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Abstract

Biosolids contain metal, synthetic organic compound, endotoxin, and pathogen concentrations that are greater than

concentrations in the agricultural soils to which they are applied. Once applied, biosolids are incorporated into soils by

disking and the aerosols produced during this process may pose an airborne toxicological and infectious health hazard to

biosolids workers and nearby residents. Field studies at a Central Arizona biosolids land application site were conducted to

characterize the physical, chemical, and biological content of the aerosols produced during biosolids disking and the

content of bulk biosolids and soils from which the aerosols emanate. Arrayed samplers were used to estimate the vertical

source aerosol concentration profile to enable plume height and associated source emission rate calculations. Source

aerosol concentrations and calculated emission rates reveal that disking is a substantial source of biosolids-derived

aerosols. The biosolids emission rate during disking ranged from 9.91 to 27.25mg s�1 and was greater than previously

measured emission rates produced during the spreading of dewatered biosolids or the spraying of liquid biosolids. Adding

biosolids to dry soils increased the moisture content and reduced the total PM10 emissions produced during disking by at

least three times. The combination of bulk biosolids and aerosol measurements along with PM10 concentrations provides a

framework for estimating aerosol concentrations and emission rates by reconstruction. This framework serves to eliminate

the difficulty and inherent limitations associated with monitoring low aerosol concentrations of toxic compounds and

pathogens, and can promote an increased understanding of the associated biosolids aerosol health risks to workers and

nearby residents.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Each year greater than 5 million dry tons of class
B biosolids (processed sewage sludge) are applied
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onto US agricultural land to fertilize and condition
soil (Goldstein, 2000). Biosolids application is
typically accomplished in two stages. First, dewa-
tered or liquid biosolids are spread onto the soil
surface by a slinger or sprayer at a rate governed by
agronomic nitrogen requirements (USEPA, 1994).
Biosolids are then incorporated into the soil by
disking the applied area. Disking provides a barrier
.
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Fig. 1. Description of disking experiments. Disking equipment

was located upwind of the aerosol samplers. Four passes

(i ¼ 1–4) were completed for each experiment and each pass

increased the distance from the disking equipment to the samplers

by 6m. Average PM10 concentrations in the fourth pass were

approximately 80% of the PM10 concentration in the first pass.
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to disease vectors and, by minimizing volatilization
of organic and inorganic compounds, reduces odor
and prevents biosolids nitrogen loss (USEPA,
1999).

Biosolids contain heavy metals, synthetic organic
compounds, organic and inorganic odor-causing
compounds, pathogenic protozoa, bacteria and
viruses, and biotoxins in concentrations that are
greater than the agricultural soils to which they are
applied (Epstein, 2003; Sagic et al., 1980; USEPA,
1999, 2001). An incomplete understanding of the
aerosols emitted during land application as well as
anecdotal health complaints from residents near
land application sites have prompted recent inves-
tigations into the emission and characterization of
biosolids-derived aerosols (Lewis and Gattie, 2002;
NRC, 2002). Thus far, the focus of these aerosol
studies has been to characterize the aerosols emitted
during the spreading process (Brooks et al., 2005;
Paez-Rubio, 2006). However, the disking step also
logically provides a large potential for aerosol
generation (Clausnitzer and Singer, 2000). Given
this potential, prudent investigation of the health
risk posed by the land application processes must
include a description of the aerosols generated
during disking activities.

The objective of this research was to characterize
the aerosols produced during the disk incorporation
of class B biosolids into agricultural soils. A suite of
biological (total bacteria and biosolids indicator
microorganisms), chemical (metals and endotoxin),
and physical (PM10 and particle size distribution)
aerosol measurements were performed at the aero-
sol source. Source emission rates were determined to
support offsite aerosol modeling efforts and provide
a basis for comparing aerosol production during
spreading and disking. A relationship between bulk
biosolids concentration and the aerosol emission
rate was developed and is presented here as a
framework for estimating source aerosol concentra-
tions and emission rates of any chemical or
microorganism based on the concentration of that
constituent in the bulk biosolids and source PM10

values.

2. Materials and methods

2.1. Field site description

Field experiments were conducted in an agricul-
tural area located southwest of Phoenix, AZ. Soils
in this area are typically classified as aridsols. Soils
are sandy loam in texture and soil moisture is
commonly below 7% (AZMET, 2006). The bioso-
lids applied onto the fields were class B and were all
stabilized by mesophilic (30–35 1C) anaerobic diges-
tion. Dewatered biosolids (20–30% solids content)
were applied in all cases and the average application
rate ranged from 0.8� 104 to 1.6� 104 kg ha�1

depending on the field nutrient requirements. In
all experiments, biosolids were disk incorporated
into soils within 48 h after spreading.

2.2. Experimental description and aerosol sample

collection

Two aerosol producing experimental conditions
were considered. One termed biosolids disking
corresponded to disking soils on which biosolids
had been applied. The other was a control experi-
ment in which soils were disked before biosolids had
been applied. This latter experimental condition was
termed control disking. All biosolids disking experi-
ments were repeated four independent times and
duplicate control soil disking experiments were
performed. Each experiment was performed for
approximately 10min. In that duration, the disking
equipment traveled along a line of four stands. Four
passes were completed for each experiment, with
each pass being 6m further away from the samplers
(Fig. 1). The line of aerosol samplers contained
equipment for biological, PM10, and metals mea-
surement elevated to a breathing zone height of
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1.5m. Source aerosol concentrations were calcu-
lated based on the period of time when the disking
equipment passed each stationary sampler. This
time was estimated as the duration that real-time
PM10 concentrations were significantly higher
(greater than two standard deviations above back-
ground concentrations) than ambient concentra-
tions, and was approximately 2.7min for each
sampler in a 10min disking experiment.

In addition to biosolids and control disking
experiments, ambient concentrations of biological
aerosol, PM10, and airborne metals were deter-
mined. These ambient samples were taken a
minimum of 100m upwind of the disking activity
and performed at the same time of the day as the
disking experiments. Ambient samplers were oper-
ated for 45min. To ensure a constant downwind
flow direction and to control for wind aerosoliza-
tion of land-applied biosolids, disking experiments
were performed only if wind speeds were above
0.8m s�1 and below 2.5m s�1. A weather station
(Weather Monitor II, Davis instrument Corp.,
Hayward, CA) was used in each sampling event to
measure and log wind speed and direction, tem-
perature, and relative humidity. Aerosol sampling
occurred only under neutral to slightly stable
atmospheric conditions and experiments were con-
ducted over smooth terrain.

For bioaerosol sampling, each aerosol experiment
consisted of eight impingers total (four sampling
stands each containing two impingers) (Fig. 1).
Sterile liquid impingers (SKC Inc., Eighty Four,
PA) collected aerosol samples for total bacteria,
culturable heterotrophic bacteria (heterotrophic
plate counts (HPC)), total coliforms, sulfite-redu-
cing Clostridia, and endotoxin. Impingers were
operated at a flow rate of 12.5 lmin�1 in accordance
with manufacture specifications and the flow rate
was calibrated before each sampling event (Dry Cal
DC-Lite, BIOS, Butler, NJ). The impingers were
loaded with 20ml of sterile phosphate buffer saline
(PBS) solution (pH 7.2, 9.2mM NaPO4, 125mM
NaCl). After sampling, the impinger contents were
decanted into sterile 50ml conical tubes and the
volume recorded.

PM10 mass was measured at 1-s intervals using a
real-time PM10 monitor (DustTrakTM Aerosol
Monitor, Model 8520, TSI Inc., St. Paul, MN).
For metal aerosol analysis, total suspended aerosol
particles were collected onto a 47mm diameter,
1 mm pore-size TeflonTM filter (Pall Corp., Ann
Arbor, MI). The filter was attached to an open face
filter support and a flow rate of 31 lmin�1 was used
during collection. Finally, aerosol samples for
particle size distribution measurements were col-
lected onto 47mm diameter, 0.4 mm pore size
polycarbonate membranes (Whatman, Florham
Park, NJ). These membranes were supported by
polypropylene holders (Advantec MFS, Inc., Plea-
santon, CA) and loaded at flow rates ranging from
11 to 15 lmin�1.

2.3. Bulk biosolids and soil sample collection

During each experiment, composite soil/biosolids
mixture and soil samples from a minimum of five
locations were collected. At least 150 g of bulk
mixture were placed into sterile Whirl-Paks bags
(Nasco, Fort Atkinson, WI) and sealed for trans-
portation. All aerosol, bulk soil/biosolids mixtures,
and bulk soil samples were stored in the dark
immediately after sampling was completed. Within
2 h of sampling, moisture content was determined
gravimetrically by drying 10 g (wet weight) of soils
or soil/biosolids mix for 18 h at 105 1C. Soil texture
was determined by sieve analysis to measure size
distribution for the largest particles, and hydro-
meter analysis for particles smaller than 75 mm
(Bardet, 1997).

2.4. Analytical methods

Culture assays for all aerosols, bulk soil/biosolids
mix and bulk soil samples were started within 2 h
after collection. Microorganisms were extracted
from bulk soil/biosolids mixtures and soils using a
0.25� Ringer Solution (38mM NaCl, 1.4mM KCl,
1.1mM CaCl2, 0.6mM NaHCO3) in accordance
with previously described methods (Mocé-Llivina et
al., 2003). The extract was then used for the bulk
analysis of total bacteria, total coliforms, HPC,
sulfite-reducing Clostridia, and endotoxin. For the
microbial aerosol analyses, impinger contents from
the same sampling event were pooled in order to
obtain values above the limits of detection. The two
impingers from each stand were pooled for HPC
and total bacteria counts, and the contents of all
eight impingers were pooled to determine total
coliforms, sulfite-reducing Clostridia, and endotoxin
concentrations.

Total bacteria were enumerated by staining
nucleic acids with 406-diamidino-2-phenylindole
(DAPI) (Pierce, Rockford, IL) at a final concentra-
tion of 20 mgml�1. Stained cells were then filtered
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onto a 25mm diameter, 0.2 mm pore-size, black
polycarbonate membrane (Osmonics, Inc., Minne-
tonka, MN) and directly counted using an epifluor-
escent microscope (Olympus BX51 microscope
(Olympus America, Inc., Melville, NY) at 1000�
magnification (Kepner and Pratt, 1994). HPC and
total coliform plate count analysis was performed in
accordance with standard methods for water and
wastewater samples (APHA et al., 1995). The
enumeration of sulfite-reducing Clostridia was
performed using a modified membrane filtration
technique (Sartory et al., 1993). Briefly, aerosol
collection liquid or solid mix extraction solutions
were filtered through a 0.22 mm pore-size Dura-
pores membrane filter and the inoculated filter was
placed on an egg yolk-free tryptose-sulphite-cyclo-
serine (TSC) agar. Plates with filters were then
incubated in an anaerobic environment at 37 1C for
48 h. Black colonies were counted as sulfite-reducing
Clostridia. Endotoxin concentration analysis was
conducted using the Limulus Amebocyte Lysate
(LAL) Pyrochromes Kit in accordance with man-
ufacturer’s instructions (ACCIUSA, Falmouth,
MA). A colorimetric endpoint analysis was used
by measuring adsorption at 405 nm on a 96-well
Vmax microplate reader (Molecular Devices, Sunny-
vale, CA). Endotoxin was quantified by comparing
standard curves of adsorption to concentration.

To determine aerosol particle size distribution,
particles collected on 0.4 mm polycarbonate filters
(Whatman Inc, Florham Park, NJ) were analyzed
with an automated JEOL Model JXA-8600 electron
microprobe in accordance with previously describe
methods (Anderson et al., 1996). Particle sizes are
reported as the average geometric diameter, (l+d)/2
where l and d represent the length and the width of
each particle counted, respectively. Particle sizes
were arranged into bins of 0.1 mm increments and
the percentage of particles within one bin was
plotted against average geometric diameter. The
geometric mean and standard deviation of the log
normally distributed data as well as the percentage
of particles under a specific size were calculated
using statistical software (MINITABs 14, Minitab
Inc., State College, PA). Volumetric particle dis-
tributions were also calculated. The particle volume
was estimated as the product of the particle area
(measured during particle counting) and the particle
width (d). The percent of total particle volume
contained below a specified geometric diameter was
calculated in accordance with previously published
methods (De Nevers, 1999).
Aerosol metal concentrations were quantified
using inductively coupled plasma mass spectrometry
(ICP-MS) in accordance with methods for low-level
aerosol particulate matter samples described by
Lough et al. (2005). Briefly, filters were digested in a
microwave-assisted acid bath prior to analysis. For
bulk soils and bulk soil/biosolids mixtures, a
representative portion of the biosolids sample
(without drying) was weighed into a plastic test
tube and digested with nitric acid and hydrogen
peroxide in a hot block digestor. The digestate was
then refluxed with hydrochloric acid, cooled, and
brought to a final volume of 50ml. Metals were
quantified using standard hot-plasma ICP-MS
conditions. The bulk soil, bulk soil/biosolids mix-
ture, and aerosol concentrations of the 10 metals
(As, Cd, Cr, Cu, Pb, Hg, Mo, Ni, Se, Zn) that are
regulated by the US EPA biosolids land application
guidelines were measured.
2.5. Source emission rate calculation

Emission calculations were partially based on a
previously described method for estimating PM10

flux produced during the tilling of agricultural soils
(Holmén et al., 2001). These emission calculations
utilize a continuous function to describe the PM10

concentration profile with height (Veranth et al.,
2003). The aerosol PM10 emission factor, E

(mgm�2), was calculated as the product of the
exposure time, t (s), the background corrected
aerosol concentration C(h) (mgm�3), and the
horizontal wind speed U(h) (m s�1) integrated from
the soil roughness length, z0, to the height of the
plume, H, and normalized by the upwind width of
the disked soil:

E ¼
1

w

Z H

z0

CðhÞUðhÞtdh. (1)

Overall emission factors for each experiment were
calculated as the average emission of the four
passes. The vertical aerosol concentration profile
was determined in triplicate independent experi-
ments by vertically arraying (1.5, 2.7, 3.9, and 5.7m)
PM10 monitors at the emission source. Based on
these profiles, H was defined as the height where
source PM10 concentrations were equal to ambient
PM10 concentrations. A first-order decay with
height model provided a best fit to the vertical
concentration profile measured data (Fig. 2). Using
this model profile and the vertical wind profile
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Fig. 2. Characteristic profiles describe PM10 concentration decay with height at the aerosol source. The solid line represents best-fit first-

order approximation. The first pass (i ¼ 1) is 0–6m from the PM10 samplers, i ¼ 2 is 6–12m from the samplers, i ¼ 3 is 12–18m, and i ¼ 4

is 18–24m.
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proposed by (Peterson et al., 1978) for smooth
terrain, E can be expressed as

E ¼
1

w

X
i

Z Hi

z0

UH0

h

H0

� �p

ðaiLnðhÞ þ biÞti cos yi dh,

(2)

where i is each tractor’s pass, H0 is the wind speed
measurement height, UH0

is wind speed at H0, p is
coefficient dependent on atmospheric stability class
(Peterson et al., 1978), a and b are the slope and
intercepts coefficients from the linearized first-order
PM10 concentration (Fig. 2), and y is the angle
between the wind direction and the plane perpendi-
cular to the travel direction of the tractor. In order
to compare emissions from biosolids disking to
those of biosolids spreading, emission factors were
converted to emission rates, ER (mg s�1), by multi-
plying the emission factor by the area disked per
second, Ad (m2).

PM10 emissions were converted to chemical and
biological emissions by first normalizing the PM10
emission rates by the PM10 concentration at 1.5m
and then multiplying by the average metal or
biological concentration at 1.5m (Eq. (3)). This
method implicitly assumes that the vertical chemical
or biological concentration profile is the same as the
vertical PM10 profile.

ERchem=bio ¼
ERPM10

CPM10
1:5 m

Cchem=bio1:5 m
. (3)

To estimate the contribution of only biosolids to
the source emission rate, the chemical and biological
aerosol concentrations determined during the con-
trol disking experiments were subtracted from the
biosolids disking concentrations. The aerosol con-
centrations produced during control disking were
adjusted by multiplication with the ratio of bioso-
lids disking PM10 concentration to the control
disking PM10 concentration (1:3.2) to account for
the aerosol production inhibition observed during
biosolids disking. Error in source emission rate
estimation was based on propagation of standard
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deviations for each measurement through the
emission calculations in accordance with accepted
methods (Miller and Miller, 1993).

3. Results and discussion

3.1. Bulk sample and aerosol characterization

The mass fraction of biosolids in the soil/
biosolids mixture was first estimated. Based on the
dry mass of biosolids applied per soil area, volume
of soil disked, and soil bulk density, biosolids
composed between 4% and 11% of the dry mass
of the soil/biosolids mixture. This mass fraction
range was also confirmed by estimations based on
the change of soil moisture content when soils were
amended with biosolids.

Fig. 3a presents bulk soil and bulk soil/biosolids
mixture concentrations of total coliforms, sulfite-
reducing Clostridia, total bacteria, HPC, endotoxin,
and total EPA regulated metals (As, Cd, Cr, Cu, Pb,
Hg, Mo, Ni, Se, Zn). These concentrations demon-
strate a slight enrichment in biological and metals
content when biosolids are added to soils. Indeed,
the concentrations of these microorganisms and
metals in pure bulk biosolids are significantly
(po0.01) greater than they are in bulk soils (Paez-
Rubio, 2006). When soils are amended with
biosolids, average soil/biosolids mixture concentra-
tions were greater than average soil concentrations
for all measurements; however, these increases were
only significant for total coliforms (p ¼ 0.01) and
sulfite-reducing Clostridia (p ¼ 0.02) due to the
relatively small amount (4–11%) of biosolids added
per mass soil. This increase in concentrations is
listed in Table 1. For the aerosols concentrations
(Fig. 3b), a concentration enrichment during the
biosolids disking scenario was observed only for the
biosolids indicator microorganisms (Fig. 3b). Total
coliforms and sulfite-reducing Clostridia aerosol
concentrations were 15 and 30 times greater,
respectively. For total bacteria, HPC, endotoxin,
and total regulated metals aerosol concentrations,
no significant differences between biosolids disking
and control disking were observed. This similar
aerosol concentration, despite some enrichment in
the bulk soil/biosolids mixture is partly a result of
the lower amount of particulate matter that was
aerosolized during the biosolids disking. Presum-
ably caused by the increased moisture of the soil/
biosolids mixture, the average PM10 concentration
measured during biosolids disking was 21% of the
concentration measured during control disking in
the same soils.

Given the well-established respiratory health
effects, endotoxin concentrations emitted during
biosolids operations have been a particular concern.
The average concentrations emitted during biosolids
disking was not statistically greater than the
concentration produced due to control disking and
these concentrations were near 1000EUm�3. These
concentrations were higher than the 470EUm�3

average concentrations previously measured at the
source of tractor operations (no biosolids applied
and level of PM10 not provided) (Brooks et al.,
2006). The aerosol endotoxin concentrations mea-
sured downwind of disking operations, regardless of
the presence or absence of biosolids, were at least
two times greater than average aerosol endotoxin
concentrations produced during the loading and
spreading of biosolids and greater than ten times the
ambient aerosol concentrations measured at a
feedyard operation (Brooks et al., 2006; Purdy
et al., 2004).

Because both PM10 and bulk soil/biosolids
mixtures concentrations were characterized, chemi-
cal and biological aerosol concentrations could be
estimated by reconstruction. Reconstructed chemi-
cal and biological source aerosol concentrations
were estimated as the product of the concentrations
of each chemical and biological constituent in the
bulk soil/biosolids mixture and the source PM10

concentrations. Comparison of reconstructed and
measured aerosol concentrations reveals that they
are linearly related (r2 ¼ 0.78) over the 10 order of
magnitude region spanned by the biological and
metal components considered. The reconstructed
concentration was generally lower than measured
concentrations. The average and standard deviation
of reconstructed concentrations were 13719% of
the measured values. Underestimation is in large
part attributed to the efficiency associated with
extracting chemical and biological constituents from
the bulk soil/biosolids mixture. Extraction efficien-
cies from high organic matter matrices are well
known and bacteria extraction from bulk biosolids
has been documented at less than 10% efficiency
(Rusin et al., 2003). These differences were less for
metals (reconstructed concentrations were 18723%
of measured values), where harsher extraction
techniques can be used. Given that the extraction
of microorganisms and chemical compounds from
bulk biosolids is often less than 100%, inclusion
of specific extraction efficiency in reconstruction
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calculations should serve to increase the agreement
between reconstructed and measured values.

The experiments presented here were designed to
control for soil moisture and texture in order to
investigate the differences in aerosol emissions and
aerosol characteristics caused by the addition of
biosolids to soils. In contrast to other biosolids land
application processes such as spreading and spray-
ing, the emissions produced during biosolids disking
are a function of soil texture and soil moisture
(Baker et al., 2005; Holmén et al., 2001; Smith and
Lee, 2003). The addition of biosolids to soil
increased the average moisture content from 4.9%
to 8.0%. Correspondingly, the total average source
PM10 concentration during control disking was
5.12mgm�3 and decreased to 1.58mgm�3 during
biosolids disking. Similar decreases in agriculturally
produced particulate matter concentrations have
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Table 1

Bulk biosolids concentrations, source emission factors and emission rates

Parameter Bulk soil/biosolids mixture

concentration–bulk soil concentration

Aerosol source emission

factora
Aerosol source emission

rateb

Total bacteria (number) 1.55719.7� 108 1.3772.15� 109 1.0971.72� 1010

HPC (CFU) 1.5170.68� 107 3.1676.15� 107 2.5374.92� 108

Total coliforms (CFU) 8.5674.06� 104 4.5577.75� 103 3.6476.20� 104

Sulfite-reducing Clostridia

(CFU)

6.5275.55� 103 3.3475.23� 103 2.6774.18� 104

Endotoxin (EU) 5.7713.8� 103 1.6672.76� 103 1.3372.21� 104

Cadmium (mg) 0.1570.15 6.1274.11� 10�2 4.9073.28� 10�1

Chromium (mg) 3.6173.49� 100 2.7271.72 2.1771.38� 101

Copper (mg) 2.5773.07� 101 1.5872.22� 101 1.2771.78� 101

Lead (mg) 7.1375.69� 100 6.2278.07 4.9776.46� 101

Mercury (mg) 7.0078.00� 10�2 1.6472.25� 10�1 1.3271.8

Molybdenum (mg) 1.8271.82 1.5773.56� 10�2 1.2672.58� 10�1

Nickel (mg) 4.0672.64� 101 1.7071.11 1.3670.89� 101

Zinc (mg) 4.6874.16� 101 0.9671.74� 101 0.7771.39� 102

Biosolids PM10 (mg)c — 1.24–3.41 9.91–27.25

Total (soil and biosolids)

PM10 (mg)

— 31.0 247.75

aAerosol source emission factor measured per m2.
bAerosol source emission rate measured per s.
cRanges correspond to a soil biosolids mixture of 4–11% biosolids.
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been observed due to an increase in soil moisture. In
California’s Central Valley, Clausnitzer and Singer
(2000) evaluated respirable dust emissions during
agricultural soil preparation at variable moisture
levels and observed that the average respirable dust
concentration emitted decreased five times when
water content increased from 4.5% to 10%. For the
disking emission results presented here, soil texture
was classified as a sandy loam with 75% fine sand.
We note that the addition of biosolids to soils
caused small changes in soil texture and did not
result in a change in textural class. Soil silt content,
in particular, has been associated with higher PM10

generation during soil preparation (Smith and Lee,
2003).

The particle size distribution of aerosols produced
was also examined. Fig. 4 depicts the geometric
diameter distribution frequency for aerosols down-
wind of biosolids disking and control disking
operations. The log-normally distributed data de-
monstrate that the biosolids disking particles size
distribution was similar to the distribution when
control disking. The distribution’s average particle
geometric diameter and geometric standard devia-
tion was 1.5571.69 mm. Greater than 99.0% of the
particles emitted during disking were less than
10 mm, and greater than 82% were less than
2.5 mm. Greater than 82% of the particle volume
(mass) was less than 10 mm. Based on methods for
estimating aerodynamic diameters from geometric
diameters (Chen and Fryrear, 2001), the small
average geometric diameter and narrow size dis-
tribution of the disking aerosols suggest that the
majority of these particles are less than 10 mm
aerodynamic diameter. As a consequence of this
size, particle settling at off-site setback distances of
100m are negligible for the smooth terrain and
unstable to neutral conditions tested (Etyemezian
et al., 2004).

3.2. Source emission rates

The estimated biosolids source emission factors
and emission rates with associated standard devia-
tions are presented in Table 1 for total bacteria,
HPC, sulfite-reducing Clostridia, total coliforms,
endotoxin, EPA biosolids regulated metals, and
PM10. To address concerns over biosolids-derived
aerosols, these emissions account for only the
microorganisms and metals that were derived from
the biosolids added to the soil, rather than the total
emissions from the soil and biosolids. In Fig. 5, the
log10 values of emission rates are plotted versus the
log10 concentrations of these same microorganisms
and metals that were added to the bulk soil when
amended with biosolids (concentrationsoil/biosolids
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mixture�concentrationsoil). The plot demonstrates a
correlation between the microbial and chemical
concentrations emitted during disking and their
content in the biosolids (r2 ¼ 0.95). The emission
rates reported here, while specific to the biosolids
application rate, soil moisture, and soil texture,
reveal that disking can be a significant source of
biosolids bioaerosols during the land application
process. Although there are no other biosolids
disking studies for comparison, direct measure-
ments for source emission rates during spreading
of dewatered biosolids by side slinger (Paez-Rubio,
2006) and during spraying of liquid biosolids
(Tanner et al., 2005) are available. Based on
comparison of total coliform emission, disking
biosolids emissions were approximately two times
greater than spreading dewatered biosolids and at
least two orders of magnitude greater than emission
rates reported during liquid biosolids spraying. The
emission rates reported during spraying were based
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on detection limits as total coliforms were not
detected in aerosol samples (Tanner et al., 2005).

Beyond the traditional scope of wastewater
bioaerosol studies where typically only culturable
wastewater indicators are measured and particulate
matter is rarely monitored, the information ob-
tained here provides a fundamental framework for
extending biosolids and agricultural waste aeroso-
lization research into understanding infectious and
toxic characteristics of emitted aerosols. This frame-
work would consist of estimating aerosol source
concentrations and emission rates by both recon-
struction and correlations between bulk soil/bioso-
lids mixture content and emission rates, and thereby
eliminate the need for direct pathogen or toxin
aerosol measurement. From the standpoint of
infectious agents, the aerosol emission of patho-
genic microorganisms can be based on PM10

measurements and pathogen concentrations in the
bulk biosolids where kilograms of sample are easily
obtainable. This method eliminates the expense,
difficulty, and the extreme limitations of pathogen
detection in aerosols. These limitations include
bioaerosol sampler inefficiencies (Agranovski et
al., 2004; Jensen et al., 1992), especially for viral
particles less than 0.5 mm (Willeke et al., 1998), as
well as the constraints associated with capturing
aerosols from a mobile disking source where aerosol
sampling time is limited to less than 3min. In
contrast, typical sampling durations in studies
where disease-causing fungi, viruses, and bacteria
have been isolated from air have ranged from 1.5 to
8 h (Chen and Li, 2005; Myatt et al., 2004; Schafer
et al., 2003; Zeng et al., 2004).

Another advantage of estimating aerosol source
concentrations and emission rates based on bulk
biosolids concentration is that it allows for the more
efficient aerosol monitoring of a diverse set of
biosolids concentrations and application scenarios.
Diversity in pathogen and chemical content of
biosolids is caused by the variability in wastewater
sources and the multitude of approved sludge
stabilization methods such as anaerobic digestion,
aerobic digestion, composting, air drying, and lime
stabilization. Given the inherent complexity of the
biosolids mixture, unanticipated changes in bioso-
lids compositions, and the variety of in vivo
responses to chemical toxins and biological patho-
gens, a recent National Research Council panel on
biosolids safety suggested that conducting risk
assessment that will produce adequate health
protection may only be possible with some form
of ongoing monitoring of biosolids composition and
surveillance of health effects in populations (NRC,
2002). The connection between aerosol emission
and bulk biosolids concentration, as well as the
possibility of reconstructing aerosol concentrations
from bulk biosolids and PM10 data will allow
biosolids aerosol health studies to leverage the new
information provided by bulk biosolids monitoring
results as well as incorporate new and previously
derived relationships between agricultural aerosol
production and soil properties such as texture and
moisture.

4. Conclusions

The sustainability of reusing biosolids by land
application requires that this practice is not
compromised of the heath of workers and nearby
residents. This study provides the first physical,
biological, and chemical characterization of aero-
sols produced by disk incorporation of biosolids
into agricultural soils. Results indicate that while
biosolids depress the overall emission of particulate
matter in dry soils, average concentrations of a soil/
biosolids mixture greater than 1.5mgm3 can be
produced. Emission rates have been estimated to
enable future transport modeling in order to
calculate human health risk and deposition of
biosolids-derived pathogens and toxins at off-site
locations. Based on emission rate comparisons,
disking may represent the largest biosolids-derived
aerosol-producing activity at land application sites.
Correlating emission rate with bulk biosolids con-
centrations and reconstructing aerosol mass con-
centrations provides a framework for better
estimating toxic or pathogenic aerosol emissions
and source concentrations.
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