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Laboratory Treatability Studies Preparatory to Field Testing a Resting-Cell 
In Situ Microbial Filter Bioremediation Strategy 

Robert T.Taylor and M. Leslie Hanna 
Earth Sciences Division, 

Lawrence Livermore National Laboratory 

ABSTRACT 

Prior to a down-hole-column treatability test of a Mtthylosinus trichosporium OB3b attached-
resting-cell in situ biofilter strategy, a set of three sequential laboratory experiments were carried out to 
define several key operational parameters and to evaluate the likely degree of success at a NASA Kennedy 
Space Center site. They involved the cell attachment to site-specific sediments, the intrinsic resting-cell 
biotransformation capacities for the contaminants of interest plus their time-dependent extents of 
biodegradative removal at the concentrations of concern, and a scaled ex situ mini-flow-through column 
system that closely mimics the subsurface conditions during a field-treatability or pilot test of an emplaced 
resting-cell filter. These experiments established die conditions required for the complete metabolic removal 
of a vinyl chloride (VC), cis-dichloroethylene (cis-DCE), and trichloroethylene (TCE) mixture. However, 
the gas chromatographic (GC) procedures that we utilized and the mini-flow-through column data 
demonstrated that, at most, only about 50-70% of the site-water VC, cis-DCE, and TCE would be 
biodegraded. This occurred because of a limiting level of dissolved oxygen, which was exacerbated by the 
simultaneous presence of several additional previously unrecognized groundwater components, especially 
methane, that are also competing substrates for the whole-cell soluble methane monooxygenase (sMMO) 
enzyme complex. Irrespective, collectively the simplicity of the methods that we have developed and the 
results obtainable with them appear to provide relevant laboratory-based test-criteria before taking our 
microbial filter strategy to an in situ field treatability or pilot demonstration stage at other sites in the future. 

INTRODUCTION 

A common approach to the in situ bioremediation of groundwaters contaminated with chlorinated 
solvents has been to pump a suite of nutrients or a combination of gases into the subsurface to stimulate the 
growth of useful indigenous microorganisms and to induce their cometabolic degradative activities (Hazen 
et al. 1995, Lee et al. 1988, Mahaffey et al. 1992). However, such nutrient stimulation packages generally 
cause displacement of the soluble contaminants, do not selectively enrich the subsurface with the most 
efficient degraders (for example even when CH4 in injected), and they contain competing substrates for the 
desired cometabolic contaminant degradations. Moreover, since this injection process is 3-dimensional in 
nature, it attempts to biotreat the subsurface volumetricaUy. Quantification of the actual amounts of specific 
subsurface microbial remediation is often difficult or impossible to assess on a volumetric basis (Taylor et 
al., references within, 1993, Knapp et al. 1995a, National Research Council 1993). To adhere to a stricdy in 
situ microbial treatment but circumvent most of these difficulties and simplify the required engineering field 
practices, we have continued to investigate as an alternative a 2-dimensional in situ microbial filter strategy 
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(Knapp ct al 1995a, Taylor ct al 1993). It is based on the use of non-dividing (resting-state) cells mat are 
produced in bioreactors, harvested, resuspended in a buffer or clean groundwater, and then injected to form 
an attached biocatalytic filter. Irrespective of how it is emplaced to intercept groundwater flow - thin wall or 
annular cylinder - the effectiveness of such a resling-cell filter will depend on several key parameters: the 
filter's required residence time (depends on the attached cell population (biocatalyst density] and its 
degradative completeness over time, the filter thickness, and the contaminant flow-through rate); the filter's 
contaminant biotransformation capacity; and the filter's catalytic longevity. 

Our current focus is on the use of a methanotroph, M. trichosporium OB3b, as a resting-cell 
biodegradative filter for certain chlorinated ethenes. It is well documented that cells of this strain containing 
the sMMO enzyme complex can catalyze the epoxidation of a variety of eihene compounds that have at 
least one C-H bond and we have demonstrated die potential feasibility and effectiveness of an attached 
resting-cell filter strategy over extended periods of time for degrading a single contaminant, TCE, flowing 
through a saturated homogeneous quartz sand, Oklahoma (OK) No. I (Hanna and Taylor 1995, Knapp et al. 
1995a, Shonnard et al. 1994, Taylor et al. 1993). In preparation for a field-treatability study at the-Wilson 
Corners (WC) site, NASA Kennedy Space Center, Florida (Jackson et al. 1995), we carried out a set of 
simple laboratory experiments directed at the resting-ccll biodegradation of a mixture of chlorinated 
ethenes. Previous site characterization work carried out by others indicated that the predominant 
contaminants in the shallow (<15 m), slow-moving (<1 cm/day), 20-21°C plume at WC were VC (-«0.2-1.0 
ppm), cis-DCE (~1.4-3.0 ppm), and TCE (-0.2-1.0 ppm) and it established that the WC subsurface was 
composed of shell fragments (80%) plus quartz sand (20%) and a carbonate-based groundwater (pH 7.0; 
ionic strength 0.01 molal) with -0.5-2 ppm of dissolved oxygen (Jackson et al. 1995). 

ROUTINE MATERIALS AND METHODS UTILIZED 

M. trichosporium OB3b cells were batch grown at 30°C in a 5-L bioreactor to an early stationary 
phase in a modified Higgins' minimal salts medium lacking Cu (Park et al. 1991, Taylor et al. 1993). The 
bacteria were harvested by centrifugation, and washed and resuspended in 10 raM Higgins' medium 
phosphate buffer (HPB), pH 7.0. These suspensions were adjusted to either -1.0 mg of dry cell wt/mL (~2 x 
109 cells/mL) for attachment assays and the mini-flow-through column loading or to ~5 mg/mL (~1 x 10 1 0 

ceils/mL) for use as concentrated stocks in the free-cell biotransformation measurements (Hanna et al. 1994, 
Park ct al. 1991, Shonnard et aL 1994, Taylor et al. 1993). 

The concentrations of methane, VC, cis-DCE, and TCE, as well as the GC peak areas given by a 
group of additional highly-volatile, undifferentiated compounds in the WC groundwater were determined 
with a Hewlett-Packard (HP) Model 5890A instrument. It was equipped with a 6 ft stainless-steel column 
(outside diameter of 1/8 in) packed -with a 0.1% AT-1000 on Graphac 80/100 mesh (AHtech) and a flame 
ionization detector (FID). Nitrogen was the carrier gas (30 mL/min) and samples were run at column 
temperatures of 35°C and 100°C. The presence of methane also was confirmed and quantified by GC 
analysis wim a Hach-Carlc Series 100 instrument that contained 6-7 ft stainless-steel, packed-bed molecular 
sieve 13x (80/100 mesh) and Haysep A (60/80 mesh) columns in series and was equipped with a thermal 
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conductivity detector. Putative methane GC peaks from this instrument were collected and found to give the 
cracking pattern expected for CHLj, when they were subjected to mass spectrometry. 

The biotransformations of CH4, VC, cis-DCE, TCE, and the volatile undifferentiated compounds by 
both free-cell suspensions and by attached cells within mini-flow-through columns was generally monitored 
by the disappearance of the parent compound(s), using the HP5890A-FID GC combination (Park et al. 
1991, Shah et al. 1995, Taylor et al. 1993). However, the biotransformation of TCE also was corroborated 
quantitatively by the conversion of [l,2-l4C]TCE to radiolabeled water-soluble metabolites (Taylor et al. 
1993). 

It is important to note that for all of the foregoing GC analyses 30 uL to 500 uL gas-phase (head-
space) samples were removed with gas-tight syringes (Hamilton) from sealed vials and then were manually 
injected into the HP5890A or the Hach Series 100 instrument. To create such samples, precisely 1.0 mL 
aliquots of WC well water were first transferred with a syringe into 5.0 mL glass vials that were sealed with 
open-top-closure screw caps and PTFB-faced red rubber septa (the PTFE facings were placed downward 
towards the gas phase) and the vial contents were allowed to equilibrate at room temperature. The vial head-
space GC peak areas for CH4, VC, cis-DCE, and TCE were directly compared to those generated with 
known amounts of these compounds (standard curves) that were processed and head-space sampled from 
5.0 mL vials in an identical manner. Similarly, for the cell suspension biotransformation capacity 
determinations (0.25 mL reaction volumes), the steady-state rate measurements (0S mL reaction volumes), 
and the low-level, chlorinated-ethene-mixturebiodegradation time curves (1.0 mL reaction volumes), head-
space samples were removed form sealed 5.0 mL vials and analyzed by their GC peak areas against 
standards (Park et al. 1991, Shah et al. 1995, Taylor et al. 1993). Likewise, in the 1 cm x 10 cm horizontal 
column flow-through experiment, 1.0 mL effluent fractions were collected directly into sealed 5.0. mL glass 
vials via a 90°-bent stainless-steel cannula and the vial head-spaces were sampled for GC analyses. 

RESULTS AND DISCUSSION 

Site-specific well sediments were collected by Jackson et al. (1995) and then lyophilized and utilized 
by us to estimate the maximal cell attachment that would be attainable by injection-pumping. For this 
measurement a disposable glass, Pasteur-pipet-column assay procedure was developed (Figure 1). AH Pipet-
column attachment assays were run in duplicates or triplicates. Oklahoma No. I sand columns were always 
run in parallel as a historical reference material for M. trichosporium OB3b attachment Negative controls 
for non-bacterial particle subtraction consisted of packed columns through which HPB or site groundwater 
was pumped, but no cells were loaded (Hanna et al. 1993, Shonnard et al. 1994). Table 2 shows that 
comparable attachments in the range of 4.0 to 10.0 x 108 cells/g of column material were obtained for the 
WC sediments and the OK No. 1 reference sand. Like the OK No. 1 sand (Hanna et al. 1993, Shonnard et 
al. 1994), attachment of M. trichosporium OB3b to the WC sediments was markedly dependent on the ionic 
strength of the aqueous medium. An ionic strength of approximately 0.01 moial is needed to promote 
maximal attachment to sand (Hanna et al. 1993, Shonnard et al. 1994) or the WC sediments (data not 
shown). But the process is not electrolyte-specific, since the 10 mM HPB (0.01 raolal) and the carbonate-
based LLNL and WC groundwaters (both 0.01 molal) promote similar cell attachment densities (Table 1). 
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Also, Af. trichosporium OB3b attachment to the OK No. I sand (Hanna et al. 1993, Knapp et al. 1995b) as 
well as the WC sediments (data not shown) exhibits a saturation kinetics (Km-like) type of behavior. The 
OK No. 1 sand and the WC sediments in Table I have porosities of 0.32 and 0.40, respectively, and 
permeabilities ~9 Darcys (Jackson et al. 1995, Taylor et al 1993). 

Resting-state M. trichosporium OB3b biotransformation capacities for the chlorinated ethenes found 
at WC were examined by the experimental protocol in Figure 2. It was employed previously for TCE 
(Taylor et al. 1993) and was designed to measure the intrinsic biotransformation capacity by using 
conditions that resemble a flow-through biofilter. An emplaced microbial filter will operate in a dynamic, 
not a static, manner with respect to the contaminant biodegradation products. For this reason, in Figure 2 the 
cells are spun down at 2 hour intervals and resuspended in fresh HPB (or clean site water) for each re-
exposure to the chlorinated VOC Any convenient short-time interval can be selected, but the purpose of 
these repetitive centrifugations is to separate frequently the cells from any released metabolic products -
analogous to a flow-through biofilter. Enough replicate vials are set up to permit successive chlorinated 
ethene re-exposures until no resUng-cell biodegradation is detectable. 

With this protocol, we determined the biotransformation capacities of five chlorinated ethencs 
without the potentially confounding influence of a continual static build up of toxic metabolites (Table 2). 
The finite transformation capacity for VC is much lower than the values for TCE and cis-DCE; however, 
VC was not the predominant contaminant at WC If 1,1-DCE was the predominant contaminant, a resting-
celt strategy probably would not be feasible with our chosen bacterium because filter replacement would be 
necessary too frequently. Our data further demonstrate clearly that the biotransformation capacity of trans-
DCE is much higher than that of cis-DCE. It probably arises from the stereochemical sMMO-catalyzed 
epoxidation of these geometrical 1,2-DCE isomers and differences in their resulting stereo-epoxide 
reactivity or toxicity. Table 2 also shows that sodium formate consistently enhanced the biotransformation 
capacity for each compound tested. The mechanism for mis is unknown, but it is most likely related to the 
increased intracellular NADH regeneration that results from formate oxidation to CO2 by formate 
dehydrogenase (Shah et al. 1995 and references therein). Higher inracellular NADH concentrations may 
protect the sMMO enzyme complex from the transient, but highly reactive and toxic, initial products of 
aerobic chlorinated ethene biodegradation, namely their epoxides. 

Steady-state kinetic constants were determined for the three major WC contaminants of concern, 
along with those for trans-DCE and 1,1-DCE for comparison (Table 3). There is very limited kinetic data in 
the literature for these chlorinated ethenes and none for M. trichosporium OB3b cells that have been 
deliberately cultured to a nitrate-depletion condition in a modified Higgins' medium formulation (Park et al. 
1991, Taylor et al. 1993). From plots of the initial rate (obtained from early, closely-spaced time points) of 
chlorinated ethene disappearance versus the starting chlorinated ethene concentration, typical Michaelis-
Menton, enzyme-saturation data were collected. Accurate initial aqueous-phase concentrations of the 
chlorinated ethenes were readily calculated from the amounts of each compound mat were injected into the 
sealed 5.0 mL glass vials by utilizing experimentally determined aqueous-phase/gas-phase distribution 
coefficients that had been obtained previously with 0.5 mL of HPB in the vials. Apparent Kms and maximal 
specific degradation velocities (Vmaxs) were then read directly off such curves and similar values were also 
derived from a linear Lineweaver and Buric type of plot in the form of (S)fv versus (S). An example of the 
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linearity and the fit of such a plot to the data 'is illustrated for cis-DCE below Table 3. The Vmax and Km 
values in Table 3 were generated in HPB (pH 7.0) in the presence of sodium formate to optimize the 
intracellular NADH substrate concentration and at the optimal growth temperature of 30°C to approximate 
the maximal theoretical whole-celt specific bioconversion velocity. Overall, Table 3 shows that the maximal 
degradation rates per mg of dry cell wt are similar (-60-80 nmolcs/rain), except for 1,1-DCE which is 
somewhat lower. In addition, among the three major WC contaminants of interest TCE and VC have similar 
whole-cell Kms, while that of cis-DCE is decidedly smaller. Since the Km is a crude indicator of the 
enzyme-substrate dissociation constant, the kinetic values in Table 3 predict that at very low concentrations 
(far below their Kms) of these three compounds in a mixture the degradation of cis-DCE should reach 
completion the earliest, followed by VC and TCE later, but approximately together, ft is noteworthy that 
differences between the cis-DCE and trans-DCE structural isomers are also reflected in their widely 
differing Km values. In other words, these (wo isomers are either docking into the intracellular sMMO 
active site differently or else they are yielding stereospecific intermediate transition states within the sMM0 
complex. 

The ability of cells in suspension, at the same approximate volumetric catalyst density as the WC 
attachment data (Table 1), to effect the oxidative biotransformation of a VC (1.0 p.g) + cis-DCE (3.0 ug) + 
TCE (1.0 p:g) mixture was then monitored at the WC plume temperature versus time in oxygen-rich HPB. 
These contaminant levels were the maximal anticipated amounts of each chlorinated ethenc per mL and the 
approximate ratios in which they were expected to exist in WC groundwater. Figure 3 illustrates that die 
biodegradation of cis-DCE occurred more rapidly and was complete within 5 h, while VC and TCE were 
-95% consumed in ~12 b. 

When cell-suspension time curves were generated as above with WC groundwater, complete 
biodegradations of the small amounts of VC, cis-DCE and TCE occurred in ~10 h (Figure 4). However, 
comparatively much larger nmole amounts of several other highly volatile components were also 
metabolized by M. trichosporium OB3b. Further GC evidence and mass spectrometry established that die 
major compound in this highly volatile group was methane (Figure 4). In a striking way, this group of 
highly volatile components yielded prominent peak areas in our HP5890A FID-GC profiles, e.g.: volatile 
undifferentiated compounds 461,800 units (from Figure 4), methane 2J73.979 units, VC 768,270 units, cis-
DCE 593,540 units, and TCE 65,963 units. Methane and the volatile undifferentiated compounds were not 
detected in the earlier site characterization work by others that relied solely on an automated standard purge-
and-trap GC procedure (EPA method 601) for all of the well water analyses (Jackson et al. 1995). The 
undifferentiated volatile mixture listed in Figure 4 may consist of several fluorinated ethenes (Jackson et al. 
1995). Methane and the undifferentiated volatile mixture were readily detected during all of our metabolic 
experiments with WC groundwater because manual gas-phase sample injections were performed directly 
into packed-bed GC columns that were linked to FID or TCD detectors (Material and Methods) 

Because of the likely increased oxygen burden imposed by the additional unexpected metabolizable 
components in die WC groundwater, sealed I cm x 10 cm horizontal, glass-column, flow-through systems 
were prepared (Figure 5). These glass C-10 columns (Pharmacia) were packed with WC well 17 sediment, 
loaded widi bacteria to an attachment density of ~10 x 10* cells/g of sediments, and men subjected to a 
continuous input flow of WC well 17 water from 50 mL gas-tight syringes (Hamilton). They served as 
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closed reservoirs that prevented the Joss of CO2 and other volatile compounds (e.g. methane) present in 
collected well water samples, A controlled rate of well water delivery to the test and control (minus cell) 
columns was achieved with a multi-channel syringe pump (Harvard Apparatus 22) at a controlled rate of 
-0.85 Hnear column cm/h (11-12 h filter residence time). Effluent fractions (1.0 mL each) collected at 4 h 
intervals in 5.0 mL sealed vials over 72 b revealed that only about 50-70% of the WC well 17 water 
components VC, cis-DCE, and TCE were metabolized (figure 6). along with similar percentages of the CH4 

and the volatile undifferentiated compounds (data not shown). Thus, this mini-column study predicted 
correctly that only a partial biotransformation of the chlorinated ethenes would be realized in a down-hole 
column treatability experiment at WC well 17. 

In conclusion, we have devised a series of three simple laboratory tests that are applicable to the 
design and treatability success of an in situ resting cell filter: (1) Pastcur-pipct-column attachment assays 
with site-specific sediments; (2) intrinsic biotransformation capacities and aerobic suspension metabolic 
time curves for the contaminants of interest alone and within the site groundwater matrix*, and (3) ex situ 
scaled mini-flow-through column systems that employ site-specific sediments and can mimic and maintain 
the temperature, pH, volatile compound composition etc. of site-specific groundwaters. These ex situ mini-
columns can serve to develop better estimates of the required filter residence time, the filter thickness, and 
its replenishment intervals. But, in particular, they can also provide an early-warning about unexpected 
metabolizable compounds or inhibitors in the site groundwater of interest. 

This work was funded by (he National Aeronautics and Space Administration and the Office of 
Technology Development within the Department of Energy's Office of Environmental Management, under 
its In Situ Remediation Integrated Program. All work was performed under the auspices of the Department 
of Energy by Lawrence Livermore National Laboratory under Contract W-7405-Eng-48. 
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LIST OF FIGURE AND TABLE CAPTIONS 

FIGURE 1. Pasteur-pipet-column assay procedure for bacterial attachment. 

Table 1. Attachment of M. trichosporium OB3b to Oklahoma No. 1 sand versus Wilson Corners 

sediments. 

FIGURE 2. Chlorinated ethene biotransformation capacity protocol with resting cell suspensions. 

TABLE 2. Biotransformation capacities of M. trichosporium OB3b for several chlorinated ethenes. 

TABLE 3. Summary of the resting-cell kinetic constants for several chlorinated ethenes. 

FIGURE 3. Time course for me biodegradation of a VC, cis-DCE, TCE mixture by cell suspensions in 

HPB under excess oxygen conditions. 

FIGURE 4. Time course for the biodegradation of the chlorinated ethenes in WC well 17 groundwater by 

cell suspensions under excess oxygen conditions. 

FIGURE 5. Photograph of the I cm x 10 cm horizontal, glass-column, flow-through systems. 

FIGURE 6. A representative scaled laboratory-column metabolic experiment with WC sediments and 

WC well 17 groundwater flow-through. 

Key word list: In situ microbial filter, Methylosinus trichosporium OB3b, resting cells, laboratory 

treatability experiments, attachment assays, biotransformation capacities, vinyl chloride 

(VC), cis-dichloroethylene (cis-DCE), trichlorocthylene CTCE), scaled mini-flow-through 

columns. 
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glass Pasteur pipets with either Oklahoma No. 1 sand 
or site-specific sediment material saturated in either 
10 mM HPB (pH 7.0) or site-specific groundwater. 

2. Bacteria are then pulled onto the column at 
0.1 ml/min (63 cm/h column linear flow rate) for 2 h 
with a peristaltic pump (8 channel, Minipuls 3, Gilson). 

3. Unattached bacteria are washed out at 
0.034 ml/min (21 cm/h column linear flow rate) for 
16 h. 

Figure 1 

4. The top 2 cm of the column are removed by scoring 
with a metal file and snapping the glass to eliminate 
any column-surface strained cells from the count 
data 

5. The sand and bacteria in the remaining 8 cm of 
column are extruded into a 10 mi graduated 
cylinder and the volume is brought to exactly 
10 ml with distilled water. Cells are removed by 
shaking for 10 seconds and allowing the sand or 
site-sediment material to settle. 

6. Bacteria are enumerated with a Coulter electronic 
particle counter having a 30 u/n aperture and 
equipped with a Coulter Channelyzer. Twice 
filtered (0.22 urn) 4% NaCI is used as the counting 
solution (Hanna et al. 1993, Shonnard et al. 1994) 



TABLE 1. Attachment of M. trichosporium OB3b to Oklahoma No. 1 
sand versus Wilson Corners sediments. 

Pasteur-pipet-column Aqueous Attachment, 
bed material assay cells/g material 

condition (x 10s) 

Oklahoma No. 1 sand 10 mM HPB, pH 7.0 3.2 - 5.0 

Oklahoma No. 1 sand Distilled water 0.1 

Oklahoma No. 1 sand Carbonate-based 4.0 - S.O 

LLNL groundwater 

Wilson Corners sediments 10 mM HPB, pH 7.0 4.7 - 10.0 

Wilson Corners sediments Distilled water 0.2 

Wilson Corners sediments Carbonate-based 4.8 - 8.7 
WC well 17 water 
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whole-cell degradation 
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TABLE % Biotansformation capacities of M. trichosporium OB3b for 
several chlorinated ethenes. 

Test compound (125 nmole 
repeated additions to 
0.1 mg of cells) 

Biotransformation capacity A 
(mg of compound degraded/mg of dry cell wt) 

Minus formate Plus formate (2 mM) 

0.25 0.36 

0.09 0.10 

0.26 0.47 

0.16 0.19 

0.020 0.015 

TCE 

VC 

trans-DCE 

cis-DCE 

1,1-DCE 

fl Biotransformation capacities were determined at 20°C (Figure 2 and Taylor et al. 
1993). 



TABLE 3. Summary of the resting-cell kinetic parameters for several 
chlorinated ethenes. 

Test compound Vmax (nmoles of 
test compound 
biodegraded/min/mg 
of dry cell wt) 

Estimated whole-cell Km 
from 50% of the observed 
apparent Vmax 

TCE 82 104 uM (13.6 ppm) 

VC 77 90 uM (5.6 ppm) 

trans-DCE 68 68 uM (6.6 ppm) 

cis-DCE 61 25 uM (2.4 ppm) or 
19 uM (1.9 ppm) from s/v 
versus s plot) 

1,1-DCE 43 lOuM(l.Oppra) 

20 

i 

15 

10 

y = 0.31+0.016x r 2 ^ 0.998 
Km=18.6uM 
Vmax = 60.8 nmoles/rnin/mg of dry cell wt 

- v = nmoles cis-DCE consumed/min/mg of dry cell wt 

200 400 600 800 

Aqueous phase cis-DCE, \iM 

1000 



T 

Aerobic incubation mixtures (1.0 mL) contained HPB (pH 7.0) 
and cells (0.25 mg dry cell wt) within sealed 5.0 mL glass vials. 

Compound 
Amount added 
to the vials 

vc 

- cis-DCE 

• TCE 

1.0 ng 

3.0 ng 

i.Opg 

vc 

- cis-DCE 

• TCE 

1.0 ng 

3.0 ng 

i.Opg 

vc 

- cis-DCE 

• TCE 

1.0 ng 

3.0 ng 

i.Opg 

vc 

- cis-DCE 

• TCE 

1.0 ng 

3.0 ng 

i.Opg 

20 

Hours, 21 °C 

30 40 



100 -

Aerobic incubation mixtures contained WC NPSH-17 
well water (~pH 7) and cells (0.25 mg dry cell wt) in a 
total volume of 1.0 mL within sealed 5.0 mL glass vials. 

Compound® Inftia! amount/mL of wen water 

Volatile | Total HP5890A GC peak area, 
tinWrfforonffetarf 461.800 undifferentiated 
compounds 

— a - - Methane 

VC 

cfe-DCE 

TCE 

461.600 

0.82 f<g (52nmoles) 

0.71 ng (11nmoies) 

1.40 ng (14nmofes) 

0.16 jig (l^nmoles) 

20 
Hours, 21 °C 

30 40 



Figure 5 
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