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Large-scale modular biofiltration system for effective
odor removal in a composting facility

YUEH-HSIEN LIN, YU-PEI CHEN, KUO-LING HO, TSUNG-YIH LEE and CHING-PING TSENG

Department of Biological Science and Technology, National Chiao Tung University, Hsin-chu, Taiwan, R.O.C.

Several different foul odors such as nitrogen-containing groups, sulfur-containing groups, and short-chain fatty-acids commonly
emitted from composting facilities. In this study, an experimental laboratory-scale bioreactor was scaled up to build a large-scale
modular biofiltration system that can process 34 m3 min−1 waste gases. This modular reactor system was proven effective in eliminating
odors, with a 97% removal efficiency for 96 ppm ammonia, a 98% removal efficiency for 220 ppm amines, and a 100% removal efficiency
of other odorous substances. The results of operational parameters indicate that this modular biofiltration system offers long-term
operational stability. Specifically, a low pressure drop (<45 mmH2O m−1) was observed, indicating that the packing carrier in
bioreactor units does not require frequent replacement. Thus, this modular biofiltration system can be used in field applications to
eliminate various odors with compact working volume.

Keywords: Odor elimination, large-scale modular system, ammonia, amines, biofiltration.

Introduction

Composting treatment is considered as the best approach
for managing manure waste and food residues. Different
agricultural wastes including organic matters are utilized
with bulking agents in composting process. However, some
common odorous substances, such as ammonia (NH3),
amines (R-NH2), hydrogen sulfide (H2S), organic-sulfur
(R=S or R-SH) and volatile short-chain fatty-acids
(SCFAs, C2–C6) are produced during composting process
of livestock farming (animal manure).[1,2] Ammonia
and amines are the two major compounds among these
odorous gases.[3–5] Ammonia is colorless with a strong
pungent odor, whereas gaseous amines possess a char-
acteristic ammonia smell. Hydrogen sulfide is a very
poisonous, flammable gas with the characteristic foul odor
of expired eggs. The odors of thiols, particularly those of
low molecular weight, are often strong and repulsive. Most
short-chain fatty-acids, a subgroup of fatty acids with
aliphatic tails of less than six carbons, have a distinctive
sour taste and pungent smell.[4,6–8]

Odor elimination could be carried out using physical
(condensation, adsorption), chemical (chemical scrubbers,
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thermal oxidation, catalytic oxidation, ozonation) and bi-
ological (biofilters, bioscrubbers, biotrickling filters) meth-
ods.[9] The selection of an appropriate odor treatment is
dependent on the target compounds, site characteristics,
odorous substances loading, the properties of odorous air
stream, and pumping air flow rates.[10] However, the appli-
cation of physical and chemical methods is limited by the
production of secondary pollutants. Therefore, biological
techniques for air pollution control may serve as environ-
mentally friendly treatment alternatives for contaminated
air streams.[11]

Previous studies demonstrated that biofiltration with
immobilized cells for odor elimination is significantly
effective in the development of a pilot-scale biofiltration
system.[7,12,13] Some studies reported that a biofiltration sys-
tem could effectively eliminate high concentrations of NH3
and H2S ranging from 60 ppm to 150 ppm and 120 ppm
to 300 ppm for complete removal, respectively.[4,13–15]

Biofiltration is considered as the best technique for treat-
ing waste air streams containing one or two major contam-
inants. However, the mixed exhaust treatment is regarded
as a hard challenge. Little is known regarding the use of
large-scale biofilters for the elimination of different kinds
of mixed odors, such as nitrogen (N)-containing or sulfur
(S)-containing groups.[8,16–18] In this study, five isolates were
screened and identified in the laboratory for elimination
of odors from N-containing groups, S-containing groups
and SCFAs. These isolates were applied in a large-scale
biofiltration system with a total working volume of 11.2 m3
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Biofiltration system for odor removal in composting facility 1421

to estimate the system’s removal efficiencies for odorous
substances in a composting facility. To evaluate further the
performance of this system, various gas residence times
(GRTs) ranging from 20 to 45 s were employed. This
modified modular biofiltration system was found to be
feasible, showing 98% and 97% removal efficiencies for
220 ppm amines and 96 ppm NH3, respectively, and 100%
removal efficiency for t-butyl mercaptan [(CH3)3CSH],
ethyl mercaptan (C2H5SH), acetic acid with various inlet
concentrations. The monitoring of operational parame-
ters demonstrated that this system can represent stable
operation with low pressure drop and easy maintenance.

Materials and methods

Lab-scale biofilter

Granular activated carbon (GAC) was provided as the bac-
terial supporting material. The removal capacities of the
system for odorous substances were estimated using by five
isolates: Arthrobacter sp. CP1 (for NH3 removal), Para-
coccus sp. CP2 (for amines removal), Paracoccus sp. CP3
(for SCFAs removal), Cellulomonas sp. CP4 (for Org-S re-
moval), and Pseudomonas sp. CP5 (for H2S removal). Op-
erational parameters with various inlet concentrations and
capacities of odorous substances were investigated.

Microorganism cultivation and medium preparation

All isolated strains inoculated in this study were enriched
in nutrient broth (5 g L−1 yeast extract, 10 g L−1 tryptone,
and 2 g L−1 dextrose) at 26◦C. In long-term experiments,
a liquid inflow medium containing 1.0 g L−1 glucose, 5.4 g
L−1 KH2PO4, 10.5 g L−1 K2HPO4, 0.2 g L−1 MgCl2·6H2O
and 0.01 g L−1 Fe(III)-citrate was used. The phosphate
buffer capacity was calculated as 54.6 mM per pH.

Immobilization procedure

In this study, GAC with a uniform size of 4.5 mm and a
bulking density of 0.48 g cm−3 was used as the packing
carrier in all bioreactor units. Isolated strains were grown
in a 10 L inflow medium for 24 h. The inoculates were
placed in a 100 L polyvinyl chloride (PVC) tank contain-
ing 90 L of nutrient broth for bacterial growth. When the
bacterial count in PVC tanks reached 108 colony forming
units (CFU) mL−1, the inflow medium was placed into
each bioreactor unit. Approximately 1.34 ton of GAC was
packed with the above solution for bacterial growth and
pumped with an exhausted fan in each bioreactor unit. It
passed an air filter to leach nonessential impurities and
then flowed upward through the bottom of each bioreactor
unit. Fresh medium was added every 3 d until the number

reached approximately 108 CFU g−1-GAC in each unit. In
addition, the medium was confirmed to be fungi free.

Source of odorous substances

This biofiltration system was installed at a composting
facility in Miao-li County, Taiwan. The facility (approx-
imately 5,300 m2) comprised three storage zones for raw
materials, fermentation intermediates and composting
products. This study focused on the elimination of
odorous substances emitted from the storage zone for raw
materials that significantly contribute to odor production,
and the odorous substances were pumped through this
biofiltration system. The amount of raw materials utilized
in the composting process is approximately 24,000 tons per
year. The composition of raw materials consisted of 50%
animal manure (cattle and swine), 30% agricultural wastes,
10% food-residues, and 10% other organic matters. Before
the continuous large-scale biofiltration experiments, the
dominant odorous substances in the gas stream were
determined as NH3, amines, and SCFAs.

Scheme of the large-scale biofiltration system

The biofilter system comprised an air compressor (A), an
air prefilter (B), a 2.8 m3 nutrient tank (C), four bioreac-
tor units (D-G), each having a 3.6 m3 total volume packed
with a 2.8 m3 granular activated carbon (GAC), a peri-
staltic pump (H), an automatic control system (I), two gas
sampling ports (J) and a medium sampling port (K) for
each bioreactor unit, a liquid sampling port (L), two pres-
sure drop sampling ports for the influent and effluent (M),
a sampling port for flow velocity (N), a valve for control-
ling the flow rate of recirculated water (O), a flow meter
for monitoring the liquid fluent (P), and a spray nozzle for
maintaining the moisture content of the biofilter carrier
packed in each bioreactor unit (Q) (Fig. 1).

The flow rate of gas inflow could be adjusted by the au-
tomatic control panel. The air prefilter was designed for the
removal of particles in the gas stream to prevent contam-
ination and obstacles in the bioreactor units. The nutrient
tank with peristaltic pump can maintain the proper nutrient
and moisture contents in the biofilter media for bacterial
growth. To obtain a biofiltration system with ideal odor re-
moval efficiency, the order of bioreactor units should be as
presented as below. A great amount of NH3 and amines are
expected to be eliminated in the former units. Arthrobacter
sp. CP1 and Paracoccus sp. CP2 were inoculated in bioreac-
tor unit 1 for the removal of NH3 and amines, respectively.
Paracoccus sp. CP2 and CP3 were immobilized in bioreac-
tor 2 for the removal of amines and SCFAs, respectively.
Cellulomonas sp. CP4 was immobilized in bioreactor 3 for
the removal of organic sulfur, and Pseudomonas sp. CP5
was inoculated for the removal of H2S.
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1422 Lin et al.

Fig. 1. Schematic diagram of the biofiltration system: (A) air compressor; (B) air prefilter; (C) nutrient tank; (D) bioreactor unit 1
inoculated with Arthrobacter sp. CP1 and Paracoccus sp. CP2; (E) bioreactor unit 2 inoculated with Paracoccus sp. CP2 and Paracoccus
sp. CP3; (F) bioreactor unit 3 inoculated with Cellulomonas sp. CP4; (G) bioreactor unit 4 inoculated with Pseudomonas sp. CP5;
(H) peristaltic pump; (I) automatic control system; (J) gas sampling port; (K) medium sampling port; (L) liquid sampling port; (M)
pressure drop sampling port; (N) sampling port for flow velocity; (O) valve; (P) flow meter; (Q) spray nozzle. The GAC was packed
as the square fulfilled with slashes in each bioreactor unit.

Analytical methods

The inlet and outlet concentrations of SCFA were ana-
lyzed using a gas chromatography (Perkin-Elmer Clarus
500, Waltham, MA, USA) equipped with a Stabilwax-
DB column (Restek, Bellefonte, PA, USA) and a flame-
ionization detector. The concentration of ammonia gas
was measured with a portable ammonia-monitoring device
(Dräger, Lübeck, Germany). Amines and H2S were de-
tected by gas detector tubes (Kitagawa, Kawasaki, Japan).
The pH value in the leachates was determined using a pH
meter (Hanna pH-211, Woonsocket, RI, USA). The con-
centration of organic nitrogen was determined using the
Kjeldahl method.[19]

Results

Lab-Scale biofiltration for the removal of odorous
substances

To study the removal efficiency of the biofiltration sys-
tem for odorous substances, five isolates were screened
from the sludge of a swine wastewater treatment system.
The target compounds were NH3, amines [methylamine
(MA), dimethylamine (DMA), trimethylamine (TMA)],
methanethiol (MT), acetic acid, propionic acid and bu-
tyric acid. The removal efficiencies were determined within
a 7-d time course experiment.

The results showed that Paracoccus sp. CP2 and
Arthrobacter sp. CP1 can effectively remove 250 ppm TMA
and 50 ppm NH3 within a GRT of 60 s. The co-culture
of Paracoccus sp. CP2 and Arthrobacter sp. CP1 showed
99% and 96% removal efficiencies for the mixed inlet of
50 ppm NH3 and 250 ppm TMA, respectively, within a
GRT of 60 s (Fig. 2). A previous study reported that Pseu-
domonas sp. can remove H2S inlet concentrations ranging
from 30 ppm to 180 ppm.[14] Cellulomonas sp. CP4 showed
>92% removal efficiency for an MT inlet concentration
range of 50 ppm to 300 ppm within a GRT of 45 s (Fig.

3a). Paracoccus sp. CP3 exhibited >90% and >86% removal
efficiencies for an SCFA (acetic acid) inlet concentration
range of 20 ppm to 500 ppm within GRTs of 45 s and
30 s, respectively. Paracoccus sp. CP3 demonstrated >82%
removal efficiency for 25 to 500 ppm propionic acid within
a GRT of 45 s. These results suggest that the five bacterial
isolates can effectively remove different odors emitted from
the studied composting facility.

Elimination of odorous substances in the large-scale
biofiltration system

GAC has been proven to be a good adsorbent in many
studies.[10] Thus, biofilters packed with a structured carrier
such as GAC could provide a good support material for
odor-biodegrading isolates. According to previous studies,
the saturation of physical adsorption of GAC was eval-
uated. The adsorption capacity (No) and the adsorption
rate constant (K) of NH3, amines, H2S, t-butyl mercaptan,
and ethyl mercaptan were 280.87 mg L−1 and 1.71 L mg−1

h−1, 186 g L−1 and 0.001 L mg−1 h−1, 5057 mg L−1 and
70.29 L mg−1 h−1, 5273 mg L−1 and 0.017 L mg−1 h−1,
23 g L−1 and 0.004 L mg−1 h−1, respectively (unpublished
data). Therefore, the breakthrough time of NH3, H2S, t-
butyl mercaptan, ethyl mercaptan, and acetic acid were 18,
16, 18, 25, and 44 d, respectively, when odor was continu-
ously introduced into the biofilter without isolates on GAC
at 20 ppm to 100 ppm and 60 L h−1.

To verify the removal of odorous substances, the removal
efficiency could be calculated by detecting the inlet and
outlet concentrations of each substance. In this study, GRT
was set from 45 s to 20 s to change different inflow rates
from 15 m3 min−1 to 34 m3 min−1.

The data showed the relationship between the removal
efficiencies and inlet concentrations of NH3 after 9 months
of operation (Fig. 4a). When the inlet and outlet concentra-
tions of NH3 were 96 ppm and 3 ppm, respectively, a 97%
removal efficiency was achieved. Similarly, another data
showed the relationship between the removal efficiencies
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Biofiltration system for odor removal in composting facility 1423

Fig. 2. Removal efficiencies for single and combination inlets of TMA and NH3 with a laboratory reactor test. (a) Black bar marker:
250 ppm TMA, white bar marker: 50 ppm NH3; (b), the same legend as (a).

and inlet concentrations of amines (Fig. 4b). When the inlet
and outlet concentrations of amines were 220 and 3.5 ppm,
respectively, a 98% removal efficiency was achieved. In
addition, H2S, t-butyl mercaptan, ethyl mercaptan, and
acetic acid were also detected in this biofiltration system.
In the operational period, the inlet concentrations of t-
butyl mercaptan were lower than 13 ppm, and no outlet
concentrations were detected (Fig. 5b). The inlet concen-
trations of both H2S and acetic acid were <1 ppm, whereas

their outlet concentrations were not observed (Figs. 5a
and 5c). Moreover, propionic acid and other organic sul-
fur compounds were not detected during the operational
period.

Monitoring of operational parameters could provide ref-
erences for automatic control to maintain a stable operation
of this biofiltration system. In a continuous operational
period, the pH in the nutrient tank ranged from 6.8 to 7.8
(Fig. 6a). The result showed that the neutral pH was
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1424 Lin et al.

Fig. 3. Removal efficiencies for methanethiol, acetic acid, and
propionic acid with a laboratory reactor test. (a) Circle marker:
GRT 45 s, triangle marker: GRT 30 s; (b and c), the same legend
as (a).

maintained by the buffer system. Moreover, the pressure
drop between the inlet and the outlet was determined from
25 mmH2O m−1 to 45 mmH2O m−1 during the operational
period (Fig. 6b). To confirm the effectiveness of this
biofiltration system with stable operation, the bacterial
count of inoculated microflora was monitored by plating.
The bacterial count of the inoculated microflora was kept
at >107 CFU g−1-GAC throughout the operational period
(Fig. 6c).

Kinetics of ammonia removal

Analysis of the kinetics of NH3 removal showed the effi-
ciency and capacity of the biofiltration system. The related
data were sorted by regression (Fig. 7) according to the
Michaelis–Menten equation[20]

1
R

= Ks

Vm
×

(
1

Cln

)
+ 1

Vm

In this equation, R (g N day−1 kg GAC−1) is the apparent
removal rate calculated as (Q×Co×R%)/W, where Q is
the gas flow rate, Co is the inlet concentration, R% is the
gas removal efficiency, and W is the weight of GAC; Ks is
the apparent half-saturation constant; Vm is the maximum
apparent removal rate; and Cln (ppmv) is the logarithmic
mean concentration of NH3 at the inlet and outlet of the
second-stage biofilter calculated as (Co-Ce)/ln(Co/Ce).
The slope and intercept were calculated to obtain the
values, Ks (14.178 mg L−1) and Vm (6.135 g-NH3 m−3 h−1),
respectively.

Analysis of metabolic products

To study the inhibition of metabolic products, several N-
containing compounds such as ammonium cation (NH+

4 ),
organic nitrogen (Kjeldahl nitrogen), nitrite (NO−

2 ), and ni-
trate (NO−

3 ) were detected. N-containing compounds were
not only utilized by microorganisms but were also adsorbed
in water. Analysis of these N-containing compounds could
avoid high nitrogen inhibition for bacterial growth and bio-
chemical activities.[21,22] The concentrations of the related
N-containing compounds in liquid medium was 0 mg L−1

Org-N, 560 mg L−1 NH+
4 , 10 mg L−1 NO−

2 , 20 mg L−1

NO−
3 , respectively. After the entire operational period, low

concentrations of organic nitrogen (<6 mg L−1) and nitrite
(<120 mg L−1) were detected. However, high concentra-
tions of ammonium cation (3,672 mg L−1 on 100 d and
1,514 mg L−1 on 200 d) and nitrate (423 mg L−1 on 100 d
and 2,130 mg L−1 on 200 d) were determined (Fig. 8).

Discussion

Little work has been devoted on odor elimination from
laboratory to full-scale biofiltration in the composting pro-
cess. In this study, a large-scale bioreactor was designed in
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Biofiltration system for odor removal in composting facility 1425

Fig. 4. Long-term operational test with the large-scale biofiltration system for dominant odor removal. (a) ammonia (NH3); (b)
amines (R-NH2). Circle and triangle markers: inlet and outlet concentrations of odorous substances, respectively; square marker:
removal efficiencies. Different GRTs: 0 d to 122 d (45 s), 122 d to 227 d (30 s), and 227 d to 274 d (20 s).

cuboid (Fig. 1). The modular reactor units could respond
to field demands, adapting to proper functional bacteria.
Several advantages including assembly and disassembly of
these units were done easily. In addition, the transporta-
tion and installation costs for all components are reduced.
Hence, the biofilter of modular reactor units in cuboid pro-
vides easy manufacture and assembly.

In the present study, NH3 and amines were the dominant
substances in the composting facility. Arthrobacter sp. CP1

and Paracoccus sp. CP2 inoculated in bioreactor unit 1 for
the removal of NH3 and amines. As a result, the accumula-
tion of high concentrations of NH3 and amines in the liquid
medium was prevented, causing a rapid change in the pH
and growth inhibition of the bacteria inoculated in bioreac-
tor units.[4,7,9,16] The low outlet concentrations of NH3 and
amines during the operational period suggest that these
odorous substances could be eliminated effectively by the
inoculated aerobic hetero ammonia- and amines-oxidizing
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1426 Lin et al.

Fig. 5. Long-term operational test with the large-scale biofil-
tration system for the removal of other odorous substances. (a)
hydrogen sulfide (H2S); (b) t-butyl mercaptan [(CH3)3CSH]; (c)
acetic acid (C2H5COOH). Circle marker and triangle markers: in-
let and outlet concentrations of odorous substances, respectively;
square marker: removal efficiencies. Different GRTs: 0 d to 122 d
(45 s), 122 d to 227 d (30 s), 227 d to 274 d (20 s).

Fig. 6. Operational parameters of the large-scale biofiltration sys-
tem. Monitoring of (a) pH change, (b) pressure drop, and (c) total
bacterial count in each bioreactor unit.
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Biofiltration system for odor removal in composting facility 1427

Fig. 7. Kinetics analysis for NH3 removal. (a) Relationship between the inlet capacity and elimination capacity for NH3 removal; (b)
regression with 1/R and 1/Cln for the calculation of Vm and Ks.

bacteria in this biofiltration system. Furthermore, these two
bioreactor units showed �90% removal efficiencies for NH3
and amines. This finding is consistent with the expected
arranged order of bioreactor units with proper inoculates
(Fig. 1).

Fig. 8. Metabolic products of N-containing compounds. Ammo-
nium (NH+

4 ), nitrite (NO−
2 ), nitrate (NO−

3 ), and Org-N (Kjeldahl
nitrogen) were monitored.

Ammonia could be oxidized by the autotrophic nitrifiers
Nitrosomonas sp. and Nitrosospira sp.; however, in the ni-
trification process, they would lose superiority because of
their low growth rates.[13,14,23] By contrast, the heterotrophic
nitrifier Arthrobacter sp. is a promising potential microor-
ganism for biofiltration because its biomass concentration
is 104 to 105 times greater than those of the autotrophs.[24]

In the composting facility, the major nitrogen-containing
waste gases include TMA, DMA, and MA. Only a few
reports focused on the metabolic pathways of TMA. Previ-
ous studies showed that TMA is initially oxidized to DMA
by Paracoccus sp. and that the metabolic intermediates
of TMA, DMA, TMA N-oxide are further oxidized to
MA. Eventually, MA would be completely oxidized to
NH3 under aerobic conditions.[8,25] Other studies reported
that a lab-scale biofiltration system immobilized with
Arthrobacter sp. is more effective (>99%) than other
biofiltration systems with similar conditions for NH3
removal.[19,26,27] Hence, the co-immobilization of Paracoc-
cus sp. and Arthrobacter sp. was considered effective for
the complete removal of amines and for reducing NH3
emissions.[8] This finding is consistent with the results of
previous studies.

Aside from the high inlet concentrations of NH3 and
amines, some other odorous substances were detected in the
gas stream. No outlet concentration of H2S was detected,
indicating that the immobilized hetero sulfur-oxidizing
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1428 Lin et al.

bacteria Pseudomonas sp. could completely remove H2S.
Moreover, large-scale biofiltration experiments showed
100% removal efficiencies for t-butyl mercaptan and acetic
acid (Figs. 5b and 5c). In treating a gas mixture with vari-
ous compounds, the performance of a biofiltration system
is usually difficult to predict because of the different active
microbial species involved in biochemical mechanisms.[11]

However, interspecific inhibition (production of toxic or
acidifying metabolites) and interspecific competition (for
available space, substrates, oxygen, and nutrients) within
different active microflora were not observed in this study.

The design of biofilters for treating gas mixtures should
be optimized. The GRT is believed to be a critical fac-
tor directly related to the reaction time for the microbial
degradation of pollutants. Theoretically, the GRT should
be greater than the required diffusion time of pollution in
the reactor. The empty-bed retention time (EBRT) varies
with the inflow loading of odorous substances and the type
of reactor system used. EBRTs of 30 s to 60 s are common
operational conditions for most closed reactors packing
with organic media.[28] In this study, a large-scale bioreac-
tor with a modular reactor unit can perform the effective
odors removal within a GRT of 20 s, thereby reducing the
capital cost and equipment size of biofiltration system.

In waste gases treatment, the conventional biofilters are
often affected by acidification or alkalization. Treatments
of odors from H2S, NH3 and amines may result in the
accumulation of acidic end products, such as SO2−

4 , NO−
3

or NO−
2 , which could decline the odor removal efficiency

of biofiltration systems.[11] However, the monitoring results
showed that the pH of the biofiltration system could be
controlled in neutral (6–8) for a long operational period,
and neither acidification nor alkalization occurred in this
system (Fig. 6a). In this study, high concentrations of NH3
and amines could be dissolved in liquid medium, which
may increase the pH of the biofiltration system. Thus, the
system provided a conductive environment for the growth
of bacteria.

Pressure drop is an extremely important operational
parameter related to the water spray volume and biofilm
thickness in the system.[11] Changes in pressure drop
directly affect flow rates (loading) and operational costs of
the biofiltration system. In this study, monitoring of pres-
sure drop showed that no significant cloggings occurred in
this biofiltration system (25 mmH2O m−1 to 45 mmH2O
m−1) (Fig. 6b). These results are consistent with the reports
of previous studies, in which the biofiltration system is
suggested to perform a stable operation with a pressure
drop of <250 mmH2O m−1.[29] After 270 d of operation, the
pressure drop of the modular reactors with GAC was better
than those of previously reported reactors packed with
ceramics (73 mmH2O m−1), fuyolite (74 mmH2O m−1),
rock wool (78 mmH2O m−1), and peat (82 mmH2O m−1)
as carrier under similar operational conditions with a long
operation time.[30] The results of the biofiltration system de-
veloped in this study were significantly lower than the refer-

ence value, suggesting a reduction in the actual operational
cost.

During the operational period, monitoring of bacterial
count showed that the total microflora could be maintained
at >107 CFU g−1-GAC and that >90% odor removal effi-
ciencies could be achieved for various inlet concentrations.
The bacterial counts in the former two reactor units were
higher than those in the latter ones, which may be attributed
to the abundant inlet concentrations of odorous substances.
The high bacterial count of total microflora might indicate
an association between stable removal efficiencies and to-
tal microflora quantities. The maintenance of a conductive
environment (neutral pH) for the growth of microflora is
essential in a successful biofiltration operation. Mixed cul-
tures often originating from wastewater treatment plants or
similar sources were isolated as inoculates.[31,32] The advan-
tage of mixed cultures is the ability to work in a wavering
environment and the presence of various microorganisms
with a wide degradable range. However, the acclimation
period may be long, and the degradation of some com-
pounds may be difficult to accomplish. Inoculation using
specific microbial species can reduce the acclimation and
enhance overall odor removal efficiencies of biofiltration
system.[33]

Nitrogen plays an important role in microorganisms,
which limits microbial growth under low concentra-
tions.[8,13,16] Based on the monitoring of N-containing
metabolic products, the data showed that the concentration
of NH+

4 in the former operational period was high (560 mg
L−1) (Fig. 8). An increase in NO−

3 concentrations with time
were detected (423 mg L−1 after 100 d and 2,130 mg L−1

after 200 d). This finding indicates that nitrification is con-
trolling by ammonia-oxidizing bacteria, whereas the liquid
phase of NH3 and amines could be completely oxidized by
microbial metabolism.

The main metabolic product of the S-containing com-
pounds was SO2−

4 (data not shown). The data indicated
that S-containing compounds such as H2S could be com-
pletely oxidized by the inoculated microorganism in this
biofiltration system. The pH of the liquid effluent ranged
from 6 to 8 over the operational period, which would be a
stable buffer and effectively prevent acidification and alka-
lization in the system.[19]

Previous studies on similar odor elimination were com-
pared. In this study, a 97% removal efficiency was achieved
for NH3 with an inlet concentration of 96 ppm, reaching a
maximum elimination rate of up to 6.135 g-NH3 m−3 h−1

(147.24 g-NH3 m−3 d−1). Weckhuysen et al.[34] reported a
83% removal efficiency for NH3 with low concentrations
(4 ppm to 6 ppm) at mass loading rates between 6.8 and
27.2 g m−3 d−1. In an inoculated peat biofilter, an elimi-
nation capacity of up to 41 g m−3 d−1 was achieved for
NH3 with an inlet concentration of 20 ppm.[35] In an in-
oculated perlite biofilter with a 100 d operation, a 95%
removal efficiency was achieved for NH3 with a concentra-
tion of 50 ppm and loading rates between 8.6 and 21.5 g
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Table 1. Comparison of various biofiltration systems for odors elimination.

Working Loading Removal efficiency
Target compounds volume capacity Mass inflow (%) Reference

Ammonia 116 m3 1.09 g m−3 h−1 126.44 g h−1 100 Yasuda et al.[37]

11.2 m3 5.75 g m−3 h−1 64.40 g h−1 97 This study
8.5 L 6.00 g m−3 h−1 0.05 g h−1 100 Kim et al.[13]

7.2 L 6.70 g m−3 h−1 0.05 g h−1 96 Pagans et al.[16]

Amines 11.2 m3 34.88 g m−3 h−1 390.66 g h−1 98 This study
Amines(TMA) 217 L 1.30 g m−3 h−1 0.28 g h−1 97 Ho et al.[8]

7.9 L 10.40 g m−3 h−1 0.08 g h−1 100 Ding et al.[38]

28.3 L 14.13 g m−3 h−1 0.40 g h−1 90 Chang et al.[6]

Hydrogen sulfide 11.2 m3 0.06 g m−3 h−1 0.67 g h−1 100 This study
7.9 m3 0.03 mg m−3 h−1 0.24 mg h−1 95 Gabriel et al.[39]

t-Butyl mercaptan 11.2 m3 4.12 g m−3 h−1 46.14 g h−1 100 This study

m−3 d−1.[36] In recent years, a few studies have explored
large-scale biofiltration systems for odor removal.

Only pilot-scale studies are conducted, generally target-
ing one for few odorous substances. Compared with the
findings of previous studies on NH3 removal, the study
could achieve a removal efficiency of up to 97%. Kim
et al.[13] and Pagans et al.[16] treated a high loading capacity
of NH3 with less working volumes (8.5 and 7.2 L, respec-
tively). However, the mass flow that can be treated in this
study (64.40 g h−1) is much higher than those in previous
reports (0.05 g h−1).

Yasuda et al.[37] reported a large working volume (116 m3)
for a high mass flow of NH3 (126.44 g h−1). In this study,
a tenth of working volume (11.2 m3) could treat for a half
of mass flow (64.40 g h−1) compared with above report.
The loading capacity in this study (5.75 g m−3 h−1) was
five times than that in Yasuda’s study (1.09 g m−3 h−1).
Therefore, the biofiltration system used in this study can
treat high mass flow with compact working volume. Some
studies[6,8,38] treated TMA with a lower working volume
(<220 L). However, the mass flow and loading capacity in
this study (390.66 g h−1) were much higher than those in
previous studies (0.08 g h−1 to 0.40 g h−1).

Moreover, the biofiltration system in this study can ex-
hibit complete removal of S-containing compound such as
H2S and t-butyl mercaptan (0.06 and 4.12 g m−3 h−1, re-
spectively). Previous studies on large-scale bioreactors for
similar odor elimination were compared (Table 1). In the
present study, we used multiple modular reactor units un-
der various field odor conditions and found that abundant
inoculates can effectively remove various odors. The assem-
bly design enhances the stable operation of the biofiltration
system.

Conclusions

The modular biofiltration system developed in this study
was scaled-up by 2,800-fold, which increased the flow rates

from 0.005 m3 min−1 to 34 m3 min−1. The biofiltration
system used in this study can achieve high removal effi-
ciencies for various odorous substances (97% for 96 ppm
NH3, 98% for 220 ppm amines, and 100% for the other
odorous substances with low concentrations). All bioreac-
tor operational parameters remained stable during a long
operation period with a low pressure drop (<45 mmH2O
m−1). The inoculated microflora of each reactor unit re-
mained at >107 CFU g−1-GAC, thus providing a stable
removal efficiency. Therefore, we verified comprehensively
the high odor removal efficiency of the biofiltration system
for N-containing groups, S-containing groups, and SCFAs
in composting facilities. Overall, the results of this study
clearly demonstrated the effectiveness of large-scale modu-
lar reactors in odor elimination.
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