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ABSTRACT 

Current US. Department of Energy (DOE) policy requires 
characterization and subsequent remediation of areas 
where trichloroethylene (TCE) has been discharged into 
the soil and groundwater. Technology that allows trace 
quantities of this contaminant to be measured in situ on a 
continuous basis is needed. Fiber optic chemical sensors 
offer a promising low cost solution. 

Field tests of such a fiber optic chemical sensor for TCE 
have recently been completed. Sensors have been used to 
measure TCE contamination at Savannah River Site (SRS) 
and Lawrence Livermore National Laboratory Site 300 
@300) in the groundwater and vadose zones. Both sites 
are currently undergoing remediation processes. 

SENSOR DESIGN 

The principle of detection for the sensor is a 
quantitative, irreversible chemical reaction that forms 
visible light absorbing products upon exposure to various 
target molecules. The primary reagent is an outgrowth of 
the work of Fujiwara,1 who first demonstrated that basic 
pyridine, when exposed to certain chlorinated compounds, 
developed an intense red color. Absorption of light 
relative to the reaction time is directly proportional to 
contaminant concentration. Selectivity of target molecules 
is possible through modifications of the reagents and their 
relative mix of pyridine and base.2 Recently it has been 
shown that increasing the amount of water in the reagent 
modifies the sensitivity of the reagent, thereby 
significantly extending the sensor's dynamic range. This 
increase in range is of considerable importance when 
investigating a remediation process, where initial 
contaminant concentration can be extremely high. 

The measurement system has three major 
components. These are a pumping system, an electro-optic 
instrument that provides filtered light to the sensor and 
detects the returning transmission signal, and the sensor 
(Fig. 1). The measurement system allows consecutive 
measurements to be made on an on-demand basis, with 
control and monitoring being executed remotely. The 
small reaction volume of the sensor allows a large number 
of measurements to be made before the reagent supply 
must be renewed. This allows the sensor to stay down in 
place over long periods of time. The design is inherently 
rugged and has been shown to withstand harsh field 
conditions. 
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Figure 1 - Sensor Delivery System 

SAVANNAH RIVER SITE FIELD TESTS 

At SRS perchloroethylene (PCE) and TCE have been 
used as degreasing solvents since 1952. A groundwater 
plume of these volatile organic compounds exists over an 
area greater than a square mile. A DOE Integrated 
Demonstration Project has been established at SRS to 
evaluate promising characterization and remediation 
technologies for TCE and PCE. The demonstration site is 
along an abandoned solvent discharge line that leaked at 
several locations along its length. Numerous boreholes 
and vertical wells at the demonstration site provide access 
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to the contaminated soil column. Recently, horizontal 
wells have been established as the injection and extraction 
system for remediation efforts.3 

The initial field test of our sensor was made in 
September of 1991. These measurements were made prior 
to current remediation efforts, which involve a technology 
designed to provide in situ air stripping. The initial 
measurements were made in a vadose zone monitoring 
well at varying depths. The well was screened 
continuously from the surface, and a packer was used in 
an attempt to isolate sample regions. A second set of 
measurements was made in the same well at two depths 
after remediation processes had begun in March of 1992. 
A comparison of the data collected in the two field tests is 
shown below (see Fig. 2). 

The concentration of TCE soil gas in the well is 
largely influenced by two factors. One is atmospheric 
pressure. In the September measurements, low 
atmospheric pressure conditions created a significant 
outflow of soil gases from the well Packing off a discrete 
sample in these conditions is difficult as gases flow 
through the gravel pack surrounding the screens to the 
surface (Fig. 3a). This explains the absence of a TCE 
concentration gradient in the well. It should also be noted 
that the data collected were at the saturation point for the 
reagent being used. Thus the concentrations given are the 
minimum TCE vapor present in the soil vapor well. 
Subsequent work to develop desensitized reagents has 
resulted in a dramatically increased range for the sensor. 

The second significant factor influencing the TCE 
concentration is extraction of soil gases for remediation 
purposes. In the March experiment this extraction from 
the horizontal wells created a vacuum on the soil column 
and a net flow of gases into the well Our sample region 
was subsequently diluted as atmospheric air flowed 
through the grout surrounding the well (Fig. 3b). The 
extraction process had been activated two weeks prior to 
our experiment The grout provided the easiest path for 

(a) (b) 
Figure 3 - (a) Gas Flow Up Well Due to Low Atm. Pressure 
(b) Gas Flow Down Well Due to Soil Vapor Extraction 

the remediation to occur. The combination of this dilution 
and selective remediation of the sample area resulted in 
the background levels of TCE recorded. 

Measurements were also made in two groundwater 
wells at SRS during the March field test Data were 
collected of TCE headspace concentrations at varying 
depths above the water table (Fig. 4). The values shown in 
parentheses in Figure 4 are water samples analyzed by gas 
chromatography (GO and converted to vapor 
concentrations using Henry's Constant4 Because the GC 
measurements were strictly water samples, the soil vapor 
gas contribution from the clay layer is neglected. This 
explains the discrepancy between the GC and sensor 
measurements. 
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Figure 2 • Comparison of Vadose Zone Measurements 
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Figure 4 - Monitoring Well Measurements 



DISCLAIMER 

This report was prepared as an account of work sponsored 
by an agency of the United States Government. Neither 
the United States Government nor any agency thereof, nor 
any of their employees, make any warranty, express or 
implied, or assumes any legal liability or responsibility for 
the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or 
represents that its use would not infringe privately owned 
rights. Reference herein to any specific commercial 
product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute 
or imply its endorsement, recommendation, or favoring by 
the United States Government or any agency thereof. The 
views and opinions of authors expressed herein do not 
necessarily state or reflect those of the United States 
Government or any agency thereof. 
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LLNL SITE 300 HELD EXPERIMENT 

At LLNL Site 300 we have incorporated the sensor 
in-line with an above ground remediation process. The 
measurements made were in an area undergoing 
remediation by Purus, a private company. Purus is 
currently licensing its technology for above ground 
remediation. 

The experimental set-up is shown below (Fig. Sa). 
Initially, the sensor was simply placed in the pipe with 
no flow past it The blower was then activated and a 
stream of gas from nine adjacent soil vapor wells was 

established past the sensor. By opening a fresh air valve 
to varying degrees, the soil vapor gas stream was then 
subsequently diluted. The last measurement was made 
with the sensor removed from the pipe to establish a 
background. The entire process was monitored 
continuously by the sensor (Fig. 5b). 

As demonstrated in Figure 5b, the measurements 
clearly track the dynamic TCE concentration in the pipe. 
The small measurement interval (2.5 minutes) allows even 
rapid changes in TCE concentration to be recognized 
quickly. The sensor, moreover, was easily incorporated in 
situ, eliminating the need for sample handling and 
collection. 
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Figure 5a - Experimental Set-up: Tracking Changes in TCE 
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Figure 5b - Tracking a Dynamic TCE Vapor Concentration 



CONCLUSIONS 

The field tests recorded in this paper demonstrated the 
feasibility of using the TCE chemical fiber optic sensor in 
parallel with remediation technologies. It could be used 
in situ in the soil column or above ground as an aid to 
tracking the remediation process. It provides 
measurements on a continuous basis, removing handling 
and sampling delays. Future work will orient on 
providing reagents for different contaminants and 
transferring the current technology to industry. 
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