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Abstract

Emission of volatile organic compounds (VOCs) prtliduring composting of
different organic wastes (source-selected orgaamtibn of municipal solid wastes
(OFMSW), raw sludge (RS) and anaerobically digestastewater sludge (ADS) and
animal by-products (AP)) and its subsequent brafilbn have been studied.
Composting was performed in a laboratory scale astipg plant (30 [) and the
exhaust gases generated were treated by meart®ofpst biofilter. VOCs
concentration in the composting exhaust gasesafcit eomposting process ranged from
50 to 695 mg C-mfor OFMSW (5:1), from 13 to 190 mg C-hfior OFMSW (1:1),
from 200 to 965 mg C-mfor RS, from43 to 2900 mg C-for ADS and from 50 to
465 mg C-rit for AP. VOCs emissions were higher during the beigig of the
composting process and were not generally relatéokt biological activity of the
process. These emissions corresponded to an aveealyjeg rate applied to the
biofilter from 2.56 to 29.7 g C-thbiofilter-hi*. VOCs concentration in the exhaust gas
from the biofilter ranged from 55 to 295 mg C* flor OFMSW (5:1), from 12 to 145
mg C-m® for OFMSW (1:1), fronb5 to 270 mg C-mfor RS, from 42 to 855 mg C'm
3 for ADS and from 55 to 315 mg C-hfior AP. Removal efficiencies up to 97% were
achieved although they were highly dependent ottdmposted waste. An important
observation was that the compost biofilter emi¥€ICs with an estimated

concentration of 50 mg C-™n
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1. Introduction

Denomination of volatile organic compounds (VOGHgrs to organic
compounds which vapour pressure is at least 0.@1akR0°C. VOCs are also
characterised by their low water solubility. Pramssinvolving solvents, paints or the
use of chemicals are the most significant souré&&&s, however waste and
wastewater treatment facilities are also impont&@Cs producers. The environmental
problem caused by the presence of VOCs in gasémas s is due to the fact that
many of them produce bad odours or are hazardaughis reason VOCs are being
subject to increasingly severe constrains; in Eeyépr example, VOCs are controlled
through the EU Directive 1999/13/EC [1] on the bation of emissions of volatile
organic compounds.

Composting is a technology widely used for thettreant of solid organic
wastes. Composting allows wastes to be disposbkg mdducing their size and volume.
It is an extended technology for treating housekddtes, but it is also applied to
residuals coming from industrial activities. Mumial or industrial wastewater excess
sludge [2] and animal by-products [3] are examplesrganic solid wastes susceptible
to be composted.

Composting exhaust gases are characterised byllbwghmates and, normally,
low pollutant concentration, in which VOCs can barfd among the major pollutants.
Van Durme [4] identified dimethyl sulphide, dimetlaysulphide, limonene ang
pinene as the most significant odorous VOCs atstemater sludge composting
facility. According to this work, the latter two compoundgeveeleased from wood
chips used as a bulking agelmcomplete or insufficient aeration during compogti
can produce sulphur compounds of intensive sméllevincomplete aerobic

degradation processes also result in the emis$ialcahols, ketones, esters and organic



acids [5]. Eitzef6] measured the highest concentration of aimaaf@LCs in
composting plants at the early stages of the cotimgpgrocess.

Among the available options for the treatment dfyted air, biofiltration is an
odour reduction technique that can be adapteddiaceeemissions from composting
processes [7]. Moreover, biofiltration is a biologitechnique, and is both
economically and environmentally viable. It is colesed a suitable technology in
terms of waste recycling, filtering effect, andla same time, reduces costs in
construction and operational work [8]. In fact, filtcation is presently used as one of
the newest technologies for odour abatement in ostimg facilities [9,10].

In a biofilter, a contaminated/odorous gas streasses through a biologically
enriched layer of a filter material followed by imdbegradation of the
absorbed/adsorbed pollutants. The by-products ofabial oxidation are primary
water, carbon dioxide, mineral salts, some volatiteanic compounds and microbial
biomass [11]. The performance of a biofilter is noiform and it is influenced by
several important variables. Microbial activityaected by moisture content, pH,
nutrient limitation, temperature and microbioloditlee biofilter medium [12].

In recent years, a large number of studies have beeducted on VOC
biofiltration with several support materials (corsp@ine bark, wood chips, peat,
inorganic supports or mixed materials) and somedplibbic and hydrophilic
compounds found in different industries [13-16]nkthation capacities for benzene,
toluene and xylene of 60 g Chiofilter- H* with a removal efficiency of 75% [17] and
18 g C- ¥ biofilter- hi* with a removal efficiency of 81% [18] have beepaged using
organic materials and compost respectivellgwever, these studies on biofiltration take

only in account the presence of a couple or eva@ngle compound, which is not the



normal situation in composting plants, where thmgosted wastes are variable and
heterogeneous.

This work studies VOCs emissions generated duhegomposting of different
organic residues such as source-selected orgauitoin of municipal solid wastes
(OFMSW), raw sludge (RS), anaerobically digestedgé (ADS) and animal by-
products (AP). The abatement of the VOCs geneiduedg the waste composting

using the biofiltration technology is also presente

2. Materialsand Methods
2.1. Organic wastes composted

OFMSW was obtained from the municipal compostiranpbf Jorba
(Barcelona, Spain); ADS was obtained from the udvastewater treatment plant of La
Llagosta (Barcelona, Spain); RS was obtained flogrurban wastewater treatment
plant of La Garriga (Barcelona, Spain); and AP ,ststimg of rejected parts of chicken
and rabbit (viscera, carcasses, feathers, etcg @ldained from the municipal
composting plant of Jorba (Barcelona, Spain). Adbtes were manually mixed with
bulking agents (chopped pruning waste) to ensu@péimal porosity and moisture
content. In the case of OFMSW two volumetric rabbbulking agent:waste (5:1, 1:1)
were tested. A volumetric ratio of bulking agentsteaof 1:1 was used for RS and
ADS, which was previously found as optimal for gfaccomposting at laboratory scale
[19], and 3:1 for AP, as this is the usual ratiedis1 the composting plant. The most

important parameters of each waste are presenteabile 1.



2.2. Experimental set-up

OFMSW, RS, ADS and AP were composted in this omlerthermally
insulated 30 | laboratory reactor. Air was suppliedhe reactor intermittently by a
suction-type blower (Sensotran, Spain, model GCY/® control the content of
oxygen (Sensotran, Spain, model Sensox 6C) indh@osting material to ensure
aerobic conditions (oxygen concentration above 10%¢ blower extracted the air (5
I-min™) through the compost mass and discharged the sxbas to a pilot-scale
biofilter filled with mature compost as a biofiltaredium (Table 2). Each biofiltration
run was performed with the same packing matersathe is the normal operation in a
composting plant.

Down-flow direction was selected to improve moistaontrol in the biofilter
and to prevent drying of the material. Since terapee of off-gases from the
composting reactor was below 35°C, it was not resxg<o cool down the gas entering
the biofilter and thus, it was operated within asojghilic temperature range throughout
the whole experimental period. A scheme of the amstipg and biofiltration system is
shown in Figure 1.

The biofilter was constructed with circular methdate pipe, and its dimensions
were: height 1.2 m and diameter 0.2 m. The medwhdeas 0.23 m, resulting in a total
bed volume of 7.2 |, a volumetric loading rate &f4l-| medid-h* and a gas retention
time of 86 s. Initial properties of the mature carsipused as biofilter medium are
shown in Table 2.

Temperatures of the composting materials were ragdtduring the
composting period with a Pt100 probe (Desin, Spaimdel SR-NOH). All values were
displayed and recorded with a personal computeaye3@ minutes using a commercial

data logger (Desin, Spain, DAS-8000).



Periodic measures of temperature and pressureadrops the medium were
carried out manually using a digital thermometearfhia, mod. Checktemp) and a U-
type water manometer. Moisture of the biofilter maaedas also periodically measured
and maintained over 45% during all the experiments.

Two runs were conducted for each waste compostedeach run lasted about 1
week. Experiments were carried out continuouslyatmyut 2 months. Values of
parameters presented in this paper are calculatbabing all the experiments carried

out. In Figures 2-6 only one replication for eadhste is shown.

2.3. Analytical methods

The quantification of volatile organic compoundssvadtained by direct
injection of 250 ul of sample in a gas chromatogréerkin Elmer Autosystem XL),
equipped with a flame ionisation detector (FID) andP-Innowax (Agilent
Technologies) capillary column (30m x 0.25mm x 0.28, poliethylenglycol stationary
phase). Column temperature was initially 50°C naairetd for 2 minutes, and then
increased to 200°C at 45°C/min, and maintaine® foinutes. Injector and detector
temperatures were 200°C and 250°C respectivelypfeamere obtained using a
syringe and immediately injected into the chromedpy. Sampling points are shown in
Figure 1. Each data point, for both inlet and duttencentrations, represents the
average of three sequential samples collected glarperiod of 90 minutes. N-hexane
(Scharlau, 99.9% purity) was used to quantify ti@0é concentration in mg C-n
[20]. Calibration curve was obtained by injectinffetent amounts of liquid n-hexane
in a sealed Tedlar bag of known volume and analysia gas sample [14].

Quantification of total VOCs concentration was lubse total peak area [20]. A



triplicate analysis was performed for each VOC emtiation and the associated error
to the method was below 10%.

Physico-chemical properties of the biofilter compogdia and wastes
composted were analysed before and after the toatfdn process for the determination
of moisture content (MC), organic matter contentljOKjeldahl nitrogen and Nii-N
content, carbon/nitrogen ratio (C/N), pH, electrimanductivity, and biological activity
measured as respirometric index (RI), which meastive rate of oxygen consumption
of the biomass and is usually conducted to detexroampost stability [2]. These

parameters were analyzed according to acceptecbdsefal].

3. Resultsand Discussion
3.1 VOCs emitted during composting

Composting experiments were performed for a pesiddvo months.
Temperature profiles for each composting experiraeapresented in Figures 2-6.
Temperature has been used as the most importacaiodof the composting process
performance. According to Stentiford [22], a maximtemperature of 55 to 65°C is
necessary to destroy pathogen microorganismsemydratures of 45 to 55°C must be
maintained for maximum biodegradation. Temperatfithe four wastes rose rapidly
and reached the thermophilic range within one amddays. The maximum
temperature achieved for OFMSW (5:1), OFMSW (1RS, ADS and AP were 52.2°C,
58.0°C, 60.0°C, 61.2°C and 66.2°C, respectively.

VOCs concentration in the composting exhaust galeesy each composting
process ranged from 50 to 695 mg C-for OFMSW (5:1), from 13 to 190 mg Cn
for OFMSW (1:1), from200 to 965 mg C-mfor RS, from43 to 2900 mg C- tfor

ADS and from 50 to 465 mg C:hior AP. Average values are shown in Table 3. As it



can be observed, VOCs emissions in composting highdy dependent on the waste to
be composted. Also, the biofilter loading rate shffom an average values of 2.56 g
C-mi® biofilter-h* to 29.7 g C- i biofilter- i* for OFMSW (1:1) and ADS respectively.

As it can be seen in Table 3, there is a significiiiference between VOCs
concentration emitted by OFMSW (5:1) and OFMSW Y tdmposting. This is of
special interest since the only difference betwiaertwo composting processes was the
amount of bulking agent used. In both cases tharmar VOCs concentration was
achieved in the initial 20 h (Figures 2 and 3).c8ithe temperature profile was similar
in both processes, the higher emission of VOCOIEBKMSW (5:1) can be attributed to
the higher content of bulking agent (chopped prgnvaste). Some authors [4,10,23,24]
have found that terpenes are primarily released fite biodegradable vegetable
material used as a bulking agent in compostindifi@si. Therefore, it can be concluded
that a high bulking agent ratio provokes a high \&&@ission.

VOCs emissions are also different when comparin@READS (Table 3).
Since in both cases a similar temperature profds wbserved (Figures 4 and 5) and the
bulking agent ratio was identical (1:1), sludges ba compared in terms of VOCs
emissions. Results obtained indicate high conctotraf VOCs emitted during ADS
than RS composting (average value of 715 mg€and 550 mg C-for ADS and
RS respectively). According to Van Durme [4], VO&mrissions during composting of
raw sludge are greater or equal to VOCs emittethduligested sludge composting.
However, in our case, higher VOCs concentration dedscted for ADS composting.
Probably, other factors such as anaerobic digesfitriency or sludge characteristics
may affect VOCs emissions in waste sludge compgshnboth cases, the maximum
VOCs concentration was achieved in the initial 26lbwever, whereas RS VOCs

concentration was maintained around 700 mg ®within the initial 90 h, ADS



composting VOCs concentration clearly decreaseu 8600 to 170 mg C-th The
causes of these results are not clear, we carr éypethesise that ADS might contain a
low amount of VOCs (as the content of organic nmastexpected to be low) or that
VOCs might be released during the first stage afjposting.

Finally, for AP composting (Figure 6), two peaks/®Cs emission were
detected, one at the beginning of the compostinggss and a second one after 70 h of
process time. It should be noted that high tempegatin AP composting were
maintained for a longer period and this fact mayheecause of a sustained VOCs
emission.

Temperature in a composting process is an indicdtbiological activity [25].
For this reason a longer thermophilic period (terapge above 45°C) implies high
biological activity. It is interesting to note thdOCs emitted in the composting of the
five wastes investigated do not reveal a dependendsological activity. According to
temperature profile, AP is the waste with the hgileetivity, followed by RS, OFMSW
(2:1), ADS and OFMSW (5:1). However, VOCs conceitraemitted during
composting of AP were lower than those emitted wd@nposting OFMSW (5:1),

ADS or RS.This is an important result since the dependenesragsions of other
gases, such as ammonia, with temperature and malagtivity has been shown [26].

For each composted waste the VOCs maximum produat&s obtained in the
first 48h. The composting process can be dividatiiee stages: rising to 45°C, above
45°C (thermophilic range) and decreasing from 46°@mbient temperature. Maximum
VOCs emissions were detected in the first or sestage (Table 4), but always during
the first 48 h. There was no coincidence betweeximan VOCs emission and
maximum process temperature, which is the periada{imum activity. These results

agree with several studies showing that emissiomlaitile compounds already starts
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upon arrival of the fresh biowaste to the compasgilant [27]. According to Eitzer [6],
most of the volatile organic compounds in aerobimposting plants are emitted at
early stages of processing, i.e. in the tippingridowhere the wastes are discharged, in
the shredder, and in the initial active compostrgp where the temperature increases
to 55°C. It waslso observed a decreasing concentration of alaliogOCs from fresh
to partially composted material and to cured corhg@ther authors [23] found that
VOCs emissions during composting of organic fractsd municipal solid wastes

decreased along the thermophilic range of tempesitu

3.2 Biofiltration of composting exhaust gases

Exhaust gases produced during different compogtingesses were treated
using a compost biofilter. Biofiltration media welsaracterised before and after the
whole period. Properties of the compost media diftering operation are shown in
Table 2. The OM decreased as the effluent gas fr@encomposting reactor was
biofiltered, while the MC and NHA-N increased because of the absorption of moisture
and ammonia present in the exhaust gas. In theotaseisture, biofilter watering was
not necessary as it is reported in other works, [B5)vhich the water-saturated
composting exhaust gases are biofiltered. Thg'MHincrease was also observed in
similar experiments where biofilter ammonia loadiatge ranged from 0.85to 67.10 g
NHs- m® biofilter- h* [28]. The value of pH and electrical conductiuiig not change
significantly. The biological activity of the comgto(measured as RI) slightly increased
throughout the biofiltration process probably do@tcompost reactivation or to the
formation of new active biological colonies. Thangrovoke a simultaneous
degradation of the biofilter organic media as blserved in the decrease of its organic

matter content (Table 2).
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During the course of the experiments, the biefiliperated at a temperature
range from 15 to 26 °C and the pressure drop exkilain increase of 17 mm®l due
to the gradual compaction of the packing mateHalever, the value of the pressure
drop did not increase to a critical value during whole experimental period and no
channelling phenomena were visually observed.

VOCs concentration of the exhaust gas from bafitanged from 55 to 295 mg
C-mi® for OFMSW (5:1), from 12 to 145 mg C-hfior OFMSW (1:1), fronb5 to 270
mg C-m® for RS, from 42 to 855 mg C-frfor ADS and from 55 to 315 mg C-hfior
AP. Average values are shown in Table 3.

Figures 2-6 describe VOCs concentration in the ifdemposting exhaust gas)
and outlet gas stream of biofilter, as well asrdgsilting removal efficiencies for the
five wastes composted. As it can be observed, higlxCs reductions were obtained
during the initial stages of the composting proesssvhen VOCs emissions reached its
maximum value.

Although removal efficiencies above 90% were redchigere were periods in
which lower removal efficiencies were obtainedrdtation to removal efficiencies, it
can be observed that on one hand, poor removalesftiies were obtained at the final
period of the composting processes, when the lowW@€ls emission concentrations
were detected. This inefficiency can be due tddlcethat the biofilter emitted VOCs
by itself. Nicolai and Janni [11] also observed ttame VOCs can be produced as by-
products of microbial oxidation in biofilters. Itag found that at the end of the whole
biofiltration period, the compost biofilter reledsabout 50 mg C-1) as a constant
VOCs emission concentration measured during 15.ddys emission level is similar
to the VOCs production measured at the final stdg@mposting processes. This fact

must be considered when analyzing the performahe®©g biofilters (calculation of
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operational and design parameters), especiallyarcase where complex gas samples
are treated. On the other hand, during certairogsrihe biofilter clearly was not able to
remove all the VOCs produced during the compogtitngess (i.e. composting AP at 70
h process time, Figure 6). In this case, low rermeffaciencies should be related to the
complexity of VOCs mixture emitted and their vaiidp throughout the composting
process, affecting their elimination in the biailt Removal efficiency reductions were
observed by Kim [29] after interchanging the fegdG5 to the biofilter. According to
this work, it is commonly observed that microorgans exposed to a new substrate
may require a period of acclimation before theyihegal degradation. This fact is of
special interest in the design and operation ofpmsnbiofilters for treating exhaust
gases in composting plants where different wastesreated.

The influence of loading rate on elimination capaand the calculation of the
critical loading rate is shown in Figure 7. Theidgdihe indicates the total elimination of
inlet VOCs, whereas experimental data are indicbyesymbols. For the calculation of
the critical loading rate, experimental points wee¢ermined considering the VOCs
emissions from biofilter itself and assuming theyt were constant with a value of 50
mg C-n?. Efficiencies obtained were highly dependent efwraste composted and of
the type of VOCs emitted during composting. VOCstma during OFMSW (1:1)
composting were removed with efficiencies above $6ftoading rates up to 5 g Cn
biofilter- hi*. However, for OFMSW (5:1) at the same loading,ratgy efficiencies up
to 80% were obtained, indicating that VOCs emitt@ile more recalcitrant to
degradation. For VOCs emitted during biofiltratiminRS, efficiencies above 88% were
obtained for loading rates up to 34.0 g C-biofilter- . However, for ADS exhaust
gases biofiltration at loading rates up to 34.0-gi€biofilter- H* efficiencies lower than

80% were obtained. This fact can again indicatettteacomposition of VOCs mixture
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obtained during the composting of each organic evhas a dramatic effect on the
performance of the biofilter. Finally, efficienciashieved in the biofiltration of exhaust
gases from AP composting were generally lower B8G# except from the first points.
It is probable that this low efficiency is due hetlow inlet VOCs concentration or a
lack of acclimation of microorganisms.

Deshusses and Johnson [30] observed that mostfdtdys reached a maximum
elimination capacity below 50 g C-hbiofilter-H*. In a similar study, a maximum
elimination capacity of 75 g C-frbiofilter- i* was determined by Aizpuru [31],
treating an artificial complex VOCs mixture. Thengoost biofilter studied in this work
obtained a maximum elimination capacity of 1196-gi° biofilter- i* at a loading rate
of 120.8 g C- biofilter- hi* (Figure 7). However, this value can not be defiasé
real maximum elimination capacity for this biofiitd his is due to the fact that
elimination capacity is highly dependent on thdilteved VOCs, which are related to
the composted waste and the composting stage.

More research is needed to determine the effeth@biofiltration process when
treating complex and variable VOCs coming frometé#iht composting processes.
Acclimation of microorganisms to variable air stresa(in composition and

concentration) should be the objective of futureksmn this field.

4. Conclusions
A compost biofilter was operated during two morttieating real gases from a
laboratory scale composting plant. The overall amions from the obtained data can

be summarized as:
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1) Biofiltration of VOCs from exhaust gases of carsfing processes can be performed
achieving different efficiencies depending on theste composted. More sustained
removal efficiencies were obtained in the compastinRS.

2) Significant differences on biofiltration of OFM&(1:1) and (5:1) were detected. The
best results were obtained in the biofiltratioreghaust gases from OFMSW (1:1)
composting. This may indicate that the ratio buikagent:waste affects the VOCs
emitted during the composting process and theimigétion in the biofilter. The
ratio bulking agent:waste should be an importardup@ter to control VOCs
emissions for OFMSW. This parameter will permiteéduce VOCs emissions to be
treated in the biofiltration process.

3) Compost biofilters are emitters of VOCs themsshMpproximately basal emission
of 50 mg C- it was measured. This fact must be taken into acashen
calculating the removal efficiency of a biofilteeating complex samples of VOCs,
and to evaluate the overall performance of theilbeof

4) The highest concentrations of VOCs in the exhgases of composting processes
were detected during the first 48 h of process .tM{@Cs emission during
composting is not generally related to the biolabactivity of the process. The
maximum VOCs concentration emission did not coiasidth the maximum
temperature achieved during composting.

5) Future research lines in this field should bmufed on the identification and
quantification of single VOCs and the differencesrfd in the VOCs profile from

different wastes and composting stages.
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TABLES

Table 1: Properties of composted wastes (wb: wet basisjigbbasis).

OFMSW OFMSW

Parameter RS ADS AP
(5:1) (1:1)

Moisture content (% wb) 46.1 46.7 61.8 62.4 55.0

Organic matter content (% db) 51.5 67.3 57.7 525 9.16

pH 6.9 6.1 7.1 7.6 8.0

Electrical conductivity (mS- ci) 2.7 3.0 1.8 2.1 5.6
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Table 2: Properties of biofilter medium before and after bingfiltration period (wb:

wet basis; db: dry basis).

Parameter Initial  Final
Moisture content (% wb) 40.4 60.8
Organic matter content (% db) 59.7 48.6
pH 8.7 9.0
Electrical conductivity (mS- ci) 3.3 3.9
Kjeldahl-N (% db) 35 3.3
NH4-N (% db) 0.3 0.9
C/N 8.7 6.4
Respirometric index (mg &g OM™-h

1.03 1.82
)
Pressure drop (mm of water) nd* 17

*nd: not

detected
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Table 3: VOCs emissions average (before and after biofjleererage and maximum

and minimum values (in parenthesis) of loading aate elimination capacity and

removal efficiency range for the five composted t@ss

Average VOCs emissions Loading Elimination
Removal
(mg C-nt) Rate Capacity
Efficiency
Before After (g C-m® (g C-m®
(%)
biofilter biofilter biofilter- hi*) biofilter- h%)
OFMSW (5:1) 237 155 9.83 (2.10-28.8) 3.52 (0-16.5) 0-57
OFMSW (1:1) 61.7 50.7 2.56 (0.55-7.95) 0.61 (0-2.90) 0-60
RS 550 110 22.9 (8.20-40.0)18.3 (5.84-31.9) 71-91
ADS 716 192 29.7 (1.85-120) 21.7 (0-117) 0-97
AP 150 100 6.25 (2.20-12.0) 2.29 (0-15.7) 0-82
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Table 4: VOCs emissions during the composting process.

Average VOCs concentration (mg C3m

Process stage OFMSWOFMSW  ADS RS AP
(5:1) (1:1)

Rising to 45°C 426 122 2910 519 463

Above 45°C 612 63 804 771 46

Decreasing from 45°C 229 76 111 197 56
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LEGEND TO FIGURES

Figure 1: Scheme of the pilot scale composting and biafibm system. 1-Composter;
2-Biofilter; 3-Air inlet; 4-Leachates outlet; 5-Terarature probe; 6-Exhaust gas from
composter and inlet biofilter gas; 7-Suction typewer; 8-Oxygen sensor; 9-VOCs
sampling ports; 10-Compost media; 11-Biofilter séingpports; 12-Manometer; 13-

Outlet biofilter gas; 14-Data logger and contradteyn; 15-Personal computer.

Figure 2: VOCs emissions in inlet (solid circles) and ouftgrcles) gas streams of
biofilter, average removal efficiency (squares) &ardperature (solid line) of

composting process of source-selected organiadraof municipal solid wastes (5:1).

Figure 3: VOCs emissions in inlet (solid circles) and ouftgrcles) gas streams of
biofilter, average removal efficiency (squares) &ardperature (solid line) of

composting process of source-selected organiadraof municipal solid wastes (1:1).

Figure 4: VOCs emissions in inlet (solid circles) and ouftgrcles) gas streams of
biofilter, average removal efficiency (squares) &ardperature (solid line) of

composting process of raw sludge.

Figure5: VOCs emissions in inlet (solid circles) and ouftgrcles) gas streams of

biofilter, average removal efficiency (squares) &ardperature (solid line) of

composting process of anaerobically digested wadtvgludge.
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Figure 6: VOCs emissions in inlet (solid circles) and ouftgrcles) gas streams of
biofilter, average removal efficiency (squares) &ardperature (solid line) of

composting process of animal by-products.

Figure 7: Average elimination capacity of the compost Biefifor different loading
rates of VOCs during composting of source-seleotgdnic fraction of municipal solid
wastes 1:1 (solid squares) and 5:1 (solid triangpgsraw sludge (circles), digested
wastewater sludge (triangles down) and animal leghpets (cross). In-box graphic

corresponds to a scale enlargement.
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Figure 1. Pagans et al.
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Figure 2: Pagans et al.
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Figure 3: Pagans et al.
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Figure 4: Pagans et al.
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Figure5: Pagans et al.

VOCs emissions (mg C-'r%)

3500

3000

2500 ~

2000 ~

1500 -

1000 -

500 -

0

0

10 20 30 40 50 60 70 80 90 100 110 120 130

Time (h)

31

100
90
80 &

(O BN
o O

= N w S a1
o o o o o
VOCs removal efficiency (%

o

140

T

T

70

N w S ul (o2}
o o o o o
Temperature (°C)

(=Y
o



Figure 6: Pagans et al.
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Figure 7: Pagans et al.
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