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Resum

El creixement econdmic mundial viscut durant la segona meitat del segle XX, ha
provocat un gran increment en la generacié de residus. Es per aixd que les darreres
politiques europees defineixen l'objectiu de tractar un minim del 50% dels residus
municipals mitjancant el reciclatge abans de I'any 2020. En el cas dels residus organics
biodegradables, aquest reciclatge o valoritzacié s’aconsegueix principalment mitjan¢ant
processos biologics com el compostatge i la digestié anaerdbia. L’actual escenari europeu
pel que fa a instal-lacions de valoritzaci6 de residus organics i 'aparicié d’aquestes noves
politiques, fan pensar en una futura proliferacié d’instal-lacions, entre les quals hi haura

una gran quantitat de plantes de compostatge, que permetin assolir I'objectiu fixat.

Davant aquesta futura proliferacié d’instal-lacions de compostatge (i de tractament
de residus en general) caldra tenir en compte els impactes ambientals associats al propi
procés, entre els quals destaquen les emissions gasoses derivades de la degradacid
biologica de la materia organica. Entre els compostos gasosos presents en aquestes
emissions cal destacar el meta, 'amoniac, I'0xid nitrés i els compostos organics volatils
(COV). D’aquests compostos, el meta i '0xid nitrés sén considerats gasos d’efecte
hivernacle, mentre que I'amoniac i els COV sdn els principals causants de les males olors

associades a aquestes instal-lacions de tractament.

El Grup de Recerca en Compostatge (GICOM), en el que s’ha desenvolupat aquesta
tesi, té una amplia experiencia en l'estudi del compostatge, ja sigui a nivell del propi
procés, del seu control o de les seves emissions a escala industrial. Tanmateix, en els
darrers anys s’ha iniciat una nova linia de recerca dins el grup per explorar el potencial
de la fermentacié en estat solid (SSF) com una altra via de valoritzacié6 material de
residus, habitualment industrials, amb l'objectiu d’obtenir productes de valor afegit
(enzims, biopesticides, biosurfactants, etc.) a partir de residus. Aixi doncs, en aquesta tesi
s’ha volgut aprofitar 'amplia experiencia en compostatge del grup de recerca per tal
d’aprofundir en el coneixement de les emissions gasoses derivades dels processos
biologics de valoritzaci6 material de residus solids organics, determinant els factors
d’emissié per COV, CHas, N20, NH3 i caracteritzant, per identificacié i quantificacio, els COV

emesos durant el tractament de diferents residus a escala pilot.

Per assolir aquest objectiu genéric, s’ha posat en marxa un metode d’identificacié i
quantificaci6é dels COV mitjancant la cromatografia de gasos acoblada a I'espectrometria
de masses i s’han estudiat les emissions de COV d’un procés de compostatge

convencional sota diferents estrategies d’aeraci6 del procés. D’aquesta manera es



defineixen dos aspectes metodologics que permetran continuar la recerca d’aquesta tesi,
I'estrategia de procés, per una banda, i la metodologia de presa de mostra i analisi dels
gasos per l'altra. A partir d’aquesta base metodologica es procedeix a analitzar,
quantitativament i qualitativa, les emissions derivades del procés de compostatge de
residus d’origen urba com poden ser els fangs d’EDAR, frescos i digerits, o bé la Fraccid
Organica dels Residus Municipals (FORM). En aquest darrer cas, comparant el
desenvolupament del procés de compostatge de la FORM separada selectivament i dels
Residus Solids Urbans no separats selectivament amb les emissions que se’n deriven,
aixi com determinant la contribucié de la fusta utilitzada com a agent estructurant a les
emissions del procés. Finalment, s’han estudiat també les emissions associades a la
valoritzaci6 material de residus més especifics com son la pela de taronja, el residu de
pel i el residu de winteritzacié amb l'objectiu de produir diferents enzims a través de la

SSF.

El treball realitzat, a banda de linteres cientific que queda reflectit en les
publicacions en revistes d’alt impacte en el camp de I'Enginyeria Ambiental que
conformen aquesta Tesi, aporta al Grup de Recerca una millor experiéncia en el
tractament de diferents residus a escala pilot. Es considera també important
I'establiment d’'una metodologia a aplicar en els processos que es duguin a terme a la
planta pilot del Grup, que permet quantificar les emissions de CHs, N20 i NH3, determinar
qualitativament les emissions de COV i quantificar-ne els més habituals. Aquest darrer
punt, permetra que a partir d’ara es pugui afegir la caracteritzaci6é de les emissions als
processos de valoritzacié material en planta pilot que es facin al Grup de Recerca,
aportant una dada important pel que fa a 'impacte ambiental del procés i als necessaris

tractaments d’aquestes emissions.



Abstract

World economic growth during the second half of the XX century has caused a great
increase in waste generation. This fact has been reflected in European policies which
define the objective of recycling, at least, 50% of municipal waste before 2020. In the
case of biodegradable organic wastes, this purpose can be achieved mainly through
biological treatments such as composting and anaerobic digestion. In order to achieve
the proposed target, the current European scenario in terms of organic waste
valorisation facilities and the emergence of these new policies, suggest a future
proliferation of biological treatment facilities, among which there will be a lot of

composting plants.

Given this upcoming proliferation of composting facilities (and waste treatment
plants in general), the environmental impacts associated with the composting process
must be taken into account, paying special attention to gaseous emissions resulting from
biological degradation of organic matter. The main contaminants in these emissions are
methane, ammonia, nitrous oxide and volatile organic compounds (VOC). Methane and
nitrous oxide are considered greenhouse gases, while ammonia and VOC are the main

cause of odours associated with these treatment facilities.

The Composting Research Group (GICOM), where this thesis has been developed,
has a wide research experience in composting, either studying the biological process
itself, process control or process gaseous emissions at full scale. Besides, in recent years
GICOM has started a new research line exploring the potentiality of solid state
fermentation (SSF) as another way to valorise organic wastes, commonly from industrial
processes, with the aim of obtaining value-added products (enzymes, biopesticides,
biosurfactants, etc.). In this thesis the research experience of the group has been used to
analyse in depth the gaseous emissions from biological valorisation processes of solid
organic wastes, determining emission factors for VOC, CHs, N2O, NH3 and characterizing,
by identification and quantification, VOC emissions during the treatment of different

wastes at pilot scale.

To achieve this overall objective, a methodology to identify and quantify VOC by gas
chromatography coupled to mass spectrometry has been set-up. Also, VOC emissions
during a conventional composting process under different aeration strategies have been
studied. Thus, two methodological issues essential for the development of this thesis
have been defined on one hand, the process strategy and on the other hand, the gaseous

emission sampling methodology and analysis. From this methodological basis, gaseous



emissions from the composting process of urban wastes, such as WWTP sludge, either
raw or digested, and also de Organic Fraction of Municipal Solid Wastes (OFMSW) have
been analysed, quantitatively and qualitatively. The OFMSW composting process and its
emissions have been compared to non-source selected Municipal Solid Wastes (MSW).
Also, the contribution of wood chips (used as bulking agent) to the composting process
emissions has been determined. Finally, the emissions associated to the material
valorisation of specific wastes such as orange peel, hair wastes and residue of
winterization in order to produce various enzymes through SSF, have also been

studied.

In addition to the scientific interest of this thesis, which is reflected by the papers
published in high impact journals in the field of Environmental Engineering, it increases
the research group know-how on the treatment of different wastes at pilot scale. The
definition of a methodology for gaseous emissions determination that can be
implemented in future experiments performed in the GICOM pilot plant is also relevant.
This methodology will allow the quantification of CHs4, N2O and NHj3, the qualitatively
determination of VOC emissions and the quantification of the most commonly found
compounds. This last point will permit to include data on the emissions of the material
valorisation processes carried out in the research group pilot plant, reporting valuable
information on the environmental impact of the process also useful in the design of the

required emissions equipment.
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Capitol 1: Introduccio

A continuacié6 es descriu la problematica del tractament de residus i les emissions que

, . . . Lo (b
se’n deriven dins del continent europeu i més concretament a Catalunya. Després d’'una
breu descripcié del procés de compostatge i dels processos de valoritzacié6 material de
residus organics per a l'obtenci6 de productes d’aplicacié industrial, s’expliquen les
emissions a I'atmosfera d’aquests processos i es detallen les conseqiiencies, la procedencia

i la bibliografia referents als contaminants estudiats en aquesta tesi.






Introduccié

1.1 Gestio actual dels residus a la UE

El creixement econdmic mundial viscut durant la segona meitat del segle XX, que
implica 'augment de la producci6 i 'aparici6é de la societat de consum, ha provocat un
gran increment en la generaci6 de residus. Principalment els Estats Units i gran part del
continent europeu van protagonitzar 'inici d’aquesta tendencia. En les darreres décades,
poténcies mundials de 'Asia i d’América del Sud han experimentat, també, un enorme
creixement economic lligat de nou a un enorme creixement en la generacié de residus

(EEA, 1995).

S’estima que a Europa es produeixen anualment més de 300 milions de tones de
residus municipals i més de 850 milions de tones de residus industrials. Des de 1985 la
taxa mitjana anual d’augment de generacié de residus s’ha estimat al voltant del 3 %.
Aquesta gran quantitat de residus generats per la societat, cal gestionar-la de forma
correcta per tal de minimitzar el seu perjudici pel medi ambient. La gestié descontrolada
d’aquests residus ha causat, entre d’altres, nombrosos casos de contaminaci6 de sols i
aiglies subterranies, aixi com amenaces a la salut de la poblacié que hi esta exposada (EEA,

2003).

Es per aixd que la gestié sostenible dels recursos, la minimitzacié de residus i la seva
valoritzaci6é han estat els objectius comuns dels plans, directives i regulacions de la Unié
Europea en els darrers anys. El principal objectiu d’aquestes politiques és reduir els
impactes ambientals generats pels residus durant el seu cicle de vida, des de la producci6
fins a la seva valoritzacié o disposici6 final. Concretament, la Directiva 1999/31/EC limita
I'abocador com a desti final dels residus biodegradables, establint I'obligacié de tractar-los
préviament mitjancant processos com son l'estabilitzacié aerdbia o anaerdbia. L’objectiu
final d’aquesta Directiva és reduir la quantitat de matéria organica destinada a diposit
controlat, derivant-la cap a processos de valoritzaci6 com el compostatge o la digesti6
anaerobia. Posteriorment, la Directiva 2008/98/EC va establir el marc legislatiu per a la
gestié de residus a la Unié Europea, aixi com I'obligaci6 de tractar els residus de manera
que no tinguin cap impacte negatiu sobre el medi. Estableix també una jerarquitzacié de
les diferents opcions de gestié dels residus, de més a menys prioritaria: prevencié de la
generacié de residus, reutilitzacio, reciclatge, altres aprofitaments (principalment,
valoritzacié energetica) i, com a ultima opcio, la disposici6 final. Aixi doncs, Europa aposta
per I'Gs eficient dels recursos i entén la gesti6 dels residus com un dels pilars de la societat

actual (Comissié Europea 1999ai 2008).
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A Catalunya, actualment, s'implementa la Directiva 2008/98/EC a través del pla
PRECAT20 que parteix dels balangos dels anteriors programes de gesti6 de residus i de la
diagnosi de la situacié actual per a I'establiment de nous objectius i actuacions relatives al
periode 2013-2020 (ARC, 2014). Aquest model de gestio, es configura conceptualment en
el marc de I'economia circular: partint de la prevencio6 de residus com a principi prevalent,
es busca maximitzar la valoritzacié6 material dels residus per convertir-los en recursos
assimilables per a les estructures productives. La valoritzacié energetica (ja sigui per
incineracié o mitjancant altres opcions com la pirolisi o la gasificacié encara no prou
explotades a nivell industrial) només es contempla en aquells casos en que el reciclatge
material no és viable des d'un punt de vista tecnic o d’eficiéencia economica, pero es
considera prevalent davant la destinacié a diposit controlat. Aquest pla pretén reduir les
necessitats de tractaments finalistes, entesos com a destinacidé dels fluxos residuals del
propi model de gestid, i aixi minimitzar I'impacte de les operacions d’eliminacié, tal com
marca la darrera directiva europea (Comissié Europea, 2008). Un dels objectius especifics

del PRECAT20 és que abans del 2020:

“La quantitat de residus domeéstics i comercials destinats a
preparacié per a la reutilitzacié i reciclatge per a les fraccions de
paper, metalls, vidre, plastic, biorresidus i altres fraccions reciclables

hauran d’assolir, en conjunt, com a minim el 50 % en pes.”

M Residus de paper i cartré
W Residus de vidre
Residus de plastic
M Residus metal-lics
M Residus organics biodegradables
5,8%  mResidus quimics diversos ' residus de reaccié
M Residus de fusta
W Hidrocarburs i residus carbonosos
¥ Pneurratics
® Residus minerals i escbries
M Residus téxtils
M Dissolvents usats
Residus acids, alcalins i salins
% Cendres iresidus de rentat de gasos
24,0% Residus de pintLres, tintes, toners i adheisus

1 Amiant

Altres residus

03% R 03%_2,0%

Figura 1.1 Percentatges dels diferents residus generats I'any 2012 a Catalunya (ARC, 2014).

Durant el 2012 es van generar en total a Catalunya 10,4 milions de tones de residus,

un 53.9 % de les quals van ser valoritzades. A la Figura 1.1 es poden observar els

4
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percentatges de les diferents tipologies de residus generades. En majors quantitats es
poden destacar, el 34.4 % dels residus minerals i escories, el 24 % de residus organics
biodegradables, 8.5 % de residus de paper i cartro, 5.8 % de residus metal-lics i el 2.9 % de

residus de plastic (ARC, 2014).

De manera general, en el periode 2007-2012 es va produir una caiguda mitjana del 50
% en la generacio6 de residus, que va des del 76 % en el cas dels residus de la construccié
fins al 33 % pels industrials i el 13 % pels municipals (ARC, 2014). Aquestes reduccions
constaten l'assoliment dels objectius de prevencid establerts en els respectius programes
de gestid. Perd aquesta disminucié és conseqiiéncia, principalment, del context
socioecondmic viscut en els darrers anys, amb l'esclat de la bombolla immobiliaria i la
davallada de poder adquisitiu de molts ciutadans. En la Figura 1.2 s’observa I'evoluci6
mitjana del PIB i de la generacié de residus d’embalatge en els 27 paisos de la Uni6
Europea, evidenciant la clara relaci6 entre la conjuntura socioecondmica i la generacié de

residus.

106
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Figura 1.2 Evoluci6 del PIB i de la generaci6 de residus d'embalatge a la UE (EEA, 2012).

Pel que fa a la separaci6 en origen i valoritzacio, es constata certa disparitat en el seu
grau de consecuci6 durant aquest periode, tot i que, en general, la tendéncia ha estat
positiva. Cal tenir en compte que la valoritzacié dels residus és més senzilla, barata i

efectiva si les diferents fraccions s’han separat selectivament en origen. Per aixo, un dels
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objectius de les politiques de gesti6 de residus a Catalunya dels darrers anys, motivat per
les directives establertes a nivell europeu, ha sigut la implantacié d’'un model de recollida
selectiva dels diferents residus municipals. El percentatge de residus separats en origen
s’ha gairebé doblat en 10 anys, passant del 20 % l'any 2002 al 39 % l'any 2012. En la
Figura 1.3 s’observa la distribuci6 dels residus separats selectivament d’origen municipal i
el percentatge que representa la fracci6 resta, els residus no separats selectivament en

origen, del total de residus generats (ARC, 2014).

Fraccio6 Resta
61,0%

Altres residus a
deixalleries+REPQ
0,7%

RUNES
RAEE ' Materia organica
10,3%

Vidre Paper/cartré \-Poda

Voluminosos, piles,
4,5% 8,5% 2,7%

medicaments i téxtil Envasos
4,8% 3,6%

Figura 1.3 Distribucié dels residus separats selectivament (ARC, 2014).

Durant el mateix any, la composici6 de la bossa tipus de residus en la societat catalana
és la que es mostra a la Figura 1.4, on la fraccié organica de residu municipal (FORM)

representa un 37 %.

B Matéria Organica
B Paper i cartré
B Vidre

Envasos lleugers

o Altres

Figura 1.4 Bossa tipus de la societat catalana I'any 2013 (ARC, 2014).
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Per tant, hi ha una part important de fraccié organica no separada selectivament que
dificulta la recuperaci6 de materials reciclables presents a la resta alhora que en minva la
qualitat, a causa de l'elevada humitat de la fraccié organica. D’altra banda, separant la
FORM en origen, es pot obtenir un compost d’alta qualitat de manera que, mitjancant el
compostatge, es converteix un residu en un producte valuds per a I'activitat agricola del
pais. Aixi doncs, en no separar selectivament, no només es malmet la recuperacié de
materials reciclables, sind que es perd matéria organica que podria ser valoritzada. A
Catalunya, partir de I'any 2009, el tractament de la fraccid resta en plantes de tractament
mecanic-biologic (TMB) s’incrementa de forma molt important. Historicament, la fracci6
resta ha estat destinada a diposits controlats o a incineradores, pero des de fa uns anys, i
en aplicaci6 dels requeriments legals, la fracci6 resta ha de ser destinada a un tractament
previ a la seva disposicid, amb 'objectiu de maximitzar I'aprofitament de recursos que
aquesta fracci6 resta encara pugui contenir, aixi com per reduir l'impacte dels rebuigs
resultants d’aquest tractament quan siguin dipositats o incinerats. En les plantes de
tractament mecanic biologic se separa la fracci6 resta en fraccions reciclables, com els
plastics i la materia organica que es destina a bioestabilitzaci6é aerobia, permetent aixi la
valoritzaci6é de part d’aquesta matéria organica. Aquest augment sobtat a partir de I'any
2009 es pot observar a la Figura 1.5 (ARC, 2014), on es presenta I’evoluci6 en percentatge
de la quantitat de fracci6 resta sotmesa a TMB, incineracié i diposit controlat respecte la

seva distribucié I'any 2007.
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Figura 1.5 Evolucié percentual dels diversos destins de la fracci6 resta a Catalunya (ARC, 2014).
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Aixi doncs, el tractament de la fracci6 resta es distribuia 'any 2012 tal com

s’observa a la Figura 1.6. Segons el PRECAT20 un 22.2 % del total de matéria organica

generada es tracta biologicament, sumant el 10.3 % de la matéria organica recollida

selectivament i la part de materia organica present al 50 % de la RESTA destinada a

tractament mecanic biologic (Figura 1.6). Aquest 22.2 % al 2012, encara queda lluny del

60 % que s’ha marcat com a objectiu pel 2020. Aixi doncs, malgrat 'augment generat en

TMB 50%

Figura 1.6 Distribucid dels destins de la fracci6 resta

I'any 2012 (ARC, 2012).

Incineracio
11%

pocs anys (la fracci6 resta
destinada a TMB l'any 2011 era
només el 35.7 %) caldra seguir-hi

treballant (ARC, 2014).

Com a conseqiiéncia directa
de les politiques comentades
anteriorment, en els darrers anys
han proliferat les plantes de
tractament biologic de residus a la
majoria de paisos industrialitzats.

En la Figura 1.7 s’observa

l'augment del reciclatge i el compostatge com a tractament per als residus generats a

nivell europeu. Perd segons la Unié Europea, la disposicié actual i la capacitat de

processament dels residus generats probablement no és suficient per fer front al

creixement esperat, projectat a la Figura 1.7. Sovint, les instal-lacions existents no sén

suficients per garantir aquesta projeccié ni per complir la jerarquitzacié ja esmentada

sobre el tractament de residus.
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Figura 1.7 Tendencia i projecci6 del desti dels RSU a la Uni6é Europea. (EEA, 2012a).
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Tot i la tendéncia positiva dels paisos europeus, en el cas de Catalunya, el tractament
de residus per disposicid final en abocador és for¢a economic comparat amb altres paisos
de la Uni6é Europea, tal com es pot veure a Figura 1.8. Aixi doncs, si es vol aconseguir la
projeccié observada en la Figura 1.7, caldria augmentar el cost o la taxa de la de la
disposicié en abocador per tal d’afavorir el compostatge i el reciclatge dels residus

generats.
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Figura 1.8 Cost de la disposicié en abocador d'una tona de residus no perillososen diversos
paisos o zones de la Unié Europea (EEA, 2012b).

En la Figura 1.9 es plasma el percentatge de residus solids municipals biodegradables
reciclats en relacié a la generaci6 total d’'RSU, tant al 2001 com al 2010. L’augment del
percentatge reciclat al 2010 respecte el 2001 és molt important en la majoria dels paisos
europeus més desenvolupats, ja que els tractaments de reciclatge de matéria organica, ja
sigui compostatge o digesti6 anaerobia, requereixen una inversid econdmica molt
important.

Tot i aixi, per tal de complir I'objectiu de la Directiva 2008/98/EC on es marca un
minim del 50 % dels residus municipals tractats mitjancant el reciclatge, és evident que
sera necessaria l'aparicié d'una gran quantitat d’instal-lacions que permetin assolir aquest
objectiu, entre les quals hi haura una gran quantitat de plantes de compostatge de nova

instal-lacié a molts dels paisos de la Uni6 Europea.
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Figura 1.9 Percentatges, al 2001 i al 2010, del reciclatge de FORM en relacié a la
generaci6 total d’'RSU (EEA, 2012).

1.2 El procés de compostatge

Haug (1993) descriu el compostatge com un procés de descomposicid i estabilitzacié

biologica de substrats organics, sota condicions que permeten el desenvolupament de

temperatures termofiles degudes a la calor produida biologicament, del qual se n’obté un

producte final, el compost, suficientment estable, lliure de patogens i llavors, que permet

el seu emmagatzematge i que pot ser aplicat, de forma beneficiosa al sol. L’esquema que

resumeix el procés de compostatge, basat en Tchobanoglous (1994) es pot veure a la

Figura 1.10.
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Figura 1.10 Esquema del procés de compostatge (basat en Tchobanoglous, 1994).
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El procés de compostatge de residus organics Soliva, 2001; Adani et al., 2004) té com a

principal objectiu:

e Produir compost d’alta qualitat que mantingui i millori la qualitat del sol, la

produccid de collites d’alta qualitat i la conservaci6é del medi ambient.

Ara bé, en determinades ocasions, els objectius dels processos d’estabilitzacié aerobia

poden ser:

e Produir compost de baixa qualitat per a la seva aplicacié en sols degradats i en
estat de restauracio.

e Reduir la biodegradabilitat, la humitat, el pes, el volum, la generacié d’olors i les
emissions de gasos d’efecte hivernacle dels materials abans d’abocar-los a un
diposit controlat.

e Augmentar el potencial calorific del material disminuint-ne la humitat.
Habitualment, el procés de compostatge a escala industrial esta dividit en 4 arees:

e Areade pretractament
e Area de descomposicio
e Area de maduraci6

e Area de postractament o refinat

Cal tenir en compte, pero, que en el cas de la FORM i a causa de I'heterogeneitat del
material d’entrada i 'elevada quantitat d’'impropis no biodegradables, fins a un 14.8 %
(ARC, 2013), cal realitzar un pretractament per tal de separar aquests impropis de la
fracci6 organica. En aquesta etapa s’utilitza habitualment un garbell rotatiu (normalment
de 80 mm). En alguns casos s'implementen técniques més sofisticades com la separaci6
magnetica del ferro, separacid de I'alumini i el vidre o els plastics mitjangant separadors

optics, etc.

Un cop separats els impropis de la fraccid organica, aquesta es mescla amb
I'estructurant que pot ser fraccié vegetal, palets, fusta triturada, etc. D’aquesta manera
s'ajusta la humitat i la porositat a valors adequats per al procés de compostatge. Es per
aixo que l'etapa de pretractament és clau en el desenvolupament del procés, ja que el seu
bon funcionament depen en gran mesura de la correcta preparacié d’aquesta matriu
inicial.

Un cop preparada la matriu inicial comenca el procés de compostatge propiament dit.
Ja, a I'area de descomposici6, s’inicia la fase bioldgica de descomposicié. En aquesta etapa

es degraden els compostos organics complexes a molecules organiques i inorganiques
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simples, gracies a I'accié dels microorganismes. Durant aquesta etapa es produeix un alt
consum d’oxigen i com a conseqiiéncia de I'activitat metabolica dels microorganismes, la
temperatura de la matriu supera els 45°C, entrant aixi a la fase termofila del procés. Es en
aquest punt quan es produeix la transicié6 mesofila-termofila de la poblacié microbiana
que permetra continuar amb la degradacié de la matriu a altes temperatures. Gracies a
aquestes temperatures es produeix la higienitzaci6 de la mescla, és a dir, I'eliminaci6
d’agents patogens i de llavors. Per tal d’assolir aquesta higienitzaci6, indispensable en
qualsevol procés de compostatge, es considera que el material ha d’estar exposat a
temperatures superiors a 55 °C durant un minim de 4 hores (Hoitink i Keener, 1993;
Environmental Protection Agency, 1999). Una vegada els microorganismes han consumit
les fonts de carboni més biodisponibles, I'activitat bioldgica disminueix, provocant una
disminuci6 de la temperatura. En aquest moment, els microorganismes termofils tornen a
ser progressivament substituits pels mesofils, entrant aixi a 'etapa de maduraci6 on es
degraden els compostos més dificilment biodegradables. La importancia d’aquesta etapa
rau en el fet que el nitrogen provinent de la biomassa morta s’incorpora a les molecules
d’alt pes molecular, anomenades substancies humiques, que s6n més resistents a la
degradacio biologica. D’aquesta manera es forma una reserva de nitrogen al compost final
(Haug, 1993; Tchobanoglous, 1994). Al final de I'’etapa de maduracio es considera que el

material ja esta estabilitzat.

Finalment es realitza I’etapa de refinat, 'objectiu de la qual és el d’obtenir un compost
lliure d’impropis separant els que puguin quedar a la mescla i separant també la fraccid
vegetal o 'estructurant que no hagi estat degradat. Aquesta etapa consisteix en fer passar
el compost a través d’uns garbells rotatius (en aquest cas, 10 mm). En alguns casos també
s’utilitzen taules densimeétriques i separadors balistics. A la Taula 1.1 es poden veure els
requeriments minims de qualitat del compost segons el RD 506/2013 sobre productes

fertilitzants (Ministerio de Presidencia, 2013).

Taula 1.1 Valors minims de qualitat de I'esmena organica compost segons el RD 506/2013.

Parametre Valor

Matéria organica total (% m.s.) > 35

Humitat (%) 30-40

C/N <20

N organic respecte N total (%) > 85

Granulometria

Mida de particula <25 mm (% p/p) 90
Microorganismes

Salmonella No apareix en 25 g de producte
Escherichia coli < 1000 n® més probable per gram de producte
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A la Taula 1.2 es mostren les concentracions maximes permeses de metalls pesants

segons la classe de compost (Ministerio de Presidencia, 2013).

Taula 1.2 Classificacié del compost segons la seva concentraci6 en metalls pesants (RD
506/2013).

Metalls pesants (mg/kg m.s.)

Classe Classe
Classe A B C

Cadmi 0.7 2 3
Coure 70 300 400
Niquel 25 90 100
Plom 45 150 200
Zinc 200 500 1000
Mercuri 0.4 1.5 2.5
Crom 70 250 300
Crom (1V) 0 0 0

1.3 Parametres del procés de compostatge

Com ja s’ha explicat, els responsables de la transformacié del residu organic en
compost sén els microorganismes. Aixi que, tots els factors que puguin limitar el seu
desenvolupament, limitaran també el procés de compostatge. Per tal de dur a terme
aquesta transformacio en les condicions desitjades cal mantenir certs parametres dins del
rang adequat per tal que els microorganismes es desenvolupin. Aquests parametres sén la

temperatura, la humitat, la porositat, I'aeracié i el pH.

1.3.1 Temperatura

La temperatura del procés de compostatge és conseqiiencia de 'augment d’activitat
biologica durant el propi procés. Les molécules organiques contenen energia als seus
enllagcos quimics que s’allibera en degradar la molecula per donar pas a molecules més
senzilles. A la Figura 1.11 es mostra el perfil tipic de temperatura d'un procés de
compostatge i es detallen els tipus de microorganismes propis de cada etapa, que venen
determinats per la temperatura que va adquirint la matriu. Com ja s’ha comentat, el fet
d’assolir temperatures tan elevades permet la rapida descomposicié del residu i la
higienitzacié del material, alliberant-lo de patogens i llavors. Tot i aix0, el perllongament
d’elevades temperatures pot donar lloc a una inhibicié de I'activitat biologica, de manera
que s’ha d’arribar a una certa temperatura durant prou temps per higienitzar el material,
sense arribar a la inhibici6 del procés (Richard, 1992; Rynk et al., 1992). El fort increment

de temperatura tipic de la primera etapa del procés indica la presencia de materials molt
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biodegradables i unes condicions de procés adequades. La temperatura que s’assoleix en
cada etapa del procés, depén de I'energia despresa i de la capacitat de retenir la calor de la

propia matriu.
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Figura 1.11. Perfils tipics de temperatura i pH d'un procés de compostatge .

1.3.2 Humitat

Els microorganismes necessiten humitat per tal d’absorbir nutrients, metabolitzar-los
i reproduir-se, ja que només poden assimilar molécules organiques si estan dissoltes en
aigua. Per aixo0, sota condicions de baixa humitat, el procés de compostatge s’atura. De fet,
per sota del 20 % d’humitat sén molt pocs els bacteris actius (Haug, 1993). En canvi, si la
humitat és massa elevada es pot reduir, i arribar a aturar, la transferencia d’oxigen als

microorganismes, aturant també el procés.

Durant el procés de compostatge, els propis microorganismes alliberen aigua com a
conseqliéncia del seu metabolisme, perd al mateix temps, 'aigua s’elimina per evaporaci6
(Gray et al,, 1971a). A nivell global, la matriu perd aigua com a conseqiiencia del procés de
compostatge. Aixi doncs, la humitat ha de garantir el desenvolupament correcte de
I'activitat biologica, tot i que al final del procés aquesta humitat hauria d’haver disminuit
per tal de facilitar la gestié6 del compost. Es per aixd, que el rang d’humitat inicial
recomanat per al correcte desenvolupament del procés de compostatge és troba entre el

401iel 60 %.
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1.3.3 Porositati mida de particula

La porositat d’'un material solid és la fraccié de volum buit respecte el volum total que
el material ocupa. El FAS (Free Air Space) o AFP (Air Filled Porosity) és la fraccié de volum
que pot ocupar l'aire respecte al volum total. No tot el volum buit de solid queda lliure per
l'aire, una part 'ocupa I'aigua present al material (humitat). La mida de particula i el FAS
son parametres estretament relacionats. La mida de particula afecta considerablement al
procés de compostatge ja que les particules petites tenen una relacié area:volum forga
gran de manera que gran part de la particula és exposada directament a la descomposicid
que realitzen els microorganismes en el procés de compostatge (Gray et al. 1971b). Al
mateix temps la particula ha de ser prou gran, per evitar la compactacié a mesura que
avanca el procés. La mida optima de particula és la que ofereix suficient superficie per a
una degradaci6 biologica rapida i alhora permet suficient espai buit per tal que circuli
I'aire necessari per a la degradacidé biologica (EPA, 1994). El valor de optim de FAS es
troba entre el 30 i el 60 % (Annan i White, 1999).

1.3.4 Aeracio

Tal com explica Haug (1993), 'aeraci6 serveix per subministrar 1'oxigen necessari als
microorganismes aerobis que realitzen el procés de compostatge. També destaca la funcié
de l'aeraci6 per regular un lleu excés d’humitat i per mantenir una temperatura adequada.
Per aix0, la concentraci6 d’oxigen recomanada durant el procés de compostatge és
superior al 10 %, tot i aix0 una concentraci6 d’oxigen per sobre el 5 % pot ser suficient per
I'activitat biologica desitjada, perd no ha de ser mai inferior. Una concentracié d’oxigen
molt elevada, indicaria una aeraci6 excessiva, provocant el refredament del material abans
d’hora o l'assecament innecessari de la matriu (Rynk et al., 1992). Cal tenir en compte,
també, que el 60 % de les despeses d’operacié d'una planta de compostatge industrial on
I'aeracié del material és for¢ada, es deuen a I'energia necessaria per dur a terme aquesta
aeracid. Aixi doncs, caldra minimitzar-la per tal de fer economicament sostenible el procés

de compostatge a nivell industrial.

Es important destacar que el consum d’oxigen, mesurat gracies a tecniques
respirometriques, s’empra com a indicador de l'activitat biologica dels microorganismes
propis del procés. La primera etapa del procés es caracteritza per un alt consum d’oxigen,

que va disminuint progressivament com a conseqiiéncia del descens d’activitat biologica.

1.3.5 pH

En general, el rang adequat de pH per al desenvolupament d’un procés biologic seria
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entre 6 i 7.5 per a bacteris i entre 5.5 i 8 per a fongs (Boyd, 1984). Com s’ha explicat
anteriorment parlant de la temperatura, el perfil de pH és forca caracteristic del procés de
compostatge, i es mostra a la Figura 1.11. Un pH extrem no és un impediment pel procés ja
que amb 'avanc d’aquest es formen CO; i d’amoniac, que tendeixen a tamponar el medi. Si
que es veu afectada, pero, la cinetica del procés, dificultant aixi I'arrencada i disminuint la
velocitat de degradacié (Soliva, 2001). Al principi del procés de compostatge, es formen
acids organics i la matriu s’acidifica. Es aqui on la tolerancia dels fongs juga un paper
important en la descomposici6. La degradaci6é de les proteines facilita I'alliberament de
nitrogen amoniacal que fara augmentar el pH. El paper dels bacteris esdevé clau quan el
pH augmenta. Probablement, si el pH no augmenta, el producte final no sera prou madur.
Una reduccié del pH en algun moment del procés indicaria que s’han donat condicions
anaerobies, ja que els microorganismes en abséncia d’oxigen produeixen acids de cadena

curta, acidificant el medi.

1.4 Una alternativa per a la valoritzaciéo material de residus organics:

obtencio de productes d’aplicaci6 industrial

En els darrers anys s’ha presentat la fermentaci6 en estat solid (en angles, Solid State
Fermentation, SSF) com una altra via de valoritzaci6 material de residus, habitualment
industrials (Nigam i Singh, 1996; Dhillon et al., 2011, Abraham et al., 2013), amb l'objectiu
d’obtenir productes de valor afegit (enzims, biopesticides, biosurfactants,..) a partir de
residus. La fermentacié en estat solid es defineix com la fermentacié en abséncia d’aigua
lliure, tot i que el substrat ha de tenir un contingut en humitat prou alt per tal de permetre
el creixement i el metabolisme dels microorganismes (Pandey, 1992). Aixi, el compostatge
no deixa de ser un procés d’SSF en el que el producte final és el compost, referint-nos com
a processos d’SSF aquells en els que el producte a obtenir tindra un valor econdmic al

mercat més alt que el del propi compost.

En aquest tipus de processos els residus a valoritzar es consideren els substrats de la
fermentaciéo i s6n aquests substrats els que actuen com a font de nutrients pels
microorganismes responsables d’aquesta fermentacié. El fet que els substrats siguin
residus d'un procés anterior, millora considerablement l'economia del procés de
fermentacio, fet que porta a considerar la SSF com un procés biotecnologic de baix cost,
essent una alternativa a les fermentacions submergides o a les sintesis quimiques (Pandey
et al, 1999). Sovint s’utilitzen residus del sector de l'agricultura o de la industria
alimentaria, ja que sén rics en carboni i nitrogen, que sén elements essencials per al

creixement biologic.
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Ala bibliografia es poden trobar referencies sobre la produccié de diversos productes
d’alt valor afegit com lipases (Colla et al., 2010; Santis-Navarro et al.,, 2011), cel-lulases
(Dhillon et al,, 2011; Bansal et al,, 2012), proteases (Mukherjee et al., 2008; Abraham et al.,
2014), enzims hidrolitics i oxidatius (Csizar et al., 2007; Liu et al, 2013) i enzims

ligninolitcs (Akpinar i Urek, 2012).

1.5 Emissions derivades del processos de valoritzaci6 material de

residus organics

Des dels anys 70, els paisos europeus han aconseguit avengos importants en la
reduccié d'emissions a l'atmosfera i 1'aigua dels processos de produccié mitjancant la
imposici6 de normes estrictes sobre emissions de contaminants convencionals. El
tractament d’aquestes emissions genera, en la majoria dels casos, un residu (solid o liquid)
que caldra tractar posteriorment. Aquest és un dels motius pels quals la primera opci6
dins la jerarquia de residus marcada per la Unié Europea és la seva reduccié. Reduir els
residus no només minimitza l'impacte ambiental, ja sigui del tractament biologic del
residu o de la seva disposici6 en abocador o incineracid, sind que afavoreix I'is eficient de
les materies primeres. Tot i la insistencia en la prevencié de la generacié de residus,
aquesta produccié segueix augmentant. A més, I'abocador i la incineracié segueixen sent
els destins més usuals per aquests residus. Aixi doncs, malgrat el contrastat benefici
ambiental de valoritzar els residus mitjancant processos bioldgics, cal tenir en compte que
els residus també sén considerats com un problema de contaminacié de "segona

generacig".

En qualsevol cas, tal com s’ha detallat en el primer apartat d’aquesta introduccid, la
proliferacié de plantes de tractament biologic dels residus, i per tant de plantes de
compostatge, és i sera una realitat. Per tal d’assolir els nivells de valoritzacié de residus
organics marcats a nivell europeu, caldra augmentar molt considerablement el nombre de
plantes de tractament biologic, augmentant també la quantitat d’emissions gasoses

alliberades a 'atmosfera que provindran d’aquesta valoritzaci6 del residu organic.

Moltes vegades, la ubicacié de les noves instal-lacions de tractament de residus en
general i de tractament biologic en particular, es troba amb una oposicié considerable de
la poblaci6 local, ja que es preocupen pels riscos i molésties potencials per a les seves
comunitats. Aixi doncs, malgrat que el benefici ambiental associat a aquests tipus de
plantes respecte altres solucions com la disposici6 final en abocador, és innegable que cal
avaluar i minimitzar el seu impacte ambiental. Aquest impacte prové principalment de

dues fonts: 'energia emprada en el tractament dels residus i les emissions gasoses propies
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del procés de tractament.

Pel que fa a la despesa energética associada a una planta de tractament biologic de
residus, basicament es deu a l'aeracié requerida pel procés de compostatge, a la
maquinaria necessaria per les tasques de la planta i al transport dels residus durant la

recollida del nucli urba i fins a la planta de tractament (Colén et al., 2012).

En referencia a les emissions gasoses associades al compostatge de residus solids
organics, entre els compostos gasosos emesos cal destacar el meta (CH4), 'amoniac (NH3),
'0xid nitrés (N2O) i els compostos organics volatils (COV). D’aquests compostos, el meta i
I'oxid nitrés sén considerats gasos d’efecte hivernacle (GHG) amb un potencial
d’escalfament més elevat que el dioxid de carboni. Cal puntualitzar que en el procés de
tractament biologic s’emet també dioxid de carboni, pero al provenir aquest d'una font
biogénica (la degradacié de residus), no es comptabilitza com a gas d’efecte hivernacle
(Colén et al,, 2012). D’altra banda, I'amoniac i els COV sén els principals causants de les
males olors generades en una planta de compostatge. De manera que no deriven tan sols
en un impacte pel medi, sin6 també en un impacte de caire social, ja que el rebuig dels
ciutadans envers aquestes plantes és un factor que afecta tant 'emplacament de la

instal-lacié, com el seu funcionament.

Tot i aix0, no existeix encara una regulacié especifica de les emissions gasoses
produides en aquest tipus d’instal-lacions, encara que s’esmenta la problematica en les
directives europees comentades anteriorment. En referencia a les emissions oloroses en
general, des del Departament de Medi Ambient de la Generalitat de Catalunya es va
impulsar un avantprojecte de llei per regular la contaminacié odorifera 'any 2005
(Direccié General de Qualitat Ambiental, 2005), I'esborrany de la qual va ser actualitzat el
juliol de 2009 (Direccié General de Qualitat Ambiental, 2009). L’objectiu d’aquesta llei és
establir les mesures necessaries per prevenir i corregir les molesties que produeixen les
olors generades per determinades activitats i infraestructures en zones sensibles. Aquest
és I'tnic document a l'estat espanyol i va ser impulsat a nivell municipal, ja que son les
comunitats locals properes a fonts d’emissid d’aquests contaminants les que insisteixen en
regular-les, doncs sén les que pateixen més directament les conseqiiencies. Tot i aixo, hi ha
jurisprudéncia al tribunal europeu dels drets humans d’Estrasburg en casos de vulneracié
de drets humans a causa de la contaminaci6 odorifera, com serien el dret a la tranquil-litat
al domicili o el dret al respecte a la vida privada i familiar. En la primera decada del segle
XXI el tribunal superior de justicia de I'estat espanyol ha fallat 4 vegades a favor de
ciutadans que han vist afectada la seva salut com a conseqiiencia de les olors emeses ja

sigui per la mala gesti6 d'una EDAR, una gossera, els contenidors del carrer o industries
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asfaltiques a diversos indrets de l'estat espanyol. Aixi doncs, esperant que es reguli la
contaminacié odorifera a nivell estatal o autonomic ciutats com Murcia, Valladolid o
Barcelona han creat ordenances de medi ambient amb la intencié de regular aquestes
quiestions. Tot i aix0 I'avantprojecte esmentat anteriorment encara no ha esdevingut una

llei, malgrat 'evident necessitat de regular la contaminacié odorifera.

Pel que fa als processos de valoritzaci6 de residus organics per a l'obtenci6 de
productes d’aplicaci6 industrial, tot i que no estan gaire estesos a nivell industrial ja que
tenen certes limitacions a nivell de monitoratge, control i escalat (Salihu et al., 2012), no
s’ha realitzat cap analisi del seu impacte ambiental, ni de les emissions que se’n deriven.
Cal tenir en compte que els residus adients per a realitzar aquest tipus de processos, s6n
residus forgca especifics, sovint molt rics en certs components com poden ser lipids,
proteines, sucres, cel-lulosa, etc. Aquest fet fa que sovint tinguin la relaci6 C/N forca
descompensada, de manera que el seu tractament pot provocar, per exemple, grans
perdues de nitrogen. En general, sén residus el tractament dels quals és forca desconegut,
aixi que caldria avaluar I'impacte ambiental abans d’implantar aquests processos a nivell

industrial.

1.5.1 Meta

El meta (CH4), és d'un gas d’efecte hivernacle que contribueix considerablement a
I'escalfament global del planeta. Concretament ho fa amb un potencial d’escalfament
global de 34 kg de CO; equivalent, segons |'International Panel on Climate Change (IPCC,
2013). Les emissions globals de meta han augmentat un 25 % des dels anys 70, , tal com

s’observa a la Figura 1.12, accentuant aquest augment després de 'any 2000. Com a
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Figura 1.12 Evoluci6 de les diverses fonts d'emissié de meta a Europa (EDGAR, 2009a)1.9
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conseqiiéncia de l'augment de residus perllongat durant les darreres décades, el
percentatge de meta que té com a font d’emissio els residus ha augmentat també.

El meta es produeix a partir de la degradaci6 de lipids solubles, carbohidrats, acids
organics i proteines (Husted, 1994). Es forma com a subproducte de la respiraci6
microbiana en condicions anaerobies severes quan el carboni és lUnic acceptor
d’electrons disponible, ja que d’altres energéticament més favorables (oxigen, nitrogen,
ferro, manganes i sofre) no sén presents sota aquestes condicions. En una matriu d’'una
pila o tunel de compostatge I'ambient no és homogeni aixi que aquests acceptors
d’electrons diferents poden ser emprats alhora (Brown et al., 2008). Aixi doncs, queda clar
que la disponibilitat d’oxigen és el factor determinant en les emissions de meta. Per tant,
en el compostatge, 'ajust de parametres de procés relacionats amb la disponibilitat
d’oxigen als diferents punts de la matriu com sén I'aeraci6, la humitat o la porositat, sén

factors clau per minimitzar les emissions de meta.

Alguns autors han trobat una relaci6 clara entre 'emissié de meta i la fase termofila
del procés (Steed i Hashimoto, 1994; Yamulki, 2006; Manios et al., 2006; Jiang et al., 2011 i
2013; Yang et al,, 2013). Yamulki (2006) relaciona més concretament les emissions de
meta amb una humitat alta i una etapa termofila llarga. En la mateixa linia, Ahn et al.
(2011) destaquen les altes emissions de meta durant la fase biologicament més activa del
procés, que coincideix amb la fase termofila. Tot i que 'emissié de meta esta estretament
relacionada amb l'aeracié o el volteig de la matriu (Hellman, 1995), s’ha observat que la
preséncia de matéria rapidament biodegradable pot donar lloc a un esgotament de
I'oxigen en certs punts de la matriu, creant petites zones anaerdbies. També es recull el fet
que la degradacio6 progressiva de la matriu com a conseqiiencia del procés de compostatge
implica una pérdua d’estructura d’aquesta matriu, provocant la compactacié de material,
perdent porositat i fomentant aixi I'aparicié6 de zones anaerobies amb la conseqilient
emissio de meta (Ahn et al,, 2011). En el mateix article d’Ahn et al. (2011) es conclou que
una planificacié poc acurada dels voltejos d’'una pila de compostatge de fems pot fer que
aquests voltejos, un dels objectius dels quals és airejar la matriu, provoquin un augment
de les emissions de meta si es realitzen quan la matriu es troba a altes temperatures i a

una concentracié d’oxigen inadequada.

1.5.2 Oxid Nitros

Un altre dels gasos d’efecte hivernacle més estudiats és 1'0xid nitrés (N20). En aquest
cas, el potencial d’escalfament global és molt més elevat, concretament de 298 kg de CO-
equivalent (IPCC, 2013). Es pot observar a la Figura 1.13 que, malgrat la disminuci6 de les

emissions d’oxid nitrés en processos industrials, 'augment en l'agricultura i altres
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augments poc importants a nivell total, pero destacables a nivell relatiu a I'emissi6 d’'oxid
nitrds dels anys 70, com ocorre en el cas dels residus, han provocat un augment del 22 %

de I'emissié d’oxid nitrds a Europa al llarg de les darreres décades.
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Figura 1.13 Evolucio de les diverses fonts d'emissi6 d’oxid nitrds a Europa (EDGAR, 2009b).

L’oxid nitrds és un dels productes finals que s’obté de les reaccions incompletes tan
de nitrificaci6 com de desnitrificaci6. Els microorganismes desnitrificants utilitzen el
nitrat com a acceptor d’electrons quan es troben en condicions anoxiques. Aixi doncs, la
preseéncia de carboni i nitrat i 'absencia d’oxigen, donen lloc a un procés de desnitrificacio.
D’altra banda, els bacteris amonioxidants sén estrictament aerobis. De manera que de les
dues vies que poden explicar I'emissié d’oxid nitrés una requereix preséncia d’oxigen
(nitrificaci6) i I'altre requereix abséncia d’oxigen (desnitrificacid) (Beck-Friis et al., 2000).
Hamelers (1992) va descriure que les particules de la matriu del procés de compostatge
consten d'una capa exterior aerdbica i nucli anaerobic. El substrat difondria des del nucli
fins a la capa exterior on s’oxidaria per l'accié dels microorganismes aerobis. Pero en
aquesta transicié de la part anaerobica a I'aerobica hi hauria un gradient d’oxigen que
permetria la formacié d’oxid nitrés com a conseqiiéncia d'uns processos de nitrificaci6 i

desnitrificaci6 incomplets.

Diversos articles recullen I'alta emissi6 d’oxid nitrds tot just comencar el procés,
atribuint aquesta emissi6 a la presencia de 1'0xid nitrés al residu que s’hauria generat
durant el seu emmagatzematge (He et al,, 2000; Yang et al.,, 2013). Hellmann et al. (1997)
van reportar la influencia de la temperatura en les emissions d’oxid nitrds, detectant

també una emissid destacable durant el primer dia de procés, que s’aturava en arribar a
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temperatures en el rang termofil. Un cop el procés tornava a temperatures mesofiles,
I'emissi6 d’oxid nitrds tornava a apareéixer. Posteriorment He et al. (2000), Fukumoto et al.
(2003) i Thompson et al. (2004) afirmarien que lactivitat dels microorganismes
nitrificants es veuria inhibida per les altes temperatures, impedint 'emissié d’oxid nitrés
durant la fase termofila del procés. He et al. (2000) també recullen 'augment de les
emissions d’oxid nitrés un cop les fonts de carboni facilment disponible s’han exhaurit,
justificant aixi l'alta emissié d’oxid nitrés que detecten quan el procés de compostatge ja
esta forca avancat. En canvi, Yamulki (2006), El Kader et al. (2007) i Yang et al. (2013)
detecten les maximes emissions d’oxid nitrés durant la primera setmana del procés, per
tant, coincidint amb la fase termofila. Aixi doncs, la relacié de I'emissié d’oxid nitrés i la

temperatura ha creat certa controvérsia a la bibliografia.

1.5.3 Amoniac

L’amoniac és el principal compost nitrogenat que s’emet com a conseqiiencia del
procés de compostatge. El National Institute for Occupational Safety and Health (NIOSH)
dels EUA estableix el limit d’exposicié a 'amoniac en 25 ppmv durant un maxim de 8
hores-TWA (Time Weighted Average). Una exposici6 més llarga o a una concentracid
superior pot provocar irritabilitat al coll, als ulls i a la pell. En el cas que aquesta exposici6
fos exageradament superior, podria arribar a provocar danys importants als pulmons (de
la Hoz et al, 1996). Com ja s’ha comentat, 'amoniac contribueix a la contaminacid
odorifera associada a les plantes de tractament biologic. Tot i aixi, com que el llindar d’olor
de I'amoniac és forga elevat en relacié a altres compostos (4 ppm, front als 0.012 del HS,
per exemple (Haug, 1993)) i a causa també dels processos de dispersié atmosferica, és
dificil que la seva olor arribi als veinats propers a una planta de compostatge (Haug,
1993). D’altra banda, I'amoniac juga un paper important en molts dels processos
atmosferics. Es el principal component alcali de 'atmosfera i és altament reactiu, tant per
la gran formacié d’aerosols (Seinfeld i Pandis, 2006) com per la seva rapida disposici6 en
qualsevol superficie, incloent-hi ecosistemes sensibles (Sutton et al., 2007). Aixi doncs,
I'amoniac contribueix també a I'acidificacié i l'eutrofitzacié d’aquests ecosistemes
naturals, provocant canvis en la seva diversitat i reduint-ne la riquesa (Skjgth i Geels,

2013).

Durant el procés de compostatge les proteines i els aminoacids que les formen es
degraden aerdobiament, part del nitrogen és incorporat pels microorganismes, mentre la
part no utilitzada queda en forma d’amoniac (Haug, 1993). L’amoniac manté un equilibri
amb l'i6 amoni segons les condicions de temperatura, pH i humitat en que es trobi.

Inicialment la matriu presenta un pH entre 5 i 7 a causa de la preséncia d’acids grassos

22



Introduccié

volatils en el substrat inicial, de manera que I'equilibri NH4+/NH3 esta desplacat cap a
I'amoni evitant aixi 'emissié d’amoniac. A mesura que el procés avanca i s’arriba a la fase
termofila, aquests acids grassos volatils es van degradant, de manera que el pH augmenta

(al voltant de 9), 'equilibri es desplaca i apareixen les emissions d’amoniac.

De fet, la temperatura ha estat assenyalada com a factor determinant en les emissions
d’amoniac per Pagans et al. (2006), establint un relaci6é exponencial entre 'amoniac emes i
la temperatura de procés. Es per aixd que, principalment, les emissions d’amoniac es
detecten durant I'etapa termofila del procés de compostatge. A més a més, Grunditz i
Dalhammar (2001) van determinar que la inhibicié de microorganismes nitrificants per
sobre de 45 °C afavoria la volatilitzacié de 'amonfac. Un altre factor determinant en les
emissions d’amoniac és la relacié6 de C/N de la matriu inicial. Si la matriu és rica en
nitrogen i per tant es troba una relacié C/N baixa, I'’emissié d’amoniac sera destacable. En
canvi, si la matriu inicial conté una alta quantitat de molecules carbonades facilment
biodegradables, per tant una relacié C/N alta, es facilita la retencié de nitrogen amoniacal
gracies a la sintesi microbiana de proteines. D’aquesta manera, en la maduracié del
compost, el nitrogen s’incorpora a les substancies humiques (Paredes et al.,, 2002; Baddi et
al,, 2004), enriquint el compost i evitant-ne I'emissié. Aixi doncs, una de les formes d’evitar
les perdues de nitrogen en forma d’emissié amoniacal és ajustar la relaci6 C/N de la
mescla a compostar, com van fer Hansen et al. (1989) aconseguint reduir les emissions
d’amoniac en un 32 %, canviant la relacié C/N de 15:1 a 20:1. Una altra opci6 és I'addici6
d’altres residus com el fosfoguix, un subproducte de la produccié d’acid fosforic, o el
superfosfat, emprat com a fertilitzant, que s’han presentat com a additius efectius a 'hora

de reduir les emissions d’amoniac (Hao et al,, 2005; Predotova et al., 2010.)

Darrerament s’han fet certes consideracions importants sobre la biodegradabilitat del
carboni que es té en compte en el calcul de la relaci6 C/N. Es a dir, de tot el carboni
detectat quimicament només una part es biodegradable a curt i mitja termini, aixi doncs, la
relaci6 C/N que cal tenir en compte quan es tracta d'un procés de compostatge és
considerablement inferior a la calculada en base al carboni organic total determinat

quimicament (Puyuelo et al. 2011).

1.5.4 Compostos Organics Volatils

Els compostos organics volatils (COV) sén un ampli grup de compostos organics,
diferents del meta, d’origen antropogénic i biogénic amb una pressié de vapor superior als
0.01 kPa a 20 °C i un punt d’ebullici6 inferior a 80 °C. Tot i aix0 el terme COV s’utilitza de

manera generalitzada per incloure també els compostos organics semivolatils amb un
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punt d’ebullicié entre els 80 i 180 °C (Komilis et al., 2004). A nivell industrial destaquen
per la seva alta emissi6 en sectors de producci6 com els dels plastics, el petroli i els
dissolvents per a tot tipus d’usos. La seva emissi6é en processos industrials esta regulada
mitjancant la Directiva europea 1999/13/EC sobre la limitaci6 de I'emissi6é de COV a causa
de I'tis de solvents organics en determinades activitats i instal-lacions (Comissi6 europea,

1999b).

El problema ambiental que és causat per la presencia de COV als corrents gasosos és
d’'una banda, la propia olor i toxicitat d’aquests compostos i d’altra banda, el paper que
juguen en la formacié d’oz6 troposféric i com a precursors d’aerosols urbans (Krol et al,,
2010). Cal destacar que és principalment I'exposicié perllongada i reiterada a alguns
d’aquests COV el que els fa arribar a ser toxics per I'ésser huma, ja siguin efectes produits
per I'olor que desprenen, com vomits o reaccions d’hipersensibilitat, o efectes sistémics
toxics dels propis compostos com poden ser alteracions renals, hematologiques o
neurologiques (Domingo i Nadal, 2009). Les persones que poden patir aquestes
conseqiiéncies son les que treballen sota I'exposicié a aquest tipus de compostos aixi com
les que resideixen als voltants dels llocs on es desenvolupen aquestes activitats (Sanchez-

Monedero, 2005).

Al llarg del procés de compostatge es detecten les concentracions més elevades de
COV, ja siguin xenobiotics o naturals, durant la recepcié de la mostra, el pretractament i la
fase termofila del propi procés. Es a dir, durant les primeres etapes del compostatge, ja
sigui perqué augmenta la superficie de material exposat a l'atmosfera durant el
pretractament, afavorint la volatilitzacié d’aquests compostos o per l'alta activitat
biologica que experimenta la matriu durant la fase termofila del procés, afavorint a també
la volatilitzaci6 amb les altes temperatures (Eitzer, 1995). Els COV poden ser produits per
la biodegradaci6 anodxica que pot océrrer quan l'oxigen esdevé un factor limitant per a la
oxidacié aerdbia del substrat (Hamelers, 2004; D’Imporzano et al., 2008). Aquest és el cas
del disulfur de dimetil, que apareix quan els microorganismes utilitzen el sofre com a
acceptor d’electrons, per tant quan les condicions no sén aerobies (Brown et al., 2008).
L’emissi6 de COV va disminuint a mesura que la temperatura es torna a acostar a la
temperatura ambient. Un cop es retorna a la fase mesofila i comenca I'etapa de maduracio,
els COV disminueixen fins a concentracions semblants a les de 'ambient. De fet, diversos
autors (D’Imporzano et al., 2008; Scaglia et al., 2011) han trobat una bona correlaci6 entre
I'emissi6 de COV durant el procés de compostatge i I'estabilitat biologica del residu,

mitjancant 'index respirometric dinamic.
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Pel que fa als tipus de COV emesos, hi ha consens bibliografic en la dominancia dels
terpens en la gran majoria d’estudis publicats. Pel que fa a la resta de compostos
majoritaris, hi ha forca divergencia entre els hidrocarburs aromatics, les cetones, els
alcohols o els acids grassos volatils (Eitzer, 1995; Tolvanen et al.,, 1998; Komilis et al,,
2004; Rosenfeld i Suffet, 2004; Pierucci et al., 2005; Biiyliksonmez i Evans, 2007; Scaglia et
al,, 2011).
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Capitol 2: Objectius

En aquest capitol s’explica breument l'objectiu principal d’aquesta investigacié i

posteriorment es llisten els objectius parcials definits per tal de dur a terme aquest treball.
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El principal objectiu d’aquesta tesi és aprofundir en el coneixement de les emissions
gasoses derivades dels processos bioldgics de valoritzacié material de residus solids
organics. Per aix0 es determinen els factors d’emissié per COV, CHs, N0, NH3z i es
caracteritzen, per identificacié i quantificacié, els COV emesos durant el tractament de

diferents residus a escala pilot.

Per assolir aquest objectiu general es defineixen els segilients objectius parcials:

e Posada en marxa del metode d’identificacid i quantificacié dels COV mitjangant la
cromatografia de gasos acoblada a I'espectrometria de masses.

e Estudiar les emissions de COV d'un procés de compostatge convencional sota
diferents estrategies d’aeraci6 del procés.

e Ampliar el coneixement sobre les emissions del compostatge de fangs de
depuradora, tant de fangs frescos com de fangs digerits.

e Comparar el desenvolupament del procés de compostatge de la fraccié organica de
residu municipal separada selectivament i dels residus solids urbans no separats
selectivament amb les emissions que se’n deriven.

e Determinar 'efecte de la fusta com a agent estructurant de la matriu a compostar
en les emissions del procés de compostatge de residus solids urbans.

e Estudiar les emissions derivades dels processos de produccié de diferents enzims
a través de la fermentacio en estat solid de diversos residus especifics.

e Relacionar globalment les emissions detectades en els diferents processos de
valoritzaci6 material que es duran a terme amb les caracteristiques del residu

tractati el desenvolupament de cada procés.
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Capitol 3: Materials i
Metodes

Tot seguit s’expliquen amb detall els materials i metodes emprats en aquesta tesi. Ja
siguin metodes d’analisi fisicoquimica o biologica, métodes cromatografics o el
funcionament de la planta pilot i dels controls d’aeracié emprats. En aquest capitol
s’explica també el desenvolupament del meétode de caracteritzaci6 de COV per
cromatografia de gasos acoblada a espectrometria de masses, realitzat durant els primers

mesos d’aquest treball.






Materials i Metodes

3.1 Parametres fisicoquimics

Les caracteristiques fisico-quimiques dels materials tractats poden afectar I'evolucié
del procés i les emissions gasoses associades. Els parametres habitualment analitzats

sobre els diferents residus o barreges d’aquests son:

¢ Humitat (%, sobre matéria humida)

e Materia organica (%, sobre materia seca)

¢ pH (extracte 1:5 p:v)

» Conductivitat electrica (mS/cm, extracte 1:5 p:v)
¢ Densitat (kg/L)

* Porositat (%)

« Nitrogen total Kjeldahl (%, sobre materia seca)

Aquests parametres fisicoquimics han estat mesurats seguint el protocols del Test
methods for the Examination of Composting and Compost (TMECC) (US Department of
Agriculture and US Compost Council, 2001) i es poden trobar descrits de forma detallada a
Cadena (2009) i Ponsa (2010). La porositat es mesura mitjancant un picnometre d’aire
descrit a Ruggieri et al, (2009) i seguint la metodologia proposada en aquest mateix

treball.

3.2 Parametres biologics

L’'index respirométric dinamic (IRD) s’utilitza per determinar el grau d’estabilitat
d’'una mostra solida. El terme estabilitat, es refereix a la biodegradabilitat de la mostra a
curt termini. Es a dir, si una mostra és molt estable sera molt poc biodegradable a curt
termini, per tant el seu consum d’oxigen sera molt baix. L’IRD s’ha mesurat utilitzant
I'actualitzaci6 recent d’un respirometre desenvolupat per Ponsa et al., (2010) i Pognani et
al,, (2010) seguint la metodologia descrita per Adani et al. (2006). La Figura 3.1 mostra

I'esquema del respirdmetre dinamic utilitzat.

Per dur a terme la mesura d'IRD es condiciona un matras Erlenmeyer de 500 mL
col-locant-hi un tub de dalt a baix amb una malla al fons. La malla sustentara la mostra
solida a analitzar. El tub permetra I'entrada de l'aire que, gracies a la malla es distribuira
uniformement per tot el solid. La sortida d’aire tindra lloc per un altre tub col-locat a la
part superior del matras. Els tubs travessen un tap que permet tancar el sistema
aconseguint hermeticitat. En cada analisi s’introdueixen aproximadament 120 g de mostra

dins I'Erlenmeyer. Els matrassos s’incuben en un bany a 37 °C. L’aire, previament

33



Capitol 3

humidificat, se subministra a les mostres utilitzant un cabalimetre massic (Mass Stream D-
511, Alemanya) per tal d’assegurar condicions aerobies (concentraci6 d’oxigen a la sortida
superior al 10 %). El contingut d’oxigen a la sortida de 'Erlenmeyer es mesura utilitzant
un sensor d’oxigen (Alphasense, A202, UK). Els resultats s’emmagatzemen mitjancant un
sistema d’adquisicié de dades anomenat Programmable Logic Controller (PLC), que consta
d'un software especific instal:-lat a un ordinador que controla tots els components
electronics a temps real. El PLC consisteix en un microcontrolador que interpreta els
canvis de potencial dels sensors que té connectats en valors numerics. El sistema pot
calcular simultaniament i a temps real 'IRD. A la Figura 3.1 es mostra un esquema del

respirometre emprat.

. — | Cabalimetres

Entrada d’aire I
-
Humidificadors :
P X ! Sensors
/\ 7 P __ |
i\ o\ 3 !
// f‘ ? ' \ ]
h % ] gg ______ g _ % _______ % i Electrovalvules
[ [ ﬁ P

Sistema d’'adquisici6 de dades

Atmosfera

Bany termic d’aigua a 372C

Figura 3.1 Esquema del respirometre dinamic utilitzat per a I'analisi de mostres en triplicat
(Pognani, 2011).

Cada matras disposa del seu propi cabalimetre i del seu propi sensor d’oxigen. El
cabal d’aire, constant durant tot I'experiment, subministrat a les mostres dependra de
I'estabilitat aparent de cada mostra. Pero aquesta estabilitat no és coneguda, ja que
precisament és aquest el parametre que es vol determinar. Aixi doncs, la tipologia i la
procedéncia de la mostra poden ajudar a intuir el rang de cabal d’aire adient per a la
mostra. De manera general, s’ha treballat en un rang de cabal de 10 a 12 mL min! en
I'analisi de mostres finals dels processos estudiats. Per a I'analisi de mostres inicials dels

experiments realitzats s’ha treballat en un rang de 12 a 20 mL min-l. D’aquesta manera
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s’evita un excés d’oxigen en mostres poc biodegradables (o molt estables) que podria
provocar errors en la mesura com a conseqiiencia de la poca disminucié del contingut
d’oxigen que s’apreciaria durant el test respiromeétric, fins i tot arribant a confondre’s amb
I'error inherent als sensors d’oxigen. D’altra banda, als residus molt biodegradables, cal
subministrar-los suficient cabal d’aire com perqué el contingut d’oxigen no arribi mai a

Z€ero.

El periode de mesura finalitza quan la concentracié d’oxigen és igual que la
concentracié atmosférica d’acord amb la precisié del sensor. Els resultats de I'IRD

s’expressen com a mitjana de triplicats en g 02-kg MS-1-h-L,

L’IRD es calcula mitjancant I'equaci6 3.1.

IRD, = % (Equacié 3.1)

on,
IRD; = Index respirométric dinamic (g 0z-kg MS-1-h-1)
Q= cabal d’aire (L/min)

AQ, = diferencia entre la concentracié de 'oxigen a I'entrada i la sortida d’aire del
respirometre (mL/L)

22.4 = volum ocupat per 1 mol de gas en condicions normals de pressid i
temperatura (L/mol)
31.98 = pes molecular de I'oxigen (g/mol)
60 = factor de conversié minuts/hores
1000 = factor de conversié mL/L

MS = materia seca total (kg)
Les velocitats de consum d’oxigen es poden expressar de les segiients maneres:

- IRDmqx: IRDy maxim obtingut.
- IRDp: mitjana dels diferents IRD;obtinguts durant '’hora de maxima activitat.

- IRD24p: mitjana dels diferents IRD1, obtinguts durant les 24 h de maxima activitat.

L’IRD2an és el parametre que s’ha utilitzat per presentar les dades en els diferents
experiments duts a terme en aquesta tesi. Es considera que una mostra és estable quan

I'IRD24p és inferior a 1 g 0,-kg MS-1-h-1
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3.3 Planta pilot

La planta pilot de compostatge esta situada a l'exterior de l'edifici de I’Escola
d’Enginyeria de la UAB, disposa d'una superficie util d’'uns 15 m2. Els reactors que
I'integren van ser construits i optimitzats al llarg de dos treballs de tesis doctorals
anteriors: el primer, realitzat per Luz Ruggieri amb el titol Composting organic wastes.
Determination, monitoring and evolution of air filled porosity by air pycnometry i el segon
per Belén Puyuelo i titulat Estratégies per optimitzar el procés de compostatge.
Desenvolupament d’un sistema de control de I'aeracié i d’'una nova metodologia per definir

la relacié de nutrients en termes de biodegradabilitat (Ruggieri, 2008; Puyuelo, 2012).

La planta consta actualment de dos reactors cilindrics de 50 L dissenyats per tal de
dur-hi a terme processos de compostatge sota condicions controlades. Un dels reactors
esta aillat amb llana de roca i l'altre amb espuma de poliureta, per tal de garantir
condicions el més properes a adiabatiques possible i evitar aixi perdues de calor. La part
inferior dels reactors consta de dos orificis, per un hi entra l'aire necessari per tal de
realitzar el procés de compostatge i I'altre permet I’evacuacié dels lixiviats formats durant
el procés. Al fons de cada reactor s’hi troba una triple reixa que permet crear una cambra
de distribuci6 de l'aire que entra per la part inferior del reactor de manera que es
distribueixi uniformement per tot el reactor. D’altra banda la reixa també serveix com a
suport del material que es diposita dins el reactor. Aquesta triple reixa consta d’'un primer
disc perforat amb uns forats d’aproximadament 1 cm2. A sobre d’aquest disc hi ha una
reixa de plastic que consta d'uns forats de 0.5 cm?, i sobre de la reixa una malla també de
plastic, en aquest cas els forats s6n d’1 mma2. La tapa del reactor consta de dos orificis més.
El primer, situat al centre de la tapa s’utilitza per introduir la sonda de temperatura Pt-100
(Desin Instruments, Barcelona, Spain) dins del material. L’objectiu del segon orifici és
I'evacuacié de gasos, permetent la presa de mostra per a l'analisi de la seva composicio,
aixi com la mesura continua de la concentraci6 d’oxigen mitjancant dos sensors
(Alphasense, A202, UK), un per a cada reactor. Aquests sensor es troba situat després
d’'una nevera amb dues trampes d’aigua (una per cada reactor) al seu l'interior. D’aquesta
manera la nevera actua de cambra de refrigeracié per tal d’evitar que l'aigua que
arrossega el flux de gas arribi al sensor i el pugui malmetre. En canvi, la presa de mostra
en bosses Tedlar® per tal d’analitzar al cromatograf la concentracié de COV, CH4 i N0, aixi
com la presa de mostra en el col-lector de gas per a I'analisi de la composicié dels COV i
també la mesura de la concentracié d’amoniac realitzada in situ, es realitzen abans de la
cambra de refrigeraci6 per tal d’evitar que els compostos solubles quedin retinguts a la

trampa d’aigua.
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L’aire és subministrat al sistema a una pressié de 400 kPa gracies a un compressor
centrifug (Decibar 30 Worhington®, SNX 30/100) situat a I'exterior de la planta pilot.
Aquesta entrada es dirigeix a un sistema format per quatre reguladors de pressio, el
primer dels quals proporciona una pressié de 200 kPa als dos cabalimetres massics del
sistema (Bronkhorst Hitec, The Netherlands). La resta de reguladors s’utilitzen per

realitzar picnometries i altres funcions.

El sistema d’adquisicié6 de dades és un PLC Data Acquisition. Com s’ha explicat
anteriorment, el PLC consisteix en un microcontrolador que interpreta els canvis de
potencial dels sensors que hi té connectats en valors numerics. No obstant, també pot
realitzar la funcié contraria, convertint valors numerics en canvis en el voltatge,
permetent 'establiment d’'un control automatic. La temperatura, la concentracié d’oxigen
a la sortida del reactor i el cabal d’entrada d’aire estan monitoritzats en tots els
experiments. Segons el tipus de control que es vulgui utilitzar, les mesures de concentraci6
d’oxigen, cabal o temperatura determinaran el cabal d’aire entrant a través de 'ordre que
donara el PLC al cabalimetre, amb un rang de cabal de 0.2 a 10 litres per minut. El
controlador realitza 25 lectures per segon, enviant al lector una dada temporal per segon i
una de real cada minut. La comunicacié es du a terme a través d’'una interfase de port
seriada. Les dades es visualitzen mitjancant la connexié del sistema PLC d’adquisici6 de
dades a un xarxa Ethernet interna. Tot aquest sistema es troba esquematitzat a la Figura

3.2.
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Figura 3.2. Esquema de la planta pilot de compostatge on s'han realitzat els experiments.

Aquest sistema permet implementar diferents estratégies de control que es detallaran

a continuaci6 en l'apartat 3.5 per tal d’escollir la més adequada.
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3.4 Metodes d’analisi de les emissions gasoses

3.4.1 Analisi d'amoniac

La mesura de les emissions d’amoniac s’ha realitzat “in situ” utilitzant el sensor
d’amoniac iTX T82 (Oakdale, PA, USA) amb un rang de mesura de 0 a 200 ppmv (Cadena,
2007). Per a determinats experiments s’ha utilitzat també el sensor MX 2100 (Oldham,
Industrial Scientific, France) amb un rang de mesura de 0 a 1200 ppmv. El sensor es
col-loca dins d'un recipient hermetic amb una valvula d’entrada i una de sortida que
permet la circulaci6 de l'aire. Aquest recipient se situa a la sortida del reactor, abans de la
trampa d’aigua. La mesura de concentracié d’amoniac es pren un cop el valor del sensor
s’ha estabilitzat. A la Figura 3.3 es mostra una fotografia del muntatge realitzat per a la

mesura de la concentracié d’amoniac.

Figura 3.3. Sensor d’amoniac dins el recipient hermeétic que permet la mesura
de la concentraci6é d’'amoniac.

3.4.2 Analisi de meta

L’analisi del meta s’ha realitzat per cromatografia de gasos. Els resultats s’expressen
en parts per mili6 en volum (ppmv). El cromatograf i les condicions d’analisi

s’especifiquen a continuaci6:

e Cromatograf: Agilent Technologies 6890N Network GG System.
e (Columna: columna semi capil-lar HP-PLOT Q 30 m x 0.53 mm x 40.0 pm film

(Agilent Technologies).
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e Post columna: Trampa de particules, 2 m (n® 5181-3352, Agilent Technologies).
e Detector: Detector de ionitzaci6 de flama (FID).
e Condicions de 'analisi:

0 Gas Portador: nitrogen a 4 psi amb split 1:2.

0 Temperatura de 'injector: 240 °C.

0 Temperatura del detector: 250 °C.

0 Temperatura del forn: isoterm a 60 °C.

0 Temps d’analisi: 4 minuts.

0 Volum d’injeccié: 500 pl.

3.4.3 Analisi de Compostos Organics Volatils (COV)

L’analisi dels COV s’ha realitzat per cromatografia de gasos. La quantificaci6 es duu a
terme sobre el conjunt de compostos organics presents en les emissions gasoses i
s’expressa com a mg Coal/m3 (incloent el meta), sense identificar ni quantificar cada
component per separat. Posteriorment, quan es coneix la concentracié de meta, es resta de
la concentraci6 de compostos organics detectada al cromatograf, obtenint aixi la

concentracié de COV definitiva.
El cromatografi les condicions d’analisi s’especifiquen a continuacié:

e Cromatograf: Agilent Technologies 6890N Network GG System.
e (Columna: columna capillar Tracsil TRB-1, 2 m x 0.53 mm x 3.0 pm film
(Teknokroma).
e Detector: Detector de ionitzaci6 de flama (FID).
e Condicions de 'analisi:
0 Gas Portador: heli a 1.5 psi amb splitless.
0 Temperatura de 'injector: 250 °C.
0 Temperatura del detector: 250 °C.
0 Temperatura del forn: isoterm a 200 °C.
0 Temps d’analisi: 1 minut.

0 Volum d’injeccié: 250 pl.
3.4.4 Analisi d’Oxid Nitros

L’analisi d’oxid nitrés s’ha realitzat també per cromatografia de gasos. Els resultats

s’expressen en ppmv. El cromatografi les condicions d’analisi s6n les segiients:

e Cromatograf: Agilent Technologies 6890N Network GG System.
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e (Columna: columna semi capil-lar HP-PLOT Q 30 m x 0.53 mm x 40.0 pm film
(Agilent Technologies).
e Post columna: Trampa de particules, 2 m (n® 5181-3352, Agilent Technologies).
e Detector: Detector de captura d’electrons (ECD).
e Condicions de 'analisi:
O Gas Portador: nitrogen a 4 psi amb split 1:2.
0 Temperatura de 'injector: 120 °C.
0 Temperatura del detector: 345 °C.
0 Temperatura del forn: isoterm a 60 °C.
0 Temps d’analisi: 4 minuts.

0 Volum d’injeccié: 500 pl.

3.4.5 Calibratge dels metodes

El calibratge de cada metode cromatografic es realitza mitjangant un gas patro, és a
dir, un gas de concentraci6 coneguda que s’utilitza per determinar la resposta del métode i
poder tracar una recta de calibrat on cada concentracié respongui a un voltatge diferent i
proporcional, mesurat pel detector del cromatograf. Els gasos patro utilitzats han estat n-
hexa per al calibratge de COV (Spigno et al,, 2003), meta i 0xid nitrdés de puresa 4.5 (puresa
superior a 99.995 %).

El procediment seguit a I'hora de calibrar cada métode és el segiient: cal disposar
d’'una ampolla de vidre de Pyrex® d'un volum de 5 L. com a minim. En primer lloc es calcula
el volum necessari de gas patr6 que permeti obtenir un rang de concentracions, en

I'ampolla de Pyrex®, adequat a les mesures que es voldran realitzar.

En el cas de I'n-hexa liquid, per calcular el volum necessari s’utilitza I'equacié 3.2.

PM gas patré x VvV ) (Equacié 3.2)

hl gas patré = X mg C;/m* x (PM Carboni X NX p
on,

X: concentracié de gas patrd expressada en mg C/m3 necessaria per calibrar el
meétode.
PM gas patrd: pes molecular de I'hexa (86.18 mg).
PM carboni: pes molecular del carboni (12.01 mg).
N: numero d’atoms de carboni que conté una molécula d’hexa (6 atoms).

V: volum d’aire on s’introduira el gas patré liquid (5.9 x 10-3 m3).
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p: densitat de 'hexa (0.659 g/mL).

Posteriorment es purga amb nitrogen I'ampolla de vidre Pyrex®, en aquest cas de 5.9
litres. El tap de 'ampolla consta d’'un séptum per tal de poder introduir i extreure gas de
I'interior de 'ampolla quan convingui. Es pren una mostra de dins 'ampolla amb una
xeringa i s’analitza al cromatograf, d’aquesta manera s’obté el blanc o concentraci6 zero.

Aquest blanc es realitza per a cada metode que es vol calibrar.

Amb una xeringa adequada al volum en qiiesti6, s'introdueix el gas patré (n-hexa,
meta o oxid nitrds) dins 'ampolla. Cal esperar uns minuts per tal que el gas es distribueixi

uniformement per tota 'ampolla i s’estabilitzi la concentracio.

Finalment s’extreu, amb una xeringa, el volum de gas adequat de I'ampolla i s’injecta
al cromatograf. Es realitzen triplicats per a cada punt de la recta de calibrat. Mitjancant el
Software EmPower® es calcula, per integracid, 'area de cada injeccid i es determina la
recta de calibratge, representant area contra concentraci6. Aixi doncs, el gas patro és, per a
cada component, el mateix, pero es va canviant el volum que s’injecta al cromatograf, el
que permet obtenir diferents concentracions d’un sol gas patré. Els rangs triats responen
als limits de detecci6 del cromatograf i també a les concentracions habituals que es troben
en els processos de compostatge. En el cas del meta es va ampliar el calibratge per tal de

poder cobrir tots els processos estudiats.

3.4.6 Identificacio i quantificacid dels COV

Un dels objectius d’aquesta tesi era el desenvolupament d’'una metodologia d’analisi
que permetés la identificaci6 i quantificaci6 de COV en mostres gasoses. Aquest
desenvolupament va suposar la posta en marxa d'un cromatograf de gasos amb un
detector d’espectrometria de masses (GCMS) adquirit pel grup de recerca. Per al
desenvolupament del métode, es va prendre com a punt de partida el métode descrit per
Scaglia et al. (2011). Aixi doncs, a través de multiples analisis de mostres reals realitzant
canvis successius en el metode cromatografic, es va anar ajustant aquest métode fins a
obtenir una analisi de la mostra que permetés identificar correctament els pics que
formaven el cromatograma, evitant-ne el solapament, i garantint la reproductibilitat de
I'analisi.

Finalment, doncs, el procediment per tal d’identificar els compostos organics volatils
emesos durant els processos estudiats s’inicia amb la presa d'una mostra de la sortida de
gasos del reactor pilot en un col-lector de gas de vidre de 250 ml. Es deixa passar un litre

del corrent gasos sortint del reactor per tal d’assegurar que tot el gas contingut dins del

col-lector correspon a la mostra que es vol analitzar. Aixi doncs, segons el cabal entrant al
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reactor en aquell moment, es deixa circular I'aire sortint del reactor pel col-lector el temps
necessari per a que hi passi, com a minim, un litre de mostra, posteriorment es tanquen les
dues valvules del col-lector. Un cop presa la mostra s’afegeix al col-lector de vidre una
quantitat coneguda de p-xilé deuterat diluit en metanol (2 pL de p-xilé en 100 mL de

metanol), que s’utilitza com a estandard intern (EI).

Com a conseqiiencia de la baixa concentracié dels compostos a determinar, cal
preconcentrar la mostra préviament a la seva analisi per obtenir un cromatograma que
sigui fiable a I'hora d’integrar-lo. Per aixd s’utilitza la técnica SPME (Solid Phase Micro
Extraction), préviament reportada en diverses publicacions (Davoli et al, 2003;
d’Imporzano et al.,, 2008; Orzi et al,, 2010). En aquest cas s’utilitza un aparell manual de
SPME carregat amb una fibra de divinilbenzé (DVB)/Carboxé/polidimetilsiloxa (PDMS)
50-30 pm subministrada per Supelco (Bellefonte, PA, USA). Els compostos organics
volatils presents a les mostres d’aire sén adsorbits a la fibra i posteriorment alliberats a la
columna del cromatograf de gasos. En la Figura 3.4 s’observa un esquema del procés
d’adsorci6 dels compostos de la mostra a la fibra. Aixi doncs, un cop presa la mostra i
injectats els 10 pL de solucié metanol - p-xile deuterat, s’exposa la fibra (previament

Extraction Procedure condicionada durant una hora a 270 °C, tal com

Pierce septum Retract fiber/withdraw needle.

on sample container.
Expose SPME

fboresc anaytos recomanada el subministrador) a l'interior del col-lector
de gas (Figura 3.5), de manera que la mostra i la fibra
— estaran en contacte durant 30 minuts a temperatura
ambient. Posteriorment s’exposa la fibra al port

d’injecci6 del GC a 250 °C durant 3 minuts per tal que es

Desorption Procedure
Retract fiber/

Pierce septum in GC inlat (or Wihraw neecl.

introduce needle into SPME/HPLC
interface).

Expose fiberidesorb analytos.

Figura 3.4 Esquema del
funcionament de l'injector manual Figura 3.5 Imatge del col-lector de gas amb
d'SPME. la fibra SPME al seu interior.
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desorbeixin tots els COV. D’aquesta manera també es neteja la fibra per poder adsorbir la

seguent mostra.

La caracteritzacié dels COV s’ha dut a terme emprant un cromatograf de gasos
(Agilent 5975C) acoblat a un espectrometre de masses (7890 Series GC/MSD) com a
detector. Els compostos volatils sén separats gracies a una columna capil-lar per a COV
(Agilent Technologies DB-624) que mesura 60 m x 0.25 mm x 1.40 um. El gas portador,
I'heli, té un flux de 0.8 mL min-1. Els COV sén desorbits exposant la fibra al port d’injeccid
del cromatograf durant 3 minuts a 250 °C . S’utilitza, al port d’injeccié que actua en mode
splitless, un liner de vidre amb un diametre intern de 0.75-mm. La temperatura del forn és
isoterma durant dos minuts a 50 °C, augmenta fins a 170 °C amb una rampa de 3 °C min-!
i, finalment, arriba a 230 °C amb una rampa de 8 °C min-l, mantenint-se a aquesta
temperatura durant els dltims 5 minuts. La linia de transferencia a I'espectrometre de
masses es manté durant tota l'analisi a 235 °C . Els espectres de masses s’obtenen per
ionitzaci6 electronica a 70 eV. La col-leccié de dades es realitza en el rang de masses
atomiques de 33 a 300 unitats de massa atomica.

Els compostos s’identifiquen gracies a la comparacié del seu espectre de masses amb
I'espectre de masses de la biblioteca NIST (USA) 98. En la part superior de la Figura 3.6 es
pot veure un exemple del cromatograma obtingut en I'analisi d'una mostra amb el métode

descrit. En la part inferior es pot observar I'espectre de masses que correspon a un pic
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Figura 3.6 Exemple d'un cromatograma d'una mostra analitzada al GCMS.
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determinat del cromatograma. Tot i que I'objectiu principal és la identificacié d'un llarg
nombre de compostos emesos durant el procés estudiat, es realitza una analisi semi-
quantitativa per tots els compostos identificats. No obstant, els compostos sén agrupats
per families quimiques per tal de facilitar 'analisi i la posterior discussi6 dels resultats. Els
resultats es presenten en percentatges d’emissi6 de cada familia sobre el total d’arees
comptabilitzades en una mostra. Aquestes families s6n les segiients: alcohols, esters,
furans, cetones, hidrocarburs alifatics, hidrocarburs aromatics, compostos nitrogenats,
compostos sulfurats, aldehids, compostos halogenats, acids organics i terpens.

Per calcular el percentatge de cada familia emes al final del procés, se sumen les arees
diaries dels diferents compostos que pertanyen a una familia determinada obtingudes de
I'analisi de la mostra gasosa. Aquest nombre, es divideix per I'area de p-xilé deuterat
obtinguda aquell dia. A continuacid, es realitza el sumatori de les arees obtingudes de tots
els dies d’analisi de cada familia, ja normalitzades per I'area del patré intern. Finalment es
realitza un sumatori de les arees de totes les families, que correspondria a I'emissio6 total
de COV. Aquests sumatoris permeten calcular el percentatge que representa I'area de cada
familia respecte el total d’arees sumades. L’equaci6 3.3 descriu el calcul del que representa

cada familia percentualment al final del procés.

terpens
A 2:dia 1
Area terpensgig1 = ———

AEIdia1

(Equacio
2 23\
terpens
terp

. dia final
Area terpensgiq final =

Elgdia final

Area terpens
Z 1-final - 100

% terpens = —
0 p ZArea de totes les families

1-final
on,
Agr= Area de I'estandard intern

Per tal de realitzar una quantificacié més fidedigne dels compostos més habituals,
calia determinar préviament el factor resposta de cadascun d’ells front al patré intern. Aixi
doncs, el p-xilé deuterat s’ha utilitzat per determinar el factor resposta de la fibra i el
GCMS per 15 compostos tipicament emesos durant el procés de compostatge segons la

bibliografia consultada (Rosenfeld and Suffet, 2004; Suffet et al., 2009; Scaglia et al,, 2011).
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Aquests 15 compostos s’han diluit en metanol, tal com s’ha fet amb el p-xile deuterat.
Concretament s’han afegit 2 pl. de cada compost en 100 mL de metanol. Seguidament,
s’han injectat al col-lector de gasos 10 pL d’aquesta solucié juntament amb 10 pL de la
solucié de p-xile detuterat en metanol. S’ha exposat la fibra durant 30 minuts al col-lector i
s’ha injectat al GCMS seguint el mateix métode emprat per analitzar les mostres, descrit
anteriorment. L’area obtinguda per a cada compost s’ha comparat amb 'area obtinguda de
p-xile deuterat per tal de determinar el factor resposta de cada compost. Aixi doncs,
coneixent la concentraci6 de cada compost i 'area obtinguda corresponent a aquesta
concentracié, es calcula el factor resposta mitjancant I'equacié 3.4. L’objectiu de la
determinacié d’aquests factors resposta és augmentar la fiabilitat de I'analisi quantitativa

dels compostos.

_ Ael/Cii .
FR = A/C, (Equacié 3.4)

on:

Ag= Area de I'estandard intern.

Ce= Concentracio de I'estandard intern.
A= Area del compost.

C.= Concentracié del compost.

Els compostos pels quals s’ha calculat el factor resposta i els valors d’aquests factors

es troben resumits a la Taula 3.1.

Taula 3.1 Factors resposta del p-xilé deuterat pel que fa a cada compost quantificat amb el
meétode GCMS-SPME descrit.

Compost Factor resposta
p/m-xylene 0.689
deca 0.345
alfa-pine 0.334
beta-piné 0.328
limone 0.389
tolue 3.067
disulfur de dimetil 8.471
hexanal 2.808
estire 0.625
ciclohexanona 0.823
nonanal 0.284
decanal 0.017
eucaliptol 0.229
piridina 0.326
2-pentanona 1.507
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3.5 Sistemes de control d’aeracio

De forma general, els sistemes de control de 'aeracié d’un procés de compostatge son
principalment dos. El control d’oxigen i el control per cicles. Tot i aix0, al grup de recerca

s’ha desenvolupat un innovador sistema de control per OUR.

3.5.1 Control per feedback d’oxigen

La majoria de sistemes de control consten de tres elements: la variable mesurada, la
variable manipulada i 'objectiu de control. En aquest cas, la variable mesurada és el
contingut d’oxigen en els gasos de sortida, la variable manipulada és el cabal d’aire i
I'objectiu de control el manteniment de condicions aerobies al reactor. Per definir el
sistema va ser precis I'establiment d’'un punt o marge de consigna de contingut d’oxigen
optim, un valor maxim i un minim. Es va fixar el marge de contingut optim d’oxigen en els
gasos de sortida entre un 11.5 i un 12.5 % (v/v). El cabal d’aire inferior i el superior
definits van ser 0.2 i 3 L min-, respectivament. Aquest llagc de control actua cada 15
minuts, revisant la concentracié d’oxigen i modificant, si cal, el cabal entrant al reactor.
Aixi doncs, emulant els controladors utilitzats a nivell industrial, en el cas que al final d’'un
cicle la concentracié d’oxigen es trobés per sota de 1'11.5 %, el sistema aplica el cabal
maxim (3 L min-1). En canvi, quan I'oxigen és superior al 12.5 %, el cabal aplicat al segiient
cicle sera el minim, 0.2 L min-l. Si la concentracié es troba entre 11.5 i 12.5 % el
controlador no actua, deixant el cabal tal com estava en el cicle anterior. A Figura 3.7 es

mostra I'algoritme de control en forma de diagrama de flux.

Fn4>1

0.2 Lmin'

Cada 15 minuts

gl

O,,:0xigen actual; F,.;: nou cabal

Figura 3.7 Esquema del control per feedback d’oxigen.
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3.5.2 Control per cicles

Aquest és el sistema de control més estes a nivell industrial. Estrictament, més que un
sistema de control es tracta d'una temporalitzaci6 de I'aeracié del reactor. En aquest cas,
I'entrada d’aire és regulada automaticament en cicles predefinits. En base a I'estudi de
Ruggieri et al. (2008), I'aeraci6 és regulada en cicles de 30 minuts. Durant els primers 25
minuts de cada cicle el cabal era de 0.2 L minl. Durant els 5 minuts restants fins a

concloure el cicle el cabal augmenta a 5 L. min-l. A la Figura 3.8 es mostra '’esquema de

temps(min)| Fo
" ‘\

———————.ﬁ-————————————————————

control.

0 < temps < 25 min 3| 0.2 L mint >
NO
- > S —
min< temps <30 m 5L min

Cada 30 minuts

Y g ity

Fnh+1: NOU cabal.

Figura 3.8 Esquema del sistema d'aeraci6 del control per cicles.

3.5.3 Control per OUR (Oxygen Uptake Rate)

En el control per OUR, la variable mesurada és 'OUR (determinada gracies als sensors
que mesuren el contingut d’oxigen a l'aire que surt del reactor), la variable manipulada és
el cabal i I'objectiu de control és la maximitzacié6 de la OUR. L’OUR és una mesura de
I'activitat biologica present al reactor i per tant, es pretén maximitzar aquesta activitat
biologica, és a dir, la velocitat de degradacié del material. Cal tenir en compte, pero, que
I'activitat biologica, no és constant durant el procés de compostatge d’'un residu, ja que
depén de la biodegradabilitat del residu a cada moment. Aixi doncs, la complexitat del
desenvolupament del sistema de control era for¢a elevada. Es poden trobar els detalls
d’aquest desenvolupament a la tesi doctoral Estratégies per optimitzar el procés de
compostatge. Desenvolupament d’un sistema de control de l'aeracié i d'una nova

metodologia per definir la relacié de nutrients en termes de biodegradabilitat escrita per
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Belén Puyuelo (2012). Després d’experimentar amb diferents llacos de control, llindars

d’error i models matematics, s’acaba optimitzant el control com s’explica a continuacié.

El llag de control dissenyat en el control per OUR compara les variacions en les
mesures d’OUR entre els diferents cicles (cicles d’'una hora) segons el cabal aplicat. En la
Figura 3.9 es pot observar el llag de control del controlador per OUR en forma de diagrama

de flux.

r———--- i T T T T T T T TS T ST s oo m s -
Y ¥
0,,~ OUR,—F,

F 1= 1.5F,

7 Fo> (Fya#0.05)|  F,.o=F,(1+l0g,(OUR,JOUR,,)) >

OUR,>(OUR, ,+0.075 Fa<(F54-0.05) | F,.,=F (1+log, (OUR,,/OUR))

F,~F.y F,.q= F(1+log, (OUR JOUR,,))

F,> (F,4+0.05)| F,.,=F,(1+log; (OUR/OUR,,)) >

OUR,<(OUR, 1-0.075) F,< (F,,-0.05) Faea= Foa 1

F,~ Fry F,.q= F,(1+log, (OUR/OUR,,))

F.> (F,.,+0.05) Foo= R >

OUR,~ OUR,, Fo< (Fy.1-0.05) Fres= Fn ]

Fn™ Foa Fnia=Fn —
S Ciclen (1 hora)

Figura 3.9 Esquema del control per OUR.

En primer lloc, després de completar un cicle, el controlador revisa el nivell d’oxigen
per tal d’evitar valors d’oxigen inferiors al 5 % (v/v). Si el valor d’oxigen es troba per sota
d’aquest limit, el cabal augmentara un 50 % per tal d’evitar I'aparici6 de zones anaerobies
dins del reactor. En el cas que el valor d’oxigen estigui per sobre del 5 %, el segilient pas
sera entrar en el lla¢c de control basat en la comparacié de la mesura d’OUR i del cabal
aplicat entre dos cicles consecutius. En aquest cas es poden donar tres situacions: que el
valor actual de la OUR sigui inferior, igual o superior al valor del cicle anterior. Cal dir que
es van establir diferents llindars per tal de definir “inferior” i “superior” en aquest context
per tal de no confondre’ls amb variacions de la OUR i del cabal que poguessin ser

considerades negligibles. El limit per a detectar una variacié en 'OUR es va definir en 0.5
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% de la OUR maxima trobada en altres experiments. D’altra banda, el rang considerat per a
les mesures de cabal va ser el propi marge d’error del cabalimetre. Aixi doncs els llindars a
partir dels quals es considera fiable una variaci6 son, en el cas de la OUR 0.075 g Oz h-lien
el cas del cabal 0.05 L min-l. D’aquesta manera el controlador avalua la variaci6 d’'OUR. A
continuaci6, compara si aquesta variaci6 esta lligada amb un cabal major, menor o igual
que el del cicle anterior. Si un augment de cabal fa augmentar 'OUR, el controlador
incrementara el cabal del sistema per tal de seguir augmentant 'OUR i obtenir-ne una de
superior. D’altra banda, si aquest augment de cabal déna lloc a un valor inferior d’OUR, el
nou cabal haura de ser inferior. No obstant, si amb una disminucié del cabal, 'OUR
augmenta, el controlador tornara a disminuir el cabal per tal de seguir augmentant 'OUR
en el segiient cicle. Si amb una disminuci6 de cabal, 'OUR disminuis, el controlador

augmentaria el cabal.

Aixi doncs, I'evolucié general del procés de compostatge, gracies al control per OUR,
hauria de consistir aproximadament en un augment sobtat d’'OUR al principi del procés
que provoca un rapid increment del cabal, arribant fins a un maxim que coincideix amb el
canvi de poblacié microbiana, quan la poblacié mesofila déna pas a la termofila. En aquest
punt, I'activitat biologica (OUR) decreix com a conseqiiéncia del canvi gradual d’especies
microbianes actives, provocant una disminuci6 de l'aeracié gracies a l'accié del
controlador. Posteriorment, l'activitat biologica dels microorganismes termofils va
progressant fins a trobar un nou maxim d’OUR, que coincideix amb un nou maxim de
cabal. Quan els substrats organics facilment biodegradables comencen a escassejar, 'OUR i

el cabal disminueixen fins a arribar a I’aturada del procés.

3.5.4 Seleccio del sistema de control

L’objectiu de la planta pilot de compostatge és poder dur a terme la fase de
descomposicié del procés de compostatge, durant la qual es concentra l'emissié dels
contaminants estudiats, mitjancant un sistema que optimitzi el subministrament d’aire per
tal de maximitzar l'activitat biologica del procés. Tal com s’observa a l'apartat 4.1
d’aquesta tesi i a l'article GHG emissions during the high-rate production of compost using
standard and advanced aeration strategies (Puyuelo et al.,, 2014), el sistema de control per
OUR és el que ofereix una estabilitzacié més correcta del residu organic tractat i també és
el sistema més Optim a nivell ambiental. Es per aixo, que es va triar el control per OUR com

a estrategia d’aeracié per a realitzar els experiments que conformen aquesta tesi.
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Aquest capitol consta de quatre apartats. Cadascun d’ells correspon a un del articles
publicats durant aquesta investigacié en diferents revistes internacionals indexades que
pertanyen al primer quartil. Aixi doncs, els apartats d’aquest capitol estan escrits en anglés
i en format article segons la revista corresponent. Per aixo cadascun d’aquests apartats
consta d’'una introduccié adequada al tema que es vol investigar, d'una breu explicaci6
dels materials i métodes emprats, d'una presentaci6é i discussié dels resultats, d'unes
conclusions i finalment es llisten les seves referencies. La numeraci6 de taules i figures és

propia de cada article.
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4.1

VOC emissions from the composting of the organic fraction of municipal

solid waste using standard and advanced aeration strategies

Caterina Maulini-Duran, Belen Puyuelo, Adriana Artola, Xavier Font, Antoni

Sanchez i Teresa Gea.

Publicat el 29 de juny de 2013 al Journal of Chemical Technology and
Biotechnology 89, 579-586.

DOI 10.1002 /jctb.4160

L’emissié de COV durant el procés de compostatge és la principal causa de les olors
generades en aquest tipus de instal-lacions. En aquest apartat, s’han investigat les
emissions de COV derivades del procés de compostatge de FORM realitzat en reactors

pilot de 50 L sota diferents estrategies de control de I'aeracié.
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VOC emissions from the composting of the
organic fraction of municipal solid waste using
standard and advanced aeration strategies

Caterina Maulini-Duran, Belen Puyuelo, Adriana Artola, Xavier Font,
Antoni Sanchez® and Teresa Gea

Abstract

BACKGROUND: The emission of volatile organic compounds (VOC) during the composting process is mainly responsible for
the odors generated in these types of waste treatment plants. In this work, VOC emissions from the source-separated organic
fraction of municipal solid waste (OFMSW) composting process have been investigated in 50 L pilot reactors operating under
different aeration control strategies during the active decomposition stage.

RESULTS: The VOC emissions from traditional aeration control options such as oxygen feedback control or cyclic on-off aeration
have been compared with VOC emissions under an oxygen uptake rate (OUR) control strategy. Total VOC emission (mg C m3)
and VOC composition (%) have been determined during the first active decomposition stage of composting. Study of VOC
composition indicated a high presence of terpenes. Carcinogenic compounds, such as furans, have occasionally been found at
very low concentration. Results indicate some differences in VOC composition according to the aeration strategy used.

CONCLUSION: The evolution of total VOC emissions was relatively similar, being high in the first days of the process. However,
the results obtained show some differences in VOC composition depending on the aeration strategy used. The OUR controller
provided a more steady emissions profile, which will help the performance of further gas treatment operations, specially

biological systems.
(© 2013 Society of Chemical Industry

Keywords: VOC emission; OFMSW treatment; composting; process control; terpenes; oxygen uptake rate
|

INTRODUCTION

Sustainable management of resources, waste minimization and its
valorization have been the common objectives of plans, directives
and regulations in recent decades. The main objective is to reduce
the negative environmental impacts generated by wastes during
their whole life cycle, from production to final disposal. Regarding
biodegradable wastes, and as a result of the Directive 1999/31/EC
on the limitation of landfills as final destination for this type of
waste, different management and treatment options are being
implemented, especially the composting process.! In recent years,
the direct consequence of these plans and policies has been the
proliferation in developed countries of new waste treatment plants
and the modification of existing ones.

However, the opposition that this type of facility generates
in most citizens (social rejection) is well known. This problem
regarding organic waste treatment is caused, in many cases,
by the inconvenience of unpleasant odors released during the
treatment. These odors are mainly associated with the emissions
of volatile organic compounds (VOCs, terpenes, alcohols, ketones,
sulfur compounds, amines, etc.) and ammonia.>® Nevertheless,
the discomfort caused by these emissions is often magnified by a
lack of reliable data in existing plants to provide objectivity and
scientific rigor to this problem.

The studies of Eitzer* and Staley et al.’ are particularly relevant
in the characterization of emissions from organic waste biological

treatments. Eitzer* determined the VOCs found in the emissions
from municipal waste composting plants and their relationship
with the process. Staley etal.®> studied the emission of VOCs
from aerobic and anaerobic processes. This study emphasized the
contribution to the overall emissions of the stripping phenomena
caused by the forced aeration of the aerobic processes.
Terpenes and ketones were shown to be the most abundant
compounds.*?

At pilot scale, Pagans etal. determined the influence of the
type of waste in the total emission of VOC comparing some
urban and industrial wastes.® Komilis et al. determined the main
VOC emitted in yard waste composting (mainly terpenes, alkyl
benzenes, ketones and alkanes), food waste (sulfides, acids and
alcohols) and the process stage where the emission was higher
(thermophilic stage).> Goldstein suggested terpenes, alcohols,
aldehydes, volatile fatty acids, ammonia and various sulphide
compounds were mainly responsible for odor in composting
plants.?

]
* Correspondence to: Antoni Sdnchez, Universitat Autonoma de Barcelona,
Departament d’Enginyeria Quimica, Escola d’Enginyeria, Edifici Q, Campus de
Bellaterra, 08193-Cerdanyoladel Valles, Spain. E-mail:antoni.sanchez@uab.cat

Composting Research Group, Department of Chemical Engineering, Universitat
Autonoma de Barcelona, Bellaterra, 08193, Barcelona, Spain
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Other authors have studied the influence of operating
parameters, such as aeration or turning frequency, on VOC
emissions. Buckner inversely correlated odor level and oxygen
concentration.” Gage and Ruggieri etal. proposed measures
to be taken into account in composting plants to minimize
the discomfort caused by odor; an adequate preparation of
the initial mixture and enough porosity to ensure aerobic
conditions during the whole process are some examples of these
measures.?

Puyuelo et al. developed a new control strategy for aeration in
the composting process.'® This strategy, based on maximization
of the oxygen uptake rate (OUR), was compared with standard
controllers in terms of energy demands, aeration requirements
and stability of the final compost. According to this work, standard
controllers used at industrial composting facilities are the cyclic
aeration controller (fixed cycles of on-off airflow) and the oxygen
feedback controller (based on airflow manipulation by means of
the oxygen content measured in the exhaust gas).

The objective of this work is to study VOC emissions during
the composting of the organic fraction of municipal solid waste
(OFMSW) under the three different control strategies stated above:
OUR maximization control, cyclic control and oxygen feedback
control. The study was performed at pilot scale using OFMSW
as substrate, since this is a widely studied waste in composting
environments. As a secondary objective, the main compounds
detected for each controller are also presented.

MATERIALS AND METHODS
Waste composted
The waste used in these experiments was source-selected OFMSW
mixed with pruning waste as bulking agent. The mixture (with a
volumetric ratio 1:1) was collected in a composting plant located
in Manresa (Barcelona, Spain), with a particle size 80—120 mm. The
impurities fraction in the OFMSW is about 13% in weight, mainly
plastics, glass and metals. A total weight of 400 kg was collected to
carry out all the experiments with the same material. The mixture
was collected in 30-L plastic bags. After collection,a homogeneous
sample was used for waste characterization and all the remaining
waste was frozen at —18°C in 1-L sealed bags. Before starting-up
each composting experiment, the material was thawed at room
temperature for 24 h. Approximately 8 months were necessary
to undertake the experiments. Three concurrent rounds were
performed, carrying out two simultaneous experiments for each
round. It was considered that freezing did not change the biological
activity of the waste during this period."’

The main parameters of chemical characterization of the initial
OFMSW collected and the final products obtained from each
experiment are shown in Table 1. Dry matter, organic matter,

organic carbon and total nitrogen were determined according to
standard procedures.'?

Composting pilot plant

The results presented in this study were obtained at pilot scale
using an adiabatic cylindrical reactor with an operating volume
of 50 L. Approximately 25 kg of OFMSW and pruning waste were
treated in each experiment. A scheme of the pilot reactor is
presented in Fig. 1.

The reactor wall was thermally isolated with polyurethane foam
in order to avoid heat losses. A perforated plate was fitted into the
bottom of the reactor to support the material, to help leachate
removal and to optimize the airflow circulation. Two orifices were
situated at the bottom of the reactor, one to introduce air from a
compressor and another for leachate removal. Two more orifices
were situated on the top cover. One was used to insert a Pt-100
sensor for temperature monitoring (Desin Instruments, Barcelona,
Spain), which was placed at middle height of the material matrix.
The other orifice was used to remove the exhaust gases in order to
analyze its composition. Oxygen concentration was continuously
measured (and registered every 2 min) with an oxygen sensor
(Xgard, Crown, UK) placed after a refrigeration chamber to avoid
wet gas passing through the gas analyzer. VOC composition was
determined by gas chromatography-mass spectrometry (GC-MS)
after collecting the gas sample in 1-L Tedlar(© bags, as explained
later.

The data acquisition and control system was composed of
an acquisition chassis (cDAQ-9172, National Instruments, USA)
connected to a personal computer and using LabView 8.6
software (National Instruments, USA). Temperature, exhaust gas
oxygen concentration and inlet airfflow were monitored during
the experimental trials. The temperature probe and oxygen sensor
were connected to the data acquisition chassis. The input and
output electrical signals of the flow meter were connected directly
to the computer through an RS-232 serial port. All data were
recorded and shown in a graph or in the program interface from
which different control systems could be programmed.

Three different control strategies to regulate the inlet airflow
were studied and compared. Two different closed-loop controllers
(oxygen feedback control and oxygen uptake rate feedback
control) and a third system based on a timed ON-OFF control
configuration (airflow regulation by predetermined cycles) were
tested. The level of implementation of each controller in full-
scale composting plants strongly depends on the composting
technology used. In general, static aerated piles use the cyclic
controller while most composting reactors (rotatory drums,
tunnels or dynamic channels) use the oxygen feedback control.
OUR control is not implemented yet in full-scale facilities and it is
restricted to lab and pilot plant studies.'®

Table 1. Characterization of the collected OFMSW and the final products obtained after 20 days of experiment under each specific airflow control
system. Data presented correspond to triplicate measurements and the corresponding standard deviation
Dry matter Organic matter Organic carbon Total nitrogen Final DRI Total air
Material (%, wb*) (%, db*) (%, db) (%, db) (mg 0,97 'DMh~") consumption (L)
Initial OFMSW 335+03 78 +2 433+0.2 2.05+£0.07 42+0.1 —
Oxygen feedback control  31.0 £0.3 74+3 41.0£03 2.12+0.10 1.5+0.1 29000
Final product  Cyclic aeration control 266+ 0.5 77 +£3 43.0+04 2.36 £0.05 1.5+£0.1 25000
OUR control 44.0+0.9 74+3 41.0+0.2 242 +£0.10 1.3+£0.1 17 000

*DM: dry matter; wb: wet basis; db: dry basis.
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Figure 1. Experimental set up of the composting pilot reactor.

Each control strategy was studied in duplicate. The differences
found between duplicates were analyzed in terms of total VOC
emission for each controller. It was found that the differences
between duplicates with the same control strategy were less than
20%, which is a typical value for VOC emissions in the composting
process.3*

Oxygen feedback control

This controller was based on airflow manipulation by means of
the oxygen content measured in the exhaust gas. It was necessary
to establish an oxygen set point to maintain the system under
favorable aerobic conditions. The oxygen set point was fixed
between 11.5 and 12.5% of oxygen in air (v/v). Emulating the
controllers used at industrial facilities, the controller applied a high
flow (3 L min~") for oxygen levels below 11.5% and a low flow (0.2
L min~") for measures over 12.5%, whereas the controller did not
take any action when the measure was within this range.

Cyclic aeration control

This is the most widely used system in aerated windrow
facilities. In this case, inlet airflow was automatically regulated by
predetermined timed cycles. On the basis of the study presented
by Ruggieri et al., the airflow regulation was provided in cycles of
5minat5Lmin~" (0.2L min~! kg~' wet matter) and 25 min at 0.2
Lmin~' (8x103 L min~" kg~ wet matter).3

Oxygen uptake rate feedback control (OUR controller)

As explained before, this new control strategy has been presented
in Puyuelo et al.’® The main objective of this controller is to obtain
automatic airflow regulation to maximize the biological activity in
the reactor measured as OUR.

The controller works in cycles of 1 h. The designed OUR control
loop compares the variations in OUR between successive cycles
according to the airflow applied. First, after completing a cycle, the
oxygen level is adjusted to avoid percentages below 5% (v/v). If the
level is below this limit, airflow is increased by 50%. If an adequate
oxygen level is measured, the next step by the control loop is based
on the OUR measure and the applied flow comparison between
two consecutive cycles. For both parameters, three situations are
possible, i.e. the system determines if the current value is lower
than, higher than or equal to the previous one. It is important

to note that different absolute thresholds were established to
define superior and inferior limits at which the variation of OUR
and airflow can be considered negligible. The limit to detect OUR
variation was defined as 0.5% of the maximum OUR achieved in
previous experiments in the reactor (about 15 g O, h™'). Instead,
the range considered to act on the airflow measures was 0.05 L
min~". Considering this, the controller checks the OUR variation.
Next, it determines if the OUR variation obtained is linked with
an increase, decrease or constant airflow. From this algorithm, the
system regulates the inlet airflow to optimize the OUR achieved
during the whole process.'°

Stability degree

Using the methodology proposed by Adani etal. to assess the
biological stability degree,'* some modifications to this system are
detailed next. The Dynamic Respiration Index (DRI) was measured
in a self-made dynamic respirometer.’ The airflow is constant,
in this case fixed at 25 mL min~! for intial OFMSW and 15 mL
min~! for treated OFMSW. These airflows are enough to maintain
the oxygen above 14% during the whole assay. In these DRI tests,
temperature is fixed at 37°C with a water bath and 150 g of sample
are placed in a 500 mL Erlenmeyer flask. The oxygen content in the
outgoing gases is measured every 5 min with an oxygen sensor
(Xgard, Crown, UK). From this assay, the DRI is determined as the
maximum average value of respiration activity measured during
24 h. Itis expressed in mg O, g~' DM (dry matter) h~'. A detailed
description of the DRI determination procedure can be found in
Ponsé etal.’

Detection of total VOC concentration

Total VOC content from gaseous samples was determined as the
total carbon content using a gas chromatograph (GC) equipped
with a flame ionization detector (FID) and a dimethylpolysiloxane
column (2 m, 0.53 mm, 3.0 um column, Tracsil TRB-1, Teknokroma,
Barcelona, Spain). The volume injected was 250 pL and the analysis
time was 0.5 min. The gas chromatography operating conditions
were as follows: isothermal oven temperature 200°C, injector
temperature at 250°C, FID temperature at 250°C and carrier
gas was helium at 1.5 psi pressure. This column permits the
determination of total VOC in a unique peak because it does
not separate the compounds. The calibration was carried out
with hexane, and the units are mg C m?3. All carbon content
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compounds are quantified by FID, including methane. Methane
was also analyzed by gas chromatography using a flame ionization
detector (FID) and a HP-Plot Q column (30 m, 0.53 mm, 40 um) with
a detection limit of 1 ppmv. The gas chromatograph operation
conditions were as follows: oven temperature isothermal at 60°C,
injector temperature 240°C, FID temperature 250°C; carrier gas N,
at 4 psi pressure. The injected volume was 500 pL and the analysis
time was 4 min. Subtracting methane content from total VOC
content, total VOC (not including methane) concentration can be
obtained.

Gaseous emission sampling and GC-MS detection
A sample from each process was taken daily in 1-L Tedlar© bags.
VOC characterization from air samples analyzed by SPME (solid
phase micro-extraction)/GC-MS as previously reported in different
publications.'6~1°

A manual SPME device and divinylbenzene (DVB)/Carboxen/
polydimethylsiloxane (PDMS) 50-30 um fiber from Supelco
(Bellefonte, PA, USA) was used. The compounds were adsorbed
from the air samples by exposing the fiber (preconditioned for 1 h
at 270°C, as suggested by the supplier) in a Tedlar bag for 30 min at
room temperature. A solution of deuterated p-xylene in methanol
was used as internal standard for semi-quantitative analysis.

VOCanalysis was performed using a Gas Chromatograph Agilent
5975C + 7890 Series GC/MSD. Volatile compounds were separated
using a capillary column for VOC (Agilent Technologies DB-624) of
60 m x 0.25 mm and a film thickness of 1.40 um. Carrier gas was
helium at a flow rate of 0.8 mL min~'. VOCs were desorbed by
exposing the fiber in the GCinjection port for 3 minat250°C.A0.75
mm internal diameter glass liner was used and the injection port
was in splitless mode. The temperature program was isothermal
for 2 min at 50°C, raised to 170°C at a rate of 3°C min~' and
finally to 230°C at a rate of 8°C min~". The transfer line to the
mass spectrometer was maintained at 235°C. The mass spectra
were obtained by electronic impact at 70 eV, a multiplier voltage
of 1379V and collecting data at a m/z range of 33-300.

Compounds were identified by comparing their mass spectra
with those contained in the NIST (USA) 98 library. A semi-
quantitative analysis, for all the identified compounds, was
performed by direct comparison with the internal standard.

RESULTS AND DISCUSSION

Process evolution: temperature and total VOC emission

For each control system studied, temperature, oxygen concen-
tration in the exhaust gas and VOC emission are shown in Fig. 2 for
onereplication. The six processes reached thermophilic conditions
before the fourth day of processing with maximum values of
temperature around 65°C. After 20 days, the systems returned
to mesophilic conditions. According to the temperature profile
and DRI values of the treated material after 20 days of processing
(Table 1), the composting process evolution was correct and the
final material was properly stabilized.

VOC emissions reached their maximum values in the early days
of the process. After the tenth day, VOC emissions were very
close to zero in all systems. VOC emissions have been related to
the presence of anoxic conditions.'® Oxygen concentration in the
particle-biofilm depends on the oxygen concentration in the free
air space of the biomass, the oxygen uptake rate to degrade the
substrate and the temperature. Some VOCs are the products of
the anaerobic biodegradation that occurs in the biofilm-particle

when oxygen becomes a limiting factor of the aerobic oxidation
of the microbial-available substrate, i.e. the dissolved organic
matter (DOM).'®8~20 Even if the reactor receives enough airflow
throughoutthe process, such asin the case of OUR control, VOC will
be also emitted, because when a high DOM concentration exists,
there is also a high OUR, which means fast consumption of oxygen
and consequently, the oxygen content can be limiting.? In general,
the peak of emissions was detected during the transition from
mesophilic to thermophilic conditions. This has also been observed
with other wastes and composting reactors.%'° It can be concluded
that the achievement of thermophilic conditions contributes to
increase these emissions. A possible explanation was provided by
Komilis et al. who suggested that VOC emissions are more related
to process self-heating than to biological decomposition.?

Figure 2(c) shows the evolution of the cyclic controller. In
general, it seemed that the evolution was similar to those of the
other controllers (2(a) and 2(b)). In the experiment controlled by
OUR and the cyclic controller (Fig. 2(b) and 2(c)), the maximum
VOC concentration coincided with the maximum temperature.
However, in the oxygen feedback controller (Fig. 2(a)), the VOC
maximum concentration seemed to be reached 2 days before the
maximum temperature. Probably, the main reason was that in the
OUR control strategy airflow gradually changes and in feedback
control strategies airflow suddenly changes. This could enhance
VOC stripping or cause a delay in the achievement of the maximum
temperature. In general, it seems that the simultaneous rise of
temperature and airflow causes the VOC stripping as observed
with other organic wastes.®

Finally, it is worth mentioning that the total amount of air used
in the OUR controller is lower than that of the other strategies
(Table 1), which is a good option to minimize VOC stripping and
to reduce energy consumption related to aeration in composting
systems. It is also important to note that this low amount of air
used does not have any detrimental effect on the compost stability
as shown in DRI values (Table 1).

VOC characterization by SPME/GC-MS

VOC emissions and composition were characterized by SPME/GC-
MS. The main objective was identification of the large number
of compounds emitted during the composting process. Also, a
semiquantitative analysis has been carried out.

The number of molecules detected during the three processes
decreased from the thermophilic phase to the end of the
composting process. However, to simplify the discussion,
VOCs have been classified to the following chemical families:
alcohols, esters, furans, ketones, aliphatic hydrocarbons, aromatic
hydrocarbons, nitride molecules, sulphide molecules and terpenes.
Table 2 shows the evolution of the percentages of each VOC family
considered for each control strategy, whereas Table 3 presents
the predominant compounds of each family. In Table 2, it can
be observed that the deviation between duplicates depends on
the family considered; however, the order of the percentages
detected for each family of compounds was maintained within
duplicates (data not shown). It is evident that the origin of
VOC families can be diverse, being originally in the waste
and then just stripped with air or as a result of metabolic
reactions and further stripped. Thus, in some studies, it has been
reported that some of these families (alcohols, ketones, aliphatic
hydrocarbons, nitride molecules and sulphide molecules) are
extensively degraded during the biological process and detected
only in the first stages of composting.?! Scaglia et al. found that
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Figure 2. Evolution of temperature

), concentration of total VOC measured by GC-FID (triangles, replicate 1; squares, replicate 2), and concentration

of oxygen in the reactor (- — _ _) for the three aeration strategies studied: oxygen feedback controller (a), OUR controller (b) and cyclic controller (c). Only
one profile of temperature and oxygen is shown. Both replicates of VOC emission are presented.

there are some other families that did not show any measurable
reduction as a consequence of the process, because they are
xenobiotic compounds, as aromatic hydrocarbons or halogenated
compounds or other carcinogenic products, such as furans.
These families of compounds are simply released by stripping
in composting exhaust air.’ In the present study, halogenated

compounds have not been found during the entire process.
These molecules, as furans or aromatic hydrocarbons, have been
emitted at very low concentrations during all the process, again as
a consequence of stripping.

As can be seen in Table 2, terpenes, which have been described
as the main compounds and responsible for odorous pollution in

J Chem Technol Biotechnol 2014; 89: 579-586
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Table 2. Characterization of VOCs families detected for each control strategy during representative periods of time of the composting process.
For each family, the average value in percentage with the standard deviation is presented (two replications)
Control Aromatic Sulfide Aliphatic Nitride
Period strategy  hydrocarbons  Ketones  Terpenes Alcohols compounds hydrocarbons compounds  Furans Esters
0-2 days Oxygen 20409 94+89 740+£63 32+3.1 9.3+ 106 0.81+0.87 1.1+£11 0.24+0.2 n.d.
OUR 1.6+1.7 94+88 819+18 35+38 0.6 +0.8 1.6+23 14+£20 n.d. n.d.
Cyclic 22+1.0 53+46 7144123 95+£10.7 49+5.2 0.2+£0.2 n.d. 0.1£0.1 63£10.2
3-4days Oxygen 5.6+5.0 48+71 648+185 57+40 18.0+18.2 0.6 +0.7 0.5+0.6 n.d. n.d.
OUR 1.5+13 123+£8.7 73.0+£144 89+37 1.6+1.0 1.5+£1.0 1.0+0.7 0.1+0.2 0.1+£0.0
Cyclic 20+0.6 72+13 779482 23+23 84+109 1.0+ 0.6 n.d. 02+£02 11+£17
7-8days Oxygen 73+21 28+33 81.1£132 34454 1.2+15 n.d. 34+4.1 n.d. n.d.
OUR 04 +0.1 31+18 915+26 19413 22+09 05+0.2 03+01 02+03 n.d.
Cyclic 1.1+£0.8 91+93 839467 18+£15 22+05 1.0+0.8 05+£0.6 03+£0.2 n.d.
9-10days  Oxygen 1.1+07 59+76 897+54 05+07 26+28 n.d. 02404 n.d. n.d.
OUR 0.14+0.2 1.74+03 8294165 1.1+06 0.2+0.1 134+£76 0.34+0.1 0.14+0.2 n.d.
Cyclic 1.1£0.5 87+70 846+23 0.1+£02 3.6+20 0.7+£1.2 04+08 05+04 03+£06
11-14days Oxygen 20+1.6 38+16 754+204 02403 1.1+1.0 n.d. 16.8 £9.7 n.d. 07+14
OUR 0.7+0.8 06+07 833+157 18+17 1.9+36 6.7 £2.7 50+96 n.d. n.d.
Cyclic 1.0£0.2 79+6.7 848+33 1.7+£03 26+3.2 14+1.6 0.2+£0.2 0.5+0.2 n.d.
15-18days Oxygen 47 £36 26+21 723+31.0 0.1+0.2 0.1+0.2 n.d. 20.2 +32.1 n.d. n.d.
OUR 1.5+08 24+29 815+£257 00£0.0 0.7+0.8 n.d. 139+£218 n.d. n.d.
Cyclic 0.5+0.6 63+£78 908+9.1 09+14 0.2+0.2 04+0.6 02+£0.5 0.6+£0.8 n.d.
n.d.: not detected (below detection limit).

the OFMSW treatment facilities, is clearly the main family found.?
The exception was the oxygen control strategy (Table 2), where
nitrogen molecules (nitride molecules) were the main VOC family
emitted during the sixteenth day of processing. The average
percentages of terpenes found during the entire composting
process were 75.3 4+ 9.2%, 84.1 £+ 9.8% and 84.8 + 3.5% in the
oxygen feedback controller, OUR controller and cyclic controller,
respectively. The main terpene molecule detected in this family
was limonene (Table 3), which could come from the pruning
waste used as bulking agent or from vegetable wastes present
in the OFMSW. Indeed, it has been concluded by Pagans etal.
that the bulking agent ratio (pruning waste:waste) affects VOC
emission during the composting process and their elimination by
biofiltration. It has also been demonstrated that a steady emission
of VOC can be detected even when the biological activity of
composting is negligible, according to the low biodegradability of
the bulking agent.® Thus, high ratios of bulking agent could lead
to high emissions of terpenes.® Another study shows clearly that
terpenes are more related to the material used for composting
than to the biological process.?> According to other authors,*
terpenes can also be produced as an intermediate of the aerobic
metabolism.

The less abundant families detected were furans and esters.
Esters were present in all systems but at very low average
percentages (0.1 £ 0.2% in oxygen controller, not detected in
OUR controller and 1.1 £ 1.5% in cyclic controller). Furans, mainly
represented by 2-pentyl furan (Table 3), have been reported to be
toxic and may be carcinogenic but they are natural compounds
that can be found in fruit.2' This family was found only in the OUR
controller (0.1 = 0.1%) and the cyclic controller (0.4 £ 0.2%).

Scaglia et al. reported that the main part of alcohols is emitted
during the first biostabilization stage, when oxygen could be a
limiting factor due to the high microbial activity.?! Indeed, in the
present study, alcohols were emitted mainly during the first half
period of the process and practically disappear in the last days of

the process, being around 2% of the overall VOC emissions for the
three systems.

Acetone and various cicloketones are the main representatives
of the ketones family. These molecules can be produced during
alcohol oxidation?* or can be released from plastic packaging.®
As shown in Table 2 (oxygen feedback and OUR control systems),
ketones were emitted mainly during the first days of the process,
and theiremission decreased with time. Ketones average emissions
in the oxygen feedback and OUR control systems represent 4.6 +
0.8% and 4.2 & 0.2%, respectively, of the overall VOC emissions.
For the cyclic controller, the ketones family represents 7.2 &+ 4.8%
of the overall VOC emission and they were randomly emitted
during the composting process. Apparently, there is no clear
reason for the continued presence of ketones during the whole
composting process; it could be attributed to the presence of
plastic food packaging material and other impurities often present
in the OFMSW. In fact, the OFMSW used had an average of 10%
impurities in weight.

Nitride molecules are represented by trimethylamine, a product
of the decomposition of plants and animals,?’ and acetamide,
which can derive from acetic acid. Cyclic and OUR controllers
presented a low average percentage of nitride molecules (0.2 +
0.3% and 4.1 &+ 5.3% of the overall VOC emission, respectively).
However, in the feedback oxygen control, nitride molecules
represent 8.5 + 11.8% of the overall VOC emissions. The major
percentage of these compounds was observed during the last days
of processing (Table 2). This is the reason why, when considering
the overall composition of VOC, the percentage of terpenes is
low in the oxygen feedback control. Nitride emissions in the
oxygen feedback controller are in agreement with the low nitrogen
content of the final product (Table 1).

Dimethyl sulfide has been detected as the main sulphur
compound. It has been reported that these emissions come,
in part, from leftovers of cooked brassicaceous vegetables.?® This
family represents only 5 + 4.2%, 1.2 £ 1.0% and 2.9 £+ 1.9% on
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average of the overall VOC emission for oxygen feedback, OUR
and cyclic controllers, respectively.

The aliphatic hydrocarbons family is represented by different
large alkanes that probably come from cooked and heated oil and
also from food packaging materials.?’ The average percentage
over the whole VOC emission was 0.3 £+ 0.4% for the oxygen
feedback controller, 2.7 £ 3.1% for the OUR controller and 0.8 £
0.5% of the cyclic controller.

Finally, aromatic hydrocarbons are typically related to the
impurities (mainly plastics from packaging) found in the OFMSW?
and are represented by several benzene derivates: 4.0 £0.8,0.9 +
0.4 and 1.1 &+ 0.2 average percentages for oxygen feedback, OUR
and cyclic controllers, respectively.

In summary, overall differences were found in VOC composition
according to the strategy used for aeration, but the presence
of terpenes is the dominant factor in all cases, with the highest
emission of VOC occurring during the first days of process. The
importance of these findings is crucial for the development of the
equipment for the treatment of VOC in composting facilities.?

CONCLUSIONS

VOC emission and its composition have been evaluated from
six experimental pilot composting processes evaluating three
different control strategies in duplicate. It could be concluded
that the evolution of total VOC emission during the active
decomposition stage of the composting process was relatively
similar for the different strategies tested, although the overall
air consumption is significantly lower in the case of the OUR
controller, which can lead to energy savings and a decrease in VOC
stripping. As expected, the maximum VOC emission was detected
during the first days of the process. However, the results obtained
showed some differences in VOC composition according to the
aeration strategy used. Terpenes were the main VOC emitted
during the composting process, probably due to the presence
of the bulking agent and vegetable food. Toxic and carcinogenic
compounds, mainly classified as furans, were found in emissions
from the experiment operated under OUR control and cyclic
control but at very low concentrations. Compounds from the
degradation of plastic packaging as aromatic hydrocarbons and
ketones were also emitted. In all cases, the level of dispersion
found in the VOC emissions is high in the case of the OFMSW,
whichisanimportantfactor to consider when designing treatment
equipments for exhaust gases composting. Regarding this point, it
is also remarkable that the OUR controller produced a more steady
emissions profile both in flow and in composition.
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L’emissié de COV i d’amoniac contribueixen a la contaminacié odorifera, aixi com el
meta i '0xid nitrés contribueixen considerablement a I'efecte hivernacle. Aquests quatre
compostos es troben en les emissions gasoses derivades del tractament de residus
mitjancant el compostatge. En aquest apartat s’investiguen i es comparen les emissions
derivades del procés de compostatge de fangs d’EDAR frescos amb el procés de

compostatge de fangs d’EDAR digerits mitjancant un procés de digestié anaerobia.
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« Anaerobically digested (ADS) and raw sludge (RS) composting emissions are compared.
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« Quantitative VOC determination shows dimethyl disulfide as the main VOC emitted.
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Volatile organic compound (VOC) and ammonia, that contribute to odor pollution, and methane and
nitrous oxide, with an important greenhouse effect, are compounds present in gaseous emission from
waste treatment installations, including composting plants. In this work, gaseous emissions from the
composting of raw (RS) and anaerobically digested sludge (ADS) have been investigated and compared
at pilot scale aiming to provide emission factors and to identify the different VOC families present.
CH, and N,0 emissions were higher in ADS composting (0.73 and 0.55 kg Mg~ sludge, respectively) than
in RS composting (0.01 kg Mg~! sludge for both CH, and N,0). NH3 and VOCs emitted were higher during
the RS composting process (19.37 and 0.21 kg Mg~ sludge, respectively) than in ADS composting (0.16
and 0.04 kg Mg~! sludge). Significant differences were found in the VOC compositions emitted in ADS
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and RS composting, being more diverse in RS than ADS composting.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

During the mechanical, biological and chemical treatment of
wastewater, large amounts of sludge are generated. Sludge is rich
in organic matter, nitrogen, phosphorus, calcium, magnesium, sul-
fur and other microelements, which makes wastewater sludge a
useful raw material to be composted. In addition to these elements,
sludge can also contain toxic compounds (heavy metals, pesti-
cides) and pathogenic organisms (bacteria, eggs of parasites)
(Kosobucki et al., 2000).

Abbreviations: VOC, volatile organic compound; RS, raw sludge; ADS, anaero-
bically digested sludge; OUR, oxygen uptake rate; DRI, dynamic respiration index;
GC-MS, gas chromatography-mass spectrometry; GHG, greenhouse gas; SPME,
solid phase micro extraction; DVB, divinylbenzene; PDMS, polydimethylsiloxane;
IS, internal standard; DOM, dissolved organic matter.
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ment d’Enginyeria Quimica, Escola d’Enginyeria, Edifici Q, Campus de Bellaterra,
08193 Cerdanyola del Vallés, Spain. Tel.: +34 935814480; fax: +34 935812013.

E-mail address: adriana.artola@uab.cat (A. Artola).
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Composting is a suitable treatment for sewage sludge from mu-
nicipal wastewater treatment plants (Pagans et al., 2006a; Gea
et al., 2007). Due to its high moisture content, sludge cannot be
composted alone; sludge needs to be mixed with a dry material
that acts as a bulking agent, absorbing the excess moisture and
providing the composting mass with an appropriate degree of
porosity for aeration (Sanchez Monedero et al., 2001; Tremier
et al., 2005). Sludge characteristics depend on the origin of the
water treated, as well as on the treatment followed (especially if
the sludge is raw or anaerobically digested).

Sustainable management of resources, waste minimization and
valorization of waste have been the common objectives of plans,
directives and regulations in recent decades. In recent years, there
has been a proliferation, either in Spain or Europe, of new waste
treatment plants as a result of the Directive 1999/31/EC on the lim-
itation of landfill as final destination for organic wastes, especially
biological treatment plants (Commission of the European Commu-
nity, 2008). However, the social rejection that this type of facility
provokes from citizens is well-known. In many cases, the problem
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regarding organic waste treatment is caused by the inconvenience
of the unpleasant odors released during the biological treatment.

These odors are associated mainly with the emissions of volatile
organic compounds (VOCs) (e.g., terpenes, alcohols, ketones,
sulfur-containing compounds and amines) and ammonia (Gold-
stein, 2002; Komilis et al., 2004). However, the discomfort caused
by these emissions is often magnified by a lack of reliable data
from the existing plants, which could provide objectivity and sci-
entific rigor to this topic. In addition to VOCs, other compounds
emitted during the composting process are CH, and N,O, which
are considered greenhouse gases (GHGs). Although composting
or anaerobic digestion are generally considered environmentally
beneficial, they can increase or decrease their benefits depending
on the associated emissions (Col6n et al., 2012).

Eitzer (1995) and Staley et al. (2006) have performed studies
that are particularly relevant for the characterization of emis-
sions from organic waste biological treatments. Eitzer (1995)
exhaustively determined the volatile organic compounds present
in the emissions from municipal waste composting plants and
their relationship to the process. Staley et al. (2006) studied
the emission of VOCs from aerobic and anaerobic processes. This
study emphasized the contribution to the overall emissions of
the stripping phenomena caused by the forced aeration in the
aerobic processes. Terpenes and ketones were determined as
the most abundant compounds. On the pilot scale, Pagans
et al. (2006b) determined the influence of the type of waste in
the total emission of VOCs, comparing certain urban and indus-
trial wastes. Komilis et al. (2004) determined the main VOCs
emitted in yard waste composting (mainly terpenes, alkylben-
zenes, ketones and alkanes), food waste (sulfides, acids and alco-
hols), and the process stage where the emissions were higher
(thermophilic stage). Goldstein (2002) suggested terpenes,
alcohols, aldehydes, volatile fatty acids, ammonia, and various
sulfur-containing compounds as being mainly responsible for
the odor in composting plants.

NH;3 emissions are related directly to the content of ammonium,
urea and other organic nitrogen in the biomass. NH; emissions de-
pend on temperature, aeration and the pH value of the composting
material (Hellebrand and Kalk, 2001).

N,O is emitted during biological nitrogen removal through
nitrification and subsequent denitrification (He et al., 2000;
Sanchez Monedero et al., 2001). In both processes, nitrous oxide
is formed, but a detailed understanding of the factors that produce
nitrous oxide emissions is currently missing. Because nitrous oxide
has a greenhouse gas potential approximately 300 times greater
than that of carbon dioxide (IPCC, 2007), nitrous oxide can contrib-
ute strongly to the carbon footprint of the composting plant.

CH4 is formed as a byproduct of microbial respiration in se-
verely anaerobic environments when carbon is the only electron
acceptor available. Carbon is used as an electron acceptor when
other more energetically favorable electron acceptors, including
oxygen, nitrogen, iron, manganese and sulfur, have been exhausted
(Brown et al., 2008).

The objective of this work was to study and update the current
knowledge of the VOC, CH,4, N,O and NH3 emissions during the
composting process for sludge produced in wastewater treatment
plants. To determine these emissions, the two primary types of
sludge currently produced in these plants, anaerobically digested
sludge and raw sludge, have been composted on the pilot scale
with continuous aeration based on an oxygen uptake rate (OUR)
maximization control. Emission factors (amount of compound
emitted per amount of waste treated) are provided for the studied
compounds. Emission factors permit the comparison among treat-
ment processes with different inputs and scales. Special attention
has been directed to VOC emissions, identifying and quantifying
the main compounds emitted.

2. Methods
2.1. Waste composted

The wastes used in these experiments were raw sludge (RS)
from a wastewater treatment plant located in Manresa (Barcelona,
Spain) and anaerobically digested sludge (ADS) from a wastewater
treatment plant located in Sabadell (Barcelona, Spain). Both plants
serve a large population (more than 100,000 inhabitants) and in-
clude nitrification-denitrification and anaerobic digestion of
sludge. In both cases, sludge samples were taken from the waste-
water treatment plant after the dewatering step (centrifugation).
Sludge was mixed in the laboratory with wood chips as a bulking
agent with a volumetric ratio of 1:3. Air-filled porosity was deter-
mined using an air pycnometer according to previous studies (spe-
cific details about the methodology can be found in Ruggieri et al.,
2009). The results for air-filled porosity were 41.8% and 47.8% in RS
and ADS experiments, respectively. These values are within the
range recommended for an adequate development of the compost-
ing process of sludge (Ruggieri et al., 2009). Experiments were per-
formed on the pilot scale (50L reactors) and in duplicate. After
collection and mixing, a homogeneous sample from both sludge
samples and each mixture was stored at —18 °C to be used for
waste characterization.

The main characterization parameters of the initial sludge col-
lected, the composted mixture and the final products obtained
from each experiment are presented in Table 1.

2.2. Composting pilot plant

The results presented in this study were obtained on the pilot
scale using two near-to-adiabatic non commercial cylindrical reac-
tors with an operating volume of 50 L. A schematic diagram of the
pilot reactor and a detailed description can be found in Puyuelo
et al. (2010).

Gas samples were collected in 1L Tedlar® bags for VOCs, N0,
CH; and NH; determination. Also a 250 mL glass gas collector
was used for samples taken for VOC composition determination.

The data acquisition and control system consisted of an acqui-
sition chassis (cDAQ-9172, National Instruments, USA) connected
to a PC and using LabView 8.6 software (National Instruments,
USA). Temperature (PT100 sensor, Desin Instruments, Barcelona,
Spain), exhaust gas oxygen concentration (Xgard, Crown, UK) and
inlet airflow were monitored during the experimental trials. The
temperature probe and oxygen sensor were connected to the data
acquisition chassis. The input and output electrical signals of the
flow meter were connected directly to the PC through an RS-232
serial port. All data were recorded and presented in a graph or in
the program interface from the OUR control.

This control strategy has been presented in Puyuelo et al.
(2010). The main objective of this controller is to obtain an auto-
matic airflow regulation to maximize the biological activity in
the reactor measured as OUR. OUR control permits the optimiza-
tion of energy consumption during the process while achieving a
high degree of stability in the final product. Briefly, the controller
works in cycles of 1 h. The designed OUR control loop compares
the variations in the OUR measurements reached among the suc-
cessive cycles according to the airflow applied. After completing
a cycle, the oxygen level is revised to avoid percentages below
5% (v/v). If the level is below this limit, airflow will be increased
by 50%. If an adequate oxygen level has been measured, the next
step will be the control loop based on the OUR measurement and
the applied flow comparison between two consecutive cycles. For
both parameters, three situations are possible, i.e., the system
determines if the current value is lower than, higher than or equal
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Table 1

45

Characterization of the initial RS and ADS, the mixture with bulking agent and final products obtained after 12 days of experiment (RS-I and RS-II: duplicates for raw sludge

composting; ADS-I and ADS-II: duplicates for anaerobically digested sludge composting).

Material Dry matter Organic matter DRI* Total organic carbon Total nitrogen pH Conductivity
(%, wb?) (%, db¥) (mgO,g 'OMh™1) (%, db) Kjeldahl (%, db) (ps/cm)
Raw sludge 21.1+0.2 80.2+0.1 52+09 72+9 32+02 7.02 1299
Mixture RS- bulking agent 45+ 6 95.7+0.9 1.6+0.3 74+4 24104 7.02 968
RS-I (final product) 37+1 94+2 1.07 £0.02 72+4 2.98 +0.02 8.78 1065
RS-II (final product) 32+2 94+2 0.50 £ 0.06 72+8 29+0.1 8.99 1322
Anaerobically digested sludge 17.1£0.1 703 0.5 1.2+0.1 69+6 7+1 7.94 1153
Mixture ADS- bulking agent 42 +1 85+3 0.56 + 0.04 70+ 6 55+0.3 7.95 943
ADS-I (final product) 28.8+0.7 85+1 0.43 +0.07 63+9 22404 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

4 OM, Organic Matter; wb, wet basis; db, dry basis; DRI: Dynamic Respirometric Index.

to the previous value. Different absolute thresholds were estab-
lished to define the superior and inferior limits in which the vari-
ation of OUR and airflow can be considered negligible. The limit
to detect OUR variation was defined as 0.5% of the maximum
OUR achieved in previous experiments in the reactor (approxi-
mately 15 g 0, h™'). The range considered for the airflow measure-
ments was 0.05 L min~'. Considering the airflow measurements,
the controller checks the OUR variation. Next, the controller deter-
mines if the OUR variation obtained is linked to an increase, de-
crease or a constant airflow. From this algorithm, the system
regulates the necessary inlet airflow to optimize the OUR achieved
during the whole process and ensures the prevalence of full aerobic
conditions.

2.3. Stability degree

On the basis of the methodology proposed by Adani et al. (2006)
to assess the degree of biological stability, the dynamic respiration
index (DRI) was measured using a respirometer (Ponsa et al.,
2010). Briefly, the determination consists of placing 150 g of sam-
ple in a 500 mL Erlenmeyer flask and incubating the sample in a
water bath at 37 °C. A constant airflow was supplied through the
sample, and the oxygen content in the outgoing gases was mea-
sured. From this assay, DRI was determined as the maximum aver-
age value of respiration activity measured during 24 h, expressed
inmg0O,g 'OMh™!,

2.4. Determination of gaseous emissions

VOC, CH4 and N,O analysis was performed by means of gas
chromatography (Agilent Technologies 6890N Network GC system,
Madrid, Spain) as explained in Colén et al. (2012).

Ammonia concentration was measured in situ at the gas outlet
of the composting reactor by means of an ammonia sensor (Indus-
trial Scientific sensor iTX-T82, Oakdale, PA, USA) with a measure-
ment range of 0-1200 ppmv. The sensor was placed inside a
hermetic recipient with inlet and outlet holes that allowed gas cir-
culation. The measurement was taken when the value was stabi-
lized during a period of constant flow. Ammonia was measured
just before the water trap installed to protect the rest of measure-
ment devices from moisture avoiding ammonia retention in water
eliminated from the gaseous flow.

2.5. GC-MS detection

A sample from each process was taken daily in a 250 mL glass
gas collector. VOC characterization was performed using air sam-
ples analyzed by SPME (solid phase micro extraction)/GC-MS as
previously reported in different publications (Davoli et al., 2003;
d’Imporzano et al., 2008; Orzi et al., 2010).

A manual SPME device with divinylbenzene (DVB)/Carboxen/
polydimethylsiloxane (PDMS) 50-30 pm fiber from Supelco (Belle-
fonte, PA, USA) was used. The compounds were adsorbed from the
air samples by exposing the fiber (preconditioned for 1 h at 270 °C,
as suggested by the supplier) to the sample in the glass gas
collector for 30 min at room temperature. A solution of deuterated
p-xylene in methanol was used as internal standard (IS).

VOC characterization was performed using a Gas Chromato-
graph (Agilent 5975C) coupled with a 7890 series GC/MSD. Volatile
compounds were separated using a capillary column for VOCs (Agi-
lent Technologies DB-624) measuring 60 m x 0.25 mm with a film
thickness of 1.40 um. Carrier gas was helium at a flow rate of
0.8 mL min~!. VOCs were desorbed by exposing the fiber in the
GC injection port for 3 min at 250 °C. A 0.75 mm internal diameter
glass liner was used, and the injection port was in splitless mode.
The temperature program was isothermal for 2 min at 50 °C, raised
to 170 °C at a rate of 3 °C min~! and, finally, to 230 °C at a rate of
8 °C min~!. The transfer line to the mass spectrometer was main-
tained at 235 °C. The mass spectra were obtained by electron ion-
ization at 70 eV, a multiplier voltage of 1379 V and collecting data
over the mass range of 33-300.

Deuterated p-xylene has been used to determine the fiber and
GC-MS response factors for 15 typical compounds emitted in com-
posting processes according to the literature (Rosenfeld and Suffet,
2004; Scaglia et al., 2011; Suffet et al., 2009). These 15 compounds
have been diluted in methanol at the same concentration as deu-
terated p-xylene. This solution (10 pL) has been injected into the
glass gas collector with 10 pL of deuterated p-xylene in methanol
solution. The fiber had been exposed for 30 min to the resulting
solution and injected into the GC-MS using the same method as
described above. The area obtained for each compound has been
compared to deuterated p-xylene to determine each response fac-
tor. The aim of determining these response factors is to gain the
ability to make a more confident quantitative analysis.

Compounds were identified by comparing their mass spectra
with the mass spectra contained in the NIST (USA) 98 library. A
semi-quantitative analysis for all the identified compounds was
performed by direct comparison with the internal standard. Quan-
titative analysis was performed for m-xylene, n-decane, alpha-
pinene, beta-pinene, limonene, toluene, dimethyl disulfide, hex-
anal, styrene, cyclohexanone, nonanal, decanal, eucalyptol, pyri-
dine and 2-pentanone.

3. Results and discussion
3.1. Process evolution
For each waste composted, temperature, airflow, oxygen con-

centration and OUR profiles were determined. Fig. 1 shows profiles
of all these parameters for one RS composting process (replicate
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Fig. 1. Evolution of temperature, airflow, OUR profile and oxygen percentage. Due to the similarity of temperature, flow, oxygen and OUR profiles, only one graph is shown for
the RS composting process (a) and another for the ADS composting process (b), representing the four trials carried out. Legend in a is the same for b.

RS-1, Fig. 1a) and for one ADS composting process (Replicate ADS-II,
Fig. 1b), representing the four trials carried out.

During the composting of raw sludge, the process reached ther-
mophilic conditions before the first day of processing with maxi-
mum values of approximately 55°C in both replicates. After
three days, the system returned to mesophilic conditions. The ther-
mophilic peak matched with the lowest oxygen value and the
highest OUR value and therefore the highest airflow. According
to the temperature profile and DRI values of the final material, in
both replicates after 12 days of processing (Table 1), the compost-
ing process evolution was correct, and the final product was
stabilized.

Regarding the composting of anaerobically digested sludge, the
anaerobically digested sludge did not achieve thermophilic condi-
tions, reaching maximum temperatures of approximately 40 °C.
Previous studies reported that maximum temperatures and time
maintained in ADS composting are lower than the same parame-
ters for raw sludge. Maximum temperatures reached are related
to the initial DRI value of the sludge:bulking agent mixture (Gea
et al., 2007). About the stability degree, as observed in Table 1,
the DRI of the initial mixture was highly similar to the DRI of both
final products, ADS-I and ADS-II, possibly explaining why the max-
imum temperature values were notably low, as the DRI mixture

values in ADS were already stable values. This sludge was biologi-
cally treated by anaerobic digestion in the original wastewater
treatment plant before the laboratory-scale composting process,
indicating an important stabilization of the organic matter and
removing the potential for a full composting process. A high pro-
portion of bulking agent (1:3 v:v) was necessary to adjust the
moisture content, contributing to a lower biological activity for
the mixture. The entire process evolution is shown in Fig. 1b. After
12 days, the systems returned to room temperature in both ADS
replicates.

3.2. Gaseous emissions

The daily evolution of VOC, CH4, N,O and NHs emissions for
each experiment is shown in Fig. 2. In Table 2, the total emissions
of VOC, CH,, N,O and NHj3 are also summarized for each trial in
terms of kg of compound emitted per mg of sludge treated.

3.2.1. CH,4 emissions

During the composting process, the main mechanism favoring
CH4 emissions is related to the presence of anaerobic zones. The
occurrence of low oxygen zones could be due to excessive moisture
and insufficient porosity or an inappropriate aeration system
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Fig. 2. Daily emission factors (kg of compound Mg~ treated sludge) evolution of VOCs (a), CH4 (b), N,O (c) and NH; (d) for RS-I, RS-II, ADS-1 and ADS-IL. In the case of b-d, the
left axis corresponds to ADS composting emissions and the right axis corresponds to RS composting emissions.

strategy (Amlinger et al., 2008; Puyuelo et al., 2010). In this case,
moisture (Table 1) and porosity (41.8% for RS and 47.8% for ADS)
were within the optimal ranges (Ruggieri et al., 2009). Although
the aeration system (OUR controller) supplied sufficient airflow,
the presence of a high content of rapidly biodegradable organic
matter could lead to oxygen depletion, thus creating anaerobic
areas in the solid matrix. This has also been observed in wastes
with a high rapidly biodegradable matter content such as food
wastes due to compaction effects (He et al., 2000). In the RS com-
posting process, methane is released during the two first days
(Fig. 2b) at the same time that the process reaches the thermo-
philic stage (Fig. 1a). The highest emissions were detected during
the high-rate stage, as has recently been described by Ahn et al.
(2011) during dairy manure composting.

Fig. 2b, shows that the level of methane emitted by the ADS
composting process is 60 times higher than methane emitted in
RS experiments. In ADS experiments, methane is emitted during
the first 8 days of processing, possibly as a consequence of the
stripping of CH, produced in the previous anaerobic digestion pro-
cess. The sludge comes from an anaerobic digestion process and
contains a high quantity of anaerobic bacteria, which can be reac-
tivated under low oxygen concentrations to produce methane.

3.2.2. N,0 emissions

Temperature, nitrogen content and aeration rate are parameters
related to N,O emissions (Hellebrand and Kalk, 2001). Several
authors have shown that the highest N,O emissions are detected

during the initial step of the composting process (He et al.,
2000), but there is no information, to the best of our knowledge,
concerning the entire emissions from several types of sludge.
Fig. 2c, shows a clear difference observed in the behavior of N,O
emissions during RS and ADS composting. Emissions of RS were
produced in the first days of the composting process. In ADS com-
posting, the maximum emissions were detected on the eighth pro-
cess day. Nevertheless, Fukumoto et al. (2003) suggested that
temperature inhibits mechanisms for N,O generation, and in the
case of RS, maximum N,0 emissions coincided with the maximum
temperature. During the first days of ADS composting, low levels of
N,O were emitted, but from the eighth day, high N,O concentra-
tions were detected in accordance with the moment that ammonia
emission decreases, as also suggested by Fukumoto et al. (2003).
Other authors have observed that thermophilic temperatures do
not favor nitrification process and N,O from denitrification is also
observed in the maturation stage (He et al., 2000). More research
is necessary to explore the mechanisms and dynamics of nitrifica-
tion and denitrification in composting (Sanchez Monedero et al.,
2001).

3.2.3. NH3 emissions

NH; emissions are dependent on C/N ratio, temperature, pH and
airflow (Hellebrand and Kalk, 2001). In a comprehensive study
about NH3; emission from several highly biodegradable organic
wastes, Pagans et al. (2006a) demonstrated an exponential trend
of NH3 emissions during the thermophilic phase of composting
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Fig. 2 (continued)

Table 2

Emission factors of VOCs, CHy4, N0 and NHj3 (kg of compound emitted Mg ™! of sludge
treated). (RS-I and RS-II: duplicates, raw sludge composting; ADS-I and ADS-II:
duplicates, anaerobically digested sludge composting).

Trial VOCs CHa4 N,O NH;

RS-1 2.1E-01 1.4E-02 6.4E-03 8.71E-01
RS-1I 1.4E-01 1.2E-02 2.7E-03 2.8E-01

ADS-1 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

followed by a steady linear emission at the end of the process. This
proposed mechanism was observed for all the wastes studied
including raw and digested sludge. These results are in agreement
with those observed in the present study (Fig. 2d). In particular, RS
ammonia emission profiles obtained in this study followed a sim-
ilar trend in the temperature curve, i.e., the highest NH; emission
appeared with the thermophilic temperatures (Fig. 2d). Ammonia
emissions are reported to be highest during the first several days.
During ADS composting, two stages of high emissions were de-
tected (the second and third days, and the fifth and seventh),
reaching values below the values detected in RS composting. In
this case, initial emissions could be due to stripping of ammonia
produced during the previous anaerobic digestion process, while
the second peak could be more closely related to biological activity
during the composting process.

It is important to highlight that considering the entire NH3
emissions (Table 2), RS composting produced 100-fold more emis-
sions than the ADS process.

Regarding the final total nitrogen content, the ADS final content
is higher than the RS final content (Table 1). However, He et al.
(2000) did not observe a significant statistical correlation between
N,O concentration in the exhaust gas and NHj, NO3 and total N
content in the solid waste.

3.2.4. VOC emission

In Fig. 2a, total daily VOC emissions produced during the
12 days of experiments are shown. For RS-I and RS-II, the main
generation of VOCs was detected during the first days of the exper-
iment in the mesophilic to thermophilic transition, as described by
Komilis et al. (2004). Other authors have observed similar trends
and a good correlation with biological activity and VOC and odor
emissions have been reported (Scaglia et al., 2011). In ADS-II, no
thermophilic peak coincided with a VOC peak; the lowest total
VOC emissions were measured (Table 2). In ADS-I (Fig. 2a), a VOC
emission peak was observed from days 4 to 7, which produced
an increase in total emissions, explaining the differences shown
between ADS-I and ADS-II in Table 2. Shen et al. (2012) reported
VOC emissions of 0.47 g C kg DM~! when composting raw sludge
at industrial scale in aerated piles, observing a difference within
VOCs emitted and produced (1.09 g C kg DM™'). Values obtained
in the present work are higher in both RS trials (0.97 and 0.65
for RS-I and RS-II, respectively) similar in RS-I to those reported
by Shen et al. (2012) as VOCs produced. The differences in scale
(pilot vs industrial) and aeration strategy could be responsible of
the differences observed among values (Pagans et al., 2006a; Colén
et al,, 2012).
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Smet et al. (1999) reported that VOCs are emitted mainly in the
first stages of the process, even in the reception of waste. VOC
emissions have also been related to the presence of anoxic condi-
tions (d'Imporzano et al.,, 2008). According to this study, VOCs
are the products of the anoxic biodegradation that occurs in the
biofilm particle when oxygen becomes a limiting factor for the aer-
obic oxidation of the microbial available substrate, i.e., the dis-
solved organic matter (DOM) (d'Imporzano et al, 2008;
Hamelers, 2004). The oxygen concentration in the particle biofilm
depends on the oxygen concentration in the free air space, the oxy-
gen uptake rate to degrade the substrate and the temperature.
Even if the reactor receives sufficient airflow during the entire pro-
cess, VOCs will also be emitted. When a high DOM concentration
exists, there is also a high OUR, which means a fast consumption
of oxygen; consequently, the presence of oxygen can be limited
(Hamelers, 2004). The achievement of thermophilic conditions
contributes to the increase in these emissions. As Komilis et al.
(2004) described, VOC emissions are related more to process heat-
ing than to biological decomposition. Fig. 2a shows that the emis-
sions are higher for the raw sludge in both replicates.

This result confirms that VOC emissions in RS composting are
higher compared with ADS composting because RS composting
has a higher DRI, which means a high content of biodegradable
organic matter that could lead to the occurrence of anaerobic
zones and achievement of higher temperatures during the
process.

3.2.5. Gaseous emissions and process evolution

The composting process can be divided into three stages,
depending on the temperature evolution. The first period begins
at day O of the experiment until the thermophilic temperature is
reached (0-1 days for RS). The second stage coincides with the
thermophilic period (1-3 days for RS), and the third period corre-
sponds to the return to mesophilic temperatures (3-12 days for
RS). For ADS, the process does not reach thermophilic tempera-
tures, but the three stages can also be related to the temperature
reached. The periods for ADS are 0-3 days, 3-8 days and 8-
12 days.

CH4 emissions (10%) in RS composting occurred during the first
period of the composting process, 49% in the second period and
41% in the third period. In ADS, CH, was emitted mainly during
the second period (52%), but CH, emission was notably high during
the first period (35%) and lower during the third period (13%).

N,O emissions during the first period of RS composting were
56%, 40% during the second period and 4% during the third period,
clearly related to process temperature. In ADS, composting the
trend is reversed: the N,O emissions are only 1% in the first period,
54% during the second period and 45% during the third period. In
this case, N,O and temperature relationship is not clear enough
although N,O emissions are not detected during temperature
rising.

Only 5% of the NH5 emissions in RS composting occurred during
the first period, 35% was emitted during the second period and 60%
during the third one. For ADS composting, the trend was again re-
versed: 48% of the ammonia was emitted during the first period
and 52% during the second period. No emission of ammonia was
detected during the third period of the ADS composting process.
This fact can be related to ammonia emission due to stripping of
the amount of this compound contained in ADS sludge rather than
to process biological degradation.

For RS, 11% of the total VOCs were emitted during the first per-
iod, 48% were emitted during the second period and the 41% over
the last period. For ADS, 45% of the total VOCs were emitted during
the first period, 43% during the second period, and 12% of the VOCs
were emitted during the third period.

3.3. VOCs characterization by SPME/GC-MS

VOC emissions and composition were characterized by SPME/
GC-MS. The main objective was the identification of a large num-
ber of compounds emitted during the composting process. To sim-
plify the discussion, VOCs have been classified as belonging to the
following chemical families: alcohols, esters, furans, ketones, ali-
phatic hydrocarbons, aromatic hydrocarbons, nitrogen-containing
compounds, sulfur-containing compounds and terpenes.

According to Eitzer (1995), most volatile organic compounds in
aerobic composting plants are emitted at the early stages of pro-
cessing, i.e., at the tipping floors, at the shredder and at the initial
active composting region. This result agrees with our study in the
sense that the number of compounds detected during the process
decreased from the thermophilic phase to the end of the compost-
ing process (see Supplementary Fig. S1).

Certain of the observed VOC families (alcohols, ketones, ali-
phatic hydrocarbons, nitrogen-containing compounds, and sulfur-
containing compounds) were extensively degraded during the bio-
logical process while other VOC families did not show any measur-
able reduction as a consequence of the composting process
because they are xenobiotic compounds, such as certain aromatic
hydrocarbons or halogenated compounds, or other carcinogenic
products, such as furans (Scaglia et al., 2011). In our study, haloge-
nated compounds were not found during the entire process. How-
ever, furans or aromatic hydrocarbons were emitted at low
concentrations all during the process, most likely as a consequence
of stripping.

The total percentages of each VOC family emitted are summa-
rized in Table 3. VOC percentages detected for each sludge type
(RS and ADS) are highly different although, in almost all cases,
terpenes are the VOC family most emitted (except in ADS-I exper-
iment). Terpenes have been described as the main compounds
responsible for odorous pollution at composting treatment instal-
lations (Staley et al., 2006). Low pH values achieved and main-
tained for prolonged periods have been related to odors in food
waste composting (Sundberg et al., 2013). This is not the case in
sludge composting were pH is maintained around neutral condi-
tions. RS terpene percentages are almost twice the percentages
found in ADS composting, possibly because ADS underwent a pre-
vious anaerobic digestion process, where organic matter was
extensively degraded.

A quantitative analysis has also been carried out with some spe-
cific and typical VOCs emitted during a composting process. Fifteen
typical compounds have been identified, but only 10 of these com-
pounds have been found in these composting processes. These 10
compounds and their amounts are summarized in Table 4 with
the remaining five compounds not found. Table 4 shows that the
three terpenes that were quantified are alpha- and beta-pinene
and limonene. The amounts of these three terpenes emitted are
notably similar for each trial and sludge type, with alpha-pinene
the main terpene being detected in RS-I. Limonene was emitted
in amounts similar to alpha- and beta-pinene, much higher in RS
than in ADS. Limonene is related to the fruity or citrusy sensorial
experience (Suffet et al., 2009). Biiyiiksénmez and Evans (2007) re-
ported that terpenes are more closely related to the material used
as a bulking agent than to the main waste composted and the bio-
logical process. Pagans et al. (2006b) concluded that the bulking
agent ratio (wood chips:sludge) affects VOC emissions during the
composting process and their elimination by biofiltration. High ra-
tios of bulking agent, as is the case in sludge composting, could
therefore lead to high emissions of terpenes (Pagans et al,
2006b). According to other authors (Eitzer, 1995), terpenes could
also be produced as an intermediate in the aerobic metabolism.
The maximum concentrations measured for alpha- and beta-
pinene and limonene during the composting process were
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Table 3

Percentages of different VOC families emitted during the four processes studied (RS-I and RS-II: duplicates, raw sludge composting; ADS-I and ADS-II: duplicates, anaerobically

digested sludge composting).

Trial Terpenes Furans Esters Alcohols Ketones Nitrogen-containing Sulfur-containing Aliphatic Aromatic
compounds compounds hydrocarbons hydrocarbons
RS-1 72.0 0.11 0.00 8.90 416 0.06 111 0.37 3.27
RS- 64.3 0.07 0.01 15.1 5.14 0.03 114 0.13 3.78
ADS-I 249 0.17 0.00 4.42 0.17 37.6 16.4 8.35 7.95
ADS-II 334 113 0.00 229 0.00 6.50 6.95 13.2 5.79
Table 4

Total emission of quantified VOCs (kg of compound emitted Mg~ of sludge treated (RS-I and RS-II: duplicates, raw sludge composting; ADS-I and ADS-II: duplicates, anaerobically

digested sludge composting).

kg of compound Mg~! of sludge alpha- beta- Limonene Cyclohexanone 2- Pyridine Dimethyl m-/p- Toluene  Styrene
treated Pinene Pinene Pentanone disulfide Xylene

RS-I 6.4E-03 44E-03 7.2E-04 1.8E-04 0.0E+00 59E-05 1.0E-01 1.5E-04  7.1E-06 3.7E-05
RS- 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 0.0E+00 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 concentration emitted ~ 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

(mgm~3) (RS-II) (RS-I) (RS-II) (RS-II) (RS-II) (RS-I1) (RS-II) (RS-T) (RS-I) (RS-II)

Odor threshold (mg m—3)* 3.9E+00 3.9E+00  2.5E+00 - - - 8.8E-03 2.2E+00 5.9E+00 6.2E-01

2 Tsai et al. (2008).

49 mg m~> (RS-II), 10 mg m~3 (RS-1) and 4.2 mg m 3 (RS-II). These
concentrations are above the odor threshold reported by Tsai et al.
(2008) (Table 4). During several hot spots in the process, the usual
human nose would therefore smell these compounds. In the entire
ADS composting process, no amount of terpene emissions passed
the odor threshold (Table 4).

The less abundant families were furans and esters. Esters are
present only during the RS composting process but at a very low
percentage (0.02% maximum, Table 3). In the ADS composting
process, esters have not been found. Furans, mainly represented
by 2-pentylfuran, have been reported to be toxic and may be
carcinogenic, but they are naturally based compounds that could
be found in fruit (Scaglia et al., 2011). This type of molecule is re-
lated to grassy, woody and smoky odors (Suffet et al., 2009).

Regarding alcohols, Scaglia et al. (2011) reported that these
compounds are emitted mainly during the first biostabilization
stage when oxygen could be a limiting factor, due to the high level
of microbial activity. This information agrees with the RS process,
where alcohols were emitted mainly during the first half of the
process and practically disappear in the last days. In the ADS com-
posting process, the semiquantitative analysis (Table 3) indicates
that the percentage of alcohols was higher than in the RS compost-
ing process (13-24% vs. 7-11%), most likely due to a lower total
emission in the ADS process, where very few VOCs have been
detected.

Acetone and various cyclic ketones mainly represent the ketone
family. These compounds could be produced by oxidation of alco-
hols, which could explain why ketones have not been found in the
ADS composting process where the presence of alcohols was also
very low. Cyclohexanone and 2-pentanone have been quantified
but have been found only in the RS composting process at low con-
centrations, being found at higher concentrations in RS-II (Table 4).
These compounds are associated with wastewater, municipal solid
waste, and composting processes. Cyclohexanone and 2-pentanone
are common air and water contaminants (Rosenfeld and Suffet,
2004).

Nitrogen-containing compounds are represented by pyridine, a
product related to a putrid odor (Suffet et al., 2009), and acetamide,
which can be derived from acetic acid. Pyridine has been quantified
and has appeared only in RS composting with higher emissions in

RS-II (Table 4). The analysis indicated that a high percentage of
VOCs emitted in ADS composting corresponded to nitrogen-con-
taining compounds (15-24%), while for RS, this family only ac-
counted for 0.08%. As it occurred with alcohols, a high
percentage in the analysis is indicative of the proportion of the
compound in the emissions.

Dimethyl sulfide and dimethyl trisulfide have been detected as
the main sulfur-containing compounds. These emissions are re-
lated to sensorial experiences, such as rotten eggs, rotten vegeta-
bles or garlic (Suffet et al., 2009). The semiquantitative analysis
indicates that this family represents approximately 8% of the total
VOC emissions in the RS composting process and 5-11% in the ADS
process. Dimethyl disulfide has been quantified (Table 4) in all of
the trials. This compound is formed when sulfur is used as an elec-
tron acceptor (Amlinger et al., 2008) and is a very common sulfur
emission from biological decomposition processes in general. The
presence of these compounds can be indicative of the presence of
CH4 (Amlinger et al., 2008). This observation pertains to the ADS,
but not the RS, where the peak emission of dimethyl disulfide oc-
curs when methane emissions have already ceased.

Dimethyl disulfide emissions are higher in RS composting than
in ADS composting (0.08, 0.1 and 0.0002, 0.001 kg of dimethyl
disulfide emitted Mg~ of sludge treated, respectively). For both
cases, dimethyl disulfide is the single volatile organic compound
that is most emitted. This high level of dimethyl disulfide emis-
sions could be due to the reduction of sulfur to hydrogen sulfide
during the anaerobic digestion process. The maximum concentra-
tion of dimethyl disulfide detected during the composting process
was 0.052 mg m~> in RS-1I, much higher than the reported odor
threshold (0.0088 mg m~3). All of the samples analyzed by GC-
MS from all of the experiments carried out were above the odor
threshold value.

The aliphatic hydrocarbon family is represented by various
large alkanes, such as bicyclo[3.1.1]heptane, 6,6-dimethyl- or
2,2,4,4,6,8,8-heptamethylnonane. The percentage detected over
the entire profile of VOC emissions is very low for the RS compost-
ing process (0.1-0.4%). In the ADS composting process, aliphatic
hydrocarbons represent a significant percentage (8-13%) of the
total VOC emissions, possibly because of the overall low VOC
emissions.
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Aromatic hydrocarbons have been found in all the experiments.
Toluene and different derivatives of methylbenzene are the main
aromatic hydrocarbons found. The sensorial experience related to
these compounds is similar to that of dark viscid substances ob-
tained by the destructive distillation of organic matter such as coal,
wood, or peat (Suffet et al., 2009). In all experiments, semiquanti-
tative analysis indicates that the aromatic hydrocarbon percentage
is below 6.5% (Table 3), these compounds are emitted during the
entire process. The aromatic hydrocarbons that have been quanti-
fied are m-/p-xylene, styrene and toluene. Styrene and m-/p-xylene
have been found only in the RS composting process, but toluene
has been found in both cases, higher in ADS composting (Table 4).
Toluene is usually found at high concentrations in terms of mg per
dry kg of initial substrate during any composting process (Komilis
et al., 2004). Styrene, m-/p-xXylene and toluene maximum concen-
trations are below the odor threshold reported by Tsai et al. (2008).

Regardless the family of VOC considered it is clear that the
emission of VOCs in sludge composting presents an inherent vari-
ability, being more noticeable when the overall emissions are low-
er as in the case of ADS. For this reason, it is strongly recommended
to perform replications in these studies as well as to work in a pro-
cess scale that allows improving the precision of the exhaust gas
emissions measurement.

4. Conclusions

Emission factors have been calculated for VOC, CHy, NH3 and
N,O during RS and ADS composting under OUR aeration control.
VOC families in emissions have been identified and quantification
of main compounds performed. CH4 and N,0 emission factors were
higher in ADS than in RS composting while reverse tendency has
been observed for NH3 and VOC, mainly responsible of odor pollu-
tion. Terpenes are the VOC family dominating emissions during the
entire process.

This study provides relevant information for exhaust gas treat-
ment equipment and highlights the importance of conducting rep-
lications to obtain reliable data on composting emissions.
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1. Introduction

It is well known that recycling reduces the amount of waste
going to disposal (landfilling), the consumption of natural
resources and also improves energy efficiency. Therefore, recycling
plays an essential role towards sustainable consumption and pro-
duction (SCP). Accompanying SCP, the recycling sector has
increased business with a current turnover of €24 billion employ-
ing about 500,000 people in Europe, distributed in more than
60,000 companies. The EU represents the densest area in waste
and recycling industries, accounting for around 50% of world share
(European Environment Agency, 2010). At the same time, sustain-
able management of resources and waste minimization and valori-
zation has been the common objective of plans, directives and
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regulations in recent decades, including Municipal Solid Waste
(MSW). According to this, in recent years, there has been a prolif-
eration, either in Spain or Europe, of new solid waste treatment
plants mainly as a result of Directive 1999/31/EC on the implemen-
tation of the limitation of landfill as final destination for organic
wastes. Biological treatment plants, which allow waste valoriza-
tion, are recommended as the main destination for this type of
wastes (Commission of the European Community, 2008).
Generation of biodegradable organic residues is increasing
worldwide and strategies for its environmentally sound use are
being developed and optimized. Integrated waste management is
considered the key point for a successful MSW treatment. Waste
separation, that increases the quality of by-products (i.e., compost,
digestate and biogas) and recyclables, is a critical component of
this system. Integrated waste management also enables better
financing of waste management activities and minimizes the
energy and labor inputs to any downstream processes (Murray,
1999). European Directive 2008/98/EC points to the recovery of
mixed municipal waste collected from private households. In order
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to comply with the objectives of this Directive, and to move
towards an European recycling society with a high level of resource
efficiency, Member States shall take the necessary measures to
achieve by 2020 a minimum overall recycling percentage of a
50% by weight of paper, metal, plastic and glass from households
and possibly from other origins (as far as these waste streams
are similar to waste from households) (European Parliament,
2008). As a consequence of the implementation of all these Direc-
tives, by 2013, 19% of total household wastes are source selected in
Spain, being the organic fraction a percentage of 20%.

As mentioned before, biological treatment plants based on
anaerobic digestion and/or composting processes are being widely
constructed. Focusing on the composting process, the presence of
non-organic wastes (impurities) could decrease the compost qual-
ity, affect composting gaseous emissions or increase the invest-
ment costs and the energy demand due to the equipment
dedicated to the separation of impurities. Bulking agents are used
to provide air space in composting materials, regulate the water
content or the C/N ratio (Igbal et al., 2009). These studies show
how important is the bulking agent in the composting process evo-
lution. Gaseous emissions during the composting process are often
related with the porosity of the material being composted, which
depends on the type and amount of bulking agent used. Some
authors have related the emissions of some volatile organic com-
pounds (VOC) to wood wastes used as bulking agent (Komilis
et al., 2004). Recent studies (Yang et al., 2013; Shao et al., 2014)
have investigated the effect of several bulking agents on gaseous
emissions in composting processes of organic wastes. Yang et al.
(2013) have studied emissions of CH4, N,O and NHs, while Shao
et al. (2014) presented an in depth study on odor emissions, mainly
VOC. Both studies pay attention to the composting process evolu-
tion and the quality of the final product. However, all the experi-
ments have been done with a degradable bulking agent:
cornstalks, rice straw, sawdust, etc. Therefore, the contribution of
wood chips, the bulking agent mostly used nowadays in compost-
ing facilities, to VOC emissions is not described. The presence of
plastics, glass and other non-organic wastes could replace the bul-
king agent (wood chips) function when mixed MSW are
composted.

The objective of this work is to study the emissions of VOC, CHy,
N,O and NH3 during the composting process of MSW and the effect
of the bulking agent in these emissions. With this purpose, three
wastes have been composted: non source selected MSW (high level
of impurities), source selected OFMSW (low level of impurities)
with wood chips as bulking agent and source selected OFMSW
with polyethylene (PE) tube as bulking agent since this non-
biodegradable material will not contribute to the emissions of
the studied compounds. This study can provide the baseline to
distinguish between the emissions from the waste itself and the
bulking agent, an aspect that it is not clear in composting scientific
literature.

2. Methods
2.1. Waste composted

The wastes used in the experiments were different types of
municipal solid wastes. Specifically, 100 kg of non-source selected
MSW from a waste treatment plant located in Zaragoza (Spain)
were composted as received at the plant (MSW). In the case of
source selected OFMSW two cases were studied: (i) OF_wood,
100 kg of material that were already mixed with wood chips in
the plant (ratio 1:1, v:v) and (ii) OF_tube, 100 kg of material that
were used as received at the plant. In this case, the OFMSW was
manually mixed with PE tube pieces of 25 mm diameter and 4-

15 cm long (ratio 1:1, v:v). Both OFMSW were obtained from a
composting plant in Manresa (Barcelona, Spain). All the compost-
ing experiments with the three wastes considered (MSW, OF_wood
and OF_tube) were carried out with aliquots of 25 kg per reactor
and performed in duplicate.

Air-filled porosity was determined using an air pycnometer
according to previous studies (specific details about the methodol-
ogy can be found in Ruggieri et al., 2009). The results of air-filled
porosity for OF_wood and OF_tube, mixed in the laboratory, initial
MSW (not mixed, the waste collected was composted as collected
from the plant) and final samples for the six trials can be found in
Table 1. A homogeneous sample from each waste and each mixture
(waste plus bulking agent) was stored at —18 °C to be used for
waste characterization.

The main characteristics of the initial wastes and the final prod-
ucts obtained from each experiment are presented in Table 1. Dry
and organic matter, conductivity and pH have been determined in
triplicate following the standard procedures for composting sam-
ples (US Department of Agriculture and US Composting Council,
2001).

2.2. Composting pilot plant

The results presented in this study were obtained in a pilot scale
composting plant using two near-to-adiabatic non-commercial
cylindrical reactors with an operating volume of 50L each and
forced aeration. A schematic diagram of the pilot reactors and a
detailed description can be found elsewhere (Puyuelo et al., 2010).

Gas samples were collected in 1-L Tedlar®bags for VOC N,0, CH,4
and NH3 determination. Also a 250-mL glass gas collector was used
for samples taken for VOC composition determination. In all cases,
one sample per day and per reactor was withdrawn.

The data acquisition system is a PLC Data Acquisition. It consists
of a microcontroller that interprets the potential changes of the
sensors connected to its inputs in numerical values. It also realizes
the reverse function: converting numerical values into voltage,
thereby allowing performing an automatic control. Temperature
(PT100 sensor, Desin Instruments, Barcelona, Spain), exhaust gas
oxygen concentration (Alphasense, A202, UK) and inlet airflow
(Bronkhorst Hitec, The Netherlands) were monitored during the
experimental trials. According to the values of oxygen concentra-
tion, airflow and temperature, the PLC acts on the flow meter,
allowing airflow from 0.2 to 10 L per minute. The controller per-
forms roughly 25 readings per second, sending to the reader a tem-
poral data every second and a real data each minute. The
communication is done by a serial port interface. Data are visual-
ized through the connection of the PLC data acquisition system
to an internal Ethernet network.

The control strategy used in the experiments has been pre-
sented in Puyuelo et al. (2010). The main objective of this strategy
is to obtain an automatic airflow regulation that maximizes the
biological activity in the reactor measured as OUR (Oxygen Uptake
Rate). OUR control permits the optimization of energy consump-
tion during the process while achieving a high degree of stability
in the final product. Briefly, the controller works in cycles of 1 h.
The designed OUR control loop compares the variations in the
OUR measurements reached among the successive cycles accord-
ing to the airflow applied. After completing a cycle, the oxygen
level is revised to avoid percentages below 5% of oxygen concen-
tration in air (v/v). If the level is below this limit, airflow will be
increased by 50%. If an adequate oxygen level has been measured,
the next step will be the control loop based on the OUR measure-
ment and the applied flow comparison between two consecutive
cycles. For both parameters, three situations are possible, i.e., the
system determines if the current value is lower than, higher than
or equal to the previous value. Different absolute thresholds were
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Table 1

Characterization of the initial waste mixtures and materials obtained at the end of the process.

Material Dry matter (%, wb*) Organic matter (%, db*) DRI* (mg 0, g ' OM h™1) pH Conductivity (ps/cm) Air filled porosity (%)
OF-wood 40+5 78 £1 29+02 7.05 2034 70
OF-wood-I (final product) 37+0.3 722 0.5+0.1 8.72 2789 67
OF-wood-II (final product) 37+2.4 73+3 1.1+£0.0 8.78 3198 66
OF-tube 38+2 82+0 1.9+0.0 5.80 1877 80
OF-tube-I (final product) 38+2 73+6 1.2+0.2 8.74 2930 85
OF-tube-II (final product) 39+1 65+4 1.0+0.01 8.69 2540 84
MSW 41+2 68 +2 1.9+0.1 6.72 3750 69
MSW-I (final product) 415 32+5 0.8+0.1 8.78 2370 69
MSW-II (final product) 43+1 45+1 09+0.1 8.56 3560 69

*wb: wet basis; db: dry basis; OM: Organic Matter; DRI: Dynamic Respirometric Index.

established to define the superior and inferior limits in which the
variation of OUR and airflow can be considered negligible. The limit
to detect OUR variation was defined as 0.5% of the maximum OUR
achieved in previous experiments in the reactor (approximately
15 g 0, h™1). The range considered for the airflow measurements
was 0.05 L min~'. Considering the airflow measurements, the con-
troller checks the OUR variation. Next, the controller determines if
the OUR variation obtained is linked to an increase, decrease or a
constant airflow.

2.3. Stability degree

On the basis of the methodology proposed by Adani et al. (2006)
to assess the degree of biological stability, the dynamic respiration
index (DRI) was measured using a respirometer (Ponsa et al.,
2010). Briefly, the determination consists of placing 150 g of sam-
ple in a 500-mL Erlenmeyer flask and incubating the sample in a
water bath at 37 °C. A constant airflow was supplied through the
sample, and the oxygen content in the outgoing gases was mea-
sured. From this assay, DRI was determined as the maximum aver-
age value of respiration activity measured during 24 h, expressed
in mg 0, g7! OM h™'. A detailed description of this dynamic respi-
rometer can be found at Ponsa et al. (2010). All the samples were
analyzed in triplicate.

2.4. Determination of gaseous emissions

VOC, CH4 and N,O analysis was performed by means of gas
chromatography (Agilent Technologies 6890N Network GC system,
Madrid, Spain) as explained in Col6n et al. (2012). All samples were
analyzed in triplicate for each compound. The deviation found per
each triplicate was lower than 5% for all the compounds except for
VOC that was less than 10%.

Ammonia concentration was measured in situ at the gas outlet
of the composting reactor by means of an ammonia sensor (Indus-
trial Scientific sensor iTX-T82, Oakdale, PA, USA) with a measure-
ment range of 0-1200 ppmv. The sensor was placed inside a
hermetic recipient with inlet and outlet holes that allowed gas cir-
culation. The measurement was taken when the value was stabi-
lized during a period of constant flow. Ammonia was measured
just before the water trap installed to protect the rest of measure-
ment devices from moisture avoiding the effect of ammonia solu-
bilization in the condensate water from the composting process
exhaust gases.

2.5. GC-MS detection

A sample from each process was taken daily in a 250 mL glass
gas collector. VOC characterization was performed using air sam-
ples analyzed by SPME (Solid Phase Micro Extraction)/GC-MS, as
previously reported by other authors (Orzi et al., 2010).

A manual SPME device with divinylbenzene (DVB)/Carboxen/
polydimethylsiloxane (PDMS) 50-30 um fiber from Supelco
(Bellefonte, PA, USA) was used. The compounds were adsorbed
from the air samples by exposing the fiber (preconditioned for
1 h at 270 °C, as suggested by the supplier) to the sample in the
glass gas collector for 30 min at room temperature. A solution of
deuterated p-xylene in methanol was used as internal standard
(1S).

VOC characterization was performed using a Gas Chromato-
graph (Agilent 5975C) coupled with a 7890 Series GC/MSD. Volatile
compounds were separated using a capillary column for VOC (Agi-
lent Technologies DB-624) measuring 60 m x 0.25 mm with a film
thickness of 1.40 um. Carrier gas was helium at a flow rate of
0.8 mLmin~!. VOC were desorbed by exposing the fiber in the
GC injection port for 3 min at 250 °C. A 0.75-mm internal diameter
glass liner was used, and the injection port was in splitless mode.
The temperature program was isothermal for 2 min at 50 °C, raised
to 170 °C at a rate of 3 °C min~! and, finally, to 230 °C at a rate of
8 °C min~!. The transfer line to the mass spectrometer was main-
tained at 235 °C. The mass spectra were obtained by electron ion-
ization at 70 eV, a multiplier voltage of 1379 V and collecting data
over the mass range of 33-300.

Deuterated p-xylene was used to determine the fiber and GC-
MS response factors for 15 typical compounds emitted in compost-
ing processes according to the literature (Scaglia et al., 2011; Suffet
et al., 2009). These 15 compounds were diluted in methanol at the
same concentration as deuterated p-xylene. This solution (10 pL)
was injected into the glass gas collector with 10 pL of deuterated
p-xylene in methanol solution. The fiber was exposed for 30 min
to the resulting solution and injected into the GC-MS using the
same method as described above. The area obtained for each com-
pound was compared to deuterated p-xylene to determine each
response factor. The aim of determining these response factors is
to increase the reliability of the quantitative analysis.

Compounds were identified by comparing their mass spectra
with the mass spectra contained in the NIST (USA) 98 library. A
semi-quantitative analysis for all the identified compounds was
performed by direct comparison with the internal standard. Quan-
titative analysis was performed for m-xylene, n-decane, alpha-
pinene, beta-pinene, limonene, toluene, dimethyl disulfide, hex-
anal, styrene, cyclohexanone, nonanal, decanal, eucalyptol, pyri-
dine and 2-pentanone. These compounds have been the most
common VOC found in previous experiments (Maulini-Duran
et al., 2013), representing different VOC families.

3. Results and discussion
3.1. Process evolution

As mentioned before, air filled porosity was determined for ini-
tial and final materials of each process. OFMSW was mixed with
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wood chips (OF_wood) and PE tube (OF_tube), respectively, until
adjusting AFP to adequate values. MSW presented adequate AFP
without addition of bulking agent due to the presence of impuri-
ties. Initial and final AFP values for the three materials are summa-
rized in Table 1. These values are within the range recommended
for an adequate development of the composting process
(Ruggieri et al., 2009).

The evolution of the composting process of the three wastes
studied was followed through OUR, temperature, airflow and oxy-
gen concentration. Similar OUR, oxygen, temperature and airflow
profiles were observed in the duplicates for the same waste.
Fig. 1 shows the profiles obtained for all these parameters for
one replicate of each experiment: OFMSW with wood chips as bul-
king agent (replicate OF_wood-I, Fig. 1a), OFMSW with PE tube as

70 7
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Fig. 1. Evolution of temperature, airflow, OUR and oxygen content during
composting: (a) OF_wood, (b) OF_tube and (c) MSW. Due to the similarity of
profiles, only one graph is shown for each waste representing the six trials carried
out. Legend in a is the same for b and c.

bulking agent (replicate OF_tube-I, Fig. 1b) and MSW (replicate
MSW-], Fig. 1c).

The six trials reached thermophilic conditions during the first
day of process, according to the biodegradability of the material.
The maximum temperature reached during OF_wood composting
(Fig. 1a) was of 68 °C in both trials. The reactors needed approxi-
mately 17 days to return to mesophilic conditions. The thermo-
philic peak matched with the highest OUR value (21g0,h™!)
and therefore the highest airflow provided (7.5 L min~!).

During OF_tube composting (Fig. 1b) the maximum tempera-
ture achieved was 56 °C, lower than that of OF_wood. In this case
the inert bulking agent used was an empty tube that allowed air
passing through the bulking material, thus increasing the air filled
porosity. Indeed, air filled porosity in OF_tube trials was more than
10% higher than the other wastes composted during the experi-
ments. This higher porosity enhances heat dissipation, reaching
lower temperatures and cooling faster than the other trials, reach-
ing mesophilic conditions around the 9th day of process. Maxi-
mum OUR and airflow values were 9g0,h™! and 4.8 Lmin',
respectively.

The maximum temperature achieved during the composting
process of MSW was 68 °C (as was in OF_wood composting). The
airflow supplied in both MSW trials was lower than in the other
experiments (2.2 Lmin~!), matching again the highest airflow
and the highest OUR value (10 g 0, h™!) with the beginning of
the thermophilic phase.

According to the temperature profile and DRI values of the final
material obtained for replicates of each waste composted (Table 1),
the composting process evolution was satisfactory, and the final
product was stabilized (Adani et al., 2006).

3.2. Gaseous emissions

The daily evolution of VOC, CH4, N,O and NH3; emissions for
each waste is shown in Fig. 2. Error bars indicate the differences
between the two replicates. In Table 2, the emission factors for
VOC, CH4, N,O and NHj; are also summarized for each trial in terms
of kg of compound emitted per Mg of treated waste.

3.2.1. CH4 emissions

Fig. 2a presents the evolution of methane emissions during the
composting process of the three waste mixtures. As can be seen in
Fig. 2a, there is a very significant difference between CH4 emissions
from OF_wood and from the other two wastes. Methane emissions
are related to the presence of anaerobic zones, maybe due to exces-
sive moisture and insufficient porosity or an inappropriate aeration
system strategy (Amlinger et al., 2008). Carbon is used as an elec-
tron acceptor when other more energetically favorable electron
acceptors, including oxygen, nitrogen, iron, manganese and sulfur,
have been exhausted (Brown et al., 2008). Moisture and porosity
(Table 1) were in the optimal ranges in all the experiments. In
addition, as observed in Fig. 1a the oxygen content was always
over 17% after the first day of process. However the presence of a
high content of rapidly biodegradable organic matter could lead
to oxygen depletion, creating anaerobic areas in the solid matrix.
The main methane emission during OF_wood composting process
can be observed from day 6 to day 21 (Fig. 2a), when the microbial
activity is decreasing. He et al. (2000) reported that composting
wastes with a high easily biodegradable matter content such as
food wastes, could lead to the formation of anaerobic zones due
to compaction effects. Material compaction was detected at the
end of the experiments as the composting reactors were neither
opened nor the material turned for the whole process. However,
it cannot be ascertained whether the compaction occurred at the
initial or final stages of the process. On the other hand, there is a
small difference between initial and final porosity. Ruggieri et al.
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Fig. 2. Daily emission factors (kg of compound Mg~! treated waste) evolution for (a) CHa, (b) N,O, (c) NHs and (d) VOC, for the six trials carried out. Values presented are an
average of the two duplicated reactors for each waste with the corresponding deviation. Legend in (a) is the same for (b)-(d).

(2008) stated that changes in air-filled porosity from initial to final
samples in the composting process are not representative of what
has been occurring in the reactor during the process. These authors
detected the lowest air-filled porosity values after 48 h of compost-
ing process. In OF_wood composting experiments a 6 L reduction
between initial and final volume of the waste in the reactor was
observed thus indicating compaction even if air-filled porosity
values do not show it. Volume reduction for OF_tube and MSW
were 3.4 and 2 L, respectively. Values in Table 2 confirm that CHy
emission factor for the OF-wood processes was higher than the
emission of the other processes.

In fact, lower methane emission during MSW and OF_tube com-
posting processes (maximum values achieved in days two and five
of process and corresponding to 0.004 kg of CH4 Mg of dry waste™!
for both wastes), may be explained by the lower compaction effect
due to a lower content in biodegradable organic matter. Also the

shorter thermophilic phase observed comparing MSW and OF_tube
with OF_wood could be the explanation of these different
emissions. Jiang et al. (2011) related higher methane emission with
long thermophilic phases.

3.2.2. N,O emissions

N,O emissions evolution is presented in Fig. 2b. The main N,0
emissions released during the six composting processes carried
out were found during the first week. There is some controversy
in the literature about N,O emissions. El Kader et al. (2007), com-
posting farm manure, and Yang et al. (2013), composting kitchen
waste, reported the highest N,O emissions during the first week
of composting process. However, Fukumoto et al. (2003) related
the inhibition of N,O emissions with thermophilic temperatures,
which occur usually during the first week of the process. Regarding
the different wastes composted in this study, there are no
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Emission factors for VOC, CH, N,0 and NH3 (kg of compound emitted Mg~ of dry matter). For each waste, values for each replication are presented jointly with the average of the

two duplicated reactors with the corresponding deviation.

Trials CHy4 N,O NH3 vocC
OF_wood-I 1.34 0.0250 6.32 1.16
OF_wood-II 1.21 0.0169 237 0.813
OF_wood_mean 1.27 £0.09 0.0210 + 0.006 4.34+2.79 0.989 + 0.249
OF_tube_lI 0.0155 0.0173 0.422 0.630
OF_tube_II 0.0214 0.0250 0.802 0.745
OF_tube_mean 0.0185 + 0.004 0.0211 £ 0.005 0.612 £ 0.269 0.688 + 0.082
MSW-1 0.0428 0.0429 1.15 1.19

MSW-II 0.0670 0.0221 0.860 0.924
MSW_mean 0.0549 +0.017 0.0325 £0.015 1.00+0.20 1.05+0.18

significant differences between the emissions factors obtained for
N,O emissions, as can be observed in Table 2. Since the type of bio-
degradable organic matter is the same in the three wastes maybe
the type of bulking agent has no effect in N,O emissions.

3.2.3. NH;3 emissions
Fig. 2c reports ammonia emissions for the different wastes trea-
ted. Although also in the case of ammonia, OF_wood is the waste

presenting the highest emissions during the whole composting
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process, there is an important deviation in the highest emission
point. However, even the lowest value for OF_wood reported in
Table 2 (2.4 kg NH; Mg~! dry matter) doubles the highest value
presented for the other two wastes (corresponding to MSW-I,
1 kg NH3 Mg~! dry matter). Pagans et al. (2006) reported that
NHs emissions were strongly related with the thermophilic phase
of composting. The trend observed in Figs. 1 and 2c during all
the trials agrees with this proposal.

3.2.4. VOC emission

In Fig. 2d, total daily VOC emissions produced during the three
experiments are shown. As described by Komilis et al. (2004) the
main emission of VOC was detected during the first days in all
the experiments, in the mesophilic to thermophilic transition.
Scaglia et al. (2011) reported that VOC, odor emissions and biolog-
ical activity were strongly related. In any composting process high
temperatures are caused by high biological activity. Even when
enough aeration is provided to the reactor, these factors cause
some anoxic zones in the matrix that contribute to VOC emissions
(Maulini-Duran et al., 2013). During the OF_wood and MSW com-
posting processes more VOC have been emitted than during the
OF_tube composting process. This could be related again with
the sustained thermophilic phase observed in OF_wood and
MSW processes in comparison with OF_tube. Also, a higher DRI
reduction was achieved in these wastes, reflecting a higher biolog-
ical activity. Observing Fig. 1, DRI reduction is in agreement with
the comparison of OUR profiles, where OF_wood and MSW present
higher values than OF_tube. Initial OF_wood has a higher DRI than
the other treated wastes, which means a high content of biode-
gradable organic matter that could lead to the occurrence of anaer-
obic zones and the achievement of higher temperatures during the
process.

3.2.5. Gaseous emissions and process evolution

Traditionally, the composting process can be divided into three
stages, depending on the temperature evolution. The first period
begins at day 0 of the experiment until the thermophilic tempera-
ture is reached (45 °C). The second stage coincides with the ther-
mophilic period (>45 °C) and the third period corresponds to the
return to mesophilic temperatures (<45 °C) (Haug, 1993).

No CH4 was emitted during the first period of OF_wood com-
posting process, 86% in the second period and 14% in the third per-
iod. In OF_tube, CH4 was also emitted mainly during the second
period (74%), 7% in the first period and 19% third period. These dif-
ferences could be caused by the fast OUR increase in OF_wood
composting process and, therefore, a high airflow at the beginning
of this process. The percentage distribution in MSW composting
process is very similar than that of OF_tube: 17%, 73% and 10%
(1st, 2nd and 3rd period, respectively).

N,O emissions during the first period of OF_wood composting
were 2%, 92% during the second period and 7% during the third per-
iod. In OF_tube composting N,O emissions are 8% in the first per-
iod, 83% during the second period and 9% during the third
period. N,O emissions detected in MSW composting process were:
14% (1st period), 84% (2nd period) and 2% (3rd period). N,O emis-
sions for OFMSW and MSW were lower than raw sludge emissions
in the same conditions (Maulini-Duran et al., 2013). For all the pro-
cesses, the emission is higher during the thermophilic stage in the
three cases. However, N,O concentration values were close to the
detection limit of the analysis, thus involving higher errors
between replicates (Fig. 2b). This fact makes difficult to discard
the inhibition of N,O production at thermophilic temperatures.

Similar trends are also detected in NH3 emissions during all the
composting processes carried out. Only 3% of the NH3 emissions in
OF_wood composting process occurred during the first period, 93%
was emitted during the second period and 4% during the third one.

In MSW emission percentages distribution was 1% (1st period),
92% (2n period) and 7% (3rd period) while in OF_tube composting,
78% of NH3; was emitted during the second period and 28% during
the third one; no NH; was emitted during the first period.

Also VOC emission detected during the composting processes
studied follows a similar distribution during the three established
periods for the three wastes. For OF_wood and MSW, the percent-
ages are exactly the same: 9% in the first period, 90% during the
second period and 1% in the third period. During OF_tube compost-
ing process, 15% of VOC were emitted during the first period, 82%
during the second one and 3% during the third period.

Analyzing these data, it is clear that gaseous emissions are
strongly related with OUR values and temperature rise and, conse-
quently, with the biological activity of the process. In a previous
work, where raw and anaerobically digested sludge were com-
posted, the relationship between composting periods and com-
pounds emissions distribution was not so clear (Maulini-Duran
et al., 2013). However, values of OUR, airflow and temperatures
were clearly lower, especially in the case of anaerobically digested
sludge where no thermophilic temperatures were reached.

The trends in VOC, CH4, N,O and NH3; emissions and the emis-
sion factors reported in Table 2, could be of interest for plant
designers and operators, particularly, to the design of gaseous
emissions equipment and to its operation. It is worthwhile to men-
tion that the deviation found between duplicates is in the low
range (three values out of twelve higher than 40%) when compared
to similar studies of composting emissions of wastes of high heter-
ogeneity (Colon et al., 2012; Maulini-Duran et al., 2013, 2014).

On the other hand, although N,O emission factor is the lowest
among the analyzed contaminants, the greenhouse effect of this
compound has to be taken into account. The global warming
potential of N,O is 298 kg CO, eq., higher than the methane poten-
tial (34 kg CO, eq) (IPCC, 2013).

The use of a synthetic bulking agent points to a reduction in
CH,4, NH3 and VOC emissions and to a lower compaction. However,
from our results wood chips have some advantages in front of PE
bulking agent, such as moisture adjustment, higher temperatures,
better organic matter stabilization and the fact that another
organic waste is being valorized (pruning waste, shredded
pallets...)

3.3. VOC characterization by SPME/GC-MS

A large number of emitted VOC was identified during the six
composting processes. These compounds have been classified into
the following chemical families: alcohols, esters, furans, ketones,
aliphatic hydrocarbons, aromatic hydrocarbons, aldehydes, haloge-
nated compounds, nitrogen-containing compounds, sulfur-con-
taining compounds and terpenes. The total percentages of each
VOC family emitted are summarized in Table 3 for each compost-
ing process. A quantitative analysis has also been carried out with
some specific and typical VOC emitted during a composting pro-
cess (Scaglia et al,, 2011). In particular, fifteen typical VOC have
been identified, but only 10 of these compounds have been found
in the composting processes studied. These 10 compounds and
their amounts are summarized in Table 4.

As can be seen in Table 3, aldehydes emission was almost zero
during all the composting processes studied. Also halogenated
compounds have been only found during one of the MSW com-
posting processes, in a very low percentage (Table 3). Avoiding
source selecting before composting, batteries and remains of some
toxic products were found in the initial waste. That could be the
reason for finding halogenated compounds in gaseous emissions
only during MSW composting process. Furans and esters were
present in gaseous emissions from almost all the composting trials
with similar percentages, all of them around 1% (Table 3). These
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Table 3
Percentages of different VOC families emitted during the six processes studied.
Trial Terpenes Furans Esters Alcohols Ketones Nitride Sulfide Aliphatic Aromatic Aldehydes Halogenated
molecules molecules hydrocarbons hydrocarbons compounds
OF_wood-I 58.6 1.0 0.0 15.5 9.3 1.8 7.4 3.1 33 0.0 0.0
OF_wood-II 72.3 14 0.0 52 7.1 0.8 7.4 2.5 3.2 0.0 0.0
OF_tube_lI 81.6 0.0 0.9 8.7 3.2 0.7 2.0 1.0 1.8 0.1 0.0
OF_tube_lII 81.5 0.1 0.9 6.9 33 0.8 32 1.7 1.5 0.1 0.0
MSW-1 47.5 1.3 0.8 2.1 1.2 0.6 4.8 16.0 25.1 0.0 0.5
MSW-II 61.0 1.4 1.6 6.0 29 0.5 6.6 6.6 133 0.0 0.0
Table 4
Total emission of quantified VOC (kg of compound emitted Mg~ of dry matter).
Trial Styrene 2-Pentanone Alpha-pinene Beta-pinene Limonene Dimethyl disulfide Pyridine Toluene Xylene Decane
OF_wood-I 0.0000646 0.00191 0.01636 0.0116 0.0914 0.0734 0.000882 n.d. n.d. n.d.
OF_wood-II 0.00140 0.00144 0.03636 0.00647 0.0760 0.118 0.00206 n.d. n.d. n.d.
OF_tube_lI 0.00171 0.0134 0.00053 0.000882 0.113 0.0121 0.000290 n.d. n.d. n.d.
OF_tube_lII 0.00122 0.00333 0.00038 0.00143 0.0593 0.0138 0.0000582 n.d. n.d. n.d.
MSW-1 0.00205 0.00649 0.00514 n.d. 0.175 0.327 0.00249 0.0176 0.00340 0.0151
MSW-II 0.00154 0.00548 0.00700 0.00415 0.124 0.285 0.00108 0.00451 0.00255 0.00783

compounds were emitted at low concentrations during the whole
composting processes. At the end of the process these percentages
rise slightly due to the decrease in the emission of the other VOC
found. No relationship seem to exist between furans and esters
emissions and process evolution suggesting that these compounds
were not generated during the composting process but their emis-
sion could be a consequence of stripping. Some of the esters found
are phthalate acid esters that have been used for over 50 years in
the manufacture of resins and plastics such as PVC (Clarke and
Smith, 2011). This fact could explain why esters emission was
higher in MSW composting processes.

Nitride molecules have been also emitted with similar percent-
ages in all the trials (Table 3). This family is mainly represented by
pyridine, related to putrid odor (Suffet et al., 2009). Pyridine emis-
sions have been quantified and reflected in Table 4. The quantity of
pyridine emitted is similar in OF_wood and MSW trials, but lower
in OF_tube.

Percentages of sulfide molecules emitted during MSW and
OF_wood processes are higher than in OF_tube composting pro-
cess. The same trend is observed in Table 4, with the main sulfide
molecule emitted: dimethyl disulfide. This compound is the most
emitted VOC during MSW and OF_wood composting processes.
Dimethyl disulfide is a strong odorant and its concentration should
be kept bellow odor threshold values to avoid complaints against
waste treatment installations. Dimethyl disulfide was detected in
all the samples analyzed during the different experiments, always
over the odor threshold, 0.007 mg m > (Environmental Protection
Agency (EPA), 2010).

Percentages of aliphatic and aromatic hydrocarbons are clearly
higher in MSW composting process than in OF_wood and OF_tube.
The quantitative analysis confirms this trend with toluene, xylene
and decane, present in MSW composting emissions but not
detected during source selected OFMSW composting trials. Sty-
rene, another aromatic hydrocarbon, has been detected during all
the processes with similar quantities. Styrene emission may be
related to the organic fraction itself while the origin of toluene,
xylene and decane is more related with impurities. Aromatic
hydrocarbons are described as indicators of hazardous compounds
and odor nuisance sources (Palmiotto et al., 2014).

Ketones emission could be a consequence of alcohols oxidation,
also in other studies percentages of ketones and alcohols are

related (Maulini-Duran et al., 2013). Alcohols percentage is higher
in OF_tube and OF_wood than in MSW composting. The same
trend is observed for ketones. 2-pentanone and various cycloke-
tones are common in air contaminants. 2-pentanone has been
quantified, similar emission factor have been found in all the
experiments carried out.

Summarizing, predominant VOC families (percentages in emis-
sions over 5%) and individual compounds for OF_wood were terp-
enes, alcohols, ketones and sulfide molecules, with dimethyl
disulfide as the main emitted compound. In the case of OF_tube,
terpenes and alcohols dominate in VOC emissions being limonene
and dimethyl disulfide the individual compounds with higher con-
centration. Finally in MSW composting, terpenes, aromatic hydro-
carbons and aliphatic hydrocarbons presented the higher
percentages while dimethyl disulfide and limonene presented the
highest concentration.

One of the aims of this study was to ascertain the main origin of
terpenes in the composting emissions. Terpenes are always the
VOC family presenting the highest percentage in composting emis-
sions not only in the case of OFMSW and MSW but also in other
wastes such as sludge (Maulini-Duran et al. 2013). Staley et al.
(2006) described terpenes as the main compounds responsible
for odorous pollution at composting facilities. Eitzer (1995) noted
that terpenes were the characteristic intermediates produced from
the aerobic degradation of organic matter during composting.

Also in the experiments presented in this work, terpenes were
the most emitted family of VOC in all the trials carried out. The dif-
ference observed in terpenes emission percentages between
OF_wood-I and OF_wood II trials (Table 3) is due to the different
amount of alcohols emitted in the two processes. Accordingly,
the same percentage effect is observed during MSW processes. In
the case of MSW-I more hydrocarbons (aliphatic and aromatic)
were emitted than in MSW-II. Unexpectedly, the highest percent-
age of terpenes is emitted during OF_tube composting process,
with very low variation between duplicates. Regarding Table 4,
the quantitative analysis of limonene is highly homogenous
between the different composted wastes, being slightly higher in
MSW composting processes. However, alpha-pinene emission is
clearly higher in OF_wood trials than during OFMSW composting
processes without wood chips as bulking agent. The same trend
is observed for beta-pinene emission, but with lower differences
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between the different wastes. Alpha-pinene comparison is even
clearer if only OF_tube and OF_wood are considered (total absence
of wood materials in MSW cannot be assured). From the compari-
son of OF_tube and OF_wood it can be stated that the same waste
with different bulking agent emits similar quantities of all the
other compounds quantified, but not alpha-pinene, which emis-
sion is 100-fold higher during OF_wood processes than in OF_tube
ones. Biiyiiksonmez and Evans (2007) composted wood chips and
pruning wastes, concluding that terpenes are the single most
important type of VOC emitted. Specifically, alpha-pinene was
the most prevalent compound representing either the largest or
the major portion of the total emissions.

4. Conclusions

VOC, CHy, N,O and NHs5 emissions during MSW and OFMSW
composting at pilot scale were mainly produced in coinciding with
maximum temperature and biological activity.

VOC, CH4 and NH3 emission factors in OFMSW composting with
wood chips as bulking agent were higher than in OFMSW compost-
ing with PE tube (synthetic bulking agent). Terpenes were the main
VOC family found in all cases, regardless the presence of wood in
the reactor. Alpha and beta pinene emission was higher during
composting with wood chips. However, wood chips present some
composting advantages in front of PE such as moisture adjustment
and waste stabilization.
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Abstract

The emissions of Volatile Organic Compounds (VOC), CHs, N20 and NH3 during the
Solid State Fermentation process of some selected wastes to obtain different enzymes
have been determined at pilot scale. Orange peel + compost (OP), hair wastes + raw sludge
(HW) and winterization residue + raw sludge (WR) have been processed in duplicate in
50L reactors to provide emission factors and to identify the different VOC families present
in exhaust gaseous emissions. Ammonia emission from HW fermentation (3.2 + 0.5 kg Mg-!
dry matter) and VOC emission during OP processes (18 + 6 kg Mg-!1 dry matter) should be
considered in an industrial application of these processes. Terpenes have been the most
emitted VOC family during all the processes although the emission of sulphide molecules
during HW SSF is notable. The most emitted compound was dimethyl disulfide in HW and

WR processes, and limonene in the SSF of OP.

Keywords: Solid State Fermentation, emission factors, VOC characterization,

ammonia, methane.
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1. Introduction

In biotechnology, solid-state fermentation (SSF) represents an interesting alternative
to submerged fermentation (SmF) processes for the production of some industrially useful
compounds (Singhania et al,, 2009). Indeed, SSF presents some advantages compared to
SmF such as higher concentrations of gaseous oxygen with higher overall mass transfer
capacity, volume reduction of the fermentation vessel owing to a lower water volume and
the possibility of carrying out the process using non-sterilized substrates (Subramaniyam
and Vimala, 2012). Moreover, the use of organic wastes suppose a clear advantage

towards a sustainable alternative process.

Enzymes are one of the valuable products that can be successfully produced through
SSF. Lipases, proteases and cellulases have been obtained processing selected organic
wastes such as residual hair from the tanning industry, soybean, pomace waste, orange
peels or oil cakes (Abraham et al., 2014). These enzymes have an important role in
biotechnological, pharmaceutical and chemical industries. They can also be used in food
applications or wastewater treatment. There is a general interest in obtaining new, more
specific and stable enzymes which can be produced through SSF processes (Thomas et al.,

2013).

Many works in literature refer the use of specific microorganisms in SSF processes.
Another alternative is to mix a common waste or amendment that will act as inoculum
with a specific waste that will act as the substrate to produce the enzyme (Santis-Navarro
et al, 2011). Compost or sludge from a wastewater treatment plant are materials that can
be used as inoculum and also to adjust moisture or pH levels. The specific waste will
depend on the final added-value product desired e.g.: oil cake (as a source of lipids to
produce lipases), hair waste (as a source of proteins to produce proteases) or orange peel
(as a source of cellulose to produce cellulases). It is technically and economically more
unfavorable to use as inoculum a pure culture of a known microorganism that can degrade

a specific waste (Dhillon et al,, 2012).

Once the useful enzymes have been obtained, the biodegradation process should
continue to produce a stabilized product that can be used as an organic amendment
(Thomasa et al., 2013). Thus, when wastes are being used as substrates, SSF can be
considered a waste valorization process where a value added product and a final organic
amendment are obtained from the biological degradation of the waste under controlled

conditions, closing the cycle for the organic matter.
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The environmental impacts of the SSF process must be taken into account when
considering SSF benefits. However, to our knowledge, this point has not been studied in
the scientific literature. Gaseous emissions play an important role in the environmental
impact of processes used to manage solid organic substrates (Colén et al, 2012).
Greenhouse gases (GHG), ammonia and volatile organic compounds (VOC) are the main

gases emitted during SSF processes.

Regarding GHG, biogenic CO; is the main compound emitted although it is not
normally accounted as GHG (Colén et al., 2012). Also CH4 and N20 are often released, and
present a global warming potential of 34 and 298 kg CO: eq., respectively (IPPC, 2013). On
the other hand, the emission of VOC and ammonia has been associated to the generation of
unpleasant odors and other environmental impacts such as acidification, eutrophication or
the formation of photochemical oxidants. Terpenes, alcohols, ketones, sulfur-containing
compounds and amines have been reported among the VOC emitted from waste handling

and treatment processes described in literature (Komilis et al., 2004).

The objective of this work is to study the emissions of VOC, CH4, N20 and NHz during
the production of different enzymes through SSF using specific wastes. Emission factors
(amount of compound emitted per amount of waste treated) have been determined for the
studied compounds, providing data to compare the different processes. Special attention

has been addressed to VOC emissions identifying and quantifying the main VOC present.
2. Materials and Methods
2.1 Materials

Raw sludge (RS) from a wastewater treatment plant located in Manresa (Barcelona,
Spain) and final compost from a mechanical-biological treatment plant located in
Montcada i Reixac (Barcelona, Spain) were used as inoculum. The wastes used were
orange peel from Valencia (Spain), winterization residue provided by an oil refining
facility in Montcada i Reixac and hair wastes from a local tanning industry in Igualada
(Barcelona, Spain). Orange peel was mixed with compost (1:0.1, w:w), winterization
residue was mixed with raw sludge (0.1:1, w:w) and hair wastes were mixed also with raw
sludge (1:2, w:w). The ratios of each specific waste to inoculum were different for each
waste since the composition of the raw materials is different (Table S1). These ratios were
adjusted in previous experiments at smaller scale (Abraham et al,, 2014; Santis-Navarro et
al, 2011). All these mixtures were finally mixed (1:1, v:v) with wood chips to adjust
moisture content and porosity to a value within the range recommended for the adequate

development of the biodegradation process under full aerobic conditions (Ruggieri et al.,
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2009). A homogeneous sample of each mixture and raw material was separated and
stored at -18 °C to be used for waste characterization prior to introducing the mixture in
the reactors. It is reported that freezing did not change the biological activity of the waste

during this period.

The main characteristics of the initial mixture and the final products obtained from
each experiment are presented in Table 1. Dry and organic matter and pH were
determined in triplicate following the standard procedures (US Department of Agriculture

and US Composting Council, 2001).
2.2 Pilot plant

The results presented in this study were obtained, in duplicate, in 50 L pilot plant
closed reactors (batch size 25 kg). A schematic diagram of the pilot reactor and a detailed
description can be found in Puyuelo et al. (2010). Temperature, exhaust gas oxygen
concentration and inlet airflow were monitored during the trials. The data acquisition and
control system is described in detail in Maulini-Duran et al. (2014). The experiments were
performed using a control strategy based on the Oxygen Uptake Rate (OUR), as described
by Puyuelo et al. (2010). The main objective of the controller was to obtain an automatic
airflow regulation to maximize the biological activity in the reactor measured as OUR. OUR
control permits the optimization of energy consumption during the process while
achieving a high degree of stability in the final product. This control reduces the variability
of gaseous emissions typically found when simple control strategies are used (Maulini-

Duran et al,, 2014, 2013a; Puyuelo et al., 2010).
2.3 Sampling

Gas samples were collected in 1-L Tedlar® bags for VOC, N20 and CH4 determination.
Also a 250-mL glass gas collector was used for VOC composition determination and

identification. In all cases, one sample was taken per day and per reactor.

Reactors were opened twice a week to monitor the degradation process. In these
cases, the material was homogenized and a 0.5 kg sample was taken to analyze moisture,
pH, organic matter and enzymatic activity. A total of 2.5 kg were withdrawn from each
reactor. Emissions potentially released during sampling were quantified prior sampling by
stripping all the gas in the reactor with airflow of 10 L/min for 5 minutes and collecting

this gas in a 50 L Tedlar sampling bag.
2.4 Enzymatic activity

The procedure followed to determine lipase activity is detailed in Santis-Navarro et al.
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(2011). The determination of enzymatic activity from proteases is described in Abraham
et al. (2014). Extract for cellulase activity determination was obtained by mixing 10 g of a
wet sample, from the 0.5 kg taken from the reactor, with 150 mL of citrate buffer 4.8 (1:10
w/v ratio). The enzyme extraction was carried out by incubating the samples in a wrist
action shaker for 30 min at 100 rpm. After incubation, the samples were centrifuged at
10000 g and 4°C for 15 min and the supernatant was analyzed for cellulase activity
(Dhillon et al,, 2012). To measure total cellulase activity (TC), the modified filter paper
assay, was used (Ghose, 1987). Instead of using filter paper strips as substrate,
microcrystalline and insoluble Sigmacell cellulose type 20 pm was used (high purity
cellulose, Sigma-Aldrich). Modifications were mainly made due to several authors report
filter paper assay as very laborious and time consuming method, requiring many manual
manipulations that lead to non-reproducible results (Coward et al, 2003).
Carboxymethylcellulase (CMCase) and [-glucosidase activity were also measured
according to Ghose (1987). Released reducing sugars were measured by 3,5-
dinitrosalicylic acid (DNS) method (Miller, 1959). For TC and CMCase, one activity unit
(UA) was defined as the amount of enzyme that produces 1 pmol of reducing sugar
(glucose equivalent) per minute. For B-glucosidase one activity unit (UA) was defined as

the amount of enzyme which produces 1 umol of glucose per minute.
2.5 Stability degree

The dynamic respiration index (DRI) of initial mixtures and final products was
measured in triplicate using a dynamic respirometer (Ponsa et al.,, 2010) on the basis of
the methodology proposed by Adani et al. (2006) to assess the degree of biological

stability.
2.6. Determination of gaseous emissions

VOC, CH4 and N0 analysis was performed by means of gas chromatography (Agilent
Technologies 6890N Network GC system, Madrid, Spain) as explained in Coldn et al.
(2012). All samples were analyzed in triplicate for each compound. The deviation found

per each triplicate was lower than 10% for all the compounds.

Ammonia concentration was measured in situ at the gas outlet of the composting
reactor by means of an ammonia sensor (Industrial Scientific sensor iTX-T82, Oakdale, PA,
USA) with a measurement range of 0 to 1200 ppmv. The sensor was placed inside a

hermetic recipient with inlet and outlet holes that allowed gas circulation.
2.7. GC-MS detection

VOC characterization was performed using gas samples analyzed by SPME (Solid
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Phase Micro Extraction)/GC-MS. Detailed method for VOC identification and quantification

has been described in detail in Maulini-Duran et al. (2013b).
3. Results and Discussion
3.1 Process evolution

Temperature, airflow, oxygen concentration and OUR were monitored on line, while
enzymatic activity was determined twice a week, in the six SSF trials. Figure S1
(Supplementary information) shows the profiles for all these parameters obtained in one
of the two process replicates undertaken for each of the three mixtures studied: orange
peel + compost (OP), winterization residue + raw sludge (WR) and hair wastes + raw
sludge (HW). Similar OUR, oxygen, temperature and airflow profiles were observed in the

duplicates for the same waste.

The process evolution for the SSF of orange peel with compost (Figure 1a) was as
follows: thermophilic conditions were achieved in the third day of process, although
maximum temperature was not achieved until the twelfth process day (OP-1: 67.432C; OP-
II: 61.212C). The delay in temperature peaking may be due to different factors: initial
acidic pH of the mixture (5.88, Table 1) rose during the process reaching a final value of
8.45; the lack of homogeneity of the initial mixture was overcome through successive
mixing when sampling, contributing to mass transfer between the different materials

inside the reactor; finally, a potential inhibition by the presence of limonene is further

70 — Temperature 60

""" Oxygen

éi i —— OUR 50
e
E . esasssoess FlOW N
o 0 )
3 5 ® Cellullase activity oy
3 40 5
[ TE g

e 40 <
o >
53 30 'S

~ % s

O 30 :

< [«6]
~< .
S 20 5
3 20 e \ :
9 “‘ P S N ST
% 10 nd - \‘-—-~\_,4 10

~
] // N\ o
— N
L ] Pt f_\\_/ e’ \_\\\
0 5 10 15 20 5
Time (d)

Figure 1a. Evolution of temperature, airflow, OUR, oxygen content and enzymatic activity during OP
process. Due to the similarity of profiles among duplicates, only one graph is shown for each waste in
Figure 1. Note the different axis and scale for the enzymatic activity.



discussed in this paper. As expected, the lowest oxygen values (OP-1: 11.8 % OP-II: 9.6 %)
and the highest OUR values (OP-I: 10.3 g O2-h'%; OP-II: 13.2 g 02 -h'1) matched with the
maximum temperature achieved (highest microbial activity). The highest airflow (OP-1: 3
mlmin-1; OP-II: 3.5 mlmin-l) was set by the controller in the third day of process, a fact
related to the achievement of thermophilic phase and the initial increase in OUR. The
maximum cellulase activity was detected on the thirteen processing day for both trials

(OP-1: 52.9 UA g1 DM; OP-11: 48.7 UA g-1 DM) in coincidence with the highest temperature.

Regarding the SSF of winterization residue with raw sludge (Figure 1b), thermophilic
conditions were achieved during the first day while maximum temperature was reached
during the third day (WR-I: 64.262C; WR-II: 58.8°C). In this case, the degradation started
earlier than in the OP process because of the higher biodegradable organic matter content

of the mixtures and no impairment due to pH. Maximum OUR values (WR-I: 14.5 g 02-h-;
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Figure 1b. Evolution of temperature, airflow, OUR, oxygen content and enzymatic activity
during WR process

WR-II: 18 g O ‘h'1) were found around the third day of process, matching with the
thermophilic peak and the minimum oxygen concentration (WR-I: 10.3% and WR-II:
9.8%). The maximum airflow was observed in the sixth day in both reactors (WR-I: 2.6 ml
min-; WR-II: 3.8 mlmin-1), coinciding with the maximum lipase activity detected (WR-I:

4.5 UA gt DM; WR-II: 10.8 UA g-1 DM).

On the process of hair wastes with raw sludge (Figure 1c), thermophilic conditions

were achieved in the first hours of the experiment and the maximum temperature was
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reached at the beginning of the second day (HW-1: 72.31 °C; HW-II: 69.87 2C). This peak
matches with maximum OUR (HW-I: 24.8 g 02-h-1; HW-II: 19.3 g 02 -h-1), also with lowest
oxygen content (7.6 %) and highest airflow value in HW-I (1.7 ml min-1). In the HW-II
experiment, minimum oxygen value (5.23 %) and maximum airflow supplied (4.7 mlmin-
1) were recorded slightly later, on the third and fourth day respectively. However, on both

replicates the maximum protease activity was found on the fourth day (HW-1: 27135 UA g-
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Figure 1c. Evolution of temperature, airflow, OUR, oxygen content and enzymatic activity during
HW process

1 DM; HW-II: 22400 UA g1 DM).

According to the temperature profile and the values of DRI of the final material (Table
S1), the process evolution was correct, and the final product was stabilized (Adani et al,,
2006) in all the experiments. Maximum temperatures, maximum OUR values and
enzymatic activity are consequence of biological activity and, therefore are clearly related
occurring, in almost all the experiments, at the same time. The highest OUR values were

recorded in the HW process.
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Table 1. Characteristics of the initial mixtures (waste and by-products with bulking agent) and materials obtained at the end of the process. (HW:

Hair waste, WR: Winterization waste (oil cake), OP: Orange peel)

DRI* Dry Organic Matter Air fill_ed N S C
Material Matter porosity pH

(mg02g10OMh1) (%, wb¥) (%, db*) (%) (%,db*) (%,db*) (%,db*)

HW (initial mixture) 1.66 £ 0.05 361 90+3 71 7.40 7402 1.0+0.1 43.5+£0.3
HW-I (final product) 0.83 £ 0.04 28.9+0.3 86+ 3 69 8.84 6.3+0.4 1.1+£0.2 43.7+£0.7
HW-II (final product) 0.32+0.01 311 85+2 68 8.76 7.3+0.1 1.4+0.2 40.4+0.5
WR (initial mixture) 26+0.1 40+ 2 76 1 60 6.21 28+0.1 0.26+0.03 40.8+0.2
WR-I (final product) 0.54 + 0.04 37909 721 56 8.80 3.13+0.05 031+0.04 394+0.6
WR-II (final product) 0.64 + 0.04 39+2 75+ 2 55 8.47 3.32+0.03 0.32+0.01 38.8+0.5
OP (initial mixture) 1.5+0.2 419+0.8 89.9+£0.2 74 5.88 1.37+0.04 0.13+0.04 325+1.0
OP-I (final product) 0.44 + 0.04 322 811 68 8.45 2703 028+0.03 303+1.2
OP-II (final product) 0.56 + 0.05 33+3 80.3+0.8 67 8.45 2303 0.14+0.04 34.0%27

*DRI: Dynamic respiration index, wh: wet basis; dw:dry basis



3.2 Gaseous emissions

Figure 2 presents the evolution of the emissions of the four gaseous pollutants
studied through the degradation process. Table 2 summarizes the emission factors
obtained, and includes emission factors for raw sludge of same origin previously
published for comparison (Maulini-Duran et al., 2013b). The values for raw sludge were

obtained in the same reactors under the same conditions.

Table 2. Emission Factors for VOC, CHs, N2O and NH3 (kg of compound emitted Mg of dry
matter). RS data are from Maulini-Duran et al. (2013b) for reference. For each waste, values for
each replication are presented jointly with the average of the two duplicated reactors with the

corresponding deviation.

Trial VOC CH,4 Nz20 NH;
OP-I 21.6 0.0120 0.00238 n.d.
OP-II 13.4 0.0164 0.000657 n.d.
OP-mean 18+6 0.014 +0.003 0.002 £ 0.001 n.d.
WR-I 0.227 0.00668 0.00118 0.405
WR-I 0.341 0.00896 0.00997 0.194
WR-mean 0.28 +0.08 0.008 £ 0.002 0.006 + 0.006 0.3+0.1
HW-I 0.213 0.00387 0.00152 2.89
HW-II 0.186 0.00328 0.00267 3.61
HW-mean 0.2 £0.02 0.0036 £ 0.0004 0.0021 £ 0.0008 32+05
RS-1 0.361 0.0238 0.0112 1.53
RS-1 0.240 0.0210 0.00470 0.480
RS-mean 0.3+0.1 0.022 £ 0.002 0.008 +0.005 1.0+£0.7

n.d. = not detected

CH,emissions

Figure 2a presents the evolution of methane emission for the three treated mixtures.
Methane emissions are related to the presence of anaerobic zones, due to excessive
moisture, insufficient porosity or an inappropriate aeration strategy (Puyuelo et al., 2010).
During HW and WR processes the highest emissions were detected during the high-rate
stage (days 0 to 12 and 1 to 8 for HW and WR respectively), as has been previously
described in similar processes degrading other wastes (Maulini et al,, 2013b; Ahn et al,
2011). OP presented a different profile, showing high methane emissions from day 13 to
day 23, also coinciding with highest OUR values (Figure 1a). However a peak was also
observed on the fifth day due to the low airflow supplied at that moment and the oxygen

decrease (Figure 1a).
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Figure 2a. Daily emission factors (kg of compound Mg-! treated waste) evolution for CH4 for the
six trials carried out.

N20 emissions

Figure 2b presents the evolution of N,O emissions. The main N,O emissions released
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Figure 2b. Daily emission factors (kg of compound Mg-! treated waste) evolution for N,O
for the six trials carried out.
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during the six processes were found during the first week, as has been previously reported
for the aerobic degradation processes of other wastes (El Kader et al.,, 2007). However,
other authors related the inhibition of N2O production with thermophilic temperatures
(Fukumoto et al., 2003). In Figure 1 it can be observed that thermophilic temperatures
were achieved during the first week of process (for HW and WR) pointing that N0 was
emitted even at thermophilic temperatures. There were no considerable differences
between the emission factors obtained for N;0 in the different processes studied (Table
1). N20 emission factors present the lowest values among the analyzed contaminants, as
found in similar biological processes (Maulini-Duran et al., 2014, 2013b). In spite of that,
from an environmental impact point of view the contribution of N,O to global warming is
significantly higher than CO, or CHi Additionally, it should be highlighted that N0
presents the highest deviation obtained between emission factors calculated for the two

replicates, specifically in the case of WR.
NH3 emissions

The evolution of NH3z emissions is presented in Figure 2c. HW trials emitted an
important quantity of ammonia during the first week, matching with the thermophilic
stage of the processes. This fact agrees with the results reported by Pagans et al. (2006a)
where NH3 emissions from the composting process were strongly related to the process

temperature. Keratin is the essential component of hair, a protein formed by the
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Figure 2c. Daily emission factors (kg of compound Mg-! treated waste) evolution for NH3 for
the six trials carried out.
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combination of 18 amino acids. It contains large quantities of cysteine that has a very
stable structure that makes it difficult to degrade by most proteolytic enzymes (Coward-
Kelly et al., 2006). The degradation of these proteins can provoke the differences among
the ammonia emissions from the different treated wastes. From the values presented in
Table 2 for raw sludge and HW, it can be deduced that ammonia was emitted mainly from
hair wastes in HW trials although raw sludge also contributes to these emissions. A similar
trend was also observed during WR processes, in this case ammonia emissions were
clearly related to the presence of raw sludge, as the winterization residue did not
contribute to the nitrogen content of the mixture. Values in Table 1 show considerable
higher nitrogen content in HW compared with the other mixtures. Also, nitrogen contain
in WR is higher than in OP (Table S1), where no ammonia emissions were detected (Table
1). However, WR emissions were lower than RS emissions due to the higher bioavailable

C/N ratio (Puyuelo et al., 2011).

To enhance the properties of the final product to be used as an organic amendment, it
would be beneficial to reduce ammonia emissions retaining nitrogen in the solid phase.
Further investigation on the strategies to reduce these significant nitrogen losses is
necessary to assume the feasibility of a complete valorization process of the hair wastes,

as it has been highlighted in other studies (Puyuelo et al,, 2011).
VOC emissions

Figure 2d presents the evolution of VOC emissions. It should be noted than different
scales on y axis have been used for OP than for WR and HW due to the large amount of
VOC emitted during OP processes. Once again, the evolution of VOC emission is related to
temperature. The VOC emission peak (Figure 2d, right axis) matches with OUR and
temperature peak (Figure 1b and 1c) in WR and HW processes. This was not observed in
the OP processes where VOC were mainly emitted from day 2 to day 6 (37-50°C) but
higher thermophilic temperatures were reached on days 11 to 16. On the other hand, VOC
emission in first OP processing day was more than 10-fold the emission from HW or WR
even if these residues were under thermophilic conditions. Differences in temperature,
OUR and VOC emissions during OP processes, show that VOC emission was not only a
consequence of the organic matter degradation, as has been previously reported (Pagans
et al,, 2006b). OP processes emitted important quantities of VOC from the beginning of the
process, as a consequence of the stripping occurred when the airflow passes through the
solid matrix. VOC emissions increased when temperature and biological activity (OUR)
started to rise up. Moreover, VOC emissions in OP were one order of magnitude larger

than in HW and WR processes until day 15. The difference in VOC emission could be also
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observed in Table 2, being the OP emission factor 100-fold the emission factor of the other
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Figure 2d. Daily emission factors (kg of compound Mg-! treated waste) evolution for VOC for
the six trials carried out. VOC from WR and HW processes have to be read on the right axis.

To summarize, the emissions of the studied compounds were mainly produced when
maximum biological activity (maximum temperature and maximum OUR values) was
achieved. An appropriate treatment to avoid the release of important amounts of VOC and
NH; to the atmosphere must be designed if these SSF process are implemented at
industrial scale, as it has been previously reported in studies on related topics such as
composting (Pagans et al.,, 2006b). The emission factors calculated in this study could be

useful for this design.
3.3 VOC characterization by SPME/GC-MS

A large number of different volatile organic compounds was identified in the
emissions from the six processes. These compounds were classified into the following
chemical families: alcohols, esters, furans, ketones, aliphatic hydrocarbons, aromatic
hydrocarbons, aldehydes, halogenated compounds, nitrogen-containing compounds,
sulfur-containing compounds, volatile fatty acids and terpenes. Table 3 summarizes the
percentage of each VOC family for each process. A quantitative analysis was also carried

out for fifteen specific and typical VOC emitted during similar biodegradation processes
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(Scaglia et al.,, 2011). Eucalyptol and decane were not found and the 13 characterized

compounds and their amounts are summarized in Table 4.

Broadly, similar distribution percentages were found for furans, esters, volatile
fatty acids, aliphatic hydrocarbons, aldehydes and nitride molecules among the different
processed wastes, being the less abundant families in the gaseous emissions. The
differences between the maximum and the minimum percentage found in the emission of
these compounds in the six SSF processes were below 2.9 points. Alcohols, ketones and
aromatic hydrocarbons presented some differences depending on the treated waste, with
differences between the maximum and the minimum percentage over 12.9 points. The
emission of sulphide molecules presented a higher dispersion, with a difference of 28.2
points between the maximum and the minimum percentage. Terpenes were the most
emitted family although showing a substantial dispersion in the percentages for the

different processes, specifically 51.9 points.

The less abundant families were furans, volatile fatty acids and esters. The percentage
of furans, mainly represented by 2-pentylfuran, was higher in WR processes. This
molecule was related to grassy odors (Suffet et al.,, 2009). Volatile fatty acids and esters
have been only found in OP processes. The acid pH of the mixture contributed to the
release of some volatile fatty acids. The presence of alcohols in OP processes together with
the above mentioned volatile fatty acids could indicate the presence of some esterification

reactions, thus obtaining esters.

Aliphatic hydrocarbons were present in low percentages in all the trials. Aldehydes
also presented low percentages in OP and HW processes and were not detected in WR. As
can be seen in Table 4, decanal and nonanal were the aldehydes found in HW processes
and decanal and hexanal the ones found in OP processes. Probably, in the case of HW,
these compounds come from hair wastes, because no aldehydes were found either in RS or

in WR.

Ketones were found in higher percentages in the processes using raw sludge. 2-
pentanone was not present in OP processes, while it was found in all the other trials.
Similarly happens for nitrogen-containing compounds. This family is represented by
pyridine, a product related to a putrid odor (Suffet et al., 2009). Pyridine was found and
quantified mainly in process containing raw sludge. Pyridine was emitted in HW in one
order of magnitude higher than in all the other processes. This fact could be also a

consequence of the high nitrogen content of hair wastes (Table S1).
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Aromatic hydrocarbons were found in all the experiments. However, toluene, styrene
and xylene were not found in HW trials (Table 3) where phenol, benzene and naphthalene

were the main aromatic hydrocarbons emitted.

Terpenes are the family presenting higher emissions in all the experiments (Table 2).
This dominance was also observed in other studies where organic wastes were
biodegraded in similar conditions (Maulini-Duran et al., 2014, 2013a, 2013b). Terpenes
have been described as the main compounds responsible for odorous pollution in similar
biodegradation processes dealing with organic wastes such as composting (Staley et al,,
2006). Terpenes could be produced as an intermediate in the aerobic metabolism. During
OP trials, the percentage of terpenes in gaseous emissions was above 80%. Terpenes
dominance in OP processes and the higher percentage compared to the other processes is
mainly due to limonene. Limonene is related to the fruity or citrusy sensorial experience
(Suffet et al., 2009). Limonene is a harmless compound widely used in fragrances, but
some studies revealed that reacting in ambient with ozone could form dangerous
secondary pollutants, including formaldehyde (Walser et al.,, 2007). Table 4 shows that
limonene emission factor is, at least, 10-fold higher in OP than in all the other processes
studied. In fact, there are some studies of biological processes involving orange peels that
report the need to remove limonene as a pre-treatment because it is considered an anti-
microbial agent (Martin et al,, 2010). In the light of these studies, the lag phase observed at
the beginning of the OP process can also be attributed to the high concentration of
limonene in the material. The increase in airflow observed during the first days of process,
which coincides with an increment of total VOC emissions (Figure 1a and Figure 2d),
enhanced the release of limonene by stripping, as can be observed in Figure 3, which
shows the daily evolution of limonene emission factor during OP processes. The lower
limonene concentration inside the reactor could favor the microbial proliferation from day
6t on. This fact could explain the late appearance of the thermophilic peak and its

mismatch with the total VOC emission peak, both discussed before in this study.

Alpha and beta pinene have been specifically related to emissions coming from woody
bulking agents (Maulini-Duran et al,, 2014). In the present study the amount of bulking
agent was the same in all the processes and, as can be observed in Table 4, the emission
factor for these two compounds is quite similar among the different SSF trials. This
confirms the study by Biiyiliksonmez and Evans (2007), working with green waste
composting, who reported that terpenes emission is closely related to the material used as

bulking agent.
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Table 3. Percentages of different VOC families emitted during the processes studied. RS data from Maulini-Duran et al. (2013b).

. Volatile Aliphatic Nitro.ge.:n Aromatic Sulph 4

Trial Furans Esters Fatty Alcohols Aldehydes Ketones containing Terpenes containing

Acids hydrocarbons compounds hydrocarbons compounds
OP-1 0.1 0.9 0.3 4.0 0.2 0.1 1.2 0.0 0.4 92.8 0.0
OP-II 0.2 2.9 1.2 6.1 1.2 0.6 2.0 0.1 2.4 83.3 0.0
WR-I 1.3 0.0 0.0 3.0 0.2 0.0 10.9 1.2 12.9 61.0 9.5
WR-I 0.6 0.0 0.0 2.2 0.7 0.0 13.4 0.8 9.8 61.4 111
HW-I 0.6 0.0 0.0 3.9 0.0 0.6 7.4 0.4 8.4 50.6 28.2
HW-II 0.6 0.0 0.0 10.7 0.4 0.7 14.0 1.4 6.9 40.9 24.4
RS-1 0.1 0.0 0.0 8.9 0.4 0.0 4.2 0.1 3.3 72.0 11.1
RS-1 0.1 0.0 0.0 15.1 0.1 0.0 5.1 0.0 3.8 64.3 11.4

Table 4. Total emission of selected individual VOC (kg of compound Mg-! of DM). RS data from Maulini-Duran et al. (2013b). n.d. = not detected

2-

Trial ailpha- l?eta- Limonen D?met.hyl Nonanal Pyridine Decanal  pentanon  Toluene Styrene Xylene Hexanal Cyclo
Pinene  Pinene e disulfide o hexanor
OP-1 0.0396 0.0697 1.04 0.00128 n.d. 0.000265 0.000189 0.0164 0.00302 0.000212 n.d. 0.000493 n.d.
OP-II  0.0352 0.0684 0.82 0.000803 n.d. n.d. 0.0000989  0.0292 0.000380 0.0000442 n.d. 0.000441 n.d.
WR-I  0.0053 0.0021 0.00220 0.0348 n.d. 0.000142 n.d. 0.00205 0.0000730 0.0000600 0.00000604 n.d. n.d.
WR-I  0.0120 0.0044 0.00445 0.0704 n.d. 0.000276 n.d. 0.00563  0.000298 0.0000973  0.0000204 n.d. n.d.
HW-I  0.0485 0.0172 0.0123 0.671 0.000702  0.00496 0.0000240 0.00207 n.d. n.d. n.d. n.d. n.d.
HW-II  0.0165 0.00561 0.00435 0.139 0.000358  0.00267 0.00459 0.00291 n.d. n.d. n.d. n.d. n.d.
RS-1 0.0137 0.00940 0.00153 0.222 n.d. 0.000126 n.d. n.d. 0.0000151 0.0000798  0.000316 n.d. 0.000375
RS-1 0.0188 0.00189 0.00164 0.202 n.d. 0.000341 n.d. 0.00115 n.d. 0.0000806  0.0000521 n.d. 0.00049
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Figure 3. Limonene daily emission factors (kg of compound Mg treated waste) evolution during
OP processes.

Percentages of sulfur-containing compounds during HW processes were higher than
those from OP, WR and RS and also higher than those observed in previous works
(Maulini-Duran et al., 2014, 2013a, 2013b). It can be seen in Table 3 that the percentage of
sulfur-containing compounds was similar in RS and WR but much higher for HW. The
same raw sludge was used in RS, WR and HW trials. In consequence, the differences on
sulfur-containing compounds between HW and RS or WR can be attributed to hair wastes.
As discussed before, the hair structure contains large quantities of cysteine, a sulfur-
containing compound. The degradation of cysteine provokes a higher emission of volatile
sulfur compounds (Lopez del Castillo-Lozano et al.,, 2008). In fact, as can be observed in
Table 1 sulfur content in HW is higher than WR. Dimethyl disulfide was detected as the
main sulfur-containing compound and it was quantified (Table 3). Dimethyl disulphide is a
strong odorant and moderately toxic volatile compound that was detected in most of the
samples analyzed during the different experiments, often over its odor threshold (EPA,
2010), 0.007 mg m-3. According to the percentage of sulfur-containing compounds the

process with the highest emission factor of dimethyl disulfide was HW.

Most of the VOC emitted in the studied processes are harmless, but some of them are
or could be transformed into hazardous compounds for the environment and for human

health as it has been particularly explained for limonene (Walser et al., 2007).

Summarizing, terpenes is the most abundant emitted family for all the treated wastes,

but the emission of sulfur-containing compounds during HW processes is also remarkable.

107



Therefore, the most emitted compounds were dimethyl disulfide in HW and WR processes

and limonene in OP SSF.
2. Conclusions

A systematic study on SSF gaseous emissions has been presented using pilot easily
scalable reactors. Emission factors are strongly dependent on the waste processed under
SSF. For instance, for most of the wastes, emission factors for CH4 and N0 are of similar
order of magnitude whereas for VOC and NHj3 differences among emission factors values

can differ in several orders of magnitude.

Hair waste SSF process is characterized by high emission of ammonia. Winterization
and hair waste SSF processes were also characterized by the presence of sulfur-containing

compounds; while in orange peel SSF process limonene was emitted in higher amount.
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Capitol 5: Discussio general

L’analisi i la discussi6 dels resultats dels diferents experiments d’aquesta tesi s’ha
realitzat en el Capitol de Resultats (Capitol 4) per separat en funci6 de la tipologia de
residu. En els articles publicats, per una banda s’han comparat els experiments referents
als residus d’EDAR (fangs frescos i fangs digerits), per una altra banda, els experiments
relacionats amb la contribucié de l'agent estructurant a les emissions del procés de
compostatge (FORM, RSU i FORMtub) i, finalment, els processos de valoritzaci6 material
de residus industrials, 'objectiu dels quals, era 'obtencié d'un enzim d’interes alhora que
s’estabilitzava el residu (pela de taronja, SSF-Taronja, pél, SSF-Pél i residu de
winteritzacié, SSF-RW). Aixi doncs, l'objectiu d’aquest capitol és comparar d’'un manera
més global les emissions dels diversos residus tractats. Els resultats que es discutiran

corresponen a aquells experiments presentats en els apartats 4.2, 4.3 i 4.4 d’aquest treball.
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5.1 Estudi de les emissions gasoses en processos de valoritzacio

material de residus

Durant aquesta investigacié s’han tractat residus molt diversos, tant pel que fa a la
seva composicid, com al seu origen. Les emissions alliberades durant el tractament
biologic d’aquests residus van molt lligades al desenvolupament del procés, tot i que la

composicid il’origen del residu també han determinat els seus factors d’emissid.

5.1.1 Activitat biologica en els processos: relaci6 entre oxigen consumit i la

reduccié d’'IRD

Abans d’entrar propiament en l'analisi global de les emissions obtingudes en els
diferents processos s’han volgut analitzar també els parametres caracteristics del procés
de degradaci6 biologica. S’han correlacionat les dades de consum total d’oxigen durant
cada experiment i la reducci6 d’IRD assolida en el procés. La relacié entre aquests
parametres, tal com era d’esperar, és clara (Figura 5.1), amb un coeficient de regressié de

r2= 0.6423, ajustant-se a I'equacié 5.1.

y = 0.0154x (Equacié6 5.1)
on,
x= consum d’oxigen (mols)

y =reducci6 d’'IRD

Més enlla de mostrar la relacié entre aquests parametres tan caracteristics del procés
de compostatge, s’extreu una conclusié que podria ser qtil a nivell industrial. A les plantes
industrials de compostatge que disposin de la tecnologia necessaria per a fer mesures
sistematiques de la concentracié d’oxigen, es podria utilitzar aquest valor per calcular el
consum d’oxigen acumulat i, mitjancant la correlaci6 anterior (amb una validacié previa a
escala industrial), aproximar de manera fiable el moment en que s’assoleix una reducci6
optima de I'IRD i, per tant, una estabilitzacié correcta del residu, sense la necessitat

d’instal-lar un respirometre ni esperar el resultat de I’analisi.

Com a valor afegit a aquesta correlaci6, recordar que ha estat obtinguda a partir de
dades de processos en els que es processaven residus de caracteristiques totalment
diferents i és estadisticament significativa amb una p < 0.0001. Tot i aixi caldria realitzar

més experiments per acabar d’ajustar correctament I'eqiiacio.
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Figura 5.1 Correlaci6 entre el consum d’oxigen total i la reduccié d’IRD assolida en els diferents
processos estudiats.

5.1.2 Evolucio del procésiles seves emissions

Analitzant les figures que mostren I'evolucié dels parametres del procés i de les
emissions presentades als articles (Capitol 4), s’observa com I'evoluci6 de I'emissié de COV
va molt lligada a I'evoluci6 de la temperatura i de I'activitat biologica del procés, coincidint
de forma general el maxim d’emissié amb el maxim de temperatura. S’observa, d’igual
manera, una relaci6 entre 'evolucié del procés i les emissions d’amoniac, tot i no ser tant
clara com en el cas dels COV. Aixi doncs, es podria dir que I'evoluci6 de 'emissié d’alguns
dels compostos analitzats (NHz i COV) esta estretament relacionada amb la del procés, és a
dir, els perfils de la temperatura i I'activitat biologica (OUR), coincidint, sovint, el maxim
de temperatura amb el punt de maxima emissi6. De fet, en el cas dels COV, en el 100 %
dels experiments realitzats, el punt de maxima emissi6 es troba en un rang entre 0 i -5 °C
respecte del maxim de temperatura. En el cas de I'amoniac, aquest fet es déna en el 83 %
dels casos estudiats. En aquests calculs no s’han tingut en compte els processos de
tractament de fangs digerits, ja que no van arribar a temperatures termofiles i els
processos de tractament de la pela de taronja, ja que s6n anomals (comparats amb la resta
de residus estudiats) pel que fa a 'emissié de COV i d’amoniac. Aquest fet havia estat

observat previament per Scaglia et al. (2011), correlacionant ’emissié de COV i les olors

116



Discussi6 general

procedents del procés de compostatge (associades principalment a NH3 i COV) amb la seva

activitat biologica.

Per tal d’avaluar numeéricament les relacions entre l'evolucié del procés i les
emissions, s’han dividit els processos en tres periodes: pre-termofil, termofil (temperatura
superior a 45 °C) i post-termofil. En el cas dels fangs digerits els periodes estan
especificats a l'apartat 4.2 (punt 3.2.5). Aixi, per cada contaminant s’han calculat els
percentatges de l'emissi6 alliberada durant cada periode. Els resultats obtinguts es
mostren en les segiients taules (Taula 5.1 - Taula 5.4), per a cada procés segons els
diferents contaminants. Majoritariament, és en els periodes termofils on es concentra el
major percentatge d’emissié. Tot i aixi, cal tenir en compte que normalment és el periode
que comprén més dies, per aquest motiu s’han calculat els percentatges diaris d’emissio6
per a cada procés. En tots els casos, exceptuant-ne tres, els dies en que s’emet un
percentatge més alt de I'emissio total del procés es troben dins de I'etapa termofila. Les
tres excepcions son el meta per als fangs digerits i 'amoniac i '0xid nitrés per als fangs
frescos. Cal dir que aquests casos s’exceptuen pel fet que el percentatge maxim d’emissio6
diaria no es troba dins I'etapa termofila, pero aquest percentatge diari maxim si que es
troba dins I'etapa que representa un percentatge total més elevat. Es a dir, que tot i que les
etapes comprenguin nombres diferents de dies, en tots els casos el percentatge diari més

elevat d’emissid es troba dins de I'etapa on es concentra el major percentatge d’emissions.

En el cas dels COV (Taula 5.1) per tots els residus la majoria de I'emissi6 es déna
durant el periode termofil. Concretament, la dominancia durant el periode termofil és total
en els experiments d’SSF-Pel, SSF-WR, FORMTUB, RSU i FORM. En canvi, durant el
tractament tant de fangs digerits o frescos, com en la pela de taronja els altres periodes
son també importants.

Taula 5.1. Distribuci6 de les emissions de COV durant les diferents etapes del procés, els valors

presentats corresponen al percentatge del total d’emissi6 en cada periode, destacant en negreta el
percentatge majoritari per a cada residu.

Residu tractat Pre-termofil  Termofil Post-termofil
Fangs Digerits 35 52 13
Fangs Frescos 13 62 25
SSF-Taronja 46 54 0
SSF-RW 0 85 15
SSF-Pel 0 92 8
RSU 9 90 1
FORMTUB 15 82 3
FORM 9 90 1
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En el cas de la pela de taronja I'elevada emissi6 de COV durant la fase pre-termofila és
a causa de l'alliberament de grans quantitats de limone per arrossegament (stripping)
durant els primers dies de procés, tal com s’ha discutit a 'apartat 4.4. D’altra banda, en el
cas dels fangs frescos i digerits, el periode termofil va ser molt breu (2 dies en els fangs
frescos) o bé inexistent (fangs digerits). Aixi doncs, els nombres de la Taula 5.1, reforcen
numericament el que s’ha comentat anteriorment, que 'emissié de COV esta estretament

relacionada amb l'evolucid del procés i per tant, amb els perfils de temperatura i OUR.

Pel que fa a les emissions de meta (Taula 5.2), la concentraci6é d’emissions durant el
periode termofil també és clara, exceptuant els experiments amb fangs frescos i digerits.
En el cas dels fangs digerits s’observa una gran emissié de meta durant els primers dies de
procés, ja que el material prové d'un procés de digesti6 anaerobia i, en compostar-lo,
s’allibera meta per arrossegament, ja sigui procedent de la digesti6 anaerobia o generat
biologicament durant el procés. Tot i la dominancia en el periode termofil de la majoria
d’experiments, els percentatges durant el periode post-termofil son forga alts. L’explicacio
d’aquest fet és que I'emissié de meta és conseqiiencia, principalment, de l'aparici6é de
zones anaerobies durant el procés. Aquestes zones apareixen a mida que la matéria
organica es va degradant i la matriu perd estructura, compactant-se, perdent porositat i
contribuint a I'aparicié de zones d’anaerobiosis. Tot i aixi, tal com han reportat altres
autors (Ahn et al,, 2011; Jiang et al,, 2011), el meta s’emet principalment en el periode

d’alta temperatura i alta activitat biologica.

Taula 5.2 Distribuci6 de les emissions de meta en les diferents etapes del procés, els valors
presentats corresponen al percentatge del total d’emissi6 en cada periode, destacant en negreta els
percentatge majoritari per a cada residu.

Residu tractat Pre-termofil Termofil Post-termofil
Fangs Digerits 58 41 2
Fangs Frescos 38 49 13
SSF-Taronja 13 70 17
SSF-RW 0 66 34
SSF-Pél 0 94 6

RSU 17 73 10
FORMTUB 7 74 19
FORM 0 86 14

Les emissions d’oxid nitrés han creat certa controversia a la bibliografia. Alguns
autors (Fukumoto et al.,, 2003 i Thompson et al., 2004) n’han observat una emissié molt
baixa durant la primera setmana de procés, atribuint-ho a una inhibicié dels

microorganismes productors d’oxid nitrés per les altes temperatures. D’altra banda, en
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I'estudi de Jiang et al. (2011) es detecten les emissions més altes de N2O durant la primera
setmana de procés, coincidint amb l'etapa termofila, tal com també determinen altres
articles de la bibliografia (Yamulki, 2006; El Kader et al., 2007; Yang et al.,, 2013). En
aquesta tesi les emissions d’oxid nitrés s’han detectat majoritariament durant el periode
termofil del procés (Taula 5.3). Exceptuant un cop més els experiments amb fangs d’EDAR,
el percentatge més baix observat en aquest periode termofil correspon al 83 % del total de
I'emissi6 de N2O. Aquesta vegada, la presencia d’0xid nitrés en el propi fang de depuradora
pot ser forca important (Barton i Atwater, 2002), de manera que, tal com passava amb el
meta i els fangs digerits, s’alliberi per arrossegament durant els primers dies de procés.
Aixi doncs, d’acord amb els experiments realitzats en aquesta tesi, les altes temperatures
del procés de compostatge no impedeixen el desenvolupament d’aquells processos
biologics que donen lloc a I'emissié d’oxid nitroés.
Taula 5.3 Distribucié de les emissions d’0xid nitrés durant les diferents etapes del procés, els

valors presentats corresponen al percentatge del total d’emissi6 en cada periode destacant en
negreta el percentatge majoritari per a cada residu.

Residu tractat Pre-termofil Termofil  Post-termofil
Fangs Digerits 1 54 45
Fangs Frescos 56 40 4
SSF-Taronja 9 921 0
SSF-RW 0 100 0
SSF-Pel 0 96 4
RSU 14 84 2
FORMTUB 8 83 9
FORM 2 92 7

L’any 2006, Pagans et al. van publicar un article centrat en la relacié entre les
emissions d’amoniac i la temperatura de procés. La conclusié d’aquest article és, entre
d’altres, la forta dependéncia de les emissions d’amoniac amb la temperatura del procés.
Aquesta conclusioé es confirma en aquesta tesi, tant pel que fa als perfils d’emissi6, com
pels percentatges observats en els diferents periodes (Taula 5.4). Un cop més, els
percentatges més majoritaris s’observen durant el periode termofil i, com s’ha comentat
anteriorment, el maxim d’emissié també coincideix amb el maxim de temperatura assolit
al llarg del procés. En el cas de 'amoniac, les emissions es relacionen també amb la
dinamica del pH en el procés de compostatge. Tal com s’ha explicat al Capitol 1 d’aquesta
tesi, al principi del procés de compostatge, es formen acids organics i la matriu s’acidifica.
Aixi doncs, a l'inici del procés, la matriu presenta un pH entre 5 i 7, de manera que
I'equilibri NH4*/NH3 esta desplagat cap a l'amoni evitant aixi 'emissié d’amoniac. A

mesura que el procés avanca i s’arriba a la fase termofila, aquests acids grassos volatils es
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van degradant, el pH augmenta i l'equilibri es desplaca, apareixent les emissions

d’amoniac.

Taula 5.4 Distribucié de les emissions d’amoniac en les diferents etapes del procés, els valors
presentats corresponen al percentatge del total d’emissi6 en cada periode destacant en negreta els

percentatge majoritari per a cada residu.

Residu tractat Pre-termofil Termofil  Post-termofil
Fangs Digerits 48 52 0
Fangs Frescos 5 34 60
SSF-Taronja 0 0 0
SSF-RW 0 86 14
SSF-Pel 1 84 15
RSU 1 92 7
FORMTUB 0 72 28
FORM 3 93 4

Altres autors (Guardia et al, 2008; Jiang et al., 2011; Osada et al., 2001) també

confirmen la relacid entre les emissions d’amoniac i la temperatura del procés. Amb les

dades obtingudes en aquesta tesi, s’ha buscat la correlacié entre I'emissié d’amoniac la

temperatura maxima assolida. Com es pot observar a la Figura 5.2 aquesta relaci6 es pot

ajustar a una corba exponencial definida a I'’equacié 5.2 amb un coeficient de regressié de

r? = 0.7669 apuntant, doncs, la relacié entre la temperatura de procés i la seva emissié

d’amoniac.
y = 4E — 0560.161736
on,

x= Temperatura maxima assolida (°C)

y = factor d’emissié d’amoniac (kg NH3-Mg-1MS)
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Figura 5.2 Correlaci6 entre els factors d'emissi6é d'amoniac i la temperatura maxima assolida en els
diferents processos.

5.2 Comparacio de les emissions del tractament de diferents residus

Tot seguit s’analitzen els resultats obtinguts durant aquest estudi, des del punt de
vista de les emissions dels diferents compostos en els diversos experiments realitzats. En
aquest apartat s’han homogeneitzat les unitats dels diversos factors d’emissio per facilitar-
ne la comparacié amb les dades bibliografiques. Les unitats emprades en aquest apartat

son kg de contaminant emeés per Mg de matéria total dins del reactor.

5.2.1 Compostos organics volatils

De tots els experiments realitzats, el factor d’emissi6 de COV més elevat és el
corresponent als processos de tractament de la pela de taronja. Aquest fet es pot veure a la
Taula 5.5 on es resumeixen tots els factors d’emissié de COV d’aquesta tesi i també s’hi
inclouen alguns valors bibliografics. Tal com s’ha explicat a I'apartat 4.4 d’aquesta tesi
aquest fet és una conseqiiéncia de I'elevada concentracié de limoneé present a la pela de
taronja. Si se segueixen comparant experiments, s’'observa que, a continuacié de la pela de
taronja, els processos que presenten una emissié més elevada de COV sén els relacionats
amb el residu municipal, ja sigui separat selectivament (FORM) o no (RSU). En canvi, els
experiments que tenen fangs d’EDAR com a font de materia organica biodegradable

presenten, tots, un factor d’emissi6 forca inferior. Aixi doncs, sembla que I'emissi6 de COV
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podria estar relacionada amb la biodegradabilitat del residu i, per tant, amb el fet que el
residu ja hagi passat, previ al compostatge, un altre procés de degradacid biologica, com
pot ser el tractament a I'EDAR o la digestié anaerobia. Per aquest motiu, s’ha intentat
correlacionar el factor d’emissi6 de COV dels diversos experiments amb parametres
relacionats amb la biodegradabilitat del residu com la temperatura maxima assolida, la
reduccié d’IRD, la OUR maxima o I'IRD inicial. No s’ha trobat cap relacié clara entre
aquests parametres i I'emissié de COV, fet que apunta a que les causes de I'emissi
d’aquest tipus de compostos siguin diverses: la biodegradabilitat del residu, el perfil de

temperatura, el cabal d’aeraci6 aplicat, etc.

Per determinar si el factor d’emissié d’algun compost es manté constant en els
diversos experiments realitzats s’ha calculat la mitjana de tots els factors d’emissié d'un
mateix compost pels diferents experiments i s’ha comparat amb la desviacié estandard
calculada entre aquests mateixos valors. Dels factors d’emissié calculats en tots els
experiments realitzats son els dels COV els que presenten niimeros més similars malgrat
les diferéncies ja explicades quant a les caracteristiques dels residus. Exceptuant el
tractament de la pela de taronja, s’observa que realitzant els calculs anteriors, els COV sén
I'inic contaminant que presenta una mitjana superior (0.218) a la seva desviacid
estandard (0.167). Aixi doncs, el coeficient de variaciéd que s’obté dels factors d’emissi6 de
COV en els diferents experiments realitzats és del 76 %, en canvi aquest coeficient per la
resta de contaminants és molt superior al 100 %. Amb aquest calcul es vol mostrar que la
dispersi6 de I'emissié de COV en diversos processos tractant diferents residus és inferior a

la de la resta de contaminants estudiats.

D’altra banda, amb les mateixes dades s’ha realitzat una analisi de varianca mitjancant
el t-test Tukey amb un nivell de significan¢a de a=0.05. La informaci6 de grups obtinguda,
engloba dins el mateix grup els factors d’emissié dels processos de tractament d’RSU,
FORM i FORMtub i en un altre grup els processos de tractament de Fangs frescos, Fangs
digerits, SSF-Pél i SSF-RW. Deixant de banda els experiments d’SSF-Taronja. Aixi doncs,
malgrat ser el contaminant estudiat amb menys variacié segons el residu tractat s’agrupen
d’'una banda els residus municipals i de l'altra els residus que contenen fangs d’EDAR,

evidenciant la relacié de les emissions amb el residu tractat.

Comparant amb la bibliografia només es poden trobar processos similars per a
residus municipals i fangs d’EDAR. Tot i aix0, els valors obtinguts durant aquests

experiments es troben per sota els valors bibliografics citats.
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Taula 5.5 Recull dels factors d'emissié de COV calculats en aquesta tesi referits a massa total dins
del reactor. Conté valors bibliografics per comparar.

Residu kg COV-Mg-1residu Escala (tecnologia) Referéncia
Fangs Digerits-I 0.032 Pilot (reactor) Apartat 4.2
Fangs Digerits-II 0.015 Pilot (reactor) Apartat 4.2
Fangs Frescos-I 0.156 Pilot (reactor) Apartat 4.2
Fangs Frescos-II 0.137 Pilot (reactor) Apartat 4.2
SSF-Taronja-I 5.623 Pilot (reactor) Apartat 4.4
SSF-Taronja-II 9.070 Pilot (reactor) Apartat 4.4
SSF-RW-I 0.092 Pilot (reactor) Apartat 4.4
SSF-RW-II 0.136 Pilot (reactor) Apartat 4.4
SSF-Pél-1 0.077 Pilot (reactor) Apartat 4.4
SSF-Pél-11 0.067 Pilot (reactor) Apartat 4.4
RSU-I 0.486 Pilot (reactor) Apartat 4.3
RSU-II 0.435 Pilot (reactor) Apartat 4.3
FORMtub-I 0.293 Pilot (reactor) Apartat 4.3
FORMtub-II 0.347 Pilot (reactor) Apartat 4.3
FORM-I 0.458 Pilot (reactor) Apartat 4.3
FORM-II 0.321 Pilot (reactor) Apartat 4.3
FORM 0.74 Pilot (reactor) Smet et al., 1999
FORM 4.3 Valor teoric Diggelman i Ham, 2003
FORM 1.69 Valor teoric Diaz i Warith, 2006
Fang d’EDAR 2.76 Pilot (pila) Shen etal,, 2012

5.2.2 Meta

Els factors d’emissi6 de meta obtinguts durant aquesta tesi es troben a la Taula 5.6. Es
podria pensar que és I'efecte de I'arrossegament de contaminants ja presents al residu el
que determina quin és el residu amb un factor d’emissié6 de meta més elevat: els fangs
digerits. En aquest cas, I'elevat valor del compost no és a causa de la composicié del propi
residu, com en el cas de la pela de taronja, sin6 a causa del tractament biologic previ al
compostatge. Els fangs d’EDAR poden ser compostats directament (fangs frescos) o bé
poden passar per un procés de digestié anaerdbia per tal d’estabilitzar-los i valoritzar-los
mitjancant I'obtencié de biogas. Aquest biogas conté, aproximadament, un 60 % de meta, i
és produit per microorganismes metanogenics. Partint del valor de solubilitat en aigua del
meta (22.7 mg L1 a 20 °C) i de la humitat del fang, s’ha calculat la quantitat de meta que
estaria dissolta en l'aigua que conté el residu de dins del reactor (11.6 L i 10.4 L, per a
Fangs Digerits-1 i I, respectivament) considerant que aquesta aigua estigués saturada en
meta. Aquesta quantitat seria la que es podria emetre com a conseqiiéncia de l'efecte
d’arrossegament del cabal d’aire d’entrada. Els mil:ligrams totals de meta dissolts en

I'aigua del reactor serien 263 per a I'experiment fangs digerits-1i 236 per al fangs digerits-
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II. Aquestes xifres es troben per sota dels mil-ligrams emesos només durant el primer dia
per ambdés processos: 1813 mg (fangs digerits-1) i 552 mg (fangs digerits-1I). Aixi doncs,
I'emissié de meta no prové només de l'efecte d’arrossegament per part de I'aire del meta
present al propi residu, siné en bona part també de la preséncia de microorganismes
responsables de la produccié de meta o de I'aparici6é de zones anaerobies durant el procés

de compostatge.

Seguidament, I'experiment que presenta un factor d’emissi6 més elevat és el de
FORM. Les possibles causes s’han discutit a I'apartat 4.3 d’aquest treball. Tot i aixi aquests
factors d’emissid, comparats amb dades bibliografiques de compostatge de FORM a nivell

casola i industrial, es trobarien a la part baixa del rang calculat (Taula 5.6).

Taula 5.6 Recull dels factors d'emissié de meta calculats en aquesta tesi referits a massa total a
dins del reactor. Conté valors bibliografics per comparar.

Residu kg CH4-Mg1 residu Escala (tecnologia) Referencia
Fangs Digerits-I 0.544 Pilot (reactor) Apartat 4.2
Fangs Digerits-II 0.551 Pilot (reactor) Apartat 4.2
Fangs Frescos-I 0.010 Pilot (reactor) Apartat 4.2
Fangs Frescos-II 0.012 Pilot (reactor) Apartat 4.2
SSF-Taronja-I 0.007 Pilot (reactor) Apartat 4.4
SSF-Taronja-I1 0.005 Pilot (reactor) Apartat 4.4
SSF-RW-I 0.003 Pilot (reactor) Apartat 4.4
SSF-RW-I1 0.004 Pilot (reactor) Apartat 4.4
SSF-Pél-1 0.002 Pilot (reactor) Apartat 4.4
SSF-Pél-11 0.001 Pilot (reactor) Apartat 4.4
RSU-I 0.018 Pilot (reactor) Apartat 4.3
RSU-II 0.027 Pilot (reactor) Apartat 4.3
FORMtub-I 0.007 Pilot (reactor) Apartat 4.3
FORMtub-II 0.010 Pilot (reactor) Apartat 4.3
FORM-I 0.527 Pilot (reactor) Apartat 4.3
FORM-II 0.341 Pilot (reactor) Apartat 4.3
FORM 0.077-0.200 Pilot (reactor) Puyuelo et al., 2014
FORM 3.2 Industrial (pila airejada) Andersen et al., 2010
FORM 0.049-0.604 Industrial (pila airejada) Amlinger et al., 2008
FORM 0.88-1.4 Industrial (pila airejada) Hellman, 1995
FORM 0.158 Casola Martinez- Blanco et al,, 2010
FORM 0.788-2.185 Casola Amlinger et al.,, 2008
FORM 0.816-1.132 Industrial (tanel) Amlinger et al,, 2008
FORM 0.012 Industrial (MBT) Clemens i Culhs, 2003
FORM 0.03-8.0 Pilot (pila voltejada) Beck-Friis et al., 2010
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5.2.3 Oxid Nitrés

El factor d’emissié de I'0xid nitrés més elevat correspon, de nou, als fangs digerits,
essent un i fins i tot dos ordres de magnitud superior al de la resta dels experiments, tal

com es pot veure a la Taula 5.7.

Taula 5.7 Recull dels factors d'emissi6 d’oxid nitrés calculats en aquesta tesi referits a massa total
a dins del reactor. Conté valors bibliografics per comparar.

Residu kg N,0-Mg-1 residu Escala (tecnologia) Referéncia
Fangs Digerits-I 0.416 Pilot (reactor) Apartat 4.2
Fangs Digerits-II 0.323 Pilot (reactor) Apartat 4.2
Fangs Frescos-I 0.005 Pilot (reactor) Apartat 4.2
Fangs Frescos-II 0.003 Pilot (reactor) Apartat 4.2
SSF-Taronja-I 0.000 Pilot (reactor) Apartat 4.4
SSF-Taronja-I1 0.001 Pilot (reactor) Apartat 4.4
SSF-RW-I 0.000 Pilot (reactor) Apartat 4.4
SSF-RW-II 0.004 Pilot (reactor) Apartat 4.4
SSF-Pél-1 0.001 Pilot (reactor) Apartat 4.4
SSF-Pél-11 0.001 Pilot (reactor) Apartat 4.4
RSU-I 0.018 Pilot (reactor) Apartat 4.3
RSU-II 0.009 Pilot (reactor) Apartat 4.3
FORMtub-I 0.008 Pilot (reactor) Apartat 4.3
FORMtub-II 0.012 Pilot (reactor) Apartat 4.3
FORM-I 0.010 Pilot (reactor) Apartat 4.3
FORM-II 0.006 Pilot (reactor) Apartat 4.3
FORM 0.009 - 0.015 Pilot (reactor) Puyuelo et al,, 2014
FORM 0.04-0.09 Industrial (pila airejada) Andersen et al., 2010
FORM 0.025-0.178 Industrial (pila airejada) Amlinger et al,, 2008
FORM 0.150-0.180 Industrial (pila airejada) Hellman, 1995
FORM 0.676 Casola Martinez-Blanco et al., 2010
FORM 0.192-0.454 Casola Amlinger et al., 2008
FORM 0.021-0.029 Industrial (tanel) Amlinger et al,, 2008
FORM 0.06-0.6 Pilot (pila) Hellebrand, 1998
FORM 0.333 Casola Adhikari et al.,, 2013

Cal destacar que els experiments de compostatge de fangs digerits son els Unics que
no van assolir temperatures termofiles. Observant els grafics on es mostra I'evolucié dels
factors d’emissi6 diaris d’aquests experiments (apartats 4.2, 4.3 i 4.4 d’aquest treball), en
el cas dels fangs digerits I'emissi6 augmenta considerablement a partir del dia 4 de procés.
En canvi, en la resta de grafics que mostren I'evolucié dels factors d’emissié de 1'0xid
nitrds s’observa una evolucid inversa, assolint el pic d’emissi6 durant la primera setmana.

Conseqiientment, caldria no descartar del tot les conclusions de Fukumoto et al. (2003) i
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Thompson et al. (2004), ja que tot i que en general les emissions d’oxid nitrés detectades
durant aquesta tesi es concentren durant I'etapa termofila del procés, és possible que les
altes temperatures facin disminuir aquestes emissions en residus determinats. En tot cas,
les temperatures termofiles s6n una conseqiiencia indestriable del procés de compostatge,
que a més sembla que podrien provocar una disminucié de les emissions d’oxid nitrés. Tot

i aixi, caldrien més experiments per acabar de conéixer a fons aquesta qiiestio.

Les emissions de N20 podrien estar relacionades amb el contingut de nitrogen de la
mescla inicial. Per comprova-ho s’ha determinat la relacié entre aquests dos parametres
(Figura 5.3). En aquest cas només s’han utilitzat 12 punts, ja que les analisis de nitrogen
inicial dels experiments de fangs frescos i digerits es van fer emprant una metodologia
diferent, fet pel qual s’ha preferit no incloure’ls. En representar el percentatge de nitrogen
i el factor d’emissié de 1'0xid nitrés, no s’observa cap relacié que s’ajusti als punts
experimentals. Aixi doncs, d’acord amb les dades obtingudes, 'emissié d’oxid nitrés no

esta relacionada amb el contingut en nitrogen del residu.
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Figura 5.3 Correlaci6 entre el contingut en nitrogen (%) en la mostra inicial i el factor d'emissi6
d'oxid nitrés.

5.2.4 Amoniac

El factor d’emissié d’amoniac dels experiments de tractament del pél provinent de la
industria de la pell és molt elevat respecte els altres experiments d’SSF. De la mateixa

manera que passava amb la pela de taronja i el contingut amb limone i les emissions de
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COV, el pél és un residu molt ric en nitrogen (7.4 % en M.S.). En aquest cas, la degradacié
del residu dona lloc a grans emissions d’amoniac durant el procés. A la Taula 5.8 es poden
veure els diversos factors d’emissid calculats en aquesta tesi aixi com alguns valors

bibliografics per comparar-los.

Taula 5.8 Recull dels factors d'emissié d’amoniac calculats en aquesta tesi en massa total a dins del
reactor. Conté valors bibliografics per a comparar.

Residu kg NH3-Mg1residu Escala (tecnologia) Referéncia
Fangs Digerits-I 0.004 Pilot (reactor) Apartat 4.2
Fangs Digerits-II 0.002 Pilot (reactor) Apartat 4.2
Fangs Frescos-I 0.663 Pilot (reactor) Apartat 4.2
Fangs Frescos-II 0.276 Pilot (reactor) Apartat 4.2
SSF-Taronja-I 0.000 Pilot (reactor) Apartat 4.4
SSF-Taronja-II 0.000 Pilot (reactor) Apartat 4.4
SSF-RW-I 0.163 Pilot (reactor) Apartat 4.4
SSF-RW-II 0.078 Pilot (reactor) Apartat 4.4
SSF-Pél-1 1.312 Pilot (reactor) Apartat 4.4
SSF-Pél-11 1.298 Pilot (reactor) Apartat 4.4
RSU-I 0.472 Pilot (reactor) Apartat 4.3
RSU-II 0.378 Pilot (reactor) Apartat 4.3
FORMtub-I 0.197 Pilot (reactor) Apartat 4.3
FORMtub-II 0.374 Pilot (reactor) Apartat 4.3
FORM-I 2.483 Pilot (reactor) Apartat 4.3
FORM-II 0.842 Pilot (reactor) Apartat 4.3
FORM 0.700-1.028 Pilot (reactor) Puyuelo et al., 2014
FORM 0.025-0.576 Industrial (pila airejada) Amlinger et al.,, 2008
FORM 0.843 Casola Martinez-Blanco 2010
FORM 0.474-0.972 Casola Amlinger et al.,, 2008
FORM 0.17 Pilot (reactor) Pagans et al.,, 2006
FORM 2.12 Pilot (pila voltejada) Beck-Friis et al., 2010
FORM 0.15 Pilot (reactor) Smet et al., 1999
FORM 9.8 Pilot (reactor) Eklind i Kirchmann, 2000
RSU 0.02-1.15 Industrial (MBT) Clemens i Culhs, 2003
FORM 0.008-0.014 Pilot (pila) Shao etal, 2014

Tot i que els factors d’emissi6 calculats en aquesta tesi comprenen un ampli interval
de valors, es troben dins del rang de valors trobat a la bibliografia. Els experiments d’SSF-
Pél es trobarien a la part alta del rang establert a la bibliografia, tot i que els valors
bibliografics sén de compostatge de FORM o RSU. El compostatge de FORM estructurada
amb fusta, presenta un factor d’emissié també molt elevat, fins i tot si es compara amb
valors bibliografics quedaria dins del rang, perd a la part més elevada. Aquests dos

experiments (FORM i SSF-Pel) sén els que assoleixen una temperatura més elevada i
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persistent. Aixi doncs, tal com s’ha reportat previament (Pagans et al., 2006), les elevades

emissions d’amoniac estan relacionades amb periodes continuats d’altes temperatures.

D’altra banda, s’ha trobat una relacid lineal entre el contingut en nitrogen inicial del
material i la seva emissié d’amoniac. La correlacié (Figura 5.4) s’ha fet a partir de 12 punts
experimentals, pel que s’ha esmentat anteriorment sobre les analisis de nitrogen inicial
dels fangs frescos i digerits. En la Figura 5.4 es pot veure que hi ha un punt clarament féra
de la linia de tendéncia (marcat en vermell). Aquest punt correspon a un dels experiments
de FORM (FORM-I) que va presentar unes emissions molt elevades d’amoniac
(comentades anteriorment). El coeficient de regressié lineal (Equaci6 5.3) que s’obté en

descartar el punt marcat en vermell a la Figura 5.4 és de r2=0.8654.

y = 0.52x — 0.7239 (Equaci6 5.3)

on,
x= percentatge de nitrogen en el residu (%)

y = factor d’emissié d’amoniac (kg NH3-Mg-1MS)

w IS

kg NH;-Mg! residu
[\

0 1 2 3 4 5 6 7 8

% inicial de nitrogen

Figura 5.4 Correlaci6 entre el contingut en nitrogen (%) en la mostra inicial i el factor

d'emissié d’amoniac.
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En canvi tenint en compte el punt en qiiestio, s’obtindria un coeficient de regressié de
r2=0.5929. Per tant, és possible que es produis algun error experimental en les mesures
d’amoniac d’aquest experiment. Per aix0, es destaca, un cop més, la importancia de
realitzar, com a minim, duplicats per aquest tipus d’experiments, que impliquen processos

de degradacio biologica i residus forca heterogenis.

5.2.5 Caracteritzacio dels COV

La Taula 5.9 resumeix la quantificaci6, en factors d’emissi6, dels COV més comuns en
els experiments realitzats. A la Figura 5.5 es presenta 'evolucid dels percentatges de les
diferents families de COV presents en les emissions de cada residu tractat, mitjangant la
mitjana obtinguda dels experiments duplicats realitzats per a cada residu. La llegenda de

la Figura 5.5a és la mateixa que per la resa de Figures 5.5.

Tal com s’ha vist en els diferents apartats de resultats (4.2, 4.3 i 4.4) la dominancia
dels terpens és molt clara. El cas on els terpens dominen d’'una manera més evident és en
els processos de tractament de la pela de taronja (Figura 5.5c), com a conseqiiéncia de
I'alta emissié de limone. Tot i aixi, els fangs digerits no mostren aquesta dominancia dels
terpens en 'emissié de COV. Com s’explica al apartat 4.2 d’aquesta tesi, el fet de tractar les
emissions detectades al GCMS com a percentatges, combinat amb una emissi6 de COV
forca baixa i poc diversa, provoca que qualsevol compost que pugui apareixer en alguna

mostra, representi un percentatge important dins de 'emissid total.

En la Figura 5.5 s’observa també que el maxim percentatge de terpens es detecta, en
la majoria de casos estudiats, al voltant del vuite dia de procés. Aquest percentatge
disminueix durant els dies segiients augmentant lleugerament al final del procés.
Probablement aquest dltim augment és una conseqiiéncia de la disminucié total de
I'emissi6 de COV conjuntament amb un baixa diversitat, que provoca que els pocs
compostos emesos en els ultims dies tinguin una representaci6 molt elevada, quant
s’expressa com a percentatge. Aquest fet es veu molt clarament observant la Figura 5.5 i la
Taula 5.9. En la Figura 5.5a, que representa I'emissié de COV en el tractament de fangs
digerits, s’observa una preséncia important d’hidrocarburs aromatics, més gran que la que
representen en els processos de tractament de FORM o de FORMtub. En canvi, la suma
dels hidrocarburs aromatics quantificats amb l'estandard intern resumits a la Taula 5.9,
dels experiments mencionats, mostren que l'emissié d’hidrocarburs aromatics en el
tractament de FORM i FORMtub és un ordre de magnitud superior a la detectada en els
fangs digerits. Aixi doncs, en casos de poca emissié de COV, ja sigui com a conseqiiéncia del

tipus de residu tractat o de I'acabament del procés, la identificacié dels COV per families
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avaluada en percentatges pot donar lloc a confusid i per aixo és convenient combinar-ho

amb la quantificacié d’alguns dels compostos més representatius de cada familia.

L’alta emissi6 d’hidrocarburs aromatics durant el tractament d’RSU pot estar
relacionada amb 'abséncia d'un procés, previ al compostatge, de recollida selectiva, ja que,
segons Suffet et al. (2009) aquests compostos poden provenir de substancies sintetiques

amb un alt contingut en dissolvents organics, com la cola o productes de neteja.

D’altra banda, quan es tracta de comparar mostres amb una alta diversitat de COV
emesos, la Taula 5.9 i la Figura 5.5 concorden. Parant atenci6é als compostos sulfurats,
mitjancant la Taula 5.9, s’observa que son els experiments de tractament de pel els que
emeten una quantitat més elevada de disulfur de dimetil. La mateixa conclusi6é es pot
extreure de la Figura 5.5e, que mostra que és el tractament d’aquest residu el que emet un
percentatge més alt de compostos sulfurats. De la mateixa manera ocorre amb els
hidrocarburs alifatics i el tractament d’'RSU. Es pot veure en la Taula 5.9 que I'inic residu
on s’ha detectat deca és en els RSU, i és també en la Figura 5.5f on s’observa un

percentatge més elevat de la seva familia.

De tots els residus estudiats, 'inic residu pel que s’han trobat compostos halogenats
en les emissions del procés és I'RSU, ja que, en no separar selectivament els residus en

origen, es poden trobar piles i altres productes toxics en el residu inicial.

Pel que fa a la quantificacid dels terpens, s’observa que els residus que han emes més
limone, deixant de banda la pela de taronja, sén els que estan relacionats amb un material

més fresc, més rapidament biodegradable (IRD inicial més elevat), com s6n RSU i FORM.

Observant la Taula 5.9 es torna a constatar l'alta relacié de l'alfa-pine amb la
utilitzaci6 de fusta com a estructurant. Un cop més s’empra com a indicador de variabilitat
entre els diferents residus la diferéncia entre la mitjana i la desviaci6 estandard dels valors
d’emissié d’'un mateix component per a tots els residus. Descartant les dades d’aquells
experiments que no contenen fusta dins la matriu tractada (RSU i FORMtub), I'alfa-piné és
I'inic dels COV quantificats que té un valor mitja superior al de la seva desviacid
estandard, mostrant una emissié for¢a constant d’alfa-piné en el tractament de residus
molt diversos perd amb trossos de fusta com a agent estructurant. Caldria destacar la
baixa emissié d’alfa-pine en el cas dels fangs digerits, ja que malgrat contenir fusta com a
agent estructurant, presenta un factor d’emissi6é inferior al dels processos que no
contenen fusta. Aquest fet pot ser causat per la baixa temperatura que assoleix el

compostatge de fangs digerits, reduint la volatilitzacié dels COV.

130



Discussi6 general

Taula 5.9 Factors d'emissi6 dels COV quantificats per a cada experiment. (kg de compost emes -Mg-

1 de matéria seca).

Procés Alfa-piné  beta-pine Limone DisEJlfur. Nonanal Piridina Decanal
de dimetil

Fangs Digerits-I 0.0000695 0.0000620 0.0000208 0.00312 n.d. n.d. n.d.
Fangs Digerits-II 0.0000186 n.d. 0.00000948 0.000434 n.d. n.d. n.d.
Fangs Frescos-I 0.0137 0.00940 0.00153 0.222 n.d. 0.000126 n.d.
Fangs Frescos-I1 0.0188 0.00189 0.00164 0.202 n.d. 0.000341 n.d.
SSF-Taronja-I 0.0396 0.06967 1.04 0.001 n.d. 0.000265 0.0001889
SSF-Taronja-II 0.0352 0.06839 0.817 0.001 n.d. n.d. 0.0000989
SSF-RW-I 0.0053 0.00207 0.00220 0.035 n.d. 0.000142 n.d.
SSF-RW-II 0.0120 0.00445 0.00445 0.070 n.d. 0.000276 n.d.
SSF-Pél-1 0.0485 0.0172 0.0123 0.671 0.000702  0.00496  0.0000240
SSF-P&l-II 0.0165 0.00561 0.00435 0.139 0.000358  0.00267 0.00459
RSU-I 0.0051 n.d. 0.175 0.327 n.d. 0.00249 n.d.
RSU-II 0.0070 0.00415 0.124 0.285 n.d. 0.00108 n.d.
FORMtub-I 0.0005 0.00088 0.113 0.012 n.d. 0.000290 n.d.
FORMtub-II 0.0004 0.00143 0.0593 0.014 n.d. 0.0000582 n.d.
FORM-I 0.0164 0.01160 0.0914 0.073 n.d. 0.000882 n.d.
FORM-II 0.0364 0.00647 0.0760 0.118 n.d. 0.00206 n.d.

Procés 2- Tolue Estire Xile Hexanal Cyclohex Deca

pentanona anona

Fangs Digerits-I n.d. 0.0000459 n.d. n.d. n.d. n.d. n.d.
Fangs Digerits-II n.d. 0.0000582 n.d. n.d. n.d. n.d. n.d.
Fangs Frescos-I n.d. 0.0000151  0.0000798 0.000316 n.d. 0.000375 n.d.
Fangs Frescos-I1 0.00115 n.d. 0.0000806 0.0000521 n.d. 0.000494 n.d.
SSF-Taronja-I 0.0164 0.00302 0.000212 n.d. 0.000493 n.d. n.d.
SSF-Taronja-I1 0.0292 0.000380 0.0000442 0.000441 n.d. n.d.
SSF-RW-I 0.00205 0.0000730  0.0000600 0.000006 n.d. n.d. n.d.
SSF-RW-II 0.00563 0.000298 0.0000973 0.0000204 n.d. n.d. n.d.
SSF-Pel-1 0.00207 n.d. n.d. n.d. n.d. n.d. n.d.
SSF-Pel-II 0.00291 n.d. n.d. n.d. n.d. n.d. n.d.
RSU-I 0.00649 0.0176 0.00205 0.003404 n.d. n.d. 0.0151
RSU-II 0.00548 0.00451 0.00154 0.0025541 n.d. n.d. 0.00783
FORMtub-I 0.0134 n.d. 0.00171 n.d. n.d. n.d. n.d.
FORMtub-II 0.00333 n.d. 0.00122 n.d. n.d. n.d. n.d.
FORM-I 0.00191 n.d. 0.0000646 n.d. n.d. n.d. n.d.
FORM-II 0.00144 n.d. 0.00140 n.d. n.d. n.d. n.d.
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Figura 5.5 Evoluci6 dels percentatges de cada familia de COV per cada residu tractat. La llegenda de la Figura 5.5a és la mateixa
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5.3 Consideracions sobre I’expressio de les emissions

Si s’observen els valors dels factors d’emissi6é recollits a les taules de l'apartat 5.2
(Taula 5.5 - Taula 5.8) es veura que son diferents dels que recullen els articles del bloc de
resultats. Moltes de les dades sobre emissions gasoses trobades a la bibliografia estan
referides a la materia total dins del reactor. Per aquest motiu i per facilitar la comparaci6
amb les dades bibliografiques, s’han expressat també les dades obtingudes en aquest
treball sobre la mateixa base, materia total. En canvi, en els articles publicats s’ha cregut
més oportu presentar les dades calculant-les segons la matéria seca dins del reactor. Tot i
aixo, en l'article publicat a la revista Bioresource Technology sobre el compostatge de fangs
d’EDAR (apartat 4.2), els factors d’emissi6 estan calculats sobre el pes total de fang dins de
cada reactor (no de tot el contingut, se n’exclou I'estructurant), ja que al principi s’assumia
que la contribucié de I'estructurant a les emissions procedents del procés de compostatge
era menyspreable. Més endavant, es va voler esbrinar quina era realment la contribuci6 de
I'estructurant a les emissions del procés i per aixo es van dissenyar els experiments del
apartat 4.3 de resultats. En aquest cas, era evident que els resultats s’havien d’expressar
tenint en compte tant el residu com el material estructurant, ja fos fusta, tub de polietile o
els impropis presents en els RSU. D’'una banda, perque les conclusions de I'experiment
mostren que la fusta si que contribueix a les emissions de COV. D’altra banda, perque
I'agent estructurant dels experiments d’'RSU soén els impropis presents a la mostra, aixi
doncs, no es podia descartar que algunes emissions provinguessin d’aquests residus.
D’aquesta manera també s’evitava I’error que portaria la necessitat de fer una aproximacio6
del contingut en pes d’aquests impropis, si es volien presentar els resultats de la mateixa
manera que s’havia fet amb els factors d’emissié provinents dels fangs. Finalment, es
considera que la materia seca total present al reactor és la millor manera de normalitzar el
factor d’emissio6. El fet de tenir en compte només la matéria seca del residu fa més viable la
comparaci6 de processos, ja que la quantitat d’aigua present al residu pot fer augmentar el

seu pes, perd no necessariament les seves emissions.

A banda de I'expressié mateixa dels factors d’emissié, 'objectiu final de les diferents
publicacions presentades és proporcionar dades sobre les emissions dels processos de
biodegradacié per permetre la comparaci6 entre residus i processos i disposar de dades
reals obtingudes a escala pilot. Ara bé, més enlla de si la normalitzaci6 dels resultats es fa
segons la matéria seca, la materia total o el residu amb o sense estructurant, seria bo
incloure un altre criteri relacionat amb el desenvolupament del procés de biodegradacio
que normalitzés el calcul del factor d’emissi6. La Taula 5.10 recull els factors d’emissié de

tots els experiments calculats a partir de les emissions totals, fins al final del procés,
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referides a la matéria seca total present al reactor per tal de facilitar la comparacié amb els

mateixos factors d’emissié perd normalitzats amb diferents parametres de procés que es

discutiran a continuacio.

L’objectiu d’aquesta discussié és proposar un criteri

d’estandarditzaci6é de 'expressié de les emissions més adequat de cara a la comparaci6

dels diversos experiments.

Taula 5.10 Factors d'emissid obtinguts en els diferents experiments realitzats (kg de compost

emes -Mg1 MS).

Procés cov CHa N:0 NH;
Fangs Digerits-I 0.076 1.296 0.990 0.009
Fangs Digerits-II 0.034 1.239 0.727 0.005
Fangs Digerits 0.055 +0.030 1.267 = 0.040 0.859 +0.186 0.007 £ 0.002
Fangs Frescos-I 0.361 0.024 0.011 1.531
Fangs Frescos-II 0.239 0.021 0.005 0.482
Fangs Frescos 0.300 £ 0.087 0.022 £ 0.002 0.008 + 0.005 1.007 £ 0.742
SSF-Taronja-I 13.421 0.016 0.001 0.000
SSF-Taronja-II 21.648 0.012 0.002 0.000
SSF-Taronja 17.534 £ 5.817 0.014 £ 0.003 0.002 £ 0.001 0.000 £ 0.000
SSF-RW-I 0.227 0.007 0.001 0.405
SSF-RW-II 0.338 0.009 0.010 0.194
SSF-RW 0.283 £ 0.078 0.008 £ 0.002 0.006 £ 0.006 0.299 £ 0.149
SSF-Pel-1 0.213 0.004 0.002 2.886
SSF-Pel-11 0.186 0.003 0.003 3.605
SSF-Pel 0.200 £ 0.019 0.004 £ 0.000 0.002 £ 0.001 3.246 +0.508
RSU-I 1.185 0.043 0.043 1.151
RSU-II 1.062 0.067 0.023 0.921
RSU 1.123 £ 0.087 0.055+0.017 0.033+£0.014 1.036 + 0.162
FORMtub-I 0.630 0.015 0.017 0.422
FORMtub-II 0.745 0.021 0.025 0.802
FORMtub 0.688 £ 0.082 0.018 £ 0.004 0.021 + 0.005 0.612 £ 0.269
FORM-I 1.164 1.340 0.025 6.319
FORM-II 0.813 1.208 0.017 2.367
FORM 0.989 + 0.259 1.274 + 0.094 0.021 £ 0.006 4.343 £ 2.795

5.3.1 Normalitzaci6 de les emissions segons la reduccié d’IRD (index RIE)

Al treball de Colén et al. (2012) es proposa normalitzar el factor d’emissié mitjangant

la reducci6 d’IRD assolida al final del procés. Amb aquesta normalitzacid s’obté I'index RIE,

index d’Eficiéncia Respiromeétrica. Tal com s’explica a I'article citat, la reduccié d’IRD del

residu (diferéncia entre IRD de la mescla inicial a tractar i IRD del material al final del

tractament) és un indicador de l'eficiéncia del procés de tractament ja que reflecteix la

disminuci6 en la biodegradabilitat del residu. La inclusi6é d’aquest criteri en 'expressié de
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les emissions, és ttil en la comparaci6é de diferents processos l'objectiu dels quals sigui
'estabilitzaci6 dels residus. Factors d’emissié no normalitzats amb I'IRD poden portar a
suposar majors emissions per processos que hagin estat més eficients front a d’altres on
s’ha emes menys pero en els que alhora s’ha estabilitzat poc el residu. A la Taula 5.11 es
presenten els factors d’emissié normalitzats amb els valors de reduccié d’IRD, que també

s’hi inclouen.

Taula 5.11 Factors d'emissié dels experiments realitzats normalitzats mitjang¢ant la reduccio de
I'IRD (index RIE) ((kg compost emés- Mgt MS)-(g Oz -kg MS-1-h-1)-1).

Procés Ccov CH4 N:0 NH3 Reduccid IRD
Fangs Digerits-I 0.585 9.970 7.619 0.065 0.130
Fangs Digerits-II 3.374 123.883 72.743 0.527 0.010
Fangs Frescos-I 0.682 0.045 0.021 2.889 0.530
Fangs Frescos-II 0.217 0.019 0.004 0.438 1.100
SSF-Taronja-I 13.288 0.016 0.001 0.000 1.010
SSF-Taronja-II 24.323 0.013 0.003 0.000 0.890
SSF-RW-I 0.086 0.003 0.001 0.205 1.971
SSF-RW-II 0.181 0.005 0.005 0.104 1.867
SSF-Pel-1 0.179 0.003 0.001 2.417 1.194
SSF-Pel-11 0.109 0.002 0.002 2.116 1.704
RSU-I 1.066 0.038 0.039 1.035 1.112
RSU-II 0.982 0.071 0.024 0.979 0.941
FORMtub-I 0.940 0.023 0.026 0.630 0.670
FORMtub-II 0.690 0.020 0.023 0.743 1.080
FORM-I 0.478 0.550 0.010 2.593 2.437
FORM-II 0.416 0.618 0.009 1.211 1.955

En primer lloc, cal destacar que com a conseqiiéncia de la baixa biodegradabilitat
inicial dels fangs digerits, la reduccié d’'IRD que experimenten durant el procés és molt
baixa. Aixi doncs, en aquest cas els factors d’emissié augmenten molt respecte els de la
Taula 5.11 En canvi, en els processos de FORM, SSF-RW i SSF-Pél, la reduccié d’IRD és
forca important, de manera que els factors d’emissid es veuen reduits considerablement.
Particularment, el factor d’emissié d’amoniac del procés FORM-I normalitzat per I'IRD, és
un valor forga alt pero no destaca per sobre de la resta, tal com ho feia el mateix factor en

la Taula 5.10.

Com es pot veure doncs, aquesta normalitzacié és util per residus que tenen una
biodegradabilitat inicial semblant ja que en tractar un residu de baixa biodegradabilitat
com so6n els fangs digerits i comparar-ho amb el tractament d'un residu forga
biodegradable com pot ser la FORM, els factors d’emissié del residu poc biodegradable es

veuen molt magnificats. Si es volgués estendre aquesta normalitzacié a tot tipus de

136



Discussi6 general

residus, caldria incloure en el calcul un factor que tingués en compte aquesta
biodegradabilitat inicial per tal de suavitzar I'efecte d'una reduccié d’IRD petita en casos

com aquest.

En els casos d’'RSU, FORM i FORMtub, s’observa com els factors d’emissiéo normalitzats
segons la reduccié d’IRD (Taula 5.11) presenten valors més propers que no pas els factors
d’emissi6 de la Taula 5.10. Tal com es comenta a l'article sobre emissions de FORM i RSU
(apartat 4.3), les emissions de meta i amoniac s6n considerablement més elevades en la
FORM que en els altres experiments comparats en el mateix capitol. No obstant,
'estabilitzaci6 del material i 'evolucié del procés és millor en els dos casos de FORM. En
aquest cas la normalitzacié per IRD és util per treure unes conclusions més acurades de

I'estudi, ja que son residus amb unes caracteristiques forca semblants.

Aixi doncs, la utilitat de I'Index d’eficiéncia respiromeétrica (RIE) proposat per Colén et
al. (2012), és molt destacable quan es tracta de comparar les emissions derivades del
tractament de residus amb biodegradabilitats similars tot i que els processos de
tractament siguin diferents, tal com ocorre a les plantes industrials de compostatge de
FORM amb les que es treballava en 'esmentat article. Aquestes plantes tenen diferents
configuracions i empren diferents tecnologies pero el residu que tracten és essencialment
el mateix. L’augment de la reduccié de la biodegradabilitat del residu, és a dir, 'augment
de la reduccié d’IRD suposa un augment de 'eficiéncia del procés que pot provocar un
augment de les emissions, i cal reflectir-lo en el valor del factor d’emissi6. Aixi doncs, és
adequat normalitzar les emissions de residus similars segons la reducci6 de I'IRD assolida

durant el procés, encara que es tractin amb tecnologies o sistemes diferents.

5.3.2 Emissions relatives a la reduccio d’OUR

Com es pot observar als apartats 4.2, 4.3 i 4.4 d’aquest treball, els experiments
realitzats tenen diferents temps de durada. Habitualment el criteri per finalitzar un
experiment era el retorn de la temperatura del reactor a temperatura ambient i que 'OUR
fos propera a zero. En aquest apartat es proposa un criteri alternatiu per a la finalitzaci6
del recompte d’emissions en el temps de procés, més directament relacionat amb
I'activitat biologica i amb el control del procés: haver assolit una reduccié del 80 %
respecte del valor d’OUR maxim registrat durant el procés. Aquest criteri pot ser més
adequat tenint en compte que la OUR és el parametre de control en els processos
realitzats. D’altra banda, el valor d’OUR és indicador de l'activitat bioldgica en el reactor

que també hauria d’estar relacionada amb les emissions d’aquest.
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Els resultats obtinguts per als factors d’emissié aplicant aquest criteri es poden
observar a la Taula 5.12. Els factors d’emissié de I'experiment Fangs Digerits-1 no es
mostren ja que no es va arribar a una reduccié del 80 % de la OUR maxima, que era de 0.9
g 02 h'l. En aquesta taula es recullen també la durada total del procés, els valors de OUR

maxima i el dia en el que s’arriba a la reduccié del 80 % d’aquesta.

Taula 5.12 Factors d'emissié dels experiments realitzats, tenint en compte només les emissions
fins al 80 % de reduccié de la OUR maxima (kg de compost emeés -Mg1 MS).

OUR Dia 80 % Durada del
Procés cov CH. N:20 NH3 maxima de .
(g 02h1) reduccio proces
Fangs Digerits-I - - - - 4.5 - 12
Fangs Digerits-II 0.034 1.239 0.727 0.005 1.3 14 12
Fangs Frescos-I 0.202 0.020 0.011 0.515 9.0 3 12
Fangs Frescos-II 0.148 0.019 0.005 0.221 6.1 3 12
SSF-Taronja-I 13.416 0.012 0.001 0.000 15.3 16 20
SSF-Taronja-II 21.642 0.011 0.002 0.000 14.7 17 20
SSF-RW-I 0.201 0.005 0.001 0.326 17.1 9 22
SSF-RW-II 0.313 0.009 0.010 0.193 29.5 14 22
SSF-Pel-1 0.182 0.003 0.002 1.572 23.8 7 21
SSF-Pel-11 0.175 0.003 0.003 2953 28.1 11 21
RSU-I 1.173 0.036 0.042 1.064 11.0 16 22
RSU-1I 0.905 0.058 0.022 0.860 15.5 17 22
FORMtub-I 0.612 0.013 0.016 0.339 10.6 8 16
FORMtub-II 0.722 0.017 0.023 0.505 15.1 9 16
FORM-I 1.136 0939 0.022 5.840 21.8 12 27
FORM-II 0.810 1.162 0.017 2311 215 19 27

Per poder comparar els valors obtinguts amb els que consideraven les emissions
durant tot el temps de procés, a la Taula 5.13 es mostra el percentatge de I'emissio total

que representen els factors d’emissié de la Taula 5.12.

Exceptuant els processos de compostatge de fangs frescos d’EDAR, la resta de
percentatges sén forca elevats, indicant que gran part de I'emissi6 es produeix abans que
la OUR maxima s’hagi reduit un 80 %, fet que relaciona, de nou, els valors elevats
d’activitat bioldgica amb la major part de 'emissid del procés. Aixi doncs, per la majoria de
casos prenent la reducci6 de la OUR maxima com a criteri per finalitzar el procés,
s’arribaria a un valor molt semblant per als factors d’emissié. Tot i aixi quedarien algunes
emissions sense comptabilitzar, particularment d’amoniac, ja que els seus percentatges en

la Taula 5.13 sén els més baixos.
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Taula 5.13 Percentatge que representen els factors d'emissi6 calculats fins a la reducci6 del 80 %
d'OUR respecte el factor d'emissié total.

Procés cov CH4 N:0 NH;
Fangs Digerits-I - - - -
Fangs Digerits-II 100 100 100 100
Fangs Frescos-I 56 83 95 34
Fangs Frescos-II 62 92 96 46
SSF-Taronja-I 100 76 100 -
SSF-Taronja-II 100 93 100 -
SSF-RW-I 89 70 94 81
SSF-RW-II 93 100 100 100
SSF-Pel-1 85 83 100 54
SSF-Pel-11 94 94 100 82
RSU-I 99 84 98 92
RSU-II 98 87 98 93
FORMtub-I 97 83 91 80
FORMtub-II 97 79 91 63
FORM-I 98 70 87 92
FORM-II 100 96 99 98

5.3.3 Consideracions referents a les emissions dels processos d’SSF

Els processos de fermentaci6 en estat solid tenen com a objectiu la produccié i
posterior extraccié6 d’algun producte d’interés industrial (en el cas dels processos
estudiats, enzims, en concret, lipases, proteases i cel-lulases). Els processos d’SSF explicats
en aquesta tesi tenen l'objectiu d’estudiar I'escalat de processos ja optimitzats a escala
laboratori (500 mL i 10 L) fent el seguiment de I'activitat enzimatica, avaluar les emissions
que se’n deriven i I'estabilitzacié del residu, ja sigui taronja, pel o greix (Santis-Navarro et
al, 2011; Abraham et al.,, 2013). Per aixd, en I'apartat 4.4 d’aquesta tesi es presenta el
procés sencer i els factors d’emissié emprats durant aquesta discussié comprenen també
les emissions del procés complet. Tot i aixi, si es volgués fer una analisi ambiental
estrictament dels processos d’SSF, caldria tenir en compte que el procés s’aturaria una
vegada assolit el maxim d’activitat enzimatica, moment en qué s’extrauria el producte
d’interes, I'enzim. A la Taula 5.14 es presenten els factors d’emissi6 per als processos d’SSF
calculats a partir de les emissions acumulades fins el dia en que es detecta la maxima

activitat enzimatica dins del reactor.
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Taula 5.14 Factors d'emissi6 dels processos d’SSF incloent només les emissions fins al maxim
d’activitat enzimatica (kg de compost emes -Mg-1 MS).

Dies fins

Procés cov CH, N20 NH3 activitat

maxima
SSF-Taronja-I 13.375 0.010 0.001 - 13
SSF-Taronja-II 21.614 0.010 0.002 - 13
SSF-RW-I 0.184 0.003 0.001 0.195 5
SSF-RW-II 0.255 0.004 0.009 0.189 5
SSF-Pel-1 0.155 0.003 0.001 0.999 4
SSF-Pel-II 0.119 0.001 0.002 1.274 4

En aquest cas, també s’han calculat els percentatges que representen aquests valors
dels factors d’emissié respecte als de tot el procés realitzat. Aquests percentatges es

mostren a la Taula 5.15.

Taula 5.15 Percentatge que representen els factors d'emissi6 calculats fins al maxim d’activitat
enzimatica respecte el factor d'emissié total.

Procés Ccov CH, \P{0) NH;
SSF-Taronja-I 100 62 100 -
SSF-Taronja-II 100 81 100 -
SSF-RW-I 81 43 86 48
SSF-RW-II 76 40 91 98
SSF-Pel-1 73 69 93 35
SSF-Pel-II 64 30 61 35

Tenint en compte I'emissi6 només fins al dia de maxima activitat enzimatica, els
factors d’emissié dels experiments SSF-RW i SSF-pel es redueixen considerablement, ja
que en aquests casos el pic d’activitat arriba en els dies 5 i 4 de procés, respectivament. En
canvi en els processos d’SSF-Taronja, possiblement per l'alta concentracié de limone
(discutit a I'apartat 4.4), la maxima activitat enzimatica no arriba fins el dia 13. Aixi, les
emissions que caldria tenir en compte en un possible procés d’SSF-Taronja on s’aturés el
procés en aquest punt, serien gairebé les mateixes que es detecten fins que el procés
s’atura per si sol. Per tant, I'alta emissié de COV seria un factor que caldria seguir tenint en
compte a l'hora de dissenyar a escala industrial un possible procés d’obtencié de

cel-lulases a partir de pela de taronja.
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5.4 Consideracions sobre el métode de preconcentracié de la mostra

per a l’analisi de COV en GCMS

En aquesta tesi doctoral s’ha desenvolupat un metode per a I'analisi dels diferents
COV emesos. Fins a I'inici d’aquesta tesi, en el grup d’'investigacié s’analitzaven COV totals,
sense obtenir cap informacid sobre quins COV o quines families de COV s’estaven emeten.
La toxicitat, aixi com el llindar d’olor dels diferents COV s6n molt diversos, per aixo quan
es disposa dels recursos (Projecte CMT2012-33663) s’adquireix un cromatograf de gasos
acoblat a un espectrometre de masses. Aquest equip permet al grup ampliar a bastament
el coneixement sobre les emissions de COV produides ja sigui a les plantes industrials de
tractament mecanic biologic, com les emissions derivades dels processos realitzats a la
planta pilot del grup. Aixi doncs, l'objectiu dels primers mesos de doctorat és
desenvolupar el métode cromatografic adient per realitzar correctament aquestes analisis.
Gracies a la bibliografia referent a l'analisi de COV per GCMS en processos similars,
s'observa la necessitat de preconcentrar la mostra de forma previa a l'analisi
cromatografica: a causa de la baixa concentracié de la majoria de COV presents a les
mostres de gasos procedents dels processos a estudiar, cal un element que els
preconcentri per tal de poder detectar el maxim nombre de compostos possibles presents
a la mostra. A grans trets, es poden trobar dos metodes de preconcentracié a la

bibliografia: 1a Desorcié Térmica (TD) i la Micro Extraccié en Fase Solida (SPME).

La desorcié térmica consisteix en la concentracié de la mostra gasosa en tubs el
rebliment dels quals sol ser una matriu de Tenax®. Aquest rebliment adsorbeix la totalitat
dels COV presents en el corrent gasds que es fa passar pel tub, sempre i quan no s’arribi a
la saturacié de la matriu. D’aquesta manera, coneixent el cabal que ha passat a través del
tub, es podra obtenir directament la concentracié dels compostos en el corrent gasé6s. Un
cop la mostra ha estat carregada al tub, es duu a terme el procés de desorcid termica.
Aquest procés consisteix en la congelacié de la mostra per, posteriorment, escalfar-la
rapidament a elevada temperatura i aixi provocar la desorcié de tots els compostos en el
mateix moment. Després d’aquests canvis sobtats de temperatura, la mostra entra a la
columna del cromatograf gracies al gas portador. Cal destacar que el desorbidor térmic és

un equip d’alta tecnologia que requereix una inversié economica molt important.

En canvi, la preconcentracié mitjancant SPME consisteix simplement en posar en
contacte durant 30 minuts la mostra gasosa i la fibra SPME (com s’ha explicat al Capitol 3
d’aquesta tesi). D’aquesta manera la fibra adsorbeix els components de la mostra arribant
a un teoric equilibri de concentracions. Passats els 30 minuts, la fibra s’introdueix a

I'injector del cromatograf durant 3 minuts. L’alta temperatura de l'injector provoca la
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desorcié dels compostos adsorbits previament a la fibra que entren a la columna per tal
ser analitzats. La inversié que requereix aquesta técnica és 100 vegades inferior a la que

caldria per a 'equip de desorci6 térmica.

La investigacié presentada en aquesta tesi s’ha dut a terme mitjan¢ant la técnica
SPME-GCMS. Cal dir que les referencies bibliografiques que utilitzen el métode SPME s6n
abundants i es poden trobar en diverses revistes. En concret, dins del camp del
compostatge és una tecnica forga utilitzada i acceptada dins de la comunitat cientifica

(Davoli et al., 2003; Orzi et al., 2010; Scaglia et al.,, 2011).

No obstant, durant el desenvolupament del métode cromatografic, sorgeixen una
série de qliestions sobre la relacié d’equilibri entre al mostra gasosa i la fibra SPME. En
primer lloc, segons el subministrador, la fibra es pot utilitzar per a 100 analisis,
aproximadament. Durant el desenvolupament del métode sén moltes les vegades que se
sotmet la fibra a altes temperatures a I'injector per tal de realitzar diferents proves i anar

ajustant els parametres del métode. Aixi doncs, sorgeix el dubte:
Es constant la capacitat d’adsorcié de la fibra?

El dubte sobre la propia degradacié de la fibra es resol gracies a la preséncia d’'un
patré intern (p-xilé, veure Capitol 3) que permetra relacionar I'estat de la fibra amb I'area
obtinguda per al patré intern en el cromatograma, i per tant amb la resta d’arees
obtingudes. Com que la concentracié de patrd intern és sempre la mateixa dins el
col-lector de gas, I'area del patré intern obtinguda en I'analisi permet normalitzar la resta
d’arees dels diferents compostos presents a al mostra. Aixi l'efecte de degradaci6 de la
fibra es veu disminuit fins que, al voltant de les 100 analisis realitzades amb una mateixa
fibra, s’observa com els pics del cromatograma disminueixen molt drasticament. Aquest és

el moment de canviar la fibra.

D’altra banda, s’observa que les arees obtingudes en un cromatograma amb pocs pics,
son forga grans. En canvi quan la mostra és més complexa i s’observen molts pics en un
cromatograma, les arees es veuen lleugerament disminuides. Aquest fenomen s’observa

sistematicament, per aixo sorgeix un altre dubte al voltant del métode SPME-GCMS:
La complexitat de la mostra pot afectar les arees obtingudes?

Durant els experiments presentats a 'apartat 4.1 d’aquest treball i a Puyuelo et al.
(2014), es pren mostra diaria de les emissions dels diversos reactors que treballen amb
diferents estratégies d’aeracié i s’analitza al GCMS, sent el primer experiment en el que
s'implementa el métode cromatografic desenvolupat préviament. Es llavors quan es

corrobora el que ja apuntaven les referéncies bibliografiques consultades, que les mostres
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procedents d’un procés de compostatge son sempre forga complexes. Les mostres
obtingudes presentaven un minim de 8 compostos al final del procés, pero arribaven a
superar els 120 compostos al principi i en I'etapa termofila del procés de compostatge.
Aquesta complexitat podria afectar a 'afinitat de la fibra SPME pels diferents compostos

que es poden trobar en una mostra de gasos habitual d’'un procés de compostatge.

Per simplificar el tractament de les dades obtingudes de I'analisi de les mostres i

millorar la seva qualitat, es realitzen dues accions:

- D’una banda, s’agrupen els compostos organics volatils detectats en cada mostra
en les families quimiques a les que pertanyen. En els diferents experiments
realitzats les families que representen els compostos detectats son les segiients:
alcohols, esters, furans, cetones, hidrocarburs alifatics, hidrocarburs aromatics,
compostos nitrogenats, compostos sulfurats, aldehids, compostos halogenats,
acids grassos volatils i terpens. D’aquesta manera es poden observar tendéncies
sobre quins sén els compostos més emesos segons la tipologia de residu tractat,
sense calcular les concentracions de cada compost o de la familia de compostos ja
que aquestes presentarien alguns dubtes sobre la seva fiabilitat. Es per aixd que a
I'apartat 4.1 d’aquesta tesi només es presenten els percentatges de les diferents
families de COV.

- Més endavant, es decideix determinar el factor resposta de diferents compostos
davant la fibra (explicat al Capitol 3 d’aquesta tesi). S’escullen 15 compostos
habituals en les emissions de la majoria de processos de compostatge que sén
representatius de les diferents families en les que es classifiquen els COV. Aixi,
amb aquests 15 compostos es desvetlla el dubte sobre les diferents afinitats dels
compostos amb la fibra i es pot obtenir una concentracié molt més fidedigne,
podent expressar-ne el factor d’emissié (kg compost emes - Mg de residul) i
permetent la comparacié de l'emissi6 d'un mateix compost en diferents

processos.

Per millorar els resultats de les analitiques de COV, el grup ha adquirit finalment un
equip de desorcid termica que facilitara la quantificaci6 dels compostos presents a les

mostres gasoses.

Pel que fa al recompte del COV per families, en aquesta tesi s’han calculat els
percentatges de cada familia de COV continguts en una mostra, tenint en compte les arees
obtingudes diariament per a cada familia. Ara bé, altres autores com Gallego i Ribes, (Ribes
et al,, 2006; Gallego et al., 2009) no tenen en compte I'area obtinguda per a cada compost

per tal de calcular el percentatge emes de la familia, siné que calculen els percentatges

143



Capitol 5

segons el nombre de compostos emesos en cada familia. Aixi doncs aquest seria una
analisi exclusivament qualitativa, ja que no es tindria en compte I'area obtinguda per a

cada compost siné només la diversitat de compostos dins de cada familia.

Per tal de comparar el metode que proposen Gallego i Ribes i el que s’ha utilitzat en
aquesta tesi per a I'analisi de dades, s’ha recalculat el percentatge de les families de COV
per a dos experiments complets d’aquesta tesi segons el metode de Gallego et al. (2009),
de manera que es poden comparar amb els resultats obtinguts en els mateixos
experiments segons el métode desenvolupat en aquesta tesi. A la Taula 5.16 es comparen
els percentatges i 'ordre de dominancia de les families de COV detectades en els dos
experiments amb FORM, segons els dos métodes, el de semi-quantificacié (Maulini) i el
només qualitatiu (Gallego).

Taula 5.16 Comparaci6 del métode de semi-quantificaci6 emprat en aquesta tesi i del meétode
qualitatiu de Gallego et al. (2009) en el cas de les emissions gasoses del compostatge de FORM.

FORM_I FORM-II

Ordre de Gallego Maulini Gallego Maulini

preséncia  Familia % Familia % Familia % Familia %
1 Terpens 38.3 Terpens 58.6 Terpens 37.8 Terpens 72.3
2 Cetones 15.6 Alcohols 15.5 Cetones 12.1 Sulfurats 7.4
3 Sulfurats 11.5 Cetones 9.3 | Aromatics 12.1 Cetones 7.1
4 Alcohols 9.3 Sulfurats 7.4 Sulfurats 9.9 Alcohols 5.2
5 Nitrogenats 8.2 Alifatics 3.3 | Nitrogenats 9.9 Aromatics 3.2
6 Aromatics 6.7 Aromatics 3.1 Alifatics 8.4 Alifatics 2.5
7 Alifatics 5.6 | Nitrogenats 1.8 Alcohols 55 Furans 1.4
8 Furans 4.4 Furans 1 Furans 3.8 Nitrogenats 0.8
9 Esters 0.4 Esters 0 Esters 0.5 Esters 0.1

S’observa que segueixen sent els terpens els que s’emeten amb més quantitat aixi com
les cetones també es mantenen a la part alta de la Taula 5.16, tot i que amb el métode
Gallego et al. (2009) representen percentatges més elevats. Els ésters i els furans
continuen sent les families de compostos menys emeses, tot i que amb el metode
qualitatiu de Gallego et al. (2009) la representacié dels furans augmenta fins a 3 punts
percentuals. En canvi, en el cas dels compostos nitrogenats s’observa un important
augment de la seva dominancia quan s’empra el métode d’analisi qualitativa proposat per
Gallego et. al (2009). La resta de families es comporten de formes forca diferent en els dos
processos analitzats. Parant atenci6 als percentatges, les diferéncies observades entre les
diverses families en la semi-quantificacié tal com s’ha realitzat en aquesta tesi, sén molt

més grans que les observades emprant el metode qualitatiu de Gallego et. al (2009).
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Tot i que el metode de Gallego et al. (2009) és només qualitatiu segons la diversitat de
la mostra, finalment s’obté un grafic de barres on s’expressen els percentatges de les
diferents families, de la mateixa manera que es fa en aquesta tesi en la Figura 5.5. Aixi
doncs, finalment es donen uns percentatges que donen informaci6 sobre el tipus de COV
emesos, de manera que no s6n quantitatius perd si que s’extreu una informacié que
permet caracteritzar quantitativament aquesta emissio, tot i que sigui per families. D’altra
banda, en el metode emprat en aquesta tesi, s’ha demostrat que diferents compostos no es
comporten igual amb la fibra SPME (Capitol 3), de forma que la suma de les arees de
diferents compostos agrupats en una mateixa familia pot donar lloc a errors. Tot i aixo, el
metode desenvolupat en aquesta tesi déna una informacié més profunda que el metode de
Gallego et al. (2009) ja que es tenen en compte les arees obtingudes per a cada compost,

permetent que s’apreciin millor les diferéncies entre diferents mostres.

5.5 Errors associats a I’obtencio dels factors d’emissio

Tots els experiments realitzats en aquesta tesi s’han dut a terme per duplicat a escala
pilot (50 L). Un dels fets a tenir en compte en les dades aportades en aquest treball és
I'error associat a les mesures de les emissions i la manca d’una analisi estadistica dels
resultats per facilitar les comparacions. No obstant, només amb dos reactors i per tant
dues mostres a comparar en cada cas, no és possible fer una analisi estadistica de qualitat.
Observant les dades obtingudes de tots els experiments realitzats per als compostos
analitzats amb el cromatograf de gasos (Taula 5.10), 'error calculat a partir dels Factors
d’Emissié obtinguts en els duplicats de cada experiment, es troba per sota del 45 % en 25

dels 32 valors calculats (8 residus, 4 compostos per residu)

Es podrien identificar 5 causes que contribueixen a l'error durant el procés:
I'heterogeneitat del residu, el desenvolupament del propi procés biologic, la presa de

mostra, I'analisi al cromatografi el calcul del factor d’emissio.

Comencat per la darrera d’aquestes causes, el calcul del factor d’emissié es realitza a
partir de la concentraci6 obtinguda de cada compost diariament i el cabal d’aire entrant al
reactor en el moment de la presa de mostra. Aixi es calculen els mil-ligrams de
contaminant emesos en un dia i aquests s’afegeixen als produits durant el dia anterior. Ara
bé, només es fa una mesura cada dia i s’assumeix que 'emissi6 del dia n sera la mateixa
fins que no s’obtingui una nova mesura. D’aquesta manera si hi ha un pic d’emissié entre la
mesura del dia n i la del dia n+1, aquest pic no sera detectat. Tot i prendre les mostres al
mateix moment en tots dos reactors, l'evoluci6 de cada procés pot ser lleugerament

diferent. Per tant, es podria estar detectant un pic en un dels reactors en el moment de
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presa de mostra, pero si el procés en l'altre reactor es desenvolupa més lentament, aquest
pic es podria perdre i no detectar el moment de maxima emissié. Aquest error es podria
reduir fent més d'una mesura al dia, o bé, implementant sensors en linia dels

contaminants estudiats.

Pel que fa a l'analisi al cromatograf, aquest es realitza per triplicat. La mitjana de
I'error calculat en els diversos triplicats realitzats durant els experiments és de 9.3 % en
I'analisi de COV, 9.4 % en l'analisi de meta i de 14.5 % en l'analisi de 1'0xid nitrés. Aixi
doncs, el cas dels COV i del meta els errors es troben per sota del 10 %, que es considera
adequat pel tipus d’analisi emprada. En canvi, I'error calculat en les mesures d’oxid nitrés
esta 4.5 punts per sobre d’aquest 10 %, per tant caldria disminuir I'error en el métode
d’analisi de I'0xid nitroés. El considerable augment de I'error en 'analisi de 1'd0xid nitrés pot
ser una conseqiiencia de la reduida mida del pic que correspon al compost d’interes, com a
conseqiiéncia de la baixa concentraci6 d’oxid nitrés detectada en gran part de les mostres
que magnifica un petit solapament parcial, en algunes ocasions, amb un pic anterior.
Aquest fet provoca que la integracié hagi de ser manual, afegint doncs més error a la

mesura. Es constata, per tant, que el métode analitic del N,O es pot millorar.

La presa de mostra consisteix en connectar 'entrada d’'una bossa Tedlar® d’1 L al tub
de sortida de gasos del reactor. Préviament, la bossa Tedlar® s’'omple amb nitrogen i es
buida amb una bomba de buit. S’ha comprovat que mostrejant dos cops consecutivament
en dues bosses diferents, 'error obtingut entre les mesures realitzades a partir d’'una
bossa i l'altra és el mateix error que entre diferents punxades al cromatograf d’'una
mateixa mostra. Aixi doncs, la presa de mostra no contribueix de cap manera a l'error

entre els duplicats d'un mateix procés.

D’altra banda, el cabal que s’aplica a través del sistema de control basat en I'OUR al
procés afecta el factor d’emissié en tres aspectes. En primer lloc en el calcul del factor
d’emissio, ja que el cabal esta directament inclos en aquest calcul. En segon lloc la propia
emissio, perque és sabut que alguns compostos en algun moment del procés s’emeten, en
part, per arrossegament depenent de quins siguin els residus tractats (COV en el cas de la
pela de taronja, per exemple). Aixi doncs, un augment del cabal podria suposar un
augment de les emissions d’aquests compostos. L'altim punt (no en importancia) en que el
factor d’emissi6 es podria veure afectat pel cabal aplicat és el desenvolupament de
I'activitat biologica del procés. D'una banda afectara les propies emissions ja que aquestes
van molt lligades a I'evolucio6 del procés tal com es pot veure en tots els articles i en altres
apartats d’aquesta discussio, per exemple, si es manté molt o poc la fase termofila, si es

creen o no zones anaerodbies.. D’altra banda el cabal aplicat afecta la decisi6 del
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controlador en el segiient cicle (explicat al Capitol 3), per tant tota I'evolucié del procésila

maximitzacié de 'activitat bioldgica en depenen.

En els casos de tractament de residus municipals la heterogeneitat del residu és un
altre factor que pot donar variabilitat als duplicats. Tot i que abans d’introduir el residu a
tractar dins del reactor s’ha procurat que el material que formara la matriu d’'un reactor

sigui el més similar possible al material que formara la matriu de l'altre reactor.

Aixi doncs, en un procés bioldogic amb materials heterogenis i una analitica i processat
posterior de les dades complex, els errors obtinguts es poden justificar. Obviament una
analisi estadistica permetria avaluar més acuradament els resultats, cal destacar, pero,
que per tal de realitzar aquesta analisi estadistica de qualitat caldria adquirir i posar en
marxa un altre reactor adiabatic d'uns 50 L, una balanca industrial, sonda de temperatura,
sensor d’oxigen, cabalimetre massic, etc. Més enlla del cost economic, I'augment de la
carrega de treball que implicaria la presencia d’un tercer reactor de 50 L, faria molt dificil
que una sola persona pogués operar i analitzar els tres reactors al mateix temps. Aixi
doncs, l'escala del procés dificulta la presencia d'un tercer reactor que permetria fer
I'analisi estadistica, pero es considera més prioritaria l'escala del procés per la
representativitat de les diferents proves, que no pas la presencia de triplicats. D’altra
banda, probablement la millora del controlador per OUR (actualment en curs) disminuira
I'error en el factor d’emissi6 més que no pas la preséncia d'un tercer reactor, tot i que

aquest permetés la realitzacié d’'una analisi estadistica.
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Capitol 6: Conclusions

En aquest capitol es recullen les principals conclusions dels diferents articles recollits
en el capitol de resultats, aixi com les conclusions extretes de la comparaci6 de tots els

experiments realitzats en aquesta tesi, explicada en el capitol 5 d’aquest treball.






Conclusions

En aquesta tesi s’han calculat els factors d’emissi6 dels compostos organics volatils
(COV), el meta, I'd0xid nitrés i 'amoniac associats a processos de valoritzacié material de

diferents residus solids organics.

La determinaci6 del perfil d’emissié d’aquests compostos ha permés relacionar-los
amb l'evolucié del procés biologic. D’aquesta manera es poden optimitzar els tractaments
de les emissions gasoses provinents d’aquest tipus de processos en instal-lacions
industrials. A més, les dades obtingudes seran d’utilitat en la realitzaci6 d’'Inventaris de

Cicle de Vida per a I'estudi de I'impacte ambiental dels processos estudiats.

S’ha desenvolupat una metodologia per tal de poder identificar i quantificar els COV
emesos durant aquests processos de tractament bioldgic. Aquesta caracteritzaci6 dels COV
amplia considerablement el coneixement sobre aquest tipus d’emissions permetent una

analisi més acurada dels riscos ambientals i personals que se’n poder derivar.

6.1 Emissions de COV del procés de compostatge de FORM emprant

diferents estrategies d’aeracio

S’ha avaluat I'emissié de COV i la seva composicié durant el compostatge de FORM sota
diferents estrategies d’aeraci6 com son el control per feedback de concentracié d’oxigen,
el control per cicles o el control per OUR (veure Capitol 3). Les conclusions que es deriven

d’aquest estudi sén:

e L’evolucié de l'emissio total de COV és forca similar en les tres estrategies
d’aeraci6 aplicades, tot i que s’observa una reduccié del consum d’aire en els
processos sota control per OUR. Aquesta reduccié donara lloc a un estalvi

energeétic.

e La composici6 de COV mostra certes diferéncies segons l'estrategia d’aeracid
aplicada, tot i que la dispersi6 entre duplicats és important a causa de

I'heterogeneitat del residu tractat.

e Els experiments realitzats sota control d’'OUR presenten un perfil d’emissié6 més
estable, fet que facilitara la implementaci6 d’equips de tractament d’aquests

efluents gasos.
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e Pels motius exposats, s’escull el control per OUR per realitzar els segiients
experiments d’aquesta tesi, i com a sistema de control estandard pels treballs del

grup de recerca.

6.2 Estudi sistematic de les emissions gasoses del compostatge de

biosolids: Fangs d’EDAR frescos contra fangs d’EDAR digerits

S’han comparat les emissions gasoses del procés de compostatge de fangs frescos
d’EDAR amb les del procés de compostatge de fangs d’EDAR previament tractats per

digestié anaerdbia. Les conclusions que se’n poden extreure son:

e Els factors d’emissié de CH4 (F. Frescos= 0.02; F. Digerits =1.3) i N0 (F. Frescos=
0.008; F. Digerits =0.9) s6n més elevats durant el compostatge de fangs digerits. En
canvi, els factors d’emissi6 de COV (F. Frescos= 0.3; F. Digerits =0.05) i NH3 (F.
Frescos= 1.0; F. Digerits =0.007) s6n més elevats en els processos de compostatge
de fangs frescos. Aquests factors d’emissi6 estan expressats com a kg de

contaminant per Mg de materia seca processada (kg contaminant - Mg-1 MS).

e Eldisulfur de dimetil és el compost organic volatil que presenta un factor d’emissid
més elevat entre els 15 compostos quantificats, tant pel fang digerit, com pel fang
fresc. En el cas dels frescos la concentracié d’aquest compost arriba a superar en

algun moment el llindar d’olor.

e Aquest apartat posa de manifest les limitacions de caracteritzar I'’emissi6 de COV
mitjancant percentatges quan la quantitat i la diversitat de COV detectats és baixa,
destacant la importancia de realitzar, com a minim, duplicats en aquest tipus

d’experiments.

6.3 Emissions gasoses del procés de compostatge de residus

municipals: Efecte de I'agent estructurant

S’han determinat i comparat els factors d’emissié de COV, CHs, N2O i NH3 del procés de
compostatge de la Fraccié Organica de Residus Municipals (FORM) amb fusta com a agent
estructurant, FORM amb tub de polietilé com a agent estructurant i Residus Solids Urbans

(RSU) no separats selectivament. Les conclusions que se’n poden extreure son:

e Els processos de tractament de FORM estructurada amb tub han mostrat les
emissions més baixes de COV, CHs, N2O i NH3 (0.7, 0.02, 0.02, 0.6, respectivament).

En canvi, els factors d’emissid dels processos de tractament de FORM estructurada
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amb fusta han estat de COV: 1.0 CH4: 1.3 N20: 0.02 i NH3: 4.3. Ara bé, 'estabilitzacio
del residu assolida és més adequada en el cas de la FORM estructurada amb fusta
que en el cas de la FORM estructurada amb tub de polietile, ja que la fusta
confereix unes caracteristiques d’ajust de la humitat i d’inercia térmica que sén
importants per a I'd0ptim desenvolupament del procés de compostatge. Pel que fa a
les emissions dels processos de tractament d’'RSU els factors d’emissi6é han estat de
COV: 1.1 CHa4: 0.05 N20: 0.03 i NH3z: 1.0. Tots aquests factors d’emissié estan

expressats com a kg de contaminant per Mg de materia seca processada.

El fet de no separar selectivament els residus pot donar lloc a emissions puntuals
de compostos halogenats durant el procés de compostatge, com a conseqiiencia de
la preséncia de piles o altres productes toxics a la matriu. L’emissié d’hidrocarburs
aromatics en els processos de tractament d’RSU és més elevada (19.2 %), que en
els processos de tractament de FORM (3.2 % en fusta i 1.6 % en tub). Els

hidrocarburs aromatics han estat descrits com a indicadors de compostos toxics.

El limone i el disulfur de dimetil sén els COV que ha presentat una emissié més

elevada entre els 15 compostos quantificats per les tres mescles estudiades.

Malgrat la dominancia dels terpens en tots els experiments realitzats, 1'alfa piné,
s’ha detectat en concentracions clarament superiors en els experiments de FORM
estructurada amb fusta (0.03 kg alfa piné - Mgl MS), respecte els altres residus
tractats (RSU: 0.006 kg alfa piné - Mg-1 MS; tub: 0.0005 kg alfa pine - Mg-1 MS). El
beta pine també s’ha detectat en concentracions superiors en els experiments de
FORM estructurada amb fusta (0.01 kg beta piné - Mg-1 MS), tot i que la diferencia
amb la FORM estructurada amb tub (0.001 kg beta piné - Mg-1 MS) o els RSU (0.004
kg beta pine - Mg-1 MS) no és tan elevada com per l'alfa piné. S’ha identificat per
tant, la fusta emprada d’agent estructurant, com a responsable de les emissions

d’alfa i beta piné, pero no de limone ni de la totalitat de terpens detectats.

6.4 Emissions gasoses durant el procés de fermentacio en estat solid

de diferents residus per a la produccié d’enzims a escala pilot

S’han caracteritzat i determinat les emissions gasoses dels processos de fermentaci6

en estat solid de pela de taronja, pél i residu de winteritzaci6 duts a terme per a 'obtenci6

de cel-lulases, proteases i lipases, respectivament. Les conclusions que se’n poden extreure

153



Capitol 6

154

Els processos d’SSF-Pel s’han caracteritzat per una alta emissi6 d’amoniac (Pél: 3.2
kg NH3 - Mg-1 MS; Taronja: 0 kg NH3 - Mg-1MS; Residu de winteritzacié: 0.3 kg NH3 -
Mg-1 MS), com a conseqiiencia de la preséncia de queratina, component essencial

del pél, que té un alt contingut en nitrogen.

Els processos d’SSF-Taronja s’han caracteritzat per una emissi6 de COV 100
vegades superior a la dels altres processos estudiats en aquest capitol
Concretament, els factors d’emissiéo de COV en aquest apartat sén, sempre en kg

COV - Mg-1MS, 17.5 (taronja), 0.3 (residu de winteritzacié) i 0.2 (pél).

Els factors d’emissi6 de meta (Taronja: 0.014; Residu de winteritzaci6: 0.008; Pel:
0.004) i d’oxid nitrdés (Taronja: 0.002; Residu de winteritzacié: 0.006; Pél: 0.002)

sén més homogenis (tots expressats en kg contaminant - Mg-1 MS).

En una possible implementacié d’aquests processos de valoritzacié material de
residus a nivell industrial, caldria aplicar tractaments adequats per tal de limitar
I'alliberament de COV a I'atmosfera en el cas de la pela de taronja, i d’amoniac en el
cas de la valoritzacié del pél. Els propis factors d’emissié poden ser utils en el

disseny dels equips de tractaments de les emissions.

Durant els processos d’SSF-Pel els compostos sulfurats representen un percentatge
molt important del total dels COV emesos (Pel: 26.3 %; Residu de winteritzacio:
10.3 %; Taronja: 0 %), com a conseqiiencia de la degradacié de cisteina. De fet, el
COV que presenta un factor d’emissié més elevat durant la valoritzacié del residu
de pel és el disulfur de dimetil. Cal dir que els compostos sulfurats també estan
relacionats amb la preséncia de fang fresc d’EDAR a la matriu, ja que en els
processos realitzats amb el residu de winteritzaci6, SSF-RW, aixi com amb el fang
sol, també es detecten percentatges considerables d’aquests COV i el disulfur de

dimetil és també el COV quantificat que presenta un factor d’emissié més elevat.

Caracteritzant els COV emesos durant els processos d’SSF-Taronja s’observa la
concentracié de limoné més elevada de les detectades en la resta d’experiments
realitzats durant aquesta tesi (0.93 kg limoné - Mgt MS). Aixi es justifiquen els
elevats factors d’emissiéo de COV detectats durant els experiments de valoritzacié
de la pela de taronja. De fet, I'alta concentracié de limoné dins la matriu va
provocar la inhibicié parcial de I'activitat biologica, retardant el desenvolupament

del procés de fermentacid en estat solid.



Conclusions

6.5 Discussio general

S’han relacionat de manera global les emissions detectades en els diferents
experiments realitzats amb les caracteristiques del residu tractat i el desenvolupament de

cada procés. Les conclusions que se’'n poden extreure sén:

e Existeix un clara relaci6 estadisticament significativa entre els mols d’oxigen
consumits i la reducci6 d'IRD assolida durant els diferents processos de
valoritzaci6 material estudiats, independentment de la tipologia de residu
valoritzat. Aixi doncs, a nivell industrial es podria emprar el calcul d’oxigen
consumit per tal d’aproximar el moment en qué s’assoleix una reducci6 optima de

I'IRD i, per tant, una estabilitzaci6 correcta del residu.

e Les emissions de tots els compostos estudiats (COV, CH4, N2O i NH3) es detecten,
majoritariament, durant la fase termofila del procés. Concretament, existeix una
relacié exponencial entre la temperatura maxima assolida durant un procés de

valoritzaci6é material i el factor d’emissié d’amoniac calculat durant aquest procés.

e Els factors d’emissié de COV dels diferents processos estudiats sén més similars
entre ells que els factors d’emissié de CHs, N2O i NH3. Per tant, 'emissié de COV és

menys dependent de la tipologia de residu que la resta d’emissions.

e Les emissions de meta en el compostatge de Fangs Digerits anaerdobiament durant
I'inici del procés, no s6n només conseqiiéncia de I'arrossegament del meta generat
durant la digestié anaerobia i absorbit en el fang, sin6 que també sén causades, en

bona part, per I'activitat biologica del procés.

e Les emissions d’oxid nitrés no s’inhibeixen com a conseqiiéncia de les altes
temperatures. No s’ha trobat cap relacid entre la quantitat de nitrogen de la matriu

a tractar i les emissions d’oxid nitroés.

e El factor d’emissi6 d’amoniac calculat en un procés de valoritzacié6 material esta
relacionat linealment amb la quantitat de nitrogen inicial en la mescla i

exponencialment amb la maxima temperatura assolida durant el procés.
e Els terpens son la familia de COV més emesa en tots els experiments estudiats.

e (al combinar la identificacié dels COV per families avaluada en percentatges amb
la quantificacié d’alguns dels compostos més representatius de cada familia. S’ha
observat que una emissié global de COV baixa i amb poca diversitat de compostos,

pot provocar que qualsevol compost que pugui aparéixer en alguna mostra,
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representi un percentatge important dins de 'emissié total, donant lloc a una
confusi6 que es pot aclarir a partir del factor d’emissié del compost obtingut

gracies a la quantificacid.

S’observa que l'emissié d’alfa-pine és forca similar en tots els experiments que
contenen fusta com a agent estructurant i que han arribat a temperatures
termofiles, deixant clara la relacié entre la presencia de fusta en un procés de

valoritzacié material i 'emissi6 d’alfa-piné durant aquest procés.

La normalitzaci6 dels factors d’emissi6 segons la reduccié d’IRD assolida durant el
procés de tractament pot ser util quan es tracta de comparar residus amb
biodegradabilitats similars. Aquesta normalitzacié permet treure unes conclusions
més acurades del procés, ja que es relativitzen les emissions detectades segons

I'estabilitzaci6 de la mateéria organica aconseguida.

El metode emprat per a la caracteritzacié del COV ofereix una informacié més
acurada que altres métodes tnicament qualitatius amb els que s’ha comparat, ja
que permet que s’apreciin millor les diferencies entre diferents mostres. Tot i aix0

cal tenir present que es tracta d'un métode semi-quantitatiu.
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