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Abstract

We have developed and field tested a fiber optic chemical sensor for use in
environmental monitoring and remediation 1. The principle of detection is
colorimetric and is based on an irreversible chemical reaction 2 between a specific
reagent and the target compound. The formation of reaction products are

. monitored remotely with optical fibers. Successive or on-demand measurements
are made possible with a reagent reservoir and a miniature pumping system.
The sensor has been evaluated against gas chromatography standards and has
demonstrated accuracy and sensitivity (>5ppb w/w) sufficient for the
environmental monitoring of the contaminants trichloroethlyene (TCE) and
chloroform. The sensor system can be used for bench-top analyses or for in-situ
measurements such as groundwater and vadose monitoring wells or in
Penetrometry mediated placements.

Experimental

The primary chemical reagent used in the sensor is an outgrowth of the
work of Fujiwara 2, who first demonstrated that basic pyridine, when exposed to
certain chlorinated compounds, developed an intense red color. This red color is
due to the formation of highly conjugated that exhibit strong absorption in the
blue-green region of the spectrum. Some selectivity of target molecules is
possible through modifications of the reagents and their relative concentrations3.

The reagent used to detect trichloroethlyene(TCE), for example, is a
mixture of 99% pyridine (by volume) and 1% tetrabutylammonium

• hydroxide(TBAH, 40% aqueous solution by weight). In the presence of the base,
TCE reacts with the pyridine and forms a colored product. The reaction only
requires very dilute amounts of the analyte to proceed, so sensitivity of the

• sensor is excellent. The reagent is highly stable over time and can be stored and
used for several weeks to months.



A benchtop version of the measurement system is shown schematically in
Fig. I below. Its basic components are a pumping system, which consists of a
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Figure 1 (a) Schematic of measurement system

computer controlled syringe pump and six-way valve, for renewing the
chemical reagent; an electro-optic read-out device, consisting of an incandescent
lamp, suitable filters and silicon diode detectors, for measuring sensor
transmission; and the sensor itself. The principal components of this system have
been miniaturized to fit within a penetrometer cone(essentially a 1.25" i.d. pipe).

The sensor, Fi_. 2; allows consecutive measurements to be taken at short
intervals on an on-demand basis, with control and monitoring being executed
remotely. The cell consists of a semipermeable, flexible tube connected at both
ends by stainless steel capillaries. One capillary contains the input fiber and fill
tube while the other contains the output fiber and a drain tube. The components

• are potted in the capillaries using epoxy. A thermocouple is placed in the middle
of the loop so vapor temperature can be continuously monitored.

. Target molecules, TCE for example, diffuse through the semipermeable
membrane of the exposed tubing and react with the reagent inside. In the
presence of TCE the reagent absorbs light in the green region of the spectrum
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(530-570nm). This absorbance, which is recorded against time, provides a direct
measure of TCE vapor concentration.
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Figure 2. Schematic of on-demand sensor

The sensor has been evaluated against gas chromatography standards and
has demonstrated accuracy and sensitivity (<5ppb w/w) sufficient for the
environmental monitoring of the contaminants trichloroethlyene (TCE) and

• chloroform. The sensor system can be used for bench-top analyses or for in-situ
measurements such as groundwater and vadose monitoring wells or in
Penetrometry mediated placements. The sensor has been successfully used to

• monitor TCE in 2 and 4 inch diameter monitoring wells, in a soil vapor
remediation feed line, and has demonstrated a 48 hour consecutive measurement
during an aquifer flow test



Results and Discussion

The objectives of the work reported here were to deliver the sensor, using
cone penetrometry, to multiple depths at multiple locations, to expose the sensor
to a range of TCE concentrations, and to observe the effect that pumping, as in a
vadose zone 'grab sample' operation, has on the measurement process.

A custom penetrometer cone was designed by S. Cooper of the U. S. Army
Corps of Engineers Waterways Experiment Station (COE/WES) and S. Brown of

• Lawrence Livermore National Laboratory (LLNL) and was constructed at LLNL.
The cone (495 mm long, 44.5 mm o. d., 33.75 mm i.d.) is threaded to receive

standard I m x 33.75 mm COE/WES push rods. The reagent delivery system ande

sensor are housed in the cone and are isolated from the environment until the

measurement depth is reached. The TCE sensor was exposed to soil vapors by
means of a removable and disposable ground-penetrating tip. The cone is driven
to the desired depth and then retracted by 15 cm, thereby leaving the removable

_' tip at depth while exposing the sensor to soil vapors and creating a void or
"probed volume" of approximately 200 mm 3. Communication from the ground
surface to the sensor and support equipment housed in the cone is accomplished
with a custom-butt 60 m long umbilical cord containing two optical fibers, a tube
for vacuum evacuation of the probed volume, and a six-wire electrical cable for
electronic instruction delivery and data acquisition.

Four separate pushes (to depths of 9, 14, 41 and 33 meters) were
accomplished over two days. Measurements were made in both a quiescent
("static") and vacuum extraction ("dynamic") mode. A total of 121 individual
TCE concentration measurements were made during the four pushes; measured
concentrations ranged from -2 ppm by volume (static measurement at 9 m
depth) to ,-120 ppm by volume (dynamic measurement at 14 m). It is of
particular note that the time to depth for the 41 m push was only 50 rain.

Table 1 gives the results of an extended experiment performed after the
sensor was pushed to 33 m, which placed it approximately 6 m above the water
table. We made three measurements with the cone tip in place to zero the sensor-

' and then removed the tip and made 15 consecutive static measurements. The
t TCE concentration was 18.8 + 5.0 ppm. We then performed nine consecutive
j measurements under dynamic conditions. Here the concentration jumped

abruptly into the 30-ppm range and remained stable for the duration of
pumping, yielding a TCE concentration of 34 + 1.3 ppm. When we discontinued
pumping, the concentration almost immediately dropped back to the previous
static values (average concentration 14.4 + 1.8). This is slightly less than the initial

. measurements but identical within experimental uncertainty. It is noteworthy
that the first three measurements after retraction of the tip gave higher results
than the next eight measurements. This is probably attributable to the vacuum,

• and the resulting greater soil extraction, generated upon initial retraction of the
cone to form the probed volume. Removing the first three measurements (29.8,
26.9 and 20.0 ppm) from the initial static set yields a mean TCE concentration of
16.1 + 1.4 ppm, which agrees very well with the mean and uncertainty obtained



during the second static set of measurements. One possible explanation for the
higher values obtained during pumping is increased volatility of the TCE during
flowing conditions.

TABLE 1. Measured TCE concentrations under static (unpumped) and dynamic
(vapor extraction) conditions.

Pump [TCE] (ppm, by volume) Average

• Off 29.8 26.9 20.2 18.2 18.0 16.6 16.7 15.8 15.2 15.0 14.6 18.8
On 35.2 33.7 32.1 33.6 33.3 32.5 36.2 35.2 34.3 34.0roll ii

, Off 23.7 18.4 16.0 15.5 14.2 13.2 14.4 12.9 13.0 13.0 13.2 14.4

Conclusions

Ali objectives of this initial penetrometer-mediated sensor-placement
demonstration were accomplished. This technology represents the most rapid
and cost-effective means to obtain initial survey information on subsurface
contamination distribution for a variety of chlorinated solvents. Its impact on
optimizing the siting of monitoring wells will significantly reduce remediation
costs.
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