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ABSTRACT
A pilot-scale experiment was implemented in a waste bioreactor with an inner capacity of 1 m3 in
order to simulate a real-scale composting process. The waste underwent composting conditions
that are typical of the initial bio-oxidation phase, characterised by a high production of volatile
organic compounds (VOCs), hydrogen sulphide (H2S) and odorants. The waste bioreactor was
fed with an intermittent airflow rate of 6 Nm3/h. The target of this study was to investigate the
air treatment performance of three biofilters with the same size, but filled with different filtering
media: (1) wood chips, (2) a two-layer combination of lava rock (50%) and peat (50%), and (3)
peat only. The analyses on air samples taken upstream and downstream of the biofilters
showed that the combination of lava rock and peat presents the best performance in terms of
mean removal efficiency of odour (96%), total VOCs (95%) and H2S (77%) concentrations. Wood
chips showed the worst abatement performance, with respective mean removal efficiencies of
90%, 88% and 62%. From the results obtained, it is possible to conclude that the combination
of lava rock and peat can be considered as a promising choice for air pollution control in waste
composting facilities.
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1. Introduction

Biofiltration systems are biological technologies that have
been largely employed in the purification of air from
several unwanted compounds, including odours [1,2].

According to the literature [3], this kind of biotechnol-
ogy has proved to be particularly suitable to remove air

pollutants with medium-low concentrations (up to a few
g/Nm3) at relatively high airflow rates (up to 106 Nm3/h).
Such conditions are typical of aerobic Mechanical-Bio-
logical Treatments (MBTs) of solid waste, for which biofil-
tration represents one of the most adopted technologies
for air pollution control [4]. Other common applications
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are the odour removal from wastewater treatment
plants and industrial activities responsible for odour
and volatile organic compound (VOC) emissions [5].

The removal mechanism consists in the biodegrada-
tion operated by microbial communities that develop
on a filtering medium in aqueous phase, specifically
creating a biofilm on the surface of the latter. The com-
pounds to be removed diffuse from the gaseous phase
to the aqueous phase and are used by the microorgan-
isms as a substrate for their growth. The biological
activity that takes place in a biofilter transforms the
incoming pollutants into harmless inorganic compounds
and new microbial biomass [6]. In the specific case of
aerobic MBTs (i.e. composting, bio-drying and bio-stabil-
isation), the process gas is composed of air enriched with
several groups of air pollutants, like VOCs, sulphur-based
compounds (e.g. sulphides and thiols), nitrogen-based
compounds (mainly ammonia and amines) [7] and
traces of persistent organic pollutants (POPs) [8]. The
latter are not originated during aerobic MBT processes,
but are normally present in the waste and may be
stripped by the process air [9]. As a result, the gaseous
effluent of an MBT plant may contain traces of POPs [10].

Despite being low-cost and reliable technologies for
air pollution control in civil and industrial processes
that generate a polluted airstream with the aforemen-
tioned characteristics [11,12], biofiltration systems have
known limitations:

– biofilters have the tendency of accumulating biomass
in the long term, which can lead to clogging of the
filtering medium if not correctly operated [13];

– biomass and nutrients may be heterogeneously dis-
tributed within the filtering medium, reducing the
performance of the system [14];

– the microorganisms that carry out the biodegradation
process are sensitive to unsteady pollutant loading
rate [15];

– if not properly designed, biofilters may emit bioaero-
sol into the atmosphere [16,17].

Composting is an aerobic process widely adopted in
waste management. The composting process allows
for the biodegradation and biological stabilisation of
the organic matter of the waste [18]; its main output is
compost, a stable product that can be used as soil
improver [19,20]. During the composting process, it is
crucial to guarantee adequate chemical–physical con-
ditions, such as pH, temperature and humidity, which
have a strong influence on the development of the
microbial communities, and a sufficient amount of air
for the aerobic biodegradation process [21]. The first
phase of the composting process is characterised by

an intense biological activity and a simultaneous
increase in the temperature. This part is followed by a
fermentation phase, during which the degradation of
the organic matter is performed by thermophilic micro-
organisms. Finally, a maturation phase takes place,
characterised by the development of humification reac-
tions with compost production [18]. This biological
process can therefore support sustainable agricultural
and horticultural practices, providing a more environ-
mentally acceptable method compared to storage and
incineration [22].

It is possible to carry out composting process both in
closed and open systems. The latter ones are conducted
in outdoor piles and they are the oldest and cheapest
method. Closed systems are performed in reactors
instead, allowing a better control of process parameters
as well as air treatment [22]. In fact, composting plants
may cause different adverse environmental conse-
quences, specifically global impacts (e.g. the release of
greenhouse gases like nitrous oxide and methane) and
local impacts. Among the latter, it is worth mentioning
the release of odorants and the related odour nuisance
in the proximity of a composting plant. The generation
and release of odour may be amplified by erroneous
procedures in the initial preparation of the waste
mixture and by whole management of the composting
process [18,20]. Biofiltration systems are therefore essen-
tial to manage the disadvantages related to composting
facilities. The use of biofilters to treat the process air of
waste composting plants is broadly documented in the
scientific literature, from pilot-scale [23] to full-scale
[24] applications using different types of materials as
the filtering media, such as compost-based [25,26],
wood-based [27] and inorganic [28] materials.

Biofiltration systems have significantly improved their
performance for the last 20 years in the sector of odour
abatement. However, the selection of the most appropri-
ate filtering media is still a matter of uncertainty [29],
even though the choice of the material plays a crucial
role in terms of removal efficiency [30]. Although
media with organic and natural origin (e.g. compost,
peat, wood chips, coconut shells and wood barks) are
characterised by low cost, large availability, microbial
diversity and nutrient content, their average lifetime is
relatively low (3÷5 years on average) compared to
other materials like polyurethane foam, activated
carbon and lava rock [31]. Lifetime is also influenced
by the operating conditions: mesophilic conditions
usually allow for a longer lifetime than thermophilic con-
ditions [32]. Alternative materials like activated carbon
and lava rock present positive characteristics like a
more durable structure and resistance to medium col-
lapse [33], which result in a longer expected lifetime.
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The type of material influences the need for microbial
inocula to support the biodegradation process. In
general, inoculation is not necessary in biofiltration
systems filled with organic and natural materials, since
a natural selection normally takes place among the
microorganisms that have colonised the filtering
medium. In the case of synthetic materials (e.g. perlite)
or natural materials with low microbial content (e.g.
lava rock), inoculation becomes essential [34]. In spite
of the importance of the filtering material in a biofilter,
the literature on the pros and cons of biofilter media
for the removal of malodorous compounds from waste
composting is limited and new materials and their com-
binations deserve a proper treatment.

In the light of the previous considerations, the aim of
the present paper is to contribute to assessing the per-
formance of different filtering media in biofiltration
systems used as techniques for the air pollution
control in waste composting processes. Specifically, a
pilot-scale plant was built to simulate the gaseous
effluent generated by the composting of a mixture of
Organic Fraction of Municipal Solid Waste (OFMSW)
and green waste. The performance of each material
was evaluated in terms of the abatement of VOC,
odour and hydrogen sulphide (H2S) concentration in
the process air exiting a waste bioreactor simulating
composting conditions. To reduce the ammonia
content in the process air and avoid irreversible
damages to the microbial activity, a scrubbing unit
was placed downstream of the waste bioreactor and
upstream of the three parallel biofilters. The biofilters,
equally sized, were filled with three different types of
medium: (1) wood chips, (2) a double layer of lava rock
and peat (equally divided in terms of filling height),
and (3) peat only. The performance of the biofilters
was also compared with the literature findings on this
topic.

2. Materials and methods

2.1. Pilot-scale plant

The pilot-scale plant consists in three main parts: the
waste bioreactor (A), the scrubber column (B) and the
three biofiltration columns (C1, C2 and C3). The first
element (the bioreactor) consists of a closed reactor
with a maximum capacity of 1 m3 and was designed
for the composting of biodegradable waste. This
reactor is equipped with a series of holes that allow
injecting/discharging the air or inserting probes to
monitor the biological process. At the bottom of the bio-
reactor, a grid was inserted to enable the necessary dis-
tribution of air within the waste pile. The bioreactor is

also equipped with a discharge system that allows
removing the leachate, which is sent to a dedicated
tank. Among the monitoring instruments installed in
the bioreactor, there is a flowmeter (La Tecnica Fluidi
snc, Italy) to measure the airflow rate entering from
the bottom of the reactor, a temperature probe (IFM
Electronic Srl, Italy), located within the waste pile, and
a pH probe (Etatron DS, Italy), placed in leachate collec-
tor, to monitor the composting process. The airflow rate
can be adjusted via a dedicated upstream valve and gen-
erated by an air compressor (LP-100 Griñó Rotamik SA,
Spain).

The polluted air coming from the composting process
passes through a series of pipelines and reaches a scrub-
ber unit. The latter is equipped with two spraying
nozzles (spiral full cone type) and filling material (ECO-
FORM Srl, Italy) allowing an adequate contact between
the air to be treated and a solution of water and 30% sul-
phuric acid (H2SO4). This step was introduced to abate
the ammonia present in the air, which could inhibit
the following biofiltration treatment, especially if
ammonia concentration is > 100 ppm [35] like the
present case. The dosing of H2SO4 is controlled by the
monitoring of the pH of the scrubbing solution, which
is carried out by a dedicated probe (Etatron DS, Italy).
When the pH exceeds the value of 3, a dosing pump
(Etatron DS, Italy) activates and injects H2SO4 in the
solution.

Following the abatement of ammonia, the air is
equally partitioned into three biofilters. The latter are
three identical cylindrical columns with a height of
2220 mm (of which 1200 mm is dedicated to the
filtering bed), an internal diameter of 150.6 mm and an
external diameter of 160.0 mm (Figure 1).

The typical operational and performance parameters
of biofilters are the empty bed residence time (EBRT,
expressed as s), the inlet loading rate (IL, expressed as
g/m3/h), the removal efficiency (η, expressed as %) and
the elimination capacity (EC, expressed as g/m3/h).
These parameters are defined as follows:

EBRT = V
Q

(1)

IL = Q·Cin
V

(2)

h = Cin − Cout
Cin

(3)

EC = Q(Cin − Cout)
V

(4)

where V is the volume of the filtering bed (m3), Q is the
airflow rate (Nm3/h), Cin and Cout are the pollutant inlet
and outlet concentrations (g/Nm3), respectively. The
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EBRT was the same for all biofilters and was kept as con-
stant (41 s) during the experiment.

In columns with a relatively small diameter, it is essen-
tial to minimise the wall effect, which may cause the air
to flow along the inner wall instead of passing through
the filtering bed [36]. To minimise the wall effect,
flanges (internal diameter 120.6 mm, thickness 24 mm)
were inserted every 400 mm along the vertical dimen-
sion in order to break the flow along the inner wall.
The biofilters have an irrigation system in the upper
part and an empty chamber at the bottom, to distribute
the incoming air over the cross section of the filtering
bed and convey the discharge water in a tank.

What differentiates one biofilter from another is the
type of filling material: the first biofiltration column
(C1) is filled with 100% wood chips (Air Clean Srl, Italy)
with a bulk density of 250÷300 kg/m3; C2 is filled with
a mixture of 50% lava rock (EuroPomice Srl, Italy) and
50% peat (MonaFil, Bord na Mona PLC, Ireland), respect-
ively in the lower layer and in the upper layer; C3 is filled
with 100% peat (MonaFil, Bord na Mona PLC, Ireland).
The lava rock used in this experiments has a grain size
of 5÷10 mm and a bulk density of 880÷980 kg/m3,
while the peat has a dominant grain size (>70%) in the
range 10÷20 mm and a bulk density of 350 kg/m3.

Upstream of each biofilter, the airflow is controlled by
a flowmeter and a valve. In addition, differential pressure
sensors (PS27 Halstrup-Walcher Srl, Italy) were installed
to measure the pressure drop along the filtering bed.

The whole system was designed to treat an airflow
rate of 6 Nm3/h, which is appropriate to oxidise the
content of volatile solids (VS) of the waste. The VS
content was estimated as being equal to about 150 kg
on a total amount of 500 kg of waste treated. The
airflow injected into the bioreactor is then homoge-
neously split into three airflows of 2 Nm3/h. Each biofil-
tration column is equipped with its own irrigation
system: in C1, the irrigation system was set to guarantee
a specific water flow rate of 5÷10 L/d per m2 of section
area; in C2 and C3, the water flow rate delivered by
the irrigation system was set to 2÷4 L/d/m2. Figure 2 pre-
sents a graphical description of the whole process.

2.2. Composting process

To start up the biofiltration columns and investigating
the optimum chemical–physical conditions for the oper-
ation of the pilot-scale plant object of this study, two
composting cycles were carried out before the one
described in the present paper. The first two tests
were carried out on a lower amount of waste with
respect to the last composting cycle and highlighted
the complexity of managing a small-scale composting
process in a waste bioreactor. Among the critical issues
encountered, keeping a sufficient level of humidity in
the waste pile and ensuring a homogeneous distribution
of the air within the waste were the most complex parts.
Continuous aeration without the periodical stirring of

Figure 1. Biofilters inlet section.
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the waste nor water addition resulted in maximum
temperatures of 50–55°C with a sudden decrease after
7 days from the beginning of the process. In spite of
the high temperatures reached during the process, the
temperature of the air entering the biofiltration stage
was always compatible with the operation of the biofil-
ters, whose activity may be inhibited at temperatures
>40°C [37]. A more stable composting process was
observed during the second composting cycle, which
was carried out with alternating aeration and daily irriga-
tion of the waste pile, through an irrigation nozzle (spiral
full cone type) located at the top of the composting
chamber. It is therefore important to highlight that the
biofiltration columns were subjected to 50 days of
activation.

Thus, the composting cycle described in the present
paper was carried out according to the following
scheme:

– the waste bioreactor was filled with 1 m3 of waste;
– the waste pile was irrigated once a day with 16 L/d of

water without operating any stirring;
– the waste pile was subject to alternating aeration and

non-aeration conditions, each with a duration of
30 min.

As per the biofiltration columns, the aforementioned
irrigation systems were able to guarantee an adequate
level of humidity of the filtering materials. A microbial

culture was inserted into the filtering beds for acclim-
ation of the biofilters, during the loading of waste into
the bioreactor. The bacterial inoculum (Bord Na Móna
PLC, Ireland), in a dried form, was a mixture of up to
21 microbial species including Rhodococcus, Bacillus,
Pseudomonas, and Trichoderma species.

2.3. Sampling and monitoring of the process

The efficiency of the biofilters during the treatment of
the process air was evaluated in terms of the removal
efficiency of odour, VOC and H2S concentrations. Air
samples were taken during day 3, day 10, day 14 and
day 17 from the beginning of the composting process,
i.e. the waste loading. During each of these days, four
air samples were taken: one at the inlet of the biofilters
(IN-C), one at the outlet of C1 (OUT-C1), one at the outlet
of C2 (OUT-C2) and one at the outlet of C3 (OUT-C3). Air
samples were collected with NalophanTM, each with a
volume capacity of 6 L, equipped with TeflonTM hose
and cap. Such materials comply with the European legis-
lation on the determination of odour concentration (EN
13725:2003), being these odourless and characterised by
a low permeability to VOCs [38]. Therefore, these
materials allow ensuring an optimal level of conserva-
tion of the air samples in view of laboratory analyses.

Air samples were taken without the aid of pumps or
other instruments, thanks to the slight pressure of the
air. After the sampling, the air samples were analysed

Figure 2. Process flow diagram of the pilot plant studied.
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by chemical and olfactometric methods within 30 h from
their collection, in compliance with the EN 13725:2003
standard.

Starting from the loading of waste, daily measure-
ments were recorded regarding the temperature of the
waste pile in the bioreactor and of the air entering the
biofilters, the pH of the leachate and of the water/
H2SO4 solution in the scrubber, and the pressure drop
of the biofilter columns.

During day 10 and 14, air samples were taken
upstream (OUT-B) of the scrubbing unit too.

2.4. Analytical methods

The air samples, taken according to the sampling calen-
dar presented above, were analysed by dynamic olfacto-
metry and chemical analyses to determine the removal
efficiency of the biofilters in terms of abatement of
odour concentration and VOC and H2S concentrations,
respectively.

2.5. Dynamic olfactometry

Dynamic olfactometry allows determining the odour
concentration (Codour) of air samples and is expressed
in terms of European odour units per cubic metre
(ouE/m

3). According to the standard, the odour concen-
tration of an air sample is defined as the number of times
the air sample is diluted with neutral air before the
odour of the sample is no longer perceivable. The deter-
mination of odour concentrations is carried out, at
increasing concentrations, by a panel of selected exam-
iners. The dilutions are performed by an olfactometer. In
the specific case of the present paper, the olfactometric
analyses were carried out with an olfactometer (TO8,
Ecoma GmbH) based on the ‘yes/no’ model. The
panels involved four examiners selected through tests
of olfactory sensitivity, in compliance with the criteria
established by the EN 13725:2003 standard.

2.6. Chemical analysis

To gather the complete chemical characterisation of the
samples, the chemical investigation was conducted
using different instrumentations depending on the
specific analytical targets considered. To quantify the
total VOC (TVOC) concentration in the air samples, a
10.6 eV photo-ionisation detector (PID) was used
(Tiger, ION Science Ltd, UK). This instrument is calibrated
with isobutylene and was directly connected to each
sampling bag filled with the process air to obtain the
total VOC concentration, expressed as ppm of isobuty-
lene. Its LOD (Limit of Detection), defined by the supplier,

is equal to 1 ppb. This device was selected to provide a
rapid and expeditious analysis of the VOCs content of
gaseous streams. Since this instrument does not identify
and quantify single VOCs, the PID was combined with
other analytical techniques: an electronic nose sensor
and a gas-chromatograph coupled with a mass spec-
trometer (GC-MS). To avoid the influence of compounds
without odorous potential (e.g. methane) on the total
VOCs content, the PID appears as the best choice for
ready-to-use, total VOC estimation, especially if
coupled with other analytical techniques.

The electronic nose sensor (WatchTower 1, RUBIX
Senses & Instrumentation, France) was used to deter-
mine the volume concentration of H2S. Electronic
noses are analytical instruments that host an array of
electrochemical sensors and are often used in odour
monitoring activities. The electronic nose used in this
study hosted electrochemical sensors for H2S and
ammonia. The latter was monitored at the OUT-B and
IN-C, OUT-C1, OUT-C2 and OUT-C3 sampling points to
investigate the abatement performances of the scrubber
and the biofilters. The concentrations of all the species
measured are expressed as ppm.

The GC-MS was used to identify the specific VOCs
present in the air samples collected. The analysis on
VOC speciation was performed using a DANI Master
TD–GC-MS (DANI Instruments S.p.A., Italy). The air
samples were collected directly from the Nalophan™
sampling bags used in the olfactometric analyses,
using a calibrated pump (DANI Master Air Sampler,
DANI Instruments S.p.A., Italy). The samples were charac-
terised in terms of VOC content through thermal deso-
rption (DANI Master TD, DANI Instruments S.p.A., Italy)
and the subsequent chromatographic analysis with a
time-of-flight MS (DANI Master TOF MS Plus, DANI Instru-
ments S.p.A., Italy). During the analyses, a capillary
column (MEGA Srl, Italy) with a length of 30 m, diameter
of 0.25 mm and film thickness of 2.5 µm was used.
Helium was used as the carrier gas with a flow rate of
0.7 mL/min. The temperatures of the injector, the
source and transfer line were respectively set to 250,
200 and 200 °C. The temperature program used in the
chemical analyses consisted in an initial temperature of
45 °C and a final temperature of 250 °C with a tempera-
ture rise velocity of 10 °C/min. The identification of the
VOCs was carried out by comparing the spectra with
the NIST14 database (NIST/EPA/NIH Mass Spectral
Library, Version 2.2. Jun 10 2014).

3. Results and discussion

The trend of the chemical–physical parameters moni-
tored during the operation of the pilot-scale plant is
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reported in the following figures. Specifically, Figure 3
presents the trend of the temperatures of the waste
pile and of the air entering the biofilters. Figure 4
reports the trend of the pH of the leachate exiting the
bioreactor. Figure 5 presents the trend of the pressure
drop across the three biofilters. The chemical–physical
parameters reported in Figures 3–5 were measured
every day at 4 pm.

A more detailed presentation of the operational par-
ameters monitored during the sampling phase is pre-
sented in Table 1.

The temperature of the bioreactor (Figure 3) showed
a constant increase during the first week of the exper-
iment and reached a peak value of 63°C. The waste
temperature remained above 55°C for 10 consecutive
days. It is possible to observe a decreasing trend that

Figure 3. Bioreactor and biofilter inlet air temperatures during the composting process studied.

Figure 4. Leachate pH during the composting process studied.
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started on day 13. This trend reflects the characteristic
steps of the composting process, with a mesophilic
phase followed by thermophilic and cooling phases
[39,40]. The trend of the air temperature at the inlet of
the biofilters resembled the trend of the waste tempera-
ture. However, the air temperature was always lower
than the waste temperature because of the cooling
effect of the scrubbing unit and of the pipelines
exposed to the ambient temperature. The air tempera-
ture at the inlet of the biofilters varied between 27°C
and 36°C.

After an initial acidic phase, which lasted four days,
the pH of the leachate exiting the bioreactor increased
up to the value of 8.8 and then decreased until reaching
values slightly higher than neutrality. It is worth noting
that, during the first day of operation of the pilot-scale
plant, no pH values were reported because the leachate
had not been produced yet (Figure 4). Even the pH trend
denotes the typical ones reported in the literature. The
initial pH reduction is indeed related to the production
of organic acid from the degradation of fatty acids,
protein and acidic compounds. Then the organic acids
conversion to CO2 occurs and the pH increases. Finally,

during the last steps of the process, ammonia is pro-
duced during an alkaline phase, before the pH returns
almost neutral [40,41].

Regarding the pressure drop across the filtering
media, the monitoring activity showed relatively low
values (<300 Pa). C2 and C3 columns showed a decreas-
ing trend during the operation of the plant (Figure 5).
This behaviour differs from previous literature studies,
which found out an increase in the pressure drop over
time, due to the accumulation of microbial biomass in
the biofilters [42,43]. The behaviour encountered in the
experimentation may be caused by the necessary
wetting of the filtering media, which washed the small
particles out of the biofilters. In fact, small particles of
lava rock and peat were found in the discharge tank.
However, a more precise evaluation of pressure drop
would require further investigation and tests with a
longer duration.

As already mentioned, Figures 3–5 report process par-
ameters measured during the whole duration of the
experiment in the afternoons. Since the plant was shut
down after the last sampling, which was carried out in
the morning of day 17, the graphs do not include the
results of the last day of sampling. This considered,
Table 1 turns useful to reconstruct the conditions of
waste temperature, leachate pH and pressure drop
during the last day of operation of the plant.

Figures 6–8 report the trend of the total VOC, odour
and H2S concentrations, respectively, along with the
removal efficiencies (η) of the three biofiltration
columns.

Figure 5. Pressure drops of biofilters C1 (ΔP1), C2 (ΔP2) and C3 (ΔP3) during the composting process studied.

Table 1. Process parameters monitored during sampling phase.
Sampling
day

Tbioreactor
(°C)

T IN-C
(°C) pHbioreactor

ΔP1
(kPa)

ΔP2
(kPa)

ΔP3
(kPa)

3 51.5 27.3 5.80 0.01 0.15 0.19
10 62.7 28.7 7.49 0.01 0.06 0.04
14 53.7 25.7 7.80 0.01 0.02 0.06
17 51.9 29.1 7.88 0.01 0.02 0.03
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During the experiment, the odour concentration
showed a general decreasing trend, at both the inlet
and the outlet of the biofilters. The decrease in the

odour concentration measured at the inlet may be
related to the decrease in the VOC loading rate over
time generated by the bioreactor during waste

Figure 6. Biofilters inlet and outlet VOC concentrations during the composting process studied, with the respective removal
efficiencies.

Figure 7. Biofilters inlet and outlet odour concentrations during the composting process studied, with the respective removal
efficiencies.
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composting, as depicted by the dashed line in Figure 6.
This general decrease can be observed also in terms of
the odour concentrations measured at the outlet of
the three biofilters, which showed almost constant
VOC and odour removal efficiencies during the whole
experiment. By comparing the odour concentrations
measured at the outlet of the three biofilters, C2 (50%
lava rock and 50% peat) showed a slightly better per-
formance during the initial phase of the experiment
with respect to the other biofilters. Indeed, during the
first days, the odour removal efficiency reached 99%.
The mean odour removal efficiency during the whole
duration of the experiment resulted as 90%, 96% and
95%, respectively for C1, C2 and C3. In any case,
during the whole experiment, all the filtering media
under investigation showed odour removal efficiencies
>85%.

Although the analyses carried out with the PID did
not allow for an extremely rigorous quantification of
total VOCs, due to the different response factors of the
different molecules, a strong reduction in the total
VOC concentration across the biofilters is visible: the
analyses with the PID allowed calculating VOC removal
efficiencies between 75% and 98%. C1 and C3 showed
an increasing trend in terms of VOC removal efficiency
over time. On the other hand, the VOC removal
efficiency of C2 was almost constant during the

operation of the plant and higher, if compared with C1
and C3. As expected, the highest values of EC were
achieved at the beginning of the experiment (day 3),
when the inlet IL was higher (0.61 g/m3/h). On that
day, C2 showed the highest EC (51.33 g/m3/h), followed
by C3 (41.45 g/m3/h) and C1 (39.31 g/m3/h). C2 contin-
ued showing the highest EC among the three biofilters
until the last sampling (day 17), when no significant
differences could be noticed, due to the low VOC con-
centrations. In a full-scale biofilter filled with wood
chips, operating at an IL of 1.80 g/m3/h and an EBRT of
116 s, a significantly lower maximum EC (0.81 g/m3/h)
was observed [24].

The analyses carried out with the electronic nose
sensor showed a general decreasing trend of the H2S
concentration over time at the inlet of the biofilters
(Figure 8). During the initial phase of the experiment,
C2 showed a better performance than C1 and C3, with
an H2S removal efficiency > 80%. The H2S mean
removal efficiencies were 62%, 77% and 69% for C1,
C2 and C3, respectively. The highest EC was achieved
by C2 (0.28 g/m3/h) on day 3, followed by C3 (0.19 g/
m3/h) and C1 (0.18 g/m3/h), at an IL of 0.33 g/m3/h.
The differences in EC were significantly smoothed on
the following days of sampling. In a laboratory-scale
compost and biochar biofilter operating at an H2S IL of
39.1 g/m3/h, Das et al. [44] recently observed a

Figure 8. Biofilters inlet and outlet H2S concentrations during the composting process studied, with the respective removal
efficiencies.
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maximum EC of 27.1 g/m3/h. In that case, the EBRT was
80 s, i.e. 1.95 times the EBRT adopted in the present
paper.

The higher removal efficiencies of C2 and C3 may be
explained with the higher specific surface area available
for the development of biofilms, as supposed by Vela-
Aparicio et al. [45], who compared three mixtures of
chicken manure with sugarcane bagasse, rice husk and
pruning waste and observed the worse performance of
the medium with lower specific surface area (pruning
waste and chicken manure) in the abatement of H2S
and ammonia. Another possible explanation may be
the higher content of nutrients and the higher buffer
capacity of the peat-based biofilters, with respect to
the wood-based biofilter, as recently suggested by
Márquez et al. [46] when comparing a compost-based
biofilter with a wood-based one. In particular, the
added value of lava rock to peat should be further inves-
tigated, given the advantages observed during the
experiment described in the present paper. However,
the limited duration of the composting cycle carried
out in this experiment does not allow drawing definite
conclusions on the effects of the different materials
used in the biofilters.

Regarding ammonia, Table 2 shows the excellent per-
formance of the scrubbing unit. However, the removal
efficiency could not be calculated because the
ammonia concentrations at the inlet of the scrubber
exceeded the maximum scale range of the instrument

(180.9 ppm). On the other hand, at the outlet of the
biofilters, the ammonia concentrations were close to or
lower than the detection level of the sensor (0.09 ppm).

Based on the qualitative analysis obtained with the
GC-MS, it was possible to identify the main VOCs that
were present in the process air. As an example, Figures
9 and 10 show the chromatograms of the samples
taken at the inlet of the biofilter and at the outlet of
C2 (50% lava rock, 50% peat) during day 3 from the
beginning of the experiment. The whole set of chroma-
tograms is reported in Online Resource 1.

The analyses carried out with the GC-MS (Supplemen-
tary Material) showed that the compounds detected in
the air samples, both at the inlet and at the outlet of
the biofilters, were mainly terpenes (D-limonene,
pinene and phellandrene). Among those compounds,
D-limonene resulted as the most abundant and persist-
ent terpene during the monitoring campaign. By observ-
ing the chromatograms referred to the same monitoring
day, the peak intensity of D-limonene decreases
between the inlet and the outlet of the biofilters. In
addition, the chromatograms obtained during the
whole experiment show a qualitative reduction of the
compounds observed during the operation of the
plant, probably due to the decrease in the VOC emis-
sions from the bioreactor. This decreasing trend, which
can be observed both between inlet and outlet of the
biofilters, is in line with the quantitative results of the
analyses carried out with the PID. Furthermore, during
the first monitoring days, chromatographic signals at
low retention times were detected at the inlet of the
biofilters. Such signals could be attributed to oxyge-
nated compounds, such as ethanol, ethyl acetate and
butyraldehyde. These compounds were not detected
at the outlet of the biofilters. A possible explanation
may be the higher water solubility of such compounds
with respect to terpenes [47].

The obtained results show that lava rock and peat
combination is a promising filling material for

Table 2. Ammonia concentration at the scrubber inlet and at
biofilters inlet and outlet during the composting process
studied.
Sampling
day

CNH3 IN-
B (ppm)

CNH3 IN-C
(ppm)

CNH3 OUT-
C1 (ppm)

CNH3 OUT-
C2 (ppm)

CNH3 OUT-
C3 (ppm)

3 – 0.169 <0.09b <0.09b <0.09b

10 180.9a 1.100 <0.09b <0.09b <0.09b

14 180.9a 0.180 <0.09b <0.09b <0.09b

17 – <0.09b <0.09b <0.09b <0.09b

aSensor full scale.
bSensor Limit of Detection (LOD) with RH = 50% and T = 20°C.

Figure 9. GC-MS chromatogram of the sample IN-C collected during the first sampling day.
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biofiltration systems. Despite 50 days of previous acti-
vation as well as the composting cycle studied in this
paper, the operation time is still too short in order to
make clear considerations about the application of this
packing media combination to full-scale biofilters.
Future studies should focus on longer applications to
identify the exact lifetime of these filling media.
Another interesting aspect that should be examined is
the most performing lava rock and peat combination
(i.e. 1:1, 1:2, 2:1, etc.), in order to guarantee acceptable
removal efficiencies but in the meantime assuring the
longest lifetime.

Other innovative packing media and combinations of
materials have been studied in the last decades for appli-
cation to biofilters. Gaudin et al. [48] evaluated different
proportions of materials: calcium carbonate, an organic
binder and two alternative nitrogen sources (di-
ammonium phosphate and urea phosphate). The mix-
tures were pelletised and evaluated in an air biofilter
for the abatement of H2S and NH3, also in combination
with pine bark or pozzolan. A mixture of calcium carbon-
ate, organic binder (with a 20% mass fraction), urea
phosphate and pine bark proved to guarantee stable
pH (close to neutrality), lower odour emissions (com-
pared to ammonia phosphate as nitrogen source),
higher microbial growth, bacterial colonisation and
mechanical resistance than other combinations (includ-
ing pine bark and pozzolan alone). In another study
[49], expanded schist alone and a mixture of expanded
schist and urea phosphate (12% volume fraction) were
tested in laboratory-scale biofilters for H2S removal.
The combination of both materials gave a higher H2S
elimination capacity and a higher resistance to shock
loads compared to expanded schist alone. In another
study, Hernández et al. [49] investigated the use of
argyle spheres covered with compost in a biofilter for
the removal of VOCs and NH3. The authors observed
that this filling material, if inoculated with a pre-
adapted microbial population, allows achieving a
higher nitrification rate and VOC abatement compared

to the same material inoculated with sewage sludge
and to pine bark as a filling material.

In general, even in the case of conventional organic
materials, combining different layers seems to improve
the performance of biofilters with respect to using one
single material, thanks to the combination of different
material properties. For instance, Márquez et al. [46]
compared a compost-wood biofilter with a wood
biofilter and found out that the compost-wood
biofilter showed a higher microbial activity and
allowed treating a 60% higher odour loading rate com-
pared to the wood biofilter.

4. Conclusions

The experiments described in the present paper allowed
for a deeper understanding of the behaviour and per-
formance expected from different filtering materials in
biofiltration systems for application to the purification
of the process air of food waste composting in bio-
reactors. In this study, the initial bio-oxidation stage of
the composting process was carried out in a pilot-scale
bioreactor simulating real-scale applications. The initial
bio-oxidation stage is responsible for most of the VOC
and odour emissions released by the whole composting
process. This stage was implemented to evaluate the
abatement performance of three biofilters under con-
ditions of maximum stress to the microbial biomass.
The biofilter performance was investigated in terms of
removal efficiency of total VOCs, H2S and odour concen-
trations. The results of the chemical and olfactometric
analyses allow concluding that, among the three biofil-
ters considered, a double layer of lava rock and peat
seems to be the most desirable filling material for the
abatement of the main air pollutants released by the
composting process of food waste in a bioreactor. The
biofilter filled with lava rock and peat allowed for obtain-
ing mean removal efficiencies of 96%, 95% and 77% for
odour, total VOC and H2S concentrations respectively.
Due to the presence of an inert and robust material

Figure 10. GC-MS chromatogram of the sample OUT-C2 collected during the first sampling day.
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(lava rock), a longer duration of the filtering bed is
expected, too. Such materials can be considered as
promising choices for the biofiltration sector.
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