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IN SITU STABILIZATION OF HEAVY METALS IN SOIL BY MICROBIAL
SYSTEMS. N.W. Revis, G. Holdsworth, K.M. Edenborn, C.
Hadden, J.L. Elmore, and A.A. King. Oak Ridge Research
Institute, Oak Ridge, TN

ABSTRACT

The Environmental Protection Agency has approved the
concept that heavy metal immobilization in soil, sediment,
and sludge is an acceptable form of remediation for
hazardous waste sites. Many metal sulfides are highly
insoluble in aqueous solution and thus would oe relatively
immobile in soil and/or sludge. The feasibility of
exploiting the activity of naturally—occurring sulfate—
reducing bacteria in immobilizing toxic heavy metals as
sulfides in soil was examined using the mercury-con-
taminated East Fork Poplar Creek flood plain as a model
system. Laboratory studies indicated that mercury added to
sul"fate-amended flood plain soils was immobilized rapidly
due to enhanced sulfate reduction activity. However,
long-term field studies showed that mercury mobility in
the soil was extremely low. Further study of the chemical
forms of mercury present in these soils using differential
extraction procedures strongly suggested that much of the
immobilized mercury was already present in the sulfide
form. This implies that sulfate reduction activity has
been instrumental in the immobilization of mercury in
these flood plain soils. The enhancement of sulfate
reduction activity in soils and sediments contaminated
with mercury and other toxic heavy metals that form
insoluble sulfides may be an effective treatment for the
remediation of contaminated hazardous waste sites.

INTRODUCTION

Soils contaminated with metals have become a major problem
in industrial areas, partly because in the past our
knowledge of the geochemical cycling of metals in soils
was incomplete. In particular, some potentially toxic
metals were thought to be inert in their elemental form,
and thus to be innocuous if they were released into the
environment; mercury and lead &r& prime examples (Shukla
and Leland, 1973; Pierce et al., 1970). It is now clear,
however, that mercury, 3aad, and other metals can undergo
complex chemical changes in association with the metabolic
activities of microbes found in soil and sediment, so that
their inertness and immobility cannot be taken for granted
(Gavis and Ferguson, 1972; Wong et al., 1975; Bisogni and



Lawrence, 1975). Recent research has shown that elemental
metals can be oxidized or reduced by soil microbes* and
subsequently be bound to soil, volatilized, or methylated
(Ehrlich, 1981J Robinson and Tuavinen, 1984). In the
latter instance! for example, the water-soluble and highly
toxic methyl mercury can significantly endanger the health
of human and animal populations (Jernelov, 1970).

Most heavy metal ions bind tightly to particulates in
soil, and subsequent migration through the soil column is
often minimal (Loehr et al., 1979). Land application of
sewage sludges distributes mercury and other metals, such
as antimony, arsenic, cadmium, chromium, lead, selenium,
and zinc in soil. These are often considered of little
hazard to plant life (Loehr et al., 1979). However, plants
may bioaccumulate these metals and, via the food chain,
increase the risk of human exposure. Furthermore, bound
metals are not necessarily chemically stable, and can
undergo changes in chemical speciation or type of
particulate carrier, and be subject to biological
transformation and biomagnification (Kurek et al., 1982).
Biological agents, particularly bacteria and fungif may
either degrade organic matrices to which metals are bound
or convert inorganic metal ions to volatile organic forms.
These latter conversions are of special interest because
they represent a pathway for bound, and apparently stable,
metals to be mobilized and enter the food chain and
aqueous and atmospheric environments.

Because of their low solubilities in aqueous solutions,
metal sulfides may form readily at normal temperatures and
pressures upon the interaction of sulfide and metal ions.
Many potentially toxic elements (e.g. Cd, Hg, Cu, Pb, Ni,
Ag, Sn, and Zn) form relatively insoluble sulfides
(Ehrlich, 19B1). These metal sulfides may be formed either
abiogenically or biogenically, depending on the source of
the reactive sulfide. Among the soil microbes is a group
that carries out a form of respiration in which sulfate,
rather than oxygen, is reduced for the oxidation of
organic matter (Connell and Patrick, 1968; Postgate,
19B4-) . These microbes, the dissimi latory sul fate-reducing
bacteria, take up sulfate and release hydrogen sulfide
during their metabolism. Sulfate—reducing bacteria require
an anaerobic environment, a source of sulfate, and any of
several simple organic carbon compounds in order to
produce sulfide in sufficient quantities to react with
free or bound metal ions. High concentrations of toxic
metals in soils and sediments do not appear to have a
significantly toxic effect on these organisms, due to the
high degree of metal adsorption to particulates such as



clays and organic matter as well as the rapid formation of
metal sulfides in their vicinity (Craig and Bartletti
1978; Ehrlich, 19B1).

This paper describes our investigation into the potential
use of naturally-occurring sulfate-reducing bacteria in
the remediation of mercury-contaminated flood plain soils.
Our results indicate that bacterial immobilization of
mercury may have taken place by this process since the
mercury contamination first occurred 30 years ago or more.
These data also suggest that regulatory statutes
concerning metal pollution concentrations in soil may need
to be reassessed based upon the presence or absence of
stable metal complexes.



MATERIALS AND METHODS

Sampling procedure.

Soil samples were collected from the mercury-contaminated
flood plain of East Fork Poplar Creek, which runs through
Oak Ridge, TN. Soil samples far mercury analysis were
collected with either a Jenkins sampler or as grab samples
and were immediately returned to the laboratory for
processing. After thorough homogenization, soil samples
were divided into three equal aliquots. Dry weight was
determined for one aliquot by allowing soil to air dry at
room temperature for 72 to 96 h. Soil weight was
determined at 2*t h intervals and dry weight assessed when
the sample weight remained constant for 4-8 h. All
subsequent soil mercury analyses were calculated on a dry
weight basis. The remaining soil aliquots were subjected
to further chemical analyses.

Extraction of mercury from soil.

Five different extraction procedures were used to
differentiate mercury pools and species found in East Fork
Poplar Creek soils.

Total mercury in soil was determined by the atomic
absorption spectroscopy cold vapor technique (AAS)
following acid wet digestion according the procedure
outlined by Feldman C1974J.

Nitric acid-extractable mercury was determined by
placing 1 g of wet soil in A- mL of ultra-pure concentrated
nitric acid and agitating overnight at room temperature.
The mixture was then centrifuged, and the soil residues
were washed with another ^ mL of ultra—pure nitric acid.
The pooled supernatants were then diluted with deionized
water and analyzed for mercury by AAS.

Sodium sulfide-extractable mercury and water-soluble
mercury, were determined using the identical procedure
described for nitric acid mercury extraction, with the
exception that saturated sodium sulfide (NaaS) solution
and deionized water were used as the extractants,
respec t i ve1y.

Methyl mercury in soil samples was assayed by gas
chromatagraphy of benzene extracts of the soil samples
prepared by standard methods (Furutani and Rudd, 1980;



AOAC Official Methods of Analysis, Methods 55.146 -
25.152, 1984). This involved an initial extraction into
toluene, back extraction into aqueous thiosulfate
containing ethanol, and finally into benzene. Control
experiments demonstrated that this extraction procedure
gave quantitative recovery of methyl mercury from spiked
soil samples.

Selected soil samples were also extracted with acetic
acid following the EPA EP toxicity procedure (U.S.E.P.A.f
1984) and the extracts analyzed for mercury by AAS.

Sulfate analysis.

Sulfate was measured in water as the BaSCU, precipitate by
turbidimetric analysis (Standard Methods for the
Examination of Water and Wastewater, Method 426C, 1985).

Soil column studies.

Soil columns were constructed of 4 inch PVC pipe hung
vertically, with the bottoms covered with glass window
screening and glass fiber filters. Each column was filled
with approximately 4 kg of soil from the East Fork Poplar
Creek flood plain. Three different sulfate treatment
groups were tested. The first group was an untreated
control group. The second group received about 2 g of
CaSCL, on the surface (500 mg/kg soil), and the third
received the same amount of CaSCL, mixed into the soil
before the columns were constructed. Water was added at a
rate that approximated the average annual rainfall.
Effluents from the columns were collected at regular
intervals and analyzed for total mercury and sulfate.

Field studies.

Experimental plots were set up to determine the effect of
sulfate addition on the mobility of mercury in
contaminated East Fork Poplar Creek flood plain soil.
Porous-cup lysimeters were installed into plots on the
flood plain and a pre—treatment sampling carried out in
November, 1986. The plots wera treated with two levels of
gypsum (CaSCU) addition (0.02 kg m~c and 0.2 kg m~s) in
December and some plots were left untreated as controls.
Mater in the lysimeters was sampled monthly and analyzed
for total mercury, sulfate, and pH.



10

RE5ULT5 AMD DISCUSSION

Enhancement of sulfate reduction activity in soils may
require the addition of sulfate, carbon, or water to
natural soils. Preliminary laboratory tests were done to
determine the ability of sulfate amendment of soil to
provide sulfate at a reasonable depth without adversely
affecting soil pH or the leaching of heavy metals. Columns
containing soil from the flood plain of East Fork Poplar
Creek were constructed. These columns were treated with
sulfate (added topically or mixed with soil) and leached
with water, and various parameters of the leachate were
determined. The results showed that the topical addition
of sulfate to the soil could provide sufficient sulfate to
depths where contaminating metals were found* and that the
amendment did not alter soil pH. Amendment did not
increase the leaching rate of the metals (Fig. 1). In
factp a reduction in the concentration of mercury in the
leachate occurred in sulfate-treated columns as compared
to untreated columns during the initial weeks of the
experiment.

LEACHING OF MERCURY
F R O M SOIL COL LT M M S

SURFACE
'"'XT'ED

Figure 1. Mercury leached over a four month period from
untreated and sulfate-treated columns containing East Fork
Poplar Creek flood plain soil.
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Field plots were established on the flood plain of East
Fork Poplar Creek to determine the effect of sulfate
treatment on mercury mobility in soil. Plots in this study
received either no* low or high topical applications of
gypsum (CaSCL») at the beginning of the study. Analysis of
lysimeter water samples from the experimental field plots
did not detect consistent significant differences in the
concentrations of mercury among different sulfate
treatments during the 6 month study period (Fig. 2),
although sulfate levels increased dramatically in the
highest gypsum treatment (Fig. 3). Gypsum treatment of
soils did not affect soil Mater pH (data not shown). Mean
soluble mercury concentrations in lysimeter waters were
extremely low, never exceeding 0.95 ppb. In contrast* the
levels of total mercury in soil isolated from areas where
the lysimeters were placed were relatively high, ranging
between IS? and 1054 ppm. These observations suggested
that the mercury in the soil was highly immobile. This
suggestion was also supported by the results of EPA EP
toxicity analyses done on these soils (Table 1). These
results indicated that less than 0.001% of the total soil
mercury could be mobilized by this acetic acid extraction
method.
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Table 1. Total mercury and EP Toxicity test-extracted
mercury for soil and sediment along East Fork Poplar
Creek.

Creek
Test
Mi le

l<t.4x

l^.^a

13.7X
13.7S

13.73

12.3X
12.3s
12.3a

10.Sx
10.8^
10.Ba

10.^!
10.^s
10.^3

9.U
9.1s
9.13

6.7i
6.7s
6.73

Soil and Sediment
mg/kg

1.97 ±
12.19 +

507.55 +

97^.83 +
<+9.03 +
97.57 +

61.06 +
16.16 +
^8.50 +

1799.36 +
17.91 +

987.9<f +

^3.52 +
33.18 +

220.B5 +

78.8^ +
13.33 +
65.^3 +

22.79 +
12.51 +
6.13 +

0.6
1.3

<+0.1

63.6
5.9
8.6

7.1
2.3
1.7

88.9
3.2

70.6

5.1
5.^

33.6

7.9
0.5
<+.l

3.6
1.3
0.6

EP

2
3
17

18
10
8

9

B

33
5
23

7
3
13

9
3
5

7
7

Toxicity
ug/L

+ 1.5
+ 1.8
+ 2.6

+ 3.^
+ 1.3
+ 1.8

+ O.9
± 1-1
+ O.6

+ 5.2
+ 0.6
± ̂

± 2
+ 1.6
+ O.8

± l-*»
± l-*»
+ 1.0

± 1-9
+ 2.3
± 1.6

Mean + SD. Subscripts refer to the following; 1 = left
flood plain* 2 = middle of creek, and 3 = right flood
plain.
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The results above suggested that mercury in East Fork
Poplar Creek flood plain soils was either tightly bound to
soil particles* present in an insoluble form* or both.
Several experiments were performed to determine which of
these factors was responsible for the low solubility of
soil mercury. An initial experiment demonstrated that
radioactive mercury added to soil and incubated for 5 d
could only be extracted by nitric acid when subjected to
extraction by deionized water* nitric acid* and sodium
sulfide? respectively (data not shown). Sodium sulfide was
chosen as an extraction solvent for HgS (Weast, et al.»
1986)f a potential mercuric compound in soil. That NaES
did not solubilize the radioactive mercury in the soil
samples suggested that the mercury was not in the mercuric
sulfide form. This observation was expanded by extracting
East Fork Poplar Creek soils with the same three solvents
(Table 2 ) . In contrast to our previous rerults with
radioactive mercury, sodium sulfide extracted 83 - 98% of
the total mercury in the soil. In samples containing total
mercury concentrations of greater than 1000 ppm, nitric
acid only extracted 15% of the total mercury- The
percentage of total mercury extracted by nitric acid was
greater when soil concentrations were less than 160 ppm.
These results indicate that 90V. of the total mercury pool
in the East Fork Poplar Creek soils is in the sodium
sulfide extractable fraction, which may consist of
predominantly mercuric suit ides.
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Table 2. Results of the extraction of mercury from East
Fork Poplar Creek flood plain soil using deionized watery
nitric acid* and sodium sulfide solvents.

Extracted mercury (ug/gram dry weight soil)

Creek
Mile

Soil
Depth
cm

Total Water
So 1ub1e

Nitric
Acid
Soluble

Sodium
Sulfide
Soluble

13.7

10.8

0-5

5-EO

EO-35

156

1,003

1,379

O-5

5-20

20-35

137

1,716

1,859

0

0

0

0,
1

0.
( 1 I

0.
(1,

.032
(144)

.028
(988)

.132
,420)

.030

.120
,801)

,132
,930)

(60)

118
(896)

186
(1,111)

86
(58)

219
(1,479)

244
(1,699)

132
(33)

838
(201)

1,140
(90)

100
(13)

1,678
(101)

1,656
(193)

In parentheses are the total mercury levels remaining in
each soil sample after it had been extracted with H s0,
solvents. Results are the mean of 3 experiments.

Additional studies were done to determine the distribution
of sodium sulfide—extractable mercury (as HgS) in soil
isolated from the affected flood plain. Thirty six samples
were collected* and total, sodium sulfide—extractable, and
methyl mercury were determined. Of the total mercury
present, 76 to 100% was sodium sulfide extractabla (Table
3), whereas little methyl mercury was found in any of the
samples. Laboratory experiments are currently underway to
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demonstrate a clear correlation between the formation of
HgS and bacterial sulfate reduction activity in mercury
contaminated soils and stream sediments.

Table 3. Total mercury concentrations and the percentages
of methyl mercury and sodium sulfide-extractable mercury
(HgS) in East Fork Poplar Creek flood plain soils.

Creek Total Mercury
Mile ug/g dry wt soil Percent of Total Mercury

Methyl Mercury Mercury Sulfide

13.7 855 + 780 0.013 + 0.013 88 + 7.1
(N=15) <N=1E) <N=15)

11.2 1,577 + 1,035 0.007 + O.O03 99 + IE
<N=15) (N=1S) (N=15>

10.8 705 + 1,069 O.O08 + O.OO7 93 + 10
(N=6) (N=10) (N==6)

Mean + SD. The number in the parentheses is the number of
samples analyzed per site.

The discovery that a large percentage of the total mercury
in East Fork Poplar Creek flood plain soils is found in a
sodium sulfide—extractable pool has important implica-
tions. Much of the mercury in this environment may be
oresent as the highly immobile mercury sulfide. Because
sulfate-reducing bacteria are one of the only significant
sources of reactive HsS in the soil environment, this
implies their involvement in the immobilization of mercury
in this form. Thus, this natural process may have
accomplished the high degree of mercury immobilization
apparent today over the last thirty years. We know that
conditions in soil may be altered to enhance sulfate
reduction activity, and it seems likely that this
procedure will be useful in assisting the remediation of
hazardous waste sites contaminated with heavy metals.
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Previous studies have shown a relationship between heavy
metal mobility and toxicity in biological systems. For
example* organic mercurials are very mobile and toxic,
whereas elemental mercury is relatively immobile and non-
toxic. A similar observation may be made when the
readily soluble salt mercuric nitrate is compared to the
relatively immobile mercuric sulfide. Thus, evaluating
the mobility of heavy metals in soil, sediment, and/or
sludge provides a method for assessing the potential
toxicity of heavy metals. It is apparent that information
on the concentration and mobility are both required when
assessing the potential environmental and human health
risk associated with a heavy metal contaminated site.
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In 1984 amendments to the Resource Conservation and Recovery Act

instituted a schedule of banning certain liquid hazardous wastes from

land treatment or disposal unless they are appropriately pre-tre&ted

before land disposal. Solidification and fixation are two pre-treatment

methods being reviewed as appropriate methods for handling th« family of

metal containing wastes slated for landfill banning.

This paper presents a discussion of the landfill ban regulations

and describes the role that solidification could perform in implemen-

tation of those regulations. Included in this discussion are the

regulatory schedule for banning land disposal, a definition of terms

related to solidification practices, physical anc7 chemical testing

practices used to assess effectiveness of solidification, and how these

factors relate to landfill ban requirement.
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WITH SPENT CLAYS AND POZZOLANS

by

Joseph P. Martin and W. Terry Robinson
Drexel University, Philadelphia, PA, 19104

and

Edward L. Van Keuren
ERM, Inc, West Chester, PA

ABSTRACT

One alternative for stabilizing a large volume of acid
hydrocarbon sludge and spent clay wastes from hydrocarbon
refining is to use pozzolans to cement the clay into a porous
matrix. Immobilization of hydrocarbon globules would thus be
a combination of adsorption, neutralization, and physical
entrapment in the pore spaces. The stabilized wastes can
then be re-deposited onsite in a series of landfills.

The thrust of the investigation is to optimize the
proportioning of sludge, clay, fly ash and hydrated lime.
The first task was determining the range of mixtures that
would be suitable from construction and mechanical
stabilization viewpoints. A demonstration field study
involved several mixtures, blending techniques and exposure
conditions. Favorable TCLP results indicate significant
contaminant fixation, and low permeability indicates enhanced
physical isolation as well. Recent work includes improving
dimensional stability, durability \;nder climatic stresses,
and longevity of the matrix under exposure to byproducts of
in-situ biological activity.

The mechanical, hydraulic and fixation results for
various trial mixes and permeants are presented in terms of
throughput pore volumes, gradient, overburden load, curing
stage, and other stresses or time indexes. The final
depositories will be large embankments, such that different
mixtures are anticipated as appropriate to variations in the
in-situ stress environment.

INTRODUCTION

This paper describes the use of pozzolanic materials to
physically condition, neutralize and cement petroleum
refining wastes. Thousands of cubic yards of acid hydrocarbon
sludge and spent fuller's earth (attapulgite) clay are now
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stored in lagoons and piles. Site reclamation includes waste
stabilization and redeposition in a series of onsite landfill
cells. A severe volumetric constraint exists on the quantity
of stabilizing additives. Therefore, production of a
concrete-like continuous solid from the wastes is not
possible, and a porous structure in which the sludge is
dispersed is proposed. The basic goal of this investigation
is formulation of economical mixtures that have a soil-like
texture when blended, to be compacted and harden in place to
a structure that is dimensionally stable and durable in the
in-situ environment. Further mixture optimization is also
pursued with the goal of immobilizing contaminants by a
combination of physical isolation (microencapsuiation) and
chemical fixation, thus enhancing longevity and minimizing
post-closure generation of secondary pollutants.

Two stabilization techniques are being investigated. One
involves employing a conventional admixture of lime, fly ash
and portland cement that neutralizes the sludge and forms an
artificial solid skeleton. The other approach uses the spent
clay as well as a fly ash and lime admixture. The clay
functions both as an adsorbent and as the solid aggregate
which is cemented into a stable porous matrix that entraps
the sludge.

Work has proceeded in both the laboratory and in a pilot
field study. In general, the clay-based mixture has been
more successful in terms of a host of constructability,
mechanical, hydraulic and contaminant immobilization
behavioral issues. This paper describes the general concerns
in organic waste stabilization and the results of the work
with a sludge/spent clay/lime/fly ash mixture. The range of
component proportionings that provide suitable fresh mixtures
has been identified. Within these general limits, variables
that significantly affect mechanical, hydraulic and chemical
encapsulation properties include lime content, sludge
consistency and moisture content of the spent clay. Data
presented herein concentrates on mixtures employing the more
liquid sludge samples. Compressibility, strength gain,
permeability, leachate quality obtained with several
generating mechanisms, and durability under climatic and
chemical environmental stresses are illustrated.

STABILIZATION DEFINITION

There are two general meanings of the term stabilization
in connection with waste disposal (Malone and Larson, 1983;
EPA, 1986). Stabilization is often used to describe some form
of individual contaminant immobilization on a microscale.
However the term is also frequently used to imply that
cementing, binding, embedment or other means are used to
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incorporate the waste into a continuous, self-supporting
matrix. This improves both mechanical properties and
immobilizes waste constituents by some combination of
physical isolation (microencapsulation) of grains or droplets
and chemical fixation of individual molecules. The term
solidification is often used in this manner as well, but
customarily reserved for sludge or liquid wastes only, with
an implication that a continuous monolith is produced, i.e.,
concrete-like. The most common method is the use of hydrulic
cements, often pozzolanic materials such as fly ash and kiln
dust, which are byproducts of other industrial activies
(Smith and Frost, 1983; Morgan, Novoa and Halff, 1984) . In
this project, the end product is a cohesive, cemented
material of soil-like texture, such that the most general
term, stabilization, and meaning, generic property
improvement, is used. Mechanical, hydraulic, and both
physical isolation and fixation aspects are addressed
individually.

SITE DESCRIPTION

The waste materials were placed on the captive site
(i.e., exclusive use by the generator) over several decades,
with the last deposition in the early 70's. Figure 1 is a
schematic cross-section of the crowded site. The acid
hydrocarbon sludges were derived from a variety of fuel and
lubricant refining operations. The only non-petroleum
material found in the sludge in significant quantities is
sulfuric acid. The spent clay was used for color and metal
removal in lubricant production, and was originally deposited
at 10% to 20% oil content. However, expulsion of hydrocarbons
by consolidation and clay hydration has occured.

The site geology and topography severely limits
groundwater flow which discharges to the stream crossing the
site. Offsite releases of contaminants are limited by an
extensive system of runoff and groundwater controls as shown
on Figure 1. Recovery wells intercept immiscible product
leaking from the lagoons and clay piles, and surface runoff
is directed to the lagoons. Stored runoff is decanted,
treated and discharged at intervals. Minimal impact on local
air quality has been detected, apparently because volatile
materials have evaporated over the decades, and the runoff
storage on the sludge lagoons now limits volatilization.

However, the risks associated with such exposed waste
storage have been deemed to be unacceptable, and site
reclamation is planned. A major concern is limiting pollutant
releases during construction,as well as post-remediation
maintenance. One of the most attractive alternatives frcm
both technical and social-political viewpoints is sludge
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stabilization and onsite redeposition in capped landfill
cells. Desired features of a stabilization technique include
minimization of additives and use of locally available
material. Co-disposal of the sludge and the spent clay
appears to meet these criteria.

CHARACTERISTICS OF LANDFILLS

A modern landfill has a simple function: to provide a
space for waste disposal in a manner that minimizes the
potential for releases of contaminants to the surrounding
environment. A depository for unwanted material is
implicitely intended to become a form of artificial geology,
such that the design life for waste entombment is indefinite.
The design itself must be based on maintaining performance
(i.e., prevent pollution releases) with due regard to the
in-situ environment. Internal and boundary conditions are
illustrated on Figure 2, along with some of their effects on
a waste depository.

With a focus on preventing contaminant release to the
local environment, it is necessary to restrict one of the
requirements for loss of materials deposited in a landfill:

- The contaminant must be in mobile form
(particulates, vapors, bulk liquids or solutes).

- A mobilized contaminant must have access to a
continuous pathway.

- A gradient must exist to induce transport.

Figure 3 illustrates some mechanisms for generation and
movement of leachate, with similar mechanisms producing and
transporting noxious gases and vapors (Thibodeaux, 1981).
During and shortly after filling, free liquid in excess of
the amount retained by capillarity and adsorption will drain
by gravity. Pore fluids may also be expelled by compression
of lower zones of the deposit as overburden loads are
imposed. Precipitation or groundwater infiltration may
displace immiscible liquids and pore air and provide a
solvent for conveying soluble contaminants. These may be
present originally or be byproducts of in-situ chemical and
biological reactions. If a continuous water column exists in
the pore spaces, diffusive transport of solutes can proceed,
and decomposition or volatilized gases can also diffuse
through interconnected air channels. Each of these forms of
leachate or gas would have different contaminant species,
concentrations, and mass flux. Mobilization of contaminants
also varies over tha landfill life, especially between the
exposed active filling and sealed post-closure stages.

The design of most commercial, hazardous waste, and
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municipal landfills concentrates on the external containment
envelope of liner, leachate collector and cap. The rate of
heterogeneous waste delivery is variable, and the relatively
loose and pervious fills include wastes from a variety of
sources. During exposed waste deposition, incident
precipitation freely contacts and permeates the waste fill to
produce a contaminated liquid. With no restriction on
leachate generation, prevention of its release depends upon
the liner, hence the concern about that downstream barrier.
Collection systems intercept and convey the leachate to
treatment, thus preventing flooding of a lined" bathtub".

Only when the landfill capacity is exhausted is the
climatic exposure and rate of leachate production reduced
with a final cap. This barrier is subjected to weathering
exposure, and is a roof supported on an inferior foundation
of compressible, amorphous, and possibly, decomposing waste.
Consequently, an externally contained landfill containing
loose waste is a flexible, thin-walled storage vessel which
is not dimensionally stable, because the structural material
supporting it is not (Yen and Scanlon, 1975) .

STABILIZED LANDFILLS

At this and many other industrial waste sites, the waste
material varies over a limited range of physical and chemical
characteristics. This is an improvement relative to the
situation just described. However, sludges and liquids
cannot be directly placed in a landfill, and at least minimal
treatment is required to provide the waste with capability
for self-support with no free-draining liquid. Such
conditioning may involve dewatering only, but even that
provides a more uniform, and possibly stiffer, cap support
than is provided with amorphous municipal trash.
Stabilization, as defined earlier will provide even more
dimensional stabilty to the waste deposit and its cap, and
internally limit waste mobilization and movement to some
extent as well. Consequently, a stabilized waste landfill is
structurally an embankment, not a hollow vessel, especially
if the deposited material forms a continuous monolith. As
mechanical, hydraulic and immobilization behavior improves,
the need for and reliance on the external containment
decreases (Smith and Frost, 1983)).

Other features distinguish many captive industrial waste
sites being stabilized from conventional landfills. Once
stabilization commences, there is little exposure during the
active filling period before capping. This is particularly
true in this case, as the waste is onsite already, and
sequential construction and closure of cells is planned. The
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phases in the life of each cell are thus a relatively short
construction period and the indefinite post-closure period.

Stabilization effects can be classified into three types:
mechanical stabilization, restriction of internal fluid

transport and contaminant immobilization by fixation and
physical isolation. These are all interrelated, of course,
especially when stabilization is done with hydraulic cements.

Mechanical stabilization improves large scale properties,
such as shear, compressive or tensile strength and
compressibility. The primary result is dimensional stability
and minimization of the threat of bulk contaminant
mobilization by erosion, landslides, etc. In contrast,
immobilization involves restraint of individual contaminant
molecules or droplets at their deposited locations. The most
desireable situation is fixation in stable lattices by
irreversible reactions (Malone and Larson, 1983), but
reducing solubility with pH or other adjustments may have the
same effect as long as reversal is prevented. Cement
hydration incorporates some inorganics in cement precipitates
and raises the pH as well (Webster, 1984).

Many contaminants, especially organics, cannot be
chemically fixated to the degree that may be desired, such
that physical isolation must be relied upon as well.
Coating or entrapping droplets and grains to some degree is
also a result of cement stabilization, but this is sensitive
to the durability of the matrix. Permeability indicates
resistance to the internal movement of fluids and solutes,
and can thus be regarded as an indicator of
microencapsulation.

Certain properties could be enhanced in particular areas
of a stabilized landfill, as illustrated on Figure 4. Most
notations are self-explanatory, but the high moisture
retention near the upper boundaries is intended to limit gas
escape. High ductility in the center is desireable to
prevent cracking from differential base settlement.

WASTE MATERIALS

With these concepts in mind, the properties of components
in the proposed stabilization scheme can be examined. The
properties of a stabilized waste are not the average or sum
of the properties of individual components, but they must be
understood to efficiently advance an empirical proportioning
optimization study.
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Hydrocarbon Sludge

The sludge consistency varies considerably, but most of
the material falls in a range of viscosities between that of
a semi-solid asphalt and a liquidity similar to that of a
slow-curing roadway asphaltic emulsion. Specific compounds
found in substantial quantities include a range of aliphatics
up to heptadecanes, aromatics, thiophenes and thiozoles.
Also present in lesser amounts are alcohols, ketones, furans,
amides, amines and pyridines. No materials classified as
hazardous volatiles have been detected above the ppb range.
Some listed materials classified as semivolatiles and
nonvolatiles are present up to the several hundred ppm range,
including phthalates and polycyclic aromatic hydrocarbons
(PAH'S). Only small traces of any chlorinated compounds and
no PCB's were detected. Table 1 describes the range of index
properties.

TABLE 1
Acid Hydrocarbon Sludge Properties

Specific Gravity: 0.95 - 1.2
Volatiles: 40% - 80%
Water Content: 10% - 30%
Sulfur: 2% - 10%
Ash: 5% - 50%
pH: 2 . 0 - 2 . 5

Two variations in the sludge consistency have been
investigated with respect to stabilization with pozzolanic
additives. The initial work was been done with a sampling
more or less midway along the viscosity or consistency range
encountered, similar to a liquid asphalt, and containing
about 20% ash. This material appears to be of average
difficulty in terms of construction handling ease and
requirements for clay and pozzolan additions to obtain the
desired soil-like texture. Descriptions and results are
reported elsewhere (Martin et al 1985, 1987 (2)).

The concentration in this paper is a second sampling of
substantially less viscous sludge, chosen to expand the
behavioral data base to the extreme condition in terms cf
liquidity. Both laboratory and field construction
feasibility programs were done employing this material.
Analysis of this sludge sampling indicated an organic carbon
content of 35.3%, and an ash content of 4.5% . EP Toxicity
and TCLP extraction tests showed minimum metals content, with
the highest values being slightly above 0.1 ppm silver and
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barium. The PAH's and phthalates described above are in the
100 to 400 ppm range.

Spent Clay

The clay is a byproduct from upgrading lubricants and
other specialty products, and is primarily attapulgite or
fuller's earth. The following is a summary of spent clay
properties:

TABLE 2
Properties of Spent Clay

In-situ conditions
moisture content
oil & grease content

Index properties
specific gravity
liquid limit
plastic limit
shrinkage limit
finer than #200 mesh
cation exchange capacity

60% to 100%
4% to 8%

1.98
140%
76%
30%
78%
25 meq/gm

Hydraulic properties
permeability (gradient
effluent pH
alkalinity

20) 2.0 x 10~8 cm/sec
5.8
280 mg/1 as CaCO3

The unconfined compressive strength of the clay is quite
sensitive to moisture content, with samples compacted at 50%
moisture content, having a strength of about 15 psi, whereas
the strength decreases to about 10 psi at a moisture content
of 70%. The clay is also very plastic (high moisture
affinity) and difficult to handle at the field moisture
contents. Severe drying to improve handling risks subsequent
swelling by water adsorption.

Lime admixture is often used in conventional construction
to mitigate handling and shrink-swell problems with highly
plastic clays (Winterkorn,1975). Consolidation-swell tests
(Figure 5) indicated that massive amounts of lime would be
required to substantially improve mechanical properties and
reduce climatic sensitivity of the clay. However, clay
pretreatment with about 5% hydrated lime greatly improved
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disaggregation, and thus, eased blending of a stabilization
mixture.

CEMENTED CLAY MIXTURE MODEL

Critical site concerns are economy, constructability and
space. The volumetric swell limit is about 100%, i.e., the
minimum porosity for a sludge-pozzolan mixture that fits is
50% . Incorporating the clay into the stabilized mixture
provides more flexibilty in site reclamation, a solid
aggregate, an adsorbent, and an opportunity to provide a
lower porosity if necessary. The basic model of hydrocarbons
entrapped as an immobile separate phase in a cemented clay
matrix is illustrated on Figure 6. More than just physical
isolation was anticipated, however. Neutralization not only
separates the water-sludge emulsion, but as the pH rises, the
solubility of the hydrocarbon species decreases. It cannot
be denied that free (but not freely draining) liquid will be
present in the pores, and a soil, not a concrete, is
produced.

MECHANICAL/HYDRAULIC GOALS

The clay piles are stable now, and they can simply be
re-graded and capped to prevent further hydrocarbon drainage.
Therefore, matching the current mechanical properties of the
clay with the stabilized sludge mixture is a reasonable goal.
The clay is the basic material which is "spread" to
accomodate substantially more hydrocarbons then are present
in that raw material at present . It is reasonable '_o expect
that this will result in lowered strength and stiffness, and
increased permeability. Therefore, the mechanical purpose of
the cementing shown on Figure 6 is to restore an unconfined
compressive strength of at least 10 to 15 psi and provide
stiffness equal to or better than the range shown for the
clay on Figure 5. Better properties are, of course
desireable, but not absolutely essential.

Low permeability restricts leachate generation by
infiltration and percolation, and permeabilities in the range
of 10 cm/sec are often considered to represent an
"impermeable" material. It is also desireable to produce a
stabilized mixture with a permeability substantially below
that of the native soil in which the landfill cells will be
buried. Measured permeabilities of the native soil are:

Horizontal: 3 x 10~^ cm/sec
Vertical: 2 x 10~6 cm/sec

Consequently, if the stabilization provides durable
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permeabilities in the 10~' to 10~° cm/sec range, the external
containment provided will be only a backup, not the primary
element of isolation from the local environment.

ADDITIVES

Lime is a logical additive to provide neutralization,
reduction in clay plasticity, and participation in the
cementing reaction. The fly ash, available from several
nearby powerplants, acts as a moisture adsorbent and a solid
with a high surface area to improve sludge and clay blending
with the fresh mixture. With time, of course, the fly ash
also contributes to the pozzolanic cementing. Portland
cement would be used only if the strength and stiffness
obtained with a pozzolanic lime-fly ash admixture is
insufficient. This proved to be the case with the non-clay
sludge stabilization.

TABLE 3
Additive Properties

Portland Cement Type II

Hydrated Lime
CaO: 42.5%
MgO: 2 9.2%
H20: 24.2% (combined)

Passing #30 mesh: 99.8%
Passing #200 mesh: 87.1%

Bituminous Coal Fly Ash
Specific gravity: 2.52
dijQ (mm) 0 . 3
Cu (coef. of uniformity) 8.8

Various tests were run to determine optimum proportioning
of the dry additive mixture. The fly ash was not
self-cementing when mixed with water, indicating the presence
of minimal free lime. Fly ash-lime mixtures in the weight
ratios of 3:1 to 4:1 at water contents in the 25% to 35%
range provided unconfined compressive strengths up to about
80 psi at 30 days. As would be expected, additions of even
small amounts of portland cement substantially increased the
strength. However, the more useful mechanical property is
one-dimensional compressibility. Compression test results
shown on Figure 7 indicate that the fly ash is not as
compressible as the clay (Figure 5) . but susceptible to
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wetting collapse (curve for 1/0/0 fly ash/lime/port land
cement) . Compressibility and moisture sensitivity are
substantially decreased by cementing, but the improvement
afforded by the portland cement (6/1/1 curve) is not
significantly better than that with the fly ash-lime mixture
(3.75/1/0 curve). Consequently, fly ash-lime admixtures in
the 3:1 range were used in the blends to allow for both
uptake of lime by the clay and the pozzolanic reactions.

BASIC PROPORTIONING DEVELOPMENT

Sequential reclamation of each lagoon, rather than
reclaiming the site as a unit allows optimization of waste
and additive proportioning for each cell. The key property
in this regard is the sludge consistency, whose range is not
unlike that of bituminous materials used in highway
construction. The volumetric proportioning of waste
materials and additions might vary not only by location, but
also with weather conditions , as sludge liquidity increases
with temperature. The ratio of sludge to portland
cement-pozzolan stabilizing additive was indeed very
sensitive to sludge consistency. However, inclusion of the
clay dramatically reduced that dependency, with the original
moisture content of the clay being an equally influential
variable as the sludge consistency.

A sequence of indicator properties were evaluated with
each promising mixture:

- Unconfined compressive strength.
- Ductility indexes derived from the stress-strain

curves.
- One-dimensional compressibility.
- Split-cylinder tensile strength.
- Falling-head permeability.
- pH of effluent (leachate) from permeability tests.
- Clarity of permeability test effluent, a rapid

indicator of hydrocarbon dissolution or
displacement.

- Rate of evaporation from compacted Proctor molds.
- Shrinkage cracking in the drying mold samples.

An accounting system identified each mixture, a weight
proportioning in the order:

acid sludge/ spent clay/ fly ash/hydrated lime

The lime was added in two steps, a 5% pretreatment of the
clay as indicated above, and the balance admixed with other
materials in laboratory tub mixtures. After the range of
suitable fresh mixtures proprtionings were identified,



40

optimization focused on mechanical properties. Much of this
work concentrated on satisfying the competition for water
between the clay and the pozzolanic reaction. The optimum
clay-aggregate mixture obtained with the more viscous sludge
and clay at 60% moisture content was:

1.0 sludge/1.0 clay/0.75 fly ash/0.25 lime

Results are reported elsewhere (Martin et al, 1985, 1987
(2)), meeting the criteria (strength, compressibility and
permeability) stated earlier to match or exceed the spent
clay properties.

CURRENT MIXTURE

The more recent investigation deals with a more liquid
sludge sample and expands the test array to assess
immobilization. The lean (low additive) proportioning that
yielded the desired consistency with the viscous sludge
produced a blend of only slightly higher slump with the more
liquid sludc,e. Accordingly,, two trial mixtures were prepared:

- 1.0/1.0/0.75/0.2(0.05) with clay at 70% moisture
- 1.0/1.0/0.75/0.2(0.05) with clc.v at 50% moisture

The (0.05) notation indicates that this proportion of lime
was added to the clay before bulk mixing by hand in tubs.

A mixture with higher fly ash-lime additive content or
supplemented with portland cement will give a stronger and
stiffer material, such that the lower bound of desired
properties of the minimum constructable proportioning were
investigated in this laboratory and field study stage. As
shown below, the fly ash-lime ratio should be varied as well
to improve durability and hydrocarbon fixation.

MECHANICAL STABILIZATION RESULTS

The commonly accepted indicator of mechanical
stabilization is the unconfined compressive strength, because
it allows rapid investigation of various mixtures and stress
conditions, is easily understood, and implies development of
microencapsulating structure.

An as-compacted strength of 4 to 6 psi is desireable for
support of equipment placing overburden layers. With a
clay-based mixture, initial strength is attributed primarily
to clay cohesion, but post-compaction strength increase with
curing is asssumed to be primarily the result of pozzolanic
cement hydration.
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Figure 8 illustrates contrasting behavior between the two
mixtures. With the drier clay, the initial compacted
strength (7 psi or 1/2 tons/ft^) provided generous support
for machinery, and the strength improved continuously
thereafter. Evidently, there was sufficient moisture to
satisfy the demand for water by both clay and pozzolanic
hydraticns. In contrast, the sample containing clay at a
moisture content of 70% barely meets the minimum initial
strength (5 psi) and only increased in strength by a factor
of two within 30 days, with little indication of further
long-term improvement. An excess of water is indicated.
However, a final strength of 10 psi does provide a generous
factor of safety against slope failure with any reasonable
value of final sideslope angle. The more subtle long-term
concerns at this strength and free moisture level with an
organic-encapsulating material are creep (Figure 2) and
durability.

The rate of strength gain is not only important in
providing overburden support, but in minimizing leachate
production as well. As noted earlier, there is free liquid
in the pores. At laboratory and field study compaction
densities, the porosity of the clay mixes is roughly from
50%, and the degree of liquid saturation (both water and
hydrocarbon) is estimated to be about 80%. Initial
compression expels pore gases, but further volume change
necessitates expulsion of liquid as well as air (see Figure
6). Figure 9 illustrates the increase in stiffness as well
as strength during hardening. The rate of overburden waste
fill placement must not outpace the improvement in the
ability of the underlying material to resist compression and
thus retain liquid.

The one-dimensional compression or consolidation test
more accurately models mechanical concerns in the interior of
the stabilized fill (Figures 2 and 4) than the distortional
moduli that could be derived from Figure 9. Figure 10 shows
results of one-dimensional compression of the wetter and
drier clay mixtures. The test samples were cured for two
weeks before loading, and applied stresses were increased at
four day intervals. The two tests with the drier clay mixture
show that it is much stiffer than the wetter material. The
drier mixture is of a similar stiffness as the heavily limed
sample illustrated on Figure 5, whereas the wetter
stabilzation mix is of similar compressibility as the raw
clay sample illustrated on that figure.

To put these results into perspective, Table 4 indicates
the expected strain in the lowest layer of the fill with
different stabilized landfill depths, using an average wet
unit weight of 90 lb/ft3.



42

TABLE 4
Estimated Lowest Layer One-Dimensional Strain vs. Fill Depth

Equiv. Depth (ft.) Wet Clay Mix Strain Dry Clay Mix Strain

5 6.5% 1.0%
10 8.0% 2.5%
20 12.0% 4.5%
40 15.5% 8.0%
100 21.5% 14.0%

Of course, the average strain through an entire column
would be much less. However, it can be seen that significant
compression and surface settlement would occur for the wet
clay mix even with very shallow fills, whereas the likely
compression is rauch less for the drier clay at reasonably
expected (30' to 40') reclaimed lagoon cell depths at this
site.

PERMEABILITY RESULTS

Saturated permeability is the basic indicator of the
physical isolation component of contaminant isolation.
Falling-head tests were run on samples compacted and cured 15
days in 2.5" lucite permeameters. With mixtures containing
the spent clay and a relatively viscous sludge, measured
permeability varied with the lime, fly ash and clay water
contents, the hydraulic gradient, and liquid throughput, but
was relatively independent of compaction effort. These
results contributed to the limitation of the lime content to
the 6% to 12% (overall) range, and a 4:1 to 3:1 optimum
flyash-lime ratio for that sludge consistency.

The selected proportionings including the viscous sludge
provided permeabilities in the 10 tc 10~° cm/sec range,
which is on the order of that clay by itself (Table 2). The
pozzolanic cement filling between clay particles (Figure 6)
appears to have compensated hydraulically as well as
mechanically for the separation of the clay particles needed
to accomodate the sludge.

Results with the wetter clay sample including the liquid
sludge are shown on Figure 11, illustrating gradient and
throughput effects on permeability of the stabilized mixture.
The high-head samples were run with the gradient varying
between 40 and 50, whereas the low-head tests run at
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gradients from 12 to 18. Both samples eventually came to a
permeability of 2 x 10~° cm/sec, with the higher gradient
tests starting out an order of magnitude higher. The initial
variation in permeability might be attributed to threshold
gradient effects, but an equally plausible explanation is
pozzolanic cement formation. Over three months of permeation
was required to produce a single pore volume of effluent with
the low gradient sample, during which time hydration was
proceeding.

A test series is now underway with the same sludge but
with the drier clay (50% moisture content) and three
permeants: distilled water, 0.1 N acetic acid (CH3COOH), and

0.05 N sulfuric acid.

These other permeants were selected to assess the effects
of biodegradation of the sludge in post-closure. The sludge
lagoons appear to be lifeless due to the extreme pH.
However, after stabilization, the organic material will be
in a neutralized environment, with nutrients and a microbial
innoculent provided by the additives and the spent clay.
Predicting biological kinetics in these conditions is
impossible, but organic acids, including acetic and sulfuric,
might be produced in the anaerobic environment. Such liquids
present a potential threat to the integrity of the cementing,
and the permeant normalities were chosen to represent extreme
stresses. The acetic permeant has a pH of 4.4, below the
likely limiting value for biological activity, whereas the
sulfuric acid permeant has a pH of 2.2, in the range of the
existing lagoon supernatant.

Results are incomplete at this time, but, after about
three pore volumes of throughput, the high-gradient distilled
water permeation of the dry clay mixture shows a decrease in
permeability from an initial 5 x 10 cm/sec~" to 2 x 10~°
cm/sec, a pattern similar to that shown on Figure 11. With
about two pore volumes of throughput, the acetic acid
solution permeability is about 8 x 10~° cm/sec, and the
permeability with the sulfuric acid solution is about 10
cm/sec. The variation between the samples either indicates
experimental scatter or minimal efect of acid permeation. A
following section indicates that a sulfuric acid vapor bath
did not adversely affect unconfined compressive strength
either, but exposure to acetic acid has severe effects.

LEACHATE QUALITY AND GENERATION METHODS

There are two approaches to predicting leachate quality,
one being extraction tests such as the EP Toxicity and TCLP
procedures, and the other being some modelling of leachate
mobilization and transport mechanisms in the laboratory. The
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extraction tests more or less indicate the total amount of
the material which could be mobilized if the
microencapsulation structure was destroyed in a landfill
setting. No release rates, transport mechanisms or internal
physical isolation are accounted for in these procedures.

To assess this regulatory baseline, extraction tests were
run on sludge-spent clay-pozzolan and sludge-portland
cement-pozzolan samples recovered from the field test cells.
The array of contaminants measured in the EP Toxicity test
are limited, and the sludge itself was shown to be of minimal
concern with regards to that procedure. Therefore, it was
not surprising that the stabilized waste samples also showed
favorable results in the EP test.

However, significant reductions in the concentrations of
the listed organics were found withthe TCLP test on both
stabilized mixtures. Almost all of these contaminant
concentrations were reduced by two, and in some cases, three
orders of magnitude, especially with the clay mixture. Only
one or two contaminants were detected at a concentrations
above 10 ppm. A variety of mechanisms were suggested for the
apparent success in fixation, including adsorption in the
clay and incorporation in cement precipitate, and these are
under further investigation.

The original extractions on the sludge indicated that
only a minor portion of the materials in it are classified as
hazardous, and the focus of investigation has shifted for
the present to hydrocarbon fixation/encapsulation in general.
The initial investigations of component proportioning focused
on mechanical stabilization, hydraulic isolation, and
construction feasibility. Effluent quality from permeation
was monitored for pH and clarity, as discussed above. The
use of clarity as a gross indicator of hydrocarbon content in
effluent is rapid and efficient. Dissolution of
hydrocarbons, as indicated by sample clarity, was found to be
quite dependent on pH and throughput. If enough lime was
added to yield effluent pH 's above 8, light transmissions of
80% or more at 660 x 10~" M were obtained within one pore
volume of throughput. A lime content of 8% or more ( i.e.,
the 1.0/1.0/0.75/0.25 mixtures by weight) was required with
the more viscous sludge mixes to obtain such results.

Low permeability implies small pores and tortuous
channels, which would physicaiy restrain the larger
molecules. Permeation tests rarely yield effluent containing
even small amounts of hydrocarbon as a separate phase.
Evidently, the hydrocarbons that can be mobilized by
permeation are present in dissolved or colloidal form, and
organic solubility is dependent upon the pH.
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In the stage of the investigation currently underway
(with the liquid sludge in lean mixtures), leachate quality
is monitored by a broader array of economical aqueous
solution indexes, including pH, alkalinity, conductivity,
clarity, Chemical Oxygen Demand (COD), and Total Organic
Carbon (TOC). The modelling of leachate generation and
transport mechanisms, as illustrated on Figure 3 is also
expanded:

- existing pore liquid expelled by compression or
drained by gravity

- effluent from infiltration seepage or displacement
- groundwater contaminated by diffusion.

The mobile pore liquid is the basic source of the
leachates. For the sludge-clay-pozzolan mixtures, up to 2/3
of the accountable pre-hardening liquid is sludge or
hydrocarbons contained in the spent clay, and 1/3 or slightly
more is the water in the spent clay and fly ash, depending
upon their respective moisture contents. In the sludge-
portland cement-pozzolan mixture, nearly all of the pore
liquid is from the sludge. The in-situ separation of this
liquid into mobile and non-mobile fractions was determined
with samples taken from porous tipped lysimeters installed
in the field study cells. These samplers were placed under
about two atmospheres of suction and liquid was collected for
one month.

If adsorption, cement binding, hydrocarbon separation,
ecc. did not occur, it is estimated that mobile liquid in the
pores of the clay mixes should have a TOC of 20,000 to 22,000
mg/1, while the pore liquid in the non-clay mixtures should
have a TOC of about 35,000 mg/1. However, tests on the
lysimeter samples indicate:
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TABLE 5
Results of Lysimeter Sample Analysis

Parameter Units Clay Mix (Pit A) Cement Mix (Pit D)

pH - 6.8 6.9
Clarity % light trans. 51% 0.0
COD 02 equiv., mg/1 6740 47900

TOC C, mg/1 2027 13462
Alkalinity CaCO3 equiv., mg/1 103 278

Conductivity micro-ohms ^020 5930

These results indicate a significant removal of
hydrocarbons from the mobile portion of the pore liquid. The
clay mix results are particularly notable, implying a tenfold
improvement in quality due to isolation, adsorption, etc.,
even at a neutral pH. Regardless of the improvement noted,
the pore liquid quality noted above is still hardly that
which one would wish to handle as collected leachate. The pH
is much lower than found with the more viscous sludge, and
thus, the clarity is much lower. Therefore, to improve
mobile pore liquid quality, a higher lime content and pH is
needed with the liquid sludge.

Another mechanism of leachate production is water
permeation originating with infiltration through the cap or
groundwater inundation. Regardless of the demonstrated low
permeability,, seepage leachate is of interest. Figure 12
shows TOC and COD results with permeation of the wetter clay
mixture, liquid sludge, at the two gradients discussed in
comnnection with Figure 11. The pH values were steady, in
the 6.7 to 7.3 range.

The influence of the gradient, or more directly,
hydraulic detention time, is evident, with the slower flow
mobilizing much more contaminants. At 0.7 pore volume, the
high-gradient TOC was 1,088 mg/L (clarity -65%), and for the
low gradient mixture, TOC at 0.5 pore volumes was 2,439 mg/1
(clarity ~45%) . The latter values are not substantially
different from those shown in Table 5 for the pore liquid in
the "lean" field clay mix, possibly indicating a simple
displacement of the pore liquid, whereas the more rapid flow
implies mixing of the influent and the pore liquid. The TOC
readings for the low-gradient sample drop precipitously,
indicating a finite amount of readily soluble hydrocarbons,
much of which would have already been present in the pore
liquid. Also of interest is a more or less constant
relationship betwen the TOC and the COC, such that 1 mg/1 TOC
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exerts 3 to 4 mg/1 COD.

Analysis of effluent from permeability test.'; provider,
relatively definitive hydraulic and effluent quality data in
a single test, provided that the influence of gradients, etc.
are considered in extrapolation to likely field conditions.
A similar double-value approach, but on an indicator scale
only, was attempted with the one-dimensional compression
tests described earlier (Figures 5, 7 and 10) . Another
mechanism of contaminant mobilization is diffusion, and
preliminary, comparative information on that phenomenon was
obtained by sampling the liquid in the consolidometer
reservoirs. The 2.5" diameter and 1.0:i high consolidometer
rings which contain the deforming sample are encircled by a
lucite reservoir that keeps samples saturated and at ~J
constant boundary condition during load applications. Botn
the liquid expelled during the test and diffusing species
pass into the reservoir, which contains a liquid volume about
four times that of the test sample.

The liquid in the reservoir was removed for testing and
replaced with water at each load increment (3.5 to 4.0 day
intervals). Analysis of the removed liquids provides a crude
analogue to the dynamic leaching test (Bishop, 1986), with
results shown on Figure 13 for sludge-clay-pozzolan and
sludge-cement-pozzoian mixtures.

The pathway from sample to reservoir is tortuous and the
relative proportion of the detected contaminants derived from
fluid expulsion and from diffusion varies from load to load.
Consequently, the absolute values of the concentrations do
not have a definitive meaning and specific parameters such as
diffusivity cannot be computed. However, it can be seen that
differences between the two mixes shown on Table 5 were
observed in this test as well, such that the non-clay mixture
not only has lower quality pore liquid, but contaminants can
be readily mobilized. Correlations between this test and
more standardized dynamic diffusion tests (Bishop, 1986) will
be done as the investigation proceeds. The TOC-COD
relationship obtained in this test is also constant, with 1.0
mg/1 TOC exerting about 4 mg/1 COD for each stabilization
mixture.

It was noted earlier that a relationship between
hydrocarbon content and clarity was assumed in the pilot
investigations. Figure 14 illustrates that clarity is indeed
an approximate indicator of hydrocarbom content. This figure
incorporates results from the two liquid s1udge-olay-pozzolan
permeation tests (Figure 12) and the clay mixture
compression-diffusion results of Figure 13. A different and
non-linear relationship was found for t h<-
compression-diffusion results with the s 1 udq^-cernent -pozzol an



mixture. "°

CONCLUSION

An investigation of the feasibility of stabilizing
hydrocarbon refining sludge with pozzolanic materials has
been successful with with respect to most concerns. The
goals of stabilization were divided into mechanical,
contaminant fixation, fluid movement restriction and
durability/longevity elements, keyed to the anticipated
in-situ environment. A series of indicator properties have
been evaluated at each stage of an empirical study of
component treatment and proportioning. A lean fly ash-lime
admixture provides mechanical and hydraulic properties
comparable to those of soil embankments if the spent clay
waste is included in the mixture. The clay functions as an
aggregate, and is a key element in meeting site capacity
requirements. Important variables include the consistency of
the sludge, the water content of the spent clay, and the lime
content. This material also appears to act as an adsorbent
to improve the immobilization of contaminants, providing
better results in this regard than a conventional
cement-pozzolan solidification blending. However, questions
still remain about the ability of the stabilized matrix to
withstand deterioration due to contact with potential
products of in-situ biodegradation.
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Wastes and Leachates"

Mark T. Bowers, Andrew Bodocsi and David Carson
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University of Cincinnati
Cincinnati, Ohio 45221

ABSTRACT

A laboratory study was conducted to evaluate the potential of
selected grouts for controlling leachate percolation from hazardous
waste landfills and ponds. In this fourth phase of work, four
different grouts were subjected to permeability tests and immersion-
type reactivity tests. Seven different chemicals and i-*"*ter were
used as permeants in the permeability tests, and as *.'••• \s for
the immersion baths.

Of the four grouts, three grouts of microfine cement modified
with bentonite (MCB), microsilica (MCS), and emulsified bitumen
(CEB) had the-lowest baseline permeabilities with water, ranging
from 1 x 10"1Z to 9 x 10-9 cm/sec. The Penegrout (PEN, urethane)
samples had a baseline permeability with water ranging from
4 x 10~9 to 5 x 10~8 cm/sec.

The MCB grout exhibited excellent resistance to 100% acetone
and 20% CuS04 but was destroyed by IN HCl and 25% NaOH. The MCS
grout showed excellent resistance to 100% acetone, 100% methanol
and 100% xylenes, but was severely damaged by 25% NaOH and.
destroyed by IN HCl. The CEB grout offered good resistance to
acetone, methanol and xylenes, but was attacked by 25% NaOH and
20% CUSO4. The PEN samples underwent an increase in permeability
with all the chemicals used and suffered extreme volume and weight
changes (-93 to +76%) with the chemical leachates.



61

REACTIVITY OF VARIOUS GROUTS TO HAZARDOUS WASTES AND LEACHATES-PHASE IV
Mark T. Bowers, Andrew Bodocsi, and David A. Carson, Department of
Civil and Environmental Engineering, University of Cincinnati,
Cincinnati, Ohio

Abstract

A laboratory study was conducted to evaluate the potential of selected
grouts for controlling the percolation of leachates from hazardous
solid waste landfills or hazardous waste ponds. In the course of this
fourth year of work, 6 different grouts were subjected to permeability
tests and 4 of the grouts were tested for their reactivity by an
immersion type test. The 6 grouts used wers (1) acrylate, (2)
microfine cement modified with emulsified bitumen, (3) microfine
cement modified with bentonite, (4) microfine cement modified with
microsilica, (5) Penegrout, a urethane, and (6) urethane. The grouts
were injected into natural sands and were first tested with water for
their baseline permeabilities. Seven chemicals were used as permeants
in the permeability tests, and as liquids for the immersion baths.
They included acetone, cupric sulfate, ethylene glycol, hydrochloric
acid, methanol, sodium hydroxide, and xylene.

The acrylate, urethane, and the three microfine cement grouts had low
baseline permeabilities with water, ranging from 2 x 10~H to 5.0 x
10~" cm/sec. The baseline permeability of Penegrout with water was
higher at 5.0 x 10~° cm/sec or near the 1 x 10 cm/sec threshold
value of acceptance for use in barrier construction.

During permeability testing the acrylate grout exhibited excellent
resistance to ethylene glycol, performed marginally with cupric
sulfate and xylene, and was seriously damaged by acetone, hydrochloric
acid, and methane.

The permeability of the microfine cement grouts was tested with
acetone, cupric sulfate, ethylene glycol, hydrochloric acid, sodium
hydroxide, and xylene. With the particular design mix used Penegrout
exhibited marginal resistance to ethylene glycol, hydrochloric acid,
and xylene. The Penegrout permeability specimens were seriously
damaged by acetone, cupric sulfate, and sodium hydroxide.

Introduction

The topic of this research concerns the protection of the earth's
groundwater. Since permanent, total waste elimination methods have
not been formulated, those countries with available land space have
opted for the practice of landfilling. In order to ensure that this
decision does not become costly, engineers must make an absolute
commitment to the protection of the environment. The current state of
technology does not lend landfill designers the tools for a foolproof
system. Imperfect landfills have been urgently implemented without
fully understanding the processes that may disturb the delicate
balance of nature. Placing waste on land can eventually lead to
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components of that waste infiltrating the soil voids and contaminating
any groundwater that may be present. Studies have shown this to be
the case near many landfills -

The practice of grouting, as discussed herein, involves injecting a
material into the voids of soil, a porous medium, with the intention
of blocking fluid flow. Grouting has been used in many civil
engineering situations to stop the flow of water beneath structures
such as foundations and dams, and has been used to stabilize soil
formations for tunneling and construction.

Injection grouting has been proposed as a remedial measure to stop
leachate flow from problematic landfills. Jn theory, a site can be
surrounded by a vertical grout curtain and sealed off directly below
the site by forming a horizontal grouted stratum. The leachate fluid,
which not only contains water, but many other elements and compounds,
may degrade the composition of the grout chosen for the site,
rendering it ineffective as a hydraulic barrier. Studies performed by
Spooner et al. (1984) indicated that little information is available
about interactions between grouts and certain chemical groups. An
effort was made to perform laboratory testing to determine some of
these interactions (Bodocsi et al., 1986; Bodocsi et al.,, 1987 a, b)
and while much was learned, still more work remains to be done in
this area.

The purpose of this study was to examine the interactions between six
selected grouts when exposed to seven chemicals, and to determine
their effectiveness in retaining hazardous fluids for the benefit of
confident design and implementation.

The study consisted of these specific steps:
a) Selection of grouts suitable for retaining hazardous fluids that

were capable of being pressure injected into medium sand.
b) Selecting chemicals that represent potential real-site hazardous

liquid wastes and leachates.
c) Permeation of the grout samples with water to determine their

baseline hydraulic conductivity.
d) Permeation of the grout samples with selected chemicals to

determine any deviation from baseline water flow.

Test Results

In a paper published by Bodocsi (1985), the permeability test results
on four different grouts with six selected leachates were presented.
The grouts tested were acrylate, urethane, cement-bentonite mix 1, and
sodium silicate. The leachates used were acetone, ethylene glycol,
real-site paint waste, real-site refinery waste, methanol, and xylene.

Further research culminated in papers published by Bodocsi et al.
(1986, 1987) covering permeability tests conducted on seven grouts
with ten chemicals. The grouts tested were acrylate, cement-bentonite
mix 1, cement-bentonite mix 2, sodium silicate, glyoxal-modified
sodium silicate, sodium aluminate-modified sodium silicate, and
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urethane. The chemical permeants included acetone, aniline, cupric
sulfate, sthylene glycol, hydrochloric acid, methanol, sodium
hydroxide, xylene, real-site paint waste and real-site refinery waste.
In the course of that study four of the grouts were also tested for
their reactivity in an immersion type bath. The effect of leachate
concentration and changes in gradient were studied and presented-

This paper complements the above papers in presenting further test
results on the acrylate, urethane, and cement-bentonite grouts. In
addition, other modifiers were added to microfine cement grouts, these
being emulsified bitumen, bentonite and microsilica. Penegrout, a
urethane material, was added to the test matrix due to the succe.-'
achieved with urethane in previous phases of work.

Overall Comparison of the Effectiveness of the Grouts Tested as Barriers

Effectiveness of Grouts with Water

The average equilibrium permeability of the grouts tested with water
ranged from a low of 2.0 x 1 0 " ^ cm/sec to a high of 5.0 x 10~°
cm/sec. Table 1 shows the equilibrium permeabilities of the various
grouts tested with water during Phase IV.

From the point of view of impervious cutoff construction,
permeability of a grouted soil should not exceed 1 x 10

the
permeability of a grouted soil should not exceed 1 x 10"' cm/sec. It
can be seen that the equilibrium permeabilities of the microfine
cement grouts, acrylate and urethane stayed much below the 1 x 10"'
cm/sec value. On the other hand, the equilibrium permeability of
Penegrout (at the mix used) was very near the 1 x 10"' cm/sec bound.

Effectiveness of the Grouts with 100% Acetone

Figure 1 shows the effects of the 1002 solution of acetone on the
acrylate, Penegrout, and microfine cement grouts modified with
bentonite and microsilica.

As shown, the 100Z acetone affected Penegrout the most. Initially the
permeability was reduced by 4.5 orders of magnitude due to weight and
volume increases and a change in consistency from soft to sticky.
Thereafter the permeability increased over 6 orders of magnitude due
perhaps to a washing out of the grout. The acrylate grout also
underwent an increase in permeability in excess of four orders of
magni tude.

Acetone as a permeant caused an initial decrease in permeability of
CEB and MCS grouts. The CEB grout underwent a subsequent increase in
permeability of about 0.5 order of magnitude. The MCS grout underwent
an initial 1.5 orders of magnitude decrease followed by a 2.0 orders
of magnitude increase in permeability. The MCB grout experienced a
slight decrease in permeability with acetone as the permeant.
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TABLE 1. SUMMARY OF THB EQUILIBRIUM PERMEABILITIES
OF THE VARIOUS GROUTS WTH WATER

Grout
Average Equilibriun

Permeability
(ca/sec)

CEB - oicrofine cement aodified
with emulsified bitumen

MCB - nicrofine cement aodified
vith bentonite

HCS - nicrofine ceaent nodified
vith raicrosilica (EMSAC)

PEN - Penegrout (a urethane
material)

UR - urethane*

AC - acrylate*

3.5 x 10"10

1.1 x 10"10

2.0 x 10"11

Approx. 5 x 10"3 as
an upper bound

5.0 x 10'9

8.5 x 1O"10

Note:
•: carried over or retested Phase III grouts.
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Figure 1. Effects of 1002 Acetone on
the Permeability of Various
Grouts.
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The final equilibrium permeability of the following grouts with a 1002
solution of acetone did not exceed 1 x 10 cm/sec: microfine cement
modified with emulsified bitumen (CEB), microfine cement modified with
bentonite (MCB), and microfine cement modified with microsilica (MCS).
Neither the acrylate grout nor Penegrout would be recommended for
cutoff applications in the presence of acetone.

Effectiveness of the Grouts with 20% Cupric Sulfate

Figure 2 shovs the effects of the 20% solution of cupric sulfate on
the acrylate, microfine cement grout modified with bentonite, and
Penegrout samples.

As shown, the 20% cupric sulfate affected Penegrout the most causing a
nearly 3 orders of magnitude increase in the permeability. Acrylate
was also affected in a detrimental manner, suffering an increase in
permeability of 2.5 orders of magnitude. The microfine cement grout
modified with bentonite underwent a decrease in permeability of 1.5
orders of magnitude.

The average final permeability of the acrylate grout with the 20%
cupric sulfate was 5.0 x 10"' cm/sec just exceeding the 1 x 10"'
cm/sec upper limit of acceptance. The MCB grout would be an
effective barrier to cupric sulfate whereas Penegrout would not.

Effectiveness of the Grouts with 100% Ethylene Glycol

Figure 3 shows the effects of the 100% ethylene glycol solution on the
acrylate grout and on Penegrout. The permeation of the reagent grade
ethylene glycol caused a slight increase in the permeability of the
acrylate grout to approximately 2.0 x 10~^ cm/sec. This value is
acceptable as a barrier. On the other hand, the ethylene glycol
solution caused a one order of magnitude increase in the permeability
of Penegrout, the value being 9.0 x 1Q~° cm/sec or just beneath the
acceptable ceiling value of 1.0 x 10"' cm/sec. It would appear that
acrylate grout may serve as an effective barrier to reagent grade
ethylene glycol whereas Penegrout would not be recommended.

Effectiveness of the Grouts with Hydrochloric Acid

Acrylate, microfine cement grout modified with bentonite, and
Penegrout were tested for their permeability with 4N and IN solutions
of hydrochloric acid. The results closely duplicate the results from
Phase III testing of acrylate, cement bentonite (mix #2), and
urethane.

As shown in Figure 4, the acrylate grout reacted sharply to the
permeation of IN hydrochloric acid, undergoing an increase in
permeability of some 3.5 orders of magnitude. Penegrout also
sustained an increase in permeability, in this case of 2.0 orders of
magnitude. The microfine cement grout modified with bentonite
underwent a decrease in permeability of roughly one order of
magnitude.
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The final equilibrium permeability of both acrylate and Penegrout to
IN hydrochloric acid exceeded the 1 x 10"^ cm/sec limit. On the other
hand, MCB grout appears to be an effective barrier to hydrochloric
acid-

Effectiveness of the Grouts with 100% Hethanol

Figure 5 shows the effects of reagent grade methanol on acrylate,
urethane, microfine cement grout modified with emulsified bitumen
(CEB), and microfine cement grout modified with microsilica (MCS).

As illustrated, the reagent grade methanol had the greatest effect on
the urethane grout. Some discussion is necessary, however, as this
behavior is not as straight forward as one would be led to believe
from the figure. Two samples of urethane were tested in Phase III
with 100% methanol. Each underwent a gentle rise in permeability
through 40 pore volumes of chemical flow and 320 days of testing. The
ultimate permeability approached 1.25 x 10~^ cm/sec. The sample
tested in Phase IV also underwent this same gentle rise in
permeability from the 1.1 x 10~" cm/sec baseline equilibrium with
water. After 15 pore volumes of chemical flow and 70 days of testing
the permeability had reached 1.0 x 10~" cm/sec, essentially
duplicating the work of Phase III. Reactivity testing in Phase III
would lead to predictions of this minimal change in permeability
seeing that there was a net weight loss but considerable softening,
even stickiness, produced in the grout. The Phase IV specimen saw a
breakthrough failure and an additional 3.5 orders of magnitude
increase in permeability. Post permeation analysis indicated greater
stiffness existed in the spent sample than in the original condition.
It may be possible that a washing out of the grout occurred under the
pressures applied in the test.

Acrylate was attacked by the 100% methanol resulting in a 3.5 orders
of magnitude increase in permeability. This confirms Phase III
testing.

The microfine cement grouts modified with emulsified bitumen and
microsilica both underwent decreases in permeability in the presence
of methanol as expected.

Using the permeability of 1 x 10~^ cm/sec as an upper threshold value
for grouts to be used in barrier construction, the CEB and MCS grouts
had final permeabilities much below this limit and would be expected
to serve as effective barriers to methanol. Acrylate would not be
recommended and urethane is questionable since the pre-breakthrough
permeability of 1.25 x 10"^ cm/sec is very close to the threshold
limit. The fact that urethane failed in the presence of methanol in
Phase IV is of concern.

Effectiveness of the Grouts with 25% Sodium Hydroxide

Figure 6 shows the effects of a 25% solution of sodium hydroxide on
microfine cement grout modified with bentonite, and Penegrout.
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Penegrout was affected the most. Permeation of the 252 solution of
sodium hydroxide through Penegrout resulted in a 3.75 orders of
magnitude increase in the permeability of the grout.

The sodium hydroxide solution caused an initial decrease in the
permeability of the MCB grout as the grout softened, however, this was
overshadowed by the shrinkage of the grout yielding a net increase in
the permeability.

Vith respect to hazardous waste barrier construction, microfine cement
grout modified with bentonite would be expected to serve as an
effective barrier to sodium hydroxide although the period of time the
grout would be effective is unknown. Further work is required to
define the interplay between shrinkage and a softening in consistency
as well as swelling and hardening of the samples.

Effectiveness of the Grouts vith 100% Xylene

The effects of reagent grade xylene on five types of grouts are shown
in Figure 7. The grouts tested with xylene included acrylate,
urethane, Penegrout, microfine cement modified with emulsified bitumen
(CEB), and microfine cement modified with microsilica (MCS).

The permeation of xylene caused a 2.75 orders of magnitude increase in
the permeability of acrylate, a 2.0 orders of magnitude increase in
the permeability of urethane, and a 1.5 orders of magnitude increase
in the permeability of Penegrout. Each of these grouts had final
permeabilities above the 1 x 10"' cm/sec threshold value but less than
1 x 10~6 cm/sec.

Both of the microfine cement grouts tested with xylene underwent net
decreases in permeability. The CEB grout was practically impervious
while the permeability of the MCS grout was approximately 1 x 10"^-^
cm/sec.

Suimnary Bar Charts of Changes in Permeability

Analysis of Phase IV Permeability Test Results for Acrylate Grout

The permeability of acrylate grout vas tested with deionized water and
six chemicals during Phase IV testing. The results from the tests
with water were compared to those with chemicals to determine the
effects of the chemicals on the permeability of the grout. Figure 8
illustrates in a bar chart form the overall permeability changes of
acrylate grout with the six selected chemicals. On the left vertical
axis of the chart permeability is plotted on a log scale. Along the
horizontal axis the chart is divided into six boxes, each representing
one of the six chemicals used with acrylate in Phase IV work. On the
right vertical axis the equilibrium permeabilities of the acrylate
grout samples with deionized water are indicated. Each shaded bar
represents the average changes in the permeability of the acrylate
samples with one of the chemicals. Each bar starts at the equilibrium
permeability of the grout with water, and may go up or down, or remain
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unchanged depending on the reaction of the grout vith a specific
chemical. In many cases the bar first rises to a dashed line that
represents the permeability of the grout at the first peak of its
permeability with flow. The bar may rise further and terminate at a
permeability level that corresponds to the final equilibrium
permeability of the grout vith a specific chemical. The number on
each line gives the number of pore volumes of chemical which flowed
through the sample vhen it first reached the indicated equilibrium
permeability.

As shown in the bar chart, the acrylate grout showed good resistance
to 100% ethylene glycol. Its performance was borderline acceptable
with 20% cupric sulfate and 100% xylene. The 100% acetone, 4 N
hydrochloric acid, and 100% methanol were very detrimental to the
permeability of the grout. This confirms the results found in Phase
III.

Analysis of Phase IV Permeability Test Results for CEB (Hicrofine
Cement Modified vith Emulsified Bitumen) Grout

The permeability of microfine cement grout modified with emulsified
bitumen was tested with deionized vater and three chemicals. Figure 9
illustrates the overall changes in permeability of CEB grout vith the
selected chemicals.

As shown, the CEB grout remained practically impervious to acetone,
methanol and xylene at 100% strengths. The equilibrium permeability
of the CEB grout was in itself very low. These tests were run at
gradients above 500 for periods up to 290 days vith limited through
flow occurring.

Analysis of Phase IV Permeability Test Results for MCB (Microfine
Cement Modified with Bentonite) Grout

The permeability of microfine cement grout modified with bentonite was
tested with deionized water and three chemicals. Figure 10
illustrates the overall changes in permeability of MCB grout with the
selected chemicals. During Phase III testing, the cement-bentonite
(mix 2) samples had shown excellent resistance to a group of six
chemicals. The Phase IV work was meant to extend that work to include
microfine cements.

As shown the MCB grout remained practically impervious to 100Z
acetone, 20% cupric sulfate, IN hydrochloric acid, and 25% sodium
hydroxide. Only in the case of sodium hydroxide did the permeability
of MCB grout exceed the equilibrium permeability with water. These
tests were conducted at gradients exceeding 485 for periods up to 270
days. At least two pore volumes of the chemical were passed through
at least one if not both of the samples for each test.



72

w

e-
-J
f—I
CO

Ed

Figure 8. Permeability of Acrylate Grout
with Various Chemicals.

01

E
3

3

Figure 9. Permeability of CEB (Hicrofine
Cement Modified with Emulsified
Bitumen) Grout with Various
Chemicals.



73

Analysis of Phase IV Permeability Test Results for MCS (Microfine
Cement Modified with Microsilica) Grout

The permeability of microfine cement grout modified with microsilica
(EMSAC) was tested with deionized water and two chemicals. Figure 11
illustrates the overall changes in permeability of MCS grout with the
selected chemicals.

As shovn the MCS grout remained practically impervious to 100%
acetone, 25% methanol, and 100% xylene. The samples exposed to
acetone and xylene underwent decreases in permeability to 1.0 x 1 0 " ^
cm/sec, a value used by the authors when no flow could be measured.
Subsequently these samples saw an increase in permeability but still
well below the 1 x 10"' cm/sec upper bound of acceptance. No flow
occurred once methanol was introduced to its respective samples.

Analysis of Phase IV Permeability Test Results for Penegrout

The permeability of Penegrout (urethane material) was tested
extensively in Phase IV. The urethane samples of Phase III had
performed well with a variety of chemicals. The claim from the
manufacturer was that Penegrout would perform even better, thus
Penegrout was tested with deionized water and six chemicals. Figure
12 illustrates the overall changes in permeability of Penegrout with
the selected chemicals.

As shown, after the passage of at least 10 pore volumes of chemical,
Penegrout, at the design mix used, underwent an increase in
permeability with every chemical used. It would appear that this
design mix of Penegrout would not be appropriate as a containment
medium. With 100% ethylene glycol as the permeant, the permeability
rose to approximately 1 x 10 cm/sec, the normal acceptable upper
bound.

Analysis of Phase IV Permeability Test Results for Urethane Grout

The permeability of urethane grout was tested with deionized water and
tvo chemicals during Phase IV testing. Figure 13 illustrates the
overall changes in permeability of urethane grout with the selected
chemicals. The urethane samples of Phase III had performed well with
a variety of chemicals. These two samples were run to confirm earlier
data.

Phase II and III testing indicated that one should expect to see an
increase in permeability over the baseline permeability with vater
when the sample is exposed to methanol. Prior testing showed this
rise to be about one order of magnitude. The Phase IV sample saw an
increase of approximately one order of magnitude over a period of flow
of 13 pore volumes of methanol. The much larger increase (nearly 4
orders) occurred due to an increase in stiffness and a breakthrough.

Phase II and III testing concluded that the introduction of xylene
causes a sharp increase in the permeability of urethane and that the
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overall increase may be 2.5 to 3 orders of magnitude. This was
absolutely confirmed by the testing in Phase IV.

Conclusions

1. Five of the six grouts tested had very low baseline
permeabilities with water: aerylate (k = 8.4 x 10"^ cm/sec),
microfine cement modified with such additives as emulsified
bitumen, bentonite, and microsilica (k ranged from 1 x 10~H to
2.0 x 10~9 cm/see), and urethane (k = 5.0 x 10~9 cm/sec). The
particular design mix for Penegrout, another urethane, yielded a
baseline permeability with water of 5.0 x 10"° cm/see.

2. When tested for its permeability with the various chemicals, the
acrylate grout exhibited excellent resistance to ethylene glycol,
performed marginally with cupric sulfate and xylene, and was
seriously damaged by acetone, hydrochloric acid, and methanol.

3. Urethane grout was tested for its permeability with methanol and
xylene. In both cases the permeability increased by at least two
orders of magnitude, ending at permeabilities exceeding the 1.0 x
10"' cm/see threshold value used for barrier construction.

4. The permeability of the three microfine cement grouts (modified
with emulsified bitumen, bentonite, and microsilica,
respectively) was tested with acetone, cupric sulfate,
hydrochloric acid, methanol, sodium hydroxide, and xylene. In
almost every case a decrease in permeability was noted,
ultimately reaching a nearly impervious state. In some instances
a small increase was noted, but in no case did the final
permeability exceed 1.0 x 10~9 cm/see. These microfine cement
grouts would serve as excellent candidates for hazardous waste
barrier construction.

5. The permeability of Penegrout, a urethane, was tested with
acetone, cupric sulfate, ethylene glycol, hydrochloric acid,
sodium hydroxide, and xylene. With the particular design mix
used Penegrout exhibited marginal resistance to ethylene glycol,
hydrochloric acid, and xylene. In each of these cases the
permeability increased by at least one order of magnitude but did
not exceed 1.0 x 10"° cm/see. The Penegrout permeability
specimens were seriously damaged by acetone, cupric sulfate, and
sodium hydroxide. In these latter cases the permeability
increase was between 2 and 3.5 orders of magnitude, with final
permeability values in excess of 1.0 x 10~" cm/see. This
particular design mix of Penegrout would not be appropriate for
use in hazardous waste barrier construction.

6. A comparative study of the effects of a particular chemical on
the permeability of the various grouts tested indicates that the
microfine cement grouts offer the most promise for effective
long-term containment of hazardous wastes.
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7. Reactivity tests were conducted on four of the grouts: microfine
cement with emulsified bitumen (CEB), microfine cement with
bentonite (MCB), microfine cement with microsilica (MCS), and
Penegrout. The CEB, MCB, and MCS reactivity samples showed good
resistance (less than 7% weight or volume change) to deionized
water, acetone, ethylene glycol, methanol, and xylene.
Significant weight or volume changes were caused by immersion of
the CEB, MCB, and MCS samples in cupric sulfate and sodium
hydroxide. The microfine cement grouts were destroyed by
immersion in 1 N hydrochloric acid.

8. Due to their immersion in the chemicals used in this study, :he
Penegrout reactivity samples gained a maximum of 52% of their
initial weight in acetone and lost a maximum of 92% of their
initial weight in sodium hydroxide. As concerns volume change,
the Penegrout samples gained a maximum of 76% of their initial
volume with methanol and lost a maximum of 93% of their initial
volume with sodium hydroxide. The extraordinary shrink-svell
behavior of Penegrout resulted in its being an unsatisfactory
candidate for hazardous waste barrier construction for most
chemicals. However, Penegrout would serve as an effective
barrier to ethylene glycol and it was the only grout to survive
immersion in 1 N hydrochloric acid.
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A technique has been developed, tested and is presently being used for

disposing of PCB contaminated soil by incorporating the soil into a

concrete matrix. A concrete mix is produced consisting of contaminated

soil, portland cement and class F fly ash. Following a chemical process

which fixes the PCBs to the soil particles, the concrete mixture is poured

on site as a monolith, replacing the excavated soil.

During the course of the project, leaching procedures (ANS 16.1, MCC-1),

permeability and corapressive strength tests are performed. The quality of

the mix and the blending process are ensured by examining the hardened

concrete using a quantitative image analysis system. The concrete is thin

sectioned and impregnated with a dyed epoxy. A computer image, from the

thin section, is analyzed and the percentage of each solid phase and

porosity is measured. The spatial distribution, size and geometric

orientation of each phase is measured. Distribution of the contaminated

soil in the sample is mapped along with the occurence of porosity.

Multiple samples are analyzed to determine the degree of heterogeneity in

the sample. In acceptable samples, the soil occurs as isolated islands

less than 1 ram across, in a matrix of portland cement. Porosity is

restricted to non-soil zones, lowering the possibility of leaching by

percolating ground water. Porosity does not form along soil/cement

boundaries indicating good adhesion between these two phases.
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EVALUATION OF WASTE-ENTRAINED CONCRETE USING IMAGE ANALYSIS
AND QUANTIFICATION - Dr. William F. Buckingham, Everest Technologies, Houston, TX., Dr.
Joan Spaw, Everest Geotecn, Houston, TX., and E. Benjamin Peacock, Wastech, Oak Ridge, TN.

Introduction

The use of cement has become an acceptable mechanism for the encapsulation and isolation of
chemical and nuclear waste. Factors positively influencing the use of cement grouts include cost,
relatively small increases in overall volume, stability in a wide range of geochemical environments,
and transportability as a slurry.

In order to ensure the environmental safety of the cement as an isolation device for waste,
numerous tests are prescribed. The tests are designed to insure the mechanical strength and the
inability of the waste to leach into the local environment. Short term leachate tests are
extrapolated to thousand-year time scales to ensure that the environment is protected in both the
short and long term.

Mechanical and chemical tests measure the bulk response of the concrete monoliths to the
environment. If a particular slurry mixture proves unsuitable, either for lack of compressive
strength or too great a release of contaminants, the relative amounts of the components in the
slurry are empirically varied until a suitable mixture is produced. While this technique is workable
for producing the recipe for a grout which safely isolates hazardous waste, an approach might be
possible which ascertains the cause of the mixture's unsuitability and allows the mix designers to
quickly produce a slurry with superior properties and minimal cost.

An assumption was made that the strength of cement grout, its chemical stability, and its
resistance to leaching, were related to both the amount of each component present in the mix
and the geometric arrangement of those components in the hardened mix. A high degree of
edge-to-edge contacts in hardened cement paste would produce a strong cement lattice with
high compressive strength. A homogeneous mixture which produced little interconnectedness
between waste-rich zones and porosity would result in a low probability of percolating water
contacting sources of leachate.

From this hypothesis, it becomes apparent that mechanical and leaching tests were derivative
measurements; not truly measuring the controlling parameters, but measuring an effect of the
controlling parameters. The measurements necessary to optimize the mix formula before the
monolith is poured are composition and texture.

Procedure

In order to measure the composition and texture, a specially-designed, computerized analytical
system was used. Samples of nine waste-entrained concrete mixes, in which the waste was PCB
and metal-contaminated soil, were specially prepared for analysis. The nine mixes were poured
into three-by-six-inch cylinders and aged greater than 28 days.

Thin sections were prepared by removing slices 3 mm thick from each cylinder. The slices were
epoxy-impregnated and mounted on microscope slides. The slices were ground and polished to
a thickness of 30 micrometers. The impregnating epoxy was mixed with Rhodamine B dye,
producing an overall pink or magenta coloration.

The thin sections were examined in transmitted light on a binocular microscope. Full color
computer images were created by scanning each sample with a solid state camera mounted on
the microscope port. The camera is a linear array of 4096 silicon detectors. Images were created
by sequentially exposing the row of detectors, moving the row, and exposing the detectors again.
In all, the detectors could be moved 4096 steps to produce an image 4096 elements wide by
40S6 rows long. In the present study, only the central 1024 detectors were enabled and the row
was moved 1024 times to produce 1024 x 1024 images.
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Since silicon detectors are insensitive to color, color images were created by mounting a color
filter wheel in the light path Detween the sample and the camera. The filter wheel contains red,
green, and blue filters. A separate computer image is collected with each filter in the light path.
The three separate images are recombined in the computer to produce a full color image of each
thin section. Each pass of the detector row produces an 8-bit image. Three passes (red, green,
and blue) produce a 24-bit image creating a color image with up to 16.7 million colors represented.
Two scenes were collected from each sample. One scene was an average view for the sample;
the other was collected fron* an area which varied greatly from the average.

The resulting images were analyzed using a specially-designed software package which allows
the analyst to select groups of colors that are characteristic of each component. The software
then locates all particles of cement, porosity, soil, Class F fly ash, sand, wood fragments, and
organic soil constituents. Soil, wood fragments, and organic soil constituents were grouped
together since they are all original constituents in the contaminated soil.

A separate computer image is then created to map each component: a soil image, sand image,
porosity image, and cement image. The separate maps, called component images, contain the
boundaries and the spatial location of each particle of the component being separated.

Analysis was performed on each of the separate component images. Figure 1 schematically
represents the image collection and processing procedures. Table 1 lists the variables that can be
measured. Each component image contains location and boundary information. It is therefore
possible to measure any geometric or quantitative textural variable of each component.

Area Length Orientation
Holes Throats Elongation

Roughness
Principal Components Numerical Shape Factors

Radial Distribution Tortuosity (roundness)

Table 1. Variables Measured Using Image Quantification

Analytical Results

Of the nine samples examined, the two extreme examples are presented here for discussion.
Sample PW5A is a homogeneous sample in which the contaminated soil is distributed evenly
throughout the sample. Prior testing showed that this sample has acceptable compressive
strength, low permeability, and low leachate content of PCB's, Pb, and Cd. Sample PD3B is a
poor sample with heterogeneous texture and a permeability two orders of magnitude greater than
sample PW5A.

Computer images of the two samples are included as Figures 2 and 3. Initially, the two samples
appear quite similar. The overall magenta color is due to the dye in the impregnating epoxy. The
darkest areas are soil constituents, including plant and wood fragments. The brightest pink areas
are open pores. The medium pink areas are cement and the white grains are sand and silt derived
from the soil. Class F fly ash, due to its dark color, is not easily discernable from organic soil
constituents and must be discriminated by its spherical shape later in the analytical procedure.
Overall, visual inspection leads to the conclusion that the two samples are quite similar.

Further inspection proves this to be untrue. As mentioned previously, the analytical procedure
produces individual images of the boundaries and location of each component. Figures 4 and 5
are two such component images. Figure 4 illustrates the spatial distribution of soil in PW5A, the
acceptable sample. The figure depicts the boundaries of all the indrvkjua' soil particles in the
sample.
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Figure 2. Computer Image of Sample PW5A

Figure 3. Computer Image of Sample PD3B
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Sample

PW5A

PD38

Component%

Porosity

Cement

Soil

Sand

Porosity

Cement

Soil

Sand

Area

3

55

24

14

6

13

64

14

Number of
Particles

367

339

1270

430

394

1691

97

452

Mean Particle
Size (mm)

0.002416

0.04238

0.00497

0.00838

0.0042

0.0021

0.173

0.0078

Particle Size
SD

0.008703

0.7595

0.0216

0.0287

0.0231

0.0072

1.6955

0.028

Table 2. Statistics Derived fiam Computer Images of Samples PW5A and PD33

Statistical data produced by image qudntiJicatic i software at this step, and recorded in Table 2,
show the soil in PW5A to be distributed in 1270 individual particles. The particles cover 24% of
the area of the sample and they have a mean size of .00497 mm2. Sample PD3B provides quite a
contrast. Its soil component image shows an interconnected, convoluted boundary which covers
the entire sample.

The soil statistics, again from Table 2, show soil covering 64% of the total area. This is over 2.5
times the amount of soil in PW5A. The soil is distributed in a few number (97 vs. 1270) of very
large (mean size = .173 mm2) particles. On the basis of soil distribution alone, these samples are
quite dissimilar.

A second major difference is the distribution of cement in the two samples. Sample PW5A
contains 55% cement distributed in 339 particles with a mean size of .04238 mm2. The spatial
distribution of cement is illustrated in Figure 6. Sample PD3B contains only 13% cement. The
cement is distributed in 1691 objects with a mean size of .0021 mm2- Figure 7 depicts the
distribution of cement in PD3B.

Comparison of Figure 6 with Figure 7 and Figure 4 with Figure 5 shows a major difference
between the two samples. Sample PW5A (Figures 4 and 6) consists of a "sea" of cement in which
all other components reside. The cement forms one large convoluted object wrapping around all
other objects. The soil in PW5A (Figure 4) occurs as islands in a cement sea. The islands, while
numerous, are isolated, allowing little in the way of a permeable pathway for leaching fluids.
PD3B, on the other hand, is a mirror image of PW5A. The soil occurs as a continuous convoluted
object (Figure 5) in which the pores, sand grains, and cement float. The cement occurs as a
group of numerous, small, isolated islands (Figure 7).

Figures 8 and 9 are graphical representations of the size distribution data from Table 1. These
figures contains four histograms which oascribe the size distribution of the soil and cement
particles in samples PW5A and PD3B. The size of the particles is plotted on each X axis in area
units. The Y axis is percentage of total area, rather than frequency, to enhance the effect of large
objects on each distribution. There are two general shapes to the histograms. The PW5A soil
and PD3B cement histograms depict relatively smooth distributions. The PW5A cement and
PD3B soil size distributions show over 90% of the total area being covered by one large object.
These histograms indicate that the cement in PW5A and the soil in PD3B are forming the all-
encompassing matrix within which all other components reside.
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Figure 4. Spatial Distribution of Soli In Sample PW5A

Figure 5. Spatial Distribution of Soli in Sample PD3B
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Figure 6. Spatial Distribution of Cement in Sample PW5A

Figure 7. Spatial Distribution of Cement in Sample PD3B
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Figure 8. Histograms Showing Size Distribution Data for Sample PW5A
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Figure 9. Histograms Showing Size Distribution Data for Sample PD3B
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Figure 10. Component Maps Overlaid on Original Color Image - Sample PW5A

Figure 11. Component Maps Overlaid on Origlnai Color Image • Sample PD3B
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Figures 10 and 11 provide a clearer view of the texture of the two samples. The two figures are
annotated enlargements of the central area of the original color images. In FigurelO, PW5A is
shown as a homogeneous cement. Porosity is restricted to the cement regions. Individual soil
zones are isolated from porosity and from other soil zones. The framework of the sample is
hardened cement. This provides a high compressive strength and reduces the chances of failure
and fracture development. Figure 11 is quite different. Soil forms the matrix holding the sample
together. Pores are in close proximity to the waste-containing soils. Cement occurs as isolated
islands. Compressive strength is low since soil would have to sustain any applied load. Downward
percolating fluids would have access to a long tlow path in contact with contaminant-releasing
soils.

Conclusions

The present study is meant to be preliminary rather than conclusive. It was shown that
components relating to the quality of waste-isolation cements can be quantified by both amount
and distribution. The relationship between texture and bulk properties (leachate content,
compressive strength) can be hinted at, but any proposed quantitative relationships wiil be the
result of many more analyses. The present study illustrates the abilities of quantitative image
analysis in exploring complex behavior.

In this study, image analysis was used to test homgeneity after the monolith was poured. The
ultimate value of these tests, however, will be to apply them during the mix design phase. Image
quantification could provide the mix engineer with precise determinations of the mix parameters,
tailored to the waste composition variables. This would enable production of the lowest cost
concrete with the appropriate strength and leaching properties to meet environmental safety
specifications.

Future Studies

While the present study is preliminary, results indicate that image analysis can quantify
components in waste-entrained concrete and describe textural parameters. The next goal is to
determine if any group of measurable variables predict the compressive strength or leaching
behavior of concrete. Strength and leaching measurements are currently being compiled for this
group of samples and will be compared to the size and spatial distribution component
images.There are many more measurable variables which can be derived from component
images. We will attempt to correlate these variables to strength and leaching measurements.

In addition, we have begun flow modeling on these samples. The goal of these simulations is to
explain the leaching behavior of the samples. We are using multiple component maps with
permeability values assigned for each component. In each simulation, fluid is introduced into the
sample and the fluid front is mapped as it moves across the sample. This method allows us to use
real textural data, the component images, in a modeling simulation.
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OAK RIDGE NATIONAL LABORATORY (ORNL)

OPERATES TWO PROCESSING SYSTEMS

FOR THE TREATMENT OF LIQUID

RADIOACTIVE WASTE.

- THE LIQUID LOW-LEVEL WASTE

COLLECTION, TRANSFER, AND

PROCESSING (EVAPORATOR) SYSTEM.

- THE PROCESS WASTE COLLECTION

AND TREATMENT SYSTEM.

00



THE ORNL PROCESS WASTE

TREATMENT PLANT (PWTP)

PROCESSES ABOUT 50 MILLION

GALLONS OF AQUEOUS WASTE

PER YEAR.

ABOUT 55% OF THE WATER TREATED

IS GROUNDWATER.

ABOUT 90% OF THE RADIOACTIVITY

REMOVED COMES FROM CONTAMINATED

GROUNDWATER.

vO



RADIOCHEMICAL COMPOSITION

OF ORNL PROCESS WASTEWATER
(TYPICAL)

RADIONUCLIDE

GROSS ALPHA

GROSS BETA

CO-60

SR-90

CS-137

CONCENTRATION (BQ/L)

<30

3500*

25

4000**

400***

o
o

* VARIATIONS BETWEEN 3000 AND 9000.

* * VARIATIONS BETWEEN 2000 AND 8000 BQ/L OCCUR.

* * * VARIATIONS BETWEEN 300 AND 1000 BQ/L OCCUR.



CHEMICAL COMPOSITION

OF ORNL PROCESS WASTEWATER
(TYPICAL)

CATION

Co

Mg

Na

K

Si

Sr

Al

Fe

Zn

MG/L

40

8

5

2

2

0.1

0.1

0.1

0.1

ANION

HCO3

SCU

C\

NO3

CO3

F

MG/L

93

23

10

1 1

7

1

PARAMETER

TDS

TSS

*TOTAL HARDNESS

^ALKALINITY

COD

TOC

MG/L

250

3

1 33

1 25

6

12

*AS CaCOs

pH — 8.8



A NUMBER OF CHANGES IN THE TREATMENT

OF ORNL PROCESS WASTE HAVE TAKEN PLACE

THROUGH THE YEARS WHICH HAVE LED TO

THE PROCESS CONFIGURATION USED TODAY.

o



PRIOR TO 1976 ORNL USED LIME/SODA ASH

PRECIPITATION-CLARIFICATION AS THE

SOLE TREATMENT FOR PROCESS WASTE.

- DECONTAMINATION FACTOR OF 5 : 1 .

- NOT ADEQUATE FOR INCREASINGLY

STRICTER REGULATORY REQUIREMENTS.

- RELEASED VERY BASIC (pH = 11)

SOLUTION TO THE WATERSHED.

o
CO



PROCESS WASTE TREATMENT
PRIOR TO 1 0 7 6

EQUALIZATION BASIN
( 3 5 2 4 POND)

>

LIME/SODA ASH
PRECIPITATION

r

SLUDGE TO
OPEN WASTE PITS

Ek

\ r

SETTLING BASIN
( 3 5 1 3 POND)

t

I

WHITE OAK CREEK

o



IN MARCH OF 1976

TREATMENT SYST-M

STARTED UP.

CONSISTED OF

- SCAVENGING/PRECIPITATIO

- FILTRATION

- CATION EXCHANGE

- NEUTRALIZATION

A NEW

WAS

IT
•*

N §



PROCESS WASTE TREATMENT PLANT
3/76 TO 8/81

EQUALIZATION
BASIN

I
PROCESS WASTE

CLARIFIBR
(SCAVENGING

PRECIPITATION)
SLUDOB TO

WASTB POND 7835

ION EXCHANGE
(CS-100)

REGENERATION
CIRCUIT PWTP XVAPORATOB TO LLLW SYSTEM



N 1981 TH PR C PITATION

STEP WAS REMOVED EROM

T TREATMENT SCHEM

- THE RUBBER-LINED IMPOUNDMENT

N SWSA 5 BECAME FULL.

ENVIRONMENTAL CONSIDERATIONS

NEGATED THE CONSTRUCTION OF

A REPLACEMENT SLUDGE BASIN.



THIS PROCESS CHANGE RESULTED IN THE

TERMINATION OF SLUDGE GENERATION; BUT

CAUSED THE GENERATION OF LIQUID LOW-

LEVEL WASTE FROM THE PWTP TO INCREASE

GREATLY.

DUE TO THE USE OF HYDROFRACTURE (A CHEAP,

QUICK MEANS OF DISPOSING LLLW) THE

INCREASE IN LLLW GENERATION WAS NOT A

MAJOR FACTOR.

o
CO



PROCESS WASTE TREATMENT

9/81 TO 2/86

_£

PROCESS WASTE

EQUALIZATION
BASIN

1
ANTHRACITE

FILTERS

I
ION EXCHANGE

(HCR-S)

NEUTRALIZATION
BASIN

i
TO WHITE
OAK CREEK

1

1

o

REGENERATION
CIRCUIT

PWTP EVAPORATOR

:^zzzz
TO LLLW SYSTEM



IN 1984 THE HYDROFRACTURE DISPOSAL OPERATION

WAS SHUT DOWN DUE TO UNDERGROUND INJECTION

CONTROL REGULATIONS.

ORNL, WHICH RELIED TOTALLY ON HYDROFRACTURE

FOR LLLW DISPOSAL, HAD TO QUICKLY FIND WAYS

TO REDUCE LLLW GENERATION BEFORE AVAILABLE

STORAGE SPACE WAS USED UP.

THE PWTP, A MAJOR GENERATOR OF LLLW (ABOUT

30% OF TOTAL), WAS SEEN AS A VIABLE PLACE

TO REDUCE LLLW GENERATION.



AFTER STUDYING SEVERAL OPTIONS WHICH

WOULD LEAD TO THE REDUCTION OF LLLW AT

THE PWTP, IT WAS DECIDED THAT THE

REINSTALLATION OF THE CLARIFIER AT THE

HEAD-END OF THE PROCESS FLOWSHEET WOULD

LEAD TO THE MOST EXPEDIENT AND SUREST

LLLW REDUCTION.



- DECISION TO ADD CLARIFIER WAS

MADE IN OCTOBER 1985.

- INSTALLATION COMPLETE IN FEB. 1986.

COST

GENERAL PLANT

PROJECT FUND (CAPITAL)

EXPENSE FUNDS

CAPITAL EQUIPMENT FUNDS

TOTAL COST

50K

205K

1 25K

380K

1—•
no



THE 1986 PROCESS FLOWSHEET IS COMPARABLE

TO THE FLOWSHEET USED FROM 1976 TO 1981

EXCEPT FOR SLUDGE HANDLING:

- OLD FLOWSHEET TRANSFERRED SLUDGE TO

OPEN BASIN.

- NEW FLOWSHEET: *

- SLUDGE IS DRIED THROUGH

USE OF FILTER PRESS

- DRIED SLUDGE IS PLACED

IN 55-GALLON DRUMS

- SLLW DRUMS ARE SHIPPED TO

ORGDP FOR INTERIM STORAGE



PROCESS WASTE TREATMENT PLANT

3/86 TO 2/87

EQUALIZATION
BASIN

I
PROCESS WASTE

CLARIFIER
(SCAVENGER "

PRECIPITATION)

I

FILTER PRESS

J
DEWATERED
SLUDGE TO

STORAGE

ANTHRACITE
FILTERS

ION EXCHANGE
(HCR-S)

1"

REGENERATION
CIRCUIT PWTP EVAPORATOR

J

TO LLLW SYSTEM

NEUTRALIZATION
BASIN

J
TO WHITS

OAK CBWK



BEFORE AND AFTER

CLARIFIER REINSTALLATION

SUMMARY

GALLONS/WEEK LLLW

GALLONS/WEEK SLUDGE

COLUMN LIFE (HRS)

(BED VOLUMES)

BEFORE

(1984 DATA)

6877

0

20

400

AFTER

(1987 DATA)

225

385*

400

8000

*AVERAGE: ONE 55-GALLON DRUM

PER DAY OF SLUDGE



IN FEB. 1987 A ZEOLITE (CHABAZITE)

COLUMN WAS ADDED TO THE TREATMENT

SYSTEM FOR THE REMOVAL OF CESIUM.

- SODIUM FROM NaOH PRECIPITATION

COMPETES WITH REMOVAL OF Cs

ON HCRS RESINS.

- VESSELS CHARGED WITH CHABAZITE

PREVIOUSLY USED FOR EMERGENCY

REMOVAL OF Sr AND Cs FROM

WASTE WATERS.

THOUGH CHABAZITES SPENT

TERMS OF Sr REMOVAL, STILL

USEFUL FOR Cs REMOVAL.



ORNL DWQ 80-1020R

EiXISTING FLOWSHEET FOR WASTEWATER TREATMENT

REGENERANT

WASTEWATER

I
ANTHRACITE

FILTER

I
CHABAZITE
COLUMNS

Cs-RiCH
SOLID LLW

CHEMICAL
PRECIPITATOR

I
H FILTER | ^

PRESS § SOLID LLW

ANTHRACITE
FILTER

I
HCR-S RESIN

COLUMNS

I
H EVAPORATOR Sr-RICH

LIQUID LLW

PH
ADJUSTMENT

\
TO CREEK



TYPICAL RADIOCHEMICAL EFFLUENT

CONCENTRATIONS VS. RELEASE LIMITS

RADIONUCLIDE

GROSS ALPHA

GROSS BETA

Sr-90

Cs-137

EFFLUENT

<1 0

<1 OO

<1

80

LIMIT

1OCFR2O

1 1 .1

740

LIMIT

DOE 5480.XX

37

1 1 1

00
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DOE Low-Level Waste Management Requirements:

1988 and Beyond

Presented by:

E. A. Jennrich, EG&G Idaho
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PROCEEDINGS PAPER NOT AVAILABLE

AT TIME OF PRINTING
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Permitting a Hazardous Waste Incinerator

Presented by:

Mike Ambrose, ORGDP
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M. L. Ambrose
Oak Ridge Gaseous Diffusion Plant

Operated by Martin Marietta Energy Systems, Inc.
for the U.S. Department of Energy

Permitting Activities Associated with the
X-1435 TSCA Indnerstor

ABSTRACT

In recent years, changes in the laws and regulations have produced an increased
emphasis on proper solid waste disposal. Experience with various types of industrial
wastes has shown that a large segment of these materials should not go to a landfill.
If these wastes are prohibited from landfills, and effective alternative is incineration.
The Department of Energy (DOE) has seen tha need to build an incinerator at the Oak
Ridge Gaseous Diffusion Plant to treat wastes that are generated at the DOE-Oak
Ridge Operations facilities, many of which are contaminated with low levels of
radioactivity.

An extensive effort has been put forth to bring this, project to reality. Several
permits from the Environmental Protection Agency and the Tennessee Department of
Health and Environment are required before the facility can operate. These permits
include:

1. Resource Conservation and Recovery Act Part B Permit,

2. Toxic Substances Control Act Permit,

3. National Pollutant Discharge Elimination System Permit,

4. Tennessee State Air Permit, and

5. National Emission Standard for Hazardous Air Pollutants Approval Letter.

The permitting process has been very long and involved and has taken nearly three
years to complete. Currently, we plan to have the facility fully operational by
January 19£8.

T M «utmHud mtngntx htt bMn
•uihcrvd by * owitfiuar of tht U.S.
Oowrmwm tsxfcr commit Ne. DT>
ACOft-*40R21400. Acocrtkiglv, the U.S.
G i h
ray*nr-*M tain* to <*±Mt< Or
tht pMttwi farm at tr* oonkfcutiOft. a
<*>* offttn w On to. tor U.'S.
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' ' A

Purpose of K-1435 the TSCA Incinerator Facility

To destroy radioactively contaminated PCBs and other hazardous

organic waste in compliance with the Toxic Substances Control Act

(TSCA) and the Resource Conservation and Recovery Act (RCRA).

The facility can thermally destroy organic liquids and render

organically contaminated solids and sludges non-hazardous.



COMPLIANCE WITH TOXIC SUBSTANCE CONTROL ACT
PROJECT 83-N-4O2

TANK FARM

SHRLDDER A N D -
FEED HOPPER

BULK
SOLID FEED

QUENCH
CHAMBER

STACK

SECONDARY
COMBUSTION

CHAMBER

IONIZING
WET SCRUBBERS

o

z
0
f.
ci

l \3

MED I



K-1435 TSCA INCINERATOR
o
S
9
z
0

o
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Operating Permits

* Resource Conservation and Recovery Act (RCRA)

-EPA, TDHE

* Toxic Substances Control Act (TSCA)

-EPA

* Air Permit

-TDHE

* Water Permit (NPDES)

-TDHE

* National Emission Standards for Hazardous Air Pollutants

(NESHAPS)

-EPA
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Resource Conservation

and

Recovery Act (RCRA)
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What Are the Objectives of RCRA?

* Promote the protection of human health and the environment

* Conserve valuable material and energy resources

* Subtitle C specifically concerns the management of hazardous

wastes
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Incinerator Standards

Promulgated January 23, 1981

Revised June 24, 1982
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Permitting of a hazardous waste incinerator under RCRA/TSCA

depends on the development and implementation of a successful

trial burn.
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Objective of a triaS burn: To demonstrate that the incinerator

is capable of treating hazardous

wastes within the performance

specifications of the RCRA/TSCA

regulations.
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RCRA Incinerator Performance Standards

1. 99.99% destruction and removal efficiency (DRE) of each

Principle Organic Hazardous Constituent (POHC)

2. HCI generation

• < 4 Ib/hr, or

* 1 % of total HCL generated, whichever is greater

3. Stack particulates less than 0.08 grains per dry standard cubic

feet corrected to 7% oxygen in the stack
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RCRA Monitoring Reauirements

1. Continuous recording

* Incinerator temperature

* Waste feed rates

* Incinerator combustion gas velocity

* Stack % CO

2. Inspections

* Daily: leaks, spills, fugitive emissions

* Weekly: automatic waste feed cut-off system
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Toxic Substances

Control

Act (TSCA)
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TSCA Operating Standards—Liquids

Furnace Gas Residence Time (sees) 2.0 1.5

Furnace Temperature (deg. C) 1200 1600

(deg. F) 2200 2950

Minimum Stack O2 % (dry basis) 3.0 2.0
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TSCA Operating Standards--Solids

99.9999% DRE

* Stack PCB's less than 0.001 gram per kilogram PCB feed

* 99.90% combustion efficiency
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TSCA Operating Standards—Solids or Liquids

99.90% combustion efficiency

* Water scrubber for HCL removal
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TSCA Operating Standards—Solids or Liquids

(continued)

Recordings Required

Continuous

* Furnace Temperature

* Stack % O2

* Stack % CO

Every 15 minutes

* PCB feed rate

As specified by EPA

* Stack % CO2
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TSCA Operating Standards--Solids or Liquids

(continued)

Auto Shutoff on

* Failure of stack O2, CO2. CO monitors

* Failure of PCB measuring and recording equipment
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State of Tennessee Air Permit

* Input capacity not to exceed 3000 Ib/hr

* Particulates not to exceed 3 Ib/hr

* SO2 not to exceed 8.8 Ib/hr

* HF not to exceed 3.2 Ib/hr

* HCI not to exceed 3.68 Ib/hr

* VOC's not to exceed 1.15 Ib/hr

* Lead not to exceed 0.135 Ib/hr

* Opacity not to exceed 20%

* Required to perform an emissions performance test within 60

days of achieving maximum production rate
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National Pollutant Discharge Elimination Svstem (NPDES)

Modifications

One year characterization of K-1407-B for background

Outfall moved to the discharge of the new Central

Neutralization Facility

Biological monitoring of Mitchell Branch
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National Emission Standards for Hazardous Air Pollutants

(KFSHAPS)

* Prepared first ever NESHAP documentation for emission of

radionuclides

* Required to sample the stack weekly for radionuclide emissions

for:

1. Uranium

*" ' l25

3. Tc99

4. Gross Alpha

5. Gross Beta

* Calculated dose under "worst case" conditions was less than 5

miliirem/yr
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Conclusion

Permitting an incinerator requires a great deal of planning.

Permitting the K-1435 TSCA Incinerator has been a very long

process that has taken nearly three years to receive the required

permits. A great deal of effort from the entire design team has

been put forth to make these permits as flexible as possible.
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Solid Low-Level Waste Certification Program at ORNL

Presented by:

John D. Sease,

Automated Sciences Group, Inc.
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SOLID LOW-LEVEL WASTE CERTIFICATION PROGRAM AT ORNL

M. CARL WHEELER
AUTOMATED SCIENCES GROUP, INC.

OAK RIDGE, TENNESSEE

LANNY D. BATES
MARTIN MARIETTA ENERGY SYSTEMS, INC.

OAK RIDGE, TENNESSEE

ABSTRACT

Over the pas t s eve ra l years increased awareness and
concern has developed reguarding the proper generat ion,
packaging, t ranspor t ing and storing of al l forms of waste
mat te r , including Solid Low-Level Radioactive Waste
(SLLW). Recently, special a t t en t ion has been given ro the
proper segregat ion of waste tpyes to Drevent unauthorized
and unregulated s to rage or disposal of waste mat ter .

In April, 1986, the Oak Ridge National Laboratory
(ORNL) embarked on a rigorous program t o uparade i t s SLLW
management program. This waste certification effort
included such elements as waste generator identification,
training, procedure development, quality assurance, safety
analysis and As Low As Reasonably Achievable (ALARA)
studies. This paper provides an overview of this effort
and identifies the techniques employed to develop a SLLW
certification at ORNL.
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SOLID LOW-LEVEL WASTE CERnFIO^TTON PROGRAM AT ORNL

John D. Sease and M. Carl Wheeler

Automated Sciences Group, Inc.

Leonard C. Williams

Oak Ridge National Laboratory

Several events pointed to the need for a comprehensive oartification

program for solid low-level waste at Oak Ridge National Laboratory

(ORNL) :

o A supercompaction demonstration held in August 1985 resulted in

large quantities of water being "squeezed" from the drums.

- The contract called for compaction of 300 drums.

- However, only 134 drums were compacted because of problems

caused by excess liquids squeezed from drums.

- Thirty-four drums contained water.

~ Approximately 60 gallons of water were collected.

- Vendor staff commented to the effect that:

o "... the Nuclear Regulatory Commission (NRC) would not

allow a licensee to put this amount of liquid into Solid

Low-Level Waste (SLEW) drums..."

o ".. .and if this number of drums had been compacted at a

commercial nuclear' reactor, no more than half a gallon

of liquid would have been collected..."

- Initial Volume Reduction factor (VR) was 5.6:1.

- Compacted drums were packed in 24 82-gallon overpacks? no

grouting was used.

- Final VR was 3.7:1.
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o Scintillation fluids were buried in Solid Waste Storage Area

(SWSA) 6 after the November 1980 cutoff date for disposal of

Resource Conservation and Recovery Act (RGRA) materials in

unpenrdtted landfills.

o QRNL continued to bury contaminated lead in SWSA 6 until April

1986 despite a D0E-OH0 policy statement, published in October

1985, prohibiting disposal of mixed waste.

o SWSA 6 was shut down by DOE-ORQ for approximately one month in

April 1986 because of the scintillation fluids and contaminated

lead disposal.

o QRNL's waste acceptance criteria were not consistent with DOE-OKD

guidance and were not being followed by the waste generators.

A two-phase program was put in place as a condition for resuming

operations in SWSA 6.

Fhase 1: The Quick Fix

o Training of operators and supervisors of work involving

radioactive materials,

o Development of the Log-In Sheet for record keeping purposes,

and restricting waste packaging to only those generator

personnel who had received training and passed a test,

o Appointment of a Waste Disposal Coordinator,

o Visit to each generator site by the Waste Disposal Coordinator

to check for:

- Potential for generation of mixed waste.

- Proper documentation for all waste packages (Log-In Sheet).

- Training and training documentation for operators,

technicians, and supervisors of waste generating processes.
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Super Compaction Demonstration

Figure 1.
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Stockpile of Contaminated Lead

Figure 2.
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0R11L SWSA 6

z\

HHMS 85-0

EXISTING STUDY TRENCHES

WASTE TRENCHES *ND AUGES HOLES

HUMS WELL CLUSTERS

E O Q S I O r t S T U D I E S

POST-1980 AREAS CONTAINING
RCRA WASTES

AREAS WASTE

A.C.D LEAD

B,E LEAD, XYLENE, TOLUENE

F XYLENE, TOLUENE

SWSA-6 Areas where Scintillation Vials and Mixed Wastes were Buried
Figure 3.
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Phase 2; Elements of the Certification Program

o Identification of all waste generators and the types of waste they

generate

o Flow sheet development for all processes which generate SLLW

- To identify materials which go into the process and which enter

(or have the potential to enter) the waste stream

- To identify opportunities for waste avoidance

- To identify unique waste management problems

- To provide data on waste concentrations (Ci/m3)

o Record keeping

- Form 2822

- Log-In Sheet

- Solid Waste Information Management System (SWIMS) Program

o Trainirig and documentation of training

- General and facility-specific

- Understanding of waste acceptance criteria

- Recognition of FORA materials

- Preparation and preservation of records

- Waste handling procedures (drums, boxes)

o Non-destructive examination by Real-Time Radiography (RIR)

o Cfcargeback of waste management costs to generators

- Examination

- Repackaging of packages which fail RIR exam

- Dollars/ft3 for handling and disposal (provides incentive for

volume reduction and waste avoidance)

o Quality Assurance Program

- Internal audits

- DOE-OHO audit

- Audit by off site group (if DOE-ORO requests)
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REQUEST FOR STORAGE OR OISPOSAL OF RADIOACTIVE SOLID WASTE OR SPECIAL MATERIALS
1

T,

r:

l
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U *
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Wf Ol l t STF
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: .1 iril ( n
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l.l
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LOG-IN DATA SHEET FOR GENERATORS Of LLW

CERTIFICATION PROGRAM FOR LOW-LEVa WASTES

for each pocket placed In th is drum, on entry must be marked In every col umn"]
(1 through 9) or the drum w i l l not be removed for storage or d isposa l . I

1 .

Packet

Number

2 .

Date

3.

Origin

B 1 dg./Rooin No.

4 .Radiat ion

(mRem/h)

Neut.

5.

Curies
Est .

6 .

Domlnont

RadlonuclIdes

7.

Physical

Form

8. Chemical

Form

(see Note 3>

9.

SIonature

10. Log-tn Procedures

V e r i f i c a t i o n

Date ] Signature

NOTES:

i . Drum closure: Geskot has been put In place and closure r ing bolt t ightened to 65 f t - l b . Signature

7. Cte« th is bui lding handle TRu wastes? Yes No Signature_

3< I have been trained In the approved procedures for exclusion of RCRA mater ie l In so l id low-level

waste and cer t i f y that th is package was prepared In conformence with these procedures. Signature

Tnls Is to c e r t i f y that the above named mater ia ls ore properly oetcrlbod and packaged end are In proper condition tor t ransportat ion ecconjme

to applicable regulations of DOT for Typo A w a t t * .

Author I lee Signature t i t l e Date



GENERATOR IN&TNUCTION5 TOft ' :LL:NJ OUT ; I "LOG-IN DATA SHEET FOR GtNCHATORS Of LLf"

LLW No* Enter the bar-coded number affixed to the container (box, drum, other* .

Column I PACKET NUMBER: Each a r t i c l e placed In the d-um must be bagged or sealed. The f i r s t packet placed In each container should be

labeled number one and each subsequent packet tobeled and numbered sequentially therea f te r .

Column 2 DATE: Enter the date that each packet Is placed In the container.

Column 3 ORIGIN BLDG./ROOM NO: Enter the bui ld ing, room number, or other Information iihlch Ident i f ies the location from which the « I S 1 O

originated*

Column * RADIATION (MREM/H); BETA, GAMHA; nCUTRON: Monitor each packet for bete end gamms radiat ion using a "Cutle P ie , " Vlc-toreen 440 or

other comparable Instrument and enter the r e s u l t . I f the appropriate monitor for neutrons using a BF* counter, fast neutron survey

meter, or a comparable Instrument and enter the r e s u l t -

Column 5 CURIES EST.: An estimate of the curie content using the beta-gaimo readings for each packet should be entered using the following

table:

l u l l l l r e n / h I . 7 E - 4 C ! 10 ml I I Irem/h 1.7 £-3 Cl 500 ml I I Irem/h 8.3 E-2 Cl
5 m l l l l r e m / h 8 . 3 E - 4 C I 100 ml I I Irem/h 1.7 E-2 Cl IRem/h 1 . 7 E - I C I

(Based on I HeV gamma)

Column 6 DOMINANT RAD lONUCt IDES: L i l t a l l red I onuc 11 fles present s tar t ing with the dominant radlonucl Ides f i r s t . •—
CTi

Column 7 PHYSICAL FORM: Acceptable entries for physical form Include p l a s t i c , paper, glass, metal , s o i l , wood, rubber, clo+h, e tc .

Column B CHEMICAL FORM (rod I onuc I I d e ) : Acceptable entr ies for chemical form Include oxide, chlor ide, n i t r a t e , metal oxide, elemental,

Inorganic s a l t , general chemical descr lpt lor , e t c .

Column 9 SIGNATURE (see Note 3 ) : The person placing each seeled or bagged a r t i c l e In a container w i l l be required to put his/her signature

( I n i t i a l s ere not acceptable) In Column 9 . This parson must have taker end passed the t ra in ing course on RCTA vestas or the waste

peckoge o i l I not be approved for disposal or storage *

Column 10 LOG-IN PROCEDURES VERIFICATION; DATE; SIGNATURE: Ver i f i ca t ion that the log-In dete sheet Is being used properly must be mscV> on e

routine basis by either the OAR, RCO, GOO, if assigned to that bui ld ing. The dete and legible signature ( I n i t i a l s are not acceptable)

Of the person mtklng the ver i f ica t ion should be entered In the appropriate columns*

NOTE t I f the vaste container Is e drum the head, gasket, and bolt r ing must be plecad on the drum and the r ing bolt tightened to 65 ft—Ib.

The signature of the parson closing the drum Is requi red.

NOTE 2 Indicate If TRU vestas are handled In the building from whlc-i the low-level waste or ig inates .

NOTE 3 The signature of the RCO or GOO that has taken end passed the t ra in ing course on RCRA wastes Is required.

SWSA PERSONNEL INST" '-.'IONS f » CHEC? 'MG V € COMPLE'iNC- THE "LCC--". f>*» SHEET FOP GENERATORS Of UW"

I . Check to tee the* i •._• He, Is erte-ei< er>" t-iat Co'umn-, I through 9 end Nctes 1 t h - o u ^ 3 are " l i e d out completely eid leg lb 'y . C*wcf e l l

signatures (no I n i t i a l s ) a j a l " * t thj. "osta ' l i s t t r ver i fy that e l l packers f^eve been trained end psjsad t h * t ra in ing course 'or SCR* wastes.

i • The SWSA fore^jf t* SWS' vioir' , l - i y •»„>;< c«~ t l *v +>i»t the >si te Is In proper condition fo- t ronspo' te ' lor ncco"-tllng to f rpPcab lo W
rwul« t lon» fs- ''ypa A ro(.k»p*i.
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RTR Unit

Figiire 7.
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Displays of Nonconforming Items Found by KTR Examination

Figure 8a.
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Table l. Tangible Progress:

Drums examined with RTR

Drums passed

Drums failed

Percentage failed

Drums containing free liquids

Drums containing lead

TanaJJble Proaness: Sea

128

103

25

20

19

12

and Sucej

Failure Rate Reduced

FY

20.
150

130

20

13

17

3

rixxiuaction

1987

aa.
133

123

10

8

8

1

Demonstration

78

73

5

6

4

1

i

Conducted March 1987. Contract called for 300 drums to be

compacted

300 drums were crusi ..».<*

Ninety-one drums contained water

Sixty gallons of water were collected (ranging from 1 pint to

3 gallons in drums which contained liquids)

Initial VR was 6.7:1

Compacted drums grouted into 47 125-gallon overpacks

Final VR was 2.3:1

* All drums were examined by FIR before compaction. No free liquids

were observed in drums that were crushed. Liquid squeezed frcm drums

was present in mop heads, blotter paper, and in absorbent material.
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U.S. Ecology Demonstration

Figure 9.
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SUMMARY (DONCIIJSIOMS

o Acceptance criteria were not strictly followed by generators

prior to FY 1986.

o There was confusion over what was considered to be acceptable

management practice for some mixed wastes.

o These issues were sharply focused by the results of the August

1985 supercompaction demonstration and the temporary closure cf

SWSA 6.

o A rigorous certification program has corrected these deficiencies

at QRNL through:

- Training of operators; and their supervisors.

- Non-destructive examination of waste packages with Real-Time

Radiography.

- Appointment of the Waste Disposal Coordinator to answer

questions, continuously review waste generating processes,

identify problems, and seek resolution of the problem.

- Strengthening of the QA Program.

- In-depth review of waste generating processes and the

materials which go into the processes which might become

waste.

- Financial pressure on generating programs through cost

chargeback, and the expense of repackaging waste which does

not meet acceptance criteria.

~ Management pressure to "...get it right the first time...".
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Dr. Eric H. Snider, Engineering-Science, Inc.
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DELISTING OP INDUSTRIAL WASTE - Eric H. Snider, Ph.D., P.E.,
Engineering-Science, Inc., Atlanta, Georgia

INTRODUCTION

The U.S. Environmental Protection Agency has enacted regulations {40 CFR
261) regarding the hazardous nature of certain wastes. These regula-
tions are based on EPA's authority under the Solid Waste Disposal Act,
as amended by the Resource Conservation and Recovery Act (RCRA), as
amended. Wastes can be hazardous in two ways. Any waste which
exhibits any of the four hazard characteristics-ignitability, corro-
sivity, reactivity, or toxicity-is hazardous. Secondly, many waste
streams from specific processes or industries have been declared
hazardous because they typically contain hazardous constituents or
exhibit one or more of the four hazard characteristics.

However, waste streams from specific plants and processes, because of
treatment or process modifications, may not contain hazardous
concentrations of the components which prompted the wastes to be listed
originally. Thus, a mechanism was provided to have these specific
wastes or waste streams from these specific sources "delisted," that is,
removed from hazardous waste regulations.

Prior to the enactment of the Hazardous and Solid Waste Amendments of
1984, a petitioner had only to prove with supporting analytical data on
representative samples that the waste did not meet the criteria under
which it was listed. Since 1984, however, the supporting data must also
demonstrate that the waste does not meet any other criteria under which
the waste could be listed.

EPA's decision to delist a specific waste is the desired outcome of a
lengthy and fairly involved process (Figure I). Initial contacts
between the petitioner and EPA are often informal and verbal. While the
petition itself must be fairly detailed (Table 1), the Sampling and
Analysis (S & A) Plan (Table 2) is the heart of the petition and must be
clear, explicit and complete. If it is not, EPA will request additional
information about processes, personnel involved, sampling methods,
analysis methods, quality control/quality assurance data, and so forth.
A detailed, well thought out S s A Plan, therefore, can save much time,
effort and money at the later stages of the petition process.

SAMPLING AND ANALYSIS

In order to delist the waste, EPA must have evidence that the waste:

o Does not contain hazardous levels of the constituents for which
it was listed.
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Petition Review Process
Form

Notifying Region
of Petition Receipt

Log In
Reviewer Assigned

Form Latter
to Petitioner

Acknowledging Receipt

Prioritize

Fast Track.
Petitions

Reviewer Checks for
Complete Petition

Representative Samples
Complete Process Description

Waste Quantity, Etc.

Petitioner
Responds

Regional
Can Yes

Letter Sent
Informing Petitioner of

Deny/Withdrawal Option

Reviewer
Makes Preliminary

Assessment of Whether
Petition Can Be

Denied

Identify Spot
Check Viability

Additional
Information

Required

Petitioner/
Regional

Call

Reviewer Recommends to
Grant or Deny Petition

Memo to
Region to

Ensure
Appropriate
Enforcement

Petitioner/ Regional
Call

Reviewer Prepares
Proposal and All

Associated Documentationy
Fo»o**-Up
Regional

Call

Petitioner/ Regional
Call If Stopper

Issues Arise

*

Internal Review

I
Publication

^^ Final ^s*"^
No

Reviewer Prepares
Final Notice and

Associated Documenta

t

Takes Comments
and Evaluates

Limit:
6 Months

Letter Sent
Requesting Additional.

Information

Include
Paragraph

Setting Time
Limit (LOU

S(0n-Off

C*ll

•Preparation of Fact Sheet
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TABLE 1

DFLISTING PETITION CONTENTS

A. Administrative Information and Summary.

B. Detailed Description of the Manufacturinq Processes by which
the Waste is Generated, Including Schematic Diagrams.

C. Descprition of the Waste Stream and Management Methods.

D. Rationale for Selecting the Hazardous Constituents for Testing.

F. Development of the Samplinq and Analysis Plan.

F. Selection of Waste Analysis Methods.

G. Presentation of Analytical Data.

TABLE 2
SAMPLING AND ANALYSIS PLAN OUTLINE

o Purpose of the Sampling Effort.

o List of Waste Stream(s) to be Sampled.

o Name of Sampler(s)

o Professional Qualifications of Sampler(s)

o Sampling Strategy

o Detailed Sampling Procedures

Location of Sampling Points
Fauipment Needed
Sample Containers

- Preservation Methods

o Safety Procedures

o Analytical Laboratory and Method of Shipment

o Analyses to be Performed

o Documentation Plans for the Samplina Effort
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o Contains no other hazardous constituent at levels of regulatory

concern.

o Does not exhibit any of the four hazard characteristics.

This evidence usually consists of analysis of representative samples of
the waste for constituents of concern such as the eight RCRA metals,
nickel, cyanide, and the compounds listed in Appendix VIII of 40 CFR
261 .

A petitioner can use mass balance data for chemicals used in the
processes that produce the waste to rule out the presence of significant
concentrations of some contaminants. In addition, if a hazardous
chemical is neither used anywhere in the process nor is likely to be
produced as a chemical reaction product or byproduct, then the waste
should not contain significant concentrations of that compound. By
carefully supplying sufficient data on mass balances and processing
steps, many hazardous constituents often can be ruled out, thus
realizing substantial savings in analytical costs.

When constituents of concern cannot be eliminated by mass balance and
process considerations, then the waste must be analyzed to establish the
actual levels of these constituents in the waste. Samples to be
analyzed must be representative of the waste in both space and time.
For a continuous process, for example, composite samples may be
collected over 24 hours or some other reasonable time. For wastes on a
conveyor belt, an entire cross-section of the waste stream must be
collected. Wastes which were previously landfilled or lagooned must be
sampled at statistically selected random points on a grid and at all
depths at those points.

The samples are then subjected to analyses to determine both total
quantity and extractable quantity of each hazardous constituent. The
extractable quantity is determined by subjecting the waste to the
Toxicity Characteristic Leaching Procedure (TCLP) and analyzing the
leachate produced. For analysis of volatile organic compounds, the Zero
Headspace Extractor (ZHE) must be used. Analytical procedures must use
EPA-approved methods; any deviations or substitutions must be documented
and are subject to approval by EPA. Quality assurance and quality
control data must also be supplied.

When EPA reviews the sampling and analysis data, the maximum
concentration of each constituent found among all the samples is sub-
jected to evaluation. EPA uses several models to evaluate whether the
waste poses a health or environmental risk. The choice of the
mathematical model employed is made based upon the disposal scenario.
For example, for landfill disposal, the VHS model is used.

THE VHS MODEL

The model selected by EPA for landfill disposal of delisted wastes is
the VHS (vertical-horizontal spread) model. This model predicts a
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concentration of each contaminant at a hypothetical drinking water well
a fixed distance from the source of contamination, the contamination
being considered leachate having the concentration predicted by the
TCLP. The well concentrations may then be compared to health-based
standards for the contaminants of concern. If the well concentration
predicted by the VHS model is less than the health-based standard for
all contaminants of concern, the waste should (in general) be
dtlistable. Should the predicted well concentration exceed the
health-based standard for any contaminant of concern, delisting requests
will likely not be successful, unless it can be proven with additional
analyses or from statistical considerations that the outlying data are
suspect.

The VHS model is as follows:

C = Coerf[(Y'/4Y)
1/2] erf [X/(4[DY]1/2)}

where:

C = Contaminant concentration at the receptor well (mg/L)
Cc = Contaminant concentration in the leachate (mg/L)

erf = normal distribution error function
Y' = width of landfill trench (m)
Y = distance from source to well (m)
X = length of disposal site (amount of waste) (m)
D = transverse dispersivity (m)

Several values have been selected as constants in the model; these are
as follows:

Y1 = 12.2m (40 ft.)
Y = 152.4 m (500 ft)
D = 2m

The parameter X, length of d i sposa l s i t e , i s s i t e - s p e c i f i c and i s
determined as follows:

X = (m ) (0.033637), for waste quant i t ies in cubic meters

The minimum value of X i s 12.2 m (40 f t ) , used when monthly waste
generation i s about 40 yd .
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Using the selected values for land disposal for Y', Y, and D, the
equation becomes

C = Cnerf([. .. ."*. ] )erf(
( 4 [ 2 x 1 5 2 . 4 J l / 2 >

or

C = Co x 0.1586 x erf( C Q * )

MODIFICATIONS FOR ORGANIC COMPOUNDS

The VHS model requires as an input a value of C o, contaminant
concentration in the leachate. For metals and other inorganics the
value of Co is that observed in the TCLP extract. For organic compounds
the TCLP may be used with a ZHE vessel to obtain the value of Co. As an
alternative, the concentration expected to be present in the leachate
may be calculated as follows:

C = BO X C X X S Y

w

Where: C = predicted leachate concentration of the contaminant (ppm)
C = concentration of the organic contaminant present in the

waste (ppm)

S = contaminant water solubility at ambient temperature
(18-25°) (ppm or rag/L).

The other constants are determined as follows:

If C <_ 1 , x=y=1 ; BO=2.14 X 10~

If C >_ 10, x=0.71; y=0.31; BO=0.044

If 1<C<10, C = linear interpolation between value of C at C=1 and
w w

C at C=10.
w

The value of C obtained is substituted as Co into the VHS equation for
computation of concentrations at the compliance point well and
comparison of the well concentration with health-based standard for the
organic compounds.

DILUTION RULES OF THUMB

There are two extreme cases considered by EPA regarding waste volumes
and the resulting dilution factors for land disposal by the VHS model.

The extremes are as follows:

"Small" waste volumes - dilution factor of 32
"Large" waste volumes - dilution factor of 6.3
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This means that a disposer of large waste quantities should expect the
agency to consider that the projected well water concentration predicted
from the VHS model will be 1/6.3 of the TCLP leachate concentration for
all parameters measured.

HEALTH-BASED STANDARDS

Health-based standards for metals and other inorganics are presented in
Table 3 for comparison of well concentrations predicted from the VHS
model. Preliminary health-based standards for selected organic
compounds are presented in Table 4. The EPA delisting staff is also
applyiny the ambient water quality standards when these are stricter
than drinking water standards.

CONCLUSIONS

The delisting process allows producers of wastes subject to the
hazardous waste regulations to have the wastes delisted after
appropriate treatment or by suitable process changes. This delisting
can result in substantial savings in transportation and disposal costs
for these wastes as well as reducing future liabilities for wastes at
hazardous landfill sites.

Proper framing of the application can reduce sampling and analytical
costs while still providing sufficient data to successfully complete a
delisting petition.
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TABLE 3

HFALTH-BASED STANDARDS FOP SELECTED INORGANICS

Species Concentration, ug/L (ppb)

As

Ba

Cd

Cr

Ni

Pb

Hq

Se

Aq

CN

50

1,000

10

50

350

50

2

10

50

200

TABLE 4

HEALTH-BASED STANDARDS FOR SELECTED ORGANICS

Compound Concentration, uq/L (ppb)

Benzene

Carbon Tetrachloride

P-Dichlorohenzene

1,2-Dichloroethane

1,1-Dichloroethylene

1,1,1-Trichloroethane

Trichloroethylene

Vinyl Chloride

1.2

0.27

3,800

0.38

350

1 , 200

3.2

2



179

• " • - ' : / / : ' •'"-• / -

Delicting Efforts for Mixed Radioactive and

Chemically Hazardous Waste at the

Oak Ridge Gaseous Diffusion Plant

Presented by:

Steve Goodpasture, ORGDP
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S. T. Goodpasture
Oak Ridge Gaseous Diffusion Plant

Operated by Martin Marietta Energy Systems, Inc.
for the U.S. Department of Energy

DelUting Efforu for Mixed Radioactive and Chemically Hazardous
Waste at the Oak Ridge Gaseous Diffusion Plant

ABSTRACT

Presently, there are four hazardous wastes at the Oak Ridge Gaseous Diffusion Plant
that are candidates for the delisting from the Resource Conservation and Recovery Act
(RCRA) hazardous waste regulations. These candidates are the sludges from K-1407-B
and C ponds, Central Neutralization Facility sludges, mixed sludges from Y-12 and the
ash generated by the RCRA/Toxic Substances Control Act (TSCA) Incinerator. All of
these hazardous wastes contain radioactive constituents as well as hazardous
constituents. The delisting will be based upon the nonradioactive constituents.
Whether the delisting petition is granted or not, the wastes will be handled according
to the Department of Energy guidelines for radioactive wastes.

The presentation will discuss the methodologies for delisting these wastes and the
rationale behind the processes.

The lubmltttd rr»nu»cript h« bttn
•uthortd bv a contractor of sh§ U.S.
Govtrnrrmnt under Contract No. DE-
AC06-84OR21400. Accordingly, trie
U.S. Governmtnt ftMln» t noriftxciuilvo,
rovtltv-frtt llctnia to publish or repro-
due» tht publiihsd form at th)i contri-
bution, or allow otrien to do IO, for
U.S.
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DELISTING EFFORTS FOR MIXED RADIOACTIVE AND CHEMICALLY HAZARDOUS
WASTE AT THE OAK RIDGE GASEOUS DIFFUSION PLANT

S. T. Goodpasture
„_ >• Martin Marietta Energy Systems, Inc.
; > Oak Ridge, Tennessee

"5
; . j Clarence R. Kirkpatrick
c. ri Martin Marietta Energy Systems, Inc.
!••, ..> Oak Ridge, Tennessee

!-'• ;> At the Oak Ridge Gaseous Diffusion Plant (ORGDP), there are four sites that contain
. <r or will generate wastes that contain hazardous and radioactive constituents. These
J~ - wastes are known as mixed wastes. The ORGDP is pursuing the possibility of delisting
1 . • j the hazardous waste from the hazardous material regulations and treating them as low-
" 12 level radioactive wastes in accordance with the Department of Energy (DOE)

regulations.

The four candidates for delisting are the sludges from K - M 0 7 - B and C ponds, the
Central Neutralization Facility (CNF) sludges, Y-12 sludges processed through K-1232
and the Central Pollution Control Facility (CPCF), and the ash generated by the Toxic
Substances Control Act (TSCA)/Resource Conservation and Recovery Act (RCRA)
Incinerator.

Currently, the sludges from the K-1407-B and C ponds are being removed 2nd fixed in
concrete to stabilize the hazardous constituents. The K-1407-B and C ponds are used
by the O R G D P as holding and settling ponds for the plant's coal pile runoff water and
process and decontamination facilities. They are scheduled to be closed out by
November 8, 1988.

The process for solidification and/or stabilization of the sludge begins with the
dredging of the sludge from the ponds and being pumped to one of the sludge
treatment facility's (STF) agitated storage tanks and mixed. It is then transferred to a
concrete mixer where it is mixed with the prescribed amount of cement and fly ash
and transferred to a concrete truck. This truck transports the grout mixture to the
casting yard where it is poured into 89- or 96-gallon epoxy coated steel drums and
stored in an adjacent storage yard.

The objective is to stabilize the hazardous constituents in the sludge with the
concrete grout and thereby delist the solidified sludge. To accomplish the delisting,
there has to be a sampling and analysis plan that provides reliable and defensible data
that proves the hazardous constituents are indeed stabilized and incapable of harming
the environment.

A statistical sampling plan has been devised which provides for obtaining random
samples of the fresh concrete/sludge mixtures as the pond sludges are processed
through the STF. The sampling scheme is based upon the number of cement trucks or
batches and the number of drums from the selected trucks. A total of 60 trucks
(batches) will be sampled from each pond, with 30 to be used in the first-phase
analysis and the remaining 30 to be held in reserve. Analysis of the solidified sludge
includes compressive strength of the cured concrete mixture, Toxic Characteristic



Leaching Procedure (TCLP) (zero head space extraction/TCI.P extraction) for volatile
organic analysis, bases-neutrals-acids, and the Extraction Procedure (HP-Tox) for
herbicides, pesticides, EP-Tox metals and cyanides. To date, the analysis of the
solidified sludges have shown that the amount of leachable organics are below the
level of detection and the level of leachable metals are well belcw the state drinking
water standards.

The CNF is not scheduled to be operating until early FY 88. This facility will be
replacing the K-1407-B and C ponds. Since it will be generating the same type sludges
as the ponds, these sludges will be solidified in the same manner as '.he pond sludges
and delisted by the same method. The sampling scheme will be different, but the
sampling plan will still provide a randomized schedule, and the analysis will remain the
same.

As a result of the treatment of a variety of Y-12 Plant liquid process waste streams, a
large quantity of mixed waste sludge has been generated. The treatment of the waste
streams to produce the sludge first took place at ORGDP at the K-1232 facility.
Later, as the CPCF began operation, all the wastewater treatment was gradually
routed there. All the sludges produced at K-1232 and CPCF were drummed and are
now stored in a RCRA permitted facility at ORGDP. A research and development
project has been initiated which will use low temperature thermal separation to drive
off the organic hazardous portion of the sludge, leaving the radioactive residue and
remaining constituents to be fixed in concrete and therefore qualify for delisting.

Chem-Nuclear Systems, Inc., of Columbia, South Carolina, will be leading the Research
Development and Demonstration Project. The detoxification will be on-site at ORGDP
and will use a mobile demonstration-scale facility furnished by Chem-Nuclear. The
organics from the process can be incinerated or processed for disposal as a hazardous
waste. The remaining sludge will be stabilized at the demonstration site.

Ash from the TSCA/RCRA Incinerator possesses a different set of problems than the
mixed sludges. Since the incinerator will be receiving hazardous wastes from all the
DOE-Oak Ridge Operations sites, including Fernald and RMI, which consist of
constituents from all the F, D, and U wastes listings, it must be considered as a
Multiple Waste Treatment Facility. This means a more rigorous sampling and testing
strategy is required. The petition to delist the incinerator ash promises to be the
most difficult. The current plan is to prove to the Environmental Protection Agency
that since the incinerator will be operating at a minimum temperature of 1400°F and
have a minimum destruction capability of 99.99 percent, that all organics including all
Appendix VIII and IV constituents and oils and greases will be destroyed and not have
to have continual analysis. A precedence for this approach is given in the Eli Lilly
petition in the Federal Register, Vol. 50, No. 229, November 27, 1985, page 3895. This
will reduce the cost of analysis, resulting in a lower cost to the customer. The
incinerator is scheduled to begin operation in the spring of 1988 and as the sampling
and analysis plan is finalized, this petition will contain many statements to justify our
actions for delisting the ash.
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THE EFFECT OF BIOMONITORING REQUIREMENTS OH THE OPERATION
OF A BIOLOGICAL/CHEMICAL WASTEtfATER TREATMENT PROCESS

Paul A. Taylor , Keith Zabelsky, Rodney H. Kingrea

Oak Ridge Y-12 Plant*
Oak Ridge, Tennessee 37831

Arthur J Stewart
Environmental Sciences Division

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831

ABSTRACT

Nitrate containing wastewater at the Oak Ridge Y-12 Plant is biodenltrifled
in six large stirred-tank reactors, and then aerated to bio-oxidize any
remaining organics. After decanting from the settled solids, the water is
chemically treated and discharged. The Decant Treatment Facility (DTF)
consists of acidification to remove carbonates, precipitation with ferric
chloride, lime, and powdered activated carbon at a pH of 7.5-8.0, and
filtration. During startup of this process chemical and biomonitoring tests
showed that the process produced water that met the chemical requirements of
the NPDES permit; however, the biomonitoring results were unfavorable (LOEC
» 0.1%). Laboratory tests showed that increasing the pH of the
precipitation step to 10.0, followed by neutralization and final filtration
would significantly reduce the uraniun concentration and the toxicity of the
treated decant water. Parallel experiments examined the toxicity of the
primary chemical contaminants that were present in the treated effluent.
These tests showed that sodium, chloride, and sulfate were relatively
nontoxic (LOEC > 15mM); potassium, bicarbonate, and calcium were moderately
toxic (LOEC < lOmM); and lithium and uranium were quite toxic (LOEC < lmM).

Operated by Martin Marietta Energy Systems, Inc. for the
U.S. Department of Energy under Contract No. DE-AC05-84OR21400
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ThQ Decant Treatment Facility
Received an NPDES Permit
In May 1985

Used BflT Effluent Limits For
Metal Finishing Industry

Fl 1 so^ Required Instream
Biological Monitoring Studies

Find Effluent Toxicity Testing

TCMP Required If Effluent Is
Toxic Hbove Instream
Concentration
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Comparison of DTF Effluent
With NPDES Permit Limits

ParamQtQr Permit DTF (mg/L)

Silver 0.24 <0.06
Cadmium 0.26 <0.03
Chromium 1.71 0.14
CoppQr 2.07 0.11
NicKQl 2.38 0.48
Zinc 1.48 0.14
Uranium — 77

NOEC — <0.1%
InstrGam Cone. X



Increasing The pH To 10.0
During Procipitat ion GrQatly
Improved The DTF Effluent

Parameter

Si Ivor
Cadmium
Chromium
Copper
NicKel
Zinc
Uranium

NOLL

Oriqinal

<0T0
<0
0
0
0
0

11

03
14
11
48
14

Improved
(mg/L)
<0
<0
<0
0
0
0
1

0
03
10
04
50
10
5

VO

"*"' *~\ •3%
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Chemical

Na2SOA

NaCl

NaHCO3

KC1

CaCl2

LiNO3

Table 4. Biotest Results For Pure Chemicals

Concentration (mg/L)

Fecundity
NOEC

1510

1155

555

160

<305

<50

LOEC

2220

1650

920

960

305

50

Survival
NOEC

2970

1650

1290

160

<3O5

50

LOEC

4400

3300

2020

960

305

100
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INNOVATIVE TECHNOLOGIES
FOR HAZARDOUS WASTE TREATMENT

George J. Anastos, Ph.D., P.E., Roy F. Weston, Inc.
John W. Noland, P.E., Roy F. Weston, Inc.
Nancy P. McDevitt, Roy F. Weston, Inc.

Richard Williams, Ph.D., Roy F. Weston, Inc.

INTRODUCTION

The Superfund Amendments and Reauthorization Act
(SARA) has mandated the evaluation of innovative technolo-
gies to the end of accomplishing permanent non-land
disposal based remedial cleanup for uncontrolled hazar-
dous waste sites. Four such innovative technologies that
have been piloted by Roy F. Weston, Inc. (WESTON) and
subsequently implemented at multiple sites include:

• In-situ air stripping of volatile organic
compounds (VOCs) in soils;

• Low temperature thermal stripping of VOCs in
soils;

• Incineration of explosives and polychlorinated
biphenyl compounds in soils; and,

• Biodegradation of hazardous organic compounds.

WESTON has taken two of these technologies (i.e.,
low temperature thermal stripping and incineration)
further to the point that mobile treatment units are
available for cost effective implementation of the
technologies at multiple sites.

This paper describes the pi">ot-scale field demonstra-
tion of each of these technologies, as well as case
studies for implementation of e^ch of these technologies.

IN-SITU AIR STRIPPING

In-situ air stripping involves the removal of VOCs
from a soil matrix by mechanically drawing or venting air
through the unsaturated soil layer. The contaminated
soils are gradually remediated as the VOCs are stripped
from the soils, volatile compounds and soil moisture, aro
driven into the air phase within the soil pore spaces.

The movement of VOCs in the soil matrix is a function
of several physical/ chemical processes occurring on an
micro-scale, including: the partial pressures of the
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VOCs' partitioning and solubility of the VOCs in water;
and diffusivity of the VOCs in the air in the soil voids.
In general, diffusion should control VOCs integration
under static conditions. The mass of VOCs which could
exist in the soil pore volume will therefore be limited
by these diffusive characteristics. An equilibrium VOCs
concentration in the pores would then exist as long as
the contaminant source is present in the soil matrix.
Once a pressure head is established (pressure from
injection or extraction pipes), the driving force of
diffusion would be increased via the concentration
gradient as the air is replaced/ migrates through the
soil, and diffusion, as an affecting or controlling
factor, would be replaced by convection.

Under convection forces of in-situ air stripping,
diffusion may no longer limit the mass of VOCs migration
in the vadose zone and increased mass removal rates could
be possible. Since the vapor phase "concentration" of
the contaminant represents its partial pressure in the
soil pore volume, including a pressure head will increase
the concentration gradient by constantly replenishing the
air as it approaches equilibrium with the contaminant.
As the chemical equilibrium is approached in the vapor
phase, the air is actively transported through the soil
matrix via convection.

Pilot System Design and Operation for Air Stripping in
Soils

The experimental apparatus for the in-situ air
stripping pilot demonstration was comprised of pipe vents
and forced air ventilation system along with the necessary
control mechanisms to monitor and sample the air stripping
process. The primary VOC of interest at the pilot site
was trichloroethylene (TCE). The pilot demonstration
utilized a gas chromatograph equipped with a photoioniza-
tion detector (GC/PID) for on-line analysis of TCE in the
exhaust gases.

The general operation entailed continuous injection
and extraction of air through a series of pipe vents
installed in the unsaturated zone as well as the monitor-
ing, sampling, and analysis of the exhaust air. The
basic components of the air stripping system are
illustrated in Figure 1.

Previous soil sampling and analysis performed at the
site identified the likely presence of at least two
TCE-contaminated areas resulting from past solvent
dumping activities. Two separate air stripping systems
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1
2
3
4
5
6
7

Electric Air Flow Heater
Forced Draft Injection Fan
Injection Air Bypass Valve
Injection Air Sampling Port
Injection Air Flow Meter
Extraction Manifold
Injection Manifold

8
9

10
11
12
13
14

Slotted Vertical Extraction Vent Pipe (typ)
Slotted Vertical Injection Vent Pipe (typ)
Extraction Air Sampling Port
Extraction Air Flow Meter
Extraction Air Bypass Valve
Induced Draft Extraction Fan
Vapor Carbon Package Treatment Unit

Figurt 1 Schematic of pilot study apparatus.
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using a depth of 20 feet for the pipe vents were installed
at the two areas at the contaminated site. Each system
incorporated separate injection and extraction pipe
vents, manifold pipes, air blowers, and sampling and
monitoring equipment. Pilot System No. 1 was designed to
test air stripping of low-level TCE contamination identi-
fied in the soil of the smaller burn area (TCE soil
concentrations of 5-50 mg/kg). Pilot System No. 2 was
designed to investigate the air stripping technology
within the more highly contaminated area of a second burn
area (TCE soil concentration of 50-5,000 mg/kg).

Pilot Air Stripping Demonstration Results

Both in-situ air stripping pilot systems were
effective in consistently removing TCE and other VOCs
from the contaminated soils under investigation- Table 1
outlines the air stripping results for TCE from each
system.

In addition to analytical data relating to removal
performance, design basis data were obtained. These data
address the relationship between air pressure in the
soil, flow rate, and vacuum pressure (head) at the
blowers. This work serves as the basis for designing an
in-situ air stripping system for other types of sites and
site conditions.

Full Scale Implementation

WESTON has supervised design and implementation of
the in-situ air stripping of soils at three sites to date
and is currently testing this technology for possible
application at two other sites. The site and operations
conditions at each of these sites are described below.

The first site at which in-situ air stripping was
utilized for remediation occurred in New Jersey. A
propane tank spill had resulted in soil contamination and
the infiltration of propane into a subsurface structure.
Two extraction in-situ soil stripping wells were installed
to the water table (approximately 15 feet) and operated
for approximately two months. After one month, LEL of
extraction gases had reduced to less than 10 percent and
residents were allowed to return to their homes. After
the second month, the LEL decreased to zero. Off gases
were released to the atmosphere through a flare stack
during remediation. This work demonstrated the applicabil-
ity of this technology for remediation of certain fuel
spills.
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TABLE 1

COMPARISON OF TCE AIR STRIPPING RESULTS

PILOT SYSTEM NO. 1 RESULTS PILOT NO. 2 RESULTS

jDaily exhaust air TCE

(concentrations exhibited generally

|decreasing trends from a high

|range of 5-12 ppm early in the

[pi lot test to the low range of

|500-800 ppb at the end, over a

|three-month period.

I
Daily exhaust TCE concentrations j

remained essentially in the same j

range of 250-350 ppm during the |

pilot test over a three-month |

period. |

I
|TCE mass removal trends resembled

jan increasing exponential

(relationship with a cumulative TCE

|removal of about 1 kg from the

|residual soil contamination.

TCE mass removal rates resembled a

linear increasing relationship as

10-15 kg of TCE were removed each

day during the project. Nearly

730 kg of TCE were removed from

the highly contaminated soils.

|TCE removals of below 100 ppb in

|the exhaust air may have been

(achieved through continued system

(operation.

I

Similar TCE removal trends would (

have more than likely continued j

under further air stripping until (

TCE masses in the soil were |

significantly reduced. Only an |

estimated TO-20 percent of the TCE (

was removed from the soil during |

the short-term pilot test. |



206

The second site is in California. The release of
solvents from leaking underground tanks and the
associated piping system was discovered. This active
site required remediation in an active tank farm and
truck loading area which could not be taken out of ser-
vice. Remediation activities at this site were further
complicated because of subsurface conditions that
included clay layers. Subsequent remediation activities
at the site are utilizing higher vacuum pressures and the
use of wells completed at multiple depths to channel air
flows to contaminated soil zones above and below the clay
confining layer. Off gases from the treatment system
were discharged to a solvent recovery process unit at the
facility.

The third site was the site in the midwest at which
the original pilot demonstration study had been performed.
Two remediation systems were installed to cover four
acres and one acre, respectively. The initial remedia-
tion at these sites resulted in the following removals of
VOCs:

SYSTEM A

SYSTEM B

23,000 lbs. of total VOCs removed in the first
13 days.

4,400 lbs. of total VOCs removed day 1, fol-
lowed by a flow adjustment to only 10 percent
of the remediation area.*

800-1,000 lbs. per day of total VOCs continued
removal rate after day 13.

17,000 lbs. of total VOCs removed in the first
35 days.

1,200 lbs. of total VOCs removed daily for
three days followed by a flow adjustment to
only 65 percent of the remediation area.*

2 00-3 00 lbs. per day of total
removal rate after day 35.

VOCs continued

•Initial operations of these systems were throttled back
because of the quantities of VOC that were being released
to the atmosphere.

The two additional sites that are undergoing design
and piloting include two sites in Pennsylvania. One
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of the Pennsylvania pilot demonstrations started during
the early summer and involves the removal of chloroform
from soil and the other Pennsylvania site is in the
design phase for implementation this fall at a DOD
facility.

Conclusion

The innovative technology of in-situ air stripping
for the removal of VOCs from soils has proven itself in
pilot studies and full scale implementation. The techno-
logy is more cost effective than conventional technolo-
gies at $15-$25 per cubic yard of soil treated. This
cost could increase somewhat depending upon the VOC air
emission control required. In addition, the technology
can be utilized at active facilities and does not in-
crease in cost markedly for contamination removal at
great depths.

LOW TEMPERATURE THERMAL STRIPPING

The low temperature thermal stripping technology has
been demonstrated to be a feasible technology for remov-
ing VOCs (i.e., solvents, fuel oil, JP-4) from soil. The
technology has been demonstrated in both pilot and
bench-scale studies. For the pilot study, soils from the
site of a lagoon used previously for disposal of waste
organic liquids were targeted for .reatment.

The pilot-scale thermal processing equipment was
transportable and was delivered to the site on a single
flatbed truck. The entire system was installed and fully
operational within 10 days after delivery to the site.
Figure 2 is a general arrangement of the installed pilot
system.

During the 28 days of rigorous testing, more than
15,000 pounds of soil were processed. The four primary
elements of the testing program were excavation and
materials handling; thermal processing; sampling; and
analysis.

Excavation and Materials Handling

The VOC-contaminated soil was excavated by backhoa
from a site near the processing area. A portable gas
chromatograph was used to identify contaminated soils for
the test. VOC levels in the soils were as high as 32,000
ppm but typically averaged 4,000 ppm. Major contaminants
were trichloroethylene (TCE), 1,2-trans-dichloroethylene
(DCE), tetrachloroethylene (PCE), and xylene. Soils
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FIGURE 2 INSTALLED PILOT SYSTEM. THE PILOT SYSTEM WAS TRANSPORTABLE AND
WAS INSTALLED AND FULLY OPERATIONAL WITHIN 10 DAYS
ATTER DELIVERY TO THE SITE
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chosen for processing were placed in closed containers to
minimize release of contaminants prior to processing. The
soils were typically processed within several hours of
excavation.

Thermal Processing

The heart of the treatment system is the thermal
processor, an indirect heat exchanger that is used to
heat and consequently dry the contaminated soils. The
net effect of heating soils is to volatilize nhe organ-
ics. Once volatilized, the organics are destroyed in the
afterburner.

An indirect heat transfer fluid, in this case oil,
was used to heat the thermal processor. The hot oil was
not contaminated by the soil, and was recycled to obtain
maximum thermal efficiency.

The soil was conveyed from the feed end of the
thermal processor to the discharge end by the twin
screws. Both the screws and lihe screw conveyor trough
were heated by the circulating hot oil.

The continuous movement of the screws conveyed and
thoroughly mixed the VOC-contaminated soils. This inter-
mixing action caused break-up of soil lumps and allowed
soil particles to come into frequent contact with the
surfaces containing the circulating hot oil, providing
good heat transfer and soil/air interface.

For the pilot-scale system, the processed soil
discharged into a 55-gallon drum for containment and
storage.

The air entering the thermal processor was either
ambient or heated depending on test conditions. The air
containing the volatilized organics was sent to the
afterburner, for thermal destruction of VOCs.

The afterburner provided a residence time of greater
than two seconds at a minimum temperature of l,000°C to
ensure complete destruction of the organics. The VOC-
contaminated air served as the combustion air for the
burner flame. Therefore, the VOCs were exposed to the
high temperatures and turbulence within the flame vortex,
which ensured complete thermal destruction of the organ-
ics.
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Pilot Studies

The field demonstration program determined the VOC
contaminant removal efficiency under several varied
operating conditions, including:

• Soil discharge temperatures (50°C to 150°C).

• Soil residence times (30 minutes to 90 minutes)-

• Air inlet temperatures (ambient to 90 C).

Heating oil conditions (100°C to 300°C).

Analysis

A portable field gas chromatograph {GC) was used to
provide continuous real-time total VOC emission monitor-
ing in each of the three air discharge lines from the
thermal processor during actual testing- A mobile gas
chromatograph/mass spectrometer (GC/MS) was also utilized
at the site during one week of testing to provide addi-
tional qualitative and quantitative VOC data at the same
locations. All soil and air samples collected during
testing were analyzed using a gas chromatograph/mass
spectrometer (GC/MS) at WESTON's East Coast analytical
laboratory. These analyses provided complete and accu-
rate identification of all VOCs present in the samples-

The testing program consisted of 28 test runs in a
matrix format designed to facilitate statistical analysis
of the results. Analysis of the test data provided
important information regarding optimization of system
performance and development of full-scale design criter-
ia .

Results

Eighteen days of formal testing were completed
within 22 consecutive calendar days. During this period,
more than 10,000 pounds of contaminated soils were
processed.

Upon completion of formal testing, 10 additional
days of testing were conducted to optimize system perfor-
mance. During this period, more than 5,000 pounds of
contaminated soils were processed.

A comparison of the VOCs measured in the feed soil
to VOCs measured in the processed soil and stack gas
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yielded the following destruction and removal efficien-
cies (see Table 2):

• Greater- than 99.99 percent removal of VOCs was
evidenced in some soils,

• No VOCs were detected in the stack gas, indica-
ting a destruction and removal efficiency (DRE)
for the overall system of greater than 99.9
percent.

Stack emissions were in compliance with all Federal
and state regulations (including VOCs, HC1, carbon
monoxide (CO), and particulates).

After regulatory approval, the processed soils were
disposed of on-site as backfill.

Full Scale Implementation

WESTON has designed and constructed a mobile low
temperature thermal treatment system. A schematic of the
mobile system is shown on Figure 3. Excavated soil is
screened to a maximum soil topsize of one inch. This
classified soil is conveyed to the surge hopper and
automatically fed to the thermal processing system. The
system consists of two indirect heating thermal units in
a "piggyback" or series configuration. Each unit is
equipped with four screws which have an 18-inch diameter
and overall length of 20 feet. The capacity of the
system is 15,000 pounds of contaminated soil per hour
(based on 20 percent moisture content and one percent
VOCs). Design soil discharge temperature is 400 F.
Discharge soil is sprayed with water to increase the
moisture content and thereby minimize dust emissions
during handling activities. Moistened soil is conveyed
directly into a dump truck for transport and backfill.

Hot oil js used as the heating medium to increase
the soil temperature. A hot oil heater is used to heat
the oil to 64 0 F. Combustion off-gases from a burner are
used to heat the oil in the heater. The hot oil circu-
lates through the flights and shafts of each screw, as
well as the trough of the thermal unit. A portion of the
combustion off-gases from the oil heater are directed
through the thermal processing system to provide an inert
atmosphere in the unit (i.e., to avoid reaching the lower
explosive limit (LEL) of contaminants in air) and to
maintain a discharge air temperature of 280 F to avoid
formation of condensate.
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TABLE 2

SUMMARY OF SOIL VOC CONCENTRATIONS AND

MAXIMUM VOC REMOVAL EFFICIENCIES

1
1
| VOC

I

1
1
10 i chIoroethyIene
1
1
|Trichloroethylene
I
1
|Tetrachloroethylene
1
1
|Xytene*
I
1

|Other VOCs
I
1
|Total VOCs

1

FEED SOIL

AVERAGE

(ppm)

83

1,673

429

64

14

2,263

CONCENTRATIONS

MAXIMUM

(ppm)

470

19,000

2,500

380

88

22,438

MAXIMUM |

REMOVAL |

EFFICIENCY j

100% |

100% |

100% |

100% g

100% |

>99.99% |

*Xytene is not classified as a VOC since its boiling point is approximately

140 C. However, it was included in this study to evaluate the effectiveness

of this technology on higher boiling point semi•volatile compounds.
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Processor off-gases consisting of water vapor, VOCs,
and heater off-gases are passed through a fabric filter
(or baghouse) to reduce particulate emissions to less
than 0.08 grains per dry standard cubic foot (corrected
to 12 percent carbon dioxide). Particulate catch is
returned to the surge hopper for treatment. Discharge
gases enter a condenser which knocks out and cools the
waters to approximately 140 F. The effluent stream is
directed through a gas/liquid raparator. The gas frac-
tion is drawn through an induced draft fan and directed
to an afterburner which provides a minimum residence time
of 2 seconds and a temperature of 1,000 C. Treated gases
are discharged to the atmosphere.

Liquid from the separator is further treated to
remove any oil present in the stream. The oil fraction
is collected in a 55-gallon drum for off-site treatment/
disposal. The water fraction is directed through a
series of carbon adsorption units which remove any
contaminants in the liquid. A monitor (i.e., total
hydrocarbon meter) samples a portion of the. liquid from
the first carbon adsorption unit to detect breakthrough.
In the event of breakthrough, the first unit is bypassed
and replaced. The treated water is collected and sprayed
onto the treated soils for cooling and dust control.

Conclusion

The concept of low temperature thermal stripping for
removal of various organic compounds from soil has been
demonstrated in pilot and benchscale applications. The
technology is more cost-effective than standard incinera-
tion. A range of costs for the mobile unit is from
approximately $50 per ton (60,000 ton site) to $200 per
ton (1,000 ton site). As shown, the costs are dependent
on the size of the site.

In addition, WESTON has developed a bench-scale
testing system to assess the effectiveness of tha techno-
logy on actual contaminated soils.

INCINERATION

WESTON developed and implemented a program to demon-
strate the effectiveness of rotary kiln incineration in
decontaminating explosives-contaminated soils. A major
innovation of this project was the decision to use a
"transportable" incinerator (i.e., equipment disassem-
bled, loaded on trucks, shipped to the test site, and
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reassembled) as opposed to a "mobile" incinerator (i.e.,
truck mounted) or shipment of the contaminated soils to a
commercial facility-
Soil Characterization/Reactivity Testing

In order to maximize the usefulness of the results
of the project, it was decided to test contaminated
lagoon soils from two separate sites with widely varying
characteristics (see Table 3) .

The contaminated lagoon soils are hazardous because
they exhibit the characteristic of reactivity (i.e.,
potential for detonation or explosion). Testing conduc-
ted at Allegheny Ballistics Laboratory (ABL) in Cumber-
land, Maryland confirmed that the lagoon soils are
reactive and that special precautions were required in
developing materials handling procedures and equipment
design.

Development of Detailed Test Plan/Safety Plan

In order to provide for meaningful evaluation of the
incineration test results, a test plan was developed and
key parameters were selected to be controlled and held at
various levels during the testing. These key parameters
were: soil feed rate, temperature in the primary combus-
tion chamber, and temperature in the secondary combustion
chamber.

These key parameters were selected since they
directly relate to the economics of incineration (i.e.,
how much can be burned, how quickly it can be burned, and
how much fuel is required).

Other test variables were held constant to the
extent possible. Test variables that could not be held
constant were measured during the test as illustrated in
the test plan schematic diagram (Figure 4).

Environmental Permitting

Recognizing the importance of Federal and state
environmental concerns, the IECS project was structured
to be fully responsive to the requirements of the Resource
Conservation and Recovery Act (RCRA) of 1976 and the
Illinois Air Pollution and Hazardous Waste Management
Regulations.
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TABLE 3

CHARACTERISTICS OF EXPLOSIVES CONTAMINATED SOILS

] DESCRIPTION SOIL TYPE "A" SOIL TYPE "B"

fSoi t Matrix Sand Clay

I
(Moisture Content 12-26% 25-30%

I
|Ash Content (as received) 44-83% 54-66%

I
(Explosives Content (dry basis)

I
|- TNT 9-41% 5-14%

I
| - RDX <0.02% 3-10%

I
|- HMX Hot Detected 0.6-1.4%

I
I- Other <0.03% <0.QtX

|Total Explosives 9-41% 10-22%

I
|Heating Value 50-2,400 Btu/lb 600-1,200 8tu/lb
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Incineration Testing

Nineteen daily tests were completed in 20 consecu-
tive calendar days with no time lost due either to
incineration or sampling equipment failure. Table 4
provides a summary of the test conditions for each of the
19 runs. Since explosive contaminated soils had never
been incinerated before, a preliminary test run (Test Run
No. 1) was conducted at the proposed maximum feed rate
(500 pounds per hour) and proposed minimum primary kiln
temperature (8 00°F) to see if explosives breakthrough
would occur in the stack gas. No explosives were detec-
ted in the stack gas, however, explosives were detected
in the kiln ash, fabric filter ash, and in the flus gas
entering the secondary chamber. Therefore, subsequent
test runs were conducted at lower feed rates and higher
primary kiln temperatures to ensure that explosives would
not be emitted to the environment.

After the formal testing was completed, an addition-
al 25,000 pounds of lagoon solid were incinerated (64
actual hours of incinerating soils). The objectives of
burning the additional lagoon soils were two-fold:

• Thermally treat all lagoon soils that had been
excavated but not required during the normal
testing.

• Determine the operational characteristics of
the incinerator system under a long-term,
steady-state production mode of operation.

Results

The IECS test project was extremely successful as
demonstrated by the following results:

• It was demonstrated that a "transportable"
incineration system could be assembled, trans-
ported approximately 1,000 miles, be reassem-
bled, and fully operational within two weeks.

• Nineteen days of formal testing were compleced
within 20 consecutive calendar days with no
lost tine due to equipment failure.

• An additional six days of operation were
performed at steady-state conditions with no
downtime due to equipment failure or malfunc-
tion.
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TABLE 4

DEFINITION OF TEST MATRICES AND SUMMARY OF CONTROLLED PROCESS VARIABLES

!

1
TEST

| RUN NO.

1

3

1 15

2

5

8

10

14

12

7

19

17

'3
16

6

9 I
11 |

C
O

 
II

| TEST

| DATE

| 9/19

9/21

10/4

9/20

9/23

9/27

9/22

9/29

10/3

10/1

9/26

10/8

10/6

10/2

10/5

9/24

9/28

9/30

10/7

I
!
I
I

I
i
1

1
1
1
1
1
i
!
1
1
i

1
1
1
1
1
1
1
1
1
1

MATRIX

NUMBER

0-1

1-1

1-2
1-3

1-4

1-5

1-6
1-7

1-8

1-9

2-1

2-2

2-3

2-4
2-5

2-6

2-7
2-8
2-9

I
1
1
1

1
J
1

1
1
1
I
I
1
1
!
1
j

1
1
1
I

1

1
1
1
1
1
i

SOIL

FEED RATE

(Ib/hr)

500

30C

350

400

300

350

400

300

350

400

300

350

400

300
350

400

300

350
400

| PRIMARY KILN

TEMPERATURE

| (°F)

| 800

1200

1200

1200

1400

1400

1400

1600

1600

1600

1200

1200

1200

1400

1400

1400

1600

1600

1600

| SECONDARY

| CHAMBER

| TEMPERATURE

| (»F)

1400
i

1

| 1600
| 1600

1 1600

1800

1800

1800

2000

2000

2000

1600

1600

1600

1800

1300

1800 |

2000 |

2000 |

2000 |

| SOIL |

j TYPE

| (A OR B)

1 A |

A |

A |

A |

A |

A |

A |

A |

A |

A |

B j

B j

B |

B |

B |

B |

B |

B |

B |
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• An explosives destruction efficiency of greater
than 99.99 percent in the primary kiln ash.

• An explosives destruction efficiency of greater
than 99.9999+ percent in the fabric filter ash.

• No detectable explosives in the stack gas.
Therefore, an overall destruction and removal
efficiency (DRE) of 100 percent.

• Stack emissions were in compliance with all
Federal and state regulations including:

Sulfur dioxide (SO ).
Hydrogen chloride (HC1).
Oxides of nitrogen (NO ).
Carbon monoxide (CO).

- Particulates.

• Ash residues are not hazardous due to the
characteristic of EP toxicity or any other
criteria, and application has been made to the
Illinois EPA to land apply the ash residues in
an area adjacent to the incineration test site.

Full Scale Implementation

WESTON has designed a full scale transportable
incineration system (TIS) to treat soils contaminated
with polychiorinated biphenyls (PCBs). The TIS employs a
two-stage combustion process for incineration of wastes.
The primary incineration chamber consists of a rotary
kiln; the secondary combustion chamber consists of a
vertical afterburner.

Flue gas exiting the afterburner is further treated, by a
pollution control system that removes particulate and
neutralizes acidic gases. The innocuous flue gas is dis-
charged to the atmosphere. The TTDU is designed to
accommodate 12,000 pounds per hour (lb/hr) of soil on a
wet basis. The TTDU is designed to meet the Toxic
Substances Control Act (TSCA) incinerator performance
standards specified in Chapter 40 of the Code of Federal
Regulations, Part 761.70(b) (40 CFR 761.70(b)).

Permit Requirements

Three permits are required for operations at the
Lauder Salvage Yard:

1. U.S. Environmental Protection Agency (EPA)
National TSCA Permit.
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2. IEPA Division of Land Pollution Control Permit
to Develop a Treatment Facility.

3. IEPA Division of Air Pollution Control Permit
to Construct and Permit to Operate.

The TIS will be one of the first full-scale trans-
portable incineration systems in the country to receive a
national TSCA permit valid in any EPA region. Acquisi-
tion of this permit will avoid the redundancy associated
with repermitting the unit as it moves from region to
region.

Process Description

A schematic of the process flow diagram is shown on
Figure 5.

The TIS has the capability to process solid wastes.
Classified soil (i.e., less than 2 inches in diameter) is
introduced into the solid waste feed system by a frontend
loader. The solid waste feed system is designed to
accommodate 12,000 lb/hr of soil (wet basis).

The rotary kiln is a rotating cylindrical steel
shell, refractory lined, mounted at a slight incline from
the horizontal plane. The rotation provides for the
movement of the feed material through the kiln, as well
as for the mixing of material with combustion air. A
burner is mounted above the feed inlet. The burner flame
is concurrent with the movement of the feed material. A
photograph of the rotary kiln taken during fabrication is
shown on Figure 6.

The rotary kiln is designed to provide a minimum of
30 minutes' soil retention time. The kiln is designed to
dry and heat the feed material to 1,800 F; however, lower
operating temperatures may be required to avoid material
slagging. The actual operating temperature will be
selected to ensure that the ash contains less than 2 ppm
per resolvable chromatographic peak in the PCB retention
window and 5 ppm total PCBs (actual operating temperature
will be established during the demonstration trial burn).
Natural gas or propane will be used to fuel the incinera-
tor; however, future modifications may include conversion
to fuel oil.

The heated ash discharging the rotary kiln is cooled
to 300 F with conditioning water sprays and deposited
into watertight dumpsters (approximately 12-cu yd capa-
city) .
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FIGURE 6 PHOTOGRAPH OF THE ROTARY KILN DURING FABRICATION
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Exhaust gases from the rotary kiln pass through a

secondary combustion chamber (afterburner). This chamber
is a stationary, vertically mounted, cylindrical, refrac-
tory-lined steel shall. Its burner is horizontally
mounted, perpendicular to the movement of the waste. The
chamber is designed to provide a minimum gas retention
time of 2 seconds. Natural gas or propane is used to
heat gases in the secondary combustion chamber to a
minimum temperature of 2,100 F. Future modifications may
include conversion to fuel oil. A photograph of the
secondary combustion chamber taken during fabrication is
shown on Figure 7.

Overhead gases from the secondary combustion chamber
are cooled to 1,000 F by a water spray in the spray
tower. Particulate fallout is directed by a screw
conveyor to the ash collection system.

Discharge gases from the spray tower are directed
through two heat exchangers that operate in series to
reduce the temperature of the flue gas to approximately
500 F. The first heat exchanger preheats combustion air
from ambient conditions to 700 F and cools the flue gas
to approximately 800 F. The second heat exchanger (waste
heat exchanger) further cools the flue gas down to 500 F.
Particulate fallout is conveyed to the ash collection
system.

Exhaust gases enter the baghouse for particulate
removal. The baghouse is designed to handle 22,000 actual
cubic feet per minute (acfm) of flue gas. The maximum
emission level is 0.08 grains per dry standard cubic foot
(dscf) (corrected to 12 percent carbon dioxide). Gases
discharging the baghouse are directed to the scrubber for
HCl/acid gas conversion.

The flue gas is scrubbed with a caustic solution to
neutralize the acidic gas component (HCl). The scrubber
liquor (i.e., water and salts generated upon combination
of acid and caustic) are collected for on-site treatment
and reuse. Scrubber blowdown water is filtered and used
as system makeup water for ash cooling and dust control.
Scrubber gases are directed to the stack for atmospheric
discharge.

Figures 8 and 9 are photographs of the installed TIS
at the Lauder Salvage Yard site.



FIGURE 7 PHOTOGRAPH OF THE SECONDARY COMBUSTION CHAMBER DURING FABRICATION



FIGURE 8 INSTALLED TIS AT THE LAUDER SALVAGE YARD SITE - VIEW 1



FIGURE 9 INSTALLED TIS AT THE LAUDER SALVAGE YARD SITE - VIEW 2
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Conclusion

The incineration of hazardous waste is an effective
state-of-the-art treatment technology. Transportable
incineration systems (where the treatment systems are
taken to the waste) have now been successfully demonstra-
ted in both pilot-scale and full scale applications.
This innovative approach offers the very significant
advantage of avoiding the off-site transportation of the
hazardous wastes to a commercial incineration facility or
landfill. This technology is highly efficient for
thermal destruction of organic hazardous wastes including
PCBs and Dioxin. The costs are site specific and depen-
dent upon the type and quantity of waste at the site.
For the Illinois EPA PCB-contaminated soil project
described previously, the costs are approximately $250
per ton of soil processed.

BIODEGRADATION OF HAZARDOUS ORGANIC COMPOUNDS

Introduction

Bioreclamation and bioremediation are terms that
describe the remedial action process of using microorgan-
isms to biodegrade contaminants. Bioreclamation relies
on these microorganisms to catalyze the transformation of
contaminants to intermediates and/or innocuous end
products such as carbon dioxide and water. The basic
requirements for successful bioreclamation are the
presence of microbes capable of degrading the specific
contaminants, a suitable environment for microbial
activity, contact between microbes and contaminants, and
an engineering design and management plan for maintaining
biotransformation activity.

Many factors affect the rate and extent of biotrans-
formation, including temperature; pH; aeration; moisture;
the number and activity of microorganisms present; the
concentration of the substrate (contaminant); the pre-
sence of microbial toxicants, nutrients, and supplemen-
tary substrates; and the availability of electron accep-
tors. Some of these factors can be optimized with
in-situ or on-site treatment systems to increase the rate
and extent of transformation.

Bioreclamation is generally considered to offer the
following advantages:

• Wastes can be treated on-site.

• Site disruption is kept to a minimum.
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• Wastes are permanently degraded.

• Degradation is faster than treatment by air
stripping or carbon adsorption.

• Lower costs than other treatment methods.

• Bioreclamation can be integrated with other
methods.

The microorganisms used to transform contaminants
may be either stimulated (oxygen, nutrients, cometabolic
substrates, pH adjustment, etc.) natural or supplementary
organisms. Supplementary microbes include commercial
preparations, optimized isolates from the site, engineered
organisms (classical or genetic engineering), and the
total indigenous population (grown and added back to the
site).

Contaminants in surface -soils are generally treated
by land farming or composting. Subsurface soils may be
leached using injection/extraction wells, with the
leachate then being treated at the surface (see
Figure 10). Alternately, subsurface soils may be
excavated and treated by land farm or biological slurry.
Contaminants in surface water may be biologically treated
in lagoons. Subsurface waters may be biologically
treated on-site following extraction or treated in-situ
by injecting growth enhancing factors such as mineral
nutrients and oxygen.

The site-specific nature of contamination problems
and physiochemical conditions generally requires that the
above management parameters be adjusted for each site.
This requires bench and pilot studies to define optimum
conditions.

Case Studies

WESTON is currently involved in several bench and
pilot-scale bioremediation projects. A brief overview of
several of these projects is provided below:

• Polynuclear aromatic hydrocarbon contaminated
soils.

Bench-scale development is underway for two
sites. For Site A, both land farming and
biological slurry treatment systems are being
modeled. For Site B, an injection/extraction
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system is being modeled as well as land farm-
ing. For each site, the parameters controlling
microbial activity are being examined. Data
will be utilized to obtain and maintain maximal
transformation of contaminants. In addition,
test data is being utilized to identify the
most efficient engineering design.

• Benzenehexachloride (BHC) contaminated soil.

Production of the insecticide lindane (gamma-
BHC) has resulted in soil contamination at an
industrial site. Bench and pilot-scale studies
are being prepared to test the anaerobic
dechlorination capacity of microorganisms. If
anaerobic microorganisms can effectively remove
the chlorine from the aromatic ring, then it is
expected that complete degradation can be
achieved by a final aerobic degradation phase.

In addition to the foregoing, several confidential
projects are being conducted in the areas of composition,
land farming, and ground water treatment.



233 •K -

A Chemical Waste Management Methodology:

Development of an Expert System for Process Selection

Presented by:

Juan J. Ferrada, University of Tennessee



235
A Chemical Waste Management Methodology: Development of an

Expert System for Process Selection

ABSTRACT

A methodology utilizing an Expert Artificial Intelligence System for the

selection of technologies, and consultation with a panei of experts '"or ranking of

the technologies is developed for the solution of many hazardous waste problems.

The general methodology is briefly described as well as the selected computer-

aided expert system. An important phase of the methodology involved the

interaction with a panel of experts to account for the socal and political impacts

of the solutions, in addition to the economic and technical aspects. This phase is

analyzed in detail and our results are presented. The methodology is applied to

an existing problem in the pesticide industry.
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A CHHMICAL WASTH MANAGEMKNT MKTHODOLGGY: DHVKLOPMHNT Ol'
AN HXPKRT SYSTKM I'OR PROCKSS SKLKCTION - Juan J. Ferrada, University
of Tennessee. Knoxville, Tennessee and the University of Santiago of Chile; John
M. Holmes, University of Tennessee, Knoxville, Tennessee.

I.. Introduction

This paper describes a methodological procedure to address prob!en,s of waste
management. The procedure proposes the necessary steps to obtain a ranking of
viable solutions that takes into account not only their technical and economic
feasibility but social and political viability as weil.

The general methodology is briefly described as well as the selected computer-
aided expert system. The main emphasis of this presentation is related to one of
the stages of the proposed methodology; that is the interaction with a panel of
experts to ascertain the social and political impacts of the solutions in addition
to the economic and technical aspects.

Development of the Methodology

Five different methological stages or phases have been defined for utilizing the
procedures developed during this study. Figure 1 illustrated each one of these
phases and its main constituents. What follows is an explanation of the different
phases.

H. Phase One: Information Base Development

The identification of the waste problem requires the construction of an extensive
information base. This information is crucial to establishing the success of the
procedure. Several steps are necessary in order to construct a data base during
this phase.

The first step involves the determination of the physical and chemical nature of
the waste stream. Exact knowledge of the flow rate and the constituents of the
waste stream as well as the concentration of the chemicals in the stream is
extremely important for application of the expert (artificial intelligence)
program utilized in the next phase. Variations in concentrations and flow rate
may occur for which criteria have to be specified in order to determine the
proper ranges of values for these parameters.

The second step within this first phase is related to the acquisition of data
concerning the actual disposal system that the company is currently utilizing.
Information on the capacity and the technical characteristics of the actual
current disposal system, if available, should be provided in case it represents a
viable alternative.

The third step is related to the regulatory assessment that will help specify the
scope of the problem. In addition to the existing regulations the potential for
new regulations, should also be assessed.
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III. Phase Two: Hxpert System Deveiopment

The first step in phase two of the methodology is related to the analysis of all
the possible technologies that could eliminate or mitigate the waste problem.
For this study, a problem in a specific industrial sector was selected. The
particular sample problem involved waste disposal from a nearby pesticide
industrial facility. However, the methodology can be expanded to other
industrial sectors in a similar manner.

The technologies considered for the pesticide industrial problem selected were:
activated sludge, activated carbon, ion exchange, reverse osmosis,
electrodialysis, crystallization by evaporation, filtration, oxidation, air stripping
and several combinations of these unit operations as process trains.

A computer program for the design and economic data base was developed based
upon EPA design manuals, Chemical Engineering Handbooks, specific design
textbooks, and direct consultation with the equipment vendors. The concept of a
general computer program required that it be called by the expert program
described in the next step in order to furnish information to be used as the basis
for the selection of alternative processing technologies.

The second step of this second phase of the methodology involved the
construction of an Expert System. The information gathered concerning the
technical aspects of each alternative constitutes a large data bank. Many
specific rules for plant design have been addressed and several different
estimating methods for the operational and investment cost were involved. A
set of technical rules were applied in order to discard less viable technologies
when these alternatives were not suitable based upon the particular
characteristics of the specific waste stream.

The expert shell selected to prepare an expert system for the selection of the
technical alternatives was the IBM Expert System Environment {IBM ESE). The
reasons for selecting this software package were:

1. The selection of viable alternatives was not the only purpose for the
preparation of the expert system. Another criterion was related to
the capability for bringing additional information into the consultation
environment from external sources. The ESS program had this
capability.

2. Technical assistance was provided by IBM during unexpected
difficulties.

3. The fact that the interface program between the expert environment
and the external source program (written in Fortran), had to be
written in PASCAL made this alternative very attractive. PASCAL is
a programming language that is used extensively for many engineering
purposes.

4. The installation of the expert package on the maan UTCC computer
paralleled the preparation of this expert system project; consequently,
timely technical assistance was available.
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5. The IBM system worked with parameters and rules that were not
difficult to formulate during the development of the logic for the
selection procedure. The heuristic reasoning process was clear and
straightforward.

The determination of basic Parameters was crucial to establishing a logical
procedure for obtaining different alternatives according to the various inputs.
The industrial sector used as an example of the alternative selection
methodology is the pesticide industry. The basic Parameters directly related to
this sector were inorganic material concentration and BOD5. The inorganic
material concentration was one of the main inputs that determined the various
viable alternatives and the BOD5 concentration was a second important data
point that initialized the search for viable solutions to the waste problem.

Figure 2 shows a diagram of the direction the search for alternatives takes based
on the initial data. For values of inorganic material concentration above 100,000
ppm the viable alternatives are crystallization, incineration or deep well
injection. If the concentration of inorganic material is less than 100,000 ppm
and the concentration of BOD5 is less than 5,000 ppm the alternatives can be
determined by the process train of the branch 2 of Figure 2. If the concentration
of BOD5 is between 5,000 and 50,000 ppm the viable alternatives are considered
in branch 3 of Figure 2.

The alternatives selected for the pes-ticide case by the expert program are shown
in Figure 3. The investment cost as well as the disposal cost are also indicated
in Figure 3. These alternatives were used in Phase Three of the methodology.

IV. Phase Three of the Methodology? Interaction with the Panel
of Experts

Phase Two of the general methodology selected the viable alternatives for each
specific case by consulting the expert program. These technical alternatives
were examined using factors relevant to the selection procedure. These factors
addressed the various aspects a decision maker should bear in mind before he or
she reaches a final decision. The technical, economic, social and political
implications of the selected decision must be covered by these factors. At the
same time, the factors should explore not only the managerial aspects of the
problem but also the interests of the community that will receive the benefits or
drawbacks of a particular decision.

ft is clear, however, that on many occasions the interests of the management
will not be the same as those of the local community. It is a well proven faet
that the company managers will usually make decisions using a cost effective
criteria. In other words, the managers will optimize the technology financially
by considering a minimum cost. On the other side, the community interests may
be divided among those who would prefer to see a complete shutdown of a plant
in order to establish a clean environment on one extreme, and those who do not
care about long term environmental repercussions as long as their economic
support is safe, on the other extreme. There will also be those in between who
would weigh the impacts of a decision along with all aspects of the community
interests.
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Other procata alternative for this waste it inject tha liquid
wasta by means of a Deep wall injection system
Tha capital cost it

t 950000
Tha operating cost for tha procas* I*

$/year 176954
(Plaata, press tha key RETURN to continue tha consultation)

Summary of Alternatives

Alternative

crystallizer
Final Disp: Solidif in situ
Final Oisp: Solidif in drums
Total Cost find, in situ)
Total Cost (incl. in drums)

Carbon Ads. plot Crystal!.
Infra. Furnace
Final Oisp: Solidif in situ
Final Oisp: Solidif in drums
Total Cost (incl. in situ)
Total Cost (incl. in drums)

incinerator
Final Oisp: Silidif in situ
Final Disp: Solidif in drums
Total Cost (inc. in situ)
Total Cost (incl. in drums)

Cap. Cost
$

2218478

2269812
2063419

7292450

Operat. Costs Equiv. Costs
*/year

288741
276252

2210018

343472
802576

276252
2210018

436953
276252

2210018

t/year

564993
2498759

343472
802576

1422300
3356066

436953

713205
2646971

deep wetl injection 960000 178954 176954

Figure 3- Summary of alternatives given by the Expert
Program for the Pesticide Sample Case.
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The company should consider al! the viable solutions to solve its waste problem,
no matter how expensive those solutions might be. The panel of experts must be
able to balance the high cost solutions (having a low or zero of risk damage)
against the low cost solution with a higher risk of damage to the community.
The panel of experts must consider, for example, that a prohibitively expensive
solution to the problem could result in closing of the plant, bringing as a result a
social problem for those who depend economically on it. On the other hand, the
panel of experts should realize that a low cost solution (a short term solution) to
the waste problem could place a heavy burden on the community if life is
threatened as a result of the long term effects of the solution.

As a general postulate, human life is irreplaceable, and the right to living in
freedom must be granted by exhausting all the possibilities for preserving that
right. Economic reasons (minimum costs) might not be as important a factor as
might be thought if they signify poor conditions of life for the remainder of the
community. However, the entire community could be willing to settle for an
intermediate (in terms of costs) solution, even though it might signify certain
kinds of risks in the Jong term. This might be acceptable if the risks were not
well defined for the intermediate solution and the community was willing to
accept them for some ulterior period of evaluation.

Ail these considerations should be addressed in a documented manner. The
factors or attributes indicated in the matrix-type-of-questionnaire to be
presented to the panel of experts must focus on the issues described above. An
appropriate definition of these attributes is crucial to clearly explaining the
impacts of the social, political, and economic factors during selection of
preferred waste management technologies. If properly selected, the technical
alternatives will eventually solve the problems of handling chemical wastes with
a minimum of negative impact on the environment and local communities.

Attributes and Subattributes

The considerations described above along with the search of the cited and
personal communications with professionals involved in the waste management
field, enabled the definition o*" five main attributes:

A. Performance
B. Environmental Impact
C. Social/Political Impact
D. Economic Aspects
E. Disposal Aspects

However, these attributes cannot fully define the spectrum of possible criteria
that will impact all the alternatives. Each main attribute must be disaggregated
into several subattributes in such a manner that each main attribute is
completely assessed. The subattributes complement the definitions of the main
attribute.

As an example, we will describe the subattributes of the main attribute
"Performance."
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The question that introduces Performance is "Does this technology perform
positively or negatively with respect to the following subattributes?" The
following subattributes complement this attribute:

Al. Waste Volume Reduction. The performance of the specific technology with
respect to the amount of waste volume reuction is of great interest, particularly
for the selection of final disposal methods.

A2. Hazard Reduction. The performance of the specific technology is primarily
foeussed towards this issue.

A3. Operation Safety. This subattribute is mainly related to the safety of the
plan operator. It will respond to the question: "How safe is this technology to
operate?"

A4. Kase of Operation/Reliability. The technology must perform well under all
circumstances. Ease in the operation is preferred. The technology has to be
well known to make it reliable.

A5. Flexibility. Future expansions are a normal concern for a chemical plant.
Consequently, the flexibility of the technology to accept the expansion is of high
interest.

A6. Risk (Technical). The concern here is how well a particular technology
would perform in the eventuality of an accident produced by a natural
phenomenon (earthquake, flood) or other causes (fire, for example). If the plant
is affected, would this produce any harmful effects on the community?

A7. Risk (Regulations). Waste management regulations are increasing quite
rapidly. A viable alternative today might be banned in the future. Judgement
concerning regulations trend is required to answer this concern.

A8. Nuisance to Local Community. The technology may perform adequately for
eliminating the main cause of concern, but it may create additional undesirable
by-products of lesser pollutant strength that are nevertheless annoying to the
community.

Preparation of Matrix-Type-of-Questionnaire for the Panel of Experts

The main attributes and their subattributes have been incorporated into a
matrix-type-of-questionnaire as the first column. The various viable
alternatives are placed in the first row. For example, attribute C,
Social/Political, is shown in Figure 4.

The second column is related to weighting factor assessment. In this column the
expert is asked to assign a relative weight to each main attribute with respect to
the other main attributes in the consultation matrix. The general concept is that
the summation of the main attribute A, B, C, D, and E should add to 100. This is
extended to the subattributes, but the sum of the subattributes weighting factors
under each main attribute must equal the value of its respective main attribute.

The third, fourth, and the following columns comprise the viable alternatives
obtained from the Phase 2 of the methodology. Each viable alternative occupies
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Prime Attribute
C : SOCIAL/
POLfTlCAL

Does thii technology
affect positively or
negatively the follow-
ing subattributes?

Subattribute Cl
HEALTH OP NEARBY
POPULATION AND/OR
OPERATORS

Subattribute C2
EMPLOYMENT
(Will this technology
generate more local
employment?)

Subattribute C3
POLITICAL
CONTROVERSY
(Assuming acceptance
of this technology, Is
it likely to affect tht
political future of the
leaders that approve
the permit?)

Subattribute C4
COMMUNITY LAND
VALUE
(Will this technology
tend to reduce the
property values in
the vicinity of:

C«A i Site

C«B t Final Disposal
Sits

Subattribute C J
PUBLIC ACCEPTANCE
(Will this technology
tend to impact the
long-term public
acceptance of the
plant?)

Weighting Factor*

Total (or the Prime
Attribute

v///,
RANKING FACTORS

Alternative 1

ROTARY K1LI>

7ZZ
Alternative 2

CRYSTALLIZES

v//,
Alternative }•
DEEP WELL
INJECTION

V/,
Alternative*
CARBON ADSORPTION
P U B CRYSTALLOW

Figure k. Attribute C, Social/Political Impact.
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one column in this second set. The experts relate each one of the column
alternatives to each one of the row attributes. The experts estimate the impact
of each technology on each subattribute using values within a ranking factor
range or 1 to - 1 .

A value of 1 indicates a totally positive impact on its respective subattribute.
A value of -1 will indicate a complete negative impact of the technology on the
corresponding subattribute. The range of ranking factors from 1 to-1 gives a
belter perspective to the positiveness or the negativeness of the ranking
procedure than a range of, let's say, 0 to +1 or G to 10. A value of 0 indicates
a neutral impact of technology on the corresponding attribute.

Additional Information for the Panel of Experts

Once the questionnaire matrix preparation was ready, it was attached to a
consultation document and forwarded to each one of the participants on the
panel of experts. This consultation document included a brief description of the
specific problem specifying the concentration of the different pollutants in the
waste stream, and any other pertinent information that could help the expert in
making an informed judgement. The document also provided information
showing relevant characteristics of the alternatives, including information about
advantages and disadvantages, final disposal methods, investments and operating
costs, and finai disposal cost estimates. This information can be of value,
particularly to a social scientist, the general public, and participants in the panel
who are not very familiar with many of the technical details concerning the
alternatives. The document also included an explanation on how to answer the
questionnaire together with the consultation matrix.

V. Phase Four: Analysis of Scores

The ranking matrices were collected from the panel of experts and analyzed
mathematically. Two general types of aggregated matrices were considered.
One included the ranking factors exclusively, and the other considered modified
ranking factors obtained by the products of each weighting factor and its
appropriate ranking factor. A final aggregated matrix was prepared and several
comparison methods can be applied.

Results of the Weighting Factors

The weighting factors for the main attribute and the corresponding subaltribules
established by the panel of experts are presented in Table 1.

Figure 5 presents a dispersion of weighting factors values around the average
value for each main attribute. It is observed that although there are differences
of opinion with respect to the specific weighting factor, the average value
represents a conservative estimate that could very well represent a compromise
value.

Results of the Ranking Factors

Figure 6 presents an example of the dispersion values of the ranking factors
around the average value for the deep well injection process alternative. Five
subattributes were selected to make the analysis. Health of nearby
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population/operators, water quality on site, hazard reduction, operational cost
and long term exposure were chosen because they attained the highest weighting
factor values compared to the other subattributes under each respective main
attribute.

Figure 6(a) presents the ranking factors for deep well injection under the
subattribule "hazard reduction." Even though the average value is negative
there is polarization among experts. About 5 experts recommended a negative
impact of the technology and about 5 experts recommended a positive impact of
the technology on the subattribute. Figure 6(b) presents the ranking factors
obtained by the subattribute "water quality on site." The average value
represents a global negative impact, and most of the experts coincide with this
appreciation. Figure 6(c) presents the ranking factors obtained by the
subattribute "health of nearby population/operators." The average value
represents global negative aspects, even though there were 3 experts that ranked
this alternative as positive. Figure 6(d) presents the ranking factors for
"operational cost." There is good agreement among the experts about this
subattribute. Figure 6(e) presents the subattribute ranking factor results for
"long term exposure." Deep well injection reflects a significant negative impact
for the subattribute and except for two experts there is a great deal of consensus
among the experts.

Analysis of the Order of Preferences Utilizing Averaged Values of Ranking
Factors and Weighting Factors

The analysis of the order of preferences for the selected alternatives was made
utilizing the following four types of aggregated ranking matrix:

1. Average aggregated matrix.
2. Modified average aggregated matrix using the weighting factors.
3. Pessimistic average aggregated matrix.
4. A comparison of the sums obtained from the products of the ranking

factors and the weighting factors for each alternative.

Table 2(a) shows the dominance matrix for the average aggregated matrix. The
differences between the column and row sums are 13, 3, -34, and 18 for the
alternatives 1 to 4 respectively. Therefore the ranking for alternatives in terms
of decreasing preference from best to worst were:

1. Carbon Adsorption plus Crystallizer
2. Incineration
3. Crystallization
4. Deep Well Injection

Table 2(b) shows the dominance matrix for the modified ranking factors
(multiplying the ranking factors by their respective weighting factors). The
difference between the column and the row sums are 14, 2, -34, and 18 for
alternatives 1 to 4 respectively. The order of preference was as follows:

1. Carbon Adsorption plus Crystallization
2. Incinerator
3. Crystallization
4. Deep Well Injection
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Table 2. Dominance Matrix (a) average aggregated matrix;
(b) modified ranking factor.
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Table 3 shows the dominance matrix for the pessimistic average aggregated
matrix. The difference between the column and the row sums are 3, 3, -3! , and
25 for alternatives 1 to 4 respectively. The order of preference was as follows:

1. Carbon Adsorption plus Crystallization
2. Incinerator
3. Crystallization
4. Deep Well Injection

Table 4 shows the comparison of alternatives by using the sums of the products
of the ranking factors for each one of the alternatives. The sums of the products
are 3.5, 10.2, -8.7, 18.2 for alternatives 1 to 4 respectively. The order of
preference was as follows:

1. Carbon Adsorption plus Crystallization
2. Incineration
3. Crystallization
4. Deep Well Injection

Table 5 shows a summary of the four methods used for determining tne order of
preferences and their respective results. It is apparent that the effect of the
method used on the order of preference shows up only in the product matrix case
where crystallization is preferred as the second choice instead of the
incinerator. Thus there appears to be reasonably good agreement among the
various method used to develop an overall preference for the preferred
alternatives.

VI. Phase Five: Decision Making

The order of preference is obtained from the dominance matrix. The decision
makers must analyze these results within the frame of a sensitivity analysis. A
consensus among the panel of experts may be a necessary step in this phase of
the methodology, particularly, if wide ranging results arise from the
consultation.

VII. Discussion and Conclusions

The methodology that has been developed in this study considers the major
elements of a decision making procedure for the selection of waste management
processing alternatives. The social and political factors were considered as well
as the technical and economic factors.

Phase One of the methodology (Information Development) described a sequential
procedure to obtain the pertinent information required to reach viable solutions.
The indirect search paths, proposed in this first stage of the methodology, proved
to be of great use. The methodology was tested on a pesticide industry waste
problem in Tennessee. The company refused to supply any information
concerning their waste on grounds that the final results of this work might bias
acceptance of their current disposal procedure during future public hearings.
Consequently, the information about actual disposal system, waste stream flow,
and waste stream composition had to be obtained by means of an indirect search
utilizing the public domain information available at the State government
offices.
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Dominance Matrix for the Pessimistic Average

Pessirn. Alter 1
Pessim. Alter 2
Pessim. Alter 3
Pessim. Alter 4

Pessimistic
Alternative 1
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Alternative 2
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Alternative 3
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Alternative
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19
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39
39
56
28

Pessim. Alter 1 3
Pessim. Alter 2 3

Pessim. Alter 3 -31
Pessim. Alter h 25

Column Sum - Row Sum

Table 3. Dominance M a t r i x f o r the p e s s i m i s t i c average.
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Product Matrix
Weighting Factor * Ranking Factor

prod 1 prod 2 prod 3 prod 4

2.18
3.46
0.07

-0.12
1.69

-1.04
1.78

-0.16

-1.58
1.86
1.86
0.80
0.60
0.48

-0.33
0.48

-0.64
-0.55
-0.23
0.50

-6.27
-5.21

1.09
-0.26
1.80
0.82
0.37

2.21
1.34
1.26
0.72
1.06
0.78
1.17
0.77

-1.47
1.25
0.29

-0.75
0.85

-0.53

1.31
0.34
0.57
0.15

-0.39
0.&8

0.51
0.69

-0.60
-1.33
-0.41
-0.66
0.14

-1.59
-1.37
1.83
1.35
0.50

-1.65
-2.11
-1.00

2.4
1.71

-3.17
-2.98
-1.11
-0.78

-1.16
0.16

-1.64
-1.04
-0.67
-2.20

5.66
5.16

1.38
0.10

-2.78
-1.92
-1.73

2.35
2.76
1.07
0.21
0.91
0.62
1.73
0.75

2.4
1.31
0.75

-0.25
0.99
0.17

1.27
0

0.91
0

-0.19
1.43

-1.32
-0.74

0.31
-0.81
0.81
0.32
0.33

Column Sum 3.48 10.19 -8.69 18.15

prod 1: Product (Ranking Factor * Weighting Factor) Alternative 1
prod 2: Product (Ranking Factor * Weighting Factor) Alternative 2
prod 3: Product (Ranking Factor • Weighting Factor) Alternative 3
prod 4: Product (Ranking Factor * Weighting Factor) Alternative 4

Table A. Product of ranking factor and weighting factor
compa r i son met hod.
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Method

Average
Agregated
Matrix

Expression

( 1 / K > 2 _ r * j l

H—»

Results

1.- Carbon Adsorp+Cryst
allizer (18)

2.- Incineration (13)
3.- Crystallisation (3)
4.- Deep Well Injection

(-34)

Modified
Ranking
Factor

1.- Carbon Adsorp+Cryst
allizer (18)

2.- Incineration (14)
3.— Crystallization (3)
4.- Deep Well Injaction

(-34)

Modified
Ranking
Factor
Pessimistic

r4_,
1.-

2.-

3.-

4.-

Carbon Adsorp-*-
Crystal1i zer
(25)
Incineration
(3)
Crystallizat.
(3)
Deep Well Inj.
(-31)

Product *"a"y I.- Carbon Adsorp+Cryst.
Matrix y w4 x rtJ (18.IS)

/TT 2.- Crystallization (1O)
3.- Incineration (3.5)
4.- Deep Well Injection (-9)

Table 5. Summary of Results of Order of Preferences.
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The evaluation using weighting factors by the panel of experts showed very good
agreement. The main attribute "Environmental Impact" values that reflected a
range of dispersion of ±5 percent from the average value, except in two cases
where the responses were almost at the opposite extremes. The "Social/Political
Impact" responses were within a range of +6 percent from the average. The
"Economic Aspects" weighting factors w e e a little more dispersed except for
one expert whose responses were within a ±6 percent from the average value.
The main attribute "Disposal Aspects" was within a range of ±7 percent from the
average except by one expert who was -13 units away from the average. The
main attribute "Performance" was within a range of +6 percent from the average
except by two experts who were +14 units away from the average.

These results demonstrate that the expert responses were within a range which
in the author's judgement is believable and mangepble from a policy point of
view. In five of the above cases, the geological expert proposed factors which
were in the farthest region of the zone of consensus.

With respect to the ranking factors, there was good agreement in most of the
cases. Strong discrepancies were found in some of the attributes for the most
controversial alternative which was deep well injection. Four experts indicated
a positive and five experts submitted a completely negative impact for the
"Hazard Reduction" subattribute under deep well injection. "Water Quality" was
ranked with negative impacts in all cases. "Health of Nearby Population/
Operators" was ranked with negative impact in general, except for three experts
who submitted a positive value. "Operational Cost" was ranked positive in
general. "Long Term Exposure" was ranked negative in general except by two
experts who thought otherwise. The scores received by the alternative deep well
injection reflect negative impacts in most of the cases. This is indicative of the
controversial aspects of this technology as the ultimate disposal method. In the
author's judgement, deep well injection will not be considered as a viable
alternative for chemical waste disposal in the very near future. In addition,
regulations concerning deep well injection are becoming very stringent according
to the observed regulations trend and the increasing public awareness of the
possible dangers involved in deep well injection of chemical wastes; particularly
true, when these chemical wastes may be declared hazardous wastes in the near
future.

The four methods used to study the order of preferences all coincide in assigning
the first place to the carbon adsorption plus crystallizer process and the last
place to the deep well injection process. The average aggregated matrix, the
modified ranking method, and the pessimistic modified ranking method coincide
in assigning second and third place to incineration and crystallization,
respectively. The product matrix reverses the second and third place by
assigning crystallization to second place and incinerator to third place.

The results given by the average aggregated matrix indicated that the order of
preference ran opposite to the economic aspects; this demonstrated that the cost
effectiveness of a project is not always the mandatory criteria for alternative
selection.
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In essence, Ihe major conclusions of this study are:

The methodology developed is helpful, straightforward and may be extended
eventually to include all the industrial chemical waste generating sectors.

The expert system is a valuable decision-making tool that performed
effectively throughout this study. Its usefulness wilJ probably be must more
apparent when more industrial sectors are added to the central program since
the selection process will grow exponentially in complexity.

The panel of experts rendered valuable assistance establishing the social and
political impacts of this decision-making proedure. By careful selection of the
members of this panel, it appears that assurance is given to obtaining a
nonbiased selection of the alternatives.
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Both the government and private sector have been very active in
promoting the development and demonstration of new thermal
treatment technologies in order to meet the best technology
requirements of the recent SARA revisions to Superfund. In
addition, the strong interest in thermal treatment technologies
has been spurred by concerns over long term liability issues.
Consequently, a number of technologies have emerged as
candidates for dealing with potential problems likely to be
encountered under the Oak Ridge Model program. These
technologies, in many cases, have already been demonstrated or
are strong candidates for demonstration projects as sponsored by
the Oak Ridge Model. Among the problems which are potentially
addressable through the use of these thermal treatment
technologies are mercury and PCB contaminated soils and sludges,
treatment of mixed waste sludges to remove the hazardous
component and leave only a radioactive waste residue,
destruction of PCB contaminated and mixed waste liquids and
remediation of major former waste management units.

This paper will describe some of these technologies which are
currently available, the success of their demonstration efforts,
the permitting considerations associated with both fixed base
and transportable thermal treatment systems and an overview of
present commercialization activities.
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Superfund Clean-Up Market

• Current

- 802 Total Sites

- 32 Federal Facilities

- $5,000,000,000 Without RI/FS, ROD's

• Potential

- 22,000 Total Sites

- $100,000,000,000 +



Qn-Site Treatment Driving Forces

• $8.5 Billion For Clean-Up

• Superfund Amendment And
Reauthorization Act (SARA)

• Elimination Long Term Liabilities



Industry Concerns

• Unnecessary Trial Burns

• Permitting Requirements
- RCRA

- CERCLA

• Soil Delisting
- TCLP

- Other
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Mobile Treatment Permitting
CERCLA Sites

- No Permits
- Consent Order

- Elements Of RCRA

RCRA Closures
- RCRA Permit

Proposed Regulations (June 3, 1987 FR)
- Mobile Treatment Units

- Permit Once Technical/Performance
- Permit Each Site/Other



Type Wastes

PCBs Explosives

Dioxins Pesticides

Chlor'd/ORGS Low Level RAD

Metals Creosote/PCP

en
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Superfund Amendments And
Reauthorization Act

Encourages Treatment
Commercial Off-Site
Mobile-Transportable Equipment

- Thermal S?

- Soil Washing/Extraction

- Stabilization

In-Setu Technologies
- Typically Dependent Waste Characterization
- Good Site Characterization
- Pilot Testing



RI/FS Data Needs

Site Data
- Hydrogeological

- Contamination

- Risks

Need
- Average Soil Moisture

- Average Btu/Lb



Superfund Treatment Technologies

Soil Technology
Thermal

Extraction

Leaching
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In-Situ Technologies
Potentially Cost Effective Solutions
Example Technologies

- Biological (Highly Chlorinated)
- Soil Washing (High Solubility)
- Vapor Extraction (High Vapor Pressure)

Superfund Site
- 100's Different Chemicals
- Widely Varying Chem/Phy Properties

Narrow Market Niches
Site Characterization/Pilot Studies



Thermal Treatment

• Wide Applicability

• Cost Effective

• Can Impact Some Inorganics
- As, Pb, Hg, Zn

- Compound Important/Be



On-Site Thermal Systems

• Small Rotary Kiln

• Infrared Conveyor Furnace

• Fluidized Bed

• Thermal Screw

• Thermal Separator

• Large Rotary Kiln

ro



$/Ton

Typical Cost Curves
On-Site Thermal Treatment
Medium And Large Machine

Medium

Large

Tons At Site



$/Ton

Typical Cost Curves
On-Site Thermal Treatment

One Machine

ro

Higher Btu/Lb

Higher Water

Low Btu
Low Water

Tons At Site



Site Program

EPA Partial Funding
- 10 Technologies Per Year

- Generally Pilot Scale

Program Goal
- Accelerate Development Superfund

Treatment Technologies

Site Status
- 11 Projects Selected

- Second Set Applications Being Selected

- • J



Environmental Technology Development
Center

Bear Creek
Oak Ridge, Tennessee
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ETDC Schedule

• Permitting July 1 9 8 6 - June 1988

• Construction April 1988-September 1988

• First Demonstration - HTTS Fourth Quarter 1988

• Additional Site Development 1989

• Additional Demonstrations 1989

• Headquarters Building, Office, 1991
Lab, Training Center

• Complete Site Development 1993



ETDC Mission

Development And Demonstration Of Transportable
Technologies For Treatment Of Hazardous Wastes

• Bench Scale Testing

® Pilot Scale Testing

• Full Scale Demonstrations

• Training Center - Operators/ Supervisors

• $40 MM/Five Years

• 100 New Jobs

ro
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ETDC Current Status
• Permit Applications

- TSCA/HTTS
- NPDES/Clinch River

- RCRA/HTTS
- RCRA B/Facility

- TVA Land Use Plan S

• Site Development Plan

• Public Information Meetings - May 87

• EQAB/Oak Ridge City Council
- Reviewing Applications

- Report Nov. '87



ETDC Candidate Technologies

Thermal
- HTTS
- Thermal Separator
- Thermal Screw
- Pilot Incinerator o°

f\3

• Stabilization And Solidification

• Water Pollution Control And Ground Water Remediation
- Activated Carbon

- Mobile Dewatering

- Biodegradation



ETDC Candidate Technologies (Cont.)

• Chemical Treatment
- Ultraviolet Photolysis

- Recovery Systems 8c

- Vapor Extraction
O J



ETDC/Oak Ridge Model Interaction

• USDOE Concept

• Solve Environmental Problems

• National Scope
- Administered OR Operations «

• Oak Ridge Facilities
- Being Used Demonstration/Development
- Technology Transfer

• ETDC And Oak Ridge Model



Treatability Pilot Testing Issues

• On-Site vs Off-Site Testing

• Pilot Scale Testing
- Prohibited Full-Scafe Remediation

• EPA Re-Evaluating Position



Superfund Problems - Challenge Of
The 1990's

East Tennessee
- Oak Ridge DOE/MM

- Technology Corridor

- IT Corp/ETDC

- Univ. Of TN

- TVA
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Demonstration Test Operation of the Feed Materials

Production Center Biodenitrification Facility

Presented by:

Alan K. Bonear.

Westinghouse Materials Company of Ohio
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Demonstration Test Operation
of

FMPC Biodenitrification Facility

J. B. Patton
A. K. Benear

Westinghouse Materials Company of Ohio

A fluidized-bed biological denitrification (BDN) system was
used to treat high-nitrate wastewater streams from a DOE
owned uranium processing plant. A two-column system (half
of a proposed four-column production facility) was used to
demonstrate BDN operation on a production scale. The .BDN
facility has been successfully operated since mia-Hay. In a
continuous 2 00 hour rate determination period, the BDN
processed over 1.6 million gallons that contained over 4,700
kilograms of nitrate and nitrite nitrogen. The BDN removed
an average 97 percent of the incoming nitrate and nitrite.
The BDN effluent was discharged to the FMPC sewage treatment
plant where it caused increased levels of BOD, TSS and fecal
coliforms in the STP discharge. This indicated the BDN
effluent will require treatment prior to discharge to the
environment. Preliminary chemical consumption rates and
associated costs of operation were determined. Several
modifications and additions to the system were identified as
necessary for the permanent production facility.
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DEMOMSTRATXOK TEST OPERATIOM 07 THB
WEED HATEftlALM PRODUCTION CBMTBB

BIODEMITRIFICATIOM FACILITY

by

Alan K. Benear
Joseph B. Patton

Westinghouse Materials Company of Ohio
Cincinnati, Ohio

l . o mraoDucTioM

1.1 Background-

The Title I design work for the Feed Materials Production
Center (FMPC) biodenitrification (BDN) facility began in
late 1981. Design/construction was on-going in November
1985 when the decision was made to show the viability of the
process by performing a demonstration test with the
partially completed system. In addition, a design
verification study was performed at Oak Ridge National
Laboratory (ORNL). This study utilized 4-inch columns to
confirm the design biodenitrification rate could be achieved
with actual FMPC wastewater (Reference 1).

Test operations on the demonstration facility began in 1986
with a single column; the second column was added as
construction was completed. Each column was piped to
operate with a feed stream taken from the line which
delivered the clearwell flow to the Great Miami River. The
wastewater withdrawn from the second column was discharged
directly to the Sewage Treatment Plant (STP). This initial
run lasted six weeks, and the net flow was 25 gpm for nearly
the entire time. Higher rates were briefly attempted which
caused process upsets at the Sewage Treatment Plant. The
removal rate at this low flow was approximately 99% of the
68 kg/day fed to the facility.

From March 2, 1987 to July 2, 1987, a Demonstration Test was
conducted on the two-column facility. Flow was introduced
to the facility from the biodenitrification surge lagoon
(BSL) and mixed with an internal recycle (Figure 1).
Throughout the test, flow from the BSL was gradually
increased. In June, the effluent from the BDN facility was
discharged to the FMPC Sewage Treatment Plant. Effluent not
sent to the STP was returned to the BSL in an external
recycle.

At the BDN facility, the BSL flow and internal recycle were
mixed in a premix tank (Figure 2). Sulfuric acid was added
to adjust the pH at two locations in the system. Phosphoric
acid was added as a nutrient. The combined flow was pumped
through both columns in series. Flow from the second
column was processed through one or more of four
vibrating screens. Effluent water from the screens was sent
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to a discharge tank where the flow was split into internal
recycle, external recycle and discharge to the STP.

1.2 Objectives of the Demonstration Test.

The primary objective of the demonstration test was to show
the biodenitrification process, as currently constructed or
with specific modifications, could process future FMPC
nitrate wastes so that the effluent from the plant would
meet NPDES permit limits of 62 kg/day of nitrate-nitrogen,
30 day average, and 124 kg/day maximum (Reference 2).

Achieving the primary objective required: (1) demonstrating
a denitrification rate that could be counted upon for future
production operations, (2) a definition of any design
changes required in downstream processing and, (3) safe,
controllable operation. The primary criterion for success
was to obtain adequate data to determine the number of
columns required for the production unit. This required a
determination of a denitrification rate for the two columns
based upon the continuous processing of a minimum of
1,000,000 gallons of feed ^nd a minimum of 4,000 kg of
nitrate - nitrogen and producing an effluent that would be
within the NPDES permit limits at the highest expected
processing rate for the production unit. The period of time
selected for this computation is called the Rate
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Determination Period (RDP) and will be utilized for
projections of future facility processing capability.

2.0 8Y8TEM OPERATION

2,1 Demonstration Test Period.

The demonstration test began on March 2, 1987. Numerous
mechanical problems prevented continuous operation of the
BDN facility through March and April. All critical
mechanical problems were corrected by May 19, 1987. The BDN
facility operated continuously from that day through July 2,
1987.

Data was collected beginning on March 2, 1987. However,
data acquisition was intermittent until the BDN facility
began continuous operation. Therefore, data showing
consistent denitrification began to be collected on May 19,
1987. A period from June 23, 1987 to July 2, 1987 was
chosen as the Rate Determination Period (RDP).

2.2 Operating Strategy.

During the demonstration test, a team composed of six people
from the WMCO departments of Waste Technology, Production
Technology, and Production Operations met on a daily basis,
Monday through Friday. During these meetings, the team
completed a Daily Status Report, reviewed critical
maintenance items, and made decisions concerning the
operation of the BDN system.

Operational decisions were based on the latest data from the
analytical laboratory, off-gas strip charts and the
operational logs. In general, if the system appeared to
have been operating consistently for a period of at least 48
hours, a decision was made to increase flow from the BSL by
ten gallons per minute. Decisions to increase or decrease
methanol feed were rarely made during the test. This was
because the methanol levels were generally in excess of
those required and the control system was inadequate to make
fine adjustments. In the latter part of the test, a
decision was made to send BDN effluent to the Sewage
Treatment Plant. Decisions to increase the flow to the STP
were made on a daily basis and were dependent on visible
inspection of the STP. If the STP was not visibly upset,
flow was increased in ten gpm increments.

2.3 Operating Experience.

The demonstration test run began on using the surge lagoon
as a feed source and also allowing recycle from the BDN
facility back to the lagoon. A minimal number of control
instruments were installed in a temporary control room. The
methanol and sulfuric acid storage tanks became available
for us« after the test began.
The principal equipment problems were associated with the
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vibrating screens. For the first several weeks, much of the
difficulties encountered were attributable to the learning
curve of maintenance workers assembling and adjusting the
screens. The screens continued to be the most significant
maintenance problem of the BDN system after maintenance
personnel were fully trained. The screens failed due to
plugging, broken welds on the velocity breakers, failed
rubber parts, and imbalance caused by too much
counterweight. All four of the screens were put into
service rather than the initial two units associated with
the two operating columns.

The flow distribution at the bottom of each column was
recognized as inadequate and will require additional
investigation. This was based on a visual observation of
the fluidized beds through plexiglass windows at the bottom
and in the expansion section of each column. Also,
operators could demonstrate flow through only three of nine
entry ports at the bottom of each column. This indicates
six entry ports in each column were plugged.

2.4 Process Control.

Process control was focussed on maintaining denitrification
rates at a high level. A primary indicator of
denitrification was the off-gas strip chart. The gases (N2
and C02) released as products of the denitrification
reaction are carried up the column as small bubbles,
separated from the liquid at the liquid surface and released
to the atmosphere. The vent pipe contained a flow meter. A
strip chart record was made of the gas flow at the control
panel. This off-gas record gave virtually immediate
response (100 inprints/hr.) to any change in the biological
activity within each column.

A sudden reduction in off-gas signaled an upset occurring in
the column and was cause to check methanol, acid, steam and
wastewater flows. Any one or any combination of these flows
could cause an upset if suddenly changed. A sudden change
in the feed nitrate concentration could also be the cause of
an upset.

Although the off-gas record was a good indicator of process
upsets, data analysis indicates it may not be a good
indicator of absolute denitrification rates. Some nitrogen
and carbon dioxide gases are entrained in the liquid stream
that exits the BDN columns. The gaa flow meters do not,
therefore, measure all of the gas produced in the system.

Analysis of the samples taken each eight-hour shift provided
a record of chemical conditions in the BDN facility.
However, most analytical data was only available about 48
hours after sampling. Methanol was the exception.
Generally, methanol analytical results were available two to
eight hours after sampling. To achieve adequately low
concentrations of both methanol and nitrate in the discharge
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stream required an awareness of the nitrate concentration in
the stream from the BSL as well as methanol concentration.
Use of analytical laboratory data was not, therefore,
entirely successful for process control.

3.0 ANALYSIS OF RESULTS

3.1 BDN Sampling and Data.

Figure 3 shows the location of the flow meters and sampling
points. The connection of the BDN system with the
Biodenitrification Surge Lagoon, the BDN internal recycle
line, and the line to the Sewage Treatment Plant are also
shown.

Samples were taken routinely from four locations illustrated
in Figure 3;:

BSL

• »2S. BSL
I #1. #2, and D ore sample sites

n«u>* 1 Imtftt mm

I - Inflow (from BSL flow into the BDN System)

#1 - Column 1 feed (after mixing of inflow with internal
recycle and pH adjustments)

#2 - Column 2 feed (same as #1 discharge including
bioparticle carry-over)

D - Discharge flow (same as internal recycle, external
recycle back to the lagoon or
discharge to the aeration tank).

These samples were taken every eight hours, five days a
week. Other samples were also taken for short-term
investigations, such as profile samples along the length of
the columns. A few samples were also taken on weekends. All
samples were submitted to the analytical department for
analysis.

The samples for chemical analysis which were taken every
eight hours, five days per week, had the following analyses
performed:
1. Anions (by liquid chromatography) - NO3~, C O3



296

2. Cations (liquid chromatography and inductively coupled
plasma atomic emission spectroscopy) - Ca , Mg

3. Methanol (by gas chromatography).

Plant operations data, such as flow rates and temperature,
were noted on an hourly basis, seven days a week. This
information was recorded on log sheets by the BDN
operational staff.

Separate samples were taken for analysis by the water plant
technician. These were: BDN influent and effluent, surge
lagoon underdrain sump, Tank #8 effluent, and Sewage
Treatment Plant influent and effluent.

3.2 Data Selection Criteria.

During the test, a large amount of analytical data was
collected. Throughout, individual data points appeared
suspect because they were much higher or much lower than
expected when compared to theoretical values and data
trends. Also, feedback from the laboratory personnel
indicated samples with excessive gas build-up or inadequate
cooling were occasionally received in the laboratory. To
determine just what data could be used with confidence, the
following selection criteria were applied to the nitrate,
methanol and carbonate data.

Based on the flow rate data to the Preaix tank and the
internal recycle, the flow rate from the BSL was calculated
by the equation:

FB8L = 7PM - rKR.
where: FBSL * BDN Feed Flow Rate (gpm)

FPM = Flow Rate from Premix Tank (gpm)
FRR =" Flow Rate of Internal Recycle (gpm)

A first test was applied tc the data. The concentration of
nitrate (for example) at the entrance to column 1 was
calculated and compared with the measured concentration. It
was assumed that if the concentration and/or flow rates were
not consistent, use of this data would give erroneous
results. The flow rate into the Premix tank was used in
preference to the flows into column 1 or column 2 since this
flow would have the minimum amount of entrained gas (either
No or C02) as compared to the other two measurement points.
The material balance was calculated as follows:

BDN Feed flow rate * BDN Feed Concentration + the
concentration in the BDN Effluent * BDN Internal Recycle
Rate * Concentration in the column 1 Feed * Premix Tank
Feed Rate

or
CBMO * FB8L + COMO * FRR = C1MO * »FM

where: CBNO * Nitrate Nitrogen Cone, in BDN Feed stream
(mg N/L)

CONO =- Mitrate Nitrogen Cone, in BDN Effluent
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(mg N/L) and, therefore, Internal Recycle
Stream

ClNO = Nitrate Nitrogen cone, in Feed Stream to
Column 1 (mg N/L)

Solving for the column 1 feed yielded the equation:

ClNO = (CBNO * FB8L -I- CONO * FRR) / 7PM

The calculated concentration was then compared to the actual
concentration using the equation:

Error = (calculated - Actual column 1 Cone.) / Actual Cone.
* 100%

If the error exceeded plus or minus 15%, the data for the
species under consideration was rejected. Fifty-seven
percent of the data collected from May 19 to July 2, met
this criteria for nitrate. During the RDP, 76% of the data
met this criteria for nitrate.

A second test was also applied to determine if the
concentrations of nitrate, methanol, and carbonate species
behaved correctly. Since there was no way to either add
methanol or nitrate or to remove carbonate between the
columns, sample analyses showing an increase in nitrate or
methanol concentration or a decrease in carbonate
concentration between the columns were rejected.

3.3 Approach to Analysis.

1. The daily, 24-hour rates were calculated for each of
the following:

o nitrate plus nitrite nitrogen removal in the BDN
columns;

o nitrate plus nitrite nitrogen discharged from the
BDN system;

o total procass waste solution treated.

The first step was to calculate the rate of removal of
NO3 and NO, nitrogen for the BDN system for each tinse
period. This rate was assumed to hold for a time
period midway between the current and previously
measured point to between the current and next
measured point.

2. A period of time was then chosen to meet the
performance criteria specified by the BDN
Demonstration Test Plan.

3. Correlations of the methanol usage rate and the
carbonate generation rate were developed.

3.4 Denitrificaticn.
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3.4.1 Results.

A bar graph of overall biodenitrification rates is shewn in
Figure 4. Only data which satisfied the error criteria for
nitrate were used for the graph.

Figure 4
BIODENITRIFICATION 5 /5 TO 7 / 2 / 8 7

In general, denitrification increased fro» mid-Hay to mid-
June, reaching a peak of over 700 kg/day in the first week
in June. This increase was due to a continuous increase in
flow from the BSL to the BDN facility (see Figure 5). The
increased flow brought with it increasing mass loadings of
nitrate-nitrogen.

Figure 5
BDN Fead Flow 5/5 to 7 /2 /87

M « Plow G«l/0v/ *• TVn«

In mid-June, denitrification rates began a steady decline
even with continued increases of flow from the BSL. This
was due to decreasing nitrate-nitrogen concentrations in the
surge lagoon (see Figure 6) .
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Figure 6
BDN Feed 5/5 to 7/2/87

m H (mg/l) v« Tims

The test period from May 5
Rate Determination Period
system was maintained at a
process upsets caused
concentration variations).
duration from 2400 on June
The performance of the BDN
shown in Figures 7 and 8.

to July 2 was analyzed to find a
in which the operation of the BDN
steady level (i.e., there were no
by test variations or feed
The RDP chosen was 200 hours in
23, 1987 to 0800 on July 2, 1987.
system during this time period is
Figure 7 presents:

Figure 7
BDN Performance During tha RDP
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1. The daily discharge rate in kg of nitrate plus nitrite
nitrogen. This rate averaged about 13 kg/day. The
peak rate was about 51 kg/day with a low rate of
about 3 kg/day, which was the detectable liait for
nitrate. The performance target was an average of 31
kg/day and a maximum of 62 kg/day for the two-column
system.
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2. The net process rate in gallons per minute of
wastevater from the BSL averaged about 105 qjpm. The
high flow rate was about 118 gpm with a low flow rate
of about 94 gpm.

The total flow in gallons of waste solution from the BSL and
the total kilograms of nitrate plus nitrite nitrogen treated
are shown in Figure 8. They indicate that over 1.6 million
gallons of BDN feed were treated and over 4700 kilograms of
nitrate plus nitrite nitrogen were removed during the
selected data period.

Figure 8
Total Material Processed During the RDP

TaW NU»H02 (hfN)

During the RDP, the average flow was 105 gpm with a standard
deviation of 7.67 gpm. The average rate of nitrate nitrogen
removal was 435 kg/day with a standard deviation of 49.74
kg/day. On average, the discharge contained 13 kg/day of
nitrogen with a standard deviation of 16.65 kg/day. The
maximum discharged during the RDP was 51 kg/day.

3.4.2 Data Fitting.

A linear correlation model was utilized to analyze the
nitrate plus nitrite nitrogen removal rate for the selected
period between June 23, 1987 and July 2, 1987. The removal
rate was found to correlate with the inlet concentrations of
nitrate and nitrite nitrogen into Column 1.

The coefficient of correlation (R2) was 0.828 which means
that about 83% of the variations of the BDN destruction rate
were explained by this model. An F test revealed there was
a confidence level of 99% that this model was, indeed,
significant. The results of the model (fitted) are compared
against the actual observed rates in Figure 9. The range
over which this model was developed was from 360 to 560 kg
of nitrate plus nitrite nitrogen removal per day.
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Figure 9
Nitrate Removal Rates Durinq the RDP
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The methanol use and carbonate generation rates were also
analyzed. According to the literature these rates are
directly related to the denitrification rate by the equation
(Reference 3):

NO3 H+ + 1.08 CH3OH —

0.065 C5H7O2N -I- 0.47 N2 + 0.75 COj 4-2.44 HjO

where: C5H7O2N represents biomass growth.

By inspection it can be concluded:

1.

2.

The molar methanol usage rate should be 1.08 times the
molar denitrification rate

The molar carbon dioxide generation rate should be
0.75 times the molar denitrification rate.

A linear model was used to relate the measured molar usage
rate of methanol to the molar removal rate of nitrate plus
nitrite nitrogen. The resulting fit is shown by the
equation:

Total Methanol Usage (kgmole/day) =

1.096 * (NO3 + N02 removal rate in kgmole N/day)

This model shows the ratio of molar methanol usage rate to
nitrogen removal rate is 1.096 with a standard deviation of
0.0296. This result is less than one standard deviation
from the theoretical result of 1.08.

An R2 of 0.624 was obtained for this model. A t-test for the
slope yields a confidence cf greater than 99% that this
result was significant. The measured methanol use rate, the
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theoretical use rate and the fitted use rate are plotted in
Figure 10 for comparison.

Figure 1 O
Methanol Use In the SON

Next, the carbonate generation rate as a function of nitrate
plus nitrite removal rate in the BDN was determined.
According to the biological reaction of denitrifcation
(Reference 3), carbon dioxide is generated as a product.
Carbonate and bicarbonate ion concentration are actually
measured in the liquid streams of the BDN system. The
carbonate/bicarbonate ion concentration is related to carbon
diorrde in the system by the equilibrium reactions:

1.

2.

CO. (generated) CO-
(dissolved in water)

A (released to air) + CO-

C0 H2O == H2CO3 = HCO == 2H

At a constant pH, the ratio of dissolved carbon dioxide to
carbonate ion is constant. Since the denitrifcation
reaction removes hydrogen ion (H+), the amount of CO2 which
can dissolve increases with the amount of nitrate removed.
Since the pH adjustment was not done within the columns, the
ratio of
should be approximately constant.

C02 which is released to that which is dissolved

In addition, some carbonate ion is lost to the precipitation
of calcium and magnesium. It is, therefore, not accounted
for by sampling and analysis of the effluent stream from
each column. A loss rate was calculated, then the carbon
dioxide generation rate was calculated.

Next the carbonate generation rate was determined. A linear
model was used to relate the measured molar generation rate
of carbonate to the molar recoval rate of nitrate plus
nitrite nitrogen in the BDN. The results are:
Carbonate Generation Rate (kgmole/day) =
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0.555 * (NO3 + NO2 removal rate in kgmole/day).

This model shows the ratio of molar carbonate generation
rate to nitrogen removal rate is 0.555 with a standard
deviation of 0.017. The measured carbonate generation rate,
the theoretical use rate and the fitted use rate are plotted
in Figure 11 for comparison. Note that there was a
significant gap between the theoretical and measured
generation rates. Thi3 gap is believed to be due to the
loss of the undissolved carbon dioxide. This CO, loss was
relatively constant at about 4 acfa, or about 254 of the
total CO2 generated.

Figure 1 1
Carbonate Generation in the BDN

l«0 «/22/l7 M I

3.5

The costs of the chemicals consumed in the denitrification
process during the demonstration test have been tabulated in
order to determine preliminary consumption rates and
associated costs of operation. The quantities of methanol
and sul^uric acid used are directly related to the quantity
of nitrate nitrogen removed from the wastewater.
The consumption of phosphoric acid and anthracite were not
shown to be related to the actual quantity of nitrates
removed. This is due to the fact that the anthracite use
rate is related to the hydraulic operation of the system
rather than denitrification rates. Likewise, phosphal* use
rate is more directly related to the amount of active
biological mass in the system and is not involved in the
denitrification reaction. Both of these consumed materials
were utilized in small quantities.

The costs for all consumed reagents were tabulated on the
basis of each 1000 kg of nitrate nitrogen removed from the
wastewater in Table 1. This basis facilitates estimation of
future costs and comparison with other processes.
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1.7 Effluent Characterization.

The biodenitrification effluent was monitored for
biochemical oxygen demand and total suspended solids
throughout the demonstration period (Tables 2). The effluent
contained on average, 358 mg/L of BOD and 312 mg/L cf TSS
for the period May 19 to July 2. This period was used to
include a3 much BOO data as possible. During the RDP, the
BOD averaged 397 mg/L and the TSS averaged 220 mg/L. During
the RDP, there were only three BOD data points. This was
not enough data to use as a reliable estimate of BOD
performance.
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The feed to the BDN facility was monitored for BOD and TSS
in late June and early July, 1987. The results of these
analyses showed an average BOD of 72 mg/L and an average TSS
of 83 mg/L. The biological denitrification process involves
the utilization of nitrate as an oxygen source while
converting an organic carbon source into biomass. This net
increase in biomass is discharged from the system as excess
total suspended solids,
BOD is an indirect measure of biodegradable organic
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material. It is, therefore, a rough measure of the amount
of organic carbon present in water. Methanol was added to
the influent of the BDN to ensure that enough organic carbon
was present to enable the biological destruction of most of
the incoming nitrates. The major portion of the
demonstration test was conducted under conditions that
resulted in methanol in the effluent in excess of several
hundred milligrams per liter (mg/L). A proportion of the
increase in BOD was, therefore,, due to an excess of methanol
in the facility effluent. There were periods of time when
the effluent methanol concentration was below detectable
limits. However, these periods were marked by corresponding
effluent nitrate levels that would not meet the proposed
NPDES limit. Also, effluents with no detectable methanol
contained BOD concentrations which were still in excess of
limits imposed on secondary sewage effluents and would
require further treatment before discharge. Future
operational experience is necessary to determine how much
excess aethanol is necessary to consistently maintain
effluent nitrate nitrogen levels below the proposed NPDES

limits.

3.8 Impact of BPN Effluent on the FMPC STP.

3.8.1 Biodenitrification Effluent Discharge.
The biodenitrification effluent was discharged to the
General Sump Tank #8 where it was aerated, sampled, and
pumped to the Sewage Treatment Plant. The BDN effluent was
discharged to the Sewage Treatment Plant beginning at
midnight on June 17, 1987. The discharge was set at 10 gpm
initially and increased each day until a maximum of 115 gpm
was attained. Before receiving BDN effluent, the STP
produced an effluent that averaged 5 mg/L BOD and 9 mg/L
TSS. During the RDP, the STP discharged an average BOD of
11 mg/L with a maximum concentration of 25 mg/L. It also
discharged an average TSS of 34 ng/L with a maximum of 81
mg/L. Four daily readings were above the 40 mg/L daily
maximum allowed by the 1980 NPDES permit.

Therefore, the increased load of BOD and TSS contained in
the BDN effluent causes substantial excursions for TSS in
the discharges from the STP. The STP effluent also contains
substantially higher BOD levels which continue to trend
upward at the end of the test. BDN effluent treatment will
be required prior to discharge to the STP or MH-175.

4.C SUMMARY

A two-column biodenitrification facility was constructed at
the FMPC in 1985 and 19S6 to test the feasibility of
biolcgical treatment for industrial nitrate-bearing waste
water. This demonstration facility comprises one-half of the
proposed four-column production facility. A demonstration
test was conducted over a four month period in 1987. The
results indicate the proposed BDN production facility can
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process FMPC industrial wastewater in a continuous manner
while maintaining an effluent that will consistently meet
tha proposed NPDES limits for combined nitrate nitrogen
(NO3-N) and nitrite nitrogen (NO2-N).

A continuous 200-hour period late in the demonstration test
was used as the rate determination period. During the RDP,
the BON processed over 1.6 million gallons of nitrogen
bearing wastewater from the Biodenitrification Surge Lagoon.
This waste stream contained over 4700 kilograms of nitrate
nitrogen and nitrite nitrogen. The average flow rate fron
the BSL equaled 105 gpm, with an average nitrate nitrogen
concentration of 773 mg/L. This resulted in an average mass
load of 448 kg/day. The BDN removed an average of 97
percent of the nitrates and nitrites, and the effluent
contained an average of 13 kg/day with the maximum 24-hour
discharge being 51 kg/day of nitrogen (comprised of NO-, and
NO 2).

The overall demonstration test period extended from March 2,
1987 to July 2, 1987. From March 2, 1987 to May 19, 1987
the BON did not run continuously because of mechanical
failures. When it did run, it was with over 90 percent
internal recycle. After May 19, the facility ran almost
continuously, achieving consistent denitrification. From
May 19 to the end of the test run, the facility processed
over 3.6 mi11on gallons of feed water from the BSL.

During the overall demonstration test period, the
concentration of nitrate in the surge lagoon fluctuated
widely. Sudden increases in nitrate concentration in the
influent to the BDN were marked by temporary decreases in
percent removal of nitrates. These results indicate a need
for a control system to ensure that near constant nitrate
levels are fed to the BDN.

The effluent of the biodenitrification facility averaged 358
mg/L of biochemical oxygen demand (BOO) and 311 mg/L of
total suspended solids (TSS) over the period of May 19
through July 2. These values were approximately three times
the levels of BOD and TSS in the BSL wastewater feed to the
BDN. Most of the BOD increase was due to inadequate
control of the methanol feed to the facility. These results
of the demonstration test point to a need for two things.
(1) Precise control of the methanol feed is essential to
ensure desired effluent nitrate levels with a minimum
effluent BOD concentration. Additional treatment of the
effluent from the biodenitrification facility will be
required to reduce BOD and TSS levels prior to discharge to
the environment.

In the latter part of the demonstration test, the BDN
effluent was aerated to remove entrained nitrogen and carbon
dioxide gases and then sent to the FMPC Sewage Treatment
Plant. Before receiving BDN effluent, the STP produced an
effluent discharge to Manhole 175 that consistently met the
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1980 NPDES limits for BOD, TSS, and fecal coliforms. The
BDN effluent caused increased levels of BOD, TSS, and fecal
coliforms in the STP effluent which indicates the BDN
effluent would also require additional treatment prior to
discharge to the STP.
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ENHANCED VOLATILIZATION FOR REMOVAL OF
HAZARDOUS WASTE FROM SOIL

Frederick C. Payne, Ph.D.
Midwest Water Resource, Inc.
Charlotte, Michigan 48813

ABSTRACT

Soils in the unsaturated (vadose) zone are frequently found
to be reservoirs of groundwater contaminant materials at
hazardous waste sites. Many of the contaminants at these
sites have vapor pressure levels at soil temperatures which
allow their removal by "enhanced volatilization", or EV
procedures. EV processes generally remove solvent-laden
air from soils, depending upon evaporation of the target
materials to drive the process.

MWRI has conducted enhanced volatilization removal of many
hazardous waste compounds including chlorinated solvents
(PERC and TCE), aromatic ring compounds (benzene, toluene,
xylenes, ethylbenzene) and other cyclic and non-cyclic
carbon compounds (eg. ketones, naptha, mineral spirits,
lacquer diluter).

Our experience indicates that removal of soil volatiles to
levels which yield an aqueous phase equilibrium
concentration at or below Federal drinking water standards
is a realistic treatment objective. Our data shows that
these levels can be reached within three to six months for
most sites at costs roughly ten percent of excavation and
landfilling.

ApplicaMlity of EV is determined by pneumatic conductivity
of soils, vapor pressure of target compounds at soil
temperature and off-gas control capability. Most
importantly, EV can be adapted to recover volatiles from
mixed wastes.

INTRODUCTION

Many hazardous waste sites in the United States consist of
a volume of contaminated soil overlying a much larger
volume of contaminated groundwater. At sites of organic
chemical contamination, this pattern is enhanced by the low
aqueous phase solubility and high vapor pressure of the
compounds. The contaminants remain perched in the
unsaturated soils and serve as a reservoir for
contamination by solution in percolating recharge water and
through vapor equilibration with the underlying aquifer.
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Remedial action at these sites necessarily entails
treatment of both the contaminated groundwater and source
material in the unsaturated (vadose) zone soils.

Conventional treatment of source material in vadose zone
soils has been excavation and removal to above-ground
processing or disposal in hazardous waste landfills- This
practice is costly and presents a long-term prospect of re-
mobilization from landfill sites. These factors have led
to new technologies targeting in-situ treatments aid
contaminant recovery without excavation. Enhanced
volatilization (EV) is a strategy for recovery of volatile
contaminants without excavation.

Midwest Water Resource, Inc. (MWRI) initiated development
of its EV process in mid-1985. The process derives from a
few simple concepts:

1. Target compounds, generally classed as volatile
organics, exhibit vapor pressures at soil
temperature sufficient to yield evaporative
potential.

2. Soil pore space atmosphere is a sink for
evaporation of volatile compounds held in
liquid phase between soil particles and
dissolved in soil pore water.

3. Path tortuosity through soil pore spaces
restricts passive diffusive losses from the
region of contamination.

Given stagnant soil conditions, contaminant partial
pressures reach high levels in the soil atmosphere, and
evaporation rates decline accordingly.

MWRI's enhanced volatilization process recovers volatile
organics from soils above the aquilcsr by continually
presenting clean air to pore spaces of the contaminated
zone. This is achieved through a network of air injection
wells. Evaporation into the soil pore spaces yields
organic-laden air which migrates to withdrawal wells for
recovery. With a constant air flow rate through the soils,
the system yield declines rapidly, reflecting a decrease in
the pool of organics remaining in the soil system. This
expectation is depicted in the first curve segment of
Figure 1. Brought to rest, the soil atmosphere will regain
partial pressures in excess of system yield as the
remaining organics evaporate through more limited surface
area and from locations in the soil system distant from
pathways of greatest air flow. This concept is shown in
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the second curve segment of Figure 1. Here, a spike in the
system yield develops following a period of rest.

Three case histories, summarized below, describe our
experiences in enhanced volatilization application over a
range of organic compounds and soil types. These data and
the subsequent discussion provide an argument for the
efficacy of enhanced volatilization for recovery of
volatile organics from vadose zone soils. Further,
enhanced volatilization provides a non-disruptive mechanism
for separation of volatile components from mixed waste
disposal sites.

CASE 1

Perchloroethylene (PERC) was discharged to sandy soils at a
sheet metal manufacturing facility in southv?est Michigan.
PERC is a degreasing solvent typically used in an immersion
tank. Its density is 1.62 and its vapor pressure is 6.5 mm
Hg at 11C.

Hydrogeologic surveys showed that PERC contamination was
restricted to a soil volume of less than 5,000 cubic yards,
partially underlying the manufacturing plant. The first
aquifer was encountered 30 feet below grade and was
contiguous with drinking water supplies in the surrounding
area. Maximum PERC concentrations of 5,600 mg/kg were
encountered 15 feet below grade. Concentrations below the
15-foot level declined steadily to 8 mg/kg in the capillary
fringe. Above the 15-foot level concentrations declined to
non-detect at the soil surface during summer months and to
110 mg/kg at the frost line in winter months.

The enhanced volatilization recovery system at this site
encompassed approximately 5,000 cubic yards. Air inj cion
wells were placed at the clean perimeter and a recovery
well was placed in the zone of greatest contamination.
PERC was captured in an activated carbon bed.

The system yield was measured by off-gas analysis until
carbon bed breakthrough at 3 5 days of operation. Yield
during approach to breakthrough was calculated by
integration of concentration over flow volumes. The final
PERC recovered at breakthrough was determined by carbon
disulfide extraction of samples from the carbon bed.
Figure 2 shows the cumulative recovery curve which follows
the expected declining yield rate.
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Soils in the zone of highest concentration were re-sampled
at 35 and 280 days of system operation. Peak
concentrations declined from the pre-treatment 5,600 to 0-7
and 0.045 mg/kg, respectively. The re-start spike after 45
days of stagnation was slightly less than 1 percent of
initial yield. The recovery air stream continues to carry
trace quantities of PERC, which may indicate de-gassing of
the highly contaminated groundwater. However, soil removal
has now exceeded the 0.05 mg/kg target.

CASE 2

Trichloroethylene (TCE) was discharged to the ground
surface at a rubber manufacturing facility in south-central
Michigan. TCE is a degreasing solvent used in a vapor
degreaser at this facility. TCE has a density of 1.46 and
its vapor pressure is 39 mm Hg at 11C.

Hydrogeologic surveys indicated that TCE was present in
unsaturated glacial drift below the manufacturing plant,
highest concentrations were found at the 4-foot depth (140
mg/kg) with levels falling steadily to a depth of 15 feet,
below which none could be detected. Integration of known
concentrations over soil volume indicated 185 pounds of
material might be recovered.

An enhanced volatilization system was constructed to
encompass 18,000 cubic yards underlying to building and
adjacent parking area. System yield exceeded 250 pounds
TCE during the initial 10 days of operation. This
indicated a pool of TCE in the porous foundation bedding at
the spill location. System yield reached trace levels
after 100 days of operation. Cumulative yield totalled 600
pounds through this period as shown in Figure 3.

CASE 3

An undetermined quantity of paints and paint solvents were
lost to soils at a paint warehouse in Ohio during a
catastrophic fire. Fire fighters decided not to fight the
fire in an effort to avoid forcing solvents into the
underlying city well field. Subsequent hydrogaologic
surveys showed high levels of solvents in soils below and
adjacent to the former warehouse floor. Soils at the site
were highly permeable gravels and sands. The first aquifer
rfas encountered 4 0 feet below grade and was contiguous with
potable water supplies.
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A groundwater recovery well system was immediately
installed followed, in turn, by installation of MWRI's
enhanced volatilization equipment. The recovery well field
has yielded approximately 6 pounds total volatiles, almost
exclusively the highly soluble ketones.

The enhanced volatilization system encompassed 400,000
cubic yards, and yielded 3,720 pounds total volatiles
during the first 73 days of operation. Figure 4 shows the
cumulative recovery for this site. This curve is more
irregular than those shown for cases 1 and 2 because the
site was broken into 4 treatment cells which were brought
into operation in a stepwise fashion.

The principal volatile compounds yielded by the soil
recovery system were:

Acetone Toluene
Methyl ethyl ketone Xylenes (ortho, meta, para)
Methyl isobutyl ketone

These compounds account for approximately 50 percent of
material recovered to-date. The remaining material
recovered was comprised of mineral spirits, naptha and
other diluters. GC/MS analysis indicated that more than 85
compounds were yielded in the first 73 days of operation.
All but the first seven compounds named above fell below
detectable levels in soils and groundwater.

The case 3 treatment continues at this time. However, it
is clear that the main goal of capturing contaminants prior
to entry in groundwater has been achieved.

DISCUSSION

Experience from case studies 1 and 2 shows that vapor phase
contaminants will decline to levels which yield aqueous
phase equilibria at or below the 5 ppb level. This can be
taken as a practical definition of sufficient removal. Yet
each system continues to yield trace levels of vapor,
varying around 1 mg/cubic meter air. It is important that
we attempt to make the following determinations:

1. What are the practical limits of contaminant
reduction for this process?

2. What level of soil contaminant reduction is
necessary to protect groundwater resources?

Thermodynamics analysis leads us to expect that as long as
we provide fresh air to the soil air space, volatile
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Figure 4. Case 3 mixed solvent yield results This curve reflects total yield of
four 100,000 cubic yard treatment cells, with staggered start dates
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compounds will tend to evaporate. Kinetics of release vary
significantly between compounds which leads us to expect
that treatment rates will vary proportionally. We argue
that soil de-listing can be accomplished when re-start
spike aqueous phase equilibria reach target levels. The
stagnation period must be sufficient to assure
equilibration of contaminant vapor pressures.

Case 3 studies present a valuable example of multi-
component recovery. Our most interesting findings are:

1. Of the more than 85 compounds yielded by the
system, only 7 were detectable in soil analyses.

2. Highly volatile, non-soluble compounds achieved the
highest yield rates, in excess of their proportion
of the soil contaminant load.

3. Water-soluble compounds achieved a relatively stable
yield rate, at levels below those for non-solubles.
The yield rates for solubles appear to have been
controlled by their dissolution rates from soil pore
water, independent of their vapor pressures.

Enhanced volatilization was shovm as a valuable tool for
remedial action at hazardous waste sites. Given these
results, we feel that EV technology can be carried into
testing at mixed waste sites. Three attributes of EV make
it especially attractive for mixed waste site remedial
action:

1. Closed-loop operation - The system is operated
without atmospheric discharge.

2. Non-invasive - EV can be applied to buried waste
trenches from a standoff position, i.e., without
drilling directly into the wastes.

3. Waste separation - Only volatile compounds are
removed. Off-gas control systems are capable of
recovering solvents without removing problem
elements such as radon.

Like all innovative treatment technologies, the range of
application for EV expands as we gain practice in its use.
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OPERATIONAL EXPERIENCE AT THE
SLUDGE TREATMENT FACILITY

The Sludge Treatment Facility (STF) at the Oak Ridge Gaseous Diffusion
Plant has been in operation since April 1987. The facility was designed
to encapsulate hazardous sludge wastes in a cement matrix. Fixation
will allow the waste to meet or exceed applicable compressive strength
and leachability requirements. Thus, the grout mixture complies with
the Resource Conservation and Recovery Act (RCRA) guidelines as a
nonhazardous waste.

The grout mixture is based upon a recipe formulation developed after
several years of waste stream characterization and formulation studies.

The wastes to be treated at the STF are wastes impounded in two ponds.
The ponds have a combined capacity of 4.5 million gallons of sludge.
The sludge is transferred from the ponds to a 15,000-gallon capacity
storage tank by the use of a dredge. The grout mixture recipe dictates
the amount of sludge, cement, flyash, and admixture required for
weighing per batch. All ingredients are weighed and then transferred to
a tilt or high energy mixer for mixing.

The grout mixture is then transferred to 89- or 96-gallon strel drums.
The drums are placed in a storage yard designed for a point source
discharge from the yard.
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Liquid Low-Level Waste (LLLW) Solidifiction

at Oak Ridge National Laboratory
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ORNL LIQUID LOW-LLVEL WASTIl SOLID I Fl CAT J ON

R. M. Schultz, T. 11. Monk, S. P. duMont , H. K. HMms.
M. V. Keigan, M. I. Morris

ABSTRACT

PRESENTATION TO THE
OAK RIDGE MODEL CONFERENCE*

October 13-16, 198 7

ROBYN M. SCHULTZ

The author has been asked to give a presentation on the subject
of "ORNL Liquid Low-Level Waste Solidification" during a session
of the Oak Ridge Model Conference.

In general, the presentation will describe the disposal of
liquid, low-level (radioactive) waste (LLLW) by the hvdrof racturf-
process at Oak Ridge National Laboratory until 1984, when it v;as
shut down due to regulatory concerns and operational anomolies.
As a result of this, about 400,000 gallons of concentrated LLLW
and 50,000 gallons of transuranic waste-bearing sludges have
accumulated in the active, double-contained tank system which is
reaching its operational capacity.

A major initiative to develop an alternative means of
LLLW treatment and disposal was begun about two years ago. This
presentation summarizes the implementation strategy of the most
likely process options. The strategy is being developed in two
phases; a near-term flowsheet and a long-term or reference
flowsheet. First, reliable and fully demonstrated commercial.
cement solidification systems are being assessed for execution ot
an initial 50,000 gallon campaign in 1988. Second, development
is under way to determine viable sludge separation, LLLW
decontamination and solidification alternatives. A flowsheet
analysis and cost study is being conducted by a consultant to
ensure proper consideration of process developments at other
sites. It is estimated that, depending upon funding
requirements, it could take up to six years to implement the
reference flowsheet.

•-'-Research sponsored by the Office of Defense W? te and
Transportation Management, U.S. Department of Ersergv, under
contract DE-AC05 - 340R2HOO with Martin Marietta Energy Systems,
Inc.
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Routine radioactive liquid low-level waste CLLLW; operations at
Oak Ridge National Laboratory (ORNL) generate approximately 30,000
gallons per year of evaporator bottoms. Eight 50.000 gallon tanks at
the Melton Valley Storage Tank Facility (MVST) are used to store this
waste but the inventory of these tanks is nearing capacity. In the
past, the LLLW were disposed of by underground injection into a deep
bedded shale formation at the ORNL Hydrofracture Facilities. In 1984,
hydrofracture operations ceased due to permitting complications and
operational anomalies. ORNL took steps to handle the LLLW problem:
the volume of newly generated LLLW was reduced, the volume reduction
factor for LLLW evaporator was increased from 9:1 to 30:1, Process
Waste (PW) system was largely decoupled from the LLLW system, and
solidification of LLLW using commercially available immobilization
technology is planned for implementation.

The solidification of LLLW at ORNL has developed two basic
strategies, a near-term or backup flowsheet is planned to alleviate
the immediate capacity problem for storage of concentrated LLLW and a
long-term or reference flowsheet is planned to Incorporate filtration
of the settleable TRU and cesium and strontium decontamination of the
LLLW. Presently a feasibility study is evaluating the process
alternatives for segregating LLLW from remote-handled transuranic
(RH-TRU) sludges, decontamination of the LLLW for beta-gamma
radionuclides such as cesium and strontium, and the handling and
storage of the RH-TRU sludges and decontamination media.

As the inventory of the generated LLLW approaches the maximum
tank capacity, use of the backup flowsheet is planned for
implementation in 1968. A qualified vendor with mobile, commercially
demonstrated, cement solidification equipment will immobilize
approximately 50,000 gal of LLLW. After settling, the concentrated
LLLW stored in the MVST will have segregated into two distinct layers,
an upper layer of concentrated LLLW and a sludge layer where the
RH-TRU have accumulated. A decanting module will be built tc decant
the LLLW to a containment structure where the commercial vendor will
solidify the LLLW in a cement matrix. After decantation but before
solidification, the liquid will be tested for TRU content. 7he
resultant waste form will be a six foot by six foot cylinder which
will be transported to the Solid Waste Storage Area-6 (SWSA-6) for
disposable on a tumulus pad.

The reference flowsheet will incorporate filtration and
decontamination of the LLLW. Investigation of cross-flow filtration
to remove the suspended solids and inorganic zeolite ion exchange to
rei.'ove radioactive ions from the LLLW to reduce pathways dispt sal
concerns is underway. This effort will have to be closely coupled
with RH-TRU processing and repackaging plans. The reference
flowsheet will not be implemerted until the 1990s.
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THE NEED

ORNL CURRENTLY HAS ABOUT 400,000 GALLONS OF LIQUID LLW

(LLLW) IN STORAGE AT HELTON VALLEY STORAGE TANKS (NVST) AND

THE EVAPORATOR FACILITY. ROUGHLY 600,000 GALLONS OF LLLW
ARE STORED IN VARIOUS INACTIVE SYSTEMS INCLUDING THE GUNITE

TANKS.

LLLW WAS DISPOSED BY HYDROFRACTURE UNTIL 1984.

ANOTHER DISPOSAL TECHNOLOGY MUST BE DEVELOPED FOR THE STORED

WASTE, AND NEWLY GENERATED WASTE, TO AVOID DISRUPTION OF

WASTE GENERATING OPERATIONS.

GO
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THE NEED (CONT'D)

IN ADDITION TO THE LLLW, ORNL HAS APPROXIMATELY 250,000 GALLONS

(SLUICED) OF RH-TRU AT MVST AND GUNITE TANKS, PLUS AN UNCERTAIN
QUANTITY IN INACTIVE TANKS, WHICH MUST BE SOLIDIFIED FOR

SHIPMENT TO WIPP.

THE TIMING ASSOCIATED WITH DISPOSAL OF THE LLLW is URGENT;
HOWEVER, THE TIMING FOR THE RH-TRU WASTE IS NOT URGENT, BUT THE

TWO PROBLEMS ARE RELATED:

MELTON VALLEY STORAGE TANKS (MVST) CONTAIN BOTH LLLU AND
RH-TRU SLUDGE.

SOLIDIFICATION OF THE LLLW REQUIRES A PHYSICAL
SEPARATION FROM THE SLUDGE.

00



NEAR-TERM LIQUID LOU-LEVEL SOLIDIFICATION

o BACK-UP FLOWSHEET

o TYPICAL SOLIDIFICATION COMMERCIAL EQUIPMENT

o LOCATION AT ORNL
o FACILITIES
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COMPARISON OF DECANT CONCENTRATIONS

ISOTOPE
SR-90

Cs-137
Cs-134
Co-60
Eu-152, -154
CM-244

AM-241

CM-246

U-233

SOW & PSAR
4410

13,600
244
320
600
75
11
-
4

ANTICIPATED
400

4,300
200
40
3
2.5
0.2
0.1
0.2

to

CO



ORNL-DWG 87-16382

RADWASTE SOLIDIFICATION SYSTEM TYPICAL SYSTEM ARRANGEMENT
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ORNL-DWG 87-16383

MOBILE SOLIDIFICATION SYSTEM FILLHEAD

PNEUMATIC
CONNECTIONS

VENT

WASTE
INLET

FILLHEAD
SKIRT

HYDRAULIC
MOTOR

CEMENT
INLET

DEWATERIN3
CONNECTION
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ORNL DWG 87-489
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TRU
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f
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1996 OR LATER

REMOTE-HANDLED
TRU SLUDGE

SOLIDIFICATION

LLLW
SOLIDIFICATION

NON-TRU
CONTACT-HANDLED

TO NEAR-SURFACE
DISPOSAL

CO

00



REFERENCE FLOW SHEET
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ORNL-DWO 87-140
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SUMMARY

NEAR TERM - OCTOBER 1987

- CEMENT SOLIDIFICATION OF LLLW
- APPROXIMATELY 50,000 GALLONS LLLW
- TEMPORARY "BREATHING ROOM"

- COORDINATION OF EFFORT WITH STORAGE/DISPOSAL

o TUMULUS

o SILO

LONG TERM - 1990

- INVESTIGATION OF FILTRATION

- INVESTIGATION OF DECONTAMINATION

- FEASIBILITY STUDY UNDERWAY

CO
in

V
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Stabilization of Solid Wastes Containing Technetium-99

for the Portsmouth Gaseous Diffusion Plant

Presented by:

J. L. Shoemaker, ORGDP
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ABSTRACT

STABILIZATION OF SOLID WASTES CONTAINING TECHNETIUM-99
FOR THE PORTSMOUTH GASEOUS DIFFUSION PLANT

August 27, 1987

J. L. Shoemaker and W. D. Bostick

Oak Ridge Gaseous Diffusion Plant*

R. D. Spence, T. M. Gilliam, and I. L, Morgan

Oak Ridge National National Laboratory*

Technetium-99 is a relatively high-yield, long half-life fission product of
enriched uranium. We describe initial studies on the applicability of
concrete fixation for stabilizing selected mixed radioactive and chemically
hazardous solid wastes from the Portsmouth Gaseous Diffusion Plant, with the
primary objective of reducing the leachability of toxic metals {including cad-
mium, lead, and uranium), nitrate ion, and technetium. Containment of these
leachable components is desired in order to facilitate permitting of above-
ground, long-term outdoor storage. Three waste forms were selected for this
study: 1) a "heavy metals sludge", resulting from cleaning and contamination
activities; 2) an incinerator "ash"; and 3) a highly acidic "gunk" sludge,
resulting from recovery of uranium from spent trapping material.

Concrete test specimens have been prepared using wastes blended with cement,
fly ash, blast furnace slag, clay, and other additives. Solidified wasteforro
leachability has been evaluated by the EP-toxicity characteristic and
ANS-16.1-1986 procedures, and structural integrity evaluated by treeze-thaw,
90-day immersion, and compressive strength tests. Heavy metals concentrations
in the EP-toxicity leachate were well below required limits, and (relative to
leachate from the raw wastes) uranium, nitrate, and technetium-99 con-
centrations were reduced by approximately 7-, 6-, and 3-orders of magnitude,
respectively.

*0perated by Martin Marietta Energy Systems, Inc., for the U.S. Department of Energy.

"The submitted manuscript has been authored by
a contractor of the U.S. Government under Contract
No. DE-AC05-840R21400. Accordingly, the U.S. Government
retains a nonexclusive, royalty-free license to publish
or reproduce the published for» of this contribution,
or allow others to do so, for U.S. Governnent purposes."
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STABILIZATION OF SOLID WASTES CONTAINING TECHNETiUfl-99

FOR THE PORTSMOUTH GASEOUS DIFFUSION PLANT

J. L« SHOEMAKER AND W. D* BOSTICK

OAK RIDGE GASEOUS DIFFUSION PLANT*

R. D. SPENCE, T- M- GILLIAM, AND I. L- MORGAN

OAK RIDGE NATIONAL LABORATORY*

• O p e r a t e d b y M a r t i n M a r i e t t a E n e r g y S y s t e m s , I n c . , f o r t h e U . S .
D e p a r t m e n t o f E n e r g y .

" T h e s u b « i t t e d a a n u s c r i p t h a s b e e n a u t h o r e d b y

a c o n t r a c t o r o f t h e U . S . G o v e r n m e n t u n d e r C o n t r a c t

N o . D E - A C 0 5 - 8 4 0 R 2 H 0 0 . A c c o r d i n g l y , t h e U . S . G o v e r n m e n t

r e t a i n s a n o n e x c l u s i v e , r o y a l t y - f r e e l i c e n s e t o p u b l i s h

o r r e p r o d u c e t h e p u b l i s e d f o r m o f t h i s c o n t r i b u t i o n ,

o r a l l o w o t h e r s t o d o s o , f o r U . S . G o v e r n m e n t p u r p o s e s . "
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HEAVY METALS SLUDGE

• GENERATED BY THE RAFFINATE HEAVY METALS
PRECIPITATION PROCESS

• FILTER CAKE THAT RESULTS FROM PRECIPITATION
AND FILTRATION

• Toxic WITH CD AND PB

• URANIUM AND TECHNETIUM

• HIGH NITRATES

GUNK MATERIAL

• DISSOLVED TRAPPING MATERIAL FROM CASCADE

• VACUUM FILTER CAKE THAT RESULTS

• Low PH

• URANIUM AND TECHNETIUM

• HIGH NITRATES

ASH MATERIAL

• RADICATOR ASH

• RESULTS FROM BURNING CONTAMINATED PAPER,
SHOE COVERS, PLASTIC, ETC-

• Toxic WITH CD

• URANIUM AND TECHNETIUM
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RADIOACTIVE COMPONENTS OF EP EXTRACT

Card Number
Alpha
(d/m/ml)

Beta
(d/m/ml)

Tc-99
(

Uranium

994497 (Heavy Metals Sludge)

Maximum
Minimum
Mean (N=3)

0.
0.
0.

422
358
390

1.
0.
0.

12
63
93

995338 (Gunk)

Maximum
Minimum
Mean (N=6)

573
415
472

400
286
317

0.011
0.007
0.009 to

O

991715 (Ash)

Maximum
Minimum
Mean (N=6)

95
30
68

244
74
155

0.006
0.002
0.004
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STABILIZATION STUDY OBJECTIVES

CHEMICALLY CHARACTERIZE EACH WASTE.

PREPARE GROUT TEST CUBES FOR EVALUATION*

SET PERFORMANCE CRITERIA TO MEET.

RUN EP TOX ON TEST CUBES.

PERFORM ANS 16.3. LEACH TEST ON GROUT CUBES.

DETERMINE COMPRESSIVE STRENGTHS.

EVALUATE RESULTS.

USE ORNL CHEMICAL TECHNOLOGY DATA BASE AND
PERSONNEL FOR BEST FORMULATIONS.

CAST AND EVALUATE GROUT TEST CUBES FROM THESE
FORMULATIONS-
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CHEMICAL ANALYSIS

ANALYSIS, yg/g ASH GUNK HEAVY METALS

Aluminum
Arsenic
Barium
Beryllium
Cadmium
Chromium
Copper
Iron
Lead
Mercury
Selenium
Silver
Zinc
Uranium
U-235, wt%
Technetium
Activity, Alpha,

Beta,
Gamma,

Fluoride
Chloride
Nitrate
Sulfate

72,000
27

2,400
0.81
240
220
600

15,000
1,051

<0.5
6.0

15,000
7,200
35.7
1.43

1.4e~l
2.06-1

1.7e"2

28,000
1.1
9.6

0.70
0.84

29
9.8

2,100
10.1

<o!s
16
27

5,000
1.56

0.024
2.5e"3

5.1e"3

5.9e"4

3,400
<l,000
87,500

150

96,000
4.5
35

1.3
970
490

1,900
36,000
52,300

<0.5
5.7

1,300
310

5.77
5.13

l.Oe"1

3.0e-'*
2,400

907
117,000

1,500
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SUGGESTED PERFORMANCE CRITERIA

10 CFR PART 61 - DISPOSAL OF LOW-LEVEL
RADIOACTIVE WASTE

LEACHABILITY INDEX OF 6 - BY ANS 16-1

FREEZE/THAW RESISTANCE TEST

90 DAY IMMERSION TEST

EP Tox FOR SELECTED METALS

MINIMUM COMPRESSIVE STRENGTH

RADIATION STABILITY TEST

ORGANICS - TCLP ORGANICS BY EP Tox
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COMPOSITION OF GROUT TEST CUBES

DRY MIX COMPOSITION BATCH #1 BATCH #2 BATCH #3

Cement
Fly Ash
Blast Furnace Slag, %
Indian Red Clay, %
Fibermesh, %
Admixture, %

0.
0.

50
rj0

125
125

0.
0.

33
33
33

125
125

0.
0.

10
40
42
8

125
125

WASTE MATERIAL COMPOSITION

Gunk, wt% Solids
Ash,. wt% Solids
Heavy Metals, wt% Solids

Dry Material Added, %
Waste Added, %

25
40
25

50
50

25
40
25

53
47

25
40
25

56
44

COMPRESSIVE STRENGTH

Gunk, psi
Ash, psi
Heavy Metals, psi

1,343
2,568
1,956

3,321
2,115
2,899

2,074
—

1,505



LEACHATE ANALYSIS ON CONCRETE FROM PORTSMOUTH GUNK

PG/G
Parameter

As
Ba
Cd
Cr
Pb
Hg
Se
Ag

Ni
Zn
Cu
Fe
Mn

Tc
U

U-235
Nitrate

EP Tox
Limits

5.0
100
1.0
5.0
5.0
0.2
1.0
5.0

Drinking
Water

Standards

0.05
1.0
0.01
0.05
0.05
0.002
0.01
0.05

0.10
5.0
1.0
0.5
0.5

Raw Sludge

1.1
9.6
0.84

29
16

<1.0
<0.5

16

83
27

9.8
2,100

13

0.024
5,000
1.56%

87,500

Run #1

0.0063
<0.003
<0.010
<0.050
<0.0002

—
<0.006

<0.010
0.037
0.0061
0.017

<0.001

<0.0002
0.018
—
50

Run #2

<0.005
0.040
<0.003
<0.01
0.004
<0.0002
<0.005
<0.006

<0.010
0.0034
<0.004
<0.004
0.0046

<0.00008
0.007

—
<0.5

Run #3

<0.005
0.035
<0.003
<0.01
0.004
<0.0002
<0.005
<0.006

<0.010
0.0045
<0.004
<0.004
0.0061

0.00005
0.0003

_
14.7

CO



LEACHATE ANALYSIS ON CONCRETE FROM PORTSMOUTH ASH

nG/G
Parameter

As
Ba
Cd
Cr
Pb
Hg
Se
Ag

Ni
Zn
Co
Fa
Mn

Tc
U

U-235
Nitrate

EP Tox
Limits

5.0
100
1.0

5
5

0.2
1.0

5

Drinking
Water

Standards

0.05
1.0
0.01
0.05
0.05
0.002
0.01
0.05

0.10
5.0
1.0
0.5
0.5

Raw Ash

27.0
2,400

240
220
990

<1.0
<0.5
6.0

450
15,000

600
15,000

550

1.433
7,200
35.70%

mm

Run #1

0.0047
<0.0030
<0.010
<0.05
<0.0002

—
<0.006

<0.010
0.018
<0.004
0.011
<0.0010

0.0014
0.018

_
1.4

Run #2

<0.005
0.031

<0.003
<0.010
<C.O5
<0.0002
<0.005
<0.006

<0.01
0.002

<0.004
<0.004
0.011

0.0003
0.002

—
<0.05

CO



LEACHATE ANALYSIS ON CONCRETE FROM PORTSMOUTH HEAVY METALS

WG/G
Parameter

As
Ba
Cd
Cr
Pb
Hg
Se
Ag

Ni
Zn
Cu
Fe
Mn

Tc
U

U-235
Nitrate (N)

EP Tox
Limits

5.0
100
1.0
5.0
5.0
0.2
1.0
5.0

Drinking
Water

Standards

0.05
1.0
0.01
0.05
0.05
0.002
0.01
0.05

0.10
5.0
1.0
0.5
0.5

10

Raw Sludge

4.5
35

970
490

52,300
<1.0
<0.5
5.7

6,000
1,300
1,900
36,000

890

5.134
310
5.77

117,000

Run #1

0.029
<0.003
<0.010
<0.050
<0.0002

—
<0.0060

<0.010
0.010
0.0059
0.013
<0.0010

0.028
0.006
-
397

Run #2

<0.005
0.030

<0.003
<0.010
0.006

<0.0002
<0.005
<0.006

<0.010
0.017

<0.004
0.0068
0.0022

0.0092
0.002

—
<0.5

Run #3

<0.005
0.029
<0.003
<0.010
<0.004
<0.0002
<0.005
<0.006

<0.010
0.010 &
<0.004 ^
<0.004
0.0048

0.00008
<0.03

—
278
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HEAVY METALS SLUDGE

• LARGE STREAM ON-GOING PLANT PROCESS FROM CLEANING AND
DECONTAMINATION ACTIVITIES. GENERATES ~ 2 YD3 /WEEK OF
FILTER CAKE SLUDGE (~ 50 WT% SOLIDS)

• SEVERAL HUNDRED TUBS ON HAND (~ 1 YD EA)

• PREVIOUSLY SLUDGE SETTLED IN 701-B HOLDING POND- DREGGED
INTO EAST TOTAL CONTAINMENT POND. VERY LARGE VOLUME-

9 9
• MIXED WASTE - HEAVY METALS (CD AND PB>, PLUS TC AND

URANIUM.

• NOVEMBER 88 CLOSURE DEADLINE



T c " LEACHABILITY FROM HEAVY METALS SLUDGE

EP Tox Leachate ANS 16.1 (24 Hrs.) ANS 16.1 (90 Days)

Mg Tc/Sample Mg Tc/Leached %Tc Leached %Tc Leached %Tc Leached

Raw Sludge

Concretes

Recipe #1

#2

#3

0.589

0.451

0.424

0.320

0.624

0.116

0.038

0.0003

100

25.7

9.0

0.10

29.7

12.0

2.0

87.

34.

4.

7

5

4 to
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LEACHABILITY INDEX FOR HEAVY METALS CONCRETES

Blend LI, Nitrate LI, Tc

#1 5.9 6.3

#2 6.2 7.2

#3 6.6 8.7

99



COMPOSITION OF GROUT TEST CUBES

Dry Mix Composition Blend #4, wt% Blend #5, wt% Blend #6, wt%

Fly Ash (Class F)

Slag (Standard Slag Co)

Ferrous Sulfate

Iron. Powder

%Tc" Leached, 24 Hr.

T c " LI, 24 Hr.

%Nitrate Leached, 24 Hr.

Nitrate LI, 24 !ir.

46

46

0

10

14

7

. 6

. 8

. 0

.4

4b

48

Concrete Leachability

2.0

9.3

23.0

6.8

33

33

33

0

12

5

8

. 1

. 3

. 6

.0

-vl
1—<

r '



Maxey Flats In Situ Waste Grouting Demonstration

Presented by:

John E. Razor,

Westinghouse Electric Corporation



MAXEY FLATS IN SITU HASTE GROUTING DEMONSTRATION

John E. Razor
Westinghouse Electric Corporation
Environmental Technology Division

Hillsboro, Kentucky 41049

Doyle Mills
Department for Environmental Protection

Kentucky Natural Resources and Environmental
Protection Cabinet

Frankfort, Kentucky 40601

ABSTRACT

The Maxey Flats Disposal Site located in Fleming County, Kentucky
was added to the U. S. EPA National Priority List in 1986 and is
currently being evaluated for remediation and closure under the
CERCLA/Superfund program. The Commonwealth of Kentucky has cosponsored
a program with the U. S. DOE Low Level Waste Management Program to
demonstrate various remedial technologies which may be applied to
source containment at the Maxey Flats site.

This paper describes the field demonstration of in-situ waste
grouting using a participate (cement) grout. This demonstration is
a follow-on to a similar demonstration using a solution grout. Both
programs were designed to develop injection techniques, to assess
the ability of the grout to fill the assessible voids within the
waste/backfill matrix, to measure the reduction in the hydraulic
conductivity of the waste/backfill matrix, and to determine the
operational difficulties in implementing a site-wide grouting program.
The paper concludes with lessons-learned during the project and
estimated costs for full scale implementation.



377

MAXEY FLATS IN SITU WASTE GROUTING DEMONSTRATION - John E. Razor,
Westinghouse Environmental Technology Division, Hillsboro, Kentucky;
H. Doyle Mills, Kentucky Department, for Environmental Protection,
Frankfort, Kentucky1

The Maxey Flats Low-ljevel Radioactive Waste Disposal Site was operated
from 1963 to 1977 as a shallow land burial facility. During this
period the burial technique utilized at the site entailed the exca-
vation of trenches into the near surface geology. Containerized radio-
active wastes were placed in these excavations in a random fashion and
then backfilled with soils removed during trench excavation. The
trenches were capped with native clay soils which were sioped to pro-
mote drainage away from the burial trench. As site operations pro-
gressed, problems associated with the method of trench construction,
waste emplacement, backfilling and trench closure method, as well as,
geologic features not conducive to waste containment were observed.
This lead to the suspension of commercial operations, closure of the
site and the transfer of site management responsibility to the
Commonwealth of Kentucky in 1978.

Since 1979, the Kentucky Natural Resources and Environmental Protec-
tion Cabinet has been the state agency responsible for site manage-
ment . Early efforts of the Cabinet were directed toward remedial
activities to prevent the movement of radionuclide tearing trench
leachate from the burial ground to the surrounding environment. In
1980 the Cabinet requested technical and financial assistance from the
U.S. Department of Energy in identifying methods of ensuring the long
term stability of the site.

Through various grants and co-sponsorships, the Commonwealth and the
USDOE have participated in a program tc develop and demonstrate rone-
dial technologies to overcome several problems of the site. In 1981,
a demonstration of polymer membrane as a trench cap infiltration
barrier was conducted (Mills and Razor, 1983). The results of this
demonstration lead to a program to identify available technologies to
treat the two principal problems at the disposal facility, trench cap
subsidence and vertical and lateral infiltration of water into the
closed burial cells (WHNI, 1983). One recommendation of that study
was that several promising, yet immature, technologies be demonstrated
to prove their viability at a shallow land burial facility situated in
a humid environment with fractured geology.

1TYhis demonstration was supported by the U.S. Department of Energy
under Grant DE-FG07-81ID12223 and conducted under the direction of the
Kentucky Natural Resources and Environmental Protection Cabinet.
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The demonstrations completed or currently in progress at the site
include:

0 The use of a buried polymer membrane as a trench cap
infiltration barrier,

0 The use of a multi-layered trench cap constructed of
natural materials to preclude surface water infiltration
and waste bio-intrusion,

0 The use of solution and particulate grouts to reduce
trench subsidence and buried waste hydraulic
conductivity, and

0 Methods to improve future burial of radioactive waste in
sites having fractured geology located in a humid
environment.

The results of these demonstrations encouraged the exploration of
particulate grout as a means of reducing the deleterious effects of
trench cap subsidence while reducing the volume of groundwater con-
tacting the waste.

Most recently the site has been placed on the U.S. Environmental
Protection Agency National Priority List under the Comprehensive
Environmental Response, Compensation and Liability Act (CERCLA) »ore
commonly referred to as Superfund. The Superfund process is directed
toward the remediation of hazardous waste sites which pose a threat to
man and the environment. The process also requires identification of
parties who generated or transported the waste materials or operated
the facility. The organizations which are potentially responsible for
the cost associated with remediation of the Maxey Flats site have been
identified and a group of those organizations have signed a consent
order to complete the first phase of the Superfund process by
preparing a site remedial investigation and feasibility study (RI/FS).

Since the feasibility study will investigate, rank and select various
alternates for use as a site remediation, the demonstration of the
maturity of potentially useful technologies at the site is timely.

GROUTING PROCESS

The in situ grouting process has been used for decades in the soils
modification industry. The teclinology has been applied to water diver-
sion projects in tunnels and earthen dams, stabilization of building
and roadway foundations and more recently in hazardous waste site
remediation. As applied in the construction industry, in situ
grouting involves the injection of a gelabie liquid mixture (grout)
into a subsurface formation. Grouts are generally divided into two
subsets - those in a solution (chemical) and those in colloidal
suspension (perticulate). Grouts are injected as liquids into
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formations to fill voids and fractures. After a period of time the
grout solidifies (gels) which decreases the soil pennability and the
rate at which water moves through the formation.

If a high degree of water diversion (hydraulic isolation) is the goal
of the project, the grout must be formulated to penetrate the voids
between the individual particles of soil. Although limited in capa-
city, water movement at this level can be significant in certain
soils, primarily sands. By selection of an appropriate grout, the
entire formation can become a cohesive mass which significantly lowers
the hydraulic conductivity of the unit.

The same properties which make in situ grouting useful in limiting
water movement through soil formations have attracted support for its
use in hazardous waste burial trenches. For this application the
grout is injected into the waste/backfill matrix at pressures ranging
from atmospheric to several hundred po'inds per square inch. The grout
flows into the voids between waste containers and unconsolidated soil
backfill, forming upon grout solidification, a monolithic mass.

Solution grouts have the advantage of allowing greater grout permea-
tion into the microscopic soil pores. This penetration into soil
pores reduces the movement of water thus reducing the leaching of
contaminants (radioactive or other hazardous materials) fro» the
waste. The particulate grouts generally offer greater structural
stability thus improving resistance to trench cap subsidence and the
accompanying increase in surface water infiltration.

RESULTS OF PREVIOUS DB1ONSTRATIONS

In 1982, Oak Ridge National Laboratory (ORNL) completed an evaluation
and field demonstration of several chemical grouts (Spaulding, 1985).
The laboratory evaluation was conducted on soils from both the ORML
and Maxey Flats site and four chemical grouts - sodium silicate, poly-
acrylamide, urea-formaldehyde, and resorcinol-formaldehyde. Ba3ed
upon the laboratory evaluation, a field demonstration was conducted
utilizing sodium silicate and polyacrylamide to grout simulated waste
trenches. It was demonstrated that using gravity feed of the grout
into the trench, the hydraulic conductivity of the waste/backfi11
matrix was reduced by several orders of magnitude. The ORNL effort
lead to a demonstration of in situ waste grouting using a solution
grout (20% sodium silicate) at the Maxey Flats site (Carr et al,
1985).

The Maxey Flats in situ grouting demonstration had two primary goals.
The first involved the stabilization of the ground surface so that the
integrity of a trench cap infiltration barrier could be ensured.
Secondly to reduce the permeability of the waste/backfi11 matrix to
minimize the contact of groundwater with the trench contents and
subsequent leaching of radionuclides.
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Based upon the success of the ORNL demonstration, a solution grout,
sodium silicate, was selected for use as a compromise over particulate
grouts having greater structural strength. The demonstration was con-
ducted on a trench section selected based upon its age and relatively
low radioactivity content. The trench was among the first completed
at the site (1963) and it was suggested that this trench represented
the "worst case" since it was thought that the natural consolidation
processes had greatly reduced the hydrauJic conductivity of the waste
and thus its "groutability". This assumption was later proved
incorrect.

A central portion of the trench (25 feet x 30 feet) was isolated
through the installation of sheet piling and injection wells installed
on a five foot by five foot grid. Measurements were made of the the
pre-grout hydraulic conductivity (waste/backfill porosity) and the
accessible void fraction of the waste2.

The grout was gravity fed into individual injection wells at flow
rates of up to fifty gallons per minute. Grout was found to travel
distances of greater than thirty feet (the maximum distance available
within the trench section) from the point of injection during a short
period of time. Additionally, a high percentage of the accessible
waste void volume was filled by the grout, which suggested that a
particulate grout might be useful in meeting the goals of the demon-
stration. The hydraulic conductivity of the waste/backfill matrix was
lowered several orders of magnitude to an average value of 5 x 10"5

cm/seo. The grouted waste's average hydraulic conductivity has
increased to 1 x 10"4 - three years after injection was completed.

DEMONSTRATION OBJECTIVES

The objectives of the particulate grout demonstration were similar to
those of the previous solution grout demonstration. The objective of
providing a stable base for the installation of a trench capping sys-
tem was quantified for a particulate grout demonstration based upon an
in situ grouting demonstration in progress at Idaho National Engineer-
ing Laboratory (Low et al, 1987).

The objective of geomechanical stabilization of the burial trench
against further subsidence was considered to be met if a grout mixture
having unconfined compressive strength (28 day) of 200 psi was used to
fill 80 percent of the accessible void volune. It was judged that
this criteria, if met, would prevent the further consolidation of the
waste/backfill matrix and the piping of soils into voids within the
waste matrix. A trench cap containing a high efficiency surface water

2 The accessible void fraction is defined as that portion of the
waste/backfill matrix which can be accessed by flooding the trench
with water. It does not include the voids sealed within containers.
Pressure grouting may collapse containers, thus filling these
addi tional voids.
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infiltration barrier could then be installed without fear of its fail-
ure due to future trench subsidence.

Utilizing the experience gained in the previous demonstration, a goal
of obtaining an aiverage post-grouting hydraulic conductivity of
1 10"4 cm/sec was established for the particulate grouting demon-
stration. By lowering the hydraulic conductivity to this value, the
flow of water through the trench would be greatly retarded. This
would reduce the leaching of radionuclides and other hazardous
components from the waste and their transport to the environment. The
slower movement of water would also reduce the corrosion of metal
waste containers,

A final benefit hoped to be gained in the grouting of the trench was
the plugging of fractures in the host geology. While the lowering of
the primarily permeability of the host formation (shale with thin
lenses of fractured sandstone) was clearly not possible with the
particulate grout, the sealing of the formation fractures (which
account for the much higher secondary formation permeability) would
significantly reduce the potential for contaminant migration from the
burial trench.

The demonstration was also designed to determine the feasibility of
using a more economical method of grout introduction into the waste
matrix. In the previous demonstration injection wells were installed
on a predetermined grid pattern by pile driving techniques. These
four-inch diameter steel casings were left in place following
injection activities. This was a costly method of injection and
allowed no flexibility in selection of injection points based on
operational data gained during the injection process. A reusable
injection lance which mounted on a forklift was designed for field
evaluation.

GKOUT FORMULATION

Due to the limited budget for this project, evaluation of grout formu-
lation for the specific requirements of the Maxey Flats site was not
possible. However, considerable effort toward evaluation of grouts
for the construction industry has been completed and more recently for
the application of in situ grouting to hazardous waste disposal.

The evaluations of particulate grout properties which most directly
applied to the situation at the Maxey Flats site were those conducted
by researchers at ORNL (Tallent et al, 1987, Tallent et al, 1986) in
support of in situ grouting demonstrations at ORNL Site 6 and at Idaho
National Engineering Laboratory. In these studies, grouts prepared
from dry-solid blends containing Type I Portland cement, ASTM Class C
or Class F fly ash, and bentonite, mixed with water at ratios of 10 to
15 lb/gal were examined. The ratio of the dry solids was varied to
obtain a grout with low apparent viscosity while maintaining good com-
pressive strength. The tests conducted on the prepared samples
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included: phase separation, 28-d compressive strength, apparent vis-
cosity, 10-minute gel strength, and various rheological tests.

Based on these evaluations, a grout prepared from dry-solids blend
containing 39 percent Type I Portland cement, 55.5 percent Class C fly
ash, and 5.5 percent bentonite, mixed with water at ratios of 12.5
pounds per gallon of water was selected for a field demonstration at
ORNL Site No. 6. This grout formulation was also selected for the
Maxey Flats demonstration.

BQUIFMENT DESIGN

A skid-mounted grout delivery system was employed for the mixing and
delivery of the grout to a reusable injection lance. This unit was
designed for use with both solution and particulate grouts and was
used in the previous solution grout demonstration.

The system flow diagram is shown in Figure 1. The system is comprised
of two identical subsystems capable of independent or simultaneous
operation. The system is capable of delivering grout at pressures of
up to 200 psi and at volumes of up to 1,500 gal/hr for solution grouts
and 1,000 gal/hr for particulate grouts3.

The injection lance is constructed primarily of one and one-half inch
schedule 80 mild steel pipe (See Figure 2). The lance is equipped
with a tapered steel drive point and forklift mounting assembly.
Grout delivery is made via one-half inch holes on four-inch centers,
extending two feet from the lance bottom. A pneumatic hanmer is
attached to the head of the lance to assist in advancing it through
the waste.

TRENCH PREPARATION AND EVALUATION

Since considerable data was available from the trench used for the
previous demonstration, the eastern section of Trench 2 was selected
for use in the particulate grout demonstration. Trench 2 was filled
with approximately 18,000 cubic feet of waste containing approximately
82 curies of by-product activity and 60 grams of special nuclear mater-
ial (SNM) in 1963. Site records indicated that the trench was exca-
vated to the dimensions of 180' x 25' x 15' (depth). A section of the
trench (30 ft) was isolated in its central portion by sheet pile
installation during the previous demonstration. This divided the
trench into three separate sections as shown in Figure 3.

3The system was modified slightly through the addition of a second
paddle-blade mixer to each mixing tank during the early phases of the
injection operation. This was necessary to provide additional mixing
energy for the particulate grout. The grout formulation was also
modified by inclusion of an admixture formulated to increase grout
plasticity while maintaining high strength and low permeability.
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The eastern portion of Trench 2 was selected for the particulate grout
demonstration. Tests conducted during the earlier demonstration indi-
cated an accessible void fraction within the trench of approximately
23 percent. Since the? planar dimensions of the eastern trench section
were not accurately known, the cell was flooded and the volume of
water removed measured. This provided an estimate of the accessible
void volume within the trench section and allowed a method of deter-
mining if the goal of filling 80% of the accessible void volume was
obtained. The estimated accessible void volume within the trench
section was 1,180 cubic feet.

Four monitoring wells were installed to measure the hydraulic conduc-
tivity of the waste matrix. Pre-grout determinations were made but
since liquid flowed into the waste zone at the maximum delivery rate
available, the hydraulic conductivity could only be estimated as
greater than 7 x 10-* cm/sec. Details of the method used to
determine the waste hydraulic conductivity can be obtained from the
report on the previous demonstration (Carr et al, 1985).

INJECTION EXPERIENCE

Grout injection was conducted during the period April 16th to May 5th,
1987. Grouting was performed along a predetermined grid pattern which
placed four rows spaced 5-6 feet apart along the length of the trench
section. Injections were made along the rows at five foot intervals
starting at a row near *he center of the trench. Some initial diffi-
culty was encountered in obtaining a well mixed grout, but this was
corrected through the installation of a second mixer in the grout mix-
ing tank. An admixture designed to improve product plasticity was
also utilized. Conversations with individuals knowledgeable in grout
preparation also lead to the modification of the mixing sequence.
Bentonite was added to the water first to aid in the suspension of the
fly ash and cement. This also improved the "wetability" of the
cement.

During insertion of the lance assembly into the waste matrix, the
lance was driven to a depth of 10 to 12 feet below ground surface.
This resulted in lance penetration to well within the trench waste
zone, which extended from elevation 1032 to 1045 feet above mean sea
level. Based on data collected during lance insertion, the lance
penetrated to elevations ranging from 1035 to 1041 f t. Small
amounts of water were added to the annular space surrounding the lance
to assist in installation.

Grout injection was initiated with the lance at the point of greatest
penetration. Grout was injected at a pressure of 50 psi increasing to
a maximum allowed pressure of 100 psi. When pressures rose to 100
psi, the injection ceased, the lance was raised one foot, and the
injection continued. This process was repeated until grout emerged
from the injection hole at ground surface or until the lance was
retracted to less than four feet beneath the surface.
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Table 1.

Location

1

2
3
4
5
6
7
8
9
10
11

Grout Injection Volume by Location
(gallons)

Volume

467
555
1402
1011
692
698
447
178
142
77
319

Location

12
13
14
15
16
17
18
19
20
21
22

Volume

260
106
113
680
41
242
337
148
47
29
42

The sequence used for injection is shown in Figure 4. Numbered points
are used to represent injection holes. Points where the lance met
refusal before attaining the mininoan injection depth are labeled with
a letter. The point labeled 1A is a natural conduit to the surface
which was found when grout emerged from a small hole during
injection. The estimated trench sidewall location is based upon
information obtained during the injection process and during the
previous demonstration.

Because of excellent acceptance of grout by the first two holeB, the
distance between injection point was expanded to determine the optitm
spacing. Table 1 is a listing of the volume of grout injected at each
location.

One planned row of injection points was abandoned due to the diffi-
culty in achieving acceptable penetration of the injection lance. It
was later decided that this row was exterior to the trench and the
lance was encountering a sandstone lens present in the undisturbed
soil formation4. Because of excellent results of injections on
other rows and their existing spacing, a decision was made not to
replace this row of injection points.

Weld failure and bending of the injection lance were continuing prob-
lems throughout the injection operation. Weld failures were overcome
with the redesign of the lance and the method used to attach the pneu-
matic hammer. The bending of the lance due to deflection off solid
objects struck at a shallow angle was more difficult to correct.

*The initial selection of the injection points was based on the
available trench location records and a limited survey conducted using
a ground penetration rod. The trench layout records are of poor
quality and yield little information on trench orientation.



Sheet Piling

10
20

11 18 12 13

21

1 X4 X5

15

1A A \
• ^ « 3 N

16 #17 N

Approximated Trench Outline

^ Monitoring Well

# Injection Point

0' 5' 10' 15' 20' 25'

777662-3A

Figure 4. Location of Grout Injection Points itnej Monitoring ltell»>.



389

The bending problem could be partially eliminated through the use of
drill steel for the lance portion of the injection assembly. The use
of drill steel has the additional advantage of facilitating lance
replacement. This is accomplished through the coarse tread used in
connecting sections of drill steel. However, these advantages are not
gained without a considerable increase in lance assembly cost.

The high injection pressures used facilitated the lifting of the
trench cap and breakthrough of grout materials to the surface.
Despite precautionary measures taken to prevent this occurence, grout
emergence was observed on one occasion. The volume released was negli-
gible and carried no radioactivity to the surface. The point of exit
from the trench is believed to be along the contact of the waste
matrix with the undistrubed soil formation (sidewall contact).

Over the course of injection, 8,000 gallons (1,070 cubic feet) of
grout were injected. Operations were discontinued when the volume
injected per lance installation appreciably decreased and the total
volume injected approximated the estimated accessible void volume.
Continued lance installation (driving) was also hampered by the struc-
tural strength impart the waste matrix by hardened grout from earlier,
nearby injections. This, of course, was a desired effect.

EVALUATION

Post-grouting measurements of the grouted waste hydraulic conductivity
taken at the four monitoring wells ranged from 6 x 10"5 to
2 x 10"4 cm/sec and averaged 1 x 10-* cm/sec. The most recent
hydraulic conductivity measurements (August 21, 1987) have shown a
slight decrease to 9 x 10"5 cm/sec, which is within the range of
uncertainty of the measuring technique.

While higher than the hydraulic conductivity attained with the sodium
silicate grout, the project goal was met and a reasonable degree of
hydraulic isolation attained. At present, no invasive measurements
are planned for evaluating the success of the grout in plugging the
formation fractures generally considered to be the most probable path-
way of migration of leachate from closed burial trenches at Maxey
Flats.

The second method of evaluating the success of the demonstration was
through the filling of the waste accessible void volume. Slightly
over 8,000 gallons of grout were injected during primary injection
efforts. Additional injections were not deemed necessary and were not
attempted. This volume represents 91% of the accessible void volume
estimated by flooding the trench section prior to grout injection.

Samples were collected at the point of injection from representative
grout batches. The unconfined compressive strength (28 d) of the
samples ranged from 350 to 1,590 psi with an average of 880 pai. The
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average strength of the grout increased markedly with the addition of
the plasticizing admixture.

DISCUSSION AND CONCLUSIONS

Previous studies, which were generally based on laboratory evaluation
of grout performance, have concluded that the usefulness of parti-
culate grouts in achieving hydrologic isolation of buried waste is
limited. Indeed it has been suggested that grouts which are not
capable of penetrating loosely-packed backfill soils are not suitable
for use in waste burial site remediation. This conclusion is based on
a desire to achieve a lower waste matrix hydraulic conductivity than
that of the host burial formation. Based on the experience in
grouting of the Maxey Flats and ORNL waste trenches, this degree of
isolation can not generally be attained by in situ grouting with
either solution or particulate grouts.

The permeability of fractured shales, such as those at both the Maxey
Flats and ORNL burial sites, is a result of two transport mechanisms -
The primary permeability of the formations is derived from movement of
water through the soil pore spaces. The secondary permeability is a
result of fractures in the formation. Experience at the Maxey Flats
site has shown that the primary permeability of the soil is quite low
and it is the secondary permeability that is the most problematic-
The reduction of water movement into and away from a waste trench via
these fractures can be accomplished with pressure injection of grout.

Use of in situ grouting as a single form of remediation to cure
multiple problems at the facility is not feasible. In situ grouting
instead is recommended as one component of a complete leachate manage-
ment program. Such a program must provide an Eilternate means of
vertical infiltration control as a minimum.

From the results obtained in the two of demonstrations conducted on an
actual waste trench at the Maxey Flats site, no significant difference
in ability of solution or particulate grouts to fill accessible void
volumes within the waste trench could be distinguished and only minor
differences in short-term post grout hydraulic conductivity were
noted. For the present situation the added structural strength of a
particulate grout is of greater oenefit than the small improvement in
waste matrix permeability offered by the sodium silicate grout.

The use of a mobile reusable grout injection lance appears to be fully
feasible based on the results of the demonstration. No problems were
encountered with removal of radioactive materials from the trench.
This may however be due to the small quantity of radioactivity remain-
ing in the subject waste trench after radioactive decay. Modifica-
tions to the design described in this report could lead to longer
lance life and improved operational characteristics.

While not a cure-all for the remediation of problematic waste burial
facilities, in situ waste grouting does provide an important tool in
the control of long-term trench subsidence and leachate production.
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of a
IflW-LEVEL RftDIQRCTIVE HASTE DISFOGAL SETE

Long term stabilization and closure of radioactive or hazardous waste
disposal sites is a critical element in waste management which is
presently undemonstrated. This report represents an integration of
stabilization and closure methodology researched at ORNL and other
locations into a design, and ultimately a demonstration of long term
passive stabilization and closure techniques.

Ihe chosen demonstration site is a 19 trench low level waste disposal
site within Solid Waste Storage Area (SWSA) No. 6 at ORNL. Design
criteria included prevention of biological intrusion (animals and
plant roots), waste stabilization, hydrological isolation, failure
detection, run-off and infiltration monitoring, and passive
performance evaluation capability. These criteria are satisfied
through incorporation of these basic components.

o Dynamic Cranpaction
o In situ Chemical Grouting
o High Density Polyethlene (HDEE)
o High Swelling Bentonite
o Rock/Gravel Animal and Root Barrier
o Native Eioil Cap
o Under-cap and Surface Drainage.

This report was distributed to the Environmental Protection Agency,
Tennessee Department of Health and Environment, Department of Energy,
Nuclear Regulatory Commission and Martin Marietta Energy System
organizations for review and conment.
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CONCEPTUAL DESIGN FOR THE DEMONSTRATION AND EVALUATION

OF STABILIZATION AND CLOSURE TECHNIQUES

OF A

LOW-LEVEL RADIOACTIVE WASTE DISPOSAL SITE

L. C. Cox
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Oak Ridge, Tennessee 37830

1.0 INTRODUCTION

1.1 RAO<JGR0UND

The Oak Ridge National Laboratory (ORNL) Site Corrective

Measures Program is currently addressing problems of corrective

actions for many contaminated sites. Although the program is

presently in a phase of inventory, characterization, and site

ranking, the longer range plan calls for the actual plaining and

implementation of corrective actions to begin in FY 1989 for some

higher priority sites. There are several technology demonstration

tasks underway which consider such techniques as drainage

modification, dynamic compacting, grouting, and in situ

vitrification. Practical, operational experience with an integrated

system that employs these techniques, which will presumably be

necessary for site stabilization and closure, is notably lacking. In

FY 1989, in order to accomplish more than extensive analysis and

design activities, experience in the implementing and evaluating of

theca techniques is necessary.

The area chosen for this stabilization and closure demonstration

is an approximate one-acre hillock that contains 19 trenches on the

northeastern side of Solid Waste Storage Area (SWSA) No. 6.

The rationale for choosing this site is as follows:

1. The area is hydrologically isolated from other burial sites

in SWSA No. 6.

2. The area is easy to monitor through a suite of perimeter

monitoring wells.
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3. Because direct infiltration of precipitation is the most

significant vector for water contacting buried waste, the

topographical setting does not necessitate the construction

of diversion or cut-off structures to prevent lateral

groundwater intrusion. This allows cover evaluation

independent of the performance of any drainage modification

structure.

4. This area was used for burial of higher-activity low-level

waste and represents a significant waste inventory.

5. Stabilization and closure activities in this area will not

interfere with, nor be canprcmised by either ongoing waste

disposal operations or traffic in SWSA No. 6.

6. Water is available in a nearby iinpoundment for hydrologic

testing and possible cover stress testing via irrigation.

7. Ihe area has been characterized for about a year for

prestabilization and closure attributes.

Ihe Resource Conservation and Recovery Act (RCRA) does not

provide closure formats and requirements; however, it does impose

this responsibility on owners and generators, subject to the approval

of the Environmental Protection Agency (EPA) regional administrator.

In this case the owner is the Department of Energy (DOE) and the

generator is Martin Marietta Energy Systems (MMES). It is

anticipated that the evaluation of the techniques employed in this

demonstration will provide the rationale for that which will work in

most of the SWSAs at ORNL. Although this demonstration will

stabilize and close a small section of SWSA No. 6, it will not

necessarily dictate the degree of stabilization and closure required

for most waste trenches.

1.2 OBJECTIVES

The major objective of this project is to perform a

demonstration and evaluation of stabilization and closure techniques

on a portion of a waste disposal area at ORNL. The field
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verification of the effectiveness of these proposed techniques, as

well as the associated integrated systems, will be the major product

of this project.

The implicit objective of site stabilization and closure is a

design which yields reasonable assurance of hydrological and

biological isolation of interred waste which requires no maintenance.

2.0 DESIGN DESCRIPTION

The SWSA 6 area for the stabilization and closure demonstration

contains 19 low-level solid waste burial trenches (Figure 1}.

Because of the area's topography, it represents a hydrologically

isolable and monitorable unit.

This design encompasses: the dynamic compaction of all 19

trenches; grading the five most easterly trenches to a specific shape

and slope; backfilling and compacting the remaining 14 trench

craters; in situ grouting of the five easterly trenches; construction

of a percolation and biological intrusion barrier over the five

grouted trenches; and covering the 14-trench area with a surface

plastic sheet to prevent recharge of the five-trench area during the

four-year monitoring period. Figure 2 depicts the components, and

the order in which they are placed, of the closure design.

Each stabilization and closure technique mentioned above is

discussed in more detail in Sections 2.1 - 2.10.

2.1 DYNAMIC COMPACTION

The purpose of dynamic compaction is to reduce the void volume

contained within the waste. This process reduces the water holding

volume and thus accomplishes a degree of stabilization greater than

non-compacted waste. Dynamic compaction will be accanplished by

dropping a cylindrical weight, approximately four tons, from a height

of 20 to 50 feet repeatedly, until maximum volume reduction is

achieved, usually 20 to 30 drops per position. This method of

dynamic compaction has been demonstrated at ORNL and has achieved as
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great as 64 percent volume reduction. For design purposes a volume

reduction of 50 percent was used so as to be conservative in

calculating cut and fill quantities. Each trench is approximately 10

feett wide by 50 feet long by 15 feet deep. Since this is a proven

technique, no other methods of dynamic compaction were considered.

2.2 EARTHWORK

Upon completion of the dynamic compaction operation the

noncompacted soil surrounding the five most easterly trenches will be

cut to the level of the top-of-trench elevations, shaped, and sloped

so as to provide drainage. The soil removed in this operation will

be used to backfill the trench craters of the other 14 crenches. Hhe

backfill will be compacted to maximum density and the whole site will

be seeded and mulched. Clearing and fence removal will be required

in the vicinity of the five-trench area so as to achieve non-eroding

slopes. Silt fencing will be installed in this area also. Hie site

will remain in this condition for approximately 12 months while in

situ grouting and subsequent testing of the five trenches is

performed, primarily by MMES. No other earthwork is anticipated

until the closure cap is constructed. At that time, vegetation will

be removed, erosion areas repaired, and the closure cap constructed.

2.3 TRENCH GROUTING

After dynamic compaction and the initial earthwork is conpleted,

in situ grouting of the five most easterly trenches will oanmence.

This stabilization technique is of primary importance in determining

the feasibility of long-term waste stabilization.

A wide variety of grouting agents are available, each with its

own advantages and disadvantages. After careful analysis, it has

been determined that two grouting agents, sodium silicate and

acrylamide, will provide both satisfactory and optimum performance,

respectively. Because of the slight leaching characteristics of

sodium silicate and its higher viscosity, acrylamide has been

selected as the agent to be used. Its superior characteristics such
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as low viscosity for increased dispersion and non-leaching properties

justify its high cost. The acrylamide also allows for a wide range

of gel set times. Ihe approximate void volume of each selected

tre^xh will be determined by water injections- The water will be

allowed to percolate from the trench prior to grouting. Ihe groat

will be injected in such a manner as to ensure complete dispersion

within the waste voids as well as the soil surrounding the compacted

waste. Intratrench observation wells, made during penetration

testing after dynamic compaction, will be monitored during grout

injection to verify dispersion of grout within each of the five

trenches.

2.4 NEUTRON PROBE ACCESS TUBES

Neutron probe access tubes will be placed beneath the

percolation barrier to detect any moisture variation indicative of

barrier failure. These tubes will be placed horizontally and will

surface on the northerly and southerly side slopes. When not in use,

they will be plugged with end caps. The tubes will be 1.55 in. ID

aluminum and be placed approximately 12 in. below the High Density

Polyethylene (HDPE) liner.

2.5 PERO0IAT1ON BARRIER

The percolation barrier is comprised of three materials: (1} a

HDPE membrane liner; (2) a bentcnite mat (Enviromat); and (3) a layer

of high swelling bentonite. This system is designed to provide a

primary and secondary barrier to percolating surface water. The HDPE

liner is the primary barrier, providing protection over the short

term (30 to ? years). The liner material chosen is a 60-mil High

Density Polyethlene membrane manufactured by Gundle Lining Systems,

Inc. The material possesses a high elasticity under a wide

temperature range and high shear strength.. Research indicates that

the primary cause of liner failures was trench subsidence which

caused excessive shear loads and ripped the liner.
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Enviromat is a commercially available material made up of a thin

layer of bentonite sandwiched between two layers of geotextile

fabric, one of which is biodegradable- Its purpose is to protect the

HDPE liner during installation of the subsequent components of the

closure. The layer of bentonite placed on the Enviromat will be the

high swelling type. It will not be mixed with soil as is the visual

case, but will be placed as pure bentonite in pellet form to reduce

dust and make placement more convenient. This layer of bentonite

comprises the secondary barrier or long-term protection. It will be

confined between the liner/Enviromat and a geof abric with the sand

layer on top so that when wetting and swelling occurs it will form a

flexible barrier to percolating water.

2 . 6 GEOTEXTTLE FABRIC

The geotextile fabric specified is a non-biodegradable and

nonwoven fabric equivalent to Construction Fabric 4561 as

manufactured by Amoco. This fabric will be installed in two places:

(1) over the bentonite layer, and (2) over the biobarrier. This

fabric is permeable and performs a material separation function only.

2.7 BIOBARRIER

The biobarrier will consist of 3 feet of 6-in diameter., and

larger, cobblestones and gravel placed directly on the sand layer

which covers the bentonite. Gravel will be placed on top of the

cobblestones to fill voids and provide a smoother surface on which to

place a geotextile fabric. However, the primary function of the

gravel is to block infiltration soil fines from invading the void

spaces in the cobblestones which could provide nutrients for root

growth. A gap-graded design was considered; however, it vas

determined that the gravel would provide a sufficient barrier since

the soil cap is 3 feet thick and most soil fines will settle on the

geofabric anyway. Because the geof abric is non-biodegradable, its

life will be much longer, giving the soil cap time to stabilize. In

addition, an investigation is planned on the possibility of an ion



405

exchange occurring between a commercial root inhibitor and

bentonite. If this investigation reveals that an ion exchange does

occur, then a root inhibitor will be applied to the bentonite layer

as a backup root intrusion barrier. The biobarrier also provides

protection from burrowing animals as well as root intrusion. Studies

conducted at Los Alamos National Laboratory showed that 3-in diameter

cobblestones three feet thick would stop a gopher. Because a more

common burrowing animal in this area is the groundhog, a larger and

stronger animal, it was determined to use 6-in and larger

cobblestones and maintain the 3-ft thick parameter.

The biobarrier also serves as a drainage media for percolating

water. Perforated pipe will be placed at the base perimeter of the

biobarrier where percolating water will be collected and transported

to a collection point for quantification and input for water balance

studies. Of course, a nunimum amount of percolation drainage is

expected until the bentonite layer is wetted. This design allows

continued wetting of the bentonite and removal of excess water. For

the bentonite to be effective it must be kept in a wetted state.

2.8 SOIL CAP

The soil cap will consist of 3 feet or more of native soil taken

from a borrow pit or left over from previous earthwork- The cap will

be placed in lifts with each lift compacted moderately. A surface

ditch will be cut at the lower perimeter to collect and transport

surface runoff to a collection point for quantification and input to

water balance studies.

2.9 SEEDING

Immediately following completion of the soil cap, all disturbed

areas on the site will be seeded and mulched. Seed is specified as

Kentucky 31 Fescue applied at a rate of 100 lbs/acre.

2.10 TREES

Rather than wait many years for natural succession to establish

a forest cover, trees of various ages will be transplanted to the
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site. Species composition will be maintained similar to that of the

climax successional stage for the region.

3.0

Each component of the system will be tested extensively both

during its construction and subsequently in a nondestructive manner

by various site monitoring activities. These testing and evaluation

methods are summarized in Table 1. Most of the geotechnical tests

will be replicated at least four times on each trench. Considerable

drilling, auguring, and temporary well installing is envisioned in

most of these activities. To avoid the compromising protrusion of

well casings from the ground surface and through the various

barriers, angle well placement will be used for monitoring and

sampling tubes will be fitted in existing monitoring wells- This

will allow continued monitoring without potentially conpromising the

area cap. Horizontal neutron probe access tubes will be employed

beneath the percolation barrier to detect any moisture variation

indicative of barrier failure. Additional moisture monitoring will

be achieved by placing vertical neutron probe access tubes into the

soil cap, but these shallow tubes will not penetrate the percolation

barrier. Surface runoff monitoring stations will be constructed

around the site to monitor both water and sediment flux from the site

in response to individual precipitation events and as an annual

flux. Groundwater at the site will be systematically monitored for

tracers placed directly beneath the cap. Growth of trees will be

measured and samples of the tree leaves will be taken on an annual

basis from various areas and analyzed for stable cesium and strontium

tracers. These elements are not toxic to the trees and have

extremely low ambient background levels in vegetation. Burrowing

animal activity will be monitored at the site and nondestructive

probing and surveying of the burrows will be attempted to ascertain

the effectiveness of the biobarrier. Hydrologic modeling will play

an integrating role in both the design of the final stabilization and

closure plan and in performance assessment of the system as



determined from the field monitoring. The consequences of various

failure scenarios will be simulated with these hydrologic models.

Water budgeting of the site will be conpared with long-term

predictions of forest moisture needs and growth. Soil erosion will

be simulated with some models which will be verified by the enpirical

site erosion measurements.

4.0 COST ESTIMATE

The total estimated cost is $437,000. The acrylamide grouting

of the five trenches accounts for $285,000 of the total cost. The

cost of grouted waste is $13/ft3.
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GROUTING AS A WASTE IMMOBILIZATION/DISPOSAL METHOD*

Earl W. McDaniel

ABSTRACT

Many options are available today for the immobilization and disposal

of wastes that contain environmentally harmful materials. The option

chosen depends upon the type of waste, regulatory requirements, and

economics of process. Some options are specific to a given waste type;

others are more versatile.

This presentation will discuss a very versatile option for waste

immobilization/disposal grouting. Many types of grout are available,

such as chemical, clays or other particulates, fly ash, cements, or a

combination of these. Within the limited allowable time, this presenta-

tion will discuss the application of a variety of cement-based grouting

techniques available for disposal of environmentally harmful materials.

Areas discussed are in situ grouting of pits, ponds and lagoons,

grouting as remedial action, and fixation for disposal in burial trenches

or vaults.

INTRODUCTION

This paper briefly reviews four cement—based waste—form development

programs at three U.S. Department of Energy (DOE) sites. The successful

applications of cement-based waste forms to many radioactive waste

streams from nuclear facilities demonstrates the flexibility and reli-

ability of this class of immobilization materials.1

The U.S. DOE sites and their programs are:

1. Oak Ridge National Laboratory;

(a) hydrofracture grouting,

(b) in situ trench grouting,

2. Hanford Transportable Grout: Facility;

3. Idaho National Engineering Laboratory - in situ grouting.

*Research sponsored by the Office of Defense Waste and Transportation
Management, U. S. Department of Energy, under contract DE-AC05-84OR22 4O0
with Martin Marietta Energy Systems, Inc.
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Even though this paper gives only a brief process description,

it raust be remembered that any waste form must meet certain minimum

regulatory requirements which are beyond the scope of this presentation;

but, in general, all waste forms resulting from the described processes

meet or exceed local, state, and federal regulations.

DESCRIPTION OF HYDROFRACTURE PROCESS

Hydrofracture is essentially a large-scale batch process.^ Each

injection is, however, a semicontinuous operation designed to dispose of

an accumulation of about 600,000 to 800,000 L (150,000 to 200,000 gal) of

waste solution or slurry. A flow diagram of the process is shown in

Fig. 1.

Prior to the injection, the waste solution or slurry is accumulated

in waste storage tanks at the injection site. Also prior to the injec-

tion, the dry solids are blended and stored in bins at the injection

facility. During the injection, the waste solution is pumped to the

mixer, continuously mixed with the preblended solids, and then the

mixture is discharged into the mixing tub. The mixing tub is sized to

provide a holdup of about 2 min - sufficient time to allow the grout to

deaerate. From the mixing tub, the grout is picked up by the injection

pump and pumped down the injection well, out a slot cut in the bottom

of the injection well, and into the shale formation. The injection

pressure is about 20 MPa (3000 psi), and the normal grout injection

rate is about 1000 L/min (250 gal/min). The resulting grout sheet is

approximately 1 cm (0.5 in.) thick and up to 300 m (1000 ft) wide. The

orientation of the fracture generally follows the bedding planes in the

shale, which are inclined about 10 to 15° to the horizontal.

An injection may be halted by malfunction or failure of any of several

instruments or pieces of equipment. It is stopped, in any event, after

about 10 h of operation in order to minimize operator fatigue. For either

circumstance, the well is flushed with about 4000 L (1000 gal) of water so

that the slot at the V-ottom of the well will be free of grout and can be

reused for the continuation of the injection. After repairs have been

made, or the following morning (if the shutdown was a scheduled one), the
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(2) Cement and other solids are
blended and stored in bins.

1 Waste is pumped to the mixer.V ) Solids are added to the waste, and the
resulting grout is discharged to the mixing tub.

The injection pump pumps the
grout down the injection well.

(?) Watte solution is stored
in underground tanks.

Subsequent injections are made by plugging the old fracture
and initiating a new fracture slightly higher in the well.

> The grout is forced into the
shale formation at ( 0 0 0 f t .

EACH INJECTION IS A LARGE BATCH OPERATION
THAT REQUIRES ABOUT 10 h TO COMPLETE

Fig. 1. Flow diagram of hydrofracture process.
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well is pressurized to verify that the slot is still open; if so, the

injection is then resumed. The operation is continued in this fashion

until the supply of dry solids has been consumed. The well and slot are

then flushed a final time, the wellhead valve is closed, and the injected

grout is allowed to set.

The next injections in the series can be made through the same slot

in the well; the grout sheets that are formed by this next injection are

generally parallel to the grout sheets of the preceding injection but may

be displaced up or down a few feet. Following a series of several injec-

tions, the slot in the bottom of the well is plugged with a small volume

of grout and a fresh slot is cut in the casing of the well about 3 m

(10 ft) above the old one. Another series of injections is then made

through this new slot.

A few days after each injection, the approximate orientation of the

grout sheet is determined by logging the network of observation wells that

surrounds the facility (these are cased wells that extend to the bottom

of the disposal formation). A gamma-sensitive probe lowered into these

wells detects the presence of the grout sheet and establishes the depth of

the grout sheet at that point. A network of six to eight observation

wells is needed to verify the horizontal orientation of the grout sheet.

The type of response from a series of logs made in one observation well

is shown in Fig. 2.

The log for May 25, 1965, shows the response to the grout sheet that

intercepted this well at an elevation 12 m (40 ft) above the point of

injection. The log for October 26, 1966, shows the response to the grout

sheet of the next injection - a response that indicates the presence of

several grout sheets at an elevation of from 3 to 6 m (10 to 20 ft) above

the point of injection. The third log indicates that the grout sheet from

the next injection was slightly above the grout sheet from the preceding

injection and about 4.5 m (15 ft) above the point of injection.



ORNL-DWG 79-421

IO
N

.E
V

A
T

Ul

- 6

-12

-18

- 2 4

- 3 0

- 3 6

MAY 25, 1965 OCT 26, I966 MARCH 29,1967
MSL

L I I mm

^ -^

NO. 2 PROBE NO. 2 PROBE NO. 2 PROBE
0.1 mr/hr 0.1 mr/hr 0.1 mr/hr
SENS 0.1 SENS 0.0 SENS 0.0

Fig. 2. Gamma ray logs of observation well following three injections.



418

Some process water is always injected with the grout. In addition,

small volumes of free water can be formed in the disposal zone by phase

separation from the grout. This excess water is recovered from the for-

mation by a bleedback procedure. After the injected grout has set, the

wellhead shutoff valve is opened and as much recoverable free water as may

exist is bled back through the injection well and collected. The volume

of this bleedback water does not exceed 10% of the injected waste volume

and is usually much less.

Following some of the early injections, cores of the grout sheets

were obtained. Fig. 3 shows one of these grout sheets embedded in the

shale matrix.

The hydrofracture facility was designed to dispose of two different

radioactive waste streams:

1. A locally generated evaporator concentrate

solution. This solution is alkaline, about

I to 2 M in NaN(>3, and has a radionuclide

content (predominately Cs) of up to about

0.3 Ci/L (1 Ci/gal). About 380,000 L (100,000

gal) of this waste is generated annually.

2. Resuspended sludge that was generated by clean-

out operations at old waste storage tanks.

The sludge particles were 100 um or smaller in

diameter, and their concentration was up to about

20 wt % in a 2.5% bentonite suspension. The

predominate radionuclide was Sr and there was

nearly 8 million L (2 million gal) of this

sludge.

Different dry solids mixes, as required for these two waste streams,

are listed in Table 1. They differ only in the deletion of the drilling

clay from the mix for the sludge injection since the bentonite that is

already in the sludge wa<?te stream serves a similar function.
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Table 1. Composition of Dry Solids Mixes for Hydrofracture

Waste solution Resuspended sludge
Ingredient mix (wt %) mix (wt Z)

Cement (type 1) 38.5 46.0
Fly ash 38.5 46.0
Drilling clay I-,-*
Pottery clay 7.7 8.0

The uplift of the ground surface was measured by surveying a network

of benchmarks before and after the last five injections. These data indi-

cate an uplift pattern similar to that obtained at the Old Hydrofracture

Facility with a maximum surface uplift centered on the injection well of

about 0.7 cm per million L (1 in. per million gal) injected. The daLa

also indicate that some subsidence occurs between injections.

The cost of the injection series averaged about 25 cents per L (90

cents per gal) of waste injected. This coat includes dry solids,

Halliburton's fee for injection assistance, and various maintenance and

service charges. It does not include capital costs, the one-time cost of

the well recovery operation, or special monitoring charges.

DESCRIPTION OF THE HANFORD TRANSPORTABLE GROUT FACILITY PROCESS

The grout production and disposal system3 consists of four major

components: (1) a 1-million gallon (3.8 X 106 L) feed tank, (2) a Dry

Materials Receiving and Handling Facility (DMRHF), (3) the Transportable

Grout Equipment (TGE), and (4) a near-surface disposal site. The DMRHF

and TGE are collectively called the Transportable Grout Facility (TGF)

and comprise the "heart" of the grout disposal system.

Low-level liquid radioactive waste will be staged in 1-million gallon

(3.8 X 106 L) batches in a double-shell tank which is currently under

construction as part of another project. The waste will then be pumped

to the TGE where it is mixed with the blended dry solids (prepared at

the DMRHF) and pumped to the near-surface disposal site. After the grout
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monolith has cured to the desired state of hardness, it will be covered

with a thick layer of backfill. The disposal concept is described in more

detail In the succeeding paragraphs, and a diagram depicting the entire

disposal process is provided in Fig. 4.

The DMRHF will consist primarily of railcar and truck unloading hop-

pers, four dry materials storage bins, a dry materials blender, and a

blended materials storage bin. These bins have been sized to support a

continuous, seven days per week, 24 h per day grouting operation. The

DMRHF will be capable of producing between 15,000 and 30,000 lb/h (6,820

and 13,640 kg/h) of dry blended solids.

The dry materials will be delivered to the Hanford Site in covered

hopper railcars and in bulk material transport trucks. Capabilities will

be provided at the DMRHF for gravity flow unloading of the delivery

vehicle and pneumatically transferring the bulk dry solids to the storage

bins. Unloading is to be accomplished at a rate of no less than 5,000

Ib/min (2,270 kg/min) for railcars and 2,000 Ib/min (910 kg/rain) for

t rucks.

The dry solids will be pnueraatically conveyed to a ribbon blender

which will be designed and operated to produce a homogeneous blend. Each

constituent in any one pound (0.45 kg) sample of the homogenized dry

material will be within ±5% of its specified weight. The blended dry-

solids will be discharged from the blender to the blended materials

storage bin by gravity flow.

The dry blended materials storage bin will be designed to assure that

the material does not segregate beyond the desired ±5 wt% accuracy.

Materials from this bin will be gravimetrically fed to 27-ton (24.5 Mg)

bulk material transport trucks for delivery to the TGE site, about one

mile (1,61 km) away.

Performance ftsscsdment and Verification

The performance of grout in immobilizing radioactivity for extended

periods cf time is being assessed using the allowable residual contamina-

tion level (ARCL) method and Hanford specific exposure scenarios, pathway-

to-man models, and dosimetry models, Data gathered from lysimeter and
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laboratory testing will also be used in the models, The analyses being

performed focus on the potential natural, human-induced, and disposal-

induced events that may result in human exposure. Natural events include

climatic changes, seismic activity, biotic transport, and wind erosion.

Human-induced events include well drilling, excavation, and irrigation

over a buried grout monolith. Disposal-induced events include structural

failure of the monolith from thermal or pressure excursions.

Preliminary results show that bulk grouted decontamination and fuel

storage basin filter solution, and cladding removal waste can be expected

to perform adequately over the long term. Penetration of the waste zone

by plants and burrowing animals would be essentially precluded by the soil

and rock cover over the grout. Well drillers or excavating personnel

would receive small radiation doses. Small doses would also occur to

inhabitants living in the immediate vicinity of the waste material brought

to the surface. Groundwater contamination would result in doses that are

30 million times lower than the average annual dose due to exposure to

naturallv occurring radiation. In no case would acute radiation effects

on human health occur. Over the long terra, no fatal cancers would be

expected.

Grout System Cost

The costs associated with implementing low-level liquid radioactive

waste disposal by producing grout are given in Table 2.

Table 2. Grout Disposal System Costs

Equipment Costs
(106 $)

Dry Materials Receiving and
Handling Facility 3.8

Transportable Grout Equipment 4.0
Near-surface disposal site 3.4
Miscellaneous capital expenditures 1.0
(in-tank mixer, blended dry
solids, delivery trucks, etc.)

Expense funded 15.0

TOTAL 27.2
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Expense costs include: engineering, formulation development,

performance assessment, analytical capability development, and

construction of the first disposal trench.

GROUT TESTING, CHARACTERIZATION, AND SHALLOW-LAND BURIAL TRENCHES
AT THE IDAHO NATIONAL ENGINEERING LABORATORY

An investigation4 was conducted to test and define conditions for

the use of grout to stabilize low-level and TRU waste in Idaho National

Engineering Laboratory (INEL) shallow-land burial trenches. The types of

grouts investigated were soil, ordinary particulate, fine particulate,

and solution (or chemicals) grouts. Soil grouts were found suitable for

disposal in trenches or drums, and particulate grouts were found to be

suitable for filling voids in closed-trench soil/waste matrices and for

establishing grout soil barriers around trenches. The question concern-

ing suitability of chemical grouts in INEL soil has not been resolved.

The recommended grout compositions listed in Table 3 are based on

results from phase separation, corapressive strength, freeze/thaw,

density, penetration resistance, hydraulic conductivity, apparent

viscosity, gel strength, soil column, and other miscellaneous tests.

The following is a list of performance requirements imposed on grout

formulation studies:

Study Requirement

1. 7-d drainable water 0 vol %

2. 23-d compressive strength >50 psi, expected

200 to 800 psi

3. Compressive strength after freeze/thaw >200 psi

4. Hydraulic conductivity <l X 1CT7 cm/s

5. 10-min gel strength £100 lbf/100 ft
2

6. Shrinkage during curing <1 vol %

With the exception of 10-min gel strength, all reuqirements were met

satisfactorily for seven tested soil grout mixes (Table 3). The 10-min

gel strength tests were not attempted on the soil grouts because of the



Table 3. Summary of recommended grout compositions

Type 1,11 Water-to-

Portland INEL Class C Bentonite Microfine cement
Grout No. of cement soil fly ash Clay cement (weight Addi-
type samples Uses (wt %) (wt %) (wt %) (wt %) (wt %) ratio) tives

Soil

Ordinary
partic-
ulate

Fine
partic-
ulate

Open trench
and drum
disposals

Fill large
voids in
closed
trench
soii/wasts
matrices

Fill small
voids;
establish
grout soil
barrier
around
closed
trenches

22.5-38.5

35-40

30-40 10-20

15-25

0.67-1.00

0.78-1.00

rv

50-56 0.83-1.00

^0.2 to 0.8 wt % Dowel! t>65 fluidizer.
b0.5 to 0.7 wt % Dowell D-65 fluidlzer.
CO. 2 wt % CFR-1 set retarder.



426

thickness of the raixss. The mixes exhibited the approximate thickness of

conventional concrete that can be pumped.

The three ordinary particulate grouts listed in Table 3 passed all

requirements satisfactorily. Six additional ordinary particulate mixes

were prepared from dry-solid blends containing 20 wt % Type I, II cement.

These latter grouts were not considered completely satisfactory, primarily

because of the softness exhibited after 18 d curing which disallowed

hydraulic conductivity tests.

All three, fine grout mixes that were tested (Table 3) passed the

requirement tests satisfactorily.

IN SITU TRENCH GROUTING

One of the major problems with shallow landfill trenches >as been

subsidence. In situ grouting5 would prevent subsidence by filling the

large accessible voids in the trench with a cheap, coarse grout. This

remedial action would also help to minimize water intrusion and to reduce

the overall hydraulic conductivity of the trench. In turn, radionuclude

migration would be retarded, hopefully to a negligible level. A typical

field operation is shown in Fig. 5.

CONCLUSIONS

As can be seen in the previous sections a large number of cement-based

grouting techniques are available, but no single grout type provides an

ideal solution for all situations. The user must select the grout and

equipment type based on required performance. However, the following

equipment list is common to most types of grouting:

1. batching and weighing stations;

2. mixing equipment:

3. injection pumps;

4. auxiliary equipment such as volume measuring devices,

flow meters and data recorders; and

5. source of water.

Some elements of cost in a typical grout injection are:

(1) site characterization, sampling, and analysis; (2) selection of

grouting type and equipment; (3) drilling injection well, if required;
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(A) equipment procurement, operating time, standby time, mobilization and

demobilization charges; (5) support labor; (6) supervision; and (7) veri-

fication of performance.
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EFFECTIVENESS UF IN SITU BIOLOGICAL TREATMENT OF CONTAMINATED
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ABSTRACT

In situ biological degradation of organic contaminants was tested at
a waste disposal site at Kelly Air Force Base (AFB), Texas. A small-
scale soil and groundwater treatment system was used to circulate
groundwater by pumping and gravity injection. Oxygen, in the form of
stabilized hydrogen peroxide, and specially formulated nutrients were
introduced to the subsurface in order to stimulate microbial degrada-
tion of the organic contaminants. Extensive background studies were
performed to characterize the site geology and hydrology, determine
the contaminant profile, and demonstrate treatability in the labora-
tory. This project was the first field application of in situ bio-
logical treatment at a site contaminated with a complex mixture of
both organic and inorganic wastes.

The injection/extraction treatment system was operated for a period
of approximately eight months during which hydrogen peroxide was
added to the subsurface. Nutrients were added for a period of approx-
imately five months. Routine monitoring of the soil and groundwater
was conducted during system operation to provide data for evaluating
the system's performance and controlling its operation.

Problems associated with operation of an in situ biological treatment
system and useful monitoring parameters are discussed. In addition,
results collected from groundwater and soil chemical analyses perform-
ed during operation of the system are presented. The effectiveness
of biodegradation treatment of the organic contaminants was also
assessed by documenting changes in the microbial populations. Costs
for applying the technology for a generic site were evaluated and
compared with those for equivalent technologies. The demonstration
project at Kelly AFB has provided a better understanding of the cap-
abilities and limitations of the technology for treatment of organic
contaminants in soils and groundwater.

INTRODUCTION

In situ biological treatment of soils and groundwater contaminated
with organic compounds is based on stimulating the indigenous subsur-
face microbial population to degrade the organic contaminants.
Conditions for contaminant biodegredation are optimized by providing
the nutrients and oxygen which may be limiting factors for the growth
of aerobic microbes in the subsurface.

In situ treatment offers advantages over conventional methods such as
"pump and treat" technologies which pump groundwater to the surface
for treatment. Because the active treatment zone is in the subsurface,
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in situ biological treatment has the potential to remove contaminants
sorbed to the soil matrix, in addition to treating the contaminated
groundwater. Pump-and-treat methods treat only the groundwater,
allowing for clean groundwater to become contaminated as desorption
of the pollutants occurs when the groundwater contacts the untreated
soil. In situ biological treatment is also more desirable environ-
mentally than excavation, removal, and disposal of contaminated soils
which merely transfer contaminants to a more secure disposal area
without treatment. In situ biological treatment offers treatment of
organic-contaminated soils and groundwater and can be less expensive
than conventional treatment or disposal methods.

A field demonstration of the technology was conducted at a waste
disposal site at Kelly AFB, Texas. The site was originally used as a
disposal pit for chromium sludges and other electroplating wastes.
Prior to being closed in 1966, it had been used as a chemical evapora-
tion pit for chlorinated solvents, cresols, chlorobenzenes, and waste
oils.

The Kelly AFB waste site was selected for demonstration of in situ
biological treatment for a number or reasons. The subsurface contain-
ed biodegradable organics and a highly adaptive and substantial
population of microbes. The perched aquifer present was not used as
a supply of drinking water. The project at Kelly AFB was the first
field application of the technology at a site contaminated with a
complex mixture of both organic and inorganic wastes.

SYSTEM OPERATION

The configuration of pumping and injection wells used to circulate
groundwater during the demonstration is shown in Figure 1. Nine four-
inch diameter pumping wells and four six-inch injection wells were
operated within a 60 foot diameter treatment area. The saturated
zone within this area was at a depth of 15 to 2b feet belcw land
surface. One upgradient and two downgradient monitoring wells were
used to determine any effects of the system outside the perimeter of
the treatment area. The system was operated and monitored from June
1985 to February 1986.

Nutrient Addition

hor the first two weeks of operation, groundwater was circulated
without the introduction of nutrients or hydrogen peroxide in order
to stabilize the aquifer. Nutrient injection began in mid-June. The
nutrient solution used consisted of chloride, nitrogen, and phosphor-
ous. Originally, nutrients were introduced continuously via a labor-
atory-type feed pump. Almost immediately upon introduction of nutri-
ents a thick, white precipitate of calcium phosphate developed in the
distribution box and injection wells, along with a corresponding
decrease in injection capacity. Addition of nutrients was changed to
a batch mode and the concentration of nutrients added was changed in
order to reduce the precipitation problem. Efforts were taken to
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rehabilitate the injection wells; these efforts included manual
brushing of the well screens and air surging, followed by pumping and
bailing. These activities removed a large amount of the precipitate
and resulted in a short-term increase in injection rates. Low injec-
tion rates continued to be a chronic problem, however, and nutrient
injection was suspended permanently after five months of operation.
During the time of nutrient addition, it is estimated that 5UU pounds
of chloride, 5U0 pounds of phosphate and 254 pounds of ammonium ion
(NH4

+) were introduced to the aquifer. An unknown percentage of these
quantities was removed as precipitate during well cleaning activities.

The treatment system was originally designed to operate continuously
and provide uniform pumping of groundwater and injection of nutrient
and hydrogen peroxide solutions to the aquifer. Following construc-
tion and development of the injection and extraction wells, slug
tests were performed to determine the hydraulic conductivity and
expected discharge of each extraction well. Results from the slug
tests indicated that the hydraulic conductivity of the aquifer ranged
from U.ll ft/day to 9.26 ft/day (1). Due to the variable soil perme-
ability, uniform pumping and injection rates could not be maintained
throughout all areas of the demonstration site. Pumping rates were
lowered to maintain a constant injection rate without flooding of the
injection welIs.

Due to low permeabilities and the reduced injection capacities brought
on by the precipitate formation, it also became necessary to alternate
operation of the wells so that only about half of the wells were
pumping at any one time. The overall result was a dramatic decrease
in groundwater circulation rates over the life of the project as
illustrated in Figure 2.

Modifications in system operation were made during the project, based
on groundwater monitoring results, in order to promote transport of
nutrients to the areas which had been left untreated. During the
last months of the project, groundwater was pumped from, and injected
into, only those wells which had not shown evidence of nutrient
transport in order to enhance microbial degradation and treatment of
the contaminants within those areas.

Hydrogen Peroxide Addition

Hydrogen peroxide was selected as the source of oxygen because it can
provide approximately five times more oxygen to the subsurface than
aeration techniques. Uther in situ bioreclamation projects have been
conducted for treatment of gasoline-contaminated aquifers, using
hydrogen peroxide as a source of uxygen (2). Hydrogen peroxide can be
toxic to bacteria at high concentrations; however, studies indicate
that it can be added to soil or yroundwater systems at concentrations
up to 100 ppm H ^ without being toxic to microbial populations.
Concentrations as high as 1UUU ppm H2O2 can be added to microbial pop-
ulations without toxic effects if the proper acclimation period is
provided for the bacteria (3).
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Injection of hydrogen peroxide commenced in late June at a concentra-
tion sufficient to provide a concentration of 100 ppn H^O^ in tne
groundwater. The concentration was increased by increnents of 1UU
ppm every two weeks in order to acclimate the bacteria to the hydrogen
peroxide solution until a final level of bOO ppm was achieved. The
loss of a supplier of peroxide resulted in a suspension of hydrogen
peroxide injection for several weeks in November. When peroxide
was introduced again, the acclimation process was repeated. A total
of 299 pounds of peroxide was introduced into the system over the
life of the project.

Groundwater Monitoring

Groundwater monitoring was a critical component of the treatment
system operation at Kelly AFB. A detailed monitoring schedule was
implemented to routinely sample groundwater from the wells in the
system and soil from the treatment zone in order to monitor the
performance and effectiveness of the system. The groundwater monitor-
ing schedule is outlined in Table 1. The groundwater and soil sampl-
ing program was implemented prior to start-up of the system in May
198b and continued for the duration of the project.

Routine analysis of groundwater chloride, amnonium, and phospnate
ion concentrations was important for determining if nutrients were
successfully transported through the subsurface and made available
for microbial growth. Regular monitoring of these parameters indicat-
ed that nutrient transport was variable throughout the site due to
variability in the hydraulic conductivity of the aquifer.

Carbon dioxide (CO^) concentrations were measured in groundwater
samples from each of the wells as a means of monitoring biological
activity and system performance. CO2 is an end product of microbial
degradation and chemical oxidation of organics. Changes in groundwater
CO2 values can indicate changes in the activity of the microbial
population.

In all, the system was operated for 2b7 days during which a total of
b2,27U gallons of groundwater were circulated. Groundwater was
circulated every day except during well cleaning. There were no
mechanical failures or system shutdowns due to inoperabi1ity.

RhbULTS

Inorganic Chemical Results

Communication of nutrient solution between injection and pumping
wells was evaluated by measuring the concentration of chloride in tne
groundwater. Chloride was selected as the tracer chemical because
concentration levels in the nutrient were two orders of magnitude
greater than background levels. Chloride communication was observed
in all nine pumping wells. The level of this communication varied
significantly between wells and did not correlate with initial perme-
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TABLE 1. GROUNDWATER MONITORING SCHEDULE

Parameter

Temperature
Conductivity
pH
Di ssolved Oxygen
Carbon Dioxide
Ammonia
Phosphate
Chloride
Hydrogen Peroxide
Nitrate
Sulfate
Acidity
Alkalinity
Total Hardness
Chromium
Lead

Oil and Grease

Total Hydrocarbons
(alkanes)

Priority Pollutants
(volatile organics

and metals)

Microbiological

Groundwater
Elevations

Sampling Frequency

Extraction
Wells

2/Week
2/Week
2/Week
2/Week
2/Week
2/Week
2/Week
2/Week
Weekly
2/Month
2/Month
2/Month
2/Month
2/Month
Monthly
Monthly

Monthly

Quarterly

Quarterly

Monthly

Daily

Injection
Wells

2/Week
2/Week
2/Week
2/Week
2/Week
Weekly
Weekly
Weekly
Weekly
2/Month
2/Month
2/Month
2/Month
2/Month
—
—

Monthly

Analysis of

Analysis of

Monthly

Daily

Monitoring
Wells

Weekly
Weekly
Weekly
Weekly
Weekly
Monthly
Monthly
Monthly
Monthly
Monthly
Monthly
Monthly
Monthly
Monthly
Monthly-
Monthly

Monthly

10 Wells

10 Wells

Monthly

Daily
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abilities. Some areas of the treatment zone where hydraulic conduct-
ivity was low and transport of nutrients was expected to be minimal
exhibited transport of the chloride tracer similar to nore permeable
areas. Factors such as well placement relative to the direction of
groundwater flow and the presence of gravel and clay layers seen to
have influenced interwell fluid communication to a greater extent
than soil permeability. The evidence of elevated chloride concentra-
tions in all nine wells does indicate that the opportunity existed
for oxygen and nutrients to be transported to microbes throughout the
entire treatment area. It was also shown that injected chemicals
were largely contained within the treatment area because very low
chloride concentrations were observed in the monitoring wells.

Annonia and phosphate communication was less than that for chloride.
Ammonia communication was observed in only two wells. Although free
ammonia (NH3) was not injected into the groundwater, NH3 is used to
report nitrogen levels added as ammonium ion (NH4 ) . This low level
of communication indicates a substantial uptake of ammonia and phos-
phate by the soil and/or precipitation into the flow channels of the
soil. The uptake of nutrients varied significantly throughout the
treatment area and did not correlate with the direction of fluid
communication. Precipitation could have been caused by reaction with
calcium ion exchanging clays in the soil. The calcium ion exchanges
with the ammonium ion and then reacts with phosphate to precipitate
calcium phosphate. This reaction would proceed until all the calciun
exchanging clays were saturated with ammonium ion. The resulting
calcium phosphate would reduce permeability by clogging pores in the
soil. It was estimated that only 24 percent of the potential ammonia
uptake was injected into the treatment area. This combined with
variable communication rates indicates a highly variable exchange
capacity throughout the well pattern.

Field measurements of dissolved carbon dioxide (CO2) showed levels
five to ten times greater in the pumping wells than in the injection
fluid. This result indicates a net gain of CO2 as groundwater cir-
culated through the treatment zone. There are several likely sources
of CU^. First, COg is an end product of microbial degradation of
organics which would provide evidence of contaminant degradation.
Second, CO2 could be generated through chemical reactions such as the
reaction of oxygen (supplied as H2U2) with organic carbon or acid with
calcite in the soil.. Variations in CU2 levels between pumping wells
were less than the variations observed for nutrient communication. A
possible explanation is that peroxide decomposes in the soil to free
oxygen gas and water. This mixture reduces flow in the higher perme-
ablity zones relative to the lower permeability zones resulting in
flow eqjalization. Free gas can also "finger" through the groundwater
and reach contaminated areas ahead of the injected fluid.

Based on metals analysis of soils prior to and during system operation
and metals analysis of sediments obtained from produced fluids,
metals 3ppear to have been mobilized from the soil and transported by
the circulating yroundwater. In addition, clay, calcite, and iron
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minerals in the soil appear to be entrained in the circulating ground-
water. Sediments deposited in the surface piping were found to
contain these compounds. A laboratory microcosm study with soil and
groundwater from the Kelly AFB site demonstrated the same effects of
metals removal from the soil by a hydrogen peroxide solution as
observed in the field test.

Oxidation of metals by hydrogen peroxide is one possible method of
initiating metals mobilization. The groundwater pH is too high to
maintain oxidized metals in solution and they would likely precipitate
as oxides which could then be transported by the circulating flow.
However, the oxidation process could consume a considerable fraction
of the oxygen content of the peroxide and would then not be available
for aerobic interaction with organic contaminants.

Microbiological Results

A reduction in microbe cell counts in the injection wells was observed
during the period of highest peroxide injection levels, suggesting
that the level of peroxide used was toxic to the microbe population.
However, subsequent reductions in concentration of peroxide did not
restore microbial counts. Another mechanism that may have contributed
to tne decline of microbial counts was entrapment of microbes on the
precipitate that formed in the injection wells. A similar decrease
in microbe counts was observed for soils sampled in the treatment
area, however, microbe counts in pumping wells remained relatively
stable.

Organic Chemical Results

Total hydrocarbon and oil and grease soil concentrations for the
treatment phase are listed in Table 2. Variations in both measure-
ments over the initial 2U0 ppm levels indicate both a significant
localized increase and a reduction in total hydrocarbon and increases
in oil and grease. Since these changes exceed the level of chemical
reactivity of the hydrogen peroxide, it is likely that addition of
peroxide and nutrients to the groundwater may have resulted in
mobilization and redeposition of the materials within the well pattern
indirectly by formation of an intermediate chemical such as a surfactant

Total hydrocarbon groundwater concentrations at selected wells are
listed in Table 3. Although variations between sampling points are
large, comparison of samples collected August 8, 1985 and September
12, 198b with those collected December 5, 198b and February 17, 1986
indicate a quantitative reduction in the groundwater organic level
(4).

The field data pertaining to changes in well pattern groundwater
concentrations of volatile priority pollutants prior to and during
treatment are shown in Table 4 and indicate direct evidence of con-
taminant degradation. Tetrachloroethylene (PCE) and trichloroethylene
(TCE) were two of the contaminants initially present at the highest
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TABLE 2. CONCENTKATIONS OF TOTAL HYDROCARBONS AND OIL AND GREASE
IN SOIL DURING TREATMENT

Well

SB-1 (2O'-22')

SB-2 (2U'-22')

SB-3 (2U'-22')

SB-4 (2U'-22*)

SB-5 (2O'-22')

SB-6 (201-22')

SB-7 (2O'-22')

SB-7 (2b'-27')

SB-8 (2O'-22()

Date

08/08/85

08/08/85

08/08/85

08/08/85

12/05/85

12/05/85

12/05/85

12/05/85

12/05/85

ppm
Total Hydrocarbon

ND (0.05)

ND (0.05)

0.071

ND (0.05)

ND (50)

ND (50)

1000

ND (50)

330

ppm
Oi1 & Grease

--

900

ND (200)

1300

800

600

SB-1, SB-5 same area of well pattern

SB-2, SB-6 same area of well pattern

SB-3, SB-7 same area of well pattern

SB-4, SB-8 same area of well pattern
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TABLE 3. TOTAL HYDROCARBONS IN GROUNDWATER, GC SCAN (ppm)

Sample ID

PI
P2
P3
P4
P5
P5
P7
P8
P9

11
12
13
14

Ml
M2
CC

Blank
Bailer Wash

8/8/85

ND (0.05)
ND (0.05)

-
6.80
-

ND (0.05)
-

ND (0.05)
0.580

0.150
-

1.40
730.0

_
4700.0

-

9/12/85

_

-
-

49.0
-
-
-

280.0
ND (0.05)

ND (0.05)
-

1.70
ND (0.05)

ND (0.05)
13.0

ND (0.05)

15.0
ND (0.05)

12/5/85

NO (0.05)
ND (0.05)

-
ND (0.05)

-
ND (0.05)
ND (0.05)
ND (0.05)
ND (0.05)

_
ND (0.05)
ND (0.05)
NO (0.05)

ND (0,05)
ND (0.05)

ND (0.05)
NO (0.05)

2/17/86

ND (0.05)
-
-

0.36
0.31
0.076
-

0.20
0.37

_

-
ND (0.05)
ND (0.05)

_
ND (2.4)
3.8

0.055
0.061

- Well was not sampled
ND(#) - Not Detected (detection limit)
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SUMMARY OF GROUNDWATER TCE, PC£, AND TRANS-1.2-DCE
CHANGES DURING TREATMENT

Priority
Pollutant

TCE

(Decrease)

PCE

(Decrease)

Trans-1,2
DCE

(Increase)

Vi nyl
Chloride
(No Change)

Chiorobenzene
(Initial Rise
No Net
Increase)

Methylene
Chloride
(Increase)

Date

05/23/85
(Before
Treatment)
08/U8/85
12/U5/85
02/17/86

05/23/85
(Before
Treatment)
08/08/85
12/05/85
02/17/86

05/23/85
(Before
Treatment)
O8/U8/85
12/05/85
02/17/86

05/23/85
(Before
Treatment)
08/08/85
12/05/85
02/17/86

05/23/85
(Before
Treatment)
08/08/85
12/05/85
02/17/86

05/23/85
(Before
Treatment)
08/08/85
12/05/85
02/17/86

Average
All Produc-
tion Wells

(ppm)

2.3

1.7
0.69
0.47

1.7

1.8
0.74
0.46

0.027

2.4
0.76
1.4

0.26

0.32
0.11
0.23

0.021

0.049
0.095
0.029

<0.005

<0.026
0.30
0.12

14

No Data

No Data
0.21
0.009

No Data

No Data
0.21
0.023

No Data

No Data
0.4
0.026

No Data

No Data
No Data
No Data

No Data

No Data
No Data
No Data

No Data

No Data
0.059

ND (0.015)

M2

No Data

No Data
5.5
7.1

No Data

No Data
1.0
10

No Data

No Data
1.0
2.0

No Data

No Data
ND (1.0)

0.14

No Data

No Dat?
1.0
0,1

No Data

No Data
D (1.0)
27.0

CC

No Data

No Data
0.099
9.4

No Data

No Data
0.11
0.10

No Data

No Data
.009
2,9

No Data

No Data
ND (0.001)
0.61

No Data

No Data
0.001
0.1

No Data

No Data
ND (U.OOl)
2.8

No Data - Sample not analyzed for this parameter
ND (#) - Not Detected (detection limit)
< - detected at a value less than that shown
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levels in the well pattern groundwater. The total TCE and PCL
concentrations averaged 4.0 ppm. A consistent decline in this sum
was observed throughout treatment; the final total concentration of
PCE and TCE was approximately 0.93 ppm. A corresponding increase in
trans-l,2-dichloroethylene (DCE) from 0.03 to 1.4 ppm was observed.
DCE is a decomposition product of PCE and TCE. A similar trend in
PCE, TCE, and DCE concentrations over a lUO-day period was observed
in the laboratory microcosm tests which were conducted as part of the
field test design (4).

APPLICABILITY TO OTHER SITES

A major emphasis of the Kelly AF8 project was to develop guidance for
future applications of biological degradation. Specific attention
was paid to site characterization, engineering components, and cost
estimating.

Characterizing a hazardous waste site is one of the most complex
activities in any remedial action. The site characterization require-
ments for in situ treatment are even more extensive than for most
other remedial alternatives. Figure 3 outlines the site characteriza-
tion process associated with in situ treatment, presents the associat-
ed tasks, and lists the data that can be expected from these tasks.
All or most of this data will be necessary before an in situ treatment
system can be designed. Activities associated with the general
approach for characterizing DOD or CERCLA sites are identified on
Figure 3 above the dotted line. The activities more specific to in
situ treatment are listed below the dotted line. Major differences
from those activities normally performed during a remedial investiga-
tion are groundwater and soil treatability studies.

The engineering components for a groundwater circulating, in situ
treatment system will be similar regardless of the specific site.
The following paragraphs present a number of factors that should be
given consideration when planning an in situ project.

Well Design

The s ize , number, and spacing of pumping and i n j ec t i on wel ls w i l l
depend largely on s i t e - s p e c i f i c cha rac te r i s t i cs . The r a t i o of pumping
to i n j ec t i on wells should be maintained so that no excess groundwater
is generated. The cost of storage, t ranspor t , or disposal of large
amounts of untreated groundwater would negatively impact the cost-
e f f i c iency of in s i t u treatment. The spacing of wel ls can be varied
over a s i t e to compensate for subsurface v a r i a b i l i t i e s . Su f f i c ien t
space should be provided when s iz ing the wells to allow for the pump,
p ip ing , e l e c t r i c a l equipment and sampling and monitoring devices.

Transport and Mixing System

Many op t ions are a v a i l a b l e f o r the mix ing of n u t r i e n t s and perox ide
w i t h the groundwater . The most d e s i r a b l e i s an i n - l i n e system where-
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by nutrients and peroxide are added directly into the transport 1 i ner5
between pumping and injection wells. At low flow rates, it is neces-
sary to closely monitor pimping and injection volumes and a batch-type
mixing system wi]1 probably be most feasible. Storage tanks should
be available to prevent overflow and provide a sampling point to
analyze circulating groundwater.

The size and location of a central mixing system(s) will depend
largely on the flow rate, size of the site, and site topography.
Gravity is the least expensive and most reliable method of groundwater
transport-- Pumping wells may provide enough pressure to transport
water to the central mixing tank in cases where the topograpny pro-
hibits gravity flow.

Treatment Chemicals

Precipitation of nutrients was a major problem at the Kelly AFB
demonstration site. It is important to quantify this problem prior
to system operation and take measures to prevent it frorc adversely
affecting the system. Hydrogen peroxide proved to be an effective
supplier of oxvgen and requires little special equipment. Other
methods of oxygenation, such as forced air, require additional mech-
anical equipment.

Equipment and Material Selection

Durability is the primary factor to consider in selecting what mater-
ials and equipment to use in an in situ treatment system. The system
will be operating continuously and place 6 great deal of stress on
pumps, piping, and electrical controls. It is also important that
all materials be nonreactive and noninterfering. All metal surfaces
should be corrosion free and pump housings must be durable enough to
prevent oil leakage.

Operational Characteristics

The system will be operated continuously over a long period of time;
as high a degree of automation as feasible should be implemented.
More complex systems at yery large sites could be designed to regulate
flow and adjust pumping rates automatically. Thougn this would be
expensive, the cost could probably be recovered in reduced operating
expenses.

Sufficient provisions for sampling and monitoring are integral to any
in situ treatment system. Wells should be designed large enough so
that groundwater samples can be collected. In addition, a great deal
of on-site analysis may be performed, A suitable laboratory facility
and an area for decontaninating field equipment and disposing of lab-
oratory wastes will be necessary.
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Construction of the System

Construction will always begin with well installation and it is
important that wells be installed properly. A poorly developed well
will be of little use to the treatment system due to reduced pumping
rates. Pumps, piping, and electrical equipment placed in the wells
should be constructed so that removal can be performed easily without
disrupting the entire system.

Startup and Operation

Once construction is complete, groundwater should be circulated for a
few weeks without introduction of treatment chemicals. This should
provide sufficient time to adjust pumping and injection rates and
remove all residual fines from pumping wells. With pumping and
injection rates known, it then becomes a simple matter to calculate
the desired nutrient and peroxide concentrations. This initial
period also provides a shakedown of the system so that any operational
problems may be resolved before treatment is commenced.

The first few weeks of treatment should be monitored carefully to
determine system performance. Results of frequent on-site testing
will be useful in determining chemical transport and guide decisions
as to the concentrations of treatment chemicals and/or the rates of
pumping and injection. Once the system is operating effectively, the
frequency of on-site sampling and analysis can be reduced to a reason
able level in order to provide long-term performance analysis.
On-site analysis is not expensive or difficult but it can be very time
consuming. Field staffing will be scheduled according tc the quantity
of tests to be performed.

Cost Analysis

In order to facilitate costing of an in situ degradation project a
generic cost model was developed consisting of a number of worksheets
which detail major cost items for site characterization, design, con-
struction, and operation. These worksheets use site characteristics,
and provide the formulas necessary to develop a first cut cost estimate
at a proposed site. Using these worksheets and the actual costs
incurred at Kelly AFB, a cost sensitivity analysis was performed.
This analysis showed that the major construction costs were incurred
through well installation and labor. Construction materials will
vary in cost depending on the site conditions, but should not consti-
tute a large portion of capital costs. During operation of a system,
the major costs incurred are due to sampling and analysis to monitor
system performance. The cost of treatment chemicals will be minor in
compari son.

CONCLUSIONS

A number of conclusions were reached based on the information gained
from the operation of this system. These conclusions relate both
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specifically to the Kelly AFB site as well as the applicability of
the technology to other sites.

The mechanical system used at Kelly AFB circulated groundwater with
very little maintenance and no down time due to system failure. The
low and variable permeability required altering the system operation
and increasing the effort and time required for treatment. The
ultimate treatment objective, however, was still achieved. The
circulation system was sufficient to overcome the natural yroundwater
flow in providing communication to all wells.

The introduction of nutrients and hydrogen peroxide to the system
resulted in an almost immediate and significant decrease in perme-
ability and heavy precipitation of calcium phosphate. A large uptake
of ammonia and phosphate by soil was also indicated, while a signif-
icant production in CO2 was observed and could have accounted for as
much as 30% of the hydrogen peroxide supplied to the system.

Chemically, the sum of PCE and TCE levels in site groundwater decreas-
ed from 4.0 ppm to 0.93 ppm, while trans-l,2-DCE increased from 0.03
ppm to 1.4 ppm. Mobilization of heavy metals (antimony, arsenic,
cadmium, lead, silver, and thallium) from soils was indicated, but
was not detected in the groundwater. However, heavy metals were
found in sediments deposited in several surface pipes.

Microbe counts in the soil and injection wells decreased but remained
relatively constant in the pumpiny wells.

The cost of performing in situ treatment is less than that for removal
and redisposal of soils. It is estimated that in situ treatment can
be performed for $50 to $100 per ton of contaminated soil for a
typical site. The estimated costs for treating the Kelly AFB site
were S36 per ton of contaminated soil; analytical costs accounted
for $y per ton or 2b percent of the total cost.

RtCOMMENDATIONS

In order for in situ biodegredation to be implemented effectively
at a fullscale application, a number of modifications in physical,
chemical, and analytical procedures are recommended based on the
operation at Kelly AFB. For long term operation, it is necessary to
increase the amount of automation used for pumping, chemical mixing,
and injection. Increased economy of sampling and chemical analysis
would need to be implemented, with an emphasis on more cost-effective
on-site analyses by limiting the use of off-site laboratories.
Additional experiments should also be implemented to delineate the
treatment mechanism responsible for contaminant reduction (aerobic
vs. anaerobic vs. chemical oxidation).

Future biodegredation projects should be developed to further investi-
gate the punping/injection well approach to groundwater circulation
and compare it to alternative methods such as infiltration galleries.
The generic cost model developed as a result of the Kelly AFB project
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should also be applied to these future projects to determine its
usefulness and/or refine it to make more accurate estimates of cost.

Technical issues requiring additional study include the determination
of a nutrient and hydrogen peroxide formulation that maximizes the
supply to groundwater while minimizing soil permeability damage. It
will also be necessary to identify the mechanism and chemistry con-
trolling the mobilization of heavy metals. An optimal well pattern
should be developed with regard to nutrient and hydrogen peroxide
application to maximize contaminant reduction.
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