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Abstract

Size distributions of total airborne particles and bioaerosols were measured in a full-scale composting facility, using an optical particle
counter and an agar-inserted six-stage impactor, respectively. Higher concentrations of total airborne particles and bioaerosols were
detected at a sampling location near the screening process preceded by the composting process than at sampling locations in the com-
posting process. At the sampling location near the screening process, the concentrations of total airborne particles were approximately
108 particles/m3 at the size of 0.3 lm and 105 particles/m3 at 6.2 lm. The concentration of bioaerosols was about 104 CFU/m3 in each
stage of P7.0 lm (1st stage), 7.0–4.7 lm (2nd), 4.7–3.3 lm (3rd), 3.3–2.1 lm (4th), 2.1–1.1 lm (5th) and 1.1–0.65 lm (6th). Most of sub-
micron particles smaller than 1 lm among the total airborne particles were believed to originate from the ambient air.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The process of waste decomposition in composting facil-
ities releases a variety of airborne particles, including bio-
aerosols (Folmsbee and Strevett, 1999; Laine et al., 1999;
Prasad et al., 2004; Taha et al., 2005). In fact, a large pro-
portion of municipal waste is subject to rot, and is readily
colonized by both bacteria and fungi (Liang et al., 2006;
Kader et al., 2007). Upon the handling of such wastes,
these bacteria and fungi can be aerosolized (i.e., form bio-
aerosols), and may present infectious, allergenic, or toxic
hazards (Lavoie et al., 2006). In a previous report, Folms-
bee and Strevett (1999) determined the total concentrations
of bacteria, fungi, and actinomycetes at a composting facil-
ity. Laine et al. (1999) and Tolvanen and Hänninen (2005)
measured the mass concentrations of total airborne parti-
cles and colony-forming unit (CFU) bioaerosol concentra-
tion. Although the size distributions of both total airborne
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particles and bioaerosols are crucial for the design of opti-
mal dust emission control devices in composting facilities,
no relevant data are currently available on the subject. In
this study, number concentrations of total airborne parti-
cles and bioaerosols as a function of particle size were mea-
sured at a full-scale municipal composting facility, using an
optical particle counter and an agar-inserted six-stage
impactor, respectively.
2. Experimental

This study was conducted at a full-scale composting
facility in Incheon City, Korea, with a treatment capacity
of 24 tons of food waste per day. The composting processes
took place in an industrial warehouse-type composting
facility, with occasional turning over a 15-day period.
The compost piles were then stored in a static state for
an additional 20–25 days.

Air temperature–relative humidity, ammonia concentra-
tion, and total odors were measured using a thermo-
hygrometer (Testo 605, Testo AG, Germany), a real-time
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ammonia monitor (Porta Sens II, Ati, USA), and an odor
level indicator (OMX-SR, Shinyei, Japan), respectively.
The measured data were consistent with those previously
reported by Pagans et al. (2006) and Schlegelmilch et al.
(2005), who performed their measurements in a lab-scale
and a full-scale composting facility, respectively. Air veloc-
ity was also assessed using an air velocity meter (VELOC-
ICHECK, TSI, USA). Distributions of air velocity,
temperature, and humidity are shown in Fig. 1. The air
flow patterns were the consequence of heat convection,
originating from the temperature gradient between the area
surrounding the compost and the areas near the stacks. The
suction in the area near the stacks, as well as the outdoor
air coming into the facility at a temperature of 19.7 �C, also
influenced the patterns of air flow. As shown in Fig. 1, air
sampling was conducted along these locations on day 5,
day 10, and day 15 of the composting process (20 m,
35 m, and 50 m from the entrance of food waste, respec-
tively). The other sampling site was located 3 m away from
the right-side end of the compost screener. A continuous
feed conveyor transported the compost to the screener,
which then centrifugally separated unwanted materials
from the compost. The compost falling through the
screener was then directed toward the compost piles.

At each of the sampling locations, the averaged size dis-
tributions of total airborne particles were measured over a
2-min period (interval time: 6 s) using an optical particle
Fig. 1. Layouts of the composting
counter (OPC, Model 1.108, Grimm Technology, Ger-
many). The OPC operates on the basis of optical light scat-
tering, by which each single particle can be sized and
counted. The sample flow is fixed at a rate of 1.2 L/min
and is maintained by an internal flow controller. The air
sample, which harbors various differently sized particles,
is constantly drawn via a volume-controlled pump through
a flat beam of light generated by a focused laser diode.
Each scattered signal generated by the disruption of this
beam is then detected using a high-speed photodiode.
The signals are then analyzed by an integrated pulse height
analyzer, and are classified into one of 15 different size
ranges and counted. The smallest particle detectable by
the OPC system is 0.3 lm. In order to determine the size
distributions of bioaerosols, a six-stage impactor (TE-10-
800, Tisch Environmental, USA) was employed at each
of the sampling sites. The use of this instrument made it
possible to divide the bioaerosols into six fractions, in
accordance with their aerodynamic diameters, as follows:
P7.0 lm (1st stage), 7.0–4.7 lm (2nd), 4.7–3.3 lm (3rd),
3.3–2.1 lm (4th), 2.1–1.1 lm (5th) and 1.1–0.65 lm (6th).
A plastic Petri dish (diameter 9 cm) containing agar was
utilized as the impacting plate for each stage of the impac-
tor. Trypticasesoy agar (TSA), malt extract agar (MEA),
and half-strength nutrient agar were utilized to sample bac-
teria, fungi, and actinomycetes, respectively (Folmsbee and
Strevett, 1999; Górny et al., 1999; Laine et al., 1999; Taha
facility and air flow conditions.
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Fig. 2. Size distributions of (a) total airborne particles and (b) total
cultivatable bioaerosols.
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et al., 2005, 2006). These agars were prepared via the disso-
lution of specific quantities of agar powders (40.0 g, 33.6 g,
and 23 g for TSA, MEA, and half-strength nutrient agar)
in 1 L of deionized water, followed by sterilization in an
autoclave under a gauge pressure of 0.1 MPa at a temper-
ature of 121 �C. The air was sampled with a vacuum pump
at a constant 28.3 L/min flow rate. Sampling times for bac-
teria, fungi, and actinomycetes were 1 min, 4 min, and
4 min, respectively (Folmsbee and Strevett, 1999). Once
the required air had been drawn through, the six plates
were covered and incubated. The TSA plates were then
incubated for 5 days at 30 �C, and the MEA and half-
strength nutrient agar plates were incubated for 7 days at
30 �C and 40 �C, respectively (Folmsbee and Strevett,
1999; Tolvanen and Hänninen, 2005). Finally, the numbers
of colonies were counted after each incubation period, and
the bioaerosol concentrations were expressed in terms of
colony-forming units (CFU) per unit volume of air. The
OPC and impactor were operated simultaneously at each
sampling location. The sampling was repeated four times
at each sampling location.

The collected air samples were identified by the Korean
Culture Center of Microorganisms. The bacterial isolates
were gram-stained and identified using the API kit (bio-
Mérieux Co.) and the BIOLOG Microstation System.
The isolates were stored as water suspensions at ambient
temperature prior to use. The cellular fatty acid composi-
tions of the fungi and actinomycetes were analyzed via
gas chromatography (GC, 6890 series, Agilent, USA).
The retention time of each of the peaks was compared with
that of the standard sample. The sizes of identified micro-
organisms were obtained according to the reports of Holt
et al. (1994) and Willeke et al. (1996). Then each size, de,
was converted to aerodynamic diameter, da, via the equa-
tion given below (Hinds, 1998):

da ¼ de

qp

q0v

� �1=2

ð1Þ

in which qp is the density of the microorganism (kg/m3), q0

is the standard density (1000 kg/m3), and v is the dynamic
shape factor.
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Fig. 3. Ratio of total airborne particles and bioaerosols.
3. Results and discussion

Fig. 2 shows the size distributions of the total airborne
particles and bioaerosols sampled at the four aforemen-
tioned locations. It appears that the concentrations of total
particles and bioaerosols were highly dependent on screen-
ing, as the screening operation might readily cause any par-
ticles or microorganisms to suspend in the air. In the case
of total airborne particles, the concentrations were approx-
imately 1.0 · 108 #/m3 at the diameter of 0.3 lm, but were
drastically decreased as increasing the particle diameter.
Most of these highly concentrated submicron particles were
believed to originate from ambient air, since ambient air
contains much higher concentration of submicron particles



Table 1
Species distributions in the sampled air (5 days of composting)

Microorganism Stage (size range, lm) Species identified

Bacteria (85.1%) 6th (0.65–1.1) Bacillus amyloliquefaciens, Bacillus cerues2

5th (1.1–2.1) Bacillus amyloliquefaciens, Bacillus cereus2, Staphylococcus lentus

4th (2.1–3.3) Bacillus amyloliquefaciens, Bacillus cereus2, Staphylococcus lentus, Staphylococcus xylosus

3rd (3.3–4.7) Bacillus amyloliquefaciens, Bacillus cereus2, Staphylococcus lentus, Staphylococcus xylosus

2nd (4.7–7.0) Bacillus amyloliquefaciens, Bacillus cereus2, Staphylococcus lentus, Staphylococcus xylosus

1st (P7.0) Bacillus amyloliquefaciens, Bacillus cereus2, Staphylococcus lentus, Staphylococcus xylosus,

Bacillus mycoides, Ochrobactrum anthropi

Fungi (0.3%) 6th (0.65–1.1) Pseudallescheria boydii, Aspergillus fumigatus

5th (1.1–2.1) Pseudallescheria boydii, Aspergillus fumigatus

4th (2.1–3.3) Pseudallescheria boydii, Aspergillus fumigatus, Chaetomium spp., Penicillium

3rd (3.3–4.7) Pseudallescheria boydii, Aspergillus fumigatus, Chaetomium spp.
2nd (4.7–7.0) Pseudallescheria boydii

1st (P7.0) Pseudallescheria boydii

Actinomycetes (14.6%) All sizes (P0.65) Streptomyces rochei
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than micrometer particles, as shown in Fig. 2a and previ-
ous studies (Kim et al., 2007; Lin et al., 2007). Unlike the
total airborne particles, bioaerosol concentration did not
show any significant relations with their sizes. Interestingly,
the airflow patterns shown in Fig. 1 exerted a profound
effect on bioaerosol concentrations at each of the sampling
locations. The higher numbers obtained at day 5 of the
composting process compared to those obtained at day
10 and day 15 might be attributed to the higher flow rate
of air, which harbored a considerable quantity of microor-
ganisms, toward stack 1. Although a convective airflow
was also detected near stack 3, the data obtained at day
15 of the composting process was lower than that obtained
at day 5 of the composting process, as the bioaerosols were
diluted by the outdoor air near stack 3.

Fig. 3 shows the ratio between the bioaerosols and total
airborne particles, measured at day 5 of the composting
process. For particles smaller than 1 lm, the ratio was
nearly zero due to high concentration of total airborne par-
ticles. The ratio increased directly with increasing particle
size. However, at even the highest ratio of 0.249 at the
diameter of 5.9 lm, it was implied that the majority of
the total airborne particles was composed of non-biologi-
cal, biological but not-viable, or viable but not-cultivatable
matters. The ratios for other sampling locations are shown
in the inset table of Fig. 3.

Table 1 shows the microbial species sampled by the
impactor. The percentages of bacteria, fungi, and actino-
mycetes were 85.1%, 0.3%, and 14.6%, respectively. Table
1 also shows the identification results of sampled bioaero-
sols. According to the reports of Holt et al. (1994) and
Willeke et al. (1996), aerodynamic diameters of Bacillus,

Staphylococcus, and Streptomyces were 0.5–2.5 lm, 0.5–
1.5 lm, and 0.5–2.0 lm, respectively. However, Table 1
shows that the aerodynamic diameters of the microorgan-
isms detected by the impactor (P0.65 lm, P1.1 lm,
P0.65 lm) for Bacillus, Staphylococcus, and Streptomyces,
respectively, were somewhat larger than those reported
previously by Holt et al. (1994) and Willeke et al. (1996).
One of the reasons for this may be that the majority of bio-
aerosols within the composting facility was suspended as
agglomerates (bioaerosols with certain dust particles and/
or other bioaerosols). Górny et al. (1999) and Wittmaack
et al. (2005) reported that microorganisms in these environ-
ments could occur as single cells or as aggregates of cells, as
well as fragments of bacterial cells, spores of bacilli, actino-
mycetes and fungi, portions of actinomycetal and fungal
hyphae, endotoxins, exotoxins, enzymes, glucans, myco-
toxins, or as conglomerations with small dust particles, as
well as in combination with droplets of water or saliva
droplets, or so-called ‘‘nuclei droplets’’.

4. Conclusions

Higher concentrations of total airborne particles and
bioaerosols were detected at a sampling location near the
screening process preceded by the composting process than
at sampling locations in the composting process. At the
sampling location near the screening process, the concen-
trations of total airborne particles were approximately
108 particles/m3 at the size of 0.3 lm and 105 particles/m3

at 6.2 lm. The concentration of bioaerosols was about
104 CFU/m3 in each stage of P7.0 lm (1st stage), 7.0–
4.7 lm (2nd), 4.7–3.3 lm (3rd), 3.3–2.1 lm (4th), 2.1–
1.1 lm (5th) and 1.1–0.65 lm (6th). Most of submicron
particles smaller than 1 lm among the total airborne
particles were believed to originate from the ambient
air. Controlling the total airborne particles and bioaero-
sols in composting facilities is necessary for the safety
and health of workers and local residential environ-
ment. Emission characteristics determined in this study
can be a useful information for establishing the proper
control measure in composting facilities. Moreover, opti-
mizing flow rate or arrangement of ventilation on compo-
sting process would be proposed for an effective emission
control.
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