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APINYA PONGAMPORNNARA : ENHANCED BIOGAS PRODUCTION
FROM HIGH SALINITY AND HIGH STRENGTH TAPIOCA STARCH
WASTEWATER USING ZERO VALENT IRON AND
BIOELECTROCHEMICAL SYSTEM. THESIS ADVISOR : ASST. PROF.

PATCHARIN RACHO, 150 PP.

HIGH SALINITY WASTEWATER/BIOELECTROCHEMICAL SYSTEM (BES)/

ZERO VALENT IRON (ZVI)/SALT TOLERANCE MICROORGANISM

Modified tapioca starch wastewater (MTSW) contains organic and inorganic
matters that affected on biological wastewater treatment and biogas production.
Especially, the wastewater from chemical modification processes contains high salinity
that can inhibit microorganism activities. Zero valent iron is expected to be helpful for
creating an enhanced anaerobic environment that might improve the performance of the
anaerobic process. The bio - electrochemical system can promote microbial metabolism
thereby leading to higher biochemical performance. Result in this study aimed at
enhancing performance of upflow anaerobic sludge blanket reactors (UASB) a treatment
for biogas production from MTSW. Three improving methods were compared that
inciuded of bio-electrochemical system (BES - UASB), zero - valent iron (ZVI - UASB)
and salt tolerance microbial systems (STM - UASB). The experiments were operation
by varying Upflow Velocity and Organic Loading Rate (OLR). From the study, it is
found that the suitable Upflow Velocity and Organic Loading Rate for this study is 0.25
m/h and 25 kg/m>3-day. The COD removal efficiency is more than 80%. Increase the
efficiency of the biogas production system. The highest COD removal was found in

BES-UASB at 0.4 V that was about 88.54 + 4.9% of COD removed. In accordance



with the degradation efficiency of acetate in the system up to 99.3%. The biogas
production yields were about 0.32 m*/kgCODsemoved-day for BES - UASB. And the
ZVI - UASB concentration of Zero valent iron at 25 g/L. The COD removal was about
88.32 + 4.83%. With the efficiency of Acetate removal at 99.36% and highest biogas rate

at 0.29 m>/kgCODremoved-day.

Q <y
School of Environmental Engineering Student’s Signature 0”“"':\ W) FONHIW§Y

Academic year 2019 Advisor's Signature (4 SJvev v k



o\ =\
Ananssndszmea

a a c’dy 0 1 Y a A Yo 1 A 1 aAa o Y
ANGIUNUTUAUTVEIAR 1109910 1ATUANUFIOHAD0H19ATI NINIATY
AMILAZAUMIAUTUNUITY INYARBLAZAGULANAAN 9 |ALN

Y 4 v Aa 4 S (= a a s A Y
HEIYAITATI1TY AT. WFITUNT 511% ©19150NUTnE1IMeHNUS 114 lonanig

=2 Y o o ' 9 Yo w VYA o g
NITANHYI Gl‘ﬂﬂmuzmiﬁﬂm Glfjflllﬂhlsll‘]jﬂluﬂ'llla3SLWﬂ’la\icli]LLﬂW'Ji]fﬂJ'lTﬂﬂﬁa@ﬂ JIUNIVBIY

U

a a s 0 A o =~ B J Y a
ATIINTU uazuﬁwlsu’mEnuwu‘ﬁl,auuw%ﬂﬁ’ummmuamw%}aumamuammi
4 a @ 14 4 J @ Y 4
019178 AT.DNYU IVLTUNTINA 919158 AT.RATINTT AN Llagﬂﬂfﬁﬂﬁ'lﬁ@i'ﬁniﬂ
a o 4 < a a 4 4 o a 2 Y
AT UTUAT ANONT NTTUMTADUINYTIUNUSD Hag191581U52 1 IVIIRINTTUAUINADY
a @ = = 1 ~ Yo o o 9 Y a
NW'I'JT]EﬂﬁEJL‘V]ﬂIuIﬁﬂq5u’l§nﬂ%1uﬂﬂ§m11ﬁﬂ?lﬁﬂy1 ALUSUT LASANUINNATUIFINTG
1 ad
@ﬂ'l\?ﬂfl\“liﬂiﬂﬂﬁaﬂﬂ
~ A d‘ Y o = 1Y 1
VBUVBUAWU AUUIT NAUNAN ﬂﬂ@ﬂﬂi$ﬁ1u31ulla$1°ﬁﬂ'lﬂiﬂ‘lel'lﬂ'liﬂﬂgﬂmll
a a 4
AINYIUNUD
a o = A Ay Yq Y ! A 1y A
ypuouAm NMIANeIaemaluladgiuis fla lianusiamaoaiudyutunu

g
v
Ay A o Yy A
HUAUTIYANAIYA
v

Y = 19 o (] A Y o
‘VIN@TL!ﬂﬁﬁﬂﬂulﬂ[ﬂ’)ﬂﬂﬂmflﬂﬂﬁh11@ﬂ¢]ﬁ@ﬂﬂu1@%1ﬂu’)ﬂﬂ

o w

d‘ d‘ 9 v Aa K 1 d' 0o A w
YoUOUAM N 9 DU 9 1B 9 YudadnyIMnniu Naoslimaslalunisiiiten
Tasnana

Y 1 Y o J 9 1 A a £ a 9 9
gangu Q’Jﬁ]EJ"UEISIJ@‘]Jﬂﬂ!@?%?iﬂﬁjﬁ@unﬂ‘VITL!‘VI‘iJiSﬁ"l/]‘ﬁ‘]Ji%’fﬂ’l’J%”lﬂ’J”liJgVINﬂTu

[

v v H
A miu@ﬁmmzﬂ%@uu HASUDNITUUBUNICAUUAT HITA1 i’JiJVNﬂLJ,W]ﬁﬁ}@\‘FU@WﬁﬂfJ

QU

" dq o 2 3 o w 0 q Yo o 2 aa
nﬂ‘ﬂTuTﬂ‘ﬂﬂ’ﬂNiﬂ 2UTNIAYINY tazaosnluniadla ‘Vlﬂ‘ViI%‘!’Jfﬂflﬂﬁgﬁﬁﬂfl”lhﬁ"lﬁilclu“ﬁ’m

PR MIATUNTUIN



a3ey

Y
KU
UG VY N0 ] n
DN RGO DV DAY ) e !
LT T R R 2 L N
10 0 e, ?
SRR Y131 gl
SR TR 1L | T 3
) a Y] Y] 4 o 1
A O T LV T O A O O T 00 e Y
~
UNN
L T Y T 1
11 Aae ANy Ao NS0, 1
@ 4 Aa o
12 AU T AR NI A0 e 3
13 NTOUUIARTU Y e 3
O T TR LR T R LR 0 4
d’d‘ 1 [}
15 UseTominmae IAS U e 4
o d a v d'd' Y
2 ST SN I O U T IUB 6
y TR O 1L o b1 2 T 6
22 UV RSO S e 6
2.2 MRS e 7
4 (9} ) [ Y
222 mslslseTeninnudeiudwlevdsdauls, 9
% g = a [*% o v W
23 davazidenanszuiumswanutaiudlevdedanals 10
Y a -7 o v W
231 anvazidevesnszuiumsnanutlaiud e vdsdanls 10
232 WANIENUADAUNARON 10

¥ a Cd o e
233 waﬂiwmmmgﬁﬂmﬂﬂizmumiwamﬂmumﬂzwm

aautlsaeszuuiintianiayInin

11



2.4

2.5

2.6

2.7

2.8

2.9

2.10

CRRNLIRG )

o w a A o a o = A <
mimﬁmmiaumauazmswa@m«wamwiuﬁmazmmmmuqq

[ < { 1 0o w
NANTZNUVDIAANUALNUADTZULINUANINFININ

o v 3 =~

1< 1 Y
2.5.1 W'ﬁﬂig‘V]'i_IGUENﬂ’NiJLﬂlIG]'E]i3‘]J‘]J‘]J1‘]Jﬂu1!,ﬁﬂll°]_l°]_lsl"]5’iﬂﬂ1ﬁ

11

15

15

9

< 1 o v o A 1
2.5.2 Waﬂﬁg'i/]'lJeU’fNﬂ'J']iJLﬂjJ9’]@53‘]J‘]J‘]J’]‘]Jﬂu'llﬁﬂll'ﬂﬂllﬂsl%)ﬂ']ﬂ'lﬁ
Y
ﬂWTU']‘UWL‘!']L%fJﬂ']ﬂﬂﬁziJ'JUﬂ']ﬁWaﬂl!ﬂQNUﬁWﬂzﬁaﬁﬂﬂllﬂﬁ ____________
[ a J= Y
261  ougnsaisawialioimauuugnuedw
(Anaerobic hybrid reactor, AHR)
[ A 0 Y g’/ [ Y4
2.6.2 mﬂ;]ﬂﬁm'lﬁmmmmu%uﬁam

(Upflow anaerobic sludge blanket, UASB)

szuu37 liluad (Bio - electrochemical systems, BES)
271 wadisema 192UNTE (Microbial fuel cells, MFC)
2.7.2 maﬁ'&ﬁﬂim”la% (Microbial electrolysis cell, MEC)
273 ndszandldszuuda lluaiiluszsuutiadude

274 adeninaniznuaoszuud Iiduad

16

17

18

< J
maniszqeud
281 AuauIANIUAl

Y J < J
282 MINANIOUYDUNANYTZYUE
QY o P o o 3 o
283 matlszgndlamaniszygudluszuuiniaunae
v A 1 % < 4
284  thishiinasensdszgnaldvaniszygud
I A J <]

9
29.1  mstszgndldgausonuanluszuninimiude

o A 1 a <3
292  thishiinadensldgaunsdnuny

J

S A % d‘d \ a a G
2.10.2 ﬁii’«]‘l/lmlmxﬂiﬁlﬂ‘lﬂllNa@]@ﬂﬁlﬂiﬂﬁﬁﬂiﬁﬂlﬂﬂﬂﬁﬁ

7 7 o o ¥
2.103 msdszgnalgoaaluszuinhiiaiide



CRRNLIRG )

Y
i
[ d' 1 1 Y~ 4
2.10.4 evendwansgnudemsigsoaa, 44
AadA o a a w
Ry e ) L 45
Y
3 AUADU T U Y e 45
Y
0 ¥ 101 £ 46
Aas ~ Y a o 4
3.2.1 D RN R R NN N 1Ys £ s N1 I o 46
[ ?:’ a A Y [ é/ a A J
32,11 anwagdnden s lumsdsuanmiegaunie,. ... 46
[ ?)I A A Y a 9
3212  anwagi@enlslumseuszoylieormea
g’l U dﬂf
BUUFUARAT MOV oo 47
Y =S =) [+%) (] U U
322 apwazideveInszuIunsHaautaiudludedauls 47
[ dy a ~ d
33 miﬂiﬂﬁﬂWWW@ﬂaU% e T e N 48
Y Y
331 msdAefsyanaaesdmsumslSuamwiyeaunsd, . 48
Y Y
34 gANAa0dzLLTzUY 1T 0IMAIUUTUATAT HOY e 51
Y Y
341  msAeAsyanaaedsvuuszun eimauuuyuadad
2
T T R\ \ A 51
= < %I é! @
35 MIANYINANTZNUUBIANNGEIN lalutaz onI1nse
a ~ J
UTINDTVTOUNITY e ee e e e e e eeee s s e e e e eaeeeeaammenneeeeeaeeeaamnns 54
= 1 [-% ]
36 MIAnEINanIznUveImang INfaeszuu BES - UASB. 56
= < P 1
3.7 MIANEINANTENUVRIHANYILIFUINUNANITNUADILUD
A e U S 56
= a A a o =~ v Y
3.8 msanylszansamlumssaamsyinnuaza e
Y
LS A0 L E1 NER N L RSSO TR 57
= a A a o =)
3.8.1  msanwlszansamlumswaamsyow 57
=< [ Y dy 9
382 MIANEM SOV TEUULOWAY 57
3.9  MSANEIEANAZALNOUNAIHANTZNUADTZANTA N

YBITEUD UASB

58



CRRNLIRG )

a J
3.9.1 ﬁ?iWﬂam@iﬂTﬂu@ﬂL“ﬁﬁﬁ’

(Extra - cellular polymeric substance, EPS)

a s o @
3.10 W’li’lmﬁ@iﬁﬂ’lﬂ’]i@i?ﬂ’)ﬂ

mamIANHUMSIdeNazmIanseana

4.1

4.2

4.3

4.4

4.5

~

F4
MylFuanegaum

W]
o

A A o a o 4
4.1.1 ‘1J3$ﬂ'“l/l‘ﬁﬂﬁ/‘lﬂ?ﬁﬂﬁ)ﬂiﬂﬁ@u‘ﬂ%ﬂllﬁ%ﬂ%ll']m%qﬁu‘ﬂ g

=)

) Y
Naﬂﬁ%'ﬂ“ﬂﬂlﬂ\‘lﬂ?']llLﬁ?lﬂllﬁa‘ﬁulla%@@]ﬁWﬂﬁ%Uﬁﬁnﬂﬁ?i@‘lﬁ’l

N
Rq

AOMIMIAFITOUNTE,

421 Uszansnmmsmand leq

42.1.1 32U STM - UASB

42.1.2 38UV ZVI- UASB

42.1.3 3%UU BES - UASB

=)

422  msufseumeulszansammsmIaaisoun

an
Ra

423  anyLUNNAZNOU

o a o =~ J 4 =
43.1 f]@]§1ﬂ1ilﬂﬂﬂ1%°ﬁ’3ﬂ1wua$®Qﬂﬂi$ﬂﬂﬂﬂl®\1ﬂ1%°ﬁ’3ﬂ1w

a J T a
43.2 ﬂ'liﬁ$’(3fllﬂiﬂ'f)l!‘]/ﬁiﬂiglﬁﬂ\ﬂﬂllagﬁ'l‘i’f]é‘iclfmﬂﬁlui$ﬂﬂ

msulslasuamanuaiadng 1

441 UszanImnmImnaIadg lod

4.4.2 f‘i'mmmﬁ@?fw%mw

a J ] a
443 ﬂﬁﬁ$ﬁuﬂiﬂﬁuﬂdiﬂ’igmﬂﬂﬂlmxﬁTifJ%G]Sm‘Vﬂu'i%U‘U

444 ANHULVOIALNOU

452 é’mmmﬁﬂﬁ"w%mw

58

59

60

60

60

62

62

62

65

57

69

71

72

72

74

76

76

77

79

80

&1

81

82



CRRNLIRG )

%
Hin
453  msazaunsaounssssvedenazasesmanlussuy 83
454  ANHUSVOIALIDU oo eeee e 85
9
4.6 madsediua1devees s uuo AU 86
461 o llihnlslumsiniadeszuvd dwey 86
A 1 Y zil <]
462  sziiumlsnelumssorumannnlssnugaavngsy, ... 86
a J {
463  wadnszddeyamsmansUsinaliihnldnnszuy
a oY =
Lol i 20 1 0 L R 87
5 UNAFUMAZUOITUOUME. e 88
SR 601120 3 o K L 88
= < |2 2 - A Aaq
5.1 msaneanuiEd vaduuazdaimszusinnasounse, . 88
512 msanywavesmsulsalasumanuandnd i 89
= A Y g
513  msanywaveInsulsnlasuanudutuvod
< 4
TN 89
T I 121 VLo 89
TUIMITOIIBN oo e oo e ee e eee oo 91
AMANUIN
) o A A ac
MANUIN . VOYAMTUTUTNINFOYAUNTO . oo 100
9 = a A o w A =
NANUIN V. G'qu!amiﬁﬂHWﬂigﬁﬂﬁﬂWWmimﬁ]ﬂ“ﬂ@ﬂ ............................................... 103
MARUIN . 6191)939,@miﬁm&l15ﬁ57m'5lﬁﬂ%“ﬁ%’m1w ...................................................... 110
9 = a A d ] a
MANLIN 3. FoyamsAnySunanIadusgszrieeuas d15ezHaN
LT 3 1V 126
Y =
MARUIN 2. m@y‘amiﬁﬂmﬂ?mmmm EPS TUASNOU e 132
amawuan a. aredmssame il 139
a d' Yo A A o U 1 =
MANUIN ¥, UNANUMAIMMIN lasumsanuimeuns lusgvnedow, 141
USRI eeeeeeeeee oo eeeeeeeeeseeeeeeeeeeeeeeeseeeeeeeeeeeeeees 150



AR ITTIREAN

- v
M5190 i
a ] o = =\ <3 o
1.1 esuenanmsiauuesszuud i ualiuazvianyseaque oo 3
2.1 AT ST U T Voo, 8
A 4 Y] o [ Y2V
22 uauiauazdse Tessiueadaiud e naamanys oo 9
Y =S =) -7 (] U U
23 ANNAUSUUTEINATLUIUMITHAAMTI U AL HAIAAUUT oo, 10
Y =S = = o % %l
2.4 msanwszuuiiaiudena mweus 1eendnulunsiniatiude
A A <
ATADVIIRLIG oo 13
< 1 o w g
2.5 WANTENUUDIANUANADTEULINTAUNTSULUIFONNN oo 16
< [ o w %’ ~ [
2.6 WANTZNUUDIANUANADT UM e DU TUIF OV oo 17
2.7 doldnFeunazdedenFouveaszun Il ualinuy Microbial fuel cell.......ovvnovennn.. 21
= A A a a o = ] ~ ~
2.8 wamsanuIMINlszaNTMNMsHaamamuaezuuF T A 27
= A Aa A a o =1 9 < o
2.9 HAMIANEINMINNTZANTMNMITHAAMSTINUAIINRANUTE QAU ..o 35
< { a o o v w
3.1 manudeyardosduvedlssnunaauduiudnlenasdaunlslu
FAUIAURTT VBT crrerereeeeeeeeeeee e eeseeee e sessese e s e e e ses s s essees e s s s e s s s e s s e ssees s 46
Aam [ a’?,’ =~
3.2 A BT EURTIZI U oot 47
[ %’ = [ 4 [} o v @
33 AnEast ez 00Tz uIUM U S SIRAUUT oo 47
Y
o (Y] a 4
34 dAnzMITOUYOIMTUSUANINTORAUNTE oo 50
A PR A = .
3.5 W@ N 1F UM SAUTTUUMSANEINANTZNUYBY Upflow velocity
HAZBATINNTLUTTNATITOUNTO oo 55
a I'4 { a
36 W39 NIFIUMTAUTZUUTVTNTVUAT oo, 56
A SAq Y a Yy <
3.7 MRDIN 1 IUMSIAUTZUUMT IFARAUTERRUG oo 57
a 14 axy A Y a 4
3.8 WITINDTUAZITMTN LT IUMITIRTIZH coeroeeeeeeoeeeeeeee oo 59
Y 9 1A = dl 1 o w v dy
41 ANUULIUUIAE loamasdnrue111a 15UV UMW oo 62
= 9 9 = = a A o w A =
42 WAaMIANEIANUINTUUDIT 1oAUazlsLansAInmTAIAX 10D oo, 70
4
43 U T AUUAZANE TUTGIATO oo 71



AN

4.4
45
4.6
4.7

4.8
4.9
4.10

4.11

4.12
4.13
4.14
4.15
4.16
n.1
.1
v.2
.3
.4

9.5

f.1
7.2
7.3

f.4

MIVYMIN (A0)

4 v
n i
Y] a o = 4 4 =\
DATINMSINANTFININUALDIAUTENDUVDIN BT IN TN e, 73
a J 1 a
F1NUNTADUNTITLNNUAZTITOLTIANTUTEUY oo 74
Uszansnmmsmaad leavesmsudsasumanua 1 adnd Wt o 77
o A o o s » A ~
BAIINMIINANTFINNUALDIAUTEABVYDINBFINNUDIN T T1Aeu

AR IIUATIING I eeeeeeene 78
YS1UATABUNTITLUNBNBUATANTOETANTUTEUL oo 79
e TUsauuazas Tu'lamsn1usEuU BES-UASB ooovoooeeeeeeeeeeee e 80
Uszansamnsiiiad Tedveamsunsilaeny S inanmanyse ggus oo 82

o A o o~ 7 A a
’E)ﬁ'ﬁf‘l"lilﬂﬂﬂ?"“]fcb'?ﬂTW!!,a$’[’Nﬂﬂﬁ$ﬂﬂ‘]J5U’ENﬂ"I“]f“IﬂﬂTWGU’ENﬂﬁLl‘llil,ﬂa‘c’lu

<
VS UIBHANUTERIUG oo 83
5 1UNTABUNTITLHNUAZA1IDETANTUTZUY ZVI - UASB oo 84
5na T saunazas TulaasalusZUY ZVI = UASB oo 85
A T A 195 1m0 a8 03 2UUB I TWTUAT e, 86
=N 1 [ 1 <
M5Us2dium 1901eAUAHIHANIIN TTIUGATIIATIN oo 87
= %I Q
5a 111520 URE At S F I NN U UTOUTAAUT oo 87
[ dy a ~A
AMTUTUANIMFDTAUNTEY ..ot 101
UFEANTAINNITOIDATTOR RUN T oo oot e e 104
U5EANTAINNITAIDAT TOA RUN TL ..o 106
U5E@ANTAINNITAIDAT TOA RUN TIL..oooeeoeeeeeoeeeeee oo 107
szans mmmsmaad Teavesszuumsuilsalasuamanuaedne Wi oo 108

szt mumsmsad Tedvesszuumsulslasuanudusdu

< o
UVDUHANUTZYAUE ..o 109
U5 F I NNAATUTEUUNUUTETNEDIN RUN Lo 111
U5 F I MNAATUTEUUNUUTETNEDINRUN Lo 114
[ { a A a a
153 B NN TUTEUUNUUTZEINT AN RUN T oo 117

Snamasinmnmnaluseuumaulsaldeuannuawdnd W o 120



MIN

f.5

1.1
3.2
1.3
1.4

1.5

2.1

2.2

.3

24

2.5

MIVYMIN (A0)

=h.
=
=
-

oY { a {
Sunamadinmima luszuumsulsalasuanusuduves
< 4
IMANUTERIUE oo
US1NUNTADUNI T3 2NNz T OZTANTUTELU RUN Lo
U5 1NUNTADUNI T3 2Nz 1T 0ZTAN TUTELU RUN I
U5 1NUNTADUNI T3 2Nz a5 0ZTAN TUTEUU RUN T oo
Wnansads s dszmedeuazasesdmnluszuudinlseans sm
Taemaualsaeua A NUANTNT T e
Pnansas s dszmedeuazasesdmnlussuudivdseans am
H [ I~ 4
Taomsutlsuaouan i uIUVoUNANUTZYAUG oo
a =
U31121999 EPS Tuaznoug@unad i RUN L. ..o
a ~
U31121999 EPS Tunznoug@aunad I RUN T .ccoocooooooroeeeeee
51120903 EPS TUAZnoUaUNT S 1 RUN I .coooooooooeoeeeeeeeeeeeeeee e
Wanaves EPS Tupznenyauii dluszuniiinyseansmmlae
IS AU T oo

a =

151awed EPS Tuaznouaaunsd luszuumivilseans nm lasnsuals

Q

= ' 9y 9 < 4
L‘ﬂﬁEluﬂ”lﬂ’JTZJL‘lJ‘JJ“UUﬂJ@Qmaﬂﬂﬁ%ﬂqﬂuﬂ ............................................................................



Ean
=
=h.

2.1
2.2
23
2.4
2.5
2.6
2.7
2.8
3.1
3.2
33
34
3.5
3.6
3.7
3.8
3.9
4.1

4.2
43
4.4
4.5
4.6

U
a15vsys1
wq
Y
i
] a J= 9
FEUUDIURNTUTINIA TFOIMALDUGIHEIN ..o 18
M3ruveaszun I fuaiinuy Microbial fuel cell (MEC) oo 20
MIrauveaszun i uaiiuuy Microbial electrolysis cell (MEQC) .....ccoeeveeveiericreine, 22
FEUUFY AT UATIMUD U oo 23
SEUUTY TN UATIUUTURGY oo 25
&% 4 a 4
UHUAUATOUNTUIUY Fed-batch........oooooooooooooooeoeoeoeeoeeeeeeeeeeeeeeeeeeeeeeeeeee e 39
LD IINUDTIR oot 41
Y =\ =
T R TR T R ER RS [ TR ICS (e Lol e Tir: T 44
am =
BN TTIIIE Y oo e e e oo e e e e e e e e 45
g’/ [ dy a =04
VUADUMITUS VA IMFOYAUNT ..o 49
Y Y
UHUAIYANAADITEUIRGUTD ..o 50
FANAADITEUL UASB.....ooooeeeeeeeeoooseseeeeeeeseesssssseseeeesssonssssesesesssssessssssssesssssssssssesessssssnssnns 51
VUIAUBIDIYANAADITEUUANY TEFNTAIN oo 52
[ 1< e U a
anyUzHANTZAUINTFTUMITAUTEVU 1ooooooeoe e 53
Y
ANHUZUDIU I T e e, 53
Y
YuADUMIANE Upflow velocity HAZOATINTZUTINNTITOUNTO oo 54
[ a 4
YANANDINITANYT Upflow velocity HAZBATINTZUTINNANTOUNTE .ooveeeeeeeeee 55
Aa a o v A ~ g‘/ [
szansanmsmIad loauazasuia MLSS veavuaaumslsuanIn
dy a A J
FBDYAUNTE c..ooooooeeeeeeeesee oo 61
U5ANTMNMITAIVAY 1OAVDITZUY STM = UASB oo 65
52ANTAINAITAIVAY 1OAVBITZUL ZVI = UASB oo 67
52 ANTAINAITAIVAY 10AVDITZUL BES = UASB ..o 69
Y

BATINTIDANIEFININUDING 3 AVTANHY oo 73
Uszansmmmamsas leaueamsudsdeuannua 1 adng WA o 76



€
=
=n.

4.7
4.8

4.9
2.1

9.2

U L
a3l (av)
U
%
i
o a ® @~ ~ ' ' )
damManamaFn eI sulsaaouaanueedng WA o 78
szansmmmamaad leauesnisudslasumanududuvod
< L4
IRANUTEREUE s 81
o A @ o A Y g < o
803 1MsNAMEFINIMUIMsuslasuanuUNI U UHANUTEYFUS oo 83
Standard CUIVE PIOTEIN ..ooooieeiieeeeeeeeeee e 133

StaANAArd CUIVE CArb ...uvveiiiiiiiiiieieee et e e e e e e et e e e e e e e snaaaaeeeeeaeeas 133



o YY) J o
AeBiNgdyanyalazMEe

=\

pH = Nio%s

= = gj
TBOD = 7 ToANnariua

= = H
SBOD = TiToRazanein

=} =} g’}
TCOD = % ToANInUA

=S =} %’
SCOD = % ToAazaieiil

< 2
TS = VDIUVINIHUA
< Ey
TSS, SS = VDIUVILVIUADINIHNA
a ~A J a = g’/ ﬂo}
TDS = FnavesasounsguazetunInavivaazale Iy
ORP = Oxidation - Reduction Potential
a =4 1

VFA = NIADUNTIALIHEY

4 ~
CH, = MHINY

< @

HRT = F2EZNAUNUND
BES = 53u132 Al (Bio - electrochemical System)

<3 4
ZV1 = Lﬁaﬂﬂizﬂﬂuﬂ (Zero Valent Iron)



L1 fuwazanudnyvesifyninsive

~

@ o @ I % 1A
gadmnssuudaiudilzudedodunilclugaamnssuennsulsglilvnangalu
[ Y
dszmalne uloiudnlzvasnnaaldlugaainssuais o Inwuds@y (Native tapioca starch)
wazutfaiudilevdadaunils (Modified tapioca starch) Tasuilasiud1tlendadauils fe uile
runszuiumsaaulspadnyazie iqaauidvesuduminzaudunsii 114
2 X Y o Y] I a [ S I 1 1
iy Fadaiudilzvawdanlsiunaasusinadreae ld 1 szme Inedluyaauinn
Y] 9 A Yo a 9 ' 3
14,000 A1u0 awsaaseyanunuldiagaunienmsinyasveslszmala ogrelsnai
S Y 1 =)
maau Tavesgadimnssuudaiudrlzuaaivihldinauansnisitediann Taedsuim
v [
WidgimanamskaaulaiudlerdsdausiUSnannda 10 - 20 m*ton-day (NF1 1599711
= g’/ o A dy a A J a S 1 A
ANV, 2540) DNNIGIUNITYwdleuvesa1sauNITduazeiunsdge Tagaunas
Biochemical Oxygen demand (BOD) ’e)glz‘ﬁ 1,500 - 15,000 mg/L 1Az ARAY Total dissolved solids
[ Y
(TDS) 0g7 954 - 20,886 mg/L Yuognuytavewilaiudilznaaaauils (Polprasert et al.,1996)
<3 ¥ v Aawv a o o o
pazgannmanudeyaidosduresanginiteuvingaainssumnaaudeiudilzvas
[ [ [ = 1 A 1 a A J dy = .
aautlsludaniaunssduimud Uara1sdunigluilenugalasiin1 Chemical oxygen
1 [ 1 1< a 1 4
demand (COD) 8¢ 114574 2,987 - 20,000 mg/L tazA1ANuANg laghiosanainainas lsags
4 19.7 g¢-NaCl/L
@ Y o v o Y 9o’ = a A dy
aszvumsaansutaiudlznduihmalifindsninnssuiumsnanimstuilou
a a a a 2 ' o o 3 A Agq yax = A
YOIAIDUNTIAZ D HUNIIPI Faaawaden1sialuden 19I5 19rI0m Tasmnizeg1989
Y
maaaulsmanll 15y YRATemMseandadty 1agseniNTundUNII00NFIATUITTNTHAA
4 & g I o . . .
Tasdeunas lsa (NaCl) Yutlonsnluindeilusiuiauunn (Chavalparit and Limpaseni, 1995)
d' a =\ a [ 9 a = o
Heanamsanasal lunszuiumsnaauarmsdsy pH arensalalasnaesa (HCD) 391
¥q ¥ a o~ Y v A A Y v =
T lwi@elanududuvounasunags TasUANUTNTUYOI COD g4D3 4,000 - 27,000 mg/L
Y
uaga1 TDS 954 - 20,886 mg/L (Yi and Wang, 2017; Polprasert et al., 1996) ﬁuagﬂuwuﬂmm
[ A 1 A a [ 901 Qy Y o Y
utlsaauis 1ileeninA1 TDS NgununAmmIasgIUINmInlssugaamnssy Idmmuald

' Y
uliJ!ﬂ’L! 3,000 mg/L (‘lJi$fﬂﬁﬂ38‘VIi’N‘VliWiﬂﬂi‘ﬁiﬁiJ%Wmlagﬁ\uL’Jﬂ’g@N, 2559) Tagr1nneas



v 2 (=Y o W 1 Y a kY < ,i’ A o [ YA
LlﬁaQMWI@EJ“NNﬂWﬁ‘UTUﬂ@'I%ﬁQNﬁi‘l’ilﬂﬂfﬂﬁS?VIﬂﬂ'l\‘]ﬂl@\iﬂ’]'liJLﬂiﬂHWHWﬂWﬂ'lﬁlﬂ‘H@ITVHGI,WW%
1 a a Y I 3 A ldye/ 1 Y a v & Aa A
ulﬂJﬁﬁﬂﬁmﬂﬁﬂJulﬂ‘UIﬁllﬂ fJﬂ“l/l\‘lfﬂﬂ’J'liJLﬂﬂJ“I/IQ’\H‘Ha'lu‘EN?NWaah’iLﬂﬂﬂWﬁfﬂJ‘t’J\ﬁJﬁ%ﬁWﬁﬂ'lWﬂl@\i
a o o w % = =2 = Y
ﬁau‘l’]ﬁ‘t’JGl,Llﬂﬁ%‘U’Juﬂ'Iﬁ‘lJTUﬂuHﬁfJ‘VTI\‘]GIf’Jﬂ'IWEJﬂﬂ’JEJ
Y [
%'lﬂﬂWﬁﬁ\‘]ﬁl!ﬁﬁ"lﬁ’]ﬂQﬂﬁWWﬂﬁﬁﬂJﬁluﬂ\‘]ﬁ’)ﬂuﬂﬁﬁ'l‘ﬁa'u'lell@\iﬂmguﬂ’J%EJW‘U’N
[Y] aol =S a [ g‘/ 1 1 yas 1 Qy 1 é A
ﬂ'lﬁ%ﬂﬂ'lﬁu'llﬁﬂ%'lﬂﬂﬁ%ﬂ’]uﬂ'lﬁwaﬁllﬂ\iﬂﬂllﬂﬁuu ﬁ?Hiﬁ@i%’J‘ﬁﬂWﬁﬂa@ﬂﬂﬂﬁ\‘]‘UEJFN‘H'J'EJ
] o w a a U 1 a o
vorian1esIsuAldszimeoInuszusIsuAtazlasogszuunaan a0 1w

[ 2 1A Y ¥ a < 1 9y a v &
VIWNAIULNTIUY Lmlﬁﬂﬁ@ﬁﬂu'ﬂ%ﬂiﬂﬂﬂi$ﬂ’3uﬂ'liWﬁﬁﬁﬂ’ﬂhlﬂi\l’q\? ﬁﬁwﬁiﬂlﬂ@ﬂ1iﬂﬂﬂ\1

a A Ja

a A Y A ) = Y a a @
UNTINHAAUINY TIWGlWﬂﬂJ'lmﬂ'lcb'llL‘V]‘Llﬁ@ax‘lllaSiu'll,ﬁ'fﬁ]'lﬂﬂigﬂjuﬂ15Wﬁﬁllﬂﬁﬂﬂllﬂﬁ

o

k4
1 1

k)

~ =~ A J 4 ) o vy =
uﬁmﬂnﬂmﬂaum ’ﬁ\‘lWﬁ@]ﬂﬂmﬂw\llmg80ﬂﬂi$ﬂﬂﬂﬂl@iﬂ1“ﬁ%’3ﬂ1w 1/]111456&@13"]]60%&1/]1!11!
%)

il

U

A A

& [ a \ A 2 = 2’.: @
w%’;mwa@1mma3Jmiﬂmﬂaummmmmwyﬁmwﬁu NTNNITVYIYAIVDIYATTIHNTIU

uilaiudnlevasdaulsnsg@uTasdnun sl lssnugaamnisulszaufymnaunau

=

v < Y A Ao < 2 @ ] 9 o o
‘W‘L!‘I/]Gluﬂ'liﬂﬂlﬂﬂu1Lﬁ‘(’J1/I3Jﬂ1ﬂ’JHJLﬂ3J mﬂq@mmﬂiiaﬁm3Jmzwummsmmuiumimm

ke

9
o

a [ o a A A & ] o 9 o
wndeninnszurumseaanieaaulsuaziharsounionduidlevegnauunldalss Tewilu
@ A = A Y Yy a4 Aa Y
g‘ﬂ"ll@\?ﬂF]iG]ﬂﬂTV\l iﬂﬂﬂ?iﬁﬂ‘ﬂftﬂﬁ’ﬂﬁ"ﬂ@ﬂﬂ1iﬂﬂﬂ1iu1lﬁ'ﬂ‘ﬂlﬂ@iﬂﬂﬂi$‘ﬂ’)l!ﬂ1iﬂ@uﬂil!ﬂd

9

Tudnlendanungadl luuiniin

@ g)/ a o dyd o = o 9 ?,' = a

AU UIUATEN IS ANEIN Tz U UMTINTaN UTeInnTzUIUNITHARLTT
] o [ YY) ] Y =X Aa oA o % 9 ) [
nudlzvasaanis Tasjadudelseaninmlumsihiauaznanases ldannszuiuiiiia
? A A A A = A H o @ A
dndeluzdvesmadanin Tasszuuidendnel Ao szUUSUdaaTLeUL 15TNUUL

Y
=<

4 § < { v W
Ivavu (Upflow anaerobic sludge blanket, UASB) iesnniuszuunansasessusaaise
A a Y} o A A ' ¥ v A YA W A 2 A A
asounsd lage dszndanunlumsneainuazdilinanaos ladomaginmaalmastimu
I s @ ) = v A ) o a o = ¥ o
Wueendsenaunan lagaziinsany1UaeMuzand s UnIsHanN ¥ IN NN U T
Tunszurumswanutaiudlendedaulsuasdnwianumzanlumaivlscansam
a o = So‘ = a Ly o v é A a
mMsnaamaFInImntudelunszurumsnaaudaiudlzvdedanlls Fanrudenmaiia
{ o 1 I H o 9 . v
aminsanwl 1aun 1) szuud i ual dhumalulagnediamnisnnvuu v el
aaa ad J a a A oA 1 g}/ Yy a [ J 3 J
Ugnierdaniag laaaisezdanaingaunidnuiuiivin ldndasuanidulumsveua
ad ad [ o o I
Tisaounazdianasou Tasdanaseuvzgnran llduaInanazsiunuldsaouldiiu
o s s A X
laTasnununisvoulason leaioad19litmu Zhen et al. (2016) Fan13nszauaie Il
AT AUTTUNITINIHAIYUIAUNTI IR (Thrash and Coates, 2008) 111 11lg1sz@nTam

= A 2 < J Y A 19 9 a o Y A
NNFIUAUNGIVY 2) iZ‘U‘Umaﬂﬂﬁﬁgﬁuﬂ GluﬁmWmﬂaawhluﬁl%aﬂcmu TN UIN

<3| o ya 3 A [ a a v A v W
HJHGI'Jclﬁﬂlaﬂﬁﬁ@ulW@ﬁﬂIﬂﬂWﬁiuﬂWﬁaﬂﬁﬂﬂﬂWWﬂWilﬂﬂ@@ﬂcﬁlﬂGﬁuiﬂﬂ“lfu (ORP) Lag



] 4 = I A o o YA s ) o a A oA
nsatWes luszuuguuaadiaglunsfnurdmwiladesamdiugaunson

a A . = =2 Y <3 o =
WAaAUINY (Luietal., 2011) 3) & UUAIVAY FalumsanuiglsiluszvmlSounoy

a A da

o < A < .. . . { v
Taggaunsdminnlsilusiianuify (Halophilic and halotolerant microbial) 71 ld31An1315y

;4
A a

A J ao
ﬁﬂWWL%@ﬂauﬂﬁﬂiu\ﬂuﬂﬂﬂ

(Y] J a v
1.2 3ﬂ€!ﬂ§$ﬁﬂﬂﬂl@ﬁﬂ153§)ﬂ

1.2.1

A = o Aa ' A a a a o =
meAnE1TaveNINaNTENUABNTZLIUM SNV TZANTNNMTHAAN T IN N

ao' = a £ 9 v o
%”Iﬂi!”llﬁﬂﬂﬁ%’ﬂﬂuﬂ']ﬁWﬁﬂLLﬂ\illUﬁ?ﬂ%‘ﬁﬁ\‘]ﬂﬂl!ﬂﬁ

1.2.2

d' a = d' A a a a (9 =
elsziumuaennmuizan lum syl se@nTnNINNITHAANI BT ININ

g = a Y ) v o
%1ﬂu1lﬁ'ﬂﬂ§$'ﬂ’3uf‘ﬂiNaﬁllﬂilluﬁ'lﬂgﬂaﬁﬂﬂuﬂi

1.3 ASOUNUIAANUIDE

= A a A a 4 = 9 S =
ﬂTiﬁﬂ‘]&ﬂlll!?“l/lNﬁlul‘w11‘ﬂi$ﬁ'i/l‘ﬁﬂ?Wi%’U‘UWﬁ@]ﬂW‘ﬂ)’“B’JﬂTWﬂ’Jﬂi$‘1J‘1J‘;If’3”h/\|ﬁ?!,ﬂﬂ

< 4 A Aa A Y o a o = 9 A
Llﬁ$L‘Hﬁﬂ‘ﬂ§$‘l)‘f;fuﬂﬁ?ﬂ?iﬂlWMﬂi%ﬁﬂﬁﬂ?WiﬁﬂUﬁ$°U1JNa@ﬂT%“ﬁ’JﬂTWllﬂ Lu@ﬁ%”lﬂﬂﬁ]lﬂ

9 [
NITNINIUUDING 2 T2V 3Jﬂﬁ]lﬂ‘ﬂﬁ'uﬂﬁlguﬂWiﬁWﬂuﬂl@ﬁ]auﬂ

G

’ v A
g AT NN 1.1

A a @ o = = < 4
ANTWN 1.1 E]‘ﬁ“]ﬂ‘c’l“lfiaﬂﬂ15‘VIN1LlellE]\15$1J°]J°]f’<]ul‘1/\|‘l/9\hlﬂllll,ﬁ$lﬁ1fiﬁﬂﬂ§$i]‘ﬁufl

U

szuud Tliluadl

¢
Hy

QU

manilsy

=)

a 4
D nszualdhawnsonszdulnyaunid
3 v 9 s A o
¥aed15 EPS e uiyadiiooany
[ a o Y Aa A
usenuood luaniildgaunidauisonu

' g Yy
mamasmmmu%

3
9 <3 J 0 o w
D) mslmraniszygud (Fe') Tunisiiia

Y
o

dndenvy 15e1na FremudasInITHan

9 =

MUy luauinge asauns

CO,+ 4Fe’ + 8H ——» CH, + 4F¢’" + 2H,0

o aan @ 3 A
2) #19EPS ﬁ]ZﬂWﬂQﬂiﬂ'lﬂUulft]@f)u!ﬁﬁﬂﬂ
a a ) g a g
INAVINNITDONHIAYU "U@QBU'JLL@IUQ A

Tuse a1l [Fe - EPS], 91014 Insaaing

3 < 4
2) Toooumana ey NUgANANY T VDY
a A J 1 =Y 9
aunsdluszunlasmsauaiulasaasi

A A dy Y= o Y Y X
sumﬁ;aumﬂ“lwﬂmmzﬂu“lﬂmu

3) mslgnszud lihezrenszqunisdos
) v Y
arsezFamienldouldidluiimuldavuy

dawa i aamsaeauuoIaIos AN

[ o I o
Hlesalessuaruisaiiniiinglud?

g

aAa a A J a A
TAITUNTITOUUNTYLUASTITOUNTYIAN €

1 9)%1 = I a
mwaiwmmammmﬂuwmwm




1.4 UBUIVAVDINITIVEY

9 9
v A

a o I A = v Aa 1 A
M3 TIiunmsneaaouinen1sAnN BTN INANIENUADNTZUIUNITINY
Aa A a o = % = a ] ) v Aa <3
dszAntnmmsnaaniadinmanindenszurumswaaudaiudilzvanlianuaugs
A a A a o
sazanuandings vazmsanmanumnzaulumamulszansammsnaamasinin
< I A
aeszund Il ualinagimaniseyquiniail
= [ d‘d 1 A Aa aAa a o =
141 m3AnefadenlnansenuaonIzUIUMIANTEaNEMUMIHNAAMNBTININ
ao' = a o ) o Aa <3 =
nniudenszuumswaaudaiudnlevaininnuaugaazanuandings Taon1sAny
o o & o a J . . 3 ¥
eWaVIALT ATl 9RI1N1TLUIINNAITOUNTY (Organic loading rate, OLR) AT U1
2 < 4 1 1 @
lwadiu (Upflow velocity), USmnaunanilszaaud uagannuaiadng Tl
A Aa A a o
142 msdAnpanurmzaylumsiulszanianmInaamMaEinmalessu
< S A
2 lwuall nezmaniszggud Hasil
1) gansnaassmsaneianuinzaulumsiiulsz@ninmaleszuy
o Aa wa . a g’/ ~ g’/ <
2l ualilusgduneal frianis Fextiavesta lvsdhndendnuife vauvan Tasdnul
msudslasusianuaiadng I (0.4, 0.6 uaz 0.8 V)
A a a [
2) gamsnaaoimianInnuvnzaylumsmulszaniaiwdloman
L 1% a wa X [ @
Uszgquéluszaunea §iians udenldaununaninlssniugaaiunssuna@en
{ Aa a A 3 A
YA 5 Naawas TagAnyimsuilsnlasuasuauvani (15,25 uag 35 /L)
o [T~ a A
3) yamsnaaesszuuaugulsdmudluszuuFomAoudszaniam
A Y 9 A YR A aoa o Y 3
younatat Ay Iasmonldregaunssnmumsisvanimlvniuay

?:’ = a o ) v Aa <
143 ‘Ll']!,ﬁflﬂ'igTJ'JUﬂT'iwaﬁL!ﬂﬂiJuﬁ']ﬂzWaﬂ V]ﬂ\lﬂ?TNLﬂNQQL!ﬁzﬂQTNﬁﬂﬂﬁﬂQQ

v

I aol @ e @ 90; [ @ 4
MFlumsanuuinindeduniziudnvuzamstindeniasauls Tasduasizriainuil
Y ) (% é [ aol = dl 9 a0 [
Nudrdezvas seanvasdudgenlsoeia coD Uszuiat 15,000 - 20,000 mg/L ttaza1 TDS

1523181 20,000 mg/L

1.5 dszlawrinaanalasy

]
=1

i g { ] o [ L I~
151 odluuanmalumsnasuveaden liiinsinduun g se Towad 1915w
o k2
wasunaunu é
A Y a ~ Y
152 gadmnssuaunsadonlgainsauszuuimuganinlslunszuiunis

@ ' <

o Y 4 Aa ) H o & A 2 v
']_I”I']_Iﬂu”llﬁfl‘i/lllﬂ”Iﬂ'J”IllLﬂ‘JJQ'Qﬂ'Jﬂiz']JTJGlfuﬁaﬂilll@uuﬂiiﬂﬂllﬂﬂllﬁaeﬂullﬂ



v Aaw v & % ¥ A a o A ¥ a
1.5.3 uﬂ']ﬂt’lﬁ'lll'lﬁﬂﬁl“lﬂﬂuﬂ\‘]ﬂﬂ']'lllgﬁlulﬁf]\‘]éllﬂ\‘]ﬂ'lﬁNaﬂﬂW%“If’Jﬂ'lW‘ﬂWﬂu'llﬁt’J

Aa <3 = < d = A ao 1
‘Vmﬂ?nmﬂmE;NG]N%Lﬂuﬂiﬂwuﬁ@ﬂm.iﬂumi’c’ff)u 1’1i@ﬂWﬁ?ﬂﬂLLUUﬁ@ﬂ@ﬂiuﬂuWﬂﬁ



YN 2

U

w d a A
Y3NA13IUNITNUAZNUILNINY IV

2.1 wilaiud)zvias

v
% a =~

o o v A IS o o ' a
Llﬂﬂ3J'L!’(?H‘]Jgﬂﬁ\iﬂﬂlﬂuﬁﬁﬂﬂﬂﬂ13ﬂ1ﬁlﬂ}l¢]‘iﬂﬁ1 ﬂl@]ﬂlﬁi‘]&lﬁﬂi}ﬂ]@\?ﬂigl‘ﬂﬁq‘ﬂﬂ

Q o 9

) 9y I a v o v q
nalusnyasnssuuaznesiugadiunisy Uszma Ineiludraanduiudulzvduiu

o 4

uay 3 vodlan Iaslnananaoillszuin 222 S1uduaell @udasaunaAnITINYAT

U

o W a a v o [ 1 Y3
TIUNNUIATHININITINHAT, 2548) fﬂﬁWﬁﬁllﬂ\?lluﬁ'lﬂgiﬂﬁ\?a’]iﬂiﬂl!u@ﬁ]@f\]’lﬂlﬂu 2 ﬂiglﬂﬂ

Y ' o o v a . @ ) v v .
18un uilafudilzvdaan (Native starch) tazuilaiudilenaadanas (Modified starch)

a

1 1 a dy A o ) [ I A a o w
ﬂ’)'liJ!W]ﬂ@]'l\ii%‘ﬂ’N\‘lllﬂ\? 2%UAU AD LLﬂ\ﬂJ’L!fT']‘]J%’ViENﬂ'UL‘]JHLlﬁﬂ‘ﬂlﬂﬂiﬂﬂﬂ'ﬁu'lﬁ’)

Y Y
vudrdgnawudsgdiudulasluinsldmaluladiugeswlunisnda dauuds
dudlzudsdaud niluuieiidaamahndsdu lliunsruiumnlfunlaoulnseada
s Tuanaie I linuauidammwizda iu aauautianiesuanumiion dWudu udanlszl
A I a o sa Y 1 A 9 o ) v A A = 13 1T W
dolundadmainadayanunydudaiudilende@n iesnniinmgenindumia
Tagudlaiudlzndsdan s1a1 9,300 vy, uilaiudlzrdadanils s1a1 18,600 VIN/HAUY

o w

@ninauasygnamanuas, 2552) ludvgiudsemelnedi lssnuinaandaindilz v

v
v

nariue 69 15991y vy udlulssnunaaudaiudnlznasan 47 19 Tssnuwnaanilaiu

) v
dlendadaunls 13 Tsaau vaz Tsaaupanna 2 1szian 9 T30 Gusus aransnsel, 2556)

U o U
22 wilaiudlzviasaauls
=) o % 1 9 d‘ v
LL‘ﬂ\UJ‘]J‘VI‘]J"I‘Vlfﬂﬂiy@i’)Q@]ﬁ']‘ViﬂiillVI"l\iﬂ']Uﬂ"lﬁ"lﬁ Iﬂﬂlﬂw1$Llﬂﬂﬂﬂ1uﬂi$‘ﬂﬁuﬂ15
[ 9 Aam 1 [ [ k) g’/ as = A 9 4
ﬂllﬂﬁﬂ?ﬂ?‘ﬁﬂTﬁ@Tﬁ g ﬂﬁg‘lnl!ﬂ"liﬂﬂu‘]_]illﬂﬂ'ﬂTllﬂ‘VN'J‘ﬁ'VI”NﬂVJﬂTW 1Ay Wif’)ﬂ?ials]f!,@ullcﬁll

Felagundaiudrlzvdsdandsdaulvg ldnnnszurumsaandsmuni 1tesain

]
A A o

Wudsmshiidneamlunsiivguauidvewdaiudilzndeldge Taoxiiaveanils

Y
9 v A

udnlzvaananlsiaail
) wiaiudilendsdaunilsarenszurumsmaail unduiudrlendnauls
drulngatimsndanaz ¥ lusedugaavnssy WundsfidumsdandsTassadiadae

a A a ds! [y a dd’ 9 [ [ 1
NSTUIUMIMUAN Urianeyila VUNUFHAYEIE1SIANN 1Y uazseaumsaaudls wu



. wildleasend Inia (Hydroxypropyl starch)

. uilinseans (Cross - linked starch)

. utimSvuendiuiia (Carboxymethyl starch) 1Fudu

« utlae®ima (Acetate starch)
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« anSw¥iTand lud (Pregelatinized starch)

o Granular cold - water soluble starch

o Annealing starch

o Heat treatment starch

e Mechanical milling starch
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Tseaulszag COD: 6 g/L Completely Stirred Tank | Methane in biogas: >80% | ¢ N O U 1ANv1ASa | E. Aspé et al. (2001)
NH;—N: 0.09 Reactor (CSTR) COD removal: 60 -96 % | eINAZNDU
SO,”: 2.4 V=195L
Salt: 3.9 % w/v NaCl
‘L%IH%EJ Funs1eH COD: 1.1-29¢g/L Down - flow anaerobic ﬁ HRT =24 h fENoOU Qﬁu N36910 | N. Rovirosa et al. (2004)
Salt: 1.5 % w/v NaCl fixed bed reactor COD removal: 72% sruuiivanyn 1y
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HRT =96, 48,24 1182 12 h | Total-P removal: 39%
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V=3L HRT=11-30h

€l



~ = o w % = = 9 a o w % A Ao <3 [
ATNN 2.4 ﬂﬁﬁﬂ]&l13$‘]J‘U‘]J1‘1Jﬂu1m’EJ‘V1N515’Jﬂ1WLL‘1J‘1JUl§@@ﬂ“]ﬂ%ualuﬂTi‘UTUWLHm’EJ‘mJﬂﬂﬂJLmJQ’Q (919)

FUAVDI y ;
AnyUZUNTY sruun gy Use@nsnm LR GINEL] GANGR
AANNITIN
Tsanonnius COD: 2.3 g/L Up flow anaerobic filter, | COD removal: 78% AZNOULAY Lefebvre et al. (2006)
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2.6.2 fﬁﬂﬁﬂﬁnﬂ% MANLUTUTEAD (Upflow anaerobic sludge blanket, UASB)
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COD (mg/L) 16,700 = 3,503
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Temperature 25-30 25-30 25-30
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Conditions Parameter Feed Acid ZVI-UASB
VFA (mg/L) - 2,749.4 362.17
15 g/L
Acetate (mg/L) 893.9 1,553.2 54.84
VFA (mg/L) - 2,595.3 201.18
25 g/L
Acetate (mg/L) 783.45 1,897.2 11.51
VFA (mg/L) - 2,551.35 505.49
35 g/L
Acetate (mg/L) 720.79 1,469.62 68.55
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pH Alk TDS | TCOD | SCOD pH Alk TDS TCOD | SCOD pH Alk TDS TCOD | SCOD prH Alk TDS TCOD | SCOD

(mg/L) | (g/L) | (mgL) | (mg/L) (mg/L) | (g/L) | (mg/L) | (mg/L) (mg/L) | (g/L) | (mgL) | (mg/L) (mg/L) | (g/L) | (mg/L) | (mg/L)

0 53 1416 3.28 10400 4800 5.02 1930 3.55 9400 8000 5.27 1185 3.22 5600 4800 5.83 1305 1.34 8000 5600
3 7 820 16 9280 320 5 980 12 15520 5920 5 1065 4 12320 11680 5 1285 4 10080 9120
6 7 956 19 14000 5600 5 1074 4 16600 10800 5 1026 17 11250 11200 5 1186 7 15500 14400
9 6 1085 23 10880 6880 6 3260 26 12747 5547 5 680 15 9280 8747 8 1465 15 8747 5013
12 7 990 23 8800 1600 6 1005 20 6000 3600 6 1210 12 9867 5067 7 1800 23 6400 5333
15 7 680 25 10133 7200 6 1300 22 7200 4800 6 1160 19 11200 9600 7 1950 19 3200 1067
18 7 1330 21 12800 3467 7 1270 21 3600 3200 7 1250 22 10400 3733 7 2300 22 4533 1200
21 7 930 22 13333 6400 6 1220 21 6400 4267 7 1530 21 9067 5333 7 2260 22 5333 3733
24 7 1030 22 11733 5333 6 1580 20 9600 6400 7 1910 20 11733 8000 7 2715 21 6933 3733
27 7 980 28 14933 4267 6 1280 21 8000 4800 7 1500 22 8533 5867 7 2250 21 3733 2667
30 7 890 26 19200 4800 6 1390 25 8000 5333 7 1870 24 9067 5867 7 2270 24 3733 2133
33 7 1910 24 14933 1600 7 1430 21 6933 1600 7 2080 24 5333 3200 7 2250 21 3733 2133
36 7 900 20 10667 3200 7 1230 21 5333 3200 7 1930 23 4267 2667 8 2050 23 2667 2133
39 7 1130 21 11733 3733 7 1500 21 5867 3733 7 2380 22 6400 3733 8 2210 23 4267 2667
42 7 1040 24 13600 6933 7 2120 20 10133 6933 7 2500 21 7467 5867 7 2530 21 5333 2667
45 7 890 26 38000 2800 6 1530 24 13467 9733 7 2080 23 8667 6000 8 2590 23 4933 3867
48 7 1070 30 8000 3733 6 2190 27 11200 5333 7 1960 25 9600 5333 7 2740 24 6507 4800
51 7 1725 15 18400 3733 7 1900 18 5600 4267 7 2170 23 8000 4800 7 2750 24 4800 3200
54 7 1465 21 11200 2667 6 2060 20 8533 4267 7 2650 20 5333 2667 7 3000 20 2133 1067
57 7 1020 26 15467 4267 6 1505 23 6400 4267 7 1825 21 5600 4000 7 2310 20 2400 1600
60 7 730 24 11733 4800 6 1420 23 5867 3733 7 1655 23 4267 2667 7 1825 23 3733 2400
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A13197 0.1 ﬂ15ﬂ§ﬂﬁﬂ1WL§@ﬁauﬂ%g(§iﬂ)
fuil FEED ACID FEMANTATION RI R2
pH | Al TDS | TCOD | SCOD | pH | Alk TDS | TCOD | SCOD | pH | Alk TDS | TCOD | SCOD | pH Alk TDS | TCOD | SCOD
(mg/L) | (mg/L) | (mg/L) | (mg/L) (mg/L) | (mg/L) | (mg/L) | (mg/L) (mg/L) | (mg/L) | (mg/L) | (mg/L) (mg/L) | (mg/L) | (mg/L) | (mg/L)
63 7 1040 20 14800 | 4800 | 6 | 2110 23 4267 | 3733 7 2485 23 5333 2667 7 2485 23 2400 | 1067
66 7 1000 21 13333 | 3200 | 7 1500 21 9600 | 4267 7 2000 22 7467 3733 7 1420 21 5600 | 2667
69 6 1025 21 12800 | 3200 | 7 | 2075 21 6400 | 2133 7 2225 21 5867 3733 7 2740 21 4267 | 1067
72 6 3660 23 12800 | 1600 | 6 1770 21 4267 | 1600 7 2295 17 4800 1067 7 3005 21 3200 | 1067
75 5 535 21 12267 | 2133 6 1260 20 5333 | 3200 7 1465 20 6933 2400 7 1790 20 3200 | 1333
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A a A o v A =
A15190 v.1 Useansnmnismoas lod RUN I

o 4 BES-UASB ZVI-UASB STM-UASB
o EFF (%) MV3 S.D. EFF (%) MV3 S.D. EFF (%) MV3 S.D.
3 64.10 #N/A #N/A 67.18 #N/A #N/A 62.05 #N/A #N/A
6 63.59 #N/A #N/A 73.30 #N/A #N/A 53.88 #N/A #N/A
9 60.00 60.87 #N/A 70.00 70.17 #N/A 56.00 56.30 #N/A
12 59.02 59.41 #N/A 67.21 70.30 #N/A 59.02 62.32 #N/A
15 59.21 62.14 3.65 73.68 68.18 3.69 71.93 66.38 5.86
18 68.18 58.02 7.43 63.64 65.77 4.67 68.18 62.26 10.63
21 46.67 65.87 12.26 60.00 68.80 9.11 46.67 65.87 13.31
24 82.76 64.71 11.75 82.76 65.23 11.24 82.76 56.87 16.07
27 64.71 74.65 9.81 52.94 67.78 10.74 41.18 64.84 13.72
30 76.47 74.65 4.80 67.65 66.63 10.20 70.59 57.94 9.94
33 82.76 78.08 5.12 79.31 72.32 7.44 62.07 57.55 10.93
36 75.00 69.79 11.63 70.00 66.97 11.58 40.00 57.68 12.93
39 51.61 67.60 11.74 51.61 64.35 9.86 70.97 60.80 14.11
42 76.19 66.60 12.02 71.43 61.01 9.78 71.43 60.80 15.52
45 72.00 70.45 7.21 60.00 66.62 4.26 40.00 52.93 13.86
48 63.16 69.42 5.65 68.42 64.10 1.20 47.37 51.53 15.38
51 73.11 72.92 7.27 63.87 71.60 6.38 67.23 64.45 12.67
54 82.50 78.75 6.03 82.50 72.09 6.42 78.75 73.39 12.27

Y01



A a A o v A = 1
A15190 v.1 Useansnmnismoas lod RUN I (GR)

o 4 BES-UASB ZVI-UASB STM-UASB

o EFF (%) MV3 S.D. EFF (%) MV3 S.D. EFF (%) MV3 S.D.
57 80.65 81.92 5.65 69.89 76.88 6.47 74.19 74.89 8.47
60 82.61 80.25 1.97 78.26 72.72 2.17 71.74 70.73 3.19
63 77.50 78.37 2.54 70.00 76.09 2.86 66.25 71.00 3.92
66 75.00 77.15 2.72 80.00 76.32 3.14 75.00 73.40 4.72
69 78.95 79.62 3.77 78.95 83.17 5.06 78.95 72.70 6.32
72 84.91 84.16 4.13 90.57 82.26 5.37 64.15 70.81 5.95
75 88.64 85.12 4.43 77.27 81.70 5.75 69.32 67.22 5.04
78 81.82 84.06 3.48 77.27 74.59 4.94 68.18 68.91 1.04
81 81.73 80.65 2.67 69.23 73.08 4.02 69.23 69.29 0.89
84 78.41 77.94 3.09 72.73 70.13 3.25 70.45 68.49 1.71
87 73.68 76.62 2.86 68.42 71.12 1.19 65.79 67.64 1.79
90 77.78 75.66 2.55 72.22 73.41 3.76 66.67 67.96 2.60
93 75.51 79.67 3.56 79.59 77.59 4.11 71.43 68.26 2.27
96 85.71 82.07 3.88 80.95 81.85 4.45 66.67 69.37 2.23
99 85.00 83.89 4.23 85.00 80.71 3.73 70.00 69.37 1.55
102 80.95 81.63 2.85 76.19 80.05 3.25 71.43 69.95 1.53
105 78.95 81.08 2.64 78.95 79.49 3.49 68.42 70.69 1.73
108 83.33 83.33 72.22 72.70 6.32
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A a A o v A =
A15190 v.2 Useansnmnmsmoas lod RUN II

o a BES-UASB ZVI-UASB STM-UASB

o EFF (%) MV3 S.D. EFF (%) MV3 S.D. EFF (%) MV3 S.D.
142 74.63 #N/A #N/A 71.64 #N/A #N/A 64.18 #N/A #N/A
145 71.19 #N/A #N/A 66.10 #N/A #N/A 64.41 #N/A #N/A
148 72.22 72.53 #N/A 64.81 68.37 #N/A 53.70 60.88 #N/A
151 74.19 73.44 #N/A 74.19 68.08 #N/A 64.52 61.15 #N/A
154 73.91 74.37 1.06 65.22 71.47 4.26 65.22 61.99 4.58
157 75.00 75.35 1.13 75.00 70.55 2.67 56.25 62.39 4.49
160 77.14 74.52 2.10 71.43 71.67 2.76 65.71 60.65 3.85
163 71.43 74.52 2.08 68.57 70.28 1.89 60.00 62.74 1.96
166 75.00 76.88 4.60 70.83 71.03 2.38 62.50 66.32 5.87
169 84.21 82.89 5.69 73.68 76.24 4.86 76.47 70.88 6.08
172 89.47 86.47 5.70 84.21 81.20 5.50 73.68 75.45 6.09
175 85.71 86.47 4.04 85.71 83.83 5.45 76.19 76.27 2.28
178 84.21 84.42 1.51 81.58 85.39 3.54 78.95 81.34 4.64
181 83.33 83.96 1.46 88.89 84.94 243 88.89 84.06 4.63
184 84.35 85.37 1.89 84.35 86.12 2.13 84.35 86.12 4.40
187 88.43 88.34 2.87 85.12 87.24 2.97 85.12 86.21 1.80
190 92.25 91.86 3.36 92.25 89.82 3.23 89.15 87.94 2.02
193 94.90 94.09 2.92 92.10 93.16 3.37 89.55 88.02 2.47
196 95.12 95.12 85.37
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A a A o v A =
A1519% 1.3 Uszansnmnismand led RUN I

o BES-UASB ZVI-UASB STM-UASB

. EFF (%) MV3 S.D. EFF (%) MV3 S.D. EFF (%) MV3 S.D.
222 82.98 #N/A #N/A 78.72 #N/A #N/A 74.47 #N/A #N/A
225 86.44 #N/A #N/A 81.36 #N/A #N/A 79.66 #N/A #N/A
228 90.00 88.23 #N/A 86.67 83.46 #N/A 85.00 80.38 #N/A
231 88.24 89.24 #N/A 82.35 84.41 #N/A 76.47 78.38 #N/A
234 89.47 89.40 0.64 84.21 84.09 1.14 73.68 77.04 4.19
237 90.48 87.76 2.64 85.71 82.57 2.92 80.95 75.62 4.04
240 83.33 89.82 4.27 77.78 80.58 3.21 72.22 81.49 6.41
243 95.65 87.73 4.69 78.26 80.08 3.89 91.30 84.33 6.69
246 84.21 91.62 4.39 84.21 84.16 434 89.47 90.26 6.40
249 95.00 89.15 2.87 90.00 85.52 4.52 90.00 85.31 591
252 88.24 89.65 3.04 82.35 87.61 4.18 76.47 85.65 5.82
255 85.71 89.56 3.79 90.48 87.43 2.73 90.48 83.72 5.82
258 94.74 90.31 3.75 89.47 88.55 2.61 84.21 85.21 3.73
261 90.48 89.81 4.40 85.71 88.22 2.14 80.95 81.37 2.84
264 84.21 88.05 3.34 89.47 88.22 1.93 78.95 83.12 4.63
267 89.47 85.96 3.48 89.47 89.47 1.02 89.47 84.21 3.92
270 84.21 88.45 2.27 89.47 89.09 0.85 84.21 87.34 3.71
273 91.67 88.57 2.24 88.33 88.65 0.53 88.33 86.89 0.92
276 89.83 88.14 88.14

LO1



M350 U4 Uszansmumsmdas leavesszuumsudl salasuainnuaadng lnih

s 0.6V 0.8V

Un

EFF (%) MV3 S.D. EFF (%) MV3 S.D.

3 53.66 #N/A H#N/A 72.34 #N/A #N/A

6 65.12 #N/A #N/A 75.51 #N/A #N/A

9 71.43 63.40 #N/A 75.00 70.68 #N/A
12 81.25 72.60 #N/A 61.54 69.32 #N/A
15 69.23 73.97 7.34 71.43 69.32 6.33
18 75.86 75.45 5.70 75.00 75.48 436
21 80.00 75.03 3.97 80.00 78.75 4.43
24 78.57 78.14 2.89 81.25 79.94 3.09
27 84.62 81.06 3.54 78.57 81.05 2.11
30 85.71 82.97 2.60 83.33 80.63 1.58
33 84.62 84.98 2.60 80.00 82.65 1.78
36 86.67 85.67 170 84.62 83.44 1.77
39 85.71 85.67 0.62 85.71 86.41 2.25
42 85.37 85.92 0.66 88.89 86.35 2.23
45 90.48 87.19 1.93 84.44 87.94 2.33
48 88.89 88.24 1.96 90.48 88.38 2.12
51 89.19 89.52 1.95 90.22 90.31 1.81
54 90.48 89.52 0.69 90.24
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A A a o v As A a 9y 9 < 7
AT NN V.5 ﬂixﬁ“ﬂ‘ﬁﬂWWﬂﬁﬂWWBIfJWU@QiZ‘U‘UﬂTi!L‘]Ji!‘]Jaﬂuﬂ’)']mﬁlm‘llu‘ll@ﬂmﬁﬂﬂi%%ﬂuﬂ

L4 15 g/L 35g/L

UN

EFF (%) MV3 S.D. EFF (%) MV3 S.D.

3 74.47 #N/A #N/A 58.54 #N/A #N/A
6 71.43 #N/A #N/A 55.81 #N/A #N/A
9 68.75 64.67 #N/A 64.29 60.87 #N/A
12 53.85 63.78 #N/A 62.50 65.34 #N/A
15 68.75 64.67 7.91 69.23 65.75 2.440575
18 71.43 73.39 6.16 65.52 69.36 3.213767
21 80.00 77.56 5.86 73.33 72.47 4.20382
24 81.25 79.94 444 78.57 76.28 4218263
27 78.57 78.27 2.96 76.92 80.40 4.683585
30 75.00 77.86 239 85.71 82.42 3.339641
33 80.00 77.31 2.27 84.62 85.67 3.368643
36 76.92 80.88 3.06 86.67 83.28 3.057546
39 85.71 84.58 4.70 78.57 82.72 2.784333
42 91.11 88.57 4.69 82.93 83.20 3.925968
45 88.89 89.37 3.84 88.10 87.38 3.55738
48 88.10 89.07 1.01 91.11 88.56 3.752331
51 90.22 88.71 1.12 86.49 90.15 2.919786
54 87.80 92.86
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A ] = A a A a A
A1519% a1 Usinamasin e luse uunuseansnm RUN T

=
N

u BES-UASB ZVI-UASB STM-UASB
VS | mliday | Lo/Loe | LadLowenne | m7kgday | mlday | Lo/Loo | L/Lywone | m7kg-day | mbday | Lo/Lie | LudLywene | M /kg-day

54 22932 | 076 1.53 0.18 23416 0.78 1.56 0.11 12860 0.43 0.86 0.09
55 46744 1.56 3.12 25236 0.84 1.68 20904 0.70 1.39

56 45964 1.53 3.06 25860 0.86 1.72 22048 0.73 1.47

57 42308 1.41 2.82 0.22 33832 1.13 2.26 0.20 38772 1.29 2.58 0.16
58 46328 1.54 3.09 44196 1.47 2.95 32060 1.07 2.14

59 59984 | 2.00 4.00 41224 1.37 275 27248 0.91 1.82

60 57352 1.91 3.82 0.24 40264 1.34 2.68 0.17 28912 0.96 1.93 0.17
61 53400 1.78 3.56 37648 1.25 2.51 36504 1.22 2.43

62 54404 1.81 3.63 34528 1.15 230 34216 1.14 2.28

63 51148 1.70 3.41 0.25 32344 1.08 2.16 0.21 39260 1.31 2.62 0.23
64 42984 1.43 2.87 42120 1.40 2.81 32812 1.09 2.19

65 47212 1.57 3.15 33384 1.11 2.23 39780 1.33 2.65

66 47768 1.59 3.18 0.24 48044 1.60 3.20 0.23 29656 0.99 1.98 0.18
67 42948 1.43 2.86 40696 1.36 2.71 32916 1.10 2.19

68 38220 1.27 2.55 46260 1.54 3.08 32500 1.08 2.17

69 52620 1.75 3.51 0.25 46624 1.55 3.11 0.25 31772 1.06 2.12 0.17
70 47368 1.58 3.16 32760 1.09 2.18 35220 1.17 2.35

71 36972 1.23 2.46 56744 1.89 3.78 27456 0.92 1.83

I11



A ] = A a A a A 1
A1519% a1 Usinamasin e luse uunuseansnm RUN T (99)

=
N

u BES-UASB ZVI-UASB STM-UASB
VS | mliday | Lo/Loe | LadLowenne | m7kgday | mlday | Lo/Loo | L/Lywone | m7kg-day | mbday | Lo/Lie | LudLywene | M /kg-day

72 64872 | 2.16 4.32 0.22 56832 1.89 3.79 0.19 30524 1.02 2.03 0.16
73 52932 1.76 3.53 53296 1.78 3.55 29068 0.97 1.94

74 60592 | 2.02 4.04 52432 1.75 3.50 35724 1.19 2.38

75 57248 1.91 3.82 0.25 43680 1.46 291 0.22 32604 1.09 2.17 0.18
76 56244 1.87 3.75 43868 1.46 2.92 36484 1.22 2.43

77 61840 | 2.06 4.12 49224 1.64 3.28 31876 1.06 2.13

78 59640 1.99 3.98 0.25 48392 1.61 3.23 0.23 43592 1.45 291 0.21
79 51564 1.72 3.44 48236 1.61 3.22 41080 1.37 2.74

80 53212 1.77 3.55 41788 1.39 2.79 30732 1.02 2.05

81 60716 |  2.02 4.05 0.25 40680 1.36 271 0.21 39260 1.31 2.62 0.18
82 61428 |  2.05 4.10 48340 1.61 3.22 36296 1.21 2.42

83 65396 | 2.18 4.36 47160 1.57 3.14 43436 1.45 2.90

84 50248 1.67 3.35 0.29 44232 1.47 2.95 0.24 43488 1.45 2.90 0.24
85 66296 | 2.1 4.42 45376 1.51 3.03 44060 1.47 2.94

86 62120 | 2.07 4.14 46988 1.57 3.13 48704 1.62 3.25

87 56784 1.89 3.79 0.33 49624 1.65 331 0.30 31096 1.04 2.07 0.25
88 61464 | 2.05 4.10 47108 1.57 3.14 45708 1.52 3.05

89 48204 1.61 321 44892 1.50 2.99 37648 1.25 2.51
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A ] = A a A a A 1
A1519% a1 Usinamasin e luse uunuseansnm RUN T (99)

Tl BES-UASB ZVI-UASB STM-UASB
Ve | miday | Lo/l | Lodloene | m7kgday | mlday | Lo/Lo | Lu/lene | m/kgday | mlday | Lo/Lie | Lo/Loseme | m7/ke-day

90 56264 1.88 3.75 0.33 42432 1.41 2.83 0.27 22152 0.74 1.48 0.22
91 42484 1.42 2.83 44060 1.47 2.94 21424 0.71 1.43

92 67756 2.26 4.52 42136 1.40 2.81 49660 1.66 331

93 73112 2.44 4.87 0.30 67024 223 4.47 0.27 46696 1.56 3.11 0.22
94 67548 2.25 4.50 56660 1.89 3.78 44840 1.49 2.9

95 62400 2.08 4.16 65448 2.18 436 46956 1.57 3.13

96 65104 2.17 434 0.29 59572 1.99 3.97 0.26 36852 1.23 2.46 0.25
97 61000 2.03 4.07 44372 1.48 2.96 45636 1.52 3.04

98 59748 1.99 3.98 53020 1.77 3.53 45708 1.52 3.05

99 61256 2.04 4.08 0.29 52448 175 3.50 0.27 43368 1.45 2.89 0.27
100 54444 1.81 3.63 64008 2.13 4.27 46364 1.55 3.09

101 59852 2.00 3.99 48964 1.63 3.26 45448 1.51 3.03

102 59592 1.99 3.97 0.28 56192 1.87 3.75 0.27 46504 1.55 3.10 0.26
103 57876 1.93 3.86 51620 1.72 3.44 47544 1.58 3.17

104 55432 1.85 3.70 44944 1.50 3.00 46228 1.54 3.08

105 58968 1.97 3.93 0.33 54476 1.82 3.63 0.29 37980 1.27 2.53 0.26
106 52676 1.76 3.51 55516 1.85 3.70 40664 1.36 2.71

107 65104 2.17 434 44268 1.48 2.95 41392 1.38 2.76

108 53924 1.80 3.59 0.30 48220 1.61 321 0.27 41616 1.39 2.77 0.27

el



A ] = A a A a A
A1519% 1.2 Usinaumasinminma luss uunulseansniw RUN I

=
N

u BES-UASB ZVI-UASB STM-UASB
VS | mliday | Lo/Loe | LadLowenne | m7kgday | mlday | Lo/Loo | L/Lywone | m7kg-day | mbday | Lo/Lie | LudLywene | M /kg-day

140 45552 1.52 3.04 37492 1.25 2.50 19084 0.64 1.27

141 49712 1.66 331 41288 1.38 275 23660 0.79 1.58

142 40248 1.34 2.68 0.23 38584 1.29 2.57 0.20 32656 1.09 2.18 0.15
143 46280 1.54 3.09 41704 1.39 278 39204 1.31 2.61

144 42120 1.40 2.81 40972 1.37 2.73 36504 1.22 2.43

145 38784 1.29 2.59 0.25 28224 0.94 1.88 0.24 21780 0.73 1.45 0.21
146 41132 137 2.74 36452 1.22 2.43 21424 0.71 1.43

147 39624 1.32 2.64 32500 1.08 2.17 16900 0.56 1.13

148 35048 1.17 2.34 0.25 33696 112 225 0.24 26156 0.87 1.74 0.19
149 33540 1.12 2.24 37076 1.24 2.47 25012 0.83 1.67

150 30732 1.02 2.05 35932 1.20 2.40 27560 0.92 1.84

151 37180 1.24 2.48 0.25 35464 ) g€ 2.36 0.26 32100 1.07 2.14 0.24
152 48628 1.62 3.24 37128 1.24 2.48 35412 1.18 2.36

153 43784 1.46 2.92 38272 1.28 2.55 41772 1.39 2.78

154 46904 1.56 3.13 0.23 36972 1.23 246 0.21 32448 1.08 2.16 0.20
155 36332 1.21 2.42 33696 112 2.25 26816 0.89 1.79

156 45448 1.51 3.03 41652 1.39 278 27284 0.91 1.82

157 42328 1.41 2.82 0.29 42380 1.41 2.83 0.27 22812 0.76 1.52 0.24

148!



A ] = A a A a A J
A1519% 1.2 Usinaumasinminma luss uunulseansniw RUN I (919)

=
N

u BES-UASB ZVI-UASB STM-UASB
VS | mliday | Lo/Loe | LadLowenne | m7kgday | mlday | Lo/Loo | L/Lywone | m7kg-day | mbday | Lo/Lie | LudLywene | M /kg-day

158 47544 1.58 3.17 42744 1.42 2.85 30680 1.02 2.05

159 49936 1.66 3.33 38948 1.30 2.60 38964 1.30 2.60

160 46904 1.56 3.13 0.30 38272 1.28 2.55 0.27 30668 1.02 2.04 0.24
161 56572 1.89 3.77 40292 1.34 2.69 30452 1.02 2.03

162 42104 1.40 2.81 41532 1.38 2.77 28776 0.96 1.92

163 54704 1.82 3.65 0.34 39220 1.31 2.61 0.28 41096 1.37 2.74 0.27
164 62312 | 2.08 4.15 57520 1.92 3.83 49052 1.64 3.27

165 67112 | 224 4.47 61648 2.05 4.11 44736 1.49 2.98

166 64460 | 2.15 4.30 0.30 51064 1.70 3.40 0.28 46556 1.55 3.10 0.26
167 59468 1.98 3.96 47016 1.57 3.13 52224 1.74 3.48

168 62608 | 2.09 4.17 51080 1.70 3.41 48220 1.61 3.21

169 55604 1.85 371 0.31 48048 1.60 3.20 0.29 49660 1.66 3.31 0.28
170 59052 1.97 3.94 61244 2.04 4.08 47020 1.57 3.13

171 65256 | 2.18 4.35 57580 1.92 3.84 44424 1.48 2.96

172 63524 | 2.12 4.23 031 51376 1.71 343 0.30 46660 1.56 3.11 0.27
173 58568 1.95 3.90 61296 2.04 4.09 44736 1.49 2.98

174 67612 | 225 4.51 61132 2.04 4.08 51340 1.71 3.42

175 66020 | 220 4.40 0.30 64708 2.16 431 0.29 52692 1.76 3.51 0.26

Sl



A ] = A a A a A J
A1519% 1.2 Usinaumasinminma luss uunulseansniw RUN I (919)

=
N

u BES-UASB ZVI-UASB STM-UASB
VS | mliday | Lo/Loe | LadLowenne | m7kgday | mlday | Lo/Loo | L/Lywone | m7kg-day | mbday | Lo/Lie | LudLywene | M /kg-day

176 63300 2.11 422 42260 1.41 2.82 50768 1.69 3.38

177 60356 2.01 4.02 54808 1.83 3.65 49564 1.65 3.30

178 63804 2.13 425 0.33 59020 1.97 3.93 0.28 49248 1.64 3.8 0.28
179 57904 1.93 3.86 57964 1.93 3.86 59936 2.00 4.00

180 60712 2.02 4.05 65260 2.18 435 49832 1.66 3.32

181 58448 1.95 3.90 0.33 56004 1.87 3.73 0.31 43888 1.46 2.93 027
182 61272 2.04 4.08 54564 1.82 3.64 54216 1.81 3.61

183 61792 2.06 4.12 56436 1.88 3.76 58808 1.96 3.92

184 63820 2.13 425 0.32 57216 1.91 3.81 0.29 49208 1.64 3.8 0.28
185 65380 2.18 436 61584 2.05 411 49052 1.64 327

186 64532 2.15 430 67356 2.25 4.49 62692 2.09 4.18

187 69904 233 4.66 031 54964 1.83 3.66 0.30 52744 1.76 3.52 027
188 72380 2.41 483 75208 2.51 5.01 67212 2.24 4.48

189 78272 2.61 5.22 67768 226 4.52 65992 2.20 4.40

190 77092 257 5.14 0.32 68448 228 4.56 0.30 61032 2.03 4.07 0.28
191 74272 2.48 4.95 70564 2.35 4.70 64913 2.16 433

192 75780 2.53 5.05 57512 1.92 3.83 65906 2.20 439

193 77732 2.59 5.18 031 74532 2.48 4.97 0.28 66898 2.23 4.46 0.28
194 78172 261 521 0.33 62556 2.09 417 0.27 67891 2.26 4.53 0.32
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A ] = A a A a A
A1519% 7.3 UYsinaumaginmina luse uwnulseansnim RUN 111

=
N

u BES-UASB ZVI-UASB STM-UASB
VS | mliday | Lo/Loe | LadLowenne | m7kgday | mlday | Lo/Loo | L/Lywone | m7kg-day | mbday | Lo/Lie | LudLywene | M /kg-day

225 28620 | 0.95 1.91 27024 0.90 1.80 24164 0.81 1.61

226 31012 1.03 2.07 26124 0.87 1.74 20784 0.69 1.39

227 29020 | 0.97 1.93 0.19 25000 0.83 1.67 0.18 24892 0.83 1.66 0.17
228 44356 1.48 2.96 42952 1.43 2.86 43296 1.44 2.89

229 34424 1.15 2.29 35812 1.19 2.39 28028 0.93 1.87

230 45220 1.51 3.01 0.20 35532 1.18 2.37 0.20 30736 1.02 2.05 0.18
231 44892 1.50 2.99 39692 1.32 2.65 39848 1.33 2.66

232 47612 1.59 3.17 36140 1.20 2.41 32864 1.10 2.19

233 46228 1.54 3.08 0.21 48272 1.61 3.22 0.20 35464 1.18 2.36 0.18
234 42624 1.42 2.84 39208 1.31 2.61 38740 1.29 2.58

235 46244 1.54 3.08 43316 1.44 2.89 32692 1.09 2.18

236 48040 1.60 3.20 0.25 37492 1.25 2.50 0.24 25984 0.87 1.73 0.21
237 52900 1.76 3.53 43852 1.46 2.92 34164 1.14 2.28

238 48064 1.60 3.20 46744 1.56 3.12 30732 1.02 2.05

239 48980 1.63 3.27 0.25 35464 1.18 236 0.22 34596 1.15 2.31 0.20
240 57248 1.91 3.82 47076 1.57 3.14 41356 1.38 2.76

241 51620 1.72 3.44 46332 1.54 3.09 40680 1.36 2.71

242 54133 1.80 3.61 0.24 45098 1.50 3.01 0.21 37832 1.26 2.52 0.20
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A ] = A a A a A 1
A1519% 7.3 UYsinaumaginmina luse uwnulseansnim RUN 111 (919)

=
N

u BES-UASB ZVI-UASB STM-UASB
VS | mliday | Lo/Loe | LadLowenne | m7kgday | mlday | Lo/Loo | L/Lywone | m7kg-day | mbday | Lo/Lie | LudLywene | M /kg-day

243 45074 1.50 3.00 35591 1.19 2.37 34397 1.15 2.29

244 36015 1.20 2.40 36084 1.20 2.41 28962 0.97 1.93

245 46956 1.57 3.13 0.24 27576 0.92 1.84 0.20 29526 0.98 1.97 0.20
246 65898 | 220 4.39 47069 1.57 3.14 47091 1.57 3.14

247 64839 | 2.16 4.32 47562 1.59 3.17 50656 1.69 3.38

248 67781 2.26 4.52 0.25 48055 1.60 3.20 0.22 51221 1.71 3.41 0.20
249 48547 1.62 3.24 41785 1.39 2.79 52254 1.74 3.48

250 49040 1.63 3.27 54350 1.81 3.62 61998 2.07 4.13

251 49532 1.65 3.30 0.26 51915 1.73 3.46 0.26 42517 1.42 2.83 0.26
252 64025 | 2.13 4.27 63479 2.12 4.23 55257 1.84 3.68

253 65518 | 2.18 4.37 54044 1.80 3.60 65821 2.19 4.39

254 71010 | 237 4.73 0.29 52609 1.75 3.51 0.26 53228 1.77 3.55 0.27
255 51503 1.72 3.43 55173 1.84 3.68 45309 1.51 3.02

256 61995 2.07 4.13 41738 1.39 278 43637 1.45 2.91

257 52488 1.75 3.50 031 46303 1.54 3.09 0.28 40181 1.34 2.68 0.28
258 62981 2.10 4.20 56867 1.90 3.79 52174 1.74 3.48

259 53473 1.78 3.56 57882 1.93 3.86 52395 1.75 3.49

260 63966 | 2.13 4.26 0.28 57997 1.93 3.87 0.25 55128 1.84 3.68 0.23
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A ] = A a A a A 1
A1519% 7.3 UYsinaumaginmina luse uwnulseansnim RUN 111 (919)

=
N

u BES-UASB ZVI-UASB STM-UASB
VS | mliday | Lo/Loe | LadLowenne | m7kgday | mlday | Lo/Loo | L/Lywone | m7kg-day | mbday | Lo/Lie | LudLywene | M /kg-day

261 74458 2.48 4.96 48561 1.62 3.24 48561 1.62 3.24

262 64712 2.16 431 59126 1.97 3.94 49126 1.64 3.28

263 62581 2.09 4.17 031 59691 1.99 3.98 0.27 49691 1.66 331 0.26
264 69936 233 4.66 50255 1.68 3.35 50255 1.68 3.35

265 68429 2.8 4.56 50820 1.69 3.39 50820 1.69 3.39

266 64704 2.16 431 0.30 69220 231 4.61 0.26 51096 1.70 3.41 0.25
267 58312 1.94 3.89 57520 1.92 3.83 39052 1.30 2.60

268 58112 1.94 3.87 61648 2.05 4.11 44736 1.49 2.98

269 57460 1.92 3.83 0.30 51064 1.70 3.40 0.28 46556 1.55 3.10 0.24
270 59468 1.98 3.96 57016 1.90 3.80 52224 1.74 3.48

271 62608 2.09 4.17 61080 2.04 4.07 48220 1.61 321

272 65604 2.19 437 031 58048 1.93 3.87 0.29 49660 1.66 331 0.25
273 59052 1.97 3.94 61244 2.04 4.08 47020 1.57 3.13

274 65256 2.18 435 57580 1.92 3.84 44424 1.48 2.96

275 61354 2.05 4.09 0.32 56466 1.88 3.76 0.29 56466 1.88 3.76 0.26
276 71847 239 4.79 57031 1.90 3.80 57031 1.90 3.80

277 72340 2.41 4.82 57595 1.92 3.84 57595 1.92 3.84

278 62832 2.09 4.19 031 58160 1.94 3.88 0.27 58160 1.94 3.88 0.27
279 73325 2.44 4.89 58725 1.96 3.92 58725 1.96 3.92

611



M990 2.4 Usinamssimmnnaluszuumsnd salasuainnuaedng uih

A
UN

gl 0.6V 0.8V
Vs ml/day Lo/Lcor Lo/Lasienater m’/kg-day ml/day Lo/Lscor Lo/L ener m’/kg-day
1 23140 0.77 1.54 26796 0.89 1.79
2 30212 1.01 2.01 19976 0.67 133
3 28808 0.96 1.92 0.11 22980 0.77 1.53 0.15
4 25584 0.85 1.71 27368 0.91 1.82
5 29848 0.99 1.99 32360 1.08 2.16
6 40196 1.34 2.68 0.12 25028 0.83 1.67 0.14
7 48652 1.62 3.24 45704 1.52 3.05
8 39484 1.32 2.63 48028 1.60 3.20
9 44362 1.48 2.96 0.26 45792 1.53 3.05 0.19
10 43860 1.46 2.92 49188 1.64 3.8
11 47223 1.57 3.15 43192 1.44 2.88
12 51041 1.70 3.40 0.18 43972 1.47 2.93 0.19
13 52840 1.76 3.52 45064 1.50 3.00
14 58351 1.95 3.89 46952 1.57 3.13
15 57450 1.92 3.83 0.26 40852 1.36 2.72 0.18
16 56020 1.87 3.73 45308 1.51 3.02
17 56379 1.88 3.76 42256 1.41 2.82
18 57003 1.90 3.80 0.22 45860 1.53 3.06 0.17
19 57440 1.91 3.83 43868 1.46 2.92
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M990 .4 Usinamsainmnmaluszuumsul salasuainnuanednd 1 (¢e)

A
UN

gl 0.6V 0.8V
Vs ml/day Lo/Lcor Lo/Lasienater m’/kg-day ml/day Lo/Lscor Lo/L ener m’/kg-day
20 60724 2.02 4.05 45464 1.52 3.03
21 64493 2.15 430 0.22 40248 1.34 2.68 0.18
22 64025 2.13 427 59312 1.98 3.95
23 65134 2.17 434 59140 1.97 3.94
24 64072 2.14 427 0.27 52660 1.76 3.51 0.24
25 60939 2.03 4.06 62292 2.08 4.15
26 58903 1.96 3.93 55708 1.86 3.71
27 60091 2.00 4.01 0.28 53420 1.78 3.56 0.22
28 61660 2.06 4.11 54096 1.80 3.61
29 62666 2.09 4.18 64788 2.16 432
30 64698 2.16 431 0.37 57456 1.92 3.83 0.25
31 62956 2.10 4.20 66556 2.22 4.44
32 63194 2.11 421 69172 231 4.61
33 66712 222 4.45 0.27 62916 2.10 4.19 0.24
34 68003 227 453 61892 2.06 4.13
35 70148 234 4.68 62308 2.08 4.15
36 68623 2.29 4.57 0.27 56640 1.89 3.78 0.24
37 68634 2.29 4.58 54772 1.83 3.65
38 68881 2.30 4.59 66644 2.22 4.44
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M990 .4 Usinamsainmnmaluszuumsul salasuainnuanednd 1 (¢e)

A
UN

gl 0.6V 0.8V
Vs ml/day Lo/Lcor Lo/Lasienater m’/kg-day ml/day Lo/Lscor Lo/L ener m’/kg-day
39 68075 2.27 4.54 0.23 68584 2.29 4.57 0.25
40 66121 2.20 4.41 60664 2.02 4.04
41 64818 2.16 4.32 62900 2.10 4.19
43 64666 2.16 431 69536 2.32 4.64
44 71042 2.37 4.74 74736 2.49 4.98
45 71601 2.39 4.77 0.26 68064 2.27 4.54 0.26
46 72160 2.41 4.81 68256 2.28 4.55
47 72718 2.42 4.85 63436 2.11 4.23
48 73277 2.44 4.89 0.27 74780 2.49 4.99 0.24
49 73836 2.46 4.92 69052 230 4.60
50 74394 2.48 4.96 65032 2.17 4.34
51 74953 2.50 5.00 0.25 55620 1.85 371 0.27
52 75512 2.52 5.03 69568 2.32 4.64
53 76070 2.54 5.07 67024 2.23 4.47
54 76629 2.55 5.11 029 66452 2.22 4.43 0.25

14!



A o A A a A ) <3 %
AT NN 7.5 ll?mmm«mnﬂm°nmﬂGl,uixu1JﬂTiuﬂizﬂaﬂummwmummmaﬂﬂﬁmg{uﬂ

@

A
Un

15 g/L 35 g/L
Yinaiy ml/day L,o/Locir Luo/Lssonter m’/kg-day ml/day L,o/Lrscr L,/L o senaer m’/kg-day
1 34372 1.15 2.29 19448 0.65 1.30
2 33020 1.10 2.20 21892 0.73 1.46
3 32188 1.07 2.15 0.13 20020 0.67 1.33 0.12
4 37024 1.23 2.47 27768 0.93 1.85
5 34320 1.14 2.29 24804 0.83 1.65
6 35984 1.20 2.40 0.14 22100 0.74 1.47 0.15
7 32500 1.08 2.17 58760 1.96 3.92
8 35048 1.17 2.34 35568 1.19 237
9 32708 1.09 2.18 0.22 35412 1.18 2.36 0.21
10 36452 1.22 2.43 26156 0.87 1.74
11 37232 1.24 2.48 37492 1.25 2.50
12 37700 1.26 251 0.16 33176 1.11 221 0.16
13 36868 1.23 2.46 24804 0.83 1.65
14 37804 1.26 2.52 24388 0.81 1.63
15 40560 1.35 2.70 0.18 46624 1.55 3.11 0.16
16 38376 1.28 2.56 36972 1.23 2.46
17 36452 1.22 2.43 42900 1.43 2.86
18 33020 1.10 2.20 0.14 48464 1.62 3.23 0.18

€Cl



{ o { A 4 < ¢
15199 .5 Psinamadnminaluszuumsuldsulasuanududuveunaniszygud (@o)

udt 15 g/L 35g/L
Yinaiy ml/day L,o/Locir Luo/Lssonter m’/kg-day ml/day L,o/Lrscr L,/L o senaer m’/kg-day

19 34736 1.16 2.32 41652 1.39 2.78

20 37304 1.24 2.49 41080 1.37 2.74

21 37469 1.25 2.50 0.13 42276 1.41 2.82 0.18
23 37798 1.26 2.52 39676 1.32 2.65

24 37963 127 2.53 0.16 37648 1.25 2.51 0.19
25 38127 127 2.54 39780 1.33 2.65

26 38292 1.28 2.55 41704 1.39 2.78

27 38457 1.28 2.56 0.20 39728 1.32 2.65 0.16
28 38621 1.29 2.57 39988 1.33 2.67

29 38786 1.29 2.59 43472 1.45 2.90

30 38951 1.30 2.60 0.23 42796 1.43 2.85 0.18
31 39115 1.30 2.61 44668 1.49 2.98

32 39280 1.31 2.62 45916 1.53 3.06

33 39445 1.31 2.63 0.18 47164 1.57 3.14 0.17
34 39609 1.32 2.64 48464 1.62 3.23

35 39774 1.33 2.65 44418 1.48 2.96

36 39939 1.33 2.66 0.16 44569 1.49 2.97 0.18
37 40103 1.34 2.67 44719 1.49 2.98

14!



{ o { A 4 < ¢
15199 .5 Psinamadnminaluszuumsuldsulasuanududuveunaniszygud (@o)

fudi
P ml/day castor wastewater m’/kg-day ml/day eas/ Lreactor L/Lyasiowater m’/kg-day

38 40268 1.34 2.68 44869 1.50 2.99

39 40433 1.35 2.70 0.13 45020 1.50 3.00 0.19
40 33228 1.11 222 45170 1.51 3.01

41 36244 1.21 2.42 45321 1.51 3.02

43 30784 1.03 2.05 45621 1.52 3.04

44 26780 0.89 1.79 45772 1.53 3.05

45 35932 1.20 2.40 0.11 45922 1.53 3.06 0.17
46 34476 1.15 2.30 46072 1.54 3.07

47 31252 1.04 2.08 46223 1.54 3.08

48 27612 0.92 1.84 0.12 46373 1.55 3.09 0.16
49 27092 0.90 1.81 46524 1.55 3.10

50 36452 1.22 2.43 46674 1.56 3.11

51 33020 1.10 2.20 0.11 46824 1.56 3.12 0.20
52 34736 1.16 2.32 46975 1.57 3.13

53 33228 1.11 222 47125 1.57 3.14

54 36244 1.21 2.42 0.14 47275 1.58 3.15 0.17

Sl
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{ = a 4 ] a
A1519% 4.1 USunsadunIo5eivedenaza15esan 1useuy RUN I

FEED Acid Fermentation BES-UASB ZVI-UASB STM-UASB

‘"u‘ﬁ Acetic Acetic VFA Acetic VFA Acetic VFA Acetic VFA

(mmol/L) (mmol/L) (mg/L) (mmol/L) (mg/L) (mmol/L) (mg/L) (mmol/L) (mg/L)
43 17.3842 11.9401 1802.6 1.2141 155.84 1.2088 155.84 2.1504 233.77
44 5.3844 19.1189 1796.1 1.2687 116.88 0.9418 171.43 1.7544 255.84
45 #N/A 15.0171 1758.44 0.9367 171.43 1.2088 148.05 2.2214 224.68
46 3.9471 20.6299 1722.08 1.0051 250.65 0.9418 233.77 2.0841 218.18
47 #N/A 22.2071 2555.84 0.8221 329.48 0.6748 335.06 1.8032 310.39
48 3.1496 23.0205 2727.27 1.2590 288.31 1.4413 311.69 1.9048 341.56
49 3.7938 24.3547 2181.82 0.8227 289.61 1.3193 311.69 1.7552 389.61
50 3.6584 27.4261 1724.68 1.1837 155.84 1.6561 155.84 1.842067 233.77
51 3.9847 24.6064 1480.52 1.2777 155.84 1.3722 233.77 1.686633 233.77
52 10.829 22.6347 1902.6 0.9709 233.77 1.189 233.77 1.736233 311.69
53 #N/A 47.1002 1948.05 #N/A 155.84 #N/A 233.77 2.097367 233.77
54 8.9982 37.6171 1802.6 #N/A 155.84 #N/A 155.84 #N/A 233.77

LTI



{ = a 4 ] a
A1519%N 9.2 USunsaounioseivedeazasossan 1ussuy RUN I

FEED Acid Fermentation BES-UASB ZVI-UASB STM-UASB

‘"u‘ﬁ Acetic Acetic VFA Acetic VFA Acetic VFA Acetic VFA

(mmol/L) (mmol/L) (mg/L) (mmol/L) (mg/L) (mmol/L) (mg/L) (mmol/L) (mg/L)
43 #N/A #N/A 2657.1 #N/A 163.64 #N/A 264.94 #N/A 420.78
44 #N/A #N/A 2890.9 0.2251 155.84 #N/A 85.714 0.2301 109.09
45 16.0024 #N/A 2890.9 #N/A 163.64 #N/A 101.3 #N/A 148.05
46 #N/A #N/A 2314.3 0.2481 264.94 #N/A 280.52 0.338 342.86
47 15.6486 23.457 2454.5 #N/A 249.35 0.14 241.56 #N/A 319.48
48 14.6349 22.84 2532.5 #N/A 264.94 #N/A 272.73 #N/A 342.86
49 13.5171 27.2473 2836.4 0.2795 187.01 0.35 202.6 0.78 210.39
50 #N/A #N/A 3124.7 #N/A 179.22 #N/A 132.47 #N/A 218.18
51 15.6251 #N/A 3015.6 0.305 187.01 0.74 187.01 0.54 264.94
52 #N/A 31.8092 2610.4 0.7151 194.81 #N/A 202.6 #N/A 272.73
53 14.8257 #N/A 2922.1 #N/A 77.922 0.33 241.56 0.95 288.31
54 15.7392 #N/A 2657.1 #N/A 163.64 #N/A 264.94 #N/A 420.78
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{ = a 4 ] a
A1519%N 4.3 Usnunsaounigsevedotazasossmn lussuy RUN I

FEED Acid Fermentation BES-UASB ZVI-UASB STM-UASB

‘"u‘ﬁ Acetic Acetic VFA Acetic VFA Acetic VFA Acetic VFA

(mmol/L) (mmol/L) (mg/L) (mmol/L) (mg/L) (mmol/L) (mg/L) (mmol/L) (mg/L)
43 #N/A #N/A 2392.2 #N/A 264.94 #N/A 264.94 #N/A 342.86
44 #N/A 27.8351 2423.4 0.47 257.14 0.73 350.65 0.8250 342.86
45 10.6714 27.98935 2501.3 0.35 194.81 0.67 335.06 0.7523 311.69
46 8.091028 #N/A 2002.6 0.45 241.56 0.84 319.48 0.7135 420.78
47 7.346805 26.4743 2142.9 0.51 253.25 0.63 303.9 0.7200 342.86
48 #N/A 29.75855 1675.3 0.53 296.1 0.67 296.1 0.7435 264.94
49 4.894033 #N/A 2446.8 0.49 257.14 0.58 280.52 0.8035 319.48
50 5.329316 26.68753 2423.4 0.33 241.56 0.744 288.31 0.7522 296.1
51 4.928445 36.70338 2142.9 0.46 253.25 0.86 303.9 0.7292 342.86
52 8.571405 #N/A 2532.5 0.44 241.56 0.79 280.52 0.7461 249.35
53 7.291028 #N/A 2610.4 #N/A 264.94 0.82 264.94 0.6430 272.73
54 #N/A #N/A 2781.8 #N/A 280.52 #N/A 311.69 #N/A 272.73
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13190 3.4 ‘IJﬁlﬂmﬂﬁﬂﬂu1’13fJi3L‘I’iEN1EJLLaZﬁ'ﬁ’éJZ"BLWﬂGluﬁ%UULWN‘IJ38ﬁ’1’1ﬁﬂ1WTﬂﬂﬂﬁllﬂilﬂaﬂuﬂWﬂ’JﬁJﬁNﬁﬂﬁWﬂ1

FEED Acid Fermentation 0.6V 0.8V
fu Acetic Acetic VFA Acetic VFA Acetic VFA
(mmol/L) (mmol/L) (mg/L) (mmol/L) (mg/L) (mmol/L) (mg/L)
43 #N/A 18.2553 2521 0.3441 372.28 0.0015 372
44 #N/A 19.2847 2510 0.7687 471.18 0.1254 371
45 10.6714 #N/A 2500 0.4267 270.08 0.2365 324
46 14.09103 #N/A 2752 0.71 368.98 0.4574 369
47 15.5468 15.3587 2586 0.7822 341.43 0.3114 371
48 #N/A 21.9525 2585 0.5201 315.99 0.2235 388
49 12.79403 23.1941 2715 0.2227 280.78 0.8227 371
50 15.22932 24.93377 2552 0.5300 379.14 #N/A 379
51 14.52844 25.4624 2552 0.1120 373.86 1.2777 271
52 #N/A #N/A 2834 0.1114 315.04 1.1214 323
53 10.09103 24.88907 2524 #N/A 279.05 #N/A 332
54 #N/A #N/A 2514 #N/A 375.05 #N/A 381
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~ = a A J ] a A a A A 1 9y 9 <3 4
#M1319N 4.5 ‘IJﬂﬂﬂlﬂﬁﬂﬂu1’13ﬂﬁ%L‘HfJ\‘]'lleLﬁ%ﬁ"lﬁ@%"lﬂﬂWiuﬁ%U‘ULWNﬂ3$ﬁ'1’]‘ﬁﬂ'lWIﬂfJﬂ15L!‘llﬁl‘1JaﬂuﬂWﬂ'ﬂiJl‘lliJsUusUle‘Waﬂﬂﬁgﬂqﬁuﬂ

U

FEED Acid Fermentation 15 g/L 35 ¢g/L

‘"uﬁ Acetic Acetic VFA Acetic VFA Acetic VFA

(mmol/L) (mmol/L) (mg/L) (mmol/L) (mg/L) (mmol/L) (mg/L)
43 9.0327 23.804 2,521 1.2088 518 1.48 618
44 9.0994 #N/A 2,510 0.9418 417 1.5241 617
45 8.175 27.1254 2,500 1.2088 386 1.2088 586
46 9.2483 #N/A 2,489 0.9418 348 0.9418 518
47 9.1125 27.2071 2,586 0.6748 350 1.5113 550
48 8.1754 21.8684 2,585 1.1413 390 1.4413 490
49 11.6325 21.4978 2,547 1.3193 325 1.5193 425
50 12.5214 #N/A 2,552 1.3561 335 1.5561 425
51 16.5284 25.5777 2,552 1.1722 344 1.2722 471
52 19.351 24.8544 2,534 1.189 354 1.489 431
53 #N/A 27.3358 2,524 #N/A 363 #N/A 463
54 18.325 #N/A 2,514 #N/A 373 #N/A 473
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M5199 0.1 YSuaiues EPS lupzneundunislu RUNT

Protein (mgprotein/gvss)

Carb (mgCarb/gvss)

BES-UASB (mg/g)

ZVI-UASB (mg/g)

STM-UASB (mg/g)

BES-UASB (mg/g)

ZVI-UASB (mg/g)

STM-UASB (mg/g)

Bound Soluble Bound Soluble Bound Soluble Bound Soluble Bound Soluble Bound Soluble
19/9/2561 21.93 3.58 13.59 3.81 5.06 2.29 2.69 4.59 1.17 0.71 2.53 0.77
20/9/2561 14.14 3.33 19.80 7.04 8.70 3.20 3.08 2.30 4.57 3.24 1.17 1.83
21/9/2561 12.43 2.16 16.72 433 8.34 3.21 243 1.12 2.50 2.60 1.62 0.87
22/9/2561 14.49 4.15 15.51 4.25 8.15 3.12 3.51 0.67 2.15 3.34 1.77 1.89
23/9/2561 11.40 2.13 11.93 3.25 8.09 2.92 2.47 1.11 4.21 2.15 1.23 1.15
24/9/2561 11.90 2.54 14.46 7.55 11.32 3.55 1.27 1.66 7.07 2.07 2.00 0.34
25/9/2561 16.51 2.95 11.33 4.99 7.81 3.35 222 1.64 4.25 0.63 3.16 1.48
26/9/2561 15.24 2.74 14.96 5.88 11.21 5.96 2.30 1.34 2.39 1.08 8.66 1.64
27/9/2561 19.02 4.04 12.71 4.61 7.59 3.31 4.98 2.01 3.26 1.94 5.12 1.04
28/9/2561 19.50 3.85 11.39 3.98 7.66 5.23 2.95 2.07 3.90 0.72 2.68 1.76
29/9/2561 15.10 5.10 11.13 4.13 6.65 4.59 2.93 3.49 4.81 1.24 6.93 1.24
30/9/2561 20.97 4.12 12.10 3.11 14.42 7.31 6.69 243 3.47 1.72 8.61 1.91

vel



M5199 2.2 YSuaiues EPS lupzneugaunislu RUN I

Protein (mgprotein/gvss)

Carb (mgCarb/gvss)

BES-UASB (mg/g)

ZVI-UASB (mg/g)

STM-UASB (mg/g)

BES-UASB (mg/g)

ZVI-UASB (mg/g)

STM-UASB (mg/g)

Bound Soluble Bound Soluble Bound Soluble Bound Soluble Bound Soluble Bound Soluble
15/12/2561 22.50 14.67 32.73 16.30 18.72 7.94 4.80 9.01 2.74 3.42 5.07 1.17
16/12/2561 27.76 17.02 19.02 18.36 18.40 8.21 4.74 15.63 2.35 5.63 1.82 0.80
17/12/2561 28.81 14.75 25.78 20.73 19.97 12.19 3.48 9.77 3.86 5.84 3.87 1.65
18/12/2561 25.39 15.81 28.46 17.84 15.97 9.79 4.44 13.66 3.71 5.23 2.02 1.09
19/12/2561 29.17 14.33 15.81 15.64 13.01 9.99 4.62 11.58 0.97 3.77 3.54 0.61
20/12/2561 34.13 17.22 26.22 20.94 19.74 12.56 3.72 12.86 2.17 6.18 4.72 1.64
21/12/2561 30.17 21.38 37.70 10.54 20.14 9.62 6.52 14.52 2.60 6.70 2.15 1.32
22/12/2561 26.64 16.77 20.95 10.41 16.99 9.39 4.44 16.24 1.76 6.18 1.69 1.19
23/12/2561 22.45 15.07 16.30 7.70 13.19 11.09 3.43 10.94 2.90 3.06 3.20 1.27
24/12/2561 33.18 15.86 15.55 6.67 12.52 14.93 4.06 13.50 1.96 3.64 2.52 1.02
25/12/2561 20.14 12.47 18.39 11.06 16.76 13.46 4.77 9.23 2.12 2.54 2.78 1.54
26/12/2561 22.05 12.24 25.36 6.79 15.72 15.51 3.71 9.92 1.78 3.33 2.28 1.42

Sel



M5199 9.3 YSuaiues EPS Tuagneugaunidlu RUN I

Protein (mgprotein/gvss)

Carb (mgCarb/gvss)

BES-UASB (mg/g)

ZVI-UASB (mg/g)

STM-UASB (mg/g)

BES-UASB (mg/g)

ZVI-UASB (mg/g)

STM-UASB (mg/g)

Bound Soluble Bound Soluble Bound Soluble Bound Soluble Bound Soluble Bound Soluble
14/2/2562 26.04 6.48 18.16 5.63 13.65 5.97 4.75 4.58 2.68 1.35 3.18 0.49
15/2/2562 23.66 8.30 23.73 9.76 22.42 5.85 5.98 4.25 3.02 1.62 1.03 0.47
16/2/2562 23.04 10.80 18.46 8.05 12.34 5.36 4.93 2.34 3.23 1.24 2.80 0.44
17/2/2562 19.24 9.63 16.14 7.79 12.67 4.95 3.51 4.81 4.39 1.47 2.04 0.22
18/2/2562 25.11 9.43 17.28 9.33 11.87 4.55 4.86 3.62 3.75 1.44 2.66 0.95
19/2/2562 18.93 9.66 21.08 9.03 11.21 4.61 6.07 3.06 2.67 1.35 2.92 0.38
20/2/2562 19.95 6.51 13.94 7.76 13.97 4.74 4.38 2.60 2.55 0.93 2.34 0.43
21/2/2562 20.88 7.19 13.81 6.39 14.94 6.42 4.47 3.12 4.57 0.79 241 0.74
22/2/2562 21.27 8.89 13.32 7.41 13.24 5.11 4.53 3.51 3.03 1.22 2.14 0.52
23/2/2562 20.90 9.59 11.58 6.35 11.81 5.32 4.70 3.34 2.59 1.02 2.86 0.55
24/2/2562 16.36 6.89 10.44 6.08 12.65 5.97 3.70 2.75 2.36 0.92 3.17 0.63
25/2/2562 16.70 6.40 13.64 6.95 14.72 6.07 3.88 2.44 2.97 0.95 3.14 0.75
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Protein (mgprotein/gvss) Carb (mgCarb/gvss)
0.4V (mg/g) 0.6 V (mg/g) 0.8 V (mg/g) 0.4V (mg/g) 0.6 V (mg/g) 0.8 V (mg/g)
Bound Soluble Bound Soluble Bound Soluble Bound Soluble Bound Soluble Bound Soluble
26/5/2562 30.00 14.67 25.76 22.86 17.82 15.98 4.80 9.01 9.25 10.86 5.77 8.56
27/5/2562 37.01 17.02 28.90 22.14 17.45 15.14 4.74 15.63 8.22 13.58 5.56 8.05
28/5/2562 38.41 14.75 25.56 9.26 17.09 13.22 3.48 9.77 8.20 12.28 5.43 7.80
29/5/2562 33.85 15.81 35.57 23.78 18.11 14.53 4.44 13.66 8.51 11.00 5.74 9.65
30/5/2562 38.90 14.33 32.48 22.34 18.15 14.82 4.62 11.58 8.75 13.52 5.39 10.25
31/5/2562 4551 17.22 29.22 18.40 19.25 18.39 3.72 12.86 9.33 13.64 5.16 10.44
1/6/2562 40.23 21.38 34.65 25.94 21.09 17.96 6.52 14.52 8.13 17.20 5.60 10.68
2/6/2562 35.52 16.77 33.79 9.69 17.82 13.94 4.44 16.24 7.52 16.55 5.19 8.54
3/6/2562 29.94 15.07 35.55 11.73 18.95 11.13 3.43 10.94 6.67 11.45 6.09 9.99
4/6/2562 44.24 15.86 35.07 17.41 19.28 13.80 4.06 13.50 7.97 14.13 5.43 10.30
5/6/2562 26.85 12.47 38.39 21.03 21.62 15.06 4.77 9.23 11.03 16.46 6.01 11.68
6/6/2562 29.40 12.24 28.36 10.57 19.55 13.24 3.71 9.92 7.29 12.27 5.35 10.67

LET
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Protein (mgprotein/gvss)

Carb (mgCarb/gvss)

15 g/L (mg/g)

25 g/L (mg/g)

35 g/L (mg/g)

15 g/L (mg/g)

25 g/L (mg/g)

35 g/L (mg/g)

Bound Soluble Bound Soluble Bound Soluble Bound Soluble Bound Soluble Bound Soluble
4/10/2562 17.86 17.87 32.73 16.30 31.48 13.14 5.44 1.50 2.74 3.42 7.65 3.01
5/10/2562 17.48 16.07 19.02 18.36 31.41 11.81 4.92 1.14 2.35 5.63 6.79 2.57
6/10/2562 22.88 20.11 25.78 20.73 41.57 14.78 5.84 1.46 3.86 5.84 8.82 1.99
7/10/2562 21.42 17.66 28.46 17.84 48.06 12.98 5.32 1.45 3.71 5.23 8.94 2.07
8/10/2562 18.04 15.50 15.81 15.64 39.72 11.39 4.37 1.28 0.97 3.77 6.70 1.61
9/10/2562 17.22 14.89 26.22 20.94 40.88 10.95 3.97 1.15 2.17 6.18 6.37 1.79
10/10/2562 14.99 16.58 37.70 10.54 38.50 12.19 3.78 0.92 2.60 6.70 6.65 1.96
11/10/2562 14.10 16.64 20.95 10.41 36.20 12.24 3.87 1.21 1.76 6.18 5.64 1.68
12/10/2562 13.86 16.63 16.30 7.70 32.32 12.23 4.22 1.37 2.90 3.06 4.19 1.11
13/10/2562 15.53 18.29 15.55 6.67 30.98 13.45 4.03 1.28 1.96 3.64 7.05 1.29
14/11/2562 15.68 19.16 18.39 11.06 35.33 14.09 4.05 1.33 2.12 2.54 6.97 3.33
15/11/2562 13.19 15.62 25.36 6.79 30.75 11.48 3.39 1.15 1.78 333 5.73 1.81
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Abstract

Modified tapioca starch wastewater (MTSW) contains organic and inorganic matters that affected on biological wastewater
treatment and biogas production. Especially, the wastewater from chemical modification processes contains high salinity that can
inhibit microorganism activities. Zero valent iron is expected to be helpful for creating an enhanced anaerobic environment that
might improve the performance of the anaerobic process. The bio-clectrochemical system can promote microbial metabolism
thereby leading to higher biochemical performance. Result in this study aimed at enhancing performance of upflow anaerobic
sludge blanket reactors a treatment for biogas production from MTSW. Three improving methods were compared that included
of bio-electrochemical system (BES-UASB), zero-valent iron (ZVI-UASB) and salt tolerance microbial systems (STM-UASB).
The experiments were operation by varying hydraulic loading rate HLR) and organic loading rate (OLR) with values of
HLR 0.02, 0.25 m3/m2-h and OLR 7.5, 25 kgCOD/m3-day. respectively. Overall organic removal efficiencies were more than
70% of COD removed for three methods. The highest COD removal was found in BES-UASB that was about 82% of COD
removed. The biogas production yields were about 0.33, 0.32 and 0.28 m3/kg-CODremoved for BES-UASB, ZVI-UASB and
STM-UASB, respectively. As well as, the highest bio-methane production was found in BES-UASB reactor with more than
60% of biogas compositions.

(©2019 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Peer-review underresponsibility of the scientific committee of the 6th International Conference on Energy and Environment Research, ICEER, 2019.

Keywords: Modified tapioca starch; High salinity wastewater; Biogas production; Bio-electrochemical system (BES); Zero-valent iron (ZVI); Salt
tolerance microorganism

1. Introduction

Modified starch are prepared by physically, enzymatically, or chemically treating native starch to change its
properties. Modified starches are used in practically all starch applications, such as in food products as a thickening
agent, stabilizer or emulsifier; in pharmaceuticals as a disintegrant; or as binder in coated paper. They are also
used in many other applications for industries. The growth of the modified tapioca starch industry in Thailand has
resulted severe water pollution as it generates large amount of wastewater. Industrial demand of modified starch

* Corresponding author.
E-mail address: patcha@sut.ac.th (P. Racho).
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triggers the rise in number and expanding in scale of tapioca starch factories. The modified starch processes generate
wastewater containing organic and inorganic matters that effect on biological wastewater treatment, especially in
chemical modification such as oxidized starch processing. A large amount of sodium chloride (NaCl) was produced
during the oxidation of modified starch production processes in the wastewater [1]. High salt concentrations cause
disintegration of cells because the loss of cellular water (plasmolysis) occurs and eventually causes out ward flow
of intracellular water resulting the loss of microbial activity. This phenomenon further affect the treatment with low
removal performance of chemical oxygen demands and it also produces deleterious impacts on the inhibition of
microbial activity in biogas production [2]. High-concentrations of soluble salts affect microbes via two primary
mechanisms: osmotic effect and specific ion effects. Soluble salts increase the osmotic potential (more negative)
of water, drawing water out of cells which may kill microbes through plasmolysis. In order to recover optimum
renewable energy from waste sources, numerous efforts have been dedicated to the development of various energy
efficient anaerobic treatment technologies [3].

ZVI1 is a reducing agent that is expected to help create an enhanced anaerobic environment that may improve
the performance of UASB due to its reductive property. When utilized in an anaerobic environment, ZVI can
serve as an electron donor to lower oxidation reduction potential (ORP) and buffer acid produced by acidogens,
which are crucial to maintain a stable and favorable condition for methanogens [4]. Bio-electrochemical system
(BES) is a newly developed biotechnological device in which the electroactive biofilms enriched at anode surface
oxidize acetate into bicarbonate, protons and electrons; the electrons are driven to the cathode and combine with
protons to generate H2 with carbon dioxide to form methane [5]. Electric stimulation can promote microbial
metabolism [60], thereby leading to higher biochemical performance. Indeed, there are several previous research of
bio-electrochemical methods that have been established and applied in biological electrocatalysis and biofuel cells.
In the field of wastewater treatment, it has been reported that hydrogen produced from the cathode can serve as a
substrate for denitrification and dechlorination, thereby improving the efficiency of pollutant degradation. Moreover,
it is believed that an electric field can enhance the surface reaction by promoting the ion migration rate. Therefore,
when an electric field is supplied to the ZVI bed, it is likely to intensify the reaction of ZVI and further improve
the anaerobic process [4]. Therefore, this research developed a ZVI-UASB and BES-UASB in our laboratory also
comparison with STM-UASB.

2. Material and method

2.1. Biodegradation

The combined MTSW were sampling from a tapioca starch factory in Thailand. The MSTW samples were
analyzed according to the methods given in the Standard Methods for the Examination of Water and Wastewater.
Biodegradation was calculated from the measured and Total COD (TCOD) and BOD 20 days with inhibited
nitrification.

2.2. Feed wastewater

An artificial wastewater was used in this study. Specifically, Starch powder 11 g/L, NHsHCO; 1.13 g/L, NaCl
22 g/L. and KH,POy4 1.76 g/L. The trace elements were added according to the following composition: Na-Acetate
1 g/L, MgSO4 3.76 g/L and CaCO; 2 g/L

2.3. Enrichment of seed sludge

The initial seed sludge was isolated from the sediments at the bottom of an equalization tank in the tapioca starch
factory. This tank received MTSW with a high starch content and salinity. The enrichment process was carried out to
cultivate mixed culture naturally in the seed sludge. Initial mixed liquor suspended solids (MLSS) of the wastewater
and sludge mixture was 1500 mg/L. The enrichment process continued for 3 months until the MLSS level above
3000 mg/L and 60% COD removal were achieved.
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Table 1. Operating conditions.

Condition RUN I RUN I
Flow rate (L/d) 15
pH 7
TDS (mg/l) 20,000
Inflows (L/d) 15 15
Recirculation flows (L/d) 0 173
OLR (kg/m’-day) 75 25
HLR (m*¥m?-h) 0.02 0.25
STM v BES
= e

Ud]m M m
Eeed Fen:;:?ation L [ [

Fig. 1. Schematic diagram of the experiments.

2.4. Experimental setup

The experimental setup consisted of a polyethylene tank of 100 L capacity for storing MTSW, an acid
fermentation tank that operated by HRT 36 hr and three UASB unit as shown in Fig. 1. The three UASB systems
were made of acrylic columns, with internal diameter of 20 cm. The total height of the UASB reactors was 110 cm
with the operating conditions in Table |. A ZVI-UASB reactor contained a packed with scrap iron at the bottom
of reactor by weight about 795 g or by ratio about 25g/L reactor [7]. A BES-UASB reactor, anode was a pair of
iron plate (width 10 cm x Length 60 cm), which was fixed in parallel onto the inside wall of the reactor. The iron
spring cathode (10 cm wire diameter and 60 cm length) was installed in the center of the reactor to be situated in
the sludge bed. This reactor was supplemented with a low external power at 0.4 V [5]. Prior to use, scrap iron and
the electrode materials were washed with diluted HCI and then deionized water to clean their surfaces.

3. Results and discussion

3.1. Biodegradation

The ratio of BOD/COD is often used as an index to evaluate biodegradability of wastewater. BOD/COD > 0.45
indicates that biodegradability is very good; BOD/COD = 0.45, biodegradability is good; BOD/COD = 0.2-0.3,
biodegradability is poor; BOD/COD < 0.2, biological treatment is unsuitable [8]. Biodegradability of the wastewater
could be continuously characterized by BOD/COD ratios during the period of 20 days as shown in Fig. 2. The
BOD/COD ratios were found to be 0.19 and 0.15 for TBOD20/TCOD and SBOD20/TCOD, respectively. The
results indicated that the MTSW contained high amount of biologically resistant organics. These suggested that the
residual COD of MTSW may be comprised of high salinity and its can be inhibited metabolic of microorganism.

3.2. Sludge enrichments

The acclimatization was done step-wise until a COD removal approximately 60% could be achieved. The changes
in the biomass concentration along with the F/M ratio and COD removal efficiencies were noticed. Acclimatization
of salt tolerance microbial took about 15 days. The change in the COD removal efficiency is given in Fig. 3. It was
found that after 15 days, the COD removal efficiency with bottom sludge of modified starch wastewater equalization
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Fig, 3. The COD removal efficiency of acclimatization.

tank was higher than that of sludge from modified cover lagoon, The COD removal efficiency reached 63.11% in
bottom sludge of modified starch wastewater equalization tank compared to 13.93% in the sludge from modified
cover lagoon. This indicates that, bottom sludge of modified starch wastewater equalization tank could probably be
more effective in MTSW than the sludge from modified cover lagoon.

3.3. Treatment efficiencies

Two OLR were evaluation for three UASB systems the treatment for MTSW including of 7.5 kgCOD/m?-d for
RUN I and increasing to 25 kgCOD/m’-d by a recirculation flow for RUN II. The overall influent and effluent
concentrations are showed in Table 2. In RUN I, three UASB systems operated in parallel for 106 days. A BES-
UASB reactor is achieved the highest organic removal was about 76.52% and 86.47% of TCOD and TBOD removal,
respectively. However, the organic contents was removed gradually in all two of ZVI-UASB and STM-UASB
reactors were about 74.4% and 65.2% of TCOD removal, respectively. This can be explained by ZVI is added
into an anaerobic reactor, it not only serves as an electron donor, but is also expected to help create an enhanced
anaerobic environment that may improve the performance of reactors used for wastewater treatment [9]. Moreover,
this reaction may have intensified in response to the application of electricity to the ZVI. Also, iron was documented
as a component of the essential enzymes that drive numerous anaerobic reactions. Oleszkiewicz and Sharma [10]
reported limited conversion of COD at deficient concentrations of iron. Thus, ZVI could be responsible for the
significant COD removal. In this process, the ZVI reaction was the major reason for the improved performance, but
the reaction might be weak [4]. The electric field could intensify the ZVI reaction so as to enhance the roles of ZVI
in anaerobic process. This results can be confirms electric field is supplied to the ZVI bed, it is likely to intensify
the reaction of ZVI and improve the anaerobic process. In RUN II, the inflow rate in UASB reactors remained the
same as in RUN I but the HLR was increased from 0.02 to 0.25 m*/m”-h by recirculation of 173 L/d. The organic
removal improved as indicated by the efficiencies for TBOD reaching up to 92.6%, 92.1 and 91% in BES-UASB,
ZVI-UASB and STM-UASB, respectively. This was probably due to the recirculation of UASB effluents.
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Table 2. Organic removal efficiency of the treatment system.
Parameters  Influents (mg/L)  Effluents (mg/L)

Acid RUN I RUN I
BES-UASB  ZVI-UASB ~ STM-UASB  BES-UASB  ZVI-UASB  STM-UASB
TCOD 16,700 £ 3503 16000 4466 3366 5100 1818 1963 2109
SCOD 10,533 + 3826 8200 2566 2633 1833 1054 1345 1127
TBOD 5083 £ 2617 4760 687 536 551 395 423 480
SBOD 668 + 287 630 451 295 289 226 367 452
TKN 152.7 1479 130.9 1453 123.7 98.7 92.1 102.2
B 483 36.6 254 26.5 25.6 14.1 153 15.5
100
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Fig. 4. COD removal efficiency of RUN 1.

Table 3. Biogas production and compositions.
RUN I RUN II
BES-UASB  ZVI-UASB  STM-UASB  BES-UASB  ZVI-UASB  STM-UASB

Yield gas

(19 /kiconmmonall 0.34 0.26 0.23 033 0.32 0.28
(Lgas/Luww) 3.89 263 238 334 3.56 2.57
Lena/Law 25 1.6 I3 23 2.1 14
CHa(%) 63.1 60.4 54.5 67.43 59.62 54.36
CO, (%) 24.1 238 22.1 213 244 26
H,S (ppm) 963 986 1012 1039 1107 2126

3.4. Biogas production and gas compositions

Overall average gas production and composition could be observed as data in Table 3. During RUN I that
operate at 7.5 kgCOD/m*-d for RUN I. Biogas in two reactors of ZVI-UASB and BES-UASB are higher than
STM-UASB. The organic removal improved as indicated by the efficiencies for TBOD reaching up to 89.4% and
86.7% in ZVI-UASB and BES-UASB, respectively. The highest biogas production was found in BES-UASB that
about 3.89 Lgas/Lww (0.34 m*/kgCODremoved-d) as well as for the methane composition that reaching up to 63%
in biogas. These evidenced that coupled the electromethanogenesis into an UASB reactor to improve anaerobic
methanogenesis for high organic load rate acetate wastewater treatment, and they noted the beneficial role of anodic
oxidization in degrading acetate, which reduced the risk of acetoclastic methanogens inhibition and maintained
a stable performance. In RUN II, the highest biogas production was also found in BES-UASB that about 3.34
Lgas/Lww (0.33*/kgCODremoved-d) that seem to be not difference capable in RUN I. However, TCOD removal
efficiency was reaching up to 82.17%. This indicated that BES-UASB be maintained a stable performance. In case
of ZVI-UASB and STM-UASB, the biogas production were increase due to the recirculation of UASB effluents.
These may cause of organic and iron contents in recirculation flow (see Figs. 4 and 5).
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Fig. 5. COD removal efficiency of RUN II.

Table 4. Volatile organic acids and acetate in the system.

Parameter System

RUN I RUN II

VFA (mg/l) Acetate (mg/l) VFA (mg/l) Acetate (mg/l)
Feed - 335.4 - 893.9
Acid 1667 1454.8 27754 1555.2
BES-UASB 155.8 B2 230.2 10.5
ZVI-UASB 2338 71.6 201.2 1S
STM-UASB 2494 1122 267 168

3.5. Accumulated volatile fatty acids and acetate-degrading

High VFA concentrations cause pH values to decrease, and result in toxic conditions in the reactor. In anaerobic
digesters with low buffering capacity, pH, partial alkalinity and VFAs are reliable indicators for process imbalance,
however, in highly buffered systems, pH changes can be small, even when the process is extremely stressed, and
only VFAs can be considered reliable for process monitoring [11]. Overall accumulated VFAs seems to be not
toxic on methanogenic bacteria during two runs as results shown in Table 4. The dominant metabolic pathway
for methane formation was confirmed to be via the syntrophic acetate oxidation coupled with hydrogenotrophic
methanogenesis, responsible for 90%-99% of the CH4 formation.

3.6. Sludge characteristics

Extracellular polymeric substances (EPS) secreted by bacteria can mediate cohesion as well as adhesion of
cells, which is crucial to maintenance of the structural integrity of anaerobic granules. Therefore, the EPS content
of the sludge is an important factor in anaerobic granulation. Proteins and polysaccharides are the two dominant
compositions in extracted EPS, which are believed to represent the entire EPS of the sludge. After each run of
operation, these two compositions extracted from the sludge of each reactor and from the inoculum were analyzed.
As shown in Table 5, the level of proteins and polysaccharides extracted from reactor BES-UASB was the highest
during two operation runs but seem nearly the content of ZVI-UASB, and them were higher than the levels in
STM-UASB. The different EPS contents in the three reactors may be related to Fe2+ leaching. EPS preferred to
bind with divalent metals to form a stable three dimensional structure to maintain the structural integrity of the
granule, which was important for the response of the granule to stressful changes. Thus, as the Fe** content of the
sludge increased, more EPS was bound and immobilized in the sludge [4].

4. Conclusion

Coupling ZVI and BES system showed the great potentials to stimulate the overall performance of UASB reactor
for MTSW. The combined systems maintained the comparatively higher methane yield and COD removal efficiency
over the single UASB process through the entire process. Specifically, hydraulic circulation may intensify the ZVI
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Table 5. Composition of extracellular polymeric substances (EPS) extracted from reactor sludge.

Sludge RUN 1 RUN I
Proteins (mg /g VSS) Polysaccharides (mg/g VSS) Proteins (mg/g VSS) Polysaccharides (mg/g VSS)
BES-UASB 6.95 + 0.8 L1 +09 941 + 1.8 0.7 + 0.1
ZVI-UASB 64 2 135 £ 0.7 927 £22 0.66 £ 0.1
STM-UASB 57+26 163 £ 12 78+ 13 07 £03

reaction, thereby enabling the reactor to operate well at decreased operational temperature and reduced HRT, which
would minimize the cost of construction and operation for wastewater treatment.
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