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EXECUTIVE SUMMARY

Chemically enhanced mixed region vapor stripping (MRVS) is an innovative
approach for extending the applicability of MRVS to saturated, low-permeability soils
contaminated with volatile organic compounds (VOCs). In this process, calcium oxide
(Ca0) is mixed with saturated soil immediately prior to vapor stripping. The hydration
reaction of calcium oxide [CaO + HO -> Ca(OH3)] removes free moisture from the soil
matrix, resulting in an increase of air-filled soil porosity and an improvement in soil
friability (i.e., the ability of the soil to break up into soil clumps or aggregates). Both the
increased air-filled porosity and reduced soil aggregate sizes increase VOC removal
efficiency of MRVS. Heat released during the exothermic hydration reaction can also
increase the temperature of the soil, thereby improving VOC removal by increasing the
fugacity of the contaminants.

The objective of this study was to evaluate MRVS, chemically enhanced with
calcium oxide conditioning, for the in situ remediation of contaminated soils underlying an
inactive hazardous waste facility located at the National Aeronautics Space

- Administration (NASA) Michoud Assembly Facility in New Orleans, Louisiana. This
facility, known as the NASA Michoud Rinsewater Impoundment, is underlain by low
permeability soils with moisture contents as high as 200-500% dry weight and with
natural organic contents on the order of 20%. These soil conditions have made
remediation of this site by conventional in situ methods infeasible. Laboratory
simulations of chemically enhanced MRVS were conducted on relatively undisturbed 4-
in-diam, 6-in-long soil cores collected from the site. Residual levels of the predominant
VOC:s [trichloroethylene (TCE) and cis-1,2-dichloroethylene (cis-1,2-DCE)] measured as
a function of treatment time showed that TCE and cis-1,2-DCE removals were extremely
rapid in the first 60 min after the cores were amended with a sufficient amount of CaO.
On average, ~95% of initial TCE levels were removed within the first 60 minutes of vapor
stripping from cores having initial concentrations of ~3 to 3000 mg/kg. Removal rates
were significantly lower when vapor stripping was continued beyond 60 minutes. A

TCE removal curve (percent TCE removed as a function of treatment time) was
developed by averaging the removal curves obtained from the MRVS tests. Based on this
curve, it is estimated that ~30 and ~300 minutes of treatment is needed to remove 90%




and 99% of initial TCE contamination. For example, starting with an initial concentration
of 3000 mg/kg, it would only require 30 minutes of MRVS to achieve a target residual of
300 mg/kg. The same amount of time would be needed to go from 300 to 30 mg/kg of
contamination. However, a significantly longer time (300 minutes) would be required to
achieve a residual level of 30 mg/kg if the initial contaminant level were 3000 mg/kg. This
substantial increase in treatment time when remediation goals for TCE increase beyond
95% is a reflection of the bi-phasic removal patterns observed in the MRVS tests (i.e.,
rapid followed by slower TCE removal beyond 60 minutes of treatment). Rapid
removals were accompanied by increased soil temperatures ranging from 40°C to 75°C.
The more gradual removals observed beyond 60 min of treatment may be a result of
temperatures returning to ambient levels, as well as increased sorption on drier soils.

The amount of CaO required to achieve high removal rates is dependent on the
initial moisture content of the soil; a 400-500 kg/m3 CaO loading is expected to be
sufficient for the Michoud soils, which have moisture contents ranging from 26 to 534%
dry weight. High CaO loading is needed to dehydrate the soil sufficiently and to achieve
temperature increases necessary for rapid TCE removal. Some concerns exist regarding
the volumetric expansion of the soil when this much CaO is added in situ. However, this
may because of the unconsolidated nature and low density of the contaminated soil under
the Rinsewater Impoundment. This concern can be best addressed through a field test.

Costs for chemically enhanced MRVS were estimated for remediation goals
specified either as a percentage removal of TCE, or as target residual TCE concentration.
Remediation costs are expected to be on the order of ~$100/ton to achieve a 95% removal
goal using an 8-in-diam soil mixer for a treatment depth of 15 ft. For target residual levels
of 5, 50, and 100 mg/kg, remediation of the Michoud Rinsewater Impoundment is
estimated to cost $2.6M, $800K, and $400K, respectively. These were calculated by
subdividing the site into subregions, and estimating treatment times for these subregions
according to initial contaminant levels. The latter were taken from contour maps drawn
from existing site characterization data. Better estimates can be obtained from vendors
that can do soil mixing and calcium oxide additions, using the removal curve generated by
the mixing experiments.

Two other technologies were identified as having the potential for remediating the

highly saturated, low-permeability soils underlying the Rinsewater Impoundment. These
technologies, electroosmosis and 2-Phase extraction, are fairly new and have not been
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applied to a wide variety of sites. Specific performance and cost data for remediating the
Rinsewater Impoundment with these methods can only be obtained if laboratory and/or
field tests were conducted.

To resolve the issue of contamination underlying the Michoud Rinsewater
Impoundment, we recommend that (1) soil-mixing vendors be contacted to obtain better
estimates for chemically enhanced MRVS on the basis of the removal data obtained from
this work, (2) chemically enhanced MRVS be field tested, and (3) vendors that can
provide electroosmosis and 2-Phase extraction be contacted for possible field tests.




1. INTRODUCTION

1.1 BACKGROUND

Mixed region vapor stripping (MRVS) is an in situ technology for removing
volatile organic compounds (VOCs) from low-permeability soils. Its effectiveness in
unsaturated silty clays has been demonstrated in laboratory tests, field demonstrations,
and at the full-scale cleanup of soil underlying the X-231B land treatment facility at the
Portsmouth Gaseous Diffusion Plant [/-4]. On the basis of its successful application at
the X-231B site, MRVS was considered as a potential in situ technology for cleaning up
trichloroethylene (TCE)-contaminated soil underlying an inactive rinsewater
impoundment at the National Aeronautics and Space Administration (NASA) Michoud
Assembly Facility. Similar to the soils at the X-231B site, the soil underlying the
Michoud Rinsewater Impoundment has extremely low permeabilities (10-7 to 10-8
cm/sec, [51), which precluded the applicability of conventional soil vacuum extraction.
However, in contrast to X-231B soil, which was unsaturated and consolidated, the NASA
contaminated soils underlying the Michoud Rinsewater Impoundment are unconsolidated
and have moisture contents as high as ~500% dry weight (~84% wet weight) [5] (see Sect.

3).

A set of scoping laboratory tests revealed that MRVS alone could not remove
TCE contamination from the Michoud soils within a reasonable time frame [6]. During
these tests, the mixed soil turned into a viscous soil paste instead of aggregating into
small-diameter soil clumps. A previously developed model for VOC removal during
MRYVS showed that process efficiency improves when the mixed soil consists of small-
diameter soils aggregates with high air-filled porosities (Fig. 1), [/]. The extremely high
moisture content of the Michoud soil contributed to both the paste-like mixed soil
morphology and low air-filled porosities. Hence, high moisture contents were believed to
be the primary reason behind the slow MRVS removal efficiencies reported by Lucero, et
al. [6]. Calcium oxide conditioning was conceived during these tests as a means for
reducing the moisture content of the soil. The hydration reaction of calcium oxide [CaO +
H>0 -> Ca(OHy)] removes free moisture from the soil matrix, resulting in increased air-
filled soil porosities and improved soil friability (i.e., the ability of the soil to break up
into soil clumps or aggregates). Heat released during the exothermic hydration reaction

can also increase the temperature of the soil, thereby improving VOC removal by
increasing the fugacity of the contaminants. Chemically enhanced MRVS through calcium




oxide conditioning showed promising results on a few soil cores during previous work [6];
however, a more comprehensive study of the process could not be conducted because of a
lack of resources at the time.

Advection of vapor phase
VOCs in interaggregate voids

Air and water-filled
intra-aggregate voids

created by mixing

Diffasion of vapor phase
VOCs in intra-aggregate voids;
sorbed and aqueous phase VOCs
assumed immobile

Fig. 1. Schematic illustrating a model for transport of volatile organic compounds in
mixed soils.

Source: West, O. R., R. L. Siegrist, J. S. Gierke, S. W. Schmunk, A. J. Lucero, H. L.

Jennings. "In Situ Mixed Region Vapor Stripping in Low Permeability Media: 1.

Process Features and Laboratory Experiments." Environ. Sci. Technol. 29, 2191-2197

(1995).

1.2 OBJECTIVES AND SCOPE

The objective of this study was to conduct further testing of MRVS, chemically
enhanced with calcium oxide conditioning, on field-contaminated soils collected from
beneath the NASA Michoud Rinsewater Iinpoundment. In this study, residual soil VOC
levels as a function of vapor stripping time were measured to quantify VOC removal
rates. Physical and chemical soil parameters expected to affect MRVS efficiency were
measured (e.g., moisture content before and after calcium oxide conditioning, soil
temperature during mixing, total organic content). The effects of varying the calcium
oxide loadings (i.e., mass of calcium oxide per unit volume of soil) as well as varying the




vapor stripping flow rates on VOC removal were also evaluated. The results of this
study will be used to determine whether acceptable removals can be achieved within
reasonable treatment times, remediation costs being directly proportional to the latter.

The purpose of this report is to document the experimental results of this study,
as well as to address issues that were raised after completion of the previous Michoud
treatability work [6,7]. The experimental approach (Sect. 2) and results of chemically
enhanced MRVS tests (Sect. 3) are described in detail, including a discussion of treatment
mechanisms and how these are affected by the physical and chemical properties of the
mixed soil (also in Sect. 3). The transferability of the laboratory test results to a full-scale
application, as well as a projection of expected costs for achieving various remediation
goals at the Michoud Rinsewater Impoundment, is presented (Sect. 4). The technical
feasibility of chemically enhanced MRVS is compared to alternative technologies that
have potential application at the site (Sect. 4). This document concludes with

recommendations on how to resolve the issue of existing contamination at the Michoud
Rinsewater Impoundment (Sect. 5).







2. EXPERIMENTAL APPROACH

Field-contaminated soil cores were taken from three boreholes within the northern
area of the NASA Michoud Rinsewater Impoundment (see Fig. 2 for boring locations).
The cores were collected in 4-in.-diam, 6-in.-long stainless steel sleeves which were sealed
immediately with Teflon-lined silicone sheets and aluminum plates clamped to each end
of the sleeves. Previous testing at Oak Ridge National Laboratory (ORNL) has shown
that this method of sealing can make sleeves air tight, thereby minimizing VOC losses
from the soil during core shipment and storage. The cores were sent to ORNL in coolers
filled with dry ice. The cores were stored at 4°C until testing.

B3@g @Bb¢
g7 @
sgy ®B2 aB3 sS4 ®BS

= BS
RINSEWATER
IMPOUNDMENT

@ 810

©® BORINGS THIS REPORT
m PREVIOUS BORINGS SCALE
Fig. 2. Locations of boreholes from which soil cores were collected for this and

previous treatability studies (B1 through B6 for previous study; B7 through
B10 for this study; no cores were recovered from B7).

Chemically enhanced MRVS was conducted in the laboratory on the field-
contaminated soil cores using the experimental apparatus schematically shown in Fig. 3.




The apparatus consists of a soil mixer, which was used to blend calcium oxide into the
soil cores, and a fretted funnel, to which the mixed soils were transferred and
subsequently vapor stripped. Previously, soil mixing and vapor stripping were
performed simultaneously with the soil mixer shown in Fig. 2 [/,6]. In these earlier
experiments, air was delivered to the soil by flowing it through the soil mixer's swivel
joint, then through its hollow shaft, and finally through a number of orifices along the
mixing blades. Because of difficulties encountered with air leakage at the soil mixer's
swivel joint, vapor stripping in the experiments described here was conducted in a fretted
funnel. Better quantification of air flow through the mixed soil was achieved with this
revised approach.

THERMOMETER __ __ [ ] NOT TO SCALE

—
—

Fig. 3. Schematic of laboratory apparatus for simulating chemically enhanced mixed
region vapor-stripping.

To keep track .of soil VOC concentrations throughout the duration of core
treatment, 2- to 3-g soil samples for VOC analysis were collected before mixing, after the




mixed soil was transferred to the fretted funnel (time 0 min for vapor stripping), and at
specific time intervals during the stripping process. For the first 11 of the 16 cores
treated, vapor stripping was conducted for 360 min with VOC samples collected at 15, -
30, 60, 120, 180, 240, and 360 min of treatment. Duplicate samples were collected before
mixing and after 240 and 360 minutes of vapor stripping. Triplicate samples were
collected at time O of vapor stripping, and single samples were collected for the rest of the
time intervals. After it was determined that significant removals did not occur beyond 3
hours of vapor stripping, the remaining 5 of the 16 cores treated were vapor stripped for
180 min. Duplicate samples were taken at 0, 15, 30, 60, 120, and 180 min of vapor
stripping. VOC levels in the soil were measured by 24-h extractions of the soil samples
with 10 mL of high-purity hexane and subsequent analysis of 1-pL aliquots of the hexane
extracts on a Hewlett Packard Model 5890 gas chromatograph/electron capture detector
(GC/ECD). The GC/ECD was calibrated for TCE and cis-1,2-DCE; these were the two
compounds that were predominantly found during the previous MRVS tests [6].
Instrument response was found to be linear for TCE concentrations in the hexane extracts
ranging from 100 ppb to 50,000 ppb; this approximately corresponds to soil
concentrations ranging from 500 pug/kg to 10,000 pug/kg. Whenever the concentrations in
the hexane extracts exceeded 50,000 ppb, analyses were repeated with 1:100 dilutions.

Prior to mixing a soil core, soil physical parameters which were expected to affect
MRVS removal efficiency [/] were measured. These parametefs were wet bulk density,
moisture content, total organic content, and grain size distribution (percent silt, percent
clay). Wet bulk density was estimated from the mass of the soil core divided by the
volume of the sleeve. Moisture content was quantified from the change in mass of 20- to
30-g soil samples after oven-drying for several days at 60°C or 100°C. Total organic
content (TOC) was measured with a Rosemount-Dohrmann DC-190 TOC analyzer
equipped with a Model 183 TOC Boat Sampler. Soil samples were pretreated with
hydrochloric acid to remove inorganic carbon before TOC analysis. Particle size analysis
for selected soil cores was performed following ASTM methods.

Soil temperature was measured immediately after the soil was mixed and
transferred to the fretted funnel. In the last 7 cores treated, soil temperature was
monitored throughout the vapor stripping process. After vapor stripping, the soil
aggregate size distribution was measured in the treated soil through dry sieve analysis.
Moisture content samples were also collected and analyzed to determine the degree to

which calcium oxide conditioning and vapor stripping reduced soil moisture.







3. RESULTS AND DISCUSSION

3.1 SOIL CORE CHARACTERISTICS

The soil cores tested were all taken at depths ranging from 5.5 to 12 ft below
ground surface (see Table 1 for a summary of physical and contaminant properties). Bulk
densities were highly variable, with very low values found in the shallower B9 cores, and
slightly higher values at B8 and B10. Except for cores B10,11.5-12.0 and B9,8.0-8.51,
zero compressive strengths were registered on a pocket penetrometer for the cores. Of
the three borings, cores from B9 had the highest visible organic content consisting of
partially decomposed plant material. Measured TOC values were consistent with this
visual observation (see Table 1). Moisture contents were high for all the cores but tended
to decrease with depth. The extremely high moisture contents in the B9 cores are
probably caused by the presence of partially decomposed organic matter in these cores.
Air-filled porosities were estimated from the wet bulk density, moisture content, and an
assumed typical soil grain density of 2.6 g/cc. Estimated air-filled porosities were fairly
~ low for all cores, indicating that these soils were close to or at saturation. TCE and cis-
1,2-DCE levels were quite variable. The cores from B8 had no detectable levels of TCE
or cis-1,2-DCE. Cores collected from B9 (~15 ft from B8) had higher concentrations of
VOCs, although levels changed more than an order of magnitude within 12 in. in this
borehole (114 mg/kg TCE in B9,8.5-9.0 compared with 9 mg/kg TCE in B9,9.0-9.5).
Cores from B10 were all very highly contaminated; core B10,9.5-10.0 had the highest
TCE concentrations (3072 mg/kg).

3.2 TREATMENT CONDITIONS

Table 2 shows calcium oxide (CaO) loadings, air flow rates, and mixing times used
on the treated cores. CaO loadings are reported in terms of absolute mass added to the
cores (column 2), and in terms of mass of CaO added per unit volume of soil treated
(column 3). The latter unit is more useful for estimating and specifying CaO loadings in
field applications. Air flow rates were set either at 300 mL/min or 600 mL/min (column
4, corresponding to normalized flow rates of 1 and 2 min-! (column 5). These values are

1 Core B9,8.0-8.5 and B9,11.0-11.5 may have been mislabelled in the field. If the cores were
switched, then the moisture content and VOC concentration in B9 would follow the same decreasing trend
with depth observed in the cores from B10. The stiffer consistency of B9,8.0-8.5 is also more consistent
with the consistency of B10,11.5-12.




comparable to the normalized flow rates used during the MRVS demonstration at the X-
231B Unit [2]. |

Table 1. Physical and contaminant characteristics of soil cores collected from the
Michoud Rinsewater Impoundment for this stud
WetBulk Moisture Airfilled  Silt Clay Total
Density content  porosity@ (%) %) organic { (mg/kg) DCE€

(g/ec)  (dry weight content (mg/kg)
%) %)

B8 6.5-7.0 1.12 A

B8 8-8.5 1.30 102 10 : 2.95 nd n
B8 8.5-9 1.34 97 8 1.48 nd n
B9 8-8.5 1.51 26 23 144 21
B9 8.5-9.0 1.17 487 saturated 6 78 21.65 114 128]
B9 9.0-9.5 1.32 103 8 2.34 9 74
B9 9.5-10 1.47 69 7 1.04 3 47
B9 11.0-11.5 1.27 312 - saturated 398 138
B10 5.5-6.0 1.00 532 10 945 287
B10 6.0-6.5 1.04 183 19 1302 718
B10 6.5-7.0 1.14 154 14 775 221
B10 9.5-10 1.20 177 7 21 75 452 3072 328
B10 10-10.5 1.39 88 6 1.12 407 159
B10 10.5-11 1.44 71 8 0.80 220 230
B10 11-11.5 1.43 105 0 1.58 269 180
B10 11.5-12 1.58 50 7 61 29 0.56 172 86
2 Values are estimates.

b TCE = Trichloroethylene
¢ ¢is-1,2-DCE = cis-1,2-Dichloroethylene

Core B8,6.5-7.0 was the first core treated in this study. The amount of CaO used
for this core (30 g or 100 kg/m3) was clearly inadequate, since the soil remained pasty and
did not aggregate even after the CaO was mixed into the core. For the rest of the cores,
Ca0O amounts were increased if the soil remained slurry-like and pasty after the
predetermined amount of CaO was added. For the next core treated (B9,8.5-9.0), CaO
was added until the soil appeared dry and aggregated (with small aggregate diameters)
after mixing. This core required 91.5 g (305 kg/m3) of CaO to achieve the desired physical
effects on the mixed soil. In the next three cores tested (B8,8.0-8.5; B8,8.5-9.0; B9,9.0-
9.5), 100 g of CaO (333 kg/m3) was used. This amount was then reduced to ~65-g (217
kg/m3) for B9,9.5-10.0 and B10,10.0-10.5 through B10,11.5-12. Because these cores
were not as water-filled as the previous cores, 65 g of CaO was adequate to achieve the
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desired aggregated soil texture. A 65-g CaO loading was attempted for B10,9.5-10;
however, the soil remained very soft and slurry-like, so additional CaO was added until
the soil appeared to drier and aggregated. A total of 242 g of CaO (807 kg/m3) was
applied to B10,9.5-10. Cores B10,5.5-6.0 and B10,6.0-6.5 had moisture contents higher
than B10,9.5-10; these cores were treated with 250 g of CaO (833 kg/m3). Only 200 g
of Ca0 (667 kg/m3) were required to achieve the aggregated soil texture in cores B10,6.5-
7.0 and B9,11.0-11.5.

Table 2. Treatment conditions for laboratory simulations of chemically enhanced mixed

‘ region vapor stripping

Core Mass of |Mass of CaO| Air flow rate | Air flow rate | Mixing time
calcium oxide | per unit soil | (mL/min) per unit soil (min)
added (g) volume? volume?
(kg/m3) (min-1)
B8 6.5-7.0 30 100 300 1.00
B8 8-8.5 100 333 300 1.00
B8 8.5-9 100 333 300 1.00
B9 8.0-8.5 100 333 600 2.00 10
B9 8.5-9.0 91.5 305 300 1.00 8
B9 9.0-9.5 100 333 300 '1.00 12
B9 9.5-10 65 217 300 1.00 5
B9 11.0-11.5 200 667 600 2.00 10
B10 5.5-6.0 250 833 600 2.00 10
B10 6.0-6.5 250 833 600 2.00 10
B10 6.5-7.0 200 667 600 2.00 10
B10 9.5-10 242 807 300 1.00 20
B10 10-10.5 60 200 300 1.00 8
B10 10.5-11 65 217 600 2.00 3
B10 11-11.5 65 217 300 1.00 9
B10 11.5-12 65 217 600 2.00 5

@ Estimated from an average treated soil volume of 300 cc.

The first 11 of the 16 cores treated were mixed until the CaO appeared to be well-
blended into the soil. Mixing time for these cores varied (column 6, Table 2) because
some of the cores required additional applications of CaO. The last five cores treated
were all mixed for 10 min before vapor stripping.




Air flow rates were selected to correspond with values for air flow rate per unit
soil volume that are reasonable for field applications. Air flow rates during the MRVS
field demonstration at the X-231B Unit ranged from 1000 cfm to 1400 cfm [2]. Soil
mixers were 10 ft in diameter and were used to treat soils to a depth of 15 ft. These
process parameters correspond to values of air flow rate per unit soil volume ranging from
0.85 to 1.2 min-!. Higher VOC removals are not necessarily achieved by increasing air
flow rates since VOC transport rate may be limited by diffusion through the soil
aggregates [/]. Varying air flow rates were used in this study to determine whether VOC
removals for Michoud soils could be diffusion-limited.

3.3 VOC REMOVAL RATES AND EFFECTS OF TREATMENT ON SOIL
PHYSICAL CHARACTERISTICS

Tables 3 and 4 contain average values for TCE and cis-1,2-DCE levels,
respectively, in the treated cores before mixing, immediately prior to, and after 60 and 360
minutes of vapor stripping (180-minutes for some cores). The following discussion
focuses on TCE removal since cis-1,2-DCE removals were substantially more rapid than
TCE2 Significant decreases in contamination even before vapor stripping were noted for
all the B9 cores and for core B10,9.5-10.0 (compare "pre-mix" and "t=0 minutes" VOC
levels in Table 3). These removals may have been brought about by large increases in
temperature when the CaO was initially mixed with the soil (see Table 5 and Appendix
B). Soil from B10,9.5-10, which was amended with 242 g of CaO, was at 66°C when
vapor stripping began. This high temperature coupled with 20-minutes of mixing may
have brought about the 3 orders of magnitude decrease in contamination. Slight or no
changes in VOC content immediately after mixing were noted for cores B10,10.0-10.5
through B10,11.5-12.0. Temperatures did not increase beyond 35°C in these cores,
possibly due to the fact that only 65 g of CaO was added to these cores.

2 Appendix A contains TCE vs treatment time data for all cores treated.
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Table3. Trichloroethylene concentrations during laboratory simulations of chemically
enhanced mixed region vapor strippin

Trichloroethylene (mg/kg)
Core Premix? t=0 t=60 t=180 t=360
. min® min® minf  min®

m

B8 6.5-7.0 nd/ nd - nd nd
B8 8-8.5 nd nd nd nd
B8 8.5-9 nd nd nd nd
B9 8.0-8.5¢ 143 83 2942 4.67 3.13

B98.5-9.0 11361 2405 1063 1.30
B9 9.0-9.5 8.75 0.52 0.17 0.10
B9 9.5-10 3.23 0.82 0.10 0.06

B911.0-11.58| 398.13 2592 120 1278
B105.5-6.08 | 94548 11865 11.07 17.16
B106.0-6.58 | 1302.27 65488 55.28 18.40
B106.5-7.08 | 775.18 50751 9024 1427

B109.5-10 3071.82 60.89 4.71 10.79
B10 10-10.5 40724 25394 87.40 281
B10 10.5-11 22883 156.54 6.00 2.01
B1011-11.5 397.19 368.40 28585 44.27
B1011.5-12 21651 11025 1291 ' 5.49

@ Pre-mix concentration; average of 2 samples.
b Concentration at start of vapor stripping; average of 2 or 3 samples.
¢ Concentration after 60 min of vapor stripping; 1 sample or average of 2

samples. 4
d Concentration after 180 min of vapor stripping; average of 2 samples.

¢ Concentration after 360 min of vapor stripping; average of 2 samples.
/' nd = not detected; detection limit ~ 1 pg/kg.
& Test stopped after 180 min of vapor stripping.




Table4. Cis-1,2-dichloroethylene concentrations during laboratory simulations of
chemically enhanced mixed region vapor stripping

cis-1,2-Dichloroethylene (mg/kg)
Core Premix4 t=0 t=60 t=180 t=360
min® min® minf  min®
B8 6.5-7.0 nd/ nd nd nd
B8 8-8.5 nd nd nd nd
B8 8.5-9 nd nd nd nd
B9 8.0-8.58 20.81 nd nd nd
B9 8.5-9.0 128.47 11.34 2.27 0.29|
B9 9.0-9.5 74.22 2.25 0.11 nd
B9 9.5-10 46.51 7.73 nd nd
B911.0-11.58| 137.91 247 nd nd
B105.5-6.08 | 286.79 nd nd nd
B106.0-6.58 | 71809 36.96 nd nd
B106.5-7.08 | 22053 4778 1.69 ° nd
B109.5-10 328.01 3.94 nd nd
B10 10-10.5 15884 18542 13.67 nd
B1010.5-11 22972 184.17 0.15 nd
B1011-11.5 189.75 15587 2095 1.53
B1011.5-12 180.94 91.88 0.26 0.75

4 Pre-mix concentration; average of 2 samples.
b Concentration at start of vapor stripping; average of 2 or 3 samples.

€ Concentration after 60 min of vapor stripping; 1 sample or average of 2
samples.

d Concentration after 180 min of vapor stripping; average of 2 samples.
€ Concentration after 360 min of vapor stripping; average of 2 samples.
S nd = not detected; detection limit =~ 1 pg/kg. .

& Test stopped after 180 min of vapor stripping.

One of the issues raised after the treatability studies reported by Lucero et al. [6]
was whether VOC removal efficiencies were dependent on initial levels of TCE in the soil.
This was not found to be true in the tests conducted for this study, as shown in Fig. 4
where TCE removal efficiency is plotted against the pre-mix soil TCE concentration. In
this figure, TCE removal efficiency for each core was calculated as follows:

C
ave,1=60 }X 100 ,
C

ave, pre—mix

JoRemovaly,, o pic = [1 -
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where Caye pre-mix and Caye, =60 are the average TCE concentrations before mixing and
after 60 min of vapor stripping, respectively. In general, removals on the order of 90%
were achieved for most of the cores, with initial contaminant levels ranging from 3071
mg/kg down to 3.75 mg/kg. Low removals of 28% and 78% were noted for B10,10.0-10.5
and B10,11.0-11.5. These were the same two cores for which VOC content did not
change significantly immediately after being mixed with CaO. As mentioned previously,
this may be caused by the inadequate amount of CaO (65 g) that was added to these
cores. Of the five cores treated with 65 g of CaO, these two had the highest moisture
contents (see Fig. 5). Even though the soil appeared aggregated, the amount of CaO may
not have been adequate to reduce the moisture in these cores. Slow removals in cores
B10,10.0-10.5 and B10,11.0-11.5 are also consistent with their aggregate sizes which
tended to be larger than those of the rest of the B10 cores (see Table 5 and Fig. 6).
Temperatures that did not exceed 35°C may also have contributed to the low removals in
these cores.
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Fig. 4. Percent of trichloroethylene removed after mixing with CaO and 60 minutes of
vapor stripping vs initial (pre-mix) trichloroethylene soil concentration.
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Fig.5. Percent of trichloroethylene removed after mixing with CaO and 60 min of vapor
stripping vs initial moisture content by dry weight, for cores treated with 65 g
of CaO.

For most of the cores treated, VOC removals were fairly rapid within the first 30
to 60 min of vapor stripping, but were significantly lower thereafter (refer to Appendix
A). This trend is illustrated in Fig. 7, where residual TCE levels in core B10,11.5-12 are
plotted on a log-scale vs vapor stripping time. In this figure, the dashed line represents a
piece-wise first-order kinetic curve [i.e., (residual TCE)/(initial TCE) = exp(-kt) where kis
a rate constant and ¢ is vapor stripping time], in which one rate constant is assumed to
govern removal within the first 30 min of vapor stripping, and a second rate constant
governs removal after 30 min. Removals in cores B10,10.0-10.5 and B11,11.0-11.5 were
more gradual over 360 min of vapor stripping (see Fig. 8). The effects of the vapor
stripping flow rate were evaluated by comparing removal rate constants among cores
treated with the same CaO loadings (see Table 6). If VOC removal were diffusion-
limited, then removal rates are not expected to increase with increasing flow rate. No such
trends were observed in the cores that were treated with 100 g or 250 g of CaO (see Table
6). There appeared to be an increase of removal with higher flow rates in the cores treated
with 65 g of CaO. However, it was noted previously that the low removals in cores
B10,10.0-10.5 and B10,11-11.5 (which were vapor stripped at 300 mL/min) may have
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been due to an inadequate amount of CaO added to these cores. The latter could have
been the main influence over the apparent trends with flow rate, given that no such trends
were observed in the cores treated with 100 g and 250 g of CaO.

Table 5. Physical soil characteristics during and after laboratory simulations of
chemically-enhanced mixed region vapor stripping.

Core . Post-treatment Reductionin Temperature? |Post-treatment|Sieve diameter
Moisture Moisture (°C) pH? at 50%
Content Content passing (mm)

(%) (%)

B8 8.0-8.5 148 142 12.8 clumpy

B8 8-8.5 67 35 2.6

BS 8.5-9 - 52 45 1.9

B9 8.0-8.5 17 8 57

B9 8.5-9.0 82 405 72 13.3 3.7

B9 9.0-9.5 53 50 41 10.3 23

B9 9.5-10 48 21 42 10.2 47

B9 11.0-11.5 57 254 53

B10 5.5-6.0 66 466 58

B10 6.0-6.5 61 123 75

B10 6.5-7.0 52 102 60

B109.5-10 52 125 66 12.4 3.0

B10 10-10.5 68 20 33 114 42

B10 10.5-11 48 23 37 11.4 1.9

B10 11-11.5 67 38 29 12.1 6.3

B10 11.5-12 40 10 36 12.3 33

2 Ambient temperature ~18°C. Initial core temperatures ~12 - 18°C.
b Pre-treatment PH of soil ranged from 5.9 to 8.1.
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Fig. 6. Aggregate size distribution in mixed cores from B10. Cores B10,10.0-10.5 and
B10,11.0-11.5 have larger aggregate sizes.

1000000 :l T 1 T T T b ¥ L 1 l 1 L4 1 T "' T ¥ T :
% L Pre-tix B Pre-mix 3
3 : ® Measured | ]
hod ==suses=e Fitted
5 100000 E ! .
w2 - / 3
£ - 3 :
3 i 5 -
8 L _
> %
= 1.9
:?, 10000 E S . LR
=} C :
w— .
= - ]
-2 i ® ® e
B i "

1000 b— . e . Lt
0 100 200 300 400
Vapor Stripping Time (min)

Fig. 7. Example of a piece-wise residual trichloroethylene vs treatment time curve. Data
shown taken from core B10,11.5-12. Line represents first-order kinetic curves
fit through the data, with one rate constant governing removal from O to 30
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Table 6. Trichloroethylene removal rate constants compared at different flow rates for
cores treated with the same amount of CaO
CaOLoading  Core Flowrate  Trichloroethylene removal
(mL/min) rate constant during first 30-
min of vapor stripping

(min-1)

B9 8.0-8.5 600 0.0263

 91.5-100 g B9 8.5-9.0 300 0.0595
B9 9.0-9.5 300 0.0383

B9 9.5-10.0 300 0.0363

B10 10.0-10.5 300 0.0092

65g B10 10.5-11.0 600 0.0964
B1011.0-11.5 300 0.0063

B10 11.5-12.0 600 0.0870

B10 5.5-6.0 600 0.0379

242-250 g B10 6.0-6.5 600 0.1287
B10 9.5-10.0 300 0.0909
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We hypothesized that stronger sorption of TCE on partially dehydrated CaO-
treated soil was the reason behind reduced removal rates after 30 to 60 min of vapor
stripping. Water can compete with VOCs for sorption sites on mineral surfaces, such
that higher VOC vapor phase partition coefficients have been measured at low soil
moisture contents [8]. In the last core treated (B9,11.0-11.5), the stripping air was
humidified by passing it through a heated water bath before it came in contact with the
mixed soil. We thought that this would keep the soil partially moist to prevent higher
sorption of TCE on dried soil. VOC removals were not dramatically improved with this
approach (see Appendix A). Furthermore, residual VOC levels in the soil were more
erratic compared to the previous cores that were treated with dry air.

The hypothesis of stronger TCE sorption on CaO-treated soil was also tested in
an experiment where equal amounts of TCE were injected into vials containing equal
masses of uncontaminated field-moist soil, CaO-treated soil, and pure CaO. The loading
in the CaO-treated soil was equivalent to the 65-g CaO loadings in the core experiments
(217 kg/m3). After a 24-h equilibration in a 25°C water bath, TCE content in the
headspace of the vials was measured by taking 20-yL vapor-phase samples that were
then injected into a GC/ECD. No statistically significant differences were found between
the headspace TCE concentrations in the vials with untreated and CaO-treated soil.
However, a significant reduction of headspace TCE did occur in the vials with CaO alone.
This experiment showed that higher TCE sorption may occur on pure CaO and that
partitioning on soil treated with CaO (220 kg/m3) was not different from untreated soil.
This experiment still does not preclude the possibility of higher sorption at higher CaO
loadings, especiélly where unreacted CaO may be present.

The apparent bi-phasic removal curves observed in a majority of the cores treated
so far is an interesting phenomenon that may be attributed either to temperature or
sorption effects. Further experimentation beyond the scope of this treatability work
would be required to investigate the reasons for this. However, such a study may not be
required for the field application of chemically enhanced MRVS. Results show that the
technology can be expected to remove VOCs quite effectively within 1 to 2 h of treatment

if the soil is amply mixed with an adequate amount of CaO and aggregate sizes are
sufficiently small. '
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4. ASSESSMENT OF TECHNOLOGY FEASIBILITY

4.1 RECOMMENDED PROCESS CONDITIONS AND REMEDIATION COST
ESTIMATES

The experiments described in the previous section have shown that chemically
enhanced MRVS can effectively remove TCE and cis-1,2-DCE from the highly saturated,
highly organic soils underlying the Michoud Rinsewater Impoundment. Treatment
effectiveness depends on selecting adequate CaO loadings corresponding to the moisture
content of the soil. CaO loadings required to achieve an aggregated mixed soil vary not
only with depth but also with borehole {e.g. less CaO was required in B9 compared with
B10 (see Fig. 9)]. CaO loadings ranged from 213 to 813 kg/m3 in cores from B10, and 200
to 667 kg/m3 in cores from B9. In an actual field application, metering the amount of CaQ
at different depths may be difficult. However, because the mixer can essentially
homogenize a soil column over the mixing depth, the required CaO loading can be
estimated from the average of the extreme loadings used in the experiments. By using
this approach, the CaO required for Michoud soils is estimated to be 400-500 kg/m3.
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Fig.9. Moisture content by dry weight as a function of depth. The locations of
B9,11.0-11.5 and B9,8.0-8.5 have been switched. Ca0 loadings indicated beside
data points.




One of the concerns when having to use such a high loading of CaO is the
volumetric expansion that can resuit while mixing the soil. For the highly saturated cores,
‘which required significant amounts of CaQ, the soil did not expand substantially and
maintained its slurry-like structure until the soil began to aggregate. At this point, enough
CaO had been added to the soil. Volumetric expansion may not pose a significant
problem in the field because of the unconsolidated nature of the Michoud soils. However,
this can only be verified by a field application.

A second concem is the increase in soil pH when large amounts of CaO are added
to the soil (Table 5). Before field testing chemically enhanced MRVS, the possibility of
elevated soil pH should be discussed with environmental regulators. This may not be an
issue since lime subsurface application is a common geotechnical and agricultural practice.

The costs associated with chemically enhanced MRVS include the following major
components: (1) mobilization, (2) reagent cost, (3) operation of soil mixer, (4)
demobilization, and (5) waste disposal. Of these five components, the cost for operating
a soil mixer is the only one which is directly proportional to treatment time. For a given
set of process conditions (i.e., CaO loadings and flow rates), the target residual
contaminant level (or contaminant removal) is a function of treatment time. The required
treatment time for a full-scale soil column to achieve a given percentage of TCE removal
was estimated from the mixing experiments and is shown in Fig. 10. This estimate
assumes that removal patterns observed in the mixing experiments can be used to predict
field removals under similar CaO and normalized flow rate conditions. In the laboratory
tests, the flow rates were 300 and 600 mL/min to vapor strip a soil volume of ~300 cc.
Hence, the removal curve in Fig. 10 would be applicable to an 8-ft-diameter, 15-ft-deep
soil column (~750 ft3) that is vapor stripped with air at 750 to 1500 cfm. The removal
curve was assumed to consist of three parts, corresponding to the observed trend in TCE
vs treatment time data from the mixing experiments. The first portion of this curve (0-10
min) corresponds to the removals measured immediately after CaO was blended into the
cores. TCE residual after 10 min was taken from the average of the ratio between the t =
0 and pre-mix TCE concentrations (excluding values from B10,10.0-10.5 and B10,11.0-
11.5 for which CaO loading was inadequate). The second (10 min <t < 40 min) and third
(t > 40 min) parts of the curve correspond to the removals observed during and after 30-
minutes of vapor stripping, respectively. These are modeled as first-order kinetic curves,
with rate constants taken from the average of the rate constants measured in the
experiments (excluding values from B10,10.0-10.5 and B10,11.0-11.5).
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The removal model in Fig. 10 predicts that percentage removals increase rapidly
within the first 40-min of treatment. Additional removals gained after 40 min of MRVS
are not expected to be significant. The cost for remediating a full-scale soil column can be
estimated by assuming a daily cost for operating the soil mixing equipment (e.g., an 8-ft-
diam soil mixer), and the time per day that the mixer is in use for remediation (e.g., 4 h or
240 min). At a daily cost of $10,000, the cost per minute of treatment is ~$42. This
cost was combined with the removal model in Fig. 10, to produce a curve that defines the
cost per soil column as a function of percentage TCE removed (Fig. 11). Treatment costs
change gradually for target percentage removals < 95%, but escalate rapidly at removals >
95%. For example, it would cost $1000 per soil column for a target removal of 90% (see
Fig! 9). At 95%, this cost increases to $2000. At 99%, the cost increases 6 times to
$12,000. This cost trend is an effect of the reduced removal rates that were observed in
the experiments after 60 min of treatment.
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Fig. 10. Percent of trichloroethylene remaining and removed as a function of treatment
time for chemically-enhanced mixed region vapor stripping.
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Fig. 11. Cost per soil column for chemically enhanced mixed region vapor stripping as a
function of percentage trichloroethylene removed. (See text for assumptions)

The cost for remediating the entire Michoud Rinsewater Impoundment will
depend on the treatment goals, which may take one of the following forms:

(1) 2 minimum percentage removal over a region of interest. Since removal rates
appear to be independent of initial concentrations, this kind of treatment goal can be
achieved by subjecting the entire region of interest to the same treatment time. The
disadvantage of this approach is that regions with initially high contaminant levels may

24




still have relatively elevated post-treatment levels. However, the overall effect of these
"hot spots" to the environment may be minimal if the volume of these hot spots is small.

(2) a minimum percentage removal of total contaminant mass over a region of
interest. This approach, which is similar to what was used at the full-scale cleanup of the
X-231B Unit, is equivalent to saying that the average contaminant concentration within
the region of interest must be reduced by a minimum amount. This average may be
decreased either by remediating the entire site for the same amount of time to achieve an
overall percentage reduction [the same as no. (1)], or, remediation may be limited to the
"hot spots." In the latter approach, more time may be spent remediating the hot spots,
but the total amount of time spent would be the same or less than the time spent using
approach no. (1). Estimating the time required to remediate a region of interest would
require that the distribution of contaminants be known a priori.

(3) a target maximum residual concentration within the entire region of interest.
As in no. (2), the required total treatment time would depend very strongly on the
distribution of contamination within the region of interest.

The cost for treating a cubic yard of soil for specified target percentage removals
(remediation goal no. (1) above) can be directly calculated from costs per soil column
shown in Fig. 11 (Table 7).

Table 7. Cost per cubic yard of soil for chemically enhanced mixed region vapor
stripping (MRVS) for given target percentage trichloroethylene (TCE)

removals '

Target Cost per soil Cost per cubic yard Remediationcost Residual TCE  Residual TCE
percentage column for of soil for percubicyardof  concentration  concentration
TCE operating soil operating soil soil® (mg/kg) (mg/kg)

removal mixer? mixer b assuming assuming
o) initial level of  initial level of
3000 mg/kg 300 mg/kg
90 $1000 $36/yd3 $63/yd3 300 30
95 $2000 $71/yd3 $98/yd3 150 15
99 $12000 $429/yd3 $456/yd3 30 3

2 Taken from Fig. 11 of this report.
b An 8-ft-diam, 15-ft-deep soil column has a volume of 28 yd3.
€ Includes reagent cost = $27/yd3 assuming $80/ton of Ca0Q

The cost for remediating the Michoud Rinsewater Impoundment given a specified
target residual TCE concentration (approach no. (3)) was estimated from the removal
curve in Fig. 10, and from contaminant contour maps derived from existing site
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characterization data [6, 9]. A grid consisting of 30-ft by 30-ft squares (see Fig. 12) was
overlaid on a map of the Michoud Rinsewater Impoundment. TCE concentrations at
three depth ranges within each square sub-area were then read off of the contaminant
contour maps (see Appendix C for contour maps), and the highest concentration was
assumed to be the initial TCE concentration within the entire depth of the sub-area (see
Fig. 12). Knowing the initial concentration for a square sub-area and the target residual
concentration, the treatment time required for each square sub-area can be estimated from
the removal curve in Fig. 10. The total treatment time required for remediation is the sum
of the treatment times for all the square sub-areas. Total cost for the operation of the soil
mixer can be calculated from this total treatment time, assuming that an 8-ft-diam soil
mixer is used and that the cost for operating this mixer is $10,000 per day. Costs for CaO
can be calculated based on the amount of soil that requires treatment. This is then added
to the total cost for soil mixer operation to arrive at a final estimate for remediation cost
of the Michoud Rinsewater Impoundment as a function of the target residual TCE
concentration (see Fig. 13, detailed calculations are contained in Appendix D of this
report). The large increase with lower target residuals is due to longer treatment times as
well as higher soil volumes that would require treatment.
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13. Cost for remediating Michoud Rinsewater Impoundment vs target residual
trichloroethylene concentrations. Effective remediation cost per cubic yard
shown in parentheses.
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4.2 COMPARISONS WITH ALTERNATIVE TECHNOLOGIES

Tables 8 and 9 contain lists of alternative in situ and ex situ technologies,
respectively, for remediating TCE-contaminated soils. The tables also include (1) a
description of the treatment mechanism; (2) the status of each technology (bench-, pilot-,
or full-scale); and (3) anticipated feasibility for remediating the highly organic, highly
saturated soil underlying the Michoud Rinsewater Impoundment. Technologies that were
unlikely to achieve remediation goals were given a "low" feasibility rating. "Medium"
feasibility was assigned to technologies that are potentially applicable to the site. A
"high" rating would have been given to technologies that have a high probability of
achieving remediation goals, but because of uncertainties in treatment performance
brought about by difficult in situ conditions (high moisture and organic soil content), none
of the technologies listed in Tables 8 or 9 were given this rating.

Of the eight in situ technologies listed in Table 8, electroosmosis and 2-Phase
extraction were considered to be potentially capable of overcoming the difficult soil
conditions underlying the Michoud Rinsewater Impoundment. Both of these
technologies are fairly new (<2 years) and have not been tested under a wide variety of
conditions. Hence, laboratory and/or field pilot tests at the Michoud Rinsewater
Impoundment may have to be conducted to establish technical feasibility with a higher
degree of certainty. Better estimates for costs associated with these technologies can also
be obtained from pilot tests.

Information regarding the four ex situ technologies in Table 9 was found in the
VISITT 4.0 database [/7], a compilation of vendor information developed by the U.S.
Environmental Protection Agency. For thermal desorption, some vendors listed in the
VISITT 4.0 database state that moisture contents greater than 20-30% and high clay/silt
content significantly reduce process throughput [//]. Thus, costs for treating the
Michoud soil by thermal desorption are expected to be on the higher end of the $50-
400/ton range contained in the database. The reduced throughput is likely a result of the
higher energy required to heat soils with a high water content, as well as difficulties in

handling very wet soils. Soil dewatering before thermal desorption is possible but would
also add to treatment cost. Solvent extraction is an alternative to thermal desorption, with
costs listed in database ranging from $100-400/ton. One of the vendors states that costs
increase with moisture contents >70%,; this cost increase may occur in the remediation of




Michoud soils which have moisture contents as high as 500% (see Fig. 11). Chemical
oxidation by Fenton's reagent was offered by one vendor in the database. This vendor
mentioned that reaction rates may be significantly reduced if soils have a high clay
content, which is also true for the Michoud soils.

Table 8. In situ technologies for remediating trichloroethylene (TCE)-contaminated
soils

Technology Technology description and  Technology Feasibility at Rinsewater
treatment mechanism status Impoundment

(low, medium, high)
Mixed region chemical  TCE degraded by strong oxidizers  Full-scale for  (Low to Medium)
oxidation [6,10] (KMnO4 or H3O3). HyOp Natural soil organics will compete
‘ with TCE for oxidants; larger
Bench-scale for amounts of oxidants may be

KMnO4 needed.
Mixed region reductive  TCE dechlorinated by zero-valence  Preliminary (Technology has not been explored
dechlorination by iron  iron. bench-scale sufficiently)
filings Incomplete dechlorination produces
{6] vinyl chloride, which is more toxic

than TCE.

Mixed region TCE aerobically or anacrobically Bench-to full- (Low)
bioremediation degraded either by indigenous or scale Extremely high levels of TCE may
{111 engineered microorganisms. be toxic to degrading organisms.
Mixed region steam - TCE volatilized by increasing soil ~ Full-scale (Low)
stripping temperature through steam injection High soil moisture content will
2N require large amounts of energy

(i.e., steam) to increase soil
temperature. Condensed steam will

add water to a soil that already has
a very high moisture content.

Soil vacuum extraction  TCE volatilized by SVE; Full-scale Low)

(SVE) enhanced by low-permeability formations are Due to high-plasticity and moisture

hydraulic or pneumatic  fractured hydraulically or content, soils are not likely to

i preumatically to increase air fracture. Hydraulic or pneumatic

[11 conductivities. pressures used to induce borehole
fracturing would probably result in
plastic deformations around the
borehole instead.

Soil vacuum extraction = TCE volatilized by SVE; soil is Full-scale Low)

(SVE) enhanced by AC- heated to increase fugacity of TCE. The heat capacity of water is ~5

or radio-frequency times the heat capacity of dry soil

heating particles {13], therefore, large

(12,12} amounts of energy will be required

to heat high-moisture content soil.
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Table 8. (continued)

Technology Technology description and  Technology Feasibility at Rinsewater

treatment mechanism status Impoundment
(low, medium, high)

Electroosmosis: Electrokinetics used to induce Pilot-scale (Medium)

"Lasagna" process migration of watet/TCE through This technology has been pilot-

[14] v trapping (carbon adsorption) or tested recently but data are currently
degradation (zero-valence iron) unavailable. Since treatment is at
barriers. ambient temperature, treatment time

may be lengthy as a result of the
high organic content of the soil.
2-Phase Extraction TCE volatilized by high-vacuum Full-scale (Medium)

[15] pumps (as much as 28-in. Hg), Soil appears to have a high water-
which draw soil water and vapor holding capacity so dewatering may
from low-permeability soils be difficult even at high vacuums.

Since treatment is at ambient
temperature, treatment time may be
lengthy as a result of the high
organic content of the soil.
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Table 9. Ex situ technolog' es for remediaﬁng uichloroethzlene-contaminated soils :

Technology Treatment mechanism Technology Feasibility at Rinsewater
' status Impoundment
ow, medium, hi
Thermal desorption [/} TCE volatilized from soil, which is Full-scale (Low to Medium)
heated in rotary kilns to temperature Some thermal desorption units can
above boiling point of only handle soils with moisture
contaminants. contents <20-30% so that soil must
be dewatered prior to treatment.
For undewatered soils, energy
requirements will be high to heat
soil to desired temperatures.
Chemical oxidation [/]] TCE degraded by strong oxidizers  Full-scalefor  (Low to Medium)

H2O). HyOp Natural soil organics will compete
with TCE for oxidants; larger
amounts of oxidants may be
needed.

Solvent extraction TCE is extracted from the soil by Full-scale (Low to Medium)
N liquefied gas solvents. One vendor claims it can be used
. for sludge. Another vendor states
that costs become high with

moisture contents >70%. Mostly
used for semi-volatile organics,

probably due to cost.
Biodegradation TCE is biodegraded by indigenous  Full-scale (Low)
[11 or non-native bacteria. High levels of TCE may be toxic to

bacteria. TCE degradation rates
may not be rapid enough to achieve
high soil throughput.

Based on the rough-order-of-magnitude estimates given in the previous section,
chemically enhanced MRVS compares favorably with the ex situ methods listed in Table
9 if remediation goals are set to 95% removal. The estimated cost for chemically
enhanced MRVS is ~$100/ton (1 ton is ~1 cu.yd. of soil) This is lower than costs for the
ex situ methods given in Table 9, which may range from $200 to $400/ton given the high
moisture and clay content of the Michoud soil.

Comparing chemically enhanced MRVS with electroosmosis and 2-Phase
extraction is more difficult because of the lack of data from applications of the latter
technologies at other sites. TCE removal with chemically enhanced MRVS may be more
rapid since temperatures are elevated and moisture contents are reduced, both due to the
hydration reaction of CaO. However, without testing equivalent to the experiments
described in this report, saying with certainty that chemically enhanced MRVS would
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achieve remediation goals faster and at a lower cost than electroosmosis or 2-Phase

vacuum extraction is not feasible at this point.







5. CONCLUSIONS AND RECOMMENDATIONS

Chemically enhanced mixed region vapor stripping is a viable technology for in
situ remediation of TCE-contaminated soils underlying the Michoud Rinsewater
Impoundment. This conclusion is based on laboratory simulations of MRVS performed
on 16 field-contaminated cores collected from the study site. Residual levels of
predominant VOCs (TCE and cis-1,2-DCE) measured as a function of treatment time
showed that TCE and cis-1,2-DCEr removals were very rapid in the first 60 minutes after
the cores were amended with a sufficient amount of CaO. Removal rates were
significantly lower when vapor stripping was continued beyond 60 minutes. A TCE
removal curve (percent TCE removed as a function of treatment time) was developed by
averaging the removal curves obtained from the MRVS tests. Based on this curve, it is
estimated that ~30 and ~300 minutes of treatment is needed to remove 90% and 99% of
initial TCE contamination. For example, starting with an initial concentration of 3000
mg/kg, only 30 minutes of chemically enhanced MRVS is required to achieve a target
residual of 300 mg/kg. The same amount of time would be needed to go from 300 to 30
mg/kg of contamination. However, a significantly longer time (300 minutes) would be
required to achieve a residual level of 30 mg/kg if the initial contaminant level were 3000
mg/kg. This substantial increase in treatment time when remediation goals for TCE
increase beyond 95% is a reflection of the bi-phasic removal patterns observed in the
MRVS tests (i.e., rapid followed by slower TCE removal beyond 60 minutes of
treatment). Rapid removals were accompanied by increased soil temperatures ranging
from 40°C to 75°C. The more gradual removals observed beyond 60 min of treatment
may be a result of temperatures returning to ambient levels, as well as increased sorption
on drier soils. '

The amount of CaO required to achieve high removal rates was found to be
dependent on the initial moisture content of the soil; a 400-500 kg/m3 CaO loading is
expected to be sufficient for the Michoud soils, which have moisture contents ranging
from 26 to 534% dry weight. This high CaO loading is needed to dehydrate the soil
sufficiently and to achieve temperature increases necessary for rapid TCE removal. Some
concerns exist regarding the volumetric expansion of the soil when this much CaO is
added in situ. However, this may not occur due to the unconsolidated nature and low
density of the contaminated soil under the Michoud Rinsewater Impoundment. This
concern can be best addressed through a field test.
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Chemically enhanced MRVS was estimated to cost ~$100/ton for a remediation
goal of 95% TCE removal. This is lower than anticipated costs for ex situ methods (e.g.,
excavation followed by on-site treatment), which are potentially more costly than normal
to implement due to the extremely high moisture content of the Michoud soils. Two
other technologies were identified as having the potential for remediating the highly
saturated, ldw-permeability soils underlying the Rinsewater Impoundment. These
technologies, electroosmosis and 2-Phase extraction, are fairly new and have not been
applied to a wide variety of sites. Specific performance and cost data for remediating the
Rinsewater Impoundment using these methods can only be obtained if laboratory and/or
field tests are conducted.

On the issue of addressing existing contamination at the Michoud Rinsewater
Impoundment, we recommend the following:

(1) Vendors that can provide soil mixing and calcium oxide delivery should be contacted
to obtain more accurate cost estimates for chemically enhanced MRVS on the basis of the
removal curve generated from this work. Once better cost estimates for this technology
are established, NASA Michoud can make a decision on whether the technology should
be field tested. |

(2) Field testing of chemically enhanced MRVS can be provided by ORNL. ORNL can
design the field experiment, hire and supervise a contractor to conduct soil mixing and
CaO delivery, and collect samples for performance assessment. The scope of this field
test can be adjusted to accommodate NASA Michoud's budget constraints. Alternatively,
NASA Michoud can hire a soil-mixing vendor who would be willing to work with ORNL
staff to develop process parameters in the field. In the latter case, ORNL can assist
NASA Michoud in evaluating the field performance of the technology. The possibility of
continuing the full-scale cleanup should be considered when contracting the services of the
soil mixing vendor in case the field test is successful. This way, mobilization and de-
mobilization costs would not have to incurred twice like they would be if the full-scale
cleanup were not done immediately after field testing,

(3) Vendors who provide 2-Phase extraction and electroosmosis services should be
contacted to explore the possibilities of field testing these technologies. Some of these
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vendors may be willing to provide order-of-magnitude estimates given some information

regarding the Michoud site.
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APPENDIX A.
RESIDUAL TRICHLOROETHYLENE VS VAPOR STRIPPING TIME
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B10,11.0-11.5; (a) TCE plotted on a normal scale, (b) TCE plotted on a log

scale.
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Fig. A.8. Residual trichloroethylene (TCE) in soil vs vapor stripping time in core
B10,11.5-12.0; (a) TCE plotted on a normal scale, (b) TCE plotted on a log
scale.
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Fig. A.9. Residual trichloroethylene (TCE) in soil vs vapor stripping time in core
B10,5.5-6.0; (a) TCE plotted on a normal-scale, (b) TCE plotted on a log-scale.
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Fig. A.10. Residual trichloroethylene (TCE) in soil vs vapor stripping time in core
B10,6.0-6.5; (a) TCE plotted on a normal scale, (b) TCE plotted on a log scale.
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Fig. A.11. Residual trichloroethylene (TCE) in soil vs vapor stripping time in core
B10,6.5-7.0; (a) TCE plotted on a normal scale, (b) TCE plotted on a log scale.
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Fig. A.12. Residual trichloroethylene (TCE) in soil vs vapor stripping time in core
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Fig. A.13. Residual trichloroethylene (TCE) in soil vs vapor stripping time in core
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55







APPENDIX B.
TEMPERATURE AND TRICHLOROETHYLENE REMOVAL
VS VAPOR STRIPPING TIME '
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Fig. B.2. Temperature and residual trichloroethylene in soil vs vapor stripping time, core
B10,11.0-11.5.
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Fig. B.3. Temperature and residual trichloroethylene in soil vs vapor stripping time, core
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APPENDIX C.
CONTOUR MAPS OF TRICHLOROETHYLENE CONTAMINATION IN SOILS
UNDERLYING THE MICHOUD RINSEWATER IMPOUNDMENT
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APPENDIX D.
CLEANUP COST CALCULATIONS FOR REMEDIATION GOAL SPECIFIED AS
A TARGET RESIDUAL TRICHLOROETHYLENE CONCENTRATION







The following describes how remediation costs were estimated for cleanup goals
specified as a target residual trichloroethylene concentration (Fig. 13). For a given target
residual concentration and using the grid and the initial concentrations shown in Fig. 12:

1. For each 30 ft x 30 ft sub-area, the percentage of TCE removal required to achieve the
target residual concentration (P) was calculated. For example, an initial concentration of
500 mg/kg would require a 99% to achieve a target residual concentration of 5 mg/kg.

2. For each sub-area, the time required per soil column (7, to achieve P was estimated
using Table D.1. Treatment times in Table D.1 are partially based on the removal curve
shown in Fig. 10. Treatment times for some target percentage removals are longer than
what would have been obtained from Fig. 10. '

Table D.1 Treatment times to achieve specified percentages of trichloroethylene removal

Target Percentage Removal Treatment Time per Soil Column
% min

0 0
60 30
80 30
90 60
95 60
98 180
99 300

3. The time required to cleanup a square sub-area (Zsyp-areq) Was calculated as follows:

- *
Tsub—area =T ! Ncol

[£2

where N,/ is the number of soil columns per sub-area. The latter is equal to 28 for an 8-
ft-diam soil mixer.

4. The total time required to cleanup the Impoundment is calculated by summing 7,/
over all the sub-areas (Z T.). Assuming that the cost for operating a soil mixer per day

is $10,000, and that 4 h of a day is effectively used for treatment, the cost for operating a
soil mixer per minute is ~$42. The total operational cost is then:
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Coper = $42 X Z 1:‘01

5. The total volume of soil requiring treatment (V) is estimated from Fig. 12, and the
total reagent cost is obtained as follows:

Creagem = $27 X Vsoil >
where $27/yd3 is the cost for a CaO loading of 400-500 kg/m3.

6. Finally, the total cost for remediation is obtained by adding Coper and Creagent.
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