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This study examines polybrominated diphenyl ethers (PBDE) levels, trends in biosolids from a

wastewater treatment plant, and evaluates potential factors governing PBDE concentrations and the

fate in agricultural soils fertilized by biosolids. The mean concentration of the most abundant PBDE

congeners in biosolids (
P

BDE-47, BDE-99, and BDE-209) generated by one wastewater treatment

plant was 1250 ( 134 μg/kg d.w. with no significant change in concentration over 32 months (n =

15). In surface soil samples from the Mid-Atlantic region, average PBDE concentrations in soil from

fields receiving no biosolids (5.01 ( 3.01 μg/kg d.w.) were 3 times lower than fields receiving one

application (15.2 ( 10.2 μg/kg d.w.) and 10 times lower than fields that had received multiple

applications (53.0 ( 41.7 μg/kg d.w.). The cumulative biosolids application rate and soil organic

carbon were correlated with concentrations and persistence of PBDEs in soil. A model to predict

PBDE concentrations in soil after single or multiple biosolids applications provides estimates which

fall within a factor of 2 of observed values.
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INTRODUCTION

Solids generated from wastewater treatment plants (WWTPs),
sometimes termed biosolids, may be applied in soil remediation
efforts and as soil amendments in agriculture production fields.
Land application of biosolids is generally considered a sustain-
able practice; however, concerns exist with respect to the fate of
persistent organic pollutants present in biosolids and their bio-
availability. In the United States, the application of biosolids
to land is regulated by 40 CFR Part 503 (1), which includes
requirements for pathogen control and limits on heavy metal
content. These regulations do not include limits on organic
pollutants, although the inclusion of some polychlorinated bi-
phenyls (PCBs), polychlorinated dioxins, and polychlorinated
furans to Part 503 has been discussed (2). The latest survey found
that, in 2004, 55% of the seven million tons (dry weight) of
biosolids produced in the U.S. were land applied (3).

Polybrominated diphenyl ethers (PBDEs) are brominated
flame retardants (BFRs) that have been used globally in hundreds
of products, like foammattresses, televisions, computers, plastics,
and textiles (4). PBDEs have been produced in three commercial
formulations: penta-BDE, octa-BDE, and deca-BDE; however,
only the deca-BDE is currently in production.

Recent studies illustrate that levels of PBDEs in biosolids have
increased over the past two decades (5-7). In a recent study,

11 wastewater treatment plants in Germany had total PBDE
levels from 110 to 2500 μg/kg d.w. (6). In Spain, biosolids samples
collected at five WWTPs had concentrations between 197 and
1180 μg/kg d.w. (7). Researchers in Kuwait analyzed biosolids
samples from three WWTPs and reported mean concentrations
(
P

PBDEs) in the range of 5.7-1600 μg/kg d.w. (8). In Australia,
16 WWTPs were surveyed for PBDEs, and the average biosolids
concentrationwas 1140μg/kg d.w. (9). In theU.S., Hale et al. (10)
reported PBDEs levels in biosolids in 11 samples fromWWTPs in
Virginia, Maryland, New York, and California ranging from
1100 to 2290 μg/kg d.w. for the penta-brominated PBDEs and
85-4890 μg/kg d.w. for the decabrominated PBDE congener
(BDE-209). In California, reported total PBDE concentrations
from one plant ranged from 61 to 1440 μg/kg d.w. (11). PBDEs
have also been reported in biosolids from Wisconsin (12) where
the mean was 1680 μg/kg d.w. for the sum of BDE-47, BDE-99,
and BDE-209 (complete PBDE chemical names listed in Table
S1, Supporting Information). These studies suggest that PBDE
levels in the U.S. are higher than in other parts of the world.

Concentrations of PBDEs in soil samples usually present a
high level of variability, and this variability tends to increase if the
soil has been impacted by human activities. A study completed in
United Kingdom and Norway (13) found that in remote areas,
background soil concentrations for total PBDEs were in the
range of 0.6-2.5 μg/kg d.w., with a maximum concentration of
12 μg/kg d.w. Harrad and Hunter (14) collected soil samples in a
transect across the West Midlands of the UK (also representing
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background concentrations) and reported total concentrations
(ΣBDE- 28, 47, 99, 100, 153, 154) in the range of 0.07-3.9 μg/kg
d.w. For soils that received biosolids applications, a study in Spain
reported PBDE levels ranging from 21 to 690 μg/kg d.w. (7). Hale
et al. (15) reported a concentration (sum of BDE-47, 99, 100)
of 76 μg/kg d.w. in soil near a foam production facility in the
U.S. Mid-Atlantic region. Wang et al. (16) analyzed soil samples
collected in the area surrounding an electronic waste disposal and
recycling facility in China, and the average total PBDE con-
centration was approximately 1100 μg/kg d.w. Wang’s study
represents a worst case scenario, where the soils received daily
PBDE loads.

Since PBDEs are released into wastewaters from consumer
products, and since these chemicals are hydrophobic in nature,
they are effectively removed with organic solids during the
treatment process. Therefore, PBDE residues are present in
biosolids as the material is applied to soils. The potential effects
on ecosystem health and the long-term fate of the PBDEs in soil
are generally unknown (17). No large-scale studies have been
carried out in the U.S. to examine PBDE concentrations and
persistence in agricultural soils where detailed information on
application rates and timing is known.The objectives of this study
were to determine if biosolids applications increase the levels of
PBDEs in soil; to examine the most important factors governing
PBDE concentrations in agricultural fields receiving biosolids;
and to estimate the soil half-live of PBDE congeners. This paper
provides the first detailed reporting of PBDE concentrations
in agricultural soils as a function of the number of biosolids
application and amount of biosolids applications where informa-
tion on the timing and application rates are known. This study
also includes amultiyear survey of PBDEbiosolids concentration
data from a source WWTP, and a spatial analysis of PBDE
concentrations across the 30 fields included in this experiment.
Research gaps regarding the availability of aged PBDE residues
in soil for exchange with other environmental compartments are
identified. This work represents a benchmark for PBDE concen-
trations in agricultural soils and biosolids in the Mid-Atlantic
region of the U.S. which may be used for comparison in future
studies to assess PBDE fate on a global scale.

MATERIALS AND METHODS

Experimental Design. Dewatered and limed biosolids grab samples
(average = 28% solids) were collected from a large mid-Atlantic WWTP
every two months between July 2005 and March 2008 for a total of 15
biosolids samples.

Surface soil samples were collected between March 20 and April 1 of
2006 from 11 farms in Virginia (Figure 1). A total of 30 agricultural fields

were targeted for sample collection. Three types of sites were selected:
10 fields with zero biosolids applications; 10 fields that had received one
biosolids application in the past 3.5 years; and 10 fields that had received
more than one biosolids application in the past 5-15 years (Table S2,
Supporting Information).

All fields, except for two (MA2 and ZH12, which were planted with
corn), were pasture fields for cattle. Soils in this region are generally loam
type soils (Nason, Elioak, Chewacla, Lloyd, Dyke, Unison, Bucks,
Rapidan, Altavista, Catlett, Zion, Penn, Iredell, Tatum, Fluvanna,
Appling, and Cecil) with organic carbon content ranging from 1.58% to
3.33% (Table S2, Supporting Information). All fields with one application
received biosolids from the same wastewater treatment plant where
biosolids sampleswere collected.Fieldswithmultiple applications received
biosolids from the sampled WWTP and other WWTPs (all WWTPs are
located in Virginia, with the exception of one that is located inMaryland).
Although this introduces some uncertainty in the data analysis for these
fields, the level of detailed access to applicator records in this project was
extremely helpful and is normally not available. Fields that received
biosolids from multiple plants received on average 53.3% of the applica-
tion rate from our source WWTP.

Biosolids are applied by commercial spreaders that deliver the cake on
top of the soil in a mixture of various sizes of chunks of biosolids. The
process does not deliver a homogeneous layer ofmaterial on top of the soil
but rather an extremely heterogeneous and random layer. However, the
rate of material fall throughout the field is approximately constant during
application. Biosolids were applied by licensed applicators at agronomic
rates determined by soil testing following state regulations for buffers
around waterways and wells (18).

Sample collection points were geolocated and recorded using a field
global positioning system (GPS) instrument (model GeoXT Trimble,
Westminster, CO). Collection sites were selected using a spatial relation-
ship according to the size and shape of the field and ranged from 5 to 14
samples per field, with an average of 1 sample per 1350m2 (duplicates were
collected in 13 of the 30 fields sampled). Spatial analysis was performed
using ArcMap (ESRI GIS and Mapping Software, Vienna, VA). Satellite
imagery was obtained from the USDA Geospatial Data Gateway (19).

Sample Collection. Biosolids grab samples for PBDE and dry weight
analysis were collected using a long-handled beaker from the solids
processing facility of the WWTP at the end of the dewatering and liming
process just before the material entered the biosolids temporary storage
area. Samples were immediately transferred to clean, 250-mL, amber,
wide-mouth jarswithTeflon-lined lids andwere kept frozen (-20 �C) until
processing. Surface soil samples were collected at a 7.60 cm depth [light
disking of the field (plowing of a field usually to a depth of 7.62 cm) usually
occurs after land application of biosolids)] using a N-2 Handle (JMC Soil
Samplers, Newton, IA, JMC N-2 Handle PN003) sampler with attached
zero-contamination tube. Soil samples were a composite of three cores
collected in a 30 cm diameter area around the collection site. Samples were
stored temporarily on ice then transferred to a freezer (-20 �C) and were
kept frozen until processing.

Sample Processing. The laboratory lights were covered with a light
filter that blocks light with wavelengths below 620 nm and the windows
were kept covered tominimize photodegradation of PBDEs. Sampleswere
thawed in a refrigerator (4 �C) overnight and then allowed to reach room
temperature just before processing. All solvents used in sample processing
were chromatographic grade, all chemical standards were analytical grade
of 99.8% purity or greater, and all glassware was precleaned with
detergent, distilled water, and acetone and then baked at 300 �C for 4 h
prior to use. Soil samples were then sieved to 2mm to remove grass, rocks,
and insects. A 10-g aliquot of soil from each sample was ground with
approximately 30 g of anhydrous sodium sulfate (J.T. Baker, Phillipsburg,
NJ) using a clean mortar and pestle to dry the sample. Dried samples were
transferred to 50 mL volume Teflon centrifuge tubes and were extracted
twice with 25 mL of dichloromethane (DCM) (99.9%, Acros, Morris
Plains, NJ). The method applied is a modified QuEChERS (Quick Easy
Cheap Effective and Safe) method (20). The extraction procedure was
performed by vigorous mixing of soil and solvent using a vortex mixer
(Fisher Scientific, Fairlawn, NJ) at a speed of 2500 rpm for a total of
2 min per extraction. Sonication extractions has been reported to produce
low recoveries for BDE-209 in standard reference materials (sediment in
this case), but all the authors have confidence in the recoveries of the

Figure 1. Location of soil sample collection sites. Black lines indicate
county boundaries in Virginia, USA. Lettered circles represent farms where
several fields were sampled.
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method presented here (21). Just prior to extraction, an extraction
surrogate, 40 ng of 2,20,3,30,4,40,5,50,6,60-decachlorobiphenyl (PCB-209)
was added as an extraction surrogate (PCB-209 was chosen as a surrogate
because it is cheaper than a 13C12 labeled compound and it is not expected
to be found in great amounts in environmental samples analyzed in this
study). The samples were centrifuged for a total of 5 min per extraction at
the speed of 5000 rpm, and the solventwas decanted and reduced to 0.5mL
using a gentle streamofN2. The extractwas cleaned upusing a 2-g alumina
Superclean N-alumina (Supelco, Bellefonte, PA) solid phase extraction
cartridge, and PBDEs were eluted using 6 mL of DCM; the final extract
was reduced to 0.5 mL and transferred to hexane (HPLC grade, Fisher
Scientific, Fair Lawn, NJ). An internal standard (13C12 2,20,3,4,40,50-
hexachlorobiphenyl (13C12 PCB 138)) was added to the final extract.
The carbon content of the soil was determined using a carbon-nitrogen
analyzer (TruSpec CN, LECO, Corp., St. Joseph, MI). Biosolids extrac-
tions were carried out in one batch and they were processed in duplicate.
Soil extractions were carried out in batches by field. Along with samples,
three spike samples were included: one blank sand sample spiked with
10 ng of 13C12 BDE 209 (Cambridge Isotope Laboratories, Inc., Andover,
MA), a second blank sand spiked with an unlabeled mixture of the target
PBDEs, and one duplicate soil sample was spiked with the unlabeled
PBDE mixture to examine potential matrix effects on PBDE recoveries.
One lab duplicate soil sample was processed for each field, and 43% of the
fields had one field duplicate sample. All BDE and PCB congener
standards were obtained from Cambridge Isotope Laboratories, Inc.
(Andover, MA).

Sample Analysis. Eight PBDE congeners were selected as target
analytes ranging from the tribrominated BDE-28 to the deca-brominated
BDE-209 (Table S1, Supporting Information). Samples extracts were
analyzed using an Agilent 6890 gas chromatograph (GC) coupled with an
Agilent 5975 mass selective detector (MSD) in negative chemical ioniza-
tion mode with methane as the ionization gas. The Agilent capillary
column used (DB-5-MS) had a length of 15 m, diameter of 0.25 mm, and
film thickness of 0.1 μm (J&W Scientific, Folsom, CA). This column was
preceded by a fused silica capillary deactivated column (5m, 0.25mm i.d.).
The carrier gas used was helium with a constant flow of 1.6 mL/min. The
oven temperature program was as follows: 48 �C for 3 min, 20 �C/min to
210 �C, 25 �C/min to 310 �C, 310 �C for 5 min. The injection volume was
1 μL. A programmable temperature vaporizing (PTV) inlet was used with
the following temperature program: 48 �C for 0.45min and then ramped at
a rate of 600 �C/min to 300 �C and held for 23 min. The GC-MS interface
was kept at a temperature of 300 �C. Sample concentrations were
quantified using the internal standardmethod with a five point calibration
curve. We monitored each compound using at least two ions (Table S1,
Supporting Information). Blanks presented peaks only for BDE-47 and
BDE-99, but they were all well belowMDL values. For biosolids samples,
the PCB-209 surrogate had a mean percent recovery value of 112 ( 14%
(n=30), and recovery for all BDE congeners analyzed (BDE-28, BDE-47,
DBE-99, BDE-100, BDE-154, BDE-153, BDE-183, and BDE-209) aver-
aged 52% to 68% recovery for one sand spike (Table S1, Supporting

Information). In soil, surrogate recoveries (PCB-209) averaged 73( 16%
(n= 338) in soil samples and in sand blanks. In soil samples, BDE mean
congener recoveries ranged from 61 to 92% (n=30) (Table S1, Supporting
Information). Labeled BDE-209 mean recovery in soil was 107 ( 46%
(n=30). Final concentration valueswere not adjusted for recovery values.
The method detection limits were calculated using EPA 40 CFR Part 136
AppendixB (22) with sandas amatrix and ranged from0.380 to 6.02μg/kg
(Table S1, Supporting Information). Laboratorial duplicates averaged a
9.55% difference and field duplicates had an average 8.96% difference.

RESULTS AND DISCUSSION

Concentrations in Biosolids. With the exception of BDE-183
(detected in only one sample), all eight target congeners were
present in all biosolids samples. The total PBDE concentration
ranged from1320 to1820μg/kgd.w. (Table 1) with amean value of
1500( 158 μg/kg d.w. BDE-47, BDE-99, and BDE-209 together
represented 82-87% of the total concentration, suggesting that
the commercial formulations penta-BDE and deca-BDEwere the
primary PBDE sources to the WWTP. The mean concentrations
of BDE-47, BDE-99, and BDE-209 in biosolids were 161 ( 27,
169( 27, and 920( 112 μg/kg d.w, respectively. Biosolids PBDE
concentrations from this plant are similar to those observed in
other plants in the U.S. (10-12).

During the sampling period, from mid-2005 to early-2008,
no significant increase or decrease could be detected in PBDE
concentrations on a total (r2=0.04) or congener basis. In
addition to regression analysis, a Mann-Kendall test was
performed on the data for all the congeners and total concen-
tration, and the tests results suggest that the hypothesis of
trend is rejected at the 95% confidence level. There was no
seasonal trend in concentration, and meteorological condi-
tions did not appear to have a significant effect on PBDE
concentration. There was no significant correlation between
congener concentration and two-day average temperature
(BDE-47 r2 = 0.231, BDE-99 r2 = 0.267, and BDE-209 r2 =
3.0 � 10-4) or total weekly precipitation (BDE-47 r2 = 0.043,
BDE-99 r2 = 0.026, and BDE-209 r2 = 0.038) for the day of
sample collection. At the sample collection frequency included
in this study, results suggest a relatively constant source of
PBDEs in wastewater, not strongly affected by environmental
conditions. Frequent sampling of unprocessed wastewater
entering plant would likely be required to examine environ-
mental factors affecting PBDE concentrations.

Concentrations in Soil. BDE-183 and BDE-28 were below the
detection limit [BDL (Table S1, Supporting Information)] in all
fieldswith zeroorone application.BDE-183wasdetected in some

Table 1. PBDE Congener and Total Concentration in Biosolids Samples (n = 2 for Each Collection Date)

concentration (μg/kg d.w.)

collection date BDE 28 BDE 47 BDE 100 BDE 99 BDE 154 BDE 153 BDE 183 BDE 209 total

07/20/2005 28.5 165 69.5 176 55.7 55.5 BQL 792 1350

09/19/2005 56.1 238 92.6 245 67.9 71.2 BQL 948 1730

01/05/2006 51.0 173 75.8 183 59.3 61.8 BQL 891 1500

03/06/2006 52.8 149 72.4 158 58.7 60.4 BQL 861 1420

05/25/2006 54.4 175 78.3 184 61.8 64.1 BQL 901 1520

07/25/2006 48.1 163 71.8 176 55.7 58.0 BQL 825 1400

09/28/2006 48.6 153 69.7 158 55.6 56.9 BQL 862 1410

11/28/2006 49.7 147 69.9 160 55.7 57.2 BQL 826 1370

01/29/2007 48.9 136 66.0 144 54.2 55.4 31.8 854 1390

03/30/2007 49.5 144 67.7 146 55.0 56.6 BQL 963 1490

05/30/2007 58.6 188 83.8 196 66.3 68.6 BQL 1070 1740

08/10/2007 BQL 138 64.8 152 51.3 52.9 BQL 883 1360

10/02/2007 47.9 170 72.0 173 55.9 57.4 BQL 1030 1610

12/03/2007 26.9 128 61.4 128 50.3 51.3 BQL 873 1330

03/13/2008 64.7 152 80.1 160 69.4 70.4 BQL 1220 1820
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fields with multiple applications, but it was below the quantita-
tion limit [BQL (Table S1, Supporting Information)], while
BDE-28was BDL in all multiple fields aswell. As in the biosolids,
the dominant congeners found in all agricultural soils were
BDE-47, BDE-99, and BDE-209; however, the contribution of
each congener to the total concentration varied with the number
of applications that the field received. Since the contribution of
these three congeners ismuchhigher than the other congeners, the
following discussion and concentrations presented will be limited
to these three congeners (Table S3, Supporting Information). The
contribution of BDE-47, BDE-99, and BDE-209 to the total
concentration in surface soil collected from fields with zero
applications was 75%, and the BDE mean concentration was
5.01( 3.01 μg/kg d.w., slightly higher than levels found in
Europe (13, 14). Fields with one application had a contribution
from these congeners of 86% and an average concentration of
15.2( 10.2μg/kgd.w. Fieldswithmultiple applications presented
a contribution of these congeners of 88% and had an average
concentration of 53.0 ( 41.7 μg/kg d.w.

As PBDEs are relatively persistent, an additive effect is
expected and fields receiving multiple biosolids applications are
expected to have higher soil concentrations overall than those
with one application.Mean total PBDE concentrations for single
and multiple application field groups were compared using an
unpaired t test with a 95% confidence level. Concentrations in
the multiple application group (n=69) were significantly higher
than those in the single application group (n= 68) (P = 0.012).
Similar findings have been reported by Eljarrat et al. (7) and also
by Sellstrom et al. (23). Soil samples from three research stations
and two farms in Sweden had concentration levels from 0.06 to
3900μg/kgd.w. for soils thatwere treatedwith biosolids, and they
concluded that biosolids application increased concentrations
2- to 13-fold (23), similar to a 8-fold increase for our multiple
application fields. In our study, the zero application group results
were not considered in comparison with the other groups since so
many of the congener concentrations were BQL.

CongenerDistribution.Anexamination of the congener pattern
observed in soils which received biosolids as compared with that
of the biosolids suggests some changes in PBDE use patterns
over the past few years (Figure 2). The ratio between congeners
BDE-209 and the sum of BDE-47 and BDE-99 for biosolids
samples was 2.84 ( 0.48, while the same ratio for fields with
multiple applications was 1.31 ( 0.64 and for fields with one
application was 1.40 ( 1.05 [Tukey’s test shows statistically
significant difference between biosolids ratio from single applica-
tion (q = 7.44) and from multiple application (q = 6.78), while

there is no difference between single application and multiple
application (q=0.39)]. The ratios show that BDE-209 is present
in relatively greater abundance in biosolids than in soils, and that
BDE-47 and BDE-99 are present in relatively greater abundance
in sampled soils than in biosolids. The prevalence of BDE-209 in
biosolids may be because deca-BDE is the only commercial
formulation currently in use in the U.S. However, biosolids
applications for some of these fields occurred before the removal
of penta-BDE formulation from themarket, and thismay explain
why the penta-BDE-related congeners are prevalent in soils that
have received biosolids. Difference in the ratios may also be
caused by some debromination of BDE-209 in the soil environ-
ment, differences in degradation or transport rates in different
fields, or the increased difficulty to extract it from soil over
time (24).

Studies like the one described here usually rely on data
provided by commercial applicators and farmers. This data,
while frequently accurate, may sometimes contain errors, which
was observed in our case and resulted in the elimination of two
fields from further examination and analysis. Examination of
concentration and congener pattern data suggests that field ZK3
did actually receive biosolids application (Figure 3). The congener
pattern for field ZK3 is significantly closer to the observed pat-
tern in soils that received one biosolids application (BDE-209/
(BDE-47 þ BDE-99) ratio of 0.77) than other fields in the zero
application group. FieldZK3 (averageΣPBDE=10.2μg/kg d.w.)
borders two fields that received one biosolids application: SK1
(10.6 μg/kg d.w.) and SK2 (17.9 μg/kg d.w). This proximity of
pattern and total concentration indicates either a recording
error, where the field did receive biosolids, or there are other means
of transport influencing the concentration of these nonvolatile
and highly hydrophobic chemicals (estimated vapor pressure:
logP range=-2.9 to-8.4 (25); estimated logKow range:4-10 (26)).

The information received from the applicator on Field SI5
indicated that this field received one biosolids application
(Figure 3). However, our spatial analysis suggests that it is
unlikely this very narrow, ditched field was appropriate for
biosolids application. The PBDE concentrations found in this
field were all BQL. Since there is enough evidence from this
spatial analysis to dispute application information for fields ZK3
and S15, these data have been eliminated from further analysis.

Soil Organic Carbon, Application Rate, and Time of Application.

The hydrophobic nature of PBDEs suggests they will have a
strong affinity for soil organic carbon, and thus PBDEs would be
highly retained in soils with moderate to high organic carbon
content. The concentration of PBDEs in soils receiving biosolids
applications were evaluated relative to the application rate and
the carbon content of the soils (ranging from 1.58% to 3.33%
carbon). The sum of all application rates received by each field
was multiplied by the soil percent carbon (Figure 4). A positive
correlation with the application rate (considering all fields)
yielded an r2= 0.67 and the relationship with soil percent carbon
yielded an r2 = 0.41. However, the relationship was stronger
when the two variables were multiplied (r2= 0.84). This
approach is justified because while the application rate is of
primary importance, the soil organic carbon appears to enhance
the persistence of the PBDEs. Biosolids application was not
found to increase the soil organic carbon concentration when
compared to fields receiving no biosolids (data not shown);
therefore, the effect of the soil organic matter is independent of
the biosolids application rate. The relationship of the two vari-
ablesmultiplied for fieldswithone application (r2=0.28) was not
as strong as the same relationship for the fields with multiple
applications (r2= 0.89), but this is likely due to the small range of
concentration and application values in the single application

Figure 2. Average relative congener pattern in biosolids (n = 15), soils
with multiple biosolids applications (n = 69), and one application (n = 68)
shown with standard error.
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group. One outlier (field MA3) was removed from the calcula-
tions (Grubbs’ outlier test, Q = 1%, and extreme studentized
deviate test (GraphPad Software, Inc., San Diego)). The strong
correlation observed indicates that the amount of biosolids
applied will have a direct influence on the soils PBDE concentra-
tion, but PBDEs will also likely persist longer in upper soil layers
in the presence of higher soil organic carbon.

Prediction of PBDE Concentrations in Soil. Our analysis
indicates that the main factor controlling the concentrations of
PBDEs in soils is the biosolids application rate, and soil organic
carbon appears to enhance the retention of PBDEs in soil. While
the average concentration of PBDEsmeasured in biosolids in this
study cannot be assumed to be identical to those applied to the
agricultural fields sampled, two biosolids samples collected in

2005 when nine fields received applications differed by -4.9%
and þ6.7% from the average biosolids concentration value.
To develop a prediction tool for PBDE concentration in soils,
we utilized a modified version of the equation developed by
Jackson andEduljee (27). This equation assumes no degradation/
dissipation after application.

Cpred
μg

kg
d:w:

� �
¼ ½PBDE� � application rate� area

soil volume� F
ð1Þ

Some assumptionsweremade in order to perform calculations:
(1) the concentration of PBDEs in biosolids applied was 1250 (
130 μg/kg d.w., (2) the soil density, F, (28) remained constant at
1.3 g/cm3, and (3) biosolids were incorporated to a depth of
7.6 cm. The biosolids concentration utilized represented our
average observed concentration. The incorporation depth of
7.6 cm was chosen to mimic the no till practice (disking of the
field usually occurs after land application of biosolids).

Calculations of predicted concentrations using the above equa-
tion for fields that received one biosolids application overestimated
(average of 110% of overestimation considering all types of fields
and all congeners) PBDEconcentrations as compared tomeasured
values. Different factors could contribute to lower than estimated
values: (1) some dissipation is taking place, (2) a greater mixing
than the depth assumed here, and/or (3) additional mixing that
occurs over the years as a result of regular field usage.

To estimate this overall loss rate, we used a general disappear-
ance equation (27):

Cpred
0 μg

kg
d:w:

� �
¼ Cpred

μg

kg
d:w:

� �
e-ðln2=t0:5Þt ð2Þ

While the rate of dissipation, volatilization, or mixing is
unknown, some data exist on soil half-lives for chlorinated

Figure 3. Total PBDE concentrations observed for fields with one biosolids application (yellow dots) and zero applications (green dots). (A) Field SI5 was
removed from the analysis because results indicate it did not receive a biosolids application. (B) Field ZK3 (zero applications) has a concentration profile that
matches neighboring fields SK1 and SK2 which have received a single biosolids application. Field ZK3 was removed from analysis because results indicate it
did receive biosolids application.

Figure 4. Relationship between the concentrations of PBDEs in the fields
that have received biosolids application with their total application rate
multiplied by their carbon content. Point represented by a triangle is an
outlier that was removed from the regression.
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organic pollutants. To estimate the half-life for the lower bromi-
nated congeners, we used as reference one polychlorinated
biphenyl (PCB): PCB-138, which has similar log Kow values as
BDE-47 and BDE-99 (26, 29). A soil half-life for PCB-138 has
been estimated at 2430 days in a PCB modeling study (29) and
6870days in a literature review (30).On the basis of these previous
studies, we averaged the half-life values and assumed a half-life
for BDE-47 and BDE-99 of 12.7 years, or 4650 days. To estimate
the half-life of BDE-209, we used both PCB-209 and PCB-180 as
reference chemicals. Even though these chemicals have a lower
molecular weight than BDE-209, they represent the high end
hydrophocity of the PCBs and are suitable for comparison. A soil
half-life for PCB-209 was estimated to be 8330 days in a model-
ing study of PCBs (29), while the estimate for PCB-180 was
13700 days was reported in a literature review (30) and 8660 days
for a study using a weathered sandy loam soil (31). Considering
BDE-209 stability in the environment and data compiled from
literature, we assumed a half-life of 10230 days or approximately
28 years.

With these assumptions and projected half-lives, a predicted
soil concentration was calculated. For single application fields,
the estimate was performed using eqs 1 and 2. For multiple
application fields, the estimate was performed for each applica-
tion separately, taking into consideration the time between
applications and the application rates for each occasion. The
values of predicted concentrationswere compared to the values of
measured concentrations for each of the fields that received
biosolids application. For BDE-47þBDE-99, the predictions
were similar to the measured concentrations (p = 0.10) using the
12.7-year soil half-life value (Figure 5) with a median predicted/
observed concentration ratio of 1.01. For BDE-209, using the
28-year half-life estimation, the predictions were 2.33 times
(median) higher thanmeasured concentrations (data not shown).
By reducing the half-life estimate for BDE-209 to 12.7 years as for
the other BDE congeners, the predictions were twice the value of
the observed values (p= 0.15) with a median ratio value of 2.00
(Figure 6). Since the median ratio is greater than 1, predicted
concentrations are higher than the measured concentrations,
suggesting that some important dissipation processes were not
incorporated in the simple model used in this study or that levels
of BDE-209 in biosolids applied to fields could have been lower
than the assumptionmade.One of the limitations of themeasured
concentration data is that it is confined to the upper soil layer.

Therefore, physical migration of soil residuesmay have occurred,
resulting in losses in surface soils which are unrelated to biotic or
abiotic loss processes influenced by the physical/chemical proper-
ties of the PBDE congeners.

As a further examination of soil organic carbon effects, the
ratio between the predicted concentrations and the measured
concentration in soil were plotted against the soil organic carbon
content (Figure 7). The further the ratio is from 1 indicates that
some dissipation processes are not accounted for. A ratio below 1
would indicate that the congener is more stable than the model
predicts. A relatively strong trend (r2 = 0.47) was observed for
BDE-209 where the ratio value approaches 1 under higher
soil organic carbon conditions. The trend was not as clear for
BDE 47 þ 99 (r2 = 0.25); however, the majority of the ratios are
<2. These results suggest that PBDEs will preferentially bind to
soils with a larger content of organic carbon, and this will limit the
rate of dissipation from top soils. Our analysis also suggests that
BDE-209 may be more available for losses under low soil organic
carbon conditions, leading to the steeper slope of the regression line.

While the above model provides a reasonable estimate of
PBDE levels in soils receiving biosolids applications, a more
accurate description of environmental fate should incorporate
many processes that have not yet been quantified. Within the
soil column, microbial degradation, volatilization, leaching, or

Figure 5. Comparison between predicted and observed concentrations
for the sum of BDE-47 and BDE-99 congeners. Fields are in ascending
order by date of first biosolids application.

Figure 6. Comparison between predicted and observed concentrations
for BDE-209 congener. Fields are in ascending order by date of first
biosolids application.

Figure 7. Ratio between predicted concentrations and measured concen-
trations for BDE-209 and BDE-47 þ BDE-99 as a function of soil organic
carbon content. Fields that received one ormultiple applications are plotted
(n = 19) for each congener group. Trend is a clearer for BDE-209
(r2 = 0.48) than for the lower brominated congeners (r2 = 0.25).
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irreversible sorption can occur. Biological degradation is not
expected to happen for higher brominated congeners in well
drained top soil, where most of the PBDEs will stay, because this
process is usually anaerobic (32) although aerobic degradation
has been proven for some lower brominated congeners (33).
A decrease in concentration may be expected during the first few
months after application, especially if the material was not well
incorporated into the soil. On the soil surface, photolysis may be
an important loss process, high winds may move dust particles
off-site, and large storm events may erode soils causing losses. If
the biosolids are left on top of the soil, PBDEs would be more
available for both volatilization and photodegradation loss
processes. These two processes are expected to be the most
important pathways for PBDEs loss in the soil environment. As
the lower brominated congeners (BDE-47 and BDE-99) have a
much lower molecular weight when compared to the fully
brominated congener BDE-209; they may be more likely to
undergo volatilization. BDE-209 is more susceptible to photo-
deradation, resulting in nona- and octa- brominated con-
geners (34). BDE-47 and BDE-99 will also undergo photolysis
but at a slower rate (34), and the products will also be lower
brominated congeners.

A complicating factor to assess the fate of persistent organic
pollutants associated with biosolids application is the nature of
the material applied to the soil. PBDEs are not applied as a liquid
spray as with pesticides; the biosolids material and associated
PBDEs are applied like manure to a field as a matrix rich in
organic matter with a low surface area/volume ratio. Even if the
biosolids are lightly incorporated into the soil, it is likely the
material will remain bound together for some time before it
becomes fully available for exchange with soil particles. This
assimilation time from one media to another may be a critical
factor controlling the fate and availability of PBDEs for various
dissipation and degradation processes. The diffusion of the
chemical from the interior of the biosolids chunks to the surface
may also be a contributing factor for availability for both
photodegradation and volatilization. Volatilization is likely to
continue even after the biosolids is completely incorporated to the
soil with loss rates changing with temperature; however, photo-
degradation is expected to be negligible since light will not reach
the soil aggregates that are under the surface. Also, uptake by
plants and biota cannot be discounted when predicting concen-
trations (23, 24). The loss processes controlling the fate of these
chemicals are not fully understood, and the degradation and
emission rates should vary widely depending on soil properties
and meteorological conditions.

A soil environment is difficult to model and the fate of these
chemicals depends on their interaction with all environmental
compartments and on agricultural management practices. More
controlled experiments, which would include repeated soil sam-
pling of a field, repeated sampling of fields with different types of
soil, and incorporation of sorption, biodegradation, volatiliza-
tion, and photodegradation studies, are needed to better estimate
the disappearance half-life of these chemicals and to better
understand their disappearance in the soil environment.

This work generates many questions with respect to the
bioavailability of soil PBDEs. For example, PBDE exposure to
soil-dwelling organisms such as earthworms could lead to bio-
accumulation by species higher in the food chain such as birds.
Also,many farm fields receiving biosolids are used to grow forage
crops, corn, soy beans, and other crops, and questions remain
whether soil PBDEs are available for plant uptake. Evidence of
initial BDE losses from soil in the first two years after application
was observed, but conclusions regarding the long-term fate of
BDE congeners in soil are only preliminary at present. Further

controlled experiments examining PBDE fate in soils are
needed to more accurately predict the half-lives of specific
BDE congeners.
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