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FIELD QA AND REPRESENTATIVE SAMPLING: Findings o2 a naticnal
workshop

Quality Assurance

Llewellyn R. Williams, PhD, Senior Science Advisor, U.S.
Environmental Protection Agency, EMSL-lLas Vegas, Nevada 89193

ABSTRACT

In recognition of an urgent need to share information on
controlling in-field sources of data variability (often the largest
components of variability in environmental measurements), a
workshop was convened April 29-May 1, 1992, in Las Vaegas, Nevada.
The purpose of the workshop was to identify practical approaches
to, and gaps in our knowledge of sampling, sampling design, and
field quality assurance for environmental studies, particularly as
applied to waste sites, heterogeneous waste streams, and
contaminated soils or sediments. Scientists, engyineers, and
quality professionals from variocus agencias in the Federal, State
and private sectors gathered. This paper repor:ts consensus
findings and workgroup recommendations for issues re.ated to: (1)
the design and implementation of statistically wvalid sampling
approaches; (2) the application of the "Data Quality Objectives"
process to field operations; (3) training and educational needs for
field personnel; (4) quality control and gquality assurance
techniques and sample types applicable to field operations: (5)
"best estimator” parameters for total measurement error; and (6)
the complex problems posed by highly hetercgeneous environmental

media.or atypical distributions of toxicants or otrer hazardous
constituents.
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Quantitative In Situ Soil Gas Sampling

George E. Robitaille, U.S. Army Toxic and Hazardous Materials
Agency, Technical Support Division, CETHA-TS-C, Aberdeen Proving
Ground, Maryland 21010-5401 and D.P. Lucero, Lucero Associates,
18421 Cedar Drive, Triangle, Virginia 22172

ABSTRACT

In conjunction with a triservice (Army, Navy, and Air Force)
program to develop a cone penetrometer with associated sensors
and detectors, a prototype soil gas sampling system has been
fabricated and functionally tested. The system, referred to as
TerraTrog, quantitatively samples hazardous soil gases and
vapors. TerraTrog can be deployed by a cone penetrometer to
depths of 100 ft far less expensively than drilling monitoring
wells. The device may be permanently implanted or may be
retrieved and deployed at multiple locations using the cone
penetrometer.

TerraTrog comprises two modules: an implant of small dimensions
containing a gas-permeable membrane of high diffusion impedance
(located at subsurface levels) and a sampling and calibration
interface with a pneumatic manifold (located at ground level).
Unlike conventional non-quantitative soil gas sampling techniques
requiring vacuum to operate, TerraTrog relies only on soil gas
diffusion for subsurface so0il gas collection and a carrier gas
stream flowing at a slight positive pressure for lifting the
sample to the surface. Because the sampling is diffusion-limited
by a membrane of known impedance, the sampling rate and sample
size are independent of soil permeability. Sampling does not
deplete the local soil gas or vapor, guaranteeing the accuracy of
measurements made with the device even after long periods of
continuous sampling. The system has a 15 min. maximum time-rate-
of - response.

Functional and performance testing has been performed with
trichloroethylene in soil, water, and air, using a Photovac 10870
portable gas chromatograph. The implant has been demonstrated to
operate as designed, i.e., is diffusion-limited with implant
response directly proportional to external soil gas partial
pressure.

INTRODUCTION

A major problem in the cleanup process or assessment of sites
contaminated by hazardous waste and toxic chemicals stems from
the lack of information or misinformation regarding site
subsurface characteristics, composition, and aerial and
volumetric extent. Performing a general prospecting survey of
the site hazardous fluids and their mobility or stability is of
gignificant value in developing preliminary overall containment
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and treatment plans (1). A network of relatively low-cost
implanted -gas samplers deployed throughout the site’s vadose and
peripheral zones as well as adjacent aquifers and high
permeability strata can be utilized effectively for site
prospecting and characterization. The notion of an implanted
sampler network is a viable concept only if waste
characterization data can be provided quickly and inexpensively
and if the sampler can provide samples of all hazardous soil
fluids and contaminants and can interface at the dump site with a
variety of analyzers or monitors and secondary samplers.

This gas sampler system, called TerraTrog (2) for easy reference,
is described below and addresses the above requirements
satisfactorily, offering features that promote simple, low cost
sampler deployment; minimal soil disturbance during deployment;
minimal sample extraction during each sampling episode, providing
a correspondingly more representative sample of soil gases;
minimal hardware; and small dimensions. The TerraTrog implant
has a 1-in. lateral dimension and can be deployed by cone
penetrometers available commercially (3). In addition, sampler
operation is independent of the soil permeability over a range of
0.1 to 1000 mD, and therefore, quantitative data are obtained for
sandy as well as clay soil types. These operational features
also render the sample obtained independent of sampling chamber
volume, line length, sampling pump head, and corresponding
pressure. losses.

SECONDARY SAMPLER
OR ANALYZER

CARRIER AND
CALIBRATION
ANALYZER GAS SUPPLY -

SURFACE |
CONTROL
INTERRACE

CALIBRATION GAS LINE

| """ TO IMPLANT

r d

CARRIER GAS RETURN LINE

SUBSURFACE

/— IMPLANT

Figure | TERRATROG SOL GAS SAMPLER SYSTEM
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THE SAMPLER IMPLANT SYSTEM

TerraTrog comprises two modules: the subsurface implant and the
surface control interface. Figure 1 illustrates the system
deployed in the so0il; deployment in groundwater is analogous
exactly. Gases enter the implant at flow rates proportional to
the individual gas partial pressures and the partial and vapor
pressures of dissolved and pure liquids, respectively, regardless
of the so0il permeability. The so0il gases are lifted to the
surface by the carrier gas stream, which enters the surface
module and flows at a controlled and measured flow rate to and
through the implant and returning to the surface as shown. Soil
gas analysis and monitoring is accomplished by the analyzer
attached to the carrier gas stream return line at the interface.
The analyzer/monitor and carrier gas used are compatible with all
aspects of TerraTrog and the data quality requirements of the
application. In addition, a secondary sampling device (adsortion
tubes, bubbler, etc.) may be attached to the interface, and soil
gas may be collected in batches for subsequent laboratory
analysis. With a sufficiently large carrier gas stream flow
rate, one or more analyzers/monitors and/or one or more secondary
samplers can be attached to the carrier gas outlet of the
interface and can be operated concurrently.

— Carner Gas in

~ Calibraticn Gas n

___Top Header and
-~ Gas Manfold

Nut-—

Metal Wasnet

Thread Seaing N a
Gasket T a9
e _.— Calibraticn Gas
N7 o T Ditfuser Cap
NG| i
N, o
N s
7
S__ Cafbration Gas
Out
Membrane Support
Rods (8) Membrane Tube

Carrier Gas Tube

Bottom Header

¢ Seafing Cap
and O-Ring

Cone Tp

Figure 2 Sampler Implant
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The cross-sectional illustration of the implant (Figure 2)
depicts a cylindrical array of eight metal rods approximately 6
in. long, contained within a 1-in. diameter envelope. These are
surrounded externally by a 1-in. diameter, 0.002-in. thick Teflon
tubular membrane. The rods provide mechanical support for the
tubular membrane.

The surface control interface module provides the means to
accurately control the flow of the inert carrier gas. In
addition, there are fittings for the carrier and calibration gas
supply lines and the respective pneumatic lines to the implant.
The carrier gas return line connects to a manifold which can be
connected to an analyzer(s) and/or secondary sampling devices.

PRINCIPLE OF OPERATION

Implant operation is based on a flow of soil gases by diffusion
through the semi-permeable tubular membrane of Figure 2 . 1In
addition, the soil gas flow rate is diffusion limited by the
membrane and consequently independent of the soil permeability.
As carrier gas flows through the implant, the concentration of
the soil gas species at the surface is a ratio of the two gas
flow rates:

[G] = (Q,/Q,) 10° (1)
where

[G] = soil gas species concentration in the carrier gas
stream at the interface module, parts per billion
(ppb, v/v);

Q = soil gas species flow rate into the implant, std
ml/min; and

Q. = carrier gas flow rate, std ml/min.

The carrier gas flow rate is measured at the surface interface
module. The so0il gas species flow rate is the product of the
soil gas species membrane conductance and partial pressure in the
surrounding soil. By lumping the membrane and carrier gas
parameters into the term, y, the soil gas partial pressure is
related to [G] as follows (7,8):

P, = y [G]
(2)

where

P, = s0il gas species partial pressure in the soil, torr.
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The system response time is approximately 100-300 s. For
terratrog operating with a 50-std ml/min carrier gas flow rate
stream, 0.0625-in inside diameter pneumatic lines, and an implant
50 feet below the surface, the lag time of the system is
approximately 73 seconds.

Equations 1 and 2 describe the soil gas species concentration at
the surface interface for TerraTrog operating in the dynamic
sampling mode, i.e., the operating mode in which the carrier gas
flows continuously through the implant. The implant can also be
used in the static sampling mode, i.e., the operating mode in
which the carrier gas does not flow (Q, = 0) for a prescribed
period of time preceding dynamic sampling but flows only after
the equilibrium condition described below is attained. Note that
soil gas flow into the implant will continue, regardless, until
the soil gas partial pressure difference across the tubular
membrane is zero. At this point, the net flow of soil gas into
the implant is zero, and an equilibrium soil gas concentration
internally and externally of the tubular membrane is obtained.
After this equilibrium is attained, the carrier is used to lift
the soil gas accumulated in the implant.

For the initial condition, where the soil gas partial pressure,
Py measured at the surface interface is zero (Pg, the sampler
implant intergral soil gas partial pressure is zero), the time
required to obtain the static equilibrium condition with the soil
gas pressure, i.e., P, = P,, is 7 days (7,8) for the implant
dimensions listed above and a soil gas permeability coefficient

of 8 x 10" std ml/min-cm?-torr/cm (2).

DESIGN AND OPERATIONAL CONSIDERATIONS

Aside from fundamental system analytical and monitoring
performance requirements, the system design constraints are
established by reliability and service life requirements and
deployment flexibility. TerraTrog reliability corresponds
generally and most importantly with the exigencies of maintaining
the relationship of soil gas species partial pressure, P,, and
the measured soil gas species concentration, [G], described by
equation 2. Adherence to this relationship is predicated on the
design and operational integrity of the tubular membrane and the
pneumatic lines leading to the surface. It is essential that the
s0il gas flow into the implant by a diffusion process only,
therefore, the tubular membrane must be free of tears, punctures,
and holes and other pneumatic leaks. Thus, pre- and post-
assembly inspection of the tubular membrane as well as an implant
leak check is required. The tubular membrane must not be damaged
during the deployment and operational processes.
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The maximum typical soil gas sample flow rate into the implant is
approximately 0.01 std pl/min for arbitrary but realistic
conditions. This estimate is based on a membrane material with
P, = 2 x 10° ml/min-cm’-torr/cm at 20°C (9). In a relative

sense, it is a very small sample, yet large enough to produce a
[G] for many soil gas species within the response range of many
gas phase analyzers/monitors that may be attached to the
interface.

There are three important aspects to the relatively small sample
size or flow rate: First, the disturbance to the soil is
minimized; consequently, a more representative sample is obtained
independent of soil fluid conditions. Second, for soil strata in
and around dump sites, the so0il gas flow rate into the implant is
diffusion limited by the tubular membrane and is independent of
the gas permeability of the surrounding soil. Thirdly and most
importantly, these conditions lead to a quantitative measurement
of the s0il gas partial pressure.

The soil gas flow rate is proportional to the soil gas species
pressure only, without regard to the form of the sample, i.e.,
gas phase, liquid phase, or dissolved gas/liquid phase. For
example, the implant can obtain information regarding dissolved
trichloroethylene (TCE) in water or TCE saturated in water, and
insoluble gases contained in the water. Furthermore, the implant
also functions as described immersed completely in an aquifer or
other body of water or liquid.

GAS ANALYSIS AND MONITORING

In a relative sense, the actual analysis of the transport gas
output stream from the interface panel is the most simple and
direct procedure of the entire system. A variety of analyzers,
monitors, and secondary sampling devices can be used singularly
or simultaneously. The user, however, must establish preliminary
requirements for the target species and the lower detection
limits of the analytical devices contemplated, i.e., it is
essential to consider the analyzer performance specifications to
specify and adjust the operating conditions of TerraTrog
accordingly.

TERRATROG PERFORMANCE

Laboratory Performance

Representative data for the TerraTrog time-rate-of-response in
static sampling mode to dissolved phase TCE in water is shown in

Figure 3. The internal concentration reaches equilibrium with
the external TCE concentration in 7 days (168 hr.).
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Representative dynamic sampling mode data for the implant
response, [G], to TCE as a function of inverse carrier flow rate,
1/Q,, is shown in Figures 4, 5, and 6. A multipoint calibration
curve, Figure 7, shows the relationship between implant response,
[G], and external dissolved phase TCE concentration in water.
Figures 6, 7, and 8 show the implant response is linear
regardless of whether the implant is deployed in soil, water, or
air. Additionally, the flow rate of TCE into the implant, Q,, is
constant when the implant is sampled in dynamic mode in an
environment of constant external TCE concentration. The sample
flow rate, Q,, is relatively small, ranging from 9.2 x 10% std.
pl/min for dissolved phase TCE at 100 ppbm external concentration
in water, to 3.7 x10® std. ul/min for gas phase TCE at 227 ppmv
external concentration in air. Figure 7 shows that the implant
response, and hence Q,, varies linearly with the external TCE
concentration and therefore with the external TCE partial
pressure. The data demonstrate that Q, is dependent only on the
permeability, P,, of the implant gas permeable membrane, and the
_external TCE partial pressure, or concentration (6,7).
Therefore, the implant operation is diffusion-limited by the
implant gas permeable membrane and the implant response is
directly proportional to the external TCE partial pressure in
soil, water, or air, exactly as described by equations 1 and 2.

The multipoint calibration curve, Figure 7, can be used with the
implant to directly measure the TCE concentration in contaminated
groundwater in the field. For example, a user would deploy the
implant to the desired depth in a monitoring well or other body
of water and establish a carrier flow rate of 40 ml/min. The
implant response would be measured using a conventional gas-phase
TCE analyzer, such as the Photovac 10S870. The implant response

- would then be located on the vertical axis of the calibration

. curve, and the corresponding TCE concentration in the groundwater
read off the horizontal axis of the curve.Since the implant
response is shown to be linear in the multipoint calibration
curve of Figure 7, it may be replaced with a single point
calibration which yields a linear calibration factor, K:

K = [C]/IG]

where

K implant linear calibration factor, ppbm/ppbv
[C.] = external TCE concentration, ppbm
[G] implant response, ppbv

The linear calibration factor may be used exactly as the
multipoint calibration curve to make direct field measurements.
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Figure 7 Calibration Curve for Implant Response
to TCE in Water versus TCE Concentration

FIELD PERFORMANCE

Preliminary field charterization work was performed with
TerraTrog deployed in groundwater wells at the U.S. Army Phoenix
Nike Site, Baltimore, County, Maryland and in compacted soil at
the Department of Energy (DOE) Savannah River Site (SRS).
TerraTrog was used at both sites to sample primarily for
trichloroethylene (TCE).

Groundwater Wells

Two terraTrog implant modules were deployed in groundwater wells.
Each implant module was suspended approximately 40 ft in the well
2 to 3 ft below the water level over periods of several months.
One unit developed leaks through punctures in the membrane and
was repaired on several occasions. The implant modules were all
leak checked prior to deployment and it was surmised that the
membrane was damaged during deployment. After several attempts
the implant module was deployed successfully.

The learning process continued in analytical attempts to analyze
the groundwater for TCE with a portable GC (Photovac model 10S70+
with a CPSi5CB-10m by 0.53mm column) and with sorbent sampling
tubes. Analytical success was finally achieved with the portable
GC in that dynamic and static measurements were obtained and the
results of both measurements correlated well. TerrTrog used a
Helium carrier gas at 15 ml/min. The GC used an Ultra Zero Air
Carrier at 5 ml/min with the oven temperature at 40C and was
calibrated at 92 and 900 ppb. A 500ul syringe was used to obtain
the discrete samples with the TerraTrog surface module and inject
it into the GC. The Helium flow was shutoff after each sample as
taken and started again to obtain the discrete samples from the
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TerraTrog surface module and inject it into the GC. The Helium
flow was shutoff after each sample was taken and started again to
obtain the next sample. The TCE retention time was 142s. Nine
separate samples were taken over a 40 minute period as shown
below and in figure 8.

TIME (min) 1.5 3.0 4.5 8.0 9.0 15 25 34 40
CONO (ppb) 256 982 1280 1080 1040 497 145 91 119
1400

1200
[

0 1000
N
C

E 800
N
T

R soof
T

é 400
N

(ppm)
200+
0 T T T T
[+] 10 20 30 40 80
TIME (ain)

Filgure 8 TCE Concentration versus Time

The total volume of the implant module and the return line to the
surface module is approximately 100 ml. Approximately 6.7
minutes are required for one TerraTrog volume exchange. Thus,
the static sample "peak" should appear between 2-6 minutes as
determined by TerraTrog volume and the carrier gas flow rate.

The data above shows a broad peak at 4.5 minutes tailing off
slowly for about 15 minutes and attains a steady state level near
100ppb.

From the static data considerations, it is determined that the
groundwater headspace TCE partial pressure is at least 1260ppb.

A simple plot of the data and an extrapolation to the peak yields
a concentration near 1380ppb.

From the dynamic data considerations and the calibration curve of
Figure 3 corrected for the reduced TerraTrog carrier gas flow
rate, i.e., 15 ml/min and K = 16.) it is determined that the
groundwater TCE concentration is 1.46ppmm. At this stage of the
field testing the dynamic and static measurements correlate well.

11
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Compacted Soil

Deployment and retrieval experiments were performed to assess the
implant field worthiness and to obtain TCE samples for on site
analysis by a portable GC (Photovac Model 10S70 with a CPSi5CB-
10m by 0.5mm column) operating with 10 ml/min of Ultra Zero Air
and an oven temperature of 25C.

The implant was deployed in sandy-gravely soil to a 3ft depth and
retrieved 20 hr later. Inspection of the implant-tool assembly
showed accumulation of dense compacted soil containing gravel on
the conetip shoulder. Small rocks (0.1 to 0.05 in. average
diameter) with sharp edges were lodged adjacent to the membrane.
A post-deployment leak check of the implant-tool assembly showed
a small leak at the base of the TerraTrog implant. Upon removal
of the implant from the tool, a small rock (0.05 in. diameter)
was found to have punctured a small hole in the membrane.

The implant was deployed in grassy clay-like soil to a 4 ft depth
and retrieved 14 hr later. No leaks in the membrane were
detected and the implant was fully functional. A TCE response
was obtained with 40 ml/min TerraTrog carrier gas flow rate.
Inspection of the implant-tool assembly showed an accumulation of
moderately dense, compacted sandy-clay soil that was visibly
moist on the shoulder of the penetrometer tip.

The implant was deployed a third time in highly compacted sandy
soil to a 14 ft depth and implanted permanently. Twelve hours
after deployment the GC was connected to the TerraTrog surface
module and 0.05ppm TCE level responses were obtained from the
carrier gas. From these data it was estimated the TCE headspace
partial pressure was 10 to 20ppm.

A second set of field experiments were performed 22 weeks later.
The sample analysis was performed in real time with an ion trap
mass spectrometer supplied and operated by the 0Oak Ridge National
Laboratory (ORNL). In addition, discrete samples were taken by
in-line sorption tubes developed by ORNL. Static samples were not
obtained because of an operational error made in connecting the
TerraTrog sample return line to the real-time monitor sample
inlet fitting. However, soil gas dynamic samples of TCE,
Benzene, Toulene and Xylene were obtained and analyzed with the
real time monitor as were discrete results correlated with 10%
for each species. However, it was possible to estimate the soil
headspace concentration for only TCE and Benzene because the
implant gas conductance for the remaining species has not been
determined. It was estimated that the TCE and Benzene soil
headspace partial pressures are 62.8 and 13.2ppmv respectively.
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CONCLUSION

The development of the TerraTrog is viewed as having potential
for future use in the evaluation of hazardous waste sites. The
potential utility of the device includes not only initial site
assessment, but possibly of more importance, its use in the
routine monitoring that is essential to the long term assessment
of a site before, during and after remedial activities are
accomplished. Although initially designed to be used in a cone
penetrometer, the utility of the device for routine groundwater
monitoring is also recognized due to its small diameter and
ability to descend down standard well casings.
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FIELD AND LABORATORY METHODS FOR A SUPERFUND
ECOLOGICAL RISK ASSESSMENT AT MILLTOWN RESERVOIR WETLANDS

Greg Linder, Mike Bollman, Chris Gillett, Julius Nwosu, Suean Ott, David
Wilborn, ManTech Environmental Technology; Gray Henderson, University of
Missouri; and Clarence Callahan, US Environmental Protection Agency, Environmental
Research Laboratory, 200 S.W. 35th Street, Corvallis OR.

ABSTRACT: Within ecological contexts, biological evaluations in the field and
laboratory should be considered critical components in the ecological risk assessment
process for Superfund, since integrated approaches to hazard evaluation consider
contaminant bioavailability and subtle expressions of adverse biological effects associated
with chronic exposures. Depending upon habitat type, field and laboratory methods have
been developed for hazard evaluation which lend themselves directly to the Superfund
ecological risk assessment process. For example, wetlands in mining districts in the
western U.S are frequently impacted by heavy metal-laden sediments. The present study
summarizes a baseline ecological risk assessment completed by U.S. EPA Region 8 for
a Superfund site located at Milltown Reservoir wetlands (MRW) in westérn Montana.
As part of the ecological risk assessment, a variety of biological test methods fe.g.,

. terrestrial and aquatic tests] were critical to the wetland evaluation. For evaluating heavy
metal effects at MRW, various field and laboratory methods were included as part of the
ecological assessment. These included: '

. Preliminary food-web contamination survey

. Vegetation tests in emergent and upland habitats
. Heavy metal uptake studies using plants

. Soil macroinvertebrate tests

. Sediment macroinvertebrate studies

. Studies using amphibians

. Studies using bacterial tests

. Soil and chemical analysis

In conjunction with chemical analyses, these biological and ecological evaluations yielded
an integrated evaluation of ecological effects and exposure at MRW. The data gathered
from laboratory and field work at MRW has reduced the uncertainty associated with the
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baseline ecological risk assessment, and suggested that biological and ecological effects
were subtle in their expression in the wetland.

INTRODUCTION

Milltown Reservoir and its associated wetlands are located on the Clark Fork River in
western Montana, six miles east of Missoula, Montana. The reservoir was formed in
1907 following the construction of a hydroelectric facility located on the Clark Fork
River immediately downstream from its confluence with the Blackfoot River. Since
construction of the dam, a wetland habitat has been created. Because of the upstream
mining activities on the Clark Fork River, however, Milltown Reservoir has accumulated
a large volume of heavy metal-laden sediment. The Milltown Reservoir wetland was
initially identified under CERCLA [Comprehensive Environmental Response,
Compensation, and Liability Act] in 1981 after community well-water samples were
found to have arsenic levels that ranged from 0.22 to 0.51 mg/L; the EPA
recommendation for potable water supplies suggested that arsenic not exceed 0.05 mg/L.
Within an ecological context, however, the impact of the contaminated sediments on the
wetlands was unclear; the laboratory and field investigations evaluated the extent of
contaminant and its impact on the indigenous wildlife and vegetation characteristic of the
site. For the wetlands evaluation, heavy metals appear the most critical contaminant
which must be considered in the ecological assessment at Milltown; those of primary
interest include arsenic, cadmium, copper, lead and zinc (Woessner, et al. 1984).

Assessment strategy. In general, an ecological assessment may be considered an
integrated evaluation of biological effects derived through measurements of ecological
effects and exposure (U.S. EPA 1988; 1989), and an overview of the assessment strategy
used at MRW during field and laboratory operations is summarized in Figure 1. Within
the context of Superfund ecological risk assessment, chemical and biological interactions
associated with contaminant exposures in soil or sediment may be evaluated according to
various assessment strategies. For example, both chemically-based and toxicity-based
approaches have made significant contributions to ecological assessments for hazardous
waste sites (Parkhurst, et al. 1989). From an ecotoxicological perspective, ecological
effects and exposure assessments are complex interrelated functions which yield estimates
of hazard associated with environmental contaminants in various matrices sampled at a
site. Ecological assessments at Superfund sites reflect the site-specific demands required
by waste sites, and represent integrated evaluations of ecological effects, including
toxicity, and exposure. Depending upon the site, both laboratory tests and field methods
will be required for an ecological assessment.

Toxicity assessments are derived from acute tests as well as subacute and chronic tests
which measure biological endpoints other than death, and are generally completed as part
of the ecological effects assessment. These toxicity assessments are usually derived from
laboratory-generated data, but in situ toxicity assessments, while not as well developed
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Figure 1. Ecological effects and exposure assessments as components of the ecological
assessment process for hazardous waste sites (US EPA 1991).
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as laboratory toxicity tests, are becoming more prominent in the ecological assessment
process (Warren-Hicks, et al. 1989). In situ methods more closely infer a linkage
between toxicity and exposure functions, and reduce the problems associated with lab-to-
field extrapolations of toxicity data. Ecological effects assessments also rely upon field
methods which measure ecological endpoints, either on-site or at reference sites, and yield
survey data relevant to estimates of adverse ecological effects associated with a waste site.

Depending upon the environmental matrix being tested, site-specific toxicity assessments
may be derived using various tests(e.g., Horning and Weber 1985; Peltier and Weber
1985; Weber, ¢t al. 1988; Greene, ¢t al. 1988), and may include invertebrate and
vertebrate, algal, plant, and microbial test systems. These toxicity assessment tools
potentially yield information regarding acute biological responses elicited by site-samples
or their derivatives, and may suggest longer-term biological effects (e.g., genotoxicity
or teratogenicity) potentially associated with subacute and chronic exposures to complex
chemical mixtures characteristic of hazardous waste sites. Linkages among chemical
contaminants, adverse ecological effects, and ecological toxicity (Parkhurst, et al. 1989;
Stevens, ¢t al 1989) may subsequently be evaluated during the site-assessment process
using quantitative or statistical methods (Figure 2). When toxicity assessments are
combined with (1) chemical analyses which evaluate pertinent site samples and (2) field
surveys which measure ecological endpoints, higher level biological organization (e.g.,
populations and communities) ecological risk assessments may be derived with less
uncertainty to assure that sound ecological management practices are implemented during
the remedial investigation/feasibility study process.

MRW assessment methods. For an ecological assessment at MRW, various tasks were
completed during the preliminary (ETI 1990c) and definitive year’s work. These tasks
included:

. Preliminary food-web contamination survey [field and laboratory methods]

. Vegetation evaluations [laboratory root elongation tests on groundwater;
emergent and upland vegetation tests in field and laboratory]

. Earthworm evaluations [field and laboratory methods]

. Preliminary and scoping year studies using amphibians {field and
laboratory methods]

. Preliminary and scoping year studies using bacterial tests [laboratory tests]
. Plant uptake studies [field/greenhouse methods}

. Plant fluorescence evaluations [field and laboratory methods}
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. Soil characterization and chemical analysis [soils, sediments, and biota;
laboratory methods]

-Whether completed during the preliminary or definitive year’s studies, the data gathered
from laboratory and field work at MRW has been summarized as a contribution to the
baseline ecological risk assessment.

Figure 2. Sources of information (toxicity, chemical, and
ecological) that contribute to an ecological assessment.

Toxicity data Chemical data Ecological data
v v v

i I ]
v
Statistical or Quantitative
Integration

v

Contribution to ecological
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Preliminary Food-Web Contamination Survey [field and laboratory methods]. In
preliminary food-web analyses for small mammals at MRW, there appears to be no overt
indication of metal biomagnification in the small mammal community at Milltown.
Additionally, in support of screening level risk calculations, the comparative literature
suggests that no overt problem is indicated by tissue metal residues in either carcass or
selected organs of the herbivores collected at Milltown during the preliminary field
season. Observations regarding health and status of resident small mammal populations
was also considered in the evaluation of small mammal risks associated with metal
exposures. Upon gross examination, external features were generally unremarkable in
all animals collected at MRW.

From a similar food-web contamination evaluation for fur-bearers (beaver and muskrat)
the comparative data for metal loading in terrestrial and semi-aquatic mammals suggests
that no adult muskrat or beaver would approach critical whole-carcass burdens, although
no empirical site-specific data were collected at MRW to support this position. As with
herbivorous small mammals, no target organ metal loads were considered quantitatively
in these screening calculations. If target organs were considered (e.g., kidney), metal
residues could be relatively greater than in carcass. But, small mammal data collected
at MRW do not suggest that target organ toxicity or biomagnification are being
expressed. Again, calculated metal concentrations in muscle tissue are relatively low
which may suggest that the metal bioavailability in plant tissue (e.g., cattail tuber) is
relatively limited, or that exposure is minimized due to selective feeding.
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Vegetation Evaluations [laboratory root elongation tests on groundwater; emergent
and upland vegetation tests in field and laboratory]. During the scoping year’s field
and laboratory efforts, seed germination testing was completed using site-soils. Both on-
site and laboratory methods were employed in these preliminary soil contamination
evaluations, and no overt expressions of phytotoxicity were observed. During the
definitive year’s studies, rather than continue work with these two phytotoxicity test
methods, alternative test methods were used in evaluating MRW. One, groundwater
samples were collected at selected sites across the wetland and were tested using the root
elongation procedure. Two, emergent zones in the wetlands were evaluated using
laboratory and field methods that tested native marsh plants as well as a standard
submerged aquatic vascular plant (Potamogeton pectinatus and a standard test species
Hydrill icillata).

The root elongation tests that were completed on groundwater samples collected at MRW
were consistently not acutely toxic, suggesting that groundwater coincident with the
rhizosphere would generally not be overtly phytotoxic. These groundwater samples were
collected from deposition zones in the braided stretches of the Clark Fork River, and
while generally not acutely toxic, some statistically significant biological activity was
noted with respect to root elongation inhibition, however, at some sampling locations at
MRW. These groundwater samples were clearly inhibitory to root elongation as
measured using the standard test species. Field surveys completed in conjunction with
the sampling and laboratory testing, however, did not suggest that these biological effects
were currently being expressed at these sampling locations.

In addition to root elongation testing for groundwater evaluations, field and laboratory
testing was completed with an indigenous emergent vascular plant, sago pondweed
(Potamogeton pectinatus), as well as a standard test species Hydrilla verticillata during
the definitive year’s operations. In general, emergent vegetation testing in laboratory and
field suggested that effects, when expressed, were not acute but sublethal in expression.
The in situ testing with sago pondweed (P. pectinatus) indicated no adverse effects for
growth endpoints (root and shoot length), and physiological markers (peroxidase activity
[POD]) indicative of plant stress were similarly unremarkable. Indigenous plant samples
(Elodea sp.) were also collected concurrent with in situ testing and were analyzed for
POD activity. Statistically significant differences among sites were noted across MRW
sampling locations which may be indicative of general plant stress. In parallel laboratory
exposures, no consistent pattern was noted with respect to growth endpoints (root and
shoot lengths and chlorophyll a) for either test species (P. pectinatus and H. yerticillata)
when tested with bulk sediments collected from MRW sites. While morphologic
endpoints related to growth (e.g., shoot and root length) suggested no acute toxicity in
laboratory or field exposures with MRW sediments, differences in POD activity across
MRW may reflect the spatial variability in metals that are differentially bioavailable.
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- Root elongation tests on soil eluvates. Eluates prepared from site soil samples were
tested using root elongation as the toxicity endpoint. While qualitative differences were
observed with respect to the inhibition of root growth, no soil-derived eluate expressed
statistically significant results following 120-hr incubation.

Earthworm evaluations [field and laboratory methods]). Earthworm tests -- both on-
site and laboratory -- expressed no acute toxicity. Subtle biological response data (e.g.,
morphologic and dermatopathologic effects) from laboratory and field tests were
frequently expressed in soils with elevated total metals, however. For example, on-site
testing with earthworms suggested that soil from some sampling locations was associated
with sublethal effects in exposed earthworms. These sampling locations had also been
identified in the root elongation tests completed with groundwater samples collected via
hand-driven well points. Again, no acute toxicity was expressed, and differential
bioavailability of metals may be considered a possible source of these spatially variable
expressions of subacute and chronic effects.

Preliminary and scoping year studies using amphibians [field and laboratory
methods]. Laboratory tests completed on Milltown surface water grab samples collected
during the preliminary year expressed spatially variable, but sampling-location consistent
results as summarized by ETI (1991c). No overt toxicity was expressed by 96-hour
tadpoles when exposed to site samples in the laboratory, and in conjunction with
laboratory work using defined metal mixtures and single-metal exposures, chemical
analysis of these site-samples had also suggested that metal concentrations were not
sufficient to mediate acute effects. Subacute and chronic effects measured on Milltown
surface water grab samples were generally expressed in altered growth, though only a
limited number of embryos appeared to present those growth effects in a statistically
significant manner. These subacute, or teratogenic, endpoints were frequently subtle
(e.g., mild abdominal edema, hyperpigmentation) though gross malformations were
occasionally expressed. No contaminant-specific malformations were noted in these
exposures. Amphibian testing was suspended during the definitive year’s operations and
replaced in the site assessment by the emergent vegetation evaluations.

Preliminary .and scoping year studies using bacterial tests. As with the amphibian
evaluations, Microtox* afforded an opportunity to characterize potential short-term effects
associated with water soluble constituents derived from site soils and surface water grab
samples during the preliminary year’s work. None of the surface water sampies
expressed adverse biological effects on screening, and only soil sample eluates yielded
responses in screening tests [undiluted samples at highest dilution possible] that required
definitive tests being completed. Four soil eluates presented sufficient biological effects
to warrant additional testing and calculation of EC,;s. While Microtox" indicated that
some biological activity was associated with either surface water grab samples or soil
cluates, those limited number of responsive samples were consistent with other biological
tests completed during the preliminary field and laboratory season. The relative
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agreement among the various test methods used during preliminary studies in FY 90
suggested that Microtox® become a secondary evaluation method during the definitive
year’s studies, and consequently more ecologically relevant methods were applied during
FY 91 field and laboratory operations.

Plant uptake studies [field/greenhouse methods]. The preliminary data collection for
plant uptake studies established baseline information regarding soil fertility; the definitive
year’s work involved two interrelated greenhouse exposures using field-collected soil or
exposed sediment samples. The greenhouse studies considered [1] qualitative screening
tests which addressed age-related changes in metal disposition in plant tissue and [2]
quantitative studies which addressed metal uptake by representative garden species
following growth typical of a domestic garden.

The qualitative study regarding normal plant growth from germination through seedling
and mature plant to senescence suggested that, if germination and early seedling survival
were not impaired, and a typical plant life cycle could be completed under ideal garden
conditions. However, the quantitative early seedling growth and plant vigor test which
was completed in conjunction with the metal uptake studies suggested that soils collected
from some depositional areas may exert biological effects that would not be detected in
seed germination and root elongation tests. For example, companion work completed on
MRW samples with these routine plant toxicity tests suggested no overt adverse effects
associated with soils collected from old "ox bow" reaches along the river, but in historic
depositional areas growth reduction was indicated. It should be noted, however, these
samples were few in number, and while reductions in biomass in both species tested
(lettuce and radish) were consistent, additional samples would have to be evaluated to
determine the spatial pattern of these effects. Root elongation tests completed on sample
splits also indicated some statistically significant reductions in growth. Contrasted to
these controlled greenhouse and laboratory exposures with commercial garden varieties,
field surveys failed to indicate widespread vegetation response in the sampled area. In
part, the physicochemical characteristics of the soils across MRW may explain the
variation expressed in growth reduction, particularly in those depositional areas
occasionally associated with reduced plant vigor in laboratory tests. The geochemical
heterogeneity of soils across MRW was apparent, even in sampling units that were similar
with respect to texture, for example. While all MRW soils are xerofluvents, the soils
ranged in texture from loams to sandy loams and presented cation exchange capacities
(CECs) that could, in part, contribute to the differential bioavailability of metals.
Generally, soils with higher CECs (> 30mEq/100gram soil) were more likely to be
associated with subacute effects, and frequently expressed adverse effects in plant tests.
Variability at relatively lower CECs could be associated, in part, by subtle differences
in soil texture, as well as organic content and geochemistry.

These interacting soil matrix characteristics undoubtedly contribute to the apparent
heterogeneity in metal uptake in plants -- both native emergents, for example, and the
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garden species tests under greenhouse conditions. In plant uptake studies, metals did
accumulate in plant tissues with the trend, not surprisingly, clearly suggesting that roots
would accumulate metals to a greater extent than leaves. The pattern of metal
accumulation in roots differed, in part, as a function of soil type. For example, root
crops grown in a relatively high clay soil did not have as much metal associated with its
epidermis as did plants grown in a lighter, loam soil. Nonetheless, these roots did
accumulate metal in the parenchyma tissue of the root core. To fully characterize the
biological disposition of metals in garden crops, additional time course work would be
required, and in order to adequately address human health risks, metal bioavailability in
plant tissues should be address. The human health implications of this differential plant
uptake were not considered in this work.

Plant fluorescence evaluations [field and laboratory method]. Definitive year’s
studies with indigenous flora were variable in expression, and the preliminary year’s work
undoubtedly captures a similar variability with respect to soil matrix and metal
interactions. When considered as a qualitative measure of plant health and as a
supplement to the emergent vegetation and root elongation evaluations completed at
MRW, plant fluorescence data suggests that no overt phytotoxicity is being expressed,
but subtle indications of plant stress may be indicated at various depositional areas at
MRW.

Soil and chemical analysis [soils, sediments, and biota; laboratory methods].
Within an ecological assessment for MRW, biological effects measured in toxicity tests
must consider interactions, or potential interactions between the soil matrix and metals
in the soil, particularly with respect to bioavailability of metals in soils. Soil pH, percent
total nitrogen [TN] and percent organic material [OM] were measured on soil samples
collected at MRW during the definitive year’s work. Soil texture analysis was also
completed, as was DTPA [diethylenetriaminepentaacetic acid, 0.025M] metals as a
physicochemical analog of bioavailable metals. With these soil matrix characteristics
available, potential confounding effects associated with soil physicochemical properties
could be identified, and metal toxicity interpretations were more adequately developed.

Soils at MRW were, not surprisingly, heterogeneous across the site, but within sampling
unit variability was relatively limited though subtle soil geochemical differences were
indicated when plant testing was considered. Soils throughout MRW were xerofluvents
and ranged from loams to silty loams to occasional silty clay loams. Organic material
was variable across MRW but was relatively invariant within defined sampling strata.
Total nitrogen, soil pH, and cation exchange capacity were similarly variable but
relatively similar within strata. Overall, these physical characteristics were invaluable to
interpretations of the biological effects associated with soil metal burdens.
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PROJECT SUMMARY

The ecological assessment at MRW suggests that no overt toxicity or adverse biological
effects are being expressed at the current time. Consistently, and regardless the field or
laboratory test methods used, biological assessments at MRW were unable to characterize
acute toxicity. With the exception of subtle biological effects noted in samples collected
from depositional areas, future remediation plans should consider the potential biological
and ecological impacts associated with remediation efforts in light of the current impacts
associated with elevated metals in soils and sediments. While the current subtle effects
and potential future effects should not be understated, currently any widespread physical
alteration of wetland habitats may not be justified. Future site monitoring should address
potential problems associated with remediation both at MRW and at upstream operable
units, and in particular should consider the long-term effects associated with vegetation
exposures in the depositional areas. Also, indirect effects, e.g., habitat alteration
associated with reduced vegetative growth, associated with future management plans
(e.g., "walk away" or sediment dredging) should be considered as a potential
consequence of the in situ metals that presently occur in the soils and sediments at MRW.

For those biological and, by inference, ecological effects that were considered during the
course of the work at MRW, uncertainty within the risk assessment process must be given
high regard. For example, whether "sentinel species” (Lower and Kendall 1990) are
appropriate to an ecological assessment, and whether adequate surrogate test species (in
either laboratory or field) were used in the biological assessment have been and will
continue to be, the proximate sources of uncertainty in the ecological risk assessment
process; the work at MRW is no exception and the uncertainty associated with those tools
used during the ecological assessment must be considered. At MRW specifically:

. the preliminary food-web contamination survey suggested that
bioaccumulation of metals was evident in emergent vegetation in some
reaches of the deposition zones within MRW, but biomagnification or
trophic level transfer of metals to herbivores did not appear to be a
problem for the endpoints considered. Field surveys at MRW did not
contradict these assessments, but the sparse comparative toxicity data base,
particularly for chronic endpoints must be considered as part of the
uncertainty in this regard.

. Vegetation tests, particularly in evaluating water collected from the
rhizosphere, suggested that no acute effects were associated with
groundwater or surface water, but subtle growth-related effects were not
infrequent in samples collected from deposition zones at MRW. These
subtle indications were noted in both laboratory tests using emergent
vegetation and in standard root elongation tests. Again, field surveys
found no overt expression of altered vegetation patterns and reduced cover,
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for example, was evident only in those areas that had been previously
physically manipulated.

. Provided earthworms are good "sentinel species” to assess soil health,
earthworm evaluations in both field and laboratory were consistently
negative, suggesting that soil macroinvertebrates may not be at great risk
as long as the current soil conditions exist. Soil microbial communities,
however, were not adequately described and should be evaluated when
methods are available.

. Preliminary and scoping year studies using amphibians suggested that
subtle biological effects may potentially be expressed at MRW, but field
surveys did not support any conclusions that those effects would be
prominent nor potentially adverse.

. Preliminary and scoping year studies using bacterial tests were consistent
with the balance of biological test methods used at MRW, but may not be
representative of the soil community that occurs at MRW. Biological and
ecological assessments for soils are currently characterized with relatively
high uncertainty.

. Plant uptake studies suggest that garden crops, like those native plants
collected as part of the food-web contaminant evaluation, accumulate
metals differently, depending upon the plant species and anatomical feature
considered (e.g., root versus leaf). While empirical data illustrate the
accumulation of metal in plants growing in MRW soil, the relationship
between metal loads in plant tissue and consumer (e.g., small mammals
or humans) are quite heterogeneous and potentlally a source of much
uncertainty.

. Plant fluorescence evaluations were primarily supportive of more definitive
plant tests and at present should be considered as less sensitive than
"whole-plant” test endpoints that integrate biological responses over longer
periods of time.

. Characterization and metal analysis of MRW soils, sediments, and biota
clearly indicated that metals have accumulated in various environmental
matrices, and that MRW is spatially quite heterogeneous with respect to
metal deposition. Within sample unit variation was relatively less than
across MRW variation. Soils within sample units were relatively
homogeneous, although sufficient variation was evident that accounted for,
in part, the variability noted in biological samples (e.g., emergent plants
and terrestrial invertebrates) collected at stations within the sample units.
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USE OF HGI, X-RAY SPECTROMETERS FOR THE
DETECTION OF LEAD IN PAINT

J.8. Iwanczyk, Y.J. Wang and W.R. Graham
Xsirius, Inc., 4640 Admiralty way, Suite 214, Marina del
Rey, CA 90292

Abstract: A laboratory study of HgI, spectrometers for use
in the in-situ determination of lead on painted surfaces has
been conducted. The energy resolution attainable with HgI,
detectors in the energy region corresgondin%-to lead K x-
rays has been measured. Sources of 2 1Am, 09¢cqa and >7co
have been used for this purpose. Energy resolutions of 880
eV (FWHM), 1370 eV (FWHM) and 1940 eV (FWHM) were obtained
at energies of 60 kev, 88 keV and 122 KkeV, respectively.
Measurements on pure lead and thin film standards, ranging
from 0.5 mg Pb/cm2 to 2 mg Pb/cmz, have been conducted.
Spectra from these samples, excited by 109¢q ana 57co
sources, are illustrated in the paper. Well separated K,
Ky2, Kg1, Kgo and L3, Ly, Lg, L; lines compare very
favorable to those measured with a cryogenically cooled Ge
detector. Future plans for the development of a portable
HgI; XRF lead analyzer are also discussed.

INTRODUCTION

There is a dgrowing awareness about the health hazards
related to lead-based paint poisoning that can occur in many
old houses. Recent legislation required the U.S. Department
of Housing and Urban Development (HUD) to establish
procedures to remove, as far as practicable, such poisoning
hazards. In response to this legislation, HUD promulgated a
regulation which requires abatement to eliminate paint
poisoning hazards in housing in which the concentration of
lead in paint equals or exceeds 1 mg/cm2 [1]. In addition,
the 1legislation requires HUD to periodically review and
reduce the level below 1 mg/cmz, to the extent that reliable
technology makes feasible the detection of a lower level,
and medical evidence supports the imposition of a lower
level.

Because of the large number of homes that may be involved in
testing, it 1is very important to develop instruments and
testing methods which will provide for the reliable, rapid,
and inexpensive measurement of lead in lead-based paints,
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and that also could be transferable for the measurement of
lead in household dust and urban soil. There are basically
two general types of instrumentation and techniques that are
presently in use: 1) analytical laboratory methods, 2) in-
situ field methods.

Analytical Laboratory Methods

This group include Flame Atomic Absorption Spectroscopy
(2,3}, Inductively Coupled Plasma [4], Voltammetry [5],
Laboratory X-Ray Fluorescence [6], Neutron Activation-
Analysis [7], Mass Spectrometry [4], and Ion Selective
Electrodes ([4]. All the above techniques, alone or in
combination, can provide the required sensitivity and
accuracy. The major drawback with all these 1laboratory
methods is in the problem of collecting representative
samples. For example, it is necessary to ensure that all
layers making up the paint film are collected in proper and
relative amounts. Additionally, all lab methods require the
destruction of part of the painted surface in the sample
collection process. The time and labor involved in sample
collection, transportation and preparation (many techniques
require dissolution of the 1lead) makes the laboratory
techniques very expensive and slow, which practically
eliminates them as methods of choice for the application
described above. <

In-situ Field Methods ,

Field methods, by contrast, potentially offer lower costs
and shorter times to complete the analyses. There are two
general types of screening tests, a) chemical spot tests
(8,9] and b) tests carried out with portable testing
equipment, e.g., portable x-ray fluorescence spectrometry
(XRF) . Although some of the spot tests were reported to
have adequate detection limits, the tests were designed for
lead ions in solution. The process of producing a solution
of lead ions, starting from a dried paint film, normally
involves the use of concentrated acids, and hence would not
be readily performed in the field. There have been certain
successes reported with another method using sodium sulfide
and scratching the paint film [8]. This method is capable
of detecting lead in new paint films for concentrations

greater than 0.5%, however it is limited to use on white,
or 1light colored, films and by its susceptibility to
interference by other metal ions, e.g., mercury. In

addition, the effects of a non-homogeneous distribution of
lead throughout the film, the composition, age, and exposure
history of the paint, and the possible overcoating of many
layers of new paints, will all increase the error and lower
the precision and accuracy of any spot test method.
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The only type of portable instrument for non-destructive
detection of lead in paint films reported in the literature

is an x-ray fluorescence (XRF) spectrometer [10,11]. The
XRF technique can potentially satisfy all the requirements
for the measurement of the lead content in paints. This

non-destructive technique can provide very quickly (in
seconds) information about lead concentrations without any
sample preparation. 1In addition, using information from the
characteristic L and K x-ray lines of lead simultaneously,
it is possible to determine whether lead is present on the
surface or it is buried under layers of paint.

Laboratory XRF units employing cryogenically cooled
detectors are broadly used and provide high accuracy and
precision. Currently, however, there are no truly portable,
battery operated, hand held XRF units available on the
market that can offer similar parameters. It was shown in
the literature [12] that it is mandatory to use the lead K
X-rays in the determination of lead concentrations. The
lead L x-rays can serve only as supplementary additional
information due to their strong attenuation by paint
overlays. The high energy of Pb K x-rays (about 75 keV)
requires detectors built from high atomic number materials
in order to assure a good detection efficiency, which in
turn additionally narrows the choice of a detector.
Presently available field instrumentation can be divided
into the following categories: a) poor detection efficiency
and poor energy resolution (this include systems using gas
filled proportional counters and room temperature silicon
detectors) [13,14], b) good efficiency but poor energy
resolution (this includes systems employing NaI(Tl) and
other scintillating detectors) [15,16,17,18] and finally c)
good efficiency and resolution, but a serious 1lack of
portability (this include systems utilizing cryogenically
cooled Ge[Li] and High-Purity Ge detectors) [12,18,19,20].

Without the need for cryogenics, HgIs-based XRF
spectrometers are extremely attractive, due to their high
energy resolution, small size, low power requirements and
the possibility of constructing truly portable instruments
for lead paint detection. HgI, detectors, due to the very
high atomic numbers of its constituents, strongly absorb x-
rays, assuring almost 100% detection efficiency for both the
K and L characteristic x-rays of 1lead. Mercuric iodide
portable XRF units seem to be ideally suited for detecting
lead concentrations in urban housing, offering very
convenient, non-destructive and reliable field methods
suitable for use by non-technical personnel. Such an



8th Annual U.S. EPA Symposium on Solid Waste Testing and Quality Assurance - Proceedings July 13 - 17, 1992

instrument has a significant potential to improve the
precision and accuracy over the existing field portable
instrumentation, particularly at critical decision points
such as the 1.0 mg/cm2 level of lead in paint. Also, it may
substantially reduce the time and cost of the analysis.
With small modifications, the instrument also can be
transferable for the measurement of lead in household dust
and urban soil, with the addition of inexpensive sample
preparation techniques and target holders.

GENERAL DESCRIPTION OF XRF

X-ray secondary-emission spectrometry, or x-ray fluorescence
spectrometry, is a non-destructive instrumental method of
qualitative and quantitative elemental analysis. In XRF, a
collection of atoms, the sample, is excited by an external
source (e.g., x-rays, electrons, etc.). This primary
radiation is incident on the sample, where it interacts to
excite inner shell electrons, which then de-excite to
produce fluorescent x-rays, whose energies are uniquely
characteristic of the elemental identity of the atom

emitting them. Therefore, if these emitted fluorescent x-
rays are collected, one may use them as an indication of the
composition of the sample. Primary excitation photons

incident on the sample interact either by the photoelectric
effect to produce the desired characteristic x-rays, or by
scattering - mainly from the atoms in the low-atomic-number
substrate. These scattered x-rays constitute an unwanted
background that sets the detection 1limit for the
fluorescence measurement. Thus, excitation, detection, and
spectrum analysis are the three major steps in energy
dispersive XRF analysis. The selection of the excitation
source, sample-fluorescer-detector geometry, and proper
software for the calibration and analysis of the results are
very important. The analysis method is basically driven,
and often limited, by the types of x-ray detectors available
to sense the fluorescence radiation from the test sample.
The detection efficiency and energy resolution of the
detector used determines whether it is possible to achieve
the required detection limits, precision and accuracy. As
noted, the ratio of the signal to the unwanted scattered
background must be higher for better energy resolution.
Better energy resolution helps also to separate signals from
neighboring chemical elements, whose atomic numbers are
close to that of lead.

31



8th Annual U.S. EPA Symposium on Solid Waste Testing and Quality Assurance - Proceedings July 13 - 17, 1992

THE EXCITATION SOURCE

The function of the excitation source is to excite the
characteristic x-rays in the spectrum via the x-ray
fluorescence process. Several types of sources have been
used, including nuclear sources, Bremsstrahlung radiation,
secondary fluorescence, charged particles, and synchrotron
sources. The latter three will not be further considered
here, since they are not practical for in-situ applications.
For the best portability, isotope excitation sources are
preferable due to their relatively small size.
Monoenergetic excitation energies of isotope sources produce
the unmodified (Rayleigh) and modified (Compton) scattering

peaks Jjust at and below the incident energy. For good
sensitivity, the fluorescence x-rays of the elements must
not overlap the scatter peaks. This effect favors the use

of monoenergetic x-ray excitation sources, rather than
broadband excitation, which would distribute the scattered
radiation over the entire range of energies. Disadvantages
of isotope sources include a lack of ability to adjust their
energies, and special requirements on their handling,
shielding and accountability. Also, many of them have
relatively short half lives, requiring periodic replacement
of the source and continuous software adjustment for
changing intensities.

Recently, significant progress has been made in the area of
miniature x-ray generators. The advantages of an x-ray tube
source include its higher intensity and controllable output,
and its higher safety factor. In order to efficiently
excite the characteristic K lines of lead, the x-ray tube
would need to operate at bias voltages well in excess of 100
kv. There are such x-ray generators operating from
batteries (e.g. Kevex Model PXS6; size 18" x 7.3" x 7.3";
weight 301bs; bias voltage up to 130kV ), but they do not
satisfy the criteria of small size and weight.

As a result of the above analysis a conclusion can be drawn
that for the construction of a truly portable instrument,
isotope excitation sources represent the best choice. For
the excitation of K and L 1lines of lead there are two
practical sources available: 57co and 109¢q. Major gamma and
x-ray lines of these sources, with respect to the absorption
edges of lead, are described in Table I.
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TABLE I
57¢0 109,4

Major gamma radiations|Major gamma, x-radiations

Energy 14.41122.11136.5|692.0(22.0(22.2|24.9|25.6|88.03
(keV)
Intensity|9.5 |85.5 ]10.7 |0.16 {28.9|54.5(13.7] 2.7| 3.6
(%) *

Half-life 270 453
time:days

Lead Absorption Edges

Lizrab. | Lizab Liab - Kap
Energy (keV) 13.044 15.207 15.870 88.001

*See thé definition in "Table of Radiocactive Isotopes",
Edgardo Browne and Richard B. Firestone, John Wiley & Sons.
l1986.

The 199cd source offers several advantages over the 57¢co
source. First, a 109¢3 source has a longer half-life time
than a 2’co source (453 days vs. 270 days). Therefore,
longer periods between source replacement and system
recalibration are possible with the 10904 isotope source.
Second, the radiation energy of 109¢q is lower than that of
57¢co (88 keV vs. 122 keV), allowing easier shielding for
personnel protection and beam confinement. The third
advantage is related to certain properties of paint and its
substrates. In general, there are mainly low-Z elements in
the paint and substrate materials. In contrast to heavy
metals, these 1low Z elements cause a strong Compton
scattering interaction with the incident primary gamma-ray
photon. The background from such scattered photons may
seriously limit the lower detection 1limit of the systemn.
While the 122 keV photons of 57co are well above the K-shell
binding energy of lead and provide a good source for Pb x-
ray excitation, the scattered energy from this source is in
the range 83 keV to 122 keV (corresponding to the scattering
angle of 180° to 0°). In order to separate the scattered
radiation from the Pb K x-rays in the energy region (73 keV-
87 kev), the system excitation geometry has to be modified
to produce a scattering angle of close to 0°, i.e., a
grazing angle scattering. Hence, the scattering peak can be
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shifted to a higher energy region. However, this is an
inefficient excitation geometry, and the low energy tail of
the direct radiation from the source will overlap the Pb K
xX-ray region. For a 109¢4 source (88 keV gamma line), on the
other hand, the majority of the scattered energy is in the
range 65 keV to 75 keV, corresponding to scattering angles
of 180° to 90°. In this case, the 180° backscatter angle
yields the best system geometry, and the Compton scattering
peak from this angle can be shifted to the lowest possible
energy region.

THE HGI> X-RAY DETECTOR

The broad band gap of HgI, (2.2 eV) results in a 1low
detector leakage at room temperature (typically below 1 pA),
and with a construction designed to keep detector
capacitance in the vicinity of 1 pF, the electronic noise
from such detectors is very low. In a working model of an
HgI, spectrometer built for NASA's Comet Rendezvous Asteroid
Flyby Mission, a total energy resolution of 198 eV (FWHM)
has been obtained for the 5.9 keV K, line of Manganese. The
noise contribution for this system was about 152 eV (FWHM)
[21]. Also, because of the high atomic numbers of its
constituents, HgI; strongly absorbs x-rays and so exhibits
almost 100 % detection efficiency up to energies of
characteristic x-rays of lead (75 keV).

A field-portable XRF system, based upon the use of mercuric
iodide x-ray detectors, has several critical advantages,
foremost of which is its ability to operate without a supply
of liquid nitrogen cryogens (as would be the case for a Ge
x-ray detector), and with much better energy resolution than
scintillator-based detectors, or room-temperature-operable
Si[Li] detectors and proportional counters. HgI, XRF
spectrometers have the advantages of small size and 1low
power needs, with obtainable energy resolution approaching
those of cryogenically cooled Ge systems, making possible
truly portable, hand held, automated instruments.

EXPERIMENTAL RESULTS

The energy resolution attainable with HgI,; detectors in the
energy region corresponding to lead K x-rays has been
measured. For this purpose, sources of 241Am, 109¢q ana 57co
have been used. Energy resolutions of 880 eV (FWHM), 1370 eV
(FWHM) and 1940 eV (FWHM) were obtained at energies of 60
kev, 88 keV and 122 keV respectively. Figure 1 presents a
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gamma-ray spectrum obtained with an 241pn source. Figure 2
is the spectrum obtained with a 109¢q source.

A series of XRF measurements have been performed recently to
verify the feasibility of HgI, detectors for use in XRF
analyzer application for lead detection. Experiments were
gerformed. with two isotope sources: 109¢4 and ®7co. The

09ca annular shaped source was 9 years old with an activity
of about 0.15 mCi. The activity of the decayed Mossbauer
57co source was about 3.6 mCi. The setup for using the
annular 192¢cd source is illustrated in fiqure 3. The setup
for the 37co excitation is illustrated in figure 4. A
Tennelec TC244 spectroscopy amplifier with a shaping time of
12 us has been used for the experiments. The spectra were
collected wusing multichannel analyzer consisting of a
Nucleus Personal Computer Analyzer (PCA) card installed in
an IBM PC-type computer.

Figure'S shows a spectrum of a lead sample excited by the
10%cq source. Figure 6 presents a spectrum from the same
sample, but excited with the 57co source. In both cases one
can see the clearly separated Ka;, Kya, Kgi, and Kg3 lines
of lead. Figure 5 shows much more pronounced L lines than
can be seen in Fig. 6, due to the very intense 22 keVv
~excitation energy present in the 109¢4q source.

In addition to measurements on the pure Pb sample, tests
were also made on thin film samples with 1low 1lead
concentrations. Thin lead coating standards made on Mylar
films and backed with plastic substrates, ranging from 0.5
mg Pb/cm2 to 2 mg Pb/cmz, were obtained from the National
Institute of Standards and Technology. The annular shaped

09¢c4 source discussed earlier was used for these thin film
measurements. The backscatter peak of 1099 falls at
approximately 66 keV, with a sharp high energy edge which is
below the K peaks of Pb. Figures 7 and 8 show spectra taken
from a standard sample with a 1.025 mg/cm2 concentration of
lead, which is at the detection level required by HUD. Lead
K lines are shown in Figure 7, while Figure 8 presents the
Pb L x-ray lines region. Besides lead Kgy3, Kg2, Kg1, Kg2 and
Ly, Lg, Lg, Ly lines, one also observes counts from Compton
and Rayleigh scattering. Note that the lead K characteristic
line spectra measured with an HgI,; detector (presented in
figures 5, 6 and 7) compare very favorable to those measured
with a cryogenically cooled Ge detector and presented in
References 13,19, and 20.
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CONCLUSIONS

The preliminary experimental results show the great promise
of HgI,; detectors for use in XRF analyzer applications for
lead detection. A truly portable instrument for lead paint
detection can be implemented by the use of such HgI,
detectors. Such an instrument can easily meet the
requirement for a critical detection limit of 1.0 mg Pb/cmz,
which is the regulatory (HUD) 1limit for the 1lead
concentration in paints. In addition to being a qualitative
screening device, the HgI; XRF lead analyzer can also be
used to determine the lead concentration quantitatively by
using the information obtained from the spectra. To do so,
specialized software can be used in the data analysis which
will convert the measured Pb x-ray intensities directly to
lead concentrations in the paint. This software should meet
the following requirements: a) Minimize influence of matrix
effects of paints and different substrates by wutilizing
information from the entire energy spectra b) Best use of
the information from both the L and K characteristic x-rays
to obtain the highest precision and to determine the
relative location of the lead in the depth of the film.
Further experiments related to quantitative analysis,
geometry optimization for the detector-sample-excitation
source, and the miniaturization of the whole system are
planned as future tasks. In particular, +the measured
detection limits, accuracy and precision will be studied and
compared with those obtained for existing portable XRF lead
analyzers in order to show clear advantages of HgI, based
systems.
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Abstract

Effective field screening methods can increase the efficiency of site
management and improve overall data quality when used to supplement
the services of regional laboratories. The development of these
methods, however, begins with the selection of a technology that will
be compatible with numerous compounds and matrixes and yet be
simple, effective and rugged enough to be incorporated into a protocol
for use in the field.

We have developed several immunoassay-based field screening
methods for the detection of pentachlorophenol, PCB’s, and petroleum
contamination, in solid and liquid waste samples. Performance and
stability evaluations of these methods have been evaluated within our
own laboratories and in numerous external field studies. These studies
have demonstrated the effectiveness of these methods when used in
field screening applications. The immunochemistry underlying these
methods, and the preparation of the reagents, will be reviewed. A
description of the protocol and the characteristics that minimize the
incidence of false negative results will be presented. Their general
performance characteristics and application to site characterization
will be discussed. A

introduction

Testing is an essential, and integral, component of all environmental
protection and restoration activities. It is the rate limiting element
that influences the time, cost and overall efficiency of project
management.
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The management of toxic waste sites usually involves a progression
through the phases of identification, characterization, remediation and
monitoring, with testing being performed during each phase.

Reference laboratory methods can effectively identify and quantify
unknown compounds in a sample, but become relatively inefficient when
used to rapidly locate contamination (i.e. mapping), and assist in
remediation and monitoring activities. The complexity of laboratory
protocols, and the laboratories proximity to the test site, delays the
availability of information and increases the cost of data. The ultimate
cost is in the time required by the field crews. Effective field
screening methods can increase the efficiency of the clean-up process
by providing an on-site, high-throughput, and cost-effective way to
locate contamination and manage its remediation.

The EPA has long promoted and supported the concept of screening
methods to supplement laboratory analysis and increase overall
efficiency. The need for more effective methods has been recognized in
the Superfund Amendments and Reauthorization Act of 1986 which
specifies the development and evaluation of alternative time and cost-
saving methods that will assist in the eventual remediation of the
nations Superfund sites.

We have developed several field screening methods that are being
used to detect Pentachlorophenol, PCB'’s, Petroleum Products, and PAH’s
in both soil and water matrixes, and on solid surfaces. Our objective
has been to develop reliable and cost effective methods for obtaining
the data needed for site investigation, remediation and monitoring
activities, waste screening, process control, and monitoring activities
to maintain regulatory compliance. Our approach was to develop
methods that were consistent with a list of essential screening
characteristics.

Essential Field Screening Characteristics

Screening methods need to provide fast, simple, cost-effective and
reliable information when operated under field conditions. The
reagents and equipment should be portable and stable at ambient
conditions, and the claims relating to performance should accurately
reflect anticipated field use. The methods should be able to rapidly
provide an ample quantity of data, and the protocol should be simple to
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perform and safe to use. Performance characteristics relative to
sensitivity, freedom from matrix interferences and cross-reacting
compounds, and correlation to an acceptable reference method should be
carefully evaluated. Developers must maintain high, and consistent,
quality standards relative to the consistency of their manufacturing
protocols, the adequacy of in-process and pre-release quality control
methods, and the reliability of their product claims. A characteristic
of particular significance for screening methods is that they exhibit a
very low frequency of false negative results.

Screening methods detect contamination at specified
concentrations. The concentration may relate to a hazardous threshold,
a clean-up target, or a process-control parameter. The potential
implications of false negative data far outweigh those of false positive
results. The consequence of a false positive, while a costly problem
that needs to be minimized, results in additional testing or treatment.
False negative data, however, provides the erroneous perception of a
clean site, and may have serious environmental and legal consequences.
Safeguards that minimize the incidence of false negative results are
imperative. Appropriate control over the frequency of false positive
data needs to be established and maintained.

Immunoassay Applications

The field of immunochemistry, and the development of immunoassay
technology, has been evolving since the late 19th century. However, the
majority of these methods have been developed for use by the medical
community. These methods have achieved a reputation for reliability
and cost-effectiveness. Literally hundreds of immunoassay’s have been
developed for Drugs of Abuse testing, Therapeutic Drug Monitoring (e.g.
digitalis derivatives, anti-asthma formulations, anti-epileptic
reagents, antibiotics), pregnancy testing, hormone testing (e.g.
thyroxine, thyroid stimulating hormone), tests for pathological markers
(e.g. lactic dehydrogenase isozymes, creatine kinase isozymes), tests
for acute phase proteins (e.g. carcinoembryonic antigen, alpha
fetoprotein) and tests for of tumor marker proteins.

Environmental applications have been éxplored for the better part of
a decade and a number of immunoassay methods have been developed'*®.
Most have been used for the detection of herbicides and pesticides in
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aqueous matrixes. The application of immunoassay technology to the
testing of solid waste, complex matrixes, and highly lipophilic
compounds, has provided unique challenges for the chemistry.® The
feasibility of developing such methods, however, has been
demonstrated with immunoassay’s for Dioxin®® and in the screening
methods developed by EnSys.

Historical Prospective

The history of immunoassay technology can be traced to 1900 when
Karl Landsteiner described the A, B and Zero (O) blood types after
observing the agglutination reaction (i.e. aggregation) that resulted
when he mixed the erythrocytes and serum from several of his co-
workers on a slide’. His observation became the basis for present day
blood typing methods. Landsteiner remained a dominant figure in
immunology for the next 40 years performing numerous experiments
that demonstrated the extraordinary specificity of the antibody binding
reaction. He introduced the term hapten to define compounds that are
unable to directly stimulate antibody production when injected into an
animal, but are capable of binding to an antibody if they are produced by
an alternate means. Most environmental chemicals are haptens, and
although potentially toxic, will not stimulate the immune system to
respond®.

For 50 years following Landsteiner's discovery, immunoassay
technology continued to rely upon the binding and cross-linking ability
of an antibody to cause agglutination, cell lysis, and protein
flocculation reactions. These methods were relatively insensitive
when compared to the immunoassay methods of today, and better suited
to the analysis of larger compounds and organisms (e.g. bacteria,
proteins).® A major advance occurred in the 1950’s when Drs. Berson
and Yalow, while investigating the metabolism of radiolabelled insulin
administered to diabetic patients, observed the production of anti-
insulin antibodies in the serum of insulin-treated diabetics. They
described a radioimmunoassay (i.e. RIA) method in 1959 that used anti-
insulin antibody molecules, and radiolabelled insulin, in a highly
sensitive procedure to quantify insulin in the serum of patients. The
method used a competitive antibody binding reaction, where
radiolabelled insulin and sample insulin compete for a limited number
of antibody binding sites.”” In 1977, Rosalyn Yalow was awarded the
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Nobel Prize in Medicine for her work on the development of the
radioimmunoassay method for peptide hormones ''. RIA rapidly became
a universally accepted method that demonstrated exceptional
specificity, sensitivity, and simplicity.

A simpler, safer, and more convenient immunoassay was reported in
1971, when two independent research teams, Engvall and Perimann,'?
and Van Weeman and Shuurs,”® simultaneously disclosed a competitive
immunoassay method that used an enzyme-labelled conjugate instead of
a radiolabelled-conjugate, to produce a test that generated a visible
end-point signal. The new ELISA (i.e. enzyme linked immunosorbent
assay) method eliminated the problems associated with the safety,
disposal and detection of radioactive reagents. The method offered long
term stability, the opportunity to generate quantifiable data using
instruments commonly available in most laboratories, and a mechanism
to develop separation-free (i.e. homogeneous) procedures and simple
qualitative screening tests.

Current immunoassay technology benefits from the diversity of
detection systems that have been developed that use enzyme-catalyzed
chromogenic reactions, radionuclides, chemiluminescence,
fluorescence, fluorescence polarization and a variety of potentiometric
and optical biosensor techniques. Improvements in the sensitivity
achieved by these methods has necessitated the generation of new
descriptive nomenclature for methods that can detect ligands at

“zeptomolar” (10'21' 600 molecules) concentrations."
Enzyme Immunoassay Chemistry and Pr ol

Immunoassay methods combines the specific binding characteristics
of an antibody molecule with a read-out system that is used to detect
and quantify compounds. Antibodies are binding proteins that are
produced by the immune system of vertebrates in response to
substances that are perceived as foreign. The immunoassay methods
we have developed use antibody reagents, and a chromogenic detection
system, that specifically bind and detect hazardous chemicals in both
solid and liquid waste samples.

The EnSys chemistry uses two basic reagents, namely, an antibody,
for example- anti-pentachlorophenol, and an enzyme conjugate reagent
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composed of, for example, PCP molecules covalently bound to the
enzyme horseradish peroxidase.

The Antibody Molecule

The physiological role of antibody, or immunoglobulin, molecules is
to bind, and thereby label for destruction, a foreign substance within an
organism. Antibody molecules are synthesized by a subset of
lymphocytes, termed B lymphocytes, that become activated to produce
antibody after exposure to substances having prerequisite size,
complexity and “foreignness” to the host organism. They are large,

polymeric proteins (i.e. >1.5 x 10° d), that can be classified into sub-
populations on the basis of their sequence, size and number of sub-
units. Five major populations, or isotypes, exist that carry the
designations of IgM, IgA, IgD, 1gG and IgE, with immunoglobulin G (1gG)
usually found in the highest concentration.'®

Binding affinity and specificity is influenced by the chemistry and
conformation of a binding cleft at the N terminal end of the molecule,
that exists between juxtaposed, and convoluted, portions of “heavy”
and “light” polypeptide chains. The amino acid sequence, and therefore
the conformation at the N terminus, is highly variable and influences
the binding specificity of the molecule.'”® Studies have demonstrated
that binding is a function of the conformational complimentarity that
exists between the target ligand and the antibody binding site'’, and
that the “goodness” of fit relates to the interaction between the
electron cloud within the binding site and the bound ligand. Antibody
binding is not covalent, and the affinity or strength of binding, is a
function of cooperative hydrophobic, Van der Waals, electrostatic and
hydrogen bonding interactions’® In general, equilibrium constants for

the most avid antibody binding reactions do not exceed 1012 1/Mm.°

To induce the formation of antibodies that can be used to detect, for
example, pentachlorophenol, molecules of PCP must first be derivatized
and coupled to large carrier molecules such as albumin, hemocyanin or
thyroglobulin. The increased size and complexity of this “immunogen”,
once injected, is sufficient to stimulate the immune system to produce
an antibody response. The effectiveness of the immunogen is
influenced by the surface density of the chemical on the carrier (i.e.
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epitope density), the nature of the bridge chemistry used, the
immunization protocol, immunogen concentration, incorporated
adjuvants (i.e. immune response stimulants), and the species of the
host animal. Significant progress has been made in deciphering the
mechanisms of the humoral immune response, but a great deal is still
not understood. Experience and good fortune continues to play a
significant role in the production of effective antibody reagents for
test kit development.

The Enzyme Conjugate Reagent

The enzyme-conjugate reagent for the EnSys PCP detection method
is synthesized by derivatizing PCP and coupling it to the enzyme
horseradish peroxidase. Numerous functional groups on enzyme
molecules (e.g. amino, sulthydryl, carboxyl, carboxamide, tyrosyl,
sugars) offer convenient points for the attachment of ligand molecules.
Enzymes enhance the sensitivity of the method by the catalytic
amplification of the detection signal. A single molecule of the
enzymes commonly used in immunoassay methods will convert

approximately 106 molecules of a substrate into a product within one
minute at ambient temperatures.®® Catalysis is a function of the
conformation at the enzymes catalytic site, and it is this conformation,
and the alignment of certain amino acid residues at spatially
significant positions, that influences its rate and selectivity. The
catalytic site is maintained by both non-covalent (i.e. hydrophobic,
hydrogen bonding, ionic and Vander waals interactions) and covalent
(i.e. disulfide) forces, and can be influenced by temperature, the binding
of ions, chaotropic agents, detergents, lipids, etc.. It is therefore
important to normalize and correct for anticipated variations in the
reaction environment.

An effective enzyme conjugate reagent must retain the ability to
both bind antibody, and hydrolyze a substrate reagent into a detectable
signal. Some of the more commonly used enzymes include horseradish
peroxidase (i.e. HRP), alkaline phosphatase, and b-galactosidase. Each
is compatible with a wide variety of different substrates offering
unique choices in kinetics and hydrolysis products. The EnSys methods
use a hydrogen peroxide substrate solution with a tetramethylbenzidine
chromogen that produces a blue chromophore in the presence of
horseradish peroxidase enzyme.
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Analysis of lid W

Immunoassay methods have predominantly been used to test liquid
matrixes such as blood, urine, and water. The testing of solid waste
requires that the issues of sample collection, dispersion, extraction
and clarification be addressed and integrated with the immunoassay
component. A reproducible, particulate-free, leachate must first be
produced. The extraction and recovery of a compound from soil requires
the selection of an appropriate solvent system, adequate sample
dispersion, sufficient time for partitioning, non-invasive clarification
and compatibility with the subsequent immunochemistry. For polar
compounds, buffers, detergents (e.g. Tweens, Tritons, etc.) or solvents,
used together, or in combination, have proven to be effective for
extraction. Analytical methods for the analysis of solid waste rely
upon gravimetrically collected samples, and results are reported in
gravimetric units. Volumetric sampling for solid waste should be
avoided because of the potential bias that may be caused by the
specific gravity of the sample.

Solid waste analysis using the EnSys system involves the
gravimetric collection of a 10 g sample using a small battery-operated
balance. The sample is transferred into a dispersion vial containing a
solvent and dispersing pellets, and is subjected to a one minute manual
agitation for adequate dispersion and partitioning of the ligand.
Filtration of the sample suspension to produce a particulate-free
leachate is accomplished using a fingertip-operated filter unit fitted
with non-adsorbing filters. The clarified leachate is next analyzed
using the immunoassay component.

Immunoassay Component

The EnSys immunoassay chemistry is explained using the following
pentachlorophenol model. Anti-PCP antibody is immobilized to the
bottom of polystyrene tubes at a pre-defined concentration (see figure).
The concentration and affinity of the antibody for the sample molecules
and enzyme conjugate molecules directly influences the overall
sensitivity of the final method. High and equivalent affinity, and
minimal non-specific signal generation, will usually produce assays
having superior sensitivity.
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For this illustration we will simultaneously test a negative PCP
sample, a sample containing >5 ppb PCP, and a standard solution
containing the equivalent of 5 ppb PCP. We begin by adding the samples,
and standard to separate, and identical, anti-PCP antibody-coated test
tubes. To each tubes we also add an equal volume of HRP-PCP enzyme-
conjugate solution. The three tubes are then allowed to incubate at
ambient conditions for ten minutes.

During the incubation period sample PCP molecules and PCP-HRP
conjugate molecules compete for the limited number of antibody
binding sites that are available on the bottom of each of the tubes. The
antibody concentration present is insufficient to permit the binding of
all of the sample PCP and PCP-enzyme conjugate molecules
simultaneously, and a situation somewhat analogous to the game of
musical chairs exists, with the limited antibody binding capacity
serving as the chairs in this example. The concentration of enzyme
conjugate immobilized in each tube is inversely proportional to the
concentration of PCP in the sample or standard. The PCP in the
“standard” tube, limits the binding of enzyme conjugate, the
“‘negative” sample permits more conjugate to bind (i.e. relative to the
standard), and the “positive” sample limits the binding of the conjugate
(i.e. relative to the standard). At the end of the 10 minute incubation
period, the tubes are washed leaving only the enzyme conjugate that
was retained by the antibody on the bottom of each tube.

The enzyme-conjugate remaining is next used to produce a
detectable signal. Upon addition of the substrate/chromogen reagents
(ile. HbGy, and tetramethylbenzidine), the enzyme molecules catalyze

the formation of a blue product. The color that is generated is directly
proportional to the concentration of enzyme in each tube.

Therefore, the negative sample tube containing < 5 ppb of PCP (i.e.
tube 2) rapidly produces a solution that is visibly darker (i.e. greater
absorbance) than the standard tube. The positive test sample in tube
#3, that contains > 5 ppb of PCP, produces a solution having less color
(i.e. lower absorbance) than the standard tube. By comparing the
absorbance of the sample tubes to the absorbance of the standard tube
that contained 5 ppb of PCP using the battery-operated comparative
photometer offered with the system, sample contamination can
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empirically be determined. In competitive ELISA methods, the final
absorbance produced is inversely proportional, and logarithmically
related, to the ligand concentration present in the initial test sample.

Screening Method Characteristics

We have developed six screening methods that share several common
performance characteristics (see figure). Each of the methods can
process multiple samples in less than 30 minutes. A single individual
has been able to analyze fifty samples within one day of testing. The
methods are self-contained, field-compatible, do not require
refrigeration or use hazardous components. The detection level for
each can be set at the users discretion, with the maximum obtainable
sensitivity consistent with significant regulatory levels. The PCB-RISc
methods will detect PCB contamination in soil at a concentration of 5

ppm, and at 10 ug/100 cm? when using the “wipe” method for solid
surfaces. The Penta-RISc method screens for PCP in water to a
concentrations of 5 ppb, and to 500 ppb when using the soil analysis
method. The Petro-RISc method will detect petroleum product
contamination in soil at, or above, a concentration of 100 ppm, and the
PAH-RISc method detects contamination in soil at, or above, 10 ppm.
Each method is configured to permit multilevel analysis of samples in
order to facilitate the construction of concentration profile maps.

Screening Applications

Numerous applications for these screening methods have been
demonstrated during field trial and site investigational activities. In
general, these methods have been used to facilitate site
characterization and remediation activities, and assist in a variety of
monitoring programs.

The EnSys immunoassay screening methods have been used to locate
contamination. Their relatively low cost has amplified the quantity of
data generated and has provided the information needed to produce
high-resolution site maps quickly. The information, provided in real
time, has increased the efficiency of field operating crews, and has
provided a mechanism for the selective screening of samples destined
for subsequent laboratory analysis. The costly analysis of
uncontaminated samples, and the time required to complete site
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investigational activities, has been significantly decreased.

The methods have accelerated the progress of remediation activities.
Field crews have used them to follow contamination plumes and
indicate when excavation can be discontinued. They have been used to
assist in the design of effective remediation protocols.

In support of monitoring programs, these methods have helped to
maintain compliance with appropriate discharge levels, and screen
waste prior to acceptance for treatment, storage, transport or disposal.

Summary

The advantages of immunoassay technology can be attributed to the
underlying lock and key binding principle and its compatibility with
aqueous matrixes. The method does not involve, nor require, the
chromatographic separation of sample components, nor does it require
that compounds absorb light of a specific wavelength for detection.
Interferences from other compounds are considerably less of a problem
because of the conformational nature of the antibody binding process.
Sample processing time is significantly reduced, and the direct testing
of aqueous samples, or water-soluble leachates of soil, can be
performed. The technology offers a unique, and conservative, approach
to field screening. The incidence of false negative data is
exceptionally low. Aspects that tend to interfere with immunoassay
methods tends to cause an overestimation of contamination, or false
positive result.

The advantages of these methods relates to their specificity and
compatibility with aqueous matrixes. Their disadvantages relate to
these same characteristics. As a screening method for specific
compounds these methods excel, but become less efficient when
multiresidue analysis of samples is required. The development of tests
for highly lipophilic ligands, and.matrixes, offer unique challenges
because of the phase disparity issues that exist.

As a technical platform immunoassay technology offers significant
versatility and performance advantages. These methods offer a
- convenient and effective new tool that can enhance the efficiency of
site management activities and the utilization of our national
laboratory system.
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6 COST EFFECTIVE PCB INVESTIGATION UTILIZING IMMUNOASSAY

James Smith, Chemist and Eugene Brozowski, Analyst, Trillium,
Inc. Coatesville, Pennsylvania 19320 (215) 383-7233 FAX (215)
383-7907, and John E. Rhodes, Environmental Engineer, Rhodes
Engineering, 505 South Leola Road, Moorestown, New Jersey
08057, (609) 273-9517 FAX (609) 273-9518.

ABSTRACT

The discovery of PCBs at a site inevitably 1leads to the
expenditure of a major amount of money on analytical
measurements. The most cost effective approach to the site
investigation and the PCB remediation is to accomplish the
analyses at the site with a minimum turnaround time. This
approach would limit the number of samples taken during the
site investigation and focus sampling to the "hot spots" in an
efficient manner. The same approach can facilitate the
removal of contaminated soil as well as limit the amounts of
soil remediated without costly delays waiting for analytical
results. This approach has been used by many contractors in
field laboratories.

Most field PCB analyses have been based on the gas
chromatographic methods developed by Dr. Tom Spittler of U.S.
EPA Region I laboratory., We feel that the introduction of
the immunoassay for PCBs has increased the efficiency of the
field laboratory by decreasing the turnaround time of the

analyses with consequent decreases in cost. A single field
laboratory analyst can complete approximately 40 to 50
immunoassays in an 12-hour shift. A typical single analyst

12-hour shift using the Tom Spittler methods can extract,
clean-up, and analyze approximately 10 to 20 % of the total
number of samples that can be tested by the immunoassay
method.

The immunoassay for PCBs is a colorimetric test and is
utilized as a positive or as a negative measurement. It is
highly specific for PCBs in that the test is usually free from
false positives. The test can be conducted by anyone with
minimal training with few false positives or false negatives
when compared to acceptable and consensus field and laboratory
methods.

In the case study to be described in this paper, we used the
PCB immunoassay by EnSys for a "go/no go" at a 5 ppm (mg/Kg)
concentration (as received basis). Utilizing a grid, the
sampling team obtained surface soil samples at an efficient
pace by defining the PCB contamination versus area using the
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immunoassay results. Each sample delivery group consisted of
a soil blank and a soil blank spike at 5 ppm (ug/Kg dry weight
basis). The rapid immunoassay turnaround time of 20 minutes
allowed better solution of the next group of samples. The
field results were verified by analyzing 10-20% of the samples
by subsequent field gas chromatographic analyses and/or
laboratory analyses by approved methods.

Our results indicate the cost effectiveness of the immunoassay
to both PCB site investigations and remediations. The cost of
an immunoassay was $28.50 per test. We foresee numerous cost-
effective uses for PCB immunoassays including the use of the
50 ppm assay for better definition of "hot spots."

INTRODUCTION

Immunoassay

The immunoassay technique is based on the specific binding of
the analyte with an antibody. The first step in producing a
test for an analyte involves the cultivating of the antibody
that will bind with a high degree of affinity and specificity
to the analyte when the analyte 1is present in very 1low
concentrations. A reporter conjugate must be present. This
is made up of a ligand attached to an enzyme molecule.
Antibodies are specific binding proteins that are produced in
response to a foreign substance, and that bind and label that
substance - antibody for disposal by the immune system. It is
believed that the antibody's binding is mainly a function of
‘conformational complimentarily between the target analyte and
the antibody's binding site. Antibodies are the key
ingredient for an immunoassay. They are produced by
vertabrate organisms. The immune systems of animals will only
respond to bacteria, virus and pollen. These "invaders" are
macromolecules or micro organisms compared to target analytes
of environmental concern. The target environmental analytes
are unable to directly stimulate the production of antibodies
and large immunogen cojugates must be prepared in order to
‘trigger an antibody response.

In order to produce antibodies that bind to the environmental
target analyte, a derivative of the target analyte is made and
chemically bonded to a macromolecule, usually a protein,
called a carrier molecule. This synthesized immunogen is now
effective in stimulating an animal's immune system and
antibodies are generated and collected for use in the
immunoassay.

The PCB immunoassay incorporates chromogenic reactions as a

detection systenmn. The chromogenic ELISA (enzyme-linked
immunosorbent assay) chemistry uses two essential reagents, an
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antibody and an enzyme conjugate reagent. The enzyme
conjugate is a PCB molecule linked to horseradish peroxidase.
This conjugate must be able to both bind to the antibody via
its attached target analyte and convert a substrate into a
detectable color. The horseradish peroxidase molecule
catalyzes the conversion of a colorless chromogen
tetramethylbenzidine to a blue derivative in the presence of
the substrate, hydrogen peroxide.

The Test

Tubes are coated with the antibody. The sample extract, or
known, standard is added with a predetermined amount of the
conjugate containing the horseradish peroxidase (HRP). The
sample PCBs and the conjugate - HRP compete for the available
sites of the antibodies on the tube coating. After this
competition or incubation is complete, the sample and
conjugate - HRP are washed out of the tubes. The color
reaction mixture is added and developed. The more PCB
molecules present in the tube the fewer enzyme conjugate
molecules that will bind and thus 1less blue color will
develop. The more PCB molecules bound to the antibodys, the
less blue color is developed. By utilizing a standard PCB
concentration one can colorimatrically determine if the sample
contained a concentration greater than or less than that of
the standard.

This immunoassay system was used to carry out a site
investigation for PCBs using a 5 ppm "go - no go" test kit
developed by EnSys Inc. of Research Triangle Park, North
Carolina.

Experimental

This work was not a test but a real project. The immunoassay
was added to the site investigation in order to reduce the
cost of the project. The site consisted of approximately an
acre with three masonry buildings. 1In the most recent past,
this site was a heating oil storage and transfer facility for
a small local home distributor. In an economical move, the
heating o0il firm ceased the use of this facility and removed
the large above ground storage tanks. To complete the site
clean-up in preparation for sale or lease, several small
gasoline underground storage tanks were removed. Testing that
accompanied the tank removal did indicate some areas with high
total petroleum hydrocarbons. In the negotiations with the
state UST agency, there was a review of the data by an expert
hired by the law firm representing the heating oil company.
The tentatively identified compounds (TICs) that were
previously ignored by everyone indicated approximately 1000
ppm of PCB in the semivolatile organic analyses. This
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observation was quickly verified by a gas chromatographic
pesticide - PCB analysis. The state agency was informed
immediately and the planning for a PCB site assessment began.

The site assessment for PCBs was planned using a 20 foot
square grid except for the gasoline underground storage tank
area. This was considered to be the '"hot spot" and the grid
was reduced to 10 foot squares. Along the northern border a
row of 10 foot squares were placed next to an electric sub-
station because it might be a possible source of
contamination.

The site assessment was planned for three days. It included
the sampling of surficial soil in the center of each square
from the surface to a depth of six inches. 2All of the soils
collected from the 10 foot squares of the grid would be
analyzed using the immunoassay tests. Twenty samples would be
confirmed using the field gas chromatographic method developed
by Dr. Spittler. At least twenty samples would be chosen for
laboratory analysis. These laboratory analyses were performed
by Envirotech Research of Edison, New Jersey, utilizing method
8080.

For the immunoassay, the quality control samples that were
used to ensure that the tests were being run correctly were
blank soils, blank spiked so0ils and replicates of field
samples. Blank soil was prepared by air drying and sieving to

homogenize the soil. The blank spike so0il was a portion of
this blank soil spiked with approximately 20 ppm (mg/Kg) of
Aroclor 1242. This concentration was confirmed by gas
chromatography.

RESULTS

In the three days of testing, a blank soil was run at the
beginning and at the end of a 12 hour work day. Table 1 shows
that all soil blanks gave satisfactory results.

The blank spikes were run at the same frequency as the blank
soils. Table 2 shows that these blank spike results were
satisfactory. However, we did learn that a single technician
running 50 plus immunoassays and 7-8 gas chromatographic runs
for twelve hours on three consecutive days leads to Yburn
out." Thus, there was an omission of a blank spike from our
program!

However, there was an extra replicate as indicated on Table 3.

These replicate analysis did show the necessity to check at
least one sample, K-1, by gas chromatography.
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The field gas chromatographic method was a great help in
making us feel comfortable with the immunoassay results.
Tables 4,5, and 6 give the field gas chromatographic results

versus the immunoassay results. This comparison indicates-
that the immunoassay may give false positive results at.or"

near its detection limit of 5 ppm (mg/Kg-wet weight).

The laboratory gas chromatographic method results are compared
to the immunoassay results in Tables 7,8 and 9. This
comparison gives the same conclusion concerning the
effectiveness of the immunoassay test for PCBs in soil. There
are approximately 20% false positives and all of these samples
have PCB concentrations near the immunoassay detection limit.

CONCLUSIONS

There were a total of 151 field samples run by the immunoassay
methodology for PCBs. Twenty one mnmore tests were run on
quality control samples. Mapping the results on the site grid
and the comparison of the immunoassay results with verified
laboratory gas chromatographic results gave adequate
information for a remedial action work plan for the PCB
contamination. It clearly shows that the source of PCBs is
not the electric substation. The data indicates that the
suspected "gasoline" underground storage tanks were used for
the storage of PCBs.

Most importantly for the owner of this site was that the cost
of this site assessment was less than 50% of the projected
costs of a conventional assessment. The savings were realized
in the cost of analyses as well as the time spent on the site.
The added benefit was the ability to select new samples based
on the results of previously run samples. The analytical
costs are given in Table 10.

The false positives were not an important problem in this
work. If there was a false negative, it was not a factor
either. However, we believe that false negatives in this type
of project are inclined to be due to a heterogeneous soil
sample with a concentration near the detection limit.

This program was a success. The immunoassay will become an

important methodology in environmental testing in the near
future.
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FOOTNOTES

,Spittler, Thomas M., Ph.D., Field Measurement of PCBs in
S0i) and Sediment Using a Portable Gas Chromatograph," U.S.
"Environmental Protection Agency; Region I, Lexington,
“Massachusetts :
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TABLE 1

BLANKS

All positive sample values indicate a "not detected"
(ND) with a detection limit of 5 parts per million (ppm)

PCBs.
Blank No. Value
1 +0.18
2 +0.14
3 +0.32
4 +0.30
5 +0.27
6 +0.05
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TABLE 2

BLANK SPIKES

' 20 mg/Kg (Air Dried) PCB 1242

All negative sample values indicate that the sample
contains 5§ mg/Kg or more of PCBs. ' '

Blank Spike No. Value

-0.33
-0.16
-0.11
-0.10
-0.23

G hHh WU -
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TABLE 3

REPLICATES

(Co-located)

Values
Sample Location Run1 Run2 Run3 Rund4 Runs

D-9 +0.04 +0.22
G-10 -0.12 -0.07
H-3 +0.15 +0.22
H-14 +0.24 +0.28
K-1 -0.01 -0.01 +0.22 +0.09 +0.01
K-5 -0.43 -0.25
K-10 +0.177 +0.21

Positive values: <5 mg/Kg (wet weight)
Negative values: >5 mg/Kg (wet weight)
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TABLE 4

FIELD GC

“HITS" (Negative Values)

Immuno GC Value
Sample Location Assay Value maq/Kg (wet wt.)
D-6 -0.47 >400
F-9 -0.09 16
E-1 -0.55 100
J-5 -0.39 18
J-4 -0.56 120
-7 -0.23 24
D-7 -0.42 - 40
D-4 -0.51 400
-5 -0.60 150
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TABLE 5

FIELD GC

"CLEAN® (Positive Values)

Immuno GC Value
Sample Location Assay Value mg/Kg (wet wt.)
D-10 +0.06 ND
B-6 +0.36 ND
C-8 0.00 2
B-10 +0.07 ND
B-8 +0.38 2
H-20 +0.37 ND
J-14 +0.28 ND

ND is not detected with a detection limit of 1 mg/Kg (wet weight).
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Sample Location

G-10

K-1

D-8

TABLE 6

FIELD GC -

*O0PS”

Immuno
Assay Value

-0.12 and -0.07
-0.01 and -0.01
and +0.22 and
+0.09 and +0.01
-0.01
-0.06

3 False Positives
1 False Negative

- Proceedings July 13 - 17, 1992

GC Value
ma/Kqg (wet wt.)

ND

6 and 8

ND is not detected with a detection limit of 1 mg/Kg (wet weight).
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TABLE 7

LABORATORY RESULTS
(Sum of PCB 1248 and PCB 1260)

“HITS" (Negative Values)

Immuno GC Value
Sample Location Assay Value mg/Kg (dry wt.)
B-1 -0.51 730
D-4 -0.54 960
D-6 -0.47 700
E-1 -0.55 640
H-6 -0.45 210
J-5 -0.39 36
S-4 -0.22 5
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TABLE 8

~ LABORATORY RESULTS
(Sum of PCB 1248 and PCB 1260)

"CLEAN" (Positive Values)

- Immuno GC Value
Sample Location Assay Value ma/Kg (dry wt.)
A-15 +0.32 ‘ 0.4
A-16 ‘ +0.33 0.8
A-17 +0.37 ND
A-18 +0.06 2.7
A-26 +0.34 0.5
B-6 +0.36 1.3
B-10 +0.07 0.6
L-14 +0.15 0.6
0-24 +0.67 ND
vV-12 +0.63 ND

ND is not detected with a detection limit of 0.1 mg/Kg (dry weight).
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TABLE 9
LABORATORY RESULTS
(Sum of PCB 1248 and PCB 1260)
"O0OPS"
Immuno GC Value
Sample Location Assay Value mag/Kq (dry wt.)
G-10 -0.12 and -0.07 ND
K-1 -0.01 and -0.01 1.5

and +0.22 and
+0.09 and +0.01

K-9 ‘ -0.01 1.4

p-2 -0.23 1.7

3 False Positive Values
1 False Negative Value

ND is not detected with a detection limit of 0.1 mg/Kg (dry weight).

72




8th Annual U.S. EPA Symposium on Solid Waste Testing and Quality Assurance - Proceedings July 13 - 17, 1992

TABLE 10
SUMMARY
SAMPLE COSTS
Immuno Assay | $ 5,160
Field GC Analyses 2,560

(including technician for field GC)

Laboratory GC Analyses* 4,050

Total Analytical Invoice: $11,770

*Includes 2 duplicates, 2 matrix spike/matrix spike
duplicates, and data package.
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CURRENT STATUS OF LIPID CONTAINING SEMIPERMEABLE MEMBRANE DEVICES
AS ENVIRONMENTAL DOSIMETERS

ORGANIC

J.D. Petty, J.N. Huckins, J.A. Lebo, J.L. Zajicek, and J.C. Meadows, National Fisheries
Contaminant Research Center, U.S. Fish and Wildlife Service, 4200 New Haven Road,
Columbia, MO 65201 USA.

ABSTRACT

Layflat polyethylene and capillary silastic® tubes containing pure triolein (lipid) are shown
to have considerable promise as passive in-situ samplers for nonpolar organic
contaminants in water and potentially from the vapor phase. These semipermeable
membrane devices (SPMDs) appear to simulate the bioconcentration of hydrophobic
contaminants by aquatic organisms. Bioavailable organic contaminants in water passively
diffuse through the thin membranes into the enclosed lipid. Contaminant molecules
associated with particles and dissolved organic carbon are excluded because the
transport corridors through these dense polymers are <10 A in cross- sectional diameter.
Equilibrium SPMD-triolein-water partition coefficients (K,,) of test chemicals as determined
by static tests closely correspond to the octanol-water partition coefficients of the same
chemicals, resulting in enriched analyte concentrations in triolein. Moreover, enrichment
of hydrophobic organic contaminants (eg. PCBs) from airborne residues appears to be
extremely facile. Thus, SPMDs with 1.0-g of triolein achieve sampling rates for PCB
residues from water of ~ 5 L/day at 18°C and ~ 4,000 L/day from air at 26°C.
Contaminants concentrated in the lipid are recovered from intact SPMDs (polyethylene)
using organic solvent dialysis.

INTRODUCTION

Passive air monitors or dosimeters are widely accepted for determining occupational
exposure of workers to ambient organic vapors (1,2). They use diffusion coefficients of
vapors through a quiescent air gap or a permeable membrane to obtain a sampling rate
that is proportional to exposure time and to the mean airborne concentrations. However,
this integrative approach has seldom been applied to contaminants in aquatic
environments. Huckins et.al. (3) developed a lipid-containing semipermeable membrane
device (SPMD) for in-situ integrative monitoring of aquatic contaminants. The SPMD is
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conceptually similar to passive air monitors and fills a gap in current analytical and
biomonitoring techniques for organic contaminants.

The SPMD (3) is constructed from virgin (no additives) layflat tubing of low density
polyethylene (PE), but other nonporous polymers such as polypropylene (PP), silastic,
plasma-treated silicon or silicon-PP laminates (4) can be used. Polymeric films used in
SPMDs are referred to as nonporous, although transient cavities with diameters up to ca.
10A are formed by random thermal motions of polymer chains (5,6). Due to the
extremely small and dynamic nature of cavities or transport corridors in most of these
membranes, permeant molecules are considered to be "solubilized" by the polymer (7,8).
Because the cross-sectional diameters of many environmental contaminants (9) approach
the maximum size of membrane transport corridors, only dissolved organics should
diffuse through the membrane and be concentrated.

SPMDs contain a thin film or small-diameter plug of a high molecular weight (> 600
daltons) neutral lipid, such as triolein; purified lipid extracted from a representative
organism, or lipid-like synthetic compounds. The capacity of triolein-containing SPMDs
to concentrate an organic chemical is delineated by its K, (equilibrium triolein-water
partition coefficient). Contaminant residues sequestered in triolein are readily recovered
from intact PE SPMDs by dialysis in organic solvent (10).

Lipid-containing SPMDs have been used in several environmental settings (3,11-13), and
their ability to sequester trace concentrations of both persistent (polychlorinated biphenyls
(PCBs) etc.) and biodegradable (PAHs) organic contaminants has been demonstrated.
Prest et al. (11) compared the devices to freshwater bivalves (Corbicula fluminea) for
environmental contaminant monitoring in the Sacramento and San Joaquin Delta. He
recommended further development of the SPMD approach based on ease of use,
interpretability of data, and low concentrations of interfering substances in SPMD blanks
relative to control bivalves. Also, Gray and Spacie (14) found that SPMD K, s of lindane
and trifluralin were much closer to lindane’s and trifluralin’s fish bioconcentration factors
than the concentration factors in hexane-filled dialysis (cellulose) tubes (15). They
concluded that PE-SPMDs have greater promise for field application because of their
durable construction and high contaminant concentration potential.

The use of SPMDs for monitoring and removal of organic vapors also holds considerable
promise. The high surface area of the PE membrane relative to the low volume of
enclosed triolein permits very high sampling rates of ambient vapors. In addition, the
presence of a thin liquid phase on the exterior PE membrane surface, consisting of low
molecular weight lipid impurities in 95% triolein, appears to enhance the uptake of organic
vapors by SPMDs. Presented herein are the results of selected studies from our ongoing
research designed to define the applicability of the SPMD technology for sampling both
aqueous environments and air-borne hydrophobic pollutants.
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EXPERIMENTAL

The experimental details of the preparation and exposures of SPMDs and subsequent
analysis of SPMD sample dialysates have been published previously (3, 10, 12, 13, 16).

We choose an urban creek for the first field application of SPMDs that specifically targeted
polycyclic aromatic hydrocarbons (PAH) residues. The creek runs through a local
Midwestern city, and our primary criterion in choosing it for sampling sites was its
proximity to our laboratory. During low water conditions, the depth of the creek ranges
from about 5 to 80 cm. The creek bottom consists of rock, gravel, and sand.

For sampling the creek, we deployed the SPMDs in the protective shrouds of galvanized
steel. Use of the shrouds enabled us to place SPMDs in the horizontal orientations
necessary for sampling this shallow stream. The shrouds protected the SPMDs from
abrasions and protected the sequestered PAHs from light. Exposures were conducted
for 21 days.

RESULTS AND DISCUSSIONS

As part of our ongoing research designed to delineate the functional processes of
contaminant uptake by the SPMDs and to define the kinetics of contaminant enrichment,
SPMD membranes consisting of PE layflat tubing and silastic tubing were compared in
flow through exposures to 2,2°,5,5'-tetrachlorobiphenyl (TCB). In general silastic tubing
has greater polymeric free volume than PE and even though the wall thickness of SPMD
silastic tubing was 3.2.-fold greater than the PE tubing, it was expected to concentrate the
2,2,5,5-TCB at approximately the same rate. This arises because the permeability
coefficient of nonelectrolyte organics in silastic membranes are, generally much greater
than the corresponding values for low density PE membranes of the same thickness.

Figure 1 and 2 illustrate the uptake of 2,2',5,5°-TCB by the silastic and PE SPMD
configurations. Following seven days of exposure, the concentration factor of 2,2°,5,5'-
TCB in the triolein of silastic SPMDs was approximately 6,000 whereas the concentration
factor in triolein of PE SPMDs for identical exposure conditions was approximately 20,000.
These data indicate that for PCBs the permeability or sampling rate of silastic and PE
SPMDs of the same membrane thickness, may be similar.

Huckins et al. (3) suggested that membrane permeation is the rate-limiting step, ie.
highest resistance to mass transfer, in the uptake of several hydrophobic organic
contaminants (log K,,s ~ 5 to 8) by SPMD lipid. Membrane control of analyte sampling
rate is required to accurately estimate average concentrations of contaminants in water
or air (unless equilibrium is achieved during exposure interval), because the variance
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associated with intrinsic properties of SPMDs (membrane and triolein) can be minimized,
whereas the minimization of variance associated with systems controlled (extrinsically) by
boundary layers (3,7), ect., is very difficult. The membrane control design also enables
the use of less complex kinetic models to estimate analyte water concentrations from
SPMD residue data. ’

Depending on the physicochemical properties of the contaminant and the components
of the selected SPMD design, equilibrium or uptake kinetic modeling approaches may be
needed (16) for the estimation of contaminant concentrations in water. Assuming the
exposure time is sufficient to reach 0.9 of the K,,, of a particular contaminant (limitations
of this approach are delineated by Huckins et al. [16]), then its water concentration can
be estimated by the pseudo-equilibrium relationship

C, = C,/0.9K,,

where C,, is contaminant concentration in water and C, is its concentration in SPMD
triolein. The PE membrane represents a major portion of the SPMD mass and it
contains a significant amount of sequestered contaminant residues. Calculation of C,
from contaminant residues recovered in dialysates can be done by using the following
equation:

C, = Ang/ (M, + K M),

where A_ , is analyte mass in the SPMD dialysate M, and M_, are the masses of the
triolein and the membrane, and K, is the distribution coefficient of a contaminant in
the membrane and triolein phases.

For contaminants with high K,’s (> 2 X 10%), kinetic modeling approaches are usually

more appropriate. Based on the definition of solute transport in polymers, linear
SPMD uptake can be described as

C, = (PK,,C A/ (t-T),
where P is the analyte permeability coefficient, K, is the membrane-water partition
coefficient, A, and | are the membrane surface area and thickness, V is the volume of
the triolein, and T, is the lag time for contaminant transport through the membrane into
the triolein.
If SPMD uptake kinetics are nonlinear then
C, = (KwCu/Knd [l - exp(K,PA,/VH{T, - t})]

can be used, where T, is the x-intercept of the model. This exponential model was
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fitted to data from the flow-through exposures of SPMDs to C'*-2,2,5 5-TCB and the
model estimate of C,s were within 50% of the measured values.

To determine the effectiveness of SPMDs for sampling poliutants in the environment,
SPMDs were deployed in a small urban stream suspected to be contaminated with
PAHs. The reproducibility of the SPMDs for monitoring aqueous PAH residues is
exemplified by Figure 3. In Figure 3 we present mirror imaged chromatograms
representing duplicate SPMDs deployed in the urban creek. The SPMDs were
exposed for 21 days. Because of the intrinsic reproducibility of the SPMD uptake of
PAHs these simple devices are extremely useful for determining the relative degree of
PAH contamination in aquatic sites where conditions such as temperature and
periphytic growth are similar. Research on the effects of temperature variation and the
efficacy of antifouling agents is underway.

Another area of our current research is the use of the SPMD technology for
concentrating hydrophobic organic contaminants from the atmosphere. It has long
been recognized that areial transport of organic contaminants occurs on a global basis
(18,19). Such materials exist in both the vapor phase and associated with particulate
matter.

A variety of techniques have been employed to measure both wet and dry deposition
of atmospheric contaminants (20,21). These techniques include glycerol-coated plates
or pans, Teflon® sheets, containers of water, polyurethane foam plugs, carbon or
other adsorbent traps. While great progress has been made in improving active air
samplers, these devices suffer the consequences of complexity and mechanical
operation. Passive air samplers, either diffusion or permeation type (e.g. personal
monitors) are attractive due to their simplicity but generally have low sampling rates
(total for device) because of the low surface area of the tube (air diffusion zone) or
membrane sampler relative to the volume of trapping media. SPMDs have high
surface area (membrane and their exterior lipid film) relative to the volume of trapping
media, permitting membrane control of sampling rates, while achieving very high total
sampling rates.

We exposed SPMDs to the laboratory air at the National Fisheries Contaminant
Research Center (NFCRC). The SPMDs were exposed for a period of 14 days and
subsequently analyzed by gas chromatography/electron capture detection. The
chromatogram of an air sample and a control SPMD sample are presented in Figure 4.
The major portion of the electron capture response from the air sample is associated
with PCBs. Indeed, the PCBs sequested represent 7ug total residue.

In order to estimate the sampling rate of the SPMDs exposed to the laboratory air, we
used a standard method for determining PCBs in air (23) as a benchmark. Thus, the
NIOSH method resulted in a determination of 30 ng/m3 in the laboratory atmosphere.
Using the 7 ug total PCB residue sequestered in a sampler array consisting of 3
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SPMDs (~ 0.46 g triolein/SPMD) and the 30 ng/m® determined by the standard
NIOSH method, it can easily be ascertained that each SPMD sampled approximately 4
m? of air per day. This is an extremely facile sampling rate for a passive sampler. We
are currently exploring the kinetics of SPMD uptake of organic pollutants and will field
test the technique in the near future.

SUMMARY

The SPMD technology has been demonstrated to be a simple and highly efficient
method for sequestering hydrophobic organic contaminants from both water and air.
The SPMDs provide a means of estimating the presence and relative amounts of a
broad spectrum of bioavailable (assuming no food contribution) organic contaminants.
The SPMD technique allows the determination of episodic contamination and
pollutants (e.g. PAHSs) rapidly metabolized by sentinel organisms.

The extension of the SPMD technology into the area of air sampling potentially
provides an efficient method for determining non-particulate bound residues without

the problems associated with filtration. The passive nature of the SPMD technology
lends itself to a wide variety of sampling situations.

REFERENCES

1) Underhill, D.W.; Feigley, C.E. Anal. Chem. 1991, 63, 1011-1013.
2) Fowler, W.K. Am. Lab 1982, 14, 80-87.

3) Huckins, J.N.; Tubergen, N.W.; Manuweera, G.K. Chemosphere 1990, 20, 533-
552.

4) Zander, A.K.; Chen, J.S. and Semmens, M.J. Wat. Res. 1992, 26, 129-237.
5) Lieb, W.R.; Stein, W.D. Nature 1969, 224, 240-243.
6) Flynn, G.L.; Yalkowsky, S.H. J. Pharm. Sci. 1972, 651, 838-852.

7) Comyn, J., Editor, "Polymer Permeability" 1985; Elsevier Applied Science
Publishers LTD, New York, NY, p 383.

8) Hwang, S.T.; Kammermeyer, K., Editors, "Membranes in Separations" 1975;
Robert E. Krieger Publishing Company, Inc. Malabar, FL, p 559.

79



8th Annual U.S. EPA Symposium on Solid Waste Testing and Quality Assurance - Proceedings July 13 - 17, 1992

9)

10)

11)

12)

13)

14)

15)

16)

17)

18)
19)

20)

21)

Opperhuizen, A; Velde, EW.; Gobas, F.A.P.C.; Liem, DAK Steen, J.M.D.
Chemosphere 19885, 14, 1871-1896.

Huckins, J.N.; Tubergen, M.W.; Lebo, J.A.; Gale, R.W.; Schwartz, T.R. J. Assoc.
Off. Anal. Chem. 1980, 73, 290-293.

Prest, H.F.; Burns, 8.A.; Jarman, W.M. 12th Meeting of the Society of
Environmental Toxicology and Chemistry, EMAP Session. 1991, Poster No. 323, p
219.

Huckins, J.N.; Meadows, J.C.; Manuweera, G.K.; Lebo, J.A. 12th Meeting of the
Society of Environmental Toxicology and Chemistry, EMAP Session. 1991, Poster
No. 315, p 217.

Lebo, J.A.; Zajicek, J.L.; Huckins, J.N.; Petty, J.D. "A Demonstration Method for
the Application of Semipermeable Membrane Devices to In Situ Monitoring of
Environmental Waters for Polycyclic Aromatic Hydrocarbons” Chemosphere.
1992, In Press.

Gray, M.A.; Spacie, A. 12th Meeting of the Society of Environmental Toxicology
and Chemistry, EMAP Session. 1991, Poster No. 272, p 206.

Sbdergren, A. Environ. Sci. Techno. 1987, 21, 855-859.

Huckins, J.N.; Manuweera, G.K.; Petty, J.D.; Lebo, J.A.; Mackay, D. “Lipid
Containing Semipermeable Devices for In-Situ Estimation of Time Weighted
Aqueous Concentrations of Organic Contaminants; Background, Theory and
Model Development” 332, Submitted to ES&T.

Neff, J M. 1985. G.M. Rand and S.R. Petrocelli, Editors. "Fundamentals of
Aquatic Toxicology." Hemisphere Publishing Corp., Washington, D.C., USA, p
416-454.

Helmig, D., J. Mdller and W. Kilein. Chemosphere. 1989, 19, 1399-1412.
Bidleman, T.F. and C.E. Olney, Science. 1974, 183, 516-518.

Swackhamer, D.L., B.D. McVeety and R.A. Hites, Environ. Sci. Technol. 1988, 22,
664-672.

Broman, D., C. Naf, C. Rolff and Y. ZehGhr, Environ. Sci. Technol. 1991, 25, 1841-
1850.

8¢




8th Annual U.S. EPA Symposium on Solid Waste Testing and Quality Assurance - Proceedings July 13 - 17, 1992

22)  Eller, P.M., NIOSH Manual of Analytical Methods. 3" ed. Cincinnati: U.S.
Department of Health and Human Services. Public Health Service, Center for
Disease Control, National Institute for Occupational Safety and Health, 1984.
DHHS (NIOSH) publication No. 84-100: 5503-1-5503-5.

81




Relative Concentration Factor

8th Annual U.S. EPA Symposium on Solid Waste Testing and Quality Assurance - Proceedings July 13 - 17, 1992

7,000

§ Tube Contents Tube Membrane Strips

6,000 —a— oo ceemmeees

5,000

4,000

3,000

2,000

1,000

Time (Days)

Figure 1: Relative concentration factors of 2,2',5,5'-TCB in
triolein (tube contents), silastic tube containing
triolein (tube membrane) and silastic strips.
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Figure 2: Relative concentration factors of 2,2',5,5'-TCB in

triolein (Bag Contents), PE membrane containing
the triolein (Bag Membrane) and PE layflat tubing (Strips).
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Figure 4: Chromatograms of dialysates from SPMDs exposed to
laboratory air for 14 days (top) and blank SPMDs

(bottom).

85



8th Annual U.S. EPA Symposium on Solid Waste Testing and Quality Assurance - Proceedings July 13 - 17, 1992

DEVELOPMENT OF A MONOCLONAL ANTIBODY IMMUNOASSAY FOR THE DETECTION
OF POLYAROMATIC HYDROCARBONS IN SOIL

Randy L. Allen, Thomas N. Stewart, Tracy A. Withers, Wayne B.
Manning, Steve B. Friedman, EnSys, Inc., P.O. Box 14063, Research
Triangle Park, North Carolina 27709.

ABSTRACT

A sensitive and rapid enzyme immunoassay (EIA) was developed using
a monoclonal antibody (MAb) reagent that detects polyaromatic
hydrocarbons in soil. Derivatives of naphthalene, methyl
naphthalene, phenanthrene and acenaphthene were synthesized with
various types of spacers and conjugated to either bovine serum
albumen (BSA) or bovine thyroglobulin (BTG). A total of 16
different conjugates were used for immunizing both Balb/c and Swiss
Webster mice. Mice responding to immunizations were selected as
splenocyte donors for MAb production. A panel of MAbs were
produced that recognized PAH compounds in a competitive EIA.

An antibody specific for phenanthrene (F35-2Z11) was chosen for
immunoassay development. The detection of phenanthrene in soil
provided a reliable marker for PAH compounds because of its
relatively low volatility and low susceptibility to leaching. An
enzyme-hapten conjugate was prepared for MAb F35-2211 that
demonstrated suitable characteristics of sensitivity, cross-

reactivity and compatibility with extraction buffers. The
resulting EIA demonstrated a sensitivity of less than 10ppm for
phenanthrene in soil. Extracts of negative soil samples from

different types of soil did not significantly alter the performance
of the assay. Interference from polychlorinated biphenyls, penta-
chlorophenols and petroleum products were negligible. This method
will offer speed and cost-effectiveness over current testing

methods of PAH compounds in contaminated soil which will result in
an increased efficiency of site management.
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The Field Screening of a Large Site for Pentachlorophenol
Contamination Using an Immunoassay-Based Analytical Method

Kevin R. Carter, EnSys Inc., Research Triangle Park, NC 27709
ABSTRACT

The contamination of soil and groundwater by pentachlorophenol as a result
of wood preserving operations throughout the country has been a prominent
environmental problem. A new method for the measurement of
pentachlorophenol in environmental samples has been developed that
employs immunoassay technology. Its high specificity, sensitivity, and
freedom from matrix interferences as well as its speed and ease of use make it
ideal for use as a field analysis tool to aid in the delineation of contaminated
areas of soil at former wood treating sites. The application of this method in
the field can result in the saving of both time and money. The results of a
comparison between immunoassay-based testing performed in the field and
GC analysis conducted in a field laboratory on a large wood treating facility
showed that the field method can be used to accurately assess
pentachlorophenol contamination.

INTRODUCTION

Pentachlorophenol (PCP) contamination of soil and water around operating
and closed wood preserving plants has received much attention from
regulatory authorities due to the potential health hazard posed by PCP and its
co-contaminants, such as octachlorodioxin.  The specific evaluation of PCP
contamination in environmental samples has previously required the use of
GC or GC/MS methods that are costly and subject to the normal delays
associated with laboratory analytical methods. The recent development of
rugged, accurate field analytical tests for PCP in soil and water has enabled the
rapid screening of contaminated sites, as well as timely remediation
monitoring, and pre-closure verification of clean-up (Mapes et al., 1992).
These tests are based on immunoassay technology and rely on the specific
binding properties of a biological compound known as an antibody to
recognize the target analyte in an environmental sample. The presence of
the analyte is visualized through a colorimetric enzymatic reaction and the
results are compared with those obtained with a standard. The semi-
quantitative result is interpreted with the aid of a battery-powered
comparative photometer.
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FIELD APPLICATION OF IMMUNOASSAY METHOD

The EPA’s Environmental Response Team conducted extensive site
characterization at several former wood preserving facilities in the Southeast
during the summer of 1991. The first plant to be investigated (in Brunswick,
GA) had recently ceased operations. Several areas on the 50 acre plant
grounds were heavily contaminated with pentachlorophenol, creosote, and
CCA (chromated copper arsenate). These included the area immediately
surrounding the treating equipment, treated pole storage barns, the transfer
yard, and a wastewater lagoon. The initial characterization was focused on
rapidly assessing soil contamination from each of the wood-preserving
chemicals. A mobile lab was established on-site at the facility in Brunswick
to analyze samples by GC from all of the wood preserving facilities. Because
the cost for this approach was so high and the need in the future for on-site .
analytical capability was foreseen, the immunoassay-based test developed by
EnSys was evaluated on this project in parallel with the mobile lab.

The Brunswick site was sampled for PCP contamination assessment using a
100 foot grid with samples taken at the surface and at several depths. The
EnSys immunoassay test system was employed to screen 200 soil samples as
they were collected prior to GC analysis. The advantages of the screening test
in this application included the ability of two field operators to screen up to
100 samples per day where two analytical chemists would only be able to
analyze 25 samples per day for pentachlorophenol.  In addition, the EPA
contract field operators needed no sophisticated equipment and little training
to use the field test. The test was capable of ranging the pentachlorophenol
concentration in soil over several orders of magnitude, with a minimum
detection limit of 0.5 ppm. For this project the test was used to assess
pentachlorophenol concentration at thresholds of 25 and 100 ppm.

A high degree of correlation was observed between the GC-FID results and
those obtained on-site with the immunoassay-based field test. =~ Of the 176
samples analyzed using both methods, 147 (83%) exhibited excellent
agreement. There were 21 (12%) false positives and 8 (5%) false negatives
recorded. Several of these (6), however, must be considered provisional,
because for these the field immunoassay results were within 25% of the GC
results. The especially low incidence of false negative results highlights the
utility of immunoassay-based field tests for the delineation of
uncontaminated areas. It should be noted that the GC method was subject to
inaccuracy primarily due to interferences caused by high levels of creosote
and fuel oil in many samples, which makes 100% correlation between the two
methods unlikely in any case. This side-by-side comparison conducted under
actual field conditions demonstrates the accuracy of the screening method.
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SUMMARY

A field analytical method for the semi-quantitative measurement of
pentachlorophenol based on immunoassay technology has been tested at a
wood preserving facility and the results compared to those obtained with GC-
FID. The correlation observed was very good with an acceptably low level of
false negative results. -
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10 The Assessment of a Site for PCB Contamination Using an
Immunoassay-Based Field Analytical Method

Kevin R. Carter, EnSys Inc., Research Triangle Park, NC 27709
ABSTRACT

The application of field analytical methods to site assessment projects can
result in substantial savings of time and money relative to the conventional
practice of collecting samples and submitting them for laboratory analysis.
Where large numbers of samples must be collected and analyzed, the
analytical turnaround time can severely handicap the progress of a project. A
PCB-specific immunassay-based field analytical method was used to evaluate
several hundred soil samples from a site on which electrical transformers
had been stored. The field analysis of over one thousand samples from this
site allowed the contaminated areas to be delineated in a relatively short time
period. A PCB contamination map of the site was created that showed the
pattern of PCB contamination clearly. A series of quality assurance/quality
control (QA/QC) procedures were implemented to support the field analytical
method. The QA data provided the necessary confidence in the field results.

INTRODUCTION

Immunoassay-based field analytical methods can be used to substantial time
and money advantage in site assessment projects relative to the conventional
practice of collecting samples and submitting them for laboratory analysis.
While laboratory methods can provide definitive identification and
quantitation of hazardous chemicals in soil and water, they require highly
trained personnel, expensive capital equipment, and relatively laborious
quality assurance/quality control (QA/QC) procedures to achieve these
results.  These factors contribute to substantial delays in obtaining results
following the submission of a sample for analysis. Delays stemming from
the laboratory analysis turnaround seriously reduce the time-effectiveness of
site assessment work. This has a more pronounced effect where large
numbers of samples must be collected and analyzed.

In order to complete the site assessment phase of an environmental clean-up
project where hundreds of samples are required in a timely fashion, either
the samples must be composited, sent to several analytical laboratories, or a
field method must be employed. Although it certainly has valid
applications, compositing of samples often creates detection limit problems.
The use of several laboratories presents a significant QA/QC management
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problem.  With the appropriate simple quality assurance/quality control
measures, immunoassay-based field screening of environmental samples can
be accomplished at a reduced cost without an accompanying decrease in the
quality of the data necessary to support the decision-making process.

IMMUNOASSAYS AS FIELD ANALYTICAL TOOLS

Immunoassay technology has only recently been applied to in-field sample
analysis for environmental contaminants (US EPA, 1990 and Goolsby et al.,
1991). Immunoassays rely on the specific binding properties of an antibody to
identify contaminated samples. The presence of the target contaminant is
visualized through a colorimetric enzymatic reaction and the semi-
quantitative results are interpreted with the aid of a portable comparative
photometer.

Immunoassay-based methods are appropiate for field analysis because:

—the reaction is extremely specific for the target contaminant
—there are few matrix interferences

—the test procedure is simple and rapid

—the method limits false negatives.

Immunoassays can, with a high degree of confidence, establish that sites or
areas are free from contamination. Extensive testing by environmental
consulting firms and by the EPA have shown that immunoassay-based
products can correctly identify over 90% of samples tested as clean versus
contaminated (Taylor et al., 1991).

SITE ASSESSMENT RESULTS

A west coast military base recently proposed to convert a surplus/salvage
equipment storage area to another use. Because the 1.5 acre site had
previously been used to store utility transformers and there was anecdotal
evidence for transformer leakage, the state specified a phase 2 site assessment
plan that included a total of up to 3700 samples to be collected and analyzed
for PCBs. This sampling frequency was necessary to ensure that a small spill
was detected.  Since there was no existing record of where transformers had
been stored on the site and surface staining provided no clues, the use of an
intensive grid sampling design was required.

The environmental consultant was faced with the problem of analyzing a
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large number of samples on a limited time scale with a budget that did not
match these needs. The solution to the problem was a field analytical
method that is specific for PCBs and provides the capability to analyze 35-50
samples per day on-site. Originally, a field method based on the detection of
chlorine chemically stripped from PCBs was considered, but rejected due to
the presence of significant levels of chloride ion in the soil that would act as a
positive interferent. The immunoassay-based method was selected because
of its accuracy, PCB-specificity, and sensitivity. = This immunoassay field
analytical system is manufactured by EnSys Inc.

The environmental consultant set up the two meter grid required by the
sampling plan and a two-person crew collected surface samples for screening
by the field method. The first round of samples was collected at eight meter
intervals to roughly define contaminated areas. The action level for the site
was 25 ppm PCBs. Analyses of each sample were made at 5 and 50 ppm to
allow the mapping of contaminated zones. One large area and a few smaller
areas were found to be contaminated with PCBs at levels greater than 50 ppm.
Several samples that were shown to contain greater than 50 ppm PCBs on the
eight meter grid were sent to a laboratory for confirmatory analysis by GC
(results from the first batch are shown in Table 1). Over 75% of the field
testing results were confirmed by the laboratory analysis. Where agreement
between the two methods was not observed only false positives were
obtained. The absence of false negatives is an important criterion for a
successful field method.

To identify smaller areas of contamination and more sharply delineate the
larger areas, samples were next collected and analyzed from points located at
four meter intervals. Finally, a relatively small number of samples were
collected at the two meter interval to sharply define any contaminated areas
identified in the broader screens. The results of the field analytical testing are
depicted in Figure 1.

In any project where field data are to be used for decision-making it is
imperative that QA/QC be performed in the field to provide documentation
regarding the validity of the field analytical data. = Several different types of
field QA/QC data were collected. The semi-quantative PCB field test kit
contains duplicate calibration standards that are tested in parallel with each
group of three samples. The evaluation of duplicate standards serves to
provide internal test system quality control. The results are deemed valid if
the difference in the results for the standards are within a predefined limit.
In addition, during the course of this project the field test operators routinely
tested performance evaluation (PE) samples supplied for the purpose of
confirming that false negative/false positive specifications for the field test
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were met (Table 2). This was primarily focused on the need to verify that
samples with PCB concentrations near the action level, 25 ppm, were
identified properly. This included ensuring that no false negative results at
the 5 ppm test level were recorded for samples containing PCBs. The results
of the PE sample analyses verified the expected performance relative to false
negatives. The repeatability of the test was documented through the testing
of duplicate subsamples at the rate of one for every twenty samples.

Because the PCB contamination covered areas substantially larger than the
smallest grid interval, testing of samples from all of the nodes at that interval
was unnecessary. The total number of samples screened over a 4 week period
by the two-person field screening crew was slightly over 1000. More than half
of those samples tested negative for PCBs. The ability to quickly identify
areas contaminated with PCBs allowed the environmental consultant to
focus on delineating the areas with PCB soil levels in excess of 5 ppm and 50

The project might have proceeded quite differently at a sustantially greater
cost had conventional laboratory-based GC analysis been employed. The
performance of 1200 field analyses at $34 per analysis (including labor) and 150
laboratory confirmatory analyses at $150 per sample comes to under $64,000.
By way of comparison, a strictly laboratory-based approach to this project
would have cost $180,000 (1200 samples at $150 per sample). Due to the need
for an approved laboratory and limited available laboratory capacity the
project would have required an estimated 4 months to obtain all of the
analytical data. This contrasts sharply to the 4 weeks required for the
completion of the site assessment using the field analytical test.

SUMMARY

Following the field analysis of over one thousand samples using an
immunassay-based field method, several areas of PCB contamination were
clearly and completely delineated. The data obtained allowed a “map” of PCB
contamination on the site to be constructed in a short period of time. Quality
assurance data were collected during the course of the project to document
the quality of the field analytical testing.
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Table 1

QA Data: Confirmatory Laboratory Analyses

Sample Field Test Results GC-ECD Results
(ppm) (ppm)
2-52 =5 =50 3310
4-28 =25 =50 1440
4-48 25 =50 2900
6-24 25 =50 492
6-32 25 >50 616
6-36 ' 25 =50 237
8-48 25 250 40
10-32 25 250 112
10-36 25 =50 145
12-48 25 =50 19
14-32 25 - 250 114
20-4 =5 <50 <05
24-40 25 >50 : 86
28-4 <5 <50 <05
32-4 <5 <50 <05
34-32 25 =50 3.5
38-36 <5 < 50 4.5
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Figure 1

PCB Contamination Map of Military Site
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Table 2

QA Data: Performance Evaluation Sample Results

Sample Type Field Test Results
negative soil <5 = <50
negative soil <5 <50
negative soil 25 <50
negative soil - <5 < 50
negative soil . <5 <50
negative soil <5 <50
negative soil <5 <50
negative soil <5 <50
27.5 ppm Aroclor 1260 soil 25 <50
27.5 ppm Aroclor 1260 soil 25 250
27.5 ppm Aroclor 1260 soil 25 < 50
27.5 ppm Aroclor 1260 soil 25 <50
27.5 ppm Aroclor 1260 soil 25 <50
27.5 ppm Aroclor 1260 soil 25 <50
27.5 ppm Aroclor 1260 soil 25 250
27.5 ppm Aroclor 1260 soil 25 <50
24.7 ppm Aroclor 1260 soil 25 250
24.7 ppm Aroclor 1260 soil 25 < 50
24.7 ppm Aroclor 1260 soil 25 <50
24.7 ppm Aroclor 1260 soil 25 250
24.7 ppm Aroclor 1260 soil 25 <50
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11 The Application of Immunoassay-Based Field Analytical Methods

Kevin R. Carter. EnSys Inc., Research Triangle Park, NC 27709
ABSTRACT

The application of field analytical methods to hazardous waste site
assessment can significantly enhance the quality of the site assessment effort
and result in substantial savings of time relative to the conventional practice
of collecting samples and submitting them for laboratory analysis. = With the
appropriate field method and adequate quality assurance/quality control
(QA/QQC) this can be accomplished without an accompanying decrease in the
quality of the data necessary to support the decision-making process.

The recent development of several low-cost, rapid, analyte-specific field
analytical tests based on immunoassay technology has provided on-site tools
for the cost-effective assessment of soil and water contamination. Extensive
application of immunoassay-based field analytical methods for
pentachlorophenol, polychlorinated biphenyls, and petroleum hydrocarbons
have shown them to be accurate, rugged, and reliable. In order to fully
realize the advantages offered by these tests, a project must be designed from
the beginning with field analysis in mind. There are two principal
operational areas in which the typical sampling or remediation plan is
significantly impacted by the use of a field analytical tool: the sampling
frequency and quality assurance/quality control procedures.

The optimum sampling frequency for projects where field screening is
employed is usually greater than it would have been using conventional
practice. The rapid feedback regarding location and level of contamination
that is available and the lower cost per sample collected and analyzed argues
that a greater frequency of sampling, overall, is of benefit to the quality of the
site assessment or remediation effort. Examples of modified sampling plans
appropriate to immunoassay-based field testing will be presented and
discussed.

In order for the results obtained with any analytical method to be reliable and
accurate, a sampling QA/QC plan with data quality objectives (DQO) must be
developed and followed. A specific plan should be developed based on the
goals of the project for which it is to be used and the decisions that are
anticipated to follow from the results. QA/QC procedures have been
developed for immunoassay-based analytical methods to enable their
application in the field with resulting data of documented quality.
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INTRODUCTION

In many cases, the application of field analytical methods to site assessments
can result in substantial savings of time and money relative to the
conventional practice of collecting samples and submitting them for.
laboratory analysis. In order to fully realize these advantages, however, the
project plan must be designed from the beginning with field analysis in mind.
There are two principal operational areas in which the typical sampling plan
is significantly impacted by the use of a field analytical tool: the sampling
frequency and quality assurance/quality control (QA/QC) procedures.
Immunoassay-based field tests possess the basic technical qualifications to
make them extremely useful for the assessment of soil contamination.

IMMUNOASSAY-BASED FIELD ANALYTICAL METHODS

The environmental immunoassay technique relies on a molecule referred to
as an antibody that is developed to have a high degree of affinity for the target
analyte. The high specificity and high affinity of the antibody is coupled with
a very sensitive colorimetric reaction that provides visualization of the
result. All of this chemistry is accomplished with a small number of
solutions that are applied to the processed sample or a dilution thereof. Soil
samples require a simple extraction step and subsequent filtration of the
extractant. A wide range of analyte concentration in samples is
accommodated through conventional serial dilutions. Extraction,
normalization, and sample dilutions can all be preformatted for ease of use in
the field.

‘The attributes that make immunoassay tests ideal for field screening include:
* immunoassay-based tests are analyte-specific;
e they are accurate and precise;
¢ they are easy to use;
¢ they are rapid (<30 minutes);
® immunoassay-based tests are not significantly affected by the composition
of the sample (soil or water) or the presence of most other compounds.

In addition to these characteristics, a properly designed immunoassay-based
field screening method should possess a very low false negative detection
rate. This property has the practical consequence of not treating a substantial
volume of contaminated soil as though it were “clean.” Viewed another
way, this impacts the conduct of the site assessment in a positive fashion. It
is not necessary to subject an area that has been screened and found to be free
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of contamination relative to the action level to a large amount of
confirmatory sampling and laboratory testing.

SAMPLING

The optimum sampling frequency for projects where field screening is
employed is usually greater than it would have been using conventional site
assessment practice. The rapid feedback regarding location and level of
contamination that is available and the lower cost per sample collected and
analyzed argues that a greater frequency of sampling, overall, is of benefit to
the quality of the site assessment effort. It is widely acknowledged that in soil
matrices the chief impediment to obtaining an accurate picture of
contaminant distribution is the heterogeneity associated with the matrix.
One approach to overcoming this problem is simply collecting and analyzing
more samples. However, this solution carries with it a proportionally higher
cost. The use of field methods makes it possible to get the additional data
points within the original cost constraints. In addition, this information can
be provided in the course of a single field mobilization with no added
expense for demobilization and redeployment of the sampling team for
successive sampling trips.

The application of an immunoassay-based field method requires a somewhat
different approach in the design of a sampling plan. It is impossible to create
a generic sampling plan to address the use of field analytical methods, because
any sampling plan depends on several factors that are site-, analyte-, and
matrix-specific. =~ These factors include the pattern and magnitude of
contamination and the relative cost of sampling/analysis relative to the
anticipated cost of the remedy. Several general guidelines do exist, however.
The most effective use of the strengths of field screening is obtained when the
sampling/analysis activity is conducted to increasingly smaller intervals as it
progresses, in an interactive fashion. The starting sampling interval is
determined by consideration of many factors specific to the situation.

For example, a large site with relatively large areas of soil contamination
might initially be sampled at the nodes of a 100 foot grid. Node samples
testing “clean” would require no additional sampling in their adjacent areas.
On the other hand, node samples analyzing above the action level would
trigger the collection of additional samples at points 50 feet from the node in
the direction of adjacent clean nodes. This type of iterative increase in
sampling resolution allows the boundaries of contaminated areas to be
defined relatively precisely with fewer samples (and at a lower total cost) than
would be required to achieve the same degree of precision with uniform grid
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sampling in a single trip, sampling/laboratory analysis scenario. But the
increase in precision is obtained with more samples than would be
collected/analyzed for the same cost using conventional laboratory analysis to
evaluate the extent of contamination using a fixed grid sampling plan. As a
result, the quality of the site assessment is enhanced by field testing without
additional expenditure. The same principle of iterative sampling and field
testing can be applied where soil contamination is expected to be more
localized, as well. However in this case, a smaller beginning node spacing
would be utilized.

QUALITY ASSURANCE AND QUALITY CONTROL

In order for the results obtained with any analytical method to be judged
reliable and accurate, a sampling QA/QC plan must be developed and
followed. The quality of data is dependent both on its analytical accuracy and
precision and its utility to the user in making a decision with a defined degree
of confidence. The use of a “high-powered” analytical technique does not
ensure that the data derived therefrom are either accurate or useful. To
obtain the maximum value from the money spent to collect data, it is
necessary to define data quality in such a way as to not only specify accuracy
and precision limits, but to include the intended use of the data, as well.

To ensure that data derived from field measurements using immunoassay-
based methods are adequate for the task for which they are being obtained it is
useful to follow the guidelines developed for the Superfund program by the
EPA Quality Assurance Management Staff. A sampling QA/QC plan with

. data quality objectives (DQO) should be developed based on the goals of the
project for which it is to be used. The EPA has developed the data quality
objectives concept to enable the project manager to ensure that all
measurements made in association with an environmental project produce
data of established quality. The key factor in establishing the quality of data
generated in the course of an environmental project is the level of QA/QC
performed. The decisions to be made with the data and the consequences of
failure dictate the level of QA/QC required for a given sampling plan. The
EPA has defined three levels of QA/QC for the Superfund program (Ryti and
Neptune, 1991) and Removal program (US EPA, 1990) that are valuable for
other types of projects, as well. They are summarized briefly below:

QA1: This is a screening objective that is typically used for rapid, preliminary
assessment of site contamination by field methods. Data collected for this
objective have neither definitive identification of contaminants nor
quantitation of their concentrations. No QA data are collected; a calibration
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or performance check of the method is required along with verification of the
detection level.

QA2: This is an objective that calls for the verification of the analytical results
obtained by either field or laboratory methods. This objective is most
frequently applied to field methods or quick laboratory methods. A portion
of the results (210%) are selected for qualitative (identification) and
quantitative (concentration level) verification. Assuming that the portion
selected for verification is representative of the whole, the project manager is
given a measure of confidence regarding the whole body of data.

QA3: This is a rigorous objective that specifies the assessment of the accuracy
and and precision of the analytical determination, as well as the verification
of the identity of the analyte. This level of QA/QC is usually only performed
on data collected using laboratory methods. It provides the highest level of
confidence, allowing critical decisions to be made based on results obtained.

Field analytical methods based on immunoassay techniques can readily be
incorporated into projects to meet the data quality objectives for site
assessments. Due to their analyte-specific nature, immunoassay-based field
analytical methods are best-suited to situations where the nature of the
contamination has already been determined using more general methods,
such as GC/MS. Only where strong historical evidence exists for
predominance of a single analyte should an immunoassay-based test be used
for a Phase 1 type of site assessment.

The requirements necessary to satisfy QA1 level objectives are quite readily
achieved using immunoassay-based field methods. In addition to sample
documentation only calibration need be performed. Regular calibration is
always a component of a properly designed immunoassay-based field method.

The decisions resulting from data generated as a consequence of a Phase 2 site
assessment activity usually dictate that several elements of a QA2 level
QA/QC plan be implemented in conjunction with immunoassay-based field
testing. Such a plan contains the features detailed below:

A. Sample documentation
1. Location, depth
2. Time and date of collection and field analysis

B. Field analysis documentation - provide raw data, calibration, any
calculations, and final results of field analysis for all samples screened
(including QC samples)
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C. Method calibration - frequent (several times daily) calibration; this
should be an integral part of the immunoassay test

D. Site-specific matrix background field analysis - collect and field analyze
uncontaminated sample from site matrix to document matrix effect

E. Duplicate sample field analysis - field analyze duplicate sample to
document method repeatability; at least one of every 20 samples should
be analyzed in duplicate

F. Confirmation of field analysis - provide confirmation of the quantitation
of the analyte via an EPA-approved method different from the field
method on at least 10% of the samples; choose 2% or at least two
representative samples testing below the action level or lowest test level
and 8% or at least two representative samples testing above the action
level; provide chain of custody and documentation such as gas
chromatograms, mass spectra, etc.

G. Performance evaluation sample field analysis (optional, but strongly
recommended) - field analyze performance evaluation sample daily to
document method/operator performance

H. Method blank, rinsate blank field analysis (optional)

I.  Matrix spike field analysis (optional) - field analyze matrix spike to
document matrix effect on analyte measurement

In addition to the QA/QC elements above, we have found that a simple
quality control procedure used at the time of the analysis can markedly
improve the performance of immunoassay-based field tests in the hands of
field workers. Due to the temperature dependence of the immunochemistry,
standards are normally tested alongside of samples in the field. For a semi-
quantitative test a standard at a single concentration level is used to simplify
the test for quick, easy field application. Little additional complication and
time results from concurrently testing a duplicate of that standard, but the
duplicate provides an easy field check of the operator’s technique for that set
of samples/dilutions tested.

Following the immunoassay-based field analytical method instructions and
providing for the QA/QC requirements described above will result in cost-
effective data at the level of confidence necessary for most Phase 2 site
assessment-based decision-making.
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SUMMARY

Field analytical methods provide a means for improving the quality of site
assessment work with no cost or data quality penalty. Immunoassay-based
field analytical methods have performance characteristics that are well-suited
for their use in assessment of soil contamination. With the application of
appropriate QA/QC procedures, immunoassay-based methods can be used to
generate data that meets QA1 and QA2 level objectives.
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12 A GUIDANCE AND METHODS COMPENDIUM: DOE METHODS FOR
EVALUATING ENVIRONMENTAL AND WASTE MANAGEMENT
’ | SAMPLES =

Steven C, Goheen, Margaret McCulloch, Sandra K. Fadeff, Deborah S. Sklarew, Berta L. Thomas, Roger
M. Bean, Georgia K. Ruebsamen, Shantha M. Anantatmula, and Robert G. Riley. Pacific Northwest

Laboratory? , Richland, Washington 99352; Craig S. Leasure. Los Alamos National Laboratory, Los
Alamos, New Mexico 87545; James S. Poppiti, Laboratory Management Branch, U.S. Department of
Energy, Germantown, Maryland 20874

Abstract: The document DQE Me¢thods for Evaluating Environmental and Waste Management Samples
(DOE Methods) is a guidance document planned for release in October 1992, with subsequent updates to be
published every 6 months.- DOE Methods contains guidance and validated methods for use by DOE and
DOE contractor laboratories in waste and environmental sampling, and in analyzing the constituents of
waste and environmental samples. The purpose of the document is to provide methods for the sampling and
analysis of radioactive and radioactive-hazardous waste and environmental samples that are not currently
provided by existing guidance manuals (i.e., EPA's SW-846). The development of DOE Methods is
supported by the Laboratory Management Division (LMD) of DOE. LMD is charged with providing the
required analytical facilities and analysis capabilities to cost effectively support DOE's environmental
restoration and waste management (EM) programs. DOE Methods will support the activities that will
determine whether EM actions are needed as defined by the DOE or the U.S. Environmental Protection
Agency (EPA).

A database called the DOE Methods Compendium Database (database) is being developed in parallel with
DOE Methods. Sampling and analytical methods have been and continue to be acquired from DOE and
DOE contractor labs and entered into the database. Similar methods are consolidated and subjected to a
review, validation, and approval process. Methods meeting certain validation criteria (i.e., QC data
availability, internal/external laboratory verification) are selected for inclusion in DOE Methods.

INTRODUCTION

Until now, DOE and DOE contractor labs have relied on the EPA, other agencies, and professional
societies for sources of compiled sampling and analysis methods. Historically, laboratories within the DOE
complex have developed waste and environmental characterization procedures independent of one another,
This practice has led to the accumulation across the DOE complex of a multitude of site-specific sampling
and analysis procedures. Acquisition and consolidation of these procedures is the goal of the DOE Methods
Compendium Program (DMCP). Through DOE Methods, DMCP will provide guidance for implementing
sound sampling and analysis strategies and providing the most up-to-date methodologies in support of EM
programs. Emphasis will be placed on incorporating radiochemical analysis methods, standard methods that
have been modified to accommodate highly radioactive samples (i.e., methods from the EPA's SW-846 (1),
Contract Laboratory Program (CLP), and 500 and 600 series), and field and waste sampling methods.
Sampling methods will include those for both low and high levels of radioactivity.

Several documents were used in the development of DOE Methods (1-5) which comply with pertinent
DOE regulations. DOE Methods will be reviewed quarterly and updated biannually. As part of the review
process, new and revised methods and chapters will be subjected to external review each quarter. Reviewers
comments will be incorporated so that the revised methods or chapters can be inserted in the next updated
version of the document.

2 Pacific Northwest Laboratory is operated by Battelle Memorial Institute for the U.S. Department of
Energy under contract DE-AC06 76RLO 1830.
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BACKGROUND

Program Roles and Responsibilities. Figure 1 depicts the overall organizational structure for
the management and conduct of the DMCP. The LMD has overall responsibility for the DMCP. DOE has
engaged the support of several organizations to meet the goal of this program. These groups and their
responsibilities follow:

*  Los Alamos National Laboratory (LANL) is the lead organization for the technical conduct of the
program. LANL-specific responsibilities include database development, management, and application.

«  Pacific Northwest Laboratory (PNL) is the custodian of DOE Methods and is responsible for its
development, periodic updating, and issue. Both LANL and PNL work collaboratively to acquire
procedures from laboratories across the DOE complex to support database and DOE Methods
development.

+  Assisting LANL and PNL is the National Air and Radiation Environmental Laboratory (NAREL).
NAREL is responsible for independently assessing the methods, with special attention on providing
guidance to the program on whether the methods are consistent with EPA monitoring and/or regulatory
needs and quality assurance and related ANSI/ASTM standards. NAREL also provides the primary
regulatory interface for radioactive and mixed-waste (or radioactive and hazardous sample) analysis
methods.

Database and DOE Methods Dynamics. Since the middle of FY 1991, LANL and PNL have
been acquiring procedures from the DOE and DOE contractor analytical laboratories within the DOE
complex. Figure 2 indicates current LANL and PNL communication networks used to obtain procedures.
PNL's network encompasses 6 operations offices and currently includes 25 laboratories and 1 program
office. DOE sites targeted by LANL are also of similar scope. To date, the total number of procedures
entered into the database based on the combined efforts of LANL and PNL is approximately 1,500.

Figure 3 summarizes the interrelationships of LANL and PNL database methods compendium
development activities. Network-received procedures are entered into the database by LANL staff by
transforming hardcopy information into text and image files and storing in the database. Both LANL and
PNL maintain indexed hardcopy files of procedures. LANL's files are used in support of database
development and to respond to user requests for procedures while PNL's repository is used in the
development of DOE Methods. Hard copies of procedures from the LANL repository can be ordered through
the database.

The database is accessed through the SEARCHmateTM system, which permits searching by procedure
type or by selected procedure elements (i.c., analyte, matrix, detection limit). Through this process, users
may identify existing procedures that meet their needs, thus avoiding costs associated with developing their
own procedure or using an inferior procedure that would impact data quality., The database may also help to
identify gaps in methodology, thus helping DOE identify where investments are needed in methods
development projects. The database contains over 1,500 full-text procedures, most of which are
radiochemical procedures. Figure 4 shows the distribution of a random sampling of 512 database
procedures. For the development of DOE Methods, PNL is responsible for preparing all chapters and
entering methods in the document. Network-received procedures are screened through a prioritization
scheme that gives high-level mixed (radioactive-hazardous) waste and environmental methods (sampling and
analysis) the highest priority, followed by low-level mixed waste methods. Methods for sampling and
analysis of radioactive materials have third priority, and methods for non-radioactive samples are given
fourth priority.

In situations where a number of common procedures have been received from DOE laboratories which
are not available in commonly used documents, a single method will be developed that incorporates the
attributes of all procedures in that batch. At the other extreme, unique methods will be evaluated on their
own merit. Developed procedures are subjected to a review, validation, and approval process. A draft plan
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has been prepared which defines 1) the mechanism by which procedures from the database become part of
DOE Methods, and 2) the criteria used for establishing their level of validation (Figure 5). The placement
of a procedure in a particular validation level is partially determined by submitted performance data.
Methods that successfully complete the process are reformatted and incorporated into DOE Methods, then,
where appropriate, submitted to EPA for inclusion in their methods documents (i.c., SW-846).

STRUCTURE AND PHILOSOPHY OF DOE METHODS

DOE Methods has been structured to complement EPA's Test Methods for Evaluating Solid Waste
(SW-846), with emphasis on guidance for the sampling and analysis of radioactive and radioactive-hazardous
waste and environmental samples. DOE Methods contains 11 chapters and 2 appendices. Chapter and
appendix content are summarized in Figure 6. Chapters 1-6 provide guidance for the design of an EM
sampling/analytical program. Chapters 7-11 contain sampling and analytical methods that can be used in
EM program conduct. Each method is assigned a number according to the scheme shown in Figure 7.

Performance vs. Prescriptive Methods. DOE Methods will encourage a performance-based
approach to methods application. Performance-based methods specify acceptable performance criteria for an
analysis and allow the analyst flexibility in achieving that performance level. Analysts may use a
recommended method or modify it to achieve a desired level of performance (i.e., any method can be used as
long as its performance meets the data requirements of the project). In contrast, prescriptive methods
specify in detail all the steps that must be followed, including quality control. Such methods are useful
when the choices for analysis need to be limited, as is normally the case when contracting for analytical
services. Most of EPA's methods, especially those used in the CLP, have been prescriptive.

The methods contained in DOE Methods will resemble prescriptive methods; however, they also will
contain performance criteria. All relevant validation and performance information, to the extent that it is
known, will be included for each method. At a minimum, a method developed by consolidating procedures
will contain single-laboratory performance information. If the methods are not used as written, it will be
necessary to demonstrate that data obtained from a subsequent adaptation will produce data comparable to
that obtained when using recommended or other documented or approved methods. Such a practice increases
the quality of data intercomparability across the DOE complex. Adoption of a performance-based approach
will allow flexibility in how recommended methods are applied by DOE and DOE contractor labs to meet
DOE needs.

CONCLUSION

. DOE Methods contains guidance and sampling and analysis methods to address DOE's characterization
needs for EM programs. It fills a gap currently not addressed by EPA guidance, thus aiding DOE in
implementing cost-effective strategies for the monitoring, cleanup, and management of wastes and
environmental contamination unique to the DOE complex. Supporting DOE Methods is a database
configured so that any user from across the DOE complex can access it and review a particular method, or
order a hard copy of a method. The DMCP provides the vehicle for DOE and DOE contractors to submit
procedures to be considered for inclusion in DOE Methods. DOE Methods is expected to become a standard
reference for guidance for the conduct of contaminant characterization at DOE sites.
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ANALYTICAL METHODS
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13 ANALYSIS OF PCB'S BY ENZYME IMMUNOASSAY

Robert O. Harrison, ImmunoSystems, Inc., Scarborough, Maine
Robert E. Carlson, Ecochem Research, Inc., Chaska, Minnesota

ABSTRACT

A competitive inhibition Enzyme ImmunoAssay (EIA) has been developed for the
determination of PolyChlorinated Biphenyls (PCB's). The test is capable of analyzing for
PCB's in the field in 15 minutes from a prepared sample, using no specialized equipment.
Validation data have been generated for soils using a rapid extraction procedure which can
be done in the field with an inexpensive extraction device (drying of the soil is not required
before analysis). Applications currently under development for other matrices include
water, transformer oil, sediment, and surface wipes. The test specificity is restricted to
PCB's, with high sensitivity for Aroclor's 1016, 1242, 1248, 1254, and 1260. Matrix and
solvent interferences are minimal. The sensitivity and flexibility of the test allow analysis
of PCB's with a wide variety of sample preparation methods. Sensitivity in the matrix of
interest depends on the matrix and sample preparation method. The present rapid extraction
and EIA, commercially available in kit form, is suitable for PCB screening of soils in many
field and laboratory situations.

INTRODUCTION AND METHODS

Reagent Development

The assay development process followed the general procedure described previously by
Harrison et al. (1988) and Jung et al. (1989). The development of the EIA for PCB's
followed these steps: 1) PCB derivatives were synthesized for conjugation to proteins; 2)
one of these PCB derivatives was conjugated to a carrier protein and the resulting conjugate
was used to immunize animals, which then produced antibodies recognizing both the PCB
derivative and PCB's; 3) a PCB derivative was conjugated to horseradish peroxidase
(HRP) to make a conjugate which can be captured by anti-PCB antibodies; 4) the PCB-
HRP conjugate was used to screen and select antibodies; 5) the selected system was
optimized for sensitivity and matrix tolerance and characterized for specificity; 6) sample
preparation methods were developed for specific sample types; 7) these methods were
validated using field samples.

PCB EIA Procedure

Figure 1 schematically illustrates the procedure used for the analysis of samples containing
PCB's. In summary: 1) rabbit antibodies which recognize the PCB structure are
immobilized on the walls of plastic test tubes; 2) samples or calibrators are added to tubes
with Assay Diluent, allowing PCB's to be captured by the immobilized antibodies
(incubation 1). PCB's are specifically retained on the solid phase by the anti-PCB antibody
when the rest of the sample is washed away; 3) PCB-enzyme conjugate is added to tubes
and is bound by the anti-PCB antibody in the same manner as in step 2 (incubation 2). The
unbound conjugate is washed away and the amount retained by the immobilized antibody is
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inversely proportional to the amount of PCB bound in step 2; 4) enzyme substrate and
chromogen are added to the tubes or wells for color development by the bound enzyme
(incubation 3). The intensity of color is proportional to the amount of captured enzyme and
is inversely proportional to the amount of PCB bound in step 2. Therefore, more color
means less PCB.

Field Soil Extraction

Soil samples were extracted for analysis by the following procedure using a simple
extraction kit available with the EIA kit. Soil extraction consists of the following steps: 1)
Weigh soil on the available pocket balance and place in extraction container. 2) Extract soil
by adding an equal amount (w/v; e.g. 5 g soil + 5 mL) of methanol, and shaking
vigorously for two minutes. Filter extract and collect using the filtration device contained
in the soil extraction kit. 3) Analyze extract as described in step 2 of the EIA Procedure
above, using a 1:100 dilution of extract.

Other Sample T

Aroclor 1248 spiked into tap water was analyzed by extracting 500 mL water samples with
a glass barrel solid phase extraction device containing C18 silica. Columns were
conditioned with hexane followed by isopropanol and reagent water, then the sample was
applied to the solid phase extraction device using Teflon tubing. After air drying, the
extracted PCB was eluted with isopropanol, and the eluate was used directly in the assay
by dilution into Assay Diluent.

The EIA kit has also been used for surface wipe tests. Standard surface sampling methods
were employed, except for substitution of isopropanol for hexane for wiping. Additional
isopropanol was used to extract the gauze wipe and this extract was used directly in the
assay by dilution into Assay Diluent. Sediment analysis is currently under investigation
using methods similar to the soil procedure described above.

RESULTS AND DISCUSSION

Matrix and Solvent Tolerance

The primary requirement for sample preparation for the PCB EIA is that the solvent used to
introduce the sample into the test must be miscible with water. The test offers excellent
resistance to the effects of blank soil extracts made with both DMSO and methanol. The
test tolerates several solvents, including methanol, isopropanol, and DMSO, up to 20%,
with no loss of sensitivity. Thus, adequate flexibility exists for the use of a variety of
solvents and protocols in the development of new applications for different sample
matrices.

Test Specificity and Sensitivity

The crossreactivity of the test for five commonly detected Aroclors was examined.
Standard solutions of 200 ppm in methanol (Supelco) were used to make serial dilutions in
methanol, which were tested in the EIA as described above. Table 1 shows the broad
specificity of the EIA for the most common Aroclors.
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Table 1. Crossreactivity of the EIA test for five Aroclors commonly found in soil. Values
given are the stock concentrations required (when diluted 1:100 in sample diluent) to give
50% reduction in OD compared to the negative control (50%Bo).

Aroclor 1016 1242 1248 1254 1260
ppm of Aroclor stock 34 4.1 3.4 2.0 4.6

giving 50%Bo

Based on the data of Table 1, using the specified 1:100 extract dilution, a soil extract
concentration of 5 ppm of any of the Aroclors would give a test response of greater than
50% inhibition. Combining these crossreactivity data (least crossreactive Aroclor within
twofold of 1248) and the standard curve of Figure 2 (detection of 0.2 ppm of 1248), yields
a test sensitivity for any of the five Aroclors of 0.5 ppm or better. Specificity was also
tested for selected congeners in the same manner as for the Aroclor's of Table 1. The
congeners most strongly recognized were 2,2',5,5' tetrachlorobiphenyl, 2,3',4.4'5
pentachlorobiphenyl, and 2,2',4,4'5,5', hexachlorobiphenyl, showing that the Aroclor
specificity reflects the congener specificity. Biphenyl and several chlorinated single ring
compounds were also tested for crossreactivity in the EIA. All of the following
compounds demonstrated less than 0.5% crossreactivity compared to Aroclor 1248: 1,2-
dichlorobenzene, 1,3-dichlorobenzene, 1,4-dichlorobenzene, 1,2,4-trichlorobenzene, 3,3'-
dichlorobenzidine, biphenyl, 2,4-dichlorophenol, 2,5-dichlorophenol, 2,4,5-
trichlorophenol, 2,4,6-trichlorophenol, and pentachlorophenol. These results mean that
more than 200 ppm of any of these compounds would be required to give the same test
response as 1 ppm of Aroclor 1248. Also, more than 10,000 ppm of any of these
compounds would be required to give the same test response as 50 ppm of Aroclor 1248.

Method Repeatability

Calibrator solutions of Aroclor 1248 in methanol were diluted 1:100 into Assay Diluent for
EIA analysis as shown in Figure 1. The test was performed as described above over two
weeks using three reagent lots. Figure 2 shows the means and standard deviations at four
calibrator concentrations. Similar results were obtained over 5 months with calibrators in
DMSO, using several calibrator preparations from two different sources. For the DMSO
calibrators, pooled intraassay precision at 0, 7, and 45 ppm was 7.5% for 12 assays by
two operators with two reagent lots. Interassay precision of determination of a control
sample of approximately 20 ppm Aroclor 1248 in DMSO was 20% for 46 assays by two
operators with two reagent lots. In another precision study, four field soil samples were
extensively homogenized and analyzed using a methanol soil extraction and methanol
calibrators. Extraction and analysis were performed by three analysts at three sites over 9
days using 3 reagent lots. Overall coefficients of variation averaged 33%, while interassay
precision within lot and within site was as low as 16%.

Sensitivity for PCB's in Soils

Interference from soil extracts was tested using 12 clean PCB-free soils. Extracts using
either methanol or DM SO showed minimal interference, equivalent to less than 1 ppm for
DMSO and less than 0.5 ppm for methanol. As described in the previous section, all of the
5 Aroclors of Table 1 can be detected in DMSO or methanol at 0.5 ppm, using the 1:100
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dilution into Assay Diluent described above. Thus, 0.5 ppm of any of the 5 Aroclors of
Table 1 would be detected in a DMSO or methanol soil extract. The actual minimum
detection level (MDL) for PCB in soil depends more on the variability of the soil and the
variability and efficiency of the extraction than on the sensitivity of the EIA to PCB or soil
interferences in the EIA.

Recovery of PCB Spikes from Soils

Aroclor 1248 standards in hexane were spiked onto 2 g aliquots of six different PCB-free
soils at 20 and 100 ug/g. Extractions were performed one day to one week later according
to the protocol described above. The mean recovery was 84% at 20 ppm and 95% at 100
ppm. Similar results were observed for 2 selected soils spiked at 50 ppm and analyzed

after 5-8 months storage at 220 C.

Correlation of GC and EIA Results for Soil analysis

Comparisons were made between the PCB EIA with field extraction and GC-ECD, using
both methods to analyze split field samples from a wide variety of sites. One study
involving three outside groups gave the data shown in Figure 3 over the range from 0.1
ppm to 10,000 ppm. Similar data have been obtained for similar soils using methanol
extraction. One example data set is shown in Figure 4 for samples containing more than
0.5 ppm Aroclor 1260 by GC.

Other Sample T

Using the water method described above, the sensitivity of the test for Aroclor 1248 in
clean water was estimated at 25 ng/L, based on analysis of solid phase extraction device
blanks. Recoveries of Aroclor 1248 at this level were nearly quantitative. The utility of
this method for environmental water samples containing high particle loads is still being
evaluated. Evaluation of surface wipe tests and sediment methods are continuing.

CONCLUSIONS

The test is capable of analyzing for PCB's in soil in the field in approximately 20 minutes,
using no specialized equipment. The test specificity is restricted to PCB's, with Aroclor's
1016, 1242, 1248, 1254, and 1260 recognized best. Congener specificity of the test
reflects the Aroclor specificity. The sensitivity of the test for PCB in soil is better than 3
ppm, but varies with different soil type and Aroclor. Further work in this area will include
improved soil analysis, oil analysis, surface wipe tests, sediment analysis, biological
sample analysis, and field testing and validation for the above applications.
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Figure 1. Schematic illustration of the Enzyme Immunoassay for PCB's. All three
incubations are 5 minutes. Both washes are done with tap water. In summary: 1) rabbit
antibodies which recognize the PCB structure are immobilized on the walls of plastic test
tubes; 2) samples or calibrators are added to tubes with Assay Diluent, allowing PCB's to
be captured by the immobilized antibodies (incubation 1). PCB's are specifically retained
by the antibodies on the solid phase when the rest of the sample is washed away (wash 1);
3) PCB-enzyme conjugate is added to tubes and bound in the same manner as in step 2
(incubation 2). The unbound conjugate is washed away and the amount retained by the
immobilized antibody is inversely proportional to the amount of PCB bound in step 2
(wash 2); 4) enzyme substrate and chromogen are added to the tubes or wells for color
development by the bound enzyme (incubation 3). The intensity of color is proportional to
the amount of captured enzyme and is inversely proportional to the amount of PCB bound
in step 2. Therefore, more color means less PCB.
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Figure 2. Mean Standard Curve of Aroclor 1248. The x axis values are concentrations of
the standards which were diluted 1:100 in incubation 1 as shown in Figure 1. These values
equate directly to the concentrations in Table 1. These results are from a precision study
which used 3 reagent lots to perform 27 assays over 9 days. Values for mean and SD are
expressed as % Bg ((OD of standard/OD of negative control)x100), which is the color
intensity of the standard as a percent of the color intensity of the negative control.
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Figure 3. Correlation of GC and EIA Results for Soil Analysis. Results for analyses at
three sites using multiple reagent lots over more than 3 months. Soils were analyzed as
described in the materials and methods section except for the use of DMSO for extraction
and standards, rather than methanol. Values over 50 ppm were determined by analysis of
diluted extracts. Twelve additional samples were analyzed but not plotted because one or
both of their results was expressed as a range only, e.g. <3 ppm or >50 ppm. Three of

these samples were greater than 50 ppm by both methods, while nine were less than 3 ppm
by both methods.

100000 ' ;
|
10000 y=1.1x-20 ppm
R = 0.99
n =57 A 2
1000 OV \
[0)
PpPmM 100 ®) y=x _|
o 8
O )
by o(@
10
EIA o
0)
1
e
0.1 = _
0.1 1 10 100 1000 10000 100000

ppm by GC

127



8th Annual U.S. EPA Symposium on Solid Waste Testing and Quality Assurance - Proceedings July 13 - 17, 1992

Figure 4. Correlation of GC and EIA Results for Soil Analysis. Twelve soil samples
giving results between 0.5 and 100 ppm of Aroclor 1260 by GC were analyzed by EIA as
described in the materials and methods section, using methanol for extraction and
standards. These results indicate similar performance to Figure 3. :
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14_ QUANTIFICATION OF 2,4~D AND RELATED CHLOROPHENOXYACETIC ACID
HERBICIDES BY A MAGNETIC PARTICLE-BASED SOLID-PHASE ELISA.

Timothy S. Lawruk, Charles S. Hottenstein, David P. Herzog,
Fernando M. Rubio, Ohmicron Corporation, 375 Pheasant Run,
Newtown, PA 18940; James R. Fleeker, North Dakota State
University, Biochemistry Dept., P.O. Box 5516, Fargo, ND
58105; J. Christopher Hall, University of Guelph, Dept. of
Environmental Biology, Ontario, Canada N1G 2W1l.

ABSTRACT

The intense pressure for increased pesticide residue
testing in food, water and soil, together with the expense
and delays associated with currently available testing
methods, has focused attention on immunochemical methods
which are sensitive, reliable, simple, cost-effective and at
the same time provide more rapid results. Some of these
desired features can be met with immunoassays formats
currently available.

The performance characteristics of a magnetic particle-
based solid-phase enzyme-linked immunosorbent assay (ELISA)
requiring no sample preparation for the quantification of
2,4-D and related chlorophenoxy acid herbicides in
groundwater samples are discussed.

INTRODUCTION

Pesticide testing in water, food and soil has increased
dramatically over the past several years due to concerns over
the potential contamination of wells and streams from spills,
spraying and pesticide run-off. 2,4-D, a member of the
chlorophenoxy acid class of compounds (CPHs), is a selective
systematic herbicide commonly used for the post-emergence
control of annual and perennial broadleaved weeds in cereals,
maize, sorghum, grasslands, established turf grass, seed
crops, orchards (specifically pome fruit and stone fruit),
cranberries, asparagus, sugarcane, rice, forestry, and non-
crop land including areas adjacent to water allowing the
control of broad leaved aquatic weeds. 2,4-D is classified
by the EPA as a category III contaminant with a maximum
contaminant level of 70 ppb in water (USEPA, 1991). The
Practical Quantiation Level for 2,4-D is 5 ppb (USEPA, 1991).
2,4-D has been shown to damage liver, kidneys and the nervous
system of lab animals when exposed to large amounts. The
National Cancer Institute has conducted studies showing that
dogs in contact with 2,4-D are twice as likely to develop
non-Hodgkins lymphoma and suggests that 2,4-D may be a human
health hazard.
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The principles of enzyme linked immunosorbent assay
(ELISA) have been described (Hammock and Mumma, 1980) and
applied to the detection of 2,4-D in water (Fleeker, 1987;
Hall et al, 1989). Magnetic particle-based ELISA’s have
previously been described and applied to the detection of
pesticide residues (Rubio et al, 1991; Itak et al, 1992;
Lawruk et al, 1992). These ELISA’s eliminate the
imprecision problems of coated plates and tubes (Harrison et
al, 1989) through the covalent coupling of antibody to the
magnetic solid-phase. The uniform dispersion of particles
throughout the reaction mixture allows for rapid reaction
kinetics and precise addition of antibody.

MATERIALS AND METHODS

Amine terminated superparamagnetic particles of
approximately 1 um diameter were obtained from Advanced
Magnetics, Inc. (Cambridge, MA). Glutaraldehyde (Sigma
Chemical, St. Louis, MO). Rabbit anti-2,4-D serum (Ohmicron,
Newtown, PA). 2,4-D-HRP conjugate (available from Ohmicron,
Newtown, PA). Hydrogen peroxide and TMB (Kirkegaard & Perry
Labs, Gaithersburg, MD). 2,4-D and related compounds as well
as non-related cross-reactants (Riedel-de-~Haen, Hanover,
GER) .

The anti~2,4-D coupled magnetic particles were prepared by
glutaraldehyde activation (Weston and Avrameas, 1971). The
unbound glutaraldehyde was removed from the particles by
magnetic separation and washing four times with 2-(N-
morpholino)ethane sulfonic acid (MES) buffer. The 2,4-D
antiserum was incubated overnight with agitation at room
temperature with the activated particles. The unreacted
glutaraldehyde was quenched with glycine buffer and the
covalently coupled anti-2,4-D particles were washed and
diluted with a Tris-saline/BSA preserved buffer.

Water samples (250 ulL) and horseradish peroxidase (HRP)
labeled 2,4-D (250 ulL) are incubated for 30 minutes with the
antibody coupled solid-phase (500 ulL), (step 1). A magnet-
ic field is applied to the magnetic solid-phase to wash and
remove unbound 2,4-D-HRP and eliminate any potential
interfering substances, (step 2). The enzyme substrate
(hydrogen peroxide) and chromogen (3,3/,5,5’~ tetramethyl-
benzidine [TMB]) are then added and incubated for 20 minutes,
(step 3). The reaction is stopped with the addition of agjid
and the final colored product is analyzed using the RPA-I
Photometric Analyzer by determining the absorbance at 450 nm.
The observed sample results were compared to a linear
regression line using a log-linear standard curve prepared
from calibrators containing 0, 1.0, 10.0, and 50.0 ppb of
2,4-D. If the assay is performed in the field_f(on-site), a
battery powered photometer such as the RPA-III is used.
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RESULTS AND DISCUSSION

Figure 1 illustrates the mean standard curve for the 2,4-D
calibrators, collected over 55 runs, error bars represent 1
SD. The displacement at the 1.0 ppb level is significant
(87% B/Bo, where B/Bo is the absorbance at 450 nm observed
for a sample or standard divided by the absorbance at the

_ zero standard). The assay sensitivity based on 90% B/Bo
(Midgley et al, 1969) is 0.7 ppb.

A precision study in which surface and groundwater samples
were spiked with 2,4-D at 3 concentrations, and each assayed
5 times in singlicate per assay on five different days is
shown in Table 1. Coefficients of variation (%CV) within and
between day (Bookbinder and Panosian, 1986) were less than
10% and 12% respectively.

Table 1
Pool # 1 2 3

Replicates 5 5 5
Days 5 5 5

N 25 25 25
Mean ppb 4.16 19.55 36.06
% CV Intra 3.5 8.7 7.7

% CV Inter 11.5 11.1 11.3

Correlation of 33 groundwater water samples with values
obtained by the present ELISA method (y) and an established
gas chromatography/mass spectronomy (x) method is illustrated
in Figure 2. The regression analysis yields a correlation of
0.963 and a slope of 0.928 between methods.

Table 2 summarizes the accuracy of the 2,4-D ELISA. Added
amounts of 2,4-D were recovered correctly in all cases with
an average assay recovery of 103%.

Table 2
2,4-D Mean SD %
added (ppb) (ppb) (ppb) Recovery
5.0 4.64 0.44 ‘93
15.0 16.81 1.47 112
30.0 32.96 3.32 110
40.0 39.36 3.21 98

Average 103
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Values obtained from 3 groundwater samples diluted in the
Diluent/Zero showed agreement between measured and expected
values (Table 3).

Table 3
Observed Expected %
Sample 2,4-D ppb 2,4-D ppb Linearity
Sample 1 41.82 - -
1:2 22.42 20.91 107
1:4 10.76 10.46 103
1:8 4.48 5.22 86
Sample 2 41.89 - -
1:2 23.57 20.95 112
1:4 10.76 10.47 106
1:8 5.25 . 5.24 100
Sample 3 30.43 - -
1:2 17.23 15,22 113
1:4 7.96 7.61 104
1:8 4.21 3.80 111
Average 105

Table 4, summarizes the cross-reactivity data using a
variety of chlorophenoxy acid analogues. The percent cross-
reactivity was determined as the amount of analogue required
to achieve 90% B/Bo (Least Detectable Dose). Many non-
structurally related agricultural compounds demonstrated no
reactivity at concentrations up to 10,000 ppb.

Table 4
90% B/Bo 50% B/Bo % Cross
Compound LDD (ppb) LDD (ppb) reactivity
2,4~-D 0.50 15.0 100
2,4-D Propylene
Glycol Ester 0.05 0.79 1962

2,4-D Ethyl Ester 0.05 0.82 1885
2,4-D Isopropyl

Ester 0.07 1.44 1076
2,4-D Methyl Ester 0.12 1.64 945
2,4-D Butyl Ester 0.19 2.40 646
2,4-D Sec-Butyl

Ester 0.13 2.20 705
2,4-D Butoxyethyl

Ester 0.13 3.10 500

2,4,5-T Methyl
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Ester 0.98 18.1 106

2,4~D Butoxy-
propylene Ester 1.21 31.1 50
2,4-D Isooctyl
Ester 2.08 30.0 52

2,4,5-T 2.98 190 8.2
2,4-DB 3.95 139 11.2
MCPA 7.8 159 10.0
Silvex Methyl

Ester 12.4 1000 1.9
MCPB 56.8 1470 1.1
4-Chlorophenoxy-
acetic acid 61.1 1220 1.3
Dichlorprop 117 7500 0.2
Silvex (2,4,5-TP) 167 2060 0.8
Dichlorophenol 217 3570 0.4
Triclopyr 830 NR <0.1
MCPP 1160 NR <0.1
Pentachlorophenol NR NR <0.1
Picloram NR NR <0.1

Table 5 summarizes that no interferences are present up to
the tested levels of various common water components. The
concentrations of the compounds chosen are those that would
most likely exceed levels found in groundwater samples
(American Public Health Association, 1989).

Table S

Compound Max. Conc. testeq Interfered
Nitrate 250 ppm No
Copper 250 ppm No
Nickel 100 ppm No
Thiosulfate 250 ppm No
Sulfite 250 ppm No
Sulfide 250 ppm No
Sulfate 10,000 ppm No
Iron 250 ppm No
Magnesium 250 ppm No
Calcium 250 ppm No
NacCl 1.0 M No
Humic acid 50 ppm No
Silicates 1,000 ppm No
summary

This ELISA demonstrates both the feasibility of using
magnetic particles as a solid-phase in an immunoassay for the
detection of pesticide residues, and its performance
characteristics in the quantitation of 2,4-D in groundwater
samples. The assay compares favorably to GC/MS
determinations and exhibits excellent precision and accuracy
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which guarantees consistent monitoring of environmental
samples. The assay sensitivity of 0.7 ppb (90% B/Bo) in
water exceeds the EPA Maxi