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PURPOSE: Thistechnical note describes laboratory and field investigations conducted to obtain
flux data from contaminated dredged materials for the emission of volatile organic chemicals
(VOCs) from sediment exposed to the atmosphere. These data have been used to develop and
validate predictive volatile emissions models. Laboratory and field results and predictive equations
are presented.

BACKGROUND: Onepotentia pathway of contaminant migration fromaconfined disposal facility
(CDF) isvolatilization of volatile and semi-volatile compounds. Disposal and storage operations
associated with placement of dredged material in CDFs can increase the opportunity for volatile
emissions.

Previous laboratory investigations conducted at the Engineer Research and Development Center,
Waterways Experiment Station (WES) with New Bedford Harbor, M assachusetts, sediment showed
large amounts of VOCs emitted when the material was disturbed and underlying sediment layers
exposed to air (Thibodeaux 1989). More recent investigations with sediments from Indiana Harbor
Cana (IHC) and Grand Calumet River, Illinois, also revealed similar behavior with increased
emissions of polychlorinated biphenyls (PCBs) and polyaromatic hydrocarbons (PAHS) after the
sedimentswerereworked and fresh sediment was exposed to the atmosphere (Priceet a . 1998,1999;
Valsarg et al. 1999). Methods for predicting volatile losses from sediment during the different
aspectsof dredging, disposal, and site management are needed to devel op guidelinesfor controlling
possible volatile emissions from contaminated dredged materials.

INTRODUCTION: Dredging, disposal, and site management operations at CDFs can increase the
potential for volatile emissions from contaminated sediments. Valsargj, Thibodeaux, and Reible
(1995) surveyed the potential sediment-to-air mass transfer pathways for volatile compounds and
found the primary locale for emissions to be from exposed sediment. Sediment physica
characteristics, such as moisture content, porosity, aging, and percent oil and grease can play a
significant rolein controlling volatile contaminant |osses. Environmental factorssuch asrelativeair
humidity and temperature can also affect emissions. Compound chemical characteristics such as
Henry's Law Constant and vapor pressure also play important rolesin determining volatility from
a sediment.

Initial research efforts focused on generating laboratory data from laboratory-spiked and field
sediments to validate proposed mathematical models for estimating volatile emissions from
contaminated sediments (Thibodeaux 1989). These results are presented in several technical notes
and journal articles (Price et al. 1997, 1998, 1999; Valsarg) et a. 1997, 1999; Ravikrishna et a.
1998). Toverify laboratory resultsand predictive equations, acontrolled field simul ation experiment
was conducted with a contaminated sediment that was used in a previous laboratory investigation.
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MATERIALS AND METHODS:

¢ Sediment. Sediment from IHC was used in the controlled field verification experiment. This
sediment was used because of existing laboratory data on volatile emissions (Valsarg et al. 1999;
Priceet a. 1999). The properties of this sediment are presented in Table 1, and sediment analytical
results for 17 PAH compounds are listed in Figure 1. For model validation and experimental
purposes, three compounds were chosen as representative VOCs due to their prevalence in
contaminated sediments; phenanthrene, pyrene, and dibenzofuran.

Table 1

Physical and Chemical Properties of Indiana Harbor Canal Sediment
Property Value
Moisture content 49
Percent sand 45
Percent silt 46
Percent clay 8
Percent total organic carbon 6.9
Percent oil and grease 0.94
Porosity, cm*/cm? 0.78
Bulk density, g/cm?® 0.6

& Flux chambers. All volatileemission measurementsin thefield were conducted withamodified
VOC flux chamber used in laboratory experiments (Price et a. 1998) (Figure 2). The two-piece
aluminum anodized chamber was designed by Louisiana State University (LSU), Chemical
Engineering Department and constructed at WES and L SU. The chamber was designed to sample
a375-cm? areaof sediment. The bottom of the chamber was open and fitted with knife-blade-edged
panels that could be pushed into the sediment to form a seal over the sediment surface. The bottom
and top of the chamber were sealed with an O-ring and threaded fasteners for an airtight fit. The
space between the sediment and the surface of the flux chamber was 1 cm.

Contaminant-specific adsorbent-filled air sasmpling tubes (Orbo 44, Supelco Inc., PA) were attached
to the chamber exit port. Trapswereremoved from the exit line at the end of each sampling interval,
and solvent was extracted and analyzed according to U.S. Environmental Protection Agency (EPA)
method 8270 (USEPA 1982). The laboratory procedures used and applied in the field experiments
aredescribed in Price et al. (1997). Methodology was identical to that in the laboratory, except that
air was applied over the sediment surface. The carrier air in the field experiments was pulled with
avacuum instead of having compressed air pushed over the sediment surface.
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Figure 1. Initial concentration of PAHs in IHC sediment
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Figure 2. Schematic of flux chamber for measuring volatile emissions in the field

Contaminant flux [N,(t)] through the chamber was calculated by determining the total mass of
material captured in agiven timeinterval using the equation

Dm
N,(t) = Did
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where

)m = mass (ng) of compound collected on the trap in time )t (hr)
A. = areaof the sediment-air interface, cm?

N, (1) is expressed in ng/cm?hr

¢ Controlled Field Simulation Site. Figure 3isaschematic of the outdoor facility used for flux
measurements in the field. The sediment was contained in a 4-ft by 4-ft by 2-ft wooden chamber
(lysimeter) that was buried in the ground to the top level of the chamber. An underdrain was
constructed in the bottom of the chamber to remove any excesswater and an overflow drainwasaso
provided to remove any ponded water that may have collected after a rain event. Leachate and
overflow water were collected onsite for proper disposal. A meteorological station that monitored
sediment temperature, moisture, air temperature and rel ative humidity, wind speed and direction, and
solar radiation was also available onsite. A 3-ft-high cover constructed of translucent fiberglass
sheeting was placed over thelysimeter to prevent excessrainfall on the sediment, which would result
in release of material from the chamber.
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Figure 3. Pilot scale experimental schematic

¢ Field Simulation Design. Eleven 20-gal containers of Indiana Harbor sediment were
immediately consolidated upon arrival a8 WES. The sediment was loaded into the lysimeter the
following day and immediately monitored for PAH emissions. Air was pulled through the adsorbent
trapsat 1.7 L/min with avacuum pump. Figure 4 showsthe flux chamber emplaced on the sediment
4 days after initial placement.
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igure 4. Flux chamber for sampling in the field

A single areaon the sediment surface was sampled over aperiod of 78 hrinwhich five sasmpleswere
taken at intervals of 6, 18, 42, 66, and 78 hr. After each sampling period, the trap was replaced with
anew trap. After the 78-hr sample, the chamber was moved to a different section of the sediment
surface and 24-hr samples were withdrawn over a 2-%>-month period in order to randomly sample
the overall 16-ft* sediment surface over time. The flux chamber was removed from the sediment
when air samples were not being taken.

Two rainfall events were then applied to the overall sediment surface using a portable rainfall
simulator (Price, Skogerboe, and Lee 1998). Reverse osmosis water (RO), collected from a system
availableat WES, was applied over the sediment at arate of %2in./hr for 30 min. Flux measurements
weretaken before and after thisevent. A second rainfall simulation was conducted in order to ensure
that the sediment surface was completely saturated and another flux measurement was made. The
sediment surface was later reworked to expose fresh materia to the atmosphere and flux was
measured before and after mixing.

A laboratory experiment was a so conducted with the same sediment used in the field ssimulation to
verify previous laboratory results. The laboratory flux chamber and experimental design are
discussed in Price, Skogerboe, and Lee (1998).

RESULTS AND DISCUSSION:

¢ Flux Measurements: Initia fluxesof various PAHsaregivenin Table 2 and represent thefirst
3 days of sampling. Of the 17 compounds present in the sediment, 6 exhibited a measurable flux.

PAH fluxes from Indiana harbor sediment showed flux behavior similar to previous experiments

conducted with sediment collected from the same harbor. Fluxes rapidly decreased to alow level
within thefirst 3 daysof sampling. Thisbehavior hasbeen noted in previous|aboratory experiments
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conducted with sediments from other sitesaswell (e.g., IndianaHarbor, Grand Calumet River, and
New Y ork Harbor) (Price, Skogerboe, and Lee 1998, 1999; Ravikrishna et al. 1998; Valsarg et al.
1999).

Table 2

Initial PAH Fluxes (ng/cm?/hr) from the Pilot Scale Field Test

Hydrocarbon 6-hr Sample 24-hr Sample 72-hr Sample
Naphthalene 7 6 1
Phenanthrene 12 4 <1
Fluoranthene 20 7 <1
Pyrene 7 2 <1
Benzo(b)fluoranthene 2 <1 <1
Benzo(a)anthracene 4 <1 <1

Phenanthrene was chosen as the tracer compound for discussion due to the fact that extensive data
from earlier flux experiments are available for comparison. Phenanthrene emissions from Indiana
Harbor Canal sediment inthefield lysimeter and in laboratory flux chambers showed similar trends
(Figure 5). In the field experiment, phenanthrene flux decreased from 4.0 to 0.17 ng/cm?/hr 68 hr
after the sediment had been placed inthelysimeter. In thelaboratory experiment, fluxesweresimilar
(0.11 ng/cm?hr) to those observed in the field experiment 72 hr after sediment was placed in the
chamber.

Sediment rewetting did not increase emissionsin either the field or laboratory. Thisis probably due
tothefact that the sediment surface never becamedry. Previouslaboratory experimentswith Indiana
Harbor sediment showed that the sediment moisture did not significantly decrease over timeand that
the relative humidity in the exit air passed over the sediment surface did not decrease. This would
account for the lack of an increase in flux rates after water was applied to the sediment surface.
Typicaly, rewetting of a dry sediment decreases sediment sorptive capacity for volatile
contaminants, resulting in an increase in flux, but this was not observed here.

Phenanthrene fluxes increased from 0.20 to 3.0 ng/cm?hr following reworking of the sediment in
the field experiment. Similar increases in PAH fluxes were observed following reworking in
previous laboratory experiments conducted with both Indiana Harbor and Grand Calumet River
sediments. Reworking exposes fresh material from the lower layers, increasing the surface vapor
concentration of compounds, thus resulting in increased fluxesfor ashort period. After thefirst few
hours of exposure, the surface of a sediment is quickly depleted of volatile compounds and
contaminant transport becomes sediment-side-controlled since contaminants must diffusefromlower
layers. Theseresultsindicatethat field simulationsand | aboratory experiments showed similar trends
in volatile emissions of PAHs following rewetting and reworking of the sediment.

¢ Model Description: Predictive equations have been developed to address volatile emissions
from exposed sediments. Laboratory experimental data produced at WES and L SU were used to
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Figure 5. Phenanthrene fluxes from field and laboratory studies
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develop and verify these equations. The chemodynamic model and analytical equations used in
describing all laboratory and field volatile emission data are detailed in Valsarg) et al. (1999) and
Choy and Reible (1999).

Contaminants are transported from sediment to air in a series of three steps (Valsarg) et al. 1999):
(2) transport initiates with uniform loading of the contaminant onto the solids with the contaminant
existing in equilibrium with the sediment poreair, (2) the contaminant diffusesthrough theair-filled
pore spaces to the sediment-air interface, and (3) final convective transport occurs through the air-
sideboundary layer before the contaminant emergesinto the bulk air. Thisdescribesaparticle-to-air
phase partitioning, which is then followed by two mass transport resistances before a contaminant
entersthe atmosphere; (1) initially compound resistance iscompletely on theair side, but with time,
(2) theresi stance becomes more sediment-side controlled asthe contaminants diffuse up through the
sediment from lower layers.

The model in Figure 6 considers a uniformly contaminated sediment that is freshly deposited in a
CDF. Evaporation begins in the upper segments of the sediment and as volatile contaminants are
depleted, the flux-to-air values decrease. This model is currently being modified at WES prior to
incorporationinto the Automated Dredging and Disposal AlternativesModeling System (ADDAMYS)
suite of models currently available through the Waterways Experiment Station at:
http://www.wes.army.milel/elmodels/index.html#addams.

Air

Nomenclature

C, - vapor phase concentration ( kg/m*)

Dacern - effective diffusivity of contaminant
A in the porous media( m?/s )

R - retardation factor ( dimensionless )

Figure 6. Schematic of the system for modeling

The model prediction for phenanthrene is compared to both the field simulation and laboratory
experimental datain Figure 7. Under all three conditions, fluxesfell to below 1 ng/cm?/hr in thefirst
few days after placement. It can be seen that the model predictive fluxesarein good agreement with
the experimental data collected.

CONCLUSIONS: Resultsof theseinvestigationsreveal ed that the flux dataobtained fromthefield
simulation experiment exhibited trends similar to fluxes seen in the laboratory. The highest
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Figure 7. Experimental data (field simulation and laboratory) versus model for phenanthrene flux

contaminant fluxes from field and laboratory experiments occurred during the initial loading or
placement stages (0-48 hr); followed by decreasing fluxesto low levels. Emissions aso increased
after sediment reworking in both thefield and laboratory. Increasing the surface moisture of the[HC
sediment did not result in increased fluxes under field or laboratory conditions. Measured
contaminant emissionsfrom thelaboratory and field simul ation experimentsagreed well with model
predictions. The model provided on ADDAMS can be used to generate initial screening data for
maximum contaminant fluxes from freshly deposited dredged material. Actua volatile emission
measurements may be required if management options, such as sediment reworking, for which the
models are not designed, are planned.

POINTS OF CONTACT: Thistechnical note waswritten by Ms. Cynthia Price, (601) 634-3621,
pricec@wes.army.mil, Dr. James Brannon, (601) 634-3725, brannonj@wes.army.mil, Ms. Sally
Yost, (601) 634-3622, yosts@wes.army.mil, Mr. R. Ravikrishna, (225) 388-4805
rravikr@unix1.sncc.lsu.edu, and Dr. K.T. Vasarg, (225) 388-1426, valsaraj@che.lsu.edu.
Questions regarding thistechnical note should be directed to Ms. Price or the manager of the Long-
Term Effects of Dredging Operations Program, Dr. Robert M. Engler, (601) 634-3624,
englerr@wes.army.mil.
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