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Abstract

This work aims to study conversion of crude glycerol derived from production of
biodiesel to more value products using biological process as the process is environmentally
friendly. Crude glycerol mainly consisted of glycerol and organic 'impun'ties. Organic phase was
separated and return to biodiesel production process while glycerol phase was a raw material in a
fermentation process. Three glycerol recovery methods: 1) using 6% H,SO,, 2) using 30% H,SO,
and 3) using cation polyamine 6% blending with poly-AlCl, 94% were studied. It was found that
using 6% H,SO, was the most suitable method as it gave 26% glycerol recovery with lowest cost.

In fermentation process granular sludge from UASB wastewater system was used as
seed, recovered glycerol was a carbon source and pig manure was used as a nutrient supplement.
From batch fermentation with 1 liter working volume glycerol mixed with pig manure and
granular sludge gave highest biogas and methane production, which was a lot higher than
fermentation with pig manure mixed with granular sludge, fermentation with only pig manure and
fermentation with only seed. From this result it was confirmed that glycerol could enhance the
fermentation process. Study of the effect of COD:TKN ratios (50:1-70:1) showed that 50:1 was
the optimum ratio, which biogas production of 446 ml/d and cumulative biogas production of
1,062 ml were obtained. This COD:TKN ratio was then applied in Semi-CSTR fermentation with
2.5 liter working volume at temperature 33 + 3 °c using 37,500 mgVSS/L of granular sludge.
The experiments were operated in three reactors with hydraulic retention time (HRT) of 10, 5 and
2.5 days, respectively and the organic loading rate (OLR) of 0.26-4.27 kg SCOD/m’.d. It was
found that the system produced higher amount of biogas with increasing of OLR. At OLR 0.26-
2.14 kg SCOD/m’.d the 'average SCOD removals were 82.14-92.45%, but at OLR 4.27 kg
SCOD/m’.d the average SCOD removal was lower to 75.75% since this OLR was too high for the
system. The average rates of biogas production were 0.100-1.200 L/L/d. The highest average
biogas production was gain at OLR 2.14 kg SCOD/m’.d. Furthermore, study of effect of
COD:TKN ratio in the semi-CSTR fermentation showed that the ratio 40:1 gave 0.75 L /g

SCODremoved 10gas and 0.53 L methane yield greater than the ratio 50:1. Therefore,

C H4/gSCODrcmovcd

the ratio 40:1 was the optimum ratio.
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2.6.1 p3zUIUMS 18laslada (Hydrolysis)
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2.6.3 oxFBlAUTE (Acetogenasis)
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L]

A1519% 2.4 MsEBrEa1s lUNITUIUNTBLT AT e (Deublein and Steinhauser, 2008)

Substrate reaction

Propionic CH,(CH,)COOH + 2H,0 — CH, COOH + CO, + 3H,
Butyric acid CH,(CH,),COOH + 2H,0 — 2CH,COOH + 2H,
Glycerol C,H,0,+ H,0 — CH,COOH + 3H, + CO,

Lactic acid CH,CHOHCOO + 2H,0 = CH,COOH + 3H,+ CO,
Ethanol CH,(CH,)OH + H,0 — CH,COOH + 2H,

2.6.4 NIZVIUNMSA313NY (Methane Formation)
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1. Acetotrophic Methanogens 919138171 Acetoclastic Bacteris 1130 Acetate -
.. . o Y = an L% ~ 4 Jd 2 as
Splitting Bacteria yninnasunsaszganimidulmunazmsveulaoenles duiluis

[ b =} P=1 £ [ d'
‘HﬁﬂiuﬂTiﬁiNl‘L‘ﬂu Ao Uszunmseoas 72 asgumsy 2.1

CH,COOH s CH, + CO, 2.1

2. Hydrogenotropic Methanogenic N30 Hydrogen-Utilizing Chemolithotrophs v
< < s % < 4 4 o
niasulslasuuazaisueulaoenlas TaoiWesunezgrilaousyluifufe
s J )Y a ] P P aa
miveu lasen leauaz laTasimundrgnuldougilae luiluiimu Fuiuitsesweanszuu
5 i 4
afatimufelszanudosay 28 deaunishi 2.2 18z 2.3 ASTUIUMSHINUATIUITOLTAIAG

nwlszneun 2.6

HCOOH ———— CO, + H (2.2)

[N)

co + 4H, —— CH, + 2H,0 23)

2

Anaerobic Digestion Process

Complex substrate
(Insoluble and

— B soluble)

5 Hydrolysis (Limiting-step)

= -

] v macromolecules —» simpler molecules

g Simple soluble

o substrate

j; Acidification

- simple molecules — — acetate, H,, CO,
L.Acetic acid PropioniC,

—— H, CQ, butyric, valeric

5| formate acid, lactic acid,

B \ alcohols, etc.

E

§ —-J Methanogenesis

S acetate, H, - CH,, CO,

<

du

2 Process stability depends on: Biodegradability of
— Methane feedstock, population. of bacteria, growth: conditions

and CO, and the temperature

' ¥
Mwlsznoun 2. 6 ﬁluﬂ@uﬂﬁﬁNﬁJ‘U’tNﬂi%’,U'JUﬂ'liU@UﬁaTUiuﬁﬂTW‘l%’iﬂﬂﬂ“ﬁmu

{(www.pyo.nu.ac.th/ene/data/307331/0%20Anaerobic%20digestion.pfd)
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C,H,0,+H,0 ——— CH,COOH + 3H, + CO, (24)
. o 3/ A a an ¥ ot 4 4
Acetotrophic methanogens Mt asunsaezdan Ididutimunoraisveulasonloq
CH,COOH = ——— CH, + CO, (2.5)
Hydrogenotropic methanogenic Tinihnasu lalaswuuazasveulasenlad lhilugimu

co, + 4H, —— CH, + 2H0 (2.6)
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1 a o
Yang et al. (2007) 1AAAYINTZVIUNSHDITAIUN VT ININLASNITNAAN 1Y
~ d a4 o ¢ w1 @ a ) @ a P a )
fmunmindsdunsizvininiuiuniiresea arodelgosadimmuuninatis nwla

annz Beomemamed s an uazanzmes iilanwuidalfnselmes bildn (s esruvaifoa)

14



o 1 a o w 4 a ad =
Tiwanisnaaesna fie ldnundonisiidanmsueudunidnedovas 867 Amszusinn

A139UN3H 1.00 N3/ Ans/Tu

@ Jd o =1 a o o )
sudanl Snnua (2549) ladanuinmsidSeuisudszansamlunistiine

a o d :l = a :, LY .3 9 o a a
i’ﬂﬁﬂu‘}’l3U‘ll@ﬂuuﬁﬂiﬂﬂiiﬂxﬂuﬁﬂﬂu']ﬂJulJ'laiJﬂ181&51?{511'33&7165Ilﬁ‘lﬁﬂ(SS:EI?N?I'HCBE’IL“ISU?()

L]

= 2 I = 4 1Y) Y a wa A o
uazd laWan (35:1 esrraiod) lasszuumeaiioniszaudesdfians Hdnuuzilu

’ 1 4 ¥
‘Vli\‘lﬂizﬂﬂﬂﬂllﬂiu'lﬂﬁﬁl%\ﬂu 5 aas IﬂﬂLﬂUSSUULLUUﬁJuﬂﬂ‘NLaﬂ’J HaguuUaoIvUaau Iﬂﬂ

»
AMwsugduuumsieuszuuvedagaseaaesrtialilszaninimlunstiieslen
k4

Y a ar VA o ¥ a ' an v 1 L] aana o o
anualndiResiu ualsthideyaunszimaatanu lavd nivgdwfnsowes Liddn

o [

~ s oa o o o q;’,’ 'V Qs a o’ = ' A o
Hdszansnmlunmsiiiadglodnanuagenndalgnsaill laWanedeiiioday 5r9gumgil

o Q ¥

ﬁwﬁﬁiﬁlaﬂﬁ1ﬂ1§‘ﬁ1<ﬂu‘U’fNﬂﬁ$U’JuﬁﬁﬂlmﬂII%JQTﬂWﬂﬁQﬂ”IWﬂizﬂE]Uﬁ 2.7

Psichrophilic Mesoophilic  Thermophilic
<+ &> < - < .l

Rate of AD process

H H i H H 3

0 10 20 30 40 50 60 70

Temperatu re,°c

MNYszneuh 2.7 wavesgumngiiniinedas iMsmausenszuIumswiinuuy 1¥ene

u

(www.pyo.nu.ac.th/ene/data/307331/0%20Anaerobic%20digestion.pfd)

15



Yo 4 = A w 1 a ~ o o =t
udNgaunes lHEnezlons N3 d0saa 1w BUNIOLAL MIHAAMBFIN N
qan i laddnuadeadom g lumsmugungiine luldsuanuten dwsvilszinalng

4

figungliaoudiegs szuvazhamlugedli Tewan ldesnusssuna

a
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2.7.10 a158UE9UN3ZUIUMS (Process Inhibitor)
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Market prices and production volumes for refined and crude glycerol
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3.2.1.1 nsadanTmdudu 98% (Reagent Grade, Labscan) 139910ilu nsaFaysn

Yy o a vy Y
IVUTU 6% LazIATANI VLT 30%

3.2.1.2 Polyamine (PA) 6% NEUAD Polyaluminium chloride (PAC) 94%

(Commercial Grade, Innolymer Co, Ltd.)
3.2.2 manlidmiuimsgdndmesea (szylumanuin v)
3.2.3 msialdmSuIns1zA1 COD (Chemical Oxygen Demand) (531 TUMANLIN V)
3.2.4 M3ATFMTVIATIZYA1 TKN (Total Kjedahl Nitrogen) (5231 Tunanuan )

32.5 AsAldIMSUANTIZHAT VFA (Volatile Fatty Acid) uaza1 Akl (Alkalinity) (51

lumanuIn )

24



o
3.2.6 une luTasiau (TIG)
A A
3.3 1750940
3.3.1 YAN309NAU COD HUVIA (Open Reflux) *
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3.4.2.1 YSuandesoa 1433 Ms Inmsaauisms uen.336 (2523)
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International Union of pure and Applied Chemistry, 1980
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3.4.2.3 U5y Tae3% Karl fisher titration

3.4.2.4 U518 naaou 1as3T Standard: International Union of pure and

Applied Chemistry, 1980
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3.4.3 MIANHINAVOIN ALY IDAADM IHAUNLVBUUNT
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Taenaasmuh ldeonuuu 1383m15199 3.1

A15190 3.1 MIANYINAVDINALEDIDARDNINIT AUV UUUNS

Granular
Glycerol | Pig manure Total volume
Sample Studge
(2) (g) (L)
(ml)
Glycerol 15 - - 1
Pig manure - 25 - 1
Granular Sludge - - 160 1
Pig manure + Glycerol 15 25 - 1
Glycerol + Granular Sludge 15 - 160 1
Pig manure + Granular Sludge - 25 160 1
Pig manure + Glycerol + Granular Sludge 10 25 160 1
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3.4.4 MIMOATIEIU COD:TKN THINzanaismsnsinuuununy

$951d71 COD:TKN wasonszuiumsndn 3914%1n15dnw19n51974 COD:TKN 9

AL TUABUNITNAADILAI
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52179 7,000 mg/L waziiA1 TKN 1520081 540 mg/L (yaiswasnuiedunadew, 2550)
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15199 3.2 MINAABANDNIDAT 1IN COD-TKN TN

Pig manure (g) | Glycerol (g) | Total vol. (L) | COD {(mg/L) | TKN (mg/L) | COD:TKN ratio
20 45 1 26,962 392 70: 1
20 40 1 24,335 375 65:1
20 35 1 22,105 354 60: 1
20 30 1 18,482 341 55:1
20 25 1 14,216 285 50:1

3.4.43 I InT U UL Ivaudlvuie 1 ans Usuasldau 1 ans Aoy
Q' £y ay P Qs g 1w 9/ dy a ad , .
suAuvBaNToduAIEIMIAY 7.19 MFeaunSd 37,500 mg VSS/L (Lépez et al., 2009) Aoy
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Ysumasoinmsununiundodudd uaznuaiesalUdinsziosndsenouvesdmisiinin ety

Fusalasnlansv (Gas Chromatograph-Thermal Conductivity Detector, GC-TCD)

VAT UNTIULLILNS

VIAUUNADDUAD

USuasiunasnan

u

UNUNAIAMFININ

Mulsznoui 3.5 wamsnilnuuuuuns

v
=}

3.4.4.4 MiMsIas1ziHaNsNAaouNeNnI8n 1891 CODTKN iminzauian
TaonasannlSunamiassinnn 1dluudasiu saudulSnamasdinmasauaaeaseziia

@ a @ o A v a Ps P ®» a
Msuun wazlsamsiimun1dnnsiaszHosnd seneuueImsFIN W
3.4.5 MINUNVY Semi-CSTR
3.4.5.1 MSISUANIZUY (Start-up)

o a a @ 3y a 4 a o o w : s
MMTEUANITUD TAsM AR AFaaUNT & (Seed) Minnnnszuuiniaiude

EY = = a Y =4
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ao ¢ g g a 1 ' a
Tyadand sududohnnuaeaniizmadonldd iWhgszuulugives MLVSS 1Sunm 37,500 mg

vss/L Tuuaazdal§aser iauiazormdnszunan1dd5unasiau (Working Volume) 2.5 ans

s '

VNN uE a5z DUAI8RT1INTTSINAAITOUNTINAINOU (OLR 0.16 kg SCOD/m’.d)

A q Y a . A Yo & a oo o & a ' ' 9
Lwahhflmﬂﬂma: Shock Loading Llﬁglwaiﬂ‘ﬁu‘ﬁ@@ﬁu‘ﬂSﬂﬂ‘l‘llﬂﬂﬂﬂu']!ﬁﬂclﬂll IUNINTEVUY

L]

A1132AIAI (Stable Condition) a3 i/asunsnaasei OLR Tuganisnaaoniag
3.4.5.2 aNITMINABLINANY

A5 a@nT M wmIsNaaMIFIN NV 52U UNIALUY Semi-Continuous Stirred
Tank Reactor (Semi-CSTR) Tnofmuadnzaisnaassie anuilunsadaiaoglug 6.7-7.5
NI 1 lumsigA5en fio 33 + 3 earmuaaiFoa (Mesophilic) 716A3 169U COD:TKN 11y
50:1M50PANUUMINARDITISIWaXIBEA Fam15197 33 1AZEATIAIU CODTKN 111 40:1 M35

DONUULMINAADINITIWALIDYA AIAT1519N 3.4

9

A137199 3.3 MIHUNLVY Semi-CSTR NOATIAIU COD:TKN 11101 50:1

SCOD | Working volume ,
Reactor HRT (d) | Q(L/d) OLR (Kg SCOD/m .d)
(mg/L) (L)
10 0.25
1 10,679 2.5 5 0.50 . 2.14
2.5 1.00 427
10 0.25
2 5,339 2.5 5 0.50
2.5 100 [0 o
10 0.25
3 2,645 2.5
5 0.50
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] tusaduiins

@

AN5197 3.4 MIHTAUVY Semi-CSTR NHATIAIU COD:TKN 111111 40:1

¥

d31/fjnssl | SCOD (mg/L) | Working volume (L) | HRT (d) | Q (L/d) | OLR (Kg SCOD/m’.d)
10 0.25
1 7,646 2.5 5 0.50
05 1.00
10 0.25
2 3,852 25 5 0.50
2.5 1.00
10 0.25
3 1,917 25 5 0.50
0 1.00
Feydnyol

¥
v @

HRT = Hydraulic Retention Time fi0 szoziianindognfninegludalgnsel (day)
: . A a a ada ¥ ' o 3
OLR = Organic Loading Rate A19 ﬂimmmiaum&mﬂammqazuﬂuLmamu (kg SCOD/m".d)
A a o a4 A Y Vo
Q  =dedsmanindenlowdhgszuulunaaziu (L/d)
. =1 a a 3 d' 9 a 4 a ad
SCOD = Total Chemical Oxygen Demand fio USinaioonginuianuai ldoend ladmsounsd
Yy as a e 2 = ' e
FeTsmanihialugivesiwazgiazawey luih

NIAIHIN
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v 3 ’
HRT = —W%‘—‘ﬂﬂ Ml d

SCOD x Q

OLR = %178 (Kg SCOD/m’.d)

Vworking

3.4.53 STUUNNNUY Semi-CSTR

a 3 9 ar q’a’ (Y =Y o 1 a =N L4 a’ 3 r.:'
MInanesRziTuAuNTouAua 3 delfnsel Tasudazdalgnsalazisudui HRT
10 Tu Ao enlinauszvunindiganiizada Tasgeindszdninmwmstinge scop uaz
o a o a d’d J 3 =t as d’ " a 9
sasimsnanmazimwidn Indifsssunaziddoumladlifu +  fevaz 10 Huszezinm
] v s a Poos QA A o Qs o é Y
Uszinmediatos 7 Yu fasoiu Susuwdou HRT W 5 way 2.5 u muddy Faszuundnuuy
. :: o a wa a a { 2
Semi-CSTR Manvuudraodludonlfiidnisuaznisnaaosss waasdaninilsznoui 3.6-3.8 &3
na lnMsNINUVDITEUY Semi-CSTR uaassan mlsenou 3.9 MaFinmi ldanmsnineg
= g o a o a4 a 4 o 1 P oy 2 o @ [
gninvluguiume TasdSunasmaiifevuenihiunndalasnisunuiiideiimsSanniu

o g =t o o = = a o Y
dmsvesdlsznevvasmaiininaziinmsasteiamaiimu (CH) Faiimsinszv lasaieq
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» ¥
o &

AUASVAUMIUINN HRT #1199 3UNILIIAUGAMINARDI AuauiiAvetiin
= a a a g 1 A v @ o v
N199A1IATZUVIZYNMIMNINTITTWNITADIA AIBAIMDNUANAIANAINIGINN 3.5 uazun

=% o a o a, 0 [ i
AYMISIWIAD3 92N ANTITHAIITNIA1) AIA15197 3.6

¥ ¥
o

~ = a L4 a 1 = 1
M99 3.5 AwalumsdinszdaumwinsfivenszuusazMadinmi ldannszuaums

niinuuy 150106 (APHA, AWWA and WEF, 2005)

Parameters Frequency of Monitoring

Temperature nn%‘u

pH NN

Alkalinity NN 23U

Volatile Fatty Acid nn2

SCOD NN 2

TKN é‘uﬁqﬂﬂﬁﬂﬂaﬂ\‘l
MLVSS éﬂﬁ’!ﬂﬂﬁ'ﬂﬂﬁﬂd

Biogas production

CH, production

N

v 2
dilavaz 1 ase
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o =Y o ad = L4 : qy P = 1
I N 3.6 W151umasuam'ﬁmsam'iwmiﬂmmwummaaﬂszuuuazﬁvwmmwﬁ"lé’fmﬂ

nszuIuMsnIauUY 13e1met (APHA, AWWA and WEE, 1998)

Parameters Method
Temperature Thermometer
pH pH meter
Alkalinity Direct Titration Method

Volatile Fatty Acid

SCOD

TKN

MLVSS

Biogas production

CH, production

GC-FID

Filter/Open Reflux, Titrimetric Method

Macro-Kjeldahl Method

Gravimetric Method

Displacement of water

GC-TCD
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6% H,SO, 26 13.24 2.08
30% H,SO, 12 51.29 4.80
Polymer 30 - 109.35
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Cumulative biogas (mL)
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4.3 MSHIOAT1EIU COD:TKN NHINzaud M Inidnuuununy
1ANISNAADINIOASITIU COD:TKN  THUIZAY IINHANITNAADIA
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B COD:TKN =70:1 B COD:TKN = 65:1 7 COD:TKN = 60:1
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voansasumedwluszuumin dewaldszuunmiinues delnsel 1 1RenuduInaliu Baws

[} 3 o 4 =t c; Y 1
’C'NNEW]ﬂﬂilﬂmﬂ'l“li‘]ﬂﬂWWVl"lﬂllﬂ3M1mﬁﬂaQi’)UNlﬂﬂ

pH

HRTI10d HRTSd HRT2.5d
Reactor | OLR 1.07kgsCOD/m’d Reactor | OLR 2.14 kg sCOD/m’d Reactor 1 OLR 4.27kg sCOD/m*d
Reactor 2OLR 0.53kgsCOD/m’d Reactor 2 OLR 1.07kgsCOD/m’d Reactor 2 OLR 2.14kgsCOD/m*d

Reactor 3 OLR 0.26 kg sCOD/m*d  Reactor 3 OLR 0.53 kg sCOD/m’d Reactor 3 OLR 1.06 kg sCOD/m*d
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» <« »< »

4

A

X %ﬁ:‘*’éﬁ?doiﬁ 43. D o

| |
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'

MWUsTAoUN 4.9 AIoBVDIINIINHT ALY Semi-CSTR

4.3.3 aMNAg

y a ’ S & > [ a ~ [~
iennsaanmmaeluimaninie 3 Sadfasel snawdszneuii 4.10 azifiu

Tdegluzeniiann fio 250-885 mg/l CaCO, oW 15w USvUIHEVNS 3 HRT W19 HRT 10

e d' L. =] I oA A A A 4 a
UANURDBYDI Akalmlty QQﬂ’J]@ﬂ 2 HRT niviae ﬂ!ﬂu!‘”uuluﬂ\]“’lﬂ’]ﬂl“a HRT Iwuau ﬂiﬂﬂm

' [ a s 3 a 4?’ o ya a 1 v o Vv
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W TavlndAudrmimmzaudimiuszunlioima Ao oglus1aening 1,000-5,000 mg! Va4
3 o :

CaCO, (MetCalf & Eddy, 1982) d3aeylanldlaninaratiosga fio 100 mg/!l ¥p3 CaCo,

(Halbert, 1981) uagninmiaananveszuuud e lildoglusreimnzauansamsmin ua

Y

t Sa t ' { o o o o w4 a2 as
andaeglurienioylanld Aniuiahldszuudminge i ldvuduganssuumsniin

HRT 10d HRTS5d HRT2.5d

Reactor I OLR 1.07kgsCOD/m>d Reactor | OLR 2.14kgsCOD/m>d Reactor | OLR 4.27 kg sCOD/m*d
Reactor2 OLR 0.53kgsCOD/m*d Reactor2 OLR 1.07kgsCOD/m>d Reactor2 OLR 2.14 kg sCOD/m’d
Reactor 3 OLR 0.26 kgsCOD/m*d Reactor 3OLR 0.53kgsCOD/m*d Reactor 3 OLR 1.06 kg sCOD/m’.d
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Run time (days)
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N L 4
AsEnoud 4.10 ANNANYDININIDINTZUUANNUVY Semi-CSTR

4.4.4 NIATLUNRLIIE

a

a 1 o p=1 v =y o
Usnansasumediouaasiaimsiauvesgdunidluszuuiniannuauaadiy
=S

o

o a = :/d' ° a 1 =y a v =y
nMsinvesgaunIsimldinansasunsdisuazgdunsdnadrefimunso T Tasdrszundl

XN = o

USmnansaszmeiasaveguiniziiludunsiodegdunssnadialimu mldszuuninduman
18 (Andrew, 1976 1A Forday and Greenfield, 1982) minwanisnaanasauaaiu amilseneui

8

4.11 wunluriusuduves HRT 10 514 %9 3 OLR imnsaszivodion luuanaeduunmin fie 7
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OLR 1.07, 0.53 uag 0.26 kg SCOD/m’.d NAINIATHIMOIBOY WY 111-345, 100-345 uaz 100-
391 mg/l CH,COOH A 1dy uidedfulugas HRT 5 Su AifluSinmnsasznodiod hiuansis
fumn fie 7l OLR 2.14, 1.07 1102 0.53 kg SCOD/m’.d SA1nsaszmuiwngluga 140-525, 100-
450 1A% 100-450 mg/l  CH,COOH Aud1A Y Taowu3nae HRT fiSuimnsassmedtumis
AzAMNANIFIE HRT usn iiefetsenit HRT 2.5 Su wuinlfmunsassmohafuduetradiu
1340 Tnmmizdafnsel 1 7 OLR 4.27 kg SCOD/m’.d USinmnsassmsivazamiunimaig
fminzau'Tuinn Tavs1geqaodi 1,200 mg/l CH,COOH Taewaluudrsziunsaszimodiod
IMUNZEY 7D 50-500 mgy/l  CH,COOH Famqeaadivon1fiiluszuy18m1fu 2,000 mgi

CH,COOH (1n3eafing gandulsal, 2543; 11545 15099n¥1a6, 2541 Uag Harbert, 1981)

HRT 10d HRTS5d HRT2.5d
Reactor I OLR 1.07kgsCOD/m*d Reactor I OLR 2.14kgsCOD/m>d Reactor | OLR 4.27 kg sCOD/m’d
Reactor2 OLR 0.53kgsCOD/m’d Reactor2 OLR 1.07kgsCOD/m>d Reactor2 OLR 2.14 kg sCOD/m’d
Reactor 3 OLR 0.26 kgsCOD/m>d Reactor3 OLR 0.53 kgsCOD/m*d Reactor 3 OLR .06 kg sCOD/m’d
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4.4.5 AT IHYDINIATLINONYADTNINAN

oA 18 IUVBINIATTIMEwABTMNATA NG AR MIAIBANT T VTR
~ v d! 1 :.; ] 2Q o w w L4 [ ::i
@ouvu 190 1ma FeazidlumniaendamanininesveIsz Uy 11ANAMINARBIND I f1 OLR
@199 Al (MNUITRRUT 4.12) BAS1EIUNIATUNEIUADTMHAINYDAIININMAIN NI HRT 10
Su 4 3 OLR IA18A3181109n5ATSINB0RD TAINAIR liuanaA19anuuINYIn Ao N1 OLR 1.07,
0.53 uag 0.26 kg SCOD/m’.d HMDAI1AIUVBINIATLNYIGADANINAIIBY 1Y 0.15-0.44,
0.16-0.49 A% 0.17-0.58 mg/l CH,COOH mudiau ian 13 lus23 HRT 5 51 H5un
s [} l ] l a -4 =1 4 ' [ a v
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OLR (WUAU Ad 1 OLR 2.14,1.07 i1az 0.53 kg SCOD/m’.d 1A10AT1AIUIBINTATLINGIUAD
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q4aN1Y A9 2.5 71 WDIBAAIUVINIATTINENLADANINAIIVDI OLR  2.14 LAz 1.06 kg
scop/m’d faoglusareieonsv’ld Ao 0.27-0.63 1Az 0.27-0.60 mgl  CH,COOH ATUAIAY
11099 IN8ATIdIMVBINTASTIRBNIBRD AN INA1IMINEATTREN T 0.4 aaaTszuuTsdeimes

l=1 7 QJ = 7 % 1
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HRT 10d HRTS5d HRT2.5d
Reactor | OLR 1.07kgsCOD/m’d  Reactor 1 OLR 2.14kgsCOD/m*d  Reactor | OLR 4.27 kg sCOD/m’d
Reactor2OLR 0.53kgsCOD/m’d  Reactor2OLR 1.07kgsCOD/m*d  Reactor2 OLR 2.14 kg sCOD/m’d

Reactor 3OLR 0.26 kg sCOD/m>d  Reactor 3 OLR 0.53 kgsCOD/m’d  Reactor30OLR 1.06 kg sCOD/m>d

5 . - : u :
=]
4 .
ERE .
b
=
g 2
H : =la)
| 5 28848 AcaiabpA
222 | iahoe
aRZaageaienagat®l A% Bes (af2084%8808

0 10 20 30 40 50 60 70 80 90 100

Run time (days)

8 Reactor | A Reactor 2 O Reactor 3

NMWUSZNOUT 4.12 DRI IUYDINTATLNINUABTNINAIVD 1NN SULNT ALY

Semi-CSTR

4.4.6 M31haglen
= = E=y o LYR=1 o Ya 4 =1 = :
%1ﬂﬂ1‘iﬁﬂﬂ1ﬂ5$ﬁ‘ﬂ‘ﬁﬂ1‘W1Hﬂ"l'i‘lJ'l‘UﬂclfI'Oﬂqﬂ’)lﬂ‘iW%ﬁﬂ']ﬂ“ﬁTf)ﬂﬁZﬁ1ﬂu1
(Soluble Chemical Oxygen Demand SCOD) laginudonilowdnszuuiia SCOD a1afiu 3 M Ao
10,679 + 403, 5,339 + 81 LA 2,645 + 135 mg/l WU SCOD ¥9IINININTZUUAABATLHLLIAING

NAADAAIAINN5ZNOUN 4.13
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HRT 10d HRTSd HRT2.5d
Reactor | OLR 1.07kgsCOD/m’d Reactor | OLR 2.14kgsCOD/m’d  Reactor } OLR 4.27 kg sCOD/m*d
Reactor 2OLR 0.53 kg sCOD/m’d Reactor2 OLR 1.07kgsCOD/m>d  Reactor 2 OLR 2.14 kg sCOD/m>d
Reactor 3OLR 0.26 kg sCOD/m’d Reactor 3OLR 0.53kg sCOD/m’>d  Reactor 3 OLR 1.06 kg sCOD/m’.d
3500 - — e -
: : ol
3000 : : : e
2500 ‘ : -
=) : : :
Ea 2000
H : H
~ H : :ﬂ
g 1500 : : Du
$ 1000
» AL L= B TSR o
500 e
0
0 10 20 30 40 50 60 70 80 90 100
Time (days)
O Reactor | A Reactor 2 O Reactor 3
= s & w
ﬂ'l‘Wﬂizﬂﬂ‘U‘Vl 4.13 SCOD 48331 MNNNIZTULHUNUUY Semi-CSTR
= : s & 4
NITNADDIN HRT 10 A1 SCOD 993U IMNIN OLR  1.07,0.53 Uar 0.26 kg

SCOD/m’.d MBI 806 = 56, 540 £ 92 1Az 382 + 113 AWV A HRT 5 31 A1 SCOD ¥041h
719989 OLR 2.14, 1.07 1182 0.53 kg SCOD/m’d INALIINAL 880 + 152, 520 £ 92 1A% 332 + 98
WAL Uz HRT A 2.5 u 1 SCOD YoathiaR OLR 4.12, 2.14 1AY 1.06 kg SCOD/m’.d InGY
(N10U 2,589 + 680, 954 + 133 LA 739 + 214 AIUAIAL

INMINARLINLIIAT SCOD ¥091A170ONIINSTULYEY HRT 10 1Az 5 Fu
D% 3 daulfnsal e liuanmetuanmin daufl HRT 2.5 Su wutimh scop vouiisiinen
NITVUVO 5@1J§nim' 2 1ag 3 UANANINTIAL HRT Wareaneunthil limmin uadalgns ol
[ w1 SCOD weathnafieennnsruulauRuTun sziu 8317 HRT 2.5 Tif1 OLR iy

v
a N

4.27 kg SCOD/m’.d Fuilus OLR ﬁqaﬁqmmmmﬂamﬁ Wudelimsduns ddlewdngszuuga
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¥

a d' A
INUNIBDY

=N

aun3dazdosldnua Tavawsogldninlsz@niamwmsiinia scop weaimann

STUUHUNMINMNUSENOUN 4.14

100

SCOD removal (%)
~J oo O
< < <o

(=N
o

w
<

HRT10d
Reactor 1| OLR 1.07 kg sCOD/m>d
Reactor2 OLR 0.53 kg sCOD/m’d

Reactor 3 OLR 0.26 kg sCOD/m’d

HRT 5 d
Reactor | OLR 2.14 kg sCOD/m* d
Reactor2 OLR 1.07 kg sCOD/m* d

Reactor 3 OLR 0.53 kg sCOD/m>d

HRT2.5d
Reactor 1 OLR 4.27 kg sCOD/m>d
Reactor 2 OLR 2.14 kg sCOD/m’d
Reactor 3 OLR 1.06 kg sCOD/m’d

¥ 3

<
<

A 4

>

& &
* >

P DDDDD‘iDDDE 8. BSQ g
el AAA X A A
VY L e ; Q OY O%g Blu © OQ
! OO OA UU o A
EOOO : og
O
0 10 20 30 40 50 60 70 80 90 100
Time (days)
B Reactor | A Reactor 2 O Reactor 3

Mwilsznov 4.14 YszanTammsiinga SCOD ¥93111199105 S UURINUUY

Semi-CSTR

Yszansnmmnmsiiiga SCOD ¥0911M3IIA5SUUNINA HRT 10 A1 OLR 1.07,

0.53 1Az 0.26 kg SCOD/m’.d RAUMIAUSBYAL 92.45 + 0.52, 89.89 + 1.73 1Ay 85.57 + 4.28

MURIAD N HRT 5 314 A1 OLR 2.14, 1.07 uaz 0.53 kg SCOD/m’.d Uszd@ninmnmstiniamae

MINUSBHAL 91.76 + 1.42, 90.27 + 1.73 1AL 87.47 + 3. 71A WA IAY 1azhl HRT % 2.5 34 a1 OLR

4.12,2.14 uaz 1.06 kg SCOD/m’.d Yszaninmmsihamdomituiesas 75.76 + 6.73, 82.14 +

o @ 2 < T a o o ' a o
2.48 1AL 84.20 + 3.09 AIUAAY FIIZIHUNYTTANTNINMITHIA SCOD ﬂf)u‘i’ll'lqclﬂé}lﬂﬂﬂﬂ‘UTﬂU

masudrvrganindosay 80 un3un HRT 2.5 Ju Al OLR

10U 4.12 kg SCOD/m’.d ian

53




Y A a oy P

Uszaninmmsihiamasiosiiqa do Souaz 75.76 + 6.73 Fufaainm OLR Nguiu dwwass

L]

%4

msinuvoagauns dademaiimu

4.4.7 é'ﬂﬂmﬁwaﬂﬁ"l"ﬁ%)ﬂ]w (Biogas production.)

YSunamadinminadulussuuiludiudoalszaninmvesszuundinlae

oM sius et ensifipsvegdunidadunsauazadielimu sasimswaamadinin

AR uLEAIRININYSTNOUN 4.15

Biogas production (mL/day)

4500
4000
3500
3000
2500
2000
1500
1000

500

HRT 10d HRT Sd HRT2.5d

Reactor | OLR 1.07kgsCOD/m’d Reactor | OLR 2.14 kg sCOD/m’d Reactor | OLR 4.27 kg sCOD/m’d
Reactor 2 OLR 0.53kgsCOD/M’d  Reactor2 OLR 1.07 kg sCOD/m’d Reactor 2 OLR 2.14 kg sCOD/m’d
Reactor 3 OLR 0.26 kg sCOD/m’d  Reactor 3 OLR 0.53 kg sCOD/m’d Reactor 3 OLR 1.06 kg sCOD/m’d

> < ot >
Lo g La >

—R T

M

0 10 20 30 40 50 60 70 30 90 100
Time (days)

—1—Reactor |  —#—Reactor2 —©—Reactor3

{ ar a o 3 s
mnilszneun 4.15 9R131017 waﬂmm%’amﬂuummummm’mﬂam
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MINARBIA HRT 10 34 71 OLR 1,07 0.53 1A 0.26 kg SCOD/m’.d UdR351MIsHAR
AT Aan1IAIR IR AeiIRY 1,423 £ 104, 697 £ 108 1A 259 + 13 mUd/2.5 L Ay 7
HRT 5 1 # OLR 2.14, 1.07 1% 0.53 kg SCOD/m’.d I8R5 IMsHAAMATIM N AT AR IR A
WY 3,003 £ 179, 1451 £ 142 18T 670 £ 62 mld/2.5 L AWAIGY Lagh HRT gaty 2.5 u i
OLR 4.27, 2.14 118% 1.06 kg SCOD/m’.d fi8a5 1M snAAMaF 10 nAan Iz uRaomf 914 +

105, 3,000 + 43 1A 1,436 + 96 ml/d/2.5 L mua1ay

4.4.8 50802MSNARMUINU (Methane production)

nnmshmsFn e liSins1zeaml sznou Tasates GC-TCD Haans
Fanmdszneuii 4.16 wudevaymsnanfadinuaInmMINAassi HRT 10 Su 7 OLR 1.07,
0.53 U0 0.26kg SCOD/m’.d HAURAGIYIINY 70.87 £ 3.30, 72.52 £ 2.34 1A 71.92 + 2.77
MR 7 HRT 5 5u # OLR 2.14, 1.07 1z 0.53 kg SCOD/m’.d Ti¥ovazmsnanmaiimuman
IR 66.17 + 1.92, 68.28 + 0.67 1A 70.96 = 0.85 MUSIAY uazh HRT qato 2.5 Su # OLR
4.27,2.14 48 1.06 kg SCOD/m’.d 14000z M HARMBTINUMABINA 45.67 + 9.32, 65.78 + 1.28
HaY 73.16 £ 4.08 MUHIFD Fanuhdovazmsndanmaiinu laomfsezgant Jova 65 uaaald

g v o a a a o a Vet Y o ga s v o
lﬁu’)’]ﬁg‘ﬂﬂ‘ﬁllﬂlﬁJﬁZﬁﬂﬁﬂ1W1Uﬂ1§Nﬁﬂﬂ1°§‘U3ﬂ1Wqﬂﬂ UnIU Q\?ﬂ{]ﬂﬁm 1 HRT 2.5 74 1 OLR

v
[

4.27 kg SCOD/m’.d Ti3ovazmswanmaiimu lasmasmiiga fe fosas 45.67 + 9.32 MINTTVY

LY a o = 3 : = £y (Y A a o dal £
mJnwaﬂmqmmu‘lﬂuaﬂuumﬂ%mmmaummﬂumnuuamummmﬂmsaum&‘nﬂaumﬂ

a 3 =t

sevuniinguiundinyaunidadielimuazsuld sufan1ae shock Load ¥ lussuuiuies

Q
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HRT 10d HRT5d HRT2.5d
Reactor | OLR 1.07kgsCOD/m>d  Reactor | OLR 2.14kgsCOD/m’d  Reactor | OLR 4.27kg sCOD/m’4
Reactor2 OLR 0.53kgsCOD/m’d  Reactor2 OLR 1.07kgsCOD/m’d  Reactor2 OLR 2.14 kg sCOD/m’d

Reactor 3 OLR 0.26kg sCOD/m>d  Reactor 3 OLR 0,53kgsCOD/m’d  Reactor30LR 1.06 kg sCOD/m’d

<
<

> &

> »
>4

Ll L

o~ 90 - -
2 80 : ; :
[ - M M
o0 % % : i O
) : : :
270 A Qn—e—ﬂ—QBA - 5
- : 89 pg I A A
g : ! : A
z 60 ; 5 :
E 50 : '
8 ; 0 :
- H H : [a]
= 40 : : :
Q
0 10 20 30 40 50 60 70 80 90 100
Time (days)
o Reactor 1 A Reactor 2 O Reactor 3

a; kY a o =1 (% t
nwilsznoun 4.16 saﬂa:mswammmumuim:uuwunﬂmu

o oY <4 o (24 =t
4.4.9 HANAADIBY INWUDZHANAAN IV HINU

VINHAVDIBATINITHAAAIFTIN MBS DEAZMSHANRITTINUR A A1 AIFIN

HRT #ag OLR #1399 inthansiananaamasinmuasmatimu mn lduaaedanisiaf 4.2
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M151991 4.2 HARAAMBFINNIDLHANAAMTTUNUNTAITAIAIN OLR A9 9 AL

dalfnsel | HRT OLR Biogas Yield Methane Yield
(day) | (kgSCOD/m'd) | L, ./gSCOP___ Ley/g SCOD,_
10 1.07 0.56 + 0.004 0.37 % 0.006
1 5 2.14 0.61 % 0.034 0.40  0.027
25 427 0.11 + 0.004 0.05 + 0.009
10 0.53 0.48 + 0.020 0.33 £0.014
2 5 1.07 0.64 + 0.047 0.4 +0.028
2.5 2.14 0.70 £ 0.017 0.46 + 0.016
10 0.26 0.43 % 0.005 0.30 + 0.009
3 5 0.53 0.59 + 0.050 0.42 +0.032
25 1.06 0.64 % 0.028 0.47 £ 0.032

211035197 4.2 wunludesdfnsel 2 HRT 2.5 Ju 71 OLR 2.14 kg SCOD/m’.d

HANAARITEINMNGIGANIAY 0.70 L

SCOD

removed

biogas’

/g SCOD

removed

HarfinNUFURUT AU OLR danwlsznoui 4.17-4.18

uazHaNaAMFMUMIAY 0.46 L, /g
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Blogas yield (Lbiogns/g SCODremaved)

0.80

0.70

0.60

0.50

0.40

0.30

0.20

0.10

0.00

i A (2.14.027)
A (1.07.043)
= .06.0.36
A@©s3.023 (1060 A(2.13.0.59)
A (1.07.0.56)
« A (0.53,0.61)
A (0.26.0.11)
1 A
(4.27.0.60)
T T T r ; : ‘
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50
OLR (kg SCOD/m’>.d)
A COD:TKN=50: 1

MAUSZNOUN 4.17 ANUFURUT VDI OLR LAZHAKANMIFTINIMAASNANIIZAIN

CH_, yield (Lcm/g s(_‘()l)removed)

0.50
0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05

0.00

7 (1.06, 0.47)
u
B M (2,14, 0.46)
M (1.07, 0.44)
W (053, 0.42)
] ™ (214, 0.40)
| W (1.07,0.37)
H (0.53,0.33)
T ™026030
427.0.05
. 427.005)
T l H H T H T T i
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50

OLR (kg SCOD/m3.d)
M COD:TKN=50:1

MWUsENoUN 4.18 ANNTURUTUDI OLR HazHanaMaUmMumasian1Iznng
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qyw ¥ 4'1 a d? a QY o a o = a d?
UBNINUTINUIUUD OLR INNAUHANEANTTFINWILATHARAA MY TN IR LAY
A0 oAUl OLR 4.27 kg SCOD/m’.d NHANAAMBTININIASHARAAMFTINUaAa L1190

]
a oAt

szuundnisudumal TasliaunauinindSinagduns dniidl aaﬂmmsaumUnﬂﬂumaswun

] L4
=

A a { = @ Qr
mau‘ﬁ%smé’aszuummmu CSTR 7531 OLR Mg 9 v[ﬂ (¥UINIUIWVDI Cail and Barford

(1985) AAnuIszUUNIn 139 1M AUDY Semi-continuous  Fiern12z i TaWan gaungil 35 pam

IIFOE HRT 5.6 Jua1m1505Y OLR 18gade 12.6 kg TCOD/m’.d
a a d [ ann
4.4.10 azneugaunsomegludnlfnsm
aznouydunsdeziaUSmaluglues MLYVSS  uSoumfsunounazndams

NAADI HALLAAINIATIIN 4.3

A15199 4.3 1S ooy MLVSS nouLasnaInsnaass

dalfjnsal AoUNAADY (mg/L) NAINARDI (mg/L)
1 37,500 41,564
2 37,500 41,212
3 37,500 40,900

VNMIRNDINSTINBAZNBUYAUNT IN 1M AIMINABUNTN HulTAIN

b d

S a ] a a ‘é’ v o/
l‘lfﬂi!au‘ﬂ'iﬂhﬂWﬁLﬁ]ﬁﬂJLﬂUIﬂﬂluﬁluﬁ$W'J1\1ﬂ§$‘l]'§luﬂ'l'iﬁllﬂ

4.4.11 NAYDIOAI1TIU COD:TKN
4.4.11.1 N3A-AN NIATUNONY HAZOAI T IUNIATUNSNLADTNINA
WolSeuiRoudas1aiu VFA : Alk 91 OLR @199 4948031894 COD : TKN

I 50 ¢ 1 uaz 40:1 Wy lasanInadnsidiu VFA - Ak 0150 1 uaz 40:1 oglusied

iz ay on3uf OLR 4.27 kg SCOD/m’.d ¥0I8ATIEIU 50 : 1NUBATIHIU VFA : Alk 1AUKIN
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d' =y d' a ad [ Y d'
Lﬁlﬂ%ﬁlﬂﬂiﬂﬂ IUBINMITSTUUBI VFA Gluszumﬂumauma%w"lﬂ gammilsznoun

4.19
450 -
» A
4.00 -+ (4.27.4.16)
3.50 -
3.00 -
2.50 -
=
=<
< 200 -
£
>
1.50 - (0.77. 1.26)
100 038,067 O O (1.54,1.17) Q.06 1.1
: (0.39,0.58 (0.77.0.74)
050 - O B  0Zsow .(|.07.o,38)F (1.53.0.48) t(z-‘4~0-5‘”
. 0.19, .54 DA
It 7157) ‘(0.53.0,39) ((lL(())g.g:lz) (2.14, 0.40)
0.00 -1026.027) (053.036) (1.06.041) : K ; ; ]
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50
OLR (kg SCOD/m3.d)
A COD :TKN=50: 1 O COD:TKN=40:1

ANUITROUTN 4.19 BRI1EIU VFA : Alk 91 OLR #1199 ¥990A31831 COD : TKN IM1AY 50 : 1

iHaz 40 : 1

1HoW915 A7 pH AL VFA 71 OLR @199 U999A518IU COD : TKN 1111 50 : 1
] ) 1 4 v ¥ v v
HAZ 40 : 1 WU UlR VFA 1WuAY demaliial pH (Mudu Wo1sainonsdiu 40: 1 A1 OLR
i as v d' ] ] d' = o Vv o o [=Y 9/ [ a vd'
qaga M VFA gage Sudlumiieglusesimingan Sonhldszuudeduiuldedalnd uai

$A5189U 50 1 7f1 OLR gaga m VFA gaga iumiidusisiimnzayhlunn Jaildszuy

A A

ianudunad nazgdnaungrilsinzunndsuaazneugduniddesna1ssunion
3 [] [ 1 dy:ﬂ yd' s 1] s o ld‘ Y
Houdhgszuy hdomarisulluaunaldidasidau so: 1 luda)fnseli 1 HRT 2.5 Fu OLR

4.27 kg SCOD/m’.d ifiaa1udumnal aamwilsenoui 4.20
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8.00 1400.00
7.00 g A ° B
2 VA WA f A : A 1200.00
6.00 +
N - 1000.00
5.00 =
- 800.00 &
Q
= 4.00 e
e o - 600.00 3
3.00 R o) 5 E
— 400.00
]
™
1.00 +——® - 200.00
0.00 , , ; 0.00
0.00 1.00 2.00 3.00 4.00 5.00
OLR (kg SCOD/m>.d)
A pH(50:1) A pH(40: 1) ® VFA(50:1) O VFA(40:1)

MWUsENOUN 4.20 pH LT VFA 1l OLR 7139 ¥098A51834 COD : TKN (MIAY 50 : 1 14ag 40 : 1

4.4.11.2 AIMSHAAMBTIMNUAzIDBAZ YR IMBIINU

INHANTINABBIRIIMSNIANUVLLNTR 1431851828 COD-TKN 1A 50:1
Wusasrdufimnzay Tumsvinuuy Semi-CSTR wenanmsnaansTayldsasidin cop
TKN 11y 50:1 18vinmsnaanalaeldensidiu COD:TKN 18D 40:1 91amsnaanad
§n351571 COD:TKN (11A1 40:1 Wu71# HRT 10 31 OLR 0.76, 0.39 1Az 0.19 kg SCOD/m’.d &
SAsIMsHARMFTIA N AN TR IR AR 1,144 + 245, 531 £ 243 110% 243 + 10 ml/d/2.5 L
AL A HRT 5 Su OLR 1.53,0.77 uaz 0.38 kg SCOD/m’ d i85 1msnaniam mwiianiiz
AR IR Ao 2,343 +250, 1,091 + 134 4% 612 + 149 m/d/2.5 L MU Lazh HRT 2.5 Ju
OLR 3.06, 1.54 1% 0.77 kg SCOD/m’.d ias1mskanmad i an1iznsdimaomid 2,960

+132, 1,080 + 132 8% 567 + 60 ml/d/2.5 L @UR19U A9NINUsENoun 4.21-4.22
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HRT 10d
Reactor ! OLR 0.76 kg sCOD/m’ d
Reactor 20LR 0.39 kg sCOD/m’ ¢

HRTSd
Reactor | OLR 1,53 kg sCOD/m*d
Reactor2 OLR 0.77 kg sCOD/m’d

HRT2.5d
Reactor LOLR 3.06 kg sCOD/m’d
Reactor2OLR £.54 kg sCOD/m*d

Reactor 3OLR 0.19kgsCOD/m’d  Reactor 3 OLR 0.38 kg sSCOD/m>d  Reactor 3 OLR 0.77kg sSCOD/m*.d
< > 4 > >
5000
5 4500
3 4000
E 3500
§ 3000
o 2500
E
3 2000
2 1500
g 1000
-]
& 500
0
0 10 20 30 40 50 60 70 80 90
Time (days)
—0—Reactor 1|  —#—Reactor2 —&—Reactor 3

Mseaeun 4.21 dasimskanmasimnluuaaz I uns

(Y]

518U COD:TKN 111 40:1

HRT 10d
Reactor | OLR 1.07 kg sCOD/m*d
Reactor 2 OLR 0.53 kg sCOD/m>d

Reactor 3 OLR 0.26 kg sCOD/m’.d

HRT5d HRT2.5d
Reactor | OLR 2.14kg sCOD/m>d Reactor t OLR 4.27 kg sCOD/m>d
Reactor2 OLR 1.07kg sCOD/m*d Reactor2 OLR 2.14 kg sCOD/m*d

Reactor 3OLR 0.53kg sCOD/m’d Reactor 3 OLR 1.06 kg sCOD/m>d

> & »d
> & >4 >

4500 : T
= 4000 I - 8 in :
] M . N
3 3500 .Il( IG\ |
g 5]
£ 3000 3 3
= N oy
o 2500 E? :
3= 2000 :
2 1500 i
2 Ji
w 1000 ot
2 500
“ 0
0 10 20 30 40 50 60 70 80 90 100
Time (days)
——Reactor] —&—Reactor2 —©—Reactor3

P @ a o P2 1 o A
mMwilsenaun 4.22 dnTIMIKNaAMFTININ IUnaz Tuh

g v

51874 COD:TKN i1 50:1
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NnRaMsnAneIeduiieRims S ouifouszniesasidu CODTKN # 50:1
oL 40:1 1 HRT 15028U nu31 1aenins s ns1ms Hanmasnmian1zafive8ns1diu
COD:TKN 191171 50:1 Sf1geniifisasidiou CODTKN iy 40:1 1fiean1nfisnsidan cop
TKN i1y 50:1 HSuaensdunIdqeniiisnsdau 40:1 E;ﬂr’iu“luﬁaﬂﬁﬂsafﬁ I HRT 2.5 Tu
OLR 4.27 kg SCOD/m’.d 7165 1M5HANMFFININYBISATIAIU CODTKN (1181 50:1 anad
sfimmﬂﬂ?mmmsSuw?t‘fquﬁu uAdIMS USRI 1AL 40:1 OLR 3.06 kg SCOD/m’.d 530V
wanfMadanmldedadidszdnsnm diosind1 OLR Sreglutaefisdunidimmiseinld

18731991 COD:TKN 11/ 40:1 WU HRT 10 4 OLR 076, 0.39 1122 0.19
kg SCOD/m’.d T3vazniswanmaiinuTasmaofy 67.93 £ 0.96, 70.52 + 1.27 Hag 68.60 +
1.50 MWD 7 HRT 5 51 OLR 1.53,0.77 LA 0.38 kg SCOD/m’.d Hi{ovazmswanmaiinulay
AR 66.58 £ 0.73, 69.93 + 0.93 1A% 70.60 + 0.72 MUAIW LaLA HRT 2.5 J1 OLR 3.06,
1.54 1Az 0.77 kg SCOD/m’.d H3ovazmsnanmaiimuTaomaoniif 63.15 + 0.98, 67.86 + 2.50
UaL 73.92 + 4.80 MUAIAY fAanmszneud 4.23 Tasnwsiudesazmsmanmadimuiianiizag

l
@ ot o H

AININIIAIU COD:TKN 1YAY 50:1(MWilsEnoui 4.24) uaz 40:1 e luuanaieiuagadl

[

pd

e
B

INNAVBIBATINIINAAMIFTINMNA AN IEAIRIVDIBATIAIU COD:TKN 11R1

3 :d'w

50:1 UMganINeasIdIn 40:1 uadeimmsoagd1dnfsasidau s0:1 Wusasidiun

P 4'1 d' 3 H A a a S o Ao 1 =< ] v
MUNZAUNTAUUDIINNDATITIU 50:1 HUSmaassunsdganinonsiaiu 40:1 %Q’c’NNfﬂ‘H‘lﬂ

a IS ~ ' o a A s as v o a v
Ysnamasimwigendt 8nisdesazmsndamaiimuiintm Indifsedu daiunsiinsand

[

A1 U IAHNZAUITNIITUINN NARBAMTTININLASHANARRTTINY
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CH, composition in biogas (%)
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40

HRT10d
Reactor | OLR 0.76 kg sCOD/m*d
Reactor 20LR 0.39 kg sCOD/m’ ¢

Reactor 30LR 0.19 kg sCOD/m>d

HRTSd
Reactor | OLR 1.53 kg sCOD/m>d
Reactor 2OLR 0.77 kg sCOD/m*d
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Bscop ﬁgﬂﬁvﬁa
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NI 4.4 WITTUABIAN ‘namazﬂammmmmﬁaanmmz‘ukuﬂﬁ COD:TKN W10y 50:1

inag 40:1
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Reactor OLR
Biogas yield Methane VFA
(Kg pH VFA/Alk
, (L/gSCODremoved) | (L/gSCODremoved) (mg/LCH,COOH)
SCOD/m .d)
] 1.07 0.56 £ 0.004 0.37 + 0.006 6.83£0.16 325.00 £22.91 0.42 £0.02
2.14 0.61 +0.034 0.40 £ 0.027 6.89+0.13 283.33 +125.83 0.40+£0.18
427 0.11 + 0.004 0.05 + 0.009 5.39+0.06 1216.67 +28.87 416029
2 0.53 0.48 +0.020 0.33+£0.014 6.86+0.17 275.00 + 108.51 0.39+0.14
1.07 0.64 + 0.047 0.44 +0.028 6.87+0.16 283.33 £ 158.77 0.38+£0.20
2.14 0.70 £ 0.017 046+ 0.016 6.57+0.11 310.00 + 36.06 054 £0.06
3 0.26 0.43 £ 0.005 0.30 + 0.009 6.84 +0.29 191.67 +52.04 027 £0.05
0.53 0.59 +£0.050 0.42 £0.032 6.81+£0.22 256.67 + 146.40 0.36 +0.14
1.06 0.64 +0.028 0.47 +0.032 6.55+0.10 232.67 +£30.02 0.41+0.08
40:1
1 0.76 0.75 +0.143 0.51 +£0.093 6.97+0.22 370.00 + 54.67 0.44 £ 0.07
1.53 0.70 = 0.061 0.47 £0.036 6.69 £0.10 375.00 £ 75.00 0.48 £0.11
3.06 0.57 £0.029 0.36 £ 0.023 6.69+0.42 608.33 +£225.46 1.18 £ 0.60
2 0.39 0.69 +0.199 048 £0.136 6.96 £ 0.15 446.33 + 243.00 0.58 +£0.30
0.77 0.70 £ 0.170 0.49+0.116 6.67 £ 0.08 400.00 + 43.30 0.74+0.22
1.54 0.72 £ 0.031 0.49 + 0.025 6.67 +0.57 483.33 + 128.29 1.17+0.30
3 0.19 0.60 £ 0.016 0410017 6.96 £ 0.15 373.67 £ 183.18 0.54 £0.12
0.38 0.75 £ 0.203 0.53 +£0.139 6.71 £0.21 368.67 + 135.72 0.62 £0.19
0.77 0.63 +0.150 0.46 + 0.093 6.67 +0.66 500.00 + 125.00 1.26 +0.22
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a o A o 0 A o
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T §as1edi 4.5 GwazmBuamstnauaaslumanuan ) uazlisasimndamaiinn

Ié =
539.52 gnunanwasAl
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rinlszih 8,160
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uRaFmwinau 539.52 gnuiasiuasaunsoth 11418 maanszua Inih
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a ¢ ° 1 A o
MANHIN N wamsamsw‘ﬁ‘nNmﬁmaamtﬁﬂﬁﬁeuuazmmﬁaanmnszmwmm‘u Semi-CSTR

P ; Y ; .
MINMARUINT 1 MsAnTzvgunmiiieiiosnszuutazmMaFINmi 1d91nnsz UMM SMIAILY Semi-CSTR

Y 4 HRT Q OLR Akl VFA SCOD
UN o e Temp. SCOD,,, SCOD,, Biogas Methane
ﬂdﬂf‘]ﬂim (day) (L/d) kg pH (mg/l (mg/L VFA : Akl removal
NANDY (°C) (mg/L) (mg/L) (ml/d) (%)
SCOD/m3.d CaCO) | CH,COOH) (%)
1-16 1 50 50 0.11
2 50 50 0.11 Start-up
3 50 50 0.11
17 1 10 250 1.07 33 7.04 - - - 10,679 - - 520 75.17
2 10 250 0.53 34 6.87 - - - 5,339 - - 190 75.99
3 10 250 0.26 33 6.93 - - - 2,645 - - 170 75.88
18 1 10 250 1.07 32 7.22 847 125 0.15 10,679 1100 89.70 670 77.82
2 10 250 0.53 33 7.28 855 138 0.16 5,339 980 81.64 380 73.89
3 10 250 0.26 34 7.18 861 166 0.19 2,645 750 71.64 300 73.79
19 1 10 250 1.07 32 7.07 - - - 10,679 - - 630 7222
2 10 250 053 31 7.07 - - - 5,339 - - 260 72.38
3 10 250 0.26 33 7.00 - - 2,645 - - 270 73.89
20 I 10 250 1.07 30 6.72 875 250 0.29 10,679 1250 88.29 1030 -
2 10 250 0.53 32 6.98 870 270 0.31 5,339 950 82.21 370 -
3 10 250 0.26 31 6.82 855 310 0.36 2,645 690 73.91 260 -
21 1 10 250 1.07 33 6.61 - - - 10,679 - - 1315 -
2 10 250 0.53 32 6.59 - - - 5.339 - - 530 -
3 10 250 0.26 32 6.56 - - - 2,645 - - 320 -
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AT NMANUINT 1 (9D)

o HRT Q OLR Akl VFA SCOD
MWN Y e s Temp SCOD SCOD,,, Biogas Methane
dalfnsal | (day) | (L) kg pH (/L (mg/L VFA : AKI " 1 removal
NAfeN A(°0) (mg/L) (mg/L) (ml/d) (%)
SCOD/m3.d CaCO) | CH,COOH) (%)
22 1 10 250 1.07 30 6.59 885 297 0.34 10,679 950 91.10 900 70.00
2 10 250 0.53 31 6.57 781 167 021 5339 890 83.33 430 71.50
3 10 250 0.26 31 6.51 677 319 0.58 2,645 720 72.78 290 67.84
23 1 10 250 1.07 32 6.49 - - - 10,679 - - 1500 -
2 10 250 0.53 33 6.46 - - - 5,339 - - 530 -
3 10 250 0.26 32 6.74 - - - 2,645 - - 325 -
24 1 10 250 1.07 31 6.78 807 167 0.21 10,679 850 92.04 1405 73.13
2 10 250 0.53 30 6.72 781 146 0.19 5339 820 84.64 630 76.33
3 10 250 026 30 6.74 677 156 023 2,645 500 81.10 360 73.81
25 1 10 250 1.07 32 6.79 - - - 10,679 - - 1070 74.67
2 10 250 0.53 31 6.82 - - - 5,339 - - 540 72.89
3 10 250 0.26 32 6.83 - - - 2,645 - - 370 71.78
26 1 10 250 1.07 31 6.71 703 151 021 10,679 960 91.01 1480 -
2 10 250 0.53 30 6.66 678 136 0.20 5,339 781 85.37 830 -
3 10 250 0.26 31 6.72 552 151 027 2,645 520 80.34 370 -
27 1 10 250 1.07 33 6.58 - - - 10,679 - - 1500 -
2 10 250 0.53 32 6.58 - - - 5,339 - - 735 -
3 10 250 0.26 32 6.64 - - - 2,645 - - 380 -
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ATMANUIND 1 (AD)

o 4 HRT Q OLR Akl VFA SCOD
UN e e . Temp SCOD, SCOD,,, Biogas Methane
mﬂgnsm (day) (L/d) kg pH (mg/L (mg/LL VFA : Akl removal
NAADY .(°C) (mg/L) (mg/L) (ml/d) (%)
SCOD/m3.d CaCO,) | CH,COOH) (%) )

28 1 10 250 1.07 32 6.55 710, 162 023 10,679 920 91.38 1420 -

2 10 250 0.53 32 6.54 670 129 0.19 5.339 769 85.60 735 -

3 10 250 0.26 31 6.63 571 135 0.24 2,645 510 80.72 350 -
29 1 10 250 1.07 32 6.51 - - - 10,679 - - 1610 -

2 10 250 0.53 33 6.50 - - - 5,339 - - 605 -

3 10 250 0.26 33 6.60 - - - 2,645 - - 430 -
30 1 10 250 1.07 31 6.55 722 111 0.15 10,679 916 91.45 1500 69.88

2 10 250 0.53 30 6.47 667 111 0.17 5,339 721 86.50 1150 72.21

3 10 250 0.26 31 6.55 583 111 0.19 2,645 480 81.85 750 73.73
31 1 10 250 1.07 32 7.31 - - - 10,679 - - 1270 -

2 10 250 0.53 32 7.15 - - - 5,339 - - 760 -

3 10 250 0.26 31 7.18 - - - 2,645 - - 255 -
32 1 10 250 1.07 32 6.92 714 149 021 10,679 838 92.15 1410 -

2 10 250 0.53 32 6.72 639 139 0.21 5,339 609 88.59 690 -

3 10 250 0.26 31 6.76 555 139 031 2,645 545 79.40 260 -
33 1 10 250 1.07 30 6.62 - - - 10,679 - - 1485 -

2 10 250 0.53 31 6.62 - - - 5,339 - - 660 -

3 10 250 0.26 32 6.76 - - - 2,645 - - 260 -

81




d' 1
ATNNANUINY | (A1D)

.o HRT Q OLR Akl. VFA SCOD
IUN Y e e Temp SCOD, SCOD, Biogas Methane
dulfnsel | (day) | (L) kg pH (mg/L (mglL | VFA: Akl " YT removal
NAADY (°0) (mg/L) (mg/L) (ml/d) (%)
SCOD/m3.d CaCO,) | CH,COCH) (%)
34 1 10 250 1.07 32 6.54 750 160 021 10,679 798 92.53 1155 -
2 10 250 0.53 30 6.52 700 145 0.30 5,339 635 88.11 740 -
3 10 250 0.26 31 6.54 570 175 0.26 2,645 535 79.77 255 -
35 1 10 250 1.07 32 6.50 - - - 10:679 - - 1550 -
2 10 250 0.53 32 6.52 - - - 5,339 - - 645 -
3 10 250 0.26 32 6.58 - - - 2,645 - - 255 -
36 l 10 250 1.07 31 6.67 800 170 021 10,679 750 92.98 1605 72.48
2 10 250 0.53 30 6.70 625 190 0.30 5,339 630 88.20 815 73.42
3 10 250 0.26 31 6.92 688 180 026 2,645 520 80.34 340 69.73
37 1 10 250 1.07 31 6.60 - - - 10,679 - - 1510 -
2 10 250 0.53 30 6.73 - - - 5,339 - - 765 -
3 10 250 0.26 31 6.81 - - - 2,645 - - 295 -
38 ! 10 250 1.07 31 6.82 850 150 0.18 10,679 780 92.70 1270 -
2 10 250 0.53 31 6.83 550 150 027 5,339 615 88.48 685 -
3 10 250 0.26 30 7.06 550 150 027 2,645 470 82.23 280 -
39 1 10 250 1.07 32 6.97 - - - 10,679 - - 1375 67.38
2 10 250 0.53 32 6.88 - - - 5,339 - - 675 69.95
3 10 250 0.26 31 7.00 - - - 2,645 - - 270 70.42
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AMINMARUINT | (71D)

o4 HRT Q OLR AKI. VFA SCOD
un o e . Temp SCOD,, | SCOD,,, Biogas Methane
faugnsal | (day) (L/d) kg pH (mg/L (mg/L VFA : Akl removal
NARDY . (°C) (mg/L) (mg/L) (ml/d) (%)
SCOD/m3.d CaC0,) | CH,COOH) (%)
40 1 10 250 1.07 33 6.87 750, 150 0.20 10,679 733 93.14 1200 -
2 10 250 0.53 32 6.82 670 150 0.22 5,339 550 89.70 720 -
3 10 250 0.26 32 6.94 670 125 0.19 2,645 387 85.37 310 -
41 1 10 250 1.07 31 6.76 - - - 10,679 - - 1300 -
2 10 250 0.53 32 6.82 - - - 5,339 - - 780 -
3 10 250 0.26 33 6.96 - - - 2,645 - - 275 -
42 1 10 250 1.07 31 6.95 810 250 031 10,679 829 92.24 1320 -
2 10 250 0.53 32 6.79 700 150 0.21 5339 571 89.31 650 -
3 10 250 0.26 31 6.87 785 125 0.16 2,645 307 88.39 255 -
43 1 10 250 1.07 33 6.97 850 300 0.35 10,679 - - 1369 66.22
2 10 250 0.53 32 7.01 750 150 0.20 5,339 - - 565 69.79
3 10 250 0.26 32 7.02 750 125 0.17 2,645 - - %50 71.00
*44 1 10 250 1.07 30 6.71 - - - 10,679 - - 1120
2 10 250 0.53 31 6.75 - . - 5,339 - - 520 -
3 10 250 0.26 31 6.80 - - - 2,645 - - 255 -
*45 1 10 250 1.07 32 7.00 750 300 0.40 10,679 900 91.57 1355 65.54
2 10 250 0.53 31 7.05 650 150 0.23 5.339 450 90.73 615 69.34
3 10 250 0.26 32 7.17 710 150 0.21 2,645 263 90.06 255 68.23
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P )
AITINMAKNUINN | (R1D)

' HRT Q OLR AKL VFA SCOD
un o e e Temp SCOD,, | SCOD,,, Biogas Methane
nqﬂg]nsm (day) (L/d) kg pH (mg/L (mg/L VFA : Akl removal
GLEN .(°C) N (mg/L) (mg/L) (ml/d) (%)
SCOD/m3.d CaCO,) | CH,COOH) (%)

*46 1 10 250 1.07 31 6.81 - - - 10,679 - - 1595 -
2 10 250 0.53 32 6.80 - - - 5,339 - - 740 -
3 10 250 0.26 32 6.82 - - - 2,645 - - 250 -

*47 1 10 250 1.07 32 6.78 830 345 0.42 10,679 863 91.92 1380 -
2 10 250 0.53 3t 6.80 700 345 0.49 5,33:9 406 92.40 570 -
3 10 250 0.26 3 6.70 650 175 027 2,645 264 90.02 250 -

*43 1 . 10 250 1.07 32 6.77 - - - 10,679 - - 1400 -
2 10 250 0.53 31 6.78 - - - 5,339 - - 685 -
3 10 250 0.26 32 6.65 - - - 2,645 - - 280 -

*49 | 10 250 1.07 30 6.70 750 330 0.44 10,679 796 92.55 '1310 -
2 10 250 0.53 31 6.73 760 330 043 5,339 415 92.23 630 -
3 10 250 0.26 31 6.65 780 250 0.32 2,645 307 88.39 275 -

*50 1 10 250 1.07 32 6.74 - - - 10,679 - - 1495 -
2 10 250 0.53 32 6.70 - - - 5,339 - - 1020 -
3 10 250 0.26 31 6.60 - - - 2,645 - - 245 -

51 1 5 500 2.14 31 6.71 600 300 0.50 10,679 824 92.28 725 62.80
2 5 500 1.07 30 6.68 550 150 0.27 5,339 461 91.37 570 56.23
3 5 500 0.53 31 6.63 550 250 0.45 2,645 309 88.32 555 46.03
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AT NMARNUINT 1 (71D)

o4 HRT Q OLR Akl VFA SCOD
un . A e Temp SCOD,, SCOD,;, Biogas Methane
feyfnsal | (day) (L/d) kg pH (mg/L (mg/L VFA : Akl removal
nANDY (°0) (mg/L) (mg/L) (ml/d) (%)
SCOD/m3.d CaCO,) | CH,COOH) (%)
52 1 S 500 2.14 32 6.73 - - - 10,679 - - 2310 -
2 5 500 1.07 32 6.66 - - - 5,339 - - 995 -
3 5 500 0.53 31 6.62 - - - 2,645 - - 490 -
53 | 5 500 2.14 33 6.74 550 375 0.68 10,679 740 93.07 3085 63.26
2 5 500 1.07 32 6.82 600 350 0.58 5,339 324 93.93 1375 62.23
3 5 500 0.53 32 6.85 600 300 0.50 2,645 240 90.93 490 57.01
54 1 5 500 2.14 32 7.16 - - - 10,679 - - 2600 -
2 5 500 1.07 31 7.33 - - - 5339 - - 1340 -
3 5 500 0.53 33 7.17 - - - 2,645 - - 525 -
55 1 5 500 2.14 30 6.75 400 300 0.75 10,679 980 90.82 3430 -
2 5 500 1.07 31 6.72 570 350 0.61 5339 480 91.01 1610 -
3 5 500 0.53 31 6.80 625 350 0.56 2,645 319 87.94 500 -
56 1 5 500 2.14 32 6.89 - - - 10,679 - - 4095 -
2 ] 500 1.07 32 6.87 - - - 5.339 - - 1495 -
3 S 500 0.53 31 6.97 - - - 2,645 - - 1090 -
57 1 S 500 2.14 31 6.74 550 150 027 10,679 1182 88.93 3940 -
2 5 500 1.07 31 6.62 600 300 0.50 5,339 500 90.63 1705 -
3 5 500 0.53 31 6.59 600 300 0.50 2,645 298 88.73 870 -
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AT NMARUINT | (D)

o 4 HRT Q OLR Akl. VFA SCOD
N v e . Temp . SCOD,, | SCOD,,, Biogas Methane
mﬂﬂﬂim (day) (L/d) kg pH (mg/L (mg/L VFA : Akl removal
NABDY .(°C) (mg/L) (mg/L) (ml/d) (%)
SCOD/m3.d CaCO)) | CH,COCH) (%)
58 1 5 500 2.14 31 6.93 - - - 10,679 - - 3285 -
2 5 500 1.07 30 6.87 - - - 5.339 - - 1730 -
3 5 500 0.53 31 6.99 - - - 2,645 - - 755 -
59 1 5 500 2.14 32 6.88 398 140 0.35 IO,;’>79 1310 87.73 3060 68.33
2 5 500 1.07 32 6.78 495 300 0.61 5,339 533 90.02 1500 68.36
3 5 500 0.53 31 6.87 550 300 0.55 2,645 278 89.49 1110 70.43
60 1 5 500 2.14 32 6.83 - - - 10,679 - - 3090 -
2 5 500 1.07 32 6.69 - - - 5,339 - - 1720 -
3 5 500 0.53 31 6.75 - - - 2,645 - - N 875 -
61 1 5 500 2.14 32 6.78 450 281 0.62 10,679 17 89.03 3400 -
2 5 500 1.07 32 6.60 450 281 0.62 5,339 843 84.21 1700 -
3 5 500 0.53 33 6.63 560 281 0.50 2,645 365 86.20 790 -
62 1 5 500 2.14 31 6.59 - - - 10,679 - - 2890 -
2 5 500 1.07 32 6.40 - - - 5.339 - - 1445 -
3 5 500 0.53 32 6.38 - - - 2,645 - - 680 -
63 1 5 500 2.14 32 7.04 600 275 0.46 10,679 972 90.90 3015 -
2 5 500 1.07 31 6.85 592 250 042 5,339 370 93.07 1450 -
3 5 500 0.53 30 6.93 600 290 0.48 2,645 185 93.01 585 -

86




AT NIANUINA 1 (ﬂ'i’])

Y HRT Q OLR Akl VFA SCOD
UN v e e Temp SCOD,, SCOD,;, Biogas Methane
feUgninl | (day) (L/d) kg pH (mg/L (mg/L. VFA : Ak removal
NARDY .(°C) (mg/L) (mg/L) (ml/d) (%)
SCOD/m3.d CaCO)) | CH,COOH) (%)

64 1 5 500 2.14 32 6.88 LN - - 10,679 - - 2975 .
2 5 500 1.07 32 6.75 - - - 5,339 - - 1600 -
3 5 500 0.53 31 6.65 - - - 2,645 - - 638 -

65 1 5 500 2.14 32 6.60 650 150 023 10,679 688 93.56 3350 -
2 5 500 1.07 31 6.58 798 150 0.19 5,339 550 89.70 1500 -
3 5 500 0.53 32 6.60 650 150 0.23 2,645 366 86.19 815 -

66 1 5 500 2.14 31 7.21 - - - 10,679 - - 2925 -
2 5 500 1.07 30 7.13 - - - 5339 - - 1150 -
3 5 500 0.53 31 7.23 - - - 2,645 - - 630 -

67 1 5 500 2.14 3] 6.72 690 375 0.54 10,679 1100 89.70 2820 -
2 5 500 1.07 30 6.57 700 375 0.54 5339 606 88.65 1215 -
3 5 500 0.53 31 7.01 750 281 0.37 2,645 324 87.75 %50 -

68 1 5 500 2.14 31 6.91 - - - 10,679 - - 3100 -
2 5 500 1.07 33 6.79 - - - 5339 - - 1300 -
3 5 500 0.53 32 6.78 - - - 2,645 - - 630 -

*69 1 5 500 2.14 31 6.75 650 300 0.46 10,679 740 93.07 3210 -
2 5 500 1.07 30 6.75 750 375 0.50 5,339 463 91.33 1560 -
3 5 500 0.53 31 6.65 650 390 0.46 2,645 278 89.49 705 -
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MINMANUINT 1 (9D)

o4 HRT Q OLR AKL VFA SCOD
UN . A e Temp SCOD,, SCOD,, Biogas Methane
feUfnint | (day) (L/d) kg pH (mg/L. (mg/L VFA : Akl removal
NANDY .(°C) (mg/L) (mg/L) (ml/d) (%)
SCOD/m3.d CaC0,) | CH,COOH) (%)

*70 1 5 500 2.14 32 6.63 - - - 10,679 - - 3070 -
2 5 500 1.07 32 6.67 - - - 5,339 - - 1435 -
3 5 500 0.53 31 721 - - - 2,645 - - 635 -

*71 1 5 500 2.14 33 6.91 746 400 0.54 10,679 864 91.91 2960 -
2 5 500 1.07 32 6.80 765 375 0.49 5,339 516 90.04 1425 -
3 5 500 0.53 31 7.06 650 280 0.43 2,645 356 86.54 615 -

72 1 5 500 2.14 30 6.78 - - - 10,679 - - 3205 65.51
2 5 500 1.07 31 6.71 - - - 5,339 - - 1520 68.91
3 5 500 0.53 31 6.91 - - - 2,645 . - 690 71.94

*73 1 5 500 2.14 32 6.71 - - - 10,679 - - * 3170 64.67
2 5 500 1.07 31 6.65 - - - 5,339 - - 1595 67.58
3 5 500 0.53 32 6.80 - - - 2,645 - - 750 70.50

*74 1 5 500 2.14 31 7.00 750 150 0.20 10,679 918 91.40 2820 -
2 5 500 1.07 30 7.05 688 100 0.15 5,339 612 88.54 1620 -
3 5 500 0.53 31 6.73 500 100 0.20 2,645 480 81.85 690 -

*75 1 5 500 2.14 32 6.85 - - - 10,679 - - 3330 -
2 5 500 1.07 32 6.90 - - - 5,339 - - 1500 -
3 5 500 0.53 31 6.75 - - - 2,645 - - 940 -
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AMINMARNUINT 1 (91D)

.4 HRT Q OLR Akl VFA SCOD
TUN v e e Temp SCOD,, SCOD,,,; Biogas Methane
mﬂgmm (day) (L/d) kg pH (mg/L (mg/L VFA . Akl removal
NANDY .(°C) (mg/L) (mg/L) (ml/d) (%)
SCOD/m3.d CaCQ,) | CH,COOH) (%)

76 1 2.5 1000 427 32 6.70 438 , 375 0.86 10,679 1545 85.53 3950 -

2 2.5 1000 2.14 32 6.42 600 281 047 5,339 862 83.85 2650 -

3 2.5 1000 1.06 3t 6.51 500 281 0.46 2,645 579 78.11 1650 -
77 I 25 1000 427 30 7.13 - - - 10,679 - - 3835 -

2 2.5 1000 2.14 30 7.08 - - - 5,339 - - 2580 -

3 2.5 1000 1.06 30 7.14 - - - 2,645 - - 1135 -
78 1 25 1000 427 31 6.75 438 375 043 10,679 2546 76.16 4250 -

2 25 1000 2.14 33 6.63 600 281 0.62 5,339 1134 78.76 2575 -

3 25 1000 1.06 33 6.36 615 125 028 2,645 927 64.95 1400 -
79 1 25 1000 427 32 6.74 - - - 10,679 - - 4090 -

2 2.5 1000 2.14 32 6.66 - - - 5,339 - - 2555 -

3 2.5 1000 1.06 31 6.42 - - - 2,645 - - 1285 -
80 1 25 1000 427 32 6.52 850 450 0.53 10,679 1384 87.04 3165 56.03

2 2.5 1000 2.14 30 6.60 550 150 027 5,339 720 86.51 2450 66.58

3 25 1000 1.06 31 6.37 500 300 0.60 2,645 405 84.69 1420 74.69
81 1 2.5 1000 4.27 33 6.35 - - - 10,679 - - 2470 -

2 25 1000 2.14 32 6.39 - - - 5,339 - - 2200 -

3 25 1000 1.06 32 6.23 - - - 2,645 - - 1650 -
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o '
ATNNIANUINN | (WD)

s HRT Q OLR AKI, VFA SCOD
UY Y e e Temp SCOD,, SCOD,, Biogas Methane
ﬂiﬂ{]ﬂim (day) (L/d) kg pH (mgil (mg/L VFA : Akl removal
NAADY .(°C) (mg/L) (mg/L) {ml/d) (%)
SCOD/m3.d CaCO,) | CH,COOH) (%)

82 1 2.5 1000 427 32 6.41 375 469 1.25 10,679 1500 85.95 3310 -

2 25 1000 2.14 31 6.46 650 375 0.58 5,339 850 84.08 2750 -

3 2.5 1000 1.06 31 6.30 678 375 0.55 2,645 550 79.21 1550 -
83 1 2.5 1000 427 31 6.12 - - - 10,679 - - 1530 -

2 2.5 1000 2.14 30 6.42 - - - 5,339 - - 1740 -

3 25 1000 1.06 32 6.30 - - - 2,645 - - 1040 -
84 1 25 1000 4.27 32 6.35 583 700 1.20 10,679 1612 84.90 1070 -

2 2.5 1000 2.14 32 6.56 575 300 0.52 5,339 955 82.11 1665 -

3 25 1000 1.06 33 6.75 550 150 027 2,645 561 78.79 1055 -
85 1 2.5 1000 427 32 6.43 - - - 10,679 - - ’l 150 -

2 25 1000 2.14 32 6.73 - - - 5,339 - - 2155 -

3 25 1000 1.06 33 6.93 - - - 2,645 - - 1030 -
86 I 25 1000 4.27 32 6.32 350 990 2.83 10,679 1750 83.61 1455 -

2 25 1000 2.14 33 7.05 670 340 051 5,339 715 86.61 2535 -

3 25 1000 1.06 31 7.05 650 190 0.29 2,645 325 87.71 1045 -
87 1 25 1000 427 32 6.02 - - - 10,679 - - 1020 43.02

2 25 1000 2.14 31 6.32 - - - 5,339 - - 2380 6431

3 2.5 1000 1.06 31 6.29 - - - 2,645 - - 1190 68.48
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d’ 1
ATWNNMANUING | (9D)

v 4 HRT Q OLR Akl. VFA SCOD
U Y e Temp SCOD,, | SCOD,,, Biogas Methane
mﬂgnsm (day) (L/d) kg pH (mg/L (mg/L VFA @ Akl removal
NADDI .(°C) (mg/L) (mg/L) (ml/d) (%)
SCOD/m3.d CaC0,) | CH,COOH) (%)

88 1 25 1000 427 32 5.90 320" 1200 3.75 10,679 2400 77.53 910 -
2 2.5 1000 2.14 32 6.28 600 375 0.63 5,339 918 82.81 2320 -
3 2.5 1000 1.06 31 6.31 500 262 0.52 2,645 450 82.99 1480 -

89 1 25 1000 4.27 33 6.92 - - - 10,679 - - 1050 -
2 2.5 1000 2.14 32 6.45 - - - 5,339 - - 2530 -
3 25 1000 1.06 32 6.74 - - - 2645 - - 1220 -

*90 1 25 1000 427 30 6.02 423 1245 294 10,679 2900 72.84 1050 -
2 2.5 1000 2.14 31 6.45 650 345 053 5339 988 81.49 2930 -
3 25 1000 1.06 32 6.74 650 231 0.36 2,645 353 86.65 1450 -

*91 ! 25 1000 427 32 6.02 - - - 10,679 - - 1050 -
2 2.5 1000 2.14 32 6.65 - - - 5,339 - - 3075 -
3 2.5 1000 1.06 31 6.66 - - - 2,645 - - 1'490 -

*92 1 25 1000 427 33 6.76 310 1200 3.87 10,679 3010 71.81 820 -
2 2.5 1000 2.14 32 6.33 500 280 0.56 5,339 1148 78.50 2990 -
3 2.5 1000 1.06 32 6.61 500 250 0.50 2,645 470 82.23 1335 -

*93 1 2.5 1000 427 31 5.45 - - - 10,679 - - 825 -
2 25 1000 2.14 32 6.45 - - - 5,339 - - 3010 -
3 2.5 1000 1.06 31 6.55 - - - 2,645 - - 1470 -

91




AT TNMANUINT 1 (AD)

Y HRT Q OLR Akl VFA scop
IUN v e v Temp SCOD,, | SCOD,,, Biogas Methane
N'L]Qﬂiiu (day) (L/d) kg pH (mg/L (mg/L VFA : Akl removal
NARDY .(°C) (mg/L) (mg/L) (ml/d) (%)
SCOD/m3.d CaCO)) | CH,COOH) (%)
*94 1 2.5 1000 427 32 5.40 300 1250 4.17 10,679 3200 70.03 830 -
2 25 1000 2.14 32 6.60 645 300 047 5,339 1036 80.60 2980 -
3 2.5 1000 1.06 31 6.45 650 250 0.38 2,645 366 86.16 1485 -
*95 1 25 1000 4.27 33 5.57 - - - 10,679 - - 840 -
2 2.5 1000 2.14 32 6.58 - - - 5,339 - - 3005 -
3 2.5 1000 1.06 32 6.66 - - - 2,645 - - 1495 -
*96 ! 25 1000 427 31 5.33 270 1200 4.44 10,679 3250 69.57 850 37.96
2 25 1000 2.14 32 6.67 600 350 0.58 5,339 915 82.86 3010 64.46
3 25 1000 1.06 31 6.65 576 198 0.34 2,645 400 84.88 1500 76.00
A4
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VUIUING : 1. IATOIHNIY - AID Vluvlﬂllfﬂi'JLﬂﬂZ‘Hﬂ’J?JEJN‘H'WN

2. IAT0INING * D NANIITAIAT (Steady State)
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SANUIN Y
ast q 2 d
Uﬁl!a$ﬁﬂ133m"“3!ﬂ§1§ﬂ

as =t
1. 35msnfSunanasesea
MAUNIATFIUNDN. 336 (2523)
MIARNNY
1. msazawla@emdes loloas hatsazatsladsudes e Toaa 60 nSu
4 . ¥
AxaefIsINdY 500 Haaans uNIAFaNISNA NN 0.1 Tua/Ans 60 Uadans uduauii
afusuTUSLas 1,000 adans azaelxdsules 1o Toaalaslidealdanuionw awldvind
J ) Y PN ¥ 4 ANy
Wmandougauiitlaatinudunulunids i launawen
2. arsazawomulasea maudmulassaniunatanazaainnasesaa 1
gaunuinay 1 g (Iagdsuias)
-~ ot o v ¥
3. wsazarvanasiulmdeyleasenleanylsiseinmisvoiun anududu
0.125 Tua/ans
= o Y ¥ =
4. msazawladenleasenled anududu 0.05 Tua/ans
5. sazawnsagansn anutudullszanw 0.1 Tua/ans
= =N '8
6.Tus Tulnueavgdudinnes
a v p s
azawlus Tulnweaugiuks 0.1 n5u lumsazawlmdouleasenlea 0.01 Tua/
an316 Haaans owldraud1lSulsnas v 100 Taaans wuiou1ddsuas 100 Hadans
oy = % )
IWinssuaIBt1
. s [] 9 9 o Y ¥ a ' o =% o ¥ v
gumedilineazats udimmiiidhduneuwhudmsiziuazInsziainisge
Furiuasmsgadoiivesslodnidie
M = ey Y
YUABDUMTIASUNTIIIAIITN 1N

1. T I (NaOH) 0.125 Tua/ans
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Taa1 WA 191 0un5A31A512H (Analytical Reagent (A.R)) Baududiu 99
g
=
wosigud
FaTwa1 1w 5.05 nsu mldviadsudSumsvuia 1 ans IihndudsulSinas
W14 1 ans *
2. Tea' I (NaOH) 0.05 Tua/ans
$ a . o
Ty Il fiduinsadins1ed (Analytical Reagent (A.R.)) Hanumdudu 99 nlasiFud
1 ¥ v
FaTar TWun 2.02 n§u mIRvdsulSuasvua 1 ans IhndudSulsunes
W14 1 aas
3. Twa Wl (NaOH) 0.01 Tua/ans
$ a . o
T I A 1911n5 AR5 12H (Analytical Reagent (A.R.)) Banundudu 99 nlosidud
FalaarTvur 0.404 nSy mIFvIndsudSasauIn 1 ans 1Finaulsu
151051914 1 aas
4. nsaganIn (H,50,) 0.1 Tua/ans
nsadaWa5n (1,50,) #AlHduinsadins1ed (Analytical  Reagent  (AR.) Baumdudu
& o 4
96 1B51FUA_
v
Tulansagaa3n (H,50,) 5.55 Haddns mldwiadsulSmasvuia 1 das i
naulSulSuas 1914 1 aas
ada d
IBNAH
1. 3419613 0.1000 N3V AIUIASDIFINATION 4 A UHUA
2. swdedeasiinines wmiinduiszuiw 50 Gaddns vealuslulnuoaug
dudaes 5 - 7 vea udanIdidunsadlsaisazatonsasanasn 0.1 lua/das laodvoq
msazarvazifasudlumindos TunndSuadisazaronsan 19
3. mimsazaeitlunasdromsazaislxden lansen lad 0.05 Tua/ans 9019
LY s Vv = é 1tat A T LV o \J d' 9
selinsziau ldmsazaeddhae ulidden)uegias tunnlSuaaisazaisaian 1y
o o 9y : o s an ar 1 9 a wa r) o 9
4. Muuasnlagldingu 50 Naddas unuaiediudl jidruasifude 2

[
~ o

uaz 3 Taslddudmnes Usuanuiunsa - a1e neunvzdumsazate IsaoumilesloTowmn
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= 4 :/‘ a aa [}
5. 1lngaaisazareTmdouiles o Toianuinssay so iadans ldaaly

as [l o L= | o Y Y a A 9 [ a A
asazalenIvgNLazIUaILNIIlnne s uddadenszanuiinvialduruegiiitiouila

Teiin avid I3 Tunilanguugiides (it 35 sermaadom Wunat 30 wH ndwiniudy

Y

=t a an = o 3/ .q’; Qy Yt A d' a g
Msnzmwomu la-vea 10 Janans unladimnesng udanana nflangamgiveailuna 20
N

6. wuINAUINTLUSIAT5IY 300 Tadans IINAUTAN M1AY 300 — (S
n'; a aa a = 4 a an =N =1 QoA
nAU 50 Uadans + UYsualamaswilos« so iaaaas + Usuiudimulassa 10 Jaddns + aaa.
s a a =1 I'd a o [V
Fan15n 0.1 lua/ans + aaa. Imdsulaasenlsd 0.05 Tuasaas)) 1l lmasasuaisazaie
r=3 o “ @ =Y a o =
nasgiulydoulaasenlad (0.125 Tua/das) nealuslunueaugdudinmes s - 7 noa &

a ¥ o <K

d' ~ ¢§ =4 a =
msazavezilasuiludfuiiefgaga udisuiindTmasmsazarsuasgulndoyleasen
P a o =1 a aa
lsanldiniinga 1WazBoade 0.01 adans
o . < ¥ " o 4y o P
wuoma mindlesauveudesndealdanudeowdndes luduaoud 2

d' Y a dg
o ldinanmsazamefauy

asy o

IEMuI

Yninundesen Sevazuenimin = 9.209 x N(T, - T,)

w
d‘ =4 ¥ =t z{‘é (- =
3V13) N 79 ﬂ’ﬂmﬂmﬂlu‘lﬁ)dﬁﬁazm&mWl)‘gﬁlTmﬂﬂl!‘laﬂi?)ﬂvl%ﬂ%dm1mJ 0.125 Tua/aﬂi
A a = Selq o Y '
Tl 10 1]5111&?15%03?(1561:@1181)1?1‘@11!1%@811!'18?15@ﬂvlclfﬂ'nﬁl‘b'"lﬂm'iﬂﬂnﬂ"laﬂﬁlﬂu
Naaans
4 a P LAq ¥ a s
T2 1D IJSMW\S‘UENﬁTiazEHEJllW\iiﬂui%mmﬂﬂﬂiE)ﬂ"lcliﬂﬂi‘lfvlmﬂ'iﬂﬂmmaimﬂu
Hanans

: LY o ' A o a L4 [
w ﬁi) u']ﬁuﬂﬂlfNﬂ'J'E]EJNVI‘lHlITJLﬂﬁ1Zﬂl‘f]uﬂill

o d : v 4‘ =Y d .
2. m5ams1:111]‘%mmmmmmmmaﬂ%was (Karl Fischer Coulometer)
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MNY5LABUN ¥-1 Karl Fischer Coulometer
A A
1N399319
Karl Fischer Coulometer 8#0 Mettler Toledo ';;'u DL39
4 a d
maninlrlumsinsigw
WMUDAN NIV 99.5 %
(v a d
MSIASHNANINIBLIWATMI NATIZH
~ o VoA P J a Y] A @ "y
ASAA15A10813099AUTENOVVD I UNY 5 % wiw ADUFDIIIAITAIDEIIA LN
YA 1A : Y ' d‘ d' a Y v o % L] :ﬂ‘d
woa IWNYSu1aiteendl 5 %ww 11183910A5 03 0 A1 1duuud luasdodnany
a : @ ' Py o a o [~ v '
Ysmanhidesuing uazaisiiedeaiminninsiziasinnnuilunsa-ae (pH) Tug 5-7 99
gAYDINIS INNTAVDAUNTDID0 AN TALLUUDY (Hach Company, 2007) vadniniuti e i
AT12H 1Al MINATIZH AT
1. Wamsosmanmsos nanlu Run 11i190923UR171 Method Haznatjy Run
= z 4 <
an as1lae1inTa Pretitration 1¥1a59
d‘ d. v Y ' o,: =3 ' 3 = Q'
2. uaseanenninee eglunuidansenuivou (, ) mludusuns
ATIEH 14
U . A g ' . Y 1 v P : o
3. NAW i 1INDI¥ART Capacity (81191071 500 AIsi)dewihomainyos)
b4
4. netJu Run 933UM91 Sample THnaju F3
5. NN OK §117U 2 33 81
6. A19NTTUDNAAL (Syringe) AILUNIUBA LATNAINTLUDARALIAIIAITAIDEN
c; a o
31 91 NAI 1N

' @ ' = a @ I~3Y] a
7. Glamimamﬂuﬂszuaﬂmmﬂsmm 5 ml LlﬂgC]fUﬂﬁWHLﬂlllﬂﬁﬂﬂﬁ%ﬂWEﬂ‘H"g
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8. (TAINTDIFI 4 MLNU
9. FaINITTVBNAAYT LOZNATJY Tare
o = =1 3} d‘ o Y 3
10. sinszuenian dAadunosniaflmyes laovoaasalotiayszuim 2-3
»
Hon
y A ¥ A ) ° a o o A o A
11. natju oK e ldinses Ininsa wioushnszueniae luvahinsoata 1veva
2 .4 4 v 4 A ‘
Wmdnnmie ) Futluihwmiinvesamisiisvesaslussosmailsyes
4 o 4 [ s ’ [~ o :
12. in5oamaiwyes v iuldlddmidn uaznailu ok wldnlesiFudveailu
715 70819
Ao o Y w a a Py voA Vo J A
13. ns@nns1zvvateas  ndu TuSuimszvndes 9 Inu e 1dsuusnisy
1Y a 79 ¥ ' A ' = Vo
ABIMINATIEA 1 Natju X ivegaundsiazandiosuuIns 31U (SD)
14. audoyamsinsizdgnaslaonatlu Result 1AzIADN Statistics series NA
11 OK uazify Yes
15. Youn30a1asnal)u Run MUAILLL Reset
++* 0591139919015 9210819A81UNIUDA Ao a1z H S usni luun-
voan iy dudesre el lumssnadSuashiuiesauasdieds
o s d o J @ oA v 1y
gasmsiaulesisuaveuih luasaI0619ns DINAISAIE 1AL LA
° Y] a o v g A
Myuald A Y5uasvesasaloonn 1% lumsiaean
a Aq I A
B Y5umsvoaunmusan 1% iunsianaig
C Y511m3571 (8157108709 + WNuoa)
- g a VoA A Y
D tlosikuavnsirluaisal1001anMLM S8 1A BUN LD
s @ s
E iossuavsaiirhuuniuea
- 1d5unssavvenimanua luaisfms N uMIPBINAIBUNIUDE
(D/100) x (C) =F
-milsuesiilwunmuea
(E/100) x ( B) = G 82
-fsumsveaiuawizlumsaiesia

F-G=H
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Fiu 1o iFuau0 1 (Yew/w) TUa5@29819 = (H/ A) x 100

3. m3inasizvdSuandy (Ash) lundivesea
é’htﬁ%um& 1Y International Union of Pure and Applied Chemistry, 1980

o ::y 9y o o ¥ =t 2 o
INAUAYU GhﬂlﬂiWZ“ri’tNﬂ‘lJ‘izﬂ?J‘lJ‘U'f)\imﬂuﬂ’dl‘?]f’t)iBa‘;]N“VHfﬂi‘nﬂﬁﬂ‘u Tasmsiwa
~ =Y = = a =t o s 9/ A =t
NYUWNAUTING 750 D3I UY DL TﬂamiaumUiunalmasaa%:gﬂsww"lﬁu'lﬂi)u NUALUDDIWYI

9 U U

a

y 4 add dyd A a A dAn 1q 1 A .,
10 FaE1sounsonmieTin Ae ar5ounionlilendiwosea (Matter Organic Non-Glycerol ;

MONG) U194 )Hautfenne, (1980

4
detos =

FEMIUAT KNG

o o

1. ngFia (Crucible) Wi laslianudouniguugl 750 sssmaraifoa

g o oA ' A da a a ) oo f
L‘lJuniﬂ 10 UIN lwaVlaﬂa]u%uﬂnagiuﬂz%luaﬂﬂﬂilﬂﬂuﬂ 5@%”Qﬁ!ﬁﬂuﬂ1ﬂ31 100 9371

R

I AU b
o a a i = 4 . Y a a a 4 <
2. vhagaiia lUld huednimaes (Dessicator) saligungivesnyFiiaiiuasia
guniife
0’1 ay o o a 9/ d' o‘/ [ ] ' Y
3. Fuihminagiiaduniors 4 Sundwezaam 13
4. Tdesaeialszua 1 nsu luagFdalasldniods 4 Sumdsazaam’ld
5. dagBdaduaumdnase Taowniigunnl 750 esraidea 1unai 6
%3119

v
a0

6. SDIUPUUYNAINTT 100 v uwaiFed nazshagditia 1) ld luegninnes
. ) =N a a o 2 a g I ) A @ ° '

(Dessicator) 50 1¥gunglvesnyFiabuaidguugiides nazi l)sidonTo st 4 Aumua
wiouaam

o ¢ o < b o ]

gasmamnnanlesiduaveuilumsiiea

fvuald M,  WIY0IRIFIIA (Crucible); N5

M, ¥Ia999A3FIIA (Crucible) WA, N5Y
M,  w0veenFia (Crucible) 5ITUNAITBIDANDUINY, NN

daiu efiFudveud (%eww) Tuansdeta = (M, — M) x100 (M, — M,)
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A [ 9 c; 9 =
Mwisenoui v-2 anyazvauti (Ash) N dnnmsimndsesea
a G $

4. msmmafSnamssunignlulyndsesea (MONG)

ﬁ'w?‘%mmgm International Union of Pure and Applied Chemistry, 1980

a Aqya P s a Al 1q 1 A
maiail 19inzdesdlsznouvesmsdunisn lilsnfimesoa Taolunisgaaimngsy Matter
. <) b4 o Y d o 4

Organic Non-Glycerol 150 MONG 111581114 1agn131i1 100 avdautlesisuavesnadisenou
09139197 Tunfyesoanney 1a 1 ndesea 111 uazidl (Hautfenne, 1980)

gasmsfuasnamssunson hilsndimeson (MONG) Tumsiiedia

Y s I o =1 Y] v
AUl X 1WoSIFUAYDINAFDTOA IUAITAIBEL (Yew/w)
- [ @ v
Y esigudueud luasf1o619 (Yow/w)
s 3 o a’J @ v
z Woesruaveai luasaeens Yew/w)
;’f :/’ I~ Y] v
#9171 119515 UAVDI MONG (%w/w) Tuasalnena =100—(X+Y +2)

5. %1of (Chemical Oxygen Demand: COD)

a o (= = a 4 a Y a d' 3
A5UATIZANIAE Loa L‘ﬂuﬂTi’JLﬂ'31$ﬁ14”|‘lJ5Jﬂiuﬂ’ﬂllﬂﬂﬂﬂ?i'@ﬂﬂ%ﬁ]u!WE)sl‘lf

¥
X ad A

Tunisgesaarsasdunsdndegluinde msdesitiiszuanarsnnmsiesuuuiilod Aeluns
a sas A o A o a oA a a J S a aa ' a sas A
Ins1t Ted mnsiiluidosveudoniemsounssluihAounaiiize ualumsiinizva lod
o A o 1 a S a4 g Y 2 Ada o o
Amaziimsdesaavmsdunidne misiall Fensninldlumsineiniife Tdamonlalns
a s A P S o a 4 a
w9 (K,Cr,0,) 1ua1500nF ladaa10i0ud (Oxidizing agent) 181119 1umM5000F lackas MsiAy
o a Yy v A Vv = ] L] a ad o ' 4
nsagan3nidudn eI asazanslianmilunsauazivdosaaivansdunid i libesdan
4 J v { o 1 @
AMUFeUTUTINI SUANT (Reflux) Tovesmishszmvesniazgnildaiuutuannduaslyly
MruLNUssy Wszimeeonlinouon
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A oA ¢
in3edenazalnyal
d‘ & @ A
1. ganspalonsnaunyy Tnanduay
2. 1¥n1w8ou (Heaters)
=t
and .
o A
1. tuosAIIFaIna (HgSO,)
as = vy ¥

2. msazmonasuTddmdonlalnswe (K,Cr,0)) aududu 0.0417 Tua/
a = v a =t d' = = o o
dns wsouTavouud ludadonlalnsiwaiigungll 103 semiados 1unar 2 $21ua 1hn

v a ¢ Y o o S & A a
Mmliuluediames udiHaas 12259 afu azawlwindu Wenailu 1 dns

3. nsadarasndiudu (1,80,) WuFanosdama (Ag,s0,) adll 22 n¥u Ao nsa
FaWa5n 2.65 ans (UnAnsagaNITnvuIAL53UIA 9 Youd 1M1y 2.65 das) MIALFaes
Faa ioiTuAns 1§Ase1 (Catalyst)

4. rsaza1oe 150U dURMAADS (Ferroin indicator solution) 8¥AW 1, 10 -
AiunInsdulululewmsa [1, 10- phenanthroline monohydrate (C,H,N,.H,0)] 1.485 A3y uazlos
pou (I Faaaudlainsa (FesO,. 7H,0) 0.695 n§u lwhnduudnionaiiu 100 fiaddas

5. msaza1vuasgIuuey Tutaesadama (Fe(NH,),(SO,), 6H,0) 1n5oulay

o'./ = r=1 Qs [ Y oy <;/ o [ a 9/ Y a aa
Fananuey lutlsresagaina 98 niu azawlutihndu inunsasan13ndudu 20 Naddas au
d a Y ' o o o Y
Tensazmo solhitu Senuilu 1 Gns msazasiisedoamannasgrunansan 14 dadl
19158210 K,Cr,0, 0.0147 Tua/aas Y5umnas 10 Taddns 9e313a01hinau
a aa a Qs a o aa e [~ 1
Uszunw 90 inddas wunsadan3n 30 Tadaas a3 IMouluniia 5 Wi neadisazaromels
a =Y a o o =y e'l d' s A =1 :
ou sudimns 2-3 noa 1h lAmsasunseisasazaenlfounndidvnuih Wudiaauas
a o t 9 Y I=1 w (% 3 o dy
Wugd snammanududuvesmsazarouon Tudlvuosadamaldd il

anududy uadns) = uaaans vealdaadonlalasiua x 0.0417 x 6

Uaaoas vesasazatoueu lutlsuasasama
Acda é
BRI IH
1. 19vanduvuie 250 aaans

o S @ @ H o
2. Fupesarsdaa (HgSO,) Uszunm 0.4 n3u ldasluviandu
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a

3. Yladedrainldaall 20 Taddas (MSodruv0d19g19M0 10151 20

¥
o

a aa o o Y @ ] s = % a '4
1adans) MIMUVaLA (Blank) 1 lwdouq duiideda Tasldmsiaigumderdsumsasiew
fveauanaaasanlahnduuniuidieda
% =1 6 =Y =Y =Y aa 1]
4. dnaemsazarsldamFonlalasiua 0.0417 Tua/ans Usuas 10 iadans ld
Y] 3 28 a 1Y A P
anuil 4-5 Wa ey I msideaduysel
° A a V o o2 v
5. thwramsimsou 13 lude 4 luasidduaewauiresvosginsalsWand 1ila
oy v I~ @ ~ @ -
Thnaseu deadululdesnduszvessnlU1ld danmlsznoun v.3
1 a @ a é a d @ 1 a aa
6. foeq) 1AaunsagaIsndududaliganessaaogudlnsly 30 inddas Tae
a P a g Y] A q Y a ¥ o
IPUFUAD USRS ABYY 1A mad ) Hazdees e lilinaanudousaluvazimnsa
o a T oW I : o
7 W 1¥anudou duaudeanansiuiunal 2 vu. 19 131%5u 14inau

v

oy s A v Ay ' s o
ﬁﬂm\‘)ﬂﬂumuLCHE]SLWE]GlﬂﬁWEVlﬂNaQGLUﬂ@uLﬂuwaimvlﬂGluﬂl’mﬂau

¥

8. 190913m2e11nau 19 18U u1esdszua 140 Jaaans neane 15UdUALA

w05 2-3 noa 1hl lansadremsazatoninsgiuuenluilsnesadaa sunsyigaya

q

= oA ad a
lﬂaﬂu%']ﬂﬁlmajuﬂuﬁ'] !{]uﬁuqﬂwaallﬂ\j

AMM1lsznaui ¥-3 M3sznauganady COD VY Open Reflux
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NMSATHINY

%10R (COD) (mg/l) =  (a-b) x C x8,000

USumsaeeran s

I} a an =1 [ [ d' 9 o o
149 a=Naaans vosarsazareon lutotesasaman 1¥duuvasn

o
il
fd)]
o
f2)})]
par))]
h2}
oft
)}
)
-
=S
3
fnd
e
=
=
@
Z
o
)
an
La)]
ee
L))
-—
=3
o
2
i)
g
=n
=3
=
=
3
4
3
ge
=
3
o
-
—
fnd
fo)]
e
Db
h2}
o

6. ANMTuAa (Alkalinity) 10z nIAZINGNE (Volatile fatty acid)
1 oy -~ : d' (% d' o Y a
anududisvoni AoanumusoveahlunmsiazsuTsaou arsnmldifa
' & vy % 3-) s 2- s .
anuiluaravesti 18un wanlumsvea (HCO” msvea (co,”) nazlaason’lesd (OH)
a Cd ' : ] ¥ — @ £
msanseiaiiuesveai Taoiunlaimsadonsauand 18 Tisaeuga
A o~ g
in3eiouazalnInl
1. 1333An T UNTA-AS (pH meter)
>
2. 1159U1A 50 HAAANT LATIIAILNIADEINAT 2 DU
3. I (Hot plate)
4 v =4
4.1939anuLLMan IN# (Magnetic stirrer)
5. ImnesvuIA 200 Uadans
=t
T15tA3l
1. sazaetiiies pH 7.00
2. sazarstvives pH 4.00
3. A1saza1ensAdanIsn (H,S0,) idudu 0.5 M
= o
4. sazawlydoy leasonleq (NaOH) iy 0.5 M
ac =Y d
FEMIAATIZH
oy o v a aa [¥=] o n’: d' P-1 o P a
1. 719111919819 50 Haaans latinnesia 2 lu Manazneunietilinivssu
mwzaIula)
ar d‘i o 3/ Q o
2. JSun5099a pH Aemsazawliwines pH 7.00 uag 4.00
¥
3. 9% pH 99962081911
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o T [ a 4 1 [~
4. TmmsadednemsazaensadailaSomasgiu Tnoldinseaimanniy

= ~ aq ¥ v '
AneANA1 1AUTNIATAIAT pH 4.0 auuA 19 = A udd lawmsanean pH il 3.0

v
IS}

EY Y A = o & Yq ¥ < a Y
5. auldideang Uszanm 3 i vimiui BIRSuigumgiifos
o ¥ =t M o
6. i lnnsadaoarsazarvlmdoulaasonladou pi  1Hu 4.0 Iaonoy
aaeAa1 nAMINs lasanoan pH 4.0 9uds pH 7.0 USIAsMei 19lums Tnmsaan pl

=1 ag ¥
4.0 3UDI 7.0 AUUATH =B

MINIUIN

AMNANTINLA (mg/L CaCO,) = A x Tum13AvpIAI5AZMENIATIIU H,SO, x S0% 1,000

Haaans voRiRI9e19

N3ASINYI8 (mg/L CH,COOH) = B x Tun13Av04e5azmuaniasgiu NaOH x 50x 1,000

Haaans ¥8AIBe9

7. YUV INYIUADY (Suspended solid: SS)
o o ) a a4 oA o a
%ﬂﬂllﬂﬁiuﬂuﬁh1ﬂﬂ\1 ﬂsmf,umi“nmamflumnauﬁmmﬂmzmaaaﬂ"lﬂuaz
o q ¥V ¥ ' 4 a a ad a oLt ' S 2 a
‘VHTHLL‘HQ mnaummumﬂmnmsau‘nsmaa:auuﬂ3£mazmmmzumuaaﬂagium FINHAY
] [~4 = 1%
'g"ﬂ!llJ‘U YU YD IULUILNIUADY UDIIUIDSAY A'ﬂﬂﬂu
A A é
insedienazglnsnl
3 et A o
1. NSIUNTDN ﬂ1ﬁ)i]$1‘]fﬂ5')ﬂﬂ56\‘1!lﬁﬂ7\l§Uﬁiﬂﬂi’)ﬂu‘]ﬂuﬂi (Buchner funnel)
2. ﬂszmynsaﬂﬂuﬁ'mmﬂ 7 BU. (Glass microfiber filter, Whatman GF/C)
=Y ] o
3. ATTINUIWNT (Watch glass) ﬂlmmﬁ'umug{uﬂﬂma 7 Y.
4. 1AT0INTBIRYRINS

o

5. fouiinrunugungil 147 103-105 °C

L

a

6. 1ATBIFIALBUANAILY 4 AWHUA
2
7. Togaanuiu
acda 4
A UNTIZH
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0

1 ' 3 ¥
1. 111n52MBNT03 (GF/C) FaunralazldosIiisuna i lulogannusy
2. Fuhminnszaeniod (A, nfu) uduildnsuunsienses Satinauld
- 3
asgauitlon (ManieenseaqyyIma
¥
3. 9291114100198 20n52UBNA9THAAS 100 UadAAS INAIUATZAINNIDI
MNTTNIASNNTOWA
4. Jaun509n50914ANAUNTZAINTBI00NTINNIILNTOI INVUNTTINUINM
ilenldgoufiguingil 103-105 °C iiunan 1 $3 7w
o < &
s. sl ieuluTogannuru
o = b 4 Y
6. Fanszaunseannyeald (B, nfu)
o : kY o T d' 3 i d'
7. fmsnaaessudniei ldmaunas
MIMUIN

USUIUEITUNING0Y (mg/L) =  (B-A) x 1000 x 1000

UA0aNs Y0IH19814
0o A =11MUANTZAINNTBI (NTU)
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Abstract: At the present time biodiesel is widely applied
as an alternative energy for diesel fuel. For every 9 kg of
biodiesel produced, about 1 kg of a crude glycerol by-
product is formed. This work aims to convert the crude
glycerol to more valuable product. Initially, three
glycerol recovery methods were investigated. Using of
6% H,SO, was considered as the most suitable method
after cost analysis. Several mixtures of pig manure and
recovered crude glycerol were fermented in batch
laboratory-scale reactors to obtain optimum amount of
methane and it was found that the mixture presented
50:1 COD: TKN ratio gave highest methane production.
Key Words: Crude glycerol/ Biogas/ Anaerobic
digestion

1. INTRODUCTION

Biodiesel production worldwide has been on an
exponential growth curve over the last years. During the
biodiesel production process, glycerol is a primary by-
product. For every 9 kg of biodiesel produced, about 1
kg of a by-product, crude glycerol is formed [1]. The
rising of the biodiesel industry causes a surplus of
glycerol resulting to a 10-fold decrease in crude glycerol
costs over the last years and creates the concerns in
environment with polluted glycerol disposal [2]. This
crude glycerol should be converted to valuable product
instead of dumped in landfill.

One of the processes is the biological conversion of
organic material to a variety of end products including
‘biogas’ whose main constituents are methane and
carbon dioxide [3-4]. The total biogas production from
the anaerobic fermentation has been on a steady increase
over the past several years [5]. The productivity of
anaerobic digesters can be improved by supplementing
with readily digestible co-substrates [6]. Glycerol is a
readily digestible substance, which can also be easily
stored over a long period. These advantages make
glycerol an ideal co-substrate for the anaerobic digestion
process. There are also many examples of co-digestion of

animal manure with many different waste products that
have been experimented with in the last several years and
most showed positive results. The glycerol-containing
waste after pre-treatment has a high level of anaerobic
biodegradability and that a substantial quantity of
methane can be obtained. The use of. granular sludge and
acidified glycerol was found to be the best option for
revalorizing glycerol anaerobically and the
biodegradability was found to be around 100%. Glycerol
is currently underutilized as a co-digestion feedstock.

The purpose of this study is to increase value of
crude glycerol produced from biodiesel manufacturing.
Crude glycerol mainly consisted of organic matter and
glycerol. Organic phase was separated out to produce
biodiesel by esterification and glycerol phase is expected
to be a good substrate in fermentation. Initially, three
glycerol recovery methods were investigated. The most
suitable method was chosen after cost analysis. The
recovered glycerol was then converted to biogas by
fermentation in the batch reactors at mesophilic
temperature using granular sludge as microorganisms
and pig manure as nutrient supplement.

2. MATERIAL AND METHOD
2.1. Material

The raw material used as substrate was the glycerol-
containing waste discharged after the biodiesel
manufacturing process at the Specialized R&D Center
for Alternative Energy from Palm Oil and Oil Crops,
Faculty of Engineering, Prince of Songkla University,
Songkhla, Thailand. This facility use alkali catalyzed
transesterification to produce the biodiesel from waste
cooking oil and palm oil. In general, crude glycerol (pH
= 9.8) mainly consisted of glycerol (36.75%), water
(4.13%), ash (3.17%) and matter organic non-glycerol
(MONG) (55.95%). In this experiment 6%H,SO, and
30%H,SO, were diluted from conc.H,SO, (Sulfuric Acid
98%, A.R.) and polymer is obtained from 6% cationic
polyamine (PA) blending with 94% poly-AlCls.



2.2 Crude glycerol pretreatment

Three glycerol recovery methods were investigated
using (a) 6% H,SO,, (b) 30% H,SO, and (c) 6% cationic
polyamine (PA) blending with 94% poly-AICl; [7] to
recover glycerol as shown in Table 1.

(a) Using 6% H,SO,

6% of H,SO, was added to 500 ml of crude
glycerol and pH of the mixture was adjusted from 9.8 to
2. The mixture was left over night to let it separate into
three layers. The top layer is methyl ester and free fatty
acid, the middle layer-is glycerol, water and methanol.
Potassium sulfate and sodium sulfate were found in the
bottom layer. The glycerol layer was obtained by using
separatory funnel.

(b) Using 30% H,SOy4

The procedure was the same as method (a), but
using 30% H,SO, instead of 6% H,SO,

(c) Using 6% cationic polyamine blending with
94% poly-AlCl;

500 ml of crude glycerol was pH adjusted from
9.8 to 5 with 2% HCI and left for one night. The mixture
was separated into two layers. The top one is”methyl
ester and free fatty acid and the bottom one is glycerol
and water. The bottom layer was obtained to adjust pH to
8 with 30% NaOH and then 6% cationic polyamine
blending with 94% poly-AlCl; with 25%v/v was added.
The polymer layer was above the glycerol layer. The
glycerol layer was obtained to analyze its composition.

2.3 Substrate preparation

Recovered glycerol 37% (w/w) was analyzed for
chemical oxygen demand (COD) and total kjeldahl
nitrogen (TKN). It has about 620,172 mg COD/L and 60
mg TKN/L. The ratio of COD: TKN was about 10,336:1,
which is not optimum for anaerobic process [8]. It is
necessary to add pig manure as nutrient supplement [9].
Various mixtures of pig manure and recovered glycerol,
which gave 50-100:1 COD:TKN ratios as shown in
Table 1 were fermented.

Table 1: Mixture of pretreated glycerol and pig manure
and COD:TKN ratios

20 45 26962 | 392
20 40 24335 | 375
20 35 22105 | 354 60:1
20 30 18482 | 341 55:1
20 25 14216 | 285 50:1
20 - 8578 269 32:1

2.4 Anaerobic batch reactor

Biogas production was performed in glass bottle with
working volume 1 L. The fermentation was operated at
mesophilic temperature with initial pH 7.19. Each reactor
containing 37,500 mg VSS/L granular sludge [10] and a
mixture of pig manure and recovered glycerol was
purged with N, gas for 5 min to maintain anaerobic
conditions. Gas produced in each reactor was measured
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daily for 5 days. Gas samples were collected for daily by
displacement of saturated brine as shown in Fig.1.

Fig. 1. Experimental set-up of batch reactors

2.5 Analytical methods

2.5.1Chemical analysis

Glycerol content was analyzed by titration method
(TIS.336, 2523). Amount of water in crude glycerol was
determined by Karl Fischer titration method. Analyze of
COD and TKN were carried out with Standard Methods
of APHA [11].

2.5.2 Biogas production

Biogas production was collected by displacement in
saturated saline and biogas composition was analyzed by
a gas chromatography (HP6890N) equipped with thermal
conductivity detector (TCD). The contents of methane,
carbon dioxide and nitrogen were determined using a 1m
x 2 mm (inside diameter) silcostell packed column model
(Restek 19808  Shincarbon-ST). The operational
temperatures of injector, detector and column were kept
at 100, 200 and 330°C, respectively. Helium was used as
a carrier gas at a flow rate of 103.8 mL/min.

3. RESULTS AND DISCUSSION

The results of three glycerol recovery methods are
shown in Table 2. Highest glycerol recovery was
obtained with using 6% cationic polyamine blending
with 94% poly-AlCl;. However, the total cost of the
process is also greatest. Using 6% of H,SO, could give
26% glycerol recovery with the lowest cost. Therefore,
this method was selected as an optimum and economic
method. The appearance of glycerol after pre-treatment
with each method is shown in Fig.2.

Table 2: Glycerol recovery and total cost of the process

6% H,SO, 26 4.70
30% H,SO, 12 5.18
*Polymer 30 40.54




{ Crude || 6%
&1 clycerol H,SO,

Fig. 2. Characterization of crude glycerol and crude
glycerol after pretreated with each method

Recovered glycerol consisted of too low nitrogen
content. Then, pig manure slurry was added. After
several trials, five mixtures of recovered glycerol and pig
manure as shown in Table 2 were fermented in batch
reactor. The highest biogas production (446 mL/day) was
obtained by fermentation with 50:1 COD: TKN ratio at
day 2 (Fig.3) and the highest accumulative biogas
production (1062 mL) was also obtained by fermentation
with 50:1 COD: TKN ratio (Fig.4). The biogas
compositions were analyzed and it was found that at day
3 they were not significantly different for different
mixtures of recovered glycerol and pig manure (Fig.5-7).
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Fig.5-7 show that at a haft first day, the methane
and carbon dioxide productions are low while the
nitrogen gas is high. This is because of purged nitrogen
gas was still excess in the initial step. On the third day
the methane and carbon dioxide productions were more
arisen as a result of anaerobic biodegradation.

4. CONCLUSION

Crude glycerol mainly consisted of glycerol and
MONG. Before fermentation crude glycerol should be
recovered using 6% H,SO,, which cost 4.70 Baht/L of
crude glycerol. Recovered glycerol contained insufficient
amount of nitrogen. Then pig manure was then used as a
nutrient supplement to enhance the methane production.
The mixture of recovered glycerol and pig manure




presented 50:1 COD:TKN gave highest amount of
methane. Therefore, this mixture will be studied further
for larger scale.
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