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Abstract

This researcimvestigatedanaerobic digestion (ADyith various types of lignocellulosic
biomass feedstocks from Nigerand the ptential use of lowcost askextractsproduced

from agricultural biomassuch as empty palm bunch, cocoa pod, bananafpetige
enhancement of AD biogas producti@xperimentanvestigatedco-digestion mixures,
comprising several tropical grass silageslcassava procesg wastes ifCSTRunder
mesophilic and thermophilic temperaturasan oganic loading rate of 2.gvS.L*.d* and20
d HRT. Under each temperatusgime,two pairs of 1 L CSTR were usédnepair as
control, and the other pair supplemented with biomas®xzashacts. Thexgeriment was run
for three HRT all reactorsachievingsteadystate operation during thikird HRT cycle. At
steadystate, the specifimethane production (SMP) recorded in the thermophilic reactors,
was299.9 and 338.2 ML CH4.g'VS added d* for the controland the supplemented pairs
of reactorsrespectivelyjndicatingthat methane productidradincreased by 13% due &sh
extract sipplementation Similarly, for the mesophilic reactors, the SMRs297.9 and 330

N mL CH..gVS added d* for the controlandashsupplemented reactorsspectivey,
signifying that askextractamprovedmesophilicCH4 production by 11% Statistical
comparisorof CH4 productionin control and asisupplementedeactors showed-palues O
0.05for both temperaturesvhichconfirmsthat askextracts improvediomethane production
significantly. Supplementing ifferent feedstockssuch as gamba grass, guinea grass,
elephant grass, rice straw and cassava progpsasteswith ashextracsin both BMP batch
assays and CSTRlIsogaveenhanced methane productiéinom the chemical analysis data
and literature, it was posséto conclude thdiiomassashextractsappear to provide both
alkalinity andor trace metal$or theenhancementf methane production when digesting
agricultural wasteasbothmonosubstrate and cedigestionmixtures. The low cost of
biomassashextracts compared to commercially available chemical additives, i.e. alkali and
trace elements, make thesnonomically feasile AD supplements for improving methane
production froma wide range of grass biomass and other agricultural wastes in delvalupe

developing countries.

Keywords: Anaerobic digestion (AD), biomasstracts, CSTRGrass silage and cassava

wastes, mesophg, thermophilig steadystate condition



Dedi cati on

| dedicate this thesis

To God
Who sits on His heavenly throne
Who rulesand reigns from heaven above
The great | Am
The Alpha and Omega
The beginning and the end
The Wonderful God

Theeverlastig Father



Acknowl edgment s

| want to thank the almighty God who made it possible for me to start and finish this research.
| sincerely appreciatde support of my lovingvife, Beatrice Uchenna Egwu, and my sons,
Fortunate and Jaspand my beatiful daughteiKindnessduringmy researchl. am grateful

to Dr. Paul &llis, who did not onlyeffectively supervise myesearchwho supportedne and

my family throughdifficult personal circumstancekalso want to thank my second

supervisor, Prof. David Graham for his a@vand qustioning which helped mieok

critically atthe effectiveness ashsupplements from different perspectiviesspeciallywant

to appreciate Apostle Brigl@noka and his familfor their prayers, encouragement and

support, and the entire leadership ofy@it God Christian Centre indlvcastleupon Tyne,

for standingoy me and my family always.earnestlythank the laboratory technicians,

especially David Race, David Eey| andDr. Amy Bell for their supportl wishto

acknowledgemy colleagues, especialPeter Learywho helped me vth the Rpeline

program to convert my sequence data to OTU taBled)am Shamradand Dr. Kishor

Acharyafor giving me guidancen howto analyze the data generated from sequencing the

DNA extracts from my anaerobic CSTR gales.l alsowanttosayhi g O6t hank youdé
Carl Samuel for his supportissincerely want to thankngr.Prof. O. I. Okoro, Prof. D. A.

Okpara andengr.Dr. GreggEzeokpube for their invaluable supports which reinforced my
courage during difficultimes Finally, | offer my sncerethanks tothe management of

Michael Okpara University of Agriculture Umudileexd TETFundNigeriafor financingthis

researchl am eternally grateful.






Table of Contents

Content s

N 01511 = T SO PP R OPPPRPPPPPPPRPPP i
[D=T0 | [oF= Ui [o] s FOU PP PPPPPPPPRP ii
ACKNOWIBAGMENTS ...t i
CONTENTS. .. Y
LISt Of TADIES ... e Xii
LIST OF FIQUIES. ..ottt e e e e e e s s r et e e e e e e e e e anneees Xiv
List and definition of ADDreVviations. ..............oovviiiiiii e XX
Chapter 1 INTRODUGCTIQN........uuiitiiiiiiiieeeieiieiiiiiiieeee e e e e e e e s eere e e e e e e e s s snsaneeneees 1
1.1 The World energy consumption and the Nigerian experience................c....... 1
1.2 Definition Of DIOMASS.........uuiiiiiiiiie e 3
1.3 Energy demand and supgly Nigeria............oovvvveiiieiiiiiiiniiiiiiiissse e 3
14 Potential of agricultural wastes (biomass) as energy feedstocks.................... 4.
1.5 Status of AD technology in NIQErIaL.........c.uuuuiiiiiiiiiiiie e 5
1.6 Challenges to bioeargy development in Nigeria..........ccooeeeeeiiiiiiiiiiiiee e, 6

1.7 The potential use of biomasterived supplement from ash for AD process

(0711 0174= 11 o] o 1SS 7
1.8  AIM @NdODJECHIVES. .. ...t 7
108 700 R L o PSRRI 7
1.8.2  ODJECHVES.. ..o e 7

\'



1.9  STrUCIUIE Of the TNEIS. ...ce e 8

Chapter 2 Literature REVIEWL..........uuuiiiiiiieeiiiiiiiiiiie et e e e e e e 11
2.1 Anaerobic Digestiog AN OVEIVIEW.........ccceeeeeeeeeiee e 11
2.2 Advantages of Anaerobic digestion of biomass............ccccccvvvvvivviiiiiiiiiiiiiiiines 12

2.2.1 Disadvantagesf anaerobic digestion.............cccevviiiiiiiiiniiiiiiiiiiieeeee e 13
2.3 The AD process degrad@ pathway...............uviiiiiiiiiiiiiiii e, 13
2.3.1 Disintegration and hydrolySiS..........ccoeerieiiieiiiieieeee e 14
2.3.2 Acidogenesis (fermentatiD..............eeeeevieeeiiiiiiiiiiiiiiieeee e 15
2.3.3  ACEIOGENESIS . ...eiiiiiiiieeee ittt e e e e e e e e 15
2.3.4  MethAnOQENESIS. ... oo i ittt 16
2.4  Potential biomass for biometh@&production..................evvviiviiiiiiiieiiiiin. 16
2.4.1 Perennial RyegrasElium pPerenn@.........cccccoviiiiiiiiiiieieeeee e 17
2.4.2 Cassava (Manihot esculenfaant) process Wastes.........cccceevveerieenieeeneenn. 17
2.4.3  RICE StraW@IYZa SPP....ueeeereerurnnnnrnnnnnnniaassasaasaeaaseaaseaaaseaeeaeaaaaaaaaaaeesaseesees 19
2.4.4 Napier GrasgPennisetum purpureurSchum)..........cccccceeeeiiiiiiiiiiiiiieeenenn. 21
2.4.5 Gamba grassAndropogongayanUS...........eeeeeeeeeeeiirrummmmrenereeeeeeessaaanennnneees 22
2.4.6 Guinea grasP@nicum MaXiMUDN.........uuuieieeeereeiiinianeeeeseeerii e eseeesnns 23
2.4.7 Speargrasdifiperata CYlINAriCR. ..........cevveeveeeiiiiiiiiiinii e 25
2.5 Factors that determine the biogas potential of feedstacks................coeuueeeee. 26
2.6 Biomethane potential of feedStOCKS..........cccoviiiiiiiiiiiiiiiic e 27
2.6.1 Determination of the theoretical energy value of biomass feedstacks.....28

Vi



2.6.2 Biochemical Methane Potential (BMP) ASSAY............ccvvvvevevvemevveennnnnnnnnns 30
2.7 Process parameters that affect the performance of anaerobic digestian....... 30
A O R =T 0 ] 01T = U (= PP 30
2.7.2  PHeeeeeeeeeeeeeeeee ettt ettt ettt 33
2.7.3  ALKAINITY. ..ot 34
2.7.4 Effect of mixing 0N the AD PrOCESS.....ccoceiviiiiiiiii e 35
2.7.5 Solid residence tiMe (SR .....u i riiiieiiieei e e e e e e e e e e e e e e 36
2.7.6  OrganiC l0adiNGALE ..........cooiiiiiiiiiie e 36
2.7.7 Redox Potential or OxidatieReduction Potential (ORR)..............cccevveeeen. 37
2.7.8 Toxicity and iNhiDItION..............ooiiiiiii e 37
2.7.9 Volatile fatty aCids.........ccoeoiviiiiiei i 39
2.7.10 Aromatic, phenolic and chlorinatdadydrocarbons...............ccccvviieiin, 40
2.7.11 Sulfate and sulfide iNhibItIAN............ccuiiii 40
2.7.12 Metal INNIDITION .....coiiiiiiiiee e 41
2.8 Lignocellulosic biomass as AD SubStrate.................evveviuemiiiiiiicnnneneeeenn 41
2.8. 1 CellUIOSE.....ooiiiieee e 42
2.8.2  HEMICEIUIOSE. ......ceiiiiiiieii e 42
2 < T T 1N o | o 11 o PSS 43
2.9 Pretreatment of lignocellulosic BIOMass...........oocciiiiiiiiiiiiie e 44
2.10  Mono-digestion and caligestian of lignocellulosic biomass...........c..cccce...... 46
2.11  Optimisation of the AD process using conventional supplemenits.............. a7

Vil



2.12  Optimisation of the AD cess using biomasterived lowcost supplements. 47

Chapter 3 Materials and Methods..............ooviiiiiiiii e 49
3.1  BIiOmMaSsS FEEUSIOCKS. ......ciiiiiiiiiiii e 49
3.2 Preparation of [owcost AD SUPPIEMENLS..........eviviiiiiiiiiiiiiierrs e 50

3.2.1 Elemental composition of selected biomass feedstocks............ccccuvunenn. 51

3.2.2 Determination of the abundace of the major chemical compounds in some

selected crystals from biomass asRtract..........cccooeeeviiiiii 54

3.2.3 Analysis of carbon, nitrogen, oxygenitrogenand sulfur contents of selected

DIOMASS fERUSIOCKS . . e it 56

3.2.4 Estimation of cellulose, heicellulose and lignin contents in biomass

FEEASTOCKS.....eeeei e 57
3.3 Seed sludge (reactor INOCUIUMY).........ccuuiiiiiiiiieiee e 63
3.4  Experimental ProCedUIESs.........ccoiii i 64

3.4.1 Batch Ractorsg Biomethane Potential (BMBSSAY..........evviiiiiiiiiieeeenn. 64

3.4.2 GC method for Methane ANalYSIS...........cooiuviiiiiiiiiiee e 65

3.4.3 Kinetic analysisS of BMP data............ccoiiiiiiiiiiiiiiiiiiiiiieeeeeeeeriieeeeeeeeee 68
3.5 Continuous stirredank reactors (CSTR).......ucoiiiiiiiiiiiiiiiiie e 68
3.6  Stability Of the AD PrOCESS. . ccieiiiieiiee e et 71

3.6.1 Determination of Total volde acid (FOS) and Total Alkalinity (TAC) ratio71
3.7 DaAta @NalYSIS.. ... i i 72

Chapter 4 Effect of feeding interval, operating temperatyrerganic loading rate and pH
on the SMP and VMP of CSTR fed with a grass silage mixture of perennial ryegrass, clover

and Tmothy grass as fEEASTOCK ..........uuiiiiii e 73

viii



4.1 Materials and METNOUS. .. ...ocone et 75

4.2 ResUlts and diSCUSSION........uuiiiiiieeiiiiiiiiiiiiieiee e esiveeeeeee e e e e e e e snnnnnnneeeee s o]
4.2.1 Operational parameters........ccccoeveeiieiiieiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeeesseseennnd 1
4.2.2 OLR @Nd VS GBOGCHION .....oeveiiiiiiieeeiiiiiee ettt 80
4.2.3 Variation of ammoniummitrogen, TKN nitrogen, and CQD........................ 81
4.2.4 Volatile fatty acid inhibition and alkalinity...........cccccccooiiiiiiiiiiiiii s 86
4.2.5 Propionateto-acetate ratio...............coovviiiiiiiiiieeieiiieeeeeeee s 90

4.3 Effect of temperature on biogas production..............ccccceeiiiiniiiiiiiiiieeeeeeeennd 92
4.3.1 Overall biogas production (day-140).........cccccuurmmimiiieieeieeeiiieeeeee e 92
4.3.2 Irregular daily feeding practice and a steagtgte conditions....................... 94

4.4 CONCIUSION....coitiiiie ettt ettt e et e e e e e e e e e e e e annreee s 102

Chapter 5 Effect of lowcost biomass extracts on the performance of thermophilic and

mesophilic AD reactors during the-dayestion of tropical grass silage and cassava

PrOCESSING WaASTE.....cci i i i ie et a e as 105
5.1 Materials and Methods...........cccuiiiiiiiiiii e 106
5. 1.1 EXPerimental SEUPD .......cuueiiiiiiiiiiiiii e 107
5.1.2  Dat@ @NalySIS......ciiiiiiiiiiiiiiie e 109

5.2  ReSUItS and diSCUSSION.........ceiiiiiiiiiieiiiiiiee et 109
5.2.1 Solidscomposition, destruction and organic loading rate....................... 109
5.2.2 pHofpilot scale CSTR......cccoooiiiiii e 112
5.2.3 Variation in COD and ammoniuNitrogen of pilot scale CSTRs.............. 114



5.2.4 Specific methane production and cumulative methane production in CSTR

under pseudesteadystate CONAItIONS.............uuviiiiiiiiieiiiii e 116
5.3 Conclusion and reCoOmMmMEeNdation . ... ... oeeneeeee e 118

Chapter 6 Effect of 10°C steps in operating temperature and increasing OLR on Specific

Methane Production (SMP) during the AD of a mixed lignocellulosic feedstock....... 121
6.1 Materials and MethOdS.........coooiiiiiiiii e 123
6.1.1  MALEIIAIS. ... ..eeiiieiieie et 123
B.1.2  IMEENOMUS. ... .t a e 123

6.2  ReSUItS and diSCUSSION.........uuuiiiiiiiiieiiiiaiiiii e e e 124
6.2.1 Temperature and PH.........ooiiii i 124
6.2.2 Effect of organic loading rate on valatsolids destruction in CSTR........ 126

6.2.3 Effect of HRT on the chemical oxygen demand (;@d2al Kjeldahl N (TKN),

and ammoniacaN iNn the CSTR.........oooo e 128
6.2.4 Effects of volatile fatty acids (VFA) concentration on the CSTR............ 130
6.3 Specific and volumetric specific methane productian...............cccccevvvvvennnnnn. 134

6.3.1 Overall methane content, specific methane production and volumetric

methane production in the CSTR........cooiiiiii 134

6.3.2 Effect of increas in organic loading rate from 1.0 to 1.8¥S. &. d! on the

6.3.3 Effect of increase organic loading rate from 1.25 to 1.5 g¥8'bn the
specific and vaimetric methane production during®HRT in the CSTR............... 138

B.4  CONCIUSION. . ettt 140



Chapter 7 Assessing biomass ash extracts as sourcbaftdr and trace nutrients

supplements for improved Ghroduction during the anaerobic edigestion of cassava

wastes and Catll SIUMTYL...........ooiiiiiii s 141
7.1 Materials and MethOds..........ccuuiiiiiiiie e 142
T. 0L MAEIIAIS ..o 142
T7.01.2  MEENOUS ... 144

7.2  ReSUItS aNd AISCUSSIONL.....ceeiiiiiiriieeiiiiie ettt 144

7.2.1 Characterization of the biomass feedstock and the cadmenitrogen ratiol44
7.2.2 Organic loading rate and volatile solids destruction..................cccuueneee. 146

7.2.3 Reactor concentrations of ammoniacalragen (NH*-N), free ammonia (N}

chemical oxygen demand (C@Dotal Kjeldahl nitrogen (TKN) and pH................ 147

7.3 Volatile fatty acid Profile..........oouiiiiiiiii e 151
7.3.1 Volatile fatty acid (VFA) profile for Pair 1 Reactars.............ccccevvvvuennnn. 151
7.3.2 Total volatie fatty acid (TVFA) from IC analysiS.........ccccoeeveviiiiiieneeeeeenn. 155
7.3.3  Stability Checks fOr AD reaCtOLS...........uuuurrrriiriiiniiiirssens e e eeeeee s 157

7.4  Methane production and COMPOSITION. ........cooiiiiiiiiiiiiiie e 161
7.4.1 Performance of the reactors during pseudteadystate conditions........... 161

7.5 CONCIUSION.....eiiiieiiiee ettt e e e e e e e 164
Chapter 8 Final remarks and recommendations for further research work............ 167
8.1 FINAl rEMAIKS. ...cooiiiiiiii e 167
8.2  RECOMMENUEADNS. .....cciiiiiiieeiiiti ittt e e 167
Chapter 9 ANNEX A ..t e e e e e e e e e 191

Xi



Li sft Toabl es

Table 21 Theoretical Biogas poteals of pure samplesdm selected substrate components

..................................................................................................................................... 27
Table 22 Classification of anaerobic digesters by temperature............ccccceevvceeeevnnnnns 31
Table 23 Alkalinity equivalent weight ratios (Federation, 20Q7)..........ccccceeeveeeeeieecrnnnns 35

Table 24 OxidationReduction Potential (ORP) and bacterial activity in AD reactors.37

Table 25 Effect of ammonia nitrogen on anaerobic digestion at neutral.pH.............. 39
Table 31 Main characteristics of tHBomass feedStoCKS..........ooeeveiiiiiiiieeen 49
Table 32 Selected agricultural wastes used to produceclost AD supplements........... 50

Table 33 Elemental analysis of some selected biomass feedstocks for their metal

(o]0] 0 4] 0o ] 11 o] o FU PP PP PP P PPN 53

Table 34 Elemental analysis of biomass @sttracts used as supplements for the AD

ProCeSS OPLIMUZALION. ......iiiiiieiiiiiet e e e e e e eerea s e e e e e e e e e e e e e e e e s aenneaaeeeaeeees 54

Table 35 Stoichiometric fanula and TMP of various biomass feedstocks used for this study

Table 36 Procedure for the determination of the cellulose contents in biomass feedStck

Table 37 Results from the determination of cellulose, hemicellulose and lignin contents in

Elephant grass, Guinea grass and Gamba grassS...........covvvvvrimeereeeeeeeeeeeeeeerineennmmmeee 63

Table 38 Important paraeters monitored during the anaerobic digestion processes in

CONLINUOUS FEACTOLS .. . ciiiiiiii e e e e ettt e e e e ettt e e e e e eeaa s mmmraa e e e e eesaaa e eeeeeessammmssnaneeeeeenes 70

Table 39 Ripley ratio, FOS:TAC ratio, intermediate alkalinity (1A) : partial alkalinity (PA)

ratio or Volatike acids and alkalinity ratio (Andreadt al., 2007)...........oovvvveviiiiiiiiecenennns 72
Table 41 Summary of the materials and methods.............cooevviieee e 75
Table 42 Characterist® o the biomass feedstock and inoculum...............cccvvvieeeenen. 76
Table 43 Summary of CSTR operating conditiQNS..............eiiiiiiiieceiiiiiiiieee e 76
Table 44 Comparison of the pH indHPair 1, Pair 2 and Pair 3 reactars..................... 78

Table 45 Solubility of ammonium bicarbonate at different paratures (Engineers, 20@3

Xii



Table 46 Maximum concentrations of VFA#etected in the Pair 1, Pair 2 and Pair 3 reactors

during the period of instability in the AD reactors (dayiSB40).......cccooeeveeiiiiiiiiiiiicenenn. 88

Table 47 Minimum, maximum, maaand standard deviation of the SMP from Paired CSTR.
..................................................................................................................................... 95

Table 48 Correlation tests aneést stastics of paired mean SMP of the Pair 1, Pair 2 and

Pair 3 CSTR at 95% confidence interval aighificances of gralue (2tailed).................. 99
Table 51 FeedStoCK COMPOSITIQM........uuiiiiiiiiiiiii e 106
Table 52 Characteristics o the feedstock and inOCUlUM..............cooviiiiiemiiiiiiiiiiinnnn. 107
Table 53 Names and operating conditions of the CSTR.............cccvvviieeee e, 108

Table 54 Elemental composition of the biomass feedstock compousetsto feed AD

(Y= o1 (0] 1= 109

Table 55 Variations in mean ammoniulh concentration in AD reactors using Paired

Sample Statistical Correlations andéests at 95% confidence interval......................... 116
Table 61 Characteristics of the mixed biomass feedstocK.............ccceeevivieeeecciennnnnn. 123

Table 62 Operating conditions, Organic loading rates, hydraulic retentien(HRT) and
(o (o571 o e F= £ PSSR 124

Table 71 Composition ash properties of inoculum and cassava waste used for the. §d@ly
Table 72 Total volatile fatty acid (TVFA) concentration in readdr1 to R6................ 156
Table 73 Propionatdo-acetate (P:A) ratio in Pair 1, 2 and 3 reactors (dag3)........... 158
Table 91 Physiochemical characteristics of the biomass feedstocks used for BMPR.18&ts
Table 92 Physiochemical characteristics of the inoculum..............cccooooveeei. 192

Table 93 Summary of the results from experimental, Buswell equation and Gompertz models

for the determination of the biochemical methane potential of selected biomass fee2l3docks

Xiii



List of Figures

Figure 21 Map of Nigeria (EIA, 2016).......cccciiiiiiiieieiieiiieeeie et enne e e e e e eeeeaeaees 2

Figure 21 Anaerobic degradation pathway. Adapted and modifad Bharathirajeet al.
20 ) RSP PPPR SR 15

Figure 22 Cassava fallL............oooiiiiiiiiiiie e et e e e e e e e e e e e e aeeee e as 18

Figure 23 Cassava production Nigeria (a) Tuber (b) Peels and édible starchy portion.

..................................................................................................................................... 19
Figure 24 Rice farm in NIQEIa........cooiiiiiiiiiiiiiiieeee e 20
Figure 25 Napier grass (Elephant grass)............uuuuuueiiiiicccreeeeiiiiiiises e e erennn e 21
FIQUrEe 26 Gamba graSS.........uuuuuiiuuiiiiii it s s s s s e e e e e e e e ameesa s s s e e e e e e e e e e e aeeeeaesaannneaeaes 22
FIQUIE 27 GUINEA GIASS .. .ot i iiiiiiiiiiitetieees st bbbb bbbt e et e et et bbb bss s s e e e e e e e e e e e e e e e s ememeeeeees 24
Figure 28 Photo of Speargradsnpeaata cylindrical) ............ccccovriiiiiiiiic e 26

Figure 29 Relativegrowth rate curves of methanogens during AD at different temperatures
(Lettingaet al, 2001; Schon, 2010).......cccceeiiiiieeeeieeeee e 33

Figure 210 The cellulose molecule showing the monomeric unit (Kuetad., 2009).......42

Figure 211 Effect of pretreatment on lignocellulosic tass. Adapted from (Mosiet al.,

Figure 31 XRD analysishowinghigh peaks opotassium bicarbonate and potassium

carbonate contents and other trace nutrients within the crystals from palm bueoctirasb4

Figure 32 XRD analysis showing high peaks of potassium bicarbonate and potassium

carbonate contents and other trace nutrients within crystals from empty cocoa-eattash

Figure 33  XRD analysis showing high peaks of potassium bicarbonate and potassium

carbonate content and other trace nutrients within the crystals from plantain pesttrash

Figure 34 Batch Experimental Setup used for the determination of the BMP of substBdtes

Figure 35 Continuously stirred tank reactors (C§BERtupwith tubing connected to gas
sampling bag, a variable speed overhead stirrer engine with stirring rod passing through

Quickfit® flat head plates parallel center joint, a 10° side socket joint vacuum adapter, black

Xiv



insulating mat, Kype thermocoup inseréd into the reactor using a red coloured rubber

bung, and a control box fitted with Sestos temperature controllets....................cccc. 69

Figure4-1 Mean pH values inside the Pair 1, Pair 2 and Pair 3 reacttesldof the feeding
phase are presented iN FIQUFB.A...............oooiiiiiiiiireeeeeeeiiee s eeemra e e e e e e e e e 79

Figure 42 Volatile solids (VS) reduction (%) in Pair 1, Pair 2 and Pair 3 reactors. Details of

the feeding phases are presentediffuife 44............ooveeveeeeeuinniireeeeeeeeiree e e eeeeees 81

Figure 43 Mean concentration of ammonitfh(NH4"-N) in Pair 1, Pair 2 and Pair 3

((r= (o (0] £ 0)VZ=] SR 111 4 L=V T TP 82

Figure 44 Mean concentration of total KjeldaNl (TKN) and organic nitrogen in Pair 1, Pair

2 AN Pail 3 IEaCTONS OV LI ettt e e e e e e e e e e e aee e e e ae e e e eaeenenaaneen 84

Figure 45 Comparison of mean CQDariation in the Pair 1, Pair 2 and Pairedctors from
(0 L 1 S SSPPPN 85

Figure 46 Volatile fatty acid concentrations in Pair 1, Pair 2 and Pair 3 reactors. Acetate
(red), butyrate (black), formate (purple), isobutyrate (ash), isovalgrallow) and propionate
(dark red), Refer tdable 41 for details of the organic loading rates and the corresponding

Figure 47 Mean concentration of alkalinity inghreactor: Pal (black lines), Pair 2 (blue
lines) and Pair 3 (red lines), and the mean total volatile fatty acid to total alkalinity (FOS:
TAC) ratio OVEE TIME. ..ottt e e ettt e eaet e e e et e e et e et e e e e e e e e e s st e e e eeaeeens 90

Figure 48 Stability check using propiate: acetate (P: A) ragan the Pair 1, Pair 2 and Pair
3 reactors. Details of feeding regimes are presented in Tabind Figure 4.................. 91

Figure 49 Cumulative mean specific biogas prodoct (SBP), cumulative mean volumetric
biogas production (VBP) and mean methane contents (%) in biogas from the Pair 1, Pair 2
and Pair 3 reactors. The composition of the Pair 1, Pair 2 and Pair 3 reactors defindd in Tab
4-3. Point P and Q (day 93103)represents a period of break in the feeding due to the failure
OF tNE AD FBACIOIS......ci i i ittt e e et eeet bbbt r e et e e e e e e e e e e e smmteeeeaeeeeeeens 92

Figure 410 Cumulative mean specific methane production (cum SMP), specific methane
production (SMP). Cunmeans indicate the average of the cumulative volumes of methane
produced in the Pair 1, Pair 2 and Pair 3 reactors. Other parameters are as defined in Figure
B, e — e e e e e e i ——e e EE———e e e e e e h— bttt e e eant e e e e ntreeaeeeenante et ennrees 93

XV



Figure 411 Mean cumulate volumetric methane production (cum. Mean VMP) and mean
specific methane production (Mean VMR)the Pair 1, Pair 2 and Pair 3 reactors over HRT.

Other parameters are as defined in FIQUBR.4.........oooviiiiiiiiiiiii e 97

Figure 412 Comparison of the mean specific methane production (SMP) of CSTR operating
at different temperatures, before, during and after the AD process failure. Error bars represent

+/- 2 standard error (SE) of the mean. Other parameters asdigfiRggure 49............... 101

Figure 51 Mesophilic and thermophilic CSTRs showing overhead stirrers, a shaft with
waterseal and gabags. Reactor vessels atescured by gas bags. The working volurhe o

CACKN TEACTON WAS L L. i 108

Figure 52 Volatile solid reduction in the Pair 1 (Contrd®gir 2 (supplemented), Pair 3
(Control), and Pair 4 (supplemented) CSTR over time. TaBBledntains mee details on

CSTR classification and supplementation............coouuuiiiiieeeie e ereer e 111

Figure 53 Mean pH in the Pair 1 (Control) unsupplemented and Pair 2 (supplemented)
mesophilic, and Pair 3 (Control) unsupplementedRaid 4 (supplemented) thermophilic
CSTR over time. Supplementation involved the additioastfextract to CSTR............ 112

Figure 54 Mean of Total Chemical Oxygen Demand (GQBnd AmmoniumNitrogen
(NH4-N) concentration insidéne (Pair 1 (Control) unsupplemented and Pair 2 (supplemented)
mesophilic and (Pair 3 (Control) unsupplemented and Pair 4 (supplemented) thermophilic

CSTR over time. Values are the means from duplicate reactors within a pair.......... 114

Figure 55 Mean specific methane production from mpgsbic Control 1, Pair
1(supplemented) and the thermophilic Control 2 and Pair 2 (supplemented) CSTR over time

Figure 61 Variaton of pH in the Pair 1, Pair 2 and Pair 3 reactors under psychrophilic
(27°C), mesophilic (37TC) and thermophilic (4T) temperature conditions and organic
loading rate over time. Values are theans from duplicate reactors within a reactor pair,
green arows indicate periods of supplementation with-agtract (A- B), and no
supplementation (O A and BT C)......coooiiiiiiiiiiii e sree e e e 125

Figure 62 Variatians in the organic loading rate and the percentage destruction volatiles
solids (VS) (%) in the Pair 1, Pair 2 and Pair 3 reactors from @a§61 Values are the means

from duplicate reactors within a pair, OLR is the organic loading rate as statede6Tabl

XVi



Figure 63 Variation of mean total chemical oxygen demand ‘O ;Yotal Kjeldahl Nitrogen
(TKN) and ammoniacal nitroge(NH4-N) in the Pair 1, Pair 2 and Pair 3 reactors with time

Values are the means from duplicate reactors within a pair (Tédle 6....................... 129

Figure 64 Volatile fatty acids concentration in Pair 1 psychrophilic°@); Pair 2
mesophilic (37C) and Pair 3hermophilic (47C) CSTRs. Values are the means from
duplicate reactors within a pair (Table2B.............ccoooiiiiiiie e 131

Figure 65 Inhibiting effects of acetic acid gmopionate degradation rates mM = mmot. L
Adapted from FelchneZWIrello (2014)........uuii it eee e 132

Figure 66 Total VFA concentrations in the P&, Pair 2 and Pair 3 AD reactors at the
different temperature conditions. Values are the meangwalithe VFA from individual
reactors within a pair. (Reactor temperatures as defined in T&)le.6............cccevvveee. 133

Figure 67 Mean specific methane production (SMP) and cumulative specific methane
potertial (SMP) for Pair 1, Pair 2 and Pair 3 reactors over time. Values are the means from
duplicae reactors within a pair as defined in Tabl2.@ he organic loading rate is presented
I FIQUIE B2. ..ottt e e ettt et ettt e e e s eeet e e s e e et e et e e eaaeeeas 135

Figure 68 Mean volumetric methane production (VMP) and cumulative volumetric methane
production (VMP) for Pair 1, Pair 2 and Pair 3 reactors over time. Values are the means from

duplicate reactors within a pair as referenced in FIge#e.6.............ccooovviiiiieeeni e, 136

Figure 69 Mean of specific methane production (SMP) and mean of volumetric methane
production (VMP) for the Pair 1, Pair 2 and Pair 3 reactors from d&ayBg2@ HRT).
Values are the mean®ofn duplicate reactors within a pair as defined in Takitea®d Figure

Figure 610 Mean of specific methane production (SMP) and mean of volumetric methane
production (VMP) for the Pail, Pair2 and Pair 3 reactors from day 466 (3rd HRT).
Values are the means from duplicate reactors within a pair as defined in Table.6...139

Figure 71 Mean volatile solids concentraticemd mean volatile solids destruction (%), of

Pair 1, Pair 2 and Pair 3 reactors over time. Dest. refers to the destruction of volatile solids

Figure 72 Mean concentration of ammoniacitrogen (NH'-N), total Kjeldahl nitrogen

(TKN) and total organic nitrogen (Orgarii) in the Pair 1, Pair 2 and Pair 3 reactors against



Figure 73 Free ammonia (N§flin the Pair 1Pair 2 and Pair 3 reactors with pH over time
(SEE EQUALTION-Z2) ...ttt 149

Figure 74 Total chemical oxygen demand (CQ@Rnd pH in the Pair 1, Pair 2 and Pair 3

(2T o (o G 0 A=) g €[ 1= TP ORTUPR PR 150

Figure 75 Concentration of volatile fatty acids (VFA) in the individual reactors in Pair 1 (R1
and R2), Pair 2 (R3 and R4) and Pair 3 (R5 and R6) reatitbré§me. The initial VFA or

Pair 1 reactors wasmilar to Pair 2 & 3. Values in the graph represent mean values of the
respective VFA from the CSTRu. ...t e et e e 153

Figure 76 Total volatile fatty acid (TVFA), alkalinity and FOS:TAC ratio in the FaiPair
2 and Pair 3 AD reactOrS OVEr HIME.........ccuuuuuurreeiiimeeeeeirnnnnase e e e e e e e s smmnnnasaeeeaaeeees 160

Figure #7 Specific methane production from individual reactors in the Pair 1, Pair 2 and Pair
3 reactors over time. The arrow shows the poofiwhich R4 suffered interruption due to

temperature controller faillure ... 162

Figure 78 Cumulative and specific methane production (SMP) from Pair 1, Pair 2 and Pair 3

(T o (0] (SR 0\ V/=] SR (1 1 1= TP T TR RO 163

Figure 91 Cumulative meth@e production of biomass feedstocks together with methane
from blank, where A is the blank, B is Gamba grass, C is crystalline cellulose, D is Guinea

grass, F is cassawvaste, H is plantain peels and M is elephant grass....................... 194

Figure 92 Daily methane production of the biomass feedstocks together with blank methane.
Where A, B, C, D, F, Hand M are as definedhe legend.............cccccccoiiiiiiann. 194

Figure 93 Cumulative methane production of biomass feedstocks with EBP supplementation
where A is blank (inoculum), G (mixture of perenniagyass, clover and timothy grass
I(mixture of Gamba and Guinea grass), J(mixture of rice straw and empty yam bean pod),

K(mixture of rice straw and cassava waste), and L(mixture of rice straw and plantain peels).

Figure 95 Cumulative methane production abimass feedstocks withoculum A. E(rice
straw + A), N (rice straw with 0.05 mL EPB asktract supplement + A), O(rice straw

supplemented with 1.0 mL EPB asktract supplement + A), P(rice straw supplemented with

XVili



2 mL EPB askextract + A), Q(rice strawupplemented with 0.09gPB ash + A), T(rice
straw + 0.15g EPB ash + A), and U(rice straw + 0.25g EPB ash.4+.A)............ccceee 198

Figure 96 Daily methane production from biomass feedstocks where A is the blank
(inoculum). The naes of the biomass feedstocks E, N, O, P, Q, T and U are as defined in the

legends and iN FIQUIED. ..o e errn s e e e e e e e e e e e e e e aeeen s 198

XiX



AD

ADF

ADL

BMP

cBOD

CHy

CHP

COD

CODy

CSTR

Cum

DP

ECP

EPB

FOS

FOS: TAC

GC

HRT

NDF

Li st and def
Anaerobic digestion

Acid detergent fibre

Acid detegent lignin

Biochemical methane potential
Carbonaceous biochemical oxygen demand
Methane gas

Combined Heat and Power
Carbonto-nitrogen ratio

Chemical oxygen demand

Total chemical oxygen demand
Continuous stirré tank reactors
Cumulative volume (mL)

Degree of polymerization

Empty cocoa pod

Empty palm fruit bunch

in GermarFluchtige Organsche Saure(VFA expressed in mg HAE™)

ni

ti

on

Ratio of TVFA to total alkalinityR i p | ratip i&i Bnglish)

Gas chromatography
Hydraulicretention time
Intermediate alkalinity

Neutral detergent fibre

XX

of

Abbrevi

-

C



N mL

OLR

PA

P:A ratio
PP
p-value

R17 R6

SBP

BPR

SMP

TAC

TKN
TVFA
TS
VFA
VMP

VS

Millilitres in normal condtion (gas volumes at IC andanatmospheric

pressuref 101.3 kPa)

Organic loading rate

Patial alkalinity

Propionateto-acetate ratio

Plantain peels

A statistical evidence to support a hypothesis

CSTR from reactol to reactor 6

Correlation coefficient

Specific biogas producth (biogas yield) expressed N mLBiogas.g' VS
of substrate added

Biogas production rate (volume of biogas produced per volume of digester per
day (n?. m3, do?).

Specific methane production expressetlimL CH..gVS. addegber day

in GermanTotales AnorganideesCarbonatdtotal alkalinity buffer expressed
as mg. [* of CaCQ.

Total Kjeldahl nitrogen

Total volatile fatty acid

Total solid congnt

Volatile fatty acids

Volumetric biogas production expressed in N mLsTHreactor volune. o

Volatile solidscontent (VS=TS + ash)

XXi



XRD X-ray diffraction

XXii



Chapterl | NTRODUCTI ON

1.1 TheWorld energy consumption and théigerianexperience

The primary energy consumption around the globmanly sourced from fossil fuelsuch as
petroleum, naturadas and codalGupa, 2012Jinsheng, 20QXKarimi, 2015 Meng, 2011
Saidet al, 2018 Wanget al, 2018. Fossil fuels are knowto beunsustainable due their
extremely low regeneration ratélkat is,according tdEnergylnsights (2011)it takes as
much as 50 300 million years for arde oil to form comared to their daily usag&owards
the end of the year 201fhe knownglobal fossil fuel reserves, nay crude oil, natural gas
andcoal wereprojecedto lastfor just 51, 53 and 114 yeamsspectivelybasedonthe current
rate of usage, and the regeproduction ratiogChen, 2018Wu, 2018. The implicaton is
that i that in around60 yeardrom now, theremaybeaglobalenergy deficit It is therefore
imperative to investigate other poteitenergyesources thawill be sustainablerenewable
affordableand environmentally frierid to replace fossil fuelsand to guarantee energy
securty. It is true that foss#l arepracticallynonrenewableandtheir combustiomeleass
greenhouse gas€GHG) (Hamzehkolaei, 202 8atti-Kaul et al, 2016 Rocco, 2018
however, many developed countries aroundwbéd, and some developing countriesn

continue tause them as their sourceaanstant energy supplfipr many decades

The provision ofaconstant energy supply in most developing ¢oes, especially in Nigerja
remainsa challenging problemNigeria isthe 7" most populated country in the world
(Bureau, 201), andis the largest oil producing country in Africihe coumtry hasnearly a
third of thecontie nt 6 s c¢ r u {E¢A, 2016) butiroaicaky it suters one of the worst
energy crises irhe world(Emodi, 2016. Nigeria( Figure1-1) is geographically located in

the tropc a | zone of West Africa between | atitud:

14A3006E and has a ?2(FAQ, 20032dd.ea of 923 770
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Figurel-1 Map of Nigeria(EIA, 2016

Despit being an oHdependent economy, Nigeria is mainly an agrarian countryawiith
vegetation and abundant water resourcessilgportgoodlivestock poduction(FAO, 2013
2017. To date,only about 40% of Nigerians have accesdéatricity (Dahlquist, 2013Eleri
et al, 2012, with up to 28 power cuts pday (Halff et al, 2014, and this is made worse
becausabout 92% of Nigerians live in gerty (Emodi, 2016. Most Nigeriars depend on the
use of privae petrol or diesebperated generators to provide electrifitytheir households
and businessewiith the attendant risks @idooremission of cebon monoxide and fire
incidents.Sustainable energy supplyasnajordriver of technologicaleconomicabnd
industrial development around the woffkuru et al, 2017 Dahlquist, 2013Guptaet al,
2013 Jose, 2015Wanget al, 2019 and can bring significant benefits to Nigeria

Therefore, for Nigerido experencefastergrowth and developmerthere isanurgent need to
explott affordable and reliable sourcesclean and renewable energy to build a sustainable
energy supply whiclkeventuallywill improve the econony, and theechnological and social

developmat of every sector of the economy.



1.2 Definition of biomass

TheEU Diredive 2003/30/EC defined biomassthebiodegradable fraction of products such
asfood wastes and agricultural residues (vegetable and animal substances), forestry, including
degradabldractions of industrial and municipal was{&J-Commission, 2003\itsoset al,
2013. Biomassstores solar energy withthe organic matter through the process of
photosynthesigAbu-Dahriehet al, 2011; EIA, 2017 Emodi, 2016. Nigeria has abundant
biomass resergestimated tde equivalent t88 x 1& MJ of energywith shrubsand forage
grasseslone producingabout 200 million tons of dry biomapsryearwhich isestimated to
be equivalent t@.28 x 16 MJ of energy(Emodi, 2018. Biofuels from lignocellulosic
biomass such as forage grasses and shruli®awn assecond generatidnofuels. These
biofuelsare more sustainable than those from firstegation biofuel (energy cropsyhich

rely on the use dbod-graderaw materialsandconsumevaluableagricultural land reserves
for their productior(Nitsoset al, 2013. Biomass couldleliver energy in all forms

electriaty, heat, liquid and gaseotrainsporfuels andmeetsome ofthe present and future
energy need@emirbaset al, 2009 throughprocesses such asmbustion, gasification,
pyrolysis and anaerobutigestion(Akuru et al, 2017. In gasification, biomass is heated with
alimited supplyof oxygen to produca synthesis gas which has usable energy content
whereagyrolysis yield abio-oil when biomass is heatedtime completeabsence of oxygen
Anaerobic digestion (AD) producesethane-rich biogas when biomass is degraded by
bacteriaandarchaeamicrobesalsoin thecompleteabsence of oxygeffkuru et al, 2017.
Biogas fromthe AD is a clearand economical renewbtbenergyFrigon & Guiot, 2019, and
AD produces nutrientrich digestate which cdoe used aa soil amendment and fertilizer on

agricultural landFrigon & Guiot, 2010

1.3 Energydemandand supply in Nigeria

Nigena has the lowestetrates of electricity generation per capita in the waltdithosethat

do haveaccess faeload shedding, blackouts, and reliance on private genef&iigxs2016.

At present, 72.9% of the electricity used in Nigeria comes from fossil fuels while 27.1%
comes from hydropowdEIA, 2016 WorldBank, 2014 In 2005, it was reported that the
estimated energy demand in Nigeria \28000 MW(Modi et al, 2005, and nowthe
electricity capacity is about 6000 MWhile only about 4,000 MW is available to consumers
(Akuru et al, 2017 UNDP, 2019, adisparity which could worseronsideringhe projected



electricity demand under economic growth scenarios of 7%, 10%, 11.5% and 13% between
2005 an 2030(Monyei, 2017.

This energy deficit haled to about 70% of Nigerians not being connected to the national grid
and as aesult many people in rural communities rdigavilyon the traditional use of
burningbiomasswood fuel, candlesandkeroseneas their primary energy sourcg$NDP,

2019, and only about 10% of the rural popul@aes accesthe available intermittent

electricity supply(Akuru et al, 2017. However, a®f October2018,the energy situation has
worsened furtheandthis indicates theserioudailure of fossil fuels and hydro resourdes
meetNi g e r i a Desds@onsequently, there is a real urgencgxplore alternative
renewable eergyresourcesvhich mightsolvethese seeminglintractable energy poverty
problems.

1.4 Potential of agricultural wastes (biomass) amergyfeedstocks

Most Nigerians, especially thogkvellingin rural communities carry out subsistence farming
which cumudtively produces millions of tons of biomabsit isnormally discardedas waste
thereby polluting the environment. Nigdiidiomass energy resourdea/e been estimated

at 144 millionton. year! (Janssen, 20)2Previous studies have reportech at Ni ger i ad s
residues amount to about 83 million tgear?, while animal wast@accouns for 61 million

ton. year! of thetota (Dahlquist, 2018 A number ofresearches havealsoreported that
Nigeria generates about 227,500 of fresh animal dung per day and aboukgQof

municipal solid waste per capipeeryear(Emodi, 2016 Okehet al, 2014. Thisfigure
suggestshat animamanure alone could produce 6.8 milliod af biogasassumingl kg of
fresh animal manurgypically produces 0.03 Aof biogas(Emodi, 2016 Okeh et al, 2014.
Tranteret al.(2011)have statedie estimation oélectricity generatiofrom methane as

follows:

[ Net calorific value of 1 rhof methane =35.85 MJ

i Electrical generation efficiency of combined heat and power-ud&%

ii 1 m? of methane can generate 0.35 x 35.85 MJ = 12.5 MJ of electricity
v 1 MJ of electricity = 0.2778 kWh

If animalwastecan generatabout 60% methane, then@<2015animal manure alone could
provideNigerianswith up to 6,800,0000.06) it x 12.5 MJ of electricity 51,000,000 M,

4
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or 14,167,800 kWhor 14,168MWh. This contrasts theurrent 6000 MWh which the catry
Is struggling to generate from hydroelectriciynd therefore signifies that methane from

animal manurelane could produce the energy needs of Nigeria.

The rich vegetatiofound across Nigeria consists of divetggesof unexploitedplant
biomass wich potentiallycould be used as feedstdackproducebiogas. Some of the most
abundant biomassasselected fothe currenstudy includesCassavgManihot esculenta
process wasteRice (Oryza spp Straw Napier GrasgPennisetum purpuremGambagrass
(Andropogon gayanysGuineagrass Panicum maximuimSpeagrass (mperata cylindrica
andPerennal RyegrasgLolium perenng Otherabundantypes of biomass whichave been
processed into loweost supplements and bufi@aterialsto optimize AD processesnclude
empty palm fruit bunch, empty cocoa pod, plantain peels, emMptynaprurienspod and

yam bean poiSphenostylis stenocarpdraditionally knownn Afikpoas 06 Az ama 6 .

1.5 Statusof AD technology in Nigeria

According toDahlquist (2013)in 1982 theFederal Government of Nigeria, through the
Energy Commission of Nigeria, established two Renewable Energy Centres in the country
which were located at Sokoto and NkakThey ale built a 20 m biogas plant at Mayflower
Secondary School Ogun State which uses cow dung as feedstdcknother 10 fplant at
NCERD Nsukka whiclwasfed on cassava peel and poultry droppings. In addition, under the
Africa 2000 low technolgy biogas systems project, the United Nations Development
Programme$UNDP) also introducedloating drum, balloon and tube anaerobic digesters in
Yobe, Jigawa and Kano Stasadanother biogas plant in Kwachiri community in Kano State
that utilizes cow dung to provide daily energy for a family op40ple Dahlquist (2013glso
reportecthat mae than 10 biogas plants of capacity-HD n? which utilize cow dung,

human excreta, piggery wastad beertonstructed by Sokoto Energy Research Centre
(SERC) acrossligeria. However, despite several tertiagucationainstitutions carrying out
biogas research in addition to the two biogasiers mentioned aboves of 2013ess than 20

pilot biogas projects lthbeen built in NigeridDahlquist, 2013

However, the main biogasgject in Nigeria called the Cowsdo-Kilowatts projectwhich
startedoperation in May 2008, and is one of the largest bipimss in Africa has the
capacity to provide gas supply to 54mesat one quarter of the cost of liquefied natural

gas(Brown & Stigge, 2017Dahlquist, 201R The design and construction of this biogas



plantwerefunded by theJNDP, andit was designed to produce 1508.dft of biogas
containing?00 n? methanel™ for cookirg, with anestimatedisefullife of 15 yearsand

expected to yieldreturnon investment within 2 yea(®ahlquist, 2013

In a contrasting reporBrown and Stigge (2(7) stated that this AD plant, which was

installedby the Nigerian branch dhe Global Network for Environment and Economic

Devel opment, the University of Technology in
Sustainable projegtictually had aeactorcapacity of 3000 M and waslesignedo produce

1800 n¥ methaned™. According to the report, this AD plant was used to treat-aghastrial

waste and produce 6(00% methanéor cookingand gave a return on thevestment of $0.5

million after 3 year¢Brown & Stigge, 201Y. The plant also produced about 1500 L of

phosphorus and nitrogeich digestate daily asnorganic fertilizerand ths was sold to Oyo
StateFertilizer Board for onward sales to urban and-loeome farmers at about 5 percent of

the cost of standard chemical fertiliZ8rown & Stigge, 2017Dahlquist, 2013 In

conclusion biogas developant is stillin its infancy stagén Nigeria

1.6 Challenges to bioenergy development in Nigeria

There are many challengesbioenergy development in Nigeridccording toAkuru et al.
(2017) one of the major setbacks is tlaek of politicalwillpower of the Nigerian

government to put regulatory framework, standaadslincentives in place #t would

facilitate a shift from traditional biomass combustion to renewable enetgges Another
challenge is théack of advanced technologies for supporting faige and large biogas
plants,i.e. effective technology transféBrown & Stigge, 201y, Furthermore, the generation
of bioerergy also requiresxperience, constructiaskills, operationandsludge handling

skills. Cultural belies could also hamper the acceptance of ubingas from human or

animal excremerfor cooking or as fertilizenBrown & Stigge, 201).

Other important factors that hinder the proliferation of bioenergy téotiesin Nigeria
includethelack of credit facilities and high interest rates on bank loans, lack of information,
overdependence dhegovernmenfor energyjnadequatdudgetary allocation on education
and research, corruption among government officeand ethnic and religious confligts

especially the recently unchecked killings by the Fulani herdsmmess the country.



1.7 The mtential use of bianassderived supplementrom ashfor AD process

optimization

Green antsabsorb trace nutrients and other metals from soil solutions via their root hairs.
These trace nutrients which are storeglant tissuess aid tanetabolismgcan be extracted
whenthe plant is incinerated to produce the inorganic reniathe ash. Aslis alkaline and
contains essential trace elements which are benefidiaétmaerobialigestion process.
These trace elementghich can be extracted either via acid digestion,\oinginerating the
biomasghendissolving the ash in water, followed bitration andcrystallization, carbe
used asreplacementor expensive trace elemeras lowcost supplemesthat caroptimize
AD processes. There are severablishedarticleson the importance of the addition of
expensive commerciglavailabletrace nutrients and buffeagentsas supplementhat can
boost or stabilize AD processg3essior2.12). However, no previous work has besarried
outto investigatehe potentialseof material derived fronmanylocally abundant
agricultural wastes adternativeandcheaper sours®f these importanAD supplements
Thereforethe currenstudyis aimed abridging this researchap andocusses onsingthese
affordablelow-costashextracts to effectively improve Aprocesss generate higher
methane yields, and bettesnversion of the feedstk biomassThe ultimete goal of this
researchs to bring about amcreasean the adoption oAD technologes in Nigeriaas a
means of solving the o u n seveyetesergy crisesidhelpcontribute towardpoverty

eradication.

1.8 Aim and objectives

1.8.1 Aim

To investigate the potential use of last biomass residu¢ashextracts) assource of
traceelementsandalkalinity for useas alternative pretreatment reagdot theoptimization

of AD processesitilizing selectedignocellulosc biomasdeedstocks

1.8.2 Objectives

1. To compare the effects feeding interval on the specific methane production (SMP) and
volumetric methane production (VMP) of CSTR during the anaerobic digestion of

grass silage.



. To investigate psychrophilic anaerobic digestion of grass silage as a sustainable and
affordable process in developing countries

. To assess the effects of orgalwading rate on the SMP from grass silage at
psychrophilic, mesophilic and thermophilic temg@res.

. To compare the recovery rates of psychrophilic, thermophilic and mesophilic CSTR
after process failure following supplementation with biomasseasfacts

. To determine the specific methane production (SMP) from a biomass feedstock
consisting of sven types of grass silage and cassava processing waste under upper
mesophilic (40 °C) and optimum thermophilic (55 °C) temperatures conditions both
with and withaut EPB askextract supplementation.

. To determine the effect of 10 °C degree differences @raimg temperature of
psychrophilic, mesophilic and thermophilic reactors on the specific methane
production (SMP) and volumetric methane production (VMP) dutiegAD of a

mixed lignocellulosic biomass feedstock.

. To determine the effect of increasing tbrganic loading rate on the SMP, VMP and
reactor stability of psychrophilic, mesophilic and thermophilic reactors during the AD
of a mixed lignocellulosic biomadeedstock.

. To investigate the effect of adding asktract supplements produced from enpym

fruit bunch (EPB) and empty plantain peels (EPP) on maintaining AD process stability
and efficiency of reactors during the AD of a mixed lignocellulosic besfeedstock.

. To determine the effectiveness of empty palm fruit bunch (EPB) and emptymatoa
(ECP) askextracts in providing alkalinity and buffering for the maintenance of pH

within the optimum range for AD processes.

10.To determine whether EPB and E&$hextract supplements can maintain steady

state conditions in continuous AD reactors ovderded operating periods.

11.To determine whether asxtract supplements can restore the activity of AD reactors

that are exhibiting a declining or failing perfaance.

1.9 Structure of the thesis

This thesis containsight chapters, including tHetroductionwhich has outlinedhe scope of

energy problems in Nigeriand the potential for solving these by adoptitgrnative and

sustainablenergy based aime AD.



Chapter Twas a Literature Review thaketails theapplication, advantages and disadvantages
of anaerobic digestiomcludingoptimization options, factors affecting AD process and
choice of feedstockdetermination of theoretical methane potentialsiafiass Thechapter
also looks at the importance of trace elements supplementation duripgod&sses and the
cost implications which has made it unaffordable to-loeome countries. It further explores
the process of by which green plants liyesbsob these trace nutrients from the soil water
and the prospect of recoveritigetrace nutrierg from plant biomas®r use as lowcost

supplements to enhance anaerobic digestion processes.

The third Chapter is concerned with the methodology. It contaitaslsl of thestandard
methods of analysis and other procedures adopted or modified frorsheabliterature.It
presents information on the most abundant biomass feedstocks in Nigeria which can be
harnessed to provide sustainable energy feedstockshBp¢er outlines the use of biomass
ashextracts as alternative supplements to expensive eoamaily available reagents for AD
process optimization. Thehapter also contains equaticarsdsome results from the
physicochemical analysis/ characteriza@o results from compositional analysissome of
the biomassnaterialused for this studyand the theoreticahethane potentials of some

biomass feedstoclderived from théBuswell equation.

ChapterFourpresents the results and discussion from the montisly stirred tank reactors
experiment which was performeditwvesigate the effect of feeding interval, operating
temperature, organic loading rate and pH on the SMP and VMP of CSTR fed with a grass

silage mixture of perennial ryegrass, clover and Thmgrass as feedstock.

ChapterFive containghe results and discussi from the second CSTR experiment which
wascarried out using various kinds of biomass-agtractsn orderto determinehe effect of
low-cost biomass extracts on the performancé&eimophilic and mesophilic AD reactors
during the cedigestion of tropcal grass silage and cassava processing waste.

Chapter Six presents the results fromtthied CSTR experiment which was carried out to
investigate the effect of 10 °C steps in ope@teamperature and increasing OLR on Specific

Methane Production (SMRIuring the AD of a mixed lignocellulosic feedstock.

Chapter Preserg the results and discussion from CS&kperimentsvhich focused on

assessinfpiomass ash extracts as sources ofdsudhd trace nutrients supplements for



improved CH production during the anaerobic-d@estion of cassava wastes and cattle

slurry.

Finally, Chapter 8 draws upon the entire thesis and preaesutsimaryand critique of the
majorfindings from Chapter€31 7). It also includes the arséor further resarch identifed

duringthe study and some recommendations.
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Chapter2 Li terature Review

2.1 Anaerobic Digestiorg An Overview

Anaerobic digestion (ADis a biochemical process which involves the decontiposof
organic matter by a microbial consortium in the absence of oxygen to produceibiogas
methanecarbondioxide, partially degraded organic matt&nown as digestategw
microbialbiomass and inorgec matter(Ferreiraet al, 2013 Pellera & Gidarakos, 2018
Teymoori Hamzehkolaei & mjady, 2018. Strict anaerobic archa@aethanogenswhich
belong to the taxon Euryarchaeotic, and whichadseprokaryotic micoorganisms, produce
methane which is the most important product of anaerobic digestion, as-prodndt of

their metabolis (Hackstein & van Alen, 20)0The degradation of biomass during the AD
processs mostly carried out by obligate anaerobes which can only live and multiply in the
absence of oxygefBajpai, 2017, which is whyanaerobicdigestionprocess must be carried
out in closed reactor vessétsorder to achieve efficient degradation of the bioméks AD
proces can be applietb the digestion of agricultural residues, wastewatadother
biological wastes as an effective method for waste treafrmedtfor production of renewable
energyi producediogas can be used generate electricity throughternal canbustion
engines, steam turbine generatorsyiacombined heat and powgCHP) (EIA, 2017 Love

& Bryant, 2017 Oreopoulou & Russ, 200&®aduet al, 2014 Teymoori Hamzehkolaei &
Amjady, 2018 Wheatleyet al, 1997.

Being one of the longest established biofuel technologies, anaerobic digestion was used in
sewage works in the Exeter (UK) and Boston (USAhmlate Victoria timesto produce
methane used for strdehting. Methane gas produced via AD was also usddprosy

hospital in Indiain the 19" centuryto provide light for the hospitgLove & Bryant, 2017.
According toGerardi (2003)thefirst anaerobic digesters used to degrade domsstage
sludgewerebuilt over 100 years ago at Vesoul in eastern FraPiasently, the AD process is
frequentlyused to digest municipakwag sludge and foogrocessing wassat large scale
(Gerardi, 2008 However, snall AD reactos havealsobeendesigned using brick, concrete
and polyethyleneand are commoim China (8 million) and India (4.5 millionandare
expandingapidly into central and South America, as wellaiserdeveloping countries, as

affordable sourceof energyandagriculturalfertilizer (Brown & Stigge, 201).

11



2.2 Advantages of Anaerobic digestion of biomass

Anaerobic digestioneduces waste loadsnd henceedu@sthe land requirement for waste
disposal andthecog of construction and operation of landfi{l€henet al, 2008 de Souza,
2013 Karthikeyanet al, 2019. It improvesthe dewatering of sludge which resultsaheaper
sludge handling and disposal codde Meset al., 2003 Meyer & Powers, 201 1Pullen,
2015 Wheatleyet al, 1997.

According to the UNlivestockis responsible for 18% of global greenhouse gas emission
(Siegel & Nelder, 2008 ThisGHG emissionas methanewvhich comeg$rom undigested
manures such as livestock and poultry wastas be mitigated usingD reactorswhere the
gas could be recovered for energy purposes or fl@etdn, 2012 Hohenstein, 201,Karimi,
2015 Korres, 2013Net, 2010. Thus,AD processseffectively and efficiently reduc€O;
and methanemissios which significantly reduce&HG emission into the atmosphdoe
Souza, 2013Meyer& Powers, 2011Tranteret al, 2011)).

Anaerobic digestion produces clean fuetsn renewable feedstoskChenet al, 2008
Dahlquist, 2013De Meset al, 2003 Love & Bryant, 2017Wheatleyet al., 1997, which
potentially reduceoverdependence on fossil feglOreopoulou & Russ, 2006 Thebiogas
from AD processanbe purified furtherto make itacceptabldor useasa transportuel or for
electricity generation via CHP systelja® Souza, 201 Xarthikeyanet al, 2016
Management Association, 201Rdlen, 2015 Teymoori Hamzehkolaei & Amjady, 2018
Previous studies haasoreported that Aleffectively reduces 8090% of theodour(H2S,
NHs, etc) (De Meset al, 2003 Klemeset al, 2008 Meyer & Powers, 2011

The AD processalsoconvetsup to 70% of the nitrogecompoundsn the wast¢éo ammona
ard retains P an& which together ar@ssential componeswf fertilizers (Klemeset al,
2008. Thereforedigestate anbe added to soil to serve as an excellent fertita@nprove
crop yields (Brown & Stigge, 2017Tranteret al, 2011 Wheatleyet al, 1997. This is
possible becaus#udgefrom the AD is stable, rich in nutrients and biologically active
enabling them tstimulatemicrobial activities irthe soil and savefarmers the high cost of
buying mineral fertilizers.The AD procesgffectively inhibits the growth of pathogen
bacteria protozoaandviruses due to thehallengingbiological conditions inside the reactor
provided byorganic acids, high temperature, exposure time and lack of oXid¢Emeset

al., 2008 Love & Bryant, 2017Meyer & Powers, 2011 Thus,when ecycling of effluenis
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incorporatedthe AD canhelpin the control of microbial pollution in thenvironmenby

preventing theelease of the process microbes into the environment.

The digestate and biosolids produced during anaerobic digeati@isoserve as additives to
cement(Pullen, 201%. Thus, the adoption of AD process for energgovery and for
production of nutrientich digestates for use as organic fertilizean help developing

countries tayrow rapidlyin terms ofhumancapacity, agriculture and infrastructure.

2.2.1 Disadvantagef anaerobic digestion

According toRiffat (2012) optimal operationof the AD process normally requise

relatively high temperature (3%), longstartup time to build sufficient biomass duethe
slow growth rate of methanéorming bacteriaandmay also require the additio chemicals
to maintain the requirelé@vels ofalkalinity and nutrients in the reactdiere is also strict
regulation ofgrid gas quality which requires that the biogas has to be refined franTG6o
methane, 20 25% CQO, to over 976 methaneand thait should be free from oxygen,
hydrogen, nitrogen, other trace gases a@aha (Pullen, 2015 Sometimes, thdigestion
processanbe upset bytte presence of toxic substanagsnerateodaurs due totheformation
of fatty acidsWhedley et al.(1997)also highligheéd high capital costs, long retention time,
long startup periodsandthecostof heating as some of the disadvantages of AD treatment.
Among the factors mentionetie high cost of chemicals and cost of heating the plénts
arethe keyhindrancedo thedevelopment of AD technology many developing countries,

especiallyin poor countries with low temperatures.

2.3 The ADprocessdegradation pathway

Anaerobic degradation is a highly complex and dynamic processdtmtines

microbiological, biochemical anghysicochemicaprocessegAngelidakiet al, 2009. Itis a
multi-stage biochemical process tlivatolves several reactions and different groups of
microorganism$ bacteria an@rchaea antbllowsa complex metabolic pathway in
transforming omplex organic matter into biogéBSerreira, 2018 According b Yanget al.
(2011) degradation of lignocellulosic biomass is naturally carried out by glycosyl hydrolase
(glycosidasegnzymes that aneroducedoy different microbes in specific microbial
communitiesTheseAD process microbes and methaoneming archaea break dovangantc

matter viaa sequentiallegradation pathwalfFigure2-1) whichis divided into four stages,
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namely: disintegration and hydrolysis, acidogenesisngatation), acetogenesis and

methanogenesis

2.3.1 Disintegration and hydrolysis

This isusuallythe ratelimiting step during anaerobic digestion processes because it governs
the growth of microbiabiomassconversionthe removal of solids angptake ofliquid

substrates from the waste environméeince it determines the rate of other the organic
decompositiorstepgMiller & Clesceri, 2002. Many microorganisms produce extracellular
enzymes mainly hydrolasesg. lipases, cellulaseandproteases, whh carry out the
degradation of complex molecules such as lipids, carbohydeategroteins into smaller
subunits that can be assimilated by the microbial q€lsreira, 2018 Simplesoluble
moleculegproduced from théeedstockhiomasscan penetrate the cell membraoéthe
fermentative bacteria where theyanetabolized, converted into simpler compouadsl

excreted in the form of volatile fatty acids, alcohols, lactic acid, carbon dioxide, hydrogen,
ammonia, hydrogersulfide, andproducenew bacterial cell§Schon, 201D The hydrolysis

rate during anaerobic digestion process depends on: temperature of the anaerobic digester,
particle size and shape of the feedstbicknass pH of the reactor medium, residence time of
the feedstock ithe reator, composition of the feedstock (lignin, carbohydrate, protein and
fat contents), concentration of NHN, and concentration of hydrolysigermediateproducts
such as/FAs (Lenihanet al, 201Q Von Sperling & de Lemos Chernicharo, 200bBhe most
important hydrolytic bacteriareBacteroidesBifidobacteriga andClostridium(Gerardi,

2006. The hydrolysis rate of a singlelmsirate such as lignocelbse can be represented by
(Equation2-1 andEquation2-2), which incorporates the mass concentrations of the substrates
(Miller & Clesceri, 2002

Y YA@PQ®o Equation2-1

0 YAGDO OO Equation2-2

wheresS isthe available organic material, or dry weight of volatile organic matter, organic

carbon or soluble CD concentration of the material (S¥ is the mass of organisroser the
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period t and- Kh representshe anaerobicate of hydrolysigexpressed as yd). For a

soluble organic substrate

2.3.2 Acidogenesis (fermentation)

During thefermentatiorprocess, diverse grospf fermentative or aciflorming bacteria
transport thesolubleproducts fronthe disintegration and hydrolysstepinside their cells and
convert these products to organic acids sucloasate,acetatelactate, propionatend
butyrate(Gerardi, 2006Von Sperling& de Lemos Chernicharo, 20p%ther products
formed at this stepclude: ethanol, pyruvates, ammonia, hydrogettiide, hydrogenand
carbon dioxide which ar@mple substrates for use by methdémening bacterigFerreira,
2013.

Complex organic matter
{carbohydrates, proteins, fats)

Hydralysis

Soluble organic molecules
{sugars, aming and fatty acids)

Acidogenesis

Violatile fatty acids

Acetogenesis

Methanogenesis Methaonogenesis

Figure2-1 Anaerobicdegradatiorpathway Adapted and modified frofBharathirajeet al.
(2018)

2.3.3 Acetogenesis

In this stage, obligate hydrogg@noducing acetogenbacteria oxidizgropionate and higher

VFAs to acetate, hydigen and carbon dioxigeshich aresubgrates used directly by

methaneproducingarchaedSchon, 2010Von Sperling & de Lemos Chernicharo, 2005
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The process ifavoredby low hydrogen concentratignthusa syntophic relationshigxists
between thdaydrogenconsumerghydrogemtrophic methanogens) artie acetogen# order
to regulate the hydrogeamd propionateoncentration andontrolthe entire digestion process
(Ferreira, 2018 When these processes are not balanced, this usually leadsdp in pH due
to the presece of H from theaccumulatiorof VFA in the agueous solution. However,
normallythe hydrogenotrophienethanogenswvhich include the geneiMethanobacterium
MethanospirillumandMethanobrevibacteuse tle hydrogen and C&xo produce methane
keeping hydogen concentrati@low (de Lemos Chernicharo, 2003erardi, 2006Korres,
2013. Low concentration of hydrogen (550 ppm) has been reportxdfavour the formation
of acetic acidSinghet al, 2015. However, g&cess hydrogen concentratidacreases acetic
acid concentration andcreasesheformationof organic acids such g@sopionic and butyric
acidswhich are toxic to the methanoggi®nghet al, 2015 Von Sperling & de Lemos
Chernicharo, 2005The acetoclastic gthanogens can only directlyilize acetate fronthe
acidogenic phase to produce methane. It has also been reported that about 50% of soluble
CODis convertednto propionic and butyric acids which taeetogen$urtherbreakdown

into aceticacid and hydroge(Von Sperling & de Lemos Chernicharo, 2005

2.3.4 Methanogenesis

At this final stage othe anaerobidigestion process, the methanogenic archaea, mainly
acebclasticmethanogenand the hydrogenotrophmethanogensonvert the products from
acetogenesis in the forms of acetic acid, hydrogen, {0@nic acid, methanol, methylamines
and CO into biogaé/on Sperling & de Leras Chernicharo, 2005These methanrforming
bacteria (methanogens) produce methane by using the acetate angdéamdG®drogen
(Klemeset al, 2008 Von Speling & de Lemos Chernicharo, 2005Methanosaetés a
filamenibusacetoclastiecnethanogemnddominate when there is low concentration of
VFA and ammonia i reactor whereallethanosarcinas a hydrogenotrophic methanogen
anddominates in the presea of high VFA and high ammonia concentrati{fasrreira,
2013. According toKhanal (2011a)Methanosarcinaccounts for the stability afie AD
process, and itdominancas maintainedluring short SRT or high acetate concentration.

2.4 Potentialbiomass for biomethane production

Biodegradable organic matter can be used as feedstiobloenergy production. Examples of

common biodegradable biomdsgdstocks include: food processing wastes (potatoes, fruits,
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restaurant wastes, etc.); municipal solid wastes (biodegradable cong)phgnbcellulose

(straw e.g. rice, wheat, corn stragic. and grass silage); cellulose (paper, cardboard, cellulose
powder); animal waste (poultry, cow, gigng and sludge (sewage). In Europe, especially
Germany and Austria, many farmers use graagsibsananaerobic digestion feedstock to
produce bigas(Nizami & Murphy, 2010. However, this sectioprovides details ofomeof

the potentialbiomasdeedstock from Nigeriathat have beeunsed inthe currenstudy, as

listed inSectionl.4.

2.4.1 Perennial Ryegrass(Lolium perenne)

Perennial ryegraqgtolium perennd..) is a grass from the family Poaceae, native to Europe,
temperate Asiaandnorthern Africa but now widely cultivadeand naturalized around the
world (Bassam, 201,0Casler & Duncan, 200Q3but most extensively used for forage in
Europe and United StatéSasler & Duncan, 2003 Its leaves are dark green with smooth
and glossy lower surfadBassam, 2010It is propagated using seed and is of great
importance in being utilized amimalfeed(Bassam, @10). It can grow between 10 to 90 cm
high with erect or prostrate stems witld Zmath nodes and midreen leavefCasler &
Duncan, 2008 The leaves and stems of the grass are generally more digestible than other
grass specigdoller et al, 2010. The grass is also used on wintgames parks, pitches,
roadsides, heavgluty lawns, landscaping areas, tennis courts, cricket fields, golf tees and
fairwayqCasler & Duncan, 2003 It has ahigh content ofwatersolubleand norstructural
carbohydratéKorres, 2013Yamada & Spangenberg, 201@nd lower concentratigrof
crudefibre (Korres, 2013Lichtfouse, 201} In addition to its use for foragend feed

purposes, perennial ryegrass is now considasadcandidatdiomass for conversion into
biofuelsfor energyproductionin the form of heat and electricifiBassam, 2010 This is
because the grass contains up to 40%hde sugar whiclcanbe fermentedeasily to biofuel
such as ethanplvhile the remaining celluloseaneither be ensiled for animal feed or further
broken down with enzymes to produce more bidgassam, 201 Qichtfouse, 2011
Therefore, perennial ryegrass is one of the poteilefeedstocls which could be usetb

reducethe energy crisis in Nigeria.

2.4.2 Cassava Manihot esculentaCrantz) process wastes

Cassava is a dicotyledonous plant belonging to the plant family &ligllorbiaceaeavhich
originated and was domesticated in $oimerica in about 40002000 BC and is now

major staple food crop in different parts of the w@Bassam, 20101t is a vital energy crop
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with high energy potentiahnd is one of the richest fermentable substances fardbio
production structurallycomprisingthree tissues namely: peel (1®0 %), cork layer (0.5
2.0%) andanedibleportion (807 90 %) (Bassam, 2013 CassavdFigure2-2) is a major
agriculturalcrop producel by almost everyural household in Nigericbecaus®f ease of
cultivation, high caloriecontentandease of converting it to different forms of fopaducts
suchasgarri, Abacha starchtapioca, flour, fufu, chips, alcohols, crackers, bread, pasta, etc
(Cushionet al, 2009.

Figure2-2 Cassava farm

Cassava is grown in over 90 countraesundthe world(Muchie & Baskaran, 2032
However, Nigeria is the largest producércassava globallyCushionet al, 2009 Ghosh,
2017 Muchie & Baskaran, 2@ Mussagyet al,, 2009.
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Figure2-3 Cassava production in Nigefia) Tuber (b) Peels and (c) edible starchy portion.

The crg istolerant to drought, can grow well on marginal lands matlures within eight
months thoughits harvest can be delayed for two years or beyaruharacteristic that makes
it ideal for use as insuranegainstfood shortaggCushionet al, 2009. Cassava contains
different concentrations of toxic hydrogen cyanide (HCN) depending on the &taipet
al., 1992. However HCN is ofterreducedsignificantly during cassava processimlgich
generategnormousmouns of waste which are left toedompose, dried and burnt, or
discarded into nearby streampslluting the environment. However, since the dry root of
cassava contas about 80% fermentable staf®@assam, 201)3the processing waste
especiallythe peels and staraith water from the milling processould be converted to
biogas via anaerobuigestion This wouldnot only add value ttheresidue butvould go a
long way inproviding farmers with sufficient energy for processing cassava ih&y otfined
products instead of relying on the traditional burning of wooid esrrently practiced.

2.4.3 Rice Straw(Oryza spp

Rice Oryza sativaor Oryzaglaberrima)is a cereal food crop which belongs to the grass
family Poaceae which are native to tropical and subtropical southern Assaaiheaster
Africa (Gnanamanickam, 2009t is recognized as one of the stamportant crops in the
world that pre@ides the main source of energy for more than half of the world population
(Gnanamanickam, 20Q9Riceproductionaccouns for 30% of the total global cereal
production and by the year 2025, an estimatib#.6 billion people will depend once for
their daily nourishmenfGnanamanickam, 2009Globally, Asiaranks the highest in rice
production with an output of 667.6 million tons, America (37.2 million tons), Africa (20.9

million tons), Euope (3.9 million tons) and Oceania (1.7 million tons). In technical terms,
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this amount of rice strawould potentiallyproduce 205 billioriters of bioethanol per year,
which is the largegtotentialamountpossiblefrom a single biomass feedsto@emirbaset
al., 201).

Figure2-4 Rice farm in Nigea

Nigeria is the largest producer of riceWest Africa withanaveragegyroduction of 3.2

million tons of paddy rice a year amountitaggabout 2 million tonger year(Janssen, 20}2
Over 70% of the states in Nigeria grow rice as a major cereal crop which yswoalce a
hugeamount of posharvest wastes which aoften burnt in open fires in thece fields as

part of the land preparation for the next planting sedsarvesting and processing of rice for
food generatéwo major wastes rice straw whichs the leafy portion with the stem which
often left behindn heaps in the farm for open burg or to degrade over time while the husk
refers to the wastgeneratd from the rice milling processeAmong different agricultural
wastes, rice straw is one of the most abundant renewable lignocellulosic biomassesesou
the world and it is typicdt composed of cellulose (3247 %), hemicellulose (19 27 %),

and lignin (51 24 %) (Wanget al, 2015. Research has shown tlztarvestof 1 kg ofthe

rice grain is accompanied by the generation of approximately.% kg of rice strawKaur &
Phutela, 2016 However, istead of burning, rice straw could serveaagnewable raw
material for biogas production via anaerobic digestiom potentially thisbiogas could
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substitute fossil fuels fahe provisionof both electricity heat and other economic benefits

for the peple.

2.4.4 Napier Grass(Pennisetumpurpureum Schum)

Napier grassalsocommonly known as elephant graBe(nisetunpurpureun), is one of the
majorfastgrowinggreen herbaceoymerennial grassdhlat cover many tropical savannah
grasslands in Nigeridhe grasdelongs to the Poaceae family and is native to tropical Africa
(Zhang & Dincer, 201p6 It grows well on margindiands ands often used for cattieeedand
cultivated as forageNapier grass can grow up to 4 mhieight and has more productivity

than switchgrassvliscanthus or food cropgJansen, 20)2It is one of the highest yielding
tropicalgrassesind a very versatile species that can be grown under a wide range of
conditions(dry or wet)andproductionsystemsand could serve assubstrate foribgas
production,substitutingfossil fuek (Zhang & Dincer, 2016

Figure2-5 Napier gass(Elephant grass)

Napier grasgan grow 3 meters high every 45 daykich implies that it can be harvested 6
times a year with a yield of about 40 tonnes pegilieng an annual production dt40 tonnes
perhectare peyear(Jansen, 20)2Napier gass has a deep root systtrat is fairly drought
resistant. Its tender and young leaves are good animal feed. Being an aggreassive
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plant, local farmerspend a lot of money in cutting or weeding the grass usunge
implements. This is oftenecessaryo prevent it from ouwtompetingandsuppressingother
crops in cultivated farmgdowever,instead of burning which leads to environmental
pollution, Napier grass is rich tellulosicfiberis anexcellentandcheap ADfeedstock for

producing biogas that would lkrsdsp to solve Nig

2.4.5 Gamba grass Andropogongayanug

Gamba grassindropogorgayanusis a gigantic African gragRRusselSmithet al, 2009
Wormworth & Sekercioglu, 2031It has been introduced intbfferent parts of the world
including Australia, Braziletc, as improved pasture specfes cows(RusselSmithet al,
2009 Weber, 201Y, and farmers prefer the grass because it produces bigger leavesthan
nativekindsof gras (Freemaret al, 2011). The grass can grow up to 4 m high dwag a
standingbiomass up tabout 17on.ha™* (Cochrane, 201Qwhich can reach up t80ton. ha
1 (RusseltSmithet al, 2009. Gamba grass is an aggressive colonist of natwvannatand
resulsin fire cycle with intense fire which reduces canopy in the ecosy$teisseSmithet
al., 2009. Dueto high fuel load, gamba grass has been repootéd\ethe potential to
produce fires up to seven time®re likelythan native grasséMoran, 200% Stowet al,
20149).

Figure2-6 Gamba grass

Some researchers have also repattiatithe intensity of fire from burning Gamba grass is at
least eight timgthat of native grasses during early dry seagGashrane, 203,0NVormworth
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& Sekercioglu, 201)lbecause the grass accumulates rbayeasshan native gasses
(Weber, 201Y. This burning increases the release of stored carbon fromvireels catch fire
unintentionallyfrom the burning grasand thatadversely affestthe ecosystem and
constitutesathreatt o t h e bodiversitybecawsesthe fire from the grassstroys tee
canopies whiclalsoincreases GHG emissigWormworth & Sekercioglu, 2031 In Nigeria,
Gamba grasshokes up other grasses to remain the only dominant specresygrassland
andofteninitiates seasonal fire ckes whichdecrease tree canppovermaking the soll
vulnerable to erosionn addtion to handpulling, weeding and application of herbicides,
Gamba grass can be controlleddrgsizing(Cochrane, 2000 However, onlyaninsignificant
amount of this vast biomass is grazetlich oftenleawes a large mass of unutilized Gamba
grass to initiate intense fire outbrealtsually Thus,harvesting Gamba grass reguladnd
usingit as feedstock fathe AD to produce methaneould effectively help to control the
spread of the grasas well as reduce the environmental consassociated with the grass in

the environment.

2.4.6 Guinea grass Panicum maximun)

Guinea grassHanicummaximun) is a perennial tropicarass that mainly grows asveedin
cultivated fields, pastures and,andisthdmastd e al
well-knownof all tropical grasse@Narren, 1921 The grass is native to Africa, hiasig
narrow leavesand produces a seed head that resemblesandecan grow up tb 1 1.5 mtall
(Boonman, 2013Charrier, 2001Service, 201 The grass was spreawm Africa to
different continentsespecially during the era tfeslave tradewhere it was used tmake
bedding and packaging materials for assisted mig{Batsnman, 2018 andnow, it has
spreado nearlyall tropical countries alsigh-proteinfodder for livestockService, 201
Guineagrasss capable of colonizing cultivated laod the coastand elsewhere where it
growsas a secondary gragBoonman, 2018 The grasgrowsvery well inwell-drained
soils, and sunny areas, but can also tolerate a wide range of environmental conditions
(Service, 201 According toMoran (2005) there isa renewed interest in Guinea grass

(Panicum maximujrasanalternativepasturecrop.
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Figure2-7 Guinea grass

The grass is adapted to bofte ttropics and subtropics aiskeven tolerant to shading, and
hence has a role in agroforestry plantation and can yield biomass which is equivalent to
Napier grass under certain conditions. This gcasge harvested everywleeks(Moran,
2009 i.e. 10 to 12 times per year. Its maximum dry matter production is about 30 tons

hectare.year! generating a plentifidupplyfor intensive livestock farmgCharrier, 2001

However, his grassalsospreads aggressively and can bwidy high fuel loadsvhich can
increae firerisk. It develops a broad firadapted underground rhizome that enables it to
survive fire bettethan manyothernativekinds of gras, and normally sprosinew growth
afterthefire, thus increasing itdominanceon the land after fire incidenck.is resistant to
drought andh largeamount of biomass it produckstfires that destroy the native vegetation
(Service, 201D It has a sixtyday regrowth cycle during hotteramths and ainety-day

period during the cooler montfBergin, 2004. In Nigeria,Guinea grass only usedn
pasturs for livestock while significant unutilizediomass from the grasghichis often left

to spoil, burnt or abandonéd trigger annual intense bushfire couldutitized asa

dependabldiomass feedstoalesourceo produce biogas.
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2.4.7 Speargrass [mperatacylindrica)

Speargras@mperatacylindrica), is an aggressive invasive rhizomatousgmmial weed
(Brink, 2012 Labradeet al, 1994 Singh, 2014. It belongto theplantfamily Poaceagand
its widely distributed throughduthe tropics and subtropical regions of Africa, Inaie,
(Brink, 2012. The gras$ias been identified as one of the major invasive perennial weeds
posing problems in crop production in Nigef@hikoyeet al, 2003, andis recognzedas

one of the 10 worst westh theworld (Brink, 2012. It can growon all continentsexcept
Antarctica(Labradaet al,, 1994. The stenof Speargrassanbe solitary or tufted with flat,
rolled or stiffly eect leaf bladesand isclassified asninvasiveweed in different parts of the
world including the United Stat€Xu & Zhou, 2017. Speargrasssisuitable for mulching,
erosion control, slope stabilizati§Brink, 2012, papermakinganimal feeds and traditional
medicine(Labradaet al, 1999. Speargrass propagated sexually byes#s and vegetatively
by underground roogsvhich enables it to be droughgsistan{Brink, 2012 Chikoyeet al,
2005 Labradaet al, 1994 Xu & Zhou, 2017. The grasproduces cylindricgbanicles which
arecopiously hairy(Xu & Zhou, 2017. It has aneedlelike sprouts thatanpierce farmers
feet, eyes, palms, etc during weed{@iikoyeet al, 2005, andhasrhizomeshatare
extremelycompetitive, highlyresistant to heat and breakagedcan penette the soil up to
1.2 mdeep andnvadethe roots of other plants causing them to rot or tqBlisnk, 2012). It
outcompetes other plant species for resougaainganadvantag®ver indigenous plants
(Xu & Zhou, 2017. Thegrassmostly grows near riverand seashoreands, disturbed grassy
places and cultivated lan@u & Zhou, 2017. Its dry matter yield is about-212 tons.ha?
per year although 11tons.ha of leaves and 7onhs.ha? of rhizomes has also been recorded
in Indonesia (Brink, 2012).

Speargrass also causes itoand tongue injuries to animals that graze pantl generally
reduces the market value of crops especially tubers which it cause¢Gbikatyeet al,
2005. In Nigeria, many farmers have abandoned tfaemlandsdue to Speargrass invasion
because of the high amountedfort, time and money required to control its spreldds
easily spread when there is stress such as burning, cutting or dfioaigtstdaet al, 1999

and competesvith crops for space, fertilizer, nutriengsdwater, andharborspess and
insects(Chikoyeet al, 2005 Labradaet al, 1994. It alsoinitiates intense frequebustiire

in farms and fallowlandsandthe seedlings establishryewell after every bushfir€Labrada

et al, 1999. Speargrass cammly produce viable seeds after csgmllination
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Figure2-8 Photo of Speargrasbr{peratacylindrical)

Speargrassan tolerate temperatwas low as15°C when dormant and can withstand
waterlogging(Brink, 2012. In Nigeria, Speargrass is mostgntrolled by hand pulling,
hoeirg or burning which are often ineffective. Some researchers have refiatdideuse of
herbicidessuch asGlyphosate anthtercropping it withMucunais a moreeffective controbf
the gras¢Chikoyeet al, 2009. Although Speargrass id@v-quality forageresearh has
shown thattavery young growtlstageit may have digd#ility up to 70%, whichreduces
to below 40% after 150 dayéBrink, 2019. Thus, thegrasscould be more effectively
controlled by harvesting it young and using ieasibstratdor biogas productioto solve the

energy poverty problems in Nigeria.

2.5 Factors that determine the biogas potential of éelstocls

Thechemical compositionf feedstock affectstheir digestion efficiency during anaerobic
digestion(Karthikeyanet al, 2016. Other factos thataffect the biogas potential of any given
biomass feedstock includite feedstock material itself, the dry matter content, the actual

energy content of the feedstock, retention times of the feedstock in the digester, the purity of
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the feedstock, tntype of A plant and its operationabnditions(De Meset al, 2003
Pullen, 201%.

AD feedstock which arerich in lipids and proteins produceghier volume and percentage
of methane gas because they contain organic matter vgrealsily biodegradabl@able
2-1), unlike lignocellulose which hashigh content of lignin which is recalcitrant to

decomposgion especially when digested as mesubstrate.

Table2-1 TheoreticaBiogas potentials giure samplefom selectegubstrate components

Substrate Composition Biogas yield CHs CO2
(L/g VS) L/g VS (STP (% by volume)
Carbohydrates #( / 0.790 0.415 50
Lipids # (! 0.125 1.014 32
Proteins #( ./ 0.700 0.496 29
Acetate #(/ - 0.373 -

Source(Angelidaki & Sanders, 20Q0©Dreopoulou & Russ, 2006

Feedstock that hdggh contentarbon sources and nutrisnéspecially CN, and Pcan
achieve efficient biodegradation during anaerobic digestion. The ratios of ¢anitmogen
andnitrogen tophosphorus are the most importpatametersor predicting the success of
the degradation process. Typical values of these recongdeatios areC:N = 10:1 to 30:1,
N:P=5.1to 7.1 andverallCOD: N.P = 420:7:1 to 1500:7:Schon, 201D

2.6 Biomethane potential of feedstocks

The energy valuan terms of methane contewf any given biomasteedstockcan be
estimatedtheoretically byusinganempirical formulaor data obtained frorthe
compositionabnalysis.However, in the laboratoryhe biochemical methane potential (BMP)
testcan beusedto determine the actual methane production under various opefationa

conditions
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2.6.1 Determination of the theoreticalenergy value of biomas$eedstocls

A feedstockhas a maximum amount of methane it can produce based on its carbon, content
and this can bguantifiedby putting the chemical composition of the wastés ihe Buswell

and Muellerequation(Equation2-3). The volume of empirical methampeoductionestimated
theoretically cannot be achieved in practice because microorganismparsen of the

carbon and energy gainewim the catabolidegruction of the feedstocKer the growth and
maintenance of their bioma&anabolic processesyhile some portion of the biomass
feedstockis not biodegradabl@Angelidaki & Sanders, 2004le Lemos Chernicharo, 2007
Mohee & Mudhoo, 202; Wellinger, 2013. This could also be due to inhibition franther

components ithe feedstock anfilom inadequate time for hydrolysis.

The energy potentiatan be estimated usirige stoichiometricoxidation relationship of the
chemicdcomposition of thdbiomasdeedstockdentified byBuswell and Mueller (1952)

#(/ i

A /o
T (

N>

X ( - - - #/ Equation2-3

where GHiOp representshe empirical compositn ofthe feedstock, where the values of the
number of atoms,d andc aredetermined by elemental analysis. Similathe standard
wastewater analysis parameter can be used to determine gas Yigbisally,for every 1 g

of COD destroyed in AD opetiag at 35C[1895 mL of CH gas is producediccording to
Frigon and Guiot (2010¥0me other important nutrient paramet@r&\D reactors such as
volatile solids (VS), chemical oxygatemandtotal organic carbon (TOC), total organic
nitrogen (TON) and total phosphorysan be theoretically determined using a more robust

empirical formda given inEquation2-4.

500060 < O TQ pOGO B pdo
WO WO 1O O ¢ TQ ¢Q pO Equation2-4
IO O ¢ dQ uvQQ
where
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VS (g)=1a+b+ 16c + 14d + 3X
COD (g) =32+ 8pb71 16¢ci 24d + 40
Total Organic carbon (g) = &2
Total Organic Nitrogen (g) = T4
Total Phosphorus (g) = 82

The theoretical methane potentf@MP) of a substrate {H.0oNcSs from compositional
analysis expressed a8 CHq kgt substrate converted at STP can also be simply calculated
usingEquation2-5 andEquation2-6 from Frigon and Guiot (201ndAngelidaki and
Sanders (2004yespectively

oy 8 — - - — - .. .. . Equation2-5
YO 0 (#(gQ 6 AAAAZL

or representedsin Equation2-6

Equation2-6
L H#H(8Q 6 AAAAL

=1 >
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Cq
~ |
ocl

4-0

—|

when only thecomposition of carbon, nitrogeandoxygen are knownyhere 22.4 is the

molar volume of an ideal gas (L ST®l™). Due to nordegradable components of biomass,

in practice, the actual methane yield from anaerobic digestion plants does not often exceed
60% of theTMP value(Frigon & Guiot, 2019. The usef TMP to estimate BMP is simple.
However, theTMP value of methane obtained is always higher than the actual methane yield
from BMP experimentssit does not consider factors such as inhibition, hydrolysis time,
biodegradability and proportion of the carbarthe feedstock used faewbiomasssynthesis
(Mohee & Mudhoo, 201@

The nutritional composition and fatty acids conteind given biomass feedstockn also be

used to estimate the theoretical methane potential of biomass as sHeguation2-7.
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where the carbolurates, proteins, lipidacetateandpropionate are expressed as the % of

the volatile solids (VSand the methane potential expressed at @amorano, 2008

2.6.2 Biochemical Methane Potential (BMP)Assay

The biochemical methane potenti@NIP) assay established bycCarty (1964)and his
research group is a simple and inexpensive laboratory procedure used to estimate the
anaerobic digestibility of a biomass feedstock and its toxicity under anaerobic conditions
(Owenet al, 1979 Riffat, 2012 Rouchest al, 2017. The results from the teshowthe
ultimate methane (or biogas) produced from a given weight of biomass fee@stgetidaki
et al, 2009 Mohee & Mudhoo, 201 which serves agkey parameter for the design and
operation offull -scaleanaerobic digestion plantdbu-Dahriehet al, 201]). The maximum
specific methane yield obtained from anaerobic dige®f the substratdeedstocks
expressed ashCH: kg VS added Thevalue ofthe observednethane yield fronthe BMP
testdivided bythe theoretical methane yie{@MY), is the biodegradable fraction thfe
substratéDahlquist, 2018 A comprehensive method for carrying out BMP assablean
reported irthe German Standard Procedure for Fermentation of organic mai&i2ils4630,
2009.

2.7 Process parameters that affect the performance of anaerobic digestion

The performance dhe ADprocess is influenced by several factors inside the reactor
especidly temperature, pH value, alkalinitgnaerobic conditions, characteristicsvafste,
nutrientssupply €.g. micro and trace elements), organic and hydraulic loading rate, volatile
fatty acid concentrationmixing, presence of inhibitors and toxic subsemin the reactor
(Schén, 2010Van Haandel, 2007

2.7.1 Temperature

Temperature has been reported to be the most important factorntral<the rate of

anaerobic digestion and biogas production profieiesneset al, 2009. Temperature is a
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critical factor that determines the performance of theb&Bause it primdy controls the rate
of thebiochemcal processs especiallythe hydrolysis phase, which has been reported by
many studies to be the rdtmiting phaseBajpai, 2017 Ferrara et al, 2013 Khanal, 2011¢
Nayono, 2010Van Haandel, 20Q7A fall in temperature coultkad to decrease in microbial
activity and biogas production, weasanincreasen temperature coulshcrease microbial
activity but could also lead the deathof some bacteri@Klemeset al, 2008. Potentially, for
every 10- degree rise in temperature, the rate of react@rdouble(Bajpai, 2017, however,

this is subject to the limitations above.

Several studies have shown tA& processesanbe operateavith threebroadtemperature
ranges based on the three anaerobic badtdremal group, namely:cryophiles
(psychrophiley mesophilesandthermophilefCheng, 2009Klemeset al, 2008 Riffat,
2012 Schon, 201)) as presented ihable2-2.

Table2-2 Classification of anaerobic digesters by temperature

Anaerobic Operating  Optimum Operatng Microbial growth Tolerance

process temperature Temperature HRT and digestion to Toxicity
(°C) (°C) (Days) rates

Cryophilic 10- 25 > 20 >50 Low High

Mesophilic  30-40 35 25-30 Medium Medium

Thermophilic 50- 60 55 10- 15 High Low

Anaerobicdigestes operated under cryophilic (psychrophilic) temperatures are characterized
by low degradation raseand low methne productiity. They are normally run at longer solid
retention timegSRT)and low organic loading rad€Schoén, 201D A study byChenet al.
(2016)onthe AD of tomato plant waste conductedcagophilic roomtemperatures (2025

°C) anda mesophilic temperature (371 °C) in a batch tesshowed that the digesters

achieved higher performance under mesophilic temperatures

Anotherstudy carried out bypa Roset al.(2017)on the anaerobic edigestion of winery
wastewater sludge and wine leepilot plants operated at mesophilic and thepirbc

conditions showed that the digestion process was stable for a long peasdesophilic
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temperature (37 °C) with an averdgegas production of 0.386%kgCODreq compared to

the thermophilic reactawhichfailed after one HRT (23 days) dueM&A accumulation.

Thermophilic anaerobic digesters can tolerate higher loading rates, smaller reactor size due to
shorter retention e, havehigher methane produetty due to faster growth of microbes, and
higher pathogen inactivatiq®chon, 201D A study byStreitwieser (2017also revealed that

the activation energy and degradation rate of thermophilic AD presasshigher than the
mesophilic regimes. However, another studydaypsoRTojo et al.(2017)on the AD of

microalgae under mesophilic (35) and thermophilic (5%) temperatures in batch and
continuous reactorslso showed that dlbugh thermophilic reactors had higher hyysis

ratesin terms of soluble COProduction these dichot improve the methane productivity
compared to the mesophilic reactors.

Themaindisadvantages of thermophilic AD reactarsthe decreaseg@rocess wbility that
arises from thdighergrowth mate of microbes aheshorter SRTand thiscanlead to
incomplete digestion, whickventuallyincreases thevastout of microorganismfrom the
reactorgSchon, 201 AlthoughDa Roset al.(2017)were able to overcome the instability
challengs of runningthermophilicreactors andmproved the process lilie addition otrace
elements (irongobalt andnickel) as supplementsheyreported that the produced sludge

from the procesgdigestatehadpoordewatering properties.
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Figure2-9 Relative growth rate curves of methanogens dulDgat dfferent temperatures
(Lettingaet al, 2001 Schon, 201p

Within eachtemperature rangéhe growth rates of bactelirgcreaseexponentially with
temperature according tbe Arrhenius equation until the optimum temperatisreesached
beyond whichthe growth rate begins to decline exponentialljh@temperature reduces the
bacterial metabolism bgenaturingnacromoleculs such as enzymgschon, 201

Bacterial growth(Figure2-9) is not limited to tleseclas®sof temperaturgas somdacteria
can survive over a wide range of temperaturesuding temperares as low as°C (Riffat,
2012.

2.7.2 pH

The pH of a solutiopwhich is defined as the negative loigfam of the hydrogen ion
concentration () (Equation2-8), is an important factor that determines the optimal growth
and maximum enzymatic activity of different microbial grougswell as thequilibrium
conditions of the AD system durinthe degradation procegSchon, 201 Thus, naintaining

a suitable pH during AD operation is an important factor for controlling the performance of
the digestion proced®cause a slig change in pH adirsely affectshe different stages of

AD procesgo different degree@ajpai, 2017 Khanal, 2011} and may signifihe start of

VFA accumulatior(Boeet al, 2010.

B( i (C P (g Equation2-8
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Lue-Hing (1998)reported that a pH value between 6.6 and 7.4, when the carbon dioxide
content of the biogas viad from 30 to 40%, indicates that the bicarbonate alkalinity (which
is approximately equal to total alkalinity) in the reactiges between 1000 and 5000.Ing
as CaC@ According toKlemeset al.(2008) methanogeswill begin to die ata pH below

6.5 due to acidificatiorand this willlead tothe reduction or inhibition of biogas production.
Thereforejt is preferable to maintain the pH inside thigesterat anearneutralvalue of 7 in
order to ensure stable operati®an Haandel2012 2007).

2.7.3 Alkalinity

Alkalinity value defineshe buffering epacity or the ability of the reactor contents to resist
changes in pHFederation, 20QA/on Sperling & @ Lemos Chernicharo, 2008uffering
capacity refers to the capacity of the digester mediunetralze the acids produced during
the degradation processorderto reduce pH cange(Ferreiraet al, 2013. Duringthe AD
process, Cowhich is one of th@roductsforms bicarbonate which providesbuffering
system within the reactpand that helps to maintaiherequired pHVan Haandel, 2012
2007.

According toSchon (201Q)areduction inpH could be due to acid containedthre substrates,
theformationof VFA (e.g.acetic acid) duringhe digestionprocessor when the C@
produced during the fermentation and methanogenesis ssapddoilizedin water to form

carbonic acidEquation2-9):

#1 (/1 & (#/ Equation2-9

The hgh partial pressure of #tan alsanhibit propionicacid-degrading bacteria causitige
accumulation of high concentrati®af volatile fatty acids (VFA)such as butyric and
propionic acid¢Khanal, 2011y, and this causes a reduction in.gHhis condition requires

that alequateamouns of alkalinity are presentb buffer the reaction process in order to resist
the drop in pHSchon, 201Psince low pH reduces the activity of the methanod&hsanal,
20119. Researh has shown that bicarbonate alkalinity >100Qlfigas CaC@is required in
order to maintain pH in theigesterabove 6.8andconsequentlythe alkalinity in large scale
the AD plantds maintained betweel000- 5000mg.L ! as CaCQ(Federation, 20Q7

Khanal, 2011y However, to maintain more stalid@eration, a pHangeof 7.01 7.2,

alkalinity 4000i 5000mg.LCaCQ, is recommende@Andreoli, 20073. Some examples of
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chemicals which are commonly used to maintain bicarbonate alkalinity in anaerobic digesters

are presented ihable2-3.

Table2-3 Alkalinity equivalent weight ratiod~ederation, 2007

Chemical name Formula Ratio
Anhydrous ammonia NHs 0.32
Aqua ammonia NH4OH 0.70
Anhydrous soda ash NaCOs 1.06
Caustic soda NaOH 0.80
Hydrated lime Ca(OH) 0.74

It has been reported that instead of using alkali to increase the buffering captoiyAD
progress, liquid digestate could be used to save @stopoulou & Russ, 2006 Research

has also shown thatddition of the right amount of sodium bicarbonate is often preferred due
to its high solubility, longlasting effect, low toxicity, and the fatttat itcan significantly
consume gaphase C@and improvehe pH when added direct{ii, 2016). A detailed
procedure for dermining the right amount of reagent to add taA&nin order to provide the
required alkalinityhas been publishgéederation, 2007 However, the use afommercial

high puritychemicals to control pH in AlBeactords expensive andchay notbe affordable to
people from lowincome countrigsand therefore the usé very cheapocally available
alkalinerich waste materialsuch aviomass ashnd its extractsnight be a bettealternative.

2.7.4 Effect of mixing on the AD process

The gpodoperatianal conditiorsin high-rate AD reactorghatprovideanoptimum
environment fomicroorganisms can be achieved through adequate mixing, together with
heating,uniform feeding rates antbrrectthickening ofthe feedsludge(Federation, 20Q7

Schon, 201D The benefits of effective digester mixiage

1 It enhance# auniformdistribution of icoming substrate throughout the digester
1 It improvesthe contact of the substeawith the microorganism

9 Mixing providesuniform heating for all the reactor contents
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1 It reduces théormation ofscum layerandaccumulation of settled sludge at the
bottom d the reactor

1 Itincreassthe dilution of inhibitorsincluding toxic substancesnfavorablepH, and
balances theemperature of the feedstock

1 It enhanceshe phaseseparation of the biogas from the digester liquid.

2.7.5 Solid residence time (SRT)

This refes to the period that sobdare retained in the digesters and is determined by the
characteristics of the substrate, as easily degradable substrpigeshort SRTwhile
substrates which are hard to degrade (lignocellulose) are digattddng SRT(VDI. 4630,
20086. It controls the type of microorganisms that can grow in the reantbthe biogas yield
(Korres, 2013Schon, 2010Singhet al, 2015. Short retention timeanincrease gas
productionrates but givepoor gas yields in terms dfie VS convertegd while long retention
time esentially leads to increase in tBpecificgas yield but decreasa thevolumetricgas
production ratavhich is expressed as’i@H..m=.d* (Cheng, 2009Schon, 201D

2.7.6 Organic loading rate

This refers to the amount of substrate (volatile solidgrkggCOD or other measure of
organic matteintroduced inb the digester per reactor volume¥nim a day (d). It ign
important parametarsed in the determination of the size and operation of AD digesters
during the design process. It is calculategltasan in Equation2-10.

18+ # Equation2-10
6 (24

where OLR is the organic loading rate (kgS' dor kgCOD. nmd?), Q the influent flow

rate (n?.d), C the concentration of volatile solids in the sultst(kgVSm™) and V the

reactor volume () (Nayono, 2010Schon, 2010 For a CSTR with no recirculation, the

SRT is equal to the HRTvhereas SRT is higher than HRT in reactors ith@drporate solids
recycle(de Lemos Chernicharo, 200Korres,2013 Schon, 201 As shownin Equation

2-10, OLR is inversely proportional to HRT which signifies its dependence on retention time,
in addition to the process temperature. ThiScateshatanincrease in OLR dbwer

temperaturewould require longer retention time.
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2.7.7 Redox Potential or Oxidation-Reduction Potential (ORP)

The activity of microbes inside AD reactassnfluenced by the redox potenti@able2-4) in

of systemThe ORP measured in millivolts (mV) can be defined as the tendency of chemical
speces such as molecules and radicals in the AD to gain electrons and then undergo reduction
(Rosato, 201) Values of ORP between 0 an@000 mV indicate anaerobic procéBosato,

2017, andaccording tdKhanal (2011¢)maintaining ORP value aroung00 to-350 mV in

the AD at pH 7.0provides a competitive advantagelte growth ofobligate anaerobes within

the reactor mixture

Table2-4 OxidationReduction Potential (ORP) and bactkaativity in AD reactors

ORP (mV) Bacteria Activity

+300 O is available and used to degrade BOD
+100 t0-100 NOs available and used to degrade cBOD: denitrification occurring

<-100 SQ available and used to degrade cB@DFfatereduction and acid

production ocarring
<-200 Anaerobic érmentation and acid productioocurring

<-300 Methaneand HS production occurring

Adapted from(Gerardi, 200%

During AD processes, theoduction of CQis due to oxidation process of organic carbon
while the formation of methane is a reduction process of the organic &bsato, 201)/
An increase in the oxidatiereduction potential abow800 mV due to the presencesuiffate
and nitrate in the digester, inhibits thetiaity of the methandorming bacteriaand methane
production but does not inhibit the activity of acidogenic bact¢Garardi, 2006 Therefore,
such conditioa may leado instability.

2.7.8 Toxicity and inhibition

Methanogens are very sensitive to the presence of toxic materials in tfeedddock or

reactor Some of these toxic materials, for instance, weak acids and bases produced during
the digestion process become toara dissociated due to gMan Haandel, 201,2007).

Toxicity exerts adverse irreversible effects onrtierobialmetabolism duringhe AD

process. Inhibition, on itswn, is reversibleandprecedes toxicity Inhibition takes place
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when there is smallincreasen the concentration of a compound leadingeeersible
impairment of the biological process, eitherdffecting microbial cell structures or the
enzymes that carry out metabolism during anaerobic digestion p(@=ssdi, 2006
Holland, 2013Korres, 2013Schdn, 201Q Stronachet al, 2012. Inhibitors are chemical
substancesud asammoniasulfide, metals and some organic compoundisciv negatively
affect or retard microbial growth ihe AD, leadingto decreaser acompletecessation of
methane productio(Chenet al, 200§ Cheng, 2009Wanget al, 2010.

2.7.8.1 Oxygen inhibition

Traces of oxygen in AD inhibit the methafeming archaea whiclare strict anaerobes
(Schén, 200; Van Haandel, 201,2007% Wanget al, 2010, andthesedie in the presence of
free mdecular oxyger(Gerardi, 2003 Free molecular oxygen does not actually kill obligate
anaerobs such as the methanogens, but they are killed by hgtitysguperoxide (&) and
hydrogen peroxide (¥D-) which areformed when free oxygen enters the bacterial cell
(Gerardi, 200%B

2.7.8.2 Ammonia inhibition

Ammonium is prauced when protein is degradead the quantitproducedn the AD
digesteris a fungion of the total nitrogen in the substrate and the rapgaiEindegradation
(Poltronieri, 2016Van Haandel, 201,2007. The quantity of ammonia contained in a
substrate can be estimateylstoiciometry usinghe Buswellequation as showfiEquation

2-11) as follows:

C IION+( ° b+3d)no
'n Hy Op n— - — —+4+ —
P 4 2 4)7

Equation2-11

'CH+I1 a+b+3d
MM T 2 T8 TR

) CO; + (d) NH3
where GHaOoNq represents the chemical formula of the biodegradable organic material
undergoingcompleteanaerobic degradation proceBsO, CHs, CO; and NH are expressd
in litres(L), mL.gVS.d?, mgL?, respectively

The main forms of inorganic nitrogen in tapaerobic digester are the anmmiumn ion (NH;")

and free ammonia (N$I(Chenet al, 2008, and togethetheseconstitute the total

ammoniacal nitrogen (TANWhen the ammonium concentration is too low it will cause
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nitrogen shortage in the reactoriatwill limit the growth of the bacteria leading to poor or
suboptimal process performan@ltronieri, 201%. Conversely, when the ammonium
concentration iexcessivdTable2-5), it can ofterlead to reactor failure due to ammonia
inhibition (Poltronieri, 201%. Thisinhibition is due to the diffusion of free ammonia into the
cell membrane and cawsggroton imbalance and/or potassium deficiencydaghe cell 6
methanogenic archa¢Chenet al, 2008 Gubitzet al, 2015. The level olammonia

inhibition in AD depends othe organiccomposition of the feedstockoculumandthe pH
and temperature inside the digegtéhenet al, 2009. pH affects thequilibriumratio of

free ammonia to ammonium ion in the anaerobic digesterrages of ammonia

concentrations and their effsere presented ihable2-5.

Table2-5 Effect of ammonia nitrogen on anaerobdigestionat neutral pH

Ammonia concentration (as N, mg/L Effect

5071 200 Beneficial

20071 1000 No adverse effect

150071 3000 Inhibitory at pH 74 to 7.6
Over 3000 Toxicat pH > 7.6

Source(Von Sperling & de Lemos Chernicharo, 2005

Therefore, it is theree unionized(nondissociated) form of ammon{&AN), whichis very
toxic to methanogensspecially atoncentratios higher than 300éng. L' where it is toxic
at all pHvalues If the value of TAN is known, FAN can be estimated udtioggiation2-12
(Shiet al, 201%:

0 Equation2-12

Tt
p B3

where, Gan and Gan are the concentration afsfe ammonia and the total ammonia nitrogen,

respectively, Ka = 1.097 x faat 35°C is theammoniadissociation constant.

2.7.9 Volatile fatty acids

Volatile fatty acids (VFA are intermediate products formed durthganaerobiaegiadation
process. VFAcanexert toxicity if the rate of their production exceeds the rate of consumption
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in a reactorthereby disrupting the equilibrium of the process dueedormation ohigh
concentratioaof unionised acids whictandiffuse througlthe cell membrane of bacia
(Gerardi, 2006Schon, 2010Van Haandel, 201,2007. High concentratiosiof unionized
volatile acids like acetate, butyrassmdpropionatereduce thalkalinity whichresulsin a fall
in the reactopH. Propionaténas been reported to be the miakibitory VFA to the AD
processparticularlywhen present atconcentratior 5 mg.L ™ (Gerardi, 20030reopoulou
& Russ, 200%

2.7.10 Aromatic, phenolic and chlorinated hydrocarbons

These hydrocarbons are toxic to methanogesyecially chloroform (CHG), when present
ataconcentratiorabovel mgL ™ (Gerardi, 2006Wanget al, 2010. Aldehydesespecially
formaldehyde (HCHQ)arevery toxic to methanogens whgnesent at concentrations above
100 mgL . Some aromatic compounds such as toluene, phenols, benzene also inhibit
methanogenic activities durirgD (Gerardi, 2006Wanget al, 201Q. The presence of
industrial wastes containing chlorinated organics and biocaleslsoresultin immediate
toxic effecs whenaddedinto the reactor. Such materials are naturally tcxnd exert
irreversible toxiceffectson themetabolicprocess, unlik@rdinary inhibitory substansg€Van
Haandel, 20122007. Similarly, tannins which are phenolic cooynds contained in apples,
beans, cereals, bananasdcoffee argotentiallytoxic to methanogens and are believed to

inhibit specific enzyme sites in the microl{€erardi, 200%

2.7.11 Sulfate and sulfide inhibition

Sulfur is anessentiahutrient for mosmicroorganisms ani a vital component of the celb$
themethanogeniarchaea. Aoncentratiorin the rangel - 25 mgL ™ supports the growth of
methanogenfChenet al, 2008 Gerardi, 2003 Accordingto Gerardi (2006)1.5 g ofsulfate
is reducedo hydrogersulfide when SRB degradeg of COD.Sulfatedoes noactually
inhibit methanogens bi8RB such aBesulfuromonasDesulfovibrio,andDesulfomonas
outcompetesnethanogenfor substratesAlso, thereductionof sulfateby SRBproduce
hydrogensulffide (H2S) andsulfide ions (HS, $) which strongly inhibitthe AD process
particularlyat concentratiopabove 156 200 mgL* (Gerardi, 2003Schén, 2010Wanget
al., 2010. Suffide inhibition isalsopH dependenbecaus@nly theunionized HBS caneasily
diffuse through the cell membraaedcause toxicityGerardi, 2006Schén, 201
Therefore, pH values below pH 7 will increatbe toxic hydroge sufide concentration and
reduce the free sifle ion concentratio(Gerardi, 2003McCartney, 1991
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In generalsulfide can be toleratedy methanogens when its concentratis below 50° 100
mg.L? (Van Haandel, 201,2007. The toxicitycause by suffide can be reducebly adequate
pH control,addingferrous sak which will form insolubleiron suffide (Haghighi Moodet al.,
2013. Recycling the digested sludg@enhanceahe growth ofsuffide-tolerantbacteriaand
dilution of the feedand scrubbingf the biogas tatrip the HS gasand reduce aqueous
concentratios (Van Haandel, 2012007 Wanget al, 2010.

2.7.12 Metal inhibition

Metals such asadium (Na), potassium (K), calcium (Ca), magnesium (Mg) and other trace
metals, are important to methapeducing microorganisms when available at the correct
concentrations ithe AD reactor(Chenet al, 2008 Gerardi, 2006Khanal, 2011bNayono,
201Q Schén, 201 Salts from mineralor organic matter contain cations such asiavig
and Catransitionmetals with beneficial effects in low concentration suck&sCu, Zn, Ni,
Co, Mn, Cr (see Sectio3.2.1, Table3-3andTable3-4), and other heavy metals which are
not important to the AD process suchGt Pb, Al and Hg,arealsofoundfrequentlyin
digester{Chenet al, 2008 Gerardi, 2006Schon, 2010Van Haandel, 2012007%.
According toLue-Hing (1998) Cu, Zn, andNi are toxic to methanproducingarchaeat low
concentrationsput most of the transition metals suchResand Al are insolubleearthe
neutralpH and therefore are not toxic. However, research has shown that ttig/tokheavy
metals anbeneutralized when they react wihilfide insidethe reactors to precipitathe
insolublemetalsulfide of their toxic metal§¢Bajpai, 207; Gerardi, 2003Hatti-Kaul et al,
2016 Khanal, 2011aVan Haandel, 201,2007%).

2.8 Lignocellulosic biomasas AD substrate

Lignocellulosc substratesremainly composed gblant or cropresidues andre the most
abundant biomag®sources on earflGupta & Tuohy, 2018 Lignocellulose icontained
within the nonedible part of plantéTonget al, 2013, and it is made up of three biological
polymers namely: cellulose, hemicellulpaadlignin (Dahlquist, 2013Harmseret al, 201Q
Nitsosetal., 2013. Therelativecomposition of these polymers in woody biomass are:
cellulose (40 50%), hemicellulose (2030%); lignin (20- 35%); and otheextractablgO -
10%) (Barnett & Jeronimidis, 2009The cellulose and hemicelhsecomponentaresimple
polymers ofsugarsand thereforare readily sed as sourceof fermentable sugdiy

anaerobic microorganisni&upta & Tuohy, 2013
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2.8.1 Cellulose

The cellulose 6 'O U nis the major structural constituent of plant cell wétlatprovides
structural support to the plam@ind the most abundant renewable organic resoureartim
(Chenet al, 2018. It is a highly insoluble crystalline carbohydrate polymer that is not
digestible by human@gboret al, 2011 Harmseret al, 201Q. Cellulosecomprises of a
chain ofcellobiosemade up of pure dehydrated repeating units-glu2ose units joined by
b-1, 4glycoside InkageqgAgboret al, 2011 Chenet al, 2016 de Souza, 20)3A single
molecule of cellulose cdains about 10,000 molecules of glucose ui@Rear, 201p
Although cellulos€Figure2-10) is an unbranched plymer which is not soluble in water, it
can be hydrolyzed during anaerobic digestion to producelbbiose b-1, 4-bond) which
can be completely hydrolyzed to releasglDcose(Agboret al, 2011, Dahlquist, 2013

MW%%\@/

| Anhydroglucose unit

Cellobiose unit
Figure2-10 The cellulose molecule showing the monomeric (Kitmaret al, 2009

Cellulosesupramolecular structuemnsiss of chains (26300) of highly ordered (crystalline)
anddensely packed parallel fibrodike rod structures called microfibslwhich bundle
together to form the delosefibers (Agboret al, 2011 Yanget al, 201). The structural
anchor and strength of the cellulosmistureareprovided by the intramolecular and
intermolecular Hbondsandv an der WgBarhet & Jeforonmides,e2680Q9Cellulose is
soluble inaqueousodium hydroxide solution at different concentratiphs 10 % NaOH)
belowroomtemperaturgespeciallyfrom -10 to 4°C (Qi, 2016. The highsdubility of

cellulose inpure commercial graddaOH solutionindicatesthat itmightalso be
deconstructed and solubilizég usingNaOHrich ashextractsfrom burned naturabiomass

at different concetrations andemperaturesgndpotentiallyincrease its enzymatic conversion

to biogas via anaerobic digestion.

2.8.2 Hemicellulose

Hemicellulosas acomplex carbohydrate withlower molecular weight thacellulose and
provides sugport for the cell walln the plant(Dahlquist, 2013Hendriks & Zeeman, 2009
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It consists of 20 50 % of lignocellulose biomasand it is the second most abundant polymer
in the biomasgAgboret al, 2011). Hemicellulose is made up of subunits of fnerbon
(xylose and arabinose) and -wiarbon (glucose, mannose, and galacteggarsand their
respective sugar acid@hichhavearandomamorphous structure witbw mechanial

strength It can be represented by the formula®© 0 ¢ where n is the degree of
polymerization(DP), which represents tmeimber of monomeric unita thehemicellulose
macromoleculgandwhich usuallyoccurin the rangef 100- 200 (Basu, 2013Wang,

2014). It is structurally connected to the cellulose by hydrogen bonds and van der Waals
forces(O'Rear, 201p and can dissolve in dilute weak ac{@ssu, 2013 The most abundant
component of hemicellulose is xylan which is majorly found in agricultural plants such as
grasses anstraw ands reported to beagstially degradable under mesophilic condigo
(Dahlquist, 2013

In softwood the hemicellulosés present mainlyasglucomannarfAgboret al, 2011, and is
branched with short lateral chains which layerolyzable(Barnett & Jeronimidis, 20Q9This
implies that hemicellulose could also be easily deconstructed using highly alkaline biomass
derivedashextracts and locally available alkaline materfatsn Nigerian crop wastds

make biogas prodtion procesgheap, affordable and efficient.

2.8.3 Lignin

Lignin hasan amorphous polyphenolic and hydrophobic struatfitareedimension phenyl
propane (C9 unitspnd is contained within the cell wall of vascular plesit walls andalso
possesstrongresistanced oxidation and biodegradati¢gAgbor et al, 2011 Dahlquist,
2013 de Souza, 203 Harmseret al, 2010 Kumaret al, 2009. Its resistance to
biodegadation constitutes the most significant factoitimg biodegradability of
lignocellulosichiomassduring anaerobic digestigiRoucheset al, 2017. This recalcitrant
lignin tightly connectghe hemicellulose and the cellulosigereby making it difficulfor

hydrolytic enzymes to acss the cellulos@ahlquist, 2013

The ligninmoleculesn the grassarethe same as those in ttveod andcontainmostly
aromatic glycerolb-aryl-ether bond$ike softwood(Basu, 13 Dahlquist, 2018 The
number of carbowarbon bondsbt5 andb-b) in structural units is higher than in hardwood.
When lignin is subjectetb the mechanicahction, enzymes or chemical reagents, i3 3
structure is degraded insmallerfragmentgBasu, 2013Chenget al, 2016. The presece of

hydroxyls and many polar groups in the lignin structioem strongintra andintermolecular
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hydrogen bondasu, 2013Brodeuret al, 2011). Lignin ismostlyinsoluble insolvents but
can beseparated into soluble and insoluble lignin via degradair condensation processes
(Chenget al, 2016. The best solvent for separag lignin is aceyl bromide and
hexaflwroisopropano{HFIP) in acetic acigChenget al, 201§. When softened,dnin
becomes sticky and haslhesivegoropertieChenget al, 2016, whichmakes it act aa

binder betweemmacromolecules withioells makingthemremarkably resistant to impact,
compression and bendifgarmseret al, 2010; Yanget al, 201J. In the currenstudy, it is
likely that thenaturalalkaline extracts from plaftiomass, may have some intrinsic properties
that could enhance the deconstruction of the lignillsvadiring pretreatmeriiecausehey

have high contents of alkaline metals aegterakrace nutrient¢Table3-2) which could

potentialy enhance the softeniraf hard tissues in plants.

2.9 Pretreatment of lignocelllosic biomass

According tode Souza (2013jmicroorganism&annaturallyproduce and secrete
carbohydrateactive enzymeghatwork synergistically to degrade the plant cell walls to
release sugars monomers suslglucosewhich can be used assubstratdor the metabolism
microorganisrs thatproduce biogadHowever, the release of glucose is oftesisted by the
architecture of thelants cell walls which reduceshe ability of the microorganisms &aljust
their metabolismand subsequently degrad€de Souza, 20)3This problem can be
overcomeby subjecting the biomass to appropriate pretreatment steps. Pretreatment of
lignocellulosc biomasgFigure2-11), increases the surface area and porosity, dsaupt
removes the lignin, breakdown the hemicellulose polymers andatgstalize the cellulose
to make the cellulose or hemicellulos®mreaccessible tthe hydrolytic enzymes that convier
the carbohydratpolymers into fermentable sugdfsyoub & Lucia, 2017 Hakeemet al,
2014 Kumaret al, 2009 Mosieret al, 2005.
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Figure2-11 Effect of pretreatment on lignocellulosic biomass. Adajtech (Mosieret al,
2009

Pretreatment should essentially improve the release of sugars, avoid the formation of
degradation byproductsthat would inhibit the downstream presesand must beost
effective (Ayoub & Lucia, 2017 Brodeuret al, 2011 Kumaret d., 2009 Sun & Cheng,
2002. The choice of suitable pretreatmédapend on the structureof the biomass, energy
potential of the biomass, enser disposal practices and other technical, economic and
environmental consideratioi&upta & Tuohy, P13 Wonget al, 2016. Thus, there is no
preferred pretreatment method that is universally applicable to all kinds of bidrhass.are
several literature reviews on pretreatment methods for liglbegc materials(Brodeuret
al., 2011 Harmsnet al, 201Q Sun & Cheng, 2002 These state thatretreatmentanbe
physical, physicochemical, mechanidilermal, biological, oa combination of hese
processeslepending on the need to imprdabe degradation of the biomagsgbor et al,
2011 Wonget al, 2016 Yanget al, 2011. A goodcomparison of the different type of
pretreatmenmethods curnatly used for lignocellulosic biomasss been published by
(Mondal & Dalai, 2017.

Physical pretreatmenespecially akdrying will likely bethe simplestmost affordableind
most practicabl&ind of pretreatmenof biomass that could be used by people living in
tropical and developing countribecausef the abundant sunlightThe use of sunlight to
pretreatignocellulosebiomass can be achieved by subjecting the biomass toiadii¢ed
degradatior{Luque & Balu, 2013 during which the lignin strongly absorbs UV energy to its
double bond, and undergo surface degraddfiawaidet al, 2017. Chemical pretreatment
which is often done using acids and alkali reagents is not only expensive but requires
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recovering of the pretreated biomass by neutralization and filtration before fonboessing
(Clark & Deswarte, 2004 Similarly, cost of enzymatic pretreatment accountsafmut25%
biogas total processirexpenseglupoiet al, 201§. However, h many developing
countries of the world, including Nigeria, there are manyrbaources that are acidic and
alkaline innatue, which havenot been investigated as possible dowst substitutes for the
pretreatment of biomass, and these resources when exploited, may impresieliiization
of biomass to a degree thatismparabléo chemicalpretreatmenprocesses

2.10 Mono-digestion and co-digestionof lignocellulosic biomass

Research has shown that grass is an excellent energynrbihat depending on its biogas
potential, it could be classified as eitlasrahigh yielding,or alow energy input perennial
crop (Nizami & Murphy, 2010. Despitealargeamountof researctonthe AD, investigatios
onthe monofermentatiorof grass silagareuncommon(Koch et al, 201Q. However, a
recentstudy byZealancdet al.(2017)hasshown that it was feasible to morgigest ricestraw
in anAD digesterto producebiogas which could be useldy CHP technology to provide
renewable energyAccordingto Belineet al.(2017) livestock manurecanas wellbe used as
AD feedstock because they are rich in nitrogen which could prahdéferto manage the
digestion process and important trace nutrigheg,canenhancehe biological process
Animal manureoftencontairs lignocellulosiccomponentshowever,usinglivestock manure
as monesubstrates ithe AD is difficult because of #ir low energy yield compared to their
volumes(Belineet al, 2017. Thus,combining waste materials, espelyidbod processing
wastes, wastes from slaughterhouses, etc., with other subhstsgtesially agrendustrial
wastes canimprove biogas production withoatajor costimplications(Belineet al, 2017.
Co-digestion essentially improves the nutrient balance of the feedstock and the C:N ratio
which is necessary to make the digestion process more stable. According tostaders)
balancedC:N ratio required to improve the stability and efficiency of an AD process ranges
between 20 30: 1(Demirbas, 2008Korres, 2013Leeet al, 2016 Soni, 2007. A balanced
C:N ratio shows that the nitrogen in the feedstock will be sefiicior the degradation of
carbon and such would enhance the rate of biogas pro@@eedrbas, 2008_eeet al,

2016. Therefae, it can be concluded thet-digestionof wastesmproves theefficiency of

the ADreactor and economic fedsity of the biogas production process.
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2.11 Optimisation ofthe AD process usingonventionalsupplements

Some of the inorganic and organic addis commonly used as supplements to improve AD
performance include: (i) micro or trace nutrients (Ni, Mo, Co, Se, Fe and W), (ii)
macronutrientg¢P, N and S)and(iii) ashes from incinerator®omereGuizaet al, 2017.
Choonget al.(2016)alsostatecthattrace elementsuch as iron (Fepickel (Ni) andcobalt
(Co) arethe most studied and desirafd@d theircorrectcombination as supplements
especially for the mondigestion of micronutrientleficient substratesan have positive
impacts. These impaciscludeimproved digester stability with greater organic tieat

degradation, low VFA concentratigrandhigher biogas production.

Research has alsgentifiedthat when enzymes adeseddirectly into AD reactors, they
degrade thsubstrate faster thamicrobes because of their high solubility and mobility
(RomereGilizaet al, 2016. A recent study byRomereGuizaet al.(2017)alsoshowedthat
biological additives such as microbial inocuhichwasrich in hydrolytic or methanogenic
microorgamsms(bioaugmentatioy) and enzymesncreased the efficiency t¢iie AD process.
Direct additionof enzymes and microorganisms suclCsstridiumcellulolyticumhas also
been reported to improve the hydrolytic stagéhefAD by increasing the degradation of
lignocellulose(Hatti-Kaul et al,, 2016.

Although the addition of chemical and biologlienaterias into AD reactors caenhance the
process stability and biogas yiettle toimprovedmicrobial growth, a recent studhas
shown that N and P additions did not enhance specificy@ttls from rice strawZealandet
al., 2017. In sone research, biochar, magnetite, granulated activated carbon, graptite
carbon cloth have been added to methanogenic AD msactamprove the degradation of

organic acidsleading toanincreag in methane productiofHatti-Kaul et al, 2019.

2.12 Optimisation of the AD process using biomadsrived low-cost supplements

The importance of traceutrientssupplementatioduring the operation of AD reactors, and
thelimitationsto its use inow-incomecountries hae beendiscussedn Sectionl.7.

However theseessential AD supplemenighich are commercially available but expensive,
arenaturallyand freelyabsorbed bgreenplants froma pool of ions in the sothroughtheir
rootsby diffusion, mass flover root interceptiorfKabataPendias & Mukherjee, 200%aha

et al, 2017. Plants absorb trace nigntsat varyingconcentrations depending on the nutrient

supply rate from the soil, the (dhag80iyh of

a7

t

h



Thesetrace nutrientenhancehep | a growdhgroductivity andthe qualty of fruits it
producegChojnacka & Saeid, 2018laeemet al, 2017 Srivastava, 201)2In plantsthese
absorbed aice elements such as Cu, Fe, Mn and Zn help to activate eswayoam be
incorporated intdhe metalloenzymesf electron transfer systemshile Al, Cu, Co, Mo, Mn,
and Znarebelieved tobe responsible for the protectiohdroughtresistant varieties of plants
(KabataPendias, 2000 Theconcentratiorof trace nutrients absorbed by plantsieswith
differentspeciegSharma, 2018 and plants thatan accumulatever 0.1% of Pb, Co, Cr, Cr
and more than 1% of Mn, Nand Zn in their shoots are referred to as hyperaccumulators
(Han, 2007. Once absorbed, Mn, Zn, B, M8e and Cdare readily translocated to the plant
tops while heavy metals ammostly storedin the root egions(Alloway, 1995. Through the
incineration ofwoody plant woodybiomassash isproducel. Wood-ashproduced thermally
from chemically untreated woody biomass such as straw, cereals, hay, woodchips, bark,
sawdust and other agritutal residues is nehazardougRdseret al, 2008 Van Loo &
Koppejan, 201R According toAbdelJawad (2001 )ash from the combustion of biomass
contains much of the inorganic minerals contained in themaidpiomassThus, astirom
agricultural residuesontainsminerals includingraceelementsvhich can be extracted to
potentiallyserve as supplementor the optimization othe AD process, especially in
developing countries around the worTdhis concept will be presented in further detail this
thesisto contribute to the growing research on AD process, as the current stiuafjew
some important insights into leaost AD pocess optimization for sustainable bioenergy

production especially in loncome and developing countries.
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Chapter3 Mat eri als and Met hods

3.1 Biomass Feedstocks

The grass silages (gamba grass, guinea grbsgshant grass, spear grass), agricultural wastes
(rice straw, cassava process wastes, empty palm bunch, empty cocoa pod) and local potash,
werefield collectedin Nigeria during the dry season. These biomass feedstocks welrgedir
locally for 14 daydy spreading theron clean concrete pavements wherey dried under
directsunlightto a moisture content below 10%, as specified in the US National Renewable
Energy Laboratory Analytical Procedure (LA@SJuiteret al, 2009. After drying the

biomass feedstocks, each species was cut into smaller pieces (about 2 cm) usingasassors,
then packed in aitight polythene bags in which they were transported to Newcastle

University for this studySome of the physiochemical cheteristics of the biomass

feedstocks are presentedTiable 3-1.

Table 3-1 Main characteristics of theiomass feedstocks

Rice Elephant Gamba Guinea R.T.C Speargras: Cassave Cassave

Parameters Straw grass grass grass grass starch  peels
Values

MC (%) 7% 9% 9% 6% 7% 7% 12% 6%

VS (%) 82% 87% 81% 89% 79%  94% 90% 84%

TS (%) 93% 91% 91% 94% 93% 93% 88% 94%

C/Nratio 481 2421 361 36.4:1 25:1 63.91 223:1 651

Lipids 1.9% 0.6% 05% 13% 24% 0.9% ND ND

R.T.C1 A mixture comprising of perennial ryegra3$mnothy andclover grasses
ND - Not determined,

MC T Moisture content (%)

TS Total solids (expressed as % dry mass)

VST Volatile solids (expressed as %TS)

Similarly, a mixture of cecropped grasses consisting of perennial ryegrass, clover and

timothy grass wasatlected from a grass silage storage depot at Cockle park daated in
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Newcastle upon Tyne, where it is haregsensiled and used as adigestion feedstock for
the commercial Alplantsituatedonthe farm. Every biomass feedstock used for the curren
study was ground to@owderusing a food blender and thenvad to pass a 1 mm sieve.
Representative samples were taken @ratacterizedor total solids(TS), volatile solids

(VS), chemical oxygen demand, and then carbon, nitrogen, hydrogen, phssphdoxygen
contents according to standard analytical proceshs listed inTable3-8.

3.2 Preparation of lowcost AD supplements

The lowcost supplements whickereused as alternative sources of trace nutriants
reactor buffeing reagents were all prepared using the sedeatgicultural wastes presented in
Table3-2.

Table3-2 Selected agricultural wastes used to poedaw-cost AD supplements

S/N  Name of biomass (waste Photo Crystals from biomass

1 Empty palm fruits bunch

EPB

2. Empty cocoa pod

(ECP)

3 Plantain peels

(PP)
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Procedure:

Ash fromemptypalm fruit bunche$EPB)was collected from a hpaf burnt empty palm
bunclesin a commercial palm plantation located in Umuahia Nigeria. The empty cocoa pod
(ECP) and plantain peels (PP)Tiable3-2 were also collected from individual cash crop
plantations loated in Afikpo-North, Nigeria. Some quantities of dried empty palm fruit
bunch, dried cocoa pod and plantain peels showrie3-2, were also collected and
broughtto Newcastle University for ashing, extractiamd characterization. Each type of ash
extract was prepared by dissolving 500 g of the ash in 1 L dfetistvater. The mixture
produced was filtered using a vacuum filtra
QualitativeFilter Circlesof 90mmdiameter. Sduble extractgfiltrate) from each of the

biomass washen dried at 105C for a period of 3 5 days to producalkalinesalts(crystals).
The salt produced by the biomass feedstocks are preseritaldle3-2. From each othese

dried extracts (crystals), 1af each saltvas weighed and +eissolved in 1 L of distilled

water, andfrom this solution, a sample of each salt soluti@staken for analysis to

determine its elemental composition as describetkction3.2.1 Some of the crystals were
sent to the XRD laboratory in tlelemistrydepartment at Newcastle University where they
wereanalyzedo determine thelmindance of eadype of chemical compoundzesent in the

biomassderived salts using-Xay diffraction (XRD) (

Figure3-1 - Figure3-3).

3.2.1 Elemental composition of selected biomass feedstocks

This was carried odty the wet ash procedure described\iglsen (2017)which involved
the digestion of th& g driedandpowderedsampleof the biomass in a 100 mL conical flask
which was placeth a fume cupboardAbout 10 mL of concentrated $8Qs and 10 mL of
concentrated HNgacids (from SigmaAldrich, UK) wereadded to the biomasghis mixture
of acids and biomasgas placed on kot plateand heated at 12C for about 15 minutes
during whicheffervescenceccurred accompanied by the releakeeddishbrowncoloured
nitrogen(IV) oxide (NO.) gas The addition of the acids continuasl the digestion
progressedyntil all the biomass was completely digestetiich wasevidence by the
formation of a light gllowish solution and then no further release olg&s The digestate
was then transferred to a 100 mL standard volumias& andwasmade up to 100 mL using
distilled water. A sample from this solution was then sent to an analytical labdoatagd

in the Devonshire building in Newcastle Universfty the determintion of itselemental
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compositionusing a Varian Vista MPX axial IGRES with CCD detector in accordance with
the analytical procedure described in the Standard Methods for the EkamofaVater and
Waste Water 20th Edition (APHA 3120 C). The elemeatallysis okach sample dhe
biomasdeedstocksand supplementsascarried out in triplicate. The mean composition of

the metals from each sample aresented iMTable3-3 andTable 34.
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Table3-3 Elemental analysis of some selected biomass feedstocks for their metal

composition

Metals (mg/qg) Concentation (mgg™)
Elephant Gamba Rice Straw Spear Grass Guinea

Al 21.6 3.83 1.21 4.58 2.65
Ca 66.3 42.5 435 41.1 59.2
Co 0.37 <0.01 0.11 0.07 0.03
Cu 0.91 0.24 0.24 0.26 0.19
Fe 237 4.37 51.9 35.2 21.1
K 193 83.1 112 98.4 129
Mg 31.6 26.7 4.40 8.50 23.8
Mn 5.20 3.88 4.18 1.12 2.08
Na 4.2 6.4 2.4 24 4.3
Ni 35.1 0.08 8.29 5.12 2.69
P 394 26.0 13.8 8.3 12.8
Pb <0.05 <0.05 <0.05 <0.05 <0.05
S 14.2 24.8 7.2 12.6 16.9
Se <0.1 <0.1 <0.1 <0.1 <0.1
Zn 0.54 0.49 0.35 0.22 0.69

Note: Eachest on the biomass was carried out in triplicate
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Table3-4 Elemental analysis of biomass asktracts used as supplements for the AD
process optimization

Concentrationrig. gb)

Sample Al Ca Co Cu Fe K Mg Mn Na Ni P S Se Zn

EPB 04 05 <0.01 0.02 0.06 3746 1.2 0.03 22 0.07 187 107 <0.1 0.04

PP 0.1 0.5 <0.01 <0.01 <0.01 4302 0.2 <0.01 17.5 0.03 109 50.4 <0.1 <0.01

ECP 0.2 2.7 <0.01 <0.01 <0.01 4059 1.3 <0.01 12.8 0.02 6.1 124 <0.1 <0.01

EPBiT Empty palm bunch ash extract;
PP 1 Plantain peels ash extracts and
ECPiT Empty cocoa pods ash extracts

3.2.2 Determination of the abundance of the major chemical compounds in some

selected crystals from biomass aséxtract

The salts samples produced from the biomass ash described in S&Z;twere sent to the
XRD labordory locatedatthe Chemistry departmeimt Newcastle University. The results

obtained from the analysis are as shown in

Figure3-17 Figure3-3.
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3.2.3 Analysisof carbon, nitrogen, oxygen, nitrogen andulfur contents of selected

biomass feedstoks

The carbon, nitrogen, arstlfur contentdrom 1 gramof the powderediomassirom each
biomasdeedstockwasmeasuredo an accuracy af 1% using arElementaVarioMAX CNS
analyzerat the Drummond building GC/MS laboratory in Newcastle Univer3itge analysis
involved combustiomf the biomass feedstoek 1145°C in an oxygen atmosphdfewever,

the oxygen contentsf each biomasweremeasured byhe ElementaMicroanalysis

Laboratory UK usingThermoelementabnalyzermodelNA2000, configured fooxygen
analysis. The hydrogen content wietermined usin@arlo Erba EA1108 Elemental

Analyser using the dynamic flash combustion gas chromatography teckifg)lze&

Colombo, 1978 The dta obtained from the above analysis were then used to generate the
stoichiometric formula of each biomass and the theoretical biochemical methane potentials
(TMP) presented in

Table3-5 by using the BuswelEquation3-1.
6 ooy — 0L — 00
Equation3-1

IO O O VQ ¢Q . .
0 O Q@ C0obuv QOY

where the TMP =——— § "Ois expressed in mL C4tyVS added
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Table3-5 Stoichiometric formula and TMP of various biomass feedstocks used for this study

TMP,
S/IN  Biomass Stoichiometric formula L CHa.Kg™
VS
1 Perennial W o
Ryegrass. 0o 0L vy ..p,,U®U " v
Clover and ©¢pwO puvald ¢©v'CO00UL O 408
Timothy
grass
2 Gambagrass 6 O 0 0 Y py@o
O gt®PO 1@l ¢ wWOO060 0O 500
3  Elephant 0 O 0 0 Y pypeod
grass O g @O ¢uawld ocP 0060 0O 491
4 Ricestraw o6 O 0 0 Y ¢1@Q0
01 0@O ocad TP O060 0O 467

5 Guineagrass 6 O 0 0 Y pd®@0
O gqg@O gl ¢PO060 0O 510

6 Cassava 0 g0 g0 5. po&OO
waste O Ym&wW O x &80 0 0000 L 409

The results were validated using the online biogas app (OBA) available online at:
https://biotransformers.shinyapps.io/obgA¢cessed 6/09/2018)

3.2.4 Estimation of cellulose, hencellulose and lignin contents in biomass feedstocks

Severalignocellulosicbiomass feedstocks were used in the current study. However, the
determination of their lignocellulosic compositi@uch as theicellulose, hemicellulose and
lignin contentswere only carried outising theElephant grassamba grass anduinea grass.
Theexperiment waperformedn accordance witkhe protocol developed Byan Soest
(1963) and following the analytical procedures describedbgl (2007 Sharma (2008
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All the reagents used for this analysis were of analytical grade and were purchased from
Sigma/Aldrich, UK

3.2.4.1 Estimation of cellulose

The cellulose contents of the biomass feedstocks were determined using the following

reagents:

1. Acetic nitric reagent @0 ml of 80% acetic acid + 15 ml of concentrated HNO
2. Anthrone reagent (0.2% anthrone in concentrated 673&H~vhich was prepared

fresh before use)
Procedure

Aboutl gof powdered biomass from the -g@ired samplé< 1mm)was adéd to a boiling

tube, fdlowed by 3 ml of acetic nitric reagent, and then mixed using vortex mixer. The
mixtureformedwas boiled in a water bath for 10 minutdgncooledandcentrifuged for 20
minutesto extract the supernatant which was tdestardedThe residudeft was hen

washed with D.I water, centrifuged, and the supernatant discardetdermore10 ml of

67% HSQs was addedo the residu@and this produced mixture which was left to stand for

1 hour to form a solutiorErom this solutionl ml volumewas taken usig a pipette into a

100 mL volumetric flask and waklutedto 100 i using DI water. From this dilute

solution, 1 ml was pipetted into a test tube, followed by the addition of 10 ml of anthrone
reagenin order to determine theellulose content (xin the biomass|In order to accurately

estimate this cellulose conteat cellulose standard containing 100 mg of crystalline cellulose
was also measured and prepared the same way as described for the sample, and then dilute to
the cancentrations shown ifable3-6. The content®f the test tubes were subsequently

boiled in water bath for 10 minutes and cooled. The absorbance of each tube was measured at

630 nm wavelength.
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Table3-6 Procedure for the determination of the cellulose contents in biomass feedstock

Reagents
(ml) Blank 1 2 3 4 5 6 7 8 9 10 x

Standard
cellulose

Distilled
water 1.0 09 08 07 06 05 04 03 02 01 - -

Anthrone
reagent 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0

01 02 03 04 05 06 07 08 09 10 10

A standard curve was then prepared and was used to calculate the amount of cellulose present

in the sample by using the equation of the linbast fit(Equation3-2)

u i oA Equation3-2

wherex is the cellulose content (%), ¢ is a constant, and y is the absorbance measured

by the spectrophotometer for each sampliition.

3.2.4.2 Estimation of neutral detergent fibre (NDF) or plant cell-wall contents

The NDF contents of the biomass feedstawekedetemined the modified Van Soest and

Wine (1967) procedure as contained-aithfull (2002) The chemical reagents used include:

1. Neutral detergent solution: Prepared by dissolving 30 g of sodadacylsulfate
18.61 g of sodium borate decahydrate, 6.81 g of sodium borate decahydrate, and 4.56
g of anhydrous disodium hydgen phosphate inlitre of distilled water and stirred to
dissolve the mixture. Weighing was carried out witheatractionfan on, and while
wearing dust masks because sodium dodadyhtedust irritates the lungs. The pH of
the mixture was adjusted €97 7.1 using 1 N NaOH solution. About 10 mL of

triethyleneglycol was then added to the solution to prevent foaming.

2. Acetone
Procedure.

About0.5 g ofpowdered biomass from tlaér-dried sample (< 1 mm) was weighed and
transferred to a 56| roundbottom flask (socket size 34/35hfter that, 100mL of neutral

59



detergent solutiowas measured and added to the bioma#seifilaskat room temperature

This mixture, containing the biomassdthe neutral detergent solutiaras then transferred

to the Kjeldahl heating uni©On the Kjeldahl heating unit,@il condenser ground glass cone

with size 34/35 was connected to tkendbottomedfask. Subsequentlya steady supply of

water was tured on while the mixture was heated to boil. At boiling point hib&ting

regulator was turned down and theatednixture wasallowed to simmer for 60 minutes

This period, the flask wasccasionally swigdand squirtd withallittle amount of D.l water

to wash back samples from the flask walls and condenser respectively, into the detergent. The
mixture in the flask was then transferred to No. 1 sintered glass crucible (previouslgtdried
500°C for 30 minutes and cooled irdasiccatoy. After cooling,the mixture in the flask was
filtered by applying gentle suction using a vacuum pump. After the first suction, the mat of
samplefibre in the crucible was then broken into small piecesgia glass rod, and then

washed twice, by filling the crucible witrery hot water (80 90°C) andrepeating the

filtration step. The washing and drying were also repeated twice using acetone, and then
allowed to dry in dume cupboard to remove the dore. The acetorfeee solid obtained was
dried overnight at 108C oven, then cooled in a desiccator and weighed. The crucible with its
NDF content wasfterwardplaced in a cool muffle furnace, and its temperature increased to
500°C for 3 hours to ashhe sample. Tis ashedsample wasginally removed from the

furnace, coled in a desiccator and weighed to determine the % of NDF in the sample, and the

% of ash in the NDF as follows:
. AOGOGA OREAAIDR Equation 3.1
7TAEGCEHEEAOA
7AEGEEDE QAT A TPA T

. A O G\GRAD A OEEAEOR Equation3.2
7 AE G EEE AOA
7AEGEEDE AT A TPA

3.2.4.3 Estimation of hemicellulose using the Neutral Detergent Fibre Method
(NDF)

The total hemicellulose contents of the bass feedstocks were determined using the

following reagents:

60



1. Neutral detergent solution: Prepared by dissolving 18.61 g disodium
ethylenediaminetetraacetatnd 6.81 g of sodium borate decahydrate, in 200 ml of
distilled water. The mixture formed was thieeated and stirred to dissolve all the
solids. About 200 tof distilled water was added to 4.36 g of anhydrous disodium
hydrogen phosphate which was placed in a separate beaker, and then heated to
dissolve the salt. Botkolutionswere then mixed thorghly, and the pH adjusted to
range between 6.9 and 7.1. Nwume of the mixturevas then raisetb onelitre
using distilled water.

2. Acetone

3. Anhydrous sodiunsulfite

4. Decahydronaphthalene (reagent grade)

Procedure

About 1 gof powdered biomass from the-@ried samplé< 1 mm)was weighed into a
beaker ofarefluxing apparatus. This was followed by the addition of 10ahcold
neutral detergent solutip@ mL of decahydronaphthalene, and 0.5 g sodsuifite
solution. The mixturgroducedvasthenheaed for 51 10 minutes. Heating was reduced
when the mixturetarted to boil, and that was done in order to avo#@ming. The
contentsn the beakewere refluxed for 60 minutes at boiling temperature, and then
filtered through sintered glass{&3, followed by washingvith hot water. Theesidues in
the sintered glassere further washed twice with acetone before being transfereed
weighed crucible and dried at 180 for 12 hours. The crucibléogether with its contents

was then cooled in a desiccatmd weighed to estimate the wei@f its content.

Hemicellulose = Neutral detergent fibre (NDFAcid detergent fibre (ADF)

3.2.4.4 Estimation of Acid Detergent Fibre (ADF)
The acid detergeffibbre (ADF) contents of the biomass feedstocks, were determinged trse

following reagents:

1. Acid deergent solution: Prepared by dissolving 20 g of Cetyl trimethyl ammonium
bromide (CTAB) in 1litre of 1N sulphuric acid.
2. HSQu (72% wiv)
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Acetone
Sintered funnel (&)
Round bottomed flask with refluxing apparatus

o g bk~ w

Muffle furnace
Procedure

About 1 gof powdered biomass from the airied samplé< 1 mm)was weighed into the
beaker of the refluxing apparatus, followed by the addition of I0@acid detergent
solution. The mixture was heated for 10 minutes, and theretten was reduced #se
mixture started to boil in order tpreventfoaming. Subsequently, thbeaker was removed
from the heater, cooledndthenits contentaerefiltered througha sinteredfunnel (G2) on
afilter manifold by suction. The contenivere again rinsed twice into tbeicible with hot
water, and then filteredrurthermorethe washing of the contents of tteicible was carried
out two more times with acetone, using the same proceduiethenfltrate became
colourless The crucibé and its contents were then drirdhotair oven at 100C

(overnight) After the drying, it wasooled in a desiccator and weighed. The percentage (%)

acid detergentibre was then calculated as showrEquation3-3.

7 AE ¢ HKBEAE A Q
7AECHEEQRA T B

Equation3-3

I ABA OA OEEARORA pAAnn

3.2.4.5 Estimation of Acid Detergent Lignin (ADL)
The aciddetergent lignin (ADL) contents of the biomass feedstpulere determined using
the following reagents:

1. 72% (w/v) BSQu: Prepared by dissolving 583Lnof pure concentrated sulphuric acid
in 417 niL of distilled water in a volumetric flask, with occasiosétring. The

processavasvery hot andwascooled in a \ater bath.
Procedure

The acid detergent lignwas determined by transferring the ADF to the sintered crucible,
followed by addition of 50 ml of 72%43Q4 (15°C) and stirring the mixture with a giimg
rod to smooth the paste and break the lumps. iNélglass rod still left inside the

volumetric flask to break the lumps, the flask was refilled with sulphuric acid and stirred
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hourly as the acid drained away. The addition of acid was repeateq wiik the crucible
temperature kept at 2023°C for 3 h, and then the mixture was filtered to remove the acid.
This was followed by washing the content with hot water until all the acids were washed out.
The crucible was then dried irhatair oven at 100C overnight and weighedAfterward the
residue vas placed in auffle furnace at 550C for 3 h, cooled and weighed to estimate the

ADL as shown irEquation3-4.

I ABAOCAOGEAIT&G P

A Equation3-4
Tt

The results obtained from the experiment described in Segofh.1 3.2.4.2 3.2.4.4 and
3.2.4.5are presented ihable3-7.

Table3-7 Results from te determination of cellulose, hemicellulose and lignin contents in
Elephant grass, Guinea grass and Gamba grass

Hemi
Lignocellulosic DM MC ODM Ash NDF ADF ADL cellulose Cellulose
Biomass (9) (%) (%) () () () (%) (%) (%)

Elephantgrass 0.95 5% 86% 19% 67% 46% 7% 21% 40%
Guineagrass 096 4% 93% 10% 73% 54% 10% 19% 44%
Gambagrass 095 5% 96% 9% 70% 53% 10% 17% 43%

NDF = Hemicellulose + Cellulose + Lignin + Minerals
ADF = Cellulose + Lignin + Minerals

Cellulose = ADF 1 Residue afteextraction with 72% E5Qy
Lignin = Residue after extraction with 72% H2S0OAsh

3.3 Seed sludge (reactor Inoculum)

The freshinoculum for AD reactors was collected from an active mesophilic anaerobic
digestion plant used to-digestcattle slurry andyegrassat Cockle park farm in Newcastle
upon Tyne. Iwas sieved using a 5 mm sieweremove solid particles to make it
homogneous. Degassing was carried out by incubating the inoculunt@t @/hich was

the operational tengrature of the AD plant from which it was collected. The degassing
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process was protracted for abouti1D4 days until daily methane production was |lésst

1% of the cumulative methane production was observed). After the degassing, the inoculum
was mixal with the substrates at various ratios and the biomethane production was
determined in accordance with theocedureublished in(VDI. 4630, 2008.

3.4 Experimental Procedures

3.4.1 Batch Reactorsi Biomethane Potential (BMP) Assay

All the BMP assays were performed in 500 ml reactgses and were carried out in
triplicates for each condition tested, including blanks and contrdier #ling the reactors,

they were flushed with NCO; (80/20% as volume) for about 10 seconds to drive off
ammonia and oxygen, and that kept the pHeattrality and maintained anaerobic conditions
inside the reactor vessels. Every flushed reactor Mvesseimmediately closed with a rubber
stopper Figure3-4). Different masses of biomass feedstocks were used in the BMP tests to

ensure that the BMP was not underestimated due to potential inhibition from s&ubstra

overloading, with inoculum to feedstock ratios ranging fromi62i1.

Figure3-4 Batch Experimental Setup used for the determination of the BMP of substrates

A blank assay containing only inoculum amndter was used to determine the background
methane production from the inoculum, which wabtracted from the methane production
obtained in the sample assays. Control assays using cellulose and acetate as substrates were
also set up to confirm the viaityl of the inoculum. Mixing was carried out at least once a day
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by swirling the reactor kitles for about 15 seconds. This helped to facilitate the contact
between the bacteria and substrate, to prevent accumulation of substrates and intermediate
productsn the medium by providing homogenous conditions inside the reactors. The daily
volumes ofbiogas produced were collected using1Hire S u p elhe& Multi-Layer Foil

Gas Sampling Bag with Thermogreen®-PBSepta equipped with Screw Cap Valve (SCV)
purchased from Sigmaldrich UK. Each reactor was connected to its own gas sampling bags
via a 6 mm PVC tube fitted with a clip and attached toetal tube passing through the

rubber bung that was used to as stopper for each reactor bottle.

The biogas volums produced by each reactor bottle were measured daily for periods ranging
from 28 to 40 days, and their methane content determined uSlagaErba HRGC 5160 gas
chromatograph equipped a flame ionization detector, an electron capture (ECD) detector, and
an oncolumn MFC injector with a split/splitless controller. The GC was operated at oven
temperature set at 138G and utilized helium gaas the carrier gas. The injection of the

biogas from the reactors into the @@scarried out following the procedeidescribed in
Section3.4.2

3.4.2 GC method for Methane Analysis

Methane analysis was conducted by injecting about 50uL, 40, 30y, 20y, andvblunes

of a known standard calibration @Has into the GC using0 pL SGE Gas Tight Syringe
with Luer Lock which was purchased from Sigilrich, UK. The methane peaks were
captured by an Atlas software (Fisher Scientific), and these were then plotted against the %
CHa content in each pL of standard injected in Mewti Excel. The straigHine graph from

this plot produced the equatiohastraight line: A = mx+ c; where A represents the areas
occupied the standard gas, while m and c are constants. This equation was then used to
determine the concentration of rhabe in the biogas by substituting the area (A) in the
equation with the @a of the peak produced in the GC by the biogas from the reactors. The
percentage of methane was then established by finding the values of x from the equation
above. This percerga of methane was then multiplied by the total volume of biogas to
determire the actual volume of methane gas produbredrder to achieve this, the normal
volume of the gas was calculated usigpation3-5 which included headsgte correction

and watewrapourcontent to obtain the volume of Ghh the dry state at ST&described in

VDI. 4630 (2006)
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6 ,gf‘] Ny 8% Equation3-5

0:8Y
where
(b‘}’[‘l volume of the dry gas in the normal state in Nm
W volume of the gas in the gas bag in mL
N pressure of the gas phase &tttme of reading in hPa

No Vapour pressure of the water corresponding to the ambient (room) temperature, in hPa
¥ Normal temperaturéy, = 273 K
O¢ Normal pressurd); = 1013 hPa

Y Temperature of thbiogasgas which is equivalemb the ambientaom temperature in

K at time of measurement.

The methane content of the dry biogas volume obtainedBgtiation3-5 was estimated
usingEquation3-6 (VDI. 4630, 2006.

5 5 ﬁ Equation3-6
where
0 is the methane content (%) in ttiey biogas
0 is the methane conter] in the moist or raw biogas produced
n is the pressure of the gas phase at the time of reading expressed in hPa
n is the vapour pressure of water at ambient (room) temperature, see Afoethe

vapour pressure table
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The biogas contents were also subjected to headspace corusitigequation3-7 to
account for the biogas caihed at the heapace of the fermentation apparafybl. 4630,
2006.

5 5 5 5 2 Equation3-7
W
where
0 is the correct concentration of the biogas in the dry gas in % by volume
o is the measured concentration of biogasmponent in the dry gas in % by volume
W is the headspace volume, in mL
W is the volume of biogas produced, in mL
o] time of measurementc &

The volumes of methane measured in the first 7 deeysused to plot the experimenturve

which was then used to define the hydrolysis constant for the first order hydrolysis model:

Qi - Equation3-8

where S is the biodegradable substrate, t the timéatiwe first order hydrolysis constant.
From the experimental data, the value of the ultimate methane production and the methane

produced time, t are related as showidquaion 3-9:

0 0 . i -
i - 00 Equdion 3-9

where:6 is the cumulativéd "O(ultimate) production at'7day,6 is the daily methane
production within the reference time during which the hydrolytic constant was determined.

See AmexA for a summary of the results from the BMP tests.
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3.4.3 Kinetic analysis of BMP data

This was carriedut bymodelingthe cumulative methane volume produced using Gompertz
Equation3-12, to establish the relativeddegradability and the methane yieldeach
substrate and to see the difference in trends between the experimentabdata(i3-10),
and the values from a model equation using firdeokinetics. The biodegdability
constants, K was determined uskBguation3-11 while the GompertEquation3-12 was
used to determine other parameters.
. Yo d noa@ o € £€oa O

600 ——— i~ .00 ' TBQQO"Y
AWIEDQE aRNQI WEYL Q

Equation3-10

WO was8p Qwn i Equation3-11

- Y & ion3-
Do DEMNQW - v 0 Equation3-12

whereY (t) is the cumulative biomethane yield (L @QHat a digestion time t (days), Ym is the
maximum biomethane potenti@dl CHa.. kg VS added d?) of substrate added, k is the decay
constant (day¥ and itmeasureshe rate of degradation. M (t) is the cumulative biomethane
yield (L CHs kgVS) at a given time t (days). P is the maximum biomethane potential (L
CHas. kg'VS) of the substrate from the BMP testmakds the maximum biomethane
producton rate (L CH. kg™'VS addedd™). ¥ the lag phase measure how long it takes (days)
before the methane production starts to occur whilis R measure of the fitness of the

biomethane curve on the kinetic model.

3.5 Continuous stirredtank reactors (CSTR)

The CSTR consisted of six QuicKfiborosilicate culture vessels each ditées capacity
purchased from Sigmaldrich, United Kingdom. These vessels were covered with Quftkfit
flat headplatevhich had parallel center jointST/NS: 19/26, and a 10° sidecket joint
vacuum adapter with sasethread (ST) connector for flexible tubing. Theadplateseal was
made aittight using awhite silicone sealant and a high vacuum greasehased from VWR
UK. Each reactor was also fitted with a 60 cm stainles$ stieng rob with 20 cm stirring
bar passing through theenterjoint of the head plate with a water seal and clamped to a

variable speedverheadstirrer engine, and each of the reactors was fully mixed by setting its
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own overhead stirrer at the speed of 120 rpm. In the current studyedifexperiments were
carried out with reactors working volumes ranging froin3litres, feeding were alsocatried

out at an OR ranging from 1.0 to 2.0 kgv&:3.d?), and ahydraulicretention time (HRT)
ranging from 20 25 days. Except for the expewent with perennial ryegrass where the effect
of discontinuous feeding and continuous daily feeding regimesnweastigated, feeding of

all the reactors was done once a day at approximately 24 h intervals throughout the study. The

complete setup for theoatinuously stirred tank reactors (CSTR) is as showkigare 3-5.

Figure3-5 Continuously stirred tank reactors (CSTR) setup with tubing connected to gas
samping bag, a variable speederheadstirrer engie with stirring rod passing through
Quickfit® flat head plateparallel center jointa 10° side socket joint vacuum adapter, black
insulating mat, Kype thermocouple inserted into the reactor using a rediea rubber

bung, and a control box fitted witSestos temperature controllers.

Non-adhesivevnire wound Silicon heating pads (190 x 415 mm, 230V), with 1M lead
purchased fronHolroyd Components Lttnited Kingdomwereused to provide heating for

all thereactors These heating pads were wrapped around the reactors by means of hooks and
springs attached to them. A black insulating mat was also used to cover the heating pad in
each of theeactordo minimize heat loss he temperature inside each reastessel was

monitored using a Khermocouple probe on%estodemperature controller inserted into the

reactor mixture, which controlled output to the heater pBlds.pH inside the reactors was
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also measured dailyusimy Ther mo Sci ent i 26ipld/BissalvedOoygenSt ar E A
Portable Multiparameter Meter. Physichemical parameters, such as: total solids (TS),

volatile solids (VS), chemical oxygen demand, ammonium nitrogen'@Nli total Kjeldahl

nitrogen (TKN), alkéinity and volatile acid concentratns were measured weekly according

to standard method&PHA., 2009. Stability of the proess in terms of total volatile fatty

acid (TVFA) to alkalinity (FOS: TAC) ratio was also determined as earlier described in

Section3.6.

Daillybogas production from each r eadmettMult- was col |
Layer Foil Gas Samjpig Bag fitted with a Thermogreen® LB Septa and Rush/Pull Lock

Valve (PLV), which was connected to one of the outlets on the Qfickfit a c t orales head ¢
The methane content (%) in the biogas was measured as described in&éion

Monitoring and Analysis. A summary of all the operatioreigmeters which were

monitored, and the analytical procedures used are shoWabie 3-8.

Table3-8 Important parameters monitored during the anaerobic digestion processes in
continuous reactors

Parameter Units Test method Target Frequency
Temperature °C Meter 36-38°C Daily
pH pH units 4500H" B, pH Meter 6.81 7.2 Daily
Gas production  Litres Gas Bags Variable Daily
Gas composition % Gas chromatograph 50T 65% CH, Daily
Sample volume mL VDI 4630 2007 250 mL Weekly
Total solids % APHA 2540 B - Weekly
Volatile solids % APHA 2540 B - Weekly
Alkalinity mg. L APHA 2320 15007 5000 Weekly
Volatile acids mg. Lt APHA 5560C 507 330 Weekly
FOS:TACratio  Nil Calculated 0.1-0.2 Weekly
Organic loading g.L™ d! Measuring cylinder 17 2gVS. Lt dt  Daily
rate
COD mg. L APHA 5220B open Variable Weekly
reflux
NHs-N mg. L't APHA 4500NH4-N 50-1500 Weekly
B&C
TKN-N mg. L APHA 4500NorB 100-1600 Weekly
VDI = in Germanyerein Deutscher Ingenieu(®DI. 4630, 2006
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FOS = in GermarFluchtige Organische SaurdVVFA expressed in mglAc.L™Y)

TVFA = Total volatile fatty acid concentration

HAc = Acetic acid equivalent,

TAC = in GermanTotales AnorganischeSarbonatdtotal allalinity buffer
expressed as mg? of CaCQ.

APHA = American Public Health Association, USA (APHA, 2005 #2467).

The destruction/reduction of volatile solids in the react@asestimated usingquation3-13.

®VY 'Y wpmnm  Equation3-13

WE A Qi6 QMY N 6 O b QE £ Y

wherew Y represents the percentage of VS in the feed going into thereack Y
represents the percentage of volatile solids in samples taken from the AD reactor. VS

measurement was carried out following the standard method mentiohall@s-8.

3.6 Stability of the AD proess

3.6.1 Determination of Total volatile acid (FOS) and Total Alkalinity (TAC) ratio

The stability of anaerobic digestion process wasrd@ned by the ratio of the volatile fatty
acids (VFA) to the alkalinity otherwise known Rgpley ratio, IA/PA ratio,VFA/bicarbonate
ratioor FOSTAC ratio (Lossie & Putz, 2008Shettyet al, 2017. This was measurdwy
titration as described hyossie and Ptz (200@ndFederation (2007 )which involveda two
stage titration during which thealues of the bicarbonate alkalinity and the alkalinity due to

volatile acids were estimated as follows:

9 ftitration up to pH 5¢5: the first stage of titration provides the partial alkalinity (PA),

practically equivalent to the bicarbonate alkalinity

9 titration up to pH 4.3: the second stage of titration provides the intermediate alkalinity

(IA), practically equivalent to the alkalty of the volatile acids.
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" 41 T DR a4 6 ! Equation3-14
41 T (D46 !

where:

BA = bicarbonate alkalinity (as mgCaeD?), TA = total alkalinity (as
mgCaCQ.L™?), VFA = con@ntration of volatile fatty acids (as nagetic acid.™), 0.85=
correction factor that considers 85% of ioniaatbf the acids to the titration endpoint, and
0.83 = correction factor from acetic acid into alkalinity. The results from the estimation of
FOSTAC ratio (Table3-9) were then used to determine the correct amount of buffering agent
(bicarbonate) to dose into the reactor to maintain optimum buffering capacity within the

digester.

Table3-9 Ripley ratig FOSTAC ratio, intermediate alkalinity (IA) partial alkalinity (PA)
ratio or Volatile acids and alkalinity ratibAndreoliet al, 2007

FOS TAC Indication Action to be taken

>0.6 Excessive organic load Stop feeding the reactors

0.57 0.6 High organic load Redue feedstock input

0.47 0.5 The AD reactoris at the limit Monitor the reactors carefully

0.31 0.4 Ideal condition for biogas productiol Keep feedstock input constant

0.27 0.3 Insufficient organic loadunderfed  Increase the feedstock input
reactors) gradually

<0.2 Extremely low organic load Increase feedstoakput quickly

3.7 Data analysis

The data obtained from the current study waralyzedusing the statistical packages SPSS
version 17.0, MicrosofExcel 2016 (Microsoft Corporation, USAinetic models which

were used to predict the expected results, dagiadconstants and hydrolysis rates were
carried out by fitting the experimental data on the Gompertz equation using the curve fitting
tools in MATLAB R2016a. All analyseserebased o a5% statistical significance level for

all parameters tested, anduéis are presented within2 S.D. Correlation and regression
analysis, analysis of variance paired samphssis (2 tailed), etc. were also used to

determine the statistical sigimfince of the differences between the mean values of the results

obtaired from different experiments carried out in the current study.
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Chapter4 Ef fect of feeding interval, oper

| oading rate and pH on the SMRasasnd \

silage mixture of perennial ryegras:
f edest ock

ABSTRACT

A mixture of grasses consisting of perennial ryegrass, clover and timothy grass which were
co-cultivated was used for the current study. The experimental set ugteonsi six

anaerobic continuously stirred tank reactors (CSTR) asgehmbihree pairs as follows:
psychrophilic (Pair 1), mesophilic (Pair 2), and thermophilic (Pair 3). A-neatral pH 6.8

7.2 was maintained in all the reactors using a 1N ammohicanbonate solution. All the

CSTR were acclimatized for 7 days (day 7). Theperiod of irregular daily feeding intervals
lasted from day 8 93, whereasegular daily feedingasted from day 10# 140. The organic
loading rates (OLR) used from day ¥, 87 56, 57i 93 and 197 120 were 1.48, 1.0, 1.5

and 1.5 gva.1.d?, respectively. All the CSTR were operated at a hydraulic residence time,
HRT of 20 days. During thperiod of regular daily feeding intervdlday 104i 140), the pH

of all the CSTR s maintained at the neaeutral range with biomass ashtracts

suppkement. The results obtained showed that the mean SMP from the Pair 1, Pair 2 and Pair
3 reactor measured at-8ay intervals, calculated from day Z8B (rregular feeding

intervalg were 294.5, 433.5 and 370.2,ML CH.g'VS addedd?, respectively. Sirtarly,

the SMP of all the paired reactors fralmy 6071 93 (failing state) were 140, 273.8c231.1

N mL CH4g*VS addedd? respectively; while from 19i 120 (regular feeding
intervalgrecovery), the SMP from the Pair 1, Pair 2 and Pair 3 reactorsaiger&85.1, 160.8
and 318.2, NnL CH4g VS addedd respectively. None achieved stesstgite conditions

which suggesthatthe application of irregular daily feeding intervaidfeeding AD reactors

is not likely an effective practice for achieving &usable biogas production in a long run.

The addition of NHHCO;z as supplement provided a good buffering condition in the digestion
process, but later it led tos@uringproblem probably due to thaccumulatiorof excess
ammonia, ammonia inhibition, amlen a subsequedecreasén pH and gas production, and
acidification. However, the addition of ashtracts prepared from agricultural biomass waste
was shown to enhance theogery of the failed AD reactors due to its richness in essential
trace elemet and high alkalinity content, both of which are necessary for optimal bacterial
growth.
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Keywordg Anaerobic digestion, discontinuous feeding, Perennial ryegbpesific

Methane Production, supplements, temperature
Objectives
The objectives of the crent study were:

1. To compare the effects feeding interval on the specific methane production (SMP) and
volumetric methane production (VMP) of CSTR during the anaefestion of
grass silage.

2. To investigate psychrophilic anaerobic digestion of graageidls a sustainable and
affordable process in developing countries

3. To assess the effects of organic loading rate on the SMP from grass silage at
psychrophilic, mesdglic and thermophilic temperatures.

4. To compare the recovery rates of psychrophilic,ittoghilic and mesophilic CSTR

after procesfailure following supplementation with biomass asktracts.
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4.1 Materials and methods

The materials and methods usedhis study are summarized Trable 41 while the

characteristics of the biomass feaatk and inoculum are presentedliable4-2. The

reagents added to all the reactors@splementsluring the irregular daily feeding intervals

and regular daily feeding intervals were ammonium bicarbonateHS8s) (BioUltra grade,
SigmaAldrich, UK), and empty palm bunch asixtract Table3-2).

Table4-1 Summary of the materials and methods

Material

SourceDescription

Inoculum

Mixture of perennial

Ryegrass, White

Cockle Park farm, Morpeth, UK

Preparation: Spread and dried at room temperature for 4 weeks, g

and sieved to < 1mm and stored in artigint container at 4 °C prior

Clover & Timothy to use. Se€hapter 3Table 3-1 for results obtained from the
physicochemical analysis of tlygass silages.

CSTR Setup: See the procedure described in Seétivn

Feeding plan Once daily at irregular (discontinuous) feeding intervals.

Organic loading rate

(OLR)

1.48 gVSL1. d* (day 1- 7) acclimatization

1.00 gVSL-1. d* (day 8i 56)irregular feeding interval

1.50 gVSL1. d* (day 571 93) irregularfeeding interval

1.50 gvSL™. d?! (1047 109) regular feeding without supplementatiol
1.50 gVS.LL dt (1107 125) regular feeding with supplementation

1.50 gVS.LL dt (1267 140) regular feeding without supplementatio
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Table4-2 Characteristics o the biomass feedstock and inoculum

Analysis Abbreviation  Inoculum Feedstock
Moisture content (%) MC 87% 7
Totalsolids (%) TS 1% 93
Volatile solids (% in TS) VS 61% 79
pH value pH 7.8 X
Chemical oxygen demand (mg!L. COD 14,333.3 X
Total Kjeldahl Nitrogen (mg'L TKN 2,415 X
Ammonium nitrogen (mg1) NH* - N 2,016 0.84
Alkalinity (mg CaG@?) TAC 19,550 X
Carbon (%) C X 43.6
Hydrogen (%) H X 6.1
Nitrogen (%) N X 3.09
Oxygen (%o O X 34.8
Sulphur (%) S X 0.29
Carbon to nitrogen ratio C:N X 25:1
Lipids (%) X 2.4

Thephysicochemicgbarameters monitored aadalyzedas well as theitest procedures and
sampling frequencies are presentedatle3-8. Similarly, the CSTR used for the current

study were grouped in pairs as showf @&ble4-3.

Table4-3 Summary of CSTR operating conditions

Reactos name Composition Temperature

Pair 1 R1 and R2 Psychrophilic (25 £ 2 °C),
Pair 2 R3 and R4 Mesophilic (40 £ 3 °C)
Pair 3 R5 and R6 Thermophilic (60 + 2.5 °C)

All the reactors were fed once per day throughout the experiment. During the periods of
irregular daily feeding intervals, the time difference between each feed were less than 11

hours, whereas as other times, the time difference were over 30 hours. éfaduging the
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period of regular daily feeding, the reactors were also fed once pdruday,24+ 1 hourly

intervals.

4.2 Results and discussion

4.2.1 Operational parameters

4.2.1.1 Effects of temperature and pH

The mean temperatures of Pair 1, Pair 2 and Pair 3 reactors weg&°€540+ 3 °C, and60
+2.5°C, respectively. This implies that temperatusgations recorded in all the reactors
deviated from mean values approximatelyH87C/day; which ishigher than the maximum
temperature variation afl °C/day recommended for anaerobic digestion plants in order to
maintain stability(Grady Jr, 201}l However, tesevariatiorsin temperature did not result to
any ndiceable negative effect on the performances of the reactors, especially the Pair 2
(mesophilic) CSTRThatis, despite temperature variations, overall, the Pair 2 reactors
performed better than the Pair 1 and Pair 3 CSTR both in terms of stability d@nahme
production.This betterperformance achieved by Pair 2 reactors agreesShig (2014and
Harzevili and Hiligsmann (2017yvho reported that mesophilic bacteria can tolerate

temperature fluctuationsithin £ 3 °C without signifcant variation in methane production.

The pH inside the AD reactors is another important parameter that was monitored in the
current study because previous studies have shown that any deviation from optimum mean pH
6.81 7.4 ansubstantially affect AD djesters performance by decreasing the bacterial growth
and the activity of the anaerobic microbes, which can lead to a considerable reduction in daily
biogas production and digester failiffendreoli, 2007 Grady Jr, 201l The decision to

maintain pH of the CSTR within the optimum range was necessary becausesindaso
shownthat operatingAD reactors around pH 7107.2 enhances the activities of the

metanogenic bacterigAndreoli, 2007 Hobsonet al, 1981). The summary of thetatistical
comprison of the mean values of the pH in each pair of CSTR condition fromidaga

are presented ihable4-4.
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Table4-4 Comparison of the pH in the Pair 1, Pagr®l Pair 3 reactors

Pair 1 Pair 2 Pair 3
Descriptive Psychrophilic Mesophilic Thermophilic
Statistics (25+1°C) (40£1°C) (60+1°C)
Mean 7.01 7.11 7.22
Mode 7.05 7.16G 7.18
Std. Deviation 0.74 0.76 0.78
Maximum 7.58 7.71 7.84

Table4-4 suggests that thmeanpH of all the CSTRwvaswithin the desired optimum range,
remaining near neutral possibly due to daily supplementation of all the reactors with the
ammonium bicarbonate solution. However, this not true during the AD process failure,
phase BFigure4-10andFigure4-12) during which even the addition of NEOs could not
prevent the reaots from failing due to rapid consunmut of alkalinity by high concentration
of VFA (Figure4-6) which caused the pH to fall below pHFEigure4-1). The changes in the
pH of the reactors due to the addition of the bicarbonate supplemershsasin Figure

4-1.
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Figure4-1 Mean pH values inside the Pair 1, Pair 2 and Pair 3 reactors. Details of the feeding
phase are presentedrigure4-4.

However, with the addition diHsHCOs supplements to all the CST(Rigure4-1), it was

found that the stability of the pH valyes the ability of the CSTR to retain pH after
supplementatiorincreased with teperture Since research has shown that pH shows the
alkalinity situation in the AD reactode Lemos Chernicharo (20QThen it is possible that
these behaviours of pH in Pair 1, Paand Pair 3reactorsgduring their supplemertian with
equal amount of NHHCOzs indicate that the ability of the CSTR to retain alkalinity is directly
proportional to operating temperatunghich could banathematically expressed as shown in
Equationd-1.

0 RO a QHRAITY I Equation4-1

where k is a constant of proportionality which mayirideienced by the concentration of

volatile solids and concentration of supplements adde®t€8TR.

Thus, operating AD reactors at low temperatures as in the case of Pair 1 reactors would
necessitate more expenditure on supplementation to minimizedhmalation of VFA

which acidifies the CSTR causing it to falilhis explains whyn extravolume of the
ammonium bicarbonate supplement was required to maintain adequate pH in the Pair 1

reactors, compared to Pair 2 and Pair 3 reactors. Although ammonium bicarbonate was used
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as asupplemenin the current study, howeveate Lemos Chernicharo (200Aoted that the

high cost of the reagent is a major impediment to its use as AD process supplements. Contrary
to expectationssouringstill occurs in all the reactors from day 70 despite supplementation of
ammonium bicarbonatdhis instability problem in all the CSTR was likely not only due to
discontinuous/irregular feeding, but also duandncreasé the OLR from 1.0 to 1.5 gVE.

! d on day 57which increased instability and souring in the reactor due tdoaing
(Figure4-10). This was followed by rapid acidification in all the reactors due to increases in
VFA concentrationsTable4-6), emission of pungemdourfrom both the reactors and the
biogas, andlaily decrease in volumetric biogas production and methane conidrich are

all signs of overloadin@grigure4-10). These results also agree with thakKoh et al. (2002)

who during a study comparing the merhances and stability of mesophilic and thermophilic

AD reactors found that increasing OLR stimulated acidogenesis in the reactors leading to the

productionof more VFA and Hwhich cause the AD reactors to fail due to pH<5.

4.2.2 OLR and VS destruction

During the period of acclimatization (dayi17), there was aupstantial drop in pH of the
reactors from 7.84 to 6.8, probably due to the rapid consumption of alkalinity by the slightly
acidic biomass feedstock that was fed to the reactors. This situatioomesled by dosing
ammonium bicarbonate solution to @t the pH to the range of 6.&.2, and then reducing
the daily feeding as described in sectoh The volatile solids destruction of the reactors
varied from 27% to 82.52% across the reactors, witfeanof 61.9, 68.5 and 63.5% for Pair
1, Pair 2 and Pair 3 reactors, respecti(Eigure 42). The percentage destruction of volatile
solids (VS) was directly proportional to the amount of biogas prod{iégdre4-9), but
inversely preortional to the OLR.The extent of destruction of VS in the digesters also
varied with the time of feeding and sampling of the reactors. Thus, dueitcetihdar daily
feedingpattern adpted for the study, higher VS destruction was recorded at |degeing
intervals, that is when feeding times was ov2ddinterval, while lower destructiowas

recorded at lower feeding intervals, that is whenféleelinginterval was less than 24 h.
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Figure4-2 Volatile solids (VS) reduction (%) in Pair 1, Pair 2 and Pair 3 reactors. Details of
the feeding phases are presentedigure4-4.

Lower intervals between feeding times resulted inait@umulatiorof VS inside theeactors
which led to the problem of overload at different times, especially from day 57 when OLR
was increasedl@ble4-1), frequen pH drops(Figure4-1), and instability during the styd

This result agrees witHolland (2013) who reported that overloading an AD digestéh
excessive feed leads to tfasterproduction of VFA at a rate which exceeds that which the
methanogens catonvert to methane gas. Such situation can lead to the accumulation of
unconverted VFAs leading to the acidification of the digestefed| in pH to a value < 6, and
can resulin the death of methanogenic archaea and total process faihae¢hermoplic
anaerobic digesters, Pair 3 showed good volatile solids destruction ratesywghatigher
than that of the Pair 1 (psychrophilic) reast but comparable to that of the Pair 2

(mesophilic) reactors.

4.2.3 Variation of ammonium nitrogen, TKN nitrogen, and COD

Ammoniumion (NHs") is anessentiabource ohitrogen nutrient needed by bacteria for their
metabolism. However, at high pH, mostloé NH;* converts to free ammonia which is toxic
to methandorming bacteria(de Lemos Chernicharo, 200@erardi, 2003Jha & Schmidt,
2017. In the current study, the mean concentratioarimoniacal nitrogen/ammanduring

startup was 2,618 mi:* due to the high ammonia content of tagtle surry component of
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theinoculum used. However, this concentration decreased continuously over time in all
reactors as shown Figure4-3 until over 80% of the original concentration had been washed
out. According tdGerardi (2003)ammoniacahitrogen (NH") in an AD digster in the

range of 56200 mgL * has abeneficialeffect, when preserat the range of 2001000 mgL"

1 ammonidN has no adversefett on the AD process. However, it was reported that
ammoniai N concentratin ranging from 1500 3000 mgL * has inhibitory effect apH level
over 7.4, andt such toxic concentratiobiogas production is reducéd/ellinger, 2013.
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Figure4-3 Mean concentration of ammoniulh (NHs*-N) in Pair 1, Pair 2 and P&r
reactors over time

One major issue with the Pair 1 reactors was that bemgemperatureeactors, they had

high ammoni&N concentration which is a problem due to potential inhibitory characteristics
of ammonia when present at high concentrations. niésophilic reactoréPair 2) which had

the lowest ammonidN concentration, performed better than both Pair 1 and Pair 3 reactors.
The concentration of ammoiiild in the thermophilic rectors (Pair 3), was just slightly higher
than that of the mesophilicaetors. The higherconcentration in the thermophilic reactors

was expected becauBagineers (200&)ad earlier stated that among the different types of
ammonia compounds present, that ammonium baocete is the most spagly soluble in

water, and that its solubility increases with temperature as shoWabie4-5.
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Table4-5 Solubility of ammonium bicarbonaté different temperaturgEngineers, 2008

Temperature (C 0 10 20 30 40 50 60
Solubility (%) 10.6 13.9 178 221 26.8 316 37.2

In agreement witlEngineers (Q08), Shah (2014)also stated that ammonia toxicity increases
with temperature and that thermophilic processes are more susceptible to ammonia inhibition

at ammonia concentration80 mg/L.

A previousstudy byJha and Schmidt (201,73lso found that lowenhibitory effect of

ammonia occurred at mesophilic compared to the thermophilic temperatures. In another study,
Paul and Dutta (201&howed that AD plant operated at thermophilic temperatures are more
prone to failue especially at pH >7.due to free ammonia inhibition because the release of

free ammonia increases with the temperature of the anaerobic digestion process. This release
of ammonia at dighertemperature may be due to volatilization or stripping oftnenonia

molecules.

Furthermore, the results from the analysis of the total Kjeldahl nitrogen (TKN) and organic
nitrogen concentrations in the reactors present&tgure4-4, shows that the TKN in the Pair

1, 2 and 3 reactodecreasefrom 2,588 1,218 mgL!; 2,501i 696.5 mg.tand 2,257.1

735 mgL " respectively. The orgariidl contents in the three Pairs of reactors discreased

from 903.6/ 105 mgL?; 7701 178.5 mg. and 567 144.7 mg. " for the Pairl, 2 and 3
reactors espectively. From the data, it is apparent that the concentration of both the TKN and
organid N recorded in all the reactors were far lower compared to the reswtseabfrom

other experiments carried out in the current study using different gragsss{ectiors.2.2)
andFigure6-3).
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Figure4-4 Mean concentration of total Kjeldahl (TKN) and organic nitrogen iRair1, Pair
2 and Pair 3 reactors over time

The higher concentration of the organic nitrogen in Pair 1 redetbte suboptimal biogas
production (Figure4-9, Figure4-11 andFigure4-12), and this could be because the daily
addition of ammonia bicarbonate introduced a high organic nitrogen contents in the reactors
which led to the release of free ammonia at inhibitory concentrafldnespresence of high
concentration of freammonia in AD reactors inhibits the methanogenic activities by
increasing the energy required for their maintenaalterstheir intracellular pH, decreasm

their intracellular potassium contents and inlsithie specific enzymatic reactions of the
archaea methanogerighu, 2017.

The boxpld (Figure4-5) represents the variability in the total chemical oxygen demand in all
the AD reactorsThe total concentration of the chemical oxygen demand @@Dhe

reactors showed an increasing pattitom dayl i 7 because of the daily loading of the
reactors with biomass feedstocks without any remdsigu¢e4-4). This corresponds to the
period of initial VFA accumulation during the acclimatization period. Howelvem day 8
onwards, a higher CODreduction occurred when feeding was delayed beyond 24 h, and that
statistically correlated with the methane productioh£mR.79)(Figure4-11). Thus, reduction

in CODrremoval(Figure 45) corresponded with a reduction in VS removaidure 42),

from the digesters, and that was predominant in the Pair 1 reggsychrophilic), and
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especially during very close feeding intervals duringittegyular daily feedingrrocessFrom
Figure4-5, it is clear that theneanconcentration of COPin all thereactors was increased
from the ' quartile (25% percentile) to thé’Buartile (75% percentile) with their mians
all within the *'quartile The outliers epresentalues of CODs high than expected in the
reactors correspond the periods of high operational instability due to increasing
concentrations of VS and high C®@ the Pair 1 (psychrophilic) and Pair 3 (thermophilic

reactors).
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Figure4-5 Comparison of mean CGDvariation in the Pair 1, Pair 2 and Pair 3 reactors from

day 81 85

One other majoobservatiorfrom these reactors was thiaeir CODr removal was directly
proportional to the operating tgraratures, which was why more CO2moval was recorded

in the thermophilic (Pair 3) reactoriSigure4-5) . Statisti caWwayRostHoche Tu
Multiple Comparisons ANOVA which was used to compare the €@dba from the

psychrophilic, mesophilic and thermophilic reactors, with an assumption of equal variances,
equallyshowed that the meanfidirence in the value of the CODetween each pair of

reactor conditions was significant at 0.05 level. This furtladidates the earlier observation

that the degree CGDemoval was related directly with the operating temperature.
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4.2.4 Volatile fatty acid inhibition and alkalinity

The formation of VFA in the AD is regarded as one of the most important parameters for
monitaring the performance of the digestion process due toititebitory effects when
present in undissociated states or at high concentrgtitangevili & Hiligsmann, 2017
Stronacthet al, 2019, and Sawyer et al, (2003) asafed in(Khanal, 2011parepated that the
value VFA often anges between 50250 mg HAcL ! in a healthy anaerobic systen.the
current study,le concentration of VFAs observed in the reactors increased indiwe o
acetate>propionate> butyrate> isobutyrate> isovalerate> forfnate day 1 140. This
shows that eetate hadhe highest concentration while the formate had the lowest
concentration among the VFA produced in all the reactors during this studyevidr, the
concentration of formate was so low and was only detectde: thermophilic reactors (Pair
3), just after failureTable4-6). The VFA profiles for Pair 1, Pair 2 and Pair 3 reactors are

shown inFigure4-6.
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From the graphs iRigure4-6, theirregular daily feedingontibuted to instability during the
AD process which is evident from the intermittent accumulation of VFA from the startup,
especially in the psychrophilic reacs (Pair 1)and reactor R6 (Pair 3T he results also show
that increasing the organic loadingerdrom 1. 0 to 1.5 §S.L1.d brought about aapid
increase in VFA accumulation on day 56. However, with the regular use of ammonium
bicarbonate to buffethe reactors, no detrimental effect was observed on the methane
production at this point. Howexeon day 56, the Pair 2 (mesophilic reactors) had
accumulated high concentrations of VFA > 1,500ki#.L* despite the addition of the
bicarbonate alkalimjt The other two pairs of reactors started producing biogas \pitimgent
odour, due to the accuntation of very high concentrations of VFA. The highest
concentratiosof VFA recorded in the reactoeseshown inTable4-6.

Table4-6 Maximum concentrations of VFAdetected in the Pair 1, Pair 2 and Pair 3 reactors
during theperiodof instability in the ADreactorgday 55i 140)

Anaerobic Concentrationrag. LY
CSTR .
Acetate Butyrate Formate Isobutyrate Isovalerate Propionate

R1 4170.1 727.7 0 473.0 162.7 2288.5
Pairl

R2 2636.2 685.3 117.8  476.3 171.2 1971.4

R3 41219 2010 O 192.6 102.2 1098.6
Pair 2

R4 5944.3 230.6 0 218.2 338.8 1256.4

R5 4016.5 147.2 22.8 254.8 138.1 1151.5
Pair 3

R6 1782.5 210.1 45.1 237.2 134.8 1249.1

Figure4-5 andTable4-6 showthat thepeak concentrations of acetate were highest followed

by propionate and then butyrate. However, research has shown that acetate is the least toxic
VFA produced during th&D process, and that propionate atoamcentratiorr 3000 mg.LL,

can inhibitAD processesadverselyand could lead to the process failure, unless an inoculum
was previously acclimatized to these high concentra(i®trenachet al, 2012. Khanal

(2011a) also reported that VFA ceentrations above 2,000 mg HA inhibit the
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methanogens. Propionate inhibition occurring in AD reactors when detected at a
concentratiomangingbetween 1000 5000 mgL * has also been recordéstronactet al,,
2012, according tqVerteset al, 2011]), propionate can inhibit archaea methanogens even at

neutral pH.

Although acetate is presumed to be ldasttoxic VFA to AD processes, high concentraiso

of acetate reduce the buffering capacity of the digesting sludge whicls¢hageH to drop
(souring)(Holland, 2013, and indicates the failure of acetoclastic methanoge(@ssly Jr,

2011, Stronacket al, 2012. Propionate, isbutyrate, and valerate have also been reported to

be the most significant volatile fatty acids that are affected by ammonia iohi@hi et al,

2017. Accordirg toWheatleyet al.(1997) when there is shockdd during the operation of

AD reactors, there is high potential for disruption to occur because the gadesibf the acid

forming bacteria is more rapid than that of the methanogenic archaea, and that can result in an
increase iracid concentration, reduction in alkalinity and changes in biogas composition. To
prevent process upset occurring during AD openaiVheatleyet al. (1997)also stated that it

is better to separate the acidogenic and the methanogenic stages of the process in two different
reactorq2-stage system) to enable the acidogenic reactor to act as the buffering tank which
helpsprevent possible shock in the methaeiig reactor. Process upset, or shock can also be
prevented from occurring during AD process by ensuring that adequate avhalkalinity is

present in the reactors.

Therecommendedange of alkalinity in thé\D is 4000- 5000 mgL* CaCQ (Andreoli,

2007. However, the mean alkalinity in the reactmsgesrom 3,537.5 9,775 mg.™*

CaCQ with ameanof 8,311 mg."* CaCQ for pair 1 reactor; 4,787158,050 mg.L* CaCQ

with ameanof 5,717.2 md."t CaCQ with a mean of 3,971.9 mg?! CaCQ for pair 2

reactors, and 2,712i55,700 mg. ! CaCQ with ameanof 3,972 ngy.L* CaCQ for pair 3
reactors. Thus, these results show that in the current study, the ammonium bicarbonate
alkalinity present in all the all the AD reactors prior to their failure was close to the optimum

range.
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Figure4-7 Mean concentration of alkalinity in the reactor: Pair 1 (black lines), Pair 2 (blue
lines) and Pair 3 (red lines), and the mean total volatile fatty acid to total alkalinity (FOS:
TAC) ratio over time

Achieving adequate alkaity inside the eactors was further verified from the FO8C

ratio, based on the normal FO3C ratios of AD reactors publishdy Lossie and Putz
(2008)using titration method (Sectid6.]). The results irFigure4-7 show that thenean
FOSTAC ratio in the reactors ranged from 0.D.3: 1 forthe psychrophilic reactors; 0-2
0.4: 1 for both the mesophilic and thephdic reactors. The infonation fromthe FOSTAC
ratio suggests that none of the reactors was overloaded betweein d8y 6lowever, due to
the accumulation of VFA, the FOBAC ratio started to increase which indicated that failure
of the digesters wamminent. Statistically, there was strongcorrelation (R= 0.98)

between the alkalinity within the Pair 1 (R1 and R2), the Pair 2 (R3 and R4)).B2 and

the Pair 3 (R5 and R6),2R 0.84, with no significant difference observed in the variation of
alkalinity in reactorooperated undeghe same conditions (p > 0.05), except for the
thermophilic reactors (p < 0.05) which suffered temperature contfailere that led to VFA

accumulation.

4.2.5 Propionate-to-acetateratio

The propionatdo-acetate : A) ratio inside an AD reactor provideseful information about
the condition of the digestion process. Studies have showAEhptocess failure occurs at
P:A ratio > 1(Nigam & Pandey, 20Q%hah, 2011 TheP:A ratio recorded in the Pair 2
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(mesophilic reactors duringprmal discontinuous operation were effectively lower than that
those of their psychrophilic and thermophilic counterpart during the period of discontinuous
feeding condion (day 25/ 58) with only exception of day 47 when VFA in all the reactor
(Pair 1,Pair 2 and Pair 3) increasedRA ratios >1:4 due power cut which led to thermal
and overloading shock in all the reastoiThe problem of excessiveAPratio was reolved
by suspending feeding for 3 days (dayi 381), while continuing bicarbonate
suplementation and that effectively reduced the concentrations of VFA to zero around day
62 as shown ifrigure4-8.

Pair1 —=—R1(°25) -R2(°25)

Pair2 —+=R3(°40) -+ R4 (°40)
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Figure4-8 Stability check using propionate: acetate (P: A)osaimn the Pair 1, Pair 2 and Pair
3 reactors. Details of feeding regimes are presentédbie4-1 andFigure4-7.

However, the FA ratio of reactor R6 in Pair 3 also irased tdl:4.5 which made it very
unstable. However, with the dosing of ammom bicarbonate, the value ofAPratio in the
reactor reduced tb:1.4 on day 64 and < D.05thereafter However, after all the reactors had
failed, and began to recover (da6t 140), due to the addition of supplement from empty
palm bunch ash, onltyhe thermophilic reactors, R5 and R6 showed a slightly better stability,
based on A ratio, compared to Pair 1 and Pair 2 reactbhe reactoR2 was the only stable
reactor beween day 105 119, while theother reactors showed higherA > 1:1, especially

for R3 and R4. The overall results obtained from the analysis of the restetaifisy in terms

of their PA ratios, suggest that shorter feeding intervals duringrtegular daily feeding

practice adopted for the study enhanced acidogebgsie acidogens due to their rapid rate
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of reproduction causing pH to drop due to VFA remaining unconverted to methane by the

final stage of the AD proces

4.3 Effect of temperature orbiogas production

4.3.1 Overall biogas production (day 1- 140)

The mean spafic biogas production (SBP) in the Pair 1, Paar@l Pair TSTR fromday 1-
140 were 345.5, 619.1 and 599.8rM biogas ¢'VS addedd respectively, while the mean
volumetric biogs production (VBPWas164.7, 267.2 L and 218L CH4.g'VS addedd?,
respectivelyas shown irFigure4-9. Overall,the cumulative SBP from the Pair 1, Pair 2 and
Pair 3 reactors were 26,605.1, 47,672.0 and 46,18 .Fiogas repectively, while the
cumulative volumetric biogas production fronetreactorsverealso 32,512.9; 59,634.0 and
59,411.1mL biogas, respectivelgFigure4-9).
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Figure4-9 Cumulativemeanspecific biogas production (SBP), cumulative mean volumetric
biogas production (VBP) and mean methane contents (%) in biogas from the Pair 1, Pair 2
and Pair 3 reactor$he compositiorof the Pair 1, Pair 2 and Pair 3 reactors defineélkibple

4-3. Point P and Q (day 93103) represents@eriodof break inthe feeding due to thfailure

of the AD reactors.
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These results show that aaé, the SBP from each of the Pair 2 (mesophilic) and Pair 3
(thermophilc) reactors were 45% higher that than that of the Pair 1 (psychrophilic reactors).
However, the BP from the Pair 2 and Pair 3 reactors were almost the @agwee4-9). The
results also show that the mean VBP of the Pair 2 am@Peactors were 44 and 42%
respectively, higher than that of the Pair 1 reactors. However, the cumulative mean VBP
from the Pair 2 reactor was 3% higher than that of the Pair 3 reactors, which shows that
overall, the performance of the mesophilic éimekmophilic reactors in the current study were
nearly the same in their biogas productivity (SBP and VBP), and thesensarly double

that of the psychrophilic reactors. Similarly, overall, the average methane contents (%) in the
wet biogas from the Pal, Pair 2 and Pair 3 reactors as showhigure4-9 were 48, 56 and
51%, respectively.

Furthermore, the overall mean specific methane production (SMP) from the Pair 1, Pair 2 and
Pair 3 reactors shown Figure4-10were 221.1, 313.3 and 295.7 N r@H,.gVS addedd?;

and these corresponded with overall mean volumetric methane production (VMP) of 192.8,
381.2 and 366.6 N mL Cti, respectively.

-+-Pair 1 cum. Mean SMP-&-Pair 2 cum. Mean SMP-e-Pair 3 cum. Mean SMP
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Figure4-10 Cumulative mean specific methane production (cum SMP), specific methane
production (SMP). Cum. means indicate the average of the cumulative volumes of methane
produced in the Pair 1, Pair 2 and Pair 3 reactors. Other paranare as defined Fgure

4-9. .

Statistically, a paired sampladstsbetween the mean SR the paired reactors, gave a p
value < 0.05 for (Pair 1 and Pair 2; and Pair 1 and Pair 2) respectively, while a comparison
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between Pair 2 andair 3 reactors gave avalue > 0.05. These results suggest that overall,
the difference between the temperasupéthe mesophilic and thermophilic AD reactors did
not have any significant effect on the volume of biogas pittmlyovhereas such diffenee

had an enormous negative effect on the biogas pradumttithe psychrophilic reactors. The
higher performancesf the mesophilic and thermophilic reactors can be explained by thermal
advantage, because heaterhanceshe rate of microbial growth, driherefore increases the
rate of the digestion processes and biogas produ@imovskiy, 2008.

4.3.2 Irregular daily feeding pr acticeand asteady-state conditions

Figure 410 andFigure4-11 signify that none of the reactor conditions wasablachieve
steadystateconditions despite being operated at fixed temperatures and under controlled pH
conditions.Table4-7 also contains a summary of the results frono@mgarison of the specific
methane prodttion (SMP) in the Pair 1, Pair 2 and Pair 3 AD reactors from day6H)

which represents the period of normal operation before the reactors started to fail and day 107
T 140, which represents the methane produdtiom the reactors during the periods o

recovery from failure.
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Table4-7 Minimum, maximum, mean and standard deviation of the SMP from Paired CSTR.

Mean specific methane production for pad conditions

Paired reactors

Time Minimum Maximum  Mean Std.
(days) CHs CH Deviation
Psychrophilic (Pair 1) 25¢ 58 112.9 537.9 294.5 122
60¢ 93 41.8 376.5 140 91.6
107- 140 99.7 296.1 185.1 61
Mesophilic (Pair 2) 25-58 238.7 576.4 433.5 109
60-93 58.3 423.2 273.8 86.7
107-140 485 343.2 160.8 78.7
Thermophilic (Pair 3) 25-58 207.6 566.5 370.2 87
60-93 86.9 413.5 231.1 98.7
107- 140 146.0 465.7 318.2 112.6

Note: specific methane production is expresseanlirCH,.g'VS added.d. Refer toTable4-3 for
feeding conditions.

The results presented Trable4-7 andFigure4-11, signify thatfrom day 25 58, the SMP

from the Pair 2 and Pair 3 reactors increased by 32 and 2@%ctively compared to the

Pair 1 reactors. It alsadicates that the SMP from the Pair 2 reactors was 15% higher than
that of the Pair 3 reactors. Similarly, the volumetric methane production (VMP) which is also
presentedrigure4-11 shows that volume of methane produced by the Pair 2 and Pair 3
reactors were 50 and 41%, respectively, higher than that of the Pair 1 réHu®onseans

that the mesophilic reactors were more staipiger the irregular daily feedirapndtion (with

no outliers se€&igure4-5), compared to the thermophilic and mesophilic reactors. This
suggests that the unequal intervals between daaljirig times could beesponsible for

process instabilitys it may haveesultedin shortterm changes to the actual OLR, giving
irregular hydrolysis patterns and subsequent formation of varying concentrations of
intermediate products inside the reactorbese results agree witlurovskiy (2006) that

feeding of anaerobidigesters at regular intervals, and short intervals of 1 hour rather than 24
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hourshelpto maintain steadgtate conditions in the digester because methanogens are
sensitive to sudden changes in volatile solids concentratitve AD reactorsEqually, a

more uniform feeding pattern, perhaps every 8 hours, could reduce shock loadingsarhich
lead to areductionin alkalinity, andhelpsto provide more stable buffering against pH change
in the reactor. It also important to note that the SMP values achieVable4-7 are within

the ranges of BMP values of some of the grass silages that constituted the CSTR feedstock,
such as elephant grass or Napier grass {13 mL CH4.g*VS added. d, Timothy (333i

385 NmL CHs.g'VS added.d), ensiled grass (128392 NmL CH..gVS added. d),

clover (290-390 NmL CH4.g*'VS added.d) and mixed grasses (28815 NmL CH4.g*VS
added.d) (Frigon & Guiot, 201]. Interestingly, the current study, only the mean methane
produed in the thermophilic CSTR &ble4-7) were comparable to the BMP value of 399.4
N mLCH4,g1VS added which was obtained from the batch (sstsAnnexA, Table9-3).

Between day 6093, the mean SMP from the Pair 1jrRareactors were hignthan that
from the Pair 1 reactors by 49 and 39%, respectively, and that shows that methane production
from the mesophilic reactoveithin this periodwasalmost double that from the psychrophilic
reactors. Also, the SMP from tiiRair 2 reactors exceatlthat from Pair 3 reactors by 16%.
Similarly, the VMP from the Pair 1, Pair 2 and Pair 3 reactors within this period were higher
by 63 and 55% respectively, compared to the Pair 1 reactors, and that the Pair 2 reactors
achieved a WIP which was 17% highehan that of the Pair 3 reactors. Also, between period
A (day 25- 58) and period B (day 6093), the mean SMP from Pair 1, Pair 2 and Pair 3
reactors decreased by 52, 37 and 38%, respectively. It is also evident froabkbé-7 that
as the failing of the AD reactors progressed, the methane production in the Pair 1, Pair 2 and
Pair 3 reactors further decreaggdduallyfrom the maximum values shown Trable4-7 to
lowest minimum \alues of 41.8, 58.3 and 86.9mM\L CH..g'VS addedd™, respectively.
Correspondingly, the VMP for the Pair 1, Pair 2 and Pair 3 reactors also decreased to their
lowest values of 62.8, 164.2and 130.4nN CH4.L ™. d*. These decreastowsthatthe mean
volumes of methanéSMP) lostin Pair 1, Pair 2 and Pa#¥ reactors due to failure were 89, 86
and 79%, respectively. The period of regular decrease in daily biogas/methane production
(Figure4-9 andFigure4-10) coincideswith the period of rapid decrease in the pH of the
digestergFigure4-1), and according tblolland 013)as a sudden decrease of the pH of AD
reactordelowthe neutral value can inhibit tlgasproduction or lead to digester failure. This
period of AD failure (phase B iRigure4-12) alsocorresponds$o the period of high
concentration of VFA in the reactadfSigure4-6). Due to the failure of all the CSTR atite
pungent smell emanating from them, they warat downfrom day 941 103representedy
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period PQ inFigure4-10 andFigure4-11. However, prior to and during tHailure phase, the
Pair 2 reactors were least affectgdthe process upset suffered by the reactors amdo
Pair 1 and Pair 3 reactors. Such observation is in agreement with several puitdisktede
which reported that the mesophilic AD process is less sensitive to toxicants compared to the
thermoplilic AD processegGerardi, 2003Jha & Schmidt, 201)7 Also, Jha and Schmidt
(2017)reported that gradual increase in ammonia concentrations resulted ensiabst
decrease in the maximum growth rates ofrirgahilic microbes, and that final cessation of
growth occurred at a total ammoniéroagen concentration of 7.0lg?, whereas the same
concentration did not have any noticeable effect on the mesoplaititore.Kim et al.(2002)
also found that thermophilic singtage CSTR produced much hég VFA than the
mesophilic reactors under the same condition of operatioch agrees with the results

obtained un the current study.
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Figure4-11 Mean cumulative volumetric methane production (cum. Mé&sliP) and mean
specific methane production (Mean VMP) in the Pair 1, Pair 2 and Pair 3 reactors over HRT.
Other parameters are as definedrigure4-9.

Feeding of the reactors commenced again on day 104 (poinfiQure4-11), but now on
regulardaily (24 hourly) feeding intervalsThis reguladaily feedingwascarried out for the
5 days without supplementation, but tdid not improve the reactors conditionstil
supplementation of athe reactors with asbextracts commenced on day9l @hich together
with the regular daily feeding, enhanced the recoverhi@fé¢actorsAs evident irFigure
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4-11 andFigure4-12, the reactors, especially Pair 1 and Pair 3 started to recover gradually,
but the mesophilic reactors (Pair 2) were very slow to recover. Also, the data contained in
Table4-7 implies that from day 18 120, the SMP produced by Pair 3 reactors was 42%
higher than the SMP from Pair 1 and 49% higher than that from Pair 2 reactors. Thus, during
recovery (phase C), the Pair 1 (psychrophilic) and &inermophilic) reactors recovered

faster than the Pair 2 @ephilic) reactors. A comparison of the results obtained from the

Pair 1, Pair 2 and Pair 3 reactors between the failing state (phase B) and recovery phase
(phase C) also shows that during teeovery phased, the SMP improved by 24 and 27%
respectivelycompared to the SMP recorded during the AD process failing phase. However,
the SMP from Pair 2 reactors further decreased by 41% during this recovery period
suggesting that the mesophilic matiogens were much affected during the period of failure,
whichimplies that the reactors would requirkvagerperiod to recover compared to the
psychrophilic and thermophilic reactas defined imable4-3. Similarly, within the same

period (phase C), the VMP from the Phiand Pair 3 reactors presentedrigure4-11 were 7

and 49% respectively, higher than the VMP from the Pair 2 reactors, while the SMP from the
Pair 3 reactors exceeded that of the Pair 1 reactors by 46%. glihéha reovery of the
mesophilic reactors (Pair 2) as obtained in the current study suggests that the reactors would
require a muclongertime to recover. This suggestion is in line withjpai (2017who

reported that slovgrowing mesophilic methanogereguire up to130 h or 5 days for its
regeneration. Also, because methanogens areglowing microbes, their ability remove

VFA is theratelimiting step in the AD procegS$ykes & Skinner, 20105

Further comparison between tineegular dady feeding phase (A) (day 25%8) and the
process recovery phase (C) (day 1@40) also reveals that the SMP from the Pair 1, Pair 2
and Pair 3 reactors obtained during phase A were 37, 63, and 40%, respectively, higher than
the SMP obtained from sameactors during recovery (phase C). The better performance of
the Pair 2 ifhesophilicreactorsicompared tahe Pair 3 (thermophilic reactonsiay bedue to
theirregular dailyfeedingbecausehermophilic methanogersave been reported to kery
sensitiveto changes in operational conditions, and could easily suffer VFA or ammonia
inhibition compared to the Pair 2 (mesophilic react@sahi & Rathinam, 2008 However,
during this same period, the VMP from the Pair 1 and Paia®aes in phase C were 17 and
27% higher than the VMP obtained during phase A, which shows that feeding the AD
reactors at reguldeedingintervals were better tharregular feeding intervaldHowever, the
VMP from the Pair 2 reactors during phase A w&% higher than that of phasgprobably
because the mesophiles required more time either to grow or to adjust to the new feeding
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mode. In the same way, a comparison between the VMP achieved in the Pair 1, Pair 2 and
Pair 3 reactors during Phase B (failipigase) and phase C (recovery phase) also reveals that
during the recovery phase, the VMP from the Pair 1 and pair 3 reactors increased by 40 and
27% respectively, compared to the VMP from the mesophilic reactors during the same period,
which further decrased by 42%. The better performance of the Pair 3 (thermophilic reactors)
over Pair 1 and Pair 2 reactors agrees @ithardi (2003who stated that biomethane
productionfrom the thermophilic AD reactonwasconsiderably faster than in mesophilic
reactors. It is also possible that the higher OLR in the reactor from dag4&Y(Table4-1)
favouredthe thermophilic over the mesophilic reactors over that period, although this was
more obvious during theecoveryphasegFigure4-10 andFigure4-12). This posdly explains

the resultsincethermoplhiic AD reactorsare generally known toperate at #asterrate at

shorter HRT and higher OLR compared to the mesophilic and psychrophilic AD reactors
(Sani & Rathinam, 20108 Table4-8 summarizes the results from correlation test and pair
samples-tests which were carried out to determine the effects of the different operating
conditions and supplementation on the performances of the C&Tig gphase A, B and Ga
defined inFigure4-12

Table4-8 Correlation tests andtést statistics of paired mean SMP of the Pair 1, Pair 2 and
Pair 3 CSTR at 95% confidence interval and isigances of pvalue (2tailed)

Paired Samples Paired samples Paired Samples
Methane Paired CSTR Test (23- 58) test (Day 60 93) Test (107- 140)

production R? p-value R? p-value R? p-value

Mean SMP Pair 1 and Pair 2 0.59 0.000 -0.08 0.001 0.37 0.243
Pair 1 and Pair 2 0.34 0.011 -0.30 0.037 0.54 0.000
Pair 2 and Pair 2 0.59 0.005 0.81 0.014 0.75 0.000
Mean VMP Pair 1 and Pairz 0.82 0.000 0.01 0.000 0.71 0431
Pair 1 and Pair 2 0.47 0.000 -0.30 0.001 0.74  0.000
Pair2and Pair 0.563 0.005 0.81 0.006 0.74 0.000

The results imMable4-8 clearly shows that there were positive correlations between the all
Pairs CSTR conditions comyeal duringirregular daily feedingegime, phase A (day 23

58), andduring the period of recovery phase C (dag 1A20), and the period during which
regular daily feedingvas applied. HoweveT,able4-8 also reveals that during phase A and
phase B, that the difference in theanef the SMP or VMP between Pair 1 and Pair 2
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reactors was statistically significantypalue < 0.05), whereas during phase C, it was not
statistically significant (pvalue > 0.0%. This was because during phase A and B, the all the
reactors responded tifently during tharregular dailyfeeding regime, and each pair of
reactors maintained its pattern of response until the AD processes failed during phase B
(Figure4-12). However, during the recovering phasee tiuthe lag experienced by the Pair 2
(mesophilic) reactors, the mean valueshefir SMP and VMP were comparable that of the

Pair 1 (psychrophilic) reactolxecausehe Pair 2 reactors suffsitserious shock due to

failure. However, for comparisongtween Pair 1 and Pair 3, or Pair 2 and Pair 3, the
difference between either the mean valoktheir SMPor VMP were statistically significant

as expected. Also, during recovery (phase C), apart from a comparison between the SMP
from Pair 1 and Pair 2ectors, all other reactor paired comparé&édlfle4-8) showed stronger
positive correlation compared to phase A and B. From these results, it is also obvious that due
to the switch fromirregularto regular feedingntervals and the supplementation of ash
extractsPair 1 and Pair 3 reactors recovered faster and started functioning maximally, even
better than their performances prior to their failure, whereas Pair 2 reactors only produced
their best during phase &u B. These results suggest that the mesophilicoesaare more

stable undeirregular daily feeding intervadonditioncompared to psychrophilic and
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thermophilic.
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Figure4-12 Comparison of the meaneyific methane production (SMP) of CSTR operating
at different temperaturebefore during and after the AD process failure. Error bars represent
+/- 2 standard error (SE) of the mean. Other parameters as defirigaiia4-9.

The poor performance of the Pair 2 (mesophilic) reactors in terms biomethane production
during the recovery period (phase Ejgure4-12) suggests the toxiy of the reactorsaused
by theiracidification due to lygh VFA concentratior{Figure4-6), which led to their failure
may have led to substantial washiogt of the microbes, especially the methanogenic
archaea. It may also be that the daily supplementation of the all the reactcasmuhium
bicarbonate during phase A, ob&d a concentration which resulted to severe ammonia
inhibition of the growth rate of the slegrowing methanogens and acetogens, and such might
have limited methanogenesis leading to the accumulation of VFA inrghénstance. This
assumption couldebtrue because accordingGerardi (2008 even though ammonium
bicarbonate is the preferred bacterial nutrient source for nitrogen, and provides buffering
capacity in the anaerobic digestehigh concentration of ammonium carbonate may cause
free ammonia toxicity which is a cause of digesadure.
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4.4 Conclusion

To compare the effects feeding interval on the specific methane production (SMP) and
volumetric methane production (VMP) of CSTR during the anaerobic digestion of grass
silage

Discontinuous feeding enhanced SMP in the mesophilicaranbre than the thermophilic

and psychrophilic reactors. The mesophilic reactors were also more stable during irregular
feeding intervals than the psychrophilic and thermophilic reactors. Prolonged operation with
irregular feeding caused all the reactwrfail and although changing to a regular feeding
interval improved VFA accumulation, the reactors did not recover fully. However, following
the supplementation of all the reactors with EPBedhacts, recovery was observed, with a
greater increase imethane production in the thermophilic and psychrophilic reactors
compared to the mesophilic reactors. This suggests that the mesophiles in the mesophilic
reactors showed a lower recovery rate after inhibition compared to the psychrophiles and

thermophiles Thus, the mesophilic reactors would require more time to recover completely.

To investigate psychrophilic anaerobic digestion of grass silage as a sustainable and

affordable process in developing countries

The relatively good performance and rapid rkexyp of the psychrophilic reactors suggests
that they could be utilised in leimcome countries like Nigeria, but these reactors would
require the addition of chemical supplements, such as biomasst@abts to counter the

effects of high VFA formationrad reactor instability.

To assess the effects of organic loading rate (OLR) on the SMP from grass silage at
psychrophilic, mesophilic and thermophilic temperatures

Increasing the OLR of digesters during the period of irregular feeding reduced the SMP, an
increased ammonia inhibition, VFA accumulation addur(souring) of the AD reactors at
all temperatures, and this increased instability caused the onset of process failure to occur

despite daily supplementation of ammonium bicarbonate alkalinity.

To wmpare the recovery rates of psychrophilic, thermophilic and mesophilic CSTR after

procesdailure following supplementation with biomass asttracts

After CSTR failure due to the increased instability caused by elevated OLR, supplementation

of the reactos with EBP askextracts brought about a strong recovery of the psychrophilic
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and thermophilic reactors by providing beattiequatalkalinity and essential trace nutrients

which presumably helped support bacterial grostlincreasd reactor performance.

The mesophilic reactors also started to recover, but at a slower rate compared to the other
reactors. Therefore, lowost alkalinerich ashextracts produced from agricultural biomass
wastes were considered to be useful sources of alkalinity and traisetsiftir AD systems

digesting lignocellulosic biomass as a meubstrate.
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Chapter5 Ef fettdowt biomass extracts on t
thermophilic and mesophi |l rdd glels trieoanc te

tropical grass sioeaggsei nmyjidva assav

Abstract

The current study involved the -cligestion of seven tropical grass silages and cassava
processing wastes in four (4) pairs of 1 L continuously stirred tank reactors (CSTR) operating
at upper mesophilic (4) and lower thermophdi(55 °C) temperature conditions. The
mesophilic reactors consisted of Pair 1 control reactors (unsupplemented) and Pair 2 reactors
(supplemented with askxtracts), whereas the thermophilic reactors were made up of Pair 3
control reactors (unsupplementetd Pair4 (supplemented with as#xtracts). All the

reactors (Pair 1, 2, 3 and 4) were fed at the sangenic loading rate of 2 g\St.d* and

were operated at a 20 d hydraulic residence time (HRT). Thexasttt supplement was
prepared by extractindpe alkaine-rich soluble component of empty palm bunch d&5RR),

which also contained essential trace nutrients. The results showed that fromi dgg 35

(period of pseudsteadystate operation), that the specific methane production from the Pair

1, Par 2, Pair3 and Pair 4 reactors were: 249.1, 316.6, 255.8 and 334I90¥..g VS

addedd?, respectively. These results signify that methane production increase by 21% in the
Pair 2 (supplemented mesophilic reactors) and 24% in the Pair 4 (supplethentezphilc
reactors) compared to their-snpplemented control reactors, Pair 1 and Pair 3, respectively.
Theresults also showed that entreasen temperature from mesophilic (4G) to

thermophilic (55°C) only increased the volume of methane produme5 %.Based on the

results from the current study, overall, the performances of the upper mesophilic AD reactors
and the thermophilic AD reactors were comparable. Thereforepimermesophilic

temperature may be preferable to thermophilic temperdtumeg the digestion of mixed
lignocellulosic biomass feedstock and cassava process waste, especially due to the higher cost

and instability associated with the operation of thermophilic AD reactors.

Keywords: Anaerobic digestion, cdigestion of grassilages ancdcassava waste, upper

mesophilic and lower thermophilic temperature, owst askextract, lowincome countries
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Objectives
The objectives of the current study were:

1 determine the specific methane production (SMP) from a biomass feedstodimgnsi
of seven types of grass silage and cassava processing waste under upper mesophilic
(40°C) and optimum thermophilic (5%) temperatures conditions both with and

without EPB astextract supplementation.

5.1 Materials and methods

All the biomass feedstoskand supfements used in the current study had been previously
discussed in Sectidh4. Their preparation and storage have also been presented in Section
3.1 Detals of the elemental composition of the feedstock and supplemerslsavbeen
presented in Sectiords2 andTable3-2. The characteristics of the biomass feedstock and

inoculum are presented Trable5-2.

Table5-1 Feedstock composition

Description Composition

(a) Panicum and Pennisetum (50/5C 28.7%

(b) Speargrass 1.4%
(c) Guinea grass 1.3%
(d) Gamba grass 0.1%
(e) Panicum Max (early) 12.6%

(f) Pennisetum purpureum (late) 6.1%

(h) Ryegrass 1.4%

(i) Cassava peels 24.2%

(j) Cassava mill waste 24.2%
100.0%
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Table5-2 Characteristics o the feedstock and inoculum

Analysis Abbreviation  Inoculum Feedstock

Moisture content (%) MC 98% 10
Total solids (%) TS 2% 90
Volatilesdids (% in TS) VS 60% 74
pH value pH 7.91 X
Chemical oxygen demand (mg)L COD 15,400 X
Ammonium nitrogen (mg1) NH* - N 2,562.5 X

The physicochemical and monitoring parameters duhagperation of thAD reactos
included temperature, pH kalinity, volatile fatty acids, volatile solids removal and COD
removal These parameters veaneasured according to the relevant procedures in the
Standard methods for the examination of watenaastewate(Section3.1). The

composition of methane gas in the biogas was determined by GC as outl8emion3.4.2

5.1.1 Experimental setup

The four (4) pairs of-L reactors used for this study were-gptas shown ifrigure5-1.
Other details on how the components were fitted including the heating and temperature

control are described in Secti8rb.
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Figure5-1 Mesophilic and thermophilic CSTRs showing overhead stirressatiwith
waterseal and gabags. Reactor vessels are obscured byggs.The workingvolume of
each reactor was 1 L.

The reactors shown igure5-1 were classified either as supplemented (with@shacts) or
unsupplemented (no asixtracts) reactors as summarised ale5-3. The details of thesi-
extract supplement useits preparation, analysis and chemical compositions are detailed in
Section3.2.1

Table5-3 Names and operating conditions of the CSTR

Reactors names Mesophilic reators (40°C) Thermophilic reactors (5%°)
No supplement Pair 1 Contro(R1 and R2 Pair 3 Control (R5 and R6)

Ash extract
supplementation Pair2 (R3 andR4) Pair4 (R7 and R8)

All the AD reactors (Pair 1, 2, 3 and 4) were acclimatized from d&with daily feeding at
an aganic loading rate of 2.0 g\VIS. d! without sampling. After this period of
acclimatization, all the reactors were fed unifgrrat that same OLR from dayi 760. Thus,
atan HRTof 20 d, it means that the rate of volatildide (VSin) in the inflow (GQ,) was 2 g.
Lt.d?, implying that infow (during feeding) was 50 mdt?, which was equal to the volume
of samples removed fronaeh reactor daily or outflowQ0w).
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5.1.2 Data analysis

Descriptive statisticarerecarried out on allhe data obtained in the current study using
Microsoft Excel and IBM Statistical Package for Social Sciences (SPSS) version 24. The
correlation and statistical significances (paired sampgliest$) between selected sets of
reactors pas such as: controhesophilic (Pair 1) and control thermophilic (Pair 3) reactors;
control mesophilic (Pair 1) and supplemented mesophilic (Pair 2), supplemented mesophilic
(Pair 2) and supplemented thermophilic (Pair 4), and control thermophilic (Raid 3)
supplemented #mmophilic (Pair 4) reactors. More details on the data anadysigiven in
Section3.7.

5.2 Results and discussion

5.2.1 Solidscomposition, destruction and organic loading rate

A sample from the mixed biomass feed&tased for the current study was made up of 90%
total solids(TS), 74% of volatile solidas % TS and 0% moisture content (MC). Results
from theelementaknalysis caied out using 1 g dried sample from the feedstuakebeen
described in SectioB.2.1 Some of these resuitxcluding the carbotto-nitrogen C: N)

ratio in each feedstock amdesummarised i able5-2 andTable5-4.

Table5-4 Elementakcompositionof the biomass feedstock components used to feed AD

reactors

Sample ID C(®) H((®%) O (%) N (%) S (%) C:Nratio
Spear grass 43.47 657 3572 1.92 0.17 23:1
Gamba gras 4446 6.79 3790 2.39 0.19 19:1
Elephant grass 3792 6.23 33.67 253 015 151
Rice straw 34.01 524 31.22 2.35 0.11 15:1
Guinea grass 4158 6.95 3658 1.79 019 231

Cassava waste 4154 6.60 49.73 0.187 0.137 223:1

Among the nutrients containedtiin the biomass feedstock, carbon providesetiergy

needed by the microbes for metabolic activity and growth, while nitrogen is utilized for

building their cell structuréKhoiyangbamet al, 2011. Microbes also require small

guantities of phosphorus, sulphur, sodium, calcium, potassium, magnesium, chlorine and
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seveal trace nutrients such as iron, zinmlybdenum, nickel, cobalt, selenium, vanadium,
manganese, copper for their metabol{ghoiyangbamet al, 2011 Malik et al, 2013

Wellinger, 2013. Details of the composition of see of these biomass feedstocks, including
their nutrients, metals and trace nutrient contents were earlier presemtdae3-3. In the
current studythe phosphorus (P) contained in each of the biomass feedstocks was not
determined However, P content and requirement has been determined by other researchers
ard the empiricatelationship CN:P:S ratio of 600:15:5:3 is reportedlzsngthe adequate
nutrient ratio for enhancing methane productighoiyangbametal., 2011 Malik et al,

2013. Some of the grass silage componentBahle5-4 have CN ratios within the optimum
range, whereas others like cassava haxayahigh carbon content compared to nitrogen,
which implies that caligestion improves the nutrient balance @& AD biomass feedstocks
(Section 2.10). Thus, why the medayestion of some grass silage fails when digested
anaerobically as a sole substrabuld be because of insufficient trace nutrient contents in the
grassin concentrations required to support ardic process. It could also be as a result of
the sarvation of anaerobic microbes nitrogen required for their protein formation, energy
synthesis and metabolisdue to early exhaustion of the small contents of nitrogen in the

grass by microbes or lyplatilization.

Figure5-2 shows the mean percentage reduction in volatile solids in the Rainfrdl), Pair

2, Pair 3 (Control) and Pair 4 rears. Between day 11 33, the VS reduction in the

mesophilic reactors Pairl (Control) and Pair 2 (supplemented) varied between 49 to 67 %, and
5071 69 % respectively, while for the thermophilic Pairs 3 (tCalh and Pair 4

(supplemented), it varied betweBB1 66%, and 52 69%, respectivelyHowever, from day

341 60, Pair 1 (Control), Pair 2, Pair 3 (Control) and Pair 4 reactors achieved a mean of VS

removal of 61, 67, 64 and 69% respectively.
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Figure5-2 Volatile solid reduction in the Pair 1 (Control), Pair 2 (supplemented), Pair 3
(Control), and Pair 4 (supplemented) CSTR over tiliadle5-3 contans more detds on
CSTR classification and supplementation

The periods of low VS removal in the thermophilic reactors, Pair 3 betweenidhy s

shown inFigure5-2, coincided with the lag phase in the reactors, and magssypwhen the
thermophiles were becoming acclimatized to their new operating temperature because the
inoculum was previously incubated at the upper mesophilic tempechter®equipment
constraints. The better performance of the mesophilic reactangdbe same initial staup
period clearly demonstrates the importance of acclimatizing inoculum attir@ @erating
temperature before the startup of anaerobic digedfimm Figure5-2, it is also evidenthat

from day 34 60, after all the reactors had become more stable, that the thermophilic reactors
achieved highevolatile solids (VS) removal than the mesophilic reactors. This period of
higher VS removal in the thermophilic reactors also correspoittighe period of higher
methane production in these reactors, compared to the mesophilic reactors, as $tigune in
5-5. This was expected becausermophilic AD processes have been reported to achieve
bettervolatile solids removal than mesophificocesses because the rates of biological
activities ardaster at the higher temperats(&ani & Rathinam, @18 Turovskiy, 2006.
However, thaifference between the %VS destroyed in the mesophilic and thermophilic

reactors was comparalpessibly due to thelosenessof their operating temperatutes

111



5.2.2 pH of pilot scale CSTR

The pH is a pivotal parameter which affects the performance of the anaerobic digestion
process significantly due to its influence on the solubility of the substrate as well as the
microbial conmunity (Bajpai, 201$. According toKorres (2013)the pH inside the AD

plant depends on the concentrations of VFAs, bicarbonate, alkalinity, retention time, loading
rate and the fraction of GGn the digester. Thmeanof daily pH of Pair 1 (Control), Pair 2
(supplemented), Pair 3 (Control), and Pair 4, reactors, from d&@01s shown irFigure5-3.

-6~ Pair 1 (Control) 2 -®- Pair 4 (supplemented)
40°C 55 °C
-+~ Pair 2 (supplemented) S Pair 3 (Control)
1t HRT 2" HRT 34 HRT
82 OLR =2.0gVs. L. d" OLR =2.0gVS. L. d* OIR =2.0gVs.LL.d1

pH Profile

6.4

Time (d)

Figure5-3 MeanpH in the Pair 1 (Catrol) unsupplemented and Pair 2 (supplemented)
mesophilic, and Pair 3 (Control) unsupplemented and Pair 4 (supplemented) thermophilic
CSTR over time. Supplementation involved the addition ofeagtact to GTR.

FromFigure5-3, both the Pair 1 (Control) and Pair 2 (supplemented) mesophilic AD reactors

had a starting pH value of 7.8, while the thermophilic AD reactors Pair 3 (Control) and Pair 4

(supplemented) hadsdarting pH of 7.7. The pH insid®thPair 1 (Control) and Pai

reactors dropped to an initial minimum value of 7.3 on day 4 and day 6 respectively.

Similarly, for the thermophilic AD reactors, on day 3, the starting pH inside both the Pair 3

(Control)and Pair 4 thermophilic reactors dropped to an initial minimulmevaf 7.4 and 7.3,

respectivelyThese periodsf pH reduction coincided with the period of acclimatization

during which the feedstock, which was slightly acidic, was added consisteatlyGitR of

2.0 g VS. L.d* without sampling or dilution. Howeveon the commencement of feeding

from day 5 onwards, the pH increased to peak values of 8.1 on day 8 for Pair 1 (Control) and
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to pH value of 7.9 on day 9 for the Pair 2 reactors, due to the dilution of acids inside the
reactors as the new feed displacedesx@cids inside the reactor by simple dilution.
similarly, peak pH values of 7.7 and 7.8 were recorded on day 7 and day 6 for the
thermophilic Pair 3 (Control) and Pair 4 reactéiigure5-3 also shows that the pH in the
thermophilic reactors were closer to the optimum for AD (pH 7) than in the mesophilic
reactors, apart from dayi19 when the pH of the mesophilic reactargshigher, probably
because the thermophilic bacteria were acclimatizing to their new temperature as the
inoculum was previously acclimatized at the mesophilic temperature prior taugtarhe pH
reduction in the thermophilic digesters may have hésen causd by rapid acidogenesis due
to faster feedstock degradation rate at the high temperature, whidhameegausedan

increase in VFA concentration, especially as there was no removal of digestate (giving
dilution) during day 1 5 (sectiorb.1.1). However, after day 9, the pH in the Pair 1 (Control),
Pair 3 (Cotrol), Pair 2 and Pair 4 reactors started to decrease gradually over the time and
became raltively stable on day 37. From day 380, the mean pH in the Pair 1 (Control),
Pair 2, Pair 3 (Control) and Pair 4 reactors were 6.8, 7.1, 6.9 and 7.1 respectivel

Figure5-3 also shows that the pH of the Pair 3 (Control) (sapplemented thermophilic)

was slightly better than that of the Pair 1 (Control), which is the unsupplemented mesophilic,
while pH of Pair 3 (supplemented thermdj) was the same as Pairgupplemented
mesophilic) reactorsThese resultsuggest that the thermophilic AD reactors performed

better in terms of pH stability within the optimum range compared to the mesophilic reactors,
under identical operating comibns. The pH in the supplem&d reactors (Pair 2 and Pair 4)
wasalso morgavourablethan the pH in the nesupplemented reactors, which suggest that

the addition of aslextracts provided substantial amounts of alkalinity to the reactors. This
mainterance of afavourablerange of pH 7.0 7.2 in Pair 2 and Pair 4 reactors, coincided

with higher and steadier volumetric methane production in these reactors compared to their
corresponding Pair 1 (Control) mesophilic and Pair 3 (Control) thermophiliorsé€igure

5-3). This improvement and steady volumetric methane production achieved in the current
study supports the results from other researchers whorbepggedhat operating AD

reactors at pH range 7i07.2 enhances thgerformanceof the methanogenic archaea
responsible for methane producti@itton, 2005 Schon, 201
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5.2.3 Variation in COD and ammonium-Nitrogen of pilot scale CSTRs

Figure5-4 shows variations in the concentraisoof total chemical oxygen demand (CD
and concentration of ammonium nitrogen @RHNl) in all reactompairs from day 1l 60. The
mean COB in the Pair 1 (Control) unsupplemented and Pair 2 (supplemented) mesophilic
reactors were 15,082 an@,832.3 md., respectively, and for the unsupplemented Pair 3
(Control)) and supplemented (Pair 4) thermophilic #Bctors, the mean CQlvas 14,291.9
and 12,729.4ng L%, respectively. It is also apparent that the G@Bntent in the

thermophilic reactors was slightly lower than their corresponding mesophilic reactors, which
implies that thermophilic reactors wer@htly more efficient in terms of COr removal.
Results from the statistical correlation analysis showed thatweeseo correlation between
the COD content in the Pair 1 (Control) and Pair 2 reactofs=(R041). However, the

CODr of Pair 4 and Pai8 (Control) was positively correlate(R? = 0.88). However, in all
comparisonsa paired sampletest showed thahere was no statistically significant

difference (P> 0.05)n the mean COPbetween each pair of reactors compared.

W Pair 1 (Control) ammonium-N =© Pair 1 (Control) COD;
E Pair 2 ammonium-N —— Pair2 (CODy)
3500 B Pair 4 ammonium-N -®- Pair4 (COD,) - 30000
= Pair 3 (Control) ammonium-N ~©" Pair 3 (Control) COD;
B nd rd
3000 15t HRT 2"¢ HRT 3™ HRT

- 25000

o
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Figure5-4 Mean of Total Chemical Oxygen Demand (Cand AmmoniuraNitrogen

(NHas-N) concentration inside the (Pair 1 (Control) unsupplemented and Pair 2 (supplemented)
mesophilic and (Pair 3 (Control) unsupplemented and Raupplemented) thermophilic

CSTR ove time. Values are the means from duplicate reactors within a pair.

There were also relationships between the €€dhtents in the reactors and volatile solids

removal such that the amount of COID each reactor variediepending on the percentage of

114



volatile solids destroyed-{gure5-2). The rapid increase in the concentration of GOD
recordedn the current study between day 7 coincided with the period of VS accumulation
during acclimatization which was previously discussed in Se&iarl. The thermophilic

AD reactors which achieved slightly higher volatile solids destruction were found to have
correspondingly lower COPcontents inside the reactors which shows that GOas

converted more effectively to biogas by the anaerobesladly, reactors with high COD
contents also coincided with low VS destruction and lower biogas produEtguré5-2).

These results suggest tila¢ value of th€€ODr could be used to predict the rate of VS
destruction during thanaerobialigestion process, especially where the soluble COD was not

estimated.

The concentration of ammonid (day 0- 60) in the reactors decreased gradually oveetim
(Figure5-4). In the mesophilic reactors, the concentration ofNNl in the Pair 1 (Control)

and Pair 2 reactors decreased from 2,481%56.3mg. L' and 2,486.3 182.5mg. L1,

resgedively. Similarly, during the same period, the cartcation of NH™-N in the

thermophilic Pair 3 (Control)rad Pair 4 (supplemented) reactors decreased from decreased
from 2,506.3 223.8mg. L'and 2.625.0 195mg. L, resctively. The overall (dag i

60), the mean of the methane produced by the Pair 1 (Control), Pair 3 (Control), Pair 2
(supplemented mesophilic) and Pair 4 (supplemented thermophilic) reactors were 856.1, 843,
876.1 and 9181gL?, respectively. Theummary statistics for theteg and correlation

values used tanalyzethe relationship between the ammonidprofile between different

pairs of reactorarepresented imable5-5.
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Table5-5 Variations in mean ammoniwN concentréion in AD reactors using Paired
Sample Statistical Correlations andésts at 95% confidence interval

Paired Paired samples
Correlation T-test
Reactors/Ammonium -N R? Sig.  Sig. (2-tailed)
Pair 1 (Control) mesophilic and Pair 3 (Control)
thermophilic 0.998 0.00 0.27
Pair 2 (supplemented mesophilic) and Pair 4
(supplemented thermophilic) 0.990 0.00 0.16
Pair 1 (Control) unsupplemented and Pair 2
(supplemented) mesophilic 0.991 0.00 0.73
Pair 3 (Control) unsupplemented and Pair 4
(supplemented thermophilic) 0.993 0.00 0.35

Data fromTable5-5 shows that thererasa high correlation (R > 0.99) ketween the

ammoniuni N contents in pairs of reactors, and that any small differences observed between
the individual reactors were not statistically significant (p > 0.05). However, despite the
comparake performances between the mesophilic and thermophdictorsit is obvious

from Figure5-4 that the thermophilic AD reactors contained slighthigherammoniumN
concentratiorthan the mesophilic AD reamts These higher concentrations of ammorihm
found in the current study are consistetih the obgvationsof Pingand Tong (2015)who
reported that thermophilic AD processes produce higher molecularHdtever, according

to these authorsmesophilic reactors are preferatidehermophilic reactors because the
mesophilic reactorgive greateprocessstability and are also more tolerant to a higher

concentratiorof ammonia

5.2.4 Specific methane production and cumulative methane production in TR under

pseudosteady-state conditions

In the current study, comparing the rate of methane productivity betweeaeactors was
one of the key indicators used to establish improvements arising freexaabt

supplementation. The specific methane podun and the cumulative methane production
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from the Pair 1 (Control), Pair 2 (supplemented) mesophilic anedh8 (Control) and Pair
4 (supplemented) thermophilic reactors from day6D arepresented ifrigure5-5.

—o—Pair 1 (cum. SMP of control) —X=Pair 1 (mean Control SMP)

—o—Pair 2 (cum. SMP with supplementation) 40 —%—Pair 2 (mean SMP with supplementation) #°C
@ Pair 4 (cum. SMP with supplementation) ] —*Pair4 (mean SMP with supplementation) | . -
~&-Pair 3 (cum. SMP of control) 55°C .- pair3 (mean Control SMP)
12000 ) 15t HRT 2md HRT 3 HRT [ e
=5 OLR,7z2.0gVs, L. d* OLR =2.0gVs. L. d? OLR =2.0gVs. L. d*
z X g & - 700
= 10000
£
=z ¢ 600
= i
2 8000
3] 500
3
o
2
2 6000 400
2
£
= 300
£ 4000
(<
B % 200
5
g 2000
S 100
(@]
0 0
0 10 20 30 40 50 60
Time (d)

Figure5-5 Mean specific methane production fromsgghilic Control 1, Pair
1(supplemented) and the thermophilic Control 2 and Péupplemented) CSTR over time

Specific methane production (N mLCH,. g*VS. d?)

Figure5-5 shows that the mean specific methane production (SMP) from the Pair 1 (Control)

and Pair Asupplemented) mesophilic reactors from day 80, when the reactors achieved
relatively stable operation, were 249.1 and 316.6 N@M,.g*VS addedd?, respectiely.
Similarly, during this same period, the thermophilic Pair 3 (Control) and Pair 4
(sumplemented) thermophilic reactors produced 255.8 and 334.9 N mlg&ks added d?,
respectively. This means the addition of-asitract improved the Pair 2 (mesdj) reactors
by 21% compared to the Pair 1 (Control) mesophilic reactors that had rlersapfation.
Similarly, under the thermophilic condition, the Pair 4 reactors (supplemented with ash
extract) produced cumulative methane volume that was 24% lilgdrethe unsupplemented
Pair 3 (Control) thermophilic reactors. Another comparison betiveeRair 2

(supplemented mesophilic) and Pair 4 (supplemented thermophilic) reactors fromidé§ 35
also showed that the cumulative SMP from the thermophilidoesawas only 5% higher than
that of the mesophilic reactoré comparison between the Pai(Control) mesophilic and
Pair 3 (Control) thermophilic reactors showed that the SMP from the thermophilic reactors
was also 3% higher compared to than the SMRhfthe mesophilic reactors. These SMP
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results corresponded with the variation in pH, VS @D removal discussed in Sections
5.2.1- 5.2.3. Even at a wider temperature range of@3or mesophilic and 5% for
thermophilic AD process, a recent stunyCapsonrTojo et al. (2017)found that despite
achieving higher hydrolysis rates in the thermophilic reactoisnins of high concentration

of soluble CODthat suchdid not improve the methane yield of thermophilic reactors over the
mesophilic conditions. Therefore, it possible that the improvement in the biomethane
production observed in the current studypoih the mesophilic and thermophilic reactowss
influenced by the addition of the EPB assktracts. Singhet al. (2015)have reported that
thermophilic AD process can achievei5000 % higher SMP rate thanmaesophilicAD,

however, in the current study, a paired sanystcomparison between the thermophilic and
mesophilic reactors showed that the effect of temperature on the cumulative methane
production was not statisticalsignificant (p> 0.05). The slight improvement of the
thermophilic reactors over the mesophilic as found in the current study confirms the findings
of Streitwieser (201 7Avhich compared the effectd co-digesting fruit wastes and manure

under thermophilic and rsephilic temperatures, which found that thermophilic AD reactors
produced more biogas/methane than the mesophilic reactor under a constant organic loading
rate of 1.5 kg COD. ri d! atan HRTof 16 days. In another studiyvolving the cedigestion

of winery wastewater sludge and wine |d2g Roset al.(2017)found that trace nutrients,
especially iron, cobalt and nickel supplements improved the stability ¢hen@ophilic AD
reactors at 58C. Thus, since thermophilic AD reactors are well known for instability

(Gerardi, 2003Korres, 2013 the current study has gone a way forward to enhance our
understanding that these trace nutrients needeptiimizethe thermophilicprocess,

including material for providing adequate alkalinity for the process, can be sourced from low

cost askextracs.

5.3 Conclusion and recommendation

To determine the specific methane production (SMP) from a biomass feedstock consisting of

seven types of grass silage and cassava processing waste under upper mesopGiliarfd0
optimum thermophilic (58C) temperatureconditions both with and without EPB asktract

supplementation.

The unsupplemented thermophilic reactors showed only a slightly higher (5%) SMP than the
unsupplemented mesophilic reactors, but the difference was not statistically significant (p>
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0.05),and this therefore implies that it may be not be economically eibbperate AD

reactors on a mixed grass silage feedstock at thermophilic temperatures.

The SMP of the askxtract supplemented mesophilic and thermophilic reactors was found to
be 21 ad 24% greater, respectively, than the equivalent unsupplementgdresahowing

the efficacy of astextract supplements in enhancing methane production from grass silage
feedstocks. Furthermore, this suggests that biomassx#isitts could serve as alternative
low-cost source of alkalinity and trace nutrients taat improve the AD processes.
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Chapter6 Ef fett®COsteps i n operating temper
OLR on Specific Methane Production (

|l i gnocel Felkedst ock

Abstract

Three pairs of 5 L CSTR were used to investigate the effects’@f 4i@ps in operating
temperaturend increasing organic loading rate (OLdR)the specific methane potential

(SMP) and volumetric methane production (VMP) frotixedlignocellulosic biomas
feedstock The reactors, Pair 1 (2), Pair 2 (37C) and Pair 3 (47C) were acclimatized for

6 days with arOLR of 1.0 gvSLL.d?, and then operated for three consecutive HRT cycles (1
HRT cycle = 20 d), with daily feeding ahOLR of 1.0, 1.25 and.5 gVS LX.d* during the

15t 2"9and 3 HRT cycles, respectively. A mixture of ashtract supplements prepared from
empty palm bunch and empty plantain peels (EPP) was used to maintain the pH inside all the
reactors within theptimum range pH 6.947.07 between day 31 and day 58, and this
supplementation was only carried out whenever there was a decrease in any of the reactors
below the set pH range. All the reactors were able to atfase@desteadystatecondition of
opemtion during the  HRT cycle (day 26 46), and during this period, the mean SMP for
Pair 1, Pair 2 and Pair 3 reactors were 261.6, 323.7 and 8230H..g'VS added d*,
respectively. Similarly, the mean volumetric methane production (VMP) for thé FRair 2

and Pair3 reactors were 331.4, 367.9 and 385.HINCH..L ™. d?, respectively. These

results signify a 24% and 16% increase in the SMP from the Pair 2 (mesophilic) and Pair 3
(thermophilic) reactors, respectively, compared to the Pair Tifpgyhilic) of reacdrs, and a

6% increase of SMP of Pair 2 reactors compared to the Pair 3 reactors. Conversely, during
this same ? HRT, the VMP from the Pair 3 reactors was higher than that of Pair 2 by 5%,
which shows that increase in OLRfn 1.0 to1.25gVS.L?.d? favouredthe VMP in the Pair

3 reactors compared to Pair 1 and Pair 2 reactors. Also, the methane contents in biogas
produced in Pair 1, Pair 2 and Pair 3 reactors during"theRT were 57.7%, 57.2% and

56.0%, respectively. During th&?HRT cycle (day 47 66), increae in OLR from 1.25 to

1.5 gVSL.d? resulted to the production of methane gas (SMP) from Pair 1, Pair 2 and Pair 3
reactors with mean of 204.4, 315.0, 312.5N CH.4.g*VS addedd™?, while the mean VMP

were 306.7, 392.ard 468.3 NmL CHa.L2.d?, respectively. These results show that the SMP
from the Pair 2 reactors were only 1% higher than that of Pair 3 reactors, whereas the SMP

from each of Pair 2 and Pair 3 reactors was 35% higher than the SMP from the Pair &.reactor
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Similarly, the mean VMBProm Pair 2 and Pair 3 reactors were 22% and 35% respectively,
higher that Pair 1 reactors, while the VMP from the thermophilic reactors were 16% higher
than that of the Pair 2 reactors. Also, the methane contents in the hiodaseal in the Pair

1, Par 2 and Pair 3 reactors during tHe BRT cycle were 50.8%, 55.7% and 56.6%4CH

content, respectively. Overall, these results show that increase in OLR in the Pair 1, Pair 2 and
Pair 3 reactordavouredvolumetric methane prodtion in the Pair 3 (thernmdilic reactors)
compared to the Pair 1 (psychrophilic) and Pair 2 (mesophilic reactors). It also shows that
both Pair 2 and Pair 3 reactors achieved comparable SMP under each HRT cycle. The
decrease in the methane contents @bibgas and SMP during HRshows that stoppage of
supplementation from day 5960 during the 'S HRT led to a decrease in the stability and
efficiency of all the CSTR. Furthermore, the 10 °C difference in temperature between Pair 1
and Pair 2, or betwedPair 2 and Pair 3 reagtodid not double either the process rate or

volume of methane produced. Finally, a mixture ofasfnact supplements from ashes from
empty palm bunch and empty plantain peel (EPP) can be used effectively as AD supplements

to improve both SMP and VMP, agell as tooptimizethe methane content of the biogas.

Keywords Anaerobic digestion, mixed lignocellulosic feedstock, specific methane production
(SMP), volumetric methane production (VMP), 10 °C difference in temperatwextieesit

supplement.

OBJECTIVES
The objectives of the current study were:

1 To determine the effect of @« degree differences in operating temperature of
psychrophilic, mesophilic and thermophilic reactors on the specific methane
production (SMP) and voluetric methane productio’WMP) during theAD of a
mixed lignocellulosic biomass feedstock.

1 To determine the effect of increasing the organic loading rate on the SMP, VMP and
reactor stability of psychrophilic, mesophilic and thermophilic reactors dure¥yidh
of a mixed lignocelllosic biomass feedstock.

1 To investigate the effect of addiaghextractsupplements produced from empty palm
fruit bunch (EPB) and empty plantain peels (EPP) on maintaining AD process stability
and efficiency of reactors duringg AD of a mixed lignocellulosic biomass feedstock.
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6.1 Materials and methods

6.1.1 Materials

The biomass fedstock used in the current study has been described in

Table5-1. The characteristics of the biomass feedstrelpresented iTable6-1. The source
of the inoculumhasbeen described in Secti@B. The empty palm bunch and empty
plantain peels (EPP) which were used to preparaghextract supplement have also been
described irSection3.1 The properties and methods of preparation of these ashtexrac

presented in Sectidh 2

Table6-1 Characteristics of the mixed biomass feedstock

Analysis Abbreviation Inoculum Feedstock
Moisture content (%) MC 8% 10

Total solids (%) TS 1% 90
Volatile solids (% in TS) VS 61% 74

pH value pH 7.74 X
Chemical oxygen demand (mg)L COD 18,752 X
Ammonium nitrogen (mg1) NHy* - N 1,617.5 X

The letter x means that the parameter was not determined.

6.1.2 Methods

In the current study, six continuously stirred tank reactors (CSTR), eaclkapétity of5 L,

were used to study the effects of different operating temperatures°@trii@rvals) on the
anaerobic digestion of a mixed lignocellulosic feedstock (prepareddedected tropical

grass silages and cassava waste) at 20 d HRT. Thdunoevas aclimatized to the biomas
feedstock by feeding 1.0 gMS. d* for 6 days without removing any sample from the

reactors. The CSTRs were set up in duplicates as despriBedtion3.5. The Pair 1

reactors (R and R2) were operated at 27 °C; Pair 2 (R3 and R4) were operated at 37 °C;
while the Pair 3 (R5 and R6) were operated at 47 °C, representing upper psychrophilic, upper
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mesophilicand lower thermophilic temperatures, respectively. All the reactors webed B
organic loadingate of 1.0, 1.25 and 1.5 gUS%. d* during B, 2"9and 3¢ HRT cycles,
respectively. Due to pH decrease to pH value < 7 in the Pair 1, &adl Rair 3eactors on
day 30, a mixture of asixtracts from empty palm fruit bunemd empty plantain peels
(EPP) was used to provide buffering for the reactors from days&1 No buffer or ash
extract supplements were added between day@®of the3® HRT cycle. Physical and
chemical characteristics of the reactors and their atstacluding temperature, pH, solids
(VS and TS), total chemical oxygen dema@@®0Dr), ammoniacal nitrogen (Nf+N), total
Kjeldahl nitrogen (TKN), volatile fatty acidsvMFAS) as described in the standard methods for
the examination of water and wastewd&PHA., 2005 (Table3-8 in Section3.5). The
biogas volume and composition were monitored and measured following the methods
described the German Standard Prot¢2@ll. 4630, 2006 (Section3.4.2.

Table6-2 Operating conditions, Organicdding rates, hydraulic retention time (HRT) and
dosing days

Acclima- I*HRT 22 HRT 34 HRT
tization (day 7-26) (day27-46) (day47 - 66)
Common Temperature (day 0 -6)
Reactor name ("0 Organic Loading rate (kgVS. L-1. d-1)
RlandR2 Pairl 27 1.0 1.0 1.25 L5
R3and R4  Pair2 37 1.0 1.0 1.25 L5
R5and R6  Pair 3 47 1.0 1.0 1.25 1.5

Note: Supplementation of Pair 1, Pair 2 and Pair 3 reactors with ash-extract were carried out

from day 31 — 58 only.

6.2 Results and discussion

6.2.1 Temperature and pH

Pair 1, Pair 2 and Pair 3 reactors were operated at 27, 37 a8d 8&ctiorns.1.2,
respectively, and teperatures fluctuated within 0.5° C of the setpointA previousstudy by
Drosg (2013has reported that the recommended temperature variation dbhgdd process
should be< 1°C for thermophilic reactors and withini 23 °C for mesophilic reactors.
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Figure6-1 Variation of pH in the Pait, Pair 2 and Pair 3 reactors under psychrophilic
(27°C), mesophilic (37C) and themophilic (47°C) temperature conditions and organic
loadingrate ovettime. Values are the means from duplicate reactors within a reactor pair,
green arrows indicate perig@f supplementation with agxtract (A- B), and no
supplementatiofO i A and Bi C)

However, no noticeable effect was observed due to these small temperature fluctuations.
From day I' 30, the pH recorded inside the Pair 1 reactors varied between 6.85, with a
mean pH 7.16, Pair 2 reactors varied between pH-6/725 with a mea pH 7.34, while Pair

3 reactors varied between pH 6:94.79 with a mean pH 7.44igure6-1). The standard
deviation of pH vales in all reactors ranged between 0.2226. Within the 2nd HRT (day
3171 46), themean pH recorded in all reactors became much more constamatigsof pH
6.98, 7.01 and 7.05 in Pair 1, Pair 2 and Pair 3 reactors, respeclivslyvas achieved @u

to the addition of biomass extracts which provided enough alkalinity to maingaptith

within the optimum (near neutral) range from point A toFR)(re6-1). The askextract
supplement was only dosed into bétPair 1, Pair 2 and Pair 3 reactors whenever the pH in
any of the reactors startecteasing towards a pH value < 7, between day58 (Figure

6-1). According tode Lemos Chernicharo (20QThaintaining pH within the range of pH 6

8 is necessary for providirgiability to the AD process, and nméaining pH range between

pH 6.6 and 7.4 enables methanogenic archaea to achieve their optimum growth. However,
due to the stability of the alhe reactors because of supplementation with thegishacts,
dosing of askextractwas stopped from day 5966 which is represented by poBi€C in
Figure6-1.
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During the & HRT (day 47/ 66), the mean pH recded in the Pair 1, Pair 2 and Pair 3
reactorswvere pH 6.98, 7.00 and 7.02, respeslfyy all being within the optimum pH range.
Statistical correlational analysis showed that the pH of the reactors within each of Pair 1(R1
and R2). Pair 2 (R3 and R4),caRair 3 (R5 and R6) had a strongvRlue> 0.97. However,
between the pH in react®airs (Pair 1 and Pair 2; Pair 1 and Pair 3; Pair 2 and Pair 3), a
Paired samples-fests showed that the difference between the mean pH of Pair 2 and Pair 3
reactors wasot statistically significant (p8.05), wheeas, the same test indicated that the
differences between the mean of the pH between Pair 1 and Pair 2 or between Pair 1 and Pair
3 reactorsverestatistically significant (p<0.05). These results suggesténaperature
significantly influences the pHhithe AD reactors, especially for theyperophilic AD

processes, relative to the mesophilic and thermophilic conditions. Although, no previous
study known to the author exists on the effects of temperaturkl @Rigure6-1), however,

Stolp (1988)reported that psychrophiles have a large content of unsaturateddtiing

point fatty acids. SimilarlyiHai et al.(2013)stated that during thesychrophilicprocess,

long chain aids and alkanes become recalcitrant. Therefore, thedargentof unsaturated
acids, the formation dbng-chainacids and alkanes could be thep@ssible for the lov pH

observed in Pair 1 (psychrophilic) reactors in the current study.

6.2.2 Effect of organic loading rate on volatile solids destruction in CSTR

Figure 62 shows the variation in therganic loading rate, OLR (gVIS1.d}) and the
percentage destruction of abile solids, VS (%) in the Pair 1, Pair 2 and Pair 3 reactors from
day 1i 66). With the organic loading rate increasing in the Pair 1, Pair 2 and Pair 3seacto
from 1.0, 1.25 and 1.50 gMS.d? corresponding to 1st, 2rathd 3rd HRT cycleslable

6-2), the VS destruction in the reactors rash@@m 477 59%, 55 68% and 53 71%

respectively.
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Figure6-2 Variations in the organic loading rate and the peagmdestruction volatiles
solids (VS) (%) in the Pair 1, Pair 2 and Pair 3 readtora day 1i 66. Values are the means
from duplicate reactors within a pair, GLs the organic loading rate as statedaile6-2.

Furthermore, the overathean VS destruction in the reactors from dag@.in tre Pair 1 Pair

2 and Pair 3 reactors was 55, 61 and 64%, respec{iviglyre6-2). Theseresults also agree
with previous resu#t in the current study wherewtis shown that the VS destruction in the
thermophilicreactorsvashigher than that of the mesophilic reactors (Sec#bs). The
reasongor thebetter VS destruction in theérmophilic reactors compared to the mesophilic
reactorshasalso been discussed ietdil in Sectior2.7.1 However, it was found that the
increase in the rate of VS destruction in the Pair 2 and Pair 3 r®axdoncided with the

periods of increased SMP and VMP in those reactors, compatlkd Pair 1 reactor§igure

6-7). The lower VS destruction in the Pair 1 reactors also corresponded with the higher VFA
concentation in the reactord=(gure6-4) and hidner COL. These results suggest that most of
the hydrolyzedbiomass feedstocks (measured as €QID Pair 1 reactors were not

efficiently being converted to biogas duehe accumulation of VFAxhich wouldexplain

why the reactors produced lower voluneésnethane and biogas compared to Pair 2 and Pair
3 reactors. As suggested in Sectibn.g increase in OLR dbwertemperéures would

require longer retention time to achieve higher methane productivityhassdl on the results
from the current study, it is evident that #@ubilization of the substrates and the activities

of the microbe which convert the solubilized matds to intermediate products and biogas,
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are slower at low temperatures. This cos@in agrees with that éfai et al. (2013)who
reported that, despite the presence of long chain acidslleenks in their psychrophilic
reactors, they still achieved satisfactory AD prod®sssing a high solid retention time

(SRT), which compensated the low aittivof the microbes at low temperature. The higher
VS destruction in the Pair 3 (thermophilieactors also agrees with several researchers who
have reported that thermophilic Albocesses achieve high organic matter removal rate
compared to the mesoplilieactors due tthe increasén reaction rate with temperatures
(Ferreira, 2013Micolucci et al, 20189.

6.2.3 Effect of HRT on the chemical oxygen demand (CO®), total Kjeldahl N (TKN),
and ammoniacaiN in the CSTR

The original COB in the seeding sludge (inoculywas 18,752ng. L during starup. On
day 7, this COD had incased t21,800, 23,500 and 23,462.5 g for Pair 1, Pair 2 and
Pair 3 reactors reectively, due to the daily feeding (in f&atch mode rather than
continuos mode) of the reactors with biomass feedstock at OLROo§VSL.d* (Figure
6-3). However, during the 2nd HRT (day 286), when opeated in a continuous mode,
increasing OLR from 1.0 to 1.25.¢".d"! caused the mean CQIn the Pair 1, Pair 2 and Pair
3 reactors tancreasdrom 10,054 to 12,779 migl, 10,454 to 11,808 migt, and 9754 to
11,052 md."%, respectively.

Figure6-3 shows the variation of mean tbtdnemical oxygen demand, total Kjeldahl
Nitrogen (TKN) and ammoniacal nitrogen in the Pair Ir Pand Pair 3 reactors from day 1
T 66.
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Figure6-3 Variation of mean total chemical oxygen demand O, total Kjeldahl Nitrogen
(TKN) and ammoniacal nitrogen (NFN) in the Pair 1, Pair 2 arféair 3 reactors with time.
Values are the means from duplicate reactors within apalnle6-2).

However, at the 3rd HRT cyclafurtherincrease in OLR to 1.5 gVIS®. d! had a higher
impact on the CObconents in the Pair 1 and Pair 3 reactors, compared to the Pair 2 reactors
(Figure 63). For instance, from day 45 to 60, the CAD Pair 1, Pair 2 and Pair 3 reactors
increased from 12,779 15,902mg. L'%; 11,804 to 12,677g. L', and 9754 to 15,72g.L"

! respectively. It was also found that on day 60, that increase in OLR resuittigtiér
concentrations of COR up to 7% in the psychrophilic and 3% in thermophilic reactors,
compared to the mesophilic reactors. These observations coincidgeewaiths during which
there was a decrease in VS destructleigyre 6.2, a decrease indgas/methane production
(Figure 66), and an increase in VFA accumulatiéigure6-4). The accumulation of VFA
was more eviderih the psychrophilic reactors during th BRT cycle when the OLRvas
increased td.5 gvSL™. d. These changes in the psychrophilic and thermophilic reactors
suggest that these tars were affected substantially by the increasing OLR condition at
certain periods during the digestion of lignocellulosic biomass. The high perceha@®r

found in the psychrophilic reactors also suggests that the rate of conversion of théoCOD
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biogas was slower at the low temperature, and that this was respdositiie lower rate of

biogas production, compared to the mesophilic and thermop&dictors.

FromFigure6-3, after startingup the reactors, the mean concentration of'NWin the Pair

1, Pair 2 and Pair ®actors, from HRT 1 and HRT 2 (day 46), decreased from 1,580 to

266 mg.L'Y; 15425 to 350 md."}, and 1,54%& to 427mgL %, respectively. Thus, from HRT

1 to the end of HRT 2, the initial ammonitihcontents in Pair 1, Pair 2 and Pair 3 reactors
which were lost/washedut, were 83%, 77% and 72%, respectively. However, during the 3rd
HRT cycle (day 47 66), an increasi the OLR from 1.25 to 1.5 gvB1.d?, caused the
concentration of Nkf-N to gradually increase in the Pair 1, Pair 2 and Pair&aesafrom of
2661 756, 350- 380 and 427 462mg.L™, respectively, on day 6&igure 63). Ammonium

ions in addition® providing buffering capacity in AD reactors, also serve as a vital source of
nitrogen for bacterial cellgGerardi, 2008 A number of researchers have also reported that
ammonia nitrogen is beneficial to anaerobic microbleemit present atoncentrations of 50

to 200 mgL.* when at neutral pDrosg, 2013Gerardi, 2008Lue-Hing, 1998. In the

current study, the mean ammonium nitrogen contents in Pair 1, Pair 2 and Pair 3 reactors for
both 2nd and 3rd HRTs were 578, 476.46 and 49112g. L, respectively, all values being
above the beneficial nges. However, the reactors did eaperience ammonia inhibition,
probably because the asktract supplementation in the reactors provided an adequate
amount of alkalirtly to maintain a neutral pH, and this would have prevented the release of

free ammora (NHs) from the ammoniuiiN from thereactors.

The mean concentration of the total Kjeldahl nitrogen (TKN) in the AD reactors fi¢fiRT

to the end of  HRT decreas#from 1,890 to 1,381 mg:tin the Pair 1, 1,894 to 1,255

mg.L! Pair 2 and 1,897 th,033 mg.L* Pair 3 reactors, respectiveljigure 63). This means

that only 27%, 34% and 46% of the original TKN concentration was lost over these two HRT
periods. Thdoss in TKN was less than the loss of ammonidtalecause TKNansists of

both theorganic and the inorganic forms of nitrogen, and therefore some of the nitrogen may
have been bound within the recalcitrant structures of the lignocellulosic biomassighibut

the 3rd HRT cycle, the values of the TKN for each paneattor's conditionremained

relatively constant until the end of the experiment.

6.2.4 Effects of volatilefatty acids (VFA) concentration on the CSTR

It was observed thail the reactors hatheir highest VFA concentrations between day 1 and

day 7, possilyl due to the initiatoncentration of VFA in the inoculum, and the further VFA

130



built-up during the initial feebatch operating modé&igure6-4). Although for each condition
tested, the reactors were operated in pairs, however,dhiésrefom the analysis of samples
from the reactors showed that each individual reactor has its unique VFA cé&iotetfite pair

1 reactorsin reactor R1thefour typesof VFA detected wergropionate, acetate, isobutyrate
and butyrate. Specificallin R1 between day 7 and day 45, the initial concentrations
propionde ranged between 35457 mgL ™, and this increased substantiaiy918 mgL ™
onday 60 Figure6-4). Similarly, for the isobutyrate, the Mgst concentrations detected
were on days 0 and day 60, with concentrations of 420 anthg2B?, respectively. In the
case ofacetate, the maximum concentrations wermrded on day 7 and day 6(B42.9 and
330. 6mg. L%, respectively. The second TS reactor (R2) also produced acetate, butyrate,
isovalerate, propionate and valerate, with maximum concentrations of acethteqat@n

day 7 and day 60 being 968 mgt,land 10, 25.6 mi?, respectively Figure6-4).
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Figure6-4 Volatile fatty acids concentration in Pair 1 psychrophilic @Y, Pair 2
mesophilic (37C) and Pa 3 thermophilic (47C) CSTRs. Values are the means from
duplicate reactors withia pair Table6-2)

The VFA concentration decreased over time following the addition eéxisact
supplements but started to anwlate during '8 HRT due to the high OLR. Higher

propionde-to-acetate ratioA) ratios were detected in R2 on days 7, 38, 45 and 60 were
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1:1.9, 1:1,1:0.4 and1:0.9mg.L * respectively, whereas for theactor R1, the highest values
were only recordd on day 7 and day 60, and these viie2e? andl:0.4, respectively.
According toFerreira (2013)ahigh concentration of acetatehibits propionate acetogenesis,
butyrate acetogenesis aacdetoclastienethanogenesis, while propionate accumulation
inhibits metlanogenesisFelchnerZwirello (2014)also reported that acetic acid inhibits
propionate degradation in AD reactors.as showrigire6-5 Inhibiting effects of acetic acid

on propionate degradatiosates mM = mmol. L1.Figure6-5,
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Figure6-5 Inhibiting effects of acetic acid on propionate degradatides mM = mmol. L.
Adapted fromFelchnefZwirello (2014)

Thus, the high fA ratios in Pair 1 reactors suggest that the high concentratexetdte in

the reactors and the Igwvopionatedegradatiomate werethe key ratdimiting stepsin those
reactors. Conseegutly, this led to dowervolume of biogas being produced by the R1 and R2
reactors compared to the reactors in Pair 2 and P&ig8rg6-8), because the accumulation
of VFA caused a significant drop of pRlreactors R1 and RA drop in pHleads to the
accumulation of acetate duettee inhibition of methanogenesasd that explains why
Kosseva (2013)eported that acetogenesis playgmportant role inAD processAccording

to Hill et al.(1987) P. A ratio of 1:1.4 or propionate concentrati above 800 mg. L

indicate impending digester failure. However, since the Pair 1 reagcttins current study

had peak FA values of1:1.9 andl:2.2which exceeded thPA ratio of 1:1.4, and yet did not
fail, it implies that the addition of aséxtracts as supplement these reactors was responsible

for their sustenance.
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For the Pair 2 reactors (R3 and R4) at@Gythe VFA that was detected throughout the
experimentvas isobutyrate, and its concentration decreased gradually across all the 3 HRTs
(day 17 66). For instace, the concentration of isobutyzatecreased from 235.96 mg. Lt

in R3 and 550.5 to 17:8g. L1 in R4, respectively. Acetate and propionateenalso detected

but only on the day 7 and day 60 at centrations of 73.6 and 2h0g. L in R3;and 698

and 73.8ng. L1 in R4. These resul@iggesthat the mesophilic reactors were very efficient

in maintaining a good balance between the acidogerdcacetogenic stages during the AD
process. In addition, these pair 2 reactors&®a ratio <1:0.01which is a strong indicator

of the process stability and performance. The process stability and performance achieved in
the Pair 2 reactors agree wieveral researchers who have reported that mesophilic reactors
achieve higher procestability andequre lower energy input compared to thermophilic
reactorqFerreira, 2013Sani & Rahinam, 2018 However, thdast PA ratio recordedn R3,
which had a value df:4.9 was due to the sudden VBaild-up caused by thé&ilure of the

PID temperature cdroller. Figure6-6 shows the distributioof the total VFA concentrations

in the Pair 1, Pair 2 and Pair 3 AD reactors at the different temperature conditions.
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Figure6-6 Total VFA concentrations ithe Pair 1, Pair 2 and Pair 3 AD reactors at the
different temperature conditions. Values are the meahgs of the VFArom individual
reactors within a pair. (Reactor temperatures as defin€dhble6-2).

In the Pair 3 reactors (R5 and R6), the three VEBAtected inside the reactors were acetate,

iIsobutyrate and propionatEigure6-6). In reactor R5, the highest concentrationaadtate
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were detected on day 0, day 7 and day 60 and the watres563.4, 118.7 an208.0 md. 2,
respectively Figure6-4). Similarly, in R6, the concentrations of acetate detesitsghy O,

day 7 and day 60 we 538.3, 1091.9 and 142.4g. L%, respectively. For days 0, 7 and 60,
the P:A ratdbs were RE1:10, 1:0.38 andl:5.8) and R61:13,1:4.3 andl:5.7), respectively.
Leeet al.(2016)reported that propionate and isobutyrate acids exhibit inhibitory effects on
methanognic microorganisms, and therefore glaobe kept at a very low concentration to
increase the stability of an AD proces&us, the high concentrations of VFAs and the high P:
A ratios recorded in the pair 3 reactors strongly suggest that just like ttierqskilic

reactors, that the unstalperiods in the thermophilic reactors coincided with the time when
there was accumuian of VFA during the startip stage and during the HRT 3 cycle as result
of increasing the OLR from 1.25 to 1.5 gMSt.d’. Theseesults agree with previous
researclwhich stated that thermophilic processes haligherrisk of process instability,
compared to the mesophilic AD proces@esrreira, 2013 In adlition to the benefits of
thermophilic reactors describe in Sectt®A.2 the thermophilic process has also been
reported tdoe better than the mesophilic process in terms of higher pathogen removal, faster
process rates and higher substrates solubilisgferreira, 2013Sani & Rathinam, 2018
Schon, 2010Tilak et al, 2010Q.

6.3 Specific and volumetric specific methane production

6.3.1 Overall methane content, specific methane production and volumetric methane
production in the CSTR

The mean concentration of methane gas produced by Pair 1, Pair 2 and Pair 3 reactors from
day 1i 66 were 51.8%, 54.7% and 52.7%, respectively. This clehdws that ovell, the

Pair 2 (mesophilic) reactors produced biogas with the higheitane contents compared to

Pair 1 and Pair 3 reactors. The mean and cumulative values of the daily specific methane

production in the Pair 1, Pair 2 and Pair 3 readtors day 1- 66 are plotted ifrigure6-7.
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Figure6-7 Mean specific methane production (SMP) and cumulative specific methane
potential (SMP) for Pair 1, Pair 2 @&air 3 reactors over time. Values are the means from
duplicate reactors within a jppaas defined inMrable6-2. The organic loading rate is presented
in Figure6-2.

Statigically, there was atrong correlation between the mean SMP from reactors under each
pair of temperature conditions, as in, Pair 1(between R1 and R2), Pair 2 (between R3 and R4)
and Pair 3 (between R5 and R6¥ (®.86). From day 1 66 inFigure6-7, in the Pair 1, Pair

2 and Pair 3 reactors, dime average, the specific methane production (SMP) were 214.0,
307.2 and 308.6 N mCH..g*VS addedd™; while the volumetric methane production (VMP)
was260.0, 339.8 and@72.4 N mLCH..L.d?, respectively. These results show that the

specific methanerpduction from the Pair 2 (37 °C) and Pair 3 (47 °C) reactors were 30 and
31% higher than that of theal? 1 (27 °C) reactors. Furthermore, a paired samasttalso

shaved a pvalue <0.05 between the mean SMP from Pair 1 and Pair 2, and also between Pai
1 and Pair 3 reactors, which means that the difference between their mean SMP were
statistically sigificant ata 95% confidence interval; whereas a comparison betwaer?P

and Pair 3 showed avalue >0.05, which indicates that the difference betwkemn mean

SMPwasnot statistically significant.
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