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Abstract

The emissions of Volatile Organic Compounds (VOCH,, N,O and NH
during the Solid State Fermentation process of seelected wastes to obtain different
enzymes have been determined at pilot scale. Onaegle+ compost (OP), hair wastes
+ raw sludge (HW) and winterization residue + rduwdge (WR) have been processed
in duplicate in 50L reactors to provide emissiontdas and to identify the different
VOC families present in exhaust gaseous emissidnanonia emission from HW
fermentation (3.2 + 0.5 kg Mdry matter) and VOC emission during OP process8s (
+ 6 kg Mg' dry matter) should be considered in an industiaplication of these
processes. Terpenes have been the most emitted f&@iy during all the processes
although the emission of sulphide molecules dutt\y SSF is notable. The most
emitted compound was dimethyl disulfide in HW andR\Wrocesses, and limonene in

the SSF of OP.

Keywords: Solid State Fermentation, emission factors, VOCaratterization,

ammonia, methane.



1. Introduction

In biotechnology, solid-state fermentation (SSFpresents an interesting
alternative to submerged fermentation (SmF) praseder the production of some
industrially useful compounds (Singhania et al.020 Indeed, SSF presents some
advantages compared to SmF such as higher conoemraf gaseous oxygen with
higher overall mass transfer capacity, volume radocof the fermentation vessel
owing to a lower water volume and the possibilifycarrying out the process using
non-sterilized substrates (Subramaniyam and Vima(4,2). Moreover, the use of
organic wastes suppose a clear advantage towatgsanable alternative process.

Enzymes are one of the valuable products that easuccessfully produced
through SSF. Lipases, proteases and cellulasesb®re obtained processing selected
organic wastes such as residual hair from the tagnimdustry, soybean, pomace waste,
orange peels or oil cakes (Abraham et al., 201H4¢s& enzymes have an important role
in biotechnological, pharmaceutical and chemicdustries. They can also be used in
food applications or wastewater treatment. Thewe general interest in obtaining new,
more specific and stable enzymes which can be pemtiuhrough SSF processes
(Thomas et al., 2013).

Many works in literature refer the use of specifitcroorganisms in SSF
processes. Another alternative is to mix a commast&or amendment that will act as
inoculum with a specific waste that will act as thabstrate to produce the enzyme
(Santis-Navarro et al., 2011). Compost or sludgmfa wastewater treatment plant are
materials that can be used as inoculum and alsaljtest moisture or pH levels. The
specific waste will depend on the final added-vatueduct desired e.g.: oil cake (as a
source of lipids to produce lipases), hair waste dasource of proteins to produce

proteases) or orange peel (as a source of celluosproduce cellulases). It is



technically and economically more unfavorable te as inoculum a pure culture of a
known microorganism that can degrade a specificeM@hillon et al., 2012).

Once the useful enzymes have been obtained, tlledriadation process should
continue to produce a stabilized product that caruged as an organic amendment
(Thomasa et al., 2013). Thus, when wastes are hesed as substrates, SSF can be
considered a waste valorization process wherewevadded product and a final organic
amendment are obtained from the biological degradaif the waste under controlled
conditions, closing the cycle for the organic nratte

The environmental impacts of the SSF process nrugiken into account when
considering SSF benefits. However, to our knowletlgje point has not been studied in
the scientific literature. Gaseous emissions playngportant role in the environmental
impact of processes used to manage solid orgaristraies (Colén et al.,, 2012).
Greenhouse gases (GHG), ammonia and volatile argaampounds (VOC) are the
main gases emitted during SSF processes.

Regarding GHG, biogenic GUs the main compound emitted although it is not
normally accounted as GHG (Coldn et al., 2012)0AT$1, and NO are often released,
and present a global warming potential of 34 an8l &9 CQ eq., respectively (IPPC,
2013). On the other hand, the emission of VOC anohania has been associated to the
generation of unpleasant odors and other envirotah@npacts such as acidification,
eutrophication or the formation of photochemicaldaxts. Terpenes, alcohols, ketones,
sulfur-containing compounds and amines have begorted among the VOC emitted
from waste handling and treatment processes deskiib literature (Komilis et al.,
2004).

The objective of this work is to study the emissiai VOC, CH, N2O and NH

during the production of different enzymes thro&$F using specific wastes. Emission



factors (amount of compound emitted per amount @fStev treated) have been
determined for the studied compounds, providingadet compare the different
processes. Special attention has been address¥®@ emissions identifying and

guantifying the main VOC present.

2. Materialsand Methods
2.1 Materials

Raw sludge (RS) from a wastewater treatment placttéd in Manresa
(Barcelona, Spain) and final compost from a medatasbiological treatment plant
located in Montcada i Reixac (Barcelona, Spain)emgsed as inoculum. The wastes
used were orange peel from Valencia (Spain), wizdg&on residue provided by an oil
refining facility in Montcada i Reixac and hair was from a local tanning industry in
Igualada (Barcelona, Spain). Orange peel was mixgd compost (1:0.1, w:w),
winterization residue was mixed with raw sludgel(D, w:w) and hair wastes were
mixed also with raw sludge (1:2, w:w). The ratidseach specific waste to inoculum
were different for each waste since the compositbthe raw materials is different
(Table S1). These ratios were adjusted in previexgeriments at smaller scale
(Abraham et al., 2014; Santis-Navarro et al., 20R1l) these mixtures were finally
mixed (1:1, v:v) with wood chips to adjust moistwentent and porosity to a value
within the range recommended for the adequate dprmednt of the biodegradation
process under full aerobic conditions (Ruggierlet2009). A homogeneous sample of
each mixture and raw material was separated amedsai -18 °C to be used for waste
characterization prior to introducing the mixture the reactors. It is reported that
freezing did not change the biological activitytieé waste during this period.

The main characteristics of the initial mixture ahe final products obtained



from each experiment are presented in Table Sip(8o@ntary information). Dry and
organic matter and pH were determined in triplidateowing the standard procedures

(US Department of Agriculture and US Composting @oiy 2001).

2.2 Pilot plant

The results presented in this study were obtaimediplicate, in 50 L pilot plant
closed reactors (batch size 25 kg). A schematigrda of the pilot reactor and a
detailed description can be found in Puyuelo et(2010). Temperature, exhaust gas
oxygen concentration and inlet airflow were moretbrduring the trials. The data
acquisition and control system is described initigtaMaulini-Duran et al. (2014). The
experiments were performed using a control strateped on the Oxygen Uptake Rate
(OUR), as described by Puyuelo et al. (2010). Theérobjective of the controller was
to obtain an automatic airflow regulation to maxamithe biological activity in the
reactor measured as OUR. OUR control permits thémagation of energy
consumption during the process while achievinggh ldegree of stability in the final
product. This control reduces the variability obgaus emissions typically found when
simple control strategies are used (Maulini-Durérle 2014, 2013a; Puyuelo et al.,

2010).

2.3. Sampling

Gas samples were collected in 1-L Tedlar® bagsM@C, N,O and CH
determination. Also a 250-mL glass gas collectos wsed for VOC composition
determination and identification. In all cases, @ample was taken per day and per
reactor.

Reactors were opened twice a week to monitor tigeadi@tion process. In these



cases, the material was homogenized and a 0.5 kgplsawas taken to analyze
moisture, pH, organic matter and enzymatic activiyotal of 2.5 kg were withdrawn
from each reactor. Emissions potentially releasathd sampling were quantified prior
sampling by stripping all the gas in the reactathvairflow of 10 L/min for 5 minutes

and collecting this gas in a 50 L Tedlar sampliag.b

2.4. Enzymatic activity

The procedure followed to determine lipase actistgetailed in Santis-Navarro
et al. (2011). The determination of enzymatic amtifrom proteases is described in
Abraham et al. (2014). Extract for cellulase atyiwiletermination was obtained by
mixing 10 g of a wet sample, from the 0.5 kg takem the reactor, with 150 mL of
citrate buffer 4.8 (1:10 w/v ratio). The enzymeragtion was carried out by incubating
the samples in a wrist action shaker for 30 miril@® rpm. After incubation, the
samples were centrifuged at 10000 g and 4°C fomib and the supernatant was
analyzed for cellulase activity (Dhillon et al.,17Z). To measure total cellulase activity
(TC), the modified filter paper assay, was usedo&&h 1987). Instead of using filter
paper strips as substrate, microcrystalline andlutde Sigmacell cellulose type 20n
was used (high purity cellulose, Sigma-Aldrich). difccations were mainly made due
to several authors report filter paper assay ay ladvorious and time consuming
method, requiring many manual manipulations that léo non-reproducible results
(Coward et al., 2003). Carboxymethylcellulase (Clé&aandp-glucosidase activity
were also measured according to Ghose (1987). saleaeducing sugars were
measured by 3,5-dinitrosalicylic acid (DNS) meth@diller, 1959). For TC and
CMCase, one activity unit (UA) was defined as theoant of enzyme that produces 1

umol of reducing sugar (glucose equivalent) per n@n&orp-glucosidase one activity



unit (UA) was defined as the amount of enzyme wipetduces lumol of glucose per

minute.

2.5. Sability degree

The dynamic respiration index (DRI) of initial mixes and final products was
measured in triplicate using a dynamic respirom@ensa et al., 2010) on the basis of
the methodology proposed by Adani et al. (2006a4eess the degree of biological

stability.

2.6. Determination of gaseous emissions

VOC, CH, and NO analysis was performed by means of gas chronegtbgr
(Agilent Technologies 6890N Network GC system, MadSpain) as explained in
Colon et al. (2012). All samples were analyzedriplitate for each compound. The
deviation found per each triplicate was lower théfo for all the compounds.

Ammonia concentration was measured in situ at #seogitlet of the composting
reactor by means of an ammonia sensor (Industciah8fic sensor iTX-T82, Oakdale,
PA, USA) with a measurement range of 0 to 1200 pprhe sensor was placed inside a

hermetic recipient with inlet and outlet holes taidwed gas circulation.

2.7. GC-MS detection
VOC characterization was performed using gas sanalelyzed by SPME
(Solid Phase Micro Extraction)/GC-M®etailed method for VOC identification and

quantification has been described in detail in MatDuran et al. (2013b).



3. Resultsand Discussion
3.1 Process evolution

Temperature, airflow, oxygen concentration and OW&e monitored on line,
while enzymatic activity was determined twice a kaa the six SSF trials. Figure S1
(Supplementary information) shows the profilesdtbthese parameters obtained in one
of the two process replicates undertaken for edc¢heothree mixtures studied: orange
peel + compost (OP), winterization residue + rawdgeé (WR) and hair wastes + raw
sludge (HW). Similar OUR, oxygen, temperature aimmtlow profiles were observed in
the duplicates for the same waste.

The process evolution for the SSF of orange peil gompost (Figure Sla) was as
follows: thermophilic conditions were achieved hetthird day of process, although
maximum temperature was not achieved until theftivglrocess day (OP-I: 67.43°C;
OP-II: 61.21°C). The delay in temperature peakingyrbe due to different factors:
initial acidic pH of the mixture (5.88, Table Sbse during the process reaching a final
value of 8.45; the lack of homogeneity of the alitmixture was overcome through
successive mixing when sampling, contributing tessnmansfer between the different
materials inside the reactor; finally, a potenimdlibition by the presence of limonene is
further discussed in this paper. As expected, oine$t oxygen values (OP-I: 11.8 %
OP-II: 9.6 %) and the highest OUR values (OP-1319.Q -h'; OP-II: 13.2 g @-h?)
matched with the maximum temperature achieved @sgmicrobial activity). The
highest airflow (OP-I: 3 minin™; OP-II: 3.5 mimin™) was set by the controller in the
third day of process, a fact related to the achrearg of thermophilic phase and the
initial increase in OUR. The maximum cellulase dtti was detected on the thirteen
processing day for both trials (OP-I: 52.9 UA M; OP-II: 48.7 UA @ DM) in

coincidence with the highest temperature.



Regarding the SSF of winterization residue with ralwdge (Figure S1b),
thermophilic conditions were achieved during thistfday while maximum temperature
was reached during the third day (WR-I: 64.26°C; -WR58.8°C). In this case, the
degradation started earlier than in the OP probesause of the higher biodegradable
organic matter content of the mixtures and no immpant due to pH. Maximum OUR
values (WR-I: 14.5 g @ h*; WR-II: 18 g Q@ -h") were found around the third day of
process, matching with the thermophilic peak arerthnimum oxygen concentration
(WR-I: 10.3% and WR-II: 9.8%). The maximum airflomas observed in the sixth day
in both reactors (WR-I: 2.6 mhin™; WR-Il: 3.8 mImin?), coinciding with the
maximum lipase activity detected (WR-I: 4.5 UA BM; WR-II: 10.8 UA g* DM).

On the process of hair wastes with raw sludge (€i@ic), thermophilic conditions
were achieved in the first hours of the experimamd the maximum temperature was
reached at the beginning of the second day (HW2IBT °C; HW-II: 69.87 °C). This
peak matches with maximum OUR (HW-I: 24.8 g-8" HW-II: 19.3 g Q -h*), also
with lowest oxygen content (7.6 %) and highestairfvalue in HW-I (1.7 minin™). In
the HW-II experiment, minimum oxygen value (5.23 &y maximum airflow supplied
(4.7 mimin®) were recorded slightly later, on the third andrfb day respectively.
However, on both replicates the maximum proteaseityovas found on the fourth day
(HW-I: 27135 UA @' DM; HW-II: 22400 UA g' DM).

According to the temperature profile and the valoeBRI of the final material
(Table S1), the process evolution was correct, t#edfinal product was stabilized
(Adani et al., 2006) in all the experimentdaximum temperatures, maximum OUR
values and enzymatic activity are consequenceabgical activity and, therefore are
clearly related occurring, in almost all the expernts, at the same time. The highest

OUR values were recorded in the HW process.



3.2 Gaseous emissions

Figure 1 presents the evolution of the emissiontheffour gaseous pollutants
studied through the degradation process. Table mMimsrizes the emission factors
obtained, and includes emission factors for rawdgduof same origin previously
published for comparison (Maulini-Duran et al., 3B) The values for raw sludge were

obtained in the same reactors under the same comslit

CH,emissions

Figure l1a presents the evolution of methane emmsgo the three treated
mixtures. Methane emissions are related to theepres of anaerobic zones, due to
excessive moisture, insufficient porosity or anp@priate aeration strategy (Puyuelo
et al., 2010). During HW and WR processes the tsgbmissions were detected during
the high-rate stage (days 0 to 12 and 1 to 8 for &\ WR respectively), as has been
previously described in similar processes degradthgr wastes (Maulini et al., 2013b;
Ahn et al., 2011). OP presented a different prpfleowing high methane emissions
from day 13 to day 23, also coinciding with high@$iR values (Figure S1a). However
a peak was also observed on the fifth day due ¢olalwv airflow supplied at that

moment and the oxygen decrease (Figure Sla).

N>O emissions

Figure 1b presents the evolution ofONemissions. The main R emissions
released during the six processes were found duhegfirst week, as has been
previously reported for the aerobic degradatiorcesses of other wastes (El Kader et

al., 2007). However, other authors related the bilbn of NbO production with



thermophilic temperatures (Fukumoto et al., 2008Figure S1 it can be observed that
thermophilic temperatures were achieved duringfitse week of process (for HW and
WR) pointing that NO was emitted even at thermophilic temperaturesr& were no
considerable differences between the emission&actotained for BD in the different
processes studied (Table 1:ONemission factors present the lowest values anttoag
analyzed contaminants, as found in similar biolagmocesses (Maulini-Duran et al.,
2014, 2013b). In spite of that, from an environmaénmpact point of view the
contribution of NO to global warming is significantly higher than £€Or CH,.
Additionally, it should be highlighted that,® presents the highest deviation obtained
between emission factors calculated for the twdicates, specifically in the case of

WR.

NH3 emissions

The evolution of NHemissions is presented in Figure 1c. HW trials &ditn
important quantity of ammonia during the first weekatching with the thermophilic
stage of the processes. This fact agrees withethdts reported by Pagans et al. (2006a)
where NH emissions from the composting process were styorgdhted to the process
temperature. Keratin is the essential componenhaf, a protein formed by the
combination of 18 amino acids. It contains largargities of cysteine that has a very
stable structure that makes it difficult to degrégtemost proteolytic enzymes (Coward-
Kelly et al., 2006). The degradation of these pnstecan provoke the differences
among the ammonia emissions from the differenttégbavastes. From the values
presented in Table 1 for raw sludge and HW, it bandeduced that ammonia was
emitted mainly from hair wastes in HW trials altigburaw sludge also contributes to

these emissions. A similar trend was also obsedwethg WR processes, in this case



ammonia emissions were clearly related to the poEseof raw sludge, as the
winterization residue did not contribute to theegien content of the mixture. Values in
Table S1 show considerable higher nitrogen conterdW compared with the other
mixtures. Also, nitrogen contain in WR is highearhin OP (Table S1), where no
ammonia emissions were detected (Table 1). How&V/& emissions were lower than
RS emissions due to the higher bioavailable C/M (&uyuelo et al., 2011).

To enhance the properties of the final product & used as an organic
amendment, it would be beneficial to reduce ammenigssions retaining nitrogen in
the solid phase. Further investigation on the afies to reduce these significant
nitrogen losses is necessary to assume the fefysdiilh complete valorization process

of the hair wastes, as it has been highlightedhercstudies (Puyuelo et al., 2011).

VOC emissions

Figure 1d presents the evolution of VOC emissidhshould be noted than
different scales on y axis have been used for @R tbr WR and HW due to the large
amount of VOC emitted during OP processes. Onceénaglae evolution of VOC
emission is related to temperature. The VOC emisgieak (Figure 1d, right axis)
matches with OUR and temperature peak (Figure Sib $lc) in WR and HW
processes. This was not observed in the OP presedsere VOC were mainly emitted
from day 2 to day 6 (37-50°C) but higher thermaph#mperatures were reached on
days 11 to 16. On the other hand, VOC emissionrsh ©P processing day was more
than 10-fold the emission from HW or WR even if dberesidues were under
thermophilic conditions. Differences in temperafU@JR and VOC emissions during
OP processes, show that VOC emission was not omdgngequence of the organic

matter degradation, as has been previously repdfeadjans et al.,, 2006b). OP



processes emitted important quantities of VOC ftbmbeginning of the process, as a
consequence of the stripping occurred when thioaigpasses through the solid matrix.
VOC emissions increased when temperature and healogctivity (OUR) started to
rise up. Moreover, VOC emissions in OP were onesiood magnitude larger than in
HW and WR processes until day 15. The differenc&@C emission could be also
observed in Table 1, being the OP emission fadd@rfbld the emission factor of the
other processes.

To summarize, the emissions of the studied comppuvete mainly produced
when maximum biological activity (maximum temperatand maximum OUR values)
was achieved. An appropriate treatment to avoidréhease of important amounts of
VOC and NH to the atmosphere must be designed if these S®Eegs are
implemented at industrial scale, as it has beeniqusly reported in studies on related
topics such as composting (Pagans et al., 2006ig) 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 corapds was identified in the
emissions from the six processes. These compourds elassified into the following
chemical families: alcohols, esters, furans, kespradiphatic hydrocarbons, aromatic
hydrocarbons, aldehydes, halogenated compoundsgeit-containing compounds,
sulfur-containing compounds, volatile fatty acisalderpenes. Table 2 summarizes the
percentage of each VOC family for each process.uAnttative analysis was also
carried out for fifteen specific and typical VOC itied during similar biodegradation
processes (Scaglia et al., 2011). Eucalyptol archrie were not found and the 13

characterized compounds and their amounts are stingdan Table 3.



Broadly, similar distribution percentages wererdudor furans, esters, volatile
fatty acids, aliphatic hydrocarbons, aldehydesratrdle molecules among the different
processed wastes, being the less abundant fanmligke gaseous emissions. The
differences between the maximum and the minimuncgreage found in the emission
of these compounds in the six SSF processes wérey Re9 points. Alcohols, ketones
and aromatic hydrocarbons presented some diffesetieeending on the treated waste,
with differences between the maximum and the minmmpercentage over 12.9 points.
The emission of sulphide molecules presented aehidispersion, with a difference of
28.2 points between the maximum and the minimuncgrgage. Terpenes were the
most emitted family although showing a substamtisppersion in the percentages for the
different processes, specifically 51.9 points.

The less abundant families were furans, volatiliyfacids and esters. The
percentage of furans, mainly represented by 2-ffendy, was higher in WR processes.
This molecule was related to grassy odors (Suffel.e2009). Volatile fatty acids and
esters have been only found in OP processes. Tthigcof the mixture contributed to
the release of some volatile fatty acids. The preseof alcohols in OP processes
together with the above mentioned volatile fattydaccould indicate the presence of
some esterification reactions, thus obtaining ester

Aliphatic hydrocarbons were present in low percgesain all the trials.
Aldehydes also presented low percentages in OPHA\Wdprocesses and were not
detected in WR. As can be seen in Table 3, decamdlnonanal were the aldehydes
found in HW processes and decanal and hexanal ke tund in OP processes.
Probably, in the case of HW, these compounds caorm hair wastes, because no

aldehydes were found either in RS or in WR.



Ketones were found in higher percentages in thegases using raw sludge. 2-
pentanone was not present in OP processes, whilastfound in all the other trials.
Similarly happens for nitrogen-containing compoundkis family is represented by
pyridine, a product related to a putrid odor (Suéfeal., 2009). Pyridine was found and
quantified mainly in process containing raw sludggidine was emitted in HW in one
order of magnitude higher than in all the othercpsses. This fact could be also a
consequence of the high nitrogen content of hastes(Table S1).

Aromatic hydrocarbons were found in all the expemts. However, toluene,
styrene and xylene were not found in HW trials (€a®) where phenol, benzene and
naphthalene were the main aromatic hydrocarbontezmi

Terpenes are the family presenting higher emissiansall the experiments
(Table 2). This dominance was also observed inrathedies where organic wastes
were biodegraded in similar conditions (Maulini-Baret al., 2014, 2013a, 2013b).
Terpenes have been described as the main compmsmimsible for odorous pollution
in similar biodegradation processes dealing withbaaic wastes such as composting
(Staley et al., 2006). Terpenes could be producedraintermediate in the aerobic
metabolism. During OP trials, the percentage operes in gaseous emissions was
above 80%. Terpenes dominance in OP processesaridgher percentage compared
to the other processes is mainly due to limonem@ohene is related to the fruity or
citrusy sensorial experience (Suffet et al., 200®nonene is a harmless compound
widely used in fragrances, but some studies redetiat reacting in ambient with
ozone could form dangerous secondary pollutantdudimg formaldehyde (Walser et
al., 2007). Table 3 shows that limonene emissigatofas, at least, 10-fold higher in OP
than in all the other processes studied. In fdutret are some studies of biological

processes involving orange peels that report thesl ne remove limonene as a pre-



treatment because it is considered an anti-mick@geant (Martin et al., 2010). In the
light of these studies, the lag phase observdueadbeginning of the OP process can also
be attributed to the high concentration of limoneémehe material. The increase in
airflow observed during the first days of proceskich coincides with an increment of
total VOC emissions (Figure S1la and Figure 1d)aen&d the release of limonene by
stripping, as can be observed in Figure S2, whiciws the daily evolution of limonene
emission factor during OP processes. The lower nene concentration inside the
reactor could favor the microbial proliferation rinaday &' on. This fact could explain
the late appearance of the thermophilic peak amdnismatch with the total VOC
emission peak, both discussed before in this study.

Alpha and beta pinene have been specifically réleaeemissions coming from
woody bulking agents (Maulini-Duran et al., 2014 the present study the amount of
bulking agent was the same in all the processesamndan be observed in Table 3, the
emission factor for these two compounds is quitalar among the different SSF trials.
This confirms the study bBuyiksdnmez and Evans (2007), working with greestava
composting, who reported that terpenes emissiaiogely related to the material used
as bulking agent.

Percentages of sulfur-containing compounds durilg ptocesses were higher
than those from OP, WR and RS and also higherttizse observed in previous works
(Maulini-Duran et al., 2014, 2013a, 2013Db). It tenseen in Table 2 that the percentage
of sulfur-containing compounds was similar in R®I &R but much higher for HW.
The same raw sludge was used in RS, WR and HWs.trial consequence, the
differences on sulfur-containing compounds betwéBN and RS or WR can be
attributed to hair wastes. As discussed beforehénestructure contains large quantities

of cysteine, a sulfur-containing compound. The ddgtion of cysteine provokes a



higher emission of volatile sulfur compounds (Lépks Castillo-Lozano et al., 2008).
In fact, as can be observed in Table S1 sulfuresdnin HW is higher than WR.
Dimethyl disulfide was detected as the main sutfomtaining compound and it was
guantified (Table 3). Dimethyl disulphide is a sigoodorant and moderately toxic
volatile compound that was detected in most of shenples analyzed during the
different experiments, often over its odor thresh¢EPA, 2010), 0.007 mg T
According to the percentage of sulfur-containingnpounds the process with the
highest emission factor of dimethyl disulfide wag/H

Most of the VOC emitted in the studied processestarmless, but some of
them are or could be transformed into hazardouspoamds for the environment and
for human healthas it has been particularly explained for limonéiéalser et al.,
2007).

Summarizing, terpenes is the most abundant emi#exly for all the treated
wastes, but the emission of sulfur-containing conmals during HW processes is also
remarkable. Therefore, the most emitted compoureds @Wimethyl disulfide in HW and

WR processes and limonene in OP SSF.

4. Conclusions

A systematic study on SSF gaseous emissions has gresented using pilot
easily scalable reactors. Emission factors areaglyoddependent on the waste processed
under SSF. For instance, for most of the wastegsséon factors for Ciland NO are
of similar order of magnitude whereas for VOC and;NMlifferences among emission
factors values can differ in several orders of nitagie.

Hair waste SSF process is characterized by highsstom of ammonia.

Winterization and hair waste SSF processes wecechiaracterized by the presence of



sulfur-containing compounds; while in orange peBF$rocess limonene was emitted

in higher amount.
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Table 1. Emission Factors for VOC, GHN,O and NH (kg of compound emitted Mg

! of dry matter). RS data are from Maulini-Durarakt(2013b) for reference. For each

waste, values for each replication are preseniatlyjavith the average of the two

duplicated reactors with the corresponding devmtio

Trial VOC CH4 NzO NH3
OP-I 21.6 0.0120 0.00238 n.d.
OP-lI 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 3.25+ 0.
RS- 0.361 0.0238 0.0112 1.53
RS- 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



Table 2. Percentages of different VOC families emittedmiythe processes studied. RS data from MaulinaDwt al. (2013b).

. Volatile Aliphatic Nitro_ge_n Aromatic SUIp.hl.”
Trial Furans Esters f . Alcohols Aldehydes Ketones containing Terpenes containing
atty acids hydrocarbons hydrocarbons
compounds compounds
OP-I 0.1 0.9 0.3 4.0 0.2 0.1 1.2 0.0 0.4 92.8 0.0
OP-lI 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 11.1
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 14 6.9 40.9 424
RS- 0.1 0.0 0.0 8.9 0.4 0.0 4.2 0.1 3.3 72.0 11.1
RS-I 0.1 0.0 0.0 15.1 0.1 0.0 5.1 0.0 3.8 64.3 11.4

Table 3. Total emission of selected individual VOC (kg ofepound emitted Mgof dry matter). RS data from Maulini-Duran et(2013b).

Trial a!pha— peta— Limone Dllmet.hyl Nonanal Pyridine Decanal A Toluene Styrene Xylene Hexanal Cyclo
Pinene Pinene ne disulfide pentanone hexanone

OP-I 0.0396 0.0697 1.04 0.00128 n.d. 0.000265 (890 0.0164 0.00302 0.000212 n.d. 0.000493 n.d.
OP-ll  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-l  0.0053 0.0021 0.00220 0.0348 n.d. 0.000142 n.d. 0.00205 0.0000730 0.0xD06).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 0.0(®0910.0000204 n.d. n.d.
HW-1  0.0485 0.0172 0.0123 0.671 0.0007020.00496  0.0000240 0.00207 n.d. n.d. n.d. n.d. n.d.
HW-II  0.0165 0.005610.00435 0.139 0.000358 0.00267 0.00459 0.00291 n.d. n.d. n.d. n.d. n.d.
RS- 0.0137 0.009400.00153 0.222 n.d. 0.000126 n.d. n.d. 0.0000151 0.0000798000316 n.d. 0.000375
RS-l 0.0188 0.001890.00164 0.202 n.d. 0.000341 n.d. 0.00115 n.d. 0.0000806 00DBH21 n.d. 0.000494

n.d. = not detected



Figure Legends

Figure 1. Daily emission factors (kg of compound Mgeated waste) evolution for (a)
CHy, (b) NbO, (c) NH; and (d) VOC, for the six trials carried out. Vadyaresented are
an average of the two duplicated reactors for eaelte with the corresponding
deviation. Legend in Figure 1la is the same for Fadlb, 1c and 1d. VOC (Figure 1d)

from WR and HW processes have to be read on theaigs.
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Table S1. Characteristics of the initial mixtures (waste d@yebroducts with bulking agent) and materials ot#d at the end of the process.

(HW: Hair waste, WR: Winterization waste (oil cak@®P: Orange peel)

. Dr Organic Air filled
Material DRI Mat'?er Mgtter porosity pH N S C
(mgO,g*OM h™?) (%,wb*) (%, db*) (%) (%,db*)  (%,db*)  (%,db*)

HW (initial mixture) 1.66 + 0.05 36+1 90 + 3 71 40 74+02 1.0+01 435+0.3
HW-I (final product) 0.83 + 0.04 28.9+03 86+3 69 884 63+04 11402 43.7%0.7
HW-II (final product) 0.32 +0.01 31+1 85 + 2 68 876 7.3+01 14+02 404+05
WR (initial mixture) 2.6+0.1 40 + 2 76 +1 60 6.2 2.8+0.1 0.26+0.0340.8+0.2
WR-I (final product) 0.54 + 0.04 37.9+09 72+1 56 8.80 3.13+0.09.31+0.04 39.4+0.6
WR-II (final product) 0.64 + 0.04 39 +2 75 + 2 55 8.47 3.32+0.030.32+0.01 38.8+0.5
OP (initial mixture) 1.5+0.2 41.9+0.8 89.9+0.2 74 588 1.37+0.04€.13+0.04 32.5+1.0
OP-I (final product) 0.44 + 0.04 32+2 81+1 68 845 27+0.3 0.28+0.0330.3+1.2
OP-II (final product) 0.56 + 0.05 33+3 80.3 80 67 845 23+0.3 0.14+0.0434.0+27

*DRI: Dynamic respiration indexyb: wet basisdw:dry basis



Figure S1

(s16 vn) Auanoy esenji@d

(SL1-6 vn) Auanoy ssedi

o o o o QS 0 =} g) o T} o o) o o o
%) e < 155) Q S ° To) < < ™ ™ o [N - - o S 1y
L ! .- . . . N L 1 1 1 ! ! ! ! ! ! N
2 o 2
o g o s
— < > =]
= @ I 2 +
S 5 5 € {
m ] n"a =3 % x = % !
o)) S > @ |
R 2 s853¢&8 /
260 & e | X SRR i -]
L] e { ! I |
| ___ \_ _“ \
1
j / "_ |
“ [ ! f
r// _ " .
:J. \\ x ﬁ m \_ [Te)
I H ! \.m o
' i = i ]
! / : = i N\
Aoy Q i l
o) £ , I
v : — ! _:
\ i I i
.._ \// .___.x m "_ __ o
\ Ol i lit =
] \i _ /
__ ¥ _,_ 7
| 1 ! <&
N i t p
/ \/..“ ! /i
; Ji \ /i
L. 7 \...x Lo r, \\ .."
r / \ “~ . o
| I TS
| Y / / .
) 3 \ - H
i 3 > ;
/ ki S i
r T T T J T 1! O ‘_1 h/ ..“-
= 8 8 8 & g ° S o . o e
(3-uiw 1) Moy
(00) aimesedwel (%) (uD ) ¥NO (- Uiw 7) Moty
(Do) ainresadwal (%) 0  (UOB)INO
<

Time (d)



r 30000
%) 70 7 Temperature
é)“ ¢ Oxygen
s —— OUR - 25000
= 60 -
s 0 r I~/ T Flow
S 1 * 4 Protease Activity
6o ] ¢ - 20000
=
£
S
3 40 -
\O\id - 15000
03
E 301
~<
5 - 10000
X 200, !
2 / s
)\ [
2 T - 5000
@) 10 + (X
N\ -
Y_ __________ ing \\_\_/ _\_\-_t _ &
O e AR Y s e : 0
0 5 10 15 20 o5
Time (d)

Figure S1. Evolution of temperature, airflow, OUR, oxygen tamt and enzymatic

activity during each process: (a) OP, (b) RW @)dHW. Due to the similarity of

Protease Activity (UAGTS)

profiles among duplicates, only one graph is shtareach waste. Note the different

axis and scale for the enzymatic activity.
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