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ABSTRACT

The purpose of the present doctoral thesis is to study the treatment and valorization of
some of the most produced types of solid organic waste of the Mediterranean area and
especially of Greece, using the anaerobic digestion technology. Specifically, four
solid organic waste originating from agroindustrial activities, namely winery waste
(WW), cotton gin waste (CGW), olive mill waste (olive pomace) (OP) and juice
industry waste (JW) (orange waste), were studied.

The first step of this study was the determination of the methane potential of the
investigated substrates in their raw form, by evaluating the influence of different
substrate to inoculum ratios (SIR) and inoculum types. To this purpose, Biochemical
Methane Potential (BMP) assays were conducted, in which four SIR, i.e. 0.25, 0.5, 1
and 2 (on a volatile solids (VS) basis), were tested and three different inocula, namely
anaerobic sludge, landfill leachate and gravitationally thickened anaerobic sludge,
were compared. Ultimately, anaerobic sludge was found to be the most adequate
inoculum among tested samples, while landfill leachate and thickened anaerobic
sludge showed lower efficiencies. The optimum SIR for determining the methane
potential of the investigated substrates were of 0.5 for WW and JW, and of 0.25 for
CGW and OP, yielding 446.2, 446.0, 268.0 and 258.7 MLCHy stp/gV Ssubstrate:
respectively. The complexity of the anaerobic digestion of the investigated substrates
was manifested by the association of different SIR with 2- and 3-parameter kinetic
models, while a multiple-stages modeling approach, appeared to be suitable for
describing the experimental data.

The next part of the study focused on the application of two pretreatment
methods prior to the anaerobic digestion of the investigated substrates, namely
microwave and chemical pretreatment. In both cases, the objective was to evaluate the
effect of such pretreatments on the solubilization and the degradability of the
substrates. The effect on substrate solubilization was evaluated by analyzing the liquid
fractions obtained after pretreatment for soluble chemical oxygen demand (sCOD)
and total phenols (TPH) concentrations, while the effect on substrate degradability
was assessed through BMP assays performed on the respective solid fractions. The
conditions adopted in these BMP assays were based on the results of the first part of
the study. Microwave pretreatment was carried out using a laboratory scale
microwave reaction system, and by investigating the variation of four operational
parameters, i.e. solid to liquid ratio (50, 75 and 100 g/L), heating rate (2.5, 5 and 10
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°C/min), holding time (5, 10, 15 and 30 min) and temperature (75, 125, 150, 175 and
200 °C). On the other hand, for chemical pretreatment the use of eight different
chemical reagents i.e. sodium hydroxide (NaOH), sodium bicarbonate (NaHCO3),
sodium chloride (NacCl), citric acid (HsCit), acetic acid (AcOH), hydrogen peroxide
(H20,), acetone (Me,CO) and ethanol (EtOH), was investigated, under three
condition sets resulting in treatments of varying intensity, depending on process
duration (16, 8 and 4 h), reagent dosage (0.25, 0.5 and 1 mmol/gVS) and temperature
(25, 60 and 90 °C). Different reagents were used in order to also determine the impact
of different reagent natures (alkaline, acidic, saline, oxidative, organic) on the final
results.

The results obtained from microwave pretreatment showed that temperature had
the most important effect among the four investigated operational parameters, while
optimum solid to liquid ratio, heating rate and holding time were determined and
correspond to 50 g/L, 10 °C/min, and 5 min, respectively. Microwave pretreatment
appeared to have exerted different effects on each investigated substrate. More
specifically, WW and JW were mainly affected regarding their solubilization, while in
the cases of CGW and OP, pretreatment most likely induced structural changes on
these materials. Ultimately, the obtained results indicated that microwave
pretreatment at temperatures between 125 and 150 °C could eventually result in the
generation of samples that are more suitable for methane production. On the other
hand, the results of chemical pretreatment indicated that the application of more
severe conditions for this kind of process, is more effective on the solubilization of
substrates such as those investigated in this study, with HsCit, H,O,, and EtOH
appearing as the most effective reagents for this scope. However, in terms of methane
production, moderate to high severity conditions were found to generally be the most
satisfactory. More specifically, maximum specific methane yield values were
obtained for samples generated after moderate severity treatments using EtOH, H3Cit
and H,0O, for WW, OP and JW, while a high severity treatment using EtOH had an
analogous result for CGW. Solid fractions obtained with both pretreatments had lower
methane yields compared with untreated substrates. Nevertheless, chemical
pretreatment was proved better than microwave pretreatment in three out of four
cases, i.e. for WW, CGW and JW. On the contrary, in the fourth case, that of OP,
microwave pretreatment showed a better methane efficiency than chemical
pretreatment.

In the third part of the study the anaerobic digestion of the four agroindustrial
substrates in semi-continuous mode was investigated. Each substrate was digested
separately in mono-digestion assays, as well as in combination with a synthetic
organic fraction (SOF) sample, which was used as a co-substrate, in co-digestion
assays. Further division of the assays in two Groups aimed at studying the application
of different operational conditions, in both mono- and co-digestion systems. More
specifically, in the assays of Group I, the variation in two operational parameters,
namely organic loading rate (OLR) and hydraulic retention time (HRT), was
investigated, whereas in the assays of Group I, different feeding materials were fed to
the reactors in a sequential order, based on their seasonality. It was ultimately
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observed that co-digestion of the four agroindustrial waste with SOF, resulted in
higher methane yields compared with mono-digestion. Maximum methane yields in
the first group of assays were obtained after halving the HRT and setting the OLR to
1.0 gVvS/L/d, while further reduction of the HRT coupled to an increase of the OLR,
led to a significant decrease of methane yields, due to system overloading and
possibly, washout phenomena. The latter was true for the majority of assays, except
those being fed with OP-substrates. Severe system overloading, which eventually
resulted in system failure, was observed only for the assays being fed with a JW-
substrate in mono-digestion mode. Feeding the assays of the second group, with
different substrates in a sequential order, led to a more equilibrated operation,
especially for co-digestion systems. Moreover, higher methane yields were observed
during the periods in which WW- and JW-substrates were being fed to the reactors.
Characterization analyses on the digestates obtained from all semi-continuous assays,
suggested a potential suitability of these materials for land application.
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IHEPIAHYH

YKOTOG TNG TOPOVGAS SOOKTOPIKNG JaTPIPNg elvar n peAétn tng enefepyociog Kot
a&10moiNoNG OTEPEDY OPYOUVIKAOV AmOPANTOV, amd To. TALOV TapOyOUEvVo €101 otV
nepoyn ™s Mecsoyeiov kot wWwaitepa g EALGSaG, ypnoonoidvtag v texvoroyio
™G avoePOPLag YMOVELONG. ZVYKEKPIUEVO, LEAETNONKAY TEGGEPU GTEPEN OPYOVIKA
amoOPANTO TPOoEPYOUEVA A0 OyPOPLOUNXAVIKEG OPAGTNPLOTNTES, ONAAT amdPfAnTQ
owomnoteiov (winery waste, WW), andépinta exkkokkiong paupakog (cotton gin waste,
CGW), amoPfinta eratovpysiov (elatomvpriva) (olive pomace, OP) kot omdBAnta
Bropnyaviag yopmv (juice industry waste, JW) (amoAnta TopToKaAIDV).

To mpdto Ppa ™¢ Tapodoo HeAETNG NTAV O TPOGOHIOPICUOS TOV SVVALLKOD
pebaviov TOV VIO PEAET] VROGTPOUATOV GTINV  OPYIKY TOLG HOPYPTN, HECH
a&loldynong g enidpaomng SPOPETIK®V AdY®V VIOGTpmua Tpog epPorto (substrate
to inoculum ratio, SIR) kot dwa@opeTikdV €MV guPoriov. I'' avtdv tovV oKOmOd,
de&nyonoav  dokipég  Proynukod  duvopukod ueboviov (biochemical methane
potential, BMP), otig omoiec e€etdotnkav técoepic Twég SIR, ovykekpipéva 0.25,
0.5, 1 ko 2 (o€ Paon mntikodv otepedv (volatile solids, VS)), kot cuykpiOnkav tpio
Stpopetikd €idn guPforiov, cvykekpiéva, avaepofio 1A0G, OUGTOAAYLATO YDPOL
vyelovokng taeng arofintav (XYTA) kot Baputikd mokvouévn avaepdfio 1A0G.
Ev téhet, n avaepofra 1AOg Bpédnie og | mAéov KatdAANAn petald tov eetaldpevey
derypatav, evod to dtuotardypoto XYTA ko n mokvouévn avoepofia 1Ag €dei&av
yopnAotepn amodotikdtnta. Ov BéAtioteg twég SIR vy tov mpocsdiopiopd tov
duvapkol peboviov twv Vo perétn vrootpopdtov frav 0.5 yio tao WW kot JW ko
0.25 yio ta CGW xor OP, mapdyovrag 446.2, 446.0, 268.0 wow 258.7
MLCHa stp/9VSirosotpopatoss  0VTioTOWXO. O 00VOETOG YOpAKTAPAS TNG avoepoPiog
YOVELONG TOV L0 UEAETN] LTOCTPOUATOV E£YIVE EUQAVIG HECH TNG GLGYETIONG
dwpopetik®v SIR pe kvntikd poviého 600 KOl TPIOV TOPOUETPOV, HE TNV
TPOoGEYYIon mov Adupove voOyn mOAAATAG oTddll otnv dlepyacia, vao @aivetol
KOTAAANAN Y10 TV TEPLYPUPT] TOV TEPOLATIKOV OEOOUEVMV.

To endpevo pépog g HEAETNG emKEVTPOONKE otV €Qaproyn dVvo peboOdwv
npoemeepyaciog mpw TV avoaepOPla YAOVELSN TV VIO UEAETI] VTOCTPOUATOV.
Yuykekpuéva, avtég ot péBodol NTav 1 tpoenelepyacio [LE YPNON MKPOKVUATOV KoL
N MUK Tpoemeepyacio. e AUEOTEPES TIG TEPUTTMOCELS, GTOYOG NTAV 1 AE0AOYNON
™G emidpoonc TETOWOV €100VC TPOENEEEPYACIDV GTNV OOAVTOTOINGN Kol GTNV
amodounooTTe. TV vrooTpopdtov. H emidpaon oty dSwwAvtomoinon TtV
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VRTOGTPOUATOV  aSloAoynOnke HEC® OVOADCE®V TOV VYPOV KAOUGUAT®V 7OV
TPOEKLYOV UETA TNV TTPoeneLepyacia, MG TPOG TIG CLYKEVIPMOELS TOVG GE OLOALTO
ynukd amortovuevo o&vyovo (soluble chemical oxygen demand, sSCOD) kot ohikég
eoworec (total phenols, TPH), evd n enidpacn omv amodounciuoTnTo. TOV
VTOCTPOUATOV eKTUNONKe péow ¢ oelaywyng dokywmv BMP, ot omoieg
npoypatoromOnKay ywoo To  oavtiotoyyo oteped KAdopata. Ot cvvOnkeg mov
vioBetnOnkav ce avtéc T1g dokipég BMP Baciotnkov ota omoteAésoTo TOL TPAOTOV
puépovg g peréng. H mpoemneiepyacio pe pikpokvLoTo TpayLaTonomonKe e xpron
€VOG  OLOTHUOTOG  OVTIOPAOTNG WKPOKVLUAT®V — EPYOOTNPLOKNG  KAIUOKOG Kot
SLEPELVOVTOG TNV UETAPOAN TECGAPWOV AEITOVPYIKDOV TOPAUETPOV, GUYKEKPIUEVE, TOV
AOyov oteped mpog vypd (50, 75 ko 100 g/L), tov pvOuov Bépuavong (2.5, 5 ko 10
°C/min), tov ypdvov mapapovig (5, 10, 15 kot 30 min) ko ¢ Beppokpoaciog (75,
125, 150, 175 kot 200 °C). Amd v GAAn, yoo ™V ynuikn apoemeéepyocio Tmv
VTOCTPOUATOV  OlepeLVONKE M YPNOT OKI® SPOPETIKAOV  avTIOPacTNPieV,
ovykekpuéva, vopo&ewdiov tov vatpiov (NaOH), 6&wvov avBpakikod vorpiov
(NaHCO3), yAwprovyov voarpiov (NaCl), xirpwkod o&éog (HsCit), o&wod o&éoc
(AcOH), vrepoediov tov vdpoyovov (H20,), axetovng (Me,CO) kot arbavorng
(EtOH), og¢ 1tpeig opddeg ovvOnkodv, ot omoiec katéinéav oe enefepyooia
petaforlopevng évtaong, eEaptopevn and v didpkela tng depyaciog (16, 8 ko 4
h), v docoroyia avtidpactmpiov (0.25, 0.5 ko 1 mmol/gVS) kar v Bepuokpaocia
(25, 60 katr 90 °C). H yprion So@opetik®dv avtidpaotnpiov viodethdnke pue okomnd
TOV TPOGOIOPIoUO TNG EMIOPACNG NG OPOPETIKNG QUONG TOV AVTIOPAGTIPI®MV
(Baowkn, 6&wvn, ohoTdONG, 0EEWOMTIKY, OPYOVIKT) OTO TEMKE OTOTEAEGLOTAL.

Ta amoteAéopata mov mpoékvyay omd TV TPoeneepyocio e HWKPOKVUATO
goeltav OtL M Oeppokpacio gliye TV TAEOV OMUOVTIKY EMIOPOOT) OVAUECH OTIC
e€etalOueveg AETOVPYIKEG TOPAUETPOVGS, EVAD TPOGOlopicTNKaY BEATIOTEG TIES AOYOL
oTEPED TTPOG VYPO, PLOLOY BEpLAVONG Kat XPOVOV TAPALOVIG, Ol OTOIEG OVTIGTOLYOVV
oe 50 g/L, 10 °C/min, xou 5 min. H mpoeneepyacio pe pikpoxvpota @oivetor vo
doknoe dwpopetikn emidpoon oto kdbe e&etaldpevo vrmdotpopa. Ewdwotepa, ta
WW xo JW emmpedomrov Kupiog 660V apopd otnv S10AVTOTOINGT TOVS, EVD GTIC
nepumtwoel; Tov CGW kar OP, 1 mpoenetepyacio mbavotata mpokdiecs aAhayEg
ot Ooun oVTOV TOV LAIKOV. Ev 1élel, 10 amoteAéspata vmwodeikviovy OTL 1M
npoemelepyacio pe pikpoxvpata o€ Ogpuokpaciec peragd 125 wor 150 °C,
EVOEYOUEVOG Vo €XEL OC OMOTEAECUO. TNV TOPAy®Yn Ostypdtomv, mov elvol
KotoAANAOTEpe Yoo mapaymyn peboaviov. Amd v GAAN, TO OTOTEAEGUATO. TTOV
TpoékLYOV Oomd TNV YNUIKN Tpoemeepyacio VIOJEKVOOVY, OTL M EQOPLOYN
TEPLGGATEPO EVTOVAOV cLVONKAOV YU awToV TOL €ldovg TV dlepyacia, elval mo
OMOTEAECUATIKY] OTNV  OOALTOTOINGCT] VTOCTPOUATOV, OT®MG &ivor ovtd 7oL
depevvnOnkay oty Tapovca perétn, pe to avridpoaotipio HiCit, H20,, ko EtOH va
eneavifovtar og ta TALOV ATOTEAEGUOTIKA YU 00TOV TOV 6komd. [lapora avtd, 6cov
aQopd otnv mapaywyn pedaviov, cuvinkeg pétprog pe vYNANg Evtaong Ppédnkoay va
elvar yevikd ot mepiocdtepo  wkavomomtikés. Ewdwdtepa, péyloteg amoddcELS
pebaviov mpoékvyov Yoo to delypato mov moapnyOncav pécw mpoemefepyaciog
uétplag évraong pe ypnon EtOH, HsCit koaw HO, yio ta WW, OP kot JW, evd
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npoenelepyacio vynAng Eviaong pe EtOH elxe avaioyo amotéreopa yio ta CGW. Ta
oteped KAAoHOTO TTOL TPOEKLYAY Oamd OUEOTEPEC TIG TpoemeCepyociec elyav
YOUNAOTEPEG AMOOOGEIC HEDUVIOV GUYKPITIKA HE TA OVETEEEPYAOTO VTOGTPMUATA.
[Mopdra avtd, m ynMukn 7wpoemetepyacio amodelyOnke woAdtepn omd TV
npoenmeepyacio e HKPOKOUOTO OTIG TPES Oomd TIG TECOEPIS TEPUTTMGELS,
ovykekpipéva v oo WW, CGW kot JW. AvtiBétmg, oty T€T0pTn TEPINTOOT, QLT
g OP, n mpoemelepyacio pe UIKpOKOLUOTO €iYe ®C OMOTEAEGHO IO KOADTEPT
anddoon pebaviov e GUYKPLON UE TNV YNUIKN TpoemeEEPyaTia.

210 1pito pHEPOG NG MEAETNG, OlepevviOnke 1 avaepoflo ydvVELON TOV
TEGOAP®Y  AYPOPLOUNYOVIKOV VTOCTPOUATOV o€ mui-cvuveyeils ovvOnkes. Kdabe
VIOGTPOUO VTECTN YOVELSON Eexmplotd o€ OOKWWES OamAng ydvevong (povo-
YOVELOTNG), KAOMDG Kot 6€ GVVOILOCUO pE Eva cVVOETIKO opyoviko Khaoua. (Synthetic
organic fraction, SOF), to omnoio ypnouonomdnke mg de0tePo (GLV-) VTOGTPOUW CE
doKIEG ouv-ymvevone. O Tepatép® SY®PIGUOS TOV OOKIU®V G€ dV0 OUddES elye
WG OTOY0 TNV UEAETN TNG EPOPUOYNG OLOPOPETIKOV AETOVPYIKOV GLVONKOV, OF
apEOTEPO TO GUOTNUOTO, OMANG YDOVELONG Kol GLV-Ydvevons. Ewdwdtepa, oTig
doxkég e Opddag I, depevvnOnke 1 petafoir] dVO AEITOLPYIKOV TOPAUETPOV,
dAadn tov pvbuov opyavikng eoptiong (organic loading rate, OLR) ot tov
VOpavAKoD ypdvov mapapovic (hydraulic retention time, HRT), evéd otig dokipuég g
Oudoag Il, ot avtidpactNpes TPOPOSOTOVLVTAY HE OLOPOPETIKA VAIKE GE S10d0y KN
oepd, n onolo Paciomnke omv egnoywoOTNTd ToLg. EV TéAel, mapatnprnke mwg N
CLUV-YOVELGT| TOV TEGGAPWV OYPOPLOUNYAVIKOV amoPANTov e cuvOeTIKO 0pyoaviko
KAMopa, €lxe ©C amoTtéAespa TV EmMiTELEN VYNAOTEPOV 0moddcemv peBaviov oe
oLYKPION HE TNV OMAN YOVEVLOT. TNV TPAOTN OUAd0 OOKIU®V, HEYIOTEG TULES
amodoong peboaviov emrevydnkov petd and tov vrodmAaciacpud tov HRT ko v
pvOon tov OLR o¢ 1.0 gVS/L/d, eved mepartépm peimon tov HRT o€ cuvovacpo pe
avénon tov OLR, odnynoe oe onuavtikny peimon tov aroddcemv pedaviov, eEattiog
VIEPPOPTIONG TOV GLOCTNUATOV Kol TOAVOTUTA, POVOUEVEOV EKTALONG. AVTO 1oYDEL
Yo v mAsloyn@io TOV OOKIUMV, EKTOG OMO OVLTEG TOL TPOPOSOTOVVIOV [LE
vrooTpopota mov mepleiyav OP. "Evtova gowvopevo vrep@optiong, to. omoio Kot
KatéAn&av o€ 0oTOYlol TOL GLOTHHOTOG, TapaTNPNONKAY PUOVO Yo TIG JOKIUES TTOV
TPOPOOOTOVVTAY LE VTTOCTPMUATO To ortoia meptlelyav JW kot mov Agttovpyodcav ce
ouvOnkeg amAng yovevonc. H tpo@odosio Tmv avtidpastipmv g 0e0TEPTG OLASOS
pe OLPOPETIKA VAKE o€ Slodoylkn ©elpd, OONYNCE GE 0. MO 1GOPPOTNLUEVN
Aertovpyio, €WOwd OCOV 0QOPE GTO GLOTNUATO GLV-Ydvevons. Emumhiéov, ot
VYNAOTEPES 0modooelg Hebaviov mapatnpnONKay Katd TV SIpKeLD TOV TEPLOSOV
OTIG OTOIES Ol AVTOPAGTNPES TPOPOSOTOVVTIAV LE VTOGTPOMATA Tov Teplelyoy WW
kol JW. Avordoelg xapaktnpiopod TV YOVELUEVOV VTOAEUUATOV TOL TPOEKLYAV
amd OAeC TIG MU-CLVEXELS OOKIUEG, VTOONAMGOV TNV €V OLVAUEL KATAAANAOTNTA
QLTOV TOV DAMK®V Y10 Xp1on 610 £30(pOG.
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1.1 Research topic

One of the most important issues concerning modern societies is waste generation. Among
waste materials, municipal solid waste and especially their organic fractions, are those with
the highest production rates on a global level (Hoornweg and Bhada-Tata, 2012).
Nevertheless, in areas such as the Mediterranean, where the agricultural and agroindustrial
sectors are widespread and represent major contributors of the economy, agricultural and
agroindustrial waste also constitute a significant portion of the total waste production
(Fountoulakis et al., 2008). Such waste materials can constitute potential causes of
environmental and health problems, if not appropriately managed and treated (Nigam et al.,
2009).

The anaerobic digestion technology has been recognized as an effective organic waste
management and treatment option. However, in the last decades, it has also been adopted for
energy production, due to the high energy potential of its main product, biogas, which is rich
in methane. Therefore, the application of this technology serves a double purpose, by
providing both a viable strategy for combined waste management and alternative energy
generation (Ariunbaatar et al., 2014; Sawatdeenarunat et al., 2015). This is extremely
important considering the need for reducing fossil fuel usage and greenhouse gas emissions
(Aboudi et al., 2016)

Consequently, considering the high production rates and availability of waste originating
from agricultural and agroindustrial activities, these materials seem to represent suitable
candidates for anaerobic digestion feedstock (Aboudi et al., 2016; Pagés Diaz et al., 2011).
Moreover, they have also been characterized as renewable and low cost resources (Fernandez-
Cegri et al., 2012; Zhao et al., 2014). Nevertheless, such materials, being mainly composed of
cellulose, hemicellulose and lignin, are often characterized by a complex structure, which
may render them recalcitrant to biodegradation. Indeed, the degree of this recalcitrance can
vary depending on the substrate, i.e. on the specific contents of these three main components,
and particularly lignin, which functions as a barrier in lignocellulosic matrices, preventing
degradation and limiting the effectiveness of biological processes (Chandra et al., 2012). Due
to this particularity characterizing lignocellulosic materials, pretreatment methods are often
adopted prior to anaerobic digestion, in order to disrupt their structure and eventually enhance
their digestibility. These methods, depending on their basic mode of action, can primarily be
categorized as physical, chemical and biological (Zheng et al., 2014).

Additionally to the issues related to potential substrate recalcitrance, the anaerobic
digestion process may be compromised by other factors, mainly related to nutrient balance
and organic load issues. In fact, if such environmental conditions are not found favorable for
microbial action, instability phenomena may be manifested, often leading to system failure
(Esposito et al., 2012; Mata-Alvarez et al., 2014). In order to avoid this kind of problems, co-
digestion of two or more substrates is frequently implemented. The objective of such a
practice is to appropriately select the different co-substrates and their mixing ratios, in order
to obtain final feedstock materials with more appropriate nutrient balance and organic
content, and to ultimately achieve improved methane production and digestate stability
(Astals et al., 2014; Fitamo et al., 2016).
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1.2 Objectives of PhD thesis

The main goal of this thesis is to study some of the most produced types of solid organic
waste of the Mediterranean area and especially of Greece, using the anaerobic digestion
technology. More specifically, four agroindustrial waste were studied, namely winery solid
waste, cotton gin solid waste, olive mill solid waste (olive pomace) and juice industry solid
waste (orange waste).

The objectives of this study were the following:

+ To evaluate the most suitable conditions for determining the methane potential of the
investigated substrates, in their raw form.

+ To evaluate the effect of different pretreatment methods, such as microwave and
chemical pretreatment, on the solubilization of the substrates and to determine the
most suitable conditions for the achievement of their maximum solubilization, as
well as to evaluate the effect of these processes on substrate degradability and
methane production and to characterize the pretreated materials.

+ To study the conditions for anaerobic digestion of the substrates in semi-continuous
mode, through their mono-digestion and their co-digestion with the organic fraction
of municipal solid waste, as well as to characterize the resulting digestates, in order
to evaluate their eventual further use.

1.3 Structure of PhD thesis

The present PhD thesis is comprised of seven chapters. A brief description of the contents of
each chapter is presented in this section.

Chapter 2 presents a theoretical background regarding the investigated types of solid
organic waste produced in the Mediterranean region, as well as the anaerobic digestion
process and pretreatment methods for lignocellulosic materials.

In Chapter 3, the effect of different substrate to inoculum ratios (SIR) and inoculum
types on the methane potential of the four investigated solid agroindustrial waste, i.e. winery
waste (WW), cotton gin waste (CGW), olive pomace (OP) and juice industry waste (JW), was
studied. Specifically, the influence of these factors was evaluated by conducting Biochemical
Methane Potential (BMP) assays, in which four SIR (0.25-2) were tested and three different
inocula, i.e. anaerobic sludge, landfill leachate and thickened anaerobic sludge, were
compared.

In Chapter 4, the application of microwave pretreatment of the four agroindustrial waste
prior to anaerobic digestion was investigated, in order to evaluate its effect on their
solubilization and degradability. To this purpose, microwave heating was performed at five
different temperatures and by examining varying solid to liquid ratios, heating rates and
holding times.

In Chapter 5 the effect of different chemical pretreatments on the solubilization and
degradability of the four agroindustrial waste was studied. The use of eight different reagents,
namely sodium hydroxide (NaOH), sodium bicarbonate (NaHCO3), sodium chloride (NaCl),
citric acid (HsCit), acetic acid (AcOH), hydrogen peroxide (H,0,), acetone (Me,CO) and
ethanol (EtOH), was studied. Moreover, three condition sets were evaluated, resulting in
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treatments of varying intensity, depending on process duration, reagent dosage and
temperature.

In Chapter 6 the anaerobic digestion of the four agroindustrial waste in semi-continuous
mode was studied, by conducting both mono-digestion and co-digestion assays. In co-
digestion assays, a synthetic organic fraction sample was used as a co-substrate. Additionally,
the assays were divided into two groups, in order to study the application of different
conditions. The assays of Group | aimed at investigating the variation in operational
conditions, such as the organic loading rate and the hydraulic retention time, while in the
assays of Group Il, the objective was to evaluate the performance of anaerobic digestion
systems being fed with different substrates in a sequential order.

Chapter 7 presents an overview of the results obtained in the previous Chapters (3, 4, 5
and 6), providing comparisons between the two different pretreatment methods applied and
additional general considerations regarding substrate solubilization, methane production and
energy. Moreover, further research topics are evaluated.

1.4 Contribution and novelty of PhD thesis

The anaerobic digestion of the four agroindustrial waste being considered in the present thesis
had not been extensively studied before in terms of evaluating the most suitable substrate to
inoculum ratio for determining their methane potential through biochemical methane potential
assays. Moreover, no specific researches examining the effect of inoculum type have been
conducted in relation to such materials. This thesis makes a significant contribution to these
issues, especially considering the evaluation of landfill leachate and thickened anaercobic
sludge as inocula. Additionally, the application of a kinetic modeling approach, including
both single-modeling and multiple-stage modeling, to BMP data referring to different
substrate to inoculum ratio and inoculum type, has not been studied before, especially for the
investigated substrates.

As far as pretreatments are concerned, there is lack of research concerning the
application of microwave and chemical pretreatment on the investigated substrates, therefore
this thesis contributes to adding information to this topic. Specifically, it provides optimum
conditions for microwave pretreatment of the substrates in question, as well as data
concerning the use of less common reagents, such as acetic acid, sodium chloride, citric acid
etc. for chemical pretreatment. Moreover, regarding the latter pretreatment, the application of
the different condition sets being adopted for the purposes of the present thesis, had not been
investigated before.

Lastly, there is lack of studies regarding mono- and co-digestion of CGW, WW, OP and
JW, under the conditions evaluated in the present study. To this regard, the major novelty of
this thesis, is feeding both mono- and co-digestion systems with the four substrates in a
sequential order, based on their seasonality. The evaluation of such a feeding mode is
important, considering that it would contribute to the controlled management and utilization
of a variety of regional waste materials, by taking advantage of the seasonal variations in their
availability. In addition, this strategy would also allow the operation and exploitation of such
an anaerobic digestion system during longer periods of time, or even continuously.
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2.1 Solid organic waste in the Mediterranean area
2.1.1 Wine production waste

Grapes (Vitis vinifera) are one of the most important and most cultivated fruit crops in the
world, while wine production is a major agroindustrial activity on a global level and
especially in the Mediterranean region (Bustamante et al., 2008; Diaz et al., 2013; EI Achkar
et al., 2016; Nogales et al., 2005). The global production of grapes and wine in 2013 was
more than 77 million tons and 27 million tons, respectively. Mediterranean countries account
for 38 and 44% of those quantities, respectively, with France, Italy, Spain and Greece being
the main wine producers of the region (Table 2-1). At the same time, China (mainland) was
the leader in worldwide production of grapes (11.6 million tons), while the United States of
America (USA) were third in wine production (3.2 million tons), after France and Italy
(FAOSTAT, 2016).

Table 2-1: Grapes and Wine production in Mediterranean countries in 2013

Countries Grapes (1) Wine (1)

Albania 184,731° 18,000°
Algeria 570,840° 49,800°"
Bosnia and Herzegovina 31,800° 4,163°
Croatia 181,096° 46,000°
Cyprus 24,560 11,183°
Egypt 1,389,133° 4,500°
France 5,518,371° 4,293,466 °
Greece 957,400° 311,530°
Israel 85,140° 5,200°"
Italy 8,010,364° 4,107,370°
Lebanon 87,131° 15,000°
Libya 33,105°¢ -
Malta 43152 2,450°
Montenegro 40,000°" 16,000°
Morocco 436,315° 34,500°
Slovenia 68,378° 25,000°
Spain 7,480,000° 3,200,000°"
Syrian Arab Republic 306,736° 85°
Tunisia 132,0002 28,500°
Turkey 4,011,409° 30,000°
Mediterranean area (total for twenty countries) 29,552,824 12,202,747
European Union 26,486,635° 14,310,120°¢
World 77,181,122° 27,421,931°

% official data, ® FAO estimate, ¢ FAO data based on imputation methodology, ® calculated data, © aggregate

The wine production process includes all the procedures followed during the elaboration
of wine from grapes, mainly being performed during autumn (Diaz et al., 2013). The main
steps followed during this process are similar for both red and white wine production, albeit
with some slight differentiations in the order of the steps. In fact, red wine production
includes destemming, crushing, fermentation, maceration, pressing, malolactic fermentation,
clarification, blending, maturation, filtration and bottling, while white wine production
encompasses destemming, crushing, pressing, fermentation, malolactic fermentation,
clarification, maturation, filtration and bottling (Grainger and Tattersall, 2007; Oliveira and
Duarte, 2016).
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Figure 2-1: Diagram of the wine production process (adapted from Oliveira and Duarte
(2016))

The waste streams generated from wineries include both solid waste and wastewater. A
schematic diagram describing the vinification steps and the waste materials produced during
this process is presented in Fig. 2-1. Wastewater mainly result from maintenance, washing
and cleaning operations, which may be related to tank, floor and equipment washing, barrel
cleaning, wine and product losses, bottling facilities, filtration units and rainwater (Da Ros et
al., 2016; Fabbri et al., 2015; Oliveira and Duarte, 2016). On the other hand, solid waste are
generated directly through wine production processes, specifically during destemming,
pressing and settling and include three main types, namely stems or stalks, grape marc or
pomace and wine lees (Bustamante et al., 2008; Fabbri et al., 2015; Oliveira and Duarte,
2016). All these materials account for more than 20% of the wet weight of the original fruit
(Arvanitoyannis et al., 2006; Marculescu and Ciuta, 2013). Grape marc is the most abundant
of the three types of solid winery waste and is composed of pressed skins, pulps and seeds
and is characterized by a complex lignocellulosic nature (Diaz et al., 2013; El Achkar et al.,
2016; Fabbri et al., 2015; Nogales et al., 2005; Oliveira and Duarte, 2016). This material
represents approximately 12-14% of the fresh grape weight (Caceres et al., 2012; Oliveira and
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Duarte, 2016). On the other hand, wine lees consist of the material that accumulates at the
bottom of fermentation tanks (Nogales et al., 2005). The composition of such waste depends
on the vinification process, although their main characteristics include an acidic pH (between
3 and 6), a COD greater than 30000 mg/L, potassium concentrations greater than 2500 mg/L
and phenolic compounds concentrations up to 1000 mg/L (Da Ros et al., 2016). Both grape
marc and wine lees are often used to recover added-value compounds. These include ethanol,
tartrates and malates, citric acid, flavanols, tannins, polyphenols, tartaric acid and grape seeds
oil. The by-product obtained after the recovery of all these compounds, mainly through
distillation, may be used as fuel for heating or power-generation purposes, as soil mulches, as
organic amendments prior to composting with other organic wastes, as well as animal
feedstuff (Caceres et al., 2012; Nogales et al., 2005; Oliveira and Duarte, 2016).

2.1.2 Olive oil production waste

Olive tree (Olea europaea) cultivation and olive oil extraction have been among the most
widespread activities in Mediterranean regions, since thousands of years (Azbar et al., 2004;
Carlini et al.,, 2015). In fact, most of the global production of olives and olive oil is
concentrated in the countries bordering the Mediterranean Sea (Battista et al., 2014; Kalderis
and Diamadopoulos, 2010). In 2013, more than 22 million tons of olives and 2.8 million
tonnes of olive oil were produced on a global level, of which almost 93% was provided from
twenty Mediterranean countries. The leading country was Spain, followed in order by Italy

and Greece (Table 2-2) (FAOSTAT, 2016).

Table 2-2: Olives and Olive oil production in Mediterranean countries in 2013

Countries Olives (1) Olive ail ()
Albania 92,000 800°¢
Algeria 578,740% 64,700°
Bosnia and Herzegovina 153° -
Croatia 34,269 1,000°
Cyprus 12,7282 1,680°
Egypt 541,790° 6,000°
France 26,850° 4,900°
Greece 1,917,623% 305,900°¢
Israel 77,000 12,300°¢
Italy 2,940,545% 442,000°¢
Lebanon 97,000° 16,000°
Libya 138,000° 15,000°
Malta 5° 4°
Montenegro 2,900° 180¢
Morocco 1,181,675 114,100°
Slovenia 1,479 400°
Spain 9,250,000% 1,110,000°
Syrian Arab Republic 842,098 159,595
Tunisia 1,100,000% 191,800°
Turkey 1,676,000° 187,900°¢
Mediterranean area (total for twenty countries) 20,510,855 2,634,259
European Union 14,835,240°¢ 1,965,869 °
World 22,039,921° 2,825,730°¢

4 official data, ® FAO estimate, © unofficial data,  calculated data, © aggregate
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The olive oil extraction process is conducted in olive mills and it involves the separation
and collection of the oil from the olives, which are composed of 70-90% of pulp, 9-27% of
stone and 2-3% of seed, on a total weight basis, with their two main constituents (water and
oil) being concentrated in the pulp and seed (Alburquerque et al., 2004; Kalderis and
Diamadopoulos, 2010). The oil extraction process is comprised of four main operations,
namely fruit cleaning (defoliation, olive washing), preparation of the paste (crushing,
malaxation), separation of the solid (pomace) and liquid phases (oily must and wastewater)
and further separation of the liquid phases (oil/wastewater) (Petrakis, 2006). This process can
be performed through the operation of discontinuous or continuous systems (Azbar et al.,
2004; Carlini et al., 2015). Fig. 2-2 presents a schematic diagram of both these processes.
Discontinuous systems consist of traditional pressing systems, a low cost and technically
simple method, which includes washing, crushing, and kneading of the olives with the
addition of hot water, as well as a pressing of the resulting paste to drain the oil. A vertical
centrifugation or decanting step is finally adopted in order to separate the olive oil from the
water. The waste materials produced through this type of extraction include a solid fraction,
known as olive husk, and a liquid fraction consisting of a mixture of olive juice and added
water, which also contains residual oil (Azbar et al., 2004; Carlini et al., 2015; Kalderis and
Diamadopoulos, 2010; Roig et al., 2006). The traditional pressing system is characterized by
disadvantages such as discontinuity and high cost (Carlini et al., 2015). Continuous extraction
systems on the other hand, use centrifugation processes for separating the different phases.
Two types of such processes exist, the three-phase and the two-phase processes, with both,
having a similar olive oil yield, but differing in the amount and composition of their waste
streams (Carlini et al., 2015; Kalderis and Diamadopoulos, 2010). In three-phase systems, hot
water is added at the centrifugation step, resulting in the generation of three fractions, namely
olive oil, wastewater and a wet solid waste (Azbar et al., 2004; Carlini et al., 2015; Kalderis
and Diamadopoulos, 2010; Roig et al., 2006). The wastewater generated through this process
is comprised of the water content of the fruit, usually defined as vegetation water, and the
water used to wash and process the olives. This stream often contains soft tissues from olive
pulp and a very stable oil emulsion (Borja et al., 2006). On the other hand, the respective solid
waste, also called olive cake or olive pomace, consists of the seed and the spent olive mass
(skin) (Kalderis and Diamadopoulos, 2010). These systems, compared with traditional
pressing systems, are characterized by higher production, lower labor cost, smaller space
requirement, better oil quality, improved process control and complete automation.
Nevertheless, they also have some disadvantages, i.e. greater water and energy consumption,
higher wastewater production and higher installation costs. In two-phase systems, two
fractions are generated, namely oil and a mixed semi-solid stream composed of wastewater
and olive cake, also known as wet pomace. These systems are often defined as “ecological”,
due to the reduced water consumption (Azbar et al., 2004; Carlini et al., 2015; Kalderis and
Diamadopoulos, 2010; Roig et al., 2006), i.e. 0.25 dm*/kg processed olives compared with
~1.25 dm?®/kg processed olives (Borja et al., 2006). Nevertheless, their waste stream has a
concentrated pollutant load, resulting in its difficult management (Carlini et al., 2015). Table
2-3 provides an estimation of the input and output data for the three types of olive oil
extraction systems.

The physico-chemical characteristics of the waste materials generated through olive oil
production are highly dependent on the method adopted for the extraction, while their
qualitative and quantitative composition varies also according to soil cultivation, harvesting
time, degree of ripening, olive variety, climatic conditions, use of pesticides and fertilizers
and duration of aging (Azbar et al., 2004; Borja et al., 2006; Kalderis and Diamadopoulos,
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2010; Roig et al., 2006). Both solid and liquid olive-mill waste are characterized by the
following general properties: intense dark brown to black color, low pH (between 3 and 5.9)
and strong acidic smell specific to olives, high content in organic (COD values up to 220 g/L)
and phenolic (up to 80 g/L) compounds, presence of several complex substances, high solid
content of the organic matter (total solids up to 20 g/L) and high electrical conductivity. The
main organic compounds encountered in olive-mill-wastewater are sugars and phenolic
compounds, while inorganics, such as metal cations and anions are also found together with a
variable high number of bacteria, yeasts and fungi (Azbar et al., 2004; Battista et al., 2014;
Borja et al., 2006; Carlini et al., 2015). As far as the olive-mill-solid-waste, i.e. olive pomace,
is concerned, it consists of fragments of skin, pulp, pieces of kernels and some oil, with its
major components being sugars (mainly polysaccharides), proteins, fatty acids (e.g. oleic acid
and other C2-C7 fatty acids), polyalcohols, polyphenols and other pigments. Regarding its
water and oil contents, they depend on the oil extraction process being applied, as well as on
the operating conditions (Karantonis et al., 2008). In fact, in traditional pressing systems
water content ranges from 25 to 30%, in three-phase systems it is around 30-50%, while in
two-phase systems it is approximately between 60 and 70%. Moreover, oil content may vary
between 2 and 4% (Azbar et al., 2004; Sanchez Moral and Ruiz Méndez, 2006). Olive
pomace can further be processed in pomace treatment plants, in order to recover the oil that it
contains, also called pomace oil. At present, pomace oil can be obtained through two types of
methods, i.e. solvent extraction (traditional) and physical extraction or centrifugation (second
centrifugation). The first method is used when dried pomace is available, while in the case of
fresh or stored two-phase pomace, the second method is adopted. The solid fraction obtained
after these processes is often used as fuel for heating purposes, or disposed of in landfills
(Azbar et al., 2004; Kalderis and Diamadopoulos, 2010; Sanchez Moral and Ruiz Méndez,
2006).

Table 2-3: Input—output data for olive oil production processes (adapted from Azbar et al.

(2004))
Production Input Amount of Output Amount of
process input output
Traditional Olives 1ton Qil ~200
grzfesmg Wash water 0.1-0.12 m® Solid waste ~400
Y (25% water + 6% oil)
Energy 40-63 kWh Wastewater ~600
(88% water + solids and oil)
Three- Olives 1ton Qil 200
Eh;seems Washwater ~ 0.1-012m°  Solid waste 500-600
y (50% water + 4% oil)
Fresh water for  0.5-1 m? Wastewater 1000-1200
decanter (94% water + 1% oil)
Water to polish  ~10L
the impure oil
Energy 90-117 kWh
Two-phase Olives 1ton Qil 200
systems . 3 .
Washing water  0.1-0.12 m Solid + water waste 800-950
(60% water + 3% oil)
Energy <90-117 kWh
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Olives
Washing
Traditional pressing system Centrifugation systems
Crushing (milling) I Crushing (grinding) ‘
Malaxation Malaxation
Three-phase Two-phase
] i
Decanter/ Decanter/
Horizontal centrifugation Horizontal centrifugation

Oily must

Vertical Oily must Oily must
centrifugation \l, \L
Vertical Vertical
centrifugation centrifugation

Figure 2-2: Diagram of the olive oil production processes (adapted from Kalderis and
Diamadopoulos (2010) & Petrakis (2006))

2.1.3 Orange processing waste

Citrus fruits represent an important group of fruit crops on a global level, with oranges, and
especially sweet oranges (Citrus sinensis) being among the most widespread (Boukroufa et
al., 2015; Diaz et al., 2013; Sinha et al., 2012). The biochemical composition of oranges is
rich in secondary metabolites, such as proteins, amines, polyamines, carbohydrates, organic
acids, lipids, phenols, flavonoids, terpenoids, aromatic compounds, minerals, hormones, and
vitamins, all of which add value to the fruit. Due to this added value, oranges are widely used
for fresh consumption and juice processing, as well as essential oil extraction (Okino Delgado
and Fleuri, 2016). Indeed, orange juice is one of the most widely consumed beverages, with
oranges cultivation constituting a major agricultural activity and a significant economic sector
in several countries, including Brazil the United States, Mexico, China, India, Iran and most
Mediterranean countries (Martin et al., 2010). In fact, according to the Statistical Database of
the Food and Agriculture Organization of the United Nations (FAOSTAT) (Table 2-4), 71.6
million tons of oranges were produced in 2013 on a global level with Brazil, the USA and
China being the three major producers, accounting for 17.5, 7.6 and 7.3 million tons,
respectively. On the other hand, on a Mediterranean level, the production of oranges reached
almost 19% of the global amount, with Spain, Egypt, Turkey and Italy having produced the
largest quantities, and Greece holding the sixth place after Algeria. During the same year, an
orange juice production of nearly 371 thousand tons was recorded for Mediterranean
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countries (FAOSTAT, 2015 & 2016). It has been estimated that approximately 70% of the
total orange production is processed for juice or marmalade production (Martin et al., 2010),
while it has also been reported that the quantity corresponding only to orange juice may range
between 40 and 60% of the total amount (Okino Delgado and Fleuri, 2016; Wikandari et al.,
2015).

Table 2-4: Oranges and Orange juice production in Mediterranean countries in 2013

Countries Oranges (t)* Orange Juice (single
strength + concentrated)
(t)**
Albania 7,382% -
Algeria 890,674% 23,869
Bosnia and Herzegovina 130° -
Croatia 155° -
Cyprus 36,870° 7,700
Egypt 2,886,015°¢ -
France 41172 941
Greece 805,500° 43,520
Israel 90,220° 22,983
Italy 1,708,337% 27,720
Lebanon 124,146° 1,864
Libya 50,191° -
Malta 815% 150
Montenegro 9,100° -
Morocco 759,289° 98,000
Slovenia - -
Spain 3,394,100° 141,050
Syrian Arab Republic 792,227° -
Tunisia 130,000 1,160
Turkey 1,781,258 1,700
Mediterranean area (total for twenty countries) 13,470,526 370,657
European Union 6,186,694 ° -
World 71,579,503 ¢ -

3 official data, ® FAO estimate, ¢ FAO data based on imputation methodology, ¢ aggregate, * data accessed on
2016, ** data accessed on 2015

In order to produce orange juice, fresh oranges, after being harvested and received in the
plant, are first subjected to washing, for impurities removal, prior to juice extraction through
mechanical means. Other steps may include deoiling, deaeration, filtration, pasteurization and
blending, while in certain cases chemical compounds may also be added to the juice. Fig. 2-3
presents a schematic diagram of the juice production process. Among the different types of
orange juice available in the market are fresh juice, pasteurized juice, aseptic single-strength
juice, single-strength juice from concentrate and frozen concentrated juice (Okino Delgado
and Fleuri, 2016; Rezzadori et al., 2012; Sinha et al., 2012). It is estimated that during juice
extraction approximately 50-60% of the processed fruit becomes waste (Wilkins et al., 2007).
This material consists of peels, seeds, pulp, and segment membranes (Martin et al., 2010;
Koppar and Pullammanappallil, 2013; Siles et al., 2016; Wikandari et al., 2015) and is
usually characterized by a low pH (3-4), a high water content (around 80-90%) and a high
organic matter content (around 95% of total solids) (Ruiz and Flotats, 2014). In addition to
the solid waste, the juice production industry also generates significant amounts of
wastewater, which apart from wash water may also contain condensate and press liquor. This
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wastewater is commonly treated using lagoons or activated sludge processes (Koppar and
Pullammanappallil, 2013). Apart from waste generated by the juice manufacturing industry,
orange (and generally citrus) waste, may also include fruit discarded for commercial reasons
(e.g. damaged fruit) or due to regulations that limit production. The exact quantity
corresponding to this waste category is difficult to calculate, but it is estimated to range from
2 to 10% depending on the type of fruit and environmental (e.g. weather) conditions (Ruiz
and Flotats, 2014).

Oranges

Harvest

Juice extraction

Orange juice

Filtration

Pasteurization

Blending

Packing

Figure 2-3: Diagram of the orange juice production process (adapted from Rezzadori et al.,
2012)

Interestingly, orange peels are the major constituent of the waste material obtained from
juice manufacturing, accounting for 60-65% of the entire waste (Negro et al., 2016;
Wikandari et al., 2015). This results in a material with a very rich composition, which
includes fat, sugars, acids (e.g. citric, malic and tartaric acid), insoluble carbohydrates,
enzymes, flavonoids, essential oils (e.g. D-limonene), phenolic compounds, pectins and
pigments (e.g. carotenoids) (Boukroufa et al., 2015). Due to this composition, orange waste
are often further utilized to extract some of these added-value products (e.g. pectin, essential
oils, flavonoids, molasses, D-limonene, fiber), which can be used in food products,
pharmaceutical industries and other personal and home care products (Boukroufa et al., 2015;
Diaz et al., 2013; Koppar and Pullammanappallil, 2013; Wikandari et al., 2015). Moreover,
such waste materials can be used as livestock feed, mainly in pellets form, due to their high
carbohydrate content, the significant proportion of cell wall components and their low degree
of lignification (Diaz et al., 2013; Koppar and Pullammanappallil, 2013; Ruiz and Flotats,
2014).
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2.1.4 Cotton processing waste

Cotton (Gossypium spp.) is one of the major fibre crops in the world with a high commercial
value. It is grown in temperate and tropical regions, with specific areas of production
including countries such as China, USA, India, Pakistan, Uzbekistan, Turkey, Australia,
Greece, Brazil, Egypt etc. Most commercially cultivated cotton is derived from two species,
G. hirsutum and G. barbadense (Govt. of India, 2011). China is the world leading producer of
seed cotton (18.9 million tons in 2013), cotton lint (6.3 million tons) and cottonseed (12.6
million tons), while the global productions of these commodities in 2013, were almost 73,
24.5 and 45.5 million tons, respectively. As far as Mediterranean countries are concerned,
they account for 5, 6 and 5% of the world’s production of seed cotton, cotton lint and
cottonseed, respectively, with Turkey, Greece and Egypt being the main producers (Table 2-
5) (FAOSTAT, 2016).

Table 2-5: Seed cotton, Cotton lint and Cotton seed production in Mediterranean countries in
2013

Countries Seed cotton (t) Cotton lint (t) Cottonseed (t)

Albania 820° 230° 540°
Algeria 78° 27° 51°
Bosnia and Herzegovina - - -
Croatia - - -
Cyprus 02 0° 0
Egypt 435,000" 106,000° 140,000°
France - - -
Greece 870,178° 280,000°" 475,000°
Israel 28,600° 14,000° 18,000°
Italy - - -
Lebanon - - -
Libya - - -
Malta - - -
Montenegro - - -
Morocco 210° 66° 133°
Slovenia - - -
Spain 145,600° 57,000° 58,200°
Syrian Arab Republic 169,094 ° 99,000 109,911°
Tunisia 2,000° 660° 1,260°
Turkey 2,250,000° 832,500" 1,287,000°
Mediterranean area (total) 3,901,580 1,389,483 2,090,095
European Union 1,016,015° 337,065 533,330
World 73,019,723¢ 24,543,551 ¢ 45,466,502 °

A FAO estimate, ° unofficial data, © official data, % aggregate

Cotton processing starts after the harvesting step, during which cotton bolls are removed
from the plant, leaving behind cotton plant stalks, roots and leaves (Hamawand et al., 2016).
Once removed from the field, seed cotton is transported to cotton gins, where the cotton fibers
(lint) are separated from the cotton seed, while any foreign materials, such as leaves are also
removed from the lint. The ginning process encompasses several steps, including opening of
the cotton bolls, drying for moisture reduction, pre-cleaning, seed separation with circular
saws, final lint cleaning and wrapping. Ultimately, cotton classing takes place, i.e. the
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procedure through which cotton fibre is sorted into different quality-based grades (or classes),
according to fiber strength, length, length uniformity, color, non-fiber content and fineness
(Cotton Australia, 2016; National cotton council of America, 2016). Therefore, processing of
seed cotton in ginning facilities, ultimately results in three products, namely cotton lint,
cottonseed and waste (Figure 2-4). Cotton lint, which makes up approximately 35% of seed
cotton, is ultimately turned into fabric, while cottonseed, which accounts for almost 55%, is
used for manufacturing a variety of products, such as oil, plastics, explosives, stock feed,
cosmetics, margarine and insecticides. On the other hand, waste materials account for the
remaining 10% of seed cotton (Cotton Australia, 2016). These materials, often referred to as
cotton gin waste or trash, are usually composed of burs and stems, fine particles (less than
5mm size), soil, mote, immature cottonseed, cotton lint, sticks, leaves and other plant
materials (Hamawand et al., 2016; Placido and Capareda, 2013). Despite extensive research
efforts regarding the use of cotton gin waste (i.e. manufacture of fire logs, pellet stove fuel,
use as an energy source, use as livestock feed, raw material in asphalt roofing, direct use as a
soil amendment), few methods have reached commercial acceptance (Macias-Corral et al.,
2008). In fact, the most common disposal methods for this type of material include direct land
application after composting and/or use as a low nutrient feeding material for beef cattle, with
the low feeding value resulting from its high lignin and ash contents and its low crude protein
and energy concentrations (Hamawand et al., 2016).

Seed cotton
l :| l{ Cotton Gin

Metal mesh

Figure 2-4: Operation of the cotton gin (McGraw-Hill Education, 2016)

2.1.5 Organic fraction of municipal solid waste

Municipal solid waste (MSW) is the waste that is generated from residential sources, such as
households, as well as from institutional and commercial sources such as offices, schools,
hotels etc. (Albanna, 2013). MSW generation on a global level has been increasing in the last
decades, with an even more elevated increase being expected in the future. In fact, a decade
ago, MSW generation was about 0.64 kg/capita/day, corresponding to 0.68 billion
tonnes/year, while more recent levels reached approximately 1.2 kg/capita/day, corresponding
to 1.3 billion tones/year. These levels are expected to increase to almost 1.42 kg/capita/day or
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2.2 billion tons/year, by 2025. This progressive increment in waste production is a result of
continuous population growth, improved economic development and higher urbanization
rates (Hoornweg and Bhada-Tata, 2012).

Table 2-6 presents MSW production data for twenty Mediterranean countries. The total
MSW production of this area reached approximately 179 million tones, with France, Turkey,
Italy, Spain and Egypt having produced the top five quantities (Eurostat, 2016; Sweep-net,
2014; Waste Atlas, 2016).

Table 2-6: MSW production in Mediterranean countries

Countries MSW production (t)
Albania 852,360
Algeria 10,300,000
Bosnia and Herzegovina 1,192,000
Croatia 1,721,000
Cyprus 533,000
Egypt 21,000,000
France 33,996,000
Greece 5,585,000
Israel 4,760,000
Italy 29,573,000
Lebanon 2,040,000
Libya -
Malta 246,000
Montenegro 315,000
Morocco 6,852,000
Slovenia 853,000
Spain 21,184,000
Syrian Arab Republic 4,500,000
Tunisia 2,423,000
Turkey 30,920,000
Mediterranean area (total) 178,845,360
European Union (EU-28) 242,051,000

Data presented here correspond to the years 2012 or 2013, depending on the source

MSW typically contains a wide variety of materials and substances, with the main
components including food scraps, garden (leaves, grass, brush) waste, wood and process
residues, paper, plastic, glass, metal, textiles, leather, rubber, multi-laminates, e-waste,
appliances, ash and other inert materials. The composition of MSW is highly dependent on a
number of factors, such as culture, geographical location and regional habits, economic
development (e.g. available population income and consumer behavior), climate, energy
sources, waste collection and disposal practices, seasonality, lifestyle, industrial development,
as well as demographics and legislation (Albanna, 2013; Campuzano and Gonzalez-Martinez,
2016; Cesaro and Belgiorno, 2014; Gidarakos et al., 2006; Hoornweg and Bhada-Tata, 2012).

MSW composition in the Mediterranean area (Table 2-7) is characterized by high
contents in organic and paper/cardboard materials, while metallic materials represent the
smallest portion. The highest contents in organic materials (>50%) are mostly observed for
countries situated in the Middle East and North Africa region (Sweep-net, 2014; Waste Atlas,
2016)
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Table 2-7: MSW composition in Mediterranean countries

Countries MSW composition (%)

Organic  Paper/ Plasticc Metal Glass Others

cardboard

Albania 48.8 13.5 13.2 1.1 5.8 17.5
Algeria 62.1 9.4 12.0 1.4 1.6 13.5
Bosnia and Herzegovina - - - - - -
Croatia 42.0 19.9 12.0 4.1 6.8 15.3
Cyprus 37.3 24.6 13.1 35 3.8 17.8
Egypt 56.0 10.0 13.0 2.0 4.0 15.0
France 32.0 20.0 9.0 3.0 100 26.0
Greece 46.0 19.0 9.0 5.0 5.0 16.0
Israel 40.0 24.0 13.0 3.0 3.0 17.0
Italy 39.5 25.8 14.6 2.7 5.8 11.6
Lebanon 52.5 16.0 115 55 35 11.0
Libya - - - - - -
Malta 52.8 16.5 12.5 4.0 6.1 8.1
Montenegro - - - - - -
Morocco 65.0 10.0 10.0 4.0 3.0 8.0
Slovenia - - - - - -
Spain 48.5 20.8 11.9 4.0 7.9 6.9
Syrian Arab Republic 57.0 7.0 7.0 4.0 3.0 22.0
Tunisia 68.0 10.0 11.0 4.0 2.0 5.0
Turkey 38.4 21.3 12.5 3.2 4.2 20.4
Mediterranean (average) 49.1 16.7 11.6 3.4 4.7 14.4

As also seen in Table 2-7, the highest proportion of MSW usually consists of the organic
fraction (OFMSW). This fraction can be highly heterogeneous in terms of composition,
source and structure, with many differences depending on the location. OFMSW mainly
includes food waste and garden waste. Food waste usually represents the largest portion of
OFMSW and it can originate from residential and commercial (e.g. restaurants, cafeterias)
kitchens, markets, etc. On the other hand, garden waste consists of lignocellulosic materials,
such as green grass clippings, leaves, weeds and tree prunings. The physico-chemical
characteristics of OFMSW, such as moisture, as well as carbohydrates, proteins, lipids and
lignin content are highly dependent on the specific materials present in the mixture.
Moreover, the composition and the quality of OFMSW can be affected by collection and
sorting strategies. For example, a high dry solid content characterizes mechanically sorted
waste, as a result of the presence of inert materials, since they are not completely separable
with this sorting approach. Ultimately, the composition and the quality of OFMSW determine
the level of biodegradability of the material, and thus the performance of eventual
downstream processes, as well as the quality of their end products (e.g. digestate from
anaerobic digestion) (Albanna, 2013; Alibardi and Cossu, 2015; Campuzano and Gonzalez-
Martinez, 2016; Cesaro and Belgiorno, 2014).

The primary treatment and management options for MSW include landfilling, recycling,
incineration, composting and open land disposal, with landfilling still representing the most
adopted treatment method for several countries around the world (Albanna, 2013).
Nevertheless, the remaining technologies other than landfilling have been increasingly
gaining ground lately, as a result of the implementation of the European Landfill Directive
(99/31/EC), which limits the quantity of biodegradable waste deposited on landfills (Alibardi
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and Cossu, 2015). Statistical data regarding the Mediterranean region, for three different
MSW management operations (Table 2-8) (Eurostat, 2016; Hoornweg and Bhada-Tata, 2012;
Sweep-net, 2014; Waste Atlas, 2016), namely landfilling/disposal, material recycling and
composting and digestion, confirm that landfilling still remains the most adopted option for
waste management. In fact, most Mediterranean countries present much higher landfilling and
much lower recycling rates, compared with the data referring to the European Union (EU) of
28, with the exceptions of France, Italy, Slovenia and Spain, which show more comparable
values.

Table 2-8: MSW management operations in Mediterranean countries

Country MSW management operations (%)

Landfill/ disposal ~ Material recycling Composting and

digestion

Albania - - R
Algeria 30-40 7 1
Bosnia and Herzegovina 75.0 0.0 0.0
Croatia 82.1 13.2 1.7
Cyprus 79.4 13.1 15
Egypt 7.0 12.5 7.0
France 25.8 215 171
Greece 80.7 15.6 3.7
Israel 90.0 10.0
Italy 36.9 24.8 14.6
Lebanon 48.0 8.0 15.0
Libya - - -
Malta 79.7 1.7 49
Montenegro 88.3 1.0 0.0
Morocco 37.0 8.0 <1
Slovenia 26.3 28.0 6.8
Spain 55.7 15.5 17.0
Syrian Arab Republic 20.0 3.0 2.0
Tunisia 70.0 4.0 5.0
Turkey 81.7 0.0 0.5
Mediterranean (average) 57.9 10.7 6.1
European Union (EU-28) 29.9 26.9 15.4

2.1.6 Waste management issues

As far as appropriate management and disposal of the above mentioned solid waste are
concerned, there are several problems that agro-industies and communities are confronted
with.

Winery waste are usually characterized by low pH, high contents of suspended solids
and biodegradable compounds, i.e. high levels of biochemical oxygen demand (BOD) and
chemical oxygen demand (COD), as well as high contents of phytotoxic and antibacterial
phenolic substances (Bustamante et al., 2008; Caceres et al., 2012; Diaz et al., 2013).
Specifically in the case of grape marc, lack of treatment or even inappropriate treatment can
lead to a number of environmental problems, including soil, surface and ground water
pollution, foul odors, gathering of flies and pests and diseases spreading (Fabbri et al., 2015).
Additionally, another common problem is related to the fact that large amounts of waste are
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generated during a short period of the year, due to the seasonality of grapes (Bustamante et
al., 2008). All the above make it difficult for producers to appropriately manage their waste,
while the high cost of these operations is also a major issue (Fabbri et al., 2015).

Olive-mill waste also represent a serious environmental concern for major olive oil-
producing countries and especially for Mediterranean countries. This is strongly related to
their highly concentrated organic load and the high quantities being produced on a regular
basis. In fact, the uncontrolled disposal of such huge amounts of waste could potentially result
in severe land and water pollution (Battista et al., 2014; Carlini et al., 2015; Kalderis and
Diamadopoulos, 2010).

Similarly, also in the case of orange juice manufacturing waste, their disposal constitutes
a major problem for producers partially due to the market saturation and also because
inappropriate management could cause pollution, as well as loss of valuable material for
subsequent biorefinery processes (Ruiz and Flotats, 2014; Siles et al., 2016). However, their
specific characteristics often limit possible management alternatives (Ruiz and Flotats, 2016).
In fact, according to European regulations (Directive 2008/98/EC), such materials are
inappropriate for landfill disposal, while composting is also not acceptable, due to their low
pH and the presence of essential oils, which could inhibit the composting process. Moreover,
the fast biodegradation of these materials may lead to anaerobiosis problems in compost piles.
As far as thermal treatment is concerned (e.g. incineration, gasification and pyrolysis), these
methods cannot be applied to orange waste either, due to the high water content of these
materials. In fact, such an option would require a previous drying step, which would make the
process energetically and economically inefficient (Ruiz and Flotats, 2014). On the other
hand, the option of bioethanol production from orange waste, although technically feasible, is
usually limited by the high investment requirements, while it is less energy efficient than
methane (biogas) production through anaerobic digestion (Ruiz and Flotats, 2016).

Management options for cotton gin waste are limited mostly to composting, since this
material can be neither incinerated nor directly returned to the field, due to the potential
hazards resulting from these operations. In fact, cotton gin waste may be hazardous not only
due to the soil borne viruses (verticillium wilt) that it may contain, but also due to pesticide
contamination. Indeed, approximately 70 chemicals have been registered for use in cotton
farming, which can contaminate cotton gin waste, since they have the ability of binding to
leaf and soil material associated with the cotton lint (Hamawand et al., 2016; Macias-Corral et
al., 2008).

The continuous increase in MSW production represents a major issue of concern,
especially in relation to their management practices. In fact, inappropriate waste management
poses numerous threats to the environment and to public health, while at the same time it
could also have a significant impact on the economy, if not energy efficient (Hoornweg and
Bhada-Tata, 2012; Pellera et al., 2016). More specifically, landfilling of OFMSW could
potentially result in adverse impacts, such as odours, fires, VOC’s, groundwater
contamination by leachate etc. On the other hand, thermal treatment of OFMSW not always
represents a feasible option, due to eventual low heating values of these materials, while
composting is often accompanied by disadvantages, related to energy consumption and
compost market issues (Alibardi and Cossu, 2015).

In order to prevent all the above mentioned problems related to the disposal of such
waste materials and limit environmental concerns, the selection and application of appropriate
management strategies, are mandatory.
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2.2 Anaerobic digestion

2.2.1 Anaerobic digestion process

Anaerobic digestion is a biological process which involves the decomposition of organic
matter by a microbial consortium in the absence of oxygen. Such a process can also be found
in nature, specifically in naturally occurring anoxic environments, such as watercourses,
sediments, waterlogged soils and mammalian guts (Khalid et al., 2011; Ward et al., 2008).
The anaerobic digestion technology had initially been developed for waste stabilization. In
fact, it has been successfully implemented in the treatment of a wide variety of organic waste
substrates, including not only municipal and industrial wastewater and sludge, but also high
solid feedstocks, such as agricultural and other lignocellulosic waste, animal manure, food
waste and municipal solid waste. However, in the last decades, the research interests have
shifted towards the application of this technology for energy purposes, since apart from being
capable of reducing chemical oxygen demand (COD) and biological oxygen demand (BOD)
from waste streams, it can also generate significant amounts of renewable energy. The end
products of anaerobic digestion include energy-rich biogas and an organic residue rich in
nitrogen (Li et al., 2011; Sawatdeenarunat et al., 2016). Biogas is composed of 40-70% (by
volume) of methane gas, with the rest being carbon dioxide and traces of ammonia, hydrogen
sulfide and hydrogen, and precisely due to its methane content, it is considered as a promising
means of addressing global energy needs. Indeed, it is a convenient and clean fuel, which can
either be used directly, or be converted into electricity (Abbasi et al., 2012; Mao et al., 2015).
Anaerobic digestion is known to have limited environmental impacts (Ariunbaatar et al.,
2014), while its environmental benefits essentially consist in two facts: the potentially
harmful methane gas being produced from the decomposition of organic matter is prevented
from being released to the atmosphere, and by burning this methane, carbon-neutral carbon
dioxide will be released (Ward et al., 2008).

Anaerobic digestion processes can be classified in different categories according to a
series of operational parameters, such as mode of operation (batch or continuous),
temperature (psychrophilic, mesophilic or thermophilic), reactor design (plug-flow, complete-
mix or covered lagoons) and solids content (liquid or solid-state). Specifically regarding the
latter parameter, the process is characterized as solid-state anaerobic digestion when the solids
content of the feedstock is greater than 15% (Li et al., 2011).

As mentioned earlier, a variety of microbes is involved in the anaerobic digestion
process, with them being classified depending on the metabolic pathways they follow mainly
as hydrolytic, fermentative, acetogenic, and methanogenic. Based on this classification, the
anaerobic digestion process is divided accordingly into four phases, namely hydrolysis,
acidogenesis, acetogenesis and methanogenesis (Figure 2-5) (Abbasi et al., 2012; Chandra et
al., 2012; Li et al., 2011):

o Hydrolysis

During this phase, complex organic polymers are decomposed to simple water soluble
monomers, i.e. proteins, fats and carbohydrates are hydrolyzed into amino acids, long-chain
fatty acids and sugars, respectively. This process is carried out by extracellular enzymes or
exoenzymes (hydrolase) of facultative and obligatorily anaerobic hydrolytic bacteria. More
specifically, hydrolysis involves the breakage of covalent bonds in a chemical reaction with
water, with this reaction requiring less time for carbohydrates (a few hours) and more time for
proteins and lipids (a few days).
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Figure 2-5: Diagram of the anaerobic digestion process (adapted from Li et al., 2011 & Zheng
etal., 2014)

o Acidogenesis

The acidogenesis phase involves the action of fermentative bacteria, which consists in the
degradation of the monomers obtained through hydrolysis into short-chain (C1-C5) organic
acids (e.g. butyric acid, lactic acid, valeric acid, propionic acid, acetate, and acetic acid),
alcohols, hydrogen and carbon dioxide.

o Acetogenesis

The fermentation products resulting from the acidogenesis phase are subsequently consumed
as substrates by acetogenic bacteria (or acetogens) who further convert them to acetic acid,
acetate, carbon dioxide and hydrogen.

o Methanogenesis

Methanogenesis is the final step of the anaerobic digestion process, during which acetate,
carbon dioxide, hydrogen and methanol are consumed under strict anaerobic conditions by
methanogens to produce methane. These methane producing microorganisms are in a
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symbiotic relationship with acetogens, which produce methane precursors. Each methane
precursor is degraded by specific methanogenic species.

In fact, three biochemical pathways are distinguished depending on the substrate being
used for methanogenesis (Abbasi et al., 2012; Chandra et al., 2012):

I) Acetotrophic pathway (Acetoclastic methanogenesis): CH;COOH—CO, + CH,
I1) Hydrogenotrophic pathway (Hydogenotrophic methanogenesis): 4H, + CO,—CH, + 2H,0
I11) Methylotrophic pathway (Methyltrophic methanogenesis): CH;OH + H,—CH, + H,O

It has been reported in literature that the rate-limiting step for complex organic substrates is
the hydrolysis step, while in the case of easily biodegradable substrates, the rate-limiting step
is methanogenesis (Ariunbaatar et al., 2014).

2.2.2 Factors affecting anaerobic digestion

There are certain factors which tend to affect the operation of an anaerobic digestion system,
which are specifically associated with the requirements for the optimum function of the
anaerobic microorganisms taking part in this process. The main factors include pH,
temperature, substrate composition, C/N, organic loading rate, retention time, presence of
inhibitors, etc.

2.2.2.1 pH

In the anaerobic digestion process, pH is one of the most important parameters being able to
affect its performance, since it influences the growth of the microorganisms involved in the
process (Chandra et al., 2012). For instance, hydrolysis and acidogenesis have been found to
occur at pH values around 5.5 and 6.5 (Khalid et al., 2011; Ward et al., 2008). On the other
hand, it has been reported that methane formation can take place within a pH interval ranging
from 6.5 to 8.5, while values between 7.0 and 8.0 are considered as optimum (Weiland,
2010). Nevertheless, slightly different optimum ranges have also been mentioned in literature.
Ward et al. (2008) reported an ideal pH range for anaerobic digestion between 6.8 and 7.2,
while according to Chandra et al. (2012) the optimum pH range for methane production is
even narrower, between 7.0 and 7.2. pH values outside the range 6.0-8.5 cause severe
inhibition to the anaerobic digestion process (Weiland, 2010). In fact, values lower than 6.6
reduce the activity of methanogens, while as soon as they drop below 6.2 toxicity is
manifested. On the other hand, values exceeding 8.5 may result in disintegration of microbial
granules and subsequent failure of the process (Chandra et al., 2012; Ward et al., 2008). Such
extreme values are usually attributed to volatile fatty acids accumulation or ammonia
accumulation due to protein degradation, respectively (Weiland, 2010).

2.2.2.2 Temperature

There are three different temperature ranges at which different species of methanogens can
function optimally, i.e. the psychrophilic range (10-20 °C), the mesophilic range (2040 °C)
and the thermophilic range (50-65 °C). Usually, mesophilic and thermophilic temperatures
are preferred for anaerobic digestion, since most methanogens are active in these ranges. In
fact, while large-scale applications are carried out mostly at mesophilic and thermophilic
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conditions, even if the latter are applied to a lower extent, psychrophilic temperatures are
usually confined to small-scale applications, such as Imhoff tanks, septic tanks, and sludge
lagoons. This is probably related to the fact that a lower quantity of volatile solids is
converted to methane under these conditions. Optimal performance under mesophilic and
thermophilic conditions is usually obtained at temperatures of 35 and 55 °C, respectively,
while methanogens inhibition can be observed in the range of 40-50 °C. Considering the
potential negative effects on biogas production due to temperature changes, it is important
that a constant temperature is maintained during anaerobic digestion. More specifically, while
mesophilic methanogens can tolerate fluctuations even of +/—3 °C without significant impacts
on methane production, thermophilic methanogens are more sensitive to such changes. In
fact, although thermophilic operation results in a faster and more efficient process, with a
good pathogen reduction and a high gas production, it is more difficult to control, due to these
sensitivities (Abbasi et al., 2012; Chandra et al., 2012; Weiland, 2010).

2.2.2.3 Substrate composition

In the process of anaerobic digestion, the resulting methane yields and the composition of the
obtained biogas, are highly dependent on the origin of the substrates, as well as on their
composition (Chandra et al., 2012; Weiland, 2010). Indeed, the carbohydrate, fat and protein
contents of a substrate would in turn affect the types of carbon source and the nitrogen
guantities that will be available for use by microbes during the anaerobic digestion process.
This is of high importance, since different groups of microbes are supported by different types
of carbon sources, and nitrogen is required for reactions resulting in the production of new
cell mass (Khalid et al., 2011). In other words, variations in the composition of different
substrates in terms of carbohydrate, fat and protein contents, could lead to variations in the
guantity of degradable matter that is ultimately converted to methane, thus affecting the
methane content of biogas, which can range from 40 to 70% (by volume) (Abbasi et al., 2012;
Chandra et al., 2012; Weiland, 2010). In fact, fats and proteins generally yield larger biogas
and methane yields compared with carbohydrates. Biogas yields of 1535, 587 and 886 L/kg of
VS destroyed, with respective methane contents around 70, 84 and 50% have been reported
for fats, proteins and carbohydrates, respectively (Chandra et al., 2012). Nevertheless,
although fats provide the highest yields, they tend to require longer retention times, as a result
of their poor bioavailability, while the relatively lower gas yields of carbohydrates and
proteins are usually associated with faster conversion rates (Weiland, 2010).

2.2.2.4 C/N ratio

Apart from the individual quantities of C and N present in a substrate, their relative
proportion is also of great importance and is expressed as the carbon/nitrogen (C/N) ratio
(Abbasi et al., 2012). The optimum C/N ratio tends to vary depending on the type of substrate
intended for digestion (Li et al., 2011). Most of the literature proposes a C/N range between
20 and 30 as the most appropriate for anaerobic digestion, with a value of at least 25 being
recommended as optimum (Chandra et al., 2012; Li et al., 2011). However, a wider range of
values between 15 and 35 has also been reported as suitable (Kayhanian, 1999; Khalid et al.,
2011; Weiland, 2010). The existence of an imbalance could inhibit the anaerobic digestion
process by decreasing the activity of methanogens (Khalid et al., 2011; Li et al., 2011). In
fact, if the C/N ratio is too high, nitrogen will be rapidly consumed by methanogens, in order
to meet their protein requirements, thus no longer leaving enough quantities to react with the
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left-over carbon content of the material. This, in turn will result in a reduced biogas
production. On the other hand, if the C/N ratio is too low, nitrogen will be liberated and
accumulated in the form of ammonium ions. This will lead to an increase in the pH inside the
digester, with a toxic effect being exerted on methanogens, when values exceed 8.5 (Abbasi et
al., 2012; Chandra et al., 2012).

2.2.2.5 Water content/Consistency

The water content of a substrate is another factor that influences anaerobic digestion. More
specifically, the digestion slurry should have such a consistency that makes it neither too thick
nor too thin. In fact, if the water content is too low and the slurry is too thick, adequate
mixing may be difficult, thus impeding the gas flow to the upper part of the digester.
Additionally, such a situation may lead to improper degradation of the organic matter and
potential acetic acid accumulation, which in turn would result in reduced biogas quantities
being obtained. On the other hand, if the water content of a substrate is too high, the solid
particles may settle down into the digester, again resulting in improper degradation and in a
reduced gas production (Abbasi et al., 2012; Chandra et al., 2012).

2.2.2.6 Organic loading rate

The organic loading rate (OLR) is defined as the amount of volatile solids (VS) or chemical
oxygen demand (COD) being fed into a digester per day per volume unit. An increase in the
OLR could allow for a reduction in the digester’s size with a consequent reduction in the
capital cost (Chandra et al., 2012). However, care should be taken when varying this
parameter, since an excessive increase could lead to the disturbance of the equilibrium and
productivity of the digestion process. In fact, while a small increase in OLR may initially
increase the biogas yield of the digester, exceeding a threshold value, which usually is
substrate-specific, may ultimately inhibit the microbial activity, due to an imbalance between
the rate of hydrolysis/acidogenesis and methanogenesis, as a result of overloading. This
imbalance is often manifested by increased VFA production and subsequent acidification
phenomena (Mao et al., 2015). In other words, the amount of substrate being fed to the
digester should be carefully selected, in order to allow the microbes to have enough time to
effectively degrade the organic matter, without being overloaded (Chandra et al., 2012).

2.2.2.7 Retention time

The retention time is defined as the time required for achieving the desired extent of
degradation of organic matter by microbes (Abbasi et al., 2012). This parameter is usually
associated with the microbial growth rate and depends on the temperature at which the
process is carried out, the OLR and the substrate composition (Mao et al., 2015). At higher
retention times, higher biogas yields are usually obtained, since the volatile mass removal
capacity is maximized. In fact, retention time is an important parameter that practically
controls the conversion of volatile solids during digestion. However, higher retention times
result in increased digester volumes being required, which ultimately increases the cost of the
operation. Consequently, in order to make the operation of the digester more efficient and
reduce the overall cost of an anaerobic digestion plant, the retention time must be reduced.
Nevertheless, when applying such a strategy, care must be taken to avoid washing out
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phenomena from the digester, by having a retention time of at least 10-15 days (Abbasi et al.,
2012; Chandra et al., 2012).

Two different types of retention time are mentioned in literature, the hydraulic retention
time (HRT) and the solids retention time (SRT). HRT is the term most commonly used to
denote the retention time parameter and refers to the time for which an organic material
intended for aerobic degradation, remains inside a digester. On the other hand, when the term
SRT is used, it usually refers to the microorganisms (solids) inside a digester. The
relationship between these two parameters is connected to the fact that, since the microbes
present in a digester can only consume a limited amount of substrate each day, an adequate
guantity of microbes must be provided in order to degrade a given quantity of substrate
(Abbasi et al., 2012).

2.2.2.8 Presence of potentially toxic compounds

The anaerobic digestion process can be inhibited by the presence of a number of potentially
toxic compounds, both of inorganic and organic nature. Inorganic compounds include
ammonia, sulfide, light metal ions (e.g. Na, K, Mg, Ca, and Al) and heavy metals, while
organic compounds include chlorophenols, halogenated aliphatics, N-substituted aromatics,
long chain fatty acids (LCFASs), lignins and lignin related compounds. The sensitivity of this
process to such substances is mainly associated with their concentration, since although in
small guantities they may not cause disturbances, when their concentrations exceed specific
threshold values, they begin to exert toxic effects. Other parameters that may affect the
sensitivity of an anaerobic digestion system to such substances are pH and temperature
(Chandra et al., 2012; Chen et al., 2008; Chen et al., 2014).

2.2.3 Feedstock types

A wide variety of solid organic substrates can be used as feedstock for anaerobic digestion,
including agricultural waste and other lignocellulosic materials, the organic fraction of
municipal solid waste, food waste, manure, sewage sludge, waste oils and animal fats.

2.2.3.1 Agricultural waste and biomass

Waste and biomass materials originating from agricultural activities are a relatively broad
category of materials that includes the inedible portion (complex carbohydrates, such as
leaves, stalks, trimmings etc.) of crops, perennial grasses, and animal waste, as well as the
edible portion (oil and simple carbohydrates), especially in the cases of dedicated energy
crops. Such materials are often dumped or even burned in open environments, and although
direct burning theoretically does not contribute to the greenhouse effect, since biomass is
carbon neutral, such a practice is not recommendable from an environmental and ecological
point of view. On the other hand, the valorization of agricultural waste and biomass aiming at
the production of energy and/or value-added products is viewed as a much more sustainable
choice. Indeed, due to their regularly high production rates on a global level and their low
cost, agricultural waste represent quite promising feedstocks for anaerobic digestion, with
high potential biogas yields. Nevertheless, the organic matter present on these materials is not
always readily available for degradation, due to their lignocellulosic composition, which is
responsible for their eventual recalcitrance. In those cases, pretreatment is often applied
before anaerobic degradation (Appels et al., 2011; Chandra et al., 2012; Li et al., 2011).
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2.2.3.2 Organic fraction of municipal solid waste

Municipal solid waste in general, are a highly variable feedstock, however this is particularly
true for the organic fraction of these waste (OFMSW). Indeed, the composition of this
fraction varies widely, ranging from food waste (vegetable waste or fruit peels) to yard waste
(leaves or grasses). The characteristics of OFMSW are highly dependent on a number of
factors, including the strategy of waste collection, the sorting method, the location from
which the material originates and the time of year in which collection is performed. In fact,
recycling practices and types of food waste produced, may vary among different locations,
according to lifestyle and cultural differences, while they will also often undergo seasonal
changes. For instance, rural areas and summer months are often associated with the presence
of a higher proportion of garden waste in the OFMSW, as opposed to urbanized areas and
winter months (Appels et al., 2011; Li et al., 2011; Ward et al., 2008).

The OFMSW has lately been recognized as a valuable resource, with the ability of being
valorized through biological processes, such as anaerobic digestion (Khalid et al., 2011). The
introduction of source separation collection of the biodegradable fraction of municipal solid
waste had a major role in making anaerobic treatment of these waste possible. Without source
separation, a pre-sorting step would be necessary for removing compounds not suitable for
anaerobic digestion, thus significantly increasing the treatment costs (Appels et al., 2011).

2.2.3.3 Food waste

Food waste (FW), usually constituting a large portion of the OFMSW, mainly originates from
households, hotels, restaurants, canteens and companies. This kind of waste, which includes
significant quantities of fruit and vegetable waste, is characterized by high moisture and
volatile solids contents, as well as by high biodegradability. These characteristics make FW a
suitable substrate for anaerobic digestion, which in this case appears as a more effective
solution compared with traditional approaches, such as landfill disposal, incineration and
aerobic composting (Khalid et al., 2011; Mao et al., 2015; Ward et al., 2008).

Nevertheless, due to their high content in organic solubles, these substrates tend to be
hydrolyzed very rapidly, thus often resulting in excessive VFA conversion at the early stages
of digestion. Such a phenomenon may lead to acidification and ultimately methanogenesis
inhibition. In order to overcome this problem, co-digestion of FW with other organic
substrates is often implemented. This approach helps in limiting inhibitory nutrient
imbalances, such as insufficient trace elements and excessive macro nutrients, unsuitable C/N
ratios and high lipid concentrations (Li et al., 2011; Mao et al., 2015; Ward et al., 2008).

2.2.3.4 Manure

Manures are readily available materials, which are often used as feedstock for anaerobic
digestion. They mainly contain animal faeces, as well as varying quantities of organic fibers,
originating from the straw used as bedding material. Anaerobic digestion of manure has the
advantage of preventing the uncontrolled release of methane resulting from its natural
degradation during storage. The methane potential of a specific type of manure mainly
depends on the species, breed and growth stage of the animals, as well as on the feed, and the
amount and type of bedding material and the degree of recalcitrance of its fibers. The frequent
use of manures in anaerobic digestion systems is attributed to the fact that they are an
excellent source of organic material, as well as to their high nitrogen content (Appels et al.,
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2011; Ward et al., 2008). It has been reported that fresh goat, chicken, dairy and swine
manure contain approximately 1.01, 1.03, 0.35 and 0.24% nitrogen, respectively (Mao et al.,
2015). However, high nitrogen contents may potentially lead to high ammonia quantities in
the manure. In fact, ammonia concentrations in certain types of manure are found to exceed
the inhibition threshold concentration. For this reason, manure is often co-digested with other
waste materials that have low nitrogen contents, in order to balance the C/N ratio (Appels et
al., 2011; Mao et al., 2015).

2.2.3.5 Sludge

Sludge materials generated by physical, chemical and biological processes applied during
wastewater treatment are another type of material that can be used as feedstock for anaerobic
digestion. In fact, the disposal of these materials has become an issue of growing importance
lately, due to the increasing quantities produced and anaerobic digestion has been recognized
as an economic and environmentally friendly technology for treating such materials.
Moreover, through anaerobic digestion, sludge stabilization, improvement of its
dewaterability and inactivation and reduction of pathogens can be achieved. Recent research
has also been focusing on the acceleration of sludge digestion through the application of
various pretreatments (Appels et al., 2011; Mao et al., 2015).

2.2.3.6 Waste oils and animal fats

Lipid-rich waste are produced in significant quantities by a number of activities, such as food
processing industries, slaughterhouses, oil manufacturing industries, dairy industries and olive
oil mills. During anaerobic digestion of such waste, several problems can be manifested due
to their lipids components. These materials can cause clogging, adsorption to biomass, as well
as microbial inhibition, due to their conversion to high quantities of long chain fatty acids. For
this reason, lipid-rich waste are typically co-digested with other substrates (Appels et al.,
2011).

2.2.3.7 Lignocellulosic materials

Lignocelluloses are abundant in nature, since they are the primary building blocks of plant
cell walls. They can be found as major components of several types of materials, including
municipal solid waste, food waste, agricultural waste, energy crops, logging and forestry
residues, as well as paper waste. Lignocellulosic materials constitute promising feedstocks for
bioenergy production, in the form of biomethane, biohydrogen, bioethanol or biobutanol, as
well as for a wide variety of bio-based products/chemicals, such as organic acids, bioplastic,
succinic acid, citric acid, lactic acid etc. (Chandra et al., 2012; Mao et al., 2015;
Sawatdeenarunat et al., 2016; Zheng et al., 2014). Nevertheless, the type of energy conversion
route that would be more suitable to a specific lignocellulosic material, is highly dependent on
the inherent characteristics of that material, including composition and structural and
chemical properties. Lignocelluloses are composed of three main polymers, namely cellulose,
hemicellulose and lignin, while they also contain smaller amounts of other components, such
as pectin, protein, extractives and inorganic materials (Agbor, et al., 2011; Chandra et al.,
2012; Taherzadeh and Karimi, 2008; Zheng et al., 2014). The three basic polymers are
associated with each other in a hetero-matrix to a degree and with a composition, that vary for
different materials, depending on their type, species and origin. In fact, the degree of
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complexity of such a structure, as well as the content for each basic polymer, are directly
related to the recalcitrance of these materials to bioprocessing. More specifically, biomass
recalcitrance is affected by factors such as crystallinity and degree of polymerization of
cellulose, accessible surface area (or porosity), protection of cellulose by lignin, cellulose
sheathing by hemicellulose and fibre strength (Agbor, et al., 2011).

o Cellulose

Cellulose is a linear polysaccharide polymer of glucose moieties linked via 3-(1,4) glycosidic
bonds. These linkages make cellobiose units, which in turn constitute cellulose chains. The
long-chain cellulose polymers are linked together by hydrogen bonds and van der Waals
forces, so called “elementary and micro-fibrils”. The micro-fibrils are often associated in the
form of bundles or macrofibrils. These fibrils are attached to each other by hemicelluloses,
amorphous polymers of different sugars and other polymers, such as pectin, and bonded
together by lignin. This complex structure makes cellulose resistant to biological and
chemical processes. In lignocellulosic structures, cellulose can be encountered in both
crystalline (organized) and amorphous (unorganized) forms. This is related to the different
orientations of cellulose molecules, which lead to different levels of crystallinity, with
amorphous and crystalline cellulose being associated with low and high crystallinity,
respectively (Agbor, et al., 2011; Chandra et al., 2012; Hendriks and Zeeman, 2009;
Taherzadeh and Karimi, 2008; Zheng et al., 2014).

o Hemicellulose

Hemicellulose is the second most abundant polymer in nature and in contrast with cellulose,
has a lower molecular weight and a random, amorphous, branched and heterogeneous
structure consisting of pentoses, hexoses and acetylated sugars (Agbor, et al., 2011;
Taherzadeh and Karimi, 2008). The backbone of hemicellulose is either a homo-polymer or a
hetero-polymer with short branches linked by B-1,4-glucan bonds and occasionally B-1,3-
glucan bonds (Chandra et al., 2012). Short and branched hemicellulose chains serve as a
connection between lignin and cellulose fibers, ultimately building a cellulose-hemicellulose-
lignin network characterized by extreme rigidity. Nevertheless, the same amorphous and
branched properties of hemicellulose, make it highly susceptible to biological, thermal and
chemical hydrolysis of their monomer compounds, in contrast to cellulose (Agbor, et al.,
2011; Hendriks and Zeeman, 2009; Taherzadeh and Karimi, 2008; Zheng et al., 2014). The
main component of hemicellulose in hardwood and agricultural biomass, like grasses and
straw, is xylan, while in the case of softwood, is glucomannan (Hendriks and Zeeman, 2009).

o Lignin

Lignin is the third most abundant polymer in nature, with a very complex structure. More
specifically, it is an amorphous hetero-polymer consisting of three different phenylpropane
units (p-coumaryl, coniferyl and sinapyl alcohol) that are held together by different kind of
linkages, ultimately forming a three-dimensional structure, which is particularly difficult to
degrade. Specifically, lignin functions as a binder that connects the cellulose and
hemicellulose components of lignocellulosic biomass, making it insoluble in water (Agbor, et
al., 2011; Hendriks and Zeeman, 2009; Taherzadeh and Karimi, 2008). Indeed, lignin does
not exist as an independent polymer, but it is associated with hemicellulose, both as physical
mixtures and through covalent bonds (Monlau et al., 2013). Moreover, lignin provides
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lignocellulosic materials with integrity, structural rigidity, impermeability, and resistance
against microbial attack and oxidative stress (Agbor, et al., 2011; Hendriks and Zeeman,
2009; Taherzadeh and Karimi, 2008). These precise properties are those that make lignin the
most recalcitrant component of lignocelluloses and consequently a major drawback to the use
of such materials in anaerobic digestion processes. In fact, lignin content and distribution
constitute the most common factors responsible for the recalcitrance of lignocellulosic
materials. In other words, the higher the lignin proportion of a material, the higher its
resistance to chemical and enzymatic degradation (Taherzadeh and Karimi, 2008).

In order to overcome the issues related to the recalcitrance of lignocellulosic materials
and eventually enhance biomass digestibility, extra measures are usually adopted, which
include the application of pretreatments before anaerobic digestion, or even co-digestion of
lignocellulosic materials with other organic substrates. Pretreatment is typically focused on
delignification, since lignin is the most recalcitrant component of these substrates. These
processes may cause, among others, biomass swelling, disruption of the lignin structure and
increased internal surface area. These phenomena may in turn result in alterations in the lignin
structure, even without its extraction, due to changes in its chemical properties. Nevertheless,
most delignification methods also result in partial hydrolysis of hemicellulose (Agbor, et al.,
2011; Mao et al., 2015; Taherzadeh and Karimi, 2008).

2.2.4 Pretreatment

The application of pretreatment prior to anaerobic digestion aims at disrupting the complex
structure of lignocellulosic substrates, in order to facilitate their subsequent biological
degradation. In other words, pretreatments are mainly intended to break the impermeable and
resistant layer of lignin, so that cellulose and hemicellulose are more easily accessible to
microbes and the material has an overall enhanced digestibility. Specifically, pretreatment has
the ability of reducing the cellulose and hemicellulose crystallinity and the degree of
polymerization, as well as increasing the accessible surface area and porosity of the material
(Behera et al., 2014; Chandra et al., 2012). Due to the variability in the structures of
lignocellulosic materials, there is no unique optimum pretreatment method. On the contrary,
the optimum conditions and techniques for each case, depend on the type of lignocellulosic
substrate (Zheng et al., 2014).

For a pretreatment to be characterized as effective, it should meet some basic
requirements, such as (Agbor, et al., 2011; Chandra et al., 2012): i) improve the formation of
sugars or the ability to subsequently form sugars by hydrolysis, ii) avoid the degradation or
loss of carbohydrate, iii) avoid or limit the formation of sugar and lignin degradation products
that may be inhibitory to the subsequent hydrolysis and fermentation processes, iv) be cost-
effective, v) be applicable and effective for a wide range and loading of lignocellulosic
materials, vi) result in the separate recovery of the largest portion of lignocellulosic
components in a useable form, vii) minimize the need for preparation/handling or
preconditioning steps and viii) provide for low energy demand or energy recovery.

Pretreatment processes can primarily be categorized into physical, chemical and
biological methods, while also combinations between these categories or between different
methods within the same category can also be applied.
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Figure 2-6: Pretreatment of lignocellulosic materials (adapted from Haghighi Mood et al.,
2013)

2.2.4.1 Physical pretreatment

Physical pretreatment refers to methods that do not use chemicals or microorganisms. These
include processes such as comminution (e.g. milling, chipping, grinding) and irradiation (e.g.
microwave, ultrasound, gamma rays and electron beam), as well as conventional heating
methods.

2.2.4.1.1 Comminution

Comminution pretreatment involves a reduction in the particle size of a substrate, through the
application of methods, such as coarse size reduction, chipping, shredding, grinding and
milling (ball, vibro, hammer, knife, two-roll, colloid, attrition). The selection of a specific
comminution method is usually made based on the moisture content of a substrate, as well as
on the desired final particle size (Agbor, et al., 2011; Zheng et al., 2014). The main action of
this kind of pretreatment is concentrated on increasing the available specific surface area of
the substrate, thus reducing the degree of cellulose crystallinity, and decreasing the degree of
cellulose polymerization. The increased surface area ensures a better contact between
substrate and microbial biomass, resulting in an enhanced anaerobic digestion performance
(Agbor, et al., 2011; Ariunbaatar et al., 2014). Comminution processes are typically applied
before the use of other pretreatment methods, aiming at improved feedstock handling and
treatment (Zheng et al., 2014).

2.2.4.1.2 Irradiation

= Microwave

Microwave irradiation involves heating of a material in aqueous environments through
electromagnetic irradiation, including both thermal and non-thermal effects. During this
process, energy is transferred directly to the material, through molecular interaction with the
electromagnetic field. More specifically, microwave irradiation induces the vibration of polar
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molecules and the movement of ions, which in turn lead to the generation of heat and
extensive collisions. Such phenomena, result in a more rapid and uniform heating and in
reduced process times, with lower energy requirements, compared with conventional heating.
The ability of a material to be heated with microwave energy depends not only on the
microwave field itself, but also on the material’s dielectric response (Singh et al., 2016;
Zheng et al., 2014).

= Ultrasound

Ultrasound pretreatment is based on the generation of monolithic cavitations, which lead to
physical and chemical effects in liquid solutions. The physical effects are induced by the
collapse of cavitational bubbles, which in turn produce an elevated alteration in the chemical
nature through the formation of free radicals. Increased biodegradability of a material after
ultrasonic pretreatment is attributed to the disruption of cell wall structure, the increased
specific surface area and the reduced degree of polymerization, resulting from the
combination of these physical and chemical effects (Zheng et al., 2014).

= Gamma-ray and electron beam

It has been reported that ionizing radiation such as gamma (y), can partially disrupt
lignocellulosic structures and reduce the degree of polymerization of cellulose and lignin. In
fact, when such polymeric materials absorb the energy from y-rays or electron beams, this
causes the production of ions, which in turn leads to the production of active species, such as
radicals. These radicals then cause the degradation on lignocellulose molecules, by inducing
chemical reactions and cleavage of the chemical bonds connecting lignin, hemicellulose, and
cellulose units. This ultimately results in larger surface areas and lower crystallinity (Agbor,
etal., 2011; Singh et al., 2016).

2.2.4.1.3 Conventional heating

Pretreatment of lignocellulosic substrates through conventional heating is a widely applied
method simply consisting in the application of heat to a material, aiming at disrupting cell
structures, more specifically the hydrogen bonds that connect crystalline cellulose and
lignocellulose complexes. This ultimately results in organic matter solubilization and
increased degradability of the treated material (Ariunbaatar, et al., 2014; Guo et al., 2014;
Hendriks and Zeeman, 2009; Montgomery and Bochmann, 2014). This process is mainly
affected by duration and temperature, with the latter having a higher impact compared with
the former (Appels, et al., 2010; Ariunbaatar, et al., 2014). Such pretreatments can be
conducted at various temperatures, ranging from 50 to 270 °C, with the processes performed
above 100 °C usually involving the use of high pressures (Appels, et al., 2010; Ariunbaatar, et
al.,, 2014; Montgomery and Bochmann, 2014). The reactions and mechanisms being
developed during these processes are the result of heat addition and are valid not only for
conventional heating, but also for different heating methods. At temperatures above 160 °C,
hemicellulose and lignin solubilization will typically take place, resulting in the production of
compounds such as phenolic compounds, furfural and HMF, which could potentially have an
inhibitory or toxic effect on microbial populations. Especially in the cases in which
pretreatment conditions are too severe, soluble lignin compounds may condensate and
precipitate, sometimes even with soluble hemicellulose compounds (Hendriks and Zeeman,
2009). Moreover, heating at temperatures above 170 °C, has been associated with the
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development of chemical phenomena, such as the Mallaird reaction, which occurs between
carbohydrates and amino acids and results in the formation of complex compounds that are
not easily degradable. Nevertheless, such reactions have been noticed to also occur at lower
temperatures for longer treatment processes. Thermal treatments could also cause the loss of
volatile organics from a material (Ariunbaatar, et al., 2014). It is worth mentioning that
anaerobic digestion of thermally pretreated materials is enhanced only until a certain
temperature, which is case-specific, depending on the substrate at hand (Montgomery and
Bochmann, 2014). However, in general the use of temperatures above 250 °C is not
recommended, due to the unwanted pyrolysis reactions that might occur (Hendriks and
Zeeman, 2009). Heat supply during pretreatment is often used when substrate sanitation is
required before anaerobic digestion. Additionally, it also represents a suitable option in the
cases where a supply of waste heat is present (Montgomery and Bochmann, 2014).

Pretreatment through conventional heating, when used on its own, is characterized as a
purely physical method. Nevertheless, heat is often applied in other pretreatment methods as
well. These include chemical, as well as mechanical pretreatments.

2.2.4.2 Chemical pretreatment

Chemical pretreatment has been proven to be a quite promising pretreatment method for
materials intended to be used as substrates in anaerobic digestion (Behera et al., 2014). Such
processes have been shown to exert significant effects on the structure of lignocellulosic
materials, by altering their physical and chemical characteristics (Agbor et al., 2011; Zheng et
al., 2014). Chemical pretreatments may vary in the quantity of chemicals and water being
required, as well as in the temperatures at which the processes are conducted. Depending on
the respective amounts of these streams, recycling of chemicals and disposal of waste
solutions might be needed, potentially affecting the investment and treatment costs. An
important factor to consider when applying chemical pretreatments is the severity of the
process, since in some cases, severe processes may result in the generation of inhibitory
compounds, such as hydroxymethyl furfural (HMF) and furfural, as well as in the presence of
chemical residues on the pretreated materials. Such phenomena could potentially influence
the downstream anaerobic digestion process (Behera et al., 2014; Zheng et al., 2014). The
type of chemical pretreatment method being used is often determinant for its effectiveness in
degrading lignocellulosic structures, considering that different chemicals tend to act on
different parts of the substrate (Song et al., 2014). Nevertheless, such effectiveness is also
highly dependent on the type of substrate being treated, since different lignocellulosic
materials are characterized by highly variable structures (Kang et al., 2013; Sambusiti et al.,
2013; Zheng et al., 2014). The most commonly used chemical pretreatments involve the use
of alkaline and acid reagents, oxidizing agents, inorganic salts, organic solvents and ionic
liquids.

2.2.4.2.1 Alkaline reagents

Alkaline pretreatment is one of the most studied among chemical methods and involves the
use of various reagents, such as sodium hydroxide, calcium hydroxide (lime), potassium
hydroxide, magnesium hydroxide, hydrazine, anhydrous ammonia and ammonium hydroxide
(Agbor et al., 2011; Behera et al., 2014; Mao et al., 2015; Zheng et al., 2014).
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During alkaline pretreatment solvation and saphonication reactions take place, resulting
in swelling of biomass and leading to increased internal surface area, decreased degree of
polymerization and cellulose crystallinity, disruption of lignin structure and breakage of
linkages between lignin and other carbohydrate fractions. As a result, the carbohydrates in the
hetero-matrix of lignocellulosic materials are made more accessible to enzymes and bacteria,
with the reactivity of the remaining polysaccharides increasing with lignin removal.
Moreover, apart from lignin, acetyl and other uronic acid substitutions on hemicellulose are
also removed through these processes. Alkaline pretreatment can also cause solubilization,
redistribution and condensation of lignin and modifications in the crystalline state of
cellulose, with these effects being able to lower or counteract the positive effects of lignin
removal and cellulose swelling (Agbor et al., 2011; Hendriks and Zeeman, 2009).

The effectiveness of alkaline pretreatment is often associated with the lignin content of
the materials being treated (Zheng et al., 2014). In fact, in general, pretreatment methods
using alkaline reagents are more effective on those types of materials that contain a relative
smaller amount of lignin. On the contrary, when materials containing a higher amount of
lignin are treated with such reagents, the process becomes less effective, thus requiring much
more severe conditions in order to obtain the desired results (Agbor et al., 2011; Galbe and
Zacchi, 2012). Another interesting feature of alkaline pretreatment is the fact that a portion of
the alkaline reagent is often consumed by the biomass itself (Agbor et al., 2011; Ariunbaatar
etal., 2014).

Very often during anaerobic digestion, a pH adjustment is required, which is usually
made by increasing the alkalinity. In those cases, the prior use of alkaline pretreatment seems
advantageous (Ariunbaatar et al., 2014). On the other hand, a significant disadvantage of
alkaline pretreatment is the generation of irrecoverable salts, with the eventuality of these
salts being incorporated into the biomass during the pretreatment process. Therefore treating
these large amounts of salts has become an issue of concern (Behera et al., 2014).

2.2.4.2.2 Acid reagents

The effectiveness of acid pretreatment depends on the type of acid being used, the acid
concentration, the solid to liquid ratio and the process temperature. Both inorganic and
organic acids can be used for such processes, including sulfuric acid, nitric acid, hydrochloric
acid and phosphoric acid, acetic acid, citric acid, oxalic acid, peracetic acid, maleic acid and
fumaric acid. Among them, sulfuric acid is the one that has been researched the most, due to
its high catabolic activity. (Amnuaycheewa et al., 2016; Behera et al., 2014; Zheng et al.,
2014).

The main reaction that occurs during acid pretreatment is the hydrolysis of hemicellulose
to its monomeric units (monosaccharides such as xylose, mannose, acetic acid, galactose,
glucose, etc.), which involves the disruption of covalent bonds, hydrogen bonds, and Van der
Waals forces. These phenomena result in the solubilization of hemicellulose and in the
improvement of the accessibility of cellulose (Agbor et al., 2011; Behera et al., 2014;
Hendriks and Zeeman, 2009; Song et al., 2014). Acid pretreatment has also been found able
of disrupting lignin to a high degree, but it is not so effective in dissolving it (Zheng et al.,
2014). Actually, it has been reported that during this kind of pretreatment lignin may
condensate and precipitate (Ariunbaatar et al., 2014).

Acid pretreatment can be conducted by using either concentrated (30-70%) or dilute (0.1
to 2%) acids, at low and high temperatures. Concentrated acids can be highly effective in
solubilizing lignocelluloses, however they may also result as extremely toxic and corrosive.
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Moreover, their use often requires expensive materials, such as specialized non-metallic
materials or alloys for reactor construction, while in order to make the pretreatment
economically feasible, measures must be taken to recover the residual acid. Additionally,
chemical pretreatment with concentrated acids also generates various potentially toxic
inhibitory compounds, such as carboxylic acids (e.g. formic and acetic acids), furfural,
hydroxymethyl furfural (HMF) and phenolic compounds (Agbor et al., 2011; Ariunbaatar et
al., 2014; Behera et al., 2014; Galbe and Zacchi, 2012; Hendriks and Zeeman, 2009; Zheng et
al., 2014). Among these compounds, formic and acetic acids can be directly converted to
biogas, while in the cases of furfural, HMF and phenolic compounds, their inhibitory effect is
mainly associated with their concentration and in the case of phenols also with their
physicochemical properties. Interestingly, although inhibitory compounds are mainly
produced when using concentrated acids, this phenomenon can also be manifested with
diluted acids (Zheng et al., 2014). Other possible disadvantages of such pretreatments include
the loss of fermentable sugars due to the increased degradation of complex substrates, the
high cost of acids and the eventual additional alkali requirements for neutralizing the
hydrolysate before anaerobic digestion (Agbor et al., 2011; Ariunbaatar et al., 2014). For all
these reasons, concentrated acid pretreatment is generally considered not attractive, while the
use of dilute acid pretreatment is preferred, often in combination with thermal methods
(Ariunbaatar et al., 2014; Zheng et al., 2014).

2.2.4.2.3 Oxidizing agents

Oxidizing agents such as, ozone, peroxides (e.g. hydrogen peroxide, peracetic acid), oxygen
or air can also be used for pretreatment of lignocellulosic materials. The main effect of
oxidative pretreatments consists in delignification, due to the high reactivity of oxidising
agents with the aromatic ring (Harmsen et al., 2010; Zheng et al., 2014). During such
processes, reactions such as electrophilic substitution, displacement of side chains, cleavage
of alkyl aryl ether linkages and oxidative cleavage of aromatic nuclei can take place
(Hendriks and Zeeman, 2009). In addition to affecting lignin, oxidative pretreatments also
affect hemicellulose (Harmsen et al., 2010).

= (QOzone

Ozonolysis of lignocellulosic materials results in the enhanced degradability of biomass,
mainly by means of lignin degradation, with a slight alteration of hemicellulose and a minor
effect on cellulose. The main parameters affecting the effectiveness of this process are
moisture content, particle size and ozone concentration in the gas flow.

During ozonolysis, ozone molecules disintegrate into hydroxyl radicals (OH"). This
results in two types of reaction with organic substrates, namely direct and indirect. In the
former case, the oxidation reaction depends on the structure of the reactant, while in the latter
case oxidation is performed by the hydroxyl radicals. The type of reactions occurring during
this pretreatment is highly dependent on the pH of the solution. Ultimately, this process
results in the enhanced biodegradability and accessibility of the treated materials.

Ozonolysis pretreatment is typically carried out at ambient temperature and pressure and
does not generate any inhibitory compounds, or leave any chemical residues, while it also has
a disinfecting effect on pathogens. On the other hand, it usually is quite expensive, as a result
of the large amounts of ozone needed (Ariunbaatar et al., 2014; Behera et al., 2014; Zheng et
al., 2014).
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= Peroxides

Peroxides oxidants include hydrogen peroxide, peracetic acid, dimethyldioxirane, and
peroxymonosulphate. Among them, hydrogen peroxide is the most studied and used for
pretreatment of lignocellulosic materials, most likely due to its strong oxidation ability, which
results in a significantly enhanced reaction efficiency, compared with other agents (Mao et
al., 2015; Zheng et al., 2014).

The oxidizing effect of peroxides is similar to that of ozonolysis, since these agents are
also transformed into hydroxyl radicals (OH"), which actually are more powerful than the
peroxides themselves. Pretreatment with hydrogen peroxide is a non-selective process, thus
being able to affect all components of lignocellulosic materials. As a result, not only partial
disruption of lignin and hemicellulose, but also release of a fraction of cellulose can occur,
ultimately leading to the enhanced degradability of the treated substrates.

Nevertheless, inhibitory compounds can be generated during this process, due to the
formation of soluble aromatic compounds through lignin oxidation. Moreover, high hydrogen
peroxide concentrations may also be a cause of inhibition to the anaerobic digestion process,
since excessive amounts of hydroxyl ions have toxic effects on methanogens.

In certain cases, the use of hydrogen peroxide alone may not be so effective, therefore a
combination with other pretreatment methods, such as acid/alkali hydrolysis and microwave
irradiation, is often employed. Such strategies are followed especially when treating complex
and highly non-biodegradable substrates (Zheng et al., 2014).

= Wet oxidation

Wet oxidation pretreatment involves the use of water and an oxidizing agent (e.g. air or
oxygen) at high temperatures, ranging from 125 to 300 °C, and high pressures, usually
between 0.5 and 20 MPa. Treatment time can vary from a couple of minutes to hours. The
critical parameters of the wet oxidation process are temperature, reaction time, oxygen
pressure and water content.

When wet oxidation is used on lignocellulosic substrates, it causes a large fraction of
their lignin content to be solubilized and oxidized. This pretreatment is mostly adopted for
materials with a low lignin content.

Increasing concentrations of oxygen during wet oxidation result in faster reaction rates
and increased production of free radicals. However, using pure oxygen leads to high operating
costs. For this reason, air is usually used as an oxidizing agent. Another way of eliminating or
minimizing energy inputs during wet oxidation is taking advantage of the exothermic nature
of this process, by using the heat produced from the occurring reactions for keeping the
temperature at a desired level after the initiation of the pretreatment (Galbe and Zacchi, 2012;
Zheng et al., 2014).

2.2.4.2.4 Inorganic salts

Inorganic salts, such as NaCl, KCI, CaCl,, MgCl,, and FeCl;, have also been employed in
pretreatment processes of lignocellulosic materials. Indeed, their use has resulted quite
effective for hemicellulose degradation (Liu et al., 2009) and removal of the loosely bound
portion of lignin (Banerjee et al., 2016). Moreover, the use of inorganic salts for pretreatment
of lignocellulosic materials, unlike the use of many acids, does not encompass problematic
issues, such as corrosion or eventual neutralization of the hydrolysate, thus being easily
recyclable and constituting an economically viable option (Liu et al., 2009).
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2.2.4.2.5 Organic solvents

Orgavosolv pretreatment involves the use of organic solvents such as methanol, ethanol,
acetone, ethylene glycol, triethylene glycol, glycerol, agueous phenol, aqueous n-butanol and
tetrahydrofurfuryl alcohol, or their aqueous solutions, as well as the eventual use of inorganic
(hydlochloric and sulfuric acid) or organic acids (oxalic, salicylic and acetylsalicylic acid),
which function as catalysts. These kind of processes are usually conducted at temperatures
ranging from 100 to 250 °C (Agbor et al., 2011; Behera et al., 2014; Galbe and Zacchi, 2012).

Organosolv pretreatment is the only pretreatment method that is highly effective on high-
lignin lignocellulosic materials. In fact, it results in the extensive removal of lignin and in an
almost complete solubilization of hemicellulose. This is achieved by hydrolyzing the internal
lignin bonds, as well as the bonds between lignin and hemicellulose and the glycosidic bonds
present in hemicellulose and partially in cellulose. Clearly, the degree to which all these
reactions are performed depends on the specific conditions under which the process is
conducted. For example, the kinetics of delignification, vary depending on the type of solvent
being used (Agbor et al., 2011).

An important issue to consider when applying such a pretreatment, is the possible
options for solvent recovery. The procedures adopted for this scope usually include draining,
evaporation, condensation and recycling of the solvents, with all of them aiming at reducing
the operational costs. It is critical from an environmental and economic standpoint to optimize
all these operations, in order to make the whole process environmentally feasible and cost-
effective. Moreover, the separation of the pretreated material from the solvent is also very
important, since depending on the type of solvent used, potential inhibitory effects to
downstream processes, such anaerobic digestion, might be observed (Agbor et al., 2011;
Behera et al., 2014; Galbe and Zacchi, 2012). Nevertheless, it has been reported that, if using
low molecular weight alcohols and organic acids, inhibition would be less of an issue, since
these compounds are easily-degradable and can usually be utilized by the microorganisms in
anaerobic digestion systems (Kabir et al., 2014). In addition, once lignin solubilization is
achieved, the dissolved lignin could potentially be recovered, in order to eventually be used
for various purposes (e.g. chemicals, fuels) (Galbe and Zacchi, 2012).

2.2.4.2.6 lonic liquids

lonic liquids are a new class of solvents, which consist entirely of ions (cations and anions),
exist in liquid form at room temperature and are characterized by low melting points (<100
°C), high polarities, high thermal and chemical stability, low toxicity, low hydrophobicity,
low viscosity, negligible vapour pressure, high reaction rates, low volatility with potentially
minimal environmental impact, non-flammability and good solvating properties (Agbor et al.,
2011; Behera et al., 2014; Galbe and Zacchi, 2012; Zheng et al., 2014).

The mechanism responsible for cellulose dissolution with ionic liquids initially involves
the formation of electron donor—electron acceptor complexes by the oxygen and hydrogen
atoms of cellulose hydroxyl groups, which then interact with ionic liquids. The interaction
between cellulose’s hydroxyl groups and ionic liquids is followed by the breakage of
hydrogen bonds between molecular chains of cellulose, which ultimately results in cellulose
dissolution. Solubilized cellulose can be recovered by precipitation with ethanol, methanol,
acetone or water and it is usually characterized by the same degree of polymerization and
polydispersity as the initial cellulose, as well as by significantly different macro- and micro-
structures, decreased crystallinity and increased porosity.
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lonic liquids have gained significant interest due to the fact that they can be effectively
used for cellulose dissolution, even at mild conditions (90-130 °C and ambient pressure), with
low energy inputs. Moreover, these processes encompass the possibility of recovering nearly
100% of the used ionic liquid to its initial purity, while leaving minimal residues (Zheng et
al., 2014).

2.2.4.3 Biological pretreatment

Biological pretreatment can be performed by employing fungi, microbial consortia or
enzymes (Galbe and Zacchi, 2012; Zheng et al., 2014). Its potential advantages over physical
and chemical pretreatments include substrate and reaction specificity, low energy
requirements, no generation of toxic compounds, and high yield of desired products (Behera
et al., 2014). On the other hand, one important disadvantage that prevents the use of such
pretreatments on industrial scale is its low rate, compared with most other pretreatment
methods (Agbor et al., 2011; Galbe and Zacchi, 2012). Moreover, biological pretreatments
involving microorganisms usually have strict requirements related to the composition, the
activity and the purity of strains and the sealing of reactors, thus resulting in high investment
costs, while the cost of enzymes is also high (Mao et al., 2015).

2.2.4.3.1 Fungi

Fungal pretreatment is conducted by fungi, capable of producing enzymes that can degrade
lignin, hemicellulose, and polyphenols. Several fungi classes, including brown-rot, white-rot,
soft-rot and basidiomycete fungi, have been used for pretreatment of lignocellulosic materials
before anaerobic digestion, with white-rot being the most effective. Brown-rot fungi primarily
attack cellulose, whereas white-rot and soft-rot fungi attack both lignin and cellulose through
the action of lignin-degrading enzymes such as lignin peroxidases, polyphenol oxidases,
manganese-dependent peroxidases, and laccases. Research is mainly focused on fungi that
primarily degrade lignin fractions, since lignin constitutes the barrier to cellulose hydrolysis
(Agbor et al., 2011; Galbe and Zacchi, 2012; Mao et al., 2015; Zheng et al., 2014).

2.2.4.3.2 Microbial consortia

Microbial consortium pretreatment is conducted by microbes, which are screened from
natural environments and use lignocellulosic biomass as substrate. Such consortia contain
yeast and cellulolytic bacteria, heat-treated sludge, Clostridium thermocellum, and a mixture
of fungi and composting microbes. Microbial consortium pretreatment is usually focused on
degrading cellulose and hemicellulose, as opposed to most fungal pretreatments, which
mainly attack lignin (Mao et al., 2015; Zheng et al., 2014).

2.2.4.3.3 Enzymes

Hydrolysis of cellulose and hemicellulose is believed to be the rate-limiting step during the
anaerobic digestion of lignocellulosic biomass. Enzymes are known to play an important role
in hydrolysis of lignocelluloses. Specifically, enzymes with hydrolytic activity, take part in
biochemical catalytic reactions, acting as a microbial supplement. The enzymes most
commonly used for such a purpose include cellulase and hemicellulase. Nevertheless, the
effect of enzymes in enhancing biogas production is often not satisfactory compared with
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their cost, resulting in limited applications of such pretreatments (Mao et al., 2015; Zheng et
al., 2014).

2.2.5 Anaerobic Co-digestion

Anaerobic co-digestion consists in the anaerobic digestion of a mixture of two or more
organic substrates. This method has been proposed as an alternative strategy to anaerobic
digestion of single substrates (mono-digestion), which can often present some drawbacks,
depending on substrate properties. These drawbacks are usually related to organic load and
nutrient balance issues. The addition of a co-substrate is a feasible option, capable of solving
such problems and of improving the economic viability of anaerobic digestion systems (Mata-
Alvarez et al., 2014).

In fact, anaerobic co-digestion is characterized by numerous benefits, which include
dilution of eventual potentially toxic compounds, adjustment of the moisture content and pH,
supply of the necessary buffer capacity to the mixture, increased load of biodegradable
organic matter, improved nutrient balance, widening of the range of microorganisms taking
part in the process, synergistic effect of microorganisms, better process stability, handling and
biogas production, improved methane yields and production of a digested product of good
guality. In addition, co-digestion of multiple substrates can also result in an excess of
nutrients, leading to biostimulation and ultimately higher biodegradation rates (Anjum et al.,
2016; Esposito et al., 2012; Khalid et al., 2011; Ward et al., 2008).

The positive effect of mixing different substrates on the overall stability of co-digestion
systems mainly consists in the improvement of the C/N ratio of the feeding material. In fact,
by appropriately combining different substrates with complementary characteristics, several
problems, associated with lack or excess of carbon and nitrogen, high ammonia
concentrations or accumulation of intermediate volatile compounds, can eventually be
overcome. Therefore, it is of critical importance that a proper selection of co-substrates is
made for each specific case, since no univocal conditions can be defined. Furthermore,
inappropriate substrate combinations could lead to significant reductions of biogas quantities
being produced, ultimately compromising the process efficiency (Anjum et al., 2016;
Esposito et al., 2012; Khalid et al., 2011; Mata-Alvarez et al., 2014; Ward et al., 2008).

2.2.6 Biogas production in the Mediterranean area

The term “biogas” refers to the gas produced from organic matter under anaerobic conditions,
however it not limited to the amount obtained from biogas production plants (anaerobic
digesters) treating substrates such as manure, agricultural residues, energy crops, waste from
households and food processing industry etc. Biogas sources also include landfills, as well as
urban wastewater and industrial effluent treatment plants (Cioabla, et al., 2012; European
Biogas Association, 2011).

As can be seen in Table 2-9 (Eurostat, 2016; UNSD, 2016; American Biogass Council,
2016), only half of the countries surrounding the Mediterranean Sea provide data regarding
biogas production in 2013. According to these data, in Greece, Spain and Turkey biogas is
primarily obtained through landfills, while in Croatia, Cyprus, France, Italy, Malta and
Slovenia anaerobic fermentation is the major source of biogas. Specific data regarding the
biogas sources in Israel were not available. Among these countries, Italy has the highest
biogas production, reaching an energy equivalent of approximately 76 thousand Terajoules,
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while Spain and France follow, accounting for almost 20.1 and 18.3 thousand Terajoules,
respectively. Greece holds the fifth place in total biogas production with an energy equivalent
of 3.7 thousand Terajoules of which 76% comes from landfills and only 5% from anaerobic
fermentation. The total amount of biogas energy being produced in the Mediterranean area is
less than half of the total amount that corresponds to the USA or to Germany, which is the
European country with the highest biogas production (49.3% of EU-28 production).

Table 2-9: Biogas production from different sources in Mediterranean countries, expressed as
energy equivalents

Country Biogas production expressed as energy equivalents (Terajoules)

Landfill Sewage Anaerobic Thermal Total

sludge fermentation processes

Albania 0 0 0 0 0
Algeria - - - - -
Bosnia and 0 0 0 0 0
Herzegovina
Croatia 17 98 578 0 693
Cyprus 0 19 447 0 466
Egypt - - - - -
France 7,565 1,816 8,898 0 18,284
Greece 2,826 676 202 0 3,704
Israel - - - - 852
Italy 16,880 2,035 56,779 319 76,013
Lebanon - - - - -
Libya - - - - -
Malta 0 0 59 0 59
Montenegro 0 0 0 0 -
Morocco - - - - -
Slovenia 297 117 1,040 0 1,454
Spain 8,103 6,787 4,232 950 20,072
Syrian Arab - - - - -
Republic
Tunisia - - - - -
Turkey 7,992 0 519 0 8,511
Mediterranean 43,680 11,548 72,754 1,269 130,108
area (partial total)
Germany 4,634 18,340 264,871 0 287,845
European Union 117,909 57,267 406,444 2,566 584,186
(EU-28)
USA - - - - 265,794

As a result of the implementation of the European Renewable Energy Directive
(2009/28/EC), which states that 20% of the final energy consumption has to be provided by
renewable sources by 2020, most member states of the European Union have developed
national renewable energy action plans, which include the operation of biogas production
plants. Among the most widespread biogas installations are those processing agricultural
substrates. Europe and North America account for thousands of operating agricultural biogas
plants, while millions of small-scale digesters exist in China and the Indian sub-continent
(Cioabla, et al., 2012; European Biogas Association, 2011). Table 2-10 presents data referring
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to the number of biogas plants in Mediterranean countries (American Biogass Council, 2016;
European Biogas Association, 2016)

Table 2-10: Number of biogas plants in Mediterranean countries

Country Number of biogas
plants
Albania -
Algeria -
Bosnia and Herzegovina -
Croatia 16
Cyprus 14
Egypt -
France 736
Greece 18
Israel -
Italy 1491
Lebanon -
Libya -
Malta -
Montenegro -
Morocco -
Slovenia 26
Spain 39
Syrian Arab Republic -
Tunisia -
Turkey -
Mediterranean (partial total) 2340
Germany 10786
European Union (EU-28) 16611
USA 13008

Being rich in methane, biogas can be used in the majority of the applications intended for
natural gas. It can be directly used for heat or combined heat and power (CHP) production, or
even be upgraded to biomethane with natural gas quality and finally be injected into the gas
grid. In addition, biogas can be used as an alternative renewable fuel for transport (European
Biogas Association, 2011).

Table 2-11 presents data referring to the use of biogas for heat and electricity production
in the European region, in both heat or electricity dedicated plants and CHP plants (Eurostat,
2016).

In Europe, 23 countries use biogas in CHP plants, 25 countries in heat only plants and 31
countries in electricity only plants. Among the Mediterranean countries situated in Europe,
Italy is the country with the highest heat and electricity production obtained from biogas, with
France following.




| CHAPTER 2

Table 2-11: Use of biogas for heat and electricity production in the European region

Countries Gross heat production (Terajoules) Gross electricity generation (Terajoules)

Main activity Main activity ~ Autoproducer ~ Autoproducer  Main activity ~ Main activity ~ Autoproducer  Autoproducer

CHP plants heat only CHP plants heat only CHP plants electricity only  CHP plants electricity only

plants plants plants plants

Belgium 218 0 0 0 310 263 2,088 130
Bulgaria 9 0 0 7 0 50 0
Czech Republic 112 0 375 0 169 115 7,891 83
Denmark 1,267 61 31 10 943 0 436 4
Germany 2,953 1,924 0 0 72,976 31,676 587 4
Estonia 65 0 0 0 72 0 0 0
Ireland 0 0 0 0 0 569 104 0
Greece 1 0 0 0 594 137 43 4
Spain 0 0 0 0 0 1,469 680 1,354
France 483 0 119 102 630 364 2,005 2,423
Croatia 114 0 0 0 162 68 47 0
Italy 8,162 11 244 0 13,921 12,229 526 137
Cyprus 42 0 0 0 43 0 133 0
Latvia 511 0 83 0 659 0 374 0
Lithuania 57 0 38 0 83 0 130 0
Luxembourg 0 0 47 0 0 0 202 0
Hungary 57 1 33 0 126 191 504 140
Malta 0 0 1 0 0 0 22 0
Netherlands 157 0 0 0 187 72 3,143 126
Austria 163 79 23 0 83 1,980 130 79
Poland 0 6 365 6 0 0 2,484 0
Portugal 0 0 0 0 0 0 36 860
Romania 8 0 137 14 18 0 68 94
Slovenia 367 0 0 0 385 0 108 14
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Slovakia 47 0 70 0 119 25 227 396
Finland 157 197 62 117 104 446 263 295
Sweden 255 303 0 0 72 0 0 0
United Kingdom 0 0 0 0 0 0 2,203 19,116
Iceland 0 0 0 0 0 0 0 0
Norway 5 41 0 0 7 40 0 0
Montenegro 0 0 0 0 0 0 0 0
Former Yugoslav Republic of 0 0 0 0 0 0 0 0
Macedonia

Albania 0 0 0 0 0 0 0 0
Serbia 0 0 0 0 0 0 72 0
Turkey 1,499 0 0 0 788 2,088 54 108
Bosnia and Herzegovina 0 0 0 0 0 0 0 0
Moldova 0 0 0 0 0 0 4 4
Ukraine 0 0 0 0 0 0 0 0
European Union (EU-28) 15,205 2,582 1,628 249 91,663 49,604 24,484 25,258
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CHAPTER 3

Effect of substrate to inoculum ratio and
Inoculum type on the biochemical methane
potential of solid agroindustrial waste

This chapter focuses on evaluating the influence of different substrate to inoculum
ratios (SIR) and inoculum types on the methane potential of four solid agroindustrial
waste, namely winery waste (WW), cotton gin waste (CGW), olive pomace (OP) and
juice industry waste (JW). To this purpose, Biochemical Methane Potential (BMP)
assays were conducted, in which four SIR, i.e. 0.25, 0.5, 1 and 2 (on a volatile solids
(VS) basis) were tested and three different inocula, namely anaerobic sludge, landfill
leachate and thickened anaerobic sludge, were compared. All four materials were
proved viable substrates for anaerobic digestion. Furthermore, anaerobic sludge was
found the most adequate inoculum among tested samples, and due to its high
availability it may be considered a manageable choice in real-scale applications.
Contrarily, using landfill leachate and thickened anaerobic sludge for the same
purpose showed lower efficiencies. The optimum SIR for determining the methane
potential of the studied substrates were of 0.5 for WW and JW, yielding 446.23 and
445.97 mLCHg, stp/gV Ssubstrate, respectively, and of 0.25 for CGW and OP, yielding
267.96 and 258.65 MLCHy, stp/gV Ssunstrate, respectively. Higher SIR delayed methane
production, indicating process inhibition. Experimental methane potentials were lower
than theoretical, suggesting that eventual pretreatments prior to anaerobic digestion
might be worth investigating. The association of different SIR with 2- and 3-
parameter kinetic models manifested the complexity of the anaerobic digestion of the
studied substrates. Moreover, a different modeling approach, assuming the occurrence
of multiple-stages, appeared to be more suitable for describing the behavior of the
experimental data.
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3.1 Introduction

The use of alternative energy sources instead of traditional has been increasingly gaining
interest in the last decades and has become a major research topic, which is under continuous
development. The significant amounts of greenhouse gases that are released worldwide,
coupled to the imminent depletion of fossil fuels, demand energy generation to be possible by
applying different methods and technologies that are sustainable, more convenient form an
economical standpoint and use renewable materials as feedstock (Eskicioglu and Ghorbani,
2011; Nzila et al., 2010).

Anaerobic digestion involves the use of a consortium of microorganisms for the
degradation and stabilization of complex organic substrates, such as manure, wastewater,
sludge and solid waste, with the main product being biogas, an energy-rich gas mainly
composed of methane and carbon dioxide (Raposo et al., 2011a). Recently, this technology
has been studied aiming at non conventional energy production (Sawatdeenarunat et al.,
2015). The use of solid organic substrates in particular, has been attracting a lot of attention,
with agricultural and agroindustrial biomass and waste materials being the main candidates
for such use (Feng et al., 2013).

Agricultural and agroindustrial activities are among the most widespread around the
world and especially in the Mediterranean region, they make a major contribution to national
economies (Fountoulakis et al., 2008). Among the most profitable sectors of this area are the
wine and olive oil production industries, while the citrus fruits (mainly orange) and cotton
processing activities are also of high importance. In fact, according to the Statistical Database
of the Food and Agriculture Organization of the United Nations (FAOSTAT) (2016), data
referring to twenty Mediterranean countries report that in 2013, approximately 29.6 million
tons of grapes, 19.2 million tons of olives, 13.5 million tons of oranges and 3.9 million tons of
seed cotton were totally produced. The increasing development of activities related to the
processing of these commodities has, over the past decades, resulted in large amounts of solid
waste being generated on a regular basis. Depending on the activity, such wastes can vary in
type and composition. In particular, the solid residue obtained after grape processing for wine
production is known as grape marc or grape pomace and is composed of skins, seeds, pulp
and stalks. This material has been found to contain considerable quantities of phenolic
compounds (ElI Achkar et al., 2016; Nogales et al., 2006; Pala et al., 2014). The olive oil
production process generates a type of solid residue that consists of pieces of olive skin, pulp
and kernels, as well as some oil. This specific material, also known as olive pomace, contains
a variety of compounds (e.g. phenolic compounds, fatty acids etc.) and is characteristic of the
three-phase olive oil extraction system (Karantonis et al., 2008; Carlini et al., 2014).
Similarly, cotton processing waste is usually comprised of stalks, leaves and cottonseed hulls
(Isci and Demirer, 2007). Moreover, the waste obtained from orange processing, mostly for
juice production, represents approximately 50-60% of the initially processed fruit and is
composed of peels, seeds and segment membranes (Forgacs et al., 2012; Martin et al., 2010;
Wilkins et al., 2007).

The accumulation of agroindustrial waste due to high production rates, may often cause
several management and disposal problems. In fact, there are many cases in which
agroindustrial waste have no further use and are ultimately inappropriately discarded, or
deposited in landfills, thus eventually leading to environmental degradation. Therefore,
anaerobic digestion of such materials seems a much suitable option for combined waste
management and alternative energy production. Additionally to their abundance and low cost,
agroindustrial waste, have also the advantage that they do not compete with food or feed
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production, something that makes them viable substitutes for energy crops (Dinuccio et al.,
2010; Fountoulakis et al., 2008; Isci and Demirer, 2007; Nigam et al., 2009; Sawatdeenarunat
et al., 2015).

Nevertheless, in order to consider a specific substrate as a possible feedstock material for
an anaerobic digestion plant, an important parameter that needs to be determined is its
methane potential, i.e. the maximum methane quantity that is potentially produced during
anaerobic digestion (Alzate et al., 2012). The most common method used to determine
methane potential is conducting Biochemical Methane Potential (BMP) assays. This protocol
has not been standardized yet, in order to fit every possible substrate, therefore numerous
variations can be found in literature, which concern several parameters related not only to the
substrate, but also to the inoculum and to the experimental conditions under which the assays
are conducted. Among these parameters, two of the most important, are the substrate to
inoculum ratio (SIR) and the inoculum source/type (Raposo et al., 2011a). The SIR is
determinant for the correct operation of the anaerobic digestion process (Pozdniakova et al.,
2012) and its selection is related to the substrate properties. Several studies (Alzate et al.,
2012; Eskicioglu and Ghorbani, 2011; Feng et al., 2013; Gonzalez-Fernidndez and Garcia-
Encina, 2009; Kawai et al., 2014; Kim et al., 2012; Lim and Fox, 2013; Raposo et al., 2009;
Zhou et al., 2011) had as their main focus the optimization of this parameter and their results
were in fact dependent on the substrate in use. Inoculum type is another basic parameter in
anaerobic digestion. The inoculum provides the system with the initial microbial population,
which will then participate to the reactions constituting the organic matter degradation
processes. It also contains several macronutrients which can positively affect enzyme activity
and biogas production (Gu et al., 2014). A wide variety of samples has been used for such
purpose in other researches, including sludge from anaerobic digesters treating municipal or
agroindustrial wastewater, animal manures, landfill leachate, etc. (Cérdoba et al., 2016; Gu et
al., 2014; Pozdniakova et al., 2012).

The purpose of this study was to evaluate the influence of parameters such as substrate to
inoculum ratio (SIR) and inoculum type, on the methane potential of four solid agroindustrial
waste, namely winery waste, cotton gin waste, olive pomace and juice industry waste. In
order to optimize these parameters, Biochemical Methane Potential (BMP) assays were
performed, for all materials. Four SIR values were tested (0.25, 0.5, 1 and 2, on a VS basis),
while three different inocula were compared, specifically anaerobic sludge, landfill leachate
and thickened anaerobic sludge. The materials examined in the present study are among the
most produced agroindustrial waste in the Mediterranean region, thus, the investigation of
possible management alternatives, eventually leading to energy production, is of great
importance. To date, a few studies can be found regarding the methane potential of these
kinds of substrates, especially when referring to the investigation of different substrate to
inoculum ratios. The approach adopted in the present research has not been enough studied,
particularly when considering that no specific researches examining the use of different
inocula have been conducted in relation to such materials. Anaerobic sludge from wastewater
treatment plants and leachate from landfills can be easily found in an urban environment, as
well as in the vicinity of industrial areas and are characterized by high availability throughout
the year. Therefore, the possible use of such materials as inocula for anaerobic digestion is of
high relevance and is worth investigating. Additionally, in this paper kinetic modeling of the
anaerobic digestion process with the application of multiple equations was conducted. More
specifically, two approaches were adopted. The first one was a single-modeling approach, in
which the experimental data were fitted through non-linear regression to five separate kinetic
models, i.e. the first-order exponential, two-phase exponential, logistic, transference
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(reaction-curve) and modified Gompertz models. In the second approach, a multiple-stage
modeling of the data was conducted, by combining the first-order exponential model and the
logistic model. The application of such an approach to BMP data referring to different
substrate to inoculum ratio and inoculum type, while concerning the specific substrates and
conditions examined in this research, has not been studied before.

3.2 Materials and methods

3.2.1 Substrates and inocula

Four different substrates were used in this study, more precisely, winery waste (WW),
comprising of grape skins, seeds and stalks, cotton gin waste (CGW) comprising of cotton
fiber, stalks, burs and leaves, olive mill solid waste, specifically olive pomace (OP), as well as
juice industry waste (JW), comprising of orange peels. As soon as the samples were collected,
they were stored at -20 °C in zip-lock bags, for preservation purposes. Prior to digestion WW
and JW were comminuted without drying using a food processor, CGW was dried at 60 °C
and then comminuted to a particle size less than 500 pm, using a universal cutting mill, while
OP was kept as received.

The use of three types of inocula, which differed in either source and/or composition,
was evaluated. The first sample consisted of anaerobic sludge (AS) originating from a
mesophilic anaerobic digester of the Municipal Wastewater Treatment Facility of Chania,
Crete. The second type of inoculum was a landfill leachate (LL) sample which was taken
from the Sanitary Landfill situated in the Akrotiri area of Chania. Finally, the third inoculum
was a sample of anaerobic sludge which was gravitationally thickened (TAS) in the
laboratory prior to its use. Using the latter sample aims at investigating the suitability of a
partially dewatered anaerobic sludge sample as inoculum. TAS was obtained by leaving AS
to settle for 24 h and afterwards decanting the supernatant.

3.2.2 Experimental setup and procedure

Two series of experiments were conducted, of which the first one aimed at determining the
optimum substrate to inoculum ratio (SIR) for each substrate. More specifically, four SIR
values on a volatile solids (VS) basis were tested, namely 0.25, 0.5, 1 and 2
gV Ssubstrate/ IV Sinocuum- 1N Order to obtain these ratios, the quantity of inoculum in each assay
was maintained constant at 15 gVS/L, while the quantity of substrate varied according to the
respective SIR value. In these experiments only AS was used as inoculum. In the second
series of experiments the effect of inoculum type on the methane production process was
investigated. This was done by comparing the performance of LL and TAS as inocula, with
that of AS at the optimum SIR, as it resulted for each substrate, from the first series of
experiments.

The apparatus used for BMP assays consisted of 250 mL reactors (conical flasks)
covered with rubber stoppers, in which two PVC (Polyvinyl chloride) tubes were inserted.
These tubes allowed methane measurement, as well as N, flushing in the flasks, in order to
ensure an inert atmosphere. The working volume of the reactors was set to 100 mL. In both
series of experiments, blank assays containing only inoculum (SIR=0) were also performed,
since none of the inocula was degassed prior to BMP assays.
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BMP assays were initiated by first introducing the inoculum and the substrates in the
flasks in appropriate amounts and by subsequently adding deionized water to the mixture, if
needed, in order to bring the total volume to approximately 100 mL. It is noted that deionized
water was used instead of tap water, in order to avoid the eventual presence of traces of
unknown substances, which might have altered the results. Following this step, the pH of the
mixture was adjusted at 7.8 £ 0.05, by adding small amounts of NaOH (1 M). Introducing the
substrates in the reactors caused the initial pH of the mixture to decrease, especially at higher
SIR. Therefore, the adjusting procedure served both to create a more favorable environment
for the startup of the anaerobic digestion process, and as a means of assuring as much as
possible comparable conditions between different SIR of the same substrate. After pH
adjusting, the flasks were covered with the rubber stoppers and finally, they were flushed with
N, for 5 min. The digestion was conducted in an incubator set at 35 °C. The mesophilic
temperature range is the most commonly used in literature for conducting anaerobic digestion
experiments and it refers to values between 20 and 45 °C (Raposo et al., 2011a). The selection
of the specific value of 35 °C in the present study was made based on previous researches
(Alzate et al., 2012; Barrantes Leiva et al., 2014; Cérdoba et al., 2016; Donoso—Bravo et al.,
2010; Eskicioglu and Ghorbani, 2011; Fernandez-Cegri et al., 2012; Fountoulakis et al., 2008;
Gonzalez-Fernandez and Garcia-Encina, 2009; Gunaseelan, 2004; Isci and Demirer, 2007;
Liao et al., 2014; Lim and Fox, 2013; Martin et al., 2010; Raposo et al., 2009; Raposo et al.,
2011b; Rincon et al., 2013; Wang et al., 2012). It is noted that all assays conducted in this
study were duplicated.

Methane production was measured daily for the first seven days and for the rest of the
incubation period, every two days. BMP assays were terminated when methane quantity was
undetectable or less than 5% of the total amount produced. Therefore, the total duration of the
assays varied depending on each sample and ranged between 41 and 68 days.

3.2.3 Analytical methods

Total Solids (TS) and Volatile Solids (VS) contents were determined according to American
Public Health Association (APHA) method 2540G. A portable pH-meter (PH25, Crison) was
used for pH determination, and specifically for the pH of the solid substrates, the
measurement was performed in a deionized water suspension with a solid/liquid ratio of 1/10
g/mL. Elemental analysis (C, H, N, S) was conducted using an EA300 Euro Vector elemental
analyzer. Oxygen content was determined by difference, considering the VS content of each
substrate. Fiber analysis, i.e. the determination of NDF (Neutral Detergent Fiber), ADF (Acid
Detergent Fiber) and ADL (Acid Detergent Lignin), was based on the method described by
Fernandez-Cegri et al. (2012). Total Alkalinity (TA) at the end of digestion was determined
according to APHA method 2320B. Finally, methane production was determined by means of
volume displacement using an 11.2% KOH solution, as it was done in previous studies (Altas,
2009; Nain and Jawed, 2006). More specifically, each BMP reactor was connected to an
inverted bottle containing the alkaline solution. Subsequently, biogas was released to flow
inside the bottle, in order to remove CO, and H,S by absorption and leave only CH,4. The
volume of CH, being transferred to the bottle caused the displacement of an equal amount of
KOH solution, which was then quantified using a graduated cylinder.
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3.3 Data analysis

3.3.1 Theoretical methane potential

The Theoretical Methane Potential (TMP) of the four substrates at Standard Temperature and
Pressure (STP) conditions was estimated through their elemental composition and the
stoichiometry of the degradation reaction (Equation 1), using Buswell’s formula (Equation 2)
(Kim et al., 2012; Lim and Fox, 2013):

C.H,ON,S, +[a-2-C. 3 €0,
4 2 4 2 (1)
(a b—c—w—ejc . [a—b+c+?’d+ejcoz+dNH3+est
2'8 4 8 4 8 4 8
[a b_C_Sd_e)
TMP[mL CH, o1, /g VS| = 22.4.| ~2 8 4 8 4) 1459 )
’ 12a+b+16c +14d + 32e

3.3.2 Theoretical oxygen demand

The Theoretical Oxygen Demand (TOD) of the four substrates was estimated through their
elemental composition and the stoichiometry of the oxidation reaction (Equation 3), using
Equation 4 (Raposo et al., 2011b):

CaHbOCNdSe+(a+9—g—ﬁj02—>acoz+(E—ﬁszo+dNH3 3)
4 2 4 2 2
[Za g—c—?’zdj-lG
TOD|mg 0, /g VS]= 1000 4
Img 0. /9 VS| 12a+b +16c +14d @

3.3.3 Model fitting

Methane production was modeled by fitting the data with five kinetic models through non-
linear regression, using the Solver tool of Microsoft Office Excel. The goodness of fit was
evaluated by taking into consideration both the Residual Sum of Squares (RSS) and the R-
square (R?) values.

The first-order exponential, two-phase exponential, logistic, transference (reaction-curve)
and modified Gompertz models were used (Donoso—Bravo et al., 2010; Luna-delRisco et al.,
2011), which are described by Equations 5 — 9, respectively.

B=B,, -[1-ep(-kt)] ()

B=B, '[1_eXp(_ klt)]+ B, -[1—exp (_ kzt)] (6)
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where, t is time (d), B is the cumulative methane production at time t (mL CH,), Bnax is the
maximum methane production (mL CHy), P is the methane production potential (mL CH,),
R is the maximum methane production rate (mL CH,/d), k , k; and k; are the rate constants
(d™) and 4 is the lag phase (d).

In an attempt to better describe the experimental data, an approach which combined the
application of the first-order exponential model and the logistic model, was adopted. This
procedure was followed in order to evaluate whether the biodegradation of the studied
substrates might be more accurately modeled under the assumption of multiple stages taking
place. The first-order exponential model was applied for the very first days of incubation,
while the logistic model was used for the remaining period, eventually for more than one
interval. A slightly modified version of Equation 7 was used in this case (Rincon et al., 2013)
(Eq. 10)

P
1+exp[4R, -(1-1)/P+2]

B=B,+ (10)

where, B, represents the cumulative methane production at the startup of the stage in question
(mL CHy).

3.3.4 Specific Methane Yield

The specific methane yield (SMY) resulting after the end of digestion was obtained by
subtracting the ultimate cumulative methane production of the blank assay (mL CH,) from the
ultimate cumulative methane production of each assay containing the tested substrates, and by
subsequently dividing it by the initially added amounts of VS of the substrates. These values
were then converted to STP conditions.

3.4 Results and discussion

3.4.1 Characterization

The characteristics of the four substrates and of the inocula are presented in Table 3-1.
Inocula AS and LL show similar low TS and VS contents. TAS, on the other hand is
characterized by higher values, however VS/TS approaches the value of AS. These results are
expected, since TAS is obtained through thickening of AS, consequently it would have an
increased TS percentage, but a comparable VS content. Moreover, all three samples are in the
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alkaline region, with LL having the highest value. WW and JW are relatively low in TS
compared with CGW and OP, while the VS/TS ratio is observed above 0.90 in the cases of
WW, OP and JW. The pH of all substrates is found in the acidic region, with WW and JW
having the lowest values. CGW and OP are characterized by the lowest and highest C and H
contents, respectively, while WW and JW show a similar composition. Nevertheless, the C/N
of JW is significantly higher than those of the other substrates, which are all within the
recommended range (20/1 — 30/1) for anaerobic digestion (Li et al., 2011). OP and CGW are
the substrates with the highest and the lowest TMP, respectively. NDF, ADF and ADL
contents of CGW and OP are found at similar levels with minor differences, while WW and
JW present significantly lower values. The results of Table 3-1 are comparable to most of
those found in several earlier publications (Adl et al., 2012; Carlini et al., 2014; Dinuccio et
al., 2010; Fabbri et al., 2015; Gunaseelan, 2004; Isci and Demirer, 2007; Kaparaju and
Rintala, 2006; Nzila et al., 2010; Rincon et al., 2013; Ruggeri et al., 2015; Subagyono et al.,
2015), although the values for specific characteristics within these results may differ.
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Table 3-1: Characteristics of inocula and substrates

Properties Inocula Substrates

AS LL TAS WW CGW OP JW
TS (%) (whb™) 2.7 2.6 4.3 28.1 70.6 53.5 16.2
VS (%)(wh") 1.7 1.4 2.8 25.8 52.9 52.3 15.7
VSI/TS 0.62 0.53 0.64 0.92 0.75 0.98 0.97
pH 7.8 8.2 7.4 3.7 6.9 6.1 4.6
Elemental composition (db™)
C (%) 33.7 - - 45.9 32.8 54.2 45.3
H (%) 0.2" - - 5.95 4.40 7.53 6.29
N (%) 4.0 - - 1.80 1.40 2.09 0.90
S (%) <DL" - - <DL <DL <DL <DL
0 (%) 24.1" - - 38.3 36.4 345 44.3
CIN 8.4" - - 25.5 23.4 25.9 50.3
Empirical formula - - - C208H46.40137N C27.4H4420228N Cs02H5040144N Csg.8Ho7.80430N
TMP (MLCHy stp/gVS) - - - 489.26 392.09 593.14 453.50
TOD (mgO,/gVSs) - - - 1398 1120 1695 1296
Fiber composition (%) (wb™)
NDF - - - 12.1 43.9 34.5 3.2
ADF - - - 11.7 42.6 26.9 2.3
ADL - - - 11.0 315 24.7 0.3
DL: Detection Limit, “analysis performed on sample solids, ““wb: wet basis, ““db: dry basis
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3.4.2 Effect of substrate to inoculum ratio

3.4.2.1 Methane production

Fig. 3-1 shows the daily and cumulative methane production profiles (in terms of volume,
(mL)) for each substrate at different SIR values (0.25, 0.5, 1, 2), during the BMP assays of the
first series of experiments, which were conducted using only AS as inoculum. Throughout the
digestion period a similar general trend is noticed for all substrates. More specifically,
methane production profiles are generally characterized by an initial lag phase, a subsequent
more rapid increasing phase and finally a stabilization phase. The duration of the lag phase is
different for each substrate, as well as for each SIR value. A resemblance between the data for
CGW (Fig.3-1 (c) and (d)) and OP (Fig. 3-1 (e) and (f)), as well as between the data for WW
(Fig. 3-1 (a) and (b)) and JW (Fig. 3-1 (g) and (h)), is noticed. In the first case, as the SIR is
raised from 0.25 to 2 an increase in the quantity of methane produced is observed. This can be
attributed to the presence of more available substrate in the reactors (Raposo et al., 2011b). In
the second case however, methane production corresponding to the samples with SIR=0.5
prevails. In fact, the order followed by methane production values has the general trend: SIR
0.5>SIR 0.25 > SIR 1 > SIR 2. Alzate et al. (2012) and Zhou et al. (2011) have observed a
similar trend of methane yields as a function of substrate loading, with their maximum values
being attained for substrate to inoculum ratios of 0.5 and 0.6, respectively. It is possible that,
in the present study, the quantity of biodegradable material and of available nutrients
corresponding to a SIR=0.25 for WW and JW, was not sufficient for the microbial biomass to
induce enzymes and thus to complete methanogenesis (Lim and Fox, 2013; Pozdniakova et
al., 2012). In addition, the curves referring to SIR=1 follow an odd behavior compared to the
other samples, for both WW and JW. More specifically, the methane production peak value
for these specific samples is observed at days 29 and 35, respectively, while for the remaining
assays the peak value is reached no later than the 15th day of incubation. This caused the
cumulative methane production of these samples to increase and reach the levels of the assays
with SIR=0.25 and SIR=0.5, for WW and JW, respectively, with the latter ultimately
exceeding it. This behavior may be explained by the eventual delayed consumption of
previously produced Volatile Fatty Acids (VFA) by methanogens (Alkan-Ozkaynak and
Karthikeyan, 2011). Probably for the same reason, higher amounts of substrate led to a
slightly prolonged lag phase in the majority of cases, but this phenomenon is more
pronounced for WW and to some extent for JW. The eventual VFA accumulation would have
led to acidification inside the reactors. More specifically, the latter phenomenon occurs when
the ratio between the rate of the acidogenic process and the rate of the methanogenic process
is out of balance, i.e. when the acidogenesis rate exceeds the methanogenesis rate. In that
case, VFA accumulation is verified with a consequent drop in pH, which in turn causes
inhibition to methanogens (Esposito et al.,, 2012; Vavilin and Angelidaki, 2005).
Nevertheless, the acidification phenomenon manifested in the present study would have
probably been a case of reversible acidification, since methane production recovered after a
certain period of time for all relevant samples, implying eventual VFA consumption
(Gonzalez-Fernandez and Garcia-Encina, 2009; Kawai et al., 2014). The enhanced
manifestation of this phenomenon for WW and JW could be attributed to their properties.
Indeed, Wang et al. (2012) have mentioned that substrates with a low nitrogen content and a
high C/N ratio, such as WW and JW in this study, are often characterized by a low pH and
poor buffering capacity, which may lead to VFA accumulation during the digestion process.
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Figure 3-1: Daily and cumulative CH, production profiles as a function of time, for trials with different SIR
[SIR=0.25(®), SIR=0.5 (m), SIR=1( A), SIR=2 (#)], for WW (a, b), CGW (c, d), OP (e, f) and JW (g, h)
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3.4.2.2 Specific methane yields

The data reported in Table 3-2 (MLCH4/gV Squstrate) are consistent with the results depicted in
Fig. 3-1. The highest SMY are obtained for WW and JW both at SIR=0.5, with the values in
the table, corresponding to 115.36 and 70.22 mMLCH/gRaWsunstrate, Fespectively, if expressed in
relation to the raw mass of each substrate instead of the VS mass. CGW and OP yielded
values having a decreasing trend as a function of increasing SIR, with those corresponding to
CGW being slightly higher. The maximum values obtained for these two substrates
correspond, in terms of raw mass, to 141.88 and 135.20 mLCH./gRaWsysstrates respectively.
The overall lowest methane yield was provided by WW at SIR=2, followed by JW at the
same SIR. Methane production (Fig. 3-1) and SMY values (Table 3-2) combined with the
significantly more acidic pH, around 5.1 (Table 3-4), corresponding to these two assays,
indicates that complete degradation of the organic matter present in the reactors was not
achieved in these cases (Alkan-Ozkaynak and Karthikeyan, 2011). In the case of JW the
respective TA value for SIR=2 may be an additional indication of this phenomenon. As far as
WW is concerned, the negative SMY can be explained by the fact that the methane volume
produced from this particular assay was less than the volume obtained from the blank assay,
clearly showing that microbial inhibition may have occurred in this case. It is also noticed that
for all substrates, maximum SMY are lower than their respective TMP (Table 3-2).

Decreased SMY at higher SIR may be attributed to system overloading. Higher substrate
amounts in the reactor imply increased availability of easily hydrolysable material (Alzate et
al., 2012), which in turn leads to VFA accumulation, decreased pH values, as shown in Table
3-4 in the present study, and ultimately anaerobic digestion inhibition (Alkan-Ozkaynak and
Karthikeyan, 2011; Eskicioglu and Ghorbani, 2011; Feng et al., 2013; Lim and Fox, 2013;
Pozdniakova et al., 2012; Raposo et al., 2009).

The SMY that were obtained in the present study are comparable to those reported by
other authors, who studied similar substrates. Gunaseelan (2004) reported methane yields of
283 and 455 mLCH,/gVSaed, for grape pressings and orange peel, respectively, both
corresponding to a SIR of 0.5. Grape marcs yielded 116 NL CH,/kg VS (SIR=0.5) in the
study performed by Dinuccio et al. (2010), while in another study carried out by Fabbri et al.
(2015) two similar samples yielded 273.08 and 156.85 NmLCH4/gVS (both at SIR=0.5),
respectively. Adl et al. (2012) reported a methane yield for ground cotton stalks equal to 52.8
mLCH,/gVS at a feed to inoculum ratio of 0.24, whereas when Nzila et al. (2010) evaluated
the energy potential of different materials, the result for cotton residues was 365 m°CH,/tVS
at an inoculum to substrate ratio of 1.5 (i.e. SIR=0.67). Finally, Rincon et al. (2013), who
studied thermal pretreatment of two-phase olive mill solid waste, reported a methane yield of
373 mLCH,/gVS for the untreated sample, using a SIR of 0.5.

3.4.2.3 Achievement of tgg

The time period required in order to achieve at least 80% (tgo) of the total CH, production was
determined from the methane production data and is shown in Table 3-3. tg is clearly affected
by the variation in the SIR and it generally tends to increase with higher amounts of substrate
in the reactors. A similar observation was made by Feng et al. (2013). More specifically,
twice the time is required for CGW to attain above 80% of the total methane production, at an
SIR=0.5 (31 days) compared with the time required at SIR=0.25 (15 days). For the remaining
assays (SIR=1 and SIR=2), tg, seems to stabilize, since no substantial differences are
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observed. In the case of OP the variation in SIR does not appear to significantly affect tg.
WW and JW show similar patterns, i.e. increasing tg, for SIR between 0.25 and 1, and a much
earlier achievement of the target percentage at SIR=2, nevertheless with a lower CH,
guantity. At this point however, it should be mentioned that SIR and consequently the amount
of substrate for each assay is different. Therefore, methane production values presented in
Table 3-3 are not directly comparable with each other, since this fact has not been taken into
consideration for the data reported in this case.

Table 3-2: SMY of substrates, comparison between different SIR values and different inocula

Varying Specific methane yield (SMY) (mL CH,, stp/ 9 V Seubstrate)
parameter WWwW CGW OP JW
SIR
0.25 404.70 267.96 258.65 325.62
0.5 446.23 235.71 213.09 445.97
1 90.12 228.23 188.03 298.79
2 -13.92 161.96 124.55 34.28
Inoculum type SIR=0.5 SIR=0.25 SIR=0.25 SIR=0.5
AS 446.23 267.96 258.65 445 .97
LL 407.06 59.78 119.76 274.19
TAS 403.56 212.88 224.84 242.50

3.4.3 Effect of inoculum type on methane potential
3.4.3.1 Methane production

After determining the optimum SIR for each substrate, on the basis of the aforementioned
results, a new series of BMP assays was performed using LL and TAS as inocula. The data
obtained from this series of experiments were compared to the respective data obtained with
AS. Fig. 3-2 shows the daily (D) and cumulative (C) methane production profiles for each of
the substrates (S), as well as for the blank assays (B).

In the case where TAS was used as inoculum, methane production patterns resemble
those obtained using AS, as expected, since the two samples originate from the same source.
On the other hand, using LL, in all cases led to a not only lower but also shorter methane
production. To be more specific, methane production was noticed since the beginning of the
assays; however by the end of the first week of incubation it had already reached a plateau.
After a gap period, during which the amount of methane being produced was minimal or not
sufficient in order to be measured, hence the plateau, methane production started to rise again
maintaining an increasing trend until the end of the assays. This gap period, in which no or
little methane was produced, is a common characteristic for all substrates, nevertheless its
duration varied for each substrate. The fact that in the case of CGW the period without gas
production lasted until the end of incubation, does not preclude the eventuality of methane
production rising again at a later time, if the digestion had not been interrupted.

The LL sample used in this study is characterized by a pH of 8.2, which classifies it as
mature, according to the information reported by Renou et al. (2008) regarding the
characteristics of landfill leachate depending on age. This classification of LL would imply
the prevalence of refractory compounds such as humic and fulvic acids. The presence of these
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substances usually leads to low biological activity and thus tends to limit the effectiveness of
biological processes (Christensen et al., 2001; Renou et al., 2008; Oman and Junestedt, 2008).
In the present study, this would mean inhibition of anaerobic digestion, manifested by the
lower methane production observed in Fig. 3-2. Another factor that might have acted as an
inhibitor when LL was used as inoculum, is the eventual presence of high ammonia nitrogen
concentrations, either already existing in the leachate or developed afterwards during
digestion (Liao et al., 2014). Ammonia is known to have a certain buffering effect in
anaerobic digestion systems. In contrast to what was observed in this study, other authors
(Barrantes Leiva et al., 2014; Liao et al., 2014) have stated that this buffering capacity may
contribute in maintaining conditions favorable for methanogenesis by counteracting the effect
of acid accumulation. Thus, the results of the present study could be more related to the ratio
between the amounts of leachate and the amounts of substrates present in the reactors. More
specifically, it is possible that the quantity of leachate was too high compared to the quantity
of substrate and as a result the buffering effect prevailed, bringing pH and alkalinity to higher
levels. This eventuality could be supported by the pH and TA values measured at the end of
incubation (Table 3-4). In fact, in a study conducted by Gu et al. (Gu et al., 2014), a final pH
of 8.8 was thought to be connected to the reduced biogas production rate.

3.4.3.2 Specific methane yields

As far as the SMY obtained using different inocula are concerned, it is noticed that LL and
TAS are inferior to AS in all cases. More specifically, the use of LL yielded values that are
about 9, 78, 54 and 38% lower than those obtained when AS was used, for WW, CGW, OP
and JW, respectively. Similarly, the SMY of TAS assays were approximately 10, 21, 13 and
46% lower than those of AS assays, for WW, CGW, OP and JW, respectively.

It is possible that both LL and TAS did not contain the same microbial or/and nutrient
load as AS, both in quantity and in quality. In the former case, although anaerobic processes
take place inside a landfill, LL would probably not contain a high amount of nor anaerobic
microorganisms or nutrients, since their majority would have been retained within the waste
mass, in order for biodegradation to be carried out. In addition, the toxic and inhibiting
substances that usually end up in the leachate, due to the heterogeneity of municipal solid
waste deposited in the landfill, would have prevented the action of anaerobic bacteria. A
longer digestion period would be eventually needed to overcome any of these issues and to
reach the same levels of methane production that were achieved with the use of AS as
inoculum. In the case of TAS, the thickening process applied in order to obtain this sample,
may have removed part of the microorganisms and/or nutrients present in the supernatant
phase, while retaining most of them within the settled matter.

3.4.3.3 Achievement of tgg

By observing the data referring to different inoculum types in Table 3-3, it can be noticed that
AS and TAS assays show a similar behavior regarding both time (tg;) and methane produced,
for three out of the four substrates, namely WW, CGW and OP. In the case of JW, the time
required to achieve approximately 82% of the total CH, production with TAS is significantly
higher than tg, with AS, while the respective attained gas volume is lower. Inoculation with
LL, on the other hand, results in lower methane production achieved at longer time periods
for WW, OP and JW, while for CGW tg, is much lower (4 days).

| 69



| CHAPTER 3

500
am
~ 7450 s ameaR T
E £ 400
5 S 350 et
S 2 300
3 5 250
S
= 5 200
O £ 150 o0
> = 00000000 _____oceee-.
= = 100 87 eeeem T eemees
a § 50 e et e
0 e s
60 70
250
5 2
- = C 284
E E 200 : A«gﬁw
S g i o
‘§ 3 150 +
S 5 C
2 ol I - S
< o100 1 &  __---"7
T s C .
O = C 5-00CE S 0-0-0-0-6-6 6 9-0-0-G-6 6 6-0-0-095- 60506 — - ©
> = 50 1 ’
= E T
a @]
0 e e S L B —
0 10 20 30 40 50 60 70
250
g (F) oP
- = [ gaaoEEEaE
g S 200 1 Eaﬁaaazféw
5 s | o st
|5 8150 1 K xt
é g— L zﬁ,KAA'
9 f L W’AIA mmemmmmm T
< Q00 1 fi
T g [ A ,f" ______________ ,‘»
(; ‘_3 50 _E Bl oeé’&&eeeoo—o—o@eeo—o—@eeew
F E e T
a o
0 e

120 _ 500 Fos
- ZEI, 450 ® ol B i
LE/lOO = 400 A’A’AA
s 5350 £ [
o© 80 S
g S 300 £ qaoe@eoTeeEs
3 60 S 250 £ 4 Cal ~
o = ] = -
5 5 200 £/ = &
> (@) i EEB’B gd#e
5 40 g 150 :jg.o-o-oeeeo-o-&eeee-e-o-e-eee
> S 100 o sooozooTIIIIIIITTTTTTTT
= 20 g ufm _ow=Z==
< S 50 £B2 e
O e O | T T T T T T T T T T T T T T T T T T T T T N N T O T O e
0 LSS 0
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Time (days) Time (days)
—B-AS-D —B-LL-D —B-TASD -—-—---- B-AS-C = ------ B-LL-C  ===--- B-TAS-C

——S§-AS-D ——S-LL-D —=—S-TAS-D --2--S-AS-C -=o--§-LL-C --=--S-TAS-C

Figure 3-2: Daily and cumulative CH, production profiles as a function of time, for trials with different inocula [AS
(_l ] As A)l LL (_1 - 0, O)i TAS (_, --, |, D)], for WW (a, b), CGW (C, d), OP (e, f) and \]W (g, h)
70 |




| CHAPTER 3

Table 3-3: Time period for achievement of methane production >80% of total amount (tg,), comparison between different SIR values and different inocula

Varying parameter Substrates
WW CGW OP Jw
Ti CH, Percentage of . CH, Percentage of . CH, Percentage of . CH, Percentage of
ime . Time . Time . Time )
(day) produced total production (day) produced total production (day) produced total production (day) produced total production
(mL) (%) (mL) (%) (mL) (%) (mL) (%)
SIR
0.25 9 212.5 82.5 15 165.0 82.3 21 159.5 81.2 6 185.0 81.9
0.5 17 381.5 80.2 31 243.5 81.3 23 227.0 80.9 9 385.0 83.2
1 43 186.5 80.2 29 394.0 81.4 25 345.5 83.0 33 473.0 80.3
2 7 48.0 85.7 31 516.0 80.1 25 425.5 82.1 17 166.0 81.2
Inoculum type
AS 17 381.5 80.2 15 165.0 82.3 21 159.5 81.2 9 385.0 83.2
LL 39 303.0 80.2 4 52.0 82.5 59 71.0 80.7 60 217.0 81.3
TAS 15 380.5 82.9 19 170.5 80.8 19 178.5 82.6 25 267.0 82.3
Table 3-4: pH and Total Alkalinity values at the end of BMP assays
Varying Blanks Substrates
parameter WW CGW OP JW
H Total Alkalinity H Total Alkalinity H Total Alkalinity H Total Alkalinity H Total Alkalinity
P (mg CaCOs/L) P (mg CaCOs/L) P (mg CaCOs/L) P (mg CaCOs/L) P (mg CaCOs/L)
SIR 7.66 2950
0.25 7.59 3750 7.51 3000 7.43 2900 7.40 3352
0.5 7.44 3550 7.48 3450 7.52 3200 7.34 3639
1 7.50 3750 7.35 3700 7.43 3200 7.36 3448
2 5.12 3700 7.37 4000 7.40 3350 5.11 2586
Inoculum type
AS 7.66 2950 7.44 3550 7.51 3000 7.43 2900 7.34 3639
LL 8.32 12694 8.58 14966 8.99 8397 8.58 14818 8.15 13385
TAS 7.34 1867 7.25 2371 7.26 2068 7.35 1917 7.16 2169
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3.4.4 Model fitting
3.4.4.1 Single-modeling approach

The experimental data obtained from the two series of experiments were fitted to five single
kinetic models, which can be divided in two groups, a) the first comprises of two 2-parameter
models, i.e. the first-order exponential and the two-phase exponential, and b) the second
includes three 3-parameter models, namely the logistic, the transference (reaction-curve) and
the modified Gompertz. In the following paragraphs, for each assay, the best-fitting models
from each group will be provided, with those mentioned first being the overall best.

The modeling data for the first series of experiments are presented in Table 3-5. In the
case of WW, the data for the assay with SIR=0.25 fit best the two-phase exponential and the
transference models, while the data referring to SIR 0.5, 1 and 2 agree more with the logistic
model and mostly the two-phase exponential model. For CGW, all samples are best fitted by
the two-phase exponential and the transference models. The kinetics for OP for SIR above
0.5, are best described by the modified Gompertz model and both 2-parameter models, while
for SIR=0.25 the two-phase exponential and the transference models are proved better. As far
as JW is concerned, for SIR 0.25, 0.5 and 2, the two-phase exponential and the transference
models fit best the data, while for SIR=1 the logistic and two-phase exponential models are
better.

From a general overview of these results, it is observed that methane production for
assays with a low SIR (0.25) is best fitted by 2-parameter models, while generally for higher
SIR, i.e. 1 and 2, the experimental data are better described by 3-parameter models. Assays
with SIR=0.5 have no particular affinity, since in most cases the differences between 2-
parameter and 3-parameter models are very small. All the above are true for WW, OP and
JW, while for CGW, primarily 2-parameter models seem to agree more with the data,
especially on the basis of RSS values.

Table 3-6 provides the parameters obtained through the modeling process for the data of
the second series of experiments. A general affinity towards the two-phase exponential model
and the transference model can be noticed for the majority of the assays. There are only three
exceptions showing a slightly different behavior, for WW, OP and JW, respectively, all of
them containing LL as inoculum. More specifically, the data for the WW-LL assay are
primarily fitted by the logistic model, with both 2-parameter models giving similar results,
while for the OP-LL and JW-LL assays, although the most suitable model is the 2-parameter
two-phase exponential, among 3-parameter models they differ, showing better results with the
application of the logistic and modified Gompertz models, respectively. The affinity of the
logistic model to anaerobic digestion assays using LL has also been reported elsewhere
(Donoso—Bravo et al., 2010).
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Table 3-5: Modeling parameters for single-modeling approach, trials with different SIR

Model Parameters WW CGW OP JW
SIR = SIR = SIR = SIR = SIR = SIR = SIR = SIR = SIR = SIR = SIR = SIR = SIR = SIR = SIR = SIR =
0.25 0.5 1 2 0.25 0.5 1 2 0.25 0.5 1 2 0.25 0.5 1 2
1% Order Binax 2472 4773 10486 5560 200.0 309.8 486.0 651.0 1943 2984 4477 5771 2189 4447 8346 188.6
Exponential 0.2597 0.0857 0.0004 0.1717 0.1248 0.0529 0.0642 0.0559 0.0872 0.0546 0.0510 0.0450 0.3289 0.2463 0.0255 0.2424
RSS 1341 6112 13382 484 307 401 4832 6581 304 4604 14583 30143 874 3136 83265 10816
R2 0.9798 0.9895 0.9475 0.9268 0.9957 0.9984 0.9927 0.9944 0.9961 0.9829 0.9770 0.9713 0.9780 0.9850 0.8317 0.6456
Two-phase B, 2143 6872 21928 1738 1854 1969 3986 4754 1073 2472 3289 4193 1899 3732 1016 99.88
Exponential B, 65.86 408.5 1032.2 38.21 17.30 148.7 1074 4663 131.2 51.20 118.8 157.8 42.57 120.3 60127 131.7
kq 0.3320 0.0857 0.0002 0.1717 0.1080 0.0730 0.0803 0.0789 0.0204 0.0546 0.0510 0.0450 0.4166 0.3228 112.6 1.981
Ky 0.0237 0.0857 0.0002 0.1717 1.430 0.0208 0.0015 0.0006 0.1275 0.0546 0.0510 0.0450 0.0478 0.0338 0.0002 0.0451
RSS 174 6112 13236 484 36 245 3869 3651 77 4604 14583 30143 271 221 25584 758
R? 0.9974 0.9895 0.9771 0.9268 0.9995 0.9990 0.9942 0.9969 0.9990 0.9829 0.9770 0.9713 0.9932 0.9989 0.9483 0.9752
Logistic P 242.9 458.6 245.4 54.84 192.9 284.9 452.1 598.3 182.2 272.3 400.8 504.4 215.1 435.9 13293 182.3
Rm 40.3 255 7.18 7.41 15.82 10.5 20.4 23.7 10.88 11.7 18.5 22.4 45.1 68.3 121 31.2
A 0.00 0.00 15.4 1.18 0.00 0.00 0.00 0.00 0.00 1.13 2.43 3.36 0.00 0.00 69.2 0.00
RSS 4461 6039 1442 141 2879 6050 25697 44393 3010 1622 4176 3936 2769 13477 11347 16865
R? 0.9328 0.9896 0.9943 0.9787 0.9597 0.9765 0.9612 0.9620 0.9612 0.9940 0.9934 0.9962 0.9304 0.9355 0.9771 0.4474
Transference P 2472 4773 635401 5536 200.3 3100 4851 651.0 1943 2934 4346 5549 2189 4448 8198 188.6
Rm 64.19 40.9 4.47 11.3 24.73 16.4 315 36.4 16.95 17.7 26.2 30.2 72.0 110 215 45.7
A 0.00 0.00 4.68 0.78 0.00 0.00 0.09 0.00 0.00 0.87 1.44 1.69 0.00 0.00 0.00 0.00
RSS 1341 6112 8591 403 235 353 4808 6581 304 3916 10195 21358 874 3136 83276 10816
R? 0.9798 0.9895 0.9663 0.9390 0.9967 0.9986 0.9927 0.9944 0.9961 0.9854 0.9839 0.9796 0.9780 0.9850 0.8317 0.6456
Modified P 243.8 462.4 285.4 55.01 194.1 288.7 458.3 606.9 184.0 277.7 408.9 515.5 216.0 437.6 107954 182.7
Gompertz Rm 42.61 27.1 6.23 7.21 16.77 11.2 215 25.1 11.61 11.7 18.1 21.8 47.4 72.4 244 33.7
A 0.00 0.00 12.6 0.81 0.00 0.00 0.00 0.00 0.00 0.48 1.62 2.33 0.00 0.00 146 0.00
RSS 3406 6167 2717 222 2235 4022 16311 29086 2089 995 2296 3659 2064 10407 11784 15828
R? 0.9487 0.9894 0.9893 0.9664 0.9687 0.9844 0.9753 0.9751 0.9730 0.9963 0.9964 0.9965 0.9481 0.9502 0.9762 0.4814
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Table 3-6: Modeling parameters for single-modeling approach, trials with different inocula

Model Parameters  Blanks WW CGW OP JW
AS LL TAS LL TAS LL TAS LL TAS LL TAS
1%t Order Binax 97.22 37.92 115.9 835.8 447.8 62.68 202.8 10487 211.5 164.2 326.7
Exponential k 0.0635 3.665 0.1093 0.0101 0.1337 0.6221 0.1135 0.0001 0.1050 4019 0.0720
RSS 1387 3 1313 70431 2609 174 1695 27571 618 45084 5046
R2 0.9318 0.2425 0.9434 0.8675 0.9931 0.8506 0.9780 -8.812 0.9933 0.0000 0.9787
Two-phase B, 90.87 37.73 30.72 0.00 157.0 61.43 65.98 50.67 177.3 129.5 208.4
Exponential B, 20.73 431.1 94.64 835.8 312.6 425.1 150.3 783.6 548.4 5254.9 5243.6
kq 0.0337 3.894 1.365 0.0452 0.0512 0.6658 0.4151 1.463 0.1343 0.7047 0.1295
K, 3.313 0.0000 0.0595 0.0101 0.1894 0.0001 0.0618 0.0004 0.0015 0.0002 0.0005
RSS 212 2 19 70431 890 163 76 664 194 9599 3100
R? 0.9896 0.3881 0.9992 0.8675 0.9976 0.8601 0.9990 0.7639 0.9979 0.7871 0.9869
Logistic P 92.26 315.9 112.0 476.5 434.9 472.9 195.3 1556.2 203.3 173.3 310.2
R 3.72 0.02 1.77 6.89 38.2 0.317 14.7 2.39 14.0 334 14.0
A 0.00 0.00 0.00 0.00 0.00 0.00 0.00 230 0.00 0.00 0.00
RSS 2261 3 3079 35309 17527 820 6323 730 4551 25925 16726
R? 0.8887 0.2466 0.8672 0.9336 0.9534 0.2952 0.9181 0.7401 0.9505 0.4250 0.9295
Transference P 97.27 37.92 115.9 820.2 447.8 62.68 202.8 63.10 2115 175.0 326.7
R 6.17 139 12.7 8.52 59.9 39.1 23.0 324 22.2 54.9 23.5
A 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
RSS 1387 3 1313 70436 2609 174 1695 1857 618 23001 5046
R? 0.9318 0.2425 0.9434 0.8675 0.9931 0.8506 0.9780 0.3391 0.9933 0.4898 0.9787
Modified P 92.77 570.7 112.3 1061 437.1 853.4 196.3 3298 204.5 22767 310.3
Gompertz R 4.04 0.01 8.49 6.52 40.4 0.280 15.7 1.78 15.0 14.7 15.5
A 0.00 0.00 0.00 0.00 0.00 0.00 0.00 295 0.00 373 0.00
RSS 2357 3 2883 41814 13450 818 5389 735 3564 12751 14812
R? 0.8840 0.2468 0.8757 0.9214 0.9642 0.2977 0.9302 0.7383 0.9612 0.7172 0.9376
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3.4.4.2 Multiple-stage-modeling approach

The data presented in Tables 3-5 and 3-6 show that the single-model approach managed to
describe quite well the kinetics of the majority of BMP assays. Nevertheless, in certain cases
model fitting was either poor (R-square < 0.90) or not accurate enough (0.90 < R-square <
0.99). Interestingly, it is also observed that in the cases where the transference model prevails
over the other 3-parameter models, its RSS and R-square values are equal to the respective
values obtained for the first-order exponential model. Moreover, it is noticed that the
experimental data have a recurrent affinity for the two-phase exponential model. The
combination of both these facts suggests that in those cases the kinetics may be fitted by more
than one model at the same time, thus the digestion process would probably comprise of
multiple stages. In an attempt to verify this theory, a modeling approach considering the
occurrence of multiple stages was applied. In the single-modeling approach each kinetic
model was applied to the whole digestion period. On the other hand, in the multiple-stage
approach the digestion period was separated in different time intervals and the kinetic models
were applied to each interval separately. The two kinetic models selected for the latter
approach were the first-order exponential and the logistic (sigmoidal) models. This selection
was based on the supposition that usually at the initial stage of digestion the more readily
degradable materials are consumed, thus causing the methane production curve to follow a
first-order pattern. As the digestion process progresses, more recalcitrant materials are made
available, leading to delayed methane production, which is often manifested by a sigmoidal
shape of the data curve. The association of the first-order model to easily degradable materials
and of sigmoidal-type models, such as the logistic, to more recalcitrant materials has also
been made in previous studies (Rincon et al., 2013; Vavilin et al., 2008).

Fig. 3-3 and Fig. 3-4 provide the results of the multiple-stage-modeling for the data of
the first and second series of experiments, respectively (detailed results are provided in Tables
A-1 and A-2, of Appendix A). This modeling procedure yielded a different number of stages
for each sample, depending on the form of the experimental data as a function of time,
ranging from at least two, to up to seven stages. Parameters determining the goodness of fit
for each assay generally show a better description of the experimental data by the multiple-
stage-modeling approach. In fact, RSS and R-square values are respectively lower and higher,
compared to those obtained for the single-modeling approach, with emphasis towards the RSS
values. There may be only two possible outliers, namely CGW-SIR=0.25 and OP-SIR=0.25,
for which the combined (sum) RSS of the multiple-stage-modeling approach is found higher,
i.e. 149 and 87 (Table A-1), rather than 36 and 77 (in the single-modeling approach) (Table 3-
5). This prevalence of the multiple-stage-modeling is particularly pronounced in all cases
where LL was the inoculum of choice. The level of agreement of this fitting approach can
also be more clearly verified from the graphical representation of the data (Fig. 3-3, 3-4 and
A-1).
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3.5 Conclusions

This study investigated the effect of different substrate to inoculum ratios (SIR) and inoculum
types on the biochemical methane potential of four solid agroindustrial waste, namely winery
waste (WW), cotton gin waste (CGW), olive pomace (OP) and juice industry waste (JW).
Experimental data confirmed the viability of the tested substrates for anaerobic digestion, as
well as the suitability of the tested experimental conditions, for serving the purpose of the
study. It was demonstrated that lower SIR (0.25 and 0.5) are more adequate for determining
the methane potential of the examined agroindustrial waste. Specifically, a SIR equal to 0.5
resulted in methane yields of 446.23 mLCHy,, stp/gV Ssubstrate fOr WW and of 445.97 mLCH,,
stp/QV Ssupstrae TOr JW, while a SIR equal to 0.25 yielded 267.96 mMLCHy, stp/QV Ssupstrate fOr
CGW and 258.65 mLCHy,, stp/gVSsupsrate for OP. On the other hand, results obtained for
higher SIR indicated that representative measurements are not possible if using higher
substrate amounts, since anaerobic digestion inhibition is manifested, due to system
overloading phenomena. Methane potentials obtained experimentally were lower than
theoretical methane potentials, with this being particularly true for CGW and OP. This
suggests that eventual pretreatment before anaerobic digestion should be the subject of future
investigations, in order to not only attempt to enhance substrate digestibility, but also verify
the effect of different methods on the composition and characteristics of each substrate.
Assays with different inoculum types showed the prevalence of anaerobic sludge (AS) over
landfill leachate (LL) and thickened anaerobic sludge (TAS) for such purpose. Lower
methane production in the cases where the two latter materials were used as inocula, suggest
that they eventually were inferior to AS regarding microbial and nutrient load possibly in both
guality and quantity. Considering the aforementioned facts, as well as the high availability of
AS, the use of such a material as inoculum for anaerobic digestion represents a good option
for large-scale applications when dealing with similar substrates. Nevertheless, a material
such as TAS, or with similar characteristics, may be a satisfactory alternative to AS. On the
other hand, a more in depth investigation, eventually for a more extended time period, should
be considered in the case of LL. Kinetic modeling results suggest that the SIR plays an
important role in determining an eventual affinity of the data to specific kinetic models. In
fact, at low SIR, substrate degradation develops more easily due to lower organic matter
loading, hence the association with 2-parameter models, which usually describe more simple
processes. However, at higher SIR, degradation processes become more complex due to
higher organic load, thus resulting in the association with 3-parameter models. Moreover, the
results obtained from the multiple-stage-modeling approach suggest that when dealing with
substrates such as those investigated in the present study, the evaluation of the anaerobic
digestion kinetics should be carefully conducted, by taking into consideration the complexity
of the processes taking place.
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CHAPTER 4

Microwave pretreatment of solid agroindustrial
waste

This chapter focuses on the use of microwave heating as a pretreatment for
lignocellulosic agroindustrial waste prior to anaerobic digestion for methane
production. Initially, an optimization procedure was carried out, in order to determine
the most suitable conditions for microwave pretreatment of the investigated
agroindustrial waste. To this purpose, the variation in operational parameters, such as
heating rate, holding time, solid to liquid ratio and temperature was examined.
Ultimately, the scope of this chapter was to evaluate the effect of microwave
pretreatment on the solubilization and degradability of the four substrates. Results
showed that pretreatment temperature is the most important operational parameter for
microwave pretreatment, while different effects of this process on the solubilization
and methane potential of the studied substrates were presented. The variations were
attributed to the specific characteristics of each substrate combined with the
pretreatment conditions. In the cases of winery waste and juice industry waste,
microwave pretreatment resulted in relatively high solubilization levels for both
materials. Nevertheless, the portion retained on the solid fraction after pretreatment
was larger and less biodegradable for winery waste, while for juice industry waste it
was smaller but with a higher biodegradability degree. As far as cotton gin waste and
olive pomace are concerned, microwave pretreatment seems not to cause high organic
matter solubilization, while it most likely induced structural changes in the materials
matrices. This resulted in methane production levels that indicate the presence of
recalcitrant or/and inhibitory compounds on the pretreated samples. Moreover, the
increased moisture and hydrogen contents for pretreated samples suggested that
additional changes were made to the substrates. Ultimately, although microwave
pretreatment did not improve methane production, results indicated that at
temperatures between 125 and 150 °C, such a process could eventually provide
samples which are more suitable for methane production. Moreover, an improved
energy balance could be obtained by combining these temperatures with lower
exposure times and higher solid to liquid ratios.
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4.1 Introduction

Anaerobic digestion (AD) is a process which involves the action of microbes aiming at the
degradation of complex organic substrates and their ultimate conversion into biogas and
digestate. It occurs in the absence of oxygen and comprises of four steps, namely hydrolysis,
acidogenesis, acetogenesis, and methanogenesis. Due to its low impact on the environment,
AD has, over the past decades, become a well-established waste stabilization technology,
while it has also been considered as an efficient energy production method (Ariunbaatar et al.,
2014, Jackowiak et al., 2011a). In fact, biogas, which is mainly composed of CH, and CO,, is
a viable energy source with several possible applications, among which are combined heat
and power plants (Marin et al., 2010; Pecorini et al., 2016).

Research regarding the use of lignocellulosic materials as substrates for anaerobic
digestion has been increasing in the last years with agricultural and agroindustrial waste
representing a viable and low cost option, due to their high production rates and availability
(Pellera and Gidarakos, 2016). In fact, a wide variety of such materials has been studied
lately, including sunflower oil cake (Fernandez-Cegri et al., 2012), rice straw, pennisetum
(Huang et al., 2012), olive mill solid waste (Rincon et al., 2013), wheat straw (Jackowiak et
al.,, 2011a; Sapci et al., 2013), oat straw, barley straw (Sapci, 2013) and switchgrass
(Jackowiak et al., 2011b). Among the most profitable agroindustrial sectors in Mediterranean
countries are the wine production and olive oil production industries, as well as the cotton and
citrus fruits processing activities. All these sectors are associated with significant amounts of
waste materials being produced annually (Pellera and Gidarakos, 2016). In fact, it has been
reported that wine production solid residues account for more than 20% of the quantity of
grapes being processed (Marculescu and Ciuta, 2013; Oliveira and Duarte, 2016), while olive
mill solid waste in three-phase systems represent approximately 30% of the initial olive
guantity (La Cara et al., 2012; Rincon et al., 2012). Furthermore, it is estimated that around
50-60% of the total quantity of oranges processed for juice or marmalade production is
discarded as waste (Negro et al., 2016; Ruiz and Flotats, 2014; Wilkins et al., 2007). Lastly,
according to Placido and Capareda (2013) the amount of cotton gin waste being produced per
ton of cotton is estimated around 0.31-0.42 tons. Residues such as those mentioned above
may potentially be managed using anaerobic digestion. Nevertheless, these materials, being
mainly composed of cellulose, hemicellulose and lignin, are characterized by a complex
structure and recalcitrance to biodegradation, the degree of which can vary depending on the
substrate. Indeed, the lignin content of a substrate is often determining, since this particular
component acts as a barrier, preventing degradation and limiting the effectiveness of
biological processes, such as AD. For this reason, pretreatments are often applied to
lignocellulosic materials, as a means of disrupting their structure and eventually enhancing
their digestibility (Fernandez-Cegri et al., 2012; Jackowiak et al., 2011a). Over the years, a
wide variety of processes has been studied, regarding their possible application as
pretreatments, aiming at more efficient methane production. These processes can mainly be
categorized as physical (e.g. milling, extrusion, grinding, freezing, radiation), chemical (e.g.
acid, alkaline, oxidative, organosolv, ionic liquid), physico-chemical (e.g. steam explosion,
ammonia fiber explosion, liquid hot water, wet oxidation, CO, explosion) and biological,
although combinations have also been tested (Ariunbaatar et al., 2014; Haghighi Mood et al.,
2013; Hendriks and Zeeman, 2009). In order to be considered effective and viable, a
pretreatment should not only be able to cause the disruption of a substrate matrix, as well as
additional structural changes (e.g. increasing the porosity and surface area), but also have a
moderate energy demand and limited cost (Haghighi Mood et al., 2013; Li et al., 2016).
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Microwave (MW) radiation has gained considerable attention as a promising
pretreatment method for improving the degradability of biomass materials. It consists of
electromagnetic irradiation with a frequency between 300 MHz and 300 GHz and a
corresponding wavelength ranging from 0.001 to 1 m (Huang et al., 2012; Marin et al., 2010).
MW pretreatment includes a two-fold action on materials, i.e. an athermal and a thermal one
(De Souza, 2015; Houtmeyers et al., 2014). During this process the transfer of heat is
performed through the development of two mechanisms, namely the vibration of dipolar
molecules and the migration of ions (Huang et al., 2012; Singh et al., 2016). The major
difference between conventional and MW heating is the fact that while the former occurs via
superficial heat transfer, the latter involves the direct interaction of the material’s molecules
with the electromagnetic field. This, results in a more rapid, uniform and selective heating,
achieved within a reduced process time and with lower energy requirements, compared with
conventional heating (Haghighi Mood et al., 2013; Jackowiak et al., 2011b; Li et al., 2016;
Sapci, 2013). MW pretreatment has been proved highly effective in breaking organic
molecules and disrupting complex structures, leading to the release of extracellular and
intracellular material, which in turn increases the accessibility and bioavailability of a
substrate (Pecorini et al., 2016; Sapci, 2013). Nevertheless, the actual effect that MW
irradiation exerts on different types of substrates is still not fully clear (Marin et al., 2010) and
it varies depending not only on the specific substrate being treated, but also on the
temperature, the power and the duration of the process applied (Pecorini et al., 2016; Sapci,
2013). Therefore, further research concerning the application of MW pretreatment to different
types of substrates is of great importance, in order to better understand the mechanisms
behind this technology and the manner in which its specific effects can vary among different
materials.

The purpose of this study is to determine the effect of microwave pretreatment on four
lignocellulosic materials originating from some of the most widespread agroindustrial
activities in the Mediterranean region, namely winery waste (WW), cotton gin waste (CGW),
olive pomace (OP) and juice industry waste (JW). More specifically, this paper focuses on the
impact of microwave pretreatment on their solubilization and degradability. Currently, there
is lack of research concerning the application of such a treatment on these substrates,
therefore the present study makes a contribution to this regard. Microwave heating was
performed using a laboratory scale microwave reaction system, with the experiments being
carried out at five different temperatures, namely 75, 125, 150, 175 and 200 °C, and by
examining varying solid to liquid ratios, heating rates and holding times. The liquid fractions
obtained after pretreatment were analyzed for soluble chemical oxygen demand (sSCOD) and
total phenols (TPH) concentrations, in order to assess the effect of pretreatment on the
substrates solubilization. The effect on degradability was evaluated by determining the
methane potential of the solid fractions through Biochemical Methane Potential (BMP)
assays.

4.2 Materials and methods

4.2.1 Substrates and inoculum

Four agroindustrial waste typical of the Mediterranean area were used in the present study.
More specifically, winery waste (WW), composed of grape skins, seeds and stalks, cotton gin
waste (CGW) comprising of cotton fiber, stalks, burs and leaves, olive pomace (OP), which is
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the solid waste obtained in three-phase olive mills and juice industry waste (JW) comprised of
orange peels. All samples were taken from the respective agroindustrial facilities in which
they are produced, i.e. a winery, a ginnery, a three-phase olive mill and a juice industry.
Sample handling was not the same for the four substrates, due to their different
characteristics. For WW and JW, the materials were initially separated in batches, placed in
zip-lock bags and stored at -20 °C. One day before each use, appropriate amounts were
transferred to 4 °C and on the day of the experiment they were comminuted without drying
using a food processor. On the other hand, CGW was immediately dried at 60 °C and then
comminuted to a particle size less than 500 pm, using a universal cutting mill, while OP was
immediately stored at -20 °C without size reduction. The full characterization of the four
substrates has been performed in a previous study (Pellera and Gidarakos, 2016) (Chapter 3).

The inoculum used in this study consisted of mesophilic anaerobic sludge with total
solids (TS) and volatile solids (VS) contents of 2.56% and 1.71%, respectively (VS/TS=0.67),
and it was obtained from an anaerobic digester situated in the Municipal Wastewater
Treatment Facility of Chania, Crete.

4.2.2 Microwave pretreatment

Microwave (MW) pretreatment of the substrates was performed using a Mars 6 (CEM)
microwave reaction system. Initially, an optimization procedure was performed, using two of
the four investigated substrates, i.e. WW and CGW (Pellera and Gidarakos, 2014). Through
this procedure, the variation of four parameters was investigated, namely a) solid to liquid
ratio (S/L) (50, 75 and 100 g/L), b) heating rate (HR) (2.5, 5 and 10 °C/min), c¢) holding time
(HT) (5, 10, 15 and 30 min) and d) temperature (T) (75, 125, 150, 175 and 200 °C). These
experimental conditions are given in summary in Table 4-1. The selection of optimum
conditions was made aiming towards a procedure with less energy and time consumption. The
main experiments were performed under the selected optimum conditions, in terms of S/L,
HR and HT, and at five different temperatures, namely 75, 125, 150, 175 and 200 °C. It is
noted that the units of S/L refer to the form in which each material was stored, i.e. raw for
WW, JW and OP and dried at 60 °C for CGW.

MW pretreatment was performed by initially inserting appropriate substrate amounts in
Teflon vessels (100 mL capacity), to which 50 mL of deionized water were then added. After
sealing the vessels, the latter were placed inside the microwave reaction system, for the
heating to take place. At the end of MW pretreatment, the slurries were transferred in
centrifuge tubes, and their final pH was measured. They were subsequently centrifuged at
3,900 rpm for 15 min and the solid and liquid fractions were collected separately. The liquid
fractions were filtered through a 0.45 pm pore size membrane filter, in order to determine
sCOD (soluble Chemical Oxygen Demand) and TPH (Total Phenols) concentrations, while
the solid fractions were first subjected to vacuum filtration in order to remove excess water
and then stored at -20 °C until further use. Additionally, a portion of each solid material was
dried at 60 °C for further analyses, which included the determination of TS and VS contents,
as well as elemental (CHNS) composition. All experiments were performed in triplicate.
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Table 4-1: MW pretreatment experimental conditions

Experiments S/L (g/L) HR (°C/min) HT (min) T (°C)

Effect of S/L 50, 75, 100 5 15 150

Effect of HR 50 25,5,10 15 150

Effect of HT 50 10 5, 10, 15, 30 75, 150, 200
Effectof T 50 10 5 75, 125, 150, 175, 200

4.2.3 Biochemical methane potential assays

The experimental apparatus for BMP (biochemical methane potential) assays consisted of 250
mL conical flasks covered with rubber stoppers. Three PVC (Polyvinyl chloride) tubes were
inserted in the stoppers, which allowed N, flushing in the flasks, daily methane measurement
and weekly sampling for pH measurement and TPH concentrations determination.

The working volume for the BMP assays was set to 100 mL, the inoculum quantity was
the same for all assays, i.e. 15 gVS/L, while the substrate to inoculum ratio (SIR) on a VS
basis (gVSsubstrate/dV Sinocuum) Was 0.5 for WW and JW and 0.25 for CGW and OP. These
values were chosen on the basis of the results of a previous study (Pellera and Gidarakos,
2016) (Chapter 3). Blank assays (SIR=0), containing only the inoculum were also performed,
in order to determine the residual methane potential of the inoculum and to then be able to
calculate the net methane potential of each substrate. It is noted that preliminary BMP assays
were also performed for the pretreated substrates obtained after the optimization procedure,
using the same inoculum quantities and SIR, but with a working volume of 50 mL. The
results of these assays can be seen in Appendix B (Fig. B-2).

BMP assays were carried out by firstly introducing the inoculum and substrates in the
flasks, in appropriate amounts and by subsequently adding deionized water to the mixture, if
needed, in order to bring the total volume to approximately 100 mL. After adjusting the pH of
the mixture at 7.8+0.05, by adding small amounts of NaOH (1 M), the flasks were covered
with the rubber stoppers and finally flushed with N, for 2 min. The reactors were finally
placed in an incubator set at 35 °C. Methane production was measured daily for the first seven
days of incubation and subsequently every two days. BMP assays were terminated when
methane production was undetectable or less than 5% of the total amount. All the assays were
performed in duplicate.

4.2.4 Analytical methods

TS and VS contents were determined according to APHA (American Public Health
Association) method 2540G. Elemental analysis (C, H, N, S) of raw (untreated) and
pretreated samples was performed using an EA300 Euro Vector elemental analyzer, via flash
combustion at 1,020 °C. The oxygen content was determined by difference, considering the
VS content of each sample. pH was determined using a portable pH-meter. The sCOD
concentrations in the liquid fractions obtained after pretreatment were determined through
APHA method 5220C, while TPH concentrations were determined according to Folin-
Ciocalteu’s method, on the basis of the procedure described by Singleton et al. (1999).

88 |



| CHAPTER 4

Briefly, 40 uL of sample were placed in glass cuvettes, to which 3.16 mL of deionized water
and 200 puL of Folin-Ciocalteu reagent were then added. After mixing using a vortex mixer,
the cuvettes were left for 4 min and subsequently 600 pL of sodium carbonate solution (20%)
were added to the mixture. Finally, the solutions were once again mixed and left for 2 h at 20
°C. The absorbance of each solution was determined at 765 nm. The final TPH concentrations
are expressed in gallic acid equivalents (GAE). Methane production was determined by
means of volume displacement using an 11.2% KOH solution, as it was done in previous
studies (Altas, 2009; Nain and Jawed, 2006). More specifically, each BMP reactor was
connected to an inverted bottle containing the alkaline solution. Subsequently, biogas was
released to flow inside the bottle, in order to remove CO, and H,S by absorption and leave
only CH,. The volume of CH, being transferred to the bottle caused the displacement of an
equal amount of KOH solution, which was then quantified using a graduated cylinder.

4.3 Data analysis

4.3.1 Pretreatment mass yields

The vyield of the MW pretreatment process in terms of mass recovery was estimated by
calculating three different mass yield values for each pretreated sample, namely Y e, Yrs and
Yvs. More specifically, the calculations were made by using Equation 1 and considering the
initial mass of substrate (m;) and the mass of sample obtained after pretreatment at each
different temperature (m,), with the values being expressed in three different ways, i.e. a)
gwetpretreated sample/ gWEtraw sample fOf YWety b) gTSpretreated sample/ gTSraw sample fOf YTS and C)
gVSpretreated sample/gvsraw sample fOI’ YVS-

y=—" (1)

4.3.2 Theoretical methane potential

The Theoretical Methane Potential (TMP) of the MW-pretreated samples at Standard
Temperature and Pressure (STP) conditions was estimated through their elemental
composition and the stoichiometry of the degradation reaction (Equation 2), using Equation 3
(Raposo et al., 2011):

caHbocNdse+(a—9-E+ﬁ Eszo
4 2 4 2 )
(§+9—E—§—E)CH4+(§—9+E+E+EJCOZ+dNH3+eHZS
2 8 4 8 4 2 8 4 8 4
(a b_C_S’d_ej
TMP[mL CH, ¢ /g VS]=22.4- 2.8 4 8 4 11000 (3)
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4.3.3 Theoretical oxygen demand

The Theoretical Oxygen Demand (TOD) (mg O,/g VS) of the four substrates in their
untreated (raw) form, as well as after pretreatment at different temperatures, was estimated
through their elemental composition and the stoichiometry of the oxidation reaction (Equation
4), using Equation 5 (Raposo et al., 2011):

C.H.ON,S, +[a+2-C -3 L aco, +[2-2% H,0+dnH, @)
4 2 4 22
(2a+b—c—3:j-16
TOD|mg O, /g VS]= 1000 5
Img 0. /g VS |= T Tee +14d ©

4.3.4 Specific methane yield

The Specific Methane Yield (SMY) of each MW-pretreated sample, resulting after the end of
digestion, was obtained by subtracting the ultimate cumulative methane production of the
blank assay (mL CH,) from the ultimate cumulative methane production of each assay
containing the pretreated samples, and by subsequently dividing it either by the amount of VS
of the pretreated samples being added to each reactor, or by the corresponding amount of VS
of the raw substrates, which were calculated on the basis of the mass yields of the
pretreatment process. These values were then converted to STP conditions. This way, the
SMY was expressed in two different ways, namely SMYp (mL CHy stp/g VSp) and SMY gaw
(mL CHg, st/g VSgraw), respectively.

4.3.5 Biodegradability Index

The Biodegradability Index (Bl) (%) was calculated using the TMP (mL CH,4 stp/g VS) and
the SMYp (mL CH, stp/g VSp) of each pretreated sample, as it is shown in Equation 6.

SMY,

BIel= T

-100 (6)

4.3.6 Solubilization

COD solubilization (%) was calculated using the TOD (mg O,/g VS) of the untreated
substrates and the SCOD (mg O,/g VS) values determined for each substrate at the different
pretreatment temperatures, according to Equation 7.

COD solubilization[%]= sCOoD
TOD

-100 (7)
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4.3.7 Kinetic modeling

Methane production was modeled by fitting the data with the first-order exponential model
(Fernandez-Cegri et al., 2012) (Equation 8) through non-linear regression, using the Solver
tool of Microsoft Office Excel. The goodness of fit was evaluated by taking into consideration
both the Residual Sum of Squares (RSS) and the R-square (R?) values.

B=B,-[l-exp(-kt)] (8)

where, t is the digestion time (d), k is the rate constant (d™), B is the cumulative methane
production at time t (mL CH,) and By is the maximum methane production (mL CH,).

4.3.8 Energy calculations

The specific energy consumption, Ec¢ (kJ/kg VS), resulting from the pretreatment process was
calculated according to Equation 9 (Passos et al., 2013).

E. = 9)

where, Py is the power of the microwave reaction system (600 W), tg is the exposure time (s)
and m is the mass of V'S of raw substrate being subjected to pretreatment (kg VS).

The specific energy corresponding to the methane quantity produced from the pretreated
samples, Ey (kJ/kg VS), was calculated according to Equation 10 (Passos et al., 2013).

— SMYRaw é: (10)
1000

M

where, ¢ is the lower heating value of methane (35800 kJ/m® CH,).

Considering that MW pretreatment temperatures are much higher than the temperature of
the mesophilic anaerobic digestion, the pretreated samples would require an intermediate
cooling procedure, which would result in the release of energy in the form of heat. The
specific energy corresponding to the potential recovery of the latter amount of energy, Eq
(kJ/kg VS), was calculated according to Equation 11 (Ma et al., 2011).

c Im, -Cp, -AT +m, -C,,, -AT]

Q (11)

m

where, m; is the mass (kg) of dry solids of substrate being subjected to pretreatment, m,, is the
mass (kg) of water in the vessel during pretreatment (including the water contained in the
substrate), Cps and Cp,, are the specific heat capacities of solids (1.95 kJ/kg °C) and water
(4.18 kl/kg °C), respectively and AT is the temperature difference (°C) between the
temperature of the slurry at the end of pretreatment and the temperature of the mesophilic
anaerobic digestion (35 °C).

The specific energy profit of the pretreatment, Er (kJ/kg VS), was calculated considering
Ewm, Eq and Ec, according to Equation 12 (Kuglarz et al., 2013).
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E, =E, +Eq —E. (12)

with the sum of Ey and Eq comprising the specific energy output, E, (kJ/kg VS), and Ec
constituting the specific energy input E; (kJ/kg VS).

In order to be able to provide an energy balance for the MW pretreatment process
applied in the present study, all the above mentioned energy parameters were expressed as kJ
per kg of VS of raw (untreated) substrate, aiming at a more accurate approach.

4.4 Results and discussion

4.4.1 Microwave pretreatment
4.4.1.1 Optimization procedure
Effect of solid to liquid ratio and heating rate

Fig. 4-1 presents the variations of SCOD and TPH released concentrations, as well as final pH
of the slurries, as a function of S/L and HR, as they were determined after microwave
pretreatment during the optimization procedure. As far as substrate solubilization is
concerned, the differences between values are mostly minor, however they are enough to
indicate that an increase in S/L affects solubilization negatively, while changing HR between
2.5 and 10 °C/min has no particular effect. The pH of the slurries remained the same under all
conditions, namely between 3.3 and 3.6 for WW, and between 5.7 and 6.1 for CGW.
Jackowiak et al. (2011a) also reported that heating rate variation did not affect wheat straw
solubilization during microwave pretreatment. Considering these results, optimum values of
S/L 50 g/L. and HR 10 °C/min were chosen for the subsequent experiments.

Effect of holding time and temperature

The effect of HT on substrate solubilization and final pH at different pretreatment
temperatures is depicted in Fig. 4-2. For both substrates, increasing T from 75 to 200 °C
appears to positively influence TPH and sCOD release. The variation in HT in the range of 5—
30 min caused less significant changes, maintaining pH steady, and making a slight increasing
solubilization trend visible in some cases. However, a different behavior can be observed
regarding sCOD release from WW (Figure 4-2a), since the concentrations corresponding to
the pretreatment performed at 150 °C are the highest. As far as pH is concerned, higher T is
generally combined with lower pH values in the slurries, with this effect being more evident
for CGW (total range 7.1-4.7). The above mentioned results were used to determine the
optimum HT value of 5 min. Since the variation in solubilization as a function of HT was not
significant for either substrate, the shortest pretreatment period was selected, for time and
energy saving reasons.
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pretreatment as a function of S/L (a, ¢, €) and HR (b, d, f) (HT=15 min, T=150 °C)




| CHAPTER 4

1000

TPH (mg GAE/gVS) sCOD (mg 0,/gVs)

pH

ORNWAUIOONO O

800 1
700 T —3
600
500
400 1
300 1
200 1
100 1

0 A i
15
Holding Time (min)

70 0
60 T

50 |
10 |
30 |
20 |
10 {

15
Holding Time (min)

- (9)

10 15 20
Holding Time (min)

1000
900
800
700
600
500
400
300
200
100

sCOD (mg O,/gVSs)

70
60
50
40
30
20
10

TPH (mg GAE/gVS)

pH

OFRPNWRAUUIOON0WO

T () —e—75°C
1 ——150°C
| —=—200°C
| " —— —*
0 5 10 15 20 25 30
Holding Time (min)
- (d) —a—75°C
] ——150°C
1 —=—200 °C
E — < —0
B—a——g — —8a
0 5 10 15 20 25 30
Holding Time (min)
1 ® —=—75°C
T ——150°C
I —=—200°C
T o -
T Q-\ﬁA- —— °
—E — :
0 5 10 15 20 25 30

Holding Time (min)

Figure 4-2: sCOD release (a, b), TPH release (c, d) and final pH (e, f) after microwave
pretreatment HT and T (S/L=50 g/L, HR=10 °C/min) for WW (&, ¢, e) and CGW (b, d, f)

94 |




| CHAPTER 4

4.4.1.2 Main experiments

4.4.1.2.1 Effect on substrate composition

Table 4-1 presents the composition of MW-pretreated samples. Pretreated samples were
found to have higher moisture contents in comparison with the untreated (raw) substrates.
This comes into conflict with certain other studies, reporting decreased moisture contents for
similarly pretreated samples as a function of temperature (Chen et al., 2012; Huang et al.,
2012; Rincon et al., 2013). Indeed, it has been reported that MW irradiation often causes the
release of bound water into the free liquid phase, as a result of the disruption phenomena in
the structure of a given material (Beszédes et al., 2011; Bougrier et al., 2008; Marin et al.,
2010; Shahriari et al., 2012; Tyagi et al., 2014). Nevertheless, Mollekopf et al. (2011) have
verified that both moisture removal and an increase in water absorption capacity can occur
simultaneously during MW treatment. Moreover, increased water absorption capacity in plant
materials has been linked to the increase in their porosity, induced by thermal treatment
(Kratchanova et al., 2004; Merino-Pérez et al., 2015). In a study conducted by Sapci et al.
(2013), wheat straw was pretreated with both MW irradiation and steam-explosion.
Interestingly, a decrease in moisture content was observed for MW-pretreated samples, while
for steam-exploded wheat straw a significant increase was manifested. The authors attributed
the latter result to the water vapor being added during steam-explosion. It is possible that in
the present study, a combination of phenomena similar to those described above occurred at
the same time, leading to the obtained results. An additional explanation may also be found in
the nature of the procedure followed during the pretreatment process. In fact, although the
solid fraction obtained after centrifugation was subjected to vacuum filtration, precisely to
remove excess moisture, some quantity of the water that was initially added to the vessels,
would inevitably have been retained within the mass of the samples in the form of free water,
contributing to the higher moisture contents compared with the raw substrates. This is
especially true in the case of CGW, which is naturally prone to water absorption.
Furthermore, in most studies, the samples being irradiated are introduced in the reaction
vessels alone, without any additional water quantity, contrarily to what was done in this study.
This fact probably contributed to the obtained results as well.

Compared with raw substrates, VS/TS values for MW-pretreated samples appear to have
been increased for WW and OP and decreased for JW, while in the case of CGW increased
values are observed only for three out of five samples, specifically those corresponding to
pretreatment temperatures between 75 and 150 °C. Indeed, these three values also follow an
increasing trend as a function of temperature, while a decreasing trend is subsequently
observed. Higher temperatures are associated with slightly higher VS/TS values for WW,
while no particular effect is noticed in the case of OP, although the sample produced at 200
°C has the highest VS/TS compared with the others. Finally, for JW, decreasing values are
noticed moving from 75 to 175 °C, while the sample produced at 200 °C appears to contain a
similar relative amount of VS as the sample obtained at 75 °C. Both decreased (Bougrier et
al., 2008; Huang et al., 2012; Liu et al., 2012; Tyagi et al., 2014) and increased (Chen et al.,
2012; Jackowiak et al., 2011a; Rincon et al., 2013; Sapci et al., 2013) VS/TS values have
been observed in literature, as a function of increasing intensity of wet thermal treatment,
either microwave, hydrothermal, or steam-explosion. In all cases the changes were attributed
to the hydrolysis of the lignocellulosic structure of each studied material into smaller
molecules. Based on the fact that MW pretreatment indeed causes the
disruption/decomposition of lignocelluloses (Pecorini et al., 2016; Sapci, 2013), the above
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mentioned explanation suggests that the nature of each specific material in combination with
the pretreatment conditions may lead to different final results. Specifically, in one case a
portion of the volatiles may be released in the liquid phase and therefore removed from the
solid matrix, while in another case eventual changes in the material structure may cause the
rearrangement of already existing components, leading to an increase in the final VS content
of the material.

Elemental analysis shows that C content of pretreated materials generally increased as
pretreatment temperature was raised to higher levels, while O content decreased.
Nevertheless, in the case of CGW, an exception is presented, since the highest C and O
contents are observed for the samples obtained at 150 and 125 °C, respectively. As far as H
content is concerned, an almost constant behavior is noticed for WW and JW, with a slight
increase for JW at temperatures of 175 and 200 °C. On the other hand, for CGW and OP, a
significant variation occurs when raising the temperature from 75 to 125 °C, whereas for
more elevated temperatures, H contents can be considered constant. Interestingly, the above
mentioned significant variation is a decrease in the case of CGW, while in the case of OP is
an increase. Finally, N content profiles are generally characterized by an initial increase
followed by a subsequent decrease, with the peak values being observed at 125 °C for WW
and OP and at 150 °C for CGW. On the contrary, the values referring to JW appear not to
have a definite trend. By comparing these results with the elemental composition of the
respective raw substrates, it is observed that MW pretreatment resulted in increased C and H
contents, as well as decreased O contents, for all substrates. Regarding N contents, a clear
effect leading to decreased values, was noticed only for CGW and OP. Previous studies (Chen
et al., 2012; Huang et al., 2012; Sapci, 2013) have reported an increase in C contents after
microwave treatment, which is in agreement with the present results. On the other hand, for H
and O contents a decrease was usually observed, partly disagreeing with what was obtained in
this study. The explanation to these results is similar to the one given earlier regarding the
increased VS/TS of pretreated samples. More specifically, the disruption of larger molecules
into smaller ones, would most likely have led to an easier and more efficient combustion of
the volatile matter of the substrates during elemental analysis (as well as during VS
determination), resulting in higher C and H contents being determined.

It is worth mentioning that S contents are not included in elemental analysis results, since
all values were below the detection limit of the instrument (0.01%).

All the above mentioned information reveal that MW pretreatment induced notable
changes in the composition of the investigated substrates, thus demonstrating the
effectiveness of this process in affecting the structure of such materials.
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Table 4-2: Composition of MW-pretreated samples

Substrates Pretreatment M (%) ® VS/TS Elemental analysis
Eig)perat“re C(%)" H (%) " 0 (%)° N (%) " CIN

Ww - (raw) 71.9 £0.0 0.920 £0.009 459 £4.2 595 +1.17 38.3 £5.3 1.80 £0.31 255 £5.5
75 843 £5.2 0.969 +£0.031 56.2 £0.8 9.16 £0.18 29.6 +£0.3 1.94 +0.31 29.3 £5.1
125 87.6 £2.7 0.979 £0.025 57.2 £0.3 9.25 +£0.06 29.0 £0.2 2.41 £0.01 23.8 £0.3
150 83.2 £3.2 0.980 £0.016 57.9 £0.0 9.03 +£0.06 29.2 £0.1 1.86 +0.10 311 £1.6
175 82.7 £4.1 0.984 £0.009 614 +£0.3 9.00 £0.11 26.2 £0.5 1.76 +0.09 349 £1.6
200 83.3 £1.7 0.984 +£0.009 65.2 £0.0 9.11 +£0.02 229 +0.1 1.19 +£0.03 549 +£1.5

CGW - (raw) 294 £2.5 0.750 £0.098 328 +1.2 440 +0.22 364 +14 1.40 £0.20 23.4 +3.8
75 79.9 £04 0.763 £0.011 389 +£1.5 6.89 +0.22 296 +1.3 0.88 +£0.00 444 £1.6
125 79.3 £ 1.1 0.772 £0.008 37.9 £0.7 6.32 £0.12 31.9 £0.7 1.06 +0.08 35.8 £3.2
150 80.5 £ 1.7 0.778 £0.009 40.0 £2.9 6.46 +£0.42 30.2 £3.2 1.11 +0.06 36.3 £4.6
175 80.5 +£0.2 0.751 £0.010 38.3 £4.4 6.40 +0.55 29.3 £5.0 1.09 +0.03 35.0 £3.2
200 79.0 £04 0.739 £0.016 39.1 £1.0 6.54 +0.06 27.2 £ 1.1 1.04 +£0.13 37.8 £3.6

oP - (raw) 465 +£1.9 0.977 +£0.001 542 £3.2 7.53 +1.14 345 +£5.0 2.09 £0.07 259 +£24
75 62.6 £2.5 0.988 +£0.001 57.7 £0.9 9.52 £0.20 303 £1.6 1.26 +£0.55 50.6 +21.4
125 60.0 £2.6 0.988 +£0.003 60.9 £0.8 10.5 £0.1 255 £1.0 1.89 +0.09 323 £1.2
150 59.6 £3.5 0.989 £0.048 614 +£23 10.6 £ 0.5 254 £2.9 1.55 +0.16 39.8 £2.6
175 64.3 £2.2 0.988 +£0.007 62.8 £0.6 10.4 £0.2 246 £1.3 1.04 +£0.46 67.0 £29.1
200 66.9 +£2.4 0.998 +£0.008 64.8 £0.9 10.3 £0.1 240 £1.2 0.69 +£0.07 944 £79

JW - (raw) 83.8 £0.8 0.968 +£0.000 45.3 £0.1 6.29 +0.89 443 +£1.2 0.90 +£0.15 50.3 £6.9
75 94.0 £0.1 0.967 £0.012 46.2 +£0.1 8.59 +0.01 41.1 £0.1 0.83 £0.01 55.4 £0.3
125 953 £0.5 0.958 £0.013  46.7 £0.1 8.48 +£0.13 39.6 £0.0 1.05 +0.02 443 £0.6
150 95.2 £0.2 0.953 £0.019 46.5 £0.1 8.38 £0.01 39.6 £0.2 0.82 £0.04 57.0 £2.5
175 93.6 £ 0.6 0.952 £0.035 49.8 +£0.2 9.10 £0.01 352 £0.2 1.08 +£0.03 46.0 £ 1.6
200 928 +£1.7 0.968 £0.009 524 +0.6 8.99 +0.07 345 +£0.8 0.97 £0.10 541 £5.2

% wet basis, " dry basis, All values are expressed as average + standard deviation
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4.4.1.2.2 Mass yields

Mass yield values referring to the MW pretreatment process are presented in Table 4-2, where
Ywet, Y1s and Yys represent the mass yields expressed on a wet sample, a total solids and a
volatile solids basis, respectively.

It can be seen that Yy, values are generally greater than unity. This is attributed to the
increased moisture content of pretreated samples compared with the raw substrates.
Especially in the case of CGW, the wet mass of the samples obtained after pretreatment is
almost three times greater that the initial wet mass of raw CGW. As far as Y15 and Yys are
concerned, the two respective values referring to each separate sample are very close to each
other and range from 0.65 to 0.86 for WW, from 0.60 to 0.85 for CGW and from 0.32 to 0.47
for JW. On the other hand, in the case of OP it is observed that samples obtained after
pretreatment at 75, 125 and 150 °C reach values greater than unity for Y1s and Yys. This fact
indicates an increase in the TS and VS contents of these specific pretreated samples. It has
been reported that thermal treatment of biomass can cause several simultaneous reactions,
including dehydration, depolymerization, rehydration, rearrangement, condensation and
carbonization (Kim et al., 2016). Generally, when applying thermal treatment processes
which adopt conventional heating, these phenomena, involving lignocelluloses and mainly
lignin, occur at temperatures higher than 160 °C (Hendriks and Zeeman, 2009; Singh et al.,
2016; Zhao et al., 2012). However, it is possible that the different mode of action of MW
heating, compared with conventional heating, allowed some of these phenomena to take place
at lower temperatures, thus not requiring such severe conditions (Li et al., 2016). The
eventual occurrence of such processes and the consequent structural changes would explain
an increase in TS and VS contents of a substrate treated by MW irradiation, as was observed
for OP at 75, 125 and 150 °C in the present study. In fact, considering the particular
composition of OP, which includes several types of compounds, such as sugars, volatile acids,
polyphenols, polyalcohols, proteins and pigments (Rincéon et al.,, 2013), the eventual
condensation and precipitation of soluble degradation compounds could have possibly led to
the above mentioned results.

4.4.1.2.3 Effect on solubilization

The effect of MW pretreatment on material solubilization was evaluated by determining
sCOD and TPH concentrations in the liquid phase obtained after the process conducted at
optimum conditions, i.e. S/L=50g/L, HR=10 °C/min and HT=5 min. According to the data
presented in Fig. 4-3 increasing pretreatment temperature from 75 to 200 °C appears to
generally have a positive influence on sCOD release. It is noticed that the data referring to
WW and JW follow similar variation patterns, as do those referring to CGW and OP. In the
former case, an increasing trend is observed for temperatures between 75 and 150 °C, while
for temperatures >150 °C, values tend to stabilize. On the other hand, a continuous increase is
noticed for CGW and OP throughout the tested temperature range. Moreover, a more
pronounced effect of pretreatment temperature, manifested by a larger difference between
values, can be seen from 125 to 150 °C, for WW and JW, while a similar observation can be
made for CGW and OP in the range 150-175 °C. As far as TPH release profiles (Fig. 4-4) are
concerned, they are characterized by an exponential increase as a function of temperature. It
has been previously reported that thermal pretreatment exerts such an effect on organic
substrates, that as the process temperature is increased, higher amounts of organic matter are
released in soluble form (e.g. sSCOD) (Kuglarz et al., 2013; Pecorini et al., 2016). More
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specifically, heat addition at temperatures between 150 and 180 °C is known to cause
solubilization of lignocellulosic biomass components, firstly of hemicellulose and then of
lignin, leading to increased concentrations of products, such as phenolic compounds
(Hendriks and Zeeman, 2009). In two studies referring to sludge pretreatment (Eskicioglu et
al., 2008; Hosseini Koupaie and Eskicioglu, 2016) the authors had also observed increased
soluble COD values after MW irradiation at increasing temperatures. Similar results were
obtained when wheat straw was treated at a range of 100-180 °C (Jackowiak et al., 2011a),
but also when switchgrass was treated at a range of 90-150 °C (Jackowiak et al., 2011Db).

It is noted, that higher solubilization levels (Table 4-3) are obtained for WW and JW,
while CGW and OP present lower values. These differences among substrates are most likely
due to their fiber composition. In fact, in a previous study (Pellera and Gidarakos, 2016)
(Chapter 3) it was found that the NDF (Neutral Detergent Fiber) contents of untreated WW,
CGW, OP and JW are 12.1, 43.9, 34.5 and 3.2%, respectively. Thus, the substrates with
higher fiber contents would have been less easily hydrolysable. A similar result was observed
in the study performed by Jackowiak et al. (2011a), in which wheat straw, with an NDF
content as high as 77.1%, was pretreated with microwave irradiation achieving COD
solubilization levels ranging from 6.9 to 12.5%. These values are comparable to those
observed in the present study.

The pH of the slurries after pretreatment can be seen in Fig. 4-5, where higher
temperatures are generally associated with lower pH values. This is especially true for CGW,
OP and JW, while WW presents a constant behavior. The hydrolysis reactions induced by
MW pretreatment caused the release of organic acids in the liquid phase, resulting in reduced
pH values (Jackowiak et al., 2011a; Pecorini et al., 2016). This effect is more evident in the
cases of CGW and OP, since the variation ranges being observed for these substrates moving
from 75 to 200 °C, i.e. 6.72-4.99 and 5.72-3.24, respectively, are wider compared with the
other two substrates.
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Figure 4-3: sCOD release after pretreatment as a function of temperature (S/L=50 g/L,
HR=10 °C/min, HT=5 min) for WW (=), CGW (-¢-), OP (-&-) and JW (-~ ), (error bars
represent standard deviation)

[ 99



| CHAPTER 4

Table 4-3: Mass yields for MW pretreatment at different temperatures

Substrates Pretreatment Mass Yields
temperature (°C) Y wet Y+s Yys
WwWw 75 1.5 0.82 0.86
125 1.3 0.56 0.60
150 1.3 0.76 0.81
175 1.1 0.66 0.71
200 1.1 0.65 0.70
CGW 75 2.7 0.77 0.78
125 2.8 0.82 0.85
150 2.6 0.71 0.73
175 2.6 0.73 0.73
200 2.1 0.61 0.60
OoP 75 1.6 1.10 1.11
125 1.6 1.22 1.24
150 1.5 1.12 1.13
175 1.3 0.84 0.85
200 1.3 0.81 0.83
JW 75 1.4 0.39 0.39
125 1.6 0.36 0.35
150 1.7 0.37 0.37
175 1.6 0.47 0.47
200 0.9 0.32 0.32

Table 4-4: COD solubilization (%) of substrates after MW pretreatment at different

temperatures
Substrate COD solubilization (%)

75 °C 125 °C 150 °C 175 °C 200 °C
ww 438 +£2.4 435 7.7 496 +£4.5 49.7 £5.6 48.0 £1.9
CGW 750 +£0.0 9.61 +£0.0 115 +1.1 16.1 £1.6 22.1 £0.8
OP 3.01 £15 413 £19 6.55 £0.7 189 +1.9 26.2 £25
JW 355 +£6.5 442 +£13.0 65.5 £8.0 60.0 +£10.9 714 +14.1

All values are expressed as average + standard deviation
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Figure 4-4: TPH release after pretreatment as a function of temperature (S/L=50 g/L, HR=10
°C/min, HT=5 min) for WW (-5-), CGW (-¢-), OP (-A-) and JW (=), (error bars represent
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Figure 4-5: Final pH of slurries after pretreatment as a function of temperature (S/L=50 g/L,
HR=10 °C/min, HT=5 min) for WW (o), CGW (¢), OP (A) and JW (), (error bars represent
standard deviation)

| 101



| CHAPTER 4

4.4.2 Biochemical methane potential assays
4.4.2.1 Methane production

The solid samples obtained after MW pretreatment at five different temperatures (75, 125,
150, 175 and 200 °C) for each substrate were used for conducting BMP assays. Cumulative
methane production (mL CH,) during digestion can be seen in Fig. 4-6. No lag phase was
observed for any of the WW, CGW and OP samples, since the beginning of methane
production was observed on day 1. On the other hand, two of the JW samples, specifically
those obtained after pretreatment at 175 and 200 °C, showed some signs of methane
production inhibition, manifested by the sigmoidal shape of their curves (Rincon et al., 2013).

The specific methane yields of MW-pretreated samples (SMY) are provided in Table 4-
4. The same table provides TMP, TOD and Bl values, specific methane yields expressed on
the basis of the corresponding amount of raw substrate (SMYg.,), as well as COD-
equivalents for the respective methane production of each sample. It can be noticed from the
data, that the maximum SMY for WW is obtained for the sample pretreated at 125 °C, with
the remaining samples providing yields 25-31% lower than that. In the case of OP,
pretreatment at 200 °C produced the sample that ultimately had the highest methane yield,
while a similar but slightly lower value was obtained for the sample pretreated at 150 °C. As
far as CGW and JW are concerned, maximum methane yields for both substrates were
obtained for those samples produced at 150 °C. Interestingly, for CGW the yields
corresponding to 75, 175 and 200 °C are all within a 3-7% range lower, and only the value
corresponding to 125 °C is 17% lower. Among the four substrates, the case of JW is the only
one in which a definite trend can be observed, characterized by an initial increase from 75 to
150 °C and a subsequent decrease from 150 to 200 °C.

Bl data corroborate the above mentioned results, with the samples providing maximum
SMY5 being associated with higher Bl values, thus showing that they were biodegradable to a
higher degree compared with the remaining samples. The biodegradability/biodegradation
degree for each pretreated sample is also manifested by the data presented in the last column
of Table 4-4, which refers to the amount of COD removed, equivalent to methane production.
These calculations were made considering that 350 mL of produced methane correspond to 1
g of COD removed (Shahriari et al., 2013). The COD-equivalent values are in agreement with
the remaining data, demonstrating that a higher amount of organic matter was removed for the
samples having the highest SMYp.

All the above suggest that when dealing with substrates such as those used in the present
study, pretreatment temperatures in the range between 125 and 150 °C are probable to give
more positive results. The data also show that, in the majority of cases, the temperatures at
which maximum methane yields are achieved do not coincide with the temperatures at which
maximum solubilization (Table 4-3) is obtained. Similar observations are made in the study
conducted by Jackowiak et al. (2011a), where the maximum methane yield for MW-
pretreated wheat straw was also obtained at a temperature of 150 °C, while the highest levels
of solubilization were achieved at 180 °C. The disruption of the materials matrices, induced
by MW heating, leads to an increase in the fraction available for biodegradation.
Nevertheless, while a portion of that fraction may remain on the solid material, another
portion is released in the liquid phase and thus removed from the solid matrix, leading to a
reduction in the matter effectively available to microbial populations. This may also explain
the fact that, as was similarly noticed in a previous study (Fernandez-Cegri et al., 2012), in
most cases (except for the JW-sample produced at 150 °C), SMY, of pretreated samples are
lower than the respective SMY of raw substrates. The latter values are 446.2, 268.0, 258.7

102 |



| CHAPTER 4

and 446.0 mL CH,, ste/g VS for WW, CGW, OP and JW, respectively. These results are
consistent with the results obtained in a previous study (Sapci, 2013), in which methane
yields of MW-pretreated winter wheat, spring wheat, oat straw and barley straw, were
significantly lower that the methane yields of the untreated materials. The breakage of
chemical bonds can at the same time cause the release or/and formation of inhibiting and
complex recalcitrant compounds, such as phenols (Haghighi Mood et al., 2013; Marin et al.,
2010). Additionally, thermal treatment at higher temperatures often induces the development
of Maillard reactions, leading to the formation of certain compounds called melanoidins,
which are quite difficult to be degraded and can therefore inhibit the anaerobic digestion
process. A good indicator that manifests the occurrence of such reactions is the color of the
samples, which tends to turn darker for more intense phenomena (Ariunbaatar et al., 2014). In
the present study, a color change was indeed observed for increasing pretreatment
temperatures, with it being more evident especially at 150, 175 and 200 °C. Consequently, the
probable presence of recalcitrant and/or inhibitory compounds, such as those described above,
may also have contributed to the lower SMYp values at certain temperatures, while it most
likely also is the reason for the earlier mentioned delayed methane production for JW samples
obtained after pretreatment at 175 and 200 °C. Sapci (2013) was led to a similar conclusion
when examining various agricultural straws for biogas production after MW pretreatment.

Interestingly, when observing the data obtained for SMYrg,, it can be seen that not all
maximum values are found at the same temperature at which maximum SMY/ are noticed. In
fact, maximum values for the former parameter are found at 75, 150, 150 and 175 °C, for
WW, CGW, OP and JW, respectively. The SMY ., are expressed on the basis of the mass of
raw material that corresponds to the mass of pretreated material actually used, therefore some
differences due to composition parameters (moisture and VS contents) are expected.
Nevertheless, it may be said that these differences are acceptable, especially for CGW, WW
and JW considering that the two temperatures at which the peaks for SMYp and SMYrg,,, are
observed, are, if not equal (CGW), at least not very distant. The only slightly bigger
temperature gap is noticed in the case of OP. In addition, it is worth mentioning that when
comparing these values (SMY ray) With the earlier mentioned SMY obtained for the untreated
substrates, it is noticed that the former are all lower than the latter for WW, CGW and JW.
However, for OP the methane yield obtained for the sample produced at 150 °C is higher than
the value reported for the untreated sample (258.7 mL CH,4 stp/g VS). This suggests that a
pretreatment temperature of 150 °C may indeed be worth considering as the most suitable for
OP.

4.4.2.2 pH and TPH

In order to better interpret the results of BMP assays, samples of the digestion slurry were
weekly taken for determining pH (Fig. 4-7) and TPH (Fig. 4-8) concentrations inside the
reactors.

As it can be seen in Fig. 4-7, in most assays, specifically those containing WW, CGW
and OP samples, pH values on day 1 are found increased compared with the initially adjusted
value of 7.8. On the contrary, for the assays containing JW samples, all pH values determined
on day 1 were found beneath 7.8. Moreover, lower initial pH is associated with lower
pretreatment temperatures. This suggests that JW-samples obtained at lower temperatures
contained a higher amount of degradable matter in comparison with the samples produced at
higher temperatures, resulting in a higher quantity of acids being released and in turn, in
lower pH. Another factor affecting the latter parameter may also be the acidic character of
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these particular samples, which is indicated by the data in Fig. 4-5 as well. After one week of
incubation, a general decrease can be noticed for all assays, most likely due to the
accumulation of organic acids (Hosseini Koupaie and Eskicioglu, 2015) in the initial stages of
the process, whereas after day 7, pH profiles show similar patterns for all assays, except for
those containing JW-samples. In fact, while Fig. 4-7a, 4-7b, and 4-7c, show some fluctuations
within a relatively close range, in Fig. 4-7d pH appears to be increasing with time.
Nevertheless, in the last three samplings all assays show a stable behavior.

Weekly values for TPH concentrations in the digestion slurries are depicted in Fig. 4-8.
It is observed that the assays corresponding to higher pretreatment temperatures are generally
associated with more elevated TPH concentrations. The values can be considered to follow a
constant behavior throughout the incubation period, but only for the assays containing WW,
CGW and OP samples. On the contrary, Fig. 4-8d shows that during the first weeks of
degradation of JW-samples, TPH being released are found at significantly higher levels,
compared to the other assays. Moreover, the presence of these compounds at such
concentrations coincides with the manifestation of lower pH values, which was mentioned
earlier. This suggests that specifically for JW-samples, the most significant amount of organic
material was degraded during the first week of incubation, thus causing the enhanced release
of phenolic compounds and the lower pH levels. In contrast, for the remaining samples, the
respective data show a more uniform tendency in the development of anaerobic degradation
throughout the duration of incubation.
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Table 4-5: Theoretical methane potentials (TMP), Specific methane yields (SMY), Biodegradability indices (Bl), Theoretical oxygen demands (TOD) and COD-equivalents
for CH, production, for MW-pretreated samples

Substrates  Pretreatment TMP SMY, @ SMYgaw * Bl @ TOD COD removed through CH,
temperature (°C) (MLCH, s7p/gVS)  (MLCH, s7p/gVSp)  (MLCHy s1p/QVSraw) (%) (mg O,/g VSp) production 4(mgCOD/gVSp)
WwWw 75 687.22 180.8 +14.3 156.2 +12.4 26.3 +£2.1 1963 5164 +41.0
125 691.40 256.8 +11.8 1540 +7.1 371 £1.7 1975 733.7 +33.6
150 693.81 177.7 +£23.7 1446 +19.3 256 +£34 1982 507.7 +67.8
175 734.44 186.2 +10.2 131.8 +7.2 253 +£14 2098 5319 +£29.0
200 789.21 1915 +£279 134.2 +19.6 243 +£3.5 2255 5472 +79.7
CcGw 75 586.48 218.8 +23.6 1716 +£18.5 373 £4.0 1676 625.1 +67.3
125 534.38 193.7 =£8.5 1641 +72 36.3 £1.6 1527 5535 +244
150 568.48 2345 +559 171.6 +409 413 +£9.8 1624 670.1 +159.7
175 568.89 222.7 +£32.2 162.3 +23.5 39.1 £5.7 1625 636.2 +92.1
200 604.32 2285 =+169 138.1 +10.2 378 +£2.8 1727 653.0 +48.2
OoP 75 700.10 202.3 +303 2244 +33.6 289 +43 2000 5779 +86.5
125 770.53 1855 =+134 229.7 +16.6 241 £1.7 2202 530.1 +383
150 779.33 236.9 +59.2 268.8 +67.2 304 +£7.6 2227 6769 +169.2
175 794.78 2149 +245 1825 +20.8 270 +£3.1 2271 613.9 +70.1
200 807.28 2445 +34 2019 +238 30.3 £04 2307 698.7 +9.6
JwW 75 540.72 3765 +52.6 1471 +20.5 69.6 +£9.7 1545 1076  +£150.3
125 551.41 3874 +5.1 1372 +1.8 70.3 £0.9 1575 1107 £ 14.6
150 550.85 4515 +£399 166.0 +14.7 820 +72 1574 1290 +£113.9
175 619.79 3723 +£2.6 1744 +1.2 60.1 +£0.4 1771 1064 +74
200 634.40 3220 =+9.3 103.3 +£3.0 508 +1.5 1813 920.1 +£26.6

# Values are expressed as average + standard deviation

Table 4-6: Kinetic modeling parameters for BMP assays, for MW-pretreated samples at five different temperatures

Parameters WW CGW OP JW

75 125 150 175 200 75 125 150 175 200 75 125 150 175 200 75 125 150 175 200
Bo 271.3 319.0 268.9 274.7 286.8 223.2 209.7 228.4 222.6 226.7 213.7 205.9 224.5 217.9 232.5 438.4 449.8 479.5 453.2 447.8
k 0.1999 0.1628 0.1649 0.1345 0.1025 0.1311 0.1427 0.1318 0.1410 0.1371 0.1489 0.1364 0.1284 0.1492 0.1503 0.1929 0.1738 0.1679 0.1152 0.0624
RSS 4664 12111 4413 5617 2999 1988 1919 2099 1877 1665 1611 1073 2163 1593 1361 3904 3233 1815 3307 12584
R? 0.9495 0.9182 0.9584 0.9545 0.9803 0.9752 0.9719 0.9754 0.9764 0.9803 0.9770 0.9843 0.9742 0.9788 0.9845 0.9839 0.9882 0.9947 0.9912 0.9655
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4.4.2.3 Kinetic modeling

The results obtained by fitting the methane production data to the first-order exponential
model are presented in Table 4-6. The model was found to describe the experimental data at
an acceptable level (>0.91) for all samples. The data referring to the rate constant (k) suggest
that MW pretreatment did not affect the anaerobic digestion kinetics of all substrates in the
same manner. More specifically, for WW and JW, k values are noticed to have a decreasing
trend as pretreatment temperature increases. This indicates that samples produced at higher
temperatures were probably more difficult to degrade, due to the eventual presence of
recalcitrant and/or inhibitory compounds, as it was described earlier, especially for JW,
resulting in a slower process, hence the lower k values. Indeed, maximum methane
productions (Bo) in combination with the results presented in Fig. 4-6 reveal that the digestion
process was mostly retarded rather than prevented. In fact, except for the JW-samples
obtained at 175 and 200 °C, the data referring to the remaining WW- and JW-samples suggest
that simply more time was required for completely degrading them, albeit without the
responsible microbes suffering from significant impediments. On the contrary, no specific
tendency is observed for CGW, since all rate constants are found on similar levels. Finally,
for OP it is noticed that k values are characterized by an initial decrease for the temperature
range between 75 and 150 °C, where the minimum value is found, followed by a subsequent
increase until 200 °C, where the maximum value is found. The above mentioned behaviors
suggest that in the cases of the two latter substrates, the kinetics of anaerobic digestion of the
different MW-pretreated samples were probably similarly affected by the likely presence of
recalcitrant and inhibitory compounds.

4.4.3 Energy considerations

The energy requirements for MW pretreatment of the investigated substrates at different
temperatures, as well as the energy recovered in the form of heat and methane were calculated
in order to provide the energy balance presented in Table 4-6. The specific method being used
in the present study for MW pretreatment of the substrates provides for the use of four vessels
at every run. Therefore, the calculations regarding specific energy consumption (Ec) and
specific energy released in the form of heat (Eq) were made considering the amount of
substrate corresponding to four vessels. Moreover, the specific energy production in the form
of methane was calculated using the quantity of gas being produced from each pretreated
sample at STP conditions.

A negative energy balance is observed at all pretreatment temperatures, for all
investigated substrates. At the same time, the ratio between the energy input and the energy
output (Ei/E,) is higher than unity and in the ranges of 5.2-7.4, 4.4-4.6, 4.3-4.8 and 5.4-8.5,
for WW, CGW, OP and JW, respectively. All the above signify that the MW pretreatment
process adopted in this study has high energy requirements, which are not balanced by the
amount of energy that could potentially be recovered in the form of methane and heat.
Negative balances were also obtained in previous studies for MW pretreatment of sludge
(Appels et al.,, 2013; Houtmeyers et al., 2014) and lignocellulosic organic fractions of
municipal solid waste (Pecorini et al., 2016). Similarly, Jackowiak et al. (2011a), Passos et al.
(2013) and Hu et al. (2012), who studied MW pretreatment of wheat straw, microalgae and
cattail, respectively, when determining the ratio between the energy consumed for
pretreatment and the energy recovered, found values far greater than unity. However, it is

| 109



| CHAPTER 4

worth mentioning that in the latter studies, the energy recovered included only the amount
corresponding to the produced methane, whereas in the present study it also includes the
energy produced in the form of heat. Obviously, energy consumption is found more elevated
at increasing pretreatment temperatures. At the same time, higher temperatures also result in
larger amounts of energy produced in the form of heat. Considering all the above, it would
appear that the MW pretreatment process used in the present study is not economically
feasible under the applied conditions. Therefore, some adjustments aiming at reducing the
amount of energy being consumed during pretreatment would seem appropriate. Since
exposure time is an important parameter as far as energy consumption is concerned, the
application of holding times lower than 5 min and/or heating rates higher than 10 °C/min
would be worth investigating. Moreover, increasing the density of the pretreatment slurry
(solid to liquid ratio) could eventually improve the efficiency of the process. This would
ensure a better exploitation of the energy being consumed during pretreatment, by
maximizing the amount of substrate being treated. Passos et al. (2013) also suggested that
higher biomass concentrations during MW pretreatment may result in an improved energy
balance.

Table 4-7: Energy balance

Substrates  Pretreatment Ec Ewm Eq Er Eil E,
temperature (°C)

Ww 75 142069 5592 13488 -122989 7.4
125 211711 5513 30347 -175850 5.9
150 246531 5175 38777 -202579 5.6
175 281352 4719 47207 -229426 5.4
200 316173 4806 55637 -255730 5.2

CGW 75 48987 6143 4565 -38279 4.6
125 73000 5876 10272 -56852 4.5
150 85007 6145 13125 -65737 4.4
175 97014 5809 15978 -75226 4.5
200 109020 4945 18831 -85244 4.6

OoP 75 70264 8033 6627 -55604 4.8
125 104708 8225 14912 -81571 4.5
150 121929 9624 19054 -93251 4.3
175 139151 6532 23196 -109422 4.7
200 156373 7228 27338 -121806 4.5

JW 75 233621 5265 22247 -206109 8.5
125 348141 4913 50055 -293173 6.3
150 405401 5943 63960 -335498 5.8
175 462661 6244 77864 -378552 55
200 519921 3699 91768 -424454 5.4
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4.5 Conclusions

This study aimed at evaluating the effect of microwave (MW) pretreatment on the
solubilization and the degradability of four lignocellulosic agroindustrial waste, namely
winery waste (WW), cotton gin waste (CGW), olive pomace (OP) and juice industry waste
(JW). It was demonstrated that operational parameters such as solid to liquid ratio, heating
rate and holding time at a targeted temperature did not particularly affect the solubilization of
the investigated substrates. On the other hand, the variation in pretreatment temperature had a
major effect on material solubilization. Moreover, it was concluded that the final effect of
MW pretreatment may vary among substrates, depending on their specific characteristics in
combination with the conditions applied. The results obtained for WW suggested that during
MW pretreatment the most easily degradable matter of this substrate was solubilized and
transferred to the liquid phase, while the portion retained in the solid phase, although discrete
in quantity, was probably less prone to degradation. The probable presence of recalcitrant
compounds may have also contributed to the latter fact resulting in a slower digestion process.
As far as JW is concerned, pretreatment seems to have caused the solubilization of most of
the organic matter available on this substrate. Nevertheless, methane production data
indicated that the portion being retained on the solid matrix had a high degree of
biodegradability, with the samples obtained at lower pretreatment temperatures probably
containing a higher amount of easily degradable matter. On the other hand, the results
referring to CGW and OP lead to the conclusion that MW pretreatment exerted the most
significant effect on the solid fraction of these two substrates. In fact, high solids retention
and low solubilization both suggested that only a low portion of easily degradable matter was
released in the liquid phase, while probably another portion was made more available due to
the removal of inhibiting factors. However, the relatively low biodegradability levels are
indicative of the presence of either recalcitrant (particularly in the case of CGW) or/and
inhibitory compounds (particularly in the case of OP) on the solid samples as well. This
seems to be especially true for OP, which appears to have been subjected to most structural
changes, among investigated substrates. Ultimately, the application of MW treatment prior to
anaerobic digestion did not lead to enhanced methane production from the investigated
substrates. Nevertheless, it may be concluded that, in case MW irradiation was going to be
used as a pretreatment, those samples produced at temperatures ranging from 125 to 150 °C
would have a higher probability of being suitable for methane production. Moreover, in order
to improve the energy efficiency of the process, a combination of such temperatures with
lower exposure times and higher solid to liquid ratios would be worth investigating.
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CHAPTER 5

Chemical pretreatment of solid agroindustrial
waste

This chapter investigates the effect of different chemical pretreatments on the
solubilization and the degradability of different solid agroindustrial waste, namely
winery waste, cotton gin waste, olive pomace and juice industry waste. Eight different
reagents were investigated, i.e. sodium hydroxide (NaOH), sodium bicarbonate
(NaHCO3), sodium chloride (NaCl), citric acid (HsCit), acetic acid (AcOH), hydrogen
peroxide (H,0O,), acetone (Me,CO) and ethanol (EtOH), under three condition sets
resulting in treatments of varying intensity, depending on process duration, reagent
dosage and temperature. Results indicated that chemical pretreatment under more
severe conditions is more effective on the solubilization of lignocellulosic substrates,
such as those of the present study and among the investigated reagents, HsCit, H,O»,
and EtOH appeared to be the most effective to this regard. At the same time, although
chemical pretreatment in general did not improve the methane potential of the
substrates, moderate to high severity conditions were found to generally be the most
satisfactory in terms of methane production from pretreated materials. In fact,
moderate severity treatments using EtOH for winery waste, H3Cit for olive pomace
and H,O, for juice industry waste and a high severity treatment with EtOH for cotton
gin waste, resulted in maximum specific methane yield values. Ultimately, the impact
of pretreatment parameters on the different substrates seems to be dependent on their
characteristics, in combination with the specific mode of action of each reagent. The
overall energy balance of such a system could probably be improved by using lower
operating powers and higher solid to liquid ratios.
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5.1 Introduction

Anaerobic digestion is a biological process, in which a microbial consortium degrades organic
substrates in the absence of oxygen. This process is comprised of four main steps, namely
hydrolysis, acidogenesis, acetogenesis and methanogenesis, and results in the production of
biogas, mainly composed of CH, and CO,, and digestate. Anaerobic digestion has been
widely used as an organic waste stabilization method, while lately it has been intensively
studied as a promising alternative to traditional energy production technologies, due to its
limited environmental impacts (Ariunbaatar et al., 2014; Zheng et al., 2014). This technology
is characterized by a high potential for energy recovery, which makes it more efficient in
terms of energy generation from organic materials, compared with other biological and
thermo-chemical processes. The use of more sustainable energy sources instead of fossil fuels
has nowadays become necessary, in order to effectively reduce greenhouse gas emissions.
Anaerobic digestion represents a viable option for such a purpose, since it captures and
utilizes the methane that would otherwise be naturally produced through the decomposition of
organic materials deposited in landfills, and ultimately be released in the atmosphere (Bolado-
Rodriguez et al., 2016; Song et al., 2014; Zheng et al., 2014).

Agricultural and agroindustrial waste and by-products represent viable feedstock for
anaerobic digestion systems. Their use for such purpose is considered advantageous, since
they are highly available in large amounts, while they can also be characterized as renewable
and low cost resources (Fernandez-Cegri et al., 2012; Zhao et al., 2014; Zheng et al., 2014).
Agroindustrial activities are particularly important in Mediterranean countries, since they
represent a significant sector of the economy. Among the most widespread and profitable
activities of this region, are the wine and olive oil production industries, as well as the citrus
fruits, especially oranges, and cotton processing activities, with all of them resulting in the
generation of large amounts of waste materials (Pellera and Gidarakos, 2016). However, the
performance of anaerobic digestion of such substrates is often limited, due to their complex
lignocellulosic composition. Cellulose, hemicellulose and lignin are the main components of
lignocellulosic materials and among them, lignin is the most resistant to biodegradation,
constituting the barrier preventing access of the microbes to cellulose (Fernandez-Cegri et al.,
2012). The main structural and compositional characteristics of lignocellulosic biomass,
which affect their degradability, are cellulose crystallinity, accessible surface area, degree of
cellulose polymerization, presence of lignin and hemicellulose, and degree of hemicellulose
acetylation. In order to overcome these obstacles, treatment is frequently applied prior to
anaerobic digestion of such substrates (Zheng et al., 2014). The objective of any pretreatment
method is to disrupt the complex structure of lignocellulosic materials, by reducing the
crystallinity as well as the degree of polymerization of cellulose, partially polymerizing and
removing hemicellulose, altering and removing lignin and increasing the surface area and
porosity of the materials (Behera et al., 2014; Singh et al., 2015). A pretreatment process
should be able to achieve an improvement in the digestibility of the treated material, while
minimizing environmental pollution, having low energy requirements and limiting the
production of potentially inhibiting degradation products, such as organic acids, furan
derivatives and phenol compounds (Banerjee et al., 2016; Bolado-Rodriguez et al., 2016).
Pretreatment methods, depending on their basic mode of action, can primarily be categorized
as physical, chemical and biological, with each category including several separate
technologies (Bolado-Rodriguez et al., 2016).

Compared with the other methods, chemical pretreatments are considered very
promising, since they can be quite effective in degrading more complex-structured substrates
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(Behera et al., 2014; Song et al., 2014). Such methods can be performed by applying a variety
of chemical processes of different natures. Chemical pretreatments with alkaline reagents
involve the use of compounds such as sodium hydroxide, calcium hydroxide and aqueous
ammonia (Liew et al., 2011; Lopez Gonzalez et al., 2013; Pellera et al., 2016; Sambusiti et
al., 2013; Song et al., 2014), while in pretreatments with acid reagents both inorganic and
organic acids, such as sulfuric acid, hydrochloric acid, phosphoric acid, acetic acid, citric
acid, oxalic acid and maleic acid, are used (Amnuaycheewa et al., 2016; Assawamongkholsiri
etal., 2013; Lim et al., 2013; Monlau et al., 2013; Scordia et al., 2011; Song et al., 2014; Tian
et al., 2016). Oxidative treatments include ozonation (Ariunbaatar et al., 2014) and treatment
with peroxides, with their majority particularly focusing on hydrogen peroxide (Monlau et al.,
2012; Silverstein et al., 2007; Song et al., 2014). Other types of chemical pretreatments can
utilize organic solvents (Kabir et al., 2014), as well as inorganic salts (Banerjee et al., 2016;
Kang et al., 2013; Liu et al., 2009). The effectiveness of such pretreatments on different
substrates, is highly dependent on the type of substrate, as well as on the type of method being
used. In fact, different results will be obtained when treating different materials with the same
pretreatment, as a result of the complexity and variability in lignocellulosic structures (Kang
et al., 2013; Sambusiti et al., 2013; Zheng et al., 2014). At the same time, variations will also
be observed in the results obtained through different pretreatments of the same substrate,
since each method acts on different parts of the material (Song et al., 2014). Consequently,
the investigation of various combinations of pretreatment methods and substrates is very
useful for better understanding the particular effects of different treatments on specific types
of materials. The present study makes a significant contribution to this challenging topic.

This study investigates the effect of chemical pretreatment on four of the most
widespread solid agroindustrial waste of the Mediterranean region, namely winery waste
(WW), cotton gin waste (CGW), olive pomace (OP) and juice industry waste (JW). The main
objective was to determine the impact of such a treatment on the solubilization of these
materials, as well as on their degradability under anaerobic conditions for methane
production. For this purpose, a number of batch assays were conducted, in which different
reagent dosages, process durations and temperatures were adopted. Pretreatment was applied
using eight different chemical reagents, i.e. NaOH, NaHCOs, NaCl, H;Cit, AcOH, H,0,,
Me,CO and EtOH, in order to also determine the influence of different reagent natures
(alkaline, acidic, saline, oxidative, organic) on the final results. Materials solubilization was
assessed by analyzing the liquid fractions obtained after pretreatment for soluble chemical
oxygen demand and total phenols concentrations, while Biochemical Methane Potential
(BMP) assays were adopted for determining the methane potential of solid pretreated
samples.

5.2 Materials and methods

5.2.1 Substrates and inoculum

Four agroindustrial waste typical of the Mediterranean area were used in the present study.
More specifically, winery waste (WW), composed of grape skins, seeds and stalks, cotton gin
waste (CGW) comprising of cotton fiber, stalks, bur and leaves, olive pomace (OP), which is
the solid waste obtained in three-phase olive mills and juice industry waste (JW) comprised of
orange peels. Sample handling was not the same for the four substrates, due to their different
characteristics. For WW and JW, the materials were initially separated in batches, placed in
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zip-lock bags and stored at -20 °C. One day before each use, appropriate amounts were
transferred to 4 °C and on the day of the experiment they were comminuted without drying
using a food processor. On the other hand, CGW was immediately dried at 60 °C and then
comminuted to a particle size less than 500 pm, using a universal cutting mill, while OP was
immediately stored at -20 °C without size reduction. The full characterization of the four
substrates has been performed in a previous study (Pellera and Gidarakos, 2016) (Chapter 3).

The inoculum used in this study consisted of mesophilic anaerobic sludge with total
solids (TS) and volatile solids (VS) contents of 2.02% and 1.35%, respectively,
(VS/TS=0.67), and it was obtained from an anaerobic digester situated in the Municipal
Wastewater Treatment Facility of Chania, Crete.

5.2.2 Chemical pretreatment

Chemical pretreatment was conducted by using eight different reagents, i.e. sodium hydroxide
(NaOH), sodium bicarbonate (NaHCQO3), citric acid (HsCit), acetic acid (AcOH), sodium
chloride (NaCl), hydrogen peroxide (H,0,), acetone (Me,CO) and ethanol (EtOH). Moreover,
the effect of operating parameters, such as reagent dosage, process duration and process
temperature was evaluated by investigating three different condition sets (Sets A, B and C)
for each reagent. The specific experimental conditions for each set were selected on the basis
of the results of a preliminary study (Pellera et al., 2016), in which the alkaline (NaOH)
pretreatment of olive pomace was investigated by testing five values for reagent dosage (04
mmol/gVS) and five values for process duration (1-24 h) at two different temperatures (25
and 90 °C). The final selected conditions can be seen in Table 5-1.

During the experimental procedure, initially, appropriate amounts of substrates and
reagent solutions (1 gvS/100 mL) were introduced in 250 mL glass flasks. Subsequently, the
flasks were covered with an aluminum foil and were kept at each appropriate temperature for
the predetermined time periods. In order to maintain a constant temperature, either an
incubator (for the process conducted at 25 °C) or an oven (for the processes conducted at 60
and 90 °C) were used. After the end of the pretreatment process, the final pH of the slurries
was measured and the samples were then centrifuged at 3,900 rpm for 15 min, in order to
separately collect the solid and liquid fractions. The latter were filtered through a 0.45 um
pore size membrane filter, for sSCOD and TPH concentrations determination, while the former
were stored at -20 °C until further use. Moreover, a portion of each solid sample was dried at
60 °C for further analyses, which included the determination of TS and VS contents, as well
as elemental (CHNS) and fiber composition. All experiments were performed in triplicate.

Table 5-1: Chemical pretreatment experimental conditions

Condition sets Reagent dosage Process duration Process temperature
(mmol/gV Squbstrate) (h) (°C)

Set A 0.25 16 25

Set B 0.5 8 60

Set C 1 4 90
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5.2.3 Biochemical methane potential assays

The experimental apparatus for BMP (biochemical methane potential) assays consisted of 250
mL conical flasks covered with rubber stoppers. Three PVC (Polyvinyl chloride) tubes were
inserted in the stoppers, which allowed N, flushing in the flasks, daily methane measurement
and weekly sampling for pH measurement and TPH determination.

The working volume for the BMP assays was set to 100 mL, the inoculum quantity was
the same for all assays, i.e. 15 gVS/L, while the substrate to inoculum ratio (SIR) on a VS
basis (9VSsubstrate/dV Sinocuum) Was 0.5 for WW and JW and 0.25 for CGW and OP. These
values were chosen on the basis of the results of a previous study (Pellera and Gidarakos,
2016) (Chapter 3). Blank assays (SIR=0), containing only the inoculum were also performed,
in order to determine the residual methane potential of the inoculum and to then be able to
calculate the net methane potential of each substrate.

BMP assays were carried out by firstly introducing the inoculum and substrates in the
flasks, in appropriate amounts and by subsequently adding deionized water to the mixture, if
needed, in order to bring the total volume to approximately 100 mL. After adjusting the pH of
the mixture at 7.8+0.05, the flasks were covered with the rubber stoppers and finally flushed
with N, for 2 min. The reactors were finally placed in an incubator set at 35 °C. Methane
production was measured daily for the first seven days of incubation and subsequently every
two days. BMP assays were terminated when methane production was undetectable or less
than 5% of the total amount. All assays were performed in duplicate.

5.2.4 Analytical methods

TS and VS contents were determined according to APHA (American Public Health
Association) method 2540G. Elemental analysis (C, H, N, S) of the substrates was performed
using an EA300 Euro Vector elemental analyzer, via flash combustion at 1,020 °C. The
oxygen content was determined by difference, considering the VS content of each sample. pH
was determined using a portable pH-meter. The sCOD concentrations in the liquid fractions
obtained after pretreatment were determined through APHA method 5220C, while TPH
concentrations were determined according to Folin-Ciocalteu’s method, on the basis of the
procedure described by Singleton et al. (1999). Briefly, 40 uL of sample were placed in glass
cuvettes, into which 3.16 mL of deionized water and 200 uL of Folin-Ciocalteu reagent were
then added. After mixing using a vortex mixer, the cuvettes were left for 4 minutes and
subsequently 600 puL of sodium carbonate solution (20%) were added to the mixture. Finally,
the solutions were once again mixed and left for 2 h at 20 °C. The absorbance of each solution
was determined at 765 nm. The final TPH concentrations are expressed in gallic acid
equivalents (GAE). Fiber analysis, i.e. the determination of NDF (Neutral Detergent Fiber),
ADF (Acid Detergent Fiber) and ADL (Acid Detergent Lignin), was based on the method
described by Fernandez-Cegri et al. (2012). Methane production was determined by means of
volume displacement using an 11.2% KOH solution, as it was done in previous studies (Altas,
2009; Nain and Jawed, 2006). More specifically, each BMP reactor was connected to an
inverted bottle containing the alkaline solution. Subsequently, biogas was released to flow
inside the bottle, in order to remove CO, and H,S by absorption and leave only CH,4. The
volume of CH, being transferred to the bottle caused the displacement of an equal amount of
KOH solution, which was then quantified using a graduated cylinder.
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5.3 Data analysis

5.3.1 Pretreatment mass yields

The yield of the chemical pretreatment process in terms of mass recovery was estimated by
calculating three different mass yield values for each pretreated sample, namely Y e, Y+s and
Yvs. More specifically, the calculations were made by using Equation 1 and considering the
initial mass of substrate (m;) and the mass of sample obtained after each investigated
pretreatment (m,), with the values being expressed in three different ways, i.e. 8) gWetetreated
sample/gwetraw sample fOI’ YWet: b) gTSpretreated sample/gTSraw sample fOf YTS and C) gVSpretreated
sample/gvsraw sample fOI’ YVS-

y=—*" )

5.3.2 Theoretical methane potential

The Theoretical Methane Potential (TMP) of the chemically pretreated samples at Standard
Temperature and Pressure (STP) conditions was estimated through their elemental
composition and the stoichiometry of the degradation reaction (Equation 2), using Equation 3
(Lesteur et al., 2010):

C.HON,S, +[a-2-S:3 8o
4 2 4 2
b 3d b 3d @

(E D23 2, ( b £+_+sjcoz+dNH3+est
28 4 8 4 2 8 8 4

a b c 3d e

278 4 8 4
TMP[mL CH, 4 /g VS]=22.4- -1000 3)

12a+b+16c +14d +32¢

5.3.3 Theoretical oxygen demand

The Theoretical Oxygen Demand (TOD) of the four substrates in their untreated (raw) form,
as well as after pretreatment at different conditions, was estimated through their elemental
composition and the stoichiometry of the oxidation reaction (Equation 4), using Equation 5
(Raposo et al., 2011):

C.HON,S, +[a+2- -0 L aco, +[ 23 )n o0+ dnm, @)
4 2 4 2 2
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TOD[mg 0, /g VS]= -1000 5
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5.3.4 Specific Methane Yield

The Specific Methane Yield (SMY) of each chemically pretreated sample, resulting after the
end of digestion, was obtained by subtracting the ultimate cumulative methane production of
the blank assay (mL CH,) from the ultimate cumulative methane production of each assay
containing the pretreated samples, and by subsequently dividing it either by the total amount
of VS of the pretreated samples being added to each reactor, or by the corresponding amount
of VS of the raw substrates, calculated on the basis of the mass yields of the pretreatment
process. These values were then converted to STP conditions. This way, the SMY was
expressed in two different ways, namely SMYp (mL CH,, stp/g VSp) and SMYga, (ML CH,,
stp/Q V Sgraw), respectively.

5.3.5 Solubilization

COD solubilization (%) was calculated using the TOD (mg O,/g VS) of the raw substrates
and the sCOD (mg O,/g VS) values determined for each substrate at the different pretreatment
conditions, according to Equation 6.

COD solubilization [%] = SCOD -100 (6)
TOD

5.3.6 Biodegradability Index

The Biodegradability Index (BI) was calculated using the TMP (mL CH, stp/g VS) and the
SMY5, (mL CH, ste/g VSp) of each pretreated sample, as it is shown in Equation 7.

SMY,,

BI A= Typ

-100 (7)

5.3.7 Kinetic modeling

Methane production was modeled by fitting the data with two kinetic models through non-
linear regression, using the Solver tool of Microsoft Office Excel. The goodness of fit was
evaluated by taking into consideration both the Residual Sum of Squares (RSS) and the R-
square (R?) values. The first-order exponential and the transference (reaction-curve) models
were used (Donoso-Bravo et al., 2010), which are described by Equations 8 and 9,
respectively.

B=P-[1-exp(-kt)] tS)

B:P'{l_exp{_w} ©

where, t is time (d), B is the cumulative methane production at time t (mL CH,), P is the
methane production potential (mL CH,), Ry, is the maximum methane production rate (mL
CH,/d), k is the rate constant (d™*) and / is the lag phase (d).
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5.3.8 Energy calculations

The specific energy consumption, Ec¢ (kJ/kg VS), resulting from the pretreatment process was
calculated according to Equation 10 (Kuglarz et al., 2013).

E, =" (10)

where, Py is the power of the oven (888 W), t is the exposure time (s) and m is the mass of
VS of raw substrate being subjected to pretreatment (kg VS).

The specific energy corresponding to the methane quantity produced from the pretreated
samples, Ey (kJ/kg VS), was calculated according to Equation 11 (Passos et al., 2013).

SMY.,,, - &
E — Raw 11
M 1000 (1)

where, & is the lower heating value of methane (35800 kJ/m® CH,).

Considering that pretreatment temperatures of 60 and 90 °C are higher than the
temperature of the mesophilic anaerobic digestion (35 °C), the pretreated samples would
require an intermediate cooling procedure, which would result in the release of energy in the
form of heat. The specific energy corresponding to the potential recovery of the latter amount
of energy, Eq (ki/kg VS), was calculated according to Equation 12 (Ma et al., 2011).

Im,-C..-AT+m, -C,, -AT]
E, = ' ' (12)
m

where mg is the mass (kg) of dry solids of substrate being subjected to pretreatment, m,, is the
mass (kg) of water in the vessel during pretreatment (including the water contained in the
substrate), Cps and Cp,, are the specific heat capacities of solids (1.95 kJ/kg °C) and water
(4.18 kl/kg °C), respectively and A7 is the temperature difference (°C) between the
temperature of the slurry at the end of pretreatment and the temperature of the mesophilic
anaerobic digestion.

The specific energy profit of the pretreatment, E; (kJ/kg VS), was calculated considering
Ewm, Eq and Ec, according to Equation 13 (Kuglarz et al., 2013).

E, =E,, +Eq —Eq (13)

with the sum of Ey and Eq comprising the specific energy output, E, (kJ/kg VS), and Ec
constituting the specific energy input E; (kJ/kg VS).

In order to be able to provide an energy balance for the chemical pretreatment process
applied in the present study, all the above mentioned energy parameters were expressed as kJ
per kg of VS of raw (untreated) substrate, aiming at a more accurate approach.
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5.4 Results and discussion

5.4.1 Effect of pretreatment on solubilization

Fig. 5-1 and Table 5-2 show the results regarding sCOD solubilization during chemical
pretreatment of the substrates, while Fig. 5-2 presents the corresponding data referring to TPH
release. It is generally noticed that increasing the severity of pretreatment, mainly in terms of
temperature and reagent dosage leads to higher material solubilization. Specifically, for all
reagents, treatments B and C showed higher organic matter release compared with treatment
A

It seems that pretreatment has a positive effect on the solubilization of OP (Fig. 5-1c)
already by applying a moderate severity process. In fact, for most reagents, a more
pronounced difference in sCOD solubilization is observed between treatments A and B,
compared with the difference between treatments B and C. There are only three exceptions
(NaOH, HsCit and H,0,), for which the observed differences are similar. Conversely, in the
case of CGW (Fig. 5-1b) a severity level corresponding to treatment C is able of achieving a
quite higher degree of solubilization for this material, compared with the two lower-severity
treatments (A and B). This is true for all reagents except for EtOH, for which treatment B is
the one actually causing a more marked effect on sCOD release. As far as WW (Fig. 5-1a)
and JW (Fig. 5-1d) are concerned, only for some of the examined reagents (i.e. NaHCO3,
NaCl and AcOH for WW and NaOH, NaHCO3, H;Cit and H,0, for JW), the treatments with
the highest severity (C) caused a more enhanced solubilization of these substrates, with this
being more evident for JW. Regarding the remaining reagents in each case, the increase in
severity from A to B and from B to C influences solubilization to a similar degree when using
NaOH, HsCit and H,O, for WW and NaCl and Me,CO for JW. Finally, a decreased
difference between treatments B and C is shown when using Me,CO and EtOH with WW and
AcOH and EtOH with JW.

Similar observations can generally be made regarding TPH release (Fig. 5-2).
Nevertheless, in this case, the impact being exerted by the variation in pretreatment conditions
from B to C, appears to be more significant.

When comparing the impact of different reagents on substrate solubilization, it is noticed
that the application of the treatments at milder conditions does not allow significant
differences to be observed between reagents. In fact, similar SCOD values are obtained for all
A treatments, for all substrates. Conversely, the different impact of each reagent is more
visible as the treatment severity increases from A to B, while further increase from B to C,
causes not only a more pronounced difference between reagents, but also a change in the
order concerning their effectiveness. Differences in substrates solubilization with the use of
different reagents may be attributed to their properties and the manner in which they affect
such substrates. In fact, alkaline, acid and oxidative pretreatments, all cause an increase in the
accessible surface area of lignocellulosic materials. However, while the action of alkaline
reagents is concentrated more on lignin and less on hemicellulose solubilization, acid reagents
act more on the structure of cellulose and hemicellulose (Zheng et al., 2014). More
specifically, alkaline pretreatments are known to cause swelling to lignocellulosic materials,
as a result of solvation and saphonication reactions. In contrast acid pretreatments lead to the
disruption of covalent bonds, hydrogen bonds, and Van der Waals forces connecting the
various components of such materials (Song et al., 2014). In treatments using H,O,, the strong
oxidative action of the reagent, as well as the release of hydroxyl radicals help not only
disrupt lignin and hemicellulose structures, but also make a portion of cellulose more
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available to microorganisms (Zheng et al. 2014). On the other hand, organic solvents, such as
EtOH can cause partial lignin hydrolysis, as well as hemicellulose solubilization, due to their
impact on internal lignin bonds and bonds between lignin and hemicellulose (Behera et al.,
2014; Kabir et al., 2014). Finally, the use of inorganic salts, such as NaCl has resulted quite
effective for hemicellulose degradation (Liu et al., 2009) and removal of the loosely bound
portion of lignin (Banerjee et al., 2016). Ultimately, HsCit, H,O, and EtOH appeared as the
most effective of the eight tested reagents in solubilizing the studied substrates. Consequently,
treatments B and C, using these reagents, were adopted for producing the samples for
subsequent BMP assays.

The changes in the pH of the slurries at the end of each pretreatment are depicted in Fig.
5-3, where hollow markers represent the initial pH of each solution. After pretreatment was
concluded, the final pH of the slurries containing CGW and OP was reduced in the cases of
NaOH, NaHCO; and NacCl, while it was increased for H;Cit, AcOH, H,0O,, Me,CO and EtOH
(except for OP with treatment A). Decreased pH values after chemical pretreatment have also
been observed in previous studies where NaOH (Sambusiti et al., 2013) and Ca(OH),
(Fernandes et al., 2009) were used as reagents. This phenomenon is generally attributed to the
release of substances, such as organic acids and phenolic compounds, as a result of lignin
degradation (Bolado-Rodriguez et al., 2016). On the other hand, increased pH values were
found by Zhao et al. (2010), Fernandes et al. (2009) and Zhao et al. (2014) after pretreatment
with acetic-propionic acid, maleic acid and acetic acid, respectively. This pH increase could
be associated to the consumption of hydrogen ions in the hydrolysis reaction being developed
during pretreatment (Zhao et al. 2010). In contrast with the above mentioned results, for WW
and JW, pH was found decreased in all treatments, except for those where the two acids
(HsCit, AcOH) were used. Consequently, in these two cases, pH reduction for H,0,, Me,CO
and EtOH treatments, may be attributed to the nature of WW and JW, since both of them are
materials of acidic character.
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Figure 5-1: sCOD concentrations in the slurries after pretreatment with eight different
reagents at three condition sets [A (*), B (M), C (l)], for (a) WW, (b) CGW, (c) OP and (d)
JW (error bars represent standard deviation)

sCOD (mg O,/gVS)

128 |



| CHAPTER 5

Table 5-2: COD solubilization (%) after chemical pretreatment of substrates

Substrate  Condition COD solubilization (%)
sets
NaOH NaHC03 NaCl H3C|t AcOH H202 MEZCO EtOH
WWwW A 465 +2.7 46.2 £1.6 46.2 +39 465 +2.7 46.2 +3.9 412 +1.6 404 +4.2 539 +14
B 487 +156 456 +16.6 454 +155 52.1 +14.6 436 +13.3 440 +133 469 +145 509 +0.6
C 51.2 +3.7 473 +35 477 +59 577 +3.7 489 +3.7 478 +21 443 +55 56.2 +4.7
CGW A 6.58 +0.19 813 £+120 758 +041 12.1 +043 7.92 +3.64 740 +£0.01 835 +0.19 991 +0.71
B 6.02 +0.77 576 £040 575 +0.39 104 +£0.0 5.47 +1.55 576 +£1.17 7.94 +1.94 151 +1.2
C 105 +16 9.80 +0.22 11.0 +0.4 227 +1.6 144 +2.0 11.7 +1.3 145 +21 16.0 +1.8
OP A 315 +0.14 258 +032 227 +£0.18 3.94 +0.68 3.06 +0.50 224 +£0.05 285 +0.76 458 +0.47
B 799 +0.53 548 +0.39 520 =+1.05 8.07 +0.13 6.50 +0.01 761 +£001 594 +0.00 6.97 +0.88
C 121 +£0.8 501 +£050 6.73 +5.47 10.8 +£04 6.00 +0.28 352 +£021 505 +0.40 7.63 +0.81
Jw A 433 +6.3 41.0 +6.8 409 +6.9 418 +6.5 420 +5.3 403 +4.2 444 +3.9 46.4 +4.8
B 394 +14.1 448 +2.3 446 =+34 50.3 +1.1 575 +£19.0 430 +2.8 477 +£15 53.9 +£45
C 546 +4.7 543 +£35 499 +£32 675 +4.3 56.1 +4.7 538 +4.1 525 £55 547 +4.4

All values are expressed as average + standard deviation
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5.4.2 Moisture, VS contents and elemental composition of chemically pretreated
samples

The composition of chemically pretreated samples is presented in Table 5-3. Results show
that chemical pretreatment led to the production of samples with higher moisture contents, i.e.
lower TS contents, compared with the untreated substrates. This suggests that due to the
nature of the pretreatment process, some moisture quantity originating from each reagent
solution being used, was probably retained within the mass of the samples in the form of free
moisture, thus resulting in higher contents. The most significant variation was noticed for
CGW with an increase ranging from 38 to 49%, while the substrate which was affected the
least is OP, with an increase between 0.4 and 9%. As far as VS/TS is concerned, these values
are also found increased after pretreatment, with the least affected substrate in this case being
JW. Different types of reagents do not seem to have caused significantly different effects
regarding this parameter. Nevertheless, increasing the severity of pretreatment (form B to C)
resulted in generally stable values characterized by a slightly increasing trend for all reagents.
Tian et al. (2016) also noticed higher values for VS/TS after chemical pretreatment of corn
stover with H,SO,4, AcOH and HiPQ,, with the increase in acid concentration resulting in a
stable behavior. Moreover, in two other studies (Asadieraghi et al., 2014; Jiang et al., 2013)
the authors found increased volatile matter contents for lignocellulosic materials being
chemically treated with different acids.

Elemental analysis of pretreated samples revealed uniformity in the general effect of
pretreatment on the elemental composition of the substrates. In fact, C and H contents of
samples obtained after chemical pretreatment were found increased in comparison with the
respective values of the untreated substrates. In contrast, O contents were reduced, while the
variation of N contents was dependent on each material. These results are in agreement with
those found by Lim et al. (2013), Jiang et al. (2013) and Asadieraghi et al. (2014), who in
their respective studies also observed increased C and H contents, as well as decreased O
contents, after the application of chemical treatments. Moreover, it is noticed that, depending
on the substrate, chemical pretreatment impacted each element at a different degree. In fact,
for all three reagents being investigated, H content was the most affected by pretreatment in
the cases of WW, CGW and JW, while in the case of OP, N content sustained the most
significant variation. Nevertheless, when comparing the different types of reagents it is
evident that the H and C contents of WW were affected the most by H,O, and EtOH
treatments, respectively, independently of severity, while the N content was particularly
impacted by the HsCit-C and H,0,-C treatments. Similarly, H,O,-C and EtOH-C treatments
exerted the most pronounced effect on C and H contents of JW, while H,0,-B and EtOH-B
had the most significant effect on N content. H;Cit was the reagent causing the most
important effect on C and H contents of CGW, while both H,0, and EtOH had an analogous
result on its N content. In the case of OP, N was much impacted by H;Cit and H,0,, H by
EtOH and C by the H,0,-C and EtOH-B treatments. C/N and C/H values were affected
accordingly, as a result of the different degree of impact of each pretreatment on each
element. Specifically, C/H was found reduced, while C/N was found more elevated for
pretreated samples compared with untreated substrates. A few exceptions were observed for
C/N, i.e. WW-samples obtained after H;Cit-C and H,0,-C treatments and the JW-sample
generated through the HsCit-C treatment. All the above mentioned variations in the elemental
composition of the pretreated materials may be explained by the fact that during pretreatment,
a portion of the organic compounds present on the substrates matrices was released in the
liquid fraction, while leaving another portion still on the solid fraction. This, depending on the
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composition of the latter substances, would have possibly increased the percentages of some
of the elements for the solid fraction. Furthermore, the variation in C/H in particular, has
previously been associated with such phenomena (Lim et al., 2013; Jiang et al., 2013) and
strongly encourages this supposition. As far as pretreatment severity is concerned, the
variation in reagent dosage and process temperature led to the development of coinciding
trends for C and H contents with all investigated reagents and for all substrates. More
specifically, the use of H;Cit and EtOH at increasing severities results in a decreasing trend
for WW and OP, while the exact opposite is observed for CGW and JW. On the other hand,
when using H,0,, C and H contents are decreased only for WW, while for the remaining
substrates they are increased. Regarding N content, the observed behavior seems to be
dependent on each substrate, since the only cases in which these trends coincide with those of
C and H contents are those of CGW and OP for H;Cit, those of CGW and JW for H,O, and
that of JW for EtOH. Finally, while the trends in C/N values are found to agree with those of
N contents for all reagents and substrates, those of C/H follow different patterns. In fact, the
HsCit treatments resulted in a decreasing trend for all substrates, the H,O, treatments caused a
decrease for WW, no detectable change for CGW and an increase for OP and JW, while the
EtOH treatments led to increasing values for WW and CGW and to decreasing values for OP
and JW. Song et al. (2012) observed a decrease in the total carbon content and an increase in
the total nitrogen content of rice straw after chemical pretreatment with increasing reagent
concentration, while in another study (Song et al., 2014), in which seven different reagents
were used on corn straw, the authors observed a decreasing trend for C contents and C/N
values, as they increased the concentrations of the reagents. The results of the present study
are found to partially agree with these literature results.

It is worth mentioning that S contents are not included in ultimate analysis results, since
all values were below the detection limit of the instrument (0.01%).
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Table 5-3: Composition of chemically pretreated samples used in BMP assays

Substrates Reagents Condition M (%)  VSITS Elemental analysis
sets C(%)" H (%) ° 0 (%)° N (%) ° CIN C/H
ww - (raw) - 719 0.920 459+42 5.95+1.17 38.3+5.3 1.80 +0.31 255 +£5.5 7.83 £0.97
H4Cit B 78.3 0.985 57.9+0.8 8.34+0.13 30.5+0.2 1.84 +0.40 322 +74 6.94 +0.20
C 80.3 0.983 56.1+ 0.1 8.38 + 0.03 31.5+0.1 2.34 +0.01 24.0 0.1 6.69 +0.04
H,0, B 80.0 0.981 57.1+0.2 8.72 +0.27 30.7+ 0.8 1.60 +0.29 36.2 £6.5 6.55 +0.18
C 81.2 0.984 56.1+ 0.3 8.51 +0.30 31.4+0.6 2.38 +£0.01 23.6 £0.1 6.59 +0.20
EtOH B 83.7 0.979 58.6+ 0.0 8.60 +0.17 28.8+ 0.2 1.83 +0.00 32.1 £0.0 6.82 +0.13
C 80.1 0.983 58.1+ 0.5 8.04 + 0.07 30.5+ 1.0 1.61 +0.35 37.1 £7.9 7.23 +0.00
CGW - (raw) - 29.4 0.750 32.8+1.2 4.40 +0.22 36.4+ 1.4 1.40 +0.20 234 £3.8 7.46 +014
H4Cit B 75.1 0.777 426+ 1.4 7.39 +0.39 26.9+ 1.8 0.84 +0.04 50.4 + 0.6 576 +0.11
C 72.9 0.858 44.7+0.5 7.99 +0.15 32.2+0.3 0.90 +0.02 49.8 +1.5 5.60 +0.16
H,0, B 69.4 0.759 40.9+0.2 7.48 £0.03 26.9+ 0.2 0.60 =0.00 68.7 £0.2 5.47 +0.05
C 67.5 0.813 44.0+0.1 7.84 £ 0.08 28.6+ 0.4 0.77 £0.14 58.2 +10.5 5.62 +0.04
EtOH B 75.5 0.821 405+ 1.6 7.24 £0.16 335+ 1.9 0.79 +0.13 52.0 £6.5 5.60 +0.10
C 78.7 0.835 41.1+32 7.25 +0.54 34.4+3.7 0.67 +0.03 61.5 £2.2 5.67 +0.02
oP - (raw) 46.5 0.977 54.2+£3.2 7.53 £1.14 34.5+£5.0 2.09 +0.07 259 £2.4 7.24 +0.68
H4Cit B 485 0.993 57.3+2.1 9.47 + 0.46 31.8+3.2 0.72 +0.63 85.4 +£283 6.05 +0.08
C 46.9 0.998 56.1+2.2 9.14 + 0.50 34329 0.28 £0.11 216 + 80 6.13 +0.10
H,0, B 54.3 0.989 574+ 1.7 9.61 +0.32 31.2+23 0.65 £0.21 92.5 £27.2 5.97 +0.02
C 50.9 0.992 60.2+2.2 10.3+0.2 28.4+2.4 0.35 +0.00 172 +7 5.83 +0.07
EtOH B 49.6 0.992 61.0+ 1.4 10.7 0.2 27.0+ 1.4 0.43 +0.18 155 + 66 5.68 +0.04
C 55.7 0.991 59.1+0.2 10.2 £0.0 29.3+0.2 0.50 +0.03 118 +7 5.76 +0.00
Iw - (raw) 78.8 0.965 45.3%0.1 6.29 + 0.89 443+ 1.2 0.90 +0.15 50.3 +6.9 7.28 +0.80
H4Cit B 92.7 0.959 46.6+0.2 7.76 £ 0.02 40.8+ 0.2 0.77 £0.02 60.4 +1.0 6.01 +0.00
C 94.8 0.979 48.3+0.7 7.96 £0.12 40.6+0.8 0.99 +0.04 489 +2.9 6.06 +0.00
H,0, B 91.2 0.962 46.3+0.2 7.41 +0.24 41.9+ 0.4 0.65 +0.00 70.9 +0.8 6.24 +0.18
C 94.5 0.966 49.5+ 3.6 8.19 + 0.80 38.0+ 4.5 0.92 +0.07 53.8 +0.0 6.05 +0.15
EtOH B 90.9 0.967 46.1+0.1 7.56 £0.22 42.4+0.3 0.68 +0.01 67.9 £0.7 6.10 +0.16
C 93.2 0.967 49.0+ 0.0 8.88 + 0.05 38.0+ 0.1 0.90 +0.08 54.4 £4.9 5.52 +0.04

®wet basis, °dry basis, Elemental analysis values are expressed as average + standard deviation

134 |



| CHAPTER 5

5.4.3 Pretreatment mass yields

As it can be seen in Table 5-4, the mass yields of the chemical pretreatment process were
calculated in three different ways, namely Ywe, Yts and Yys, in order to be able to express
this parameter on a wet sample, a total solids and a volatile solids basis, respectively. As it is
immediately made evident by Y vValues greater than unity, chemical pretreatment results in
final samples of higher mass compared with the untreated substrates. This may be explained
by the higher moisture retention within the mass of each material during the pretreatment
process, as it was observed earlier (paragraph 5.4.2). Y1s and Yys values for each separate
sample are very close to each other however in most cases the latter are greater than the
former. This indicates that the solids being retained in each pretreated sample, are for the
most part comprised of degradable matter. Furthermore, it is observed that solids retention in
the majority of cases usually diminishes with the application of processes of higher severity.
Similar results have also been observed in previous studies involving chemical pretreatment
of materials of similar nature. Silverstein et al. (2007) found that solids retention diminished
after treating cotton stalks with H,SO,, NaOH and H,O, at increasing reagent concentrations
and reaction time, while Park et al. (2015) made a similar observation when increasing the
concentrations of HNOs, H,SO,, NaOH and Ca(OH), during pretreatment of rice straw. An
analogous trend was also noticed by Kang et al. (2013) when treating Miscanthus straw with
five inorganic salts at increasing temperature, concentration and pretreatment time.
Nevertheless, in the present study there are also some cases in which opposite observations
are true, i.e. solids retention increases. Specifically, these are the EtOH treatment of WW, the
H,O, treatment of CGW and the H;Cit and H,O, treatments of OP. As far as the latter
substrate is concerned, another interesting observation is the fact that both Ys and Yys values
are slightly greater than unity. This is indicative of an increase in the TS and VS contents of
these specific pretreated samples. The experimental procedure followed during pretreatment
did not include rinsing the solid fractions recovered after centrifugation and filtration. This
implies that whichever substances were contained in the free moisture being retained within
the mass of the pretreated samples (as mentioned in paragraph 5.4.2) would have not been
removed from the solid fraction, thus eventually contributing to the final solids contents of the
samples. These substances may include not only residues from the reagents being used during
pretreatment, but also condensed degradation compounds. In fact, it has been reported that the
soluble compounds (e.g. phenols, furans etc.) being generated after the disruption of
lignocellulosic structures, i.e. the solubilization of lignin and hemicellulose and the breakage
of their internal bonds, can often be condensed through the appropriate reactions, sometimes
even with each other, at both higher and lower temperatures, including room temperature
(Klinke et al., 2004; Lopez-Gonzales et al., 2013; Scordia et al., 2011). The above mentioned
phenomena would have occurred for all samples to some extent, however, the results indicate
that they may have been more pronounced in the case of OP, probably due to its specific
characteristics and composition, which includes compounds such as sugars, volatile acids,
polyphenols, polyalcohols, proteins and pigments (Karantonis et al., 2008).
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Table 5-4: Mass yields of chemically pretreated samples used in BMP assays

Substrates Reagents Condition sets Mass yields
YWet YTS YVS
ww H,Cit B 1.17 091 0.97
C 1.04 0.73 0.78
H,0, B 1.19 0.84 0.90
C 0.99 0.66 0.71
EtOH B 1.29 0.75 0.80
C 1.15 0.81 0.87
CGwW H,Cit B 1.77 0.63 0.65
C 1.26 0.48 0.55
H,0, B 1.64 0.71 0.72
C 1.54 0.71 0.77
EtOH B 1.88 0.65 0.71
C 1.91 0.58 0.64
OoP H,Cit B 1.12 1.07 1.09
C 1.19 1.18 1.21
H,0, B 1.20 1.03 1.04
C 1.21 111 1.13
EtOH B 1.28 1.21 1.23
C 1.32 1.09 111
Jw H,Cit B 1.49 0.51 0.51
C 1.50 0.37 0.38
H,0, B 1.73 0.72 0.71
C 1.78 0.46 0.46
EtOH B 1.50 0.64 0.64
C 1.66 0.54 0.54

5.4.4 Effect of pretreatment on substrate degradability

5.4.4.1 Methane production during BMP assays

On the basis of the results of the pretreatment procedure, only six out of the twenty-four
samples obtained for each substrate (WW, CGW, OP and JW) were chosen for BMP assays.
Namely, the samples resulting after pretreatment with HsCit, H,O, and EtOH with treatments
B and C were chosen. This selection was made, in order to test one sample of each reagent
category (with the exception of alkalines), i.e. one acid, one oxidant and one organic solvent,
and specifically those for which higher sCOD solubilization was achieved. Alakline reagents
served more for comparison purposes, as alkaline processes are the most widely adopted in
literature among chemical pretreatments.

Fig. 5-4 shows the cumulative methane production of the above mentioned samples,
while Table 5-5 presents the specific methane yields (SMY) of the pretreated samples, as well
as the biodegradability indices (BI) calculated based on the TMP of each pretreated sample.
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SMY are expressed on the basis of both the added amount of VS and the amount of VS
corresponding to the untreated (raw) substrate.

As it can be seen from the results, milder treatments (B) had a more positive outcome,
compared with the more severe treatments (C) when H;Cit and H,O, were used, while the
opposite is true in the cases where EtOH was the reagent of choice. There are only two
exceptions to the above mentioned observations, where the opposite is noticed. Specifically,
for WW the EtOH-B treatment yielded a higher methane potential than the EtOH-C
treatment, while the H;Cit-C treatment prevailed the H;Cit-B treatment in the case of CGW.
In a similar study, Monlau et al. (2012) compared different pretreatments of sunflower stalks
and observed that an intermediate pretreatment temperature around 55 °C was more effective
than 80 °C, for methane production, when using H,O,, as well as alkaline reagents.

When comparing the three reagents for each separate treatment, it is noticed that the
EtOH-treated WW samples provide the highest methane yields for both B- and C-treatments,
while for OP, the samples treated with HsCit prevail at both condition sets, although for the
latter substrate, for treatment C the difference from the EtOH-treated sample is only slight. In
the cases of CGW and JW on the other hand, treatments H,O,-B and EtOH-C provided the
materials with the highest methane yields for each condition set, with the respective values
being quite close. Similar results have been observed in previous studies as well. In fact,
when Amnuaycheewa et al. (2016) compared various organic acids for the pretreatment of
rice straw, they found that citric acid was the one providing the best results concerning the
enhancement of biogas production. Moreover, Kabir et al. (2014) have reported that organic
acids and low molecular weight alcohols are produced during anaerobic digestion as
intermediate products; therefore their eventual presence not only does not cause inhibition to
the process, since they are easily degradable, but may also be beneficial to it. Consequently, it
can be assumed that any eventual residues of H;Cit and EtOH remained on the substrates after
pretreatment, probably did not have such a negative effect on methane production, as the
residues of the other reagents may have had, hence the more positive results observed for
these substrates. Overall, the highest methane yields (SMYp, MLCH,, stp/gVSp) were obtained
after the EtOH-B, EtOH-C, HsCit-B and H,0,-B pretreatments for WW, CGW, OP and JW,
respectively. A similar behavior can be observed when referring to the SMY expressed as
SMY raw (MLCHy, stp/gV Sgraw), as well as to the corresponding Bl (%) values. There are only
two exceptions in which SMYg,, follow the opposite trends compared with SMYp. More
specifically, this is noticed for the two HsCit-treated OP-samples and the two EtOH-treated
JW-samples. Interestingly, in these same cases Bl trends are also found to disagree with
SMY: trends, while being in accordance with SMYrg,, trends. The only additional case in
which there is an absolute disagreement between SMY and Bl is for the H;Cit-treated WW-
samples, for which however the difference in degradability can be considered negligible. The
fact that SMY are mostly in accordance with Bl values corroborate the supposition regarding
the effects of these specific pretreatments on the investigated substrates, i.e. that higher
methane potentials are linked to higher biodegradability levels.

It is worth mentioning that while SMY g, are lower than SMY; for WW, CGW and JW,
in the case of OP the opposite is seen. This is related to the high mass yield values observed
for this substrate. Moreover, when comparing the aforementioned results with the SMY of the
untreated substrates (Pellera and Gidarakos, 2016) (Chapter 3), namely 446.2, 268.0, 258.7
and 446.0 mL CH, stp/fg VS for WW, CGW, OP and JW, respectively, it is evident that
pretreated materials present generally lower methane potentials, with the exception of the
CGW-sample generated after the EtOH-C treatment, for which the SMY seems to exceed the
one obtained for the untreated substrate. Reduced methane potentials after chemical
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pretreatment were observed in a previous study as well (Pellera et al., 2016) and may be
attributed to the loss of a portion of degradable matter initially present on the solid matrix of
the substrates and its transfer to the liquid phase as a result of pretreatment (Fernandez-Cegri
etal., 2012).

Ultimately, the obtained results reveal that different pretreatment severities have
different effects on the degradability of the produced materials. In fact, while for WW
moderate severity processes seem to generally be more appropriate for subsequent methane
production, in the case of CGW this is true only when using H,O,, with more severe
conditions being more fruitful for the latter substrate when using HsCit and EtOH. As far as
OP and JW are concerned, moderate conditions appear to be more suitable when applying
HsCit and H,0, treatments, while the EtOH treatments give more satisfactory results when
adopted at a higher severity.
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Figure 5-4:Cumulative methane production of samples pretreated with three different reagents
at two condition sets [HzCit-B (-+-), H;Cit-C (- ¢ -), H,0,-B (-»-), H,0,-C (- = -), EtOH-B (-=),
EtOH-C (- = -)], for (a) WW, (b) CGW, (c) OP and (d) JW (error bars represent standard
deviation)
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Table 5-5: Theoretical methane potentials (TMP), Specific methane yields (SMY) and Biodegradability indices (BI) of chemically pretreated samples
used in BMP assays

Substrates Reagents Condition TMP SMY, ? SMYgaw BI ?
sets (mL CHg, ste/g VS) (ML CHy ste/g VSp) (ML CHy, s1p/g VSraw) (%)
WW H,Cit B 665.6 163.7 +16.5 159.1 £16.0 246 +25
C 644.6 163.0 *+15.7 126.7 +12.2 253 +£2.4
H,0, B 672.8 190.2 +6.7 1713 +6.1 283 +£1.0
C 648.5 166.0 +16.4 1175 +11.6 256 +2.5
EtOH B 690.8 2395 +169 190.7 +13.5 347 +2.4
C 662.3 176.6 +11.0 153.4 +9.6 26.7 £1.7
CGW H.Cit B 650.0 1471 +132.0 95.4 +£85.6 226 +£20.3
C 610.0 265.2 +129 1465 +7.1 435 +2.1
H,0, B 649.9 2475 +6.0 178.0 +43 38.1 +0.9
C 646.6 220.2 +5.2 168.7 +4.0 34.0 +£0.8
EtOH B 559.6 2415 +32 1725 +£23 432 +0.6
C 554.1 318.0 +13.8 2047 +8.9 574 +25
oP H,Cit B 689.1 183.2 +5.0 200.1 +£55 26.6 +0.7
C 658.5 1799 +238 217.3 £33 273 +£0.4
H,0, B 699.9 172.3 +40.8 1787 +423 246 +5.8
C 754.5 156.2 +60.1 176.3 +67.8 20.7 +£8.0
EtOH B 779.6 1575 +4.0 193.0 £49 20.2 +£0.5
C 739.4 1790 +34 1978 +3.7 242 +0.5
JW HsCit B 526.4 3535 +82.5 180.4 +42.1 67.2 +15.7
C 537.2 3343 +141.2 126.1 +53.2 62.2 +263
H,0, B 508.1 385.6 +84 275.0 +£6.0 759 +1.7
C 572.3 3713 +4.7 1719 +22 64.9 +0.8
EtOH B 505.9 332.8 +89.6 2143 +£57.7 65.8 +£17.7
C 586.8 3845 +209 206.6 £11.2 65.5 +£3.6

# Values are expressed as average + standard deviation
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5.4.4.2 pH and TPH during BMP assays

During the BMP assays weekly samples of the digestion slurry were withdrawn from the
reactors, in order to determine the pH (Fig. 5-5) and TPH (Fig. 5-6) concentrations in their
interior.

As it is shown in Fig. 5-5, pH values on day 1 of incubation are found decreased
compared with the initially adjusted value of 7.8, with this phenomenon being particularly
pronounced for the assays corresponding to JW-samples. In fact, in these particular cases pH
reaches values as low as 6.75. After the first week of incubation, a further decrease in pH can
generally be noticed (until day 15), most likely due to the accumulation of organic acids
during the initial stages of the digestion process (Liew et al., 2011; Song et al., 2014). This
observation is true for all assays except for those containing JW-samples, for which the pH
increases instead, showing a tendency towards the stabilization of the systems. Afterwards,
beyond day 7, pH profiles tend to show similar patterns among substrates, with a slight initial
increasing trend (after day 15) and subsequent small fluctuations around a close range of
values. On the other hand, JW-assays show a continuous increasing trend with time. This
latter behavior of pH can be attributed to the consumption of the previously produced acids
(Song et al., 2012). Results following patterns similar to those observed in the present study
were also found in the studies conducted by Zhang et al. (2011), Song et al. (2012), Song et
al. (2014) and Liew et al. (2011). No significant differences can be noticed regarding pH, nor
between treatments using different reagents or between treatments of different severity. This
suggests that the reagent residues that eventually remained on the pretreated samples were
most probably in a quantity that apparently did not exert an inhibitory effect on anaerobic
digestion.

The results regarding the variation of TPH concentrations in the digestion slurries are
depicted in Fig. 5-6. An initial increasing behavior is observed during the first weeks of
incubation for all substrates. More specifically, for the assays corresponding to WW (Fig. 5-
6a), CGW (Fig. 5-6b) and OP (Fig. 5-6¢), most peak values are found on day 15, with some
others being noticed later during digestion (days 21 and 27). On the other hand, in the case of
JW-samples (Fig. 5-6d) TPH concentrations reach their maximum within the first week of
incubation (day 7). Interestingly, the higher presence of these compounds coincides with the
manifestation of lower pH values, which was mentioned earlier. This suggests that a
significant amount of degradable organic material was consumed during these periods, thus
causing the more pronounced release of phenolic compounds and organic acids and in turn
the lower pH levels. Following this initial period of higher TPH levels, a continuous
decreasing trend is developed, especially after day 27, with similar variation patterns being
observed for all assays, corroborating the stabilization tendency inferred by the earlier
discussed corresponding pH values. Furthermore, it is noted that there are no significant
variations among different treatments confirming the absence of particularly inhibitory
factors.
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Figure 5-5: pH variation during BMP assays for samples pretreated with three different
reagents at two condition sets [H3Cit-B (-+-), H3Cit-C (- ¢ -), H,0»-B (-e-), H,0,-C (- = -),
EtOH-B (-=), EtOH-C (- = -)], for (a) WW, (b) CGW, (c) OP and (d) JW (error bars represent
standard deviation)
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Figure 5-6: TPH variation during BMP assays for samples pretreated with three different
reagents at two condition sets [H3Cit-B (-+-), H3Cit-C (- ¢ -), H,0»-B (-e-), H,0,-C (- = -),
EtOH-B (-=), EtOH-C (- = -)], for (a) WW, (b) CGW, (c) OP and (d) JW (error bars represent
standard deviation)
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5.4.4.3 Kinetic modeling of BMP data

The results obtained by fitting the methane production data to both the first-order exponential
and the transference models are presented in Table 5-6. Data fitting for both models resulted
in the same values for P and R?, hence the combined presentation of the data. The models
were found to describe the experimental data at an acceptable level for all samples. Chemical
pretreatment appears to have affected the anaerobic digestion kinetics of each investigated
substrate differently. Indeed, the rate constant (k) values obtained for WW and CGW seem to
generally follow an increasing trend with the variation in pretreatment severity from B to C,
for all reagents being used. These results imply the development of a digestion process at a
slightly faster rate with an increase in the severity of pretreatment. The opposite is observed
for OP and JW, suggesting that a more intense pretreatment may retard digestion in these
cases. Lopez-Gonzales et al. (2013), who focused on thermo-chemical pretreatment of press
mud, also obtained lower k values for the data corresponding to higher severities. As far as
the maximum methane production rate (R,) is concerned, although the highest values
correspond to the samples with the maximum SMY and BI, the trends followed by the data of
these three parameters do not always coincide. In fact, when comparing the results presented
in Table 5-5 with those of Table 5-6, it can be noticed than the behavior of R, in certain cases
coincides with the behavior of either the SMY or the BIl. These findings suggest that the
maximum methane production rate for a specific substrate is evidently in correlation with its
biodegradability.

5.4.5 Fiber composition of chemically pretreated samples

In order to better understand the effect of the pretreatments on each substrate, the fiber
composition of the chemically pretreated samples with the highest SMY was determined.
Table 5-7 presents the NDF, ADF and ADL contents of the pretreated samples, as well as of
the respective raw substrates, expressed as a percentage of TS. Additionally, the ADL content
was also expressed as a percentage of the ADF content. NDF includes hemicellulose,
cellulose and lignin, ADF includes cellulose and lignin, while ADL represents lignin. As it
can be seen from the results, in all cases the pretreatments seem to have produced samples
with an increased NDF content compared with the untreated substrates. In other words, this
suggests that the pretreatments in addition to causing the partial disruption of the substrates
matrices, also induced the release of the easily degradable organic matter of each substrate,
thus leaving solid samples with higher fiber contents. The ADF contents were also higher
after pretreatment, while the ADL contents (%TS) were decreased for WW and OP and
increased for CGW and JW. Nevertheless, when ADL values are expressed as a percentage of
the ADF contents, they are found reduced in all cases, except for JW. These results would
imply that all lignocellulosic components were affected by pretreatment to some degree.
However, in the case of WW, hemicellulose and lignin appear to have been affected the most,
while for CGW, OP and JW, this is the case for cellulose and lignin. Moreover, for CGW and
OP, lignin in particular, seems to have suffered a higher reduction, while for JW, results
indicate a more pronounced reduction for cellulose. Previous studies, where chemical
pretreatments using HsCit (Amnuaycheewa et al., 2016), H,O, (Song et al., 2012; Song et al.,
2014) and EtOH (Kabir et al., 2014) were applied to lignocellulosic substrates, have also
examined the fiber composition of pretreated samples. Both Amnuaycheewa et al. (2016) and
Song et al. (2012) observed decreased cellulose and lignin contents for pretreated rice straw,
while a similar tendency was observed in another study treating corn stover (Song et al.,
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2014). On the other hand, in the study conducted by Kabir et al. (2014) a decrease in the
hemicellulose and lignin contents of forest residues was combined with an increase in their
cellulose content.

Table 5-6: Kinetic modeling parameters for BMP assays

Substrates Reagents Condition Modeling parameters
sets P k Rm R
WwW HCit B 227.8 0.1614 36.76 0.9276
C 230.7 0.1838 4241 0.9342
H,0, B 248.5 0.1537 38.19 0.9343
C 232.1 0.1609 37.35 0.9472
EtOH B 289.5 0.1683 48.71 0.9496
C 244.3 0.1659 40.54 0.9579
CGW HsCit B 165.0 0.1039 17.14 0.8431
C 212.6 0.1120 23.82 0.9624
H,0, B 207.2 0.1186 24.57 0.9657
C 193.2 0.1254 24.24 0.9533
EtOH B 203.9 0.1192 24.30 0.9620
C 234.8 0.1175 27.59 0.9769
OP HCit B 175.7 0.1542 27.09 0.9544
C 175.2 0.1324 23.20 0.9537
H,0, B 172.9 0.1476 25.54 0.9614
C 167.9 0.1454 24.40 0.9541
EtOH B 166.2 0.1624 26.98 0.9541
C 176.4 0.1301 22.96 0.9561
Jw H,Cit B 387.9 0.2442 94.71 0.9730
C 367.3 0.2341 85.98 0.9736
H,0, B 414.3 0.3296 136.53 0.9635
C 408.4 0.2687 109.76 0.9809
EtOH B 376.6 0.3473 130.81 0.9564
C 417.7 0.2666 111.34 0.9863

Table 5-7: Fiber composition chemically pretreated samples with the highest SMY

NDF (%TS)

ADF (%TS)

ADL (%TS)

ADL (%ADF)

WWwW

CGW

OP

JW

Raw
EtOH-B

Raw
EtOH-C

Raw
H,Cit-B
Raw
H,0,-B

43.2
61.6

62.1
84.5

64.5
82.3

19.6
45.7

41.5
60.2

60.3
72.3

50.4
58.1

14.3
26.4

39.2
39.1

44.6
52.6

46.3
40.7

2.1
15.9

94.6
65.0

73.9
72.8

91.8
70.1

14.6
60.3
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5.4.6 Energy considerations

The energy requirements for chemical pretreatment of the investigated substrates at different
conditions, as well as the energy recovered in the form of heat and methane were calculated in
order to provide the energy balance presented in Table 5-8. It is noted that, the calculations
regarding specific energy consumption (Ec) and specific energy released in the form of heat
(Eq) were made considering the maximum amount of substrate being introduced in the oven
at each run of the pretreatment experiments. Specifically, a maximum of 21 flasks could be
used at the same time, with each one containing 1 g of VS of substrate. Moreover, the specific
energy production in the form of methane was calculated using the quantity of gas being
produced from each pretreated sample at STP conditions.

It is evident that energy consumption is higher for B-treatments, due to their longer
duration, i.e. 8 h compared with 4 h corresponding to C-treatments. On the other hand, larger
amounts of energy produced in the form of heat are obtained from C-treatments, which are
conducted at a higher temperature. Moreover, it is observed that for all reagents and at both
condition sets, a negative energy balance is obtained, for all investigated substrates. Similar
negative specific energy profits were also obtained by Kuglarz et al. (2013), when
investigating thermal treatment of sludge at temperatures between 30 and 100 °C.
Additionally, the values obtained for the energy ratio Ei/Eo, are higher than unity and
between 5.1 and 5.4 for B-treatments and around 1.2 for C-treatments. All the above lead to
the conclusion that the amount of energy that could potentially be recovered in the form of
methane and heat, could not balance the energy requirements of the pretreatment processes
that were applied under the specific conditions being adopted in this study. However,
pretreatments performed at a higher temperature and a shorter duration (C-treatments)
resulted in a more encouraging outcome, since both Et and Ei/Eo are significantly lower for
these treatments. A similar observation was also made by Passos et al. (2013) when
determining the ratio between the energy consumed for thermal pretreatment of microalgae at
55, 75 and 95 °C, and the energy recovered from methane production. The energy ratios they
obtained were greater than unity, albeit characterized by a decreasing trend with an increase
in temperature. Taking into consideration the above observations, it can be concluded that the
pretreatment processes used in the present study are not economically attractive when
conducted under the applied conditions. Nevertheless, if appropriate adjustments were made,
energy consumption could be reduced, thus improving the overall energy balance. More
specifically, the use of a different heating system, with a lower operating power, should be
considered. At the same time, increasing the density of the pretreatment slurry, i.e. the solid to
liquid ratio, is worth investigating, since it would ensure a better exploitation of the energy
being consumed during pretreatment, by maximizing the amount of substrate being treated. In
fact, in a previous study involving low temperature thermal pretreatment of microalgal
biomass (Passos et al., 2013), the authors obtained an improved energy balance when
applying scenarios with more concentrated biomass.
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Table 5-8: Energy balance

Substrates Reagents Condition Ec Em Eq Er Eil E,
sets

Ww HsCit B 1217829 5694 226666  -985468 5.2

C 608914 4535 498666  -105714 1.2

H,0, B 1217829 6132 226666  -985031 5.2

C 608914 4207 498666  -106041 1.2

EtOH B 1217829 6828 226666  -984335 5.2

C 608914 5492 498666  -104757 1.2

CGW HsCit B 1217829 3414 222036  -992379 5.4

C 608914 5246 488478  -115190 1.2

H,0, B 1217829 6371 222036  -989422 5.3

C 608914 6041 488478  -114395 1.2

EtOH B 1217829 6175 222036  -989618 53

C 608914 7329 488478  -113107 1.2

oP HsCit B 1217829 7164 222451 -988213 5.3

C 608914 7779 489393  -111743 1.2

H,0, B 1217829 6398 222451 -988980 5.3

C 608914 6311 489393 -113211 1.2

EtOH B 1217829 6908 222451 -988469 53

C 608914 7083 489393  -112439 1.2

JW HsCit B 1217829 6458 228947 -982424 5.2

C 608914 4477 503684  -100754 1.2

H,0, B 1217829 9844 228947 -979037 51

C 608914 6153 503684 -99077 1.2

EtOH B 1217829 7674 228947 -981208 51

C 608914 7395 503684 -97836 1.2

5.5 Conclusions

This study aimed at evaluating the influence of chemical pretreatment on the solubilization
and the degradability of four solid agroindustrial waste, namely winery waste (WW), cotton
gin waste (CGW), olive pomace (OP) and juice industry waste (JW). In order to investigate
the effect of different chemical natures, eight reagents were used, specifically NaOH,
NaHCOs, NaCl, HsCit, AcOH, H,0,, Me,CO and EtOH, while for evaluating the impact of
the process severity, pretreatment was conducted under three condition sets, by varying
process duration, reagent dosage and temperature. Substrate solubilization was clearly
positively associated with pretreatment severity, with H;Cit, H,O,, and EtOH generally
exhibiting higher levels of effectiveness. It can be inferred that the effect of the pretreatment
processes at different severities, is highly dependent not only on the mode of action of each
reagent, but also on the substrate being treated. Fiber analysis confirmed that the chemical
pretreatments in use, indeed altered the structure of the investigated substrates, resulting in
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cellulose and hemicellulose solubilization and in the breakage of the bonds connecting them
to lignin. Ultimately, chemical pretreatment resulted in lower methane potentials compared
with untreated substrates. Nevertheless, moderate to high severity conditions are
recommended when treating substrates such as those investigated in the present study, for
subsequent methane production. More specifically, while a moderate severity seems to be
generally preferable when applying Hs;Cit and H,O, treatments, EtOH treatments would
eventually require more severe conditions, in order to be more effective. In conclusion, the
most effective options for each substrate, in terms of methane production, seemed to be
moderate severity EtOH-, H;Cit- and H,0,- treatments for WW, OP and JW, respectively,
and a high severity EtOH-treatment for CGW. Energy calculations results showed high
energy consumption for chemical pretreatment and suggested that the overall energy balance
could be improved by using a heating system with a lower operating power, as well as a
higher solid to liquid ratio in the pretreatment slurry.
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CHAPTER 6

Anaerobic digestion of sold agroindustrial waste
In semi-continuous mode:

Evaluation of mono-digestion and co-digestion
systems

The present chapter aimed at investigating the anaerobic digestion of four
agroindustrial waste, namely cotton gin waste (CGW), winery waste (WW), olive
pomace (OP) and juice industry waste (JW), in semi-continuous mode, conducting not
only mono-digestion, but also co-digestion assays, using a synthetic organic fraction
(SOF) sample as a co-substrate. These assays were divided into two groups, in which
different conditions were applied. Group | investigated the variation in operational
parameters, such as the organic loading rate (OLR) and the hydraulic retention time
(HRT), while in Group Il, the assays were fed with different substrates in a sequential
order. Results showed that co-digestion assays resulted in more elevated methane
yields compared with mono-digestion assays. An increase of the OLR exerted
different effects on methane production, depending on the substrate being fed to the
reactors, while halving the HRT led to the achievement of maximum methane yields
for all assays, with the latter values corresponding to an OLR of 1.0 gVS/L/d. Further
reduction of the HRT coupled to an increase of the OLR caused a significant decrease
of methane yields, due to system overloading and possibly washout phenomena, in all
cases except for the assays being fed with OP-substrates. The latter variation in
operational parameters also resulted in one case of severe system overloading, which
led to instability and ultimately failure of the assay being fed with JW-single-
substrate. Sequential feeding with different substrates led to a more equilibrated
operation, especially for co-digestion systems. Moreover, higher methane yields were
observed during the phases corresponding to WW- and JW-substrates, while a similar
outcome was also obtained in the cases in which these same substrates were fed to the
reactors at process startup.
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6.1 Introduction

Agroindustrial activities represent one of the leading sectors of the economy, especially for
countries, such as those situated in the Mediterranean region, which are characterized by high
production rates of agricultural commodities (Fountoulakis et al., 2008). Processing of
agricultural commaodities for the production of various food products leads to the generation
of large amounts of waste materials. Among the most produced agroindustrial waste in
Mediterranean countries are those originating from wine and olive oil production, as well as
from citrus fruits (mainly orange) and cotton processing (Pellera and Gidarakos, 2016). The
most abundant solid waste generated during wine production is grape marc, which is
produced during the crushing, pressing, and draining stages. It is a lignocellulosic material
rich in polyphenols and it is usually composed of stalks, skins, seeds and pulp (Diaz et al.,
2013; El Achkar et al., 2016; Nogales et al., 2005; Vatai et al., 2009). As far as olive oil
extraction is concerned, waste generation depends on the type of system being used. Three-
phase systems generate a type of solid waste, which is known as olive pomace and is
composed of olive pulp, skin, pieces of kernels and oil (Carlini et al., 2015; Kalderis and
Diamadopoulos, 2010). Orange juice manufacturing generates large amounts of solid waste,
which are mainly composed of peels (60-65%), while they also contain seeds and membrane
residues (Martin et al., 2010; Negro et al., 2016). Such materials have a rich composition,
which includes fats, sugars, acids, insoluble carbohydrates, flavonoids, essential oils, phenolic
compounds, etc. (Boukroufa et al., 2015). Cotton processing waste are produced during the
ginning process and usually account for 10% of the initial seed cotton quantity. These
materials are comprised of burs, stalks, leaves, immature cottonseed and other plant materials
(Cotton Australia, 2016; Hamawand et al., 2016; Placido and Capareda, 2013). Agroindustrial
waste such as those described above, require appropriate management, in order to avoid
potential environmental problems related to their disposal. To this regard, the use of these
materials for energy production would seem as a suitable solution (Aboudi et al., 2015;
Aboudi et al., 2016; Anjum et al., 2016).

The organic fraction of municipal solid waste (OFMSW) is characterized by a highly
heterogeneous composition, which depends on several factors, related to seasonal,
geographical, lifestyle and cultural differences. These include variations in consumption
patterns, type of waste produced, recycling, disposal and collection practices (Alibardi and
Cossu, 2015; Li et al., 2011; Ward et al., 2008). However, despite this variability, OFMSW is
typically mainly composed of food waste, such as kitchen waste, leftovers from households,
restaurants, cafeterias etc., and garden waste, which include lignocellulosic materials, such as
grass clippings, leaves, weeds, tree prunings e.tc. (Alibardi and Cossu, 2015; Cesaro and
Belgiorno, 2014). Due to its high content in food waste, OFMSW is characterized by high
moisture and biodegradable organic matter contents. These characteristics are seen as the
main drawbacks in the case that OFMSW is inappropriately managed, since they could pose
serious threats to the environment (Alibardi and Cossu, 2015). For this reason, waste
management policies, such as the European Landfill Directive (99/31/EC), have lately been
focusing on organic waste recovery, rather than disposal (Cesaro and Belgiorno, 2014).

Anaerobic digestion has been recognized as an effective waste management technology
and has been used for the treatment of various types of waste, including agricultural and
agroindustrial waste, the organic fraction of municipal solid waste, livestock effluents, sludge
etc. (Da Ros et al., 2016a). This process involves the biological conversion of the organic
matter present in waste materials, through the action of a microbial consortium under
anaerobic conditions (Ward et al., 2008). The main product of this process is biogas, which
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due to its methane-rich composition, can be used for energy production. In fact, methane
obtained through anaerobic digestion has been considered as a renewable energy source and
can be an excellent alternative to fossil fuels for heat and electricity generation. This potential
for alternative energy production via anaerobic digestion is of great importance, especially
when considering the increasing global demand for renewable energy, after the
implementation of the European Renewable Energy Directive (2009/28/EC), which sets a
20% target for the overall share of energy from renewable sources. Apart from biogas,
anaerobic digestion also results in the production of significant amounts of digestate, which
usually has a nutrient-rich composition and, depending on its specific characteristics, may be
composted or utilized as a fertilizer or a soil conditioner (Barrantes Leiva et al., 2014; Fitamo
etal., 2016; Kim and Oh, 2011; Ward et al., 2008). The efficient performance of an anaerobic
digestion system depends on a number of parameters, such as temperature, pH, nutrients
content, carbon to nitrogen ratio (C/N), presence of inhibitory compounds etc. Often, during
the digestion of certain substrates, some of these parameters may be encountered more or less
distant from the optimal conditions. In those cases, the performance of the anaerobic digestion
process may be compromised, eventually leading to failure (Esposito et al., 2012). Such
phenomena depend on the composition of the substrates and are mostly related to nutrient
balance and organic load issues (Mata-Alvarez et al., 2014). Therefore, care should be taken,
in order to provide anaerobic digestion systems with feedstocks of a suitable composition. To
this purpose, co-digestion is frequently implemented (Fitamo et al., 2016).

Anaerobic co-digestion consists in the combined anaerobic treatment of two or more
substrates, which have been mixed together (Astals et al., 2014; Ganesh et al., 2013). The
most important parameter in anaerobic co-digestion for obtaining a suitable feedstock
composition is the appropriate selection of co-substrates and mixing ratios. In fact, co-
substrates are usually chosen in order to have complementary characteristics. This favors the
development of synergistic effects, which lead to an improved nutrient balance, often
manifested by more appropriate C/N, within the optimal range. Additional benefits of co-
digestion include dilution of eventual potentially toxic compounds, adjustment of the
moisture content, pH and buffer capacity of the mixture, increased content of biodegradable
matter, as well as widening of the range of microbes participating to the process. All the
above, ultimately result in the improvement of methane production and digestate stability.
Nevertheless, a univocal determination of optimal substrate mixing conditions is not possible,
due to the wide variety of potential feedstock materials. Therefore, a targeted investigation
should be carried out in each case (Astals et al., 2014; Esposito et al., 2012; Fitamo et al.,
2016).

Apart from chemical parameters, operational parameters are also important for the
performance of anaerobic digestion systems, with two of the most important being the organic
loading rate (OLR) and the hydraulic retention time (HRT) (Aboudi et al., 2015; Gou et al.,
2014; Ganesh et al., 2013; Ziganshin et al., 2016). In fact, finding the right balance between
these two parameters is decisive for optimizing the efficiency of the process (Aslanzadeh et
al., 2014). Evidently, the optimum operational conditions are usually related to the
characteristics of the feedstock materials and thus, should be determined for each separate
case, either with single-substrates in mono-digestion systems, or mixed-substrates in co-
digestion systems. Therefore, continuous research around this subject is necessary, especially
when considering the high variability in the type and composition of possible substrates,
within each geographical area.

In this study the anaerobic digestion of four agroindustrial waste, namely cotton gin
waste (CGW), winery waste (WW), olive pomace (OP) and juice industry waste (JW), under
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semi-continuous operation was investigated. Both mono-digestion and co-digestion assays
were conducted, with the latter including the use of a synthetic organic fraction (SOF) sample
as a co-substrate. These assays were divided into two groups, with different conditions being
applied for each of them. The assays of Group | had the objective of investigating the
variation in operational parameters, such as the organic loading rate (OLR) and the hydraulic
retention time (HRT). On the other hand, the assays of Group Il, aimed at evaluating the
performance of anaerobic digestion systems being fed with different substrates in a sequential
order, at a constant OLR. Moreover, several chemical parameters were monitored during the
incubation period for all investigated assays, including pH, total alkalinity, volatile acids,
soluble chemical oxygen demand, total ammoniacal nitrogen and total phenols
concentrations. Currently, there is lack of studies regarding mono- and co-digestion of CGW,
WW, OP and JW, under the conditions evaluated in the present study. In addition, feeding of
these substrates in a sequential order, in both mono- and co-digestion modes, had not been
studied before.

6.2 Materials and methods

6.2.1 Substrates and inocula

The substrates used in this study included four agroindustrial waste (AW) samples and one
synthetic organic fraction (SOF) sample, which was prepared in the laboratory. The former
comprised of the waste materials originating from four of the most important agroindustrial
activities encountered in the Mediterranean region, namely cotton processing (cotton gin
waste, CGW), wine production (winery waste, WW), olive oil production (olive mill solid
waste, i.e. olive pomace, OP) and citrus juice production (juice industry waste, JW). After
their collection, these samples were stored in zip-lock bags at -20 °C, while prior to their use
each one of them was adequately prepared. Specifically, WW and JW were comminuted
without drying using a food processor, CGW was dried at 60 °C and then comminuted to a
particle size less than 500 pm, using a universal cutting mill, while OP was kept as received.
The SOF material was a synthetic sample, which intended to resemble the organic fraction of
municipal solid waste (OFMSW). To this purpose, several types of household kitchen waste,
including cooked pasta and rice, bread, cheese, vegetables, fruit, meat, coffee grounds,
eggshells and paper were mixed together. The components of this substrate are materials that
are typically encountered in the Mediterranean diet and their selection was based on previous
studies (Bouallagui et al., 2009; Fountoulakis and Manios, 2009; Gomez et al., 2006;
Molinuevo-Salces et al., 2012; Montalvo et al., 2012), conducted in relevant geographical
areas. In addition to the above mentioned materials, a certain amount of deionized water was
also added to the mixture, in order to improve its fluidity. This substrate was characterized
regarding total solids (TS) and volatile solids (VS) contents, pH, elemental composition, total
phenols (TPH), total ammoniacal nitrogen (TAN), soluble chemical oxygen demand (sCOD)
and bulk density. The different components of the SOF sample were comminuted, then mixed
and homogenized using a food processor and the final substrate was stored at -20 °C.

In total, eight feeding materials were used in the semi-continuous experiments performed
in this study. The first four materials contained separately the four AW (single-substrates),
while the remaining were composed of a mixture of each AW and a specific amount of SOF
(mixed-substrates), in order to obtain a ratio of AW:SOF equal to 40:60, on a VS basis. This
value for the mixing ratio was chosen taking into consideration the results of relevant
literature (Anjum et al., 2016; Chen et al., 2014; Fitamo et al., 2016). Additionally,
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appropriate amounts of deionized water were added to all eight feeding materials, in order to
further improve their fluidity and facilitate the feeding procedure. The preparation of such
feeding materials required further mixing and homogenization, after which samples in paste
form were obtained. All feeding materials were divided in small portions, stored at -20 °C and
one day before each use, an appropriate number of portions was transferred to 4 °C.

The inoculum used in this study consisted of anaerobic sludge originating from a
mesophilic anaerobic digester of the Municipal Wastewater Treatment Facility of Chania,
Crete and it was characterized by TS and VS contents of 2.31% and 1.62% respectively
(VS/TS=0.70), a pH of 7.54 and TPH, TAN, TA and VA concentrations of 43.28 mg/L, 830
mg/L, 3498 mgCaCOs/L and 168.7 mg/L, respectively.

6.2.2 Experimental setup and procedure

Two groups of reactors were used in the present study (Group | and Group Il), with each
Group including 8 trials (A-1, A-2, A-3, A-4, B-1, B-2, B-3, B-4). For both Groups reactors
‘A’ were fed with single-substrates, while reactors ‘B’ were fed with mixed-substrates. Each
group served a different scope.

The trials of Group | aimed at investigating the effect of the variation in two operational
parameters, i.e. the organic loading rate (OLR) and the hydraulic retention time (HRT), on the
anaerobic digestion of one particular feeding material for each trial. More specifically, for this
Group the experiment was divided in four phases. During Phase 1 (days 1-20) the OLR was
kept constant for all reactors and equal to 1.0 gVS/L/d, while the HRT (HRT,) was dependent
on each feeding material. During Phase 2 (days 21-40) the OLR was increased to 1.3 gVS/L/d
and consequently the HRT (HRT,) was reduced accordingly, due to the variation in the
volume of material being fed. In the two subsequent phases, namely Phase 3 (days 41-55) and
Phase 4 (days 56-70), the same values as before were adopted for OLR (1.0 and 1.3 gVS/L/d,
respectively), while the HRT was respectively halved by feeding the reactors with twice the
volume of material. In order to double the volume fed to the reactors while maintaining the
same OLR, each feeding material was diluted with an appropriate amount of deionized water.
A similar methodology had also been adopted by Ziganshin et al. (2016).

In the trials of Group Il the OLR was kept constant (1.0 gVVS/L/d) throughout the whole
duration of the experiment, while the HRT was passively varied, since the reactors were fed
with four different feeding materials in a sequential order (CGW — WW — OP — JW), with
each reactor starting from a different material. This order was chosen on the basis of the
seasonality of the agricultural commodities from which the investigated waste are derived. As
a result of such sequential feeding, for this Group, the experiment was divided into five
phases. Phase 1 (days 1-20), Phase 2 (days 21-35), Phase 3 (days 36-50) and Phase 4 (days
51-65) corresponded to the four feeding materials, while in Phase 5 (days 65-70) each reactor
was fed again with the material that it had received during Phase 1.

The above mentioned experimental conditions for the reactors of Group | and Group Il
are summarized in Table 6-1 and Table 6-2, respectively.

The experimental apparatus that was used for the semi-continuous assays consisted of
500 mL conical flasks covered with rubber stoppers. Three PVC (Polyvinyl chloride) tubes
were inserted in the stoppers, of which two allowed N, flushing in the flasks and methane
measurement, while the third was used for sampling and feeding operations.

Semi-continuous assays were carried out by firstly introducing an appropriate amount of
inoculum in the flasks, in order to obtain a quantity of 15 gVS/L, and by subsequently adding
deionized water to the flasks to bring the total volume to approximately 250 mL (working
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volume). After adjusting the pH at 7.8+0.05, by adding small amounts of NaOH (1 M), the
flasks were covered with the rubber stoppers and finally flushed with N, for at least 2 min. In
order to deplete the residual biodegradable organic material present in the anaerobic sludge
used as inoculum, the lattter was degassed by incubation at 35°C, until gas production was
negligible. A similar procedure has been followed before (Astals et al., 2014; Moraes et al.,
2015). Feeding of the reactors began as soon as the degassing period ended. Semi-continuous
conditions were maintained by periodically withdrawing and inserting the same volume of
digestion slurry and substrate, respectively, according to the operational parameters.
Specifically, feeding and sampling operations were performed every five days for a total
period of 70 days. The slurry samples taken from the reactors during the experiment were
further analyzed in order to determine pH, total alkalinity (TA), volatile acids (VA), sCOD,
TAN and TPH concentrations. All analyses except pH were performed on centrifuged
samples (13,200 rpm, for 10 min). All trials were carried out in duplicate (a total of 16
reactors per Group), with the results being expressed as means. At the end of the experiment,
the digestates obtained from each assay were dried at 60 °C and characterized regarding TS
and VS contents, elemental composition and metal concentrations.

6.2.3 Analytical methods

TS and VS contents were determined according to APHA (American Public Health
Association) method 2540G. Elemental analysis (C, H, N, S) of the substrates was performed
using an EA300 Euro Vector elemental analyzer, via flash combustion at 1,020 °C. Oxygen
content was determined by difference, considering the VS content of each sample. Total
metals concentrations in digested samples, obtained at the end of the experiment, were
determined after acid digestion with HNOz and through Inductively Coupled Plasma-Mass
Spectrometry (ICP-MS) (Agilent). pH was determined using a portable pH-meter (PH25,
Crison). TA and VA measurements were based on APHA methods 2320B and 2310B,
respectively. TAN (NH,;-N) was determined using a test kit (Merck) adopting a method that
corresponds to APHA method 4500D. sCOD was determined through APHA method 5220C,
while TPH were determined according to Folin-Ciocalteu’s method, on the basis of the
procedure described by Singleton et al. (1999). Briefly, 40 uL of sample were placed in glass
cuvettes, to which 3.16 mL of deionized water and 200 pL of Folin-Ciocalteu reagent were
then added. After mixing using a vortex (Genius 3, IKA), the cuvettes were left for 4 minutes
and subsequently 600 pL of sodium carbonate solution (20%) were added to the mixture.
Finally, the solutions were once again mixed and left for 2 h at 20 °C. The absorbance of each
solution was determined at 765 nm. The final TPH concentrations are expressed in gallic acid
equivalents (GAE). Methane production was determined by means of volume displacement
using an 11.2% KOH solution, as it was done in previous studies (Altas, 2009; Nain and
Jawed, 2006). More specifically, each BMP reactor was connected to an inverted bottle
containing the alkaline solution. Subsequently, biogas was released to flow inside the bottle,
in order to remove CO, and H,S by absorption and leave only CH,4. The volume of CH,4 being
transferred to the bottle caused the displacement of an equal amount of KOH solution, which
was then quantified using a graduated cylinder.
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Table 6-1: Experimental conditions during semi-continuous operation of reactors of Group |

Assays: Group |

Feeding material

Incubation period (days)

1-20 21-40 41-55 56-70
OLR HRT OLR HRT OLR HRT OLR HRT
(gVS/L/d)  (d) (QvS/L/d)  (d) (QvS/L/d)  (d) (QvS/L/d)  (d)
I-A-1 CGW-M 1.0 147 1.3 114 1.0 74 1.3 57
I-A-2 WW-M 1.0 208 1.3 156 1.0 104 1.3 78
I-A-3 OP-M 1.0 500 1.3 357 1.0 250 1.3 179
I-A-4 IW-M 1.0 179 1.3 132 1.0 89 1.3 66
I-B-1 CGW-C 1.0 167 1.3 132 1.0 83 1.3 66
-B-2 WW-C 1.0 179 1.3 147 1.0 89 1.3 74
I-B-3 OP-C 1.0 250 1.3 192 1.0 125 1.3 96
1-B-4 JW-C 1.0 167 1.3 132 1.0 83 1.3 66
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Table 6-2: Experimental conditions during semi-continuous operation of reactors of Group Il

Assays: Group 11 OLR Incubation period (days)
(QVSiLId) 1-20 21-35 36-50 51-65 66-70

Feeding HRT Feeding HRT Feeding HRT Feeding HRT Feeding HRT

material (d) material (d) material (d) material (d) material (d)
1-A-1 1.0 CGW-M 147 WW-M 208 OP-M 500 JW-M 179 CGW-M 147
1-A-2 1.0 WW-M 208 OP-M 500 JW-M 179 CGW-M 147 WW-M 208
11-A-3 1.0 OP-M 500 JW-M 179 CGW-M 147 WW-M 208 OP-M 500
11-A-4 1.0 JW-M 179 CGW-M 147 WW-M 208 OP-M 500 JW-M 179
11-B-1 1.0 CGW-C 167 WW-C 179 OP-C 250 JW-C 167 CGW-C 167
11-B-2 1.0 WW-C 179 OP-C 250 JW-C 167 CGW-C 167 WW-C 179
11-B-3 1.0 OP-C 250 JW-C 167 CGW-C 167 WW-C 179 OP-C 250
11-B-4 1.0 JW-C 167 CGW-C 167 WW-C 179 OP-C 250 JW-C 167
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6.3 Data analysis

6.3.1 Theoretical methane potential

The Theoretical Methane Potential (TMP) of the feeding materials at Standard Temperature
and Pressure (STP) was estimated through their elemental composition and the stoichiometry
of the degradation reaction (Equation 1), using Equation 2 (Lesteur et al., 2010):

caHbocNdse+(a—9-3+ﬁ+fszo—>
4 2 4 2 n
EJFE—E—E—E CH, + E—9+E+E+S CO, +dNH, +¢eH,S
2 8 4 8 4 2 8 4 8 4
(a b_C_3d_ej
TMP[mLCH, o» /g V8] =224, ~2 8 4 8 4/ | 14509 @

12a+b+16c+14d +32e

6.3.2 Theoretical oxygen demand

The Theoretical Oxygen Demand (TOD) of the feeding materials was estimated through their
elemental composition and the stoichiometry of the oxidation reaction (Equation 3), using
Equation 4 (Raposo et al., 2011):

C.HON,S, +[a+2-S -0 S aco, +[ 23 1,0+ dNH, 3
4 2 4 2 2
(2a+2—c—3;j~16
ToD[mg 0, /g ViS]= 1000 4
Img 0. /g V] 12a+b +16c +14d @

6.3.3 Free Ammonia Nitrogen

Free Ammonia Nitrogen (FAN) concentrations inside the reactors during semi-continuous
assays were calculated combining weekly TAN (NH;-N) values and their corresponding pH
values, using Equation 5 (Fotidis et al., 2013).

FAN = _[ran] (%)

where, FAN and TAN are the free and total ammonia nitrogen concentrations, respectively,
and K, is the dissociation constant, with a value of 1.12-10° at 35 °C.
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6.3.4 Methane Yields

Methane production data obtained from the semi-continuous assays were used to calculate the
methane vyields. Considering that feeding and sampling operations were performed at
predetermined time intervals, i.e. every five days, MY for the different feeding periods were
calculated by dividing the cumulative methane quantity (in STP conditions) that had been
produced during each period, with the amount of feeding material (in g of VS) that was added
to the reactors on the first day of that period (Equation 6).

oM
F

MY (6)

where, MY is the methane yield (mL CHyste/g VS), CM is the cumulative methane
production (mL CHy, stp) and F is the substrate amount (g VS) fed to each reactor.

6.3.5 Organic loading rate and Hydraulic retention time

Considering that in the present study, specific OLR values were selected for performing the
semi-continuous assays, it was necessary to calculate the exact quantities of feeding materials
that correspond to these predetermined OLR values. Moreover, based on these quantities and
considering the bulk density and VS content of each feeding material, as well as a constant
reactor working volume of 250 mL, the respective HRT values were also calculated. This
procedure was carried out by using Equations 7 and 8 (Banks et al., 2011).

VS fm = OLR ><\/working (7)

_ Vworking
HRT = ——— )
Vv

fm

where, Vyorking, 1S the working volume of the anaerobic digestion reactor (L), VS, is the daily
amount of volatile solids of feeding material (gVS/d), OLR is the organic loading rate
(gVvS/L/d), HRT is the hydraulic retention time (d) and Vi, is the daily addition of feeding
material in terms of volume (L/d).

6.3.6 Kinetic modeling

The methane production data obtained for every assay during each feeding period (5 days) of
the experiment were fitted to a pseudo-first-order exponential model (Martin et al., 2013)
(Equation 9) through non-linear regression, using the Solver tool of Microsoft Office Excel.
The goodness of fit was evaluated by taking into consideration both the Residual Sum of
Squares (RSS) and the R-square (R?) values.

B=B'[l-exp(-k't)] 9)

where, t is time (d), B is the cumulative methane production at time t (mL CH,), k' is the
apparent rate constant (d™*) and B' is the maximum methane production (mL CH,).

| 163



| CHAPTER 6

6.3.7 Energy calculations

The specific energy corresponding to the maximum average methane yields obtained for
each separate feeding material during semi-continuous digestion assays, E (kJ/kg VS), was
calculated according to Equation 10 (Passos et al., 2013).

MY - &
E -VTo 10
M 1000 (10)

where, & is the lower heating value of methane (35800 kJ/m*® CH,).

6.4 Results and discussion

6.4.1 Characteristics of substrates

The characteristics, as well as a description of the composition of the SOF sample are
reported in Table 6-3. The SOF sample used in the present study is mainly composed of fruit
and vegetables (58.4%) and contains a fair amount of moisture, while having a high VS/TS.
This sample is also characterized by an acidic pH.

As far as the eight feeding materials (Table 6-4) are concerned, solids analysis showed
higher TS and VS contents for single-substrates compared with mixed-substrates, except for
JW-substrates, for which the opposite is true. The results of elemental analysis revealed that
the majority of single-substrates have lower C and H contents than their respective mixed-
substrates, except for the case of OP-M, which has a higher C content than OP-C. Regarding
N contents, those of CGW-M and JW-M are found lower than those of CGW-C and JW-C,
respectively, while the opposite happens for WW- and OP- substrates. C/N values are all
found within the range that is favorable for anaerobic digestion, which according to literature
(Kayhanian, 1999; Weiland, 2010) may vary from 15 to 35. Single-substrates are found on
lower levels compared with mixed-substrates, with the latter being near the highest
recommended value. The only exception to these observations is the value corresponding to
JW-M, which is well above the upper limit of this range. Moreover, the highest TS, VS, C, H
and N contents are associated with the two OP-substrates.
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Table 6-3: Composition and characteristics of the synthetic organic fraction sample

Fractional Component % Component %
Composition ?
Pasta 2.98 Cucumber 4.06
Rice 2.89 Apple/Pear 2.80
Bread 3.59 Orange 11.25
Cheese 0.87 Peach 2.86
Lettuce 6.56 Banana 4.65
Zucchini/Eggplant  6.23 Meat 3.69
Onion 4.31 Coffee 5.44
Carrot 2.98 Eggshells 0.23
Tomato 5.18 Paper 2.13
Potato 7.53 Water 19.78
Proximate analysis® TS (%) VS (%) VS/TS
16.3 0.94
Ultimate analysis®  C (%) H (%) N (%) S (%) C/N
40.2 531 1.73 <DL 23.3
pH sCOD (mgO./g) ¢ TPH (mg/g) TAN (mg/g) ®  Bulk density
(kg/L) ®
4.76 66.15 0.55 1.93-10% 1.09

DL: Detection Limit, *wh: wet basis, °db: dry basis
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Table 6-4: Characteristics of feeding materials

Properties Feeding materials

CGW-M WW-M OP-M JW-M CGW-C WW-C OP-C JW-C
TS (%) * 22.2 20.6 45.2 16.2 19.5 18.7 24.1 17.3
VS (%) ? 15.6 19.5 44.2 15.7 16.5 17.5 23.0 16.3
VSI/TS 0.70 0.94 0.98 0.97 0.84 0.94 0.95 0.95
Bulk density (kg/L) 1.09 1.06 1.10 1.04 1.10 1.07 1.07 1.04
Elemental composition °
C (%) 32.8 45.9 54.2 45.3 42.6 475 51.8 47.1
H (%) 4.40 5.95 7.53 6.29 7.89 8.82 9.55 8.64
0 (%) 315 40.7 33.9 44,1 325 35.9 32.2 375
N (%) 1.40 1.80 2.09 0.90 141 1.58 1.67 1.44
S (%) <DL <DL <DL <DL <DL <DL <DL <DL
C/N 235 25.5 25.9 50.4 30.3 30.1 31.0 32.8
Empirical formula C27.4H1420197N  Cyg8H6.40198N Cs02H50.40142N Csg.8Hg7.60428N Cs53H7840202N  C351H7840199N  Cz62Hg000169N  Cag3Hga 20229N
TOD (mgO,/gVSs) 1268 1339 1710 1301 1678 1692 1885 1635
TMP (MLCH,s7p/gVS) 443.9 468.5 598.6 455.2 587.3 592.3 659.7 572.1

DL: Detection Limit, ®wb: wet basis, °db: dry basis
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6.4.2 Methane production

The graphs of Fig. 6-1 and Fig. 6-2 present the daily methane production during semi-
continuous assays for the two Groups of assays, respectively. In both cases, following the
degassing period, methane volumes produced during the first five days of active experiment,
i.e. the first days after the beginning of feeding, are quite low compared with the following
values, while the production rate seems to also be lower. These results suggest that this initial
period served the purpose of acclimating the microbial populations to the feeding materials.
Indeed, starting from the next feeding (day 5), the assays appear to be acquiring a more
normal behavior. In fact, as time moves forward, the response of the systems to each feeding
material is made more distinct.

At first glance, it can be noticed that the behavior of assays I-A-1 and 1-B-1 (Fig. 6-1a) is
similar to the behavior of assays I-A-3 and I-B-3 (Fig. 6-1c), respectively, while such
similarities are also observed for assays 1-A-2 and I-B-2 (Fig. 6-1b) and I-A-4 and I-B-4 (Fig.
6-1d), respectively. For the former assays, corresponding to CGW-M, CGW-C, OP-M and
OP-C, respectively, an increase in methane production is observed during the first period of
Phase 1, with a stabilization trend towards the end of this phase. This is true for both single-
and mixed-substrates, while the stabilization trend is particularly evident for CGW-substrates.
During Phase 2, the increase in OLR caused an analogous increase in methane production,
which kept developing until the end of the phase. Furthermore, it is noted that methane
production corresponding to the assays being fed with mixed-substrates (CGW-C and OP-C)
is found at higher levels compared with the assays being fed with single-substrates (CGW-M
and OP-M). The behavior presented for the remaining assays, corresponding to WW-M, WW-
C, JW-M and JW-C, respectively, paints a slightly different picture. After the acclimation
period, an initial increase in methane production was observed for the first and second
feedings (days 5 and 10, respectively), while for the third feeding a decrease was noticed for
both assays 1-B-2 and 1-B-4, which were being fed with the WW-C and JW-C, respectively,
and for assay I-A-4, which was being fed with JW-M. In contrast for assay I-A-2 a slight
increase was detected. Once the OLR was raised to 1.3 gVS/L/d, the increasing trend returned
and it was maintained for all three consecutive feedings (days 20, 25 and 30) for assays I-B-2
and 1-B-4. In the case of assays I-A-2 and I-A-4 however, a decrease was noted after the
second feeding (day 25), similarly to what had been observed in Phase 1. It is worth
mentioning that, during this whole first part of the experiment (Phase 1 and Phase 2), methane
production for the assays containing WW-substrates, i.e. 1-A-2 and 1-B-2, ranged around
similar levels, with the two respective curves almost matching. On the other hand, for the
assays containing JW-substrates, i.e. I1-A-4 and I-B-4, this is the case only for the first six
days of experiment. Afterwards, methane production for assay I-A-4, which was being fed
with JW-M, is found at lower levels. Moreover, for the latter assay, during Phase 2, methane
production shows signs of a diauxic behavior, with a second peak being eventually observed
after the third feeding. This indicates the probable difficulty encountered by microbial
populations in degrading this specific substrate. In fact, the development of such a diauxic
pattern often indicates the complexity of the degradation process. More specifically, in the
present case it is likely that the organic load for this assay, after day 25, eventually became
excessive for the microbes to handle in one dose, probably due to the high biodegradability of
JW, being a fruit waste (Fonoll et al., 2015). This would have probably caused the
degradation of this substrate to be divided in two phases, with the first phase being dedicated
to the consumption of the readily and easily degradable matter and the second phase, to the
matter requiring more time to be degraded (Cadavid-Rodriguez and Horan, 2012).
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After evaluating the results obtained during the first 35 days of the experiment, the
moment was considered appropriate for changing the operational conditions of the assays. For
this reason, the reactors were left without feeding for the next five days (until day 40), in
order to improve the stability of the systems, in preparation for the upcoming variations.
Indeed, on day 40 (beginning of Phase 3), the OLR was restored to 1.0 gVS/L/d, while the
HRT was reduced to half of that corresponding to Phase 1, while on day 55 (beginning of
Phase 4) the OLR was raised again to 1.3 gVS/L/d, and the HRT was reduced to half of that
corresponding to Phase 2.

After the initiation of Phase 3 and during both this phase and the next, methane
production variation patterns for assays I-A-1, 1-A-3, 1-B-1 and 1-B-3 were similar to those
observed in Phases 1 and 2. Nevertheless, the levels of the respective values were found
slightly increased in comparison with the first part of the experiment. However, as far as
assays I-A-2, 1-A-4, 1-B-2 and I-B-4 are concerned, several differentiations are noticed. In
fact, for the assays being fed with WW-substrates (I-A-2 and I-B-2), the behavior observed in
Phase 3 is very similar to the behavior observed in Phase 1. The only difference is that during
Phase 3 the assay corresponding to the single-substrate, i.e. I-A-2, had a higher methane
production compared with the assay being fed with the mixed-substrate, i.e. 1-B-2. This
situation seems to be reversed after the first feeding of Phase 4 (day 55), while it returns for
the next two feedings. At the same time, while a continuous increase is observed for assay |-
A-2, assay I-B-2 is characterized by a quite defined decrease. On the other hand, for the
assays being fed with JW-substrates (I-A-4 and 1-B-4), a continuous increase is observed only
for 1-B-4, while for I1-A-4, in addition to the reduced values compared with the first part of the
experiment, a diauxic pattern is now more visible, with methane production rising again a few
days after the peak. Finally, for the latter assay, a dramatic decrease in methane production is
observed during the last 15 days of the experiment.
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Figure 6-1: Daily methane production (mL) during semi-continuous assays for reactors of Group I [(a) I-A-1, I-B-1, (b) I-A-2, I-B-2, (¢) I-A-3, I-B-3, (d) I-A-4, 1-B-4] [A-
dashed lines, B-continuous lines, CGW-M (- ¢ -), CGW-C (—+-), WW-M (- o -), WW-C (—=-), OP-M (- A -), OP-C (—A—), JW-M (- © -), IW-C (—=)]
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Regarding the assays of Group Il (Fig. 6-2), the operational conditions adopted during
the first 20 days of the experiment were the same as those adopted in the assays of Group I,
therefore the same observations are valid in this case as well. Moving forward in the
experiment, it is noticed that during the time periods in which WW- and JW- substrates were
fed to the reactors, methane production was higher not only for mixed- (B-assays), but also
for single-substrates (A-assays). Similar patterns showing higher methane production for WwW
and JW, compared with CGW and OP were also obtained in a previous study (Pellera and
Gidarakos, 2016) (Chapter 3) and are mainly attributed to the higher degradability of the
former substrates, which is a characteristic of fruit waste in general (Fonoll et al., 2015; Ward
et al., 2008). Nevertheless, although in the case of single-substrates the differences observed
between different phases, i.e. for different feeding materials, are quite intense, in the case of
mixed-substrates on the contrary, methane production is maintained around similar levels,
with less intense fluctuations between one phase and the next, i.e. between feeding materials.
This is probably related to the fact that the four mixed-substrates, for the most part, contain
the same component, i.e. SOF. Therefore, it is logical that they would result in less distant
methane production values. Furthermore, it is worth mentioning that, excluding the first days
of the experiment, methane volumes being produced in the different assays, but
corresponding to the same feeding materials, are found on similar levels, manifesting the
immediate response of the microbial population to each new substrate. Indeed, after the end
of the first phase of the experiment, the systems appear to have adapted to being fed with
these materials. Consequently, no additional acclimation period would be required with each
change of feeding material, since the microbial community has already adapted to substrates
of similar nature. This is especially true in the case of mixed-substrates, in which due to the
higher similarities in their composition, it would be less difficult for microbes to respond to
each change of feeding material. The enhanced adaptation of the microbial population to the
investigated feeding materials is also revealed by the data obtained after the last feeding (day
65). More specifically, as it was mentioned earlier, after feeding the reactors with four feeding
materials (either single- or mixed-substrates) in a sequential order, the last feeding operation
was performed using the material that had been fed first to each assay. The results of this
operation showed that in all cases, the final values for methane production were higher than
their respective initial values (considering the entire Phase 1). This fact suggests a good level
of adaptation on behalf of the microbial populations, while it could also be a result of the
presence of larger amounts of degradable matter in the reactors, considering that by the end of
the experiment, each assay had received fourteen feedings.
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Figure 6-2: Daily methane production (mL) during semi-continuous assays for reactors of Group Il [(a) II-A-1, 11-B-1, (b) I1-A-2, 11-B-2, (c) II-A-3, 11-B-3, (d) I1I-A-4, 11-B-4]
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6.4.3 Methane yields

Methane yields (MY) for the assays of both Group | (Fig. 6-3) and Group Il (Fig. 6-5) were
calculated based on the data provided by the previously described methane production
profiles.

At the beginning of Phase 1, an initial increase in MY was observed between the first
and the second feeding operations, in all cases. This increasing trend however, was not
maintained until the end of this phase, for any of the assays. In fact, MY kept increasing until
the third feeding operation and then decreased on the fourth one, for most of them. On the
other hand, for 1-B-1 and I-A-2 a slight decrease is observed immediately after the second
feeding, while in the case of I-B-3, MY fluctuate between the second and the fourth feeding
of Phase 1. The variation in OLR from 1.0 to 1.3 g/L/d at the beginning of Phase 2 led to
decreased initial MY values for the assays being fed with CGW- and JW-substrates (Fig. 6-3a
and Fig. 6-3d, respectively), while in the cases of the assays corresponding to WW- and OP-
substrates (Fig. 6-3b and Fig. 6-3c, respectively) the respective values were found at a slightly
higher level. Despite this initial difference however, in all cases an increase was observed for
the second feeding, while this trend was maintained only for assays I-A-1, 1-B-1, I-A-3 and I-
A-4. For the remaining assays the third feeding of Phase 2 was characterized by a lower MY.
At this point, it is worth mentioning that for the calculation of this latter MY, although the
period lasted from day 31 to day 40, only the data obtained between days 31-35 were used,
for consistency with the other calculations. Transitioning to the second part of the experiment,
the restoration of the OLR to the previous value, as well as the further reduction of HRT to
half, resulted in increased MY in all cases except for the assay being fed with OP-M (Fig. 6-
3c). Moving forward into this phase, MY kept increasing for assays 1-B-1, I-A-4 and I-B-4
and decreasing for assays I-A-2 and 1-B-2, while for assays I-A-1, I-A-3 and I-B-3 values
were found fluctuating between the first and the third feedings. Finally, during Phase 4, the
combined increase in OLR and decrease in HRT led to a general decreasing trend for MY for
the majority of the assays, with the most dramatic effect being observed for I-A-4, containing
JW-M. Assays I-A-3 and 1-B-3 were characterized by very slight fluctuations in a small range
of values, while an increasing trend was observed for assay I-A-2.

In order to make all the above observations more clear, average MY were calculated for
each phase of the experiment and were then depicted in Fig. 6-4. It is worth mentioning that
the yields corresponding to the first five days of the experiment were not included in the
average yields of Phase 1, since, as mentioned before, these first days functioned as an
adaptation period and therefore these values were considered not comparable. The effect of
each variation in the operational parameters is now more evident in all cases. Specifically, it
can be seen that the initial increase in OLR (Phase 2) caused a decrease in MY for the assays
containing WW-substrates (I-A-2 and 1-B-2) and JW-substrates (I-A-4 and 1-B-4) and an
increase for the assays containing OP-substrates (I-A-3 and I-B-3). In the case of the assays
containing CGW-substrates, 1-A-1 presented a decrease, while I-B-1 showed an increase. It
seems that in the latter case, co-digestion was beneficial, since it allowed the use of a higher
OLR without apparent negative consequences concerning the stability of the process. The
decrease in HRT coupled with the restoration to the initial OLR (Phase 3), seems to have
caused a more significant effect on MY compared with the variation in OLR alone, leading in
all cases to the achievement of higher values. In fact, during this phase (Phase 3), maximum
average MY were achieved, as well as most maximum individual MY (i.e. for the separate
feedings of each phase). Specifically, maximum average values were 184.9, 347.3, 154.1 and
316.3 mL CHy, stp/g VSaqeeq for 1-A-1, I-A-2, 1-A-3 and I-A-4, respectively, and 326.7, 411.6,
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290.0 and 431.1 mL CHy, stp/g VSaqqeq Tor 1-B-1, 1-B-2, 1-B-3 and 1-B-4, respectively. Further
decrease in HRT combined to an increase in OLR (Phase 4) led to a significant reduction in
MY, in all cases except for assays 1-A-3 and I-B-3, which were being fed with OP-substrates.
Indeed, said variations in operational parameters did not cause significant changes in MY for
these specific assays. Decreased methane yields especially during Phase 2 and Phase 4 are
indicative of eventual inhibition of the anaerobic digestion process and may be attributed to
system overloading phenomena, due to the increasing amounts of organic matter being added
and possibly accumulated inside the reactors. Moreover, washout of microbial populations
should not be excluded, especially during Phase 4, due to the significant reduction in HRT
(Fitamo et al., 2016; Gou et al., 2014). Nevertheless, no signs of process inhibition related to
other parameters were observed during these two phases for the majority of assays, similarly
to what had been reported by Barrantes-Leiva et al. (2014). On the other hand, in the case of
the assay I-A-4, overloading most likely led to system instability, which was accompanied by
volatile acids accumulation, ultimately resulting in failure of the assay (Chen et al., 2016;
Moraes et al., 2015). These findings are consistent with those reported by other authors.
Martin et al. (2010) investigated the anaerobic digestion of orange peel waste under varying
OLR and they observed that, while methane yield increased for OLR ranging from 1.20 to
3.67 kgCOD/m*/d, a decrease of this parameter was recorded for values in the range of 3.67-
5.10 kgCOD/m®/d. The same authors, when studying the co-digestion of orange peel waste
with residual glycerol (Martin et al., 2013) found that the maximum methane yield was
obtained at a substrate load equal to 1.2 gVS/L, while further increase of the latter, led to a
reduction in the methane yield. These authors as well, associated their results with an
accumulation of volatile organic acids inside the reactors and the development of acidification
phenomena, which ultimately inhibited the anaerobic digestion process. In the study
conducted by Aboudi et al. (2015), during co-digestion of sugar beet and pig manure, a
progressive increase of the OLR from 4.2 to 7.4 g VS/L/d led to increased specific methane
production, however further increase up to 12.8 g VS/L/d caused the specific methane
production to gradually drop. In another study, Zhang et al. (2013), found reduced methane
yields after an increase in OLR, ultimately resulting in anaerobic digestion failure.
Furthermore, Aslanzadeh et al. (2014) observed a continuous decrease in methane yields for a
sample composed of the organic fraction of municipal solid waste, as they reduced the HRT
from 10 to 7 and finally to 5 d, which corresponded to OLR of 2, 3 and 4 gVS/L/d,
respectively. Additionally, in the same study, a sample composed of food processing waste
was also evaluated and an increase was noticed for a HRT reduction from 10 to 7 d, followed
by a decrease when the HRT was set to 5 d. On the other hand, Molinuevo-Salces et al.
(2012) reported improved methane yields after a decrease in HRT from 25 to 15 d,
corresponding to an increase in OLR from 0.4 to 0.6 gVS/L/d, thus agreeing with the results
of the present study referring to the assays containing OP-substrates (I-A-3 and I-B-3).
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For the assays of Group Il (Fig. 6-5), similar variation patterns are observed among assays.
More specifically, similarly to what was observed for methane production profiles (Fig. 6-2),
depending on the type of feeding material being fed to the reactors, MY values fluctuate
between lower and higher levels, moving from one phase to the next. In fact, the gaps
between phases are quite pronounced in the case of single-substrates, with the values being
doubled or halved for certain assays. This phenomenon is visible for the mixed-substrates as
well, but at a lower degree. Furthermore, as for methane production, also for MY, during the
phases in which WW- and JW-substrates are fed to the reactors, MY are found higher
compared with the phases in which the feeding materials contained CGW- and OP-substrates.
As reported earlier (paragraph 6.4.2), this is related to the degree of degradability of each
substrate. The average MY obtained for each assay of Group Il can be seen in Table 6-5. No
extremely high differences can be noticed between assays, nor for single-substrates, or for
mixed-substrates. Nevertheless, in the former case 11-A-3 and 11-A-4 presented the lowest and
the highest value, respectively. Contrarily to what was observed for the assays of Group I, no
signs of inhibition or acidification were observed for any of the single-substrates assays of
Group Il. This reveals that sequentially changing the feeding materials had a positive effect
on the process, since it apparently led to a more equilibrated environment inside the reactors,
preventing such phenomena from occurring. Moreover, it was made evident that, especially in
the case of mixed-substrates, feeding the systems with more degradable materials at startup,
leads to more satisfactory results. This was demonstrated by the fact that, assays 11-B-2 and
11-B-4, which had WW-C and JW-C as initial feeding materials, provided higher MY than
assays I1-B-1 and 1I-B-3, which were initially fed with CGW-C and OP-C. Overall, the
highest MY were obtained for the assays 11-A-4 (274 mL CHy, stp/gV Saqged) @and 11-B-4 (363
mL CH,, stp/@V Saqeed), When referring to single-substrates and mixed-substrates, respectively.
It is noted that, similarly to what was applied for the yields of Group I, the yields
corresponding to the adaptation period, comprising of the first five days of the experiment,
were not included in the average methane yields.

The MY values obtained in the present study, for the assays of both Group | and Group
Il are found in line with previously reported data (Table 6-6), referring not only to mono-
digestion but also to co-digestion investigations.
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The results presented in both Table 6-5 and Fig. 6-5 also reveal the positive effect of co-
digestion on MY. As a matter of fact, the combined treatment of AW with SOF led to
significantly higher MY for the assays of both Group I and Group I, confirming the behavior
noticed earlier for methane production data. More specifically, for the assays of Group I, said
increase was in the ranges of 59-77%, 12-26% and 88-119%, for the assays being fed with
CGW-, WW- and OP-substrates, respectively, considering all four phases of the experiment.
For the assays being fed with JW-substrates, MY increased by 34-47% during Phases 1
through 3, while during Phase 4, a 213% increase was recorded, due to the failure of the assay
I-A-4. On the other hand, for the assays of Group Il, the MY corresponding to mixed-
substrates assays were 32-42% higher than those corresponding to single-substrates assays.

A similar behavior, where co-digestion leads to higher methane yields compared with
mono-digestion of the same substrates, has been observed before (Aboudi et al., 2016;
Barrantes-Leiva et al., 2014; Bayr et al., 2014; Chen et al., 2016; Molinuevo-Salces et al.,
2012). This suggests that co-digestion provides more favorable conditions for methane
production, since mixed-substrates most likely contain more easily degradable matter
compared with single-substrates, with this probably also being related to their higher C/N
(Bayr et al., 2014; Chen et al., 2016; Molinuevo-Salces et al., 2012), all being between 30 and
33 (Table 6-4). Similarly, when Panichnumsin et al. (2010) investigated different mixing
ratios for the co-digestion of cassava pulp and pig manure, the feedstock having a C/N equal
to 33 provided the highest methane yield. Nevertheless, too high C/N may also result in
decreased methane yields, due to nutrient deficiency, which prevents the reproduction and
growth of anaerobic microbes (Lin et al., 2011). Such a case was reported by Zhang et al.
(2013) who obtained a lower methane yield for food liquid waste having a C/N equal to 55.8.
In the present study, this was observed for the assay being fed with JW-M, which had a C/N
as high as 50.4. In this case, co-digestion improved the conditions for anaerobic digestion by
increasing the N content of the substrate.

Table 6-5: Average Methane Yields (MY) (mL CHy, stp/g V Saadeq) TOr the assays of Group 11

Assays Average MY (mL CHy stp/g VSagded)
I-A-1 258.9 +100.2

11-A-2 255.6 £93.3

11-A-3 241.2 +£109.9

1-A-4 274.2 £92.0

11-B-1 3425 +60.5

11-B-2 362.9 +£50.3

11-B-3 3434 £574

11-B-4 363.2 £59.7
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Figure 6-5: Methane Yields (MY) variation during semi-continuous assays for reactors of

Group Il [CGW-M (- ¢ =), CGW-C (- ¢ -), WW-M (- = -), WW-C (- m -), OP-M (-
-), JIW-C (- @ -)]
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-), OP-

| 177



| CHAPTER 6

Table 6-6: Methane yields data reported in literature

Type of digestion  Substrates Operational parameters Value Unit Reference
Co-digestion sugar beet byproduct + pig 37°C 362.2 ML CH4/g VS Aboudi et al., 2015
manure HRT=12d
OLR=7.4 gVS/L/d
Mono-digestion sugar beet byproduct 35°C 225.71 mL CH4/g VS.dded Aboudi et al., 2016
HRT=20d
OLR=3.26 gVS/L/d
Co-digestion sugar beet byproduct + cow 35°C 313.98 ML CH4/g VS.dded Aboudi et al., 2016
manure HRT=15d
OLR=4.97 gVvS/L/d
Mono-digestion process liquid pretreated cotton 35°C 0.184 Nm?® CHa/kg VSaadeq Adl etal., 2012
stalks OLR=0.9-1.6 gVS/L/d
Co-digestion slaughterhouse waste 35°C 0.3 m® CH4/Kg VSagged Alvarez and Lidén, 2008
+ fruit-vegetable waste + manure HRT=30d
OLR=0.3-1.3 kgVS/ m*/d
Mono-digestion food processing waste 55°C 0.44 m® CH./kg VS Aslanzadeh et al., 2014
HRT=7d
OLR=3 gVS/L/d
Mono-digestion organic fraction of municipal 55°C 0.33 m® CH./kg VS Aslanzadeh et al., 2014
solid waste HRT=10d
OLR=2 gVS/L/d
Mono-digestion municipal sludge cake 35°C 0.23 L CH4/g VS/ Barrantes Leiva et al.,
HRT=20d 2014
LR=2.73 gTCOD/L/d
Co-digestion municipal sludge cake + 35°C 0.24 L CH4/g VS/d Barrantes Leiva et al.,
thickened waste activated sludge  HRT=20d 2014
+ landfill leachate LR=2.84 gTCOD/L/d
Co-digestion municipal sludge cake + 35°C 0.24 L CH4/g VS/d Barrantes Leiva et al.,
thickened waste activated sludge  HRT=20d 2014

+ landfill leachate + screen cake

LR=2.97 gTCOD/L/d
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Co-digestion

Co-digestion

Mono-digestion

Co-digestion

Co-digestion

Co-digestion

Co-digestion

Mono-digestion

Co-digestion

Co-digestion

olive pomace + olive mill
wastewater + whey

olive pomace + whey

rendering waste

rendering waste + potato pulp

fruit and vegetable waste + cattle
slurry

winery waste + waste activated
sludge

winery wastewater sludge + wine
lees

fermented grape marcs

olive mill wastewater + olive mill
solid waste

food waste + green waste

38 °C
HRT=40d

OLR=4.5 gCOD/L/d

38 °C

HRT=40d

OLR=3.4 gCOD/L/d
55°C

HRT=50 d

OLR=1.5 kgVVS/m*/d
55°C

HRT=50 d

OLR=1.5 kgVVS/m*/d
35°C

HRT=21d

OLR=5.01 kgVS/m®d
37°C

HRT=21d

OLR=2.8 kgCOD¢/m/d
37°C

HRT=23d

OLR=3.2 kgCOD/m%d
55°C

HRT=40d

OLR=1 kgVS/m*/d
37°C

HRT=36 d

OLR=5.54 gCOD/L/d (acidifier)
OLR=2.28 gCOD/L/d
(methanizer)

55°C

HRT=15, 20, 30 d
OLR=0.62-5.04gVS/L/d

336

311

450

500-680

0.45

0.38

(65% methane)

0.386

0.29

(61% methane)

0.534

425 (75:25 mixture)
385 (50:50 mixture)

L CHu/kg VS

L CHu/kg VS

dm?® CH./Kg VS

dm?® CH./kg VSq

M°® CH4/Kg VSadged

Nm? biogas/kg COD

m?® biogas/kg COD

Nm? biogas/kg VSseq

m® CH4/kg TCOD;,

NmL CH,/g VS

Battista et al., 2013

Battista et al., 2013

Bayr et al., 2014

Bayr et al., 2014

Callaghan et al., 2002

Da Ros et al., 2014

Da Ros et al., 2016a

Da Ros et al., 2016b

Fezzani and Ben Cheikh,
2010

Fitamo et al., 2016
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Mono-digestion

Mono-digestion

Co-digestion

Mono-digestion

Co-digestion

Co-digestion

industrial orange waste

orange peels

fruit and vegetable waste + food
waste

orange peel waste

orange peel waste + residual
glycerol

vegetable processing waste +
swine manure

55°C
HRT=40d

OLR=2.8 kgVS/m*/d

55°C

HRT=25d

OLR=1.0 gVS/L/d

35°C

OLR=3 kgVS/m*/d

55°C

HRT=25d

OLR=1.20-3.67 kgCOD/m*/d
35°C

HRT=8.5-30 d

OLR=1.91 kgVS/m*/d

37°C

HRT=25 & 15 d

OLR=0.48 & 0.59 gVS/L/d

0.627

0.49

0.27-0.29

330

277 & 285

m® CH,/ K9 VSadded

m® CH./kg VS

m® CH./kg VS

Lstp CH4/g CODaggeq

MLsp CHA/9 VS;dded

mL CH4/9 VSadded

Kaparaju and Rintala,
2006

Koppar and
Pullammanappallil, 2013

Linetal., 2011

Martin et al., 2010

Martin et al., 2013

Molinuevo-Salces et al.,
2012
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6.4.4 pH, VAand TA

The variation in pH, VA, TA and VA/TA values for the assays of Group | and Group Il is
presented in Fig. 6-6 and Fig. 6-7, respectively. Parameters such as pH and the ratio between
VA and TA are very important in anaerobic digestion, since they are excellent indicators of
the equilibrium and the stability of the process (Battista et al., 2013; Cuetos et al., 2010). In
particular, methane production can take place within a pH range between 6.5 and 8.5, with the
optimum values ranging from 7.0 to 8.0 (Weiland, 2010), while the stability of a digester can
be determined according to three critical VA/TA values. Specifically, when VA/TA is < 0.4
the digester can be considered stable, when it is in the range 0.4-0.8 some instability will be
occurring, whereas values > 0.8 are indicative of significant instability (Callaghan et al.,
2002).

For the majority of the assays of Group I, pH (Fig. 6-6a) is maintained quite constant
between 7 and 7.5 throughout the duration of the experiment, indicating that the assays were
operating under optimum conditions (Aboudi et al., 2015). The only two exceptions are
observed for assays I-A-3 and I-A-4. In the former case, a small difference is found in the
initial period of the experiment (until day 25), where, starting from an initial value of 7.75,
the pH gradually decreased until reaching the level of the previously mentioned range. On the
other hand, in the latter case, the difference is much more significant. Specifically, pH values
dropped below 7 since day 30 and after a period of stability that lasted until the end of Phase
3 (day 55), they suffered further reduction until gradually reaching a value as low as 5.29 on
the last day of the experiment (day 70). VA profiles (Fig. 6-6b) present some intense
differentiations among assays during the first 30 days of experiment, while in the subsequent
phases, it would seem that there are no such significant differences. The only case where an
odd behavior is noticed is that of assay 1-A-4. In fact, in this assay, which was being fed with
JW-M, VA values show a continuous increase starting from day 30 and until the end of the
experiment. This variation in VA levels coincides with the already mentioned pH decrease.
These results corroborate the earlier suppositions regarding system overloading. More
specifically, after the increase in OLR during Phase 2, the microbial community apparently
did not have enough time to degrade the excess organic matter that was receiving, resulting in
its accumulation. This resulted in an imbalance in the operation of the system, which in turn
caused an increased production of volatile acids and a drop in pH, thus leading to
acidification and to reduced methane production (Aboudi et al., 2015; Ahring et al., 1995).
Regarding TA profiles (Fig. 6-6¢) during the first part of the experiment (until day 30), they
are characterized by relatively stable values for all assays, with a slightly increasing trend,
particularly for the assays being fed with mixed-substrates (B-assays), and especially after the
beginning of Phase 2, when the OLR was increased. Between days 30 and 40 an intense
decrease is observed, due to the temporary interruption in feeding, while after the beginning
of the second part of the experiment (on day 40) the change in operational conditions leads to
once again raised values. Specifically, the decrease in HRT caused the new values to be
evidently more elevated, compared with those of the first part in the case of mixed-substrates,
while for single-substrates the respective values are found on similar levels. It is also
observed that generally, the assays being fed with single-substrates are associated to lower
values in comparison with the assays corresponding to mixed-substrates. VA/TA profiles
(Fig. 6-6d) follow similar patterns as those observed for VA concentrations, with their values
being maintained below 0.43 for the whole duration of the experiment, while specifically after
day 25 they are found below 0.2 and following a constant behavior. Such a relation between
VA and TA values is indicative of stable conditions inside the reactors as well as of a good
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buffering capacity (Ganesh et al., 2013; Montaiiés et al., 2013). These observations are true
for all assays, except for I-A-4, in which the conditions are found quite unstable, due to the
acidification phenomena being developed, with VA/TA levels confirming this fact and
reaching values greater than unity and specifically above 2. Similar results were obtained in
the study conducted by Aboudi et al. (2015), in which an acidification phenomenon was also
observed, resulting in an acidity/alkalinity ratio of 2.47.

By observing the data referring to Group I, a similar behavior as in Group | was noticed
for pH (Fig. 6-7a) during the first 20 days, with subsequent levels being even more stable in a
range of 7-7.5, until the end of the experiment. Regarding the variation in VA concentrations
(Fig. 6-7b), a general decreasing trend can be observed for the first 30 days of experiment,
after which all values tend to stabilize around similar levels. Moreover, an increasing trend of
TA concentrations (Fig. 6-7c) is visible with time. Consequently, the change in feeding
material seems to have a similar effect for both types of assays, i.e. those being fed with
single- (A-assays) and mixed-substrates (B-assays). Nevertheless, absolute values
corresponding to A-assays tend to be lower than those corresponding to B-assays, as was
described earlier in the case of Group I. Interestingly, it can be seen that while VA values of
different assays are found closer to each other after day 35, the corresponding TA values are
more distant from each other in the same period. Similarly to before, VA/TA patterns (Fig. 6-
7d) resemble those of VA profiles. Moreover, in this case as well, the stability of the systems
is evident, since all values are found below 0.44 during the whole experiment, with a more
evident stabilization trend after day 35, when values are well below 0.2.
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6.4.5 TAN and FAN

Fig. 6-8 and Fig. 6-9 depict the TAN and FAN profiles obtained for assays of Group | and
Group 11, respectively. TAN values were determined only for certain slurry samples, which
corresponded to different sampling days for each Group of assays, according to the
occurrence of a Phase change. More specifically, the samples being analyzed regarding this
parameter were those taken on the day in which a Phase change occurred and those taken on
the immediately next sampling day. The corresponding FAN values were then calculated by
combining these data with the pH of the samples.

As it can be seen in Fig. 6-8a, TAN concentrations determined for the different assays on
day 5, i.e. after the first feeding operation, are all very close to each other, while as the
experiment develops, the differences among assays are made more evident. In fact, it can be
noticed that the TAN levels encountered in the assays being fed with single-substrates (A-
assays) are much lower than those of the assays being fed with mixed-substrates (B-assays).
TAN release has been linked to the degradation of organic matter, mainly of protein
compounds (Aslanzadeh et al., 2014; Fitamo et al., 2016). Due to the composition of the SOF
sample, which includes cooked meat, mixed-substrates would have a higher protein content
than single-substrates, thus possibly explaining higher TAN concentrations in the digestion
slurries. Moreover, considering that SOF is a more easily biodegradable substrate compared
with AW, its presence would result in a fasted degradation of nitrogen compounds. Lin et al.
(2011) came to a similar conclusion after obtaining higher ammonium concentrations when
increasing the food waste proportion during their co-digestion with fruit and vegetable waste.
Furthermore, Cuetos et al. (2010) observed a similar pattern for mono-digestion of
slaughterhouse waste and their co-digestion with the organic fraction of municipal solid
waste. As far as the effect of the changes in operational conditions is concerned, the values
determined at the end of Phase 1, were found increased for all B-assays, while for all A-
assays except 1-A-3, they were decreased. Moving on, although the initiation of Phase 2 and
thus the increase in OLR, further reduced TAN concentrations in all assays, a renewed
increase was observed by the end of this phase for B-assays, while in A-assays, values kept
decreasing. In the beginning of the second part of the experiment (beginning of Phase 3) the
decrease of both OLR and HRT resulted in lower TAN concentrations inside the reactors, in
all cases, while the patterns followed during the rest of this phase were similar to those seen
in Phase 1. Further increase in OLR and decrease in HRT led to the development of a
continuous decreasing trend until the end of the assays. Decreasing TAN concentrations could
be related to an eventual washout of microbial populations, resulting from these variations in
operational parameters, as suggested by Aslanzadeh et al. (2014). As it is clearly shown by
the results, this phenomenon would have been more intense for the single-substrates assays,
since their already lower TAN amounts, compared with mixed-substrates assays, would have
suffered an even more pronounced reduction as a result of washout. It is worth mentioning
that the variations made during the second part of the experiment exerted a more significant
impact on A-assays, regarding TAN levels. FAN concentrations inside the reactors of Group |
(Fig. 6-8b) are found at much lower levels compared with their respective TAN
concentrations. This was expected since the corresponding pH values, in each case, were kept
within a close range without extreme variations, indicating the absence of high quantities of
such a compound in the reactors. Nevertheless, the variation patterns observed for FAN
resemble those noticed for TAN in certain cases.

The data depicted in Fig. 6-9a and referring to mixed-substrates, show some fluctuations
among different phases, according to the changes in feeding materials. However, they are
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maintained at relatively stable levels for the whole duration of the experiment, with the values
corresponding to different assays being very close to each other. On the other hand, the data
referring to single-substrates follow a general decreasing trend with some increased values
being noticed at the end of Phase 2 and again at the end of Phase 3, with the curves
corresponding to different reactors, getting closer with time. It is noteworthy that, also for this
Group of assays, B-assays are associated with higher TAN concentrations compared with A-
assays. As far as FAN concentrations (Fig. 6-9b) are concerned, all values are kept at very
low levels, similar to those observed in Fig. 6-8b, without there being significant distinctions
between assays.
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Figure 6-8: TAN and FAN variation during semi-continuous assays for reactors of Group I [I-
A-1(-0-), 1-B-1 (), IFA-2 (- 1), I-B-2 (=), IF-A-3 (- A ), I-B-3 (—A—), I-A-4 (- o -), I-
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6.4.6 sCOD

sCOD concentrations determined for the assays of both Groups | and Il (Fig. 6-10a and Fig.
6-11a, respectively) generally seem to not have been subjected to significant variations.
Nevertheless, some slight fluctuations are visible during the experiment, in both cases.
Regarding the assays of Group | (Fig. 6-10a), a decreasing trend is noticed for assays |-
B-2, I-B-4 and I-A-2, while the value for assays I-A-1 and I-A-3 are found to be increasing,
with these variations being more evident and pronounced during the first part of the
experiment (Phases 1 and 2). Specifically, these behaviors may be a result at first, of the
initial adaptation of the microbial community to the substrates (Phase 1) and subsequently, of
the variation in OLR (Phase 2). On the other hand, the effects caused by the variations made
in the second part of the experiment were not so intense. Moreover, constant SCOD levels are
observed for assays 1-B-1 and 1-B-3 throughout the experiment. Anjum et al. (2016) observed
that during the co-digestion of catering waste and lignocellulosic crop residues, sCOD
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concentrations increased in the initial stage of the experiment and subsequently decreased.
These variations were attributed to the progressive degradation of organic matter in the
reactors. On the other hand, Aslanzadeh et al. (2014) noticed that the reduction in HRT from
10 to 7 d was associated with a sCOD decrease, while further decrease to 5 d led to an
increase. Nevertheless, the obtained values were found to fluctuate within a relatively narrow
range, similarly to what was observed in the present study. The only exception to the above
observations is the assay 1-A-4, for which sCOD values gradually increase with time until
reaching a maximum of 11644 mg O,/L on day 70. This differentiation for this specific assay
coincides with the variations observed earlier regarding pH and VA profiles, indicating the
existence of a relation between all these parameters. In fact, high SCOD concentrations at
higher OLR and lower HRT are often the result of a decreased organic matter degradation
rate, which in turn leads to the loss of balance in the anaerobic digestion system, with the
latter usually being associated with VA accumulation and low pH values. Such a relation has
already been mentioned in several studies (Bayr et al., 2014; Da Ros et al., 2016a; Lin et al.,
2011; Montafiés et al., 2013). Furthermore, similarly to before, there is a level difference in
the values referring to A- and B- assays, with the former being lower than the latter.

As far as the assays of Group Il are concerned, Fig. 6-11a presents curves with more
significant differences between them during the first 30 days of the experiment, with those
corresponding to 11-A-1, 11-B-1, l1lA-3 and I1-B-3 being characterized by a slightly increasing
trend and those corresponding to 1lI-A-2, 11-B-2, 1IA-4 and [1-B-4 showing a slightly
decreasing trend. On the other hand, after day 35, the differences between values tend to be
minimized, with no particular trend being noticed for any of the assays.

6.4.7 TPH

TPH profiles show a constant behavior for the assays of Group | (Fig. 6-10b), without
particularly intense fluctuations with time. Nevertheless, slightly higher values are observed
at higher OLR and subsequently at lower HRT, for the assays being fed with JW- and OP-
substrates. Moreover, these assays are also those characterized by more elevated TPH
concentrations in comparison with the remaining assays, with the values corresponding to
JW-assays being particularly pronounced. Specifically, for 1-A-4, TPH concentration reaches
a maximum of 353 mg/L at the end of the experiment. The different TPH levels being
observed for different types of feeding materials are most likely related to the TPH content of
the original substrates, i.e. CGW, WW, OP and JW. In fact, although phenolic compounds are
found in all four plants from which these substrates originate (Anagnostopoulou et al., 2006;
Kalderis and Diamadopoulos, 2010; Kouakou et al., 2007; Pattara et al., 2010; Spigno and De
Faveri, 2007; Vatai et al., 2009), what is important, is which part of the plant has the highest
content in such compounds. For instance, although the olive fruit contains various phenolic
compounds in significant amounts, the actual quantity that is retained in the portion that
ultimately comprises olive pomace is quite lower. This is attributed to the processes used for
olive oil production (Cardoso et al., 2005). Similarly, in the case of grapes, phenolic
compounds are mainly found in skins and seeds rather than marc and stalks, however winery
waste often contain all of these materials (Negro et al., 2003; Pala et al., 2014; Rodriguez
Montealegre et al., 2006). On the other hand, TPH contents in citrus fruits, such as oranges,
are usually found higher in peels rather than tissues (Anagnostopoulou et al., 2006; Ghasemi
et al., 2009). This could very well explain the higher TPH levels observed in Fig. 6-10b for
JW-substrates, since the latter are mainly composed of orange peels.
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Fig. 6-11b presents a rather different picture for the assays of Group Il, with a generally
stable behavior for the whole duration of the experiment, with a slightly increasing trend,
especially for the assays being fed with mixed-substrates. On the other hand, in the case of the
assays corresponding to single-substrates, it is interesting to notice that among different
assays, similar patterns are developed during the phases in which JW-M is fed to each reactor.
As mentioned and explained before, JW-substrates are probable to contain higher amounts of
phenolic compounds, due to their composition. Therefore, after first feeding the reactors with
such material, TPH concentrations were raised to significantly higher levels, similar to those
showed in Fig. 6-10b, due the repeated addition of high quantities of phenolic compounds to
the reactors. Moreover, as soon as the feeding material was changed at the beginning of the
next phase, the values started to follow a decreasing trend until reaching the previous levels,
as a result of the progressive removal of digestion slurry and the addition of fresh feeding
material, which contained lower TPH amounts than the previous.
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Figure 6-10: sCOD and TPH variation during semi-continuous assays for reactors of Group |
[FA-1(-0-), 1-B-1 (), IF-A-2 (- = -), I-B-2 (=), I-FA-3 (- A -), I-B-3 (—A—), I-A-4 (- o -),
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6.4.8 Kinetic modeling

In order to better interpret the results referring to methane production during the experiment,
it is important to be able to estimate the variations in the kinetics of the anaerobic digestion
process. In an attempt to serving this purpose, the data obtained for the different feeding
periods (every five days) were fitted to a pseudo-first-order exponential model, aiming at
calculating an apparent rate constants (k') for each of them. The results of this procedure can
be seen in Fig. 6-12 and Fig. 6-13.

The model was found to describe the experimental data at a good level for all assays with
a value for the coefficient of determination R>0.90, while for most assays R? was above
0.99. As it can be seen in the figures, the variation in k' values seems to reflect the patterns
followed by the methane production and methane yields data, for both Groups of assays.

For the assays of Group | (Fig. 6-12), despite some slight fluctuations in k' values,
especially at the beginning of each phase, the changes in operational parameters appear not to
have caused significant effects on the kinetics of the process for assays I-A-1, I-B-1, I-A-3, |-
B-3 and I-B-4. On the contrary, more intense fluctuations are observed for assays I-A-2, I-B-2
and I-A-4. For assays I-A-2 and I-B-2, it seems that the increase in OLR and the decrease in
HRT during Phase 2 and Phase 4, respectively, retarded the anaerobic degradation for these
substrates. These data coincide with the corresponding results observed for MY,
corroborating the suppositions regarding overloading phenomena causing inhibition of the
process. On the other hand, the pattern noticed for I-A-4, does not represent an accurate
description of the particular phenomena actually occurring in this assay, despite being a result
of the mathematical modeling of the data. Therefore, it would not be possible to use them for
interpreting the data.

As far as Group Il is concerned, as it can be seen in Fig. 6-13 the degradation rate of the
assays being fed with mixed-substrates appears to be maintained on a rather constant level,
despite the change in feeding material, confirming the earlier assumptions concerning the
stable operation of these assays. On the other hand, this is not the case for the assays being
fed with single-substrates, since some more intense fluctuations can be observed, especially in
the phases during which CGW-M was fed to the reactors. Lower k' values during these
periods indicate the difficulty of the microbial populations in consuming this material and are
consistent with the results observed in the previous paragraphs. On the basis of the results
obtained in the present study, OP-substrates could also be characterized as a less easily
degradable substrate. Nevertheless, the data of Fig. 6-13 show that feeding these substrates to
the reactors after more easily degradable substrates (JW-M and JW-C) leads to improved
corresponding k' values, while this does not happen for CGW-substrates.
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Figure 6-12: Apparent rate constants (k') calculated for different feeding periods during semi-
continuous assays for reactors of Group I [(a) I-A-1 & I-B-1, (b) I-A-2 & I-B-2, () I-A-3 & I-
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6.4.9 Energy potential and mass requirements

Considering a lower heating value of 35800 kJ/m*® CH,, specific energy values were
calculated for the assays of both Group I (Table 6-7) and Group Il (Table 6-8), expressed in
relation to both the quantity of VS and the quantity of wet mass corresponding to each
separate feeding material. More specifically, the values corresponding to Group | were
calculated using the maximum MY among those obtained during the different phases of the
experiment (Fig. 6-4), i.e. during Phase 3. On the other hand, for Group Il, average MY
values corresponding to each feeding material were calculated by taking into consideration all
the average MY that were obtained from all assays of this Group, during the phases in which
each material was fed to the reactors.

According to both Table 6-7 and Table 6-8, there is a notable difference between the
amounts of energy corresponding to different single-substrates, when referring to energy per
kg of VS mass, with WW- and JW-substrates providing higher values compared with CGW-
and OP-substrates. However, when expressing specific energy in relation to the wet mass of
the materials, these differences are significantly reduced. Interestingly, in the latter case, the
highest value is provided by the OP-single-substrate. On the other hand, specific energy
values corresponding to mixed-substrates are found ranging on much higher levels, compared
with their respective single-substrates, while not presenting intense differences between each
other.

Daily mass requirements per m® of working volume of anaerobic digestion reactor, for
both Groups of assays were calculated by taking into account both the OLR (1.0 gVS/L/d)
and the composition (AW:SOF on a wet basis) of each feeding material.

Clearly, the amounts of substrates required for assays of both Group | and Group Il are
the same, since the same OLR was considered. The required amounts of wet mass of WW and
JW are higher compared with the amounts of CGW and OP. This is related to the high
moisture and VS contents of the two former materials. On the other hand, a relatively constant
requirement in SOF can be noticed among different feeding materials.

Table 6-7: Energy potential and mass requirement calculations for assays of Group |

Feeding Specific Energy  Specific Energy  Mass requirements (kg/m° reactor/d) @
material (kJ/kgVS) (kJ/kgWet) AW SOF

CGW-M 6619 1030 1.84 -
WW-M 12433 2420 3.42 -
OP-M 5518 2438 1.51 -
JW-M 11323 1774 4.26 -
CGW-C 11696 1926 0.70 3.62
WW-C 14735 2585 141 3.58
OP-C 10382 2385 0.66 3.37
JW-C 15434 2522 1.75 3.50

? the values refer to working volume of reactor

194 |



| CHAPTER 6

Table 6-8: Energy potential and mass requirement calculations for assays of Group |1

Feeding Specific Energy  Specific Energy  Mass requirements (kg/m® reactor/d) ®
material (kd/kgVS) (kJ/kgWet) AW SOF

CGW-M 6812 1060 1.84 -
WW-M 11764 2290 3.42 -
OP-M 5246 2318 151 -
JW-M 13244 2075 4.26 -
CGW-C 11016 1814 0.70 3.62
WW-C 14537 2550 1.41 3.58
OP-C 10685 2454 0.66 3.37
JW-C 14466 2363 1.75 3.50

# the values refer to working volume of reactor

Considering an anaerobic digester with a working volume of 2 m® annual mass
requirements, methane volumes produced and energy potentials, were calculated for the data
of both Groups of assays and the results are presented in Table 6-9 (Group I) and Table 6-10
(Group 1), respectively.

Table 6-9 presents the annual data, considering the use of each feeding material for the
entire duration of a year. On the other hand, the data of Table 6-10 was calculated assuming
that the four single-substrates and the four mixed-substrates were to be used sequentially

during a year, for a duration of three months each.

Table 6-9: Annual mass requirements, methane production and energy potential for a 2 m®

(working volume) anaerobic digester (calculations based on Group | data)

Feeding Mass requirements (kg) Methane production  Energy potential
material AW SOF (m® CHy) (MJ)

CGW-M 1340 - 0.135 4832
WW-M 2500 - 0.254 9076
OP-M 1102 - 0.113 4028
JW-M 3106 - 0.231 8265
CGW-C 511 2645 0.238 8538
WW-C 1033 2613 0.300 10757
OP-C 480 2457 0.212 7579
JW-C 1274 2556 0.315 11267

| 195



| CHAPTER 6

Table 6-10: annual mass requirements, methane production and energy potential for a 2 m®
(working volume) anaerobic digester (calculations based on Group 11 data)

Feeding Mass requirements (kg) Methane production  Energy potential
material AW SOF (m*® CHy) (MJ)
CGW-M 335 - 0.0347 1243
WW-M 625 - 0.0600 2147
OP-M 275 - 0.0267 957
JW-M 777 - 0.0675 2417
Total (year) - - 0.1890 6765
CGW-C 128 661 0.0562 2010
WW-C 258 653 0.0741 2653
OP-C 120 614 0.0545 1950
JW-C 319 639 0.0737 2640
Total (year) - 2568 0.2585 9253

In the case of Group | (Table 6-9), the quantities of AW required in a year range from
1102 to 3106 kg, if used in mono-digestion systems, and from 480 to 1274 kg, if used in co-
digestion systems. Moreover, if the latter systems were to be used, additional amounts of SOF
ranging from 2457 to 2645 kg would be required. Such amounts result in a methane
production in the ranges 0.11-0.25 m® and 0.21-0.31 m?, respectively and in energy potentials
between 4.0 and 9.1 GJ, and between 7.6 and 11.3 GJ, respectively.

On the other hand, in the case of Group Il (Table 6-10), the required quantities of AW
corresponding to a 3-month period are between 275 and 777 kg, for mono-digestion systems,
and between 120 and 319 kg, for co-digestion systems. The corresponding total amount of
SOF for the annual operation of a co-digestion system is of 2568 kg. Sequentially feeding the
anaerobic digester with the different feeding materials, would result in methane productions
of 0.19 and 0.26 m® for mono- and co-digestion systems, respectively, and in energy
potentials of 6.8 and 9.3 GJ, respectively.
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6.4.10 Characteristics of digested materials

Table 6-11, Table 6-12, Table 6-13 and Table 6-14 present the basic characteristics of the
digested materials, determined after the end of the experiment for both Groups of assays.
More specifically, Table 6-11 and Table 6-13 provide the TS and VS analysis of the whole
digested materials, as well as the elemental composition of the solid fraction and the chemical
characteristics of the liquid fraction, for assays of Group | and Group I, respectively. On the
other hand, the other two tables (Table 6-12 and Table 6-14) present the total metal
concentrations of the solid fractions, for assays of Group | and Group I, respectively.

The results of Table 6-11 and Table 6-13 showed that digested materials obtained from
the assays containing single-substrates (A-assays) are characterized by higher TS and VS
values compared with those of mixed-substrates (B-assays), in both Groups. Morever,
elemental analysis of the solids revealed that A-digested materials have higher C, H and N
contents, but lower C/N compared with B-digested materials. Moreover, from the data
presented in Table 6-12 and Table 6-14, it is obvious that among tested metals, Ca is the one
with the highest concentration for all digested materials, with K and Mg following. In
addition, it can be observed that the estimated concentrations for Cd, Cu, Hg, Ni, Pb and Zn
are all in accordance with the limit values established by the Council Directive 86/278/EEC
for sludge which is intended for agricultural use.

The highest TS and VS values for Group | (Table 6-11) were observed for the materials
obtained from assays I-A-3 and I-B-3, which were being fed with OP-substrates. This could
be attributed to the fact that these specific feeding materials (OP-M and OP-C) initially
contained higher amounts of solids, as it can be seen in Table 6-4. Furthermore, in Group I,
the highest C contents were noticed for the materials of the assays I-A-2 and 1-B-2, with the
latter also having the highest values for H and N contents among B-materials. Interestingly,
among A-materials, the one corresponding to the assay I-A-4 was characterized by the highest
H and N contents. Nevertheless the respective values for 1-A-2 were highly comparable. The
values obtained for C/N showed similarities between materials generated by CGW- and OP-
substrates, as well as by WW- and JW-substrates, for both A- and B-assays. As far as the
liquid fractions are concerned, all values seem to be ranging around similar levels, indicating
the achievement of resembling stable conditions inside the reactors. The only exception is
observed for assay I-A-4, with these final results corroborating all the earlier observations and
suppositions regarding instability issues. Nevertheless, it is evident that B-materials are
generally characterized by higher values. As far as metals are concerned (Table 6-12), it is
noticed that all the concentrations referring to B-materials are higher than those referring to
A-materials. This can probably be attributed to the presence of the SOF sample in the co-
digestion reactors. The SOF sample contains a variety of materials, mainly food waste,
therefore it most likely contributed to the increased concentrations of the tested elements.
There is only one possible exception, that of Co for assays I-A-1 and I-B-1, where the
concentration for the former is higher than that for the latter. However, in this case, the values
are low enough for the difference to be considered within the measurement error.

Regarding the assays of Group Il (Table 6-12 and Table 6-14), all A-materials, as well as
all B-materials present similar characteristics, with all values being highly comparable to each
other. This phenomenon was expected, since by the end of the experiment, all reactors would
have been fed with all four feeding materials, thus resulting in residues of similar
compositions. Nevertheless, small differences were also expected, due to the fact that for each
assay, the number of feedings corresponding to the first feeding material (5 feedings), which
differed in each case, was higher than the number of feedings for each of the other three
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materials (3 feedings). Moreover, in the case of total metal concentrations in particular,
although for most elements B-materials present higher concentrations than A-materials (as it
was noticed for Group 1), there are certain elements, namely Al, Co, Cr, Mg, Mn and Ni, for
which the opposite is observed. It is possible, that the combination of co-digestion and of
sequential feeding of the assays with four different materials, created an environment which
was favorable for the increased consumption of these specific elements by microbial
populations, resulting in lower concentrations being found in the digestates.

For both Groups of assays, the characteristics of digested materials are generally found
quite comparable to previously published data (Alburquerque et al., 2012; Barrantes Leiva et
al., 2014; Da Ros et al., 2016a; Moller and Miiller, 2012; Mumme et al., 2011; Sheets et al.,
2015; Tambone et al., 2010; Trzcinski and Stuckey, 2011). Moreover, most digested materials
(except that produced in 1-A-4) have characteristics, such as organic matter content (i.e.
VS/TS), pH, C/N and metals concentrations, that are in accordance to those proposed for land
application of such materials, according to the information reported by Teglia et al. (2011)
and to Council Directive 86/278/EEC (1986).
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Table 6-11: Characteristics of digested materials at the end of the experiment for reactors of Group |

Properties Assays: Group |

I-A-1 I-A-2 I-A-3 I-A-4 I-B-1 I-B-2 I-B-3 I-B-4
TS (%) ° 6.14 4.54 7.77 2.47 3.73 3.42 4.58 2.10
VS (%) ? 3.68 3.95 7.21 2.09 2.69 2.84 4.03 1.62
VS/TS 0.60 0.87 0.93 0.85 0.72 0.83 0.88 0.77
Elemental composition of solid fraction °
C (%) 24.9 51.4 46.8 45.3 25.8 48.0 43.6 38.0
H (%) 3.85 7.24 6.94 7.52 4.60 7.38 7.04 6.07
O (%) 29.9 25.1 37.3 28.8 40.0 23.8 34.9 29.9
N (%) 1.18 3.21 1.90 3.30 1.64 3.70 2.56 3.42
S (%) <DL <DL <DL <DL <DL <DL <DL <DL
CIN 21.1 16.0 24.7 13.7 15.8 13.0 17.0 11.1
Empirical formula Co46H1560221N Ci87H316068N  Cag8H512017oN Ci6.0H31.9076N Ci84H3930713N  Ci51H27,90056N Cio8H335011.9N  C129H248076N
Chemical characteristics of liquid fraction
pH 7.17 7.20 7.35 5.29 7.28 7.44 7.34 7.25
VA (mg/L) 336.1 225.9 200.0 6668 245.0 275.0 255.0 250.0
TA (mg CaCOs/L) 4185 3528 3456 3283 4494 4760 4627 4824
VAITA 0.082 0.064 0.058 2.032 0.055 0.058 0.055 0.052
TAN (mg/L) 375 435 710 610 745 890 940 950
sCOD (mg O,/L) 1317 1175 1698 11644 1524 1519 1367 2410
TPH (mg GAE/L) 54.60 34.14 93.78 352.8 68.53 58.51 88.99 166.5

DL: Detection Limit, 2wb: wet basis, °db: dry basis
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Table 6-12: Metals concentrations (mg/kg) of digested materials at the end of the experiment for reactors of Group |

Metals Limit values of  Assays: Group |

86/278/EEC I-A-1 I-A-2 I-A-3 I-A-4 I-B-1 I-B-2 I-B-3 1-B-4
Al - 2246 <DL <DL 1211 3374 2768 <DL 2683
As - <DL <DL <DL <DL 1.926 <DL <DL <DL
Ba - 77.09 114.4 79.10 201.5 147.9 2314 112.4 225.7
Ca - 41010 22704 13296 33580 53233 71732 23892 57167
Cd 20-40 <DL <DL <DL <DL <DL <DL <DL <DL
Co - 2.579 <DL <DL <DL 2.054 <DL <DL <DL
Cr - 15.77 4.760 0.983 7.557 17.16 12.14 3.846 11.10
Cu 1000-1750 36.97 90.78 49.78 122.5 97.33 185.3 77.82 175.0
Hg 16-25 20.15 1.393 0.604 10.47 5.645 5.240 10.67 21.74
K - 2454 7236 977.9 3878 4358 9355 2544 6041
Mg - 6356 3090 306.6 2708 6365 7207 1375 4500
Mn - 252.6 44.84 23.03 41.70 222.2 109.0 45.50 87.46
Mo - 3.053 3.432 2.632 5.086 15.33 8.380 5.184 7.923
Ni 300-400 36.43 19.56 1.604 7.881 31.10 108.9 7.911 26.32
Pb 750-1200 17.21 34.17 24.14 62.69 42.17 72.72 34.38 70.34
Se - <DL <DL <DL <DL <DL <DL <DL <DL
Zn 2500-4000 162.2 336.1 225.1 530.0 403.6 637.9 349.3 172.6

DL: Detection Limit, all values are expressed as mean concentrations on a dry basis
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Table 6-13: Characteristics of digested materials at the end of the experiment for reactors of Group 1l

Properties Assays: Group Il

I-A-1 I1-A-2 I1-A-3 I1-A-4 I1-B-1 I1-B-2 11-B-3 11-B-4
TS (%) ° 5.75 5.45 5.37 5.20 3.97 4.48 4.24 3.69
VS (%) ? 4.17 4.24 4.24 4.06 3.11 3.53 3.41 2.90
VS/TS 0.73 0.78 0.79 0.78 0.78 0.79 0.80 0.79
Elemental composition of solid fraction °
C (%) 335 36.5 345 37.1 37.2 37.2 40.1 415
H (%) 4.82 5.15 5.00 5.31 5.65 5.43 5.90 6.28
O (%) 32.2 34.2 375 34.1 32.7 335 31.3 27.9
N (%) 1.97 1.85 1.94 1.52 2.68 2.76 2.96 2.93
S (%) <DL <DL <DL <DL <DL <DL <DL <DL
CIN 17.0 19.8 17.8 24.3 13.9 135 13.6 14.1
Empirical formula Cio8H3420143N  Cp30H390016oN  Cp7H3600169N  CogaHagsO0106N  Cig2H2950107N  Cis7H2760106N  Cis8H27.9003N Ci65H300083N
Chemical characteristics of liquid fraction
pH 7.42 7.31 7.52 7.29 7.35 7.46 7.50 7.40
VA (mg/L) 255.6 284.4 400.0 260.0 328.0 275.0 267.5 300.0
TA (mg CaCOs/L) 4650 4687 8121 4709 5484 6050 5676 5711
VAITA 0.055 0.061 0.049 0.055 0.060 0.045 0.047 0.053
TAN (mg/L) 640 640 705 700 1010 1000 1025 1055
sCOD (mg O,/L) 1587 1444 1462 1810 1560 1722 1683 2413
TPH (mg GAE/L) 58.51 54.60 58.51 87.68 86.38 79.85 85.94 95.52

DL: Detection Limit, 2wb: wet basis, °db: dry basis
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Table 6-14: Metals concentrations (mg/kg) of digested materials at the end of the experiment for reactors of Group |1

Metals Limit values of  Assays: Group Il

86/278/EEC 11-A-1 I-A-2 I1-A-3 I1-A-4 11-B-1 11-B-2 11-B-3 11-B-4
Al - 1942 1768 1426 1815 2154 1987 1080 1253
As - <DL <DL <DL <DL <DL <DL <DL <DL
Ba - 122.5 125.4 125.1 135.0 161.9 180.5 156.2 162.5
Ca - 43622 42673 32580 40311 59872 55770 43293 49762
Cd 20-40 <DL <DL <DL <DL <DL <DL <DL <DL
Co - 1.309 0.865 0.444 0.613 <DL <DL <DL <DL
Cr - 12.45 12.03 8.622 9.65 9.463 14.93 7.788 8.037
Cu 1000-1750 79.05 78.88 96.22 88.12 104.3 126.1 109.3 112.0
Hg 16-25 2.076 <DL 2.929 3.855 10.01 8.582 4.628 1.416
K - 3646 3873 3539 3983 4737 5897 5094 5769
Mg - 5711 5427 4494 5030 5651 5310 3881 4417
Mn - 157.3 141.9 113.0 124.4 119.9 108.8 85.99 86.63
Mo - 3.395 3.270 3.329 3.456 4.403 5.031 4.685 4.570
Ni 300-400 19.61 16.45 15.22 16.45 20.94 12.35 12.42 9.260
Pb 750-1200 37.11 46.07 46.22 51.37 53.62 60.78 85.48 56.10
Se - <DL <DL <DL <DL <DL <DL <DL <DL
Zn 2500-4000 396.8 332.3 360.3 360.1 458.3 510.7 489.5 481.3

DL: Detection Limit, all values are expressed as mean concentrations on a dry basis
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6.5 Conclusions

The results of the present study showed higher performance for the assays in which SOF was
added to AW as a co-substrate. Both in mono-digestion and co-digestion assays, maximum
methane yields were achieved by keeping the OLR at 1.0 gVS/L/d and halving the HRT
corresponding to each feeding material, with WW- and JW-substrates presenting the overall
highest methane yields. Lower HRT and higher OLR led to reduced methane yields, mainly
attributed to system overloading, particularly for WW- and JW-assays. Specifically in the
case of the JW-single-substrate assay, severe instability and ultimately failure was recorded.
On the contrary, CGW- and OP-assays appeared to be able to eventually withstand further
variations in operational parameters, since nor inhibition, or instability was indicated by their
results. Sequential feeding was proved to have a positive effect on the performance of the
reactors, since it led to a more equilibrated system operation. In fact, the immediate response
of the systems to the change in feeding materials, with no signs of inhibition and stable
chemical parameters, reveals a good level of adaptation of the microbial populations to the
investigated substrates. This latter phenomenon was more pronounced in the case of mixed-
substrates, due to their similar composition, which includes SOF. Despite the operational
stability of the reactors, fluctuations in methane yields were observed between substrates,
especially single-substrates. Therefore, in order to maintain steady methane production levels
when sequentially using different substrates, the OLR and HRT being adopted should be set
accordingly, so as to eliminate fluctuations. For instance, instead of using the same conditions
for all substrates, those with a lower degradability, such as CGW and OP, are recommended
to be fed to the system at a higher OLR, compared with those that are more easily degradable,
such as WW and JW. Moreover, in order to maximize the performance of such a system, the
feeding material used at operation startup should be selected carefully. More specifically, it is
recommended that a more easily degradable substrate was the first to be fed to the system, in
order to facilitate the microbial community. However, the use of a JW-substrate should be
avoided, especially if the system was to be operated with single-substrates, since acidification
phenomena are more probable to occur in that case. Instead, a WW-substrate would be a
better choice. On the other hand, if mixed-substrates were to be used, WW- and JW-substrates
would both represent a good choice for startup, since the presence of SOF in them would
prevent inhibition phenomena from developing. Moreover, the use of CGW- and OP-
substrates would also be acceptable, since, here as well, the presence of SOF would facilitate
the adaptation process. Nevertheless, the use of the latter substrates would probably lead to a
slightly reduced performance. The characteristics of the obtained digested materials suggest
that they would be worth considering for nutrient recovery and/or land application, although
additional test would have to be conducted.
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CHAPTER 7

Discussion and Further research

This chapter presents an overview of the results obtained in the previous Chapters (3,
4, 5 and 6). More specifically, the results are discussed in terms of substrate
solubilization, methane production, as well as energy estimations. Moreover, a
conclusive discussion is made and further research topics are evaluated.
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7.1 Discussion

7.1.1 Comparison of pretreatments

In Chapters 4 and 5 two different pretreatment methods were adopted prior to anaerobic
digestion of four agroindustrial waste, namely winery waste (WW), cotton gin waste (CGW),
olive pomace (OP) and juice industry waste (JW). Specifically, these methods were
microwave pretreatment at five different temperatures (Chapter 4) and chemical pretreatment
using a total of eight reagents, at three condition sets, including different reagent dosages,
temperatures and process durations (Chapter 5).

Both pretreatments resulted in similar COD solubilization degrees (Table 7-1) for the
investigated substrates, with the highest values being achieved after chemical pretreatment for
WW and CGW and after microwave pretreatment for OP and JW. As far as the effect of the
different pretreatments on degradability is concerned, the data referring to BMP assays of
pretreated substrates showed that both methods generated materials with a lower methane
potential compared with the untreated (raw) substrates. This was attributed to the fact that
during both pretreatments, a portion of the organic matter of the substrates was removed from
their solid matrix and transferred to the liquid fraction, as a result of the disruption of their
structure. Nevertheless, by comparing the data corresponding to the microwave and
chemically pretreated materials having the best performance in terms of methane production
(Table 7-2), it is observed that chemical pretreatment provided better results in three out of
four cases, namely for WW, CGW and JW. In fact, for these substrates higher SMY (mL CH,,
stp/g VS) were obtained after chemical pretreatment, while also shorter periods were required
in order to achieve at least 80% of the total methane production (tg). On the other hand, in the
case of OP, microwave pretreatment showed a better methane efficiency than chemical
pretreatment. It is noted that in Table 7-2, only SMY expressed in relation to the mass (in g
VS) of raw substrate are presented, since they provide a better comparison between
pretreatments. Interestingly, regarding the Bl for the two pretreatments, it seems that for WW,
OP and JW, the samples produced via microwave pretreatment had a slightly higher
biodegradability degree than those obtained through chemical pretreatment. In the case of
CGW however, higher biodegradability coincided with a higher methane potential., i.e. for
the chemically pretreated sample.

In order to compare the two pretreatment methods in terms of energy consumption and
production, it would be necessary to calculate the energy parameters presented in Chapters 4
and 5, considering that the amount of substrate being treated is the same for both treatments.
Due to the difference in solid to liquid ratio for the two methods, the values of Table 4-7 and
Table 5-8 are not directly comparable. Among the two pretreatments, the microwave method
being adopted had the most limitations, since it provided for the use of four vessels, with each
one containing a specific amount of substrate. Therefore, new calculations were made only
for chemical pretreatment, considering that the amount of substrate being treated was the
same as that corresponding to the four microwave vessels. By observing the results of this
procedure (Table 7-3), it is obvious that the energy consumption for chemical pretreatment is
much higher than that for microwave pretreatment. This depends not only on the operating
power of the two heating systems, i.e. 600 W for microwave and 888 W for conventional
heating, but also on the longer process duration required for chemical pretreatment (4 and 8 h,
compared with 10.2-22.7 min). A similar observation was also made by Kuglarz et al. (2013)
when comparing the energy efficiencies of microwave and thermal pretreatments.
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Table 7-1: Comparison of COD solubilization (%) for the four substrates, after microwave and chemical pretreatment

Substrates Microwave pretreatment Chemical pretreatment
Range (%) Conditions for max Range (%) Conditions for max

ww 43.5-49.7 175 °C -5 min 40.4-57.7 H;Cit—90°C—-4h

CGW 7.50-22.1 200 °C —5 min 5.47-22.7 HsCit—90°C—4h

OP 3.01-26.2 200 °C —5 min 2.24-12.06 NaOH -90°C—-4h
(second highest HsCit — 90 °C — 4 h,
10.8%)

Jw 35.5-71.4 200 °C —5 min 39.42-67.5 H;Cit—90°C—-4h

Table 7-2: Comparison of maximum specific methane yields (SMY) (mMLCHy,, stp/gV Sraw) and tg (d) for the four substrates, after microwave and chemical

pretreatment
Substrates  Microwave pretreatment Chemical pretreatment
SMY raw tso Bl Conditions SMY raw tso Bl Conditions
(MLCH,, s1p/gV Sraw) (d) (%) (MLCHy, s1p/gV Sraw) (d) (%)
Ww 154.0 23 37.1 125 °C -5 min 190.7 17 34.7 EtOH -60°C—-8h
CGW 171.6 19 41.3 150 °C — 5 min 204.7 19 57.4 EtOH-90°C—-4h
OP 268.8 19 30.4 150 °C —5 min 217.3 21 27.3 HsCit—90°C—-4h
Jw 166.0 11 82.0 150 °C — 5 min 275.0 7 75.9 H,0,-60°C—-8h
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Table 7-3: Comparison of energy parameters Ec, Em, Eo, Et (KJ/KgVSraw) and Ei/E,, for the four substrates, after microwave and chemical pretreatment

Substrates Ec Em Eq Er Ei E, Conditions
Microwave pretreatment
WW 211711 5513 30347 -175850 5.9 125 °C — 5 min
CcGwW 85007 6145 13125 -65737 4.4 150 °C — 5 min
OoP 121929 9624 19054 -93251 4.3 150 °C — 5 min
Jw 405401 5943 63960 -335498 5.8 150 °C — 5 min
Chemical pretreatment
WW 9893385 6828 43175 -9843383 197.9 EtOH - 60°C-8h
CcGwW 1705900 7329 93437 -1605134 16.9 EtOH -90°C-4h
OoP 2446843 7779 93456 -2345608 24.2 H;Cit—90°C—-4h
Jw 12481406 9844 43534 -12428027 233.8 H,0, - 60°C-8h

Table 7-4: Comparison of TPH release for the four substrates, after microwave and chemical pretreatment

Substrates Microwave pretreatment Chemical pretreatment
Range Value for max-SMY sample Range Value for max-SMY sample
mg GAE/gVS mg GAE/L mg GAE/L mg GAE/gVS mg GAE/L mg GAE/L

WWwW 6.31-63.2 81.6-818 219+61 3.05-17.4 30.5-171 60.4+44

CGW 3.44-18.9 129-710 275+20 4.27-10.2 42.8-102 80.1 £4.8

OP 2.75-51.3 72.0-1341 318 +29 1.89-11.8 18.9-118 482+1.3

JW 15.1-77.2 119-606 204 + 34 8.00-19.0 80.0-191 88.4+4.7
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As already mentioned in earlier chapters, the pretreatment processes provided negative
energy balances, under the conditions applied, despite considering the use of the liquid
fractions for covering the heating needs of downstream anaerobic digestion. Reducing
exposute time and operating power, as well as increasing solid to liquid ratio were proposed
as means of reducing energy expenditure. However, another possible option for improving the
efficiency of the pretreatment process could be the valorization of the liquid fractions
obtained after pretreatment. More specifically, added-value chemical compounds (e.g.
phenolic compounds) being released in the liquid phase during pretreatment, could be
recovered for further use, thus providing an extra economical benefit from the pretreatment
process.

Recent research has shown that recovery of added-value components from waste
originating from food production processes is a very promising management and valorization
option. Such components include phenolic compounds, carotenoids, essential oils, pectin and
water insoluble fibers (Boukroufa et al., 2015; Galanakis, 2012). Among the above mentioned
compounds, phenols are of particular interest, since they have been found to possess
antimicrobial and antioxidant properties, as well as free radical scavenging abilities. These
characteristics make them very attractive for food, pharmaceutical and cosmetic industries
(Boukroufa et al., 2015; Fontana et al., 2013; Proestos and Komaitis, 2008). Another possible
application for phenols is the replacement of petroleum-based phenol in phenolic resins (Bu et
al., 2012). Although extraction of phenols and other added-value compounds from biomass
materials can be carried out through the use of various methods (e.g. normal stirring, Soxhlet
extraxtion and solid-liquid extraction using acids, alkali, solvents, water and supercritical
fluids, enzyme-assisted, microwave-assisted and ultrasound-assisted  extraction,
hydrodistillation and steam diffusion, pulsed electric field extraction, pervaporation, high
voltage electrical discharge and laser ablation) (Boukroufa et al., 2015; Galanakis, 2012;
Goula et al., 2016), solid-liquid extraction and microwave-assisted extraction are the most
popular (Bu et al., 2012; Li et al., 2011; Meneses et al., 2013; Proestos and Komaitis, 2008).
Considering the TPH release levels obtained after microwave and chemical pretreatment
(Table 7-4), it seems that the liquid fraction generated through microwave pretreatment would
be the most suitable for phenols recovery, due to their higher TPH content. Nevertheless, the
use of liquid fractions obtained through chemical pretreatment should not be completely
excluded, since these solutions may contain different added-value compounds, other than
phenols, that could potentially be recovered. Numerous relevant studies, investigating the
extraction of phenols from materials obtained through processing of olives (Ahmad-Qasem et
al., 2013; Japén-Lujan et al., 2006; Mylonaki et al., 2008; Obied et al., 2005; Rafiee et al.,
2011; Romero-Garcia et al., 2014), grapes (Casazza et al., 2010; Fontana et al., 2013; Goula
et al., 2016; Krishnaswamy et al., 2013; Li et al., 2011; Moschona et al., 2016) and citrus
(Anagnostopoulou et al., 2006; Boukroufa et al., 2015; Hayat et al., 2009; Li et al., 2006), can
be found in literature, with their majority focusing on microwave-assisted extraction.
Adsorption and membrabe processes are the most common methods used to recover phenolic
compounds, once extracted (Castro-Mufioz et al., 2016; Galanakis, 2012; Gonzalez-Mufioz et
al., 2003; Moschona et al., 2016; Soto et al., 2011). Among these methods, adsorption would
appear as a more convenient option, due to the wide variety of potential adsorbents, including
low-cost adsorbents such as natural materials, bioadsorbents and agricultural and industrial
waste in their raw form or/and after their conversion to activated carbons (Ahmaruzzaman,
2008; Moschona et al., 2016; Soto et al., 2011).

Another possible option for valorizing the liquid fractions obtained after the pretreatment
process could be the recovery of the chemical reagents used for pretreatment, i.e. ethanol,
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citric acid and hydrogen peroxide. Through this practice, operational costs could be reduced,
by avoiding the frequent purchase of reagents. To this regard, necessary reagents could also
be recovered from the wastewater of the same agro-industries producing the solid waste of
interest. In fact, both orange juice manufacturing and winery wastewater, have been found to
contain a variety of compounds, including organic acids, such as citric acid and acetic acid,
sugars, ethanol, phenolic compounds, etc. (Conradie et al., 2014; Mosse et al., 2011; Viuda-
Martos et al., 2011).

7.1.2 Anaerobic digestion in semi-continuous mode

Chapter 6 focused on investigating the anaerobic digestion of WW, CGW, OP and JW in
semi-continuous mode. Both mono-digestion and co-digestion assays were conducted, by
using SOF as a co-substrate, while the assays were divided into two groups, depending on the
conditions being applied. Specifically, the first group of assays (Group 1) focused on
investigating the variation in OLR and HRT, while the second group (Group Il) had the
purpose of evaluating the performance of anaerobic digestion systems being fed with different
substrates in a sequential order, based on seasonality.

The data obtained from semi-continuous assays clearly demonstrated that the operation
of a co-digestion system would result in an improved and more stable performance, compared
with a mono-digestion system. This is true both when the substrates are fed to the system
separately, and in sequential order. Sequential feeding would encompass multiple benefits,
considering that it would provide a sustainable management and utilization option of more
than one regional and seasonal waste materials, while it would also allow the operation and
exploitation of such a system during longer time periods, or even continuously. Nevertheless,
the eventual application of either one of the two feeding modalities, namely each material
separately or in sequential order, using two, three or four materials, would depend on the
needs and the availability of substrates of a specific area. For example, each Mediterranean
country produces different quantities of grapes, olives, oranges and seed cotton, which would
result in different waste amounts ultimately being generated. Table 7-5 and Table 7-6 provide
rankings for the production of these four commodities and their processing products in twenty
Mediterranean countries. These rankings were calculated considering the productions of each
country for the year 2013. Specifically, for each country, the ranking of a specific commodity
was calculated by dividing the production of that commodity by the highest production value
among all four of them. According to these data, Greece would probably benefit from the use
of all four agroindustrial waste, and in particular from those generated through wine and olive
oil production, with the latter observation being true also for Spain. On the other hand,
countries such as Albania, Bosnia and Herzegovina, Croatia, France, ltaly, Malta, and
Montenegro would certainly benefit from the use of grapes processing waste as a substrate,
while the use of olive pomace would be a more viable option for Libya, Morocco, the Syrian
Arab Republic and Tunisia. On the other hand, Cyprus would take the most advantage from
both grapes and oranges processing waste, while this would also be the case for Algeria,
Israel and Lebanon, with the addition of olive oil production waste. In the case of Egypt, the
use of oranges and cotton processing waste could potentially offer considerable benefit, while
as far as Turkey is concerned, all waste materials would be good feedstock options for
anaerobic digestion, except probably grapes processing waste. In fact, similarly to Egypt,
Turkey as well, has a low wine production despite the high grapes production.
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Table 7-5: Rankings of the production of grapes, olives, oranges and seed cotton for
Mediterranean countries

Countries Grapes Olives Oranges Seed cotton
Albania 100 49.8 4.00 0.44
Algeria 64.1 65.0 100 0.01
Bosnia and Herzegovina 100 0.48 0.41 0.00
Croatia 100 18.9 0.09 0.00
Cyprus 66.6 34.5 100 0.00
Egypt 48.1 18.8 100 15.1
France 100 0.49 0.07 0.00
Greece 49.9 100 42.0 45.4
Israel 94.4 85.3 100 31.7
Italy 100 36.7 21.3 0.00
Lebanon 70.2 78.1 100 0.00
Libya 24.0 100 36.4 0.00
Malta 100 0.12 18.9 0.00
Montenegro 100 7.25 22.8 0.00
Morocco 36.9 100 64.3 0.02
Slovenia 100 2.16 0.00 0.00
Spain 80.9 100 36.7 1.57
Syrian Arab Republic 36.4 100 94.1 20.1
Tunisia 12.0 100 11.8 0.18
Turkey 100 41.8 44.4 56.1

Table 7-6: Rankings of the production of wine, olive oil, orange juice and cotton lint for
Mediterranean countries

Countries Wine Olive oil Orange juice Cotton lint
Albania 100 4.44 0.00 1.28
Algeria 77.0 100 36.9 0.04
Bosnia and Herzegovina 100 0.00 0.00 0.00
Croatia 100 2.17 0.00 0.00
Cyprus 100 15.0 68.9 0.00
Egypt 4.25 5.66 0.00 100
France 100 0.11 0.02 0.00
Greece 100 98.2 14.0 89.9
Israel 22.6 53.5 100 60.9
Italy 100 10.8 0.67 0.00
Lebanon 93.8 100 11.7 0.00
Libya 0.00 100 0.00 0.00
Malta 100 0.16 6.12 0.00
Montenegro 100 1.13 0.00 0.00
Morocco 30.2 100 85.9 0.06
Slovenia 100 1.60 0.00 0.00
Spain 100 34.7 441 1.78
Syrian Arab Republic 0.05 100 0.00 62.0
Tunisia 14.9 100 0.60 0.34
Turkey 3.60 22.6 0.20 100
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7.2 Further research

Further research regarding substrate pretreatment should focus on improving the efficiency of
the processes, in terms of energy and cost. More specifically, the determination of additional
parameters for the liquid fractions obtained after pretreatment, would offer a more
comprehensive picture of the composition of such solutions, i.e. of the types of compounds
present in them and therefore, it would be possible to propose and test more targeted recovery
and reuse options, aiming towards a biorefinery concept. These compounds could include not
only substrate hydrolysis products resulting from both pretreatments, but also residual
amounts of the reagents used for chemical pretreatment. Investigating the possible inhibitory
effects of such compounds, on the eventual anaerobic digestion of these liquid fractions,
would allow the evaluation of their actual usability as substrates for methane production.

As far as anaerobic digestion in semi-continuous mode is concerned, further research
should involve upscaling the whole process, by using larger digester volumes, both working
and nominal, which would also allow the operation of the system for longer time periods,
resulting in a more accurate estimation of the performance of a pilot- or full-scale unit. Such a
scale-up would also make the determination of suitable conditions for constantly stable
reactor operation, not only in terms of chemical parameters, but also in terms of methane
production, easier. This would involve the investigation of different combinations of OLR
and HRT, for both feeding modalities, i.e. when feeding each material separately, or all the
materials in a sequential order. Such an investigation would aim at avoiding instability
phenomena inside the digester and at maintaining a constant methane production without
significant fluctuations. For example, the operation of a system with different OLR for
materials of different degradability degrees, i.e. higher OLR for less degradable materials and
lower OLR for more degradable materials, would provide useful information, in order to
achieve a more equilibrated daily methane production.

Further investigations regarding land application of digestates should involve pot and
plot trials, aiming at determining possible phytotoxic effects, due to the eventual presence of
potentially toxic substances or pathogens, while different types of ecotoxicity test could also
be performed. Moreover, alternative options for digestate use, such as composting and
biochar production (Inyang et al., 2010; Inyang et al., 2011; Inyang et al., 2012; Sun et al.,
2013; Troy et al., 2013; Yao et al., 2011) could also be evaluated.
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Appendix A: Multiple-stage-modeling for BMP assays of untreated (raw) substrates (Chapter 3)
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Figure A-1: Fitting for combination of 1st Order Exponential and Logistic models, blank trials (inocula only, AS, LL and TAS)
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Table A-1: Modeling parameters for multiple-stage-modeling approach, trials with different SIR

Varvi Time Model Model parameters Goodness of fit
arying . .
period applied
parameter ( days)
Www
SIR=0.25 1-7 1% Order Brmax K RSS R?
Exponential ~ 240.3 0.2866 81 0.9956
6-46  Logistic Bo P R pl RSS R?
93.73  162.3 4.49 0.00 58 0.9909
SIR=0.5 1-6 1% Order Brnax K RSS R?
Exponential ~ 167.8 0.4517 311 0.9449
5-17  Logistic Bo P R yl RSS R?
119.7 2732 29.8 9.84 3 1.000
17-60  Logistic Bo P R ! RSS R?
26.60  450.0 9.12 0.00 9 0.9938
SIR=1 1-6 1% Order Brmax K RSS R?
Exponential ~ 12.32 0.6999 0 0.9811
6-23  Logistic Bo P R Y RSS R?
1329 4054 8.20 14.8 7 0.9978
21-35  Logistic Bo P R Y RSS R?
53.34  96.25 16.5 29.8 3 0.9997
35-60  Logistic Bo P Rm ) RSS R?
1369  96.61 6.40 42.7 13 0.9989
SIR=2 1-3 1% Order B max K RSS R’
Exponential  21.20  0.5122 3 0.9213
2-56  Logistic Bo P R Y RSS R?
1596  38.45 16.1 6.08 9 0.9980
56-60  Logistic Bo P Rm ) RSS R?
53.94  10.89 1.20 63.9 0 0.9975
CGW
SIR=0.25 1-21 1% Order B max K RSS R’
Exponential ~ 189.01  0.1409 145 0.9954
19-46  Logistic Bo P R Y RSS R?
5450  147.0 5.66 8.45 4 0.9951
SIR=0.5 1-21 1% Order Bmax K RSS R
Exponential ~ 302.7 0.0560 191 0.9963
21-60  Logistic Bo P R Y RSS R?
7852 2314 4.16 17.7 11 0.9994
SIR=1 1-4 1% Order Bmax K RSS R
Exponential ~ 156.7 0.2241 12 0.9939
4-19  Logistic Bo P Rm ) RSS R?
0.000  349.3 28.3 7.04 76 0.9991
19-60  Logistic Bo P R Y RSS R?
287.6  200.2 5.38 27.6 87 0.9981
SIR=2 1-5 1% Order Bmax K RSS R
Exponential ~ 327.9 0.1216 11 0.9985
5-21  Logistic Bo P Ru Y RSS R?
0.000 4517 31.0 7.60 106 0.9990
21-60  Logistic Bo P R yl RSS R?
2348 4555 6.65 22.7 53 0.9994
oP
SIR=0.25 1-7 1% Order Binax K RSS R?
Exponential ~ 160.47  0.1190 58 0.9845
7-31  Logistic Bo P Ry yl RSS R?
0.000 1836 6.18 6.35 29 0.9967
31-39  Logistic Bo P R i RSS R?
1780  11.43 3.07 34.2 0 0.9966
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39-46  Logistic By P Ru ! RSS R?
1854  11.87 2.24 41.9 0 0.9969
SIR=0.5 1-2 1% Order B max K RSS R
Exponential ~ 36.89 1.368 0 1.0000
3-23  Logistic Bo P R yl RSS R?
3050 202.8 15.1 121 54 0.9991
23-60  Logistic By P Ri ! RSS R?
3487  250.7 4.69 6.75 7 0.9987
SIR=1 1-3 1% Order Binax K RSS R?
Exponential ~ 58.36 0.5936 7 0.9708
4-23  Logistic Bo P R yl RSS R?
4177  297.6 24.1 12.35 66 0.9995
21-60  Logistic By P Ri ! RSS R?
0.000 421.3 7.95 5.13 35 0.9979
SIR=2 1-6 1% Order Bunax K RSS R?
Exponential ~ 132.2 0.1928 3 0.9991
6-23  Logistic Bo P R yl RSS R?
70.04 3505 30.0 14.08 37 0.9997
21-60  Logistic Bo P R Y RSS R?
0.000 519.6 12.4 9.25 81 0.9972
W
SIR=0.25 1-9 15 Order Bmax K RSS R
Exponential 2058  0.3874 180 0.9891
7-31  Logistic Bo P Ru Y RSS R?
180.3  41.46 2.92 11.1 2 0.9984
29-41  Logistic Bo P R Y RSS R?
2220  4.035 3.69 35.4 0 0.9805
SIR=0.5 1-11 1% Order B max K RSS R
Exponential 4143  0.2936 158 0.9980
9-25  Logistic Bo P R Y RSS R?
3141  136.0 5.83 8.47 5 0.9986
25-41  Logistic Bo P R y! RSS R?
4236 4572 1.62 27.8 1 0.9988
SIR=1 1-2 1% Order Brnax K RSS R’
Exponential ~ 130.9 2.106 0 1.0000
3-9 Logistic Bo P R yl RSS R?
4441 1677 253 2.33 4 0.9997
9-23  Logistic Bo P Rm ) RSS R?
189.3 1226 11.8 139 94 0.9993
21-41  Logistic By P R y! RSS R?
306.0 288.6 313 321 320 0.9976
SIR=2 1-7 1% Order Binax K RSS R?
Exponential ~ 130.9 1.040 207 0.8671
1-7 Logistic Bo P R yl RSS R?
1089  127.3 18.4 0.00 9 0.9943
7-33  Logistic Bo P Rm ) RSS R?
1351  65.96 6.12 17.2 6 0.9993
33-41  Logistic By P R ! RSS R?
3469  201.3 20.6 23.0 0 0.9645
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Table A-2: Modeling parameters for multiple-stage-modeling approach, trials with different inocula

Varvi Time Model Model parameters Goodness of fit
arying . .
parameter period applied
(days)
Blanks
AS 1-6 1% Order Brax K RSS R?
Exponential ~ 34.65 0.8641 26 0.8111
1-6 Logistic B, p R yi RSS R
19.06 18.62 4.02 2.63 1 0.9907
6-23 Logistic Bo P R yl RSS R
31.44 44,07 3.12 13.4 3 0.9981
21-35  Logistic Bo P R yl RSS R
72.67 7.333 29.3 27.0 9 0.9097
35-49  Logistic Bo P R yl RSS R
79.08 3724 16.4 67.3 1 0.9965
49-56  Logistic Bo P R yl RSS R
94.00 5.000 20.1 51.1 0 1.000
56-60  Logistic Bo P R yl RSS R
98.99 3.506 10.4 58.8 0 1.000
LL 1-68 Logistic Bo P Ru A RSS R’
37.00 1.000 10.5 4.48 0 1.000
TAS 1-6 1 Order Buax K RSS R’
Exponential ~ 58.20 0.5690 28 0.9536
1-6 Logistic Bg P R A RSS R
0.000 62.02 8.94 1.21 2 0.9959
5-23 Logistic Bo P R A RSS R
15.68 90.60 3.65 6.49 4 0.9985
23-33  Logistic Bo P Rm Yl RSS R?
96.55 14.91 1.90 25.7 0 0.9999
33-39  Logistic Bg P R A RSS R
109.2 5.838 7.33 33.2 0 1.000
39-53  Logistic Bo P R A RSS R
110.2 12.21 0.84 41.0 0 0.9906
WW (SIR=0.5)
AS 1-6 1% Order Buax K RSS R
Exponential ~ 167.8 0.4517 311 0.9449
5-17 Logistic B, P Ru y! RSS R?
119.7 273.2 29.8 9.84 3 1.000
17-60  Logistic Bo P R A RSS R
26.60 450.0 9.12 0.00 96 0.9938
LL 1-7 1% Order Brnax K RSS R
Exponential ~ 117.3 0.6968 10 0.9961
9-47 Logistic Bq P Ru y! RSS R?
121.2 235.2 20.0 35.2 34 0.9998
47-68  Logistic Bo P R A RSS R?
305.7 77.38 2.01 42.2 3 0.9943
TAS 1-4 1% Order Bunax K RSS R?
Exponential ~ 446.2 0.1528 366 0.9713
3-15 Logistic Bo P R yl RSS R
109.0 286.0 245 6.34 46 0.9990
15-31  Logistic Bo P R ) RSS R?
351.2 84.92 5.15 17.6 8 0.9972
31-53  Logistic Bo P R yl RSS R?
134.4 327.2 8.51 8.02 8 0.9894

CGW (SIR=0.25)

AS 1-21 1% Order Brnax K RSS R?
Exponential ~ 189.0 0.1409 145 0.9954
19-46  Logistic Bo P R yl RSS R?
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54.50 147.0 5.66 8.45 4 0.9951
LL 1-2 1% Order Brax K RSS R
Exponential ~ 45.40 1.959 0 1.0000
2-68 Logistic B, p R yi RSS R
41.15 21.84 5.21 3.99 0 0.9995
TAS 1-3 1% Order Bmax K RSS R
Exponential  115.8 0.3390 2 0.9979
4-7 Logistic Bo P R yl RSS R
0.00 128.2 15.2 2.69 1 0.9975
7-35 Logistic B, p Ry yl RSS R?
0.0 200.1 6.08 4.16 64 0.9930
35-53  Logistic Bo P R yl RSS R
197.4 14.09 1.06 41.2 1 1.000
OP (SIR=0.25)
AS 1-7 1% Order Bmax K RSS R
Exponential ~ 160.5 0.1190 58 0.9845
7-31 Logistic Bo P R yl RSS R
0.000 183.6 6.18 6.35 29 0.9967
31-39  Logistic Bo P Rm Yl RSS R?
178.0 11.43 3.07 34.2 0.31 0.9966
39-46  Logistic Bg P R A RSS R
185.4 11.87 2.24 41.9 0.13 0.9969
LL 1-3 1% Order Brmax K RSS R
Exponential ~ 45.69 2.500 0 0.9698
3-47 Logistic B, P Ru A RSS R?
43.02 16.95 3.22 5.50 1 0.9969
45-53  Logistic By P R yl RSS R?
60.00 3.0 9.72 48.0 0 1.0000
51-68  Logistic Bg P R A RSS R
53.43 341.0 6.90 95.2 5 0.9988
TAS 1-4 1st order Brmax K RSS R
exponential ~ 105.1 0.3196 1 0.9995
5-25 Logistic Bo P Rm Yl RSS R?
0.000 197.6 8.30 5.40 26 0.9980
25-53  Logistic Bo P R y! RSS R?
170.3 4553 1.79 26.4 4 0.9955
JW (SIR=0.5)
AS 1-11 1% Order Brmax K RSS R
Exponential ~ 414.3 0.3 158 0.9980
9-25 Logistic Bo P R yl RSS R
314.1 136.0 5.83 8.47 5 0.9986
25-41  Logistic Bo P R A RSS R?
423.6 45.72 1.62 278 1 0.9988
LL 1-4 1%t Order Brmax K RSS R?
Exponential ~ 125.9 0.7929 61 0.9580
3-41 Logistic Bo P R yl RSS R
74.31 84.20 10.3 3.29 3 0.9993
39-68  Logistic Bo P R A RSS R
159.0 131.4 7.79 61.4 40 0.9983
TAS 1-4 1% Order Brax K RSS R?
Exponential ~ 237.8 0.1309 5 0.9979
3-11 Logistic Bq P R A RSS R?
57.81 117.1 24.3 4.86 49 0.9940
9-21 Logistic B, p Ry pl RSS R
146.3 115.4 6.06 15.9 10 0.9970
19-39  Logistic Bo P R ) RSS R?
74.66 2415 9.40 16.4 45 0.9951
37-53  Logistic Bo P R ) RSS R?
110.7 222.1 455 12.3 5 0.9839
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Appendix B: Additional data from optimization procedure for microwave
pretreatment (Chapter 4)
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Figure B-1: Variation of (a) sCOD, (b) TPH and (c) pH, after microwave pretreatment as a function
of temperature
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Figure B-2: Variation of (a) SCOD, (b) TPH and (c) pH, after microwave pretreatment as a function
of temperature
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Figure B-3: Cumulative methane production for (a) WW and (b) CGW, pretreated with microwave
heating at different temperatures
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Appendix C: Photos

Picture 1: Agroindustrial waste as received and after size reduction: WW (a, €), CGW (b, f), OP (c)
and JW (d, g)
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Picture 2: Microwave pretreatment of agroindustrial waste: (a) microwave reaction system (MARS),
(b) Teflon vessels inside the MARS

Picture 3: Chemical pretreatment of agroindustrial waste
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Picture 4: Reactors inside the incubator during (a) BMP and (b) semi-continuous assays

Picture 5: Apparatus for methane production measurement
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Picture 7: Feeding materials used in semi-continuous assays: (a) single-substrates, (b) mixed-substrates

Picture 8: Preparation for feeding procedure
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Picture 9: Procedure for sampling and feeding during semi-continuous assays
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