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Abstract

Volatile organic compound (VOC) and ammonia, thattabute to odor
pollution, and methane and nitrous oxide, withrapartant greenhouse effect, are
compounds present in gaseous emission from wastartent installations, including
composting plants. In this work, gaseous emissiiam the composting of raw (RS)
and anaerobically digested sludge (ADS) have beestigated and compared at pilot
scale aiming to provide emission factors and tatifiethe different VOC families
present. Chland NO emissions were higher in ADS composting (0.73 ab8 &g Mg
! sludge, respectively) than in RS composting (kMg sludge for both CiHand
N20). NH; and VOCs emitted were higher during the RS compggirocess (19.37
and 0.21 kg M{ sludge, respectively) than in ADS composting (Gahél 0.04 kg Mg
sludge). Significant differences were found in Y@C compositions emitted in ADS

and RS composting, being more diverse in RS thaB A@mposting.
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1. Introduction

During the mechanical, biological and chemicaltireant of wastewater, large
amounts of sludge are generated. Sludge is riolhganic matter, nitrogen, phosphorus,
calcium, magnesium, sulfur and other microelememitsch makes wastewater sludge a
useful raw material to be composted. In additioth&se elements, sludge can also
contain toxic compounds (heavy metals, pesticidad)pathogenic organisms (bacteria,
eggs of parasites) (Kosobucki et al., 2000).

Composting is a suitable treatment for sewage sldiclgn municipal
wastewater treatment plants (Pagans et al., 2@&aet al., 2007). Due to its high
moisture content, sludge cannot be composted ashudge needs to be mixed with a
dry material that acts as a bulking agent, absgrthie excess moisture and providing
the composting mass with an appropriate degreeraisity for aeration (Sanchez-
Monedero et al., 2001; Tremier et al., 2005). Skudgaracteristics depend on the origin
of the water treated, as well as on the treatnmlavied (especially if the sludge is raw
or anaerobically digested).

Sustainable management of resources, waste mirtionizaznd valorization of
waste have been the common objectives of plans;tdies and regulations in recent
decades. In recent years, there has been a patilvier either in Spain or Europe, of

new waste treatment plants as a result of the Dieed€999/31/EC on the limitation of

VOC: Volatile Organic Compound; RS: Raw Sludge; ADShaerobically Digested
Sludge; OUR: Oxygen Uptake Rate; DRI: Dynamic Redmn Index; GC-MS: Gas
Chromatography-Mass Spectrometry; GHG: Greenhouas; GPME: Solid Phase
MicroExtraction; DVB: Divinylbenzene; PDMS: Polydethylsiloxane; IS: Internal

Standard; DOM: Dissolved Organic Matter



landfill as final destination for organic wastespecially biological treatment plants
(Commission of the European Community, 2008). Havethe social rejection that
this type of facility provokes from citizens is w&hown. In many cases, the problem
regarding organic waste treatment is caused byntdmvenience of the unpleasant
odors released during the biological treatment.

These odors are associated mainly with the emisgibuolatile organic
compounds (VOCs) (e.qg., terpenes, alcohols, ket@udfsir-containing compounds and
amines) and ammonia (Goldstein et al., 2002; Kanadtial., 2004). However, the
discomfort caused by these emissions is often riagry a lack of reliable data from
the existing plants, which could provide objectnaind scientific rigor to this topic. In
addition to VOCs, other compounds emitted duriregdbmposting process are £&hd
N>O, which are considered greenhouse gases (GHGBpwjh composting or
anaerobic digestion are generally considered enwientally beneficial, they can
increase or decrease their benefits dependingeagsociated emissions (Colén et al.,
2012).

Eitzer (1995) and Staley et al. (2006) have per&afstudies that are
particularly relevant for the characterization ofigsions from organic waste biological
treatments. Eitzer (1995) exhaustively determitedviblatile organic compounds
present in the emissions from municipal waste catipg plants and their relationship
to the process. Staley et al. (2006) studied theseom of VOCs from aerobic and
anaerobic processes. This study emphasized theldin to the overall emissions of
the stripping phenomena caused by the forced aaratithe aerobic processes.
Terpenes and ketones were determined as the mastiatt compounds. On the pilot
scale, Pagans et al. (2006b) determined the infRiehthe type of waste in the total

emission of VOCs, comparing certain urban and itvéalsvastes. Komilis et al. (2004)



determined the main VOCs emitted in yard waste astipg (mainly terpenes,
alkylbenzenes, ketones and alkanes), food wasifiedés) acids and alcohols), and the
process stage where the emissions were highen(tipdilic stage). Goldstein (2002)
suggested terpenes, alcohols, aldehydes, volatthedcids, ammonia, and various
sulfur-containing compounds as being mainly resib@$or the odor in composting
plants.

NH3 emissions are related directly to the contennaf@nium, urea and other
organic nitrogen in the biomass. Bleimissions depend on temperature, aeration and the
pH value of the composting material (Hellebrand Katk, 2001).

N>O is emitted during biological nitrogen removalahgh nitrification and
subsequent denitrification (He et al., 2001, Samdlenedero et al., 2001)). In both
processes, nitrous oxide is formed, but a detaifeterstanding of the factors that
produce nitrous oxide emissions is currently migsBecause nitrous oxide has a
greenhouse gas potential approximately 300 timestgr than that of carbon dioxide
(IPCC, 2007), nitrous oxide can contribute strortglyhe carbon footprint of the
composting plant.

CH, is formed as a byproduct of microbial respiratioiseverely anaerobic
environments when carbon is the only electron aocegvailable. Carbon is used as an
electron acceptor when other more energeticallgri@ve electron acceptors, including
oxygen, nitrogen, iron, manganese and sulfur, ive@esm exhausted (Brown et al.,
2008).

The objective of this work was to study and updha&ecurrent knowledge of the
VOC, CH,;, N.O and NH emissions during the composting process for slymigduced
in wastewater treatment plants. To determine teasssions, the two primary types of

sludge currently produced in these plants, anaeatipidigested sludge and raw sludge,



have been composted on the pilot scale with coatiswaeration based on an oxygen
uptake rate (OUR) maximization control. Emissioctdas (amount of compound
emitted per amount of waste treated) are providethe studied compounds. Emission
factors permit the comparison among treatment gseEsewith different inputs and
scales. Special attention has been directed to ¥@Ssions, identifying and

guantifying the main compounds emitted.

2. Materialsand Methods
2.1 Waste composted

The wastes used in these experiments were rawes(iiRlg) from a wastewater
treatment plant located in Manresa (Barcelona,r§@aid anaerobically digested sludge
(ADS) from a wastewater treatment plant locate8abadell (Barcelona, Spain). Both
plants serve a large population (more than 100i0@@bitants) and include
nitrification-denitrification and anaerobic digestiof sludge. In both cases, sludge
samples were taken from the wastewater treatmant pfter the dewatering step
(centrifugation). Sludge was mixed in the labonatwith wood chips as a bulking agent
with a volumetric ratio of 1:3. Air-filled porosityas determined using an air
pycnometer according to previous studies (sped#tails about the methodology can
be found in Ruggieri et al., 2009). The resultsawifilled porosity were 41.8 % and
47.8 % in RS and ADS experiments, respectivelyséhalues are within the range
recommended for an adequate development of the@sting process of sludge
(Ruggieri et al., 2009). Experiments were perforrardhe pilot scale (50 L reactors)
and in duplicate. After collection and mixing, anmageneous sample from both sludge

samples and each mixture was stored at -18 °C tsdx for waste characterization.



The main characterization parameters of the insliadige collected, the
composted mixture and the final products obtaimechfeach experiment are presented

in Table 1.

2.2 Composting pilot plant

The results presented in this study were obtaimetthe pilot scale using two
near-to-adiabatic non commercial cylindrical reegtwith an operating volume of 50 L.
A schematic diagram of the pilot reactor and aitbetalescription can be found in
Puyuelo et al. (2010).

Gas samples were collected in 1-L Tedlar® bag¥f€s, NO, CH, and NH
determination. Also a 250-mL glass gas collectos wsed for samples taken for VOC
composition determination.

The data acquisition and control system consistesh @cquisition chassis
(cDAQ-9172, National Instruments, USA) connected ©C and using LabView 8.6
software (National Instruments, USA). Temperat@® €100 sensor, Desin Instruments,
Barcelona, Spain), exhaust gas oxygen concentr@gtigard, Crown, UK) and inlet
airflow were monitored during the experimentallgid he temperature probe and
oxygen sensor were connected to the data acqguisitiassis. The input and output
electrical signals of the flow meter were conneddctly to the PC through an RS-
232 serial port. All data were recorded and preskmt a graph or in the program
interface from the OUR control.

This control strategy has been presented in Puyetedb (2010). The main
objective of this controller is to obtain an autdimairflow regulation to maximize the
biological activity in the reactor measured as OORIR control permits the

optimization of energy consumption during the pescehile achieving a high degree



of stability in the final product. Briefly, the ctoller works in cycles of 1 hour. The
designed OUR control loop compares the variatiarthé OUR measurements reached
among the successive cycles according to the widiaplied. After completing a cycle,
the oxygen level is revised to avoid percentagésahb % (v/v). If the level is below
this limit, airflow will be increased by 50 %. Ihaadequate oxygen level has been
measured, the next step will be the control loogeldaon the OUR measurement and the
applied flow comparison between two consecutivdesyd-or both parameters, three
situations are possible, i.e., the system detemnirtbe current value is lower than,
higher than or equal to the previous value. Diffi¢@solute thresholds were
established to define the superior and inferiort8rm which the variation of OUR and
airflow can be considered negligible. The limidetect OUR variation was defined as
0.5 % of the maximum OUR achieved in previous expents in the reactor
(approximately 15 g &h™). The range considered for the airflow measuremenas

0.05 L min'. Considering the airflow measurements, the coetrehecks the OUR
variation. Next, the controller determines if thel®variation obtained is linked to an
increase, decrease or a constant airflow. Fromatg@rithm, the system regulates the
necessary inlet airflow to optimize the OUR achdedering the whole process and

ensures the prevalence of full aerobic conditions.

2.3. Sability degree

On the basis of the methodology proposed by Adial. €2006) to assess the
degree of biological stability, the dynamic respoa index (DRI) was measured using
a respirometer (Ponsa et al., 2010). Briefly, thidnination consists of placing 150 g
of sample in a 500-mL Erlenmeyer flask and incuigathe sample in a water bath at 37

°C. A constant airflow was supplied through the glamand the oxygen content in the



outgoing gases was measured. From this assay, BRtetermined as the maximum
average value of respiration activity measuredrdp®i4 hours, expressed in mg

OM ht.

2.4. Determination of gaseous emissions

VOC, CH, and NO analysis was performed by means of gas chronmegibgr
(Agilent Technologies 6890N Network GC system, Ma&dspain) as explained in
Colon et al. (2012).

Ammonia concentration was measured in situ at #seogitlet of the composting
reactor by means of an ammonia sensor (Industciah8fic sensor iTX-T82, Oakdale,
PA, USA) with a measurement range of 0 to 1200 pprhe sensor was placed inside a
hermetic recipient with inlet and outlet holes taidwed gas circulation. The
measurement was taken when the value was stabdin@ag a period of constant flow.
Ammonia was measured just before the water traplled to protect the rest of
measurement devices from moisture avoiding ammmetéation in water eliminated

from the gaseous flow.

2.5. GC-MS detection

A sample from each process was taken daily in a2b@lass gas collector.
VOC characterization was performed using air sasalalyzed by SPME (Solid Phase
Micro Extraction)/GC-MS as previously reported iffetent publications (Davoli et al.,
2003; d’'Imporzano et al., 2008; Orzi et al., 2010).

A manual SPME device with divinylbenzene
(DVB)/Carboxen/polydimethylsiloxane (PDMS) 5036 fiber from Supelco

(Bellefonte, PA, USA) was used. The compounds wdsorbed from the air samples
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by exposing the fiber (preconditioned for 1 h a 2T, as suggested by the supplier) to
the sample in the glass gas collector for 30 miatn temperature. A solution of
deuterateg-xylene in methanol was used as internal stand&id (

VOC characterization was performed using a Gas i@atograph (Agilent
5975C) coupled with a 7890 Series GC/MSD. Volatdenpounds were separated using
a capillary column for VOCs (Agilent TechnologieB1824) measuring 60 m x 0.25
mm with a film thickness of 1.40m. Carrier gas was helium at a flow rate of 0.8 mL
min™. VOCs were desorbed by exposing the fiber in tBeiGection port for 3 min at
250 °C. A 0.75-mm internal diameter glass liner wasd, and the injection port was in
splittess mode. The temperature program was isoiddgor 2 min at 50 °C, raised to
170 °C at a rate of 3 °C nitrand, finally, to 230 °C at a rate of 8 °C fifThe transfer
line to the mass spectrometer was maintained at@3%he mass spectra were
obtained by electron ionization at 70 eV, a mukiploltage of 1379 V and collecting
data over the mass range of 33-300.

Deuterateg-xylene has been used to determine the fiber andiSCesponse
factors for 15 typical compounds emitted in compmsprocesses according to the
literature (Rosenfeld and Suffet, 2004; Scaglialet2011; Suffet et al., 2009). These
15 compounds have been diluted in methanol atahmeoncentration as deuteraped
xylene. This solution (1QL) has been injected into the glass gas collecttir ¥0 uL
of deuterateg-xylene in methanol solution. The fiber had beeposed for 30 minutes
to the resulting solution and injected into the ®G-using the same method as
described above. The area obtained for each condpmasbeen compared to
deuterateg-xylene to determine each response factor. Theo&imketermining these

response factors is to gain the ability to makeoaenconfident quantitative analysis.
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Compounds were identified by comparing their magexa with the mass
spectra contained in the NIST (USA) 98 library.éks-quantitative analysis for all the
identified compounds was performed by direct consparwith the internal standard.
Quantitative analysis was performed foeixylene,n-decane, alpha-pinene, beta-pinene,
limonene, toluene, dimethyl disulfide, hexanalyaitye, cyclohexanone, nonanal,

decanal, eucalyptol, pyridine and 2-pentanone.

3. Results and Discussion
3.1. Process evolution

For each waste composted, temperature, airflong@exygoncentration and OUR
profiles were determined. Figure 1 shows profileallthese parameters for one RS
composting process (replicate RS-, Figure 1a)fandne ADS composting process
(Replicate ADS-II, Figure 1b), representing therftrials carried out.

During the composting of raw sludge, the proceashred thermophilic
conditions before the first day of processing withximum values of approximately 55
°C in both replicates. After three days, the systeturned to mesophilic conditions.
The thermophilic peak matched with the lowest oxygalue and the highest OUR
value and therefore the highest airflow. Accordinghe temperature profile and DRI
values of the final material, in both replicateterafl2 days of processing (Table 1), the
composting process evolution was correct, anditfa product was stabilized.

Regarding the composting of anaerobically digestedge, the anaerobically
digested sludge did not achieve thermophilic com#, reaching maximum
temperatures of approximately 40 °C. Previous stutkported that maximum
temperatures and time maintained in ADS compogtiedower than the same

parameters for raw sludge. Maximum temperaturesheshare related to the initial DRI
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value of the sludge:bulking agent mixture (Geal.e2807). About the stability degree,
as observed in Table 1, the DRI of the initial mmetwas highly similar to the DRI of
both final products, ADS-I and ADS-II, possibly éxining why the maximum
temperature values were notably low, as the DRIunévalues in ADS were already
stable values. This sludge was biologically treditg@naerobic digestion in the original
wastewater treatment plant before the laboratoajescomposting process, indicating
an important stabilization of the organic matted aamoving the potential for a full
composting process. A high proportion of bulkingmig(1:3 v:v) was necessary to
adjust the moisture content, contributing to a lohielogical activity for the mixture.
The entire process evolution is shown in FigureAffter 12 days, the systems returned

to room temperature in both ADS replicates.

3.2 Gaseous emissions

The daily evolution of VOC, ClH N,O and NH emissions for each experiment
is shown in Figure 2. In Table 2, the total emissiof VOC, CH, N,O and NH are
also summarized for each trial in terms of kg ahpound emitted per Mg of sludge

treated.

CH,4 emissions
During the composting process, the main mechangstoring CH emissions is
related to the presence of anaerobic zones. Thereoce of low oxygen zones could
be due to excessive moisture and insufficient ptyras an inappropriate aeration
system strategy (Amlinger et al., 2008; Puyuelal 2010). In this case, moisture
(Table 1) and porosity (41.8 % for RS and 47.8 ¥ADS) were within the optimal

ranges (Ruggieri et al., 2009). Although the aeratiystem (OUR controller) supplied
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sufficient airflow, the presence of a high contehtapidly biodegradable organic
matter could lead to oxygen depletion, thus crgatimaerobic areas in the solid matrix.
This has also been observed in wastes with a ligidly biodegradable matter content
such as food wastes due to compaction effects {ldk, 000). In the RS composting
process, methane is released during the two fags @Figure 2b) at the same time that
the process reaches the thermophilic stage (FipixeThe highest emissions were
detected during the high-rate stage, as has rgdesin described by Ahn et al. (2011)
during dairy manure composting.

Figure 2b shows that the level of methane emitiethb ADS composting
process is 60 times higher than methane emitt&bSiexperiments. In ADS
experiments, methane is emitted during the eigbt lays of processing, possibly as a
consequence of the stripping of £ptoduced in the previous anaerobic digestion
process. The sludge comes from an anaerobic diggstocess and contains a high
quantity of anaerobic bacteria, which can be reatg#d under low oxygen

concentrations to produce methane.

N,O emissions
Temperature, nitrogen content and aeration ratpanameters related to,®

emissions (Hellebrand and Kalk, 2001). Several@sthave shown that the highest
N2O emissions are detected during the initial stefp@fcomposting process (He et al.,
2001), but there is no information, to the besbwf knowledge, concerning the entire
emissions from several types of sludge. Figuren®evs a clear difference observed in
the behavior of BD emissions during RS and ADS composting. EmissadiisS were
produced in the first days of the composting precesADS composting, the maximum

emissions were detected on tie@ocess day. Nevertheless, Fukumoto et al. (2003)
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suggested that temperature inhibits mechanism¥f0rgeneration, and in the case of
RS, maximum BO emissions coincided with the maximum temperatDteing the

first days of ADS composting, low levels of@® were emitted, but from the eighth day,
high N,O concentrations were detected in accordance imoment that ammonia
emission decreases, as also suggested by Fukutmadtd2003). Other authors have
observed that thermophilic temperatures do notrfaitafication process and JO from
denitrification is also observed in the maturattage (He et al., 2000). More research
is necessary to explore the mechanisms and dynarhigsification and denitrification

in composting (Sanchez-Monedero et al., 2001).

NH;3 emissions

NH3; emissions are dependent on C/N ratio, tempergittend airflow
(Hellebrand and Kalk, 2001). In a comprehensiveysabout NH emission from
several highly biodegradable organic wastes, Pagaals (2006a) demonstrated an
exponential trend of Nfemissions during the thermophilic phase of compgst
followed by a steady linear emission at the enthefprocess. This proposed
mechanism was observed for all the wastes studidding raw and digested sludge.
These results are in agreement with those obsénvibe present study (Fig 2d). In
particular, RS ammonia emission profiles obtaimethis study followed a similar trend
in the temperature curve, i.e., the highestMhkhission appeared with the thermophilic
temperatures (Figure 2d). Ammonia emissions arertep to be highest during the first
several days. During ADS composting, two stagesgif emissions were detected (the
second and third days, and the fifth and severgaghing values below the values

detected in RS composting. In this case, initialssians could be due to stripping of
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ammonia produced during the previous anaerobicstiyeprocess, while the second
peak could be more closely related to biologicéivag during the composting process.
It is important to highlight that considering thetiee NH; emissions (Table 2),
RS composting produced 100-fold more emissions th@miDS process.
Regarding the final total nitrogen content, the Al content is higher than
the RS final content (Table 1). However, He e{2001) did not observe a significant
statistical correlation betweern,® concentration in the exhaust gas andy\NNNOs and

total N content in the solid waste.

VOC emission
In Figure 2a, total daily VOC emissions producedrdythe 12 days of

experiments are shown. For RS-1 and RS-II, the rgaireration of VOCs was detected
during the first days of the experiment in the npdslic to thermophilic transition, as
described by Komilis et al. (2004). Other authaagsenobserved similar trends and a
good correlation with biological activity and VO@diodor emissions have been
reported (Scaglia et al., 2011). In ADS-II, no thephilic peak coincided with a VOC
peak; the lowest total VOC emissions were meas{irable 2). In ADS-I (Figure 2a),
a VOC emission peak was observed from days 4which produced an increase in
total emissions, explaining the differences shoetwken ADS-1 and ADS-II in Table
2. Shen et al. (2012) reported VOC emissions of §.€ kg DM' when composting
raw sludge at industrial scale in aerated pileseobng a difference within VOCs
emitted and produced (1.09 g C kg BMValues obtained in the present work are
higher in both RS trials (0.97 and 0.65 for RS &85-1l, respectively) similar in RS-I

to those reported by Shen et al. (2012) as VOCduymexd. The differences in scale
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(pilot vs industrial) and aeration strategy coutdrbsponsible of the differences
observed among values (Pagans et al., 2006a; @bkin 2012).

Smet et al. (1999) reported that VOCs are emittathiyin the first stages of
the process, even in the reception of waste. VO{Sstams have also been related to the
presence of anoxic conditions (d'Imporzano et28)(Q8). According to this study,
VOCs are the products of the anoxic biodegradahahoccurs in the biofilm particle
when oxygen becomes a limiting factor for the agrolidation of the microbial
available substrate, i.e., the dissolved organitané@DOM) (d'Imporzano et al., 2008;
Hamelers, 2004). The oxygen concentration in thiegba biofilm depends on the
oxygen concentration in the free air space, thgeryptake rate to degrade the
substrate and the temperature. Even if the reaeteives sufficient airflow during the
entire process, VOCs will also be emitted. Wheigh DOM concentration exists,
there is also a high OUR, which means a fast copsomof oxygen; consequently, the
presence of oxygen can be limited (Hamelers, 20049.achievement of thermophilic
conditions contributes to the increase in thesessgioms. As Komilis et al. (2004)
described, VOC emissions are related more to psdoesting than to biological
decomposition. Figure 2a shows that the emissionkigher for the raw sludge in both
replicates.

This result confirms that VOC emissions in RS costing are higher compared
with ADS composting because RS composting haslehiQRI, which means a high
content of biodegradable organic matter that ctedd to the occurrence of anaerobic

zones and achievement of higher temperatures dthengrocess.
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Gaseous emissions and process evolution

The composting process can be divided into thiagest depending on the
temperature evolution. The first period beginsat @ of the experiment until the
thermophilic temperature is reached (0 - 1 day®f8). The second stage coincides
with the thermophilic period (1 - 3 days for RS)dahe third period corresponds to the
return to mesophilic temperatures (3 - 12 daysf®). For ADS, the process does not
reach thermophilic temperatures, but the threesstagn also be related to the
temperature reached. The periods for ADS are 8ay3, 3 - 8 days and 8 -12 days.

CH,4 emissions (10 %) in RS composting occurred dutvegfirst period of the
composting process, 49 % in the second period artd /i the third period. In ADS,
CH, was emitted mainly during the second period (528%) CH, emission was
notably high during the first period (35 %) and &vduring the third period (13 %).

N>O emissions during the first period of RS compagtirere 56 %, 40 % during
the second period and 4 % during the third pectehrly related to process
temperature. In ADS, composting the trend is reagerthe NO emissions are only 1 %
in the first period, 54 % during the second peaad 45 % during the third period. In
this case, PO and temperature relationship is not clear enaligfough NO emissions
are not detected during temperature rising.

Only 5 % of the NHemissions in RS composting occurred during the firs
period, 35 % was emitted during the second penabléd % during the third one. For
ADS composting, the trend was again reversed: 48 #e ammonia was emitted
during the first period and 52 % during the secpadod. No emission of ammonia was
detected during the third period of the ADS comimasprocess. This fact can be related
to ammonia emission due to stripping of the amadithis compound contained in

ADS sludge rather than to process biological degjrad.



18

For RS, 11 % of the total VOCs were emitted duthmgfirst period, 48 % were
emitted during the second period and the 41 % theelast period. For ADS, 45 % of
the total VOCs were emitted during the first peridd % during the second period, and

12 % of the VOCs were emitted during the third peri

3.3. VOCs characterization by SPME/GC-MS

VOC emissions and composition were characterizeHRME/GC-MS. The
main objective was the identification of a largemer of compounds emitted during
the composting process. To simplify the discussiidCs have been classified as
belonging to the following chemical families: ala, esters, furans, ketones, aliphatic
hydrocarbons, aromatic hydrocarbons, nitrogen-aoimig.compounds, sulfur-
containing compounds and terpenes.

According to Eitzer (1995), most volatile organangoounds in aerobic
composting plants are emitted at the early stafjpsogcessing, i.e., at the tipping floors,
at the shredder and at the initial active compgstagion. This result agrees with our
study in the sense that the number of compoundsidet during the process decreased
from the thermophilic phase to the end of the costipg process (see supplementary
information, Figure S1).

Certain of the observed VOC families (alcoholspkets, aliphatic
hydrocarbons, nitrogen-containing compounds, atfdrscontaining compounds) were
extensively degraded during the biological proaeste other VOC families did not
show any measurable reduction as a consequenke obmposting process because
they are xenobiotic compounds, such as certain airornydrocarbons or halogenated
compounds, or other carcinogenic products, su¢traas (Scaglia et al., 2011). In our

study, halogenated compounds were not found ddan@@ntire process. However,
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furans or aromatic hydrocarbons were emitted atdomcentrations all during the
process, most likely as a consequence of stripping.

The total percentages of each VOC family emittedsaimmarized in Table 3.
VOC percentages detected for each sludge type @& RBS) are highly different
although, in almost all cases, terpenes are the YDy most emitted (except in
ADS-I experiment). Terpenes have been describdéideamiain compounds responsible
for odorous pollution at composting treatment ilations (Staley et al., 2006). Low
pH values achieved and maintained for prolongetgsihave been related to odors in
food waste composting (Sundberg et al., 2013). iBhi®t the case in sludge
composting were pH is maintained around neutratlitmms. RS terpene percentages
are almost twice the percentages found in ADS catipg, possibly because ADS
underwent a previous anaerobic digestion processterorganic matter was
extensively degraded.

A guantitative analysis has also been carried ailt some specific and typical
VOCs emitted during a composting process. Fiftgpical compounds have been
identified, but only 10 of these compounds havenldeand in these composting
processes. These 10 compounds and their amourdararearized in Table 4 with the
remaining five compounds not found. Table 4 shdvas the three terpenes that were
guantified are alpha- and beta-pinene and limonEne.amounts of these three
terpenes emitted are notably similar for each &mal sludge type, with alpha-pinene the
main terpene being detected in RS-I. Limonene watted in amounts similar to
alpha- and beta-pinene, much higher in RS tharD8 ALimonene is related to the
fruity or citrusy sensorial experience (Suffet let 2009). Buyuksénmez and Evans
(2007) reported that terpenes are more closelyectta the material used as a bulking

agent than to the main waste composted and thegaal process. Pagans et al.
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(2006b) concluded that the bulking agent ratio (vobips:sludge) affects VOC
emissions during the composting process and theimation by biofiltration. High
ratios of bulking agent, as is the case in sludgeposting, could therefore lead to high
emissions of terpenes (Pagans et al., 2006b). Aowpto other authors (Eitzer, 1995),
terpenes could also be produced as an intermadi#ite aerobic metabolism. The
maximum concentrations measured for alpha- andfe&ne and limonene during the
composting process were 49 mg (RS-11), 10 mg it (RS-1) and 4.2 mg i (RS-11).
These concentrations are above the odor thresbptited by Tsai et al. (2008) (Table
4). During several hot spots in the process, tlhralusuman nose would therefore smell
these compounds. In the entire ADS composting g9e® amount of terpene
emissions passed the odor threshold (Table 4).

The less abundant families were furans and edEsters are present only during
the RS composting process but at a very low peagent0.02 % maximum, Table 3). In
the ADS composting process, esters have not beew foFurans, mainly represented
by 2-pentylfuran, have been reported to be toxecrmay be carcinogenic, but they are
naturally based compounds that could be foundum (Bcaglia et al., 2011). This type
of molecule is related to grassy, woody and smalore (Suffet et al., 2009).

Regarding alcohols, Scaglia et al. (2011) repattetithese compounds are
emitted mainly during the first biostabilizatiorage when oxygen could be a limiting
factor, due to the high level of microbial activilyhis information agrees with the RS
process, where alcohols were emitted mainly duthedfirst half of the process and
practically disappear in the last days. In the Addposting process, the
semiquantitative analysis (Table 3) indicates thatpercentage of alcohols was higher
than in the RS composting process (13 — 24 % ws1l¥ %), most likely due to a lower

total emission in the ADS process, where very fe@0g have been detected.
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Acetone and various cycloketones mainly represenkétone family. These
compounds could be produced by oxidation of alcghehich could explain why
ketones have not been found in the ADS compostioggss where the presence of
alcohols was also very low. Cyclohexanone and 2gpeme have been quantified but
have been found only in the RS composting proceesvaconcentrations, being found
at higher concentrations in RS-l (Table 4). Thesmpounds are associated with
wastewater, municipal solid waste, and compostioggsses. Cyclohexanone and 2-
pentanone are common air and water contaminantse(Reld and Suffet, 2004).

Nitrogen-containing compounds are represented bgipg, a product related to
a putrid odor (Suffet et al., 2009), and acetamid@ch can be derived from acetic
acid. Pyridine has been quantified and has appeargdn RS composting with higher
emissions in RS-1I (Table 4). The analysis indidateat a high percentage of VOCs
emitted in ADS composting corresponded to nitrogentaining compounds (15 to 24
%), while for RS, this family only accounted fo08.%. As it occurred with alcohols, a
high percentage in the analysis is indicative efgihoportion of the compound in the
emissions.

Dimethyl sulfide and dimethyl trisulfide have besgtected as the main sulfur-
containing compounds. These emissions are relatsersorial experiences, such as
rotten eggs, rotten vegetables or garlic (Suffeil.e2009). The semiquantitative
analysis indicates that this family represents apprately 8 % of the total VOC
emissions in the RS composting process and 5 — ihltB& ADS process. Dimethyl
disulfide has been quantified (Table 4) in allloé trials. This compound is formed
when sulfur is used as an electron acceptor (Aralieg al., 2008) and is a very
common sulfur emission from biological decompositpyocesses in general. The

presence of these compounds can be indicativeegirgsence of CHAmlinger et al.,
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2008). This observation pertains to the ADS, butthe RS, where the peak emission of
dimethyl disulfide occurs when methane emission® laready ceased.

Dimethyl disulfide emissions are higher in RS costpg than in ADS
composting (0.08, 0.1 and 0.0002, 0.001 kg of diyledisulfide emitted Mg of
sludge treated, respectively). For both cases, ttliyhdisulfide is the single volatile
organic compound that is most emitted. This higlell®f dimethyl disulfide emissions
could be due to the reduction of sulfur to hydrogeliide during the anaerobic
digestion process. The maximum concentration oktlyl disulfide detected during
the composting process was 0.052 mgyimRS-II, much higher than the reported odor
threshold (0.0088 mg ). All of the samples analyzed by GC-MS from alkioé
experiments carried out were above the odor thidstadue.

The aliphatic hydrocarbon family is represented/ésrous large alkanes, such
as bicyclo[3.1.1]heptane, 6,6-dimethyl- or 2,2 ,8,8,8-heptamethylnonane. The
percentage detected over the entire profile of \&@ssions is very low for the RS
composting process (0.1 - 0.4 %). In the ADS cortipg$rocess, aliphatic
hydrocarbons represent a significant percentagel® %) of the total VOC emissions,
possibly because of the overall low VOC emissions.

Aromatic hydrocarbons have been found in all theeexments. Toluene and
different derivatives of methylbenzene are the naaomatic hydrocarbons found. The
sensorial experience related to these compoursisii&ar to that of dark viscid
substances obtained by the destructive distillatioorganic matter such as coal, wood,
or peat (Suffet et al., 2009). In all experimestaniquantitative analysis indicates that
the aromatic hydrocarbon percentage is below 6(3&ble 3), these compounds are
emitted during the entire process. The aromaticdoatbons that have been quantified

arem-/p-xylene, styrene and toluene. Styrene anfp-xylene have been found only in
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the RS composting process, but toluene has be@wl fiolboth cases, higher in ADS
composting (Table 4). Toluene is usually foundighltoncentrations in terms of mg
per dry kg of initial substrate during any compagtprocess (Komilis et al., 2004).
Styrenem-/p- xylene and toluene maximum concentrations arenptie odor
threshold reported by Tsai et al. (2008).

Regardless the family of VOC considered it is ckbat the emission of VOCs
in sludge composting presents an inherent vartgpbbeing more noticeable when the
overall emissions are lower as in the case of AES.this reason, it is strongly
recommended to perform replications in these stuaisewell as to work in a process

scale that allows improving the precision of thbaxst gas emissions measurement.

4. Conclusions

Emission factors have been calculated for VOC,,@HH; and NO during RS
and ADS composting under OUR aeration control. V@dgilies in emissions have
been identified and quantification of main compasipdrformed. Ckland NO
emission factors were higher in ADS than in RS costipg while reverse tendency has
been observed for NfHand VOC, mainly responsible of odor pollution. gemes are
the VOC family dominating emissions during the enfprocess.

This study provides relevant information for exsiagas treatment equipment
and highlights the importance of conducting repiarzs to obtain reliable data on

composting emissions.
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Figure Legends

Figure 1. Evolution of temperature, airflow, OUR profilecaoxygen percentage. Due
to the similarity of temperature, flow, oxygen aDtR profiles, only one graph is
shown for the RS composting process (a) and anédhéne ADS composting process

(b), representing the four trials carried out. Ledyen Fig 1la is the same for Fig 1b.

Figure 2. Daily emission factors (kg of compound Mgeated sludge) evolution of
VOCs (a), CH (b), N.O (c) and NH (d) for RS-I, RS-1l, ADS-1 and ADS-II. In the
case of Figures 2b, 2c and 2d, the left axis cpords to ADS composting emissions

and the right axis corresponds to RS composting&oms.
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Table 1. Characterization of the initial RS and ADS, thextmie with bulking agent and final products obtalradter 12 days of experiment

(RS-1 and RS-II: duplicates for raw sludge compagtiADS-1 and ADS-II: duplicates for anaerobicalligested sludge composting)

Organic DRI* Total Organic Total Nitrogen .
Material Dry Matter M gtter (mg O, g* OM Car bgn Kj eldahlg pH Conductivity

(%, db*) h) (% db) (% db) (us/cm)

Raw sludge 21.1+0.2 80.2+0.1 52+0.9 72+9 .2 830.2 7.02 1299

Mixture RS- bulking agent 95.7+0.9 16380 74+ 4 24+04 7.02 968

RS-I (Final product) 94 +2 1.07 £ 0.02 72 + 2.98 £ 0.02 8.78 1065

RS-II (Final product) 94 + 2 0.50 « 0.06 78 29+01 8.99 1322
A”aerog'lﬁf‘j'&d'geﬁed 17.1+0.1 70.3+0.5 12+0.1 69 £ 6 7+1 794 153

Mixture ADS- bulking agent 85+3 0.56 + 0.04 706 55+0.3 7.95 943
ADS-I (Final product) 28.8+0.7 85+1 0.43 +0.07 63+9 22+0.4 8.24 1067
ADS-II (Final product) 30.2+0.8 85+1 0.55 +0.03 65+3 2.95+0.04 8.19 1084

*OM: Organic Matter; wb: wet basis; db: dry badi}I: Dynamic Respirometric Index.
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Table 2. Emission factors of VOCs, GHN,O and NH (kg of compound emitted Mgof

sludge treated). (RS-1 and RS-II: duplicates, rdmdge composting; ADS-I and ADS-II:

duplicates, anaerobically digested sludge compgstin

Trial VOCs CH4 Nzo NH;

RS- 2.1E-01 1.4E-02 6.4E-03 8.71E-01
RS-II 1.4E-01 1.2E-02 2.7E-03 2.8E-01
ADS-I| 4.3E-02 7.3E-01 5.6E-01 4.8E-03

ADS-II 2.3E-02 8.3E-01 4.9E-01 3.5E-03
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Table 3. Percentages of different VOC families emitted dgitime four processes studied (RS-1 and RS-II: dap#s, raw sludge composting;

ADS-I and ADS-II: duplicates, anaerobically digestdudge composting)

Nitrogen- Sulfur-
containing  containing Aliphatic Aromatic
Ketones Compounds Compounds hydrocarbons hydrocarbons

Trial Terpenes Furans Esters Alcohols

RS- 72.0 0.11 0.00 8.90 4.16 0.06 11.1 0.37 3.27
RS- 64.3 0.07 0.01 15.1 5.14 0.03 11.4 0.13 3.78
ADS-I 24.9 0.17 0.00 4.42 0.17 37.6 16.4 8.35 7.95
ADS-II 33.4 11.3 0.00 22.9 0.00 6.50 6.95 13.2 5.79




Table4. Total emission of quantified VOCs (kg of compotemditted Mg" of sludge treated (RS-I and RS-II: duplicates, shwdge

composting; ADS-1 and ADS-II: duplicates, anaerabiicdigested sludge composting)

33

kg of Compound Dimethvl m-/p-
Mg™ of sludge alpha-Pinene  beta-Pinene Limonene Cyclohexanone 2-Pentanone  Pyridine di If'dy Xl b Toluene Styrene

treated isulfide ylene
RS- 6.4E-03 4.4E-03 7.2E-04 1.8E-04 0.0E+00 5.9E-05 1.0E-01 1.5E-04 7.1E-06 3.7E-05
RS-II 1.4E-02 1.4E-03 1.2E-03 3.6E-04 8.4E-04 2.5E-04 1.5E-01 3.8E-05 0.0E+00  5.9E-05
ADS-I 4.3E-05 3.8E-05 1.3E-05 (185 0.0E+00 0.0E+00 1.9E-03 0.0E+00 2.8E-05 0.0E+00
ADS-II 1.2E-05 0.0E+00 6.3E-06 0.0E+00 0.0E+00 0.0E+00 2.9E-04 0.0E+00 3.9E-05 0.0E+00
Maximum 4.9E+01 1.0E+01 4.2E+00 1.4E+00 5.4E+00 1.2E+00 5.2E+02 5.4E-01 3.1E-01 2.9E-01

concentration

emitted (Mg ri?) (RS-11) (RS-I) (RS-II) (RS-II) (RS-II) (RS-II) (RSB (RS-I) (RS-I) (RS-II)
O‘]("r;r;%eg;ho'd 3.9E+00 3.9E+00  2.5E+00 ; ; ; 8.8E-03 2.2E+00 5.9E+00 6.2E-01

* Tsal et al. 2008
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Figure 2
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