanisms

The transport of a solute from sites within the solid phase to
the liquid phase may be'represented by a series of transfer mechan-
isms, each one in the series applicable to a particular domain. The

principal domains in the spent shale bed are:
1. The so0lid phase.

2. The interface between‘phases.'
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The surface of the solid phase.
The fluid within the micro-pores.

The fluid within the macro-pores.

The transfer of solute between phases is 1likely controlled by

transport within one of these domains. Amy et al. (1980) found that

internal diffusion within the particle was most. likely controlling

for one type of shale investigated and that either internal diffusion

or ‘surface reaction were likely rate limiting for another type of

shale. Furﬁhermoreg’ Amy found that different mechahismsv could be

rate limiting at different times in the leaching process.

Possible rate limiting mechanisms were_outlinéd in Chapter 1II

ass

6.

Diffusion within the solid phase.

Chemical reactioh at the phase interface.

Diffusion on the.particle Surfaces.

Molecular gnq Knudsén'diffﬁsion within-phg micro-pp#e;.
Diffusion through the phase interface.

Mechaniéal or hydrodymanic dispersion in the macro-pores.

TOC Break-through Curve

A schematic of a break-through curve depicting effluent TOC con-

centrations normalized to the concentration existing at the time of



89

passage of one pore volume of fluid, versus pore voiumes of fluid
passed is shown in Figure IV-1. A pore volume is defined as the pro-
duct of passage time and pore velocity divided by the bed depth.
This curve is typical of thosé observed in ;he column leaching exper-
iments conducted under downflow conditions in a bed which was ini-
tially saturated with water and then ailowed:to stand for about two

hours. Leachate flow was started at pore volume zero.

The bfeak—through curve 1is arbitrarily divided into vthree
stages. Sﬁage I occurs during the period of passage of the first
pore volume. Leachate concentrations were often observed to rise
slightly from initial levels during this stagé. A longer period of
setting after filling with water would have reduced or eliminated
this rise. The presence of a pre-Stage I is implied during which
wéter is introduced to the bed and the 1eachate concentrations in the
pores approach_equilibrium. The concéntration at time zero (staft of
pumping) depends primarily on the timé ofvcontact between the water
and the shalé and the phase equilibrium isotherms. The rise during
Stage I>is indeﬁendent of leachate velocity. A similar rise would be
seen in a static batch leaching test of the same duration since each
element of moving water has the same léaching history with regard to

the stationary shale particles.



ZOHAPDHAZMOZON OO

1.0

90

{SSTA’;I

\

\ - OBSERVED BREAK-~THROUGBH CURVE
R , - A
- STAGE II—" \ .
- sTaeE IIT— . N\ T~ -
—t s " " P s S 1 " P M 1 " " s
0.0

2.0 ' 8.0
PORE VOLUMES OF PASSAGE

4.0

XBL 825-9492

Figure IV-1. Schematic column break-through curve showing contribu-
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Immediately upon the passage of one pore volume the normalized
concentrations-bégan’a drop to 0.1 or iess in the next two to three
pore volumes.” Thereafter, the concentration continued to decrease

although at a greatly reduced réte.

Stages iI and III each begin at unit pére_vé}ume and co-exist
for the next few pore volumes as Showﬁ schematically on Figure 1§-1;
Stage II is dqminant.for two to three volumes and then disappears.
Stage III is relatively small a£ first and then becomes doﬁinant as
Stage ;i d;sappears. The sum of the two stages is the obsgrved

break-through curve.

TOC Distribution in Solid Phase

The chemical characterization studies conductéﬁ on the spent
shale, described in Chapter III, indicated that the total organic
carbon content of the material was between 0.25 and 1.7 weight per-

cent. These values are the TOC contents determined by the soluble

TOC batéh test and the hot acid methods, respectively. ' An 85 cm

depth of spent shale in the small column therefore contained between
19 and 130 grams of TOC. This calculation is based on a cross-
sectional diameter of 11.4 cm and a bulk dehsity of 0.88 gm/cm3. it
is difficult to calculate with any degree of accuracy the total mass
of organic carbon actually leached during a column study because the
obsérvedvTOC concentrations in Stage III tend to lie near the limits
of analytical accuracy. It is apparent, however, that only a portion
of»the available TOC is removed from the shale by the leachate in a

run of normai duration. Take for example, a column in which the

effluent concentration drops linearly with time in the first 20 hours
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of operation from U0 to‘Q_mg/L_and then continues §§ that level for
»SO hours. A leaching flow of 26 ml/min would remove less than 1 g,
or less ;han 5-percent ofvphe_solpble TOCVin the solid. A lgrge
reservoir of solute thus must remain within the particle: . Solute
from this reservoir is released aﬁ a low rate, as evidenced by the

low concentrations observed in Stage III effluent.

Physical Model of Leaching in Fixed'Bed

An initial solufe distribution waé prop03¢d wherein a pobﬁion
of thé soluble solid materiai lies on the surfaces of the dry shale
and the remainder was distributed uniformly withih the solid. Indi-
vidual shale particles were modeled as cylinderé havingwg radius 'b!’

and a height 'h' as shown on Figure IV-2.
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Model of Spent Shale Particle.

Pore plane

XBL 824 - 356

93



9y

Solute transport occurs within pore pianes perpendicular to the
sides of the cylinders. No transfer between adjacent pore planes is
assumed. Evidence for this assumption was presumptive. Raw shale
consists of alternating layers of minerals rich and lean in organic
content. The lean layer tends to‘retain integrity during retorting
and remain relatively impervious to subsequent fluid moveﬁent. The
principai porosity in the spent shale is thus concentrated in.the
_formerly rich layers. Shale slabs subjected to long-term leaching in
the present investigations delaminated along planes parallel to the
slab face indicating thaf pore planes did exist within the shale.
Wéter was able to enter along these planes and dissolve minerals in
the pore walls, thus weakening-the shale and causing the delamina-

tion.

Upon initial filling of the bed with water, all pores Dbecome

saturated, and solute is transferred from the surface of the solid

phase to the-liduid. Solute is then transported within the micro-

pores toward the macro-pores by molecular diffusion. The soluble
material in the surface film becomes depleted quickly and additional
.sdlute moves toward the micro-pores from sites within the solid

matrix.
MATHEMATICAL MODELLING

The original plan was to.develép é mathématical model that would
be applicable over the entire effluent solute break-through curve.
After severél false starts, it was found that the Stage II portion of
the physical model alohe could be represented by a model of simple

diffusion from pores contained within the solid phase. Stage II is
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the period of rapid drop in TOC content ‘in effluent from an abandoned
in-situ retort and is the period of ﬁost'interest in an évaluation’of
intentional leaching as a viable céntrol measure. It‘was decided to
concentrate on developing a model for Stage II alone and to use this
effort as a foundation for later investigations of the other stagés.
Following the develépment of the Stage I1 model, é simple Stage III
model wés proposed and tested. No model of Stage I was presénteda
Sophisticated models of Stages I and III can not be ‘developed until

more information on the chemistry of the so0lid and liquid phases is

' a#ailable including the effects of pH, ionic strength, and organic

and inorganic solubility on the mass transfer mechanisms.

. The problém of diffusion into spherical particleé haviﬁg a uni-A
form internal porosity was solved analytically_by Rosen (1952, 1954).
This did not fit the obvious physical situation encountered in spent
shalé beds of approximately cyiindrical particles containing well

defined pore'planes.

The'following defines the physical model in a form suitable for

mathematical modeling:

1. The pores of the shale particle are saturated with water at
the beginning of Stage II and the 'solute originally in the

surface film has been transferred to the liquid phase.

2. The solute contained within the liquid phase at the time of
_passage of the first pore volume of fluid is removed by the -

“mechanisms-of Stage II.
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The solute that is transported between phases after the

N

time of the first pore volume passage is removed by the

'mechanisms of Stage III.

MATHEMATICAL MODELLING OF STAGE II

The following are the basic assumptions used in the derivation

of the Stage I1II model:

1.

The basic eleﬁent in -the Béd is a cylindrical particlé, as
shown‘ in Figure I§-1,‘ contaiﬁing intebnal pore planeé
separated by laminar sheets of zero pofosity. Channels
within the pore ‘plané aré assuﬁéd to .be“straight, i.é;

without tortuosity.

The primary mechanism of mass transport in the pofe planes
is pure Fickian diffusion. ‘Né Knudsen or surface diffusion

was assumed.

 Internal porosity was represented simply as the volume of

the pore planes per unit Volume of thé solid.

Resistance to diffusion through a surface liquid film was
ignored for reasons of scale. Eventually the model will be
applied in field situations to large particles where the

contribution of film resistance is small.

The contribution of dispersive and reactive mechanisms were

neglected at this stage of the model development. Ulti-

mately the effect of these mechanisms must be ihcluded in

the model formation.
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The mathematical representation of the above required the use of
cylindrical instead of spherical functions. No solutions to this par-
ticular problem were found in the 1literature, so a unique solution

involving Laplace Transforms was developed.

- The advective-dispersive equation, Equation 1I-1, was réwritten

in the following form to describe the physical model:

in which:
Cc :.Concentbation of 501u£e in fluid phéSe’ih macro-pores
t = Time
Z = Diétance in direction of flow
_qa = Concentration of solute in fluid phése in.midro-pores
Up = Pobe‘velocity
m = Ratio of macrofpore volume to micro;ppre voipme

Equation IV-1 was coupled with the Fickian diffusion equation:

in which:
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o
]

m Molecular diffusion coefficient

2

V- Laplacién operaﬁor‘for the applicable coordinate system.

The solution of Equations IV-1 and IV-2 is described in detail
"in Appendix B. A brief outline of the method of solution follows.
Equation IV-1 is transformed to Equation IV-3 by the substitution of

time and distance parameters; 6'; t = (z2/ Up) and X = Z / m Up.

. 3, 3q _ | |
5x T 58 - © o (1V-3)

The concentrations in the micro- and macro-pore fluids at time
zerq‘are qo.énd-Co, respectively. The concentrations in thevmacro-
pore fluid’and at’thg surface of'the shale at later times, C and qs,
respectively, vary with time. Time is defined in terms of  8, the
time after the arrival of the first pore volume of fluid at a given

location.

The solute of interest distributed within the pore planes is at
- concentration q; which varies with time and the distance from the
center of the particie, r. The averagé concentration, qa within the

particle is:

b .
.2
q, = ) f rqidr v (IV-4)

o
o]

Diffuéion from the micro-pores for the situation presumed to
ekist in the physical model can be represented by the superposition

of solutions of Equation IV-2 for two cases considered by Crank
L
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(1976). Superposition was valid because the diffusion is presumed to

be a linear process.

< Let H1(r', t) be the analytical solution for diffusion into ini-

tially empty pores from a surface having a unit concentration, qs.

¢,

Let Hz(r, t) be the solution for diffusion out of pores having an
initial concentration of qo, toward an external surface having a con-,
_centration of zero. Assume that resistance to transfer through the

phase ‘interface is negligible and that the concentration at the sur-

face is the same as the surrounding fluid in the macro-pores.

Application of the convolution theorem yields:

. t o Hl(r,t - A) ’
a;(r,8) = [ q ) —F—gr—— A + qH,(r,t) (1V-5)
0
in which: >
qi(r, t) = Concentration within pore plane at radius

r and time t

a (A)

s Concentration at particle surface at time A

Crank's expressions for H1 and H., were substituted into -Equation

2

. . IV-5, with q_ being computed with Equation IV-U. The debivative'was

then taken with respect to © to_yield Equation IV-6.

6
: 2
9 C(r,0)exp|-D a (6 - A)| dA
aq'(x,e) o0 ’C‘)‘ [ m n ]
a

_ 4Dm :
30 -T2 Z 36 E
b1

4q

D _® '

_ °2m Z exp[—qnocie] ‘ (IV-6)

o b - :
, 1
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in whiche -
Dm = Diffusion coefficient.
b = Particle radius
oy = [0, 1/ bin which [0 ] are the zeros

of a Bessel function of zero order.

The last equation was combined with Equation IV-3 and; with
Lapléce transformé, converted into an ordinary differential equation .

and solved to yield:

: = -q) )t - 5.
o C(X,0) =q  + (C; - q) L o XD OLXZ — 2) (Iv-7)
in which:
C(X, 6) = Concentration in macro-pores at distance X

B

and time o

Qo = Concentration.in micro-pores at time zero
(
Ci = Concentration in influent to bed.
£‘1 = Inverse of Laplace transform‘
s = Transform variable.

) /52
m

Q
f
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For convenience remove constants from within the inverse function and

rewrite as:

ux,T) = £t % exp [~oax Z <__.S____2_>] | (TV-8)
' 1 n - o

" in which:

[On] = Zeros of the Bessel function of the zero
oﬁder.
‘ - 2
T = Dm /b

Assuming that qo = Co and Ci = 0

-1 - v | A S
0 |

Equation IV-9 _is the_ mass transport equation for Stage II;
Solution of this eduation givesva set of concentrations varying with
time- for a given bed depth. The dimensionless length and time param-
eters, oX and'T, are expressed hereafter in mnemonic_form as ALPHAX
and TIME, respectively. The time-length parameter introduced below

‘becomes TIME/ALPHAX.

Solution by Numerical Inversion

Equation 1IV-9 was solved by numerical  inversion of the
transformed function with the aid of programs from_the LBL Computer

Center Library. These programs were LAPINV, developed by .Willis
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(1975) and FLINV, a program -which is part of the International
Mathematics ana Statistics Library (IMSL). LAPINV was used to obtain
solutions of Equation of IV-§ and FLINV was used for verification of
LAPLNV solutions ofvtest examples. A listing of the LAPINV cdmputer

program is included in Exhibit C-1 of Appendix C.

"The inversion of Equation IV-9 was direct. The first 20 terms‘
of the infinite series in the transformed mode were solved numeri-
cally. The zeros of the Bessel functions were taken from 10-place
tables (Abramowitz, 1964). Equation IV-9 was then inverted by LAPINV
for several values of ALPHAX over a range of TIME parameters. Solu-
tions of Equation IV-9 are shown in Exhibit C-2 of Appehdix C for
ALPHAX values from 0.01 to 10 and for TIME values from 7.9 to 10'“.
These éplutions are also ‘shown graphically on Figure IV-3. Normal-
ized concentrations for each length parameter ALPHAX are plotted
against fhe f£ime-length barameter, TIME/ALPHAX, defined as TIME

divided by ALPHAX. Note that by so doing the'D/bzvterm is removed

from the ofdinate.

Verification gg Solution

The numerical inversion of a Laplace transform is -a risky pro-
cedure. There 1is no positive way to prove that the resulting solu-
tion is the correct one. One method often used to test an inversion
technique is to use it to solve functiéns which can be invérﬁed

analytically and determine the error. Both programs, LAPINV and'
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Figure IV-3. Leacvhate solute concentrétion as a function of ALPHAX
and TIME/ALPHAX. ' : :
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FLINV, were found to be accurate for inversion of simple functions.
LAPINV was tested on several more complex problems common in reactor
analysis. In general, the LAPINV inversions of smooth functions were
comparable with published anelytical solutions. On ﬁhe other hand
the LAPINQ inversions of functions containing spike and step inputs
did not compare favorable with published solutions. AIn these inver-
sions, a false dispersion was introduced by the numerical techniques
eﬁployed. Spike functions were transformed into peaks having finite
ﬁeights and broad bases and the step functions were smoofhed.at the

shoulders into S-curves.

LAPINV was tested with the first term of -the expansion of Equa-

‘tion IV-8.
U (x,) = £t % exp-[—O(X- (—S—2>] | (IV-10) -
s+ [0] .
n
in which:

[01] = 2.4048255577

~ It can be shown that there is a mathematical equivalence between

Equation IV-10 and the J function defined by:

a

J(a,b) = 1 - expl-b] [ exp[-E] 1_(2/BE) de (v-11)

0]

in which:

AR}

Ve
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( a,b ) = Variables for which the J function is

evaluated.

1. ()

Modified Bessel function

Tabulations of. the J function are found in Sherwood et al.
(1975). The equivalence between the U' and J functions occurs when
the functions are evaluated for.the parameters within the brackets of

Equation IV-12. Note the similarity of parameters for the two func-

tions. ‘The first parameter of the J function is ALPHAX, the same

parameter at which U' is evaluated. The second parameter of the J’

function differs from the second parameter of the U' function only by

the factor [01]2._
CUE,D) = JX, tol]zT) | ' - (1v-12)

The two functions, plotted against the product of TIME/ALPHAX and
[01]2,'are shown - on Figure IV-M"fof comparison. The J function was
evaluated by sé@ting ALPHAX equal to ﬁnity and then taking values of

J from tables in Sherwood et al. (1975) for several ratios of

! TIME/ALPHAX # [01]2. U' was evaluated by also setting the lerigth

parémeter,-ALPHAX, équ;l.to:one and then inverting by LAPINV. The J
function is shown as a continuous line on Figure IV-i and‘thg g
functionvis shown as discrete points. The correspondence. is excel-
lent. The LAPINV inQersion of Equation IV-10 was also verified by

FLINV.

These verification tests of FLINV and LAPINV present strong
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Figure IV-4. Comparison of J-function with the LAPINV inversion of
Equation IV-10. ' -
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evidence that the solutions of IV-9 by LAPINV are satisfactory‘for

the purposes of the study.
MATHEMATICAL MODEL OF STAGE III

" Stage III 1éaching mechanisms were modeled independently of

-Stage II. The Stage III model is not applicable during the first few

pore volumes passages when Stage II ‘removal mechahisms dominate. .

'Agyer Stage II disappears, Stage III waé assumed  to attain steady

- state. This condition was the basis for the Stage III model. It is

presumed that the reservoir of solute remaining within the shale is
sufficiénﬁly largé to maintainisteady—state bonditions for an inde-

finite period. In reality, the tail of the break-through curve will

~show a gradual decrease with time as the resistance to solute travel

" within the solid phase increases and the reservoir becomes depleted.

Physical Model of Stage III

The loss of TOC from the solid phase within a unit volume of bed
was equated to the csrresponding gain in the liquid ﬁhase:‘ The rate
of transfer across the phase interfacémis'expfessed in terms of a

mass transfer coefficient.

S

Mathematical Model of Stage III

The physical model is expressed mathematically in differential
form as:
dC

dac _ _ dq, . _
€ 3t = Pp g " 1000 - _ o (w-13)
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“in which:
€ = External porosity
C = Solute concentration in liquid phase (mg/L) :
Py = Bulk density (g/cm3) : ' ;
q = Solute 9oncentration in solid phase (mg/g)
t -= Time (hr)

Equation IV-13 can be coupled with Equation IV-14 relating the
change in solid solute to a mass transfer coefficient and a concen-

tration gradient driving force.

dg _ - o IV-14)
Pp dt Ka(c_e ©) ' ( \14’)
in which:
K = Mass transfer coefficient (mg/hr-cm3-mg/L)

a = Interfacial area (cm2)
Co = Equilibrium concentration in liquid phase

in contact with solid phase E
C = Liquid phase concentration B

Substitution of Equation IV-13 into IV-14 yields:

dc _ 1000

dt €

Ka(Ce - C) N (IV-15)
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Equation IV-15, solved by separation of variables and integration,

yields Equation IV-16. Concentrations were normalized with Ce' The

" initial concentration at the start of leaching is Cy Equation .IV-16

- is valid only for the units liSted'above}'

| [1,- cé/ce] I - | | o
K=inli—</c ) 2t 1000 | R

Mass Transfer Coefficient

The quiescent leachiné experiment, described in Chapter III, was
the source of data for the-determination of the mass transfer coeffi-
cient, K. Obsefved concentrations, normalized with Ce,\are plottedi
Qersus timé on Figufe IV-5. Experimental Variabies weré substituted
into Equation'iv-16, and the equation trial fitted to the plotted
data for various'assumed values of K. .Variables used were: bulk den-
sity of 0.88 g/cﬁ3, external porosity of‘0.45,-equilibrium concenﬁraa

tion of 22.5 mg/L, initial concentration of 1.0 mg/L, and surface

3

The equilibrium concentratioﬁ was based on long;term batch test§
of'leached spent shale obtained from coiumn dumps, as described in
Chapter III.- The value of 22.5 mg/L was the mean of the terminal TOC
vaiues of tests B and C shown in Table III-1H. The Sﬁrface area was
based on a typical cylindrical paftiqle having a diameter of 0.7 cm,

3

a height of 0.2 cm and-a:solid density of 2.2 g/cm”. The surface

¢

- area determined»by this method is less than values measured by Carley

(1980) for crushed raw oil shale particles. Carley found a mean A/V
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(surface,area/particle volume). factor of 11.4 for crushed shale in
the 5/16 to 3/8 inc size range. The lower value used in the present
. study compensated for the assumption that diffusion_in the cylinderi-

cal element is normal to the axis of the cylinder.

Equation IV-17, containing the above values, is plotted on Fig-

ure IV-5 for K values of 1.5, 2.0, and 3.0 x 10'7 mg/h‘r'-cm2

~mg/L.
The data are generally encompassed by the upper and lower curves;
therefore, the median K value was taken to be representative of the.

shale.
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Figure IV-S,“ TOC concentration versus time for .
studies in small columns.
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CHAPTER V

MODEL VERIFICATION AND ANALYSES OF RESULTS

The mass transfer models of Chapter IV were derived without
regard to specific compounds and should bg generally applicable for
transport- of any solute in the system ‘described ‘by the physical
model. A primary objective of this study was to model transport of
organic compounds from in-situ spent shale. Models were therefore
tested and verified with TOC datavtaken‘from leaching experimehts.
The general approach used . for modei verification was to first derive
' kinetic coefficients from selected small column experimeﬂts and then

test these coefficients with data oBtained from other column runs.
STAGE II MODEL VERIFICATION

The Stage II model presented in Chaptér IV is a simplification
of the mechanisms involved in the transfer‘of solute within ﬁhe shale
bed. The derivation #nd application of-the model presumes:.(1) a two
phase system containing a homogeneods solid phase comprising uniform-
partiéles and a liquid phase moving under plug flow conditions and
(2) ‘that one mass.transfer mechanism would be raﬁe limiting. These
Aconditions were met with varying degrees of succesé in the experi-

ments.

Despite the care taken to pack the columns in a homogeneous
manner, the column. studies indicated thaf380me portions of the bed
tended to release TOC and salts more readily than other portions.
Individual >sha1e par;icleé, while generally cylindficai in shape,
ivtended toward ‘the angular.- and also varied significantiy from the

average . dimensions used to tybify the media. Ideal plug flow
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conditions were approached but not necessarily attained in the small
column experiments. Free convection currents ihn the lidpid phase,
driven by density gradients caused by local differences in tempera-
4

ture and, K salt concentration, were undoubtedly present. Some transfer
mechanisms, such as transport thhough the liquid film at the ihter-
face and the simultaneous occurrence of Stage III mechanisms dhring

Stage 1I, were not included in the model. All of the above‘factors

tend to produce a flatter break-thhough curve than predicted by the

Stage II model.

Calculation of Diffusion Coefficients

The Stage II.model was fitted to the higher observed TOC concen-
trations only. The primary reason for this was that measured TOC was
mehe inaccurate at low_ eoncentrations. The higher concentrations.
were also affeeted less by the factors neglected in the derivation of '
the Stage II model. The general rule was to use only those observa-

tions having a normalized TOC concentration C/Co of 0.40 or more. C,

represented the weighted mean: average of the TOC concentrations

observed just before the time of passage of the first pore volume.
Reference to the tables in Apﬁendix A shbws that considerable varia-
tlons in TOC measurements existed over the length of the columns dur-
1ng thls perlod. These.varlatlons were most 11kely due to the non-
homogeneity in thevbed._ Extreme'high values were not included in the

computation of Co’

The tlme of passage of the first pore volume was estimated with

the aid of the expre331on, U t V4 Z, in which- U was the estimated
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mean pore velocity; t the time of observation; and Z the depth to the,v.

sample point.

Unfortunately the TOC concentration often dropped tdo rapidly to
permit the collection of many observations.of C/Co in excess of 0.40f
Deéréésing the sampling timevinterval duringﬁﬁhe period of répid TOC
deéréasé QoUld have‘produeéd more data in this region but the columnu
flow regime and the concentration profilesvwould have been distorted
excessively. Those rﬁns‘which contained one or more C/Co in e#éess
of 0.40 are listed in Table V-1 énd are plotted on Figures V-1

through V-11.

The Stage II model resul;s proved quite sensitive to the yalue
of the. internal porosity;_consequently, analyses were made for ipter-
nal porosities varying from 0.10 to 0.20, a range based on the lim-
ited particlé porosity studies described in‘Chapter ITII. A summary_
of parameters_used in analyses with an internal porosity of10.15 is
shown on Table V-1. Similar summaries for  internal porqsities Qf

0.20 and 0.10 are shown on Tables V-2 and V-3, respectively.

The curves shown on Figures V-1 through V-7, V-9, and V-11
represent the break-through curves predicted by the Stage 1I modei
for an internal porosity of 0.15. Solutions could not be obtained at
this po€osity for two cases, runs D-7 and D-8 at bed dépths of 70 cm:
consequéntly, the break-through curves shown on Figures V-8 and 'V-10
are for an internal porosity of 0.20. The reason for the inability
to .obtain a solution for these two runs will be discussed subse-

quently.
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Figure V-1. Break-through curve and normalized observed TOC concen-
trations plotted versus pore volumes of passage. Run D-1, 25 cm bed
depth, and 0.15 internal porosity. '
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Figure V-2. Break- through curve and normalized observed TOC concen-
trations plotted versus pore volumes of passage. Run D-2, 55 cm bed
depth, and 0.15 1nterna1 porosity.
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Figure V-3. Break-through curve .and normalized observed TOC concen-
trations plotted versus pore volumes of passage. Run Dfu, 25 cm bed
depth, and 0.15 internal porosity. ‘ : T
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Figure V-4. Break-through curve and normalized observed TOC concen-
trations plotted versus pore volumes of passage. Run D-4, 85 cm bed
depth, and 0.15 internal porosity. : :
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Figure V-5. Break-through curve and normalized observed TOC concen-
trations plotted versus pore volumes of passage. Run D-5, 85 cm bed
depth, and 0.15 internal porosity.
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Figure V-G " Break- through curve and normalized observed TOC concen-
trations plotted versus pore. volumes of passage. Run D-6, 70 cm bed
depth, and 0.15 internal por031ty.1 :
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Figure V-7. Break-through curve and normalized observed TOC concen-
trations plotted versus pore volumes of passage. Run D- 7, 55 cm bed

: depth, and 0.15 internal porosity.
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Figure V-8. Break-through curve and normalized observed TOC concen-
trations plotted versus pore volumes of passage. Run D-7, 70 cm bed
depth, and 0.20 internal porosity.
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Figure V-9. Break-through curve and’hobmalized-obsérved TOC conceﬁa.
trations plotted versus pore volumes of passage. Run D-8, 25 cm bed
depth, and 0.15 internal porosity. '

1.0
o
o.e ¢
0.8 -
STAGE II MODEL
S OBSERVED TOC
0.4
=
0.2 =
-
o
0.0 " l — . . i 2 i 1
c.o - - | . t.0. 2.0 : s.0' 4.0

PORE VbLUMES QF'PASSAGE
’ ' XBL 825-9704

Figure V-TO.' Breakfthrough curQéﬁénd normalized observed TOC COhcen- .
trations plotted versus pore volumes of passage. Run D-8, 70 cm bed
depth, and 0.20 internal porosity. C
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Figure V-11. Break-through curve and normalized observed TOC concen-
trations plotted versus pore volumes of passage. Run D-8, 85 cm bed
depth, and 0.15 internal porosity. ' : ,
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Table V-1

Small Column Diffusion Coefficients
Internal Porosity of 0.15

2

yA b c, U, ALPHAX D /b D,
Run  Bed Part. Norm. - Pore - . . Diff.
no. . Depth Radius Conc. Vel. : : Coef.
cm om " mg/L \ 10-3 . 10‘“1 1072
cm/sec. sec” em”/sec
D"“ 25 o.u 3000 2-)4 2-0 1.“ 2'2
D-2 55 0.8 19.5 5.5 -14.8  11.1 70.0
D-4 25 . 0.4  35.5 T 1.3 - 1.8 2.9
D-4 85 0.4 35.5 4.4 3.0 1.2 1.9
D-5 8 0.4  36.5 13.9 2.4 3.0 4.8
D-7 55 0.4 35.5 20.9 0.80 2.2 3.5
D7 70 0.4 - 35.5  20.5 “pa" "nd nd
D-8 25 0.5 21.5 7.3 0.18°  0.40 1.0
D-8 70 0.5 2.5 - 7.3  nd nd nd
D-8 . 85 0.5 21.5 7.3 0.94  0.60 1.5

*
- nd - not determined

The Stége_II model of Chapter‘IV was fit to the observed data by

a trial and - error process. Dimensionless time,' distance, and

- time/distaﬁce3parameters were used throughout as defined by Equations

'JV-1 throggh'EV-3;i,respectively, - The pore volume passage equation

defined above was  }éiéted'.to' the ratio of the dimensionless
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Table V-2

Small Column Diffusion Coefficients
Internal Porosity of . 0.20

, 2

yA Up ALPHAX D /b D,
Run Bed : -Pore : . Diff.
no. Depth Vel. Coef. -

' cm 1073 10‘”1 10°°
cm/sec sec- cm /sec

D-1 25 N 3.0 1.5 2.4
D-2 55 . 6.1 22.4 12.4 79.0
D-4 25 . 5.0 2.6 2.7 4.3
D-4 85 5.0 5.6 1.7 2.7
D-5 85 1505 )408 u-s 7-2
D-6 70 - 22.8 . 0.90 1.4 2.2
D-7 55 2307 1.25 2.6 4.2
D-7 70 C23.7 0.80 1.3 2.1
D-8 25 8.2 0.50 0.82 2.0
D-8 70 8.2 2.16 1.25 = 3.1
-8 85 8.2 125 0.60 1.5

time/distance parameter as illustrated in Equation:V—u. The vari-

ables are as definéd in Chapter 1V.

The internal porosity of the shale wastirst estimated and ° then
Up and the porosity ratio factof m computed. Thesé factoné, tbggther
with real time t énd depth Z for a given oﬁéerved TOC concentration,
permitted the estimate of the TIME/ALPHAX parameter with the aid of

Equation V-#. A trial value for ALPHAX was selected from Figure IV-3
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- ~—Table-V-3— - : -

Small Column Diffusion Coefficients
Summary for Internal Porosity of 0.10

2

A , ' |
v -ALPHAX D /b D
Run Bed Pore : Diff.
no. Depth Vel. Coef.
. em 103 ‘10‘“1 107
cm/sec sec” cm /sec
D-2 55 - W9 5.8 6.5 . U41.6
D-5 8 12.5 1.0 1.9 3.0,
D-8 85 6.5 0.60  0.57 1.4
4D '
ALPHAX = —B _Z_ : (v-1)
2 mU
b P
6D
m ' v , _ :
. TIME =—3 » - (v-2)
b
emU . ' :
TIME/ALPHAX = _ZEB , (V-3)
Pore Volumes = [TIME/ALPHAX] £-+ 1 - : (V-4)

for the appropriate normalized ééhcentration C/Co. ~“This trial  ALPHAX
defined a set of concentrationé for a range of TIME parameters which,
after conversion with Equatioﬁ IV-4, were plotted on graphs of
observed data similar to those shown on Figures V-1 through V-11,
The value of ALPHAX was adjusted until the trial break-through curve
passed'through the desired poihts. In general, the adjusﬁmentvwas
;ehsititive téivériatibps of about two pehcent’in'values of ALPHAX.
After obtgiﬁ?ég'theﬁpéSt;fééhcurve; the r'atiova/b2 was computed from
Equationvv;_-}l.-"_j_:::a.nd fhe»jﬁ':f'_a.CtO:P-ZDm estimated by uvs.'iné the appropriate

average particle radius b}:'The5re$ults of these analyses for porosi-
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ties of 0.15, 0.20, and 0.10 are shown on Tables V-1 through V-3,

respectively.

The foregoing analyses involved é considerab;e number of trial
break-through curves. The process was facilitated by first éabulat-
ing solutions of Equation IV-9, the Stage.II model equation, for a
wide range of ALPHAX and TIME parameters. _A typical table of éuch
output is shown .in.~Appendix c. Concentrations for. a .given ALPHAX

could thus be determined directly by interpolation.

An examination of Figﬁre IV-3 illustrates anothér'reason for not
considering low C/Co ratios when attemptihg to fit the Stage ' II model
~to the observed results. The model output becomes insensitive to.
ALPHAX for large values 6f ALPHAX and relatively smaltl-C/CO ratios.
Also, the relationship -betwéen C/Co vand ALPHAi reverses at
 TIME/ALPHAX ratios of about 0.25. Above this value C/C_ increases
with decreasing ALPHAX, the reverse of- the situétion at lower ranges
of TIME/ALPHAX.' This tends to make the interpretation of the experi-

mental data confusing and difficult at low C/Co ratios.

Despite these difficulties, markedly similar estimates of the
diffusivity coefficients,,Dm, were obtained for all runs conducted
with an average media radius of 0.4 to 0.5 cm as shown on Tables V-1

through V-3.

'Sensitivity gﬁ Analyses to Experimental Variables

‘The sensitivity of the analyses to experimental variables can be
determined by investigating the dimensionless 1ength and time parame-

ters defined by Equations V-1 and V-2.
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ALPHAX, the parameter which defines the shape of the Stage II

break-through curvé; is primarily a function of ﬁwo variables: the

reciprocal characteristic time factor, Dm /b2, and the internal

porosity. The other variables are relatively well defined by experi-

mental controls.

The effects of changes in ALPHAX upon TIME/ALPHAX.can be seen on
Figure V-12 on- which are plotted break-througy 'cufves -for jALPHAX
 valqe§ of 0.5, 1.0, 5.0, and 10.0. For illustratioﬁ, a ten-percent
zincrease in ALPHA from 1.0 to 1.1 at é concentration of 0.6  would
‘increase TIME/ALPHAX by about six percenﬁ;_ Thg change in poré volume
‘passages, calculated for a porosity ratio m of 3, would be.less than

one percent.

The 'sengitivity_.of ALPHAX and thus théf calculated vdiffusion
coefficient Dm t0"errofs in 1the .oﬁsérved ﬁormaiiﬁed ‘concentratién
C/Ca_can also be seen on Figure V-12;  It was gstimated that phé
coefficient of variation of TOC concentrations aone 10 mg/L was 5
percent. The ratio C/C, will have a coefficient of variation equal
to orrgreater than this value. Consequently, the 95 percent confi;
dence_ligit on a C/C°<9f 0.56_w9u1d_be aﬁ 1east‘+{f 0.05; Within
, this limit, for ‘exa{nple, :AL,PHAX 'c_o_uld vary from 'o.vsf to‘.-about"0.9 at a
TIME/ALPHAX ‘factor of 0.12. Different ranges may be calculated

depeﬁding on the selected values of C/Co'and TIME/ALPHAX.
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Figure V-12. Arithmetic plot of dimensionless break-through curves
for ALPHAX parameters of 0.5, 1.0, 5.0, and 10.0.
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Dispersion

The dispersion term in Equation II-1 wés not included inbthe
derivation of the Stage;II model because of tﬁe assumption of plugv
flow. Furthermore, no attempt:was méde to determine an experimental
~value of the dispersion coefficient in the spent shale beds. Miér6- 
pores within the particles would have detained a portion of any
traéer used and the dispersion coefficient determined from thé dis-
torted break-through curve would'have-been incorrect. - Coating the
shale particle surfaces to seal the micro-pores would have been dif-
ficult and there would have been no assurance that the dispersion in
avbed of coated particles would be the same .as that which woﬁld exist

in a bed of uncoated particles.

An attempt was made to evaluate the relative magnitude of the

dispersive mechanisms by using a solution to Equation V-5.

gl yg = » (V-5)

This dispersion equation is derived from Equatidn II-1 by neglecting

the reactive and internal mass transfer terms.

Ogata and Banks (1961) solved equation V-5 fér-a semi-infinite
fixed ﬁed containing fluid at concentration Co at time zero. At all
greater times the concentration in the fluid at distance zero was
held at the influent concentration Ci’ and the concentration at
infinite distance in the bed approached Co' These boundary condi-
tions are simplifications of the actual situation in the column but .

are sufficient to illustrate the potential impact of dispersion.
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The Ogata and Banks solution is given by Equation V-6.

0 » : | , _ LA

‘/_P_, ? w7y ‘/—LE o
c/c =1 -2 {erfc |[E— (1 - 0)| + exp (—E—) erfc | ~—— (1 + 6)
0 2 2/8 | . 2B

in which:

C/Co = Normalized effluent concentration

-

‘erfc = Complimentary error function -
. . v
UB = Pore velocity
A =<Length of columnm. - - : S T
E = Dispersion coefficient :
® = Pore volume passage term - Up t/ 2
t = Time of observation

Solutions of Equation V-6 for Run D-8 at 85 cm are shown on Fig-

ure V=13 for axial dispersion coéfficients'of*JO and'OeS X 107°

sz/sec9  Values of Up and"Z were taken from Table V-1 for an inter-

nal porosity of 0.15.

(Vv-6)
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Figure V-13. A-compariéon of dispersive mechénisms with observed TOC
data and. the Stage II model for Run D-8 at 85 em. Internal porosity
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The first of the coefficients was derived from a correlation of a
large amount of published data on axial dispersion in 56&8 (Sherwood
et al., 1975). This coefficient may be in error by a factor of two
or more. The correlation by Sherwood el al. was based on particle
Peclet and Reynolds numbers for flow in beds of uniform spherical
‘ﬁarticles. Dispersion in a bed ofvmixed sizes and shapes has been
little studied, and there is no reliable means to relate the mean
particle"diameter characterizing a bed of heterogeneous shale frag-
ments to dispersion in the pore fluid (Sherwood et al., 1975).»vThe
second coefficient is an arbitrary reduction of 50 percent of the
first to illustrate the sensitivity of the dispersive break-through

curve to the axial dispersion coefficient.

The Sﬁége II model and the normalized observed TOC for the ruh;i
as shown'dn Figure V=11, are'blotted on V-13 for comparative pur-
pbses. The dispersive mechaﬁism{‘for an axial coefficient of 10’2
cm2 /sec,. is observed to contribute to the obse;ved break—tﬁrough
éurve for about half of the duration of Stage II.. The mechanism for
ﬁhe smaller coefficient is seen ﬁo contribute less to the observed
break-through curve, particularly at the point of observation used to
define the Stage II curve. The TOC observation at 0.8 pore volume

offers evidence’ that dispersion may not have been as severe as indi-

cated by the larger coefficient.

Dispebsion curves were calculated from Equation V-6 for each run
in Table V-1 and were compared with the Stage II model and observed
data for the particular run. 1In each case, the dispersive mechanisms

calculated with a dispersion'coefficient of 10'2 cm2 /sec were shown
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to contribute in some. degree to the observed break-through curve at

the point of observation defining the Stage II curve.

The uncertainity in the dispersiop coefficient precludes the
céléulation of fhé actual_céntrigution of the:dispersive.mechaniéms
to the obsérved break-ﬁhrough curvé. In additibn, the soluéiong of
Equations V-6"aﬁdbthé Staée II model are pot.additive,veven though
they are based on the same original eQuation; The folléwing.general

observations can, however, be made.

1. Dispersive mechahisms may have contributed to the observed
break-through .curves upén which the calculated diffusion
coefficients were based: If this is correct, these coeffi-

cients may also include some contribution from dispersion.

'2; A fifty percent reduction.in ﬁhe axi#l dispersion coeffi-
cient was shown to- reduce the dispersive~contribution to.
the obéervéd break-through curves significantly and fufth—
ermore thét this reQiéed coéfficient ‘may be reasonable

based on observed data.

3. Based oh the foregoing, it will be necessary to either
include . axial dispersion in further studies of Stage II
leaching mechanisms or show conclusively that it may be.

safely neglected for the conditions of the experiment.

An approaéh for future invéstigations is suggested by Figure V-~
13. The inclusion of the axial dispersion term in the derivation of
the Stage Ii‘mddel,'along with internal mass transfer, would define a

model in which the dispersive and diffusive mechanismsiafe additive.
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Experimental verification could then ' be directed toward defining
either the axi&l dispersion coefficient or the internal diffusion
coefficient. The determination of either factor would then permit
ﬁhe célbulatibn of the other cbefficient.'7fhe conﬁribution éf each
\ mechanism to the total observed break-through curve could‘.then' be
investiéated for a range of conditions. A'céhparison'of the expefi-
" mental aﬂd calculated faétors with those in the literatufe would éiso

aid in the identification of the rate-limiting mechanisms involved.

Analysis of Céleulated Diffusion Coefficients

The diffusion coefficients listed in Table V-1 for Runs D-1 and
D-4 through D-8 vary from 1.0 to 4.8 x 10'5«Cm2/sec. The value for
run D-2 was more than an order of magnitude higher, reasons for this

will be discussed subsequently.

Arprincipal assumption in the derivation of the Stage II model
was .that one mechanism would be rate 1imiting_and that thié mechanism
‘might be identified by the size of the coefficient determined from
analysis.of the experimental data.. One means of mass transfer wi;hin
the pdre planes of the physical model is molécular diffusion.  Exper-
imental values of'MOlecular diffusion of orgénic bompounds at very
low concentrations in waterAére in thé'order of 107 cmz/sec (Sher-
wood .et al., 1975);. Tyﬁical values arev0.58,_1.0 and 1.5 x 1072
cmz/sec. forV;&ridine, benzoic acid and oxalic écid, respectively.
" The mean of the calculated diffusion coefficients in Table V-1,
excluding D-2, is 2.4 x {0'5 cmz/sec. . This is slightly larger than
thé typical diffﬁsivities given for organic compounds in water. The

relatively good agreement: appears. to confirm that molecular
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~diffusion in the pore planes is a primary mechanism of mass transport
and that the Stage II model is a valid representation of the mechan-

isms involved.

The reason.for the high value of diffusivity calculated for Run
D-2 cannot be determined with certainity; The shale used in this
run, (-1 to f1/2 inch), was larger than that used in the other small
columns listed in Table V-1 and consequently bigger pore channels may
have been formed. There was thus more chance for leachate channeli-
viation in run D-2 with subsequent eérly break-through and late tail-
ing of solute. The high diffusivity factor therefore probably
reflects a significant contribution from a distorted break-thfough

curve.

One of the more significant factors affecting the magnitgde of
the calculated diffusion coefficients may be the amount of unknown
internal porosity and the relationship of this internal porosiﬁy to
the total porosity. Varying the porosity factors was seen to have a.
significant impact on the size of the calculated coefficient.
Decreasing the internal porosity from 0.20 to 0.10 decreased the cal-
culated diffusion coefficients for run D-5 from 7.2 to 3.0 x 10'5 cm2
/sec, as shown in Tables V-2 and V-3. On the other hand5 a similar

decrease in internal porosity decreased the coefficient for run D-8

at 85 cm only from 1.5 to 1.4 x 10~ cm?/sec.

The selection of a particular value for internal porosity
defines other porosity factors such as external porosity and the m
ratio, as well as associated parameters including pore velocity. A

decrease in internal porosity results in a reduced pore velocity.
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The reduction. of pore véiocity below a certain point leads to an
infeasible solution because the pore volume oassage factor becomes
,iess than unity. All runs analysed for an internal porosity of 0.20
gavo feaSible solutions, as showﬁ in Table V-2. Two runs for. the
b.15 oase were infeasible, as shown in Table V-1.  Onl& the .three
runs shown in Taoié V-3 resulteo in feasibleksolutioné for an inter-

nal porosity.of 0.10. -

- -The impact of avChange in internal porosity. on the break-through

curve and the plotted data may be seen by'comparing Figure V-11 with’

Figures V-14 and V-15. These thrée figureslpresent the data from Run
D-8 ét'85_cm*for internal porosities -of 0}15, 0.20, and 0.10, respec-
tiveiy. Stage II model curves are seen to beoome steeper and the
plotted observedvdata to move toward the left os the internal poros-

ity decreases.

of 0
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Figure V-14. Break-through curves and normalized observed TOC con-
centrations plotted versus pore volumes of passage. Run D-8, 85 cm
bed depth and 0.20 internal porosity.
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An increase in the assumed total porosity, while‘holding inter-
nal porosiﬁy constant, was also shown to decrease the computed diffu-
sion»coefficients. The total porosity for Run D-5 was arbitrarily
increased from the measured 0.61 to 0.65. Such an increase could_be
realistic if the micro-pores were not completely filled at the time
of measurement. The calculated diffusion coefficiént at a bed depth
of 85 em for an internal porosity of 0.20 was reduééd from 7.2 to 2.7

10'.5 cm2 /sec as shown in Tables V-2 and V-3.

It may be concluded that a better definition of the porosity
relationships would result in diffusion coefficients that are more
representative of molecular diffusion and therefore the selection of

‘this mechanisms a rate limiting process is entirely reasonable.
STAGE III MODEL VERIFICATION

Low but significant TOC concentrations were observed long after
. the cessation of the Stage II mechanisms. Run D-2 is an example, as
shown in Table A-12 in Appendix A. TOC effluent levels in the order

~of 1 mg/L were still béing observed after 748 hours of leaching.

Stage III mechanisms were characterized by a mass transfer coef- -

ficient determined from the quiescént leaching studies of Chapter
III. It was assumed that the mechanisms involved in Stage III are
. similar ﬁo those,which'bccurred during quiescent leaching. 1In each
case, readil& avéilable solute had been remoyed from the sufface of
the solid phase prior to the start of the process and the leachate

concentrations were at low levels. The principal difference was that

the fluid moved at low velocities during Stage III ahd was ‘at rest'



104

137

during quiescent leaching. The rate limiting mechanisms of Stage III

were assumed to be not affected by the liquid velocity.

A mean mass transfer coefficient K of 2.0 x 10"7 mg/hr-cmz-mg/h,
defined by Equation IV-16 and derived from the quiescent leaching

studies described in Chapter III, was used in the Stage III model.

The Stage III médel was verified by first expressing the dif;
ferential equation of IV-14 in finite terms and then solving for the
loss in TOC from the solid ph#sevfor an assumed concentration gra- -
dient between phases. The gain in leachéte'TOC concentration due to
a loss from a known ;mount of shale was then computed for a.given

flow rate and then compared with observed data.

Equation IV-14 expressed in finite form is:

29 .28 o - -
Ac = (€¥ -0 . (V-7)
B
in which:
Aq = Change in TOC in solid phase ( mg/L )
At = Change in time ( hrs )
K = Mass transfer coefficient (2x 10"7 mg/hp-cmzdmg/L)
- : ' 2, 3
a = Interfacial area ( 2.3 cm™/cm”)
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g = Bulk density ( 0.88.gm/cm3)

» : ' :
C = Phase equilibrium concentration in leachate (22.5 mg/L)
C = Leachate concentration ( mg/L)

The loss in solid TOC per unit weight of shale for the parame-

ters in the above tabulation and an assumed concentration gradient of
22.4’mg/L (i.e. C = 0.1 mg/L) was 1.2 x 1072 mg TOC transferred per g
of shale per hour; The corfesbonding loss in solid TOC for a 100-
cm—deép bed iﬁ a small column for this rate was calcglated to be 0.11
>mg/hr. fhis amount'of TOC would iﬁcfeaée effluenf TOC concentrations
by about 0.1 mg/L in a leachate flow of 20 'ml/min. A smaller
leachate flow of .5 ml/min would attain a slightly highér concentra-

tion of 0.3 mg/L.

The observed effluent TOC concentration during Stage III in the
small columns can be verified only in a general manner by referring
to thé tabulated TOC déta iﬁ the tables in Appendix A. After 10
hours of operation, observed TOC concentrations ip many éf the small
columns dropped to below 1 mg/L. The precision of analyses is not
sufficient to verify tﬁét conceﬂtrations actually dropped t0'£he low

levels predicted by the solution of the model.

The confirmatidn, however, that calculated concentrations are in
the correct order of magnitude 1is encouraging and offers evidence
that the assumptions used:in the derivation of the Stage III.model
are reasonable. It is hypothesized‘ that the Stage III mechanisms
involve the release of TOC by slow dissolution of the mineral matrix

from the pore walls and the subsequent diffusion of TOC within the

»em
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micro-pores, through the phase interface and into the macro-pores.

Some transport of TOC within the mineral may also be involved. The

‘low value of the mass transfer coefficient K is indicative of the

types of mechanisms hypothesized in Stage 111 leaching. It is two to.
three orders of magnitude lower than coefficients observed for cases
in which mass transfer from surfaces through interface films was

rate limiting (Sherwood et al., 1975).

In future investigations it should be possible to incorporate
Stage III in the leaching and transport model along with the Stage II

and dispersive mechanisﬁs. One approach might be to include Stage

III in the form of Equation IV-14. The rate of mass tran§fer during

Stage III would then be governed by the concentration gradient
between phases. Inclusion 6f a TOC source term would allow the Stage

III concentrations to drop as the source in depleted.
ANALYSIS OF LEACHING IN LARGE COLUMNS

Normalized observed TOC concentrations from the three large
column experiments, plotted against pore vqlumes of passage, are
shown on Figures V-16 through V-21. Stage II model break-through
curves are also shown for comparison purposes. Calculations are
based on an internal porosity of 0.15 and a constant diffusivity
coefficieht of_2.4 X 10'5vém2 / sec. A summary of parameters Qsed in
the calculatidns‘is_shoﬁn'in'Table V-4 and additional data is éiven

in Table III-18.
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Figure V-16. Break-through curve and normalized observed TOC. concen-

trations plotted versus pore volumes of passage.
depth, rand 0.15 internal porosity.

Run LC-1, 58 cm bed
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Figure V-17. Break-through curve and normalized observed TOC concen-

trations plotted versus pore yolumes of passage.
bed depth, and 0.15 internal porosity.

Run LC-1, 134 cm
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Figure V-18. Break-through curve and normalized observed TOC concen-
trations plotted versus pore volumes of passage. Run LC-2, 68 cm-bed
depth, and 0.15 internal porosity. .
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bed depth, and 0.15 internal porosity. .
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‘Figure V-20. Break-through curve and normalized observed TOC concen-
trations plotted versus pore volumes of passage. Run LC-3, 68 cm bed
depth, and 0. 15 internal porosity. '
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Figure V-21. Break-through curve and normalized observed TOC concen-
trations plotted versus pore volumes of passage. Run LC-3, 145 cm
bed depth, and 0.15 internal porosity.
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Table V-4

Large Columns '
Summary of Parameters used for Calculation
of Break~through Curves

Z b c U~ ALPHAX D/b2 D

o p ‘ m
Run Bed Part.  Norm. Pore Diff..
no. Depth Radius . Conc. Vel. quf.

em om mg/L 10-3 10" 10-"
A 2

cm/sec sec cm /sec
LC-1 58 0.4 60 3.4 3.7. 1.5. . 2.9
LC-1 134 0.4 60 3.4 8.6 1.5 2.4
LC-2 68 0.8 35 1.7 2.1 3.8 2.4
LC-2 145 0.8 35 1.7 RR 3.8 2.1
LC-3 68 0.8 46 3.4 101 3.8 2.4
LC-3 145 0.8 . u6 3.4 2.3 3.8 2.4

The plotted data exhibit the early break-thfough and late tail-
ing characteristics of dispersive mechanisms; consequently, no verif-
icatidn of the Stage II and III models could be made with the large
column data. The distortion precluded the calculation of Stage Ii
diffusivities by_the ﬁethods\used for_the small columns because there
were no concentration data availablé from. which to calculate the
Stage 11 model parameters. In addition, the distorted tails of the
break-thfough curves. were too high to provide verification of ﬁhe
Stage III model. Column LC-2 was the only one to atta}n the low lev-
els below 1.0 mg/L_nécessary to verify the Stége III model and these

were not reached until after the passage of more than 4 pore volumes.
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An attempt was undertaken to determine the reasons for the dis-
tortion of data by comparison with the more successful small column
experiments. -The latter were packed with shale taken from the same
size classifications and were operated in a similar' manner to the
large columns. A major difference, however, was that the large
columns were operated outdoors instead of in the laboratoby. The
small column déta did not exhibit the significant drop before the
passage»oflthe fifst pore volume, as‘seen in the larger column data.
TOC observations in the Stage III region were also generally lower in

the small column results.

Data taken across the cross-section evidenced non-plug-flow con-
ditions in the large columns. Significant variations, greater than
can be explained by non-homogeneity of the shale, are seen in Tables
"A-28 through A-36 in Appendix A for EC, pH, and TOC data. No con-
sistent pattern of solute ‘transport cpuld be jidentified as illus-
trated.by reference'tobthe EC data given in Tables A-29,.A-32, and
A-35. Maximum or minimum EC values cén not be correlated:with tap
iocation. Coefficients of variation of 10 percent or more are pre-
- valent in these tables for data measured at the three taps at any one

time and 1oca£ion.

Dispersion curves, calculated with the aid of Equation V-6, were
superimposed on plots of observed data to determine if a consistent
pattern of dispersion could be identified. 1In general, the trend of
observed data was represented reasonably well by the slope of the
calculated dispersion curves but the data tended to lie above that

pbediéted by the dispersion equation,"indicating the presence of
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other solute contributing meéhanisms. No further analyses were made
to determine the amount of the contribuﬁion because neither the Stage
II model nor Equation V-6 were applicable in the circumstances. The
Stagé II model is not valid prior to the passage of the first poré
volume and Equation V-6 is only approximately correct at intermediate

lengths in finite columns.

The possibility of dispersion causéd by free-convectioﬁ currénts
was also examined. These currents could be driveh-by density graQ
dients caused by loeai variations in dissolved salt content or tem-
perature in the fluid;’ The general problem of density‘gradients has
been discussed by Mandelbaum and Bohm (1973) who found it neéessary

to combensate for free-convection effects due to density differences

during mass transfer at low flow rates.

Krupp et al;(1969) investigateq the displacement of 1liquids in.
vertical columns containiné beds of glass beads by fluids of higheh
and lower densities. A 0.1N CaCl2 solution (density~= 1.005), ini-
tially in the bed -pores, was first displaced by water. The situation
was then reversed with watér bécoming the displaced fluid; Break-
through. curves were measured for both‘upward and downward displace-
ments at several velocities. The data of Krupp et ‘al. showed defin-
ite signs of early break-through and late tailing when heavier fluid

was uppermost in the colqmn.

The effects of density gradients were observed in small column
upflow ekperiménts -conducted during the present study when free-
convection cubrehts were sufficient to overcome plug flow and almost

completely mix the sdigte throughout the bed.
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. The magnitude of these free-convection currents may be estimated
by a method suggested by Skelland (1974). This method was based on a
model of the boundary layer created when flow passes by a vertical
flat plate. A density gradient is formed in the boundary layer by
the dissolution of solute from the solid phase represented by the
plate. This gradient varies from a high of po-at the phase interface
to P, » the density in the bulk fluid at the far edge of the boundary
layer. .The vertical coﬁﬁonent of this grédient beéomes the driving

force for the free convection currents.

v Maximum velocities in the density currents, calculated by the
‘method, for several fluid density gradients are tabulated in Table

v-5.

Table V-5

Maximum Velocity in Macro-pores
Due to Density Gradients.

Fluid Density - - Maximum Velocity

3. : ’

_ g/cm cm/sec

Interface  Bulk Fluid
e ;

(o] max
1.005  1.002 0.041
1.004 1.003 0.024
1.0036 1.0034 0.011

A fluid density of 1.005 corresponds to a dissolved salt concentra-

tion of about 7500 mg/L, a value frequently attained in early stages

.

of many of the batch and column tests.
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There exists no evidence to support the belief that density gra-
dients due to salts alone were sufficient to create free convection
currents in excess of forced convection because this effect appeared

N .
ﬁo be-relatively minor in the small columns operated in the downflow
mode. It_is, however strongly suspectéd that temperature gradiehts

may have been the cause of the distorted break-through curves in the

large columns. The water supply used for leaching was taken from an

_ underground'servicé and had a temperature in the order of 17 °¢ dur-

§

ing the run. The columns were located in a sheltered area in an
, . N N ‘
angle formed by two buildings and were exposed fully to the sun dur-
ing daylight hours. Unfortunately, temperatures were recorded only

at the time of'sampling, but daytime temperatures ranging from 26 °

to 29 Oc were recorded in a metal-sheathed building located directly

t

~adjacent to the 001umns.v It was therefore likely that temperatures

considerable in excess of 17°C were obtained in the columns since the

~

-exteriors were not insulated.

It is reasonable to-assume'that denser threads of fresh watef at
17 O¢ extended down through thé warmer bed from the pool at the top.
Soluble salts would'move from the solid'éo the liquid phases thus
increasing the density of all the fluid more ar less uniforﬁly with
little regard to temperature differences. The céoler, more dense,
threads of fluids.would tend.to move fasﬁer'than lighter fluids car-
rying the saﬁe_amount of solute. .Solute contained in the lighter,
less dense fluid wouid be delayed thus cOntfibuting té the extended

tail.
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The densities of water at 17 © and 22 °C are 0.9988 and 0.9978
respectively, a density difference of 0.001 g/cm3. A difference of
this magnitude for the concgntration model assumed by Skelland pro-
duces a vélocity of 0.024 cm/sec, a value several times higher than
the forced convection velocities as shown in Table-18. It can be

presumed, therefore that a significant potential exists for disper-

sion due to temperature gradients.

The following conclusions were reached even though the large
column experiments were not successful in providing data for verifi-

cation testing of the Stage II and III models. f

1, Further pilot-scale column leaching experiments shbuld be
conducted under temperatﬁre controlled conditions to minim;
ize the effécts éf temperature caused vdensity gradients.
The entering water should be at the same femperatufe as the

water in the columns.

2. The presence.of free convection currents caused by density
gradients must be considéred in field scale application of
a leaching and' transport model to an abandoned in-situ
retort. Two particular circumétances can be identified in
which freeeconvection currents driven by density gradients

may be significant:

a. Density gradients will be created by differential
leaching as returning groundwater passes through the

abandoned retort.
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Density gradients of considerable magnitude may be

caused by the differentials in temperature betweenfihé*

heated rock and the entering groundwater.

)



150

CHAPTER VI o
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

STUDY OBJECTIVES

The objectives of the study were to:

1.

2.

Identify Rate-Limiting Mechanisms

Evaluate mass transfer mechanisms involved in the leaching
of in-situ spent shale by water. and determine which are

rate-limiting.

Determine Response of Mass Transfer Coefficients to Systém

Changes

Evaluate changes in mass transfer coefficients with respect
to changes in bed media, approach velocity and bed poros-

ity.

Model Transport Mechanisms

Develop é mathematical model of the variation of concentra-

tion of organics with time and depth in a speht shale bed.

SUMMARY OF STUDY

A series of batch and column experiments were conducted to leach

spent shale obtained from the 10-ton simulated in-situ retort of the

Laramie Energy Technology Center. The indrganic and organic content

of the shale and leachate were characterized by electrical conduc-

tivity (EC) and total organic carbon (TOC). The primary solute of

interest for model development, testing and verification was TOC.
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A schematic of a typical column effluent break-through curve was
the basis of the physical and mathematical models. Three stages -of
mass transfer were assumed, Stage 1 takes place and is compIeted
during the period before the first pore rolume of fluid passes
through the bed. Stages II and III start immediately upon passage'of
the first pore volume. Stage II is dominant at first and then disap-

pears, leavingvStage IIT to continue alone for an indefinite period.

The basic element in the spent shale bed nas assumed to be a
_cylinder containIng ~pore planes lying normal to the axis. Bed poros-
1ty was characterlzed by a bl-modal system contalnlng 1arge and small
pores., Solute transport 1n the micro-poéres, w1th1n the pore planes;
is by diffusive mechan;sms ‘alone. Transport in the macro-pores among

" the bed media is by convective, dispersive, and diffusive mechanisms.

Solute transport begins immediately upon the introduction of'
water to the dry bed. Soluble material moves from the surface of the
lsolld to the liquid 1n the micro- pores until phase equlllbrla is

reached.

The solute present at the ‘time of the ‘first pore volume passage
of leachate is removed from the micro-pores by stage II mechanisms As.
soon as the ooncentration in the mlcro—pores drops, addltlonal
material is transported from the SOlld phase. to the mlcro- pore
liquid. The removal of thls solute 1sl accompllshed by Stage III
mechanisms. The depletlon'of soluble materlal at the partlcle sur-
face forces solute to move to the phase 1nterface from 31tes w1th1n
the mineral matrlx., After the Stage II solute has been removed, the

transport of Stage III solute approaches steady state. Stage II and
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Stage III solute are thus  present in the micro-pores at the same

time.

Mathematical models were formulated for Stage iI and Stage IIT

mechanisms.

Stage II effluent break-through curves, developed from the solu-
tion of the model, were then fit to selected data from a Series of
small column leaching experiments. Diffusion coefficients calculatedfi
from the parameters defining the applicable curves were compared with
published data to verify that the underlying assumptions were valid
and that the rate-llmiting mechanism was correctly chosen. The Stage

I1I model was verified with data from the small column.
FULFILLMENT OF OBJECTIVES

1. Identify Rate Limiting Mass Transfer Mechanisms -

Mass transfer mechanisms acting within the solid and liqqid_
‘phases of the spent shale bed> and the' domains 'in.which they are
applicable were enumerated. A'rate-limiting massitransfer mechanism
was then hypothesized for each of the three stages of the assumed

physical model.

Stage I. The Stage I rate-limiting mechanism was assumed to be
mass transfer from a surface layer of readily soluble material across
the phase interface to micro-pore fluid. Phase equilibrium was

assumed .to be reached by the end of Stage i. The existence of this

mechanism was not verified. However, the assumption appears to be
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reasonable in view of the rapid transfer:of solute evidenced by the. -

fast build-up of leachate concentrations during this stage.

Stage II. The rate-limiting mechanisms was assumed to be mass
transfer by‘molecular diffusion wiﬁhin the micro-pores- driven by the
concentration gradient between ’the micro- and macro-pore- syStems.
Diffusion coefficients vafying from 1.0 to 4.8 x'_10'5 cm2/sec were

calculated from experimehtal data. The values were closé to 1Qf?

-2 ' . ) o . . .
-cm”/sec, a mean value for diffusion of weak concentrations of‘organlc

cdmpounds in water. This was taken as Qonfirmatioq that thé selec-
tion of molecular diffusion in the micro-pores as rate-limiting was

reasonable. It was shown that small amounts of dispersion in_the

'macro-pores could account for the slightly higher values‘of the cal-

culatedicoéffici%nt. Dispersive mechanisms distort the breathhrough

curves and thus contribute to the calculated Stage II coefficients.

Stage III. The rate-limiting mechanism in Stage II was presumed
to be.transpoft within the  boundaries of the solid phase. A mass
transfer coefficienﬁ of 2'x‘10'7'mg TOC transfer per  hr per qmz per
mg/L of gradient was obtained from static leaching -tests. The low
value of the observed mass transfer coefficient wasbtakeq as evidence
bf the type of-rate—limiting mechanism'pfesent. The méchéniéh was
not identified per se, but it is quite likely that dissolution 6f ihe
minerals"in_ the pore walls ﬁlays a  significanﬁ rOle.‘ Dissolution
would ré;ease_TOC from a largerreServoir oflTOC within the sQlid.

The presence of this reservoir was confirmed by chemical analysis of

" the shale.
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g_.' Determine Response of Mass Transfer Coefficients to System

Changes.

Changes in mass transfer coef‘ficient; were evaluated with
respect lto changes in bed media size, approach velocity, a‘md‘bed
porosity. Significant factors were found to be porosity relation-
-ships within the _bed and the physical characteristics of the system

which affected the amount of fluid dispersion.

Porosity relationships must be well def‘ined to obtain a realis-

tic estimate of{thef rate-limiting dispersion coefficient. Internal
af\ld external 'bc;rosity of the shale in the column 'bedé were not meas-
‘ured directly in the pr'eéent experiments. The sensitivity of Ithe
calcula'c:ed dif‘ifUSio‘n coefficients to':the porosity relati'onshipé"' was
test.ed' by varying the porosity paraméters over re&:sonable ranges.
ReductionA of internal porosity »frovm 0.20 to 0.15 and, in .s'ome cases,
to_ 0.10 reduced‘ calculated diffusion coeff‘icient;s _significantly.
The increase of total porosity from 0.61 to 0.65 while hoiding inter-

nal porosity constant was also shown in one case to decrease the cal-

culated diffusion coef‘f‘icient.

Disper_’sion was shoﬁn_ to contribute to'-a 'smal:'l extent to the
calculated disperéion coefficient. Bed displer'sion is a function of
pore velocity, partiéle size, 'ahd temperature and density gradients.
Thé r‘elat.ively low velbcities used in the eiperiments minimized the
effects of the first two items. Density g_radiénts caused by local
temperature and concéntration differences in the leachate were shown

to have a considerable impact on the results, particularly in the

early small column upflow experiments and in the large columns.

te ®
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3. Model Transport Mechanisms

Mathematical models of Stage II and Stage.III‘mechanisms were
developed, solved, and verified. No mpdel wasIQeveioped for Stage I.
The derivation of the Stage II model involved several simplifyiﬁg
assumptions, including the presumption of plug flow, the conservation
of solute, and the neglect of Stage'III mechanisms during Stage II.
The resulting equation, based on the classic advection-dispersion

i
equation, was solved by a numerical inversion of a Laplace transform.

The Stage II model was shown to be a realistic representation of
the portion of the break-through curve_immediately after the passagé

of the first pore’volume.

The Stage III mathematical model was derived from a mass bélance
of solute in the system. A mass transfer coefficient, defived from
long term static leaching studies, completed the Stage III model.
The Siage III model was verified to a limited ekxtent. The assump-
tions used in the derivation of the mpdel'were found to‘be reason-
able. The inclusion of the SﬁageJIII model, as formulated, in the
overall'bhyéical and mathematica; model for useiin further leaching

investigations was justified.
RECOMMENDATIONS

Discrete observations and conclusions, - identified during the
course of the study, are discussed infthé context of two general

recommendations:
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1. Future studies of spent shale leaching must give due con-
sideration to mass transport kinetic mechanisms. The
development of physical and mathematical kinetic models

early in the investigation is recommended.

2. A multi—disciplinary approach should be used to formulate

these models and to conduct the investigations.

Model Framewbrk

Physical and mathematical models of mass itranspbrt in sﬁent
shale shodld be developed at the sﬁart of any fuﬁure leaching study.
Detailed characterizaﬁion'studies'of shale and leachate without con-
sidératioh of intra- and inter—éarticle mass transport tend to bécome
‘little more.than tabulatiéns of species concentrations valid onlj for
é given matefial leached under a particular se£ of conditions.
. Extrapolation of results to other materials or conditions is impossi-

ble.

Thé'validity of the approach was shown in the present study.
Complex advection and inter-partiéle mass transpdrt phenomena were
Eeduced to manageable dimensions by abpropriate assumptions. The
assumptions were based on experimental observations and were included
in the physical and mathematical models. The model wasv shown to
represent experimental data fairly well in the applicable region of
the break-through éurve. In addition, the use of the model aided in
the'_identification of additional mechanisms which, upon incorpora-

tion, would likely improve the model performance.
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The adveétion-dispersion equation, represented by Equation II-1,
is recommended for use as the‘baSis.of the mathematical model. This
equation ‘includes terms for dispersion, advection, reaction, and

internal mass transport. Source terms can be readily added to meet

the requirements of the physical model.
7

Momentum and energy transport‘ can also be included in the
mathematical model based on Equation II-1. This aspect was not

explicitly discussed in this study but becomes obviouslupon recogniz-

~ing the similitude that ‘éxists among transport phenomena,(Bird et

al., 1960).

It should be emphasized that this recommendation does not imply
that models be derived to include all heat, momentum and mass tfan;

sport mechanisms. Such an effort would be counter-productive as some

mechanisms are insignificant, undefined or not pertinent to the prob-

lem at hand. Simple models may be expanded as the need requires.

Multi-disciplinary Approach

L

The study :of 1eaching of spent shale in abanddned in-situ
retorts is an ideal application of the multi-disciplinary effort
bécause of the complexity and diversity of the subject. Available

and attained knowledge in several disciplines can be readily
\ .

- integrated by the physical and mathematical models described above.

In the present study, several discip%ines were referenced,
N ' T '\\
including chemical engineering, geo-physics, geo-chemistry, and soil
science. For example, the work by Rasmunsen and Neretricks on the

transport of radio-nuclides in fractured systems' has direct
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application to leaching of spent shale because of the similarity of

the transport mechanisms and the physical systems.

Specific areas in leaching of spent shale in abandoned in-situ

retorts where multi-disciplinary input may be helpful are:

1.

Physical characterization of a mixed bed of shale particles
to define, preferably on a statistical basis, internél and
extefnal porosity relationships and particle surface area,
shape and size. This will‘bécome important as the scale of
the system increases. The larger. the particles in the
retort the more difficult it will be to characterize the

bed.

Chemical characterizatibn of sbent shale to define species

type and distribution. This will be crucial in studies of

Stége»III leaching when mass ‘is. transferred by 1owb rate
mechanishs. The use of EC and TOC as characteristic iﬁdi—
cators Qas justified in the present study. Their use, how;
ever, in further studieé as the solute of_interést is not
recommended as they can not represent changes with time in

\

individual species. Dissolution investigations and tran-

sport of organics should be conducted with specific species

as tracers.

The identification and definition of wmechanisms of mass,
energy and momentum transport. These mechanisms will
become significant, particularly during large scale inves-

tigations. Specific examples include the 'effects of

CTA
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-density gradients and dispersion in beds of mixed particles

sizes and shapes. Approximations valid for homogeneous and
uniform particles in laboratory qolumns may not be applica-

ble to abandoned rétorts.

rhe formulation and analysis of the mathematical models of.
tranépért. - The advective-dispersive equation has been
abplied to many different systems. Numerous numerical tech-r
niques are available for the solution. These range for the
numerical inversion of Laplace Transforms used in the
présent studies to powerful finite element analysis tech-

niques.



APPENDIX ‘A
COLUMN LEACHING DATA
'Leaehing conditions for columns in this appepdix are summarized
in Tables III-17 and iII¢18 for small and large columns, respec-
tively. Missing data are identified by a dash ( - ). TOC concentra-
tions less than 1.0 mg/L are shown as <1. Far, Cent. and Near in
Tables A-28 through A-36 refer to the sémple tap locations at the

quarter points of the column cross-section.

TOC leaching data are discussed in the text of this report in
termsvof pore volumes; defined as the.product of clqck time since the
start of flow and ‘interstitial velocity divided by the length of
column to the point of interest. .A summary of interstitial (pore)
velocities for the small and‘ large columns follows for an assumed
internal poroésity of 0.15. These veloéities may bé used along with
the applicable time and distance to calculate thebpore volumes of

passage at any of the sample points.

Column Pore

No. Vel.

: cm/hr

U-1 8.7

U=-2 8.7

D-1 8.6
D-2 20

D=3 6.1
D-4 16
D-5 50
D-6 73
h D-7 71
D-8 26

LC-1 12.6

LC-2- 6.2



Table A-1

Small Column U-1

Electrical Conductivity of Leachate

5 .

Electrical Conductivity-mmhos/cm

Serieé Time Leaching Distancé-cm
Ahr's 15 30 45 60 75 90 . 105
10 1.0 6.8 9>.5 -1i.2 2.0 - 10.5 8.0
20 3.0 5.2 7.2 9.8 1"0.4 9.5 9.2 8.3
00 9.0 61 - - - .- -
40 T S - _ - -
50 26 31 3.3 3.6 - 3.9 - 3.6
60 43 o 19 2.4 2.8 - 2.7 - 2.5
70 51 .4 1.9 2.3 - 2.4 - 2.2
80 67 1.3 1.6 2.1 - 2.0 - 1.9




Table A-2
Small.Column U-1

Total Organic Carbon in Leachate

Total Organic Carbon - mg/L

Series Time " Leaching Distance-cm

hrs 15 30 45 60 75 90 105
10 1.0 26 29 . 34 36 3 32 28
20 3.0 18 25 33 33 AN 30 29
30 9.0 21 23 20 @ - 20. - 16
40 19 12 11 17 - 14 T
50 26 10 6.3 45 - 7.9 - 8.5
60 43 7 3.3 1.3 5.1 - 3.5 - 3.4
70 51 7.3 49 46 - - - 3.8

80

67 1'0 205 3.4 - 309 -

5.5




Table A-3

Small Column U=2

pH of Leachate

pH
‘Series Time Leéching Distance-cm
hrs 15 30 45 60 75 90 105
io 2.2 - * » * * * »
20 3.0 - » » * * * *
30 3.8 - * L * * * *
40 4.8 - -  ¥ * * * *
50 6.8 12.20  12.10  11.60 * * * *
60 1 11.80 11.90 11.90 11.90  11.90 * »
70 1 - - - - - - i,
80 23 11.91  11.90 11.85 11.85 11.82 11.80  11.80
'90 28 11.85 11.85 11.85 11.80 11.75 11.70  11.65
100 32 11.90  11.85 - 11.80 11.80 11.80 11.80
110 7 11.90  11.85 .11.85 11.82  11.75  11.82  11.80
120 55 11.90  11.90 11.85 11.90 11.80  11.80 -
130 72 -~ 11.95  11.90 11.90 11.85 11.82 -

* Dry material, no sample




Table A-4

Smail Column U-2

Electrical Conductivity of Leachate

Electrical‘Cohductivity-mmhos/cm

Series Time Leaching Distance-cm
hrs 15 30 45 60 75 90 105
10 2.2 7.7 # # o ' x * *
20 3.0 10.0 * * * * * &
30 3;8 11.2 % * * * * *
4o 4.8> - 9.3 * % M # #
50 6.8 11.3  10.9 8.4 * * * *
60 11 10.3 | 11.2  10.6  11.4  11.1 * *
70 14 0.3 9.9 9.9 10.5 - 8.0
80 23 9.6 8.8 7.0 8.8 7.0 7.6 6.6
90 28 7.2 7.6 6.9 7.1 6.5 6.4 6.6
100 32 7.2 7.0 - 6.5 5.8 5.2 -
110 47 4.2 4.4 4.3 4.1 -3.6 3.3 3.1
120 55 3.5 3.6 3.5 39 3.0 2.9 -
130 . - 2.8 2.5 2.1 2.1 2.0 2.1

# - Dry material, no sample




- A-6

Table A-5
Small Column U-2°

Total Organic Carbon in Leachate

Total Organic Carbon - mg/L

Series Time Leaching Distance-cm
hrs 15 30 45 60 75 90 105

';o 2.2 31 L * L I
20 3.0 23 | * w PO . %
30 .8 31 * * TR ¢
40 4.8 - 33 * . * # 'S
50 6.8 40 34 32 * * . *

- 60 11 28 35 28 3y 32 * *
70 14 35 32 31 37 29 30  #

T80t 23 24 23 21 20 1T 16 T
90 28 - - - - - - -
100 32 30 25 20 o2 21 21 19
110 47 12 11 1y 19 17 15 -
120. 55 12 12 12 8.0 8.0 8.0 7.0
130 al 8.0 15 12 13 13 13 8.0
140 80

4,3 5.5 4,6 4,8 4.7 . 4.8 3.1

* _ Dry material, no sample

-y



Table A-6

Small’ Column D-i

pH of Leachate °

289

CoH
Series Time i Leaching Distance-cm

Hrs 10 - 25" 4o 55 70 - 85
00 0 12.50 - 12.50 | 12,42 12.36 12.38  12.39
10 3.5 11.98  12.37° 12.72  12.74  12.72 12.67
26 9.1 11.93. 12.16  12.33  12.58 ‘12.70 12.72
30 19 - S11.85, . 11.94  12:11  12.23  12.26 12.38
40 46" 11.33  11.70  11.94  11.98  12.00  12.07
50 115 11,84 11,61 11.87 12.11  12.26 12.10
60 139 .44 11,95 12.26 12,16 12,51 12.38 -
70 212 11.36 . 11.75 11.86 11.90 11.97- 12.05
80 11.47 11,80 12.04 12,12  11.98

v 12.03

A-T



Table A-T
Small Column D-1

Electrical Conductivity of Leachate

Electrical Conductivity - mmhos/cm

Series Time ' © Leaching Distance-cm

Hrs 10 25 4o 55 70 85
00 0o 5.1 5.2 5.1 4.9 4.9 W7
10 3.5 0.95 2.3 5.3 5.3 5.3 - 5.3
20 9.1 0.75 1.2 2.0 3.4 48 5.2
30 19 0.51 0.80 1.1 1.4 1.7 2.2
40 | 46 0.32 0.53 0.74 0.97 1.0 1.2
50 : 115 0.24 0.41 0.59 0.74 0.80 0.91
60 139 0.25 0.41 0.58 0.69 0.84 0.99

80 289  0.18 0.3 0.44  0.57 0.64 0.70




Table A-8
Small Column D-1

Total Organic Carbon in Leachate

Total Organic Carbon - mg/L

~ Series Time Leaching Distance-ém
hrs 16 .25 40 55 70 85
00 0 21.6 26.6 23.0 23.7 20.8 - 20.1
10 3.5 17.2 18.7 29.0 30.6 27.7 32.4
20 9.1 5.5 10,5 15.5 24.5 34.5 36.5
30 19 4.5 7.5 10.5 10.5 12.5 13.5
4o 46 8.5 9.5 4.5 9.5 12.5 12.5
- 50 115 5.0 8.1 4.6 3.1 . 8.8 11.3
60 139 3.8 5.3 5.6 5.3 8.3 7.7
70 212 . 2.2 <1 2.2 <1 5.2 <1

80 289 1.3 1.3 5.0 2.0 3.9 3.2




Table A-9

Small Column D-2

pH of Leachate

Series  Time Leaching Distance-cm

hrs 10 25 W0 55 70 85
00 0 11.56  11.52  11.56  11.65 11.67  11.67
10 3.5 - - - - - -
20 19 10.75  10.96  11.07  11.17  11.21  11.25
30 28 10.51  10.75 10.90  11.01  11.07 11.16
10 52 10.43 10,80 10.99  11.02 11.18  11.22
50 67 10.53  10.82  11.00 11.08  11.17  11.22
60 167 10.59  10.74 10.96 11.06 11.11  11.15
70 243 - - - - - -
80 578 9.9% 10.29 10.50 10.82 10.86  10.86
90 A7 9.89 10.19 10.45 10.68 10.77  11.08
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A-11

Table A-10
Small Column D-2

Electrical Conductivity of Leachate -

Electrical Conductivity - mmhos/cm

Series Time Leaching Distance-cm

| hrs 10 25 40 55 70 85

00 0 3.9 3.9 4,2 4.1 4,2 4.3

10 3.5 0.75 1.2 1.9 3.5 4.4 4.5

20 ;]9. 0.37 0.58 0.76 0.94% 1.1 1.2

30 28 0.33 - 0.54 0.72 0.84 1.0 1.1

40 52 © 0,27 0.47 0.64 " 0.70 0.86 0.96
50 67 0.25 0.43 0.58 0.70 0.82 0.91
60 167 10.16  0.25  0.37 0.47 0.53 0.61
70 243 - 0.13  0.23 0.32 0.41 0.48 . 0.53
80 578 . 0.08 0.15 0.20 0.32 0.34 0.40

90 746 0.08 0.14 0.19 0.29 0.34% 0.4




Table A-11

Small Column D-2

Total Organic Carbon in Leachate

Total Organic Carbon - mg/L

Leaching Distance-cm -

Series Time-

hrs 10 25 40 55 70 85
00 0 25, 18, 17.° 15.  19. 22,
10 3.5 3.2 6.1 11.  16.  20. 20,
20 19 2.8 <1 1.1 1.4 < .0
30 28 1.0 <1 1.4 <1 2.0 ’.2.6
40 52 4.8 <1 <1 2.2 2.9 4
50 .67 2.0 1.8 <1 - 3.9 © 2.0 <1
60 167 <1 <1 <1 <1 - <1
70 242 - - - - - .
80 578 5.0 2.0 < - <1 1.0 1.0
90 748 |

1.0 1.2 <1 2.5 <1 <1
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Table A-12-
Small Column D=3

pH of Leachate

pH
Series Time : . . Leaching Distance-cm
| hrs 0 25 40 55 70 . 8 | o
00 0.9  10.91% 11.22  11.56 11.56 11.58' 11.61
10 5.2 10.99  11.26 . 11.61  11.64  11.63  11.62
20 21 ,' 10.93  11.15  11.27  11.34  11.40 -
30 29 10.70  10.81 11.16  11.31  11.33 - 11.38
40 5. 10.91  11.18  11.26 - 11.36  11.47  11.49
50 14 . 10,31 10.817  10.95 11.30  11.29 11.41
60 220 - . - - - -
70 555 10.34 16,80 10.95 11.15  11.32  11.37
80

725 10.59 - - - . 11.37
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Table A-13
Small Column D-3

Electrical Conductivity of Leachate

Electrical Conductivity - mmhos/cm

Series Time Leaching Distance-cm
hrs 10 25 4o 55 70 85
00 0.9 2.4 3.6 4.8 4.8 4.7 4.8
10 5.2 2 2.2 3.7 5.0 5.0 5.0
20 21 © 058 1.0 LA 1T 2.2 2.6
30 29 0.56  0.96 1.2 1.6 1.7 2.0
40 45 - 0.44  0.76 1.1 1.3 1.4 1.7
50 o4y 0.27 0.51 0.72 0.9% 1.0 1.2
60 220 0.19 0.35 0.52 0.57 0.68 0.78
70 555 0.10 0.23 0.40 0.50 0.58 0.68 '

80 725 0.13 0.28 0.41- 0.54 0.60 0.70




[
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Table A-14
Small Column D-3

Total Organic Carbon in Leachate

Total Organic Carbon - mg/L

Series Time -~ . - Leaching Distance-cm
hrs 10 25 ko 55 70 85
00 0.9 16. 20.  19.  28. 20. 19.
10 5.2 8.0 11, . 19: 25. 30.  25.
20 - 21 <1 1.5 2.7. 4oy 8.0 5.1
30 29 - - - - - -
40 45 . <1 3.5 <1 3.8 1.8 <1
50 144 by <1 <1 2.9 4.6 <1
60 220 1.7 2.8 - -« 1.1
70 555 1.0 <1 1.6 1.7 <1 | <1

80 725 53 <1 <1« <1 <1




Table A-15

Small Column D-4

pH of Leachate

. Series Time LeaohingvDistance-cm

hrs 10 25 0 55 70 85
00 0 11.53  11.55 11.49  11.48  11.56 -
0 1.7 1,11 1133 1181 11.36 11.45 1.2
20 3.8 10.90  11.08  11.28  11.43  11.43  11.43
30 6.0 11.01  11.16  11.25 11.30 ~ 11.40  11.48
40 8.9 11,29 11.37 1131 11.45  11.44  11.48
50 10 11.18 11.22‘ 11.30  11.45  11.42 11,47
60 25 11,00 11.12 11;25 11.36 11.40  11.48
70 32 10.97  10.98 ~ 11.17  11.53  11.55 11.52
80 56 10.96  11.07  11.14  11.20  11.29  11.31
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Electrical Conductivity of Leachate

Table A-16

'Small Column D-4

Electrical Conductivity - mmhos/cm

Series Time ~ Leaching Distance-cm -

hrs 10 25 40 5 70 85
00 0 8.0 8.0 8.2 T.4 7.8 8.0
10 1.7 1.8 6.5 6.8 8.0 8.0 8.0
20 3.8 0.90 . 1.4 3.4 6.5 8.0 7.8
30 6.0 0.82 1.2 1.7 2.4 41 7.4
40 8.9  0.77 1.2 1.4 1.7 1.9 2.7
50 10 0.68 1.1 1.3 1.6 1.7 2.0
60 25 0.52 0.80 1.1 1.2 1.4 1.4
70 32 0.49 0.69° 0.96 1.1 1.2 1.3
80 gs 0.46 .0;62 0.82 1.0 1.2
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Table A-17
Small Column D-U

Total Organic Carbon in Leachate

" A-18

Series

Total Organic Carbon - mg/L

Time Leaching Distance-cm
Hrs 10 25 40 55 70 85
00 - 0 36.5 50.5 32.5 31.5 39.5 = -
10 1.7 . 4.5 28.5 36.5 35.5 35.5 35.5
20 3.8 1.4 4.6 16.5 13.5 32.5 31.5
30 6.0 1.5 2.2 6.0 12.5 155 30.5
40 8.9 <1 3.1 2.4 2.9 4.2 6.5
50 0 <1 <1« 1.5 3.8 5.9 ‘
60 25 8.5 10.5 6.3 10.6 8.5 4.3
70 32 _ _ _ ‘_ . _ _ _ .
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Table A-18
Small Column D=5

pH of Leachate

pH
Series .Time L ~ Leaching Distance-cm
hrs 10 25  Ho 55 70 85
00 0 11,49 11.45  11.54  11.49  11.54  '11.58
10 2.0 10.83  11.09  11.23  11.3%  11.39  11.40
20 3.2 10.93  10.99  11.06 11.23 11.25  11.33
30 53 10.85  11.00 11.06  11.16 11.13° 11.20
40 6.3 10.84 10.91 11.13  11.13  11.16  11.13
50 1M "10.82 1131 11.39° 11.43  11.43  11.48
60 25 10.95. 11.15  11.20 11.16 11.27 -

70 32 - -11.22 11.30 11.33 11.36 11.36 e




Table A-19
Small Column D-5

Electrical Conductivity of Leachate

IElectrical Conductivity - mmhos/cm

Series  Time Leaching Distance-cm
Chrs . 10 25 40 55 70 85
00 0o 8.0 7.2 8.0 6.8 700 7
10 2.0 0.88 1.3 2.2 47 6.5 6.9
20 3.2 . 0.65 0.92 1.1 1.5 1.8 2.9
30 4.3 0.57 0.80 6.99 1.2 1.3 1.6
4o 6.3 0.57 0.73 0.86 0.98 1.1 1.2
.50 11 . 0.44 0.66 0.80 0.8 1.0 1.1
60 25 0.37 0.48 0.58 0.68 0.73 0.85
70 33 0.36 0.38 0.54 0.64 0.66 0.80

A-20



Table A-20

Small Column D=5

Total Organic Carbon in Leachate

Total Organic Carbon - mg/L

Series Time | Leaching Distance-cm

hrs 10 25 .40 55 70 85
00 0 4.5 39.5 38.5 28.5 33.5 34.5
10 - 2.0 2.8 - 2.3 T.7 18.5 | 29.5 26.5
20 3.2 1.9 <1 5.3 2.6 9.5 12.5
30 4.3 <t <1 <1 2.8 1.1 3.0
40 6.3 3.3 1.9 1.6 2.3 19 4.5
50 11 <1- <1 3.5 - 32 1.9
60 25 5.1 5.1 - - - -
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Small Column D-6

Table A-21

Electrical Conductivity of Leachate

A-22

Electrical Conductivity - mmhos/cm

Series Time Leaching Distance-cm
hrs 10 25 4o 55 70 85

00 0 8.8 9.1 9.0 9.2 9.8 10.2

10 1.0 ~0.82 1.5 2.8 5.4 7.4 8.5

20 2.0 0.58 0.83 1.1 1.4 1.8 2.6

30 3.1 0.50 0.72 0.90 1.1 1.2 1.4

40 4.5 0.48 0.64 0.82 0.91 1.1 1.2

50 5.4 0.47 0.62 0.78 = 0.92 1.0 1.1

60 21 0.29 0.43 0.53 - 0.58 0.64  0.70

70 29 0.30 0.40 0.50 0.64 0.70  0.72




Total Organic Carbon in Leachate

Table A-22

Small Column D-6

A-23

Series

Total Organic Carbon - mg/L

Time Lgaching Distance-cm

hrs 10 25 40 55 70 85
00 0 34.5 37.5 33.5 38.5 39.5 38.5
10 1.0 2.7 2.7 - - 25.5 32.5
20 2.0 1.2 <« 1.9 4.2 4.8 5.9
30 3.1 7.1 1.1 1.4 8.9 3.8 4.3
40 4.5 <1 <1 <1 2.1 1.3 2.7
50 5.4 1.2 <1 <1 4.2 1.7 1.0
60 21 <1 | <1 <1 (1 <1 <1
70 <1 <1 <1 <1 <1, v<1

29.3
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Table A-23
Small Column D-7

Electrical Conductivity of Leachate

Electrical Conductivity - mmhos/cm

4o

Series  Time . Leaching Distance-cm

hrs 10 25 _40 55 70 85
00 0 4.8 6.2 7.6 8.2 8.2 8.6
10 0.9  0.89 1.2 2.4 3.8 6.2 8.2
20 1.9 0.86 11 1.6 1.9 2.7 4.1.
30 3.2 .0.78 1.0 1.4 1.5 LT 2.0

4.7 0.69 0.85 1.2 1.3 1.4 1.6
50 7.9 0.62 0.78 1.0 1.1 1.2 1.3
60 9f9 0.52 0.67 0.93 0.98 1.1 1.2
70

29 0.29 0.38 0.52 0.56 0.62 0.66
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Table A-24

Small Column D-7

Total Organic Carbon in Leachate

Total Organic Carbon - mg/L

Series Time | Leaching Distance-cm

' hrs 10 25 40 55 70 85
00 0o 30,5 33.5 31.5 36.5 39.5 36.5
10 0.9 2.8 3.0 10.5 16.5 28.5 37.5
20 BN 3.3 35 7.5 6.3 9.5 18.5
30 3.2 ‘1.3 .8 1.6 3.5 1T 5.1
40 k7 0 <1 1.9 3.0 6.6 2.5 4.2
50 7.9 3.5 <1 4.2 <1 1.4 1.9
60 - 9.9 <1 - <1 <1 <1 1.9 2.3

70 29 <1 <1« <1 SRS




‘Table A-25

Small Column D-8

pH of Leachate

90

pH
- Series Time Leaching Distance-cm
hrs 10 25 40 55 170 85
00 -4.0 10.08  10.13 10.28- 10.28 10.28  10.32
10 -2.7 10.57  10.59 10.59  10.58 10.58°  10.68
20 0 10.73 10.63 10.62 10.62 10.53  10.51
30 1.0 10.59. ‘10.65 10.71  10.63  10.69  10.67
40 2.7 10.54  10.59  10.60° 10.70  10.68 . 10.70
50 4.0 - 10.29  10.50  10.53 . 10.60 10.65 10.75
60 6.8  10.26 10.35 10.50 10.60  10.62 10.67
70 17 ~ | 10.26  10.47 10.83  10.68 10.81  .10.89
80 26 10.34 . 10.49  10.48 10.83. 10.66 10.65
41 10.27 10.37 10.53 10.77 10.75 10.73
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Electrical Conductivity of Leachate

Small Column D-8

Table A-26

Electriéal Conductivity =~ mmhos/cm

Series Time Leaching Distance-cm
hrs 10 25 4o 55 70 85
00 -4.0 3.5 2.9 3.0 3.0 2.9 2.7
10 ~2.7 3.5 3.2 32 3.2 3.3 3.2
20 0 3.6 3.5 3.4 3.3 3.3 3.3
30 1.0 0.84 2.6 3.7 3.7 3.4 3.4
40 2.7 0.54 0.87 1.3 2.2 3.2 3.5
50 4.0 0.4 0.69 0.95 1.3 1.7 2.3
60 6.8 0.40 0.5 0.76 1.1 1.1 1.3
70 17 0.32 0.48 0.62 0.70 0.76 0.82
80 26 0.30 0.43 0.55 0.65 0.73 0.79
90 41 0.25 0.36 0.42 0.55 0.60 0.63
100 4 0.24  0.36 0.45 0.55 0.61 0.67
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Table A-27
Small Column D-8

Total Organic Carbon in Leachate

Total Organic Carbon - mg/L

Series Time - Leaching Distance-cm

hrs 10 25~ 40 55 70 85
00 40 19.5 19.5 175 175 15.5  1h.5
10 2.7 - - r - - -
20 o 23.5 19.5 19.5 23.5 17.5  18.5
30 1.0 2.5 1.5 22.5 21.5 .20.5 19.5
40 2.7 <o.5 0.5 . 2.5 3.5° 19.5 22.5
50 4.0  <0.5 <0.5 - - 3.1 K9 9.9
60 6.8 - <0.5 0.5 0.5 1.7 2.1
70 T 0.7 <0.5 <0.5 <0.5 <0.5 <0.5
'86 26 - - = "7 - - -
90 31, 0.5 <0.5 <0.5 0.5 <0.5 0.6




Table A-28
Large Column LC-1

Leachate pH

Leaching length - 58 cm Leaching length - 135 cm

Time Temp Far* Cent. Near Mean Far Cent. Near Mean
Hrs °¢
0 22 12.26 - 12.21 12.26 12.24 12.24 12.13 12.16° 12.18
3.5 21 12.16 12.21 12.18 12.18 12.23 12.16 12.12 12.17
7.5 20 11.59 11.67 11.65 11.64 12.17 12.10 12.04 12.10
14.5 17 11.48 11.55 11.44 11.49 11.85 11.90 11.87 11.87
23 24 - 11.34 11.03 11.19 11.43 11.43 11.43 11.43
39 17 11.19 11.40 11.18 11.26 11.48 11.47 11.48 - 11.48
63 18 11.28  11.45 11.03 11.25 11.46  11.64 - 11.55
85 17 o 11,40 - - 11.40 - - 11.61 11.61
110 18 11.23 - - 11.23 11.36 - - 11.36
%# - Tap location
Far - Far quarter point of cross-section
Cent. - Center of cross-section ' .
Near - Near quarter point of cross-section

6c-v . .



Table A-29

Lafge Column LC-1

Leachate Electrical Conductivity

mmhos/cm.

Léaching length - "135cm

- Leaching length - 58cm

Cent..

Cent. Near Mean

Far

Mean

Far Near .

Time

- Temp

Hrs
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Table A-30
Large Column LC-1

TOC Data

mg/L
Leaching léngth - 58 cm ~ Leaching length - 135cm

Time Temp Far  Cent. Neér _Méanq ’ Far  Cent. .Near Mean
Hes  °C .

0 22 50 .72 . 11 64 63 59 52 58
3.5 21 48 u7 54 50 55 51 T4y 51
7.5 20 12 12 9.0 11 38 i1 36 38
14.5 17 1.3 4.0 2.0 2.4 14 10 10 11
23 2”_ - - - - - - - -
39 17 5.0 5.0 5.0 5.0 6.0 4,0 7.0 5.7
63 18 - 10 6.0 5.0 7.0 5.0 7.0 7.0 6.3 »
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Table A-31

Leachate pH

Large Column LC-2

Leaching length - 69 cm

Leaching length - 145 cm

Cept.

Time Temp Far Near Mean Far Cent. Near Mean
Hrs oC
0] 22 11.98  .11.94  11.99- 11.97 11.97 12.01 12.05 12.01
3.5 21 11.90 . 11.94 11.96 11.93 11.97. 11.98 11.99 11.98
7.5 20 11.88 11.88 11.89 11.88 11.92 11.83 11.96 11.90
14.5 17 11.56 11.56" © 11.62° 11.59 - 12.00 11.98 ~12.06 12.01
23 U 11.29 - 11.07 11.37 =~ 11.24 11.75 11.74 11.73 . 11.74
39 17 11.15 11.20 11.18 11.18 11.49 11.50 - 11.49
63 18 - 11.23 = = S11.23 - 11.39 - 11.39
85 17 - 11.39 bo- 11.39 - - 11.46 11.46
110 18 - - 11.30 11.30 - , - 11.55 11.55
135 18 - .11.10 - 11.10 - 11.72 - 11.72
168 - - 11.07 - - 11.73 - 11.73

11.07
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Table A-32

Large Column LC-2

Leachate Electrical Conductivity

mmhos/cm

Leaching length - 145 cm

Leaching length - 69 cm

Cent. Near Mean

Far

_Far Cent. Near Mean

Temp

‘;\Time

Hrs
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Table A-33
Large Column LC-2 -

Leachate TOC

mg/L
Leaching length - 69 cm ‘Leaching length - 145 cm

Time Temp Far_ Cent. Near Mean Far Cent. Near“ Meag
Hrs oC ,

0 22 uy 31 30 35 30 34 25 30

3.5 21 Ly 23 29 32 30 26 21 26

1.5 20 30 31 29 30 35 - 33 34
14 17 12 - 4.1 - 8.0 31 4o 33 35
23 24 14 8.0 6.0 9.1 22 +18 21 20
39 17 7.0 T.0 4.0 6.0 13 . 6.0 - 9.5
63 18 . 9.0 - 5.0 6.0 6.7 10 12 8.0 10
85 17 - 1.1 - 1.1 - - 1.0 1.0
110 i 18 - - - - - <1 - <1
135 18 6.0 3.0 3.0 _;u.O - 3.0 3.0 3.0
168 - - <1 - <1 - <1 - <1

HE-v



~ ' Table A-34
Large Column LC-3

Leachate pH

Leaching length - 69 cm - Leaching length - 145 cm

Time Temp Far Cent. -Near Mean Far Cent. < Near Mean
Hrs oC

0 22 11.52 11,74 11.74 " 11.67 10.78 10.64 10.71 10.71

3.5 21 11.25 11.52 10.84 11.20 11.04° 10.78 10.84 10.89

7.5 20 11.20  11.36 11.40. 11.32 11.01 10.68 10.82 . 10.84
14.5 17 ° 11.08 11.17 11.15 11.13 10.72 10.70 10.95 10.79
23 24 11.31  11.31 10.97 11.20 10.95 10.90 10.89 10.91
39 17 - 10.90 10.68 10.68 10.75 10.85 10.94 10.89 10.89
63 - 18 11.05 11.04 - ~11.05 C - 10.51 - 10.51
85 17 - - . 11.03 11.03 - - 10.97 10.97
110 18 - - 1M.17  11.17 - - 11.05 11.05
135 18 - 10.66 - 10.66 - 10.62 - 10.62
168 - - 10.80 - 10.80 ) - S11.11 - 11011
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Table A-35

Large Column LC-3

Leachate Electrical Conductivity

~ mmhos/cm

Leaching length - 69 cm

Leaching length - 145 cm

Mean

Far -

Near

Cent.r

Far Cent. Near Mean

Tempb

Time

Hrs
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" Table A-36

Large Coluwmn LC-3

TOC Data \
mg/L
Leaching lenyth = 69 cm Leaching length - 145 cm
Time Temp kFar Cent. Near  hean Far Cent. - Near Mean
© Urs o¢
0 22 14 38 41 51 43 - 46 45
3.5 21 50 49 © 38 46 43 30 32 35
/e5 20 18 3.0 9.0 12 26 - 29 32 29
14.5 1/ /.0 3.0 4.0 4.7 20 19 23 21
23 - 24 10 6.0 10 6.7 8.0 6.0 15 9.7
39 17 7.0 13 19 13 3.0 1l 8.0 7.3
63 13 6.0 5.0 3.0 4o 5.0 . 5.0 1l 7.0
110 i3 - - 13 i3 - - 12 12
135 13 5.0 3.0 5.0 - 4.3 12 6.0 12 10
leg =~ - 5.0 _ - 5.0 - 1.5 - 1.5
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APPENDIX B

STAGE"II MODEL —

DERIVATION

A ]

The basic element in the spent shale bed is cylindrical as shown
in Figure B~-1. Mass transport within the_cylinder occurs in micro-
pores contained within pore p}anes lying normal to the axis. The

spaces between the particlés‘are defined as macro-pores.

Pore plane
XBL 824 - 356

Figure B-1. Basic spent shale element in fixed bed.

Mass transport in the spent shale bed is assumed to be governed by
. _ .
Equation [A]. The rate of change of solute concentration is a func-

tion of advective and internal mass transfer mechanisms.

9= Loy
e e .
'
oc [ac\ 19%a _ ' '
% % o fm 30 LA]

z
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in which:
Up = Pore velocity
qa = Average solute concentration in micro-pores
C = Solute concentration in macro-pores
m = Ratio of macro- to micro-pore- volume
t = Time
z = Distance in direction of flow

The mean concentration q, of solute in the cylinder is:

b
hnAw J. 2mrq dr b
o . 2 ' .
q = — = [ radr [B]
a hnAwnb b” %
in which:
n = Number of pore p1anes*perrunit height of cylinder
'w = Distance along particle axis
b = Radius of cylinder
r = Radial'distance

‘h

Height of cylinder

q = Solute concentration at distance r and time t

-

an
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Variables in Equation [A] are_transformed with the following:

Z . : Z
. = - . X = ——
h b=t-3 mu_
. p p
to .obtain:
x T -0 | [c]

Assume:.
1. - No external film fesistance.
2. . No adsorption or chemical reaction.

3. Fickian diffusion as represented by:

) i
8¢ _p |87, 1 39 : o
a6 Dm .2 + r - dr , [o]-
: ‘.Br_ : N
T . - in which:
Dm = Molecular diffusion coefficient

SOLUTION OF EQUATION [D]

Assume that diffusion out of the micro-pores can be represented by

« sﬁperposition. of solutions of two special boundary conditions con-

,
{

sidered by Crank (1976):
1. H1(r,t) is the analytical solutiop for diffusion into a pore
plane having a concentration qo of zero at time Zzero, from ad
‘exterior surface having a constant concentration of a, equal to

 unity.
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2. Hz(r,t)'is the analytical solution for diffusion out of a .pore
plane having an initial uniform concentration of q, of unity,
toward an external surface having a constant concentration of qsv

equal to zero.

The total rate of change in q can -be found by superposition of

‘the two cases since the dispersion equations employed are linear:

q = qs'Hi(r;t) + q, Hy(r,t) “[E]

in which a and q, may be assigned constant values other than unity.

The magnitude of“qS will vary with»time; The rate of change in
'q at time t for a‘qs input at time A is:
H,(r,t - A)

1
q, (M) "

as illustrated in Figure B-2. The total value of q for'the'qs term
is therefore:
t Hl(r’t - }\)

[ e o a | N -

(o}

which represents the summation of qS values from time zero to time t.

-Thé value of qo,is assumed constant for.the second term on the
right hand side of Equation [E]; i.e. g is independent of the radius
r at time zero. This\assumption will hold if full equilibrium is
achieved between the macro- and microéporés before cdmmencing' a
:coluﬁn run. If this is not the casé, then do is a funétion ofbf, and
) a convolution integral similar to Equation [F] would also have to be

I

written in terms of r. Réplacing the first term on the right'handb



q ”——-"”--1 qs at time t
' v

0 ' Time - t ‘

Figure B-2. Definition of convolution time variables.

J

side of Equation [E] with Equation [F] gives:

et OH (r,t = 2) -
q =f 9, (W) ) dA + q H, (r,t)
0

B-5

(6]

Crank pfesents the solutions for both terms of this equation,‘(Equa-

~ tions 5.26 and 5.22, respectively of Crank, 1976): J

_ __ W - no n : _ 2 :
1= ; .Jl(ba) _qs(k) ex?[nmocn(t - x)] d\ +

‘°,° J (ra ) 9
b }:a J (boc) exp [_Dmo-cnt]'

[H]
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in which:
Jo’ J1 = Bessel functions of zero and first order.
o, =[o, I/ b, in which the [ 0, 1 terms are the zeros

~of a Bessel function of zero order.

" The average concentration qa of the solute ih the micro-pores

may now be obtained with Equation [B], by recognizing that:

anb : N :
J7 g s Cay vy agC oy b
o .

" in which u is a variable of integration. . After manipulation:

. 4D t S )

/ o 'qa = b_z_ Z f qs(t) exp [—Dman(t - )\)] d)\.+,
" {/\AJ' : . . 1 0o .

w”

J .

| — — exp|-D a t]: ] ’ [1]
\ . b2 T uZ mnl .
n

This represents the solution for q 'in the micro-pores of the
cylinders. The expression. now has to be coupled in mass balance

terms with the macro-pore cohcentration c.
PLUG FLOW COLUMN OPERATION -

The mass éontinuity equatioh for packed column operation with
assumed plug flow is given by Equation [C]. -The relationship between
a and C at the solid surfaée mustbnow be established. In this Qonk
it was assumed that the resistancevto mass transfer in the 1liquid
film oﬁ Epe particle exterior is negligible because ‘the diémeters of

the particles studied are relatively large, or:

ag = C | | Bty
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The value of C is a function of both 6 -and the distance X in the .
column, so qs ‘now 5ecomes a function of & and X. Also, Equation -
[C] shows that the derivative of a, with respect to 6 is reqﬁired.
"Equation [I], with the aid of Equations [C] and  [J], now becomes:

,.‘.@ Bf c(r,9) exp[—qui(G - )\)] dx

2m Z].: 0. 5 ‘ o

: 2 3¢
xaPIEL RX R i
SOLUTION OF EQUATION [I] BY LAPLACE TRANSFORMS
CQ
The Laplace transform of‘ the variable o (6 +  3) gives:

4p =2

dCc(X, s) m s _
ax 5 —F— ] C(X,s) = _ . | . |
b l s + ame . Tl
“m 1 .
4qo 2 Z 2 (L]

b 1 s + OLan

The Laplace operation for a convolution integral is used 'in this

tr'ansf‘dr'mation :
t o ' .
£<J- f1(u) f2(t-u) du) = g1(s) gz(s)
o)

This equation is now an ordinary diff‘er'enﬁial equation which may be
solved by commonly used methods. By taking the Lapléce transform

again for the variable X (X - u):

C(u, s)[u+ mz 52 ]

1S+OLD

]

N

C(OQS.)‘ + 0 m Z
) b Us 1.
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in which C(0,s) represents the Laplace transform in terms of 6 of
the input concentration to the column. This boundafy'éonditioh must
be known before the inverses of the transformed equation can be

taken.

If the input concentration is a step function at 6 = 0, then:

.C(O,S)= Ci / s

- If the input concentration is a unit impulse ét time zero then:

C(O,S): 1.0

Assuming a step impulse and ‘taking the inverse of Equation [M]
It .

for X (u -+'X) gives:

q , ' S _ .
. _ _o . 1 _ } ‘

C(X,s) =z +.(Ci qo) %s eXP[‘XB(S)] : o v [N]

in which:
4D s o
B(s) = g 5
b 1 s+ Da

Taking the inverse for 6(st-+ 8) gives:

C(x,e) ;.q§»+ (Ci - qo) £_l {%‘exp[—xs(s)]} | ' (0]

Y



]

’ NORMALIZATiON OF EQUATION [M]

Equation [0] is not normalized because e'has-the dimension of

time. A useful normalization is obtained by reeognizing that:

and: ¢

B(as}

in which a

b2/Dm. Using the Laplace transform operation:

gives:
| c(i—?) = q, + (¢ - a) {‘1 e eXPl[.—XB.(s)/]} R (e
.in which:
4Dmxs 1
Xy () = ‘bz,. T s+ FQn]Z

Equatlon [P] was solved by numerlcal inversion w1th the aid of thee
LAPINV computer program. Dlmen31onless parameters T = 6 D / b and
o = 4 D X/ b were used in. the 1nver31on. A copy of the LAPINV

program is included in Appendix C. .
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SPHERES VERSUS CYLINDERS

Letting qo for pure absorption gives: :

c (:Z) {— exp[-xsl(s)]} ., o :[Q]

The form of this equation is identical to that given by Rosen (1952,

1954) for absorption in spheres.. A comparison of 81(8) terms fol-

lows:
4D s » 1 _ ~
B, (s) = —2 (cylinders)
1 2 2
b 1 s+ [0]
: n
and’
B,(s) = 2{: " (spheres)
P1 _
ST 1 s + [nﬂ]

In which b represents the radii of the cylinders.or'the spherés,

respectively.

Thé zeros of the 2zero order Bessel functiOn'[On] approximate
n 7, with this being especially true as n - «: consequently, one
might expéct that the two particle shapes will yield similar results

when 2/ b is set equal to 6 / b , or:

cylinders spheres

3/720b

bspher'es = cylinders

“y
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| CylindfiCaI functions were used in this work because: (1) spher-
ical particles cannot be used to fit the obvious geometry of the par-
ticles and pore planes, and (2) the deviation between the two solu-

tions became rather significant even wheén the b__

sphéfes were set equal

to 372 bcyiihders

“at-theishor€§b5§aIUes.“ Commonly, the cylindrieal
functions tended to yield ‘a more rapid decrease in the concentration
C with time 6, and a more pronounced tailing. -
INCLUSION OF DISPERSION IN THE STAGE II MODEL DERIVATION

During the final stages of ‘the preparation .of this report the
advection-dispersion equation, Equation II-1 in the text, containing
both dispersive and diffusive terms was solved by Laplace transform
techniques. The approach used was similar to that described for the
Stage II model solution. The derivation is not included herein

because of time constraints. It is useful, however; to discuss the

result in general terms foh possiblé application to future studies.

The transformed solution of.the augmented model was_similaf to
EquaﬁiOn [0]. Effluent concenﬁration as a function of.time and dis-
tance was expressed in terms of the same variables used for the Stage
II model. The principal diffefence being that both diffdsive and
dispersive mechanisms were characterized By coefficients instéad of
only diffusion as in Equation [0). When the dispersive coefficient
waé set to zero, i.e. no dispersion, the equation became identical-to
Equation [0]. The transformed equation Qas not inverted by LAPINV
but there appeared to be no reason why the inversion onld_not be

/

possible(
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/

Thelsignificance of this derivation is that‘theveffects of both
the disbersion and diffusion coefficients upon.the effluent ééncen—
tration may be examined. An approach might be to fix either of the
 coeffic1ehts and then.deteqmine a solufion set for the transformed
equation b& the methods used to 1nvert the Stage 1II model. This
would be repeated for other values of the fixed cqefficient. Future
experimental work could then be directed toyard peasuring either the
dispérsion vor diffusion coefficient for a partipular systenk thus
defining the othef édefficient for'purposes of médélliné'the effluent

concentration with time and distance.
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EXHIBIT C-1.

L AVERT

1.
2.
" 3.
4.
5.
6.
Te
. 9.
10.
11.
12.
13.
14.
15.
17.
18.
19.
22.
21‘
22.
23.
24.
25.
26.
27.
28 .
29.
30.
31.
32.

0000608

0015448
0015448

0C15448

0015448

0015448
014CC78
0140118
0140138
0140218
0142278
0140318
0140338
0140358
0140548
0140553
0140618
0140708
014C778
0141028
0141328
0141328
0141328
0141328
0141323
2141438
0141678
0141678
01416738
0141708

C-1

LAPINV COMPUTER PROGRAM

17

- 10

22

25

132
200

3
31

**PROGRAM LAVERT (INPUT.OUTPUT,PUNCH)‘?

PROGRAM LAVERT (INPUT, QUTPUT yPUNCH)
DCOUBLE PREL ISION T.CON(ZO)vo(ZJ)oF U(SO;SO)-Tl(SJl;ALPHA(SJ)

"INTEGER NRUN

EXTERNAL F .
DATA ALPHA/10. DOp5.DO'l DO'-SDO.-ZDO..IDO..OSDG' +02D0,.01D0/ "

-NRUN = 0

NMIN=5 $ NMAX=19
DO 17 12,20

READ 100, CONCI)

PRINT 22, 1,CONCI)

CONT INUE

DO 10 J=1,9

CON(1)= ALPHA(J) o

00 10 [=1,50 8 T=10.00¢*(~1/10.00)1%10.00

TI(1)=Y :

CALL LAPINV (T, Fy CONgNMINyNMAXoG)

ULT 4 J1=1.00 ~G(LT)

CONTINUE

PRINT 200 _

PRINT 254 (ALPHALT), I=149) o (TE{IodU(IsKIe KLy 4d=145D)
FORWAY (1X,%  CON(*,12,%)=%,018,12)
FORMAT(£1% 160X % ALPHA®/ 4X, T (1%, 9F9 .4/ (1X, E9. 2 9FS.41)
FORMAT (D18.12) =
FCRMAT ({1HO)

PUNCH 30,NRUN, (ALPHA( T}, [=1,9)

PUNCH 31, INRUN, TICJ) UL oKD 4K= 1191 44=1,50)

FGRMAT (12,9FT7.3)

FORMAT(124E 9. 215 6. 31

STOP

END



EXHIBIT C-1.
LAPINV
1. 0000C08
2. 0000008
3. 0C00008
4. 0000008
S. 0032348
6. 0032368
7. 0032408
8. 0032428
9. 0032438
10. 0032528
11. 0232548
12, 0032568
13,  0C327128
la, 0032748
15. - 0032748
16. 0032768
17. 0033018
18. 0033158
19. 0033258
20.. 0033278
21. 0033348
22, - ©€033348 -

23,

0033368

C-2

'Contihued.

** SUBROUTl“é.LAPlNV(TiF.CDN,NH[VvNNAXle‘.

SUBROUTINE.LAPINV(T.F-CON,Nﬂ!N.NHAX.G) : '
DOUBLE PRECISION ToCDNIlOl'GlZOOyV(QOvZOivS'A'LNZvFO(kOl'F
DATA [TEST/L/

. IF(NMIN.LE.Q.OR. NMIN.GT.NHAX.OR.NHAX.LE 0.0R.NMAX 4 GT 423}

100

145

150
200

1000
52

160 70 1000

IFCITEST.EQ. 0060 TG 100
CALL CHALT(V) ’
LN2=DLCG(2.0+00)
ITEST=0

A=LN2/T

NM2=2% NMA X

00 145 I=1,NM2
FOUT)=FUI*A,CON) .
DC 20C 1 =NMIN,NMAX
$zC.

Ly=2¢1

D0 150 L=1,LU
S=S+VIL, 1 )*FGIL)
G(I)=A*S.

RETURN '

WRI TE (6450 ) NMINyNMAX

FGRMAT( /o 1X, #SOMETHING "WRON3 WITH' PARAHETERStv
12 NMIN=#2, [Se2 NMAX=¢4 15+ /)

RETWRN

END

I8

d

ty

LY
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EXHIBIT C-1.

1,6‘v

17.

. 00008

0000008
0000008
2001258
0001308
0001368

20213718

0001378
0001428
0001438
0001458
0001468
0001528
0001538

0002368

2002518
0002538

Continued.

10

15 $= S*(-l)"(KOLl*FLGAT(MDOO(K-ll‘(G(HM)/(G(M))"Zl/'

20

-**SUBROUT[NE CHALT(VI®= _

.suaaourxns CHALT (V)

DOUBLE PRECISICN V(QO'ZOD'G(Qll.S
Glli=1

DO 10 1=2,41
GlIN={I-1)%G(I~1)
DG 20 K=1,2C

KK=K +K

DC 20 L=1,KK
MLl=(L+1V/2
M2=MINO (LK)

$=0.

0C 15 M=M1,M2

MM=2 & M#+]

LEGIK+1-MI*G(L+1~MI%G(MM=~L ))
VLK) =S

RETURN

END
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EXHIBIT C-1. Continued.

F ‘ e " #%00JBLE PRECISION FUNCTIJV F(P,CINI*x
1. 0009008 DOUBLE PRECI SION FUNC TION F(PoCON)
2. 000GC0o08 DOUBLE PRECISICN P,CON(20)

3. 0000008 ) F=(1. /P)*DEXPL-CGNL1) = ((P/(P+2. 406825609#‘2)!

- L+{P/({P+CON( 2)%%2)} )
2+{(P/(PeCCN(31%%2) )¢ (P/ (PH+CON(4I**2))¢(P/(P+CON(51%%2))
3¢(P/(P+ION( 62} )+ (P/ (PHCON(TI®%2) ) +(P/(P+CON(S)#%2))
4+(P/ (P+CCN(SI*¥2) )4 (P/(P+CON(101#%2) 0+  (P/{P+I0ONL111EE2) )
S+(P/(PeCCNIL21#%2) )+ (P/ (P+CON(L13)%%2))+(P/ (P+CON( 14)%%2))
6+ (P/(P+CONL15)%%2) J+(P/(P+CON( L6 ®2) )+ (P/(P+CON(LTI®%2))
:70(PI(POCONllBl“Z))O(P/(P*CON(19!**2)IO(P/(POCJV(ZOD¢*2lI)l

4. CG05048° - RETURN

5. 00059078 END
CON(.2)= o,5524C7810C0ND+01
CON( 3)= o865372790000D+01
CONG 4)= ¢1179153440000+02
CONC S)= o14623nS1TTC5GD+CE
CONG 6)= o180T10€40000D+02
CUNC- 7)= 2121162660200+02
CONE 8= 5243524T15%00D+C2 B
COMU. 9)= L2749247910CCD+0? -
CUNCL)= 420634606510 0GD+02
CUNG LI )= 4337758202000 D402

CONTI2)= 22691709840 000402

\ CONE13)= 240 05842583C0D402
CLN(L4)= ,431997917000D+02
CUN(L5)= o46341188400CD+02
CIN(1e)= 5494826399C0CD+C2

CCUMIIT)z 45262405130 00D+C2
CUN(1R) = «557655138000GD+52
CIN(19)= ¢589769R39C 0CD+C2
CON(2U)= . €20484£92000D+02 - !
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R EXHIBIT C=2
Kd
SOLUTIONS OF EQUATION IV-9 FOR SELECTED VALUES OF ALPHAX
[
,;ALPHAX
TIME }10.0000 5.0000 1.0000 . 5000 +2000 . 1000 40500 .0200 <0100
+T9E+01 <0000 +0009 <0002 .0033 .0000 «0009 .C¢000 .0000 | -
1 ag3Esul 1 40001 L0000 .CCOQ___ .0000___,C000 __ ,a000 . _..0000.... +0000 .0000 }
«SOE +01 « 0042 « 0000 +N004Q +0000 "« 0000 «0000 «0000 «0000 +0000
+40E +01 «0408 « 0003 <0003 <0009 +0000 .0000 .0000 .0000 «0000
«32E401 .1768 « 0043 .0000 «0000 « 0000 <0000 «0000 +0000 «0000
«25E+OL 4273 « 0267 <0000 «0000 «Q000. « 0000 . «0000 +0000 0000
«eCE+CL . 6924 0962  ~CC2 »23209 .C009 «0000 «G000 «CI00 «039¢)
| al€E#0)l | L8730 - 42319 aCC1S _ WCCCA_ L0000 ,0000 L0000 __ «00UC . 20000
«13E¢0L 29593 v 4165 «0062 +0013 «0003 «0001 «0000 «00%00 « 0000
o 10E+C] e 98%8 e 6062 «0184 « 0045 «C010 « 0004 2002 +C0L1 «0C00
- o T9E 400 «9980 « 7630 0428 .0121 .0030 «0013 .0006 .0002 .0001
«63E+00 29997 « 8723 «0820 «0261 +0072 «0031 +0014 «0UUS +0003
«SuE+09 | 1,0000 . 9388 1257 «0479 «0142 . 0063 <0030 .0011 «G006
-2%0E+00 | 21,0000 . _..9739 ___a2007.. 23112 . .0245___ .0Lll . . .0053. ...0020 .0010
«32E+00 1.0000 « 9905 « 2723 «1127 <0377 «D175 <2034 «09233 «0018
«2SE+00 1a 3000 29971 034¢€5 «1522 + 0531 «0250 121 « 0066 «0024
«20E+00 1. 0000 *9993 6211 «1944 «0701 +0335 «0163 « 0064 « 0032
e 16E +00 1. 9000 « 9959 04951 «2385 « 0884 0426 «0209 «0082 00041
«13E+CO leC0CO 1. 0000 o 5€8Y - 2843 «1078 «0523 «0257 V102 «0051
| _alCE+00 | .1.0000...1.0000 . o€395.__ 43338 _ _.1288 .....0628 . .0310 .. .0123 +0061
«75E~01 1.0C00 le 0000 7082 03885 e1516 «0743 «0367 00146 «0073
«t3€=01 | 1.0000 11,0000 ..7718 «4400 «1766 .0870 <0430 0171 +0085
«50E-01 | 1.0000 1,0000 8285  +4568 «2041 L1010 «0501 +0199 «00$9
«4CE-01 | l.0000  1.0C00 « 2771 «5553 . 2342 21166 «0579 .0230 w0115
«32E-01 1.,0000 1. 0000 9162 6144 « 2670 +1338 0666 «0265 «0132
L .a25E-01 | 1.0000  1.0000 .. ..9462 . _+6728 __.o3028......1529. ... .0763 .0304 . .0152
«20E~01 | 1.0000 1.0000 . 9675 « 7251 «3415 <1740 <0871 «0348 . .0l74
. «l6E-01 | 1.0000 1.0000 .581% .7813 .3830 41973 «0992 .0397° .  .0198
.138-01 | 1.0000 1.0000 «9902 .8253 «4270 .2229 01126 00451 «0226
. «10E-01 | 1.0000 1.0000 «9951 8166 °4733 «2509 .1274 <0512 <0256
«T9E-02 1.0000 1.0000 - 09977 - «9050 05212 «2813 «1439 «0580 «» 0291
| 262E-02 | 1.0000 . 1.0000 ° 49989 _.932% _ _a5700 . __ 3142 . al&2). . .0656 «0329
o S0E-C2 1. 00C0 10000 09995 ' 49523 6187 » 3494 «1821 «0740 #0372
«40E~-02 1. 0000 1.,0000 099989 . «9685 . 6663 - 3867 «2039 «0834 «0420
«32E-0Q2 1.0000 1.0000 * 556§ 9782 «7116 4257 2278 «0939 eQ473
«25€-02 | 1.0000 .1,0000 1.0000 «5865 ., 1538 4658 .. ,2534 .1054 «0533
«20€=-02 1.0000 1.0000 1.0000 +9913 « 7920 «506S «2809 1181 « 0569
| 226€-02 | 10000 1.0000._ _1.0060 29944 __o8257 _ _ 45410 __ 3099 _._ 41320 .. .0672
«13E-02 1,0000 1., 0000 1.0000 099¢3 + 8548 «5863 «3400 «1470 «0752
«10E-02 | 1.,0000 1.0000 1.0007.. 9576 . <8793  ,6237 «3706 .1630 .0839
o T9E-03 1. 0000 1.0000 1,0000 «9984 * 8997 06585 «4011 «1797 «0932
«$3E-03 | 1,0000 1. 0000 1.000¢ »9507 «9163 « 6902 +4308 «1967 +1027
. «50E-03 | 1.0000 1.0000 1.0003 9992 «9298 .7185 «4589 .2135 01122
. «40E=03 | 140000 140000 . _1.00G0" 29995 ___ «9405 7433 44849 ___a2295 ___ 41215 4
@ «32E-03 1.0000 1.0000 1.0000 +96696 9491 « 7656 «5083 02444 «1302
x .e25E=03 ] 1.0000 _ 1.0000. 1.M00)_ _ «S997. . 9559 o7828 . 45290 «2579 o1381
e 20£-03 1+0000 1. 2000 1. 0000 «9658 «9613 « 7980 «5470 «2699 1452
«l6E-03 10000 1.0000 . 1.000Q . .99%38 29655 « 8106 . «5623 «2803 <1514
. .135-031 1.0000 1.0000 1.0000 «9959 ° 9669 .8211 #5752 «2892 e1567
= ..« l0E=Q3 § 10000 1.0000 1.000Q  .99%3 __ 9715 .8296 . _ .5840 e2967 .. ...al6l3 |}
3 ;
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