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Abstract 

The objective of this Cooperative Research and Development Agreement (CRADA), 
was to demonstrate the effectiveness of a vapor-phase bioreactor system for the 
destruction of trichloroethylene (TCE) from contaminated groundwater. A field 
demonstration was performed using groundwater at the Oak Ridge +tmx&.Wmtov '' 
K-25 site contaminated with a complex mixture of organic chemicals. This site is 
managed and operated by Martin Mariet ta  Energy Systems. Inc. for the department of 
Energy (DOE). Analysis of the data generated during the test can be summarized in 
three major observations. First, TCE was degraded in the presence of all the organics 
found in the steam strip condensate. This was observed during treatment of both the 
steam strip condensate and condensate amended with TCE to increase its concentration 
relative to the other components. The conclusion that TCE was being biodegraded was 
supported by performing mass balance control experiments with the reactor and by 
tracking recalcitrant chemicals also present in the steam stripper condensate. Second, 
there appeared to be an initial lag period of up to 24 hours before onset of TCE 
degradation in the reactor. The source of this lag was not determined but could be 
related to either an acclimation of the microorganisms to other chemicals found in the 
condensate or reversible inhibitory effects on TCE degradation. The duration of TCE 
degradative activity was relatively short, for only 2 to 5 days, compared to previous 
demonstrations where TCE was the sole contaminant. However, several of the runs 
were interrupted due to mechanical and not biological issues. Third, other chemical 
contaminants were also degraded. by the bacteria used in the vapor phase reactor which 
is consistent with previous work performed both at E W R O G E N  and elsewhere. 

. - .. - -. i . . - _- . . 

m 

2 



overview 

The objective of the Cooperative Research and Development Agreement (CRADA); 
was to demonstrate the Effectiveness of a laboratory-scaie vapor phase bioreactor system 
for the destruction of trichloroethylene (TCE) from a groundwater seepage stream: i.e. 
the "garage seep" at the Oak Ridge National Laboratory K-25 site. This site is managed 
and operated by Mart in  Marietta Energy Systems, Inc. for the department of Energy 
(DOE). This field demonstration at the K-25 site was performed from August to October 
through a CRADA and represents one step towards full-scale demonstration of a 
bioreactor for the destruction of TCE in complex organic mixture of organic chemicals 
contaminating groundwater. 

Methods and Materials 

A. Bacterial strains. 

Two strains of TCE degradative microorganisms were used in this study, 
Pseudomonas cepacia G4 and Pseudomonas mendocina KR1. Both strains were cultured 
in a defined basal salts medium (BSM)(6), pH 7.5 and shipped to the site at  4°C. 
Organisms were used as is or were diluted with BSM to preset'cell densities. 

B. Methods for q u a n w  phenol. 

Phenol concentrations and phenol hydroxylase activities were determined using 
the modified colorimetric assay. 'In this assay, 25pl of 2% 4-aminoantipyrene and 50 p1 
of 2 N NH40H were added to a microfuge tube. A 1 ml suspension was then added to 
the tube and mixed well. Finally, 25 pi of 8% QFe(CN)6 was added and the tube 
contents were again mixed. Following centrifugation to pellet out solids. the optical 
density of the supernatant was determined at 500 nm with phenol concentrations 
calculated from a standard curve. Rates of phenol disappearance were calculated and 
reported as pmole/(min g protein). The rate of phenol disappearance from cell free 
controls was less than 0.01 pmole/min. 

C. TCE bottle assay protocol. 

TCE degradation kinetics, toxicity and inhibitory interactions were determined 
using a bottle assay. In this standard assay, a 25 ml liquid microbial suspension was 

placed into a serum bottle (actual volume of 162 ml) with 125 ml of test liquid containing 
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either a known amount of TCE and/or other chemicals found at the K-25 site. The bottle 
was immediately sealed with a Teflon lined septum and agitated at room temperature. At 

defined time intervais, 10 p1 of headspace gas was withdrawn through the septum Using 
a gastight syringe and injected onto a -GC. For volatile organic chemicals, which 
equilibrate rapidly between air and water. the gas phase analysis provides a clear 
representation of the total amount of chemical in the sealed bottle. Chemical 
concentrations in live experimental and killed controls are calculated by comparison to a 
standard curve. Degradation rates are calculated for the disappearance of total chemical 
from the bottle normalized to the microorganism content expressed as total protein. 

D. Methods for quantifping TCE and other chlorinated hydrocarbons. 

On site quantifkation of chlorinated hydrocarbon concentrations incorporated the 
use of an SRI gas chromatograph (GC) equipped with an electron capture detector and a 
stream selection valve. The concentrations of TCE and other chlorinated hydrocarbons 
were quantified by either direct injection of a 10 pl headspace gas sample or use of an 
automated gas sampling valve. Direct injections used a gastight s m g e .  The automated 
gas sampling valve sampled influent and effluent air streams by drawing gas through a 
50 p1 sample loop then injecting the contents of the loop onto the GC. 

Concentrations were calculated from standard curves prepared by injecting a 
defined mixture of chlorinated organics at known concentrations. Standards were 
prepared in methanol and dilutions prepared in serum bottles. A 10 pl gas sample was 
injected onto the GC and a calibration curve prepared and added to the integration 
software to calculate unknown concentrations. The detection limit was about 1 pg/L for 
TCE using direct air phase injections. Standards were prepared fresh and mn routinely 
to check calibration and reproducibility. The detection limit varied for the other 
chlorinated organics indirectly related to the extent of chlorination. 

Analysis was also performed using ORBO tubes to trap the volatile organics which 
were not detectable using an electron capture detector. Samples were collected by 
passing gas through the ORBO tube at a known flow rate for a timed interval. Traps 
were assembled in series to determine the extent of chemical breakthrough during 
sample collection. The tube ends were then capped and shipped to ENVIROGEN for 
analysis. Each tube was extracted with 2.0 ml of carbon disulfide to remove the organic 
compounds. A 1 pl liquid sample was injected onto the GC/PID and concentrations 
determined against a known standard. Depending on the volume of air passed through 
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the ORB0 tube. detection limits vaned between 0.1 and 1.0 pg/L for the chemicals 
monitored. The benzene concentration was adjusted to account for benzene in the 
carbon disulfide extraction solvent. 

- .  ~ . >  -I 

E. Vapor phase reactor design and operation 

The process diagram of the TCE vapor phase bioreactor for the degradation of 
TCE is depicted in Figure 1. The main reactor vessel was constructed from a 10 cm 
diameter by 60 cm glass chromatography column with threaded Teflon plugs in each end 
with an  empty bed volume of 4.7 L. The reactor was fded with 3 L of a suspension of P. 
cepacia G4 or P. mendocina KFU which had been grown at ENVIROGEN and shipped to 
the site. Contaminated groundwater seepage was pumped into a steam stripper to 
concentrate VOCs. The steam stripper condensate was pumped into an air stripping 
vessel and contaminated air then passed into the vapor phase reactor at a flow rate of 
100 ml/min. The TCE concentration in the influent and effluent gas was monitored by 
GC (0 and 0) (Fig. 1). The reactor was fed phenol in water at a rate of 0.4 g phenol per 
liter of liquid volume per day unless otherwise indicated. 

emuerdgas 
nutnenl feed s m  

SRI GC/ECD 

vent to 
atmosphere 

I 

activated 
carbon 

I I valve 

Figure 1: Process Flow Diagram for Vapor Phase TCE Bioreactor 
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Results and Discussion 

Initial assembly of the laboratory scale bioreactor system was initiated on August 
23, 1993. By August 25. the reactor was operational with the GC functioning and 
calibrated at which time the first batch of bacteria was added to the reactor. Table 1 
lists a chronology of events during the field study. Several major issues were 
encountered during the 7 week test period. First, separation and quantitation of TCE in 
the presence of 1.1.1-TCA was found to be difficult with the GC system used for 
automated sampling. Second, there was a chemical component present in the steam 
strip condensate which interfered with the standard colorimetric assay used to quantify 
phenol. This interference initially led to the incorrect conclusion that addition of steam 
strip condensate to the reactor immediately inhibited the biocatalyst's ability to metabolize 
phenol. Once this interference was deduced and characterized, continuous operation 
was achievable. In addition. there were numerous mechanical issues which also 
interfered with steady state operation of the test system for extended time periods. 
These mechanical problems included air leaks in the reactor, power shutdowns during 
weekend periods, high variability in organic concentrations and air flows to the reactor 
and difficulties with the automated gas chromatography equipment. In general. the test 
program did not go smoothly though all of the major hurdles were eventually overcome. 

The first priority of the test program was to determine whether TCE could be 
effectively biodegraded from this complex mixture of organic chemicals found in the K-25 
site water. First, a control was performed to determine abiotic system losses. Once the 
water in the reactor was saturated with TCE, there was less than 15% difference 
between influent and effluent gas concentration (Figure 2). The average inlet and outlet 
gas concentrations following equilibration were 344t3 1 and 29 lt3 1 ug/L air respectively. 
This difference represents the maximum abiotic losses of TCE since the concentration 
differential was the greatest. The loss of TCE from an operating reactor would be 
expected to be significantly less since the driving force would be much smaller. 

During several runs of the vapor phase reactor on steam stripper condensate. 
degradation of TCE was observed. Quantitation was difficult, so additional TCE was 
added to the condensate to enhance detection and quantitation. The amount of TCE 
added increased its concentration to nearly equal that of TCA in the steam stripper 
condensate. Addition of TCE also had the benefit of increasing our confidence that TCE 
was actually being biologically destroyed in the reactor by increasing the mass of TCE 
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I a D i e  I: ~ a j o r  cven t s  uumg CO-Metabolic Bioreactor Demonstration. 

EVENT 
. . _..--.-- -- -  .-.. - 

B Received CRADA approval 

D ENVIROGEN arrived at site and completed GET 

B Setup bioreactor system in trailer at K-25 

Completed installation of bioreactor in trailer and equipment checkout 

Completed safety review 

Completed readiness review and received approval to operate 

rn Inoculated bioreactor. no apparent growth, bacteria possible killed during 
shipment 

rn First introduction of seep water to bioreactor. difficulties in separating and 
quantifjdng key chemical components with automated GC system. repaired 
leaks in system, phenol breakthrough with no apparent degradation of TCE 

Reinoculated bioreactor. continued difficulties with GC analysis, positive 
growth and enzymatic activity of bacteria 

Reinoculated bioreactor. apparent phenol breakthrough when seep water 
initiated, characterized interference of seep liquor with phenol assay which 
had given false posttive results, positive growth and enzymatic activity 

TCE being degraded for approximately 20 hours, data collected for Table 2 and 
Figures 3 A & B 

Reinoculated bioreactor. positive growth and enzymatic activity 

Resume treatment of seep water using hand injection for GC data points. data 
collected for Table 3 and Figures 4 A & B 

Spiked TCE into seep water to elevate concentrations. ORBO tube samples 
collected for Table 4 

TCE spike disconttnued. ORBO tube samples collected for Table 4. power shut 
off to trailer for 24 hours 

Reinoculated bioreactor. positive growth and enzymatic activity, phenol 
breakthrough, could not sustain activity 

Operation terminated due to construction 

DATE 

6/22/93 

7/93 

8/93 

8/93 

8/93 

8/93 

8 /24/ 93 

9/3 - 9/6 

9/7 - 9/13 

9/14 - 9/20 

9/20 - 9/22 

9/25 

9/27 

9/28 - 9/29 

9/30- 10/3 

10/5 - 10/21 

10/21 

entering the reactor. The data presented in Figure 3a & b is a compilation of automated 
GC analyses collected over a 20 h o u r  period of stable operation. O n  average, 84 k 9 % 
of 124 k 47 pg TCE/L-air was removed from the air during this time intemd. This was  
clearly in excess of losses determined for TCE in control experiments. There w a s  
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essentially no loss of the 1.1,l-TCA. 12 & 13 %, monitored during this time interval. 
Though the relative concentrations of TCE to the other contaminants was greater by 
spiking TCE into the steam stripper condensate, this experiment demonstrated that TCE 
could-be- successfully degraded within this mixture of chemicals. These data were 
collected during the second day of operation under these conditions and the reactor 
continued to operate for about 3 days before activity was lost. In general, although TCE 
was degradable in this mixture of chemicals, longevity of reactor operation was shorter 
than previous experiences with TCE as the sole contaminant. The nature of this. 
instability was not determined. 

i 
300 + 0 

0 

200 1 O O o 0  

t I 100 I O  

6 
I 
I 

ll 0 
0 0  

v inlet gas 0 

0 

outlet gas 

0 

0 

01 I I 1 I I 
0 5 1 0  1 5  20 

Time (hours) 

Figure 2: Control experiment for determining abiotic losses of TCE. 

In a subsequent run, the reactor was again set up and inoculated with fresh 
organisms to determine whether TCE could be degraded at concentrations found in the 
steam stripper condensate. To achieve concentrations of TCE which could be detected 
reliably with our analytical equipment, the stripper was operated at its optimum output. 
There was a high degree of variability in chemical concentrations over this time interval 
as seen in Figures 4a & b. Analysis was performed by manual injections with a gas tight 
syringe which accounts for the timing and frequency of analysis. Although removal of 

TCA and TCE from the contaminated air stream varied as the influent concentration 
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Figure 3: Reactor Performance Using Steam Stripper Condensate Spiked with TCE. 

A(500)= 3.8,. specific activity of phenol hydroxyiase = 65 nmole/min/mg 
protein, 100 ml/min air flow. Plot A is for TCE and plot B is for 1.1.1-TCA. 
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Gas Phase Bioreactor Operation 
(September 27 - September 29) 
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Figure 4: Reactor Performance Using Steam Stripper Condensate. A(500)= 3.7, specific 
activity of phenol hydroxylase = 100 nmole/min/mg protein, 100 mi/- air flow. Plot A 
is for TCE and plot B is for 1.1,l-TCA 
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fluctuated. similar results were observed as described earlier. In general, TCE removal 
was much greater than that observed for 1.1.1-TCA. These data support the conclusion 
that TCE can be biodegraded from steam stripper condensate containing a complex 
mixture of organics found at the K-25 site. A drop in-degradative activity was observed 
during the first 24 hours of operation indicating an adaptation or  acclimation period. 
One possible explanation for this decrease in degradative activity could have resulted 
from a transient increase in phenol within the reactor. Phenol buildup would stimulate 
growth while competitively inhibiting TCE degradation though direct evidence of phenol 
accumulation was not documented. 

This run of the reactor continued past 4 days with active degradation of TCE. On 
days 4 and 5, GC analysis was not performed at the site, however, ORBO tube samples 
were collected and analyzed at ENVIROGEN for a wider range of chemicals. Analysis 
was performed using a PID which will detect aromatic (BTEX) and unsaturated 
chlorinated aliphatic compounds (TCE and DCE) but will not detect unsaturated 
aliphatics (TCA and DCA). Two ORBO tubes were connected in series to determine 
whether there was any breakthrough due to overloading. Benzene concentrations listed 
are suspect due to interference from benzene found in the extraction solvent. DCE was 
detected in only half of the inlet samples analyzed, possibly due to its greater volatility 
and potential losses during collection and handling. In general. there was evidence of 
breakthrough for only rn-xylene (raw data and calculations found in Appendix A). 
Following 4 and 5 days of continuous operation, not only was the TCE biodegraded, but 
most of the aromatic hydrocarbons were also being effectively removed (Table 2). This 
activity against the aromatic hydrocarbons is not unexpected since it has previously been 
demonstrated the bacteria used in the reactor are capable of degrading all of the 
chemicals listed in Table 2 in addition to benzene. These data indicate that the 
composition and concentration of chemicals in the steam stripper condensate was as 
variable as the TCE and TCA components monitored previously. The detection limits 
were different for the two sets of samples. The higher air flow rate and greater collection 
time used on day 5 allowed for a lower minimum detection limit than samples collected 
on day 4. Unfortunately, power was shut off to the trailer following day 5 so reactor 
operation was suspended. 

11 
I 



Table 2: Reactor Performance. ORBO Tube Analysis. 
compound Inlet day 4 Outlet day 4 Inlet day 5 Outlet day 5 

(pg/L air) kg/L air) (pg/L air) (pg/L air) 
ORBO 5A & B ORBO 6A & B ORBO 1 1 A & B  ORB0 12A E! . $-*.+; - - DT-k.e'"-- ... -- - .  

c 1  c 1  44 < 1  
TCE 
toluene 
ethylbenzene 
o,p-xylene(s) 

86 

26 
16 
53 

5 
c 1  
c 1  
8 

46 
476 
242 
276 

7 
5 
8 
11 

m-xy iene 127 64 398 23 
A(500)= 3.8 (day 4) and 4.1 (day 5). specific activity of phenol hydroqlase = 54 (day 4) and 75 (day 5) 
nmole/min/mg protein. 100 d / m h  air flow. 
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Conclusions 

Analysis of the data generated during the test can be summarized in three major 
observations. First, TCE wasdegraded- in the presence of a l l  the organics found fn the 
steam strip condensate. This was observed during treatment of both the steam strip 
condensate and condensate amended with TCE to increase its concentration relative to 
the other components. The conclusion that TCE was being biodegraded was supported 
by performing mass- balance control experiments with the reactor and by tracking 
recalcitrant chemicals also present in the steam stripper condensate. Second, there 
appeared to be an initial lag period of up to 24 hours before onset of TCE degradation in 

the reactor. The source of this lag was not determined but could be related to either an 
acclimation of the microorganisms to other chemicals found in the condensate o r  
reversible inhibitory effects on TCE degradation. The duration of TCE degradative 
activity was relatively short, for only 2 to 5 days, compared to previous demonstrations 
where TCE was the sole contaminant. However, several of the runs were interrupted 
due to mechanical and not biological issues. Third, other chemical contaminants were 
also degraded by the bacteria used in the vapor phase reactor which is consistent with 
previous work performed both at ENVlROGEN and elsewhere. 

During the course of this test at the K-25 site, many operational obstacles were 
overcome in the development of the data presented in this report. Though operation was 
not always as smooth as planned, an initial body of data was generated to support the 
conclusion that TCE can be biodegraded within a complex mixture of organic chemicals. 
Ultimately, sustained degradation of TCE and many of the other chemical contaminants 
may be achievable in a stable bioreactor system. Additional work would be required to 
optimize operating conditions. Recently, we have made major advances in increasing the 
stability of operation for our vapor phase TCE bioreactor system and have begun to 
successfully treat TCE directly from contaminated groundwater in the presence of a 
similar mkture of aromatic hydrocarbons as found at the K-25 site. 
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Appendix A 

O R B 0  Tube Raw Data and Calculations 
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