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EXECUTIVE SUMMARY

The use of cementitious grouts is the most widely used method for
the treatment and ultimate disposal of both radiocactive and chemically
hazardous inorganic waste because of their low processing costs,
compatibility with a wide variety of disposal scenarios, and ability to
meet stringent processing and performance requirements. Versatile and
inexpensive processes to solidify large quantities of liquids, sludges,
and fine solids into cementitious waste forms have been developed at Oak
Ridge Natiomal Laboratory (ORNL). Recent successes in immobilizing more
mobile species in grouts encourage the belief that commercial
cementitious waste forms may be considered a viable source-control optien
for waste containing trace quantities of volatile organic compounds
(VOCs), such as the waste contained in the sludge lagoon located in
Zone 1, Landfill No. 4, on the Robins Air Force Base (RAFB), which is
located near Warner-Robins, Georgia.

Field studies at the RAFB Landfill No. 4 and sludge lagoon indicated
that chemical contamination of soils and groundwater beneath the landfill
and lagoon had occurred. The need for source-control remedial actions was
partially based on the assumption that the sites are contributing to off-
site groundwater contamination, which presents a potential risk to public
health and the environment. The nature, extent, and magnitude of
contamination in the landfill and sludge lagoon area were studied in
detail in a field sampling investigation. Principal contaminants were
determined previously to be metals and, to a lesser extent, organics,
with the lagoon being a major, and perhaps the principal, source. Thus,
permanent remediation of the source of contaminants must address the
lagoon.

A previous study performed by CH2M Hill evaluated several source-
control options for the sludge lagoon. Cement-based stabilization/
solidification (i.e., grouting technology) was not evaluated by this study
because of the lack of significant literature -data on retention of
organics in a cement-based matrix. Consequently, in 1988, the U.S. Air
Force (USAF) initiated a study at ORNL through the U.S. Department of
Energy’s (DOE’s) Hazardous Waste Remedial Actions Program (HAZWRAP) to
evaluate the technical feasibility of grouting technology as a source-
control option for wastes containing trace quantities of organics such as
those contained in the sludge lagoon.

The main objective of this project is to establish whether continued
consideration of grouting technology as a remedial action option for the
RAFB sludge lagoon was justified from the standpoint of technical
performance of the cementitious waste forms, current regulatory
guidelines, and estimated economics of implementing this approach at the
site. Few regulatory guidelines are available for this study, although
the regulatory agencies reserve the right to accept or reject a chosen
alternative. Grouting technology is a recognized remedial action
alternative and has been approved for use in the past. It is the method

ix



of choice for metals contamination and was used for remediation of soil
contaminated with organics at the Pepper Steel site closure in EPA

Region IV. The EP-Toxicity and Toxicity Characteristic Leaching Procedure
(TCLP) tests provide the only specific regulatory criteria with which to
evaluate this option. Only one compound - TCE - proved troublesome in

the TCLP test; but one vendor unequivocally passed this test, proving that
cementitious waste forms are capable of passing this regulatory test,
despite the required destruction of the waste-form physical integrity
(i.e., the necessary size reduction). This option is also attractive
economically because the cost of implementation is estimated to be about
$3 million for the out-of-ground implementation and approximately

$5 million for a true in situ implementation.

Although some physical properties of the waste forms were measured
and reported, the technical performance was evaluated mainly from the
standpoint of the VOC-immobilization potential of the waste form.
Immobilization in this sense means retention of VOCs or retardation of
release to a leachant. Cementitious waste forms provide immobilization by
a combination of a physical barrier to diffusion and a chemical affinity
for the species. The distribution coefficient is a measure of the
chemical affinity of a species in the waste form in question. This
chemical affinity combines with the physical barrier of a waste form to
give an overall mass-transfer resistance to leaching. The diffusion
coefficient is a measure of the mass-transfer resistance of a waste form
to the species in question. Some vendors concentrated on immobilizing
through a chemical means (i.e., using additives with a known affinity for
organics), as evidenced by some of the high distribution coefficients
measured. Using this approach allows them to attempt high waste loadings
to reduce the volume increases experienced in adding their ingredients.
This approach risks the integrity of the physical barrier and may result
in a remediated site more like a packed bed than a monolith, with the
entire volume accessible for leaching (i.e., the resulting diffusion
coefficient may be lower than a physically superior waste form with little
or no affinity for the species). On the other hand, concentrating
strictly on the physical barrier with little regard for the chemical
affinity may lead to high releases if the physical integrity fails (e.g.,
the size reduction required in the TCLP test removes the advantages of a
strong physical barrier since it is designed as a test of the level of
contamination and the affinity of the waste or waste form for the
contamination). A balanced approach seems best (i.e., improving the
chemical affinity of the waste form but ensuring that it is physically
sound and relatively impervious to bulk water flow). One of the
advantages of cementitious waste forms is their flexibility in
formulations and resulting physical properties. Thus, once a vendor has
selected the most appropriate additive for a particular application, the
blend of ingredients and waste loading can be adjusted to obtain a desired
physical property (i.e., some of the diffusion coefficients measured may
be improved by simple changes in the recipe such as lower waste loadings).
These improvements must be weighed against conflicting criteria or
objectives such as maximum waste loading or minimum volume increase.



Although no EPA criteria exist for the leachability index (the
negative logarithm of the diffusion coefficient), past experience has
demonstrated what indexes are technically achievable for cementitious
waste forms for other applications and species. 1In general, an
index less than 6 is considered unacceptable. The porous cementitious
waste forms can usually be formulated to provide enough of a physical
barrier to give an index of 7. To achieve an index of 8 or higher is more
difficult and usually depends on utilizing some sort of chemical approach,
such as conversion of metallic ions into relatively insoluble hydroxide
species. Achieving indexes as high as 12 is rare and depend on chemically
fixing the species by chemical conversion into an "insoluble" species or
"jrreversibly" sorbing the species into some solid sorbent. The indexes
measured in this study conform to these observations, with a few between 6
and 7, most of the values being between 7 and 8, some between 8 and 9, and
a few above 9. Three out of the four vendors had quite respectable
indexes of close to 8 (7.7 to 7.9) for the key component, TCE.

One of the major criticisms in the past of studies evaluating the
immobilization of VOC in cementitious waste forms was that most or all of
the VOC escapes during mixing of the grout. One of the major efforts in
this study was estimating the amount of VOC each sample retained after
mixing and curing. A secondary conclusion from this effort was that a
significant fraction of the VOC was retained during mixing, despite the
exothermic hydration reactions and the open-top mixing used.

x1i






IMMOBILIZATION OF VOLATILE ORGANIC COMPOUNDS
IN COMMERCIAL CEMENT-BASED WASTE FORMS

R. D. Spence
T. M. Gilliam
I. L. Morgan
S. C. Osborne
ABSTRACT

This report assesses the applicability of cement-based
solidification/stabilization technology as a remediation action option for
wastes containing trace quantities of volatile organic compounds (VOCs).
Leach studies were performed to obtain pertinent mass-transfer parameters.
Estimates of VOC retention during sample preparation were made in order to
quantify the source term used in the interpretation of leach data

obtained.

1. TINTRODUCTION

The use of cement-based grouts is the most widely used method for the
treatment and ultimate disposal of both radiocactive and chemically
hazardous inorganic waste because of their low processing costs,
compatibility with a wide variety of disposal scenarios, and ability to
meet stringent processing and performance requirements. Versatile and
inexpensive processes to solidify large quantities of liquids, sludges,
and fine solids (< 0.6 mm in diam) in cement-based grouts have been
developed at the Oak Ridge National Laboratory (ORNL). Grouts that meet
all applicable regulatory requirements for the disposal of heavy metals,
selected organics, and radionuclides have been developed.!~!?

Grouts, particularly neat, cement-paste grouts, have proven less
successful in sequestering species such as volatile organic compounds
(VOCs) and readily soluble anions (e.g., pertechnetate and nitrate).
Recent studies have shown that grouting technology can be successfully

applied to the disposal of waste containing techmetium and nitrates by
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altering both the waste stream chemistry and physical properties of the

12,13 Based on the success with technetium and nitrates,

grout matrix.
research efforts have been expanded to address the use of grouting
technology as a remediation option for wastes containing trace quantities
of VOCs. Results of a recently completed study on the immobilization of
VOCs are presented in this report.

2. BACKGROUND

The U.S. Air Force (USAF), as part of its Installation Restoration
Program (IRP), is.performing a Phase IV-A study at Robins Air Force Base
(RAFB) near Warner Robins, Georgia. This study included Zone 1, Landfill
No. 4, and the sludge lagoon and provided most of the following background'
material.l*

Landfill No. 4 and the sludge lagoon are contiguous sites located
adjacent to a swampy area on the east side of RAFB. The landfill was
operated from 1965 to 1978 and was used for disposal of general refuse and
occasional disposal of industrial wastes. The landfill occupies
approximately 45 acres. The sludge lagoon, located adjacent to the north
side of the landfill, was used for disposal of industrial wastewater
treatment plant sludges and occasional disposal of other liquid industrial
wastes from 1968 ﬁntil 1978. The lagoon was unlined and bordered by an
elevated earthen dike. The lagoon surface area was approximately 1.5
acres, and the depth was approximately 6 ft (1.8 m).

The sludge lagoon and landfill lie in a swampy area, and the surface
of the landfill rises about 10 ft (3.05 m) above the swamp. Surface water
at the site generally drains from west to east, with much of the surface

drainage from adjacent RAFB areas flowing over the landfill and into the
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lower-lying swamp. The water level in the swamp is maintained by
drainage-control structures and the Hannah Road embankment. At the
northern edge of the sludge lagoon and landfill, surface waters flow into
a channelized, eastward-flowing drain located just north of the lagoon.

Immediately under the landfill and the swampy area surrounding it are
alluvial deposits that form a low-depositional terrace of the Ocmulgee
River. The alluvial deposits are composed of sand, gravel, peat, and clay
beds, with a total thickness of more than 25 ft (7.62 m). Throughout most
of the site, the alluvial deposits are divided into two distinct layers:

a lower sand and gravel zone and an upper peat and clay bed. Waste and
artificial fill overlie the peat and clay bed in the vicinity of the
landfill. Relative depths of the site components are summarized in
Fig. 1.

Groundwater flow in the vicinity of Zone 1 generally parallels the
surface water flow. Groundwater seems to flow radially away from the
landfill, eastward toward and beneath Hannah Road, as well as north toward
the channelized drainage. Lateral groundwater flow just beneath the peat
and clay bed was estimated at a rate between 100 and 800 ft/year (30.5 and
244 m/year). The vertical groundwater gradient is predominantly upward
from deep to intermediate zones. There is little or no upward gradient in
the intermediate to shallow zones.

The peat and clay bed directly underlying the wastes consists of
interbedded clay and peat constituting a total thickness of 5 to 14 ft
(1.52 to 4.27 m). Inspection of recovered split-spoon samples of the clay

generally showed it to be a plastic material with roots and channels.
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Laboratory permeability tests of samples from this bed were
approximately 10°% cm/s, while earlier field permeability studies
indicated that values averaged approximately 107% cm/s.!® Differences
between laboratory and field-test results are attributed to larger-scale
discontinuities in the stratum (e.g., seams, joints, and root holes) not
measured by laboratory methods. Thus, higher permeabilities indicated
from field tests are believed to be more representative of the actual
permeability in the peat and clay bed.

The peat and clay bed appears to be continuous and may retard flow
between the upper perched zone and the underlying sand aquifer. However,
field iInvestigations indicated that contaminants have migrated downward
into the underlying sands. Furthermore, observed groundwater elevations
and gradieﬁts indicated that, at best, the peat and clay bed acts to
create semiconfining aquifer conditions in the zone underlying the bed.

Although no special testing to assess strength or compressibility
characteristics of the peat and clay stratum was performed, the relatively
soft nature of the material indicated that remedial activities involving
dikes or trenches through the peat and clay, or fills on the top of the
peat and clay, could be compromised by soil instability. Significant
settlement may be expected for activities such as capping or filling.

Sands underlying the peat and clay bed constitute the most significant
groundwater aquifer at the site, extending to depths of several hundred
feet. Field investigations using slug tests and observation of shallow-
well pumping indicated a hydraulic conductivity in the underlying sands of
10°2 to 1073 em/s. Laboratory permeability values varied between 6 x 107*

and 9 x 1073 cm/s for relative densities of 60 and 90%, respectively.
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The soil cap overlying the landfill waste is typically 2 to 2.5 ft
(1.64 to 1.21 m) thick. The material is a nonplastic, silty, or clayey
sand having less than 25% silt or clay. Average field permeability of
this layer was measured as 3 x 10™% cm/s with a laboratory permeability of
2 x 107 to 5 x 107% cm/s.

Field studies at Landfill No. 4 and the sludge lagoon!>~17 indicated
that chemical contamination of soils and groundwater beneath the landfill
and lagoon has occurred. The need for source-control remedial actions was
partially based on the assumption that the sites are contributing to off-
site groundwater contamination, wﬁich presents a potential risk to public
health and the environment. The presence of odors at the sites and the
observation of gas bubbling in ponded water indicated that gas production
and migrations through the surface cover were occurring at the landfill
and lagoon.!? Air monitoring performed at the sites indicated that
methane and nonmethane organic gaseous compounds were present.

Preliminary data analyses and field observations suggested that the
primary pathways for contaminant migration are dissolved contaminant
migration in grouﬁdwater and atmospheric dispersion of volatile
contaminants. Surface water runoff and windblown dusts do not appear to
be significant pathways for contaminant migration. The nature, extent,
and magnitude of contamination in the landfill and sludge lagoon area were

17 The maximum

studied in detail in a field-sampling investigation.
concentrations observed in the field studies are shown in Table 1.

Principal contaminants were determined to be metals and VOCs, with the

lagoon being a major source and perhaps the principal source. Thus,
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Table 1. Maximum concentration of each species reported!’

Concentration (ppb)?

Soil Soil
Species Groundwater borings leachate Maximum
Volatiles
Trichloroethylene 14,000 5,500 130,000 130,000
trans-1,2-Dichlorpoethene 19,000 100,000 36,000 100,000
Tetrachloroethene 290 59,000 1,100 59,000
Toluene 540 20,000 2,200 20,000
Chlorobenzene 810 20,000 8,800 20,000
Chloroform 600 17,000 1,200 17,000
Vinyl chloride 6,700 < 12,000 12,000
Acetone 9,000 630 4,300 9,000
2-Butanone (MEK) 3,700 3,100 930 3,700
Benzene 91 2,800 1,000 2,800
1,2-Dichloroethane 470 - - 470
4-Methyl-2-pentanone 420 - - 420
Xylenes 220 - - 220
Trichlorofluoromethane 170 - - 170
1,1-Dichloroethane 91 - - 91
1,1-Dichlorethene 49 - - 49
Carbon disulfide 29 - - 29
Ethyl benzene 27 - - 27
Carbon tetrachloride 5 - - 5
Bromodichloromethane 5 - - 5
Dibromochloromethane 5 - - 5
Subtotal 56,222 228,030 197,530 374,991
Pesticides and PCB
Chlordane 0.05 8,500 < 8,500
4,4'-DDT 0.01 240 8 240
Dieldrin 0.01 < < 0.01
PCB-1254 0.04 2,500 0.07 2,500
Subtotal 0.11 11,240 8.07 11,240.01
Base neutrals
1,4-Dichlorobenzene 2,600 690,000 13,000 690,000
Naphthalene 100 38,000 560 38,000
Fluoranthene 100 4,800 < 4,800
Bis(2-ethylhexyl) 100 3,600 - 3,600
phthalate
Pyrene 100 - - 100
1,2-Dichlorobenzene 5,200 - - 5,200
1,3-Dichlorobenzene 2,100 - - 5,200
Subtotal 10,300 736,400 13,560 743,800
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Table 1. (continued)
Concentrations (ppb)?@
Soil Soil
Species Groundwater borings leachate Maximum
Acids

Phenol 1,700 18,000 48,000 48,000
M/P-Cresol 4,200 50,000 7,900 50,000
0O-Cresol 940 - - 940
Pentachlorophenol 100 < 3 100
2,4-Dimethyl phenol 2,200 120,000 11,000 120,000

Subtotal 9,140 188,000 66,903 219,040

Metals

Arsenic 65 - 65
Barium 470 - - 470
Cadmium 6 599,000 34,800 599,000
Chromium 73 6,419,000 173,000 6,419,000
Copper 40 - - 40
Lead 120 813,000 27,400 813,000
Nickel 50 - - 50
Zinc 160 - - 160

Subtotal 984 7,831,000 235,200 7,831,785

Total cyanide 5 970 400 970

Total 76,651.11 8,995,640 513,607.07 9,181,826.01
Water (or water

+ soil) 999,923,348 991,004,360 999,486,398 990,818,173

4less than (<) refers to "below detectable limits," and a
dash (-) refers to "no measurement,"
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permanent remediation of the source of contaminants must address the

lagoon.

A previous study evaluated several options for the permanent

remediation of this site.l8

The study presented only one permanent
solution to close this site: exhumation and incineration of the sludges
and peat and clay layer that are contaminated with VOCs and heavy

metals, with the resulting ash being disposed of off-site. The estimated
capital cost for this option was $20 million.

Seeking a lower-cost option, the study recommended a pump and treat
scenario, where a line of Qells intercepts the groundwater flowing off
the site and the VOCs are subsequently air stripped from the groundwater.
While this option has an estimated initial capital investment of only
$500,000, the operational phase, with its estimated annual operating costs
of $610,000, is indeterminate because this option does not permanently
control the contaminant source. Thus, RAFB personnel immediately
recognized that this option was useful only as an intermediate step or as
a means to clean contaminated soil in the landfill and that this should be
performed in conjunction with a separate remediation on the lagoon.

In July 1987, ORNL evaluated the study and recommended that grouting
technology be considered as an alternative remediation. This
recommendation was based on a March 1987 precedent set in the
Environmental Protection Agency’s (EPA's).Region IV at the Pepper Steel
and Alloy Superfund site near Miami, Florida, which established in situ
immobilization in a cement-based grout as a permanent remedy for soils

contaminated with heavy metals and PCBs.l® The cost of this option as a

permanent remedy for the Zone 1 sludge lagoon was estimated to be on the
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order of $5 million based on costs at the Pepper Steel and Alloy Superfund
site.

In addition to a substantial costs savings over the exhumation and
incineration option, in situ grouting offers several other potential
advantages: (1) complete disposal on-site, thus reducing risk of both
exposure and liability by eliminating the need to transport the waste or
its ash off-site; (2) no additional landfill space required, as it is
anticipated that the resulting solidified material can be accommodated
within the existing Zone 1 area; and (3) ultimately, if the solidification
can be performed without significant disturbance of the overburden (which
is true in situ), then it would reduce the risk of contaminant exposure to
area personnel during treatment operations, as well as reduce the hazards
associated with soil instability during site exhumation. Consequently, in
1988, a study to evaluate the technical feasibility of grouting technology
as a potential remediation option for the Zone 1 sludge lagoon was
initiated at ORNL through the Hazardous Waste Remedial Actions Program
(HAZWRAP) and the‘Waste Management Technology Center (WMTC).

The objective of the study was to establish the technical and
regulatory credibility of grouting technology as it would be applied to
the lagoon at the RAFB Zone 1 site. Grout formulas and materials were
obtained from four vendors believed to be representative of available
commercial technology. It should be noted that the specific proprietary
additives were not disclosed in order to eliminate the need for
proprietary agreements and, hence, avoid restricting the distribution of

this report. These four vendors were:
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Vendor A

RMC Company

214 West Main Plaza

West Plains, Missouri 65775
(417) 256-1101

Contact: Dr. R. Soundararajan

Vendor B
Wastech, Inc.
P. 0. Box 1213
Oak Ridge, Tennessee 37831-1213
(615) 483-6515
Contact: Mr. E. B. Peacock

Vendor C
International Waste Technologies
150 North Main, Suite 910
Wichita, Kansas 67202
(316) 269-2660
Contact: Mr. J. P. Newton

Vendor D
Silicate Technology Corporation
Pegler and Welch Consultants, Inc.
14455 North Haden, Suite 218
Scottsdale, Arizona 85260
Contact: Mr. Greg Maupin

These four vendors are referred to as Vendor A, Vendor B, Vendor C, and
Vendor D in this document.

Grout products were then prepared and evaluated as to their
suitability for retaining VOCs. The results of the evaluation, presented
in this report, involved several subtasks: (1) a screening study to
provide guidance to the final experimental design, (2) the development of
laboratory quality assurance and quality control procedures to quantify
the VOC retention during sample handling and preparation, (3) the

evaluation of grout product performance with regard to leachability and
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selected physical integrity criteria, and (4) the evaluation of the
compatibility of commercially available processing equipment with regard
to site regulatory criteria and cost.
3. TEST PROCEDURES AND EQUIPMENT

It is important to mnote that although this study focused on the
sludge lagoon, it was also, by necessity, a generic study. Only select
VOCs were evaluated, and, in many cases, the concentrations used in this
study are not representative of actual site conditions. That is, the site
concentrations were used for guidance purposes only; and the actual
concentrations uséd in this study were chosen more to facilitate
analytical detection limits and experimental constraints, such as
solubility and original estimates of assumed losses during sample
preparation. In most cases, this resulted in VOC concentrations in the
waste form significantly above those expected at the site.

The waste used for grout preparation was sludge that was obtained
from the RAFB Zone 1 sludge lagoon. A large sample was taken from the
lagoon, sieved through a 0.25-in. screen for removal of debris, and,
finally, homogenized in a Littleford high-shear mixer (Fig. 2). The
resulting material provided the basic waste matrix for all testing
described in this report. During the homogenization, the waste material
lost much of its 6riginal VOC content. Spiking the sludge provided the
VOC content needed for the leaching and extraction tests (Sect. 3.2).
None of the grout samples subjected to the physical testing presented in
this section were spiked with VOCs.

After homogenization, the sludge was collected in a stainless steel

(88) 55-gal drum. This drum was rotated on a drum roller for 30 min, and



Fig.

2

Mixer used to homogenize sludge sample received from RAFB.
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samples were collected from five separate areas within the drum to make a
composite sample. The composite was characterized according to EPA
protocols, with the results listed in Table 2. Two split-spoon samples
were taken from the sludge lagoon at the same location that was later
excavated for the large sample used in this project. These samples were
submitted to two separate laboratories for characterization. Table 2 also
includes these two analyses. The VOC content of these split-spoon samples
can be taken to represent the VOC content of the sludge prior to
excavation, handling, and homogenization. No herbicide analyses were
performed for the sludge composite or one split-spoon sample because of
failure to recover the herbicide spike as required by EPA. Thus, the
herbicide analysis, reported in Table 2, was performed on a split-spoon
sample analyzed by Enseco, Inc., Arvada, Colorado. No herbicide was
detected in this sample, indicating that the sludge is not contaminated
with herbicides.,

In addition to the analyses listed in Table 2, the chloride content
of the homogenized sludge was measured to be approximately 1.9 mg/kg, and
the pH of the sludge dispersed in water for both the Extraction Procedure
(EP) -Toxicity and the Toxicity Characteristic Leaching Procedure (TCLP)
extraction, prior to acetic acid addition, was 6.8. The chloride content
was considered important because of the corrosive nature observed for the
sludge. The cementitious waste forms caused pitting of some of the
304 SS molds used to prepare the 2-in. cubes. It is suspected that the
high pH environment of the grout combined with the presence of the
chloride ion led to this pitting. The sludge alone has proven corrosive

to 5-gal drums of carbon steel. These observations imply that remedial



Table 2. Characterization of sludge samples
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Concentration
(ppm)
Homogenized Split spoon Split spoon
Species sludge 1 2
Volatile organic compounds
Acetone 1.7 12 <250
1,2-Dichloroethene 0.02 < 0.081 < 50
Chloroform 1.7 1.1 < 50
Methylethyl ketone 5. 3.8 <250
Trichloroethene 15.0 51 280
Benzene 0.55 0.56 < 50
Perchloroethene 7.5 27 < 50
Chlorobenzene 3.9 22 < 50
Vinyl chloride 0.059 < 0.16 <100
Methylene chloride 1.8 0.13 NRZ
Carbon disulfide < 0.025 0.26 < 50
1,1-Dichloroethene 0.08 0.081 < 50
1,1-Dichloroethane 0.031 < 0.081 < 50
1,2-Dichloroethane 1.1 2.1 < 50
1,1,1-Trichloroethane 0.65 0.34 < 50
Carbon tetrachloride 0.025 0.033 < 50
Vinyl acetate 0.48 0.36 <100
1,1,2-Trichloroethane 0.38 1.2 < 50
4-Methyl-2-pentanone 1.6 14 <100
2-Hexanone 0.52 6.3 <100
1,1,2,2-Tetrachloroethane 0.21 0.57 < 50
Toluene 3.9 18 < 50
Ethyl benzene 3.2 20 < 50
Xylene 2.6 14 < 50
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Table 2. (continued)
Concentration
(ppm)
Homogenized Split spoon Split spoon
Species sludge 1 2
Base/neutral/acid organic compounds
Phenol 3.7 <10 <470
1,3-Dichlorobenzene 130 <10 <470
1,4-Dichlorobenzene 120 <10 620
1,2-Dichlorobenzene <6.1 3,100 1,100
2-Methylphenol 10 7.7 NRZ
4-Methylphenol 47 63 NRZ
Isophorone 30 <10 <470
2,4-Dimethylphenol 110 210 <470
1,2,4-Trichlorobenzene 100 160 <470
Naphthalene 79 93 <470
2-Methylnaphthalene 190 140 <470
Dibenzofuran 15 17 <470
Fluorene 2.7 4 <470
Phenanthrene 2.2 7.4 <470
Anthracene 0.18 <10 <470
Di-n-butylphthalate 160 83 <470
Fluoranthene 2.8 8.9 <470
Pyrene 1.6 5 <470
Butylbenzylphthalate 10 15 <470
Bis(2-ethylhexyl)phthalate 190 1,200 <470
Di-n-octylphthalate 3 6.3 <470
PCBs/pesticides
(None detected)
Herbicides

(None detected)
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Table 2. (continued)

Concentration
(ppm)
Homogenized Split speon Split spoon
Species sludge 1 2
Metals

Arsenic NMP NmP 1.3
Barium 140 200 60
Cadmium 560 690 850
Chromium 6,200 12,000 6,300
Lead 760 550 140
Mercury Nmb NMb 0.32
Selenium Nmb NMP <2
Silver 4.7 1.2 41
Aluminum 28,000 51,000 NRZ
Beryllium 0.14 0.43 0.2
Boron 47 46 NRZ
Calcium 3,000 8,200 NRZ
Cobalt 15 25 11
Copper 270 330 300
Iron 82,000 77,000 NRE
Lithium 2.7 1.9 NRE
Magnesium 350 340 NRE
Manganese 690 2,100 NR?Z
Molybdenum 14 21 NRE
Nickel 210 180 230
Phosphorus 5,400 7,300 NRZ
Potassium 320 460 NRE
Silicon 1,500 690 NRE
Sodium 200 370 NRE
Strontium 67 200 NRE
Tin NRZ NRE 10
Titanium 680 1,400 NRZ
Vanadium 20 25 <2
Zine 630 1,200 640
Zirconium 9 13 NRZ

9Not reported.
Not measured.
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options that excavate the sludge and store it in drums may experience
problems with corrosion.
3.1 PHYSICAL PROPERTIES

The main objective of this project was to establish the VOC retention
capability of commercially available cement-based waste forms. Thus, the
grout physical properties were of secondary concern; no criteria, except
VOC retention, were identified to the vendors supplying the grout recipes.
Grout products made from these recipes were evaluated as to
(1) rheology, (2) unconfined compressive strength, (3) freeze-thaw
resistance, (4) 90-d immersion resistance, (5) bleed water, and (6)
penetration resistance.

It should be noted that most of these properties can be tailored to
meet specific criteria if a precise application or implementation
technique requires a property different from those observed for these
recipes. For example, it may be desirable to consider the application of
in situ grouting technology to the RAFB site such that the ground cover is
not removed from the filled-in sludge lagoon nor is the sludge excavated.
None of the recipes were designed to optimize fluid properties. Thus,
collaboration would be required between the supplier of the grout formula
and the operator of the implementation technique to ensure compatibility
between emplacement and product performance criteria.

3.1.1 Sample Preparation

All of the grout samples prepared for physical testing were 2-in.
cubes. The grouts were mixed according to vendor instructions using
materials supplied by the vendor, the homogenized sludge, and deionized

water. The mixing was done in a Model N-50 Hobart mixer (Fig. 3), using a
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Fig. 3. Hobart mixer used in grout preparation mixing steps.
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flat blade beater. After mixing, the grout was packed into 2-in. SS molds
(Fig. 4) that had previously had all surfaces treated with a mold release
agent. The grout was cured at room temperature in a saturated humidity
environment (Fig. 5) for 28 d. After curing, the cubes were measured,
weighed, and photographed. For photographing, three samples, which
represented the range of sample conditions from best to worst, were
selected. Next, three samples were submitted for measurement of their
unconfined compressive strengths, three were subjected to freeze-thaw
testing and then submitted for measurement of their unconfined compressive
strengths, and three were immersed in deionized water for the 90-d
immersion test.

The recipes supplied by the vendors and used to make the 2-in. cubes
tested in this phase of the project follow. The fixed masses given in
each recipe below total 1000 g, but some recipes allowed addition of more

water in order to achieve a smooth homogeneous paste.
3.1.1.1 Vendor A

1. Rotate the sludge drum for 30 min before sampling.

2. Weigh out 450 g of sludge in the Hobart mixing bowl.

3. Add 50 g of deionized water over 15 s while mixing at low speed,
approximately 140 rpm (simulation of VOC spike).

4, Add 500 g of Vendor A's dry blend over a 30-s period while mixing at
low speed.

5. Mix for 30 s on medium speed (~285 vpm).

6. If this mix does not form a smooth homogeneous paste, add the minimum
amount of deionized water to make it so. Record the amounts of each

ingredient including water. (Step 6 only applies the first time this



Fig. 4.

GROUT

Two-in. cube molds used for physical property test specimens.

12



Fig. 5.

i
.
i
z

Humidity cabinet

used to cure physical

test specimens.

(44



23
grout is made. Use the same recipe for subsequent batches and add any
water needed in step 3.)
An extra 109 g of water was added in step 6 for the first batch of this

grout. Subsequent batches added 159 g of water in step 3.
3.1.1.2 Vendor B

1. Rotate the sludge drum for 30 min before sampling.

2. Weigh out 90.5 g of sludge in the Hobart mixing bowl.

3. Add 10 g of deionized water over 15 s while mixing at low speed
(simulation of VOC spike). The amount added in this step is not
important as long as the total water-VOC from this step and water from
step 6 add up to 185.3 g (i.e., adjust step 6 if 10 g is not added in
this step).

4, Add 90.5 g of Vendor B’'s liquid additive over a 30-s period while
mixing at low speed.

5. Mix for 30 s at medium speed.

6. Add 175.3 g of deionized water while mixing at low speed for 30 s.

7. Mix for 30 s at medium speed.

8. Add 633.8 g of Vendor B’s dry blend while mixing at low speed for

30 s.
3.1.1.3 Vendor C

1. Rotate the sludge drum for 30 min before sampling.

2. Weigh out 625 g of sludge in one Hobart mixing bowl and 139 g of
Vendor C's dry blend in another Hobart mixing bowl.

3. Add 69 g of deionized water to the sludge over 15 s while mixing at

low speed (simulation of VOC spike).
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4. Add 69 g of Vendor C's liquid additive to the sludge over a 30-s
period while mixing at low speed.

5. Mix for 30 s at medium speed.

6. Sluryy Vendor C's dry blend with 98 g of Vendor C’'s liquid additive
and add to the sludge over a 30-s period while mixing at low speed.

7. Mix for 30 s at medium speed.

At the time this grout was mixed, the liquid additive was in short supply.

Vendor C indicated this additive was a water solution of an agent intended

to interact with the VOC components to be spiked during performance

testing. Since no VOC was spiked for the physical testing, Vendor C

substituted deionized water for the liquid additive iIn steps 4 and 6 to

make the 2-in. cubes.

3.1.1.4 Vendor D

1. Rotate the sludge drum for 30 min before sampling.

2. Weigh out 735 g of sludge in the Hobart mixing bowl.

3. Add 81 g of deionized water over 15 s while mixing at low speed
(simulation of VOC spike).

4. Add 184 g of Vendor D's dry blend over a 30-s period while mixing at
low speed.

5. Mix for 30 s on medium speed.

6. If this mix does not form a smooth homogeneous paste, add the minimum
amount of deionized water to make it so. Record the amounts of each
ingredient including water. (Step 6 only applies the first time this
grout is made. Use the same recipe for subsequent batches and add any
water needed in step 3.)

No extra water was required in step 6 for this grout.
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3.1.2 Unconfined Compressive Strength

Unconfined compressive strength is a measure of the ability of the
waste form to withstand applied loads such as those that would occur from
disposal site overburden or stacked drums (or containers) during interim
storage. Thus, unconfined compressive strength is an important parameter
that addresses the concern of overburden subsidence and maintenance of
structural integrity during interim storage or disposal. In general, the
host matrix supplies the strength of the waste form. Hence, improved
strength usually incurs the penalty of decreased waste loading and
increased disposal volumes (versus the original waste volume). Therefore,
it is desired to have only the sufficient strength necessary to support
the anticipated loads.

In this study, freshly prepared grouts were poured or spooned into
2-in. cube molds conforming to American Society for Testing and Materials
(ASTM) € 109-80, "Compressive Strength of Hydraulic Cement Mortars (using
2-in. or 50-mm cube specimens)," specifications. The grouts are then
placed in a humidity cabinet maintained at 27°C and 98% relative humidity.
Twenty-eight days after being placed in the molds, the cured grouts were
removed and the unconfined compressive strength determined using a Tinius
Olsen Super L Universal Testing Machine (Fig. 6). In this method, a
uniaxial compressive load is applied along the specimen axis perpendicular
to the specimen’'s flat parallel surfaces until the specimen fails. The
maximum load is divided by the exposed cross-sectional area of the

specimen surface to determine the unconfined compressive strength.



Fig. 6.

Instrumentation used to determine unconfined compressive strength.
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3.1.3 Penetration Resistance

Penetration resistance is a measure of set, or stiffening, of the
grout (ASTM C 403-85, "Time of Setting of Concrete Mixtures by Penetration
Resistance”). Initial set is the elapsed time, after initial contact of
the dry-solids blend and waste, required to reach a penetration resistance
of 500 psi. Final set is the elapsed time, after initial contact of the
dry-solids blend and waste, required to reach a penetration resistance of
4000 psi. Although no substitute for calorimetry data, penetration
resistance does provide a quick and easy method for assessing the extent
to which the cementitious reactions have occurred, as well as a means of
comparing the effects of differing grout recipes.

In this study, freshly prepared grouts were poured into 2-in. cube
molds and then stored in a humidity cabinet at 27°C with a relative
humidity of 98%. The cured grout‘samples were removed after 28 d, and the
penetration resistance measurements were obtained. Penetration resistance
data were obtained using an Acme Penetrometer (Fig. 7) with a needle

having an 0.11-in.?

surface area at the point of penetration. A vertical
force downward on the apparatus is applied until the needle penetrated the
grout to a depth of 1 in. Penetration resistance is determined by
dividing the force required to penetrate the grout to a depth of 1 in. by
the surface area of the needle at the point of contact with the grout.
3.1.4 Thermal Cycling

Resistance to freeze-thaw cycles is a measure of the capability of a

waste form to withstand the natural temperature variation at a disposal or

storage site. This resistance is particularly important during interim
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Fig. 7. Instrumentation used to determine penetration resistance.
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storage or for waste disposal above ground. Temperature variations
experienced by waste disposed below the frost line should be minor.

In this study, freshly prepared grouts were poured into 2-in. cube
molds and then stored in a humidity cabinet at 27°C with a relative
humidity of 98%. The cured grout samples were removed after 28 d and
subjected to thermal cycling using a test method involving modifications
to ASTM B553, "Standard Test Method for Thermal Cycling for Electroplated
Plastics." For this test, 2-in. cube samples were sealed inside Teflon®
PFA jars. The cubes were placed on platforms to raise them above any
water that condensed during testing. The jars were placed in a Ransco
Environmental Chamber (Fig. 8) and subjected to 30 thermal cycles between
temperature extremes of +50°C and -30°C. The high and low temperatures
used were based on temperature extremes recorded during the last 39 years
by the National Weather Bureau for the Macon, Georgia, area. Each thermal
cycle consists of:

1. Ramp from 20 to 50°C.
2. Hold at 50°C for 1 h.
3. Ramp from 50 to 20°C.
4. Hold at 20°C for 1 h.
5. Ramp from 20 to -30°C.
6. Hold at -30°C for 1 h.
7. Ramp from -30 to 20°C.
8. Hold at 20°C for 1 h.

Figure 9 illustrates one temperature cycle used in the freeze-thaw

testing. A ramp time of 45 min. was used for Vendors B and D and 1 h for

Vendors A and C. After being subjected to this thermal cycling, the
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samples were subjectively evaluated for degradation and were submitted for
measurement of their unconfined compressive strengths. These values would
then be compared with the values obtained after a 28-d cure (before
freeze-thaw testing).
3.1.5 Immersion Resistance

Immersion resistance is an indication of the waste form’s ability to
withstand prolonged exposure to water, such as would be experienced upon
water intrusion into a storage container or a raising of the water table
during a rainy period. For this study, freshly prepared grouts were
poured into 2-in. cube molds and then stored in a humidity cabinet at 27°C
and at a relative humidity of 98%. The cured grout samples were removed
after 28 d and immersed in deionized water (nominally 1500 mlL) contained
in plastic jars. The cubes were placed on platforms so that the water had
access to all sides of the sample. The jars were sealed and allowed to
remain static for 90 d. After immersion for 90 d, the cubes were removed
from the water, subjectively observed for signs of physical deterioration,
and the unconfined compressive strength was measured for each cube. These
values would then be compared with the values obtained after a 28-d cure
(before immersion testing).
3.2 LEACHABILITY

The release of the VOCs from the waste form to the enviromment (i.e.,
its leachability) is, perhaps, the major factor in determining the
acceptability of grout technology as a potential remedial action option
for the RAFB Zone 1 sludge lagoon. Performance specifications related to
leachability are limited. Regulatory-related tests such as the EP-

Toxicity?? and the TCLP?° deal more with the classification of the waste
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form and do not supply data that can be used in modeling VOC release from
the waste form. 1In addition, the specified procedures associated with
these tests do not adequately address the potential loss of VOCs during
sample handling, nor are all of the VOCs of potential concern assigned a
threshold concentration by the EPA.

In reality, the leaching process, which is the release of the species
from the waste form into the surrounding solution, is complex. The
chemical potential of the species in the aqueous phase is different from
that on the waste-form surface. Thus, the immersion of the waste form in
a liquid (such as.gréundwater) leads to a flux of mass between the solid
surface and the solution. The release of surface molecules into the
solution establishes a concentration gradient in the solid adjacent to the
surface. This leads to the movement of species from the interior of the
waste form toward the surface and their subsequent release into the
solution. The instantaneous rate of release of a species from the solid
surface into the liquid is proportional to this concentration gradient,
which is the differeﬁce in chemical potentials of the solid at the surface
and the liquid at any given moment of time. In mathematical terms, this
concept 1is represented by the following equation for slab geometries,

known as Fick’s first law:%1,22
J = -D (dC/dX), .

where,

J = Instantaneous flux at time t of a given species from the surface

of a slab of the porous solid body, gecm™?.571;

D = Diffusion coefficient for the species in the porous, solid body
soaked in an aqueous environment, cm?/s;
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Q
1

Concentration of the species in the overall volume of the porous
solid body at time t and position X, g/cm?;

Distance from the slab centerline toward the slab surface, cm;

>
B

i

dC/dX = Instantaneous concentration gradient at time t and position X,

geem3ecm™t,

In a static environment, with no leachate replacement, the waste
species in the liquid will eventually equilibrate with the waste species
remaining in the waste form. When equilibrium is reached, the net
transfer of species from the solid to the liquid will cease. The
relationship between the liquid concentration at equilibrium with the
remaining waste-form concentration is described by the distribution
coefficient.

Thus, in this study, tests were conducted to supply both (1)
information related to the concentrations resulting from EP-Toxicity and
TCLP testing (regulatory-related tests) and (2) the diffusion and
distribution coefficients (mass-transfer parameters). Standard testing

® while testing to

protocols were used for the EP-Toxicity and TCLP tests,?
obtain the desired mass-transfer parameters required significant
development.
3.2.1 Waste-Form VOC Content

One difficulty in dealing with VOCs is in knowing how much is
contained in a given sample at a given time. Even if an accurate VOC
analysis is performed, the concentration may change with time,
particularly if the sample is handled or exposed to air. Soil or water

contaminated with VOCs tends to lose a significant fraction of its VOC

content to the environment, whether small samples are being handled in
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the laboratory or large sites are being excavated for remedial action
(e.g., incineration), unless steps are taken to control or reverse this
VOC flow. This point is illustrated by comparing the VOC content of the
split-spoon samples taken at the site with the analysis of the homogenized
waste (shown in Table 2).

If cement-based waste forms are made using standard equipment and
procedures, the VOC content of the final waste form must be considered
unknown, even if the VOC content of the original waste material is
accurately known. This is mot surprising in light of the fact that
standard waste-form preparation procedures involve vigorous mixing in
open-faced equipment, coupled with the evolution of heat during hydration.
The determination of the waste-form VOC content is critical to the
interpretation of the leach test results. This can be illustrated by
considering the TCLP test, which provides no criteria for the preparation
of a cement-based sample. In this test, a waste that had been determined
to be of environmental concern due to its VOC content may well meet the
TCLP leachate threshold concentrations after solidification/stabilization.
However, the question becomes, "Did the waste form retard the release of
the VOCs sufficiently to be an enviromnmentally acceptable treatment
option, or did the waste form lose sufficient VOCs during sample
preparation such that the leach results are misleading?" Since the
principal objective of this study was to assess the ability of
commercially available waste forms to retard the release of VOCs, the
determination of the waste-form VOC content became an integral part of the

leach studies,
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One approach'to this problem is to try to directly measure the VOC
content of the waste form. Due to the complexity of the waste-form matrix
and the relatively low VOC concentrations contained therein, the
analytical technique for direct measurement requires grinding of the waste
form followed by solvent extraction. Existing techniques would require a
major development effort to control and quantify VOC releases during the
grinding step. In addition, the waste form may retard the release of VOCs
by providing a physical barrier around the waste or chemically altering
the VOCs to a nonextractable or low-solubility form. Thus, solvent
extraction would only measure the'extractable VOCs remaining in the waste
form and would not identify VOCs lost during sample preparation or
nonextractable VOCs remaining in the waste form. Thus, the technique
would not differentiate between a commercially available waste form that
rendered the VOCs nonextractable and one which simply lost significant
VOCs during sample preparation. Consequently, the approach taken in this
project was to do both: that is, to measure the VOC loss to the
environment during sample preparation and to measure the extractable VOC
content of the final waste-form sample.
3.2.2 Selection of Individual VOCs

As discussed previously, the loss of VOCs during sample preparation
and handling was a major concern to the experimental work in support of
this project. Consequently, the decision was made to control the VOC
content of the waste used in this study by spiking the homogenized waste
sample (Sect. 3) with a known quantity of VOCs. This section provides the

rationale for the selection of the VOCs used in the experimental work.
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The maximum reported concentrations found in the site groundwater,
soil, and soil leachate samples for each constituent of potential interest
are shown in Table 1. Because this study is principally concerned with
the immobilization of VOCs, the constituents from Table 1 are of interest
here.

In order to identify the key VOCs of concern, the VOCs from Table 1
were weighted by multiplying the species mole fraction by the species
vapor pressure and ranking the resulting product in decreasing order. The
results are listed in Table 3. (Although this product is essentially
Raocult’s law, it is recognized that significant deviation from ideality
will occur for these organic species in water; that is, this product is
not an estimate of the species vapor pressure above the sludge.) Vinyl

s chloride and trichlorofluoromethane, which are normally gases at room
temperature and, hence, require the development of special sampling
procedures, were excluded from consideration. Toluene and benzene are
expected to behave similarly in the grout product. Consequently, benzene
was chosen over toluene because of higher solubility in aqueous
solutions, in an effort to both simplify the analytical requirements and
facilitate analyticalydetection limits. 1,2-dichloroethane was also
excluded due to the fact that it interfered with the analysis of
2-butanone, a constituent present at the site in significantly higher
concentrations. The following eight were selected as the main species of
interest: t-1,2-dichloroethene, trichloroethylene (TCE), acetone,

chloroform, tetrachloroethene (PERC), 2-butanone (MEK), benzene, and

chlorobenzene.
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Table 3. Estimation of the product of the mole fraction and vapor
pressure of each VOC species

Product of the
mole fraction

Maxium Vapor pressure and vapor

concentration at 25°C pressure

Species {(ppb) (nm_Hg) (nm Hg)
trans-1,2-Dichloroethene 100,000 344,000,000 6,038.065
Vinyl chloride 12,000 984,000,000 3,214 .687
Trichlorocethylene 130,000 80,000,000 1,346.832
Acetone 9,000 263,000,000 693.448
Chloroform 17,000 236,000,000 571.836
Tetrachloroethene 59,000 23,000,000 139,238
Toluene 20,000 32,000,000 118.175
2-Butanone (MEK) 3,700 100,000,000 87.295
Benzene 2,800 96,000,000 58.548
Chlorobenzene 20,000 13,000,000 39.304
Trichlorofluoromethane 170 808,000,000 17.014
1,2-Dichloroethane 470 86,000,000 6.950
1,1-Dichloroethene 49 617,000,000 5.307
1,1-Dichloroethane 91 264,000,000 4.131
Carbon disulfide 29 373,000,000 2.417
4-Methyl-2-pentanone 420 9,000,000 0.642
Xylenes _ 220 10,000,000 0.353
Carbon tetrachloride 5 117,000,000 0.065
Bromodichloromethane 5 100,000,000 0.052
Ethyl benzene 27 10,000,000 0.043
Dibromochloromethane 5 20,000,000 0.008

Total 374,991

Water 999,625,009
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3.2.3 Preliminary Procedural Evaluation

As discussed previously, it can be assumed that significant VOC
losses will occur during the preparation of VOC-containing grout samples
for subsequent evaluation in the leach testing. It is, therefore,
desirable that the initial VOC content of the waste used at the beginning
of the sample preparation step be as high as possible so that the VOC
content of the final product (after sample handling losses) will be
sufficient to provide measurable quantities in the leachates that result
from leach testing. In response to this need, a preliminary screening
study was performéd to provide guidance to the project on the effects of"
these excessive original VOC concentrations on subsequent leachate
analyses, as well as to provide a preliminary estimate of the VOC losses
that might occur during sample preparation.

In the screening study, a water-VOC surrogate was substituted for the
waste. All of the VOC constituents of interest (from Table 3) except
acetone have solubility limits in water. Based on some simplistic
assumptions, it was calculated that a 10 wt & acetone solution should
result in leachate concentrations in subseguent leach testing that would
be guantifiable by the analytical equipment then available for the
screening study. Consequently, a 10 wt % acetone solution became the
primary material used in this preliminary procedural screening effort.
Although not technically mecessary, it waé desired that this solutiom be
of relative composition similar to the lagoon waste. As such, one would
desire to add the other components at relative (to acetone) concentrations
similar to those shown in Table 3. However, with the exception of

2-butanone, solubility limits precluded this. Thus, the initial surrogate
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started with a solution of 10 wt % acetone, 4 wt % 2-butanone, and the
other six components added at their reported solubility limits.

Adding these remaining six constituents at their reported solubility
limits resulted in the formation of two phases. This was not unexpected
because the reported solubilities (listed in Table 4) are for each
constituent alone with water; hence, the multicomponent surrogate should
lower these reported limits. This initial VOC-water solution was diluted
with a ketone-water mix until the formation of two phases was no longer
observed. In addition, methanol was added to aid in the solubilization of
the hydrophobic compounds. The resulting solution had a faintly cloudy
appearance and was used as the surrogate in the screening study. Its
composition, as calculated from the mass of each constituent added, is
shown in Table 4.

This surrogate was then used with the vendor-supplied formulas to
prepare grout samples that were subsequently subjected to leach testing.
In the sample preparation, the surrogate was placed in a Model N-50 Hobart
mixer and the stirrer turned on a low setting (~139 rpm). The dry-solids-
blend components (supplied by the vendors) were then added to the water
according to the vendors'’ instructions. After addition of the solids, the
Hobart was set to a medium setting (~285 rpm) to facilitate blending.
Total mixing time varied from 1 to 4 min. After mixing, the fresh grout
was poured or packed into Teflon curing molds. Each mold makes 12 grout
cylinders; each cylinder is nominally 2.52 cm in diam and 4.65 cm long.
The curing mold was sealed between two Teflon slabs and two SS slabs using
four nuts and bolts. This entire assembly was placed inside plastic bags

during curing to help maintain saturated conditions inside the sealed
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Table 4. Aqueous VOC-surrogate waste solution composition

Maximum site Surrogate
concentration Solubility concentration
Species (ppm) (ppm) (ppm)

Acetone 9 a 100,100
2-Butanone 4 240,000 45,348
trans-1,2-Dichloroethene 100 8,100 1,997
Chloroform 17 8,200 1,991
Trichloroethylene 130 1,000 277
Benzene 3 700 197
Chlorobenzene 20 490 160
Perchloroethylene 59 - 400 80
Methanol b a 122,608

dMiscible.
bNot applicable.
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molds. The grouts were cured inside these molds for 28 d. Each cylinder
was pushed from the mold and then subjected to the leaching protocol.

The leaching.containers were nominally 16-fl. oz. (0.473-L) amber
jars with Teflon seals inside the screw-on lids. The jars were partially
filled with deionized water, and the grout sample was placed atop a small
SS screen in the jar to raise the sample off the bottom and maintain a
position along the jar centerline. Then, the jar was topped with
deionized water and the lid was screwed on tight. Each jar was allowed to
remain static for specified time intervals before the jar was unsealed and
two 40-mL samples were taken for analyses. These analyses became the
leachate concentrations used in mass-transfer parameter determination.

In order to determine the VOC content of the grout leach samples, mass
balance tests were conducted on the VOC-water solution, which had been
subjected to the same preparation steps as the grout leach samples; that
is, the VOC-water solution was subjected to the identical mixing and
curing steps as the grout samples, and the solution was analyzed before
and after each of the preparation steps. Tables 5 and 6 show the
retentions of each constituent in the VOC-water solution at each
preparation step (i.e., mixing and curing). These data indicate that, on
a percentage basis, the magnitude of the loss is similar at each step.

The cumulative losses for the VOC-water solution (Tables 5 and 6) were
then assumed to be representative of the VOC losses which occurred during
the actual preparation of the grout samples. Table 7 lists the initial
concentration of the surrogate used to prepare the grout samples, the

assumed percent retention of the VOCs (from Tables 5 and 6), and the
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Table 5. VOC retained during mixing of a VOC-water
solution in the screening study

Concentration (ppm)

Measured
Before mixing after Retained?

Species Calculated Measured mixing (%)

Acetone 100,100 93,311 93,808 100

2-Butanone 45,348 47,617 44,408 93.3
trans-1,2-Dichloroethene 1,997 1,411 120 8.5
Chloroform 1,991 1,610 247 5.3
Trichloroethylene’ 277 222 152 68.5
Benzene 197 183 95 51.9
Chlorobenzene 160 b b b
Perchloroethylene 80 b b b

4Based on the measured quantities.
bThe quantitative analysis using the FID was too
inconsistent for chlorobenzene and perchloroethylene.
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Table 6. VOC retained in a VOC-water solution held in the curing
mold for 28 d in the screening study

Concentration (ppm)

Measured
Initial after Retained?

Species Calculated Measured 28 d (%)
Acetone 100,100 93,311 88,842 95.2
2 -Butanone 45,348 47,617 46,623 97.9
trans-1,2-Dichloroethene 1,997 1,411 <2 <0.1
Chloroform 1,991 1,610 403 25

Trichloroethylene 277 222 34 15.3
Benzene 197 183 36 19.7
Chlorobenzene 160 b 23 14 .4
Perchloroethylene 80 b <2 <2.5

4Based on measured quantities.
bThe quantitative analysis using the FID was too
inconsistent for chlorobenzene and perchloroethylene.
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Table 7. Surrogate VOC concentrations and retentions used in
the screening study

Initial Final

concentration Retained concentration
Species (ppm) (%) (ppm)
Acetone 93,000 95 88,000
2-Butanone 48,000 90 43,000
trans-1,2-Dichloroethene 1,400 0 0
Chloroform 1,600 5 80
Trichloroethylene 220 10 22
Benzene 180 10 18
Chlorocbenzene 160 10 16
Perchloroethylene 80 10 8
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calculated concentration of the surrogate contained in the grout samples
used in the leach tests.

The assumed waste-form concentration (i.e., source term) was combined
with the leachate analyses (i.e., release) to obtain the species’
fractional release rate as a function of time in an attempt to determine
mass-transfer parameters. Not surprisingly, the predominant species in
the leachate were the two ketones (acetone and 2-butanone). The actual
leachate samples fequired significant dilution to prevent the ketone
content from overloading the analytical detector. This required dilution
had a deleterious effect on the ;nalysis of the constituents present in
the leachate in concentrations less than the ketones (the majority of the
constituents studied). Indeed, the majority of the constituents were
below analytical detection limits, which precluded the determination of
the desired mass-transfer parameters.

In summary, this screening study provided procedural guidance to the
project in two important areas: (1) waste concentration and (2) VOC loss
during sample preparation. The difficulties discovered in analyzing
leachates and the subsequent inability to obtain mass-transfer parameters
on a majority of the constituents (a major objective of this project)
clearly indicated that the original starting waste should not have
excessive relative concentrations of any individual constituent. That is,
in order to facilitate the analyses of leach soiutions, the starting waste
material should have similar individual VOC concentrations. In addition,
the screening study clearly indicated that VOC losses during sample
preparation were potentially significant. That is, VOC losses during

preparation of the grout leach specimens must be determined in order to
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allow a technically defensible interpretation of the subsequent leach
data. Both of these findings were incorporated into the grout sample
preparation procedures discussed in the next section.

It is emphasized that the VOC-water solution VOC retentions were only
used to correct the screening study data. The leaching data that are the
main subject of this report (detailed in subsequent sections) were not
corrected in this manner. Rather, the actual VOC losses during grout
preparation were measured as described in the following sections.

3.2.4 Procedure for Preparation of Grout Samples

The screening study indicated that there was a need to control the
VOC concentrations of the starting waste and that VOC losses needed to be
determined at each of the grout-sample preparation steps. The approach
taken in the sample preparation procedures described here utilized a VOC-
water splke to control the VOC content of the starting waste and attempted
to perform each of the preparation steps in a contained environment. The
philosophy behind the preparation step procedures was to (1) attempt to
minimize head space and (2) measure the VOC losses to that headspace. The
losses to the headspace were then subtracted from the starting VOC content
to obtain the VOC content remaining in the final grout product utilized in
the subsequent leaching procedures.
3.2.4.1 Waste spiking

The homogenized sludge described in Sect. 3 was the basic waste

matrix used in these procedures. Throughout the remainder of this
section, the homogeﬁized sludge is referred to as simply sludge. The VOC
content of the waste material used in the subsequent grout preparation

steps was controlled by spiking the sludge with a VOC-water cocktail.
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Throughout the remainder of this section, the sludge containing the VOC-

water cocktail is referred to as spiked sludge.

3.2.4.2 Waste spiking procedure

10.

The spike procedure follows:

Label and tare a 40-mL glass vial with a Teflon-lined septum and
containing a small Teflon-coated stirring bar.

Add about 0.5 g of liquid surfactant and reweigh so later mass
additions will be accurately known.

Fill the vial with deionized water and seal.

Using a needle and syringe, withdraw a volume of water from the vial
(via the septum) about equivalent to the volume of VOC to be added
later.

Reweigh the vial and record the mass of water added.

Inject the predetermined amounts of each VOC into the vial, weighing
after each aadition. Inject benzene last, as it is the only
hydrophobic (i.e., insoluble) VOC with a density less than water.
The vial can be used immediately or stored at 4°C for a short time
period (e.g., a few hours).

Weigh out the required amount of sludge (minimum of 360 g for a 40-mL
spike) in a Hobart mixing bowl.

Prior to use, disperse or emulsify the organic phase in the water in
the vial. (The magnetic stirring bar and an ultrasonic bath are
used.)

Add the contents of the vial while mixing the sludge on low speed

with the Hobart mixer (inside a hood) for about 15 s.
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12.

13.
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Rinse the vial with the preweighed deionized water from another vial,
and mix this rinse with the sludge as well.
Quickly take three spiked sludge samples from separate areas within
the bowl and submit for analysis.
Quickly transfer the bowl containing the spiked sludge into the

glovebox (Fig. 10) and seal the glovebox.

The analyses of the three sludge samples determine the quantity of VOC

entering the mixing step.

3.2.4.3 Mixing procedure

The mixing procedure follows:
Quicky weigh the bowl after taking the three spiked samples and record
the amount of spiked sludge remaining for mixing into grout (Fig. 11).
Quickly place the bowl with the spiked sludge into the glovebox.
Mix the sludge into a grout using the vendor materials and vendor
instructions (see Sect. 3.1.1).

Pack the grout into curing molds, eliminating air voids as much as
possible.

Seal the curing mold (Fig. 12).

Clean up and seal all potential sources of VOC.
Remove curing molds from glovebox.
Take gas samples immediately and analyze on the GC-FID.

These analyses are used to determine the quantity of VOC entering the

curing step. Verification tests using a VOC-water solution in place of

the sludge and grout were able to account for 60% to 100% of the VOC used

in the system.
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Fig. 10. Chamber containing spiked sludge.
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Fig. 11. Mixing steps in preparation of static leach test
specimens.



Fig. 12.

Molds used in preparation of static leach test specimens.

[49
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3.2.4.4 Curing procedure
1. The sealed sample molds from the glovebox are placed in the curing
pipe shown in Fig. 13.
2. After the pipe is filled with molds (10), the top is screwed on and
tightened.
3. The pipe is allowed to remain static for a curing period of 28 d.
4. At the end of the curing period, a sample of the air contained
in the pipe headspace is taken and analyzed.
This analysis determines the VOC loss during the curing step.
5. The pipe is opened, and the sample molds are removed.
6. The mold end plates are removed.
The resulting grout disk inside the SS ring (see Fig. 13) becomes the
static leach test specimen. Verification tests using a VOC-water solution
was able to account for 70% to 115% of the VOC used in the system.
3.2.4.5 Static leach test procedure
1. Each disk from the curing step is suspended in 603 g of deionized
water in a zero-headspace extraction vessel (described in ref. 20 and
shown in Fig. 14) by SS wires attached to the ring surrounding the
grout disk.

2. After sealing the vessel, air is pushed through the top valve using
the vessel piston, leaving no headspace inside the vessel.

At this point, the leach test begins. At selected time intervals,
leachate samples are withdrawn from the leach vessel for analyses.

It is important to note that two types of leachate samples were
generated in these studies: semicontinuous and batch. Semicontinuous

samples were obtained in the following manner:



Fig. 13.

Curing pipe used in preparation of static
test specimens.

leach test specimens with four

resulting

149



Fig. 1l4. Zero-headspace extraction vessel used during static
leach test.
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1. The leachate was homogenized by withdrawal into a large SS syringe
(see Fig. 15) and reinjection into the vessel without exposing the
leachate to air or introducing air into the vessel. This process
was done twice to ensure that a representative sample could be
obtained at the top of the vessel.
2. A small aliquot was withdrawn from the leachate.
3. The aliquot was analyzed by a dedicated liquid sample concentrator
-gas chromatograph-ion trap detector(LSC-GC-ITD).
4. TLeaching is allowed to continue.
Batch samples were obtained in the following manner:
1. The entire leachate was withdrawn.
2. The leachate analyses were performed by the K-25 Analytical
Department, using a LSC-GC-MS with EPA-approved contract
laboratory program (CLP) procedures.
3. In this case, leaching stops and requires one test specimen per
analysis.
3.3 CHEMICAL ANALYSIS
The chemical analyses were performed utilizing a gas chromatograph
dedicated to the project and an EPA contract laboratory. The dedicated
gas chromatograph was a Perkin-Elmer model 8500 GC with both a flame
ionization detector (FID) and an ECD. The GC was also coupled to a
Perkin-Elmer ITD and a Tekmar liquid sample concentrator (LSC 2000). The
ITD measures the mass of fragments generated from the chemical species
passing through the ITD and generates this mass spectrum every 2 s. Thus,
a detailed mass spectrum with time is generated as a sample is separated

into its individual molecular constituents in the GC prior to being
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Fig. 15. Technician pPreparing to sample leachate.
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carried into the ITD. This spectrograph is stored electronically on the
hard disk of the IBM-PC-XT slaved to the ITD. The GC column used
throughout this study was a 1/8-in.-0D by 8-ft-long SS tube packed with 1%
SP-1000 on 60/80 Carbopak B, consistent with EPA Method 8010. This column
works well with benzene and the halogenated compounds used in this study
but not with the two ketones.

Analysis of liquid samples was performed either by direct injection
of a small aliquot (e.g., 3 pL) into the GC or by first concentrating the
volatiles from a much larger (e.g., 5 mL) aliquot on a Tenax/silca gel
trap and injecting what was trapped into the GC. This latter operation
was performed by the LSC. The LSC did not work as well with the two
ketones as with the other compounds. Quantitation of the concentrations
in unknown samples was basically the same regardless of which setup was
used, though the details differed. The setup was calibrated using
solutions of deionized water, a small amount of methanol, and a known
amount of the eight compounds being studied.

The leachates from the semicontinuous static leach test were analyzed
using the LSC-GC-ITD. This setup has a detection limit of approximately
2 pg/L for the two ketones and equal to or less than 1 pg/L for the other
six compounds. Calibration was accomplished by measuring the peak areas
for the characteristic mass fragment of each compound for at least four
different known concentrations. (The characteristic masses used for these
8 compounds were taken from Table 1 of EPA Method 8240 and consisted of 43
for acetone, 96 for 1,2-DCE, 83 for chloroform, 72 for MEK, 130 for TCE,
78 for benzene, 164 for PERC, and 112 for chlorobenzene.) Linear

regression of the peak areas and known concentrations gave the necessary
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correlation for interpolating an unknown concentration from the measured
peak area. These regressions typically had correlation coefficients of
0.99. One of the advantages of using the ITD was that electronic storage
of the spectra of the unknown concentration allowed calibration after
measuring the unknown, if this was desired.
The setup used for gas analysis was direct injection into the GC-FID.

This setup 