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Abstract

This research aims to remove hydrogen sulfide (H,S) simultaneously with sulfuric acid
production from biogas in concentrated rubber latex industry by chemical absorption and
combined with biofiltration. The biogas containing H,S 6,690+2,648 ppm, CH, 79.2+3.1%, CO,
15.024.4%, O, 0.420.2% and others 5.3+2.9% was used for this study. Water, NaOH, DEA, and
K,CO5; were used in chemical absorption tests to remove H,S and CO,. The highest removal
efficiencies of H,S, CO, and H,S plus CO, were found to be 0.0495 mol,,s/MOl psorbents 0.7911
MOlcoo/MOlpsorbents @Nd 0.8406 MoOlyos+co/MOLpsorments FESPECtively, during 5 h of batch operation
when 0.10 mol/L of NaOH was used as absorbent and biogas flow rate 0.19 L/min, equivalent
to mass loading rate of H,S and CO, 95 gst/mSmedia/h and 3,192 gcozlmsmeidia/h, respectively.
The H,S was not detected at gas effluent; however, effluent CH, concentration was declined by
5 %. In the biofiltration system, H,S removal efficiency reached the highest value of 97% with
sulfuric acid production of 0.41 guss04/g Inlet H,S at an initial pH of recirculation liquid of 4,
EBRT 180 s and ALRR 7.1 m3/m2/h. This condition gave the biofiltration elimination capacity of

167 gHZS/m3media/h at a mass loading rate of 200 gHZS/m3media/h-

The biofiltration with chemical absorption in series were operated continuously.
Acidithiobacillus sp. was the predominant microorganism to oxidize H,S to sulfuric acid in
biofiltration unit. At an initial pH of the recirculation liquid of 4, EBRT 180 s, equivalent to mass
loading rate of 195 gHzS/m3media/h, and ALRR 7.1 m3/m2/h, the average removal efficiency of
H,S was 90% with the outlet H,S concentration of 677 ppm which is higher than the
recommend value at 500 ppm for internal combustion engine. Within this 90% of the H,S
removed, 30% of inlet H,Swas converted to sulfuric acid, 190 g HZSO4/m3media/h, while another
60% was in elemental sulfur. The biofilter effluent was fed to the chemical absorption unit that
used 0.10 mol/L of NaOH as absorbent with biogas flow rate 0.19 L/min. The H,S was
completely absorpted by NaOH solution. Additionally, the concentration of effluent CH, was
improved to as high as 81.8% which is suitable for further processing. The estimated operation

cost was 1.52 Baht/msbiogas.
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saInliRanauUNUEY Lﬂaaﬁnﬂ@m@qaﬂmﬁmnmi”aamsﬁuﬁﬂﬁl,l,ﬂsgﬂmnmawniﬂa‘hmu
VN LU BITREUG qaﬁamo maﬁwmﬂ"l,w YpILantan Lnan ﬁaﬁﬂﬁmjwqmmmmmﬁ'
TR usInI TN BT 88 I 01504 I@ULawwasmﬁaq@m%miwﬁ@ﬁﬁmﬁuﬁuﬂsgﬂﬁw
mdmﬂLfluf'hmﬁmﬁialﬁﬂuf@qﬁufu@‘fuﬁﬂ%%’ummﬁ@]§u@TﬁLLﬂigﬂﬁnﬂmawﬁ’] g lsnanu
hms:mummﬁm"l,ﬁrialﬁl,ﬁ@ﬁ']Lﬁmﬁﬁmiﬁuw%&ﬁuaaﬁﬂs:ﬂauga G‘fidﬁﬁ'ﬂmquﬂum‘mﬁ@
Wnfatimmine T uns99MuNauNS (renewable  energy)  AMNLIBLEUNSEILESNNNTIE
WAIINUNAUNBYIYTZINA LRBAANITHIUTLTDINEIINNA1IUTENALAZRANANTENUAIN
fomesouinanmslanasonuiligzana é’uﬁw"l,ﬂ'sjmsw”wmaq@m%ﬂﬁwﬁﬂ"aﬁu

‘[saomqmmnﬁuNﬁmﬁwma‘*ﬁm”@Lﬂul,ma'oﬁ’]Lﬁ@waﬁwmaﬁwﬁémﬂ”@maomﬂiéf
Lﬁaomﬂlumgumummﬁmmaaﬁuﬁnwﬂfnswﬁ'mﬁn%’uLf':amﬂuﬁw%%’luaﬁuﬁ"lﬁmﬂm:mumi
NAATN DT ﬁ’]lﬁ‘lﬁi’]Lﬁﬂi?NﬁLﬁWﬁuﬁ&laﬁﬂlugﬂ‘ﬁhLWG] 1,819+483  mg/L  WazGlad
5,430+2,046 mg/L (Saritpongteeraka and Chaiprapat, 2008) Lfiaﬁﬁmwﬁmﬁ"w%’amwvlﬁﬂ’sm
U0 NG 73.4410.5% (158190 wunefia, 2551) wananii nauIAuN3E sulfate reducing
bacteria (SRB) Sardwainatdusiwlalasiausawe (H,S) ﬁﬁm’]mﬁwiugd 10,986-17,161 ppm
(5w wanafis, 2551) Warifadimwidanugutuses H,S gand1 500 ppm anldidu
\BainasasyinliinsosoudiAnnnuLdowny (Janssen et al,  2009) INMIEITIANLIN
q@lmvﬁmiuﬁwmo"ﬁumaLLm"L@mﬁﬁ”w%amwmLva%ﬂLﬁiaNﬁ@lLﬁuwéﬁmummﬁ”aulumiauma
wagsdtasnaldanisnldwasenwanusanlaes1eduszintaaw asannisin tnsife
lalosiaugalWdaznalAinamsgainas lasanlaq Lﬁanm”’;ﬁ'u"l,aﬁﬂummzﬁqmﬁgﬁa@aoﬁmﬁ@
mimuLL‘LLuﬂmmﬁuﬂWSﬁ'avﬁn sAﬁqmmmﬂ”@ﬂiaum%aawsﬁm:qﬂmzﬁ@m 9 luszuumsiu
Tna @”difumiﬂfuﬂ;dQmmwﬁ”w%’smwLﬁaﬁw”@ H,S  Fedlanudanadiuindnsuniyls
Urlomtlwdgasnnyay



a

3N H,S ananTautiaba 3 35 fa (1) ADnImeniw % nsaduwibs nskiiiansas

=S 3

o U ada = 1 . ! .
ﬂ’]i@@]‘ﬁ‘u L wei (2) ITN9LAN LD mi@@sﬁwmmms hydroxide mﬂun@u amine LR

v
A @ A

. U ‘é J a a o > o
potassium  carbonate tJudn FigTtnanhiiiusz@nTnnlunisiidaiisasuenlasean loa
(CO,) lufMoTrnwiNalWNANWR I UABRIIY (energy content) Badfaiiwlaanay laans
2 52UU ﬁﬂs:?m%mwgﬂumsﬂﬁﬂ‘@ﬁ"ﬁmﬁwmMﬁ@w%”auﬁ'u LL@iﬁﬁaﬁﬁﬂ”@ﬁaﬁﬁunu@hmsmﬁ
~ a A Ao o o o ad A A A v A A e
ng wardvaaiaNdaainlumae (3) 35negrnw et msmaamammwLﬁumﬂmaumm

faglusraumdidn H,s vlwlidsininwdinirszuuainanusshiimansada co, 1d ud

]
=

Ay AA o a o A v 1a A A = o VA A
fdadfadunulunmaduszuud iesnnlfdfinumaadiisuanies uazunuazlidvasfod
davth lida uenanfidalansadaninidunfadmaeind pH  dszunm 2 (Carlsen  and
¥ Yhe o4
Sonneville, 2000) wanANHMIANBNGTUEANTI pH Uszanm 2.54:0.02 uvaanaInyuiu
= o v s a g/ doz' a ai d a ai
luszuunsasfiniw mansavilildniadaninlwihdsvafinn pH dezim 1 Salidnoniwiag
ﬁnmlﬁﬂué”@qaulumzmummﬁ@maaﬁw (1537% BuNafie, 2551) asha"liﬁ@nuqmmwﬁw
P A o o @ P = ' = o Ao a H o A
FIANNHIBNITNUAAI8TZUUNTEITINM NN EI0E1LA LI SINFAFIBILNY (CH,) 61 ezl H,S
ANANY
v & me & & & &K o o 2 o @ A A v a v
asnudIdpdadaAuisanuidyueInIfnslumaiite  H,S ianAaniadaninedqy
A ' [ = a A o Iy & A Aa <& o

szuunsasfinmiiniuzuugaduniaedl Sasildlatogemiandquaingansludn
FILTDUUUAITNRINUANNITON LLazLﬂumwQuf‘imul%ﬂmsﬁ'ayﬁmﬂui'@qﬁuLﬁaa@ﬁunummﬁ@
& U a s 1 o a v ] v 1 a
Famnmidnswuiatnsananmansnduiiumsldeduiieiosnwuasianuduailuig
Lsugagas NaztdunuinislunaNadea 81130 28INITUTITUNIINITARIA VDY
q@m‘vﬁmmﬁ’]maifmaaﬂsmﬂ"ld’amaﬂhﬁu

[ (3
1.2 dendszasavaslasents

121 30 H,S tNaNAanIaTaWInANNTNTUEIMEIZULNTAITINN

1.2.2 LﬁﬁwLﬁﬁuﬂszﬁw%mwm‘:@ﬂfﬁuﬂsmmm6] LN BLANNATWRIY (Energy

=) A€ 123
content) UAZAMNUIFNTVBIMTHINN
1.2.3 ﬂizLﬁuﬁunumslﬁmzuUmaa%amwiauﬁ‘mzuumi@aﬁ’fiumdLﬂﬁ \Wal3uiy
AMMWAITTINWNIBNNUNAANIATaNIN

1.3 gauaalain1iNag
a v Gq: g VU 6V A :’ = a 6V A :’ A
M3 IATIH MRS TIAMWLASHIILRI N TZUUNAATNTTIAIN LazILRYIINNTZUIRAIT
a 1 f,’ U di =1 o s oV =1 di a % Aa
NAAUIILAILAZINEN9TY INaANEINITNTa Hy,S  Tudadinw LWE]NR@]Lﬂuﬂ%’@]‘IiaZ\Jiﬂﬂ’J’m
Liuﬁuga@‘hmzuumaa%amwmﬁmﬁﬂma 1 WY 3 Th msflél”ama:m@ga Tagvinnsdnsnn

U3uN aaaaqmm%mmﬁwmﬁu 10



UNN 2

s aoc A A ¥
N B UATHRIINNIVLNLNYIVDI
2.1 NITUIBNITHAAWILIDHUAZILRE

MEN9ETTUT AL T WNARNEANIN TN EATT LN ueIns Tanwasidusaanaifun
wIadaIN satdursdsznavswanlalasansuan (CsHs), ﬂszﬂamﬁ’magmﬂﬁﬁmmmﬁﬂ
nizinvagluzasnal (Sani T3 (serum) TANURINUTINIZRING 0.975-0.980 glem’ uasiiRLeT
Uszanm 6.5-7.0 ‘ﬁ’]maﬁsswmaLﬂuf@lqﬁm‘fﬂﬁﬂummﬁ@N§@m°‘msﬁmdﬁﬁwm§l,ﬁaﬂﬁdaaaﬂ
leur prsusnsuain 819urINIaIgIn B9RANLAIW B9EANUREN wazinenstu (uedu G
q@mwmiuuﬂigﬂﬁﬂamamlﬁtﬂuﬁmnﬁuﬁ'@dﬂLfluqmm%msuﬁuﬁﬂﬁwﬁﬁﬁﬁmﬁmﬁialﬁﬂu
’Y@qﬁwaaq@la’mmimial,ﬁaaﬁu6] LT 9ARANTTNLNITNOUG INaLN9 B19LE VBILAULAN
W uan

MsHAATN NI EIN e 4 331dun 58n133Eirein (evaporation) 3amnsvinlwiAa
A3 (creaming) ﬁmimgumém (centrifuging) waz3Tmsuaneaelnwn ﬂ?}ﬁ;ﬁ'uﬂmﬂﬂ"lmwﬁm
ﬁwwﬁuﬁfsU%ﬁmsmumf‘imLﬁ‘mashdl,ﬁm NIIWAEMINAARINIWA 2.1 fzflmagml,ﬁ_iaaamﬂu
2 & de nestudaduasasmeininluled s lomd drumnssinonadusindssfitonns
ANAY mmmLauﬂmeﬁ'mﬁmﬁaﬁ‘i'uLf:amﬂﬁl,ﬂuﬁau watih lUiwnsaatas au saunadn
PNRNN

TLFO L ANINNNTZ LRI THAATEITUNIIN N HAB AN § SINNA 2.1 iLFDTINT
AATWINNNTLLIUMIHA AN IANA Jgunnil 27+4.6 °C pH 4.73£0.82 USmnmasdunidlugld
1o@ 5,43042,046 mg/L  VaIudILvINRLY 5014330 mg/l  WRSTALWA 1,8192483  mg/L
(Saritpongteeraka and Chaiprapat, 2008) i{%ﬁsﬁmﬂmim?wﬁ'mmlga Lﬁaamﬂmﬂ%ﬂmffavj
snluduaannsnanonaaiy Sescunoinde Sunin Sdsuai § pH a8y 2.5420.02 (3w
wanafis, 2551)
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2.2 NMBBINN (Biogas)

MINRAMTTIAIN (MWD 2.2) Usznaudlrsnmsninindouuylsenna Snstesaans
N9TIINET 3 TUAaL a9% (Metcalf and Eddy, 2004)
Juaani 1 Hydrolysis
ssdunidlutanalngluinfe gu lusdu avdlulaiese ladu (dudu azgn
A a ) o ) & A & \ A A6 A9 o
wuafiselungunisminddesianloiaanyiialalasladuszdasaaoasdunidinarilwidu
' A& ' 2 P a « A ' &
f17UsznaudwnIdatiedng sﬁaLﬂuﬂmaumsﬁmaqammmaﬂﬂmﬂ‘mm LT mmaﬂgiﬂa
nyaazdlu n1alusn 1dudn
YUADUN 2 Acidogenesis
a a 6 1 1 ni : (3 4 2 J aaa a a A
svdsznavdunidedisdionazanetinld Giasredulasdjisolalatladagnuuafise
WINFIINIA (acid fromer o) Non-methanogenic bacteria) agluﬂszmﬂ facultative anaerobe
T I UUARIANTUOULATNRIINWIUATZLIUNNTRND (fermentation) v lAiAanTanaasha 131
NIA8zGAn (acetic acid) nyalwsiwlaila (propionic acid) nsadaln3a (butyric acid) waznIa
MLa3A (valeric acid) L waw%
2UNAa% 3 Methanogenesis
094/ gl’ a J a A 6 1 ai 3 23 = v
NITLIBNNT IR AAY I@ugaumungu methanogens N&NNTOEIIMNTRLINK |G
té o = o v v v 1 a a a 1 v
‘Nﬂ’liﬂ’]ll(ﬂﬁ]’lLﬂu@Elx‘iﬂ’JiJﬂ&J&ﬂTJZLL’maEl&]l‘ﬁL%&J’]Zﬁ&l@]aﬂ’]‘ilf-ﬂ‘ﬁyL@]UI@“IJE]GQ&%V]%&TT’]Q&J&TN
1 c.i £ = d' v A o v ] 1 d' ~ o A:l' o 04 1 a A £ 1 2
nIauaznguNading wWalWifevhauldagnsdaifias dasendaydauuaiise laun snawls
npliald! qm%gﬁ USurmansuanlaaan bod AWaId NIadwNSHTzne lansiduwieg 0NN
R1TBUNSHEDIU LazIA MINLa
o A A a ' Aa A6 o o P’ < P
fadriniwniiaannisdassarsarsdwnsgnisldaninzlsaandian launalud
89A13znau CO, 25-50%, H,S 0-0.5%, wanluiiie (NH,) 0-0.05%, lwlasian (Ny) 0-5%, laola
. 3 & P2 ' o 3
LT (siloxanes) 0-50 mg/m , %1 1-5% a8z CH, 55-70% PINATNRIH 6.0-6.5 KWh/m

v
sy =

Wiguwin - 0.60-0.65 Loi,/m3 (Deublein and Steinhauser, 2008) #ONAINBANTTINTNE1
a9fsenay CH, uaz CO, ag’lu"ﬁ’;a 30-70% LLaz 20-60% ANNR19L (Nikiema et al., 2005) H,S
100 ppm 14 2-3% (Janssen et al., 2009) fufotimwinaaanszouiaindeveslsenu
aq@m%ﬂssmﬁ@ﬁﬂmﬁu flasfsznay CH, 73.4£10.5% uaz H,S 10,986-17,161 ppm (13811
mn@ﬁo, 2551) FeanuduTues H,S @13dianbaitin 500 ppm RenANLRLIMsRaN3an
n3asuud  SmsumIndalwvidefafan nues “Industriewater Eerbeek B.V." lafinwua
AU NI w09 H,S laitfin 60 ppm (Janssen et al., 2009) 3NN H,S Tufatan s
fanusandenmstasiumitanseuaioseudildfotinmdwdomds



49 Hydrogen
0

Complex organics Higher organic acid

Acetic acid

mwi 2.2 Mmatasuudasrasssdundd Wduialinuaisd jisondraduuulsaime
i : (Metcalf and Eddy, 2004)

2.3 Malalasiawsalid (Hydrogen sulfide)

A @ ) ¥ A Aa e & o &

H,S inannszuiwmsnainuuy ameavesindeindsamaduasdUsenauadsnlui

WWoTwanlasnuniaineatu lay anaerobic  bacteria ngufivslauvvlddanadudaiu
Aa s v . . ai 1 a a 1 ¥ o -fl/
Bildnavauaagariny (sulfate respiration) lugnizlaideandiaudas: udsle 2 uuy asi

a o iaa o . A '
1. mysandaainaidn Hs lasuuafisansardaale wSa Desulfuricants Fadungy
savfinauanualsdniaiyidulalusnzlidfeandiawriniu uuaiisonguitléun Desulfovibrio

desulfuricans \udw SIFNANTA 1
8H + SO, = H,S + 2H,0 + 20H 1)

2. mysardrainaiiu H,s lauuuaiitSy Desulfuromonas acetoxidans 88N ladasSLaa
wazIdrainasnIaTane aIgun1IN (2) (Sawyer et al., 1994) WasauN1SN (3) (Brock and

Madigan, 1991) au&1aL

oH +8° = H,S 2)
Acetate + 3H  + SO,” = H,S+2H,0+ 2CO, 3)

H,S tdufeAy Tuds ndwndwndanlauin §61 Lower Explosive Limit (LEL) 4.3% viv
' a 1 d} a 0 o tﬂl a
11 Upper Explosive Limit (UEL) 45 v/v A%#NNI181MATINAIANNTINIAIE 1.539 g/L Namnnal
0 °C azansinlddadimIazane 1 g lui 242 mL Nigawnil 20 °C (Genium, 1999) 1 Henry’s

constant = 47 MPa/molar fraction (Wang et al., 2005) Waasanosidnsuanandn H,S, HS




2- o { d o ' ' 2-
WAz S GIENNIN (4) uaz (5) (Sawyer et al., 1994) Lila pH gudn Wdauanazaglugl s
! { ' | - > i A o { &
§IUN pH Lﬂuﬂmaa’mmm:aglugﬂ HS W&z pH mmag‘lugﬂ H,S Tatduianazaioin 1du
A . a a e o o o A o A ¥ . A = 2 9 o
Ausaadunigan g luszuuihdakifouasniaunazszmsanningaindwndu lsanuislduig

a oA o o & [ A a
L@maﬂuumwaﬂiuamw pH 11&gwuuazmﬂmﬂzymLia\mau

HS =2 H +HS (4)
HS = H + 8 (5)

2.4 nsnaalalasiansa lie

Ao w ' ) v o @ a a =
waluladingm H,s widla 3 dszan laua nsmianenmunin 1ol wasdinw 69
iz‘uumymwLLa:mﬁﬁﬂizf'?m%mwgﬂumsﬂm‘”@ﬁ"ﬁﬁmﬁﬂ LL@iﬁ@Tunu@hwsﬁmu 830N Lhazng

o o a

A A o v o A A A P A A H ! |
ManvasduNaltlunaduzuuidamsiogs luwsneiszuudinwddszininindindi ud
fdunulumaduszuudini WasannlddTinumsiaiides (m3emduniduazansdsy pH)
wazunuaz ludvasfuindandasinlunide uaﬂmnﬁﬂ‘ﬂﬁﬂmﬁﬁ'ﬂvﬁﬂLﬁuwﬁmﬁmsﬁ pH  1-2

. = 2 v [ { [ °
(Carlsen and Sonneville, 2000; 158111 Wa1aN4, 2551) TIAITLATLUNTWAUILN A ENNTDNN
AU T I UATEUIUHAALIRAN AIBWAITAIA H,S LazNAaNIATaNININATTIN NG
a A @ =< AR a A '
nizuunIniiwgendanuzuugadumaaidaduanmaienlumiaanislaeaddasvas
'Y o & o % o o a A o Aa A
Wwodsmuhfefinwnsuanlfidunasnuuaznsadanindaduiagdulunszuiunmnia

PINRNNY aaq@m%mmwﬁ@ﬁ’] 89T

241 N13AATANI9LAA (Chemical absorption)

malulafinaaifige H,S uaz Co, Twmafrmwmaainaeds anft malulailn
g4 sorption &9 dry sorption Lﬂumﬂﬁmﬁmﬁﬁq@ dounlawanidu liquid absorption 44
IARANIFeI3INTINGWIN chemical sorption ﬁ@@L@iumoﬁmmmmuQuﬂszﬁw%mwmiﬁﬁ@
ladowngldasadvingd §i3un liquid absorption adenanmMssuraLasinUfATeznIneme
uazansiadluaauzvaanad I@mm‘uaﬁaﬂummﬂﬁ]zmﬁiam’man’n:ﬁ”’mﬂngan’nwaamm

o aaa =

LLé”;mﬂgmmmaLﬂuﬁumsg@%u Sovlfafidumstidaszanadu uaﬂmﬂf:mi@@sfwmo
Lﬂﬁﬂ'@ﬁﬁunumsﬁaaﬁ?ﬂoﬁmm:auLLa:mﬁ?@ﬁ’ﬁLﬁumiﬁmmzaumniumsﬁwﬁ'@ H,S uaz CO,
@18 potassium  carbonate (K,CO3), sodium hydroxide (NaOH), Alcazid M uaz
methyldiethanolamine (Deublein and Steinhauser, 2008)

N1I73a H,S RINN50 M sodium hypochlorite, potassium permanganate a2 hydrogen

peroxide Lumigadu U ATunaiaun1sn  11-16 wIn H,S ﬁmmﬂ]’m]”uqau”ﬂl‘*ﬁsodium

7



hydroxide NALNBIITAINGATI (Metcalf and Eddy, 2004) LazNANNULTNTH 0.1 Waz 0.25 mol/L J
ANURNNINGATUFIFA 2.6 UAZ 7.0 Lgag/Liguae MNFIGL lunisiide CO, Wudw 10 % 7
aownndUnd uazANuAUUIILINA (Georgiou et al., 2007)

Sodium hypochlorite
H,S + 4NaOCl + 2NaOH =2 Na,SO, + 2H,0 + 4NaCl (11)
H,S + NaOCl = S’ + NaCl + H,0 (12)

Potassium permanganate
3H,S + 2KMnO, - 3S + 2KOH + 2MnO, + 2H,0 (acidic pH) (13)
3H,S + 8KMnO, > 3K, SO, + 2KOH + 8MnO, + 2H,0 (basic pH) (14)

Hydrogen peroxide

H,S + H,0, =2 S° + 2H,0 (pH < 8.5) (15)

Sodium hydroxide
H,S + 2NaOH =2  Na,S + 2H,0 (16)

N334 H,S was CO, w%”auﬁ'u@i”aﬂfsﬁmig@%umdmﬁfu ﬁmﬂfmig@{fiwmwﬁ@
LT potassium carbonate (K,COs), sodium hydroxide (NaOH), Alcazid M LLaz alkanolamine %\‘1
Lﬂumﬂumju amine 1@uA monoethanolamine  (MEA)  diethanolamine  (DEA)  di-
isopropanolamine (DIPA) W8z N-methydiethanolamine (MDEA) (Jensen and Webb, 1995;
Mandal and Bandyopadhyay, 2005) aqueous carbonate solution (Urban and Johnson, 1985)
Sﬁdluﬂvﬁ]ﬁ]‘ﬁu MEA waz DEA Sowldnusnnlumsisamariigaansouiwannfasssumauss
folugaswnisy laslawiz DEA Lﬁuaﬁ@@%uﬁlf*ﬁﬁuaﬂwaLLwiﬁaﬂulunwiﬁﬁ'@ H,S lu
aq@lm%ﬂﬁmé;uﬁ’m”u (Kohl and Riesenfeld, 1985) N1IN&Y 2-amino-2-methyl-1-propanol (AMP)
iU DEA flanuduTus Iy 3 kmol/m HunumIUiuan1zms ivazesmIgada sANTOLRY
80MNIQATY H,S Uaz CO, ANNINTY 1% WAz 10 % audIay AANUFHLITINNALAZ T
Lﬁuqmﬁgﬁaﬁﬂ 20 °Caufis40 °C limigadu  H,S amﬂummzﬁmi@@%w
ansuanlasenlodifindn (Mandal and Bandyopadhyay, 2005) wenaniifnadnwdduesuds
fMosanaslasanlos (SO,) lulasiauaanlss (NO) wazaandian (O,) 1uaidlsznay zaa

ﬂszﬁw%mwmi@@ﬁ‘fimaamiﬂéju amine (Deublein and Steinhauser, 2008)



Lﬁﬂﬁ'ﬂ’]im’]ﬁun%ﬂ’ﬁﬂ@%&m’mLﬂﬁ wudﬂﬁunumiﬁaa%ammmmm:mi@ﬁ’uﬁumi
WANIZFUNINIANNTANEa H,S az CO, A potassium carbonate (K,COs3), sodium hydroxide
(NaOH), Alcazid M waz methyldiethanolamine (Deublein and Steinhauser, 2008)

2.4.2 N19N329BINN (Biofiltration)

a a 6

ﬂ'ﬁﬂia\‘]%'lﬂﬂwLﬁ%L‘YIﬂI%IE‘lﬁﬂ’]‘iﬁ"l*ﬁ’@ﬁﬂi&lﬁﬁﬁﬂﬁﬁ%’)ﬂ"l?‘li@ Ul“ﬁ"‘ﬂauﬂ‘iﬂﬂlaﬂﬁa"lﬂuﬂ

9

aslilduasndnwduss asvenlasanlod sih nianmeians (by  product) wazdINIa
(biomass) laanialUnsnsasBrnmwanansawsadu bioscrubber, biotrickling filter LazIzUUNTDI

NITININ (biofilter) fIRIUNIV9UV8Y bioscrubber WA biotrickling filter WWMTLFITRZANE

o Qs

1%"1] aammriaugﬂzia HRALA) mﬁuﬂ%ﬁﬁagﬂuamammuaaw%aﬁmmzfi‘a@ﬁaﬂaw RN IgM]

%

A : a < o = | o = Y iNE€ _a aed
AINTINN 2.3 RIVBILUUNIDITINTN UL ﬂ’]GﬁLaU"ﬂva%aN']u@l')ﬂaqﬁu,ﬂ:gﬂﬂ(ﬂsﬁllLmqgﬂau?gauﬂs{l
ﬁ@l,ﬂ’]zllu@lw’mmuﬁaﬂ'aﬂamﬂuamﬂuﬁ”ﬁﬁﬁ

— Clean air

Ligaid Peching Hy5 degrading
bigfilm
recycle
o WP H.Sinair
————— ety
E r,q Absorption
and degradalien
e
Inlet foul air =211 Recyela Trickling
ﬁg purnp liguid

Water
mate-Lup

Purge

WA 2.3 Biotrickling filter
(Gabriel and Deshusses, 2003)

nIhnureinMInTasiinwdznaudsnszuIunIgada nIgadu MIdesraNLuAz
1 6V ] 6V v & a a
nrdaaddesfnseanainizuy lasmsiuiododn luluszoy Ssazfianiigady
(absorption) UWAWAI TN VRIGINAN (water film) UazaAuNIETNaABaLNAIVIGINANI9ZTL
[ a 6 a A 6 a A 3 A A & 6 ?
WadiwaNnNITeand lagasdunsduazanseiunidluimFuNazatslusuisvyesin
dl a &‘ a a 6 dld a n:i
nszuawMsIiaduusiimsay 9 frvedlulafauluaneniansenisuazaandian (MWN 2.4)
gunsaudade 3 Thaaw (Swanson and Loehr, 1997) @i
<& A A A o = o . ' o o A
Tuaaudl 1 ssuafeiagluiodslduninszanoiudnldlugngueesdinanndlole
ﬂﬁuLm:agj’LLazmuﬁ'umaammﬁmﬁauuuﬁﬂu‘[aﬂ&u

AUAUN 2 miuaﬁwvl@ﬁl,wimu"l,ﬂﬂ'ﬂuiaﬂﬁuﬁaﬂﬁjwaagﬁuﬂ?ﬁ
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RAdUN 3 fgaumﬂmuwé’oﬁumﬂmiaaﬂﬂwﬁmw aﬁﬂiuﬁ”ﬂmﬁﬂﬁuwswmmaa

' [
U
wiaununislrfiiseandanlueinia wasddssnfanmsiiduinosasvanlasenlodeang
mMyuan

Subsirate Cone.

0y Cone, \ R -

i |
e 00 :
Substrnie & Oy -—-—h—& ’

i Biofilm
Bulk Gos Flow

' Solid Partich
Gag/linuld interface

MWA 2.4 Mvinawsadtulafsu

"ﬁlm . (Swanson and Loehr, 1997)

TUUNTAITINNENNIORAA H,S VL@T 1ad31n H,S RIUNIDRLAISUILAEDNYBYRAE
v

QU

& al =

N Wlda (Devinny et al., 1999) 44 H,S 3zgnaand ladn19F1nw (biooxidation) Lilu
daunainTadainalasgfiunidglungy sulfur oxidizing bacteria (SOB) a4mwl 2.5

ﬁmﬂl oxrcla;,-

Dissimilatory reduction
0 ’ st
b\~ M 4
3 """%v.,,,,. y;
" Organic 7 5
8ulphur ..'
0‘.
" so ..‘
"*-- so...-
% phur d|sprm:u:il‘\'i"-"a

MW 2.5 Apansdaines

1N : (Tang et al., 2009)

J - % v v
Usz@ntniwzesminsasnedinnduegivansasuazanuduiuraiainaisnaz
faa mﬁmmaagﬁuw%‘ﬁ

LATENNIEMILAKITULLTH UTuntkeandlau gungil pH 2843 UUuaS
J2UZLIANNLALTAND (retention  time:

RT) S9thismadsimdnndansdassunsoand lad
H,S ilugaianiansadanin iNaiindsz@niawmsvinuaasszoy
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o a a & o o v &2 o a a
I@UVI’JVLﬂﬁ?ZUUﬂiaG?i’JﬂWW3Ja\‘lﬂ‘ﬂizﬂau%amm:m‘mw’mﬂmElﬂmﬂu UILRNTNINVDI
s J T U v 23 { v 1 % & k% v v
izﬂ‘]Jﬂia\‘i%?ﬂ']WUdmua%ﬂ'ﬂﬂ?qwl,mllmumE]\‘iﬂ’]eﬁl,ﬁﬂﬁlﬂnizﬂﬂuﬂxﬂq RT @78 930193740 00UUW
o = @ a a v |a & A, A v a a e o o aaa
Tﬂﬁﬂq"ﬁl,aﬂfﬁ@ E]']"'l]@]aﬁLWNﬂi&l’]@]'ﬁﬂﬂﬂgﬂimﬁsaﬂ’] RT LW@I%"QQ%VWU&JLQa’]aUNﬁLLaz‘ﬂqﬂaﬂiU’]

(% a 23 A J 1 v ai
Aussuafsluisdeundn laodr RT vldanaunisn (6) (Devinny et al., 1999)

RT = V. xP )

Q

Wa RT = szazMANAUMTlUTUAINANI (s)
a & o 3
= 30103 TUaIna19 (M)
P = ANUNTUIBITUAINGN
o ov 3
= 8037 Wawadfine (m /hr)

a A 1 IS 1 ot ﬁ o ' o A =) s
ﬂi:a“nﬁﬂﬁwmadLL@]azi:llﬁ_lﬂiad"ﬁ’m']WLL@mm’mﬂu sﬁﬂﬂﬁlﬁ%ua"l&nsﬂu’]&l’uﬂiﬂuLV] gunNy
a 2 v o & o v o a . ) =2 a
izuu‘nia\‘]dﬁ'}.ﬂ’]wau‘l@ (ﬂ\‘luuﬂ’l’]Na’m’]iﬂluﬂ’ﬁﬂ’m@ﬂﬂmaﬁ (ellmlnate capacity, EC) "ﬂ\‘]Lﬁuaﬂ
v aXe A a . ] ° a a o o ' @
ATHTIAUTERNTNINVYDILLGRZIZUY s]j\‘iaWNWSQquqLﬂ‘SUULﬂUUﬂuVL@I I@]Uﬂ’] EC lel,@ﬁ]’mﬁ&lﬂ’li
1 (7) (Devinny et al., 1999)

EC = (Cm - Cout)>< Q @)
\Y
s EC = anuaunInlumIiisanasns (g/m/hr)
Cn = ANNETRTY H,S lufafignszuunsesdainin (gim))
Cout = aNuTRTU HyoS lufafisananszuunsasiinin (g/m’)
Q = sanmsmarasfofithszuy (m’hr)
V = Empty bed volume (m3)

EC @8 ﬂ%mmwam‘sﬁgﬂﬁﬁ'ﬂ@ia%mg Empty bed volume daalag uazanmng 2.6
ULFAIAT maximum EC (ECn) #iaaMumaninlumimidamaiiogigazasszuunsasdiniw
g6 critical EC (EC,;) wsaanusansalunstsaadoiold load gdq@ﬁizuuﬂ'ﬂmﬁ RE
Wiy 100% lagdainaldannnmnigesiduidaudanuiouianaonainie 1w MIraa H,S
&8 Thiobacillus thioparus CH11 wuinfald load WAL 25 gSim’hr szuunsasTanmwil RE
100% udiiolin load 1w 33 gS/m’/hr RE aaadinie 70% eavi teldszuufl RE iy
100% "3&m‘nﬁuﬂ%mmﬁ@ﬂﬁmnﬁiﬁaLﬁ'um RT #ananitien RT 1A 28-140 s uazaana
FUT U H,S 19135 UUWINAD 60 ppm ¥ldszuud RE 98% (Chung et al, 1996) iladnsnnis
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%190 H,S @8 Thiobacillus thiooxidans a8l porous lava tJUaINANS ANUTNTH H,S 191
320U 900 ppm RE 28432UUNIBITINIWYINAL 99.99% Uaz RT YN 12 s (Cho et al., 2000)
wadgmsunsisoluasail ﬁ']ﬁ"w%’smwﬁmmﬂI‘swmqmm%m‘mﬁﬂma“ﬁw‘fiaﬁmmL°1T11°1Tu
lalavaudalndaglutig 10,986-17,161 ppm (l3aw WA, 2551) %agondﬂmuﬁﬁ'ﬂﬁuﬂ

v & R o o ' a oA Y o @ v oA a a
YN AIBWBIIGINKUAAT RT qﬂfﬂ\‘lﬂ']’]lgwﬂl%jZU‘Uﬁq@quﬂﬂqﬁ]@ H,S vL@]E]il’]dﬁJ‘lJizaYlﬁﬂ’lw

E.C.

Slope=1 =

RE=100% \ Maximum -
Elimination

Capacity

e

\ Critical B.C. where Load
equals E.C. at Highest R.E.

Load

dl R R 6 1 1 v v 2 a v
NINN 2.6 ANMURNNBDITRINNAT EC LAEANMULYNYUNDLRILUIIZUY

nun (Devinny et al., 1999)

Sulfur oxidizing bacteria (SOB) Lﬁumjmmﬂﬁﬁ'ﬂﬁaaﬂﬂ@% H,S 952w 4 2 ngude
chemolithotroph W&z photoautotroph LLUﬂﬁL‘%‘Uﬁ?‘iaaaﬂ&jﬂ%ﬁﬁ'avlw&ﬁud'ﬂﬁaﬁﬂmau G‘fiaazgﬂ
wWaswdudanasuazsana uuafilsungy chemolithotroph l¥aanGiaunialuinsauazluwlnyd
Tuwaue? photoautotroph IFenfuanlasanlodidudasuaianason (Tang et al., 2009)

Phototrophic bacteria tianaanuda ialuan1zlsomealasuuaiiolunga green sulfur
bacteria Waz purple sulfur bacteria @918 H,S 1dudalwdifnasaniinesardansuonlasonlaele
sanos anslulaiasa wazsin 1unEasmailu photosynthesis reaction (Tang et al., 2009)

Chemolithotrophic bacteria 114905913807 colorless sulfur bacteria ui4le 4 nay R
chemolithotrophs, facultative chemolithotrops, chemolithoheterotrophs Wae
chemoorganoheterotrophs @958 1w ¢ daiWaiuazinledainagneandladfidudainalas
wuaf L?Uﬂﬁju chemolithotrophics  sulfur oxidizer LB thiobacillus, thiomicrospira BIDE éf}\«,
inLAulalalugag pH 1 §i9 9 (Tang et al., 2009) pH fn 3 UnazUnguuanisusiwan T.
thioxidans mnﬁq@ (Devinny et al., 1999) Waz thiobacillus LﬂmmﬂﬁﬁmﬁmmjuLﬁmﬁmmm
mﬁ'ﬂagiwﬁmqmﬁgﬁ 4 919 90°C (Tang et al., 2009)

msﬁﬂmﬁLﬁﬂﬂ]”@dﬂ”ﬂg@ﬁﬁ%ﬂiiwﬁmﬁﬂsmimfu lain1siiea  H,S druszuunsal
%amw“[@mgﬁuﬂ%ﬂ‘a'mﬁﬂLﬁﬂiaa’mq@lm%ﬂﬁmﬁ@ﬁ’] 81904 b granular activated carbon 1%

Fanand annuTuT T IEUL 200-4000 ppm WU RE §In11 98% uaz EC 125 gH,S/m’Thr
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WUWUATNLIY  Pseudomonas stutzeri A1501 Waz Microbacterium oxydans strain S28n.

=

(Rattanapan et al., 2009) luu338ulRINNIINBIWIN Thiobacillus thiooxidans \Juuuafiie

Junumanusandanatian H,S luszuuniad@inaw (Sercu et al., 2006) wananasdl

SOB Tad% g N laAuinMIANIAIANTIN 2.1

P A Aa A =2 o o ) =
ANIWNN 2.1 %uﬂLLUﬂ“ﬂLiﬂﬂl?ﬂuﬂ’ﬁﬂﬂﬁ’]ﬂ’]iﬂq"ﬂ@ H,S @283 UUNTaITINN

whaqfunid 814989
Thiobacillus sp.IW (Oh et al., 1998)
Thiobacillus thiooxidans (Cho et al., 2000)
Thiobacillus thioparus (Aroca et al., 2007; V.L. Barbosa, 2006)
Thiobacillus thioparus CH11 (Chung et al., 1996)
Thiobacillus thioparus ATCC23645 (Oyarzun et al., 2003)
Thiobacillus ferrooxidans (Ebrahimi et al., 2003; Pagella and De Faveri, 2000)
Acidithiobacillus thiooxidans TAS (Lee et al., 2005)
Acidithiobacillus thiooxidans (Aroca et al., 2007; Duan et al., 2005; Lee et al., 2006)
Thiobacillus novellus SRM (Myung Cha et al., 1999)
Thiobacillus spp. (Degorce-Dumas et al., 1997)

M500nTad  H,S lay SOB  windeandian bR uIneaziian130anGiasuu1IgI%
(partial oxidation) vhlwladanaseaunsn (8) %w:gﬂaaﬂs'fivl,@e?@ia"LaJLﬁwﬁ'aLW@ﬂuama:ﬁﬁ
0aNTLAUIREIWD GIgUN1I7 (9) (Oyarzan et al, 2003) %’%agﬂaansﬁvlmiﬂuﬂswﬁ'mﬁﬂ%uﬁu
nIsandiatuauysal (complete oxidation) @9FUMIN (10) (Brock and Madigan, 1991) M3
f19@ H,S 14 fluidized bed wudnd3nnmeandlauszatggand’ 0.1 mg/l azldiians
aan%mﬁ'uaugmima%amwvl@%ﬁ'awxlw%amwﬁ'ayﬁmﬂuwﬁmﬁmeﬁﬁ load 32UV 0.13-1.6
kgS/m’/id § RE 90% (Annachhatre and Suktrakoolvait, 2001) @aifugniizimansaudmsy

Iiamuq@m%mmﬁ & aomiﬂmmq?ayj‘%ﬂvlﬂl%ﬂiﬂwﬁ

2H,S + 0, = 28° + 2H,0 8)
28’ + 30° = 250, + 2H 9)
28’ + 30, + 2H,0 >  2H,SO, (10)

a A 6

) o a 1 a a é 1 1 a a
pH Lﬁm.lm]Ummymamimitymuimaaﬁ;aumﬂ ﬂj\‘iﬁ\‘JNE‘II@U@]N(ﬂ?JUitﬁVl‘Eﬂ’]Wﬂ’]‘i
FUUBININTAITINW AITUNIIANTA H,S e8l cross-flow horizontal biotrickling filter lagla
A . g . . . . s ! 1 . d}
SOB WUUNRN D93 Acidithiobacillus thiooxidans Lﬂummmm:aguu activated carbon T3t

o ' @ 3 A o o 3 3
FINAIVBITELL WUT ECrae NN 133 gH,S/m hr 80315 MMa289is 900 m /m hr (A4
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a 1 o 1

LINT% H,S 132U 92 ppm) uanmnﬁgauw%‘ﬁnaumﬂmaﬁ'ommmﬁwmvlﬁﬁim”u pH 4.5

q

=3 1 &~ dl 4; 1 a A o Qs % 6 di
fi9 1 2t 3NN pH Ba9szuLAINI 1 UszdnFawmsmsada lWaanas asannanudu
v o & a a a A 6 o ¥ A a A
niagdladudansaigidulavesfunidiliadunidluszuuaass uazniaifsuudas pH
) =3 b a ai o 7 a A A a a 1
lugae 1 fa36 dududnaungivihlidszaninmaesszuuaaas iiasanadunidlaiaansn
Uiue laviudaanzmalfouudas pH 3avhlifiswiuafunidanasatnemaiia (Duan et al.,
2005) §8AARBINUNITAIEA H,S 62832 UUNTaITINTNTRAAINGNN 3 Th NANULTUTWITI T2
3 o < @ a o [ 3 ' [ o '
40 g/m” dnanTuaRinmIszauzaInIaganInyitli pH  d1as danald RE aadindt 90%
(Elias et al., 2000) &% A.thiooxidans strain AZ11 §31I088NT AT TalWaTLazTa ke LaN pH
luszuudh dawdanmseandladdaiatgign 21.2 gS/g dry cell luvmefiuSunmsanalu
UU 42 g sulfatell wananidinuimaninifieniseand lednauysatldidaanududu
o o { o £ 3
8 (N AL TZUU 2,000 ppm 7 load VaITa LNALINT=UL 670 g/m hr (Lee et al., 2006)
~a & ~ Q/ 4 o Qs 1 a =) 1 =3
pasnndidudnnikiesoidanuiagdedsz@nianniansamsiinw 1r9gunnd
30-40°C UANULRNZEUEIRIUAIA H,S 628 Thiobacillus sp.lW 1 pH 7 @aaanaltutuitn
JYUU 50-200 ppmUazeAIINTMAR 1-2 L/min § RE %1031 94% WA ECy AL 770
mgH,S/L/imin (Oh et al., 1998) M3AWIZUY biotrikling fiter lasvialUaruguamnnddrdinda
40°C nslwnalasuazngadaunszuvazildifanisdesaaionsfinwldlugunniigedis
A ' o @ 3 A
70°C SIWLINENNIAMIA H,S §98a 40 gH,S/m™ 71 pH 4.0-5.0 (Datta et al., 2007)
ANMILENIDNULLTaITzUUNIaIT N WITndnUadundadalsz@nTaiwnisiigg
P A A o @ o A AA o A
H,S anfilTwn1388nNUUUIZLUNIITININ tWar13a  H,S aanannmadinwndinaiiinuidn
aoﬁﬂsznauwé’nﬁwﬁm’mgaﬁ J2UUNTITINIWA AN B IMENITINTZUAN 1“}5”’;”&@@%’&@3’1:15
A o a * A v A o a = S Y
(WAEaN) uaziagoyINmd (Uo wienlad #) Wudina1s sausiduszuuiimanuihanduun
1 > di % d‘f 1A A 6 [ [ 23
Ilnarmdananiasaaian teldanuduuiyduniduazdsu pH - vasszuvldidunans fa
A £ 1 ] 3 (i 4:3/ v v VeV a dld clu
Finwnanndusvdutudnansduldamou garoazlamofinmad H,S d aw
il gulalasase (Daly, 2005) NMSANENANTANA H,S ANNINTY 2327+ 98 ppm WAz RT
40 s shpszuunIasiinwuuuaIMalnadu lidnasdfenuzwintudes g9 35 cm uazidi
dugudnasmelu 5 om  lwas@uszoulsihdsuaia lnanyuwidswneldanuduudszuy
1 =) 1 =) v { =) 09’/ Qs 7 4
WUIAUNIENGY Autotroph - AdTunalauNgauTIUTUNAN92896INA19(2.7x10°  CFU) Lila
v & 8 &, 8 { o A '
WU ABUALTUUY (5.7x10° CFU) WazT1hand (4.5x10° CFU) LHasannlasu H,S Taiduunas
Wé'aam"uaafgﬁuﬂ%‘ﬁﬁaﬂﬂd'r’ﬁ'uéi'mq@LLa:msmmf‘mumao%‘%’ﬂmzuuﬁﬂﬁﬁg§uﬂ‘§ﬁmamu"lm
ldaunszuavasBsuarandiginuurassuaInard(l3anuw nuafis, 2551)
mMIAnssziniaIwnIiian HS dauszuunIssiin i uamINadiEanITinEas 3
QQ: { o % 3 [} a 1 a a o o
U 18031 H,S 1113:uu 10 69 40 g/m hr T299nNd 20-25°C wuhillszaniawnsiida
H,S §9n91 90% LilaWNTNMITNUTBIUARz TUA NG %’uuuﬁqmwgﬁgaqwmﬂﬁ%’u H,S

anfigarhliadunidigiaulaninnintudns wenanianuduansasszuugidal 3 cm WC.
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A ' Y & ° o o o &
smagsl,ummsﬁmmgm 25 cm WC. LW312N1IuLIaanaauiln 3 11 vinlnaanisaaaiuadsn
@ @ a a6 , A eV oA =2
AINANULAZAANTYAAUVDIIAUNTE (Elias et al., 2000) HONANNHEI A UNIIANBITZULUNTDI
TN 2 TaLTensani iNafnIafmIKEY H,S, dimethyl sulfide, mercaptane Wz carbon
disulfide lael$afun3 Thiobacillus sp. TJ330 DSM 8985 uwusasluzasinaiuaziainizum
1 a & L a [23 = 1 v di v A
ARARTILTUAINENI ’Lun’m@mzuumﬁmam:gﬂwﬂﬁLﬂ%WﬂalumaaLﬁaa WWalwiAany
A 6 o a o a A ¢a &< ¥ & o a
aaﬂm"lmmsmaﬁmﬂ'gaumﬂmm’maaﬁ NI UVILRAIU LU AUV BITLUUNTAITININ
& . Lo e e w - Y
19 2 70 Lm’;Wﬂ%”’l%amumnmamgmumo fAuMLFaN lazaaluyaIna) 9232 ReUWINN
YDILAAT LLé”avl,v\amuéﬁﬂmamﬂa'auuumgimusm LAANIT08ND LATIZWINITHAINANS 1N The
o = ~ A ’ & v A <& o = oo ~ g
Vlmmmgszuunsaamquw 2 Lwaaaﬂsﬁvlﬂsﬁmmamnq@mm]a"l,@mwwa:m@mu
(Hartikainen et al., 1995)

]
%

dnad (Media) lwizgdmiuliadunidiain: iduasdiznavniddydatszininn
o @ = [ A o o (> ' + ) ' v o ¢ A (% A
lunsidafadinw dagnianlaidudanats iou Yonain drunudud whenld wdenney
A lowzwin wiaduisquuunan udu lasdagdvsianuazlisz@ninwlunsida
& a A, [ A @ Al a o &
MTFONA19INY ANBUNANZFNVBIAINAN T IUIZVUNTRITINN G9%h
o v Lrd :’ v = L ¥ U &
- fanungugs Mlddnasmuningadutihldunn niaiuinanuduled o
AANTuaITaYIzn 19 40-80% lawtiwin (Devinny et al, 1999) ddanatsfianuduias
uldazdinadanisaigidulavasnfunid Mlddwiuadunidaass uddrdananadanudu
a o v Aa s g d o a ] 1 Y Aa
anifinld azvilfiieanuduaagdn ihasnniwmgdunidianunuuiuann dwaliiia
mMIgaduvaIaznawiunIdluzuunsasiiniw
I=) v o d' ¥ et 1 a d! o v Y ‘d‘ (>3
- flassanensan WadasnunsdasaaslassITuand Savinlndaafonan
nadLiay 9
Al a o o A & Aa v a A eRX ! v a A 6
- finufadudaun Wumadniuifalifdunidiani: danalwydunid
sansavhulsenufomas leaunn

v

ad a o o A A ¢ a v a val [ Aal a
- ANBRIRNHERLIU LiasanmIine lulaAsudwwd It Aa laa LI e N WA

q

i v daa A
%ﬂ’]UN’]ﬂﬂ’J’]’Jﬁ@l‘YlNN’JLiUU
25 ﬂﬁ‘swamﬂiﬂsﬁlaﬂfsﬂﬂ'\\i%'mﬂw (Biological sulfuric production)

o s 3 ad A U p.id a =) o v a v
MIan H,S Meiinedinn muldanizideandiawdiviwe vlwldnaniagarie
udaaniantadanyin asgunsiiee  H,S NNMoRFNNaanNINTaLENadLURanlan

v @ Y . A @ ' A o
ANNLTUTY 4,000 ppm 618 bioscrubber 2 TANANBILTONADNK TTNINNIAUTIULIAT
WU IBURILATENTEINNT 100 g/min gounDll 25-45°C wudnalunideandlad H,S iudaina
wiansadaninlaiiey  100% lasvldamandsadeinyuisuluszuud  pH aaadaunie
Usz3104 1-2 (Carlsen and Sunneville, 2000) NM3M130 H,S lufodrnwindaanszuuiiyain
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L?(waﬂiomuqmm%miwﬁ@ﬁwmﬁué’am:uun‘saa%amwﬁlﬁﬂﬁaﬂu:w%"nLﬁu@‘ﬁﬂmma:
qﬁuﬂ’%ﬁmﬂﬁnLﬁwaﬂsamuq@mﬁmimﬁmmmMTu AMNTNTUEY  H,S ez CH, 10,986-
17,161 ppm Uz 73.4£10 % GNUA1AU 9NIIBIEILAINMASATIEI 1 1 4 UAZAILANANNTY
MumInywlswinFundUTinudaila 62704453 mg/ll Uaz pH of 2.54+0.02 HANIANHA
WU RT 40 s snansanfadanaldanudutuy 26,390£1,091 mgil ifinuviniadanin
0.039+0.003 mol uazditsz@nTaw 81.9% lunsmiaa H,S audianudutud1ngdd 500 ppm
1 (=3 £ £z = A é 1 ._é ] ] 6V a £ dq' a

219 IIAANAMNT VT UV AITINUTAIGINI1 60%  G9 ligu1ssnasg AW bl dwraiwa

a @ ¥ A v o & & & =2 &
T TuAanNa3 W IWW e TN T NA NI BINTUAN VLT NI UV IANT UK LA BN b TINITANE
agjmﬂl@ﬂmam‘sLﬁuﬂszﬁﬂ%mwmsﬁm‘”@ﬁ’]Lﬁmﬁnﬂqmm%mmmmowwsw‘”ﬂ@m:uwﬁﬂﬁ
mmﬂéﬁ'ammaﬁﬂé'quaLLazmm§@ﬂs@6ﬁ'avj'%nmﬂﬁ”16ﬁ%’;mwLf?m éﬁﬁfmmnamuaﬁfuagu
NN3398 (8N7.)

v v

o & = o @ A a o a o A K Qs =
AIBBNITANTINITNIIGA H,S LW@N&@ﬂS@Gﬁﬂﬁiﬂﬂidu ANTUN TN W TZLUNTITININ

De

v

slﬁmm‘mLﬁwﬂszﬁw%mwmswﬁmnm%’ayj‘%ﬂmw11Liuiuaamuwmwﬂ”umﬂf‘s:uugﬂ%umoLﬂﬁ

U

{ al ' o 2 ¥ J
LNDLANATWR I a\‘]meﬁ%amwslﬂqwu

16



UNN 3

5@ BWN13Y
3.1 780 aulnInluaziadasiie

341 MTTINN UAZBIANIAN WAL

fMeBINTN 3NNT=ULY Sulfate reduction reactor (SRR) Ltazmaal,ﬂmm;uﬁﬂulm:uu
N309TINIW Lﬂuﬁﬂﬁ\‘imﬂiwuNﬁ@lﬁ”ﬂﬁlj‘ﬁ'amw Upflow anaerobic sludge blanket (UASB) UIEN
2NDIYATNANTIVHAR W8199% 300 G1UATWY B1LNe9zue SIRTARIVEAN

312  wudsdniumisde 1Hindetewd sz uunEafeEinIn 189 USHN a9
q@m%msmﬁmﬁﬁmaﬁu 31N@ FUaTIWT B1LNBITUE IRIAFIVAN

3.1.3  @INANVBITEUUNTBITININ

AINAWRIRIUIZUUNTBITINN LD ulFanuzning gﬂmaﬁmé"w%ﬁa U0 1 x 1 x 1
cm’ uaz Rachig ring daiduwanadinnsanszuan frwalduwiugudnand 0.5 cm uaz 8712 0.5
cm (@9WA 3.1) sasdunaw 8 1 laglSanas

o A 3 ot . .
AnaURanNzWI? @2Na149 Rachig ring
AN 3.1 ANAIFIRIUITZUUNIDITINN
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314 QuAUMTTINW (Tedlar bag) 1119 3 L FINWA 3.2

WA 3.2 gaAufaTanw Tedlar bag

3.1.5 Peristaltic pump ﬁ'\m’lwﬁl 3.3

MWA 3.3 Peristaltic pump
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316 Aerator G3A W7 3.4

mwﬁ 3.4 Aerator

3.1.7 pH meter ﬁﬁa Eutech ‘éu Cyberscan pH 300 @yx‘lmwﬁ 3.5

m‘wﬁl 3.5 pH meter

3.1.8  1A309NAABNTLARATANY %8 YSI model 52 @3N 3.6

AW 3.6 DO meter
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3.1.9  1A38NAMTTININ portable gas analyzer g'u Biogas check AININN 3.7

4 A4 e e
NINWN 3.7 Lﬂ?ﬂ\‘]')@a\‘]ﬂﬂﬁzﬂaUﬂq‘ﬁﬂj')ﬂ']W

v

3.1.10 1AT24IANIQANAUUEY (Colorimeter) %8 HACH {4 DC/690 uazansiaiifild

fmivAlenzidTinadama (nsadanin) dan1wi 3.8

ke . }
. o @ o o o A o e A 6 1Aa L™
Colorimeter &L aTaLNG bbtin FIILANFINILALATIZRUTU TR NG

AWT 3.8 Colorimeter WLAZENILANFIRTUILATIZATALNG

3.1.11 LLﬁJﬁJﬁ’madizUUQ(ﬂ%Nﬂ’Nmﬁ
v 1a ° ) aa & o )
ﬂdﬂgﬂifﬁ?@@ﬂ%&m%mﬁ IUIN 1 512@ ﬁi’lx‘)’«iﬂﬂﬂzﬂaiﬂ‘ﬁﬂﬂu’la@l‘ﬂuﬂi(ﬂ‘ﬂi\‘mizuaﬂ LV

mugmsfﬂmamaﬂu 6.4 cm §9 65 cm 131195 2.1 L ﬂ'%mmma:mmqwaamig@%u 15 L Wa

AWEFI 46.6 cm AMNRAL mmzv‘hmuﬂwg@ﬁ"ﬁsﬂmLﬁﬁ@i"mumhuﬁ";Wuﬁ"ﬁéﬁeﬁ”ﬁua‘wl@Tﬁamsg@1
{ UV 6V o aaa a ﬂ; Al a v 23 23 g

Funaliiatin i jAtenumagady aunszismsgadududidisine Maszaiauniniu

mﬂmsg@%umuviaizmm’ﬁuuu AINWN 3.9
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. iadnwaan
| p——
S | |

AINTZN LT IN N

A o @ |1a & = P
NN 3.9 LLU‘]JQ’]Qa@ﬂﬂﬂgﬂimszuu@@sﬁuﬂqﬂl,ﬂu

3.1.12 WUUS188932UUNTAININTININ
o a v a Aaa A > [ 1
WULF88IT2ULNTAITINTNNE NG ma@la:ﬂmnlz«mam:uan Fardun ﬁ(ﬂqﬂuﬂi@ RN

= 3 v 1a o o
aunananeli 4.4 om g9 66.1 9w, 130193 10,053 cm™ maludadniniusradainanemuazni
A 2 A AE o & . & oA a 3
NHIUMIATIAUNTE $1149% 3 TU udazTuiianugs 10 em uaztSan@s 152.1 cm™ ANMAFIVBI
qqll L =) q/ qq: 1 Rt 3
TUGINAWTIN 30 om  UazUTUNaIAINaNTING T YINL 456.3 cm™ NTULLITIVBIAN?

3 4 a 3 o {
muﬁ'ﬂuﬁmm@ 1,000 cm” G9UTTIVOARAILUTNNGT 500 cm AININN 3.10
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ia¥nnwaan

o & A
AINVITUN 1

o & 4
| @InaaTui 2
|

9 < A
AINNNTUN 3

LA3BILAN mmﬂ‘lum 23RN

TRE T - 4
' ' T M s ‘ MTULUITTIVBIAR

Peristaltic pump&11iu
Y o oA o Peristaltic pump
UauMaaiIn W IzuL

FIRITLVDILAR

A ° o a 6 a
AINN 3.10 LUDA admﬂgmm‘s:uummmmw

MINNUEIITLLNTBIEINIW SruumMIedaniizasiatimuuszaasnanduiuylne
&IUN4 (counter current mode) %aﬁ”w%amwgﬂgm”w peristaltic pump N'mviml'n,ﬁ’ngﬁ'aﬂﬁmtﬁ
NNATHE LLé’ﬁvlma%u;j@Tmquﬂmhu@ﬁnma‘ﬁlﬁgﬁu‘n‘%ﬁtm:aghmau slum}:l,ﬁmﬁ'maamm
ﬁmsq‘lum‘ﬁuz@’ﬁudwﬁ'dﬂﬁﬂsrﬁﬁ"lﬁ%'uaaﬂs'ﬁmmi”'mn’lilﬁumﬂwimUﬂyummﬂgﬂg@ﬁw
peristaltic pump L?Tﬂajﬁ'aﬂﬁmtﬁﬁmumam”'mmmﬂfu wa Nz AN UT 89T 19TTRINAINAN
Fau5mil VLaImLaJwﬁ'aVLW@‘TLLwimTW;jﬂﬁwqﬁuw%ﬁ uaiaMItasgaeNITIMNNaald wnIass
Wain fafiniikunIinge H,S i lwapananasunsalmevieszunseuun §1u89Wa7
"l:mamn"ﬁaué‘aﬂmamgim"ﬁuzsaﬁuﬁmmq Wasunsiivaandian LAY NN WA UNA UGS
ﬂﬁnmi’«mmzvﬁ pH fifnlszanm 0.5 dnsvadnalaen uduITIvaIMalwl U3uNas 500 mL

PMNBUINAUITUUGAD

22



3.1.13 21A17GAAIITUURNAG H,S

Aa &< o [ A o< &< LA A o
21A17AAAITIUURIA  H,S A9NIWT 3.11 Lﬁumms‘mmnmagﬂ UIEN 2889
q@lmwﬂssuﬁﬂmﬁu 3100 B1LNDITUE WIRIAFIVAT  MILNDAAGS LLa:Lﬁm:uug@%umamﬁ

LRYITUUNTBITINN

ATWA 3.11 mmsa@@hizuug@%umamﬁ LRYITUUNTAITIAN

%

3.2 9579y

3.2.1 e?ﬁ'sﬁ]ﬁ’agaLﬁaaﬁumaﬁwuwﬁmﬁ"’lﬁamw WRSRNUAITTININ

$MTE1529 N B HLEY uazesssznaufatinn (mswﬁ 3.1) INITVUNAANND
ipraaty Gﬁdﬂizﬂauﬁ"m‘szuu Upflow anaerobic sludge blanket (UASB) Sulfate reduction reactor
(SRR) wazwindug (@i 3.12) 7i uSEn aaaoq@lmmﬁuﬁwwﬁu 0@ a.0uu 8.92

W A./IVAT

ANT19N 3.1 WITALAAT UAZATAATIZR AN B L RULAZANTTININ

wdsuazfagimn wndiaes ehL1eb) 81989
iy
- ﬁﬁlﬁm"ﬁﬁzuu sulfate reduction reactor pH pH meter (APHA et al., 1998)
- ﬁﬁlﬁﬂaamm sulfate reduction reactor COD Close reflux (APHA et al., 1998)
- ﬁ’uﬁﬂaaﬂﬁ)’m desulfide reactor Sulfate HACH colorimeter -
- i{’uﬁﬂaaﬂmn Upflow anaerobic sludge TKN Total Kjeldalh method (APHA et al., 1998)
blanket Total sulfide Gravimetric method (APHA et al., 1998)
- SnaRudsu
- ﬁ’ﬁ]’m Polishing pond
fMwTInIWaN sulfate reduction reactor CH, Biogas portable -
uwas Upflow anaerobic sludge blanket CO, analyzer
0,
H,S Cadmium sulfide (Jacob, 1960)
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Block latex and total industry

\4
m
[9)
IN

» EQ3

Skim rubber

Settling tank

A

Degas

Flare

*----i-- - » Burner

Biogas collecting unit

@;<>

UAS

A

Concentrated latex wastewater

—> Liquid O
- Solid
---> Gas Q

EQ 2 Sulfate Reducing Tank
=N6

Gas sampling point

Liquid sampling point

Pond & Wet

A

land

AN 3.12 STUUNRAMTTINIWINNRUFLVDI UIEN maaqmm%mwﬁﬂmaﬁu 3104
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322 @nwInIian H,S uaz CO, Muszuugaduniail

WisuAoudseAnSawnmsinee H,S way CO, MANaTInw Imm:uug@%umamﬁﬁ'
FNIZANNAULIILNNA @Tmmsg]@fﬁu 4 5 uoni A 1, sodium hydroxide (NaOH), potassium
carbonate (K,COj;) LLa diethanol amine (DEA) ﬁﬂ?ﬁuqufumi@@%u 0.01 0.05 waz 0.1 mol/L ez
AMUFITTEIAIW 0.1 02 waz 0.3 emis (Hinuwrhdanwafadinwidigszuy 019 0.39
W8z 0.58 Lmin) 3ewingmatiussuuiiusatnafafinmuiieiiessiasdlsznaumfif 15 30
45 60 UAZYN< 60 mﬁauﬂd'}msg@%wﬁuéﬁ (WA 3.13 uazan3197 3.2 uay 3.3) Laaw
T H,SIE T U AL NI R aanIN T Uy S9tlsEAnS mwmsnsamaeanseeiin
"L@TﬁﬁmmlugﬂmmLiuﬁuﬁ”wenaaﬂmﬂszumi aﬂmwﬂ]”m]"uﬁ']sﬁﬁmﬁzj‘szuu (Cou/Cy) thB99NAW
WNTUVDI H,S Uae CO, luﬁ"wsn%'amwﬁLﬁﬁﬁi:uug@%ﬂl&iwhﬁ'u duensadan 3 ohia laduwam
lugﬂé'ﬂﬁauiwamaaﬁwsnﬁigﬂg@%u@iamsg@éﬁu AlseANE N ItNaa H,S 100% 22¥in AT H,S al
Twnasivialy (Litfis 500 ppm) Asansaldfatimwiduimdonasld wananitssldls=idu
ANUANNTNTYR CH,  luwfafanmwiisananszuy WaRarsananumanzaslumainldude
WINH (NINNT1 60 %) MIANENTEATE1 AT H,S CO, was CH, 1t 1ade 8,30943,838

ppm 21.45.1U82 76.144.3% uU&1AU

e . i

A. NIATIIABIRLITNALANTTIA W
WA 3.13 M33a H,S uaz CO, Muszuugadumaail
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MTNN 3.2 FNNIZTMINARBITIAG H,S Waz CO, @Twiwugwﬁwmamﬁ

FNILNINARDY 867 MavaIfTEIn N mmn)"m]”um‘:@@fﬁu (mollL)
(L/min)
Ta1 0.19 0.01
Ta2 0.19 0.05
Tas 0.19 0.10
Tas 0.39 0.01
Tas 0.39 0.05
Ta6 0.39 0.10
Ta7 0.58 0.01
Tas 0.58 0.05
Tao 0.58 0.10

WANELAG) ﬁ’]ﬂ’ﬁﬂ@mﬂﬂ@]ﬂ%ﬁﬁi@@‘f&l 4 199

ATNN 3.3 WITALAaT LRATMTIATIER

TaPRtt AAmeTeA LONENTB19BY
ANMUTNTU H,S Cadmium Sulfide Method (Jacob, 1960)
AMULTNTW CH, Portable gas analyzer -
ANMNUTNTY CO, Portable gas analyzer -
qm%gﬁﬁ’a\‘l Thermometer (APHA et al., 1998)

A X o A a = A a A a o @
\WaRugamanasas aalenThamIgaduuazanzidleininmwinieg H,S uaz CO,
F98A TINNITUNUAN gautula iNalglunImasadta 3.2.4
323 MIMAA H,S lNaHAANIATANINAILITULNTINWTINNW
1) MIAIBUAINAN
Aa v -fl/ v s 1 A U 1 =4 A’l‘ a A 6 (%
NWIH A TAINAINEY T2 FaNNTNI (RWMIATITOIRUNILTUND) U
Rachig ring N&a&Iw 8 :1 laaysunas
g & 2 A a6 o A o A
NILA mL°1iaLLazﬂ’]imaﬁgaumwu@’mmaLﬂaaﬂmwsnmalﬂmzuumsmaa
A ° ° A o o A A ) 3 |a \
Frnw nerinlastind RanusnIILRg NIMARDNINIE B0 1 x 1 x 1 cm” a3 3 L W b
HLFIINNITTUIRANTNRATIL1IT Y AZEILTIS Lﬁ'alﬁl,ﬁ@ﬂ§uq§uw%‘§um‘ﬁnma fngiLRaaan
2 fa7 uaziduiudnlna 2 §av g 2 T4 uazldnaIMAaRaaIA TBIA 2 AUAW dInwd
3.14 v‘hmsaiwﬁm"‘mma Wvasn ldanaauanIazagiininia aNuuTw 0.85%  Laatin bl

v ad

3Lﬂiﬁz1ﬁ€°ﬁﬁ@ﬁ;§uﬂ§§ @830 Denaturing Gradient Gel Electrophoresis (DGGE)
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=<

o ’d -.Qi’ ‘: A A ) A o [y i ~ A6
f. fﬂﬁ(ﬂi\‘lL"ﬁaﬁgﬂuﬂiﬂuutﬂaﬂﬂuzv\liqq 3. Lﬂaaﬂqui'ﬂ%ﬂﬂ@]iﬁﬁ!ﬂu'ﬂiﬂ

A a % A o
NINN 3.14 NILETPUAINANSLURENNZNIN

2) @nsn1tda H,S uaznAannIadanin

Wivuiisunauedsee: EBRT,  0aTWYWADUYBIAN (Aerated  Liquid
Recirculation Rate ; ALRR) Wag pH L'%'wﬁumaammmuﬁ'ﬂu AfdatszAninwnsinee H,S
aannnmsdinmweInszuy SB uaz TB muldaniizniags

ms@nsiiinvualyw EBRT (180, 140 uaz 100's) uaz ALRR (24, 4.7 uas 7.1
m/m’h) 1udaul3du (independent  factors) 82l seANTAIWNNITINGA HoS  wazANududy
niaganiInidudiulsany (dependent factor) Favmsenenrinue 3 TANINARLI Ad 7 pH
L‘%'uﬁumawaammmgulﬁﬂulm:uuﬁ' 43 uaz 2 Muay 69013797 3.4 lanld5F Response
surface methodology: RSM lun1saanuuunsneass wazdszifiuna tiendszinnnnsaanuuy
central composite design (CCD) %Gﬁﬁlﬂfﬁ'uaai’mﬂ’f’mm’mE%’m%'ll second-order model
(Montgomery, 2001) F9fgumILaaInMuFUWLS (g3 3.1) R® (coefficient of determination)
gﬂlﬁﬁiaﬂmsmmmmamn‘l,umiﬁwmwaq model ﬁ'gﬂaﬁamniagamimam uaz p-value
Lﬁaﬂszl,ﬁuﬂ’nuamgﬂmaa model §IUNANITTNU3INTaI EBRT Uz ALRR fiddadszinsniwms

1196 H,S ﬁ]:gﬂﬁnauaiugﬂﬂﬁw three dimensional plots
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NIWN 3.4 UNBMINARDY

Coded variables Natural variables
Experiment GRT (s) Liquid recirculating GRT (s) Liquid recirculating
rate (mL/min) rate (m3/m2/h)
1 -1 -1 100 24
2 -1 0 100 4.7
3 -1 1 100 71
4 0 -1 140 24
5 0 0 140 4.7
6 0 0 140 4.7
7 0 0 140 4.7
8 0 1 140 7.1
9 1 -1 180 24
10 1 0 180 4.7
11 1 1 180 7.1

WG NNINAREIN pH VBIRINYWALWITUAUN 4, 3 LAz 2
2 2
Y = b + by™Xy + 0y"Xp + by X 1 + bpoX 5 + bipXi X, + E (3.1)

ija Y = Predicted response (H,S removal)
X = Evaluated parameter (X;= EBRT uaz X, = ALRR)
bo, b4, by by by, by, = Regression coefficients 289LULA8

E = Standard error

Al Y [ A v [ & a 4
maammﬂlﬂumswmaagﬂﬂm pH d1anIalalasnaasniuti 6 N BRINUuIaTy
USNuTaLNg a9an1319N 3-3 LLﬁﬁdﬁfleﬂsl‘*ﬁmuL"’a HWIUIZUUNTAITINW YINmsadanaln Uy
=) 1 v 1 =Y 1 A
lagAsnuanmaliwuaanal Jareandlanasansannnin 2 mgl sﬁwﬂﬂumsm‘luﬁyﬂmzuu
ARDALIAT TEWINNMILABIZUY H,S gﬂaaﬂS?jvl,WE Lﬂum@éﬁ'mﬁﬂaﬂﬁwial,ﬁaa 97 A pH va e
aaadatNIdaLia wm:ﬁdﬁuq@mimaadﬁ fa pH PYaIHRaINAUTZNH 0.5 933979
6 23 = p.i % a 6 ™ p.i (% % % a
avftsznaufedimni masanunanasd naod (A9NWA 3.15) WSauNUATINIG pH (RELIIVREY
ARAAIWILATITAANMNUT NI UTANA WaZ A1 DO VaILHRAI AINTIN 3.5 ¥IN1INaaad 3 TVRNIE
N1INARNBY (experiment)
NITNAALEENFNNITNNANEN NHUTEANTAIWATAT0  H,S LLa:msNﬁ@msWﬁ'avﬁﬂ

Wt AN LaNgIMWMILAUIZULIZELEN (20 T4)
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N. MIAUAIBENITNTTINW U MINTIIAIALITNAUTITINN

F IE!
P 1 W

2. MIAATILH H,S @283F Cadmium Sulfide Method

A = o o A A o & o A
AN 3.15 NIILNUAIDLNNTTININN DA TINABIALTZNAUNTTININ
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AN 3.5 WNINHLAT LRATMTIIATEHA

et et LAY RIGrata ] LONENI81984
ANUTNTU H,S Cadmium Sulfide Method I ADDIN EN.CITE
ANV uﬁ'uﬁ N Portable Gas Analyzer Portable -
qmﬂgﬁﬁawaamm Thermometer (APHA et al., 1998)
pH pH meter (APHA et al., 1998)
TaLWG Turbidimetric Method (APHA et al., 1998)
DO DO meter -

%&I’WULV\@J ATH 2 ﬂ%'a/@@mimaao LRZVNNINGRY 3 BYRN1IZNINARDY

A A A @ < ~
324 MIARITUUNIBITINWTaNAaNUTEUUQATUNIAL
o 4 1 L Qs { =) &
YMIiTandaszuunTaIdInIW AUTEUUQATUNINLAL GINTWA 3.16 LARITULULLNAS
@aLitad (semi-batch) AILEAIZMINARBIN LHIUMIAALRBNINNDD 3.2.3U8% 3.2.2 MUTIAU ¥
nadusznunIasdinaw Mafeenanszuvazgninulilugaiuie mniugaieaingaifiv
fwean peristaltic pump WgrzuUgadunal 1Nafda HS §unandns uaz CO, 321N
a { { ' ot & :‘ { v
naduszuunIastImMwazilfsuvaunaInywiun lall pH aassawinnay 0.5 ainiafld
nnmInaaadazi lrauiuihisnnzuurAafedinw tWed3u pH uddaianldnguion
\ ~ A 2 oA A = AA v o '
luszuude wenanthazilfvuasgaduiiie H,S fleananszuugaduiaiiianududusinnd
500 ppm IEAINMINANBILLAUAIBIWATNIAAL S; S, WAz S; UAzABHIVBINAD
a A = o o A I wn o A A X [ =
nywAsungaiy s, udh liiensdaud@aiansnen 3.6 afuganmmasad (20 34) v
dnaslonzwinesszuunIasiinw ielinmzvsiiagfunidndunannfiunumdraydenis

30 H,S uazHAanIaTan3n snewnaita Denaturing Gradient Gel Electrophoresis (DGGE)
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Air oV S Biogas

S1 ﬁ?%L“ﬁ/’lizuuﬂia\‘l%’mﬂw

S2 ﬁvﬂﬁnaaﬂﬁnﬂRUUﬂiad:ﬁ’m’lw
S3 ﬁ”’l‘]ﬁﬂﬂﬂﬁ]’lﬂi:ﬂﬂ@j@l‘fﬂ%’mﬂﬁ
S4 e

MWN 3.16 szuumaa%amm%amiaszuug@fﬁumamﬁ

NN 3.6 W’]i’]ﬁL@lag ﬂ’n&lﬁLLﬂz’?%ﬂ’ﬁ%Lﬂi’?ﬁ”ﬁ]ﬂdﬂ’]iﬂ@ﬂadLauizﬂﬂﬂiﬂd%’]ﬂ’]WL%ﬂN@iaiz‘u‘u

qafumaind
wndieas MR anwilwmadieseyt LONF1IB1989

AT H,S Cadmium sulfide 1 %3/ (Jacob, 1960)
ANUTNTY CO, Portable Gas Analyzer 1 ﬂﬁzx‘]/fu -

Portable
ANNLTNTY CH, Portable Gas Analyzer 1 ﬂﬁzx‘]/fu -

Portable
pH Ya3Lt1Kad pH meter 1 ﬂ%\‘i/i‘u (APHA et al., 1998)
TaWa luuaIAT Turbidimetric Method 1 3935 (APHA et al., 1998)
aanGlauazanaluuaanm DO meter 1 @393 (APHA et al., 1998)
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Urztiudsz@nInnn13niae H,S LLa:mswﬁmﬂméﬁmﬁﬂ ANDAIUAUNUNTLAUITUL
A A ' =< A A o A A o a A [
nisiinwidendasuugaduneiidalIunasiatinn ez lUuSpuisunusanwes
dq‘ a L= a dl v 1 &~ Q
\Tainda uazniadaniniiltarlulagiiu
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UNN 4

a 6
HANIINA[DILAZIINTO
4.1 ﬁnmﬁagaLﬁaaéfmﬁmﬁ'mzuuﬁ'lﬁ'ﬂﬁ"uﬁﬂLtazw'ﬁmﬁ'w%'amw

UIHN aaaaqmm%ﬂssummﬁu $N@ Lﬁuﬁwﬁmﬁﬂmaﬁuuazmmm lunszuauny
a 1 0“4/ L) v A :’ a & = 6 a a ¢ Aa v A vAa aqz' o % :’
wamma:muvl,@mal%mcﬂmLammuaoﬂﬂs:naumsaummge N19USENI LafaasTzuuinain
' s a 6V & v .
WRETINNUILVUNAIAMTTININ TIUT2neaue8 Sulfate  reduction  reactor (SRR)  Upflow
anaerobic sludge blanket (UASB) uazia1iintiandneg 120U SRR uaz UASB (9NN 3.12) 1w
RIUNRATTTINTNNTURNLFYIINIINNITLUIUNITNAANIANG LLﬁiﬁl%ﬂﬂ@ﬁﬁL%zﬁﬂ’]ﬂ“ﬁﬁ’ﬁ
1 s s a d'l a v a a s s Ajl/ ai v g' a
polymer SaunALUNIATANIN Lwaa@ﬂimmmﬂ‘*ﬁmmavjsﬂlumiﬁmmLuamoﬂmﬂmﬂummﬂ
a :/ v A { v 1 a 1 = o g/

NNITUIBMINRAUNL9TY TI89N e 138N37 89aAN 8819 13Aa1N 3INNIIFITIFNL AL
LWRE LRz ANWN 4.1 BLATANTIN 4.1 WU UFLINNVUADUNRIA RN NUDINTZUIBATHAR
g/ v 1 1 v cl) & v Qs =) b U 1 ~
o9ty 967 pH Aaudnidn (5.2) TexeanaadnuUINTANAANAS 2,067 mg/ll a9 lsh
A3 LUANANINTNLRLINNTZUIWNNINAG LA 8N A WTITZULNAANNTTINN WUINATatNa s

aadtd 130 mg/L

‘ L

] ' a & oy Y & ' A & g
f. ﬂ’]i’)Lﬂiﬂ:WﬂﬂdLLmluu’m\i 3. MIATIEn TKN 1%%’]7]\1
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%, NINTIIAIALTENAUTTTIN W

AN 4.1 MIETIVYUNNINTY LRSI TTINTNINNTZUUNAATNTTINN

AN 4.1 ANV NRYINNIUUNAATNTTINN

Sources pH COD TKN Sulfate H,S
Skim serum effluent 5.20 30,133 1,073 2,067 54
Influent of SRR 5.82 6,160 383 130 31
Influent of UASB 6.81 4,373 401 77 35
Effluent of UASB (1) 7.42 432 406 11 63
Effluent of UASB (2) 7.41 672 418 9 47
Effluent of UASB (total) 7.50 600 387 5 59
Pond 8.69 128 10 36 1
WANELNG (1) YJﬂW’]‘E’]ﬁL@Iaﬂ"ﬁﬁﬂ’m mg/L &nii% pH

A 1 A I3 (e ' Aa [ &
(2) eNULFAILDUANRRIINNNTALABENT LAZILATIZA 3 AT
Lﬁaﬁﬁnsmwﬂs:ﬁﬂ%mwmaam‘sﬁﬁ'@msﬁuﬂ‘%ﬁ‘lugﬂ Chemical oxygen demand (COD)

LAZNIITNAATALNG WU S2UU UASB  §15e@nTAwn13inaa COD LLa:Gﬁ'aLW@lga a8y 89
LaZ 96 MNEIAL (AN319N 4.2)

34



AN 4.2 UTeANTNINWNIIANIA COD WAz TaLne

% Removal
Operation unit
COD (mg/L) Sulfate (mg/L)
SRR 27+15 408
UASB 8616 9416
Overall 8916 9614

fadinndldannszuunaafmeianwg H,S mmL?T&Jql”uf,guﬁaLﬁwﬁ'uﬁ"w%’;mwﬁ
wﬁmfmi{wLﬁmﬂﬂdg@aﬁ%ﬂiiuﬂsanwﬁuq s ninFfdnszuunaamotinn Seunas
°naaﬁﬂaﬁueﬁ%}u%aLﬂuﬁ%?«umnm:mummﬁ@maaﬁuﬁﬁﬂ%mmsﬁam@lqo meﬂfﬂm%mﬁﬂ
Fofidanaduosdtsznoulunszuanmnaansiy luadalssnuldlinsadaninidussive
1ilaens (rubber coagulant) ¥inlsdUsanmsaaandsluinaingsy 6,270:453 mgiL (Isawn
wanafs, 2551) Wansuinafvdsunuindsannsuiumsau g nmeduindsiuiataudh
srUUNAaMTTInnAS T aiduesfsznay 1,819+483 mgll  (Saritpongteeraka  and
Chaiprapat, 2008) Iuamaz"l;i”mmﬂsﬁ'aLW@G‘fiaﬁfmﬁﬁﬁLﬂué‘s%’uﬁlﬁﬂmaué’aq@ﬁwsl (electron
excerptor) azgﬂ%ﬁ’;ﬁﬂu H,S I@mmﬂﬁﬁﬂumju Sulfur Reducing Bacteria (SRB) 4 H,S et
fanuitutu 10,986-17,161 ppm (Isa1wn wanafia, 2551) 1luinda Methanogenic Bacteria @9
Lﬂuqﬁuw%‘ﬁmjma@ CH, @iamI‘saom"L@Tﬂ%'uﬂgaﬂszmumswﬁmmaaﬁuﬁwmﬂfmﬂwﬁma‘?
i'qun”umwﬁ'avﬁmﬂumﬁm”’sLf‘tamuﬁamﬂ%mmﬁ'mﬂmluﬁﬂLﬁmaﬁué‘ﬁ%}u ARAIWINLELTIL
wusaaluwinaindsudenanastass: 71 wmdesdsinmsaaandislwinafugsy 1,800
mg/L ezt U TINA WA T UUNE AR TN 130 mg/L (@Wiﬁﬂﬁl 4.1) lAdSana Hs u
Aa TN WANEAINIZUL UASB Uaz SRR aAadinae 10,556+ 1,464 Was 11,22041,503 ppm

o @ A s o PUEY ° Yo ¥
ANUIAL (913NN 4.3) mmagaw%mnmsmma VL@’I‘H"IN"ISL“U'JW\‘]LLN%T]'WT’I@IEIQG

P & o A 1
ANINN 4-3 E]\‘iﬂl]‘izﬂ UNTTININ

Operation unit
Biogas (%)

SRR UASB
Methane 77.5£2.9 75.612.1
Carbon dioxide 20.942.9 22.942.0
Oxygen 0.31£0.1 0.31£0.1
Hydrogen sulfide (ppm) 10,556+ 1,464 11,220+1,503
Other 1.210.5 1.210.7
‘HN’]EJL‘VWJ 1@’]“7].&&@1\‘1Lﬁ%ﬂ"]Lﬂﬁlﬂﬁ]’lﬂﬂ’]ﬂﬁﬂ@ﬁaﬂ’l\‘i LLE\]Z%L@?’]ZVT 3 ﬂfﬁ‘]
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NIMINTBTIAUNATNE® 2552 — WHBANAN 2554 GIATWN 4.2 uae 4.3

WUINFETINIWAINTZUD SRR Jenannuidudi H,S 1ads 6,078+2,691 ppm CH, 78.6+3.6%

CO, 15.8+5.3% O, 0.4£0.2% Wazdue 5.1£3.4%

20,000
.
16,000 .®
.
T 12,000 - %
a . .o
o
N o ot . “
.
N 8,000 4 e AR RS ¢
T o :so i 0’0 L PR s "
* % % *a® 0..0.0’ ”’so:: 0~.’ * “0’:
4,000 - T -
. ® PS - .
P *0
0
0 20 40 60 80 100 120 140 160
Time (day)

¢ H2S (ppm) — Mean

MW 4.2 @NUTNT H,S Tufadiniwainszuy Sulfate reduction reactor

LAOUNOATNEY 2552 — W BNAL 2554

100

S u AS A L o N
s * AMH*‘“‘““M‘AA% A v
2 60

[o]

Qo

£

S 40

7]

©

[o2]

9

m

20

80

Time (day)

A CH4 ¢ CO2 ® 02 X Other

160

MNN 4.3 a9n1sznaufnsTinIWNNRaa1NI2UL Sulfate reduction reactor

LAOUNOATNNEY 2552 — W BNAL 2554
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o
o o K

dl v v a 1 dl ] v v
LAIINNANNULVNYUVDY HoS Wz CH, Nﬂ']vl.llﬂx‘]‘}’l JBWAY LUV LTU YWD

v

[ 2 a 1 =S o A
avntsznaufeiinwide 3 T9289MIANET A9

(1) MINAFBILAUITUULAN AN NTW H,S 8,309+3,833 ppm CO, 21.4+5.1%
CH, 76.1+4.3% ) A9 WA 4.4 Uuas 4.5

20,000
16,000 | A\‘
E 12,000
-
2
(7 R I A VS V! SRR W ,
= 8,000
4,000
0
0 5 10 15 20 25 30 35 40
Time (day)
—€— H2S (ppm) Mean

N 4.4 d5anm H,S Tuiadinwannszuy SRR Taadaungeimen 2552 fi nUAWUE 2553

100
;\? 80 “h A A—A—“ A A
- Aa A WM-
% 60
o
Q.
£
S 40
[7/]
1]
g
a 2] W
0 5 10 15 20 25 30 35 40
Time (day)

—A- CH4 @ CO2 ¢ 02 X N2

MW 4.5 3adsznaumadinwanszuy SRR TR auwngaImen 2552 114 qumw‘”uﬁ 2553

(2) MINARBILAUTZUUNTBITINN N LAINNTTVUNAAATTIAIWTAN61n3N

2 A A a ) @ - ) o q wad o
NIIANBINNIBNN Luaamﬂm@ﬁlu@ﬂlummuﬁ 2554 TIDUTIVAININARDS ‘Yl"ll‘ﬁﬂJ%’]El’N"ﬂ%ﬁ

U
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NFEUAUMITHAAGN 6395 TUT29MINAaaIsUUNTasTInwA pH 2 59ldsaasew H,S nanny
fatininilaain SRR inaltlunimeass vinldlasrsanututwaasnimasas da H,S
6,395:2,309 ppm CH, 79.8+2.5% CO, 13.8+3.1% aanian O, 0.5:0.2% uazan e 5.9+2.8%
FINMWA 4.6 uaz 4.7

20,000
16,000
_ ‘e
€ 12,000 ‘s P
2 L It
~ o ®, * ¢
0, . * * * e 0,
T 8,000 Q.’ TN P v'~ *» ” K x> PR .
3 “"”0 et e 2 O .
» ¢ o L
4,000 . X e c:r PO
*
0
0 50 100 150 200
Time (day)
¢ H2S (ppm) — Mean
MW 4.6 ANUTNTYH H,S Nlglunmasasssuunsastrnw
100
> _AA AA
E o0 (AN A L i by s
S
3 60
o
Q.
£
S 40
8
[=2]
o
g

0 50 100 150 200

Time (day)

A CH4 ¢ CO2 ® 02 X Other

P & > A Al A
NN 4.7 239320 aﬂﬂqsﬁﬁaﬂqullﬂuﬂqiﬂ@aE]\‘]izllllﬂia\‘]?j"]ﬂ’]w
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(3) MINARBILAWITTUUITTHZENN (20 %) lEMadinwsaazi Safiannu

\TNTU H,S 6,538+1,582 ppm CH, 80.2£0.9% CO, 14.141.8% O, 0.4+0.1% Uazdu¢) 5.3£1.5%
(ﬂaE]@]ﬂ']i“/]@aa\‘iﬂgx‘iﬁN@ﬁvﬁeﬁ%’lﬂ’]WﬁIvLﬁﬁﬂﬂ‘RUUNﬁ@]ﬁ"]‘ﬁ%’)ﬂﬂw LLGZ’%]’mﬂ’]ii%’\‘iLﬂi’Tzﬁﬁ
AMUTNTULRAY H,S 6,69042,648 ppm CH, 79.2£3.1% CO, 15.0+4.4% O, 0.4£0.2% Wazdu¢

L { é v v { 1 o a a a
5.3+2.9% GINTNN 4.8 LAz 4.9 GIi\‘]Li‘j%ﬂ’ﬂ&lmQJT%ﬁVLSJu’ISJ{L‘]ﬂuﬂ'WiﬂizL%Juﬂizﬁ‘ﬂ‘ﬁﬂ’]‘W‘IJa\‘]
2UY

20,000

16,000

12,000 | %% % -

H,S (ppm)

*
* *
8,000 - E 3K 0"‘ * ..0

* *
4,000 DR FRRUSL X2 PP “ . *ee
000 oo TN e R A

0 50 100 150 200 250

Time (day)

¢ H2S (ppm) — Mean

MW 4.8 ANUTNTU H,S N ITlUN1INaasInInia

100

Biogas composition (%)

0 50 100 150 200 250

Time (day)

A CH4 ¢ CO2 ® 02 X Other

= 6 &V ) Al &
NINN 4.9 a\‘]ﬂﬂizﬂaUﬂﬂTﬁﬁﬂWWﬂlﬁuﬂﬂiﬂ@a?NVNVI?J@’I
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' = ~ @ Yo o a AA o ~ v 2 o
At bIAaN luﬂﬁ]ﬁ;quwmﬂmmmmmmw nifadimuginiifesaz 60 Gadl
AN MWRINITD LTI T T oW RILNN TN R AT NTa W N 8 U819 RN T UIUNITHAA DIV ILAS
P1IRAN UENUINENANIONALNY LPG teiNesiseunmsasas 20 wa3dSunns LPG AlTniviua
A v o A \ A I o o o (% A & a
\aannanudutused s Hd1gendt 500 ppm Fududrinuaniludmniviaiassududa
1w ﬁﬂﬁfﬁ@;LLa:qﬂﬂmfﬁLﬂuiamgﬂﬁ‘@m'ammﬁ@mwLﬁﬂmm Lib99n 1 kLN I e
Finm H,S  gneandladnansidudainaieanladluimdunilevnduesdsznansudas
UUYNITUIBONFUTIIIMANBRENa AN IToNianasauiisam dew point  vilwdainasd
=Y 1 K a & Q‘Qf 1 U 1 @
aanladiianimivusunaeidunsadanindefigninanieuaitsanuifonisuniaguas
aqﬂmtﬁﬁl,ﬂuiam nvdaaddasmann lnindgainaslaaan ladiiduasdlsznaudginaliing
= = ~ A { o ' o a
gnzdunse Gadunisludymuaieniseimansinansznuluianideaninmiaseay i
anflunisnandaufedosine Aonananisinuas wiawlinzisdinansznudagunInaway
& o ' A o v o v
uanNh H,S Hidsnansznudaguninlanass Nizauanudutulszanm 600 ppm winldsy
wnnin 1 Tls naduauanufundiale (Wang et al., 2005)
AIBBNIMTQ H,S dinsdanaudman TumIsassunInaanasanuadis (waste to
energy) ialtnaununasnunan dldgnisaadununisnialugasnnssuiionsdu uas

q@&’mm‘mﬁuq ARDAIBRANANIZNUAUFILIAF DY
o ¥ =T =1
4.2 n13n19A H,S waz COo, ﬂ?ﬂﬂﬁ?@ﬂ‘ﬁ&lﬂ’]dtﬂ&l

WisuigudsAnSnwmItisa Co, uaz H,S lufadann sznitenisld tin NaOH DEA
U8z K.CO; tilum139ad fsasmsinavasfasinin 0.19, 0.39 uaz 0.58 Limin (@Nu5fnes
F1A W 0.1 0.2 WAz 0.3 cm/s 38 mass H,S loading 95.56, 196.6, 292.4 gHZS/m3/h (89.94,
185.04 Wz 275.2 gS/m /h AWEIAL) ey 3,192.7, 6,553.5 9,746.19 gCO,/m /h aNRIGL) waz
ANuTuTuaImnIgada 0.01 0.05 waz 0.1 moll Uswas 1.5 Fas luwuudaasdalfnaol

=< ~ Ao &
iz‘uug@m&lmam&l Namiwma\mm@]avlﬂu

421 mM3AA H,S ez CO, @280
Usz@NnTnwnsiaa H,S waz CO, et uaz CH, Ngnaada (NWh 4.10 14
4.11) Suwildunilounu Aedsza@ninwaaasatdaiiies iaidiunan1sgady aunszvisings
A o . . A | @ A o oA A o o
900U (absorptive capacity) td8 Co/C, WAL 1 uanaNRSInudulaiindan nafes

) o 9/2‘ = a A =S 1 [
TININ ’i]z“(l’]l‘ﬂ%’]&lﬂiza‘ﬂﬁﬂ’WWﬂ’]'ﬁﬂ@]‘ﬁMa@ﬂdQEJ’NTN]L‘S’J
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CO, out/CO, in (mol/mol)

1.20

=

o

o
|

o
o
)

»S out/H,S in (mol/mol)
o o
Iy (2]
o o

H
o
N
o

!

0 20 40 60 80 100 120 140
Time (min)

- Flow rate 0.19 L/min - Flow rate 0.39 L/min -4 Flow rate 0.58 L/min

MW 4.10 Y3zEnBAwnsinaa H,S @aetin

1.20

[EEN
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o

|

o
o0
o

o o

N o

o o
| |

o o
o [N)
o o
L

20 40 60 80 100 120 140
Time (min)

o

- Flow rate 0.19 L/min - Flow rate 0.39 L/min -4 Flow rate 0.58 L/min

MWD 4.11 UYseEnTawnsinam co, @i
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1.20

= 1.00 —— =
£
é 0.80
=
= 0.60
I
@)
3 0.40
T
© 0.20 |
0.00 - T T T T T T
0 20 40 60 80 100 120 140
Time (min)

—& Flow rate 0.19 L/min @ Flow rate 0.39 L/min —& Flow rate 0.58 L/min
WA 4.12 UszAnSmwmIise CH, e

A o . K o ¥ e o =
wanINHIIWLN CH, anaadudieviiigwnis Wi CH, azlianuaunnazaie
luaaanar ladnin H,S wae CO, (Henry's constant H,S = 550 CO, = 1,510 CH, = 37,600
3 4 o o ' & o .
atm.m /mol (Metcalf and Eddy, 2004)) aINTTHLI AN FNKEIZHINNIN ez (contact time)
(7.89 3.85 WAT 2.59 min NEAIINNT AAMNTEINIW 0.19 0.39 Waz 0.58 L/min) Junwaf CH,
sanInthelonanatngiuveadnaild
=2 YRR K AN o @ oA Y
PNHWANIIANTN agﬂ"l,mwmLﬂumsgmmvmmm‘mmw H,s ATANNENTY
H ' g o = o Ve A AN oA o v & ¥ = A
d1n1 500 ppm  wanIINREIQATU CH, AT BTININN IAAATNRINUAART AIHs 11139 1aif
mwmm:auﬁﬁ]ﬂﬁﬂumig@%uh&mu:ﬁﬁnmﬁnm 289 l5AaN MIANLTIalUuIzULAY
a 6 A a a o o O v 1A v Y [ 4:3/
Uinyal iluuwinmaiaudsz@niniwnsiiantlalasiausa Ine Lo AN AUN UG UNRINHFITY

A8l

422 MIQaTU H,S uaz CO, dtl NaOH
MIRNIA H,S Uz CO, §8 NaOH fianuduti 0.01, 0.05 ua 0.10 mol/L uas
sam3lnafmodainin 0.19, 0.39 uaz 0.58 Limin  WaNISANMNGINIWA 4.13 19 4.15 NaOH
mmm@@%ﬂﬁﬂ% H,S &% CO, s'fiamil,ﬁ'ummLiuﬁuaﬁsg@%wﬁéfmﬂmLﬁmﬁu s WA
UseAnSnwmssnsamoviaes melugﬂé'@mui@sﬂwamaaﬁ”ﬂsﬁﬁgﬂgw‘ﬁu@iaaﬁig@%wlﬁui‘fu
nENIfe NAMUTRT 0.1 molil ﬁﬂi:ﬁwﬁmwﬁﬁ@ﬁwﬂ%aaa"lﬁgaﬁq@ FOAARBINUNIANEA

289 Georgiou et al., (2007) G3lald NaOH Lﬁumig@%mﬁaﬁﬁ'@ CO, AMULTUTY 10£0.5%
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wudﬁmnﬁ'wmmLiuﬁuaﬁg@%umﬂ 0.1 mol/L 1ilu 0.25 mol/L azvilianumuiIaluniiga
FuAnan 2.6 1w 7.0 Loy/L.p, fioastiwasine 1 Lmin

wonINNAMIANEBASIREINUE NI MsaasaM T lrafaEanIwaan 0.58 Lmin
1% 0.19 Umin 2z lwdss@nsnwnmsiduszuuiiering H,S CO, WA TNIFed LANDY 1.08,
6.14 U8z 4.79 LY AWEIGL GITH ama:ﬁﬁﬂizﬁﬂ%mwgaﬁq@ﬁa ﬁm’mtﬁuﬁugaq@ (0.1
mol/L) LLa:é'mn"Lmﬁ']q@ (0.19 L/min) §et28t@uszuy 5 hr 16@31 mass loading 189 H,S U8z
CO, WAL 95.56 gH,S/m’/h Was 3,192.7gC0,/m h awusay (Ut uduads H,S 8,309 ppm
Wae 21.4%)

1.00

0.80

0.60

0.40

Absorpted gas/NaOH
(mol/mol)

0.20

0.19 0.39 0.58

Biogas flow rate (L/min)

B H2s B8 co2 Fd H2s+co2

WA 4.13 M3f30 H,S Was CO, #28 NaOH 0.01 mol/L
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Absorpted gas/NaOH

Absorpted gas/NaOH

(mol/mol)

(mol/mol)

0.80
0.60
0.40
0.20 T 7
0.00 : A
0.19 0.39
Biogas flow rate (L/min)
B H2s B coz BAH2s+co2
mwﬁ 4.14 M31130 H,S uaz CO, a1e NaOH 0.05 mol/L
1.00
0.80
0.60
0.40
0.20
0.00 - —JE:

Biogas flow rate (L/min)

M H2s B co2 Pl H2s+Cc0o2

WA 4.15 M3f30 H,S Was CO, #28 NaOH 0.10 mol/L
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423 MIQaTU H,S uaz CO, §18 K,CO;

MIMsa H,S Uz CO, &1 K,CO; NT29ANMTNTM 0.01, 0.05 waz 0.1 molil
wazaa M lnamaTinIn 0.19, 0.39 uaz 0.58 L/min WANIIANBAGININT 4.16 f9 4.18
K,CO; mmm@@%ﬂﬁvﬁi H,S waz CO, %qﬂwiLﬁuﬂawwLiuiumig@%uﬁé'mﬂﬁmﬁmﬁ'u 2
ﬁﬂﬁﬂszﬁﬂfmwmiﬁﬁ@ﬁ’vnﬂ%aadlugﬂ é’@dauimﬂiuamaaﬁ”ﬁmﬁgﬂg@%u@iamsgm%mﬁui‘fu
nEIfe NAMUTNTH 0.1 mollL ﬁﬂizﬁﬂ%mwﬁﬁ'ﬂﬁ”ﬂsﬁﬂ%aaﬂﬁgaﬁq@ wanINHEINUEN
AIANBAITINT AATMTTIAINAN 0.58 L/min 11 0.19 Limin 3evn iU se@nTaiwnsidussuy
Warsa H,S CO, uazfamiamad 1iNudn 5.26, 4.62 Uas 4.68 111 MNEGU 63504 AR
ﬂ‘s:ﬁﬂ%quaﬁq@ﬁa ﬁ'mwmﬁuiuqaq@ (0.1 mol/L) LLa:é'msnvlﬂaﬁwqﬂ (0.19 L/min) @28L78"
2.8 hr 188371 mass loading 184 H,S uaz CO, Winl 95.56 gH,S/m /h was 3,192.7gCO,/m /h

MNBAL (mwmfufumﬁiﬂ H,S 8,309 ppm uaz 21.4%)

0.80

0.60

0.40

Absorpted gas/K,CO,
(mol/mol)

0.20

0.19 0.39 0.58

Biogas flow rate (L/min)

M H2s B co2 B H2s+co2

MW 4.16 MIT9A H,S Waz CO, 728 K,CO5 0.01 mol/L
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R e e

0.80

0.60

o o o

< N s}

o o o
(low/jow)

€00%j/seb paydiosay

0.58

0.39

0.19

Biogas flow rate (L/min)

B H2s B co2 ¥l Has+co2

0.05 mol/L

K,COs5

el

,S Uaz CO,

16 H

NINN 4.17 N1INIA

]
=

s
i
L
s

A A AR T

DUDBDBON

5
P
ok

0.80

T T
o o o o
© < N o
o o o o
(Jowy/jow)

€00%j/seb pajdiosqy

0.58

0.39

0.19

Biogas flow rate (L/min)

M H2s B co2 Pl H2s+co2

0.10 mol/L

K,COs

e

,S e CO,

a0 H

MNN 4.18 N1INIA

]
=)
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424 mMI9aTu H,S uaz CO, 1 DEA

MIMsa H,S uaz CO, @28 DEA f1T29AMuauT 0.01, 0.05 waz 0.1 molil
L83 ImamodInIn 0.19, 0.39 was 0.58 L/min NANIANBIGINIWA 4.19 uaz 4.21 DEA
mmm@@%ﬂﬁwg@ H,S uaz CO, %dnmﬁumwLiuﬁumi@@%uﬁé'mﬂmLﬁmﬁ'u Q¥
ﬂs:ﬁw%mwmsﬁw”@ﬁ”wwzdaaalugﬂ é‘@d’guimiwamaoﬁ”ﬁsﬁﬁgﬂg@%u@iamsg@%mﬁ'w%u
nEnIfe NAMUTRTR 0.1 molil ﬁﬂizﬁw%mwﬁﬁ@ﬁwﬁiﬁaaaiﬁgaﬁq@ wanaNfgswuanin
AIANBAIINT AATTTIAINAN 0.58 L/min 11 0.19 Limin 3zvinlwUse@nTaiwnsidussuy
Warsa H,S CO, uasfavismadlRuds 0.96, 1.22 uas 1.19 Wi MNEGU 6350 AR
ﬂszﬁﬂ%mwgdﬁq@ﬁa ﬁmmvﬁmﬁ"uqaqﬂ (0.1 mol/L) LLazé'mw"Lm@"hq@ (0.19 L/min) @818 1
hr 8@ mass loading 789 H,S Was CO, L¥INTL 95.56 gH,S/m/h uaz 3,192.7gC0o,/m /h
MNBAL (mwmfufumﬁiﬂ H,S 8,309 ppm uaz 21.4%)

0.40
030
<
Ll
a
h =
© [e]
> £ 20 A
o) o
g g
o
(%2}
2
0.10
EERES
0.00 S //A

0.19 0.39 0.58

Biogas flow rate (L/min)

B H2s B co2 Fd H2s+co2

Al 4.19 MIM30 H,S uaz CO, &g DEA 0.01 mol/L
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Absorpted gas/DEA

Absorpted gas/DEA

(mol/mol)

(mol/mol)

0.40

0.20

0.40

0.20

Biogas flow rate (L/min)

M H2s B co2 A Has+co2

ANA 4.20 MIMI90 H,S uaz CO, &g DEA 0.05 mol/L

%

Biogas flow rate (L/min)

B Hos E co2 A H2s+co2

MW 4.21 n3sa H,S was CO, @28 DEA 0.10 moliL
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425 Wisuneunsiiam H,S was CO, @28 NaOH K,COs; uaz DEA

frﬁLflumigWfiuﬁvlajﬁﬂizﬁﬂ%n’]w‘mﬂﬁmiﬁﬁ‘@ H,S #uanI9ada  NaOH
K,CO; ez DEA Wudﬁaﬂn:ﬁﬁﬂszﬁﬂ%mwgdqﬂlumsﬁﬁ@ H,S uas CO, wiaunu fafi
mwmfwﬁumig@‘fﬁu 0.10 mol/L U@z 8AINNT AAMUTINIW 0.19 L/min ( mass loading 89.94
gH,S/m/h uaz 3,192.7 gCO,/m Th W3aaMISITTINIW 0.1 cm/s NENNIZUTIAK 1 atm) 1iie
uﬁsmLﬁﬂuﬂszﬁﬂ%mwmaam‘sgwﬁwﬁ 3 e G3a15197 4.4 WU NaOH S1szansnniisa
H,S Uz CO, 373 0.84 mol/imol,y, Twiasn 5 Talus "%Gfﬂdﬂ’j’] K,CO5 Laz DEA Uszanmh 1.2 LAz
2.4 15 audey F981szANTW 0.68 Uaz 0.35 mol/mol,,, ANEIGTL (AMNLTNT LT TZ U
1a88 H,S 8,309 ppm Waz CO, 21.4%)

mslE NaOH shsgnzfidansainatn sansaddszansnmnsmsa HyS e
100% Indidssnuldansgada Fe()SO4 1Tudu 1 molll (pH 6.7) fAanusifie 2 cmis §
U3ANnBnw 99% Tun3msa H,S 1udu 10,000-40,000 ppm (1-4%) (Ter Maat et al., 2005)

M3l3 NaoH dilldunuaiiad (1.26 Baht/m®) §1n31 DEA uaz K,CO5 U3anme
8 uaz 15 LY auaau a'auﬁﬂLﬁumi@@%uﬁvlajmminﬁﬁ'@mﬁ?ﬂ%aaﬂ@ﬂﬁﬁmwLﬁwiu@ﬁwniﬂ
500 ppm ﬁ'fidLflu@hLLuzﬁ’]ﬁ’m%‘ULﬂ%iawm‘ﬁmvlmﬁ'3ovlajﬁmwmmzawﬁﬁ]xﬁwuﬂumi@@%u
1584

AN 4.4 ﬂs:ﬁw%mwua:ﬁunumsﬁﬁ@ H,S waz CO, lufMewdinw

Absorted gas/Aborbent

(mol/mol)1 Time'  Volume gas Absorbent cost
Absorbent 3
@ 100% H,S removal (hr) (L) (Baht/m  biogas)
H,S CO, H,S+CO,
Water - - - 0 0 -
NaOH 0.050 0.79 0.84 5.0 57 1.26
K,CO, 0.076 0.60 0.68 2.8 32 18.75
DEA 0.031 0.31 0.35 1.0 11 10.64

Note 1At biogas flow rate 0.19 L/min and absorbent concentration 0.1 mol/L
2Comercial absorbent cost ; NaOH 12 Baht/kg (0.48 Baht/mol,,), K,CO; 29 Baht/kg
(4.00 Baht/mol,ps) and DEA 49 Baht/kg (0.78 Baht/mol,s).
30.15 mol of absorbents were used (0.1 mol/L x 1.5 L).

4Operation time @ 100% H,S removal.
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426 ANULTNTH CH, ﬁmumi@@%uﬁw NaOH
=3 3 v 1 =3 nid A A dd‘
NNWANIANHNTI96U WU NaOH  iduansgaduniidszfininndfga luns
o v & P & o a A o o v o '
13014 H,S WAz CO, 11484310 CH, LuadAUsznaufMagInWARWAINY AN NTUIINATIN
60% ANNzENERSUITIT T WAINAAANNTEU AINUAITLATUM TS AUNANTENUINNANT
[ L (27 Qq: v dl =3 1 dl =} v v QI J 1
AN TNIRDIAE NN 4.22 019 4.24 WUIT CH, NBBNINNIZULAANNUTNT WL AN DU N
TALAW LUBLANANULTNTY NaOH 3711 0.05 LJ% 0.10 mol/L  LUaRINTMNANNTNT UV
NaOH 0.1 molL uaLa@s1AameTIAIW 0.19 Limin  (LAuszuy 5 Talud) Taduan1izni
Use@NnTn W H,S uaz CO, giga uazlidunuasaldnnga cH, Neananszunlenuidudugs
AINNeanINNTTUUUTENN 5% LUT9aLauszuy 150 w1 Usziduiduanuindunaanain
JYUU 82.8-84.5%  WINHILARITUUGRIUAS 300 wfi (5 T2LN4) v lkanuduTuanad
Uazanm 5% dezfiwduanududuaanainizuy 75.0-76.5% wiiazifanmagyiioiinuily
| a ' R X ' P2 A A o
FRImMuduszuy udanuidudunlasfidngondt 60% Fannisswafiazinllglunisen
gl
WIINAUNWMIAUIZUUANA  H,S @Tam‘:uuLﬂﬁﬁ]:ﬁﬁunugaﬂdﬁwu%amw
i ' = A o v a A a H !
(Devinny et al, 1999) atslafianu szuuiafivhldifensgaifefiimudinirszuuniaimis
{ L3 é 1 v U U U v Qs 1 23
FAaWNlTINANEN TINLTIN H,S 152 UUAIANNENTY 2,235 ppm G aaAEIRMIND
FanWedaa1Ma 1: 4 TTUUNITBITINNRINITORAANNLNLY H,S waz CO, ba@innin 500 ppm
WAANNLTNTY CH, NANRIAILAWIAN 8.0% (Chaiprapat et al., 2011) ldguai i lnaile

azhwj"mh

1.20

1.00

0.80
‘

0.60

0.40

CH, out/CH, inlet

0.20

0.00

0 50 100 150 200 250 300 350 400

Time (min)

—&— Velocity 0.1 cm/s —@- Velocity 0.2 cm/s —&— Velocity 0.3 cm/s

AN 4.22 RAFIBAMULTNTY CH, 8an/T132UU NANNTNTW NaOH 0.01 mol/L
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CH, out/CH, inlet

CH, out/CH, inlet

1.20

1.00 :;‘%\.

0.80

0.60

0.40

0.20

0.00
0 50 100 150 200 250 300 350 400

Time (min)

—&- Velocity 0.1 cm/s —®- Velocity 0.2 cm/s —& Velocity 0.3 cm/s

MNA 4.23 FAFIUANNTNTY CH, 90NAT132UU NAMNTNTH NaOH 0.05 mol/L

1.20

100 M\A

0.80

0.60

0.40

0.20

0.00
0 50 100 150 200 250 300 350 400

Time (min)

—&— Velocity 0.1 cm/s —®- Velocity 0.2 cm/s —&— Velocity 0.3 cm/s

AN 4.24 RAFIBAMULTNTH CH, 8anN/AT132UU NANNTNTW NaOH 0.10 mol/L
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]
=

934 NaOH ﬁuﬁumig@%uﬁmmzauﬁq@ falSoufinuny K,CO, DEA wazin 7
mmsnﬁﬂﬂiﬁﬁaﬂ%“uﬂgaqmmwﬁ"ﬁﬁﬁ%amwﬁﬂuﬁmﬁdL%'aﬂu uazwasu luszuumigada
59i@ bubble reactor nMeldnNuaRUTIITNA Agn1zeaT lnafoEIn W 0.19 Umin uazany
LN% 0.10 mol/L %aﬁamﬂﬁiwmi@@%ﬂmj NN g MIAUIZUY 5 Falus sruufiuszansnm
90 H,S uaz CO, luwfaEamwle 0.050 molyg/mole, U2 0.79 Molagy/Mol,y, ANENAY NaaT
mass loading TM3zUL189 H,S  Way CO, LNl 95.56 gH,S/m/h uaz 3,192.7 gCO,/m’/h
auaau luunidienii mass loading 189 CH, WML 4,128.6 gCH/m/h (AT N
S UUL@AY H,S 8,300 ppm CO, 21.4% sz CH, 76.1%)

4.3 N13NNAR H,S NONRANIATANINALITULNTDINWEINN

431  NIMA HyS @1852UUNTa95In N
ANENNIINAA HoS 71 pH ITUAUVBILART 2 3 WAT 4 LAWIZULIUNIENI pH aaaslszanm
di Aa a % a Al 6 > a nly&v =
0.5 ihasanadunidldeandiausandlad H,S narodunsadanin uenaniidsdinmaniie
EBRT uaz ALRR filuasaiss@ninwrieg H,S uazndansasanin Qﬁﬁ?ﬂ"tﬁlﬂﬂmﬂm
essential regression 97 U3zNIaNANIANEN
EBRT duszsziafifadinwgniniiulilugudinans nsdnsitldviimmasai
1 >3 . . 3 3 o ot
100, 140 W&z 180 s LBULYINEAT biogas loading rate 36.0, 25.7iL8¢ 19.7 m /m /h @1u[1aL
3 o L 4 o v v {
%38 mass loading 349 249 uaz 189 gH,S/m /h MUAAL e wImIINANUTUTHLARLVD
H,S NlFlunINaaaininue iny 6,395+2,309 ppm
) [ A A a A A
fu ALRR iudaninazesnainnyuivuluszuunsssiinin Sseunaifieanan
suyldgnidneinia (aeration) asaaIanawnywiswtngzuy fmmasedil 2.4 4.7 uaz
3 2 ' ' ' A . o
7.1 m /m’/h luszrinemInasssnudn veanalidiaandiauazais (Dissolved oxygen; DO) 111
2UY 4.7-5.2 mgO,/L LazaanaNIzUL 0.5-0.8 mgO,/L eNEIAU (AININWN 4.25) VBILKaIN

panNTzuLNUTImaandanazay (wnIBuguNTINA&N1IZ aerobic 18932UL
U3z lindsz@nTNINmMInIea H,S @aaun1In 4.1
U3zANTNIWMINE@ HoS (%) = [(Cin-Cou)X 1001/Ciy (4.1)

\a Cp, = ANULTNTY H,S NawNIzuy
Cout = ANULTUTH H,S 88NINIZUY
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H,S 0.16 mol/m’/h

A 0, 1.16 molim’/h

0, 1.16 molim’/h

0, 1.16 mol/m’/h

0, 0.37 mol/m’/h

H,S 5.56 mol/m /h

MWA 4.25 498 H,S 1ag O, 52 UUNTBITINN
WUNBHG 8132 pH 4, EBRT 180 s uaz ALRR 7.1 m’/m’/h

ﬁ'agamﬂmiﬁﬂﬁﬂgﬂﬁ"lmaf’mLﬁu second-order  polynomial model wIal38nI

regression equation AIANT9N 4.5

H,S removal (%) = b0 + b1*EBRT (s) + b2*ALRR (m/m’/h) + b3*EBRT (s)*EBRT (s) +
b4*ALRR (m’/m-/h)*ALRR (m’/m /h) + bS*EBRT (s)*ALRR(m /m’/h)
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N3N 4.5 Regression

model VaILITANTAINNNIAIIA H,oS AReszUUNTaddiInIn

Coefficient
pH2 pH3 pH4
bO -90.05 11.76 -3.731
b1*EBRT (s) 1.308 0.344 0.757
b2*ALRR (m’/m’/h) 22.97 6.718 9.263
b3*EBRT (s)*EBRT (s) - 0.00271 0.000493 - 0.00199
b4*ALRR (m’/m’/h)*ALRR (m’/m’/h) -1.148 0.415 -0.667
b5*EBRT (s)*ALRR(m’/m’/h) - 0.05319 - 0.06649 - 0.00266
R’ 0.98 0.92 0.95
R’ adjust 0.96 0.83 0.90
F-significant 0.00038 0.010 0.0031

=2 ' = ' a A o « ' A A
IANNITIANWINUIN pH VBILKRAD UNANIENUABUTERNTAIWNIIMNAG H,S nanlaa N pH

SNAUVBILART 4 waz 2 s2uulUszANEAInmsinge H,S $huaz 97 way 95 aNNRIAL §IuN

pH 3 SszEnSnmwdnfiga (Fauaz 78) a3 7 pH LTuduvadnainny 4 iuaniznszuud

Uazfntmwnmaida H,s ladnge

= a A o v & o a a =3
J2UUNUIERNTNINANG H,S VL@]EEG‘IJ% LUBLNY ALRR uaz EBRT (N1NN 4.26 019 4.28)

118991NANTAN ALRR

Lﬁumuﬁ&lﬁﬁmmaan%wunﬁgﬁzuu TuamennITwy EBRT 1dwn1y

A =< o & & & a A6 & oo
LWN§$HZL?aqﬂ73§@6ﬁN st L"ll’]ig“]mmadma’s LLﬂz”ﬁuﬂa&]?ﬂu'ﬂiﬂ (mass transfer) ﬂﬂaaﬂﬂﬁ]ﬁ]ﬂ

0 Lt ' a v a a € o & = o v a A a &’
3’3Nﬂ%ﬁ\‘1Lﬁi&ll‘lﬁm@ﬂ’ﬁaaﬂsﬁv[@lﬂj H,S a3uhh ’%Gﬂﬂlﬂﬂizﬁﬂﬁﬂﬂwmﬂx‘]iZ‘UULW&J“ﬂ%
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H,S removal (%)

[ 80-100
O e0-80

[ 40-60

[J20-40

M o-20

EBRT (s) 180

AN 4.26 YszEnTnwn3rinda H,S 1 pH 2

2 [ 80-100
S
° O 60-80
§
S
» [ 40-60
o
I
[J20-40
M 0-20

180

EBRT (s)

AN 4.27 YsznSaiwnsinaam H,S 91 pH 3
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_ [ 80-100

X

= Ee60-80

>

£ =

£ 40-60

=

it O 20-40
M o-20

EBRT (s) 180

AN 4.28 dsznSaiwnsinaa H,S 71 pH 4

FZUUNTBITINNAAN coefficient 989 ALRR §971ga (22.97, 6.72 Uz 9.26 MUAGL)
WalSouisuny EBRT waztadssin (@17199 4.5) uaadindsunm uazddmsven O, azanelu
v ) o a aid 1 a a o a d'l
raunantzuuidultsfayndnansznudedszdnininniiige H,S  hasannalnnis
3@ H,S 98un3dls 0, 1aeandlad H,S Wnauidunsadanin 7 pH 4 EBRT 100, 140 uaz
A 3 2 v A Aa a o @ @
180 s MIAWN ALRR 910 2.4 1% 7.1 m/m’/h TualAiwndse@ndainnssiea H,S Sauasz 14 9
o o A A o . - ' 4
Waz 13 @Na1aLU  LiaWNasaw Elimination capacity (EC) (990W1 4.29) Gaiduanauannsn
o Qs 1 3 a a v 4 .
28932uulwMIA90 H,S Jdn 167 gH,S/m /h w3adlidseAnSniwsasaz 84 1ile mass loading
£ [ ' 3 ' { { o 3 A '
rate 1IN& WIBWINNTT 200 gH,S/Im /h (A@ALNTINNITNAREY 189 gH,S/m /h) TIgINIIN3
3 1 1 k3
T891UV8Y Chaiprapat et al., (2011) 114 gH,S/m /h (ANT190 4.6) LHaINITLUNTBITINING
Wuupudinas 3 3w 1535dau 0, Nazmsluveswaidngudazsudinanans 3 du (nwd
4.25) luamaeAszUUNTaITINIWURY Chaiprapat et al., (2011) (WUUGINAITULALD) NENAND
FIMN Uz 0, MoulauldNFEIUaIVBITUAINA NIRDITLUUABITUANTE H,S anaiduaugs
U MEIUSNITUAINAN O, Nazaulusasinargassumsiialfiseneandiatuses H,S
1 2 .nq/' 6 a A val 1 6V
Wz O, axawananInadslawnadgruianafunidldaninluanzie
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400

300 A —

Elimination capacity
(gH,S/m*/h)
]
o
[ 2
*>

100 - *
0 T T T T
0 100 200 300 400 500
L, (gH,S/m%h)
= Model + Liquid recirculation rate 2.4 m3/m2/h
® Liquid recirculation rate 4.7 m3/m2/h A Liquid recirculation rate 7.1 m3/m2/h

—100% Removal

AWN 4.29 Elimination capacity U8932ULUNTAITININN pH L3UAUBILART 4
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13197 4.6 WIsuneulss@nEawnsningg H,S 28935uUn3ad45In W

Parameter

This study)

Chaiprapat et al. (2011)

Type of biofilter

Recirculation liquid

Triple stage

Wastewater effluent

Single stage

Skim serum wastewater

O, supply Aerated in liquid Air feeding
DO =4.740.4
pH 4.01-0.39 4.0-1.0
EBRT (s) 180 40
ALRR (m’/m’/h) 7.1 .
Inlet H,S (ppm)1 6,395+2,309 2,348191.4
H,S removal efficiency (%) 97+2 81.9+3.5
H,S mass loading (gHZS/m3/h) 189 138.915.5
Elimination capacity (gHZS/ms/h) 167 113.519.7
Inlet CH, (%)2 79.0+1.7 14.4£1.0
Outlet CH, (%)’ 83.5+2.3 8.0+1.5
(+3.7) (-6.4)
Inlet CO, (%)’ 13.30.6 -
Outlet CO2 (%) 7.6£0.6 .
(-5.7)
Efficiency of sulfuric acid production 0.41+0.09 -
(gH,S0,-S/g inlet H,S-S)
Sulfuric acid production rate 4.31+0.2 -
(kgH,SO,/m’/d)
WUIELAG "mean+SD 284MIANETELLNTBITINN

2 s
mean+SD VaIRNIITNANTN

av 4., o v o A A o ¥ o ,
NWIRBNEBIN lanaNaManufadin W (B3a H,S) uitowadngazuy (Ramirez et

& U eV =) v v CI> 1 v > Qq:
al., 2009) Fadunaldmotinmwusiianseania Nt usad CH, dNnInTasas 60 Adik 34
famnwldiinzandmiumainldlfiduisewds Chaiprapat et al.(2011) Tp3umMItea
H,S 852U UNTaIEIAN (ANT197 4.6) LauNaumsTInnaaa 1 ManaaIngi 1: 4 Lauszuun
EBRT 40 s Wuinduszanininsauaz 81.9 lun1snnaa H,S Nidnszuy 2,235 ppm agndlsnany
ov a A v v o o & o i KR o o o
T WA L TANNNTY CH, Tauay 8.0 nnUiduaInandasmaliudigmmning
Fannnaananszuulnianuuduwes CH, atnsdassasay 60 dalunsdnsasiil ladseau
mwéi’]L%’iﬂumsﬂ%'uﬂ;aqmmwﬁ”ﬁsﬁ%amwﬁmumiﬂ’]ﬁ@ TagfaBInINAINITZULUNTITINNW
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flen 83.45+1.72% (pH I3ueUB0IAAT 4 Uaz ALRR 7.1 m/m’/h) e9uiwnstiasw O, g zuL
drumiazanalusasnaIngwIsu G5 O, ﬁLﬁTﬂszuuifuagﬁué“@linguﬁﬂumaammwﬁgj
J2UU ALRR "3\‘1LﬂuLmeaﬁﬁﬁ'ﬂﬂmwﬂ%'uﬂ‘gaqmmwﬁ"w%amwluﬁmwé’aam
wonaniisunm 0, ﬁL‘*}Tﬁﬁr:uuﬂ”\i“ﬁuag’ﬁ'ummmmsnazmﬂﬁmaa 0, NNNANE
wuadnaIywIsuldieandlanazaie fibH 2 3 U8z 4 YA 5.3 4.9 uas 4.3 mg/lL 61

Aifeandianazaisluin (1¥inu 7 mg/L ﬁqﬂmgﬁ 35 °C maldanuan 1 atm) Liasanin

4 =

v a 3’ a a 23 = a ¥ & a a 6 a
l‘ﬁ‘ﬂ&‘!unU‘U:L%ﬁzﬂﬂLﬂ%uﬁ‘ﬂd’ﬂ’]ﬂitﬂﬁNﬂ(ﬂﬂ’]‘ﬁﬂj’]ﬂ’]‘w Felnstuwideuntansdwnid uazafiun

]
a o

34 uanmnftﬂ'aﬁﬂmsﬁ'avﬁﬂﬁgﬂmﬁmiﬂmzuumaa%amw Jadusimgnlitioandiauazans
lgdninensialy

w91 EBRT azlinadalszs@ntniwnmsniae H,S #asnit ALRR ue EBRT Ag9d
audeluaInaIMITIMuA mass loading rate Waz TWIAVBITZUY M3LAY EBRT 1Juns
Lﬁ'm:mnmmig@%w H,S Liﬂg&‘*ﬁeumadmm LLazfuﬂﬁmﬁuw%ﬁ (mass transfer) ¥inl#
U3 AnBmwue9szUANT W 91NAIWT 26 A9 28 7 pH 3FUIBIMAT 4 Uaz ALRR 7.1 m/m’/h
(farfin EBRT 100 s 1{lu 180 s wuirszuunsasdinwiiuszinsmwiniuioss: 14 (@nses
8z 83 10w 97)

Chaiprapat et al. (2011) 136 H,S aududu 2,235 ppm SUszansawiosas 81.9 7l
EBRT 40 s (157197 4.6) §1M3UNIANHNAIH 71 pH BUFUI09AMYINNY 4 T2UUNT8IEIANW
ﬁmwmmmmaﬁwﬂugﬂ EC (m‘wﬁl 4.29) Lﬁa mass loading rate LYinAu 200 gHZS/mSIh
(AadpfivnmInasas 189 gH,S/m7h) finuivii EBRT 180 s  sznunsasdanwisad
AuFANTa M Iige Hs 16 167 gH,S/mh Sefissantmwisa H,S innusonas 84
Tupmefl (Ramirez et al, 2009) 51891%U32ENTNNMNITSA H,S M18@T1 mass loading 3.1
gS/m’h uaz 12.2 gS/mh (2.89 waz 11.5 gS/m’h) Teuudlszansnwannindesss 90 7
EBRT a1nndn 90s luwmsil Moghanloo et al. (2010) AnwamIrhsa H,S &g airlift reactor

WU3# mass loading 163 gS/m /h (4.8 mol S/m’/h) 3xuUSU32ENTNN 100 %

432 mIudanIaganin

EBRT ﬁwa@iaﬂszﬁw%mwmwﬁ@m@sﬁ'fwﬁn WA 4.30 wuiwﬁnn pH SURUDBILHA
EBRT 100 s fisz@nFamdndige aglugs 0.11- 0.22 gH,S0,-S/g inlet H,S-S niafanaz 11-
22 989 H,S  Athszuy luwmefimaiAn EBRT 1w 180 vilsissuufitszansawiAuduin
U3z3704 2 1111 (0.16-0.41 gH,SO,-S/g inlet H,S-S nIasauas 16-41)
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gH,S0O,-S/g inlet H,S-S gH,SO,-S/g inlet H,S-S

gH,SO,-S/g inlet H,S-S
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pH 2
]
|
b A
A A
] o
[ ]
[ ]
0 1 2 3 4 5 6 7
pH 3
' A
i [ ]
|
¢ .
0 1 2 3 4 5 6 7
pH 4
A
A
B A -
- ]
[}
i i °
0 1 2 3 4 5 6 7

ALRR (m*/m’fh)

AW 4.30 ﬂi:ﬁﬂ%mwmwﬁ@ﬂ‘mﬁayﬁﬂ
vﬁmumq ® EBRT 100 s M EBRT 140 s AEBRT 180 s
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¥ o ' { a o 3, 2
UONINNHIINUINN pH LINGUVBILAAY 4 EBRT 180 s ez ALRR 7.1 m/m /h ssuudl
ﬂiz?m%mwmswﬁmﬂmﬁﬁ'ayﬁﬂvlﬁgaﬁq@ 0.41 gH,S0,-S/g inlet H,S-S 1#a431NTE82IaINNLAL
o A A o @ a ! A & A Aae &
fafimwwnwisinadniuiiansdiolawana H,S ez O,  Wgauilsuafunid dadu
vInwiialjisenaangiatu
ALRR ﬁwa@iaﬂszﬁﬂ%mwmmﬁ@m@ﬁﬁhyj’%ﬂazmvl,&i"ﬁ'mﬁm (MWT 4.30) LML
ALRR ¥ l#wndSunm 0, Iiuaszuy saaSunsiineandiasuzad H,S \WaNRANIATANIN U
i 0, vwdwugnlElulise partial oxidation l¢f elemental sulfur (Juniaiout (MW 4.31)
Lﬂummqﬁﬁﬂﬁwﬁmnmsﬁavﬁﬂ"ﬁﬁaﬂao WEAIINRARIUVRY H,S da O, dnImsiiadfnsen
. . s { A aaa { v a a a >3 '
complete oxidation  @aaun13N 8 TadudfATennlinsadaniniduntanmet atnelsfiany
c{ a &/ A A 6 1 L a 2 A A
elemental sulfur mnmuuiamagﬂaanﬂwmawnmmﬁum@mﬁsn"l@gamnu 0, WWEIND
Wasandan AG = -150 keal ¢ninUfA3en partial oxidation (AG = -50 kcal) (Maier et al.,
2000) (Q%"’ﬂ"l@mﬂLaua@lamamwaosﬁ'aLWaﬂuﬁaﬂTa MILAUIZULGBLHEY) NEA1IL pH 13NGAH
A 3 2 3 2
29987 4 WAz EBRT 180 s MW ALRR 91024 m/m/h w71 m/m/h szuudl

a A a &/ A A ¥
Usz@nTnwAuIwan 0.11 10w 0.41 gH,SO,-S/g inlet H,S-S wIaAaldusasas 30

AN 4.31 MIRZFN elemental sulfur ‘s:mfﬁaf*ﬁ'mﬁﬂmﬂu‘szuuﬂsaafnamw

at1913naNN Elemental sulfur NANAISUWTUAINAIILUTZUL é’uw”aﬁwmaummmuﬁ'yu
luszuueaaaiia ﬁﬂﬁgﬂ"ﬁ:mgjm“nu:iaa%'waamm%guﬁw Lﬂumm@;ﬁﬂﬁﬂmﬁﬁhyj’%ﬂﬁw
feanugu (N 4.32) aatiu nsadayinaarldiunsiiaaznan elemental sulfur nawin 1y

A & ' a o [
Nw NeaansUwdandantan i
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ﬂmsﬁ'ayﬁﬂ

TR

NAW

A a a A a =
NINN 4.32 ﬂ‘i(ﬂ‘ﬁﬂVjiﬂﬂﬂﬂ@l’%ﬁﬂiZUUﬂiaG“ﬁﬁﬂWW

T2uuNToITIANRYTEENTAINAN9@ H,S §I§9 Jouas 97 LLazwﬁmnmsﬁ'avﬁﬂgoﬁqﬂ
0.41+0.09 gH,SO,-S/g inlet H,S-S (3owaz 41) wiatszidwdn 4.3+0.2 kg H,SO,/m’/d fign1ns
pH BSuFUVBIMAT 4 EBRT 180 s waz ALRR 7.1 m/m’/h @sszuufianusunsaringa H,S u
Eﬂ EC ihnu 167 gHZS/mslh ﬁ %38 mass loading 189 gHZS/mB/h (biogas loading 19.7

3 3
m /m /h)
4.4  NITABITUUNIDIBTINN L%amiaﬁ'mzuu@lﬂ%umomﬁ

NNMIANBIGINENT WuITEUUNTaITINWANUENTATEa H,S  uaznAanIaday
%ﬂvlﬁgoqﬂﬁ'amaz EBRT 180 s (5@15’11%61 219 L/d 138 mass loading 189 gHZS/mslh) ALRR 7.1
m im’/h uas pH BoILRAISUT 4 LLaziwug@%wmomﬁé’w NaOH AT 0.1 molll 7
5071 18 TINIW 0.19 Limin (269 L/d) uazfi HRT V09817Q0FN 5 h F9ti S9EUITLLNT0
TN L%aw@iaﬁmzuug@fﬁmmamﬁ GINWT 4.33 §wan 20 Tu el fuaissnwaas
UszAnSnwnsinga H,S uazmsnianiadayin @mamuﬁﬂmqﬁuw%ﬁmjuﬁﬁuwmwéw@ﬁa
MIA WY BITZLUNIDITINN

dlasansruunsasiimwaansathdamadinwle 219 Ld lumm:ﬁszuug@%uma
wlsunintdailed (267 Lid) gandriszuunsasdinn u,a:fﬁwLﬂuﬁaamﬁ'ﬂumsg@%wnns] 5
h (@ nAdneThedn) uanmﬂf:;ﬁﬁ]”ﬂ"lﬁamfd waztdnszuuluinilssnms vinliliaun oy
f0819 wazvinmasesldlugisiiainatsin it Soduszuunsesiinnuudatiios

o P \ ) = &t @ =2 A o oA
S'JUi'lllﬂf]sﬁ‘ﬂvL@ﬂuLL@Iﬂzqu (Lﬂuslullaafﬁu) ﬂauLTqﬁqTizUU%]ﬂsﬁﬁJ‘ﬂ']\ﬁLﬂN LLa’JL@uS::‘lJULﬂuL’Jm 5h
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@W3uasie 22.25 L w38 Sawaz 10 vasUTunasiaannszuunsasdinin) wetduaiunuuas

MTNIRUA (AINTWN 4.33)

b 1N |

- (3) FTULAATUNIILAN
(1) S2UVNTBIBIAN ,

[
(2) QINUABIINITZUUNITBIZININ

¥ I I
L?.I’]ixﬂﬂ@lﬂ‘]j&l‘ﬂ'l\‘i AN

[
(4) QIAUNBIINITZUUAATANIILAN

AN 4.33 NMITANADIZUUNTITINN LLa:s:uu@@fﬁwmamﬁ

FIRIVITLUNTBITINN ;ﬁﬁ‘i’ﬂ@?ﬂ%’uﬂgamsmuqu pH L’%N@Tumaammriam%g
sruuialdmenndonunsluese I@ﬂl‘ﬁﬂi@sﬁ'ayj'%ﬂﬁ"lﬁmnmsmaaamﬂ%‘u pH  Gavinled
Yo lTisuanzuudanututusassatWaunnIn v sAne T sduln 1,8834577
mgSO,/L %38 1,923£589 mgH,SO,/L
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NANTANENTZUUNTAITININ AINTNN 4.34  NONUTUTHIARLDS Hp,S 191
a a o Q { v & U v {
32U 6,538+1,582 ppm 2UUNUIZENTAINANA H,S 1afusasas 8947 TIANULTNTHNEENIN
seuufenalugag 86-1,454 ppm (1A 677+368ppm) wananidinuindszininiwniida
o , | & X ' 1 o ~ A
H,S vasszuudiliain nikeraasanmalfsuudas pH usznsszaunsadayinluzuy 49
A a X = o [ o A 4 ) A A A '
Uz animwsasrzuugelmianiasnasanniniiddsuveanar 2 34 thesnnuuaiiioagly

v

: ' i 4 Y .

g1z pH - d1dszanme 0.5 (Mwd 4.35) iallfsusaanailndndengslu (pH 4)  vild

A A o o o A A = | = @ < A a

wuaSedadUsuadluszozusn YsesAnTaindianad 2819 l3naN HAIINARBIZUULTNS
=) =y J a qq: a { QI a a 09: {

Uz dnSawgedu wasanuuluind 56 szunisuiidininwaaasdnasaiiaveanailuszuy

fpH aaadlnalfseny 0.5 %9t thasanniduanied pH  aadannyinlvaugIn1svinauses

q’ﬂ/ L =Y { v v g 1 1 { {
wuafitse wannnigiinmiazauntadaninfianudutugslinetssialiias Lade 27,76742,450

A Y o do & o : . e . {
mg/L Faidudndadsnduginenunuailiioungy Sulfide oxidizing bacteria (NW 4.36)

100 —eepoo606660666606666-6 10,000
*
S g0 - 1 8000 &
S M 4 T2
o
S . o o S
5 1. S
= S =
5 2 * c
g =~ 40 4,000 g
4 S §
‘é’\, 20 o T 2,000 v,
¢ I
® ®0 0 * 8 o0 ?
%9 ® ®
0 o < &b = 0
0 10 15 20 25
Days
—@- H2S removal efficiency (%) —-©- Overall H2S removal
& Inlet H2S ¢ Outlet TB

< Outlet chemical absorption

MWN 4.34 Y328nSNwnI3inga Hy,S 289350Un389451n W LL&si:ﬁJU@@%&MNLﬂﬁ
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100 u 5.0
amEnm n® u

80 1 + 4.0
S -
= 60 - + 3.0
3 T
e o
S 40 120
2
T

0 T T T T 0.0
0 5 10 15 20 25

Days

| m TB (RE) -5 TB (pH)]

A 4.35 UszEnTnwnainga H,S uazmatdfsuudas pH 2a8mamyuwiun

100 - = 50,000
TR n . ~
mmEnm Hpn ] o
80 = 40,000 2
= N S
g 60 a A A 30,000 %
S A @
S 40 A A A - 20,000 &
9 A A 3
I A N A N <
20 A - 10,000 3
A T
0 A A A 0
0 5 10 15 20 25
Days

\ m TB (RE) a TB (sulfuric acid production) \

MNN 4.36 YszEndaiwmstnam H,S LLa:mwLﬁwiuﬂiﬂeﬁ'avﬁﬂﬁvlﬁmmzuumaa%amw

niadaninfildannisitsnusesszuunsasfrinindanutuduaiy 27,767£2,450
mg/L 11Ul AHan1zI%N 6 , 14 Uaz 20 VBINITLABIZUY (NN 4.36) hasanniduinnane
PAILRAIDANINNIZUY LLa”aﬁwaama’flmiLi’]ghwu (PH 4) [NONAUNUVBILRAINTAT pH @0

mﬂ@”ﬂﬁmuqm A0 05 Q%K °11aammﬁﬁwaaﬂm"ﬁaLﬂuﬂmsﬁ'avﬁﬂﬁmmmﬁﬂﬂ%mu"L@T
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ﬂméﬁ'avﬁnﬁvlﬁﬁmmqufulﬂﬁLﬁmn”umsﬁﬂmmaa Chaiprapat et al.(2011) laTe9unIHEe
nIaTanIndIsszuUnaITIAwTiiadInand 1 59 Lagld skim serum (6,642 mgH,SO,/L W3o
6,506 mgSO, /L) FuduinFsanndunounsndasnsaniy JuvaanamyuwIsuluszuunses
T Wudﬁﬂm‘fmﬁﬂﬁvlﬁﬁmmL°1T3J°1Tu 26,941 mgH,SO,/L (26,391 mgSO, /L) atdlsfAiany
ﬂﬁsﬁﬂuﬂﬁaﬁmmwﬁmméﬁ‘mﬁﬂ 25,844 mgH,SO,/L (27,767-1,923 mgH,SO,/L) &N
Chaiprapat et al.(2011) (20,299 mgH,SO,L = 26,941-6,642mgH,S0O,/L)) Utz 5,545
mgH,SO,/L

FRSUMSLAUTIUL T B8N0 nne 6 i'umadmuﬁm:um:vl,@i”ﬂmeﬁ'avﬁm.l%mm 500
mL (run@guldifienmsgadeluszoy)  adalsfioudasdinisaigu pH 2asmandu 4 rau
ﬁ']L“lT’];js:uu Fsnnmsnanssldldinfnsnnszuundamaiiniw @iaé'mwmum@sﬁ'mﬁﬂ Winnu
9: 1 §3%i4h NN 6 a”uﬁlzvlei”ﬂmﬁ}'mﬁﬂ 450 mL w3aAadn 60 mim .. /year w38 Ussifinidn
FMIINNIATaYEN 1,666 kg/m’meqalyear (27,767 mgll x 60 m'm’ .glyear x 1,000L/m’
/1,000,000Kg/mg) #38 4.56 Kg/M'meqia/d W58 62.04 gS/m’/h 831 mass loading rate 195+47
gHoSIM” 1egia/h #38 184445 gSIM’ g /

LuAfiungy SOB lfoandianaandlas H,S nansidundanusinatusia lawn nIass
Win H,S mod’mﬁvl,&igﬂaaﬂﬁvlwf SUsapaananszuy LLazsﬁ'aLWaﬂugﬂﬁue] (elemental
sulfur, Thiosulfate uaz8%9) AnMaGnszudaitanduiis 20 4 Lﬂﬁyumaammnﬂq 6 %
(FWA 6 14 uaz 20 VEIMILEUITTUD) fasuasnianmrianalugUdanes wuiridn 30:
10: 60 (NMWA 4.37) szuUnIasTrinwilszanimunlumsmsa H,S sananfafimuuias
az 90 lusuilsznaudae niaganiIniouaz 30 fanuguTuiady 27,767+2,450 mg/ll uaz
NAANTAN AU LT elemental sulfur TuTunGanmsiinniAad A% partial oxidation GanNA
4.38 §8AARDINUNNITANAG H,S sRuMINFuIMAnUiT H,S Aawangzuunsesdinw wuin
Jauaz 60 Va4 H,S ‘ﬁlgﬂﬁ’]ﬁ'@] agﬂugﬂ elemental sulfur (Degorce-Dumas et al., 1997) Tuwaeid
Weoafosas 10 vesUSunmdaasidnsuuniswua Aszuunsasiinmwldamunsomsald
'i‘i’]Lﬂuﬁmvlﬁ%“umsﬂﬂﬂ‘@lm:uugwﬁumdLﬂﬁ Hasandanututwiadsonas 6774368 ppm
(WA 4.34) goﬂdwmﬁﬂamfuLﬁamswﬁmwﬁamuﬁm%’u Boiler (§1n31 500 ppm), L3898
i lwainslu (6n9n 200-400 ppm) waztASIURANTTITNTIG (§1nd7 30 ppm)
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Days
B Sulfuric production B H2S outlet & Other sulfur product

a

4.37 AaNINTAL

RUNBLIAA RRINLAUIZUY 20 T4
lainy (@nwausalunsasia

%

0 H,S 1899

v

4.38 MIANAY elemental sulfur UWAINAIIVDIT
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ATNIN IBHINIIAN
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FTNINNIINT
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NN
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&V ) A

A '
Mafinnnlsiunsneaadl co, Tuasndsznan14.121.8% Taduwrainsuan
fniuiunidngu SOB Avninneandlead H,S  SruunsaItinwidszaniaindiaa Co,
So8Rz 39+12 Lﬁamuﬁ"m@”\‘mﬁifnLﬁwq‘s:uugwﬁumamﬁ NUINNTH I BIINAUYDITZUUNTDI
A = A A A A o @ o A v o
Fnw wazszuugedunmaalddsed@ninwnsiniauiouss 8616  GenulTNTUeaNIN

32U 8.5+1.2uaz 1.940.8 % AUEIGL 3NN 4.39

= 100
>
(@]
S &0
o) °
S
C’_\60
S o
S 40 ’........‘—'Q °
é ° .0 )
5 2 . .
© ® o0 R EBI EEX
o) o3 00000333030000030
O 0,408090/»00900/»09000/»9
0 5 10 15 20 25
Days
¢ CO2 Inlet ¢ CO2Outlet TB <& CO2 Overall outlet

® CO2 Removal (TB) CO2 Overall removal

A o @ v = = =
NN 4.39 N1IN13A CO, AIYTLUUNTAIDININ LLQ$§$1|‘]_I§J@]‘]J&W]']GLQ&I

UszidiudFinansldansgadu NaOH anadudu 0.1 M wudinsiduszuuniadiinn
@iaLﬁad (24 h/d) sunathdamedinwla 219 Lid (mass loading rate 195+47 gHZS/mslh o)
184+45 gS/m’/h) 1ummzﬁizuug@%umdLﬂﬁv‘imﬁwﬁﬁw‘”@ H,S ¢ 267 L/d (mass loading rate
20+11 gH,S/m’/h %38 19£10 gS/m’/h) %aﬁnnwnﬂﬁiﬂums@@%wnﬂﬂ 5 h (Uaztdwiduiaatan
32w 19 hid) 1USanmansgadia 15 Lid (1.5 Libatch x 10 batch/d =15 L/d) fnwrandusinmin
f13.ad 60 g/d wSadaidn 0.27kg/m’ maaﬁ”ﬁm%amwﬁﬁﬂiwu@@%uLﬂﬁ

s Aud T ANE MWMILEUTTU LTINS WU AT R wad U0 H,S 113zuy
6,538+1,582 ppm 3:UUNTAITINWEUTEAnTmwinse Hys edanay 8947 Gedauas 30 289
H,S ﬁm‘T’muummmwﬁmﬂuﬂmﬁavﬁﬂ uazdInfitnansasas 10 anidalasszuugaduniy

=
9N
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6V IS
4.5 ATWATN NIBBINTN

a v v & 6V U a 6V { {
WaITANULT NI wYad CH, Saiduialrwasnuluiiadinin (AW 4.40) 1ie
Ut iug WU WA I U3 MTTIAIWAKIUANTANEA H,S @283z UUNT89510 W LAz
szuugadunLail
A A A v o A X A v @ A
CH, 188NN ILUUNTAITININ AU NTWANTBLARY 1.741.3 (ANULTUTULARY
A { 4 A =
WANIIN 80.2£0.9% LO% 81.8£1.4%) (NMWA 4.40) tHa931n CO, Tadudnunitiasnisznau
WANVAIMTTININTANAARY 5.622.1 % (ANMULTUTWLARLAAIN 14.1£1.8 % LTu 8.5¢1.2 %)
\a93a1n €O, danumuninlunisazasluseanadldgindy CH, Uszunme 26 110 (37,600
atm/1,420 atm) lW312 CO, d@1 Henry's constant §1n31 CH, (CO,= 1,420 atm W&z CH, =
37,600 atm flgunadl 20 °C) wanank uuafiisungu SOB 63ld CO, duundsniivan
o & A Ao A o o A v A X A v ey
A9nLla CO, NFARINAARI VIV IATAGIURTAANMNUITNTUVDI CH, LWNTW TIFINA AT
L e o X
TANWAA WA LN DT
' = A = A ' v @ A A
athvlafion Warwszuugadunisad wudienudutuais CH, Nlaanainizuy
N9889 A0 0.4£1.8 % (ANMWTNTU 79.741.9%) Liasanniiansgaiie CH, TWudzuuga
Funaad iwzaas watoslunsiduwszuud agrelsieny iduan1iznainnsamieam H,S

val a A
vL@NﬂizﬁYlﬁﬂ']Wt;Nq@
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100.0

©
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85.0 -

&
* ¢ ¢
800 | ¢® o488 8,0 $ ¢

CH, concentration (%)

75.0

70.0 T T T T

Days

¢ CH4 Inlet + CHA4 Outlet (TB) ¢ CH4 Overall outlet

a v o ai a = ~
NAN 4.40 @NULVUDH CH4 NaanNINNITULUNIITINTN LLﬂ:ﬁizUU@@sﬁN'ﬂqﬂLﬂN

aunqud 1 kg COD Waa CH, 16 0.35 m’ ﬁnﬂmiﬁﬁ’mawﬂ'ﬁﬁwL?mriamﬁgji:uu
NAATNTTININ (minﬁ 4.1 uaz 4.2) WUIHA1 COD 6,160 mg/L uazlszdnTAIwn1sinaa
COD 7m¥0uss 89 UazaINMIINARaILEUITULGaIfos wudrfafiniwdenududu CH,
aAuToun: 80.2 eotiw HuFnUSINAT 1 m mansandamatiniwle 2.4 m® mIduan
aofh wazdanlamsduimeianen 4.7
CH, =86,160 mg/Lx (1 kg/10°mg) x 1000 L/m’ x 0.35 m" CH,/kgCOD x 89%+ 80.2%

3. 3
= 2.4 m biogas/m ,astewater

3197 4.7 B3awlamsUsaiiuainasanu Wi ldannfaiinwnsdiiiuwnstine H,S

Description
COD influent (mg/L) 6,160
COD removal efficiency (%) 89
CH, content before treated (%) 80.2
CH, content after treated (%) 79.7
Energy content in biogas (MJ/mabiOgas or kWH/meiogaS) 28 or 8
Energy (Btu/ft’ CH, or MJ/m°CH,) 950 or 36
Engine efficiency (%) 32
Conversion factor MJ/kWH 3.6
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23 = a 3 A a g/ a a 3 A ' o o ¥
MTTINNWUININT 2.4 m™ NRNEINUHUFLYUINIOT 1 m LUaNIWNIINIG H,S @1g
a =S P "o a AN oa & o
ICUUNIITINN LLaxiZUU@Wﬁ&m’NLﬂN WU')'Wﬂ']GIT"ﬁ’Jﬂ’]W‘Y]vL@Nﬂﬂﬂﬂizﬂaﬂ CH, 3288z 79.7

v
v A

A% FNITONAALTWNAIIW LG A9

w19 wlWHA = 2.4 m biogas /M’ seuater X 0.79 M ce/Mbiogas X 36 MI/M ey X 32% + 3.6 MU/KWH
= 6 KWH/M ' aqtouater

"ﬂqﬂiqUG’]%L‘HQIHIQﬁaza’]@]ﬁqﬂgﬂq@la’]“ﬂiiwﬁqEl’]ﬂ?]wu ﬂjzﬂ')%ﬂquﬁ@]ﬁqﬂqﬂi’u
' v a o 3 4 @ A A [
ﬂﬂl%l’ﬂﬂuql’ﬁﬂ 6.6 m /ton WIPWNUB (l!fyfyq TITYRan, 2553) sﬁ\‘]aq&lf]ﬁﬂwﬂ(ﬂl,ﬁuwaﬁﬂqu
o [ ¥ o 3 ¥ 3 ¥ ¥ o
w116 40 kWH/ton fhensts (6 KWH/M™ @8 x 6.6 m~ #uRe/ton e1etu ) w1

159988901388 @ 50,000 ton/year 9% FINITONAANRIINW N 16

50,000 ton/year x 6.6 m3 wastewater/ton latex x 6 kWH/m3wastewater
1,980,000 kWH/year
226 kW

WRIIW WA

nszuaunsHaainens lewasowlwringuiaias centrifuge Liatuuendintiignstu
waew9tingns dslwasoulnwh 77 KwHton sihenatu (YRR TIyuen, 2553) Winmad
NAATN 8197 50,000 tonfyear dpsnswadewlnwn 3,850,000 KWH/year asiti fadanw
finunstTaeeszuuNsasdInIw LATITULQATUNINAT F1NITANAUNUNAITUATN be
%oz 51 (1,980,000 kWH/year x 100/3,850,000 WH/year)

WONINANTZUINNITHNAASIFAN LT UFIURIIVBINTZUINNTHAAT 19T %
Tsssundainonsdwldlewassulnwn 166 kWH/ton 8198AN uaz LPG 25 kglton 819&AN
(340 KWH/ton £M987iX) (Yayay1 TIRyuan, 2553) Fafadinndensnwidwdaiwaimauns
LPG nianusantiaansn

&l

4.6 q%u‘n%ﬂ‘nLﬁmﬁ'aﬂ%szuumao%amw

a Aeda o

RuNITNdunuIndAnyaalszininInnsineg H,S uasnansasanin Denaturing

. . a o o = '
Gradient Gel Electrophoresis (DGGE) Lﬂumﬂuﬂmmmz@ﬂmaqa PILLNAIMNULANAIVDI
a o ht o o = a = Ado, o | o
ldsdudronszualn lapandodananduias Sazusnluianavesdidueffdrauiadianu
ldwidawennusnivesdiduesniinu  munniundeyndldaniseuanunainnae

a A a A a s [} = dq,
ﬂaGLLUﬂﬂLiﬂluﬁiiﬂJT"l@l NIBICUUNIDITINTIWAILTUNIIANBIU
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! A Aaa A a A v A o & Y ¥ A
AawARIZUY uuafiSaNnuUMaInasifanuzniaf ldanmsiwisifssaeiuieain
NITUIBMIIHRAIEITY Waze9uris w3 nau \@wn Acidithiobacillus sp. Microbacterium
{ A ] ey s .
sp. WA Uncultured Streptomyces sp. (mwﬁ 4.41) BINUIN Acidithiobacillus sp. WJuwuaiie
' o A ¥ a4y e & a & o & 2 A A A
naunan iasnnluiudenlfinzgedesddsznaudalue dszunm 31 moll GauvailiFungduil
sanInaandladdn lWddioaandiau lddaianIansadaniniduniaimi (Metcalf and Eddy,
2004; Sawyer et al., 1994)
Waduganisiauszuuaanuuuafiiles 2 ndu laun Acidithiobacillus  sp. uaz
Microbacterium sp. &% Uncultured Streptomyces sp. \Dwluafi L%'Uﬂﬁju gram positive TNUNBY
A A A aa A a A 1 Y A A o
madusznniring desaniduuuaiisefisansonuldlussmmd  Ssensegluiuionls
g A A | A a | A A A A A
WWzIRdLDATIRuNgy SOB uwdilalduszuy woduuafiSanguitlimaunsaniydulals
anzdunIags pH 4-0.5
ey . . o a A . o A A A
Acidithiobacillus ~ sp. giadidunnafiiongunaniaranuluszuy (1w 4.41) Tadu
uuafliSuunInay (Gram-negative) Affununianluniseandladda lndidunsadansn lums
=2 < X AA o , [ f A \ @ o
nmIdnsaTil wuafiisoainanimansnardoag ldluanizfiidunse lute 4-0.5 seaadaariy
M3dAnsTad Lee et al. (2006) L3814 Acidiothiobacullus thiooxidant AZ11 &nanInaglu
' v 4 4 : . . _
anzidunsalan pH 0.2 TN pH 1.5 WUIE maximum specific sulfur oxidation 21.2 g-
S/gDry cell weight/d A8 umM I TLUATSHTRADWNETNTA HoS A9a1319N 4.8 LuafitSan
H Ly % o > l 1 o . g . . &
NeTaeiunsiia HS wiadu 2 nduwan fa  Acidithiobacillus FafiTsauanuaunInly
o @ ' % 3
n13IN13Ia H,S tnny 113, 170 1as 39 gH,S/m /h (Aroca et al., 2007; Duan et al., 2005; Lee et
A 2 [ ¥ 3 ¥ o ' . .
al, 2006) TalndiAnsnunsdnmit (167 gH,S/m /h) uananidasidnngs fa Thiobacillus &
' 3 ' = [
U1 EC §987 455 gH,S/m/h  (Cho et al., 2000) atn4lafiany Aroca et al. (2007) 'ld
' .y . . . o o 3 3
TEWIN Acidiothiobacullus thiooxidant A NNFINITNNIAG H,S (370 gS/m /h=393 gH,S/m /h)
Y ' . ) 3 3 v
ldgsndn Thiobacullus thioparus (14 gSim'/h=15 gH,S/im’/h) laglidasaruqgu pH neluszuy

Trickling filter lwyauzl Thiobacullus thioparus §a382u9 pH 71 5.5-7.0
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TB-
Con Startup

M
¥ ey

(%GC) ' 40%
1
-
a0~a1" " SRTRE .
- Acidithiobacillus sp.
41.5742.5 | _/
4257135 S8 N Acidithiobacillus sp.
44~45 ° Ié S _
Fo . Acidithiobacillus sp.
46~48
47.5~4 3 T ™ uncultured Streptomyces sp.
49~52
52~558 T ™~ Microbacterium sp.
53”54.
54“55.
\ 4

70%

AN 4.41 DGGE pattern maaqﬁuﬂ‘ésﬂmzw TB NawlaznadInITlanIzuy 20 1%
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A a A 6 a A o« v =
@13NN 4.8 i‘!a%‘ﬂiﬂ LazUIrANTAIWNIINNRG H,S @832 UUNIBITINN

Immobilized material

Microorganism

Hydrogen sulfide elimination

capacity (g H,S/m’/h)

Reference

Porous ceramic

Thiobacillus thiooxidans KS1

54"

(Shinabe et al., 1995)

Porous lava A, B and C

Thiobacillus thiooxidans

(KCTC8929p)

455 (A and B) and 421 (B) °

(Cho et al., 2000)

Magallanic peat

Thiobacillus thioparus

ECax 55 (Oyarzun et al., 2003)
(ATCC23645)
Organic waste-based Pig manure and sawdust
46 (Barona et al., 2004)
granule
Activated carbon Mix SOB culture containing
predominant Acidithiobacillus
EChax 113 (Duan et al., 2005)
thiooxidans,
Porous ceramic Acidithiobacillus thiooxidans 4
EC qiticat 170 (Lee et al., 2006)
AZ11
SOB from activated Pellet activated carbon
sludge stream at the
ECax 181 (Duan et al., 2006)
secondary sedimentation
tank
Polyethylene ring Thiobacillus thioparus ECax 15 ®
6 (Aroca et al., 2007)
Acidithiobacillus thiooxidans ECax 39
Inorganic packing Hot pool around Lake Rotorua in
® EC 40 (Datta et al., 2007)
material NOVAINERT New Zealand
Polyurethane pall rings Activated sludge ECax 6.4 (Jin et al., 2007)
Granule activated carbon  Sulfide oxidizing bacteria isolated
from concentrated latex 125 (Rattanapan et al., 2009)
wastewater
Lava rock - EC.itica 200 (Ramirez-Séaenz et al.,
ECax 232 2009)
Coconut shell Sulfide oxidizing bacteria isolated
from concentrated latex 114 (Chaiprapat et al., 2011)
wastewater
Coconut fiber Acidithiobacillus sp. 167 This study

A A A a = g a Lo ) ~ A a
LL‘LIﬂ‘YlLSUY]WUI%S:U‘LITWSEIG“E’JJW’]W?Jadmiﬂm:ﬂu A8 Acidithiobacillus sp. VUT=RNTA N

Maa H,S laTasaz 90 wazlidnomwwiansadaninldionaz 30 (0.26 kg H,SO,/m’/h) fign e

pH 15ufuv891Wa) 4 EBRT 180 s uaz ALRR 7.1 m/m’/h 288031 mass loading rate 189

gH,S/m’/h
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a U
4.7 msﬂ‘szmumu‘qu
ﬂi:Lﬁu@]”unumilﬁmwumaa%amw LLazszuugﬂﬁwmamﬁ FIWNITLTWRIIN
¥ { o v 3 o {
W wazaItad NaaIINTIMaaIMTTININ 1,500 m/d INUALALA AIA1T19N 4.9 D9
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Description Value
Biofiltration
- Biogas flow rate (m3/h) 62.5
- Mass loading rate (gHZS/m3media/h) 195
- Initial pH of recirculation liquid 4
- HRT (s) 180
- ALRR (m’/m’/h) 7.1
_ ALRR flow rate (m’/h) 4.05
- volume ratio of liquid recirculation volume: bed volume 1.1
- Bed volume (m3) 3.3
- Bed hight (m) (1.9 m/bed x 3 bed) 5.7
- Diameter of bed (m) 0.85
Chemical absorption

_ Biogas flow rate (m/h) 62.5
- Biogas loading rate (m3biogaslm3ab8/h) or (gstlmSQbs/h) 20
- HRT absorbent (h) 5
- Height: diameter Ratio of absorbent 7.3
- Absorbent volume (m3) 1.65
- Absorbent height (m) 2.2
- Diamter (m) 0.3

1o o 3
V\N']UL'V\@J a@]i']vL'ﬁaﬂ']Gﬁ%’Jﬂ']W 1,500 m /d
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Description Value

Biogas flow rate (m’/d) 1,500
Sulfuric acid price @commercial grade (Baht/kg) or (Baht/L) 7.05 (12.97)
General concentration of sulfuric acid mol/L 36
Density of sulfuric acid 1.84 kg/L 1.84
Sulfuric acid price (Baht/kgn2so4) 3.67
Electricity price (Baht/kWh) 2.68
Biofiltration operating cost

- Biogas flow rate (m3/h) 62.5

- Biogas blower (Hp) or (kW) 1 (0.75)

- Biogas blower operating time (h/d) 24

- Biogas blower cost (Baht/d) [0.75 kW x 24 h x 2.68 Baht/kWh] 48

- Recirculation liquid flow rate (m3/h) 4.05

- Recirculation liquid pump (Hp) or (kW) 0.5 (0.37)

- Liquid recirculation cost (Baht/d) [0.375 kW x 24 h x 2.68 Baht/kWh] 24

- Aeration maintain dissoved oxygen (mgoy/L) 4.7-5.2

- Aeration basin tank volume (m3) 3.6

- Air require for aeration basin (fine bubble) (m3/h) or (CFM) 56 (95)

- Blower for aeration basin tank (Hp) or (kW) 5.5 (4.12)

- Diffuser cost (Baht/d) [4.12 kW x 24 h x 2.68 Baht/kWh] 265
Total biofiltration cost (Baht/d) 337

- Biofiltration cost (Baht/ms) 0.22
Sulfuric production cost

- Sulfuric acid production (kg/mSmedi/year) or (m3/m3media/year) 1,666 (60)

- Sulfuric acid production (kg/msmedia/d) or (g/msmedia/h) 4.56 (190)

- Sulfuric concentration (gH,SO,4/L) or (molH,SO,/L) 27.77 (0.28)

- Sulfuric acid production (kg/d) or (mol/d) 15 (153)

- Sulfuric acid production cost (Baht/mzmedia/d) 102.12

- Sulfuric acid production cost (Baht/kg 2504) 22.47

- Sulfuric acid production cost (Baht/d) 337
Chemical absorption operating cost

- Biogas flow rate (mslh) 62.5

- Biogas blower (Hp) or (kW) 1 (0.75)

- Biogas blower cost (Baht/d) [0.75 kW x 24 h x 2.68 Baht/kWh] 48

- Sodium hydroxide price (US$/ton) or (Baht/kg) or (Baht/mol) 400 (12) (0.48)

- Sodium hydroxide using (kg/m3biogas) 0.27

- Sodium hydroxide using (kg/d) 405

- Sodium hydroxide cost (Baht/m3biogas) 1.26

- Sodium hydroxide using (Baht/d) 1,890
Total Chemical absorption cost (Baht/d) 1,938

- Total chemical absorption-operating cost (Baht/m3biogas) 1.29
Total operating cost (Baht/d) 2,275

- Operating cost (Baht/m3 biogas) 1.52

%NWEJL‘V\(?;I

1ﬁ1mmﬁé"mnmmﬂ§w 1 US$ = 30 baht
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Baht/d
Description
Biofilter Chemical absorption Total
Electricity
- Aeration 265 - 265
- Biogas blower 48 48 96
- Liquid pump 24 - 24
Chemical - 1,890 1,890
Total 337 1,938 2,275

1o o ~ 3
'Vill']ElL'ﬁ(ﬂ am’lvlmamsﬁmmw 1,500 m /d

msthdamafinmudioszuunsasiinwiwszuugadumaaid ddununsduzuy
2,275 Baht/d ﬁé’mwﬁ"fwﬁ%umWLm‘”ﬁgnuu 1,500 m/d (A13197 4.1) AUNUARNTBINTLAY
5:UUN389510 W Aomstnetne Gedsmfwdusesss 79 209nILERITUUNTOITIAN
lummz‘ﬁ'iwug@%uLﬂﬁﬁﬁunuﬂﬁ‘mﬂumimﬁ Aadufasaz 98 voInTLAUITZLUQATUNS
ofl (olsuuAsuszunnIses wuch@Tunumﬂﬁmwumaa%amw@‘hﬂdﬂszuu@J@s‘ﬁ“umo
0§l Sedadutouas 15 maae‘funumﬂﬁm:uuw&mm ROAARDINUNITINLINUDY Gabriel
and Deshusses (2003) 5=UUAMNLETiT09508A TIN5 UY 910,000 m'/d Adunw
ssaflunistidamodsfiszugesnanszuuintalfeaaeszun chemical  scrubber 105
million Baht/year (3.5 million USD/year) ﬂ']il,ﬂﬁﬂmzuuﬂm”@mamﬁ chemical scrubber L%
F2UUNIAIEINW @nInandunun1Iitaled 900,000 Baht/year (30,000 USD/year f1wamh
fsauantUasw 30 Baht/USD)

MIFSA H,S fRETELUNTIFI A NTINALTE LN A S Y8 InTAN1IE Adunu (1.52
Baht/m3biogasﬁﬁmmlﬂu 180 Baht/kg-S removed f1U3:&NEn1Wn13msa H,S 90%) §Ini1ns
ANs@eIETZUL micro aeration U3zanmk 3 11N (micro aeration 1uszuuisanisdiniw Lo
Lﬁsﬁnﬂizuwﬁ@]ﬁ"ﬂsﬁ%amwLﬂu@hﬂawalﬁl,%aﬁgﬁuﬂ%ﬁl,l,mquaamﬁaﬁmﬁﬂaaﬂ%‘l@sﬁ H,S
@Tunumﬂauiwu 63 Baht/kg-S removed) (Duangmanee, 2009) Lﬁadmn%aﬂaz 85 Liu

o A

v { a o é L o v v v
dunuiiiaannvinusesszuugeadumaaid Sidsnsdenuddyndainsaaanuduiu
A A o A o & o ) A & v o
H,S fleannszuuniafadinin Wagluinusiniasgiumisldnunviaiassudinnngd (¢
A171 500 ppm) WNBAAAINNULFIWIBINNNTAANTAANE I WLATILUE 8819 lTAAIN AT
. . g ! g . . . J v
VBIIZUU mircro aeration @JNAI VL@muQNaﬂn:LﬁuLLUU partial oxidation F9laaznan
o & A o & A A Av AV o o A
saunasidunfanmst luamsfiszuuniasiininsasnuidoit laaiuaunivihaudi complete

oxidation ﬁﬂﬂﬁnmsﬁ'mﬁmﬂwﬁ@ﬁmeﬁ %oﬁumlﬁummmiﬁmLmuﬂmsﬁ'mﬁﬂﬁﬁ’w”w
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NANTNA 4.7 FFTINNARIUNITAIGA H,S @2832UUNTaITIn N LaIZUUQATN
n9LAs DEWRIN 8 KW/M biogas wnl59BRANIN TR NN TaREA T T W T uas
1,500 m3biogasld Snanansanaadunssnui s ansnniniaseudsasas 32 ¢ 3,840
KWH/A (1,500 M’ giogas/d X 8 KWHIM ogeex 0.32) wi3atlszidutuyasnassuluvh 10,201
Baht/d (3,840 KWH/d x 2.68 Baht/kWH) (a13197 4.12)

TidmuwﬁmﬁﬂUwam”uﬁﬁunuwﬁﬁﬁw%anww (WN108LEY) 564  Bahtm’yaceusier
(YY1 TIIYUan, 2553) Ut fwdwin 01NN U BTN A 89110 625 M yawewater /d
(1,500 m° biogas/d + 2.4 msbiogaslm?’wastewate,) (19 4.5) ot FUNWNINIATTEININ 3,525
Baht/d (625 M yasieuatedd X 5.64 BahtM’yaciomater) (AN3197 4.12)

{ o v Ao A o 3
AN 4.12 Lﬂ‘%‘ﬁmﬁsumunu uazele NoaIuaafsdInIw 1,500 m /d

Baht/d
Description
Operating cost Income
Electricity for biogas production 3,525 -
Biogas treatment 2,275 -
Electricity - 10,291
Total 5,800 10,291
Income — Operating cost 4,491

=

L:fiaﬁﬁ]wmﬂ@”unummﬁ@ﬂmeﬁ'aﬁ?ﬂ@”am:uuniaa%amw (#1919 4.10) WU &
v & 1 o v 1 1
AUN% 22.47 Bahtkkgpsos  TIFINIIMNTTNINGNILTZNG 6 111 (3.67 Baht/kg 1ias04)
f = ') o a o = A ° o
At bsAaTY I@ﬂm"l,ﬂﬂmsﬁayjiﬂumwLﬁ*mlaal,amwm:uumaammw wngu1Inan b
Uselanidl NIz UIBNITHNAA LI’ AN a:ﬁﬂﬁa@m‘”nnun’m{@mwaaLﬁ'g LRZAANITHLDN
nIaganInana1slszing UM @I UANTTINNANIUNNTIG Ho,S  Tuudlduainns
Nﬁmwéﬁmuw@Lmuwavdmuvl,wmmﬂuumUwﬁmﬁ”w%amw"lﬁazmq”unu LR HIIANRIING
LRAALNEINANDZTAITUNITZUIRNIINAATN 819U L6 4,491 Baht/d
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fIJ‘YIﬂEfIJ LL&S%@ Ldatie

5.1 ?IJ‘YIE"I?LI

5.1.1

51.2

NaOH Lﬁum‘smﬁﬁﬁﬁ'ﬂsmwmﬂﬁqﬂ Tunsinsa H,S  wae CO, lufadinwidainw
[Tt 8,309+3,833 ppm Uaz 21.4+5.1% auaU WAz CH, 76.1+4.3% faw5auifioy
Al K,CO; DEA uaztin ﬁamazmmﬁwﬁumi@@%w 0.10 mol/L LazANNL3IMD 0.1 cmis
(AMUGULITILNMA) FI8I2LMINAAUTIUL 5 hr 718631 mass loading 189 H,S Uas
CO, WML 0.099 kgH,S/m/h uaz 3.19 kg CO/m’/h MNEIGL (ANNTUTWARD HoS
8,309 ppm Waz 21.4%) Maganmidmnsisedenugutulinuaassosss 5 God
dunuaIad 1.26 Bah]‘/m3biogas

TuuNIaITINNHLTERNTAIWMIaa H,S LLazwﬁmﬂmsﬁ'avﬁﬂvlﬁgaqm%aﬂa: 97 Az
0.41 gH,SO/g Inlet H,S AW AU gn17z pH 15uduDeIIMa? 4 EBRT 180 s ua
ALRR 7.1 mm’h szuufanuaansalunissise HS (EC=167 gH,S/m’h) 7i mass
loading 200 gH,S/m’/h BAUNBINIAUIZUY 0.22 Baht/m3biogas
MIANBUFDIETANMIARITUUNTBITINW WU uuATISangw Acidithiobacillus  sp.
Li‘juﬁ;5%%%5ﬂ§j&%§ﬂﬁﬁﬂﬂﬂ’]ﬂﬁ’]ﬂvfy@iE]ﬂi:ﬁ?ﬂ%ﬂ’lWﬂ’]iﬁ’]ﬁT@] H,S 'lesanaz 90 Feany
\Tudufioananszuutouss 10 Sdais 677 ppm qandwﬁwﬁuu:ﬁﬂﬂfﬁm%’u
LA3aapudinlnal (500 ppm) LRBaLEnTtoY uwazdidnonmwniansadaninldiasaz 30
Pa91/5010h H,S Mdinszuy (190 g H,S0,/m’/h) §awdnsasas 60 vaIUSum H,S P
szuu aglugy elemental sulfur uazB%9 AFANIE pH 3uAUEIWAY 4 EBRT 180 s Uaz
ALRR 7.1 m3/m2/h #2880 mass loading rate 195 gHZS/mS/h uanmnﬁt ﬁ"’]ﬁlj:ﬁ’mﬁwﬁl
|@ssfianuautu CH, laasfanas 81.8 Fananzaudam i Wl Iwdonasnonda

a v (% a & 3 A a
WRIIIU EIUAUNUNIIAUITVUVIRNG 1.52 Baht/m ioqa wIafaidw 22.47 Baht/kg

H2S04

5.2 UalAWDLWE

5.21

afAnmuwINIINIUTDY I M wNIatansn lasanifinaznan  elemental  sulfur
Uzdulunsadanin uaznmainlles rubber recovery lumaaiFonfiznaiduasddsznay

iWananIgLiuLiaanalugamnnITuineI T wazeniuns
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ATNWINA N-1 pH v luszULNE AT AW

pH
Sources

1 2 3 Mean SD
Skim serum effluent 4.76 4.65 6.18 5.20 0.85
Influent of SRR 7.44 7.32 7.50 7.42 0.09
Influent of UASB 7.40 7.40 7.44 7.41 0.02
Effluent of UASB (1) 7.47 7.48 7.55 7.50 0.04
Effluent of UASB (2) 6.89 6.83 6.70 6.81 0.10
Effluent of UASB (total) 6.13 5.50 5.83 5.82 0.32
Pond 7.45 9.30 9.32 8.69 1.07
G]’]TNN%’Jﬂ‘ﬁl n-2 ﬂ?ﬂNLfNﬁ%ﬁ’]iS%ﬂ%iﬂ%ﬁﬂ COD Tadﬁ’lLﬁﬂiuizﬂﬂﬁdﬁ@]ﬁv’]m%’gﬂ’]w

Sources €OD (mgl)

1 2 3 Mean SD
Skim serum effluent 44,800 23,200 22,400 30,133 12,708
Influent of SRR 336 640 320 432 180
Influent of UASB 576 800 640 672 115
Effluent of UASB (1) 480 1,000 320 600 356
Effluent of UASB (2) 2,720 5,600 4,800 4,373 1,487
Effluent of UASB (total) 3,680 6,400 8,400 6,160 2,369
Pond 144 80 160 128 42
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ANTINWINA N-3 mwﬁuﬁﬂﬂmmﬂugﬂ TKN 289 Feluszsuundamaiinin

TKN (mg/L)
Sources
1 2 3 Mean SD
Skim serum effluent 1,365 840 1,015 1,073 267
Influent of SRR 403 483 331 406 76
Influent of UASB 406 464 383 418 42
Effluent of UASB (1) 384 504 273 387 116
Effluent of UASB (2) 467 312 424 401 80
Effluent of UASB (total) 406 382 361 383 23
Pond 10 4 16 10 6
@]Wiﬂdwuﬁﬂ‘ﬁl N-4 ANULTUTH Sulfate °11aaﬁ%ﬁﬂmzuwﬁmﬁ”ﬂsﬁ%amw
Sources Sulfate (mg/L)
1 2 3 Mean SD
Skim serum effluent 1,800 3,600 800 2,067 1,419
Influent of SRR 27 2 3 11 14
Influent of UASB 20 4 2 9 10
Effluent of UASB (1) 11 2 2 5 5
Effluent of UASB (2) 84 80 67 77 9
Effluent of UASB (total) 136 120 133 130 9
Pond 31 31 45 36 8
@]Wiﬂdwuﬁﬂ‘ﬁl n-5 m’mL?TuﬂTusﬁaVlWﬁa:aﬁuﬁﬂuﬁﬁL?m’l,mzuuwﬁmﬁw%’smw
Sources Dissolved sulfide (mg/L)
1 2 3 Mean SD
Skim serum effluent 24 74 65 54 26
Influent of SRR 24 82 82 63 33
Influent of UASB 25 49 66 47 21
Effluent of UASB (1) 28 81 70 59 28
Effluent of UASB (2) 30 23 51 35 15
Effluent of UASB (total) 25 26 42 31 10
Pond 1 1 2 1 1
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ANTNHWINN N-6 YILANTAIWNIIMAA COD VAITZUUNAANNTTININ

Operation unit

COD Removal (%)

1 2 3 Mean SD
SRR 26 13 43 27 15
UASB 82 82 93 86 6
Overall 87 84 96 89 6
MTIHWINT N-7 UseEnSnmmamsadailavesssuunaamatann

Sulfate Removal (%)

Operation unit

1 2 3 Mean SD
SRR 38 33 50 40 8
UASB 87 98 97 94 6
Overall 92 98 98 96 4

INTWHWINT N-8 asdsznaufadinmwainszuundaiediniw SRR (Tayaidiaadu)

Concentration (%)

Biogas
1 2 3 Mean SD
CH, 79.8 74.2 78.5 77.5 2.9
CO, 18.3 241 20.4 20.9 29
0, 0.3 0.3 0.2 0.3 0.1
H,S (ppm) 9,192 12,102 10,373 10,556 1,464
Other 1.6 1.3 0.7 1.2 0.5

A 6 v a a e ) v & v
ANTNHWINN N-9 89AUITNAUMATTININANNIZUUNAANTTININ UASB (magamamu)

Concentration (%)

Biogas
1 2 3 Mean SD
CH,4 78 74.1 747 75.6 2.1
CO, 20.6 23.8 242 22.9 2.0
0, 0.4 0.2 0.2 0.3 0.1
H,S (ppm) 10,153 10,568 12,938 11,220 1,503
Other 1.0 2.0 0.7 1.2 0.7
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ATHHWINA N-10 89AUTznauMaTINTNANTIUL SRR (WHATM 8 2552-Ng HAAL 2554)

Biogas composition (%)

No. Sample
CH, CO, 0, other H,S (ppm)
1 83.9 10.5 0.3 54 3,896
2 83.0 11.7 0.2 5.0 5,192
3 81.0 16.1 0.3 2.6 6,079
4 77.6 18.4 0.4 3.6 9,258
5 75.8 17.2 0.2 6.9 8,595
6 81.1 14.9 0.3 3.7 7,961
7 77.8 19.2 0.3 2.7 9,730
8 79.2 18.5 0.2 2.1 6,126
9 80.7 16.5 0.2 26 5,354
10 81.3 16.1 0.3 2.3 5,192
11 81.8 15.3 0.3 2.7 4,740
12 82.7 14.8 0.3 22 3,356
13 65.4 31.9 0.2 25 14,076
14 67.4 30.3 0.2 2.1 18,605
15 71.9 25.3 0.3 25 15,214
16 73.0 25.1 0.2 1.8 12,392
17 741 22.8 0.2 2.8 9,604
18 731 25.1 0.2 1.7 11,235
19 69.9 28.8 0.2 1.0 15,643
20 72.5 254 1.8 0.4 12,860
21 73.9 25.3 0.2 0.5 12,009
22 74.6 24.2 0.9 0.3 9,839
23 75.3 23.1 0.3 1.3 6,142
24 76.9 20.2 0.4 25 4,852
25 77.5 215 0.3 0.8 5,089
26 71.2 27.6 0.2 1.0 4,550
27 741 252 0.2 0.5 7,896
28 74.3 25.0 0.2 0.6 8,341
29 74.7 235 0.3 1.5 9,599
30 72.7 26.2 0.3 0.8 10,804
31 74.4 19.5 0.3 5.8 3,551
32 80.2 17.3 0.1 23 4,152
33 80.0 17.9 0.3 1.9 2,893
34 76.3 225 0.2 1.0 6,386
35 76.0 22.3 0.2 1.4 7,498
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ATNBINT N-10 898 L52NALANTTINININNITVUNAATNTEINN SRR (d8)

Biogas composition (%)
No. Sample
CH, CO, 0, other H,S (ppm)
36 74.5 245 0.3 0.8 10,596
37 75.9 20.8 0.2 3.2 8,115
38 83.4 13.1 0.2 3.3 5,242
39 82.1 13.1 0.5 43 6,748
40 75.9 21.0 0.4 27 6,588
41 83.7 12.3 0.4 3.6 4,183
42 82.9 13.9 0.3 2.9 4,099
43 77.4 20.2 0.3 2.1 6,664
44 76.3 9.0 0.6 14.1 2,119
45 80.7 10.9 0.8 7.6 4,796
46 82.2 10.2 0.5 7.1 7,919
47 77.5 7.9 0.4 14.2 3,012
48 77.9 11.4 0.5 10.2 5,465
49 82.1 10.8 0.5 6.6 5,744
50 75.4 10.8 0.7 13.1 5,856
51 81.4 9.6 0.5 8.5 5,521
52 75.8 11.1 0.6 12.5 7,596
53 80.4 10.4 0.5 8.7 7,696
54 81.2 10.6 0.5 7.7 7,306
55 76.1 10.8 0.7 12.4 5,967
56 83.4 15.7 0.7 0.2 5,521
57 80.7 14.1 0.4 4.8 4,613
58 76.7 215 0.4 1.4 8,365
59 80.6 15.3 0.6 3.5 5,647
60 77.9 18.1 0.5 3.5 7,719
61 80.7 15.9 0.4 3.0 7,459
62 75.6 10.4 0.5 13.5 5,688
63 75.2 9.5 0.6 14.7 4,740
64 78.0 8.4 0.6 13.0 5,354
65 771 8.4 0.6 13.9 4,647
66 76.8 9.2 0.6 134 5,856
67 75.8 9.5 0.5 14.2 4,833
68 78.7 14.9 0.6 5.8 6,915
69 79.0 15.9 0.6 4.5 7,083
70 78.8 15.4 0.5 5.3 5,943
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ATNBINT N-10 898 L52NALANTTINININNITVUNAATNTEINN SRR (d8)

Biogas composition (%)
No. Sample
CH, CO, 0, other H,S (ppm)
71 79.9 15.1 0.5 4.5 6,469
72 77.3 16.6 0.7 54 6,246
73 75.9 15.9 0.6 7.6 5,019
74 78.8 18.4 0.3 25 6,664
75 83.2 13.7 0.3 2.8 3,998
76 76.0 18.9 0.6 4.5 3,569
77 79.0 19.7 0.2 1.1 4,850
78 83.5 13.1 0.3 3.1 2,956
79 76.5 18.6 0.5 4.4 5,187
80 76.9 171 0.6 5.4 4,601
81 79.1 15.0 0.6 5.3 4,350
82 74.9 19.0 0.6 5.5 6,804
83 80.5 13.0 0.7 5.8 4,369
84 78.8 14.6 0.7 5.9 4,963
85 80.4 14.4 0.6 4.6 5,633
86 78.2 13.0 0.7 8.1 3,486
87 80.2 12.3 0.7 6.8 3,904
88 77.9 13.8 0.5 7.8 6,291
89 76.4 131 0.7 9.8 4,378
90 80.9 13.5 0.2 5.4 5,312
91 80.1 141 0.6 5.2 6,218
92 80.4 13.8 0.4 5.4 8,934
93 80.2 13.6 0.3 5.9 6,860
94 82.1 12.6 0.3 5.0 6,949
95 80.2 13.6 0.3 5.9 6,860
96 79.7 13.9 0.2 6.2 6,849
97 81.9 12.9 0.4 4.8 5,956
98 81.2 12.6 0.3 5.9 4,160
99 82.2 12.0 0.4 5.4 5,867
100 80.7 12.2 0.4 6.7 5,967
101 82.2 12.0 0.4 5.4 5,867
102 80.7 12.2 0.4 6.7 5,967
103 81.1 12.6 0.3 6.0 5,688
104 79.4 11.7 0.3 8.6 4,450
105 80.2 11.5 0.4 7.9 5,153
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ATNBINT N-10 898 L52NALANTTINININNITVUNAATNTEINN SRR (d8)

Biogas composition (%)
No. Sample
CH, CO, 0, other H,S (ppm)
106 83.8 12.2 0.4 3.6 5,577
107 80.2 11.5 0.4 7.9 5,153
108 83.8 12.2 0.4 3.6 5,577
109 83.1 12.8 0.4 3.6 5,521
110 78.7 9.6 0.6 11.1 3,625
111 81.7 9.2 0.4 8.7 3,123
112 79.2 10.0 0.3 10.5 4,328
113 77.2 10.2 0.3 12.3 4,874
114 79.2 10.0 0.3 10.5 4,328
115 82.9 10.7 0.3 3.6 3,792
116 82.8 11.9 0.4 4.9 3,692
117 82.5 11.8 0.4 5.3 2,521
118 83.0 12.2 0.3 4.5 3,157
119 82.5 11.8 0.4 5.3 2,521
120 83.0 12.2 0.3 4.5 3,157
121 82.4 12.1 0.3 5.2 3,491
122 82.7 11.8 0.4 5.1 3,513
123 83.2 12.5 0.4 3.9 3,859
124 78.8 13.2 0.5 7.5 4,562
125 83.2 12.5 0.4 3.9 3,859
126 78.8 13.2 0.5 7.5 4,562
127 82.5 12.6 0.4 4.5 3,658
128 79.5 16.9 0.4 3.2 3,625
129 77.9 18.3 0.5 3.3 7,674
130 75.5 21.3 0.5 27 9,659
131 77.9 18.3 0.5 3.3 7,674
132 75.5 21.3 0.5 27 9,659
133 74.2 23.7 0.4 1.7 8,901
134 79.3 16.4 0.5 3.8 5,767
135 73.2 23.3 0.4 3.1 5,633
136 74.0 22.7 0.5 2.8 3,491
137 73.2 23.3 0.4 3.1 5,633
138 74.0 22.7 0.5 2.8 3,491
139 73.3 242 0.5 2.0 3,692
140 79.8 13.0 0.3 6.9 3,302
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ATNBINT N-10 898 L52NALANTTINININNITVUNAATNTEINN SRR (d8)

Biogas composition (%)
No. Sample
CH, CO, 0, other H,S (ppm)
141 81.0 12.1 0.4 6.5 4,573
142 81.9 11.4 0.4 6.3 5,354
143 81.0 12.1 0.4 6.5 4,573
144 81.9 11.4 0.4 6.3 5,354
145 82.7 11.8 0.4 5.1 3,748
Mean 78.6 15.8 0.4 5.1 6,078
SD 3.6 5.3 0.4 5.1 2,691
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Biogas composition (%)
No. Sample
CH, CO, 0, other H,S (ppm)
1 83.9 10.5 0.3 54 3,896
2 83.0 11.7 0.2 5.0 5,192
3 81.0 16.1 0.3 2.6 6,079
4 77.6 18.4 0.4 3.6 9,258
5 75.8 17.2 0.2 6.9 8,595
6 81.1 14.9 0.3 3.7 7,961
7 77.8 19.2 0.3 2.7 9,730
8 79.2 18.5 0.2 2.1 6,126
9 80.7 16.5 0.2 2.6 5,354
10 81.3 16.1 0.3 23 5,192
11 81.8 15.3 0.3 27 4,740
12 82.7 14.8 0.3 22 3,356
13 65.4 31.9 0.2 25 14,076
14 67.4 30.3 0.2 2.1 18,605
15 71.9 253 0.3 25 15,214
16 73.0 25.1 0.2 1.8 12,392
17 741 22.8 0.2 28 9,604
18 73.1 25.1 0.2 1.7 11,235
19 69.9 28.8 0.2 1.0 15,643
20 72.5 25.4 1.8 0.4 12,860
21 73.9 253 0.2 0.5 12,009
22 74.6 24.2 0.9 0.3 9,839
23 75.3 23.1 0.3 1.3 6,142
24 76.9 20.2 0.4 25 4,852
25 77.5 21.5 0.3 0.8 5,089
26 71.2 27.6 0.2 1.0 4,550
27 741 252 0.2 0.5 7,896
28 74.3 25.0 0.2 0.6 8,341
29 74.7 235 0.3 1.5 9,599
30 72.7 26.2 0.3 0.8 10,804
31 74.4 19.5 0.3 5.8 3,551
32 80.2 17.3 0.1 23 4,152
33 80.0 17.9 0.3 1.9 2,893
34 76.3 225 0.2 1.0 6,386
35 76.0 22.3 0.2 1.4 7,498
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Biogas composition (%)
No. Sample
CH, CO, 0, other H,S (ppm)
36 74.5 245 0.3 0.8 10,596
37 75.9 20.8 0.2 3.2 8,115
Mean 76.1 21.4 0.3 2.2 8309
SD 4.3 5.1 0.3 1.6 3838
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Biogas composition (%)

No. Sample
CH, CO, 0, other H,S (ppm)
1 83.4 13.1 0.2 3.3 5,242
2 82.1 13.1 0.5 43 6,748
3 75.9 21.0 0.4 27 6,588
4 83.7 12.3 0.4 3.6 4,183
5 82.9 13.9 0.3 2.9 4,099
6 77.4 20.2 0.3 2.1 6,664
7 76.3 9.0 0.6 14.1 2,119
8 80.7 10.9 0.8 7.6 4,796
9 82.2 10.2 0.5 7.1 7,919
10 77.5 7.9 04 14.2 3,012
11 77.9 11.4 0.5 10.2 5,465
12 82.1 10.8 0.5 6.6 5,744
13 75.4 10.8 0.7 13.1 5,856
14 814 9.6 0.5 8.5 5,521
15 75.8 11.1 0.6 12.5 7,596
16 80.4 10.4 0.5 8.7 7,696
17 81.2 10.6 0.5 7.7 7,306
18 76.1 10.8 0.7 124 5,967
19 83.4 15.7 0.7 0.2 5,521
20 80.7 14.1 0.4 4.8 4,613
21 76.7 21.5 0.4 14 8,365
22 80.6 15.3 0.6 35 5,647
23 77.9 18.1 0.5 35 7,719
24 80.7 15.9 0.4 3.0 7,459
25 75.6 10.4 0.5 13.5 5,688
26 75.2 9.5 0.6 14.7 4,740
27 78.0 8.4 0.6 13.0 5,354
28 771 8.4 0.6 13.9 4,647
29 76.8 9.2 0.6 134 5,856
30 75.8 9.5 0.5 14.2 4,833
31 78.7 14.9 0.6 5.8 6,915
32 79.0 15.9 0.6 4.5 7,083
33 78.8 15.4 0.5 5.3 5,943
34 79.9 15.1 0.5 4.5 6,469
35 77.3 16.6 0.7 5.4 6,246
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Biogas composition (%)
No. Sample
CH, CO, 0, other H,S (ppm)
36 75.9 15.9 0.6 7.6 5,019
37 78.8 18.4 0.3 25 6,664
38 83.2 13.7 0.3 2.8 3,998
39 76.0 18.9 0.6 4.5 3,569
40 79.0 19.7 0.2 1.1 4,850
41 83.5 13.1 0.3 3.1 2,956
42 76.5 18.6 0.5 4.4 5,187
43 76.9 17.1 0.6 5.4 4,601
44 79.1 15.0 0.6 5.3 4,350
45 74.9 19.0 0.6 5.5 6,804
46 80.5 13.0 0.7 5.8 4,369
47 78.8 14.6 0.7 5.9 4,963
48 80.4 14.4 0.6 4.6 5,633
49 78.2 13.0 0.7 8.1 3,486
50 80.2 12.3 0.7 6.8 3,904
51 77.9 13.8 0.5 7.8 6,291
52 76.4 13.1 0.7 9.8 4,378
53 80.9 13.5 0.2 5.4 5,312
54 80.1 14.1 0.6 5.2 6,218
55 80.4 13.8 0.4 5.4 8,934
56 80.2 13.6 0.3 5.9 6,860
57 82.1 12.6 0.3 5.0 6,949
58 80.2 13.6 0.3 5.9 6,860
59 79.7 13.9 0.2 6.2 6,849
60 81.9 12.9 0.4 4.8 5,956
61 81.2 12.6 0.3 5.9 4,160
62 82.2 12.0 0.4 5.4 5,867
63 80.7 12.2 0.4 6.7 5,967
64 82.2 12.0 0.4 5.4 5,867
65 80.7 12.2 0.4 6.7 5,967
66 81.1 12.6 0.3 6.0 5,688
67 79.4 11.7 0.3 8.6 4,450
68 80.2 11.5 0.4 7.9 5,153
69 83.8 12.2 0.4 3.6 5,577
70 80.2 11.5 0.4 7.9 5,153
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Biogas composition (%)
No. Sample
CH, CO, 0, other H,S (ppm)
71 83.8 12.2 0.4 3.6 5,577
72 83.1 12.8 0.4 3.6 5,521
73 78.7 9.6 0.6 11.1 3,625
74 81.7 9.2 0.4 8.7 3,123
75 79.2 10.0 0.3 10.5 4,328
76 77.2 10.2 0.3 12.3 4,874
77 79.2 10.0 0.3 10.5 4,328
78 82.9 10.7 0.3 3.6 3,792
79 82.8 11.9 0.4 4.9 3,692
80 82.5 11.8 0.4 5.3 2,521
81 83.0 12.2 0.3 4.5 3,157
82 82.5 11.8 0.4 5.3 2,521
83 83.0 12.2 0.3 4.5 3,157
84 824 12.1 0.3 5.2 3,491
85 82.7 11.8 0.4 5.1 3,513
86 83.2 12.5 0.4 3.9 3,859
87 78.8 13.2 0.5 7.5 4,562
88 83.2 12.5 0.4 3.9 3,859
89 78.8 13.2 0.5 7.5 4,562
90 82.5 12.6 0.4 4.5 3,658
91 79.5 16.9 0.4 3.2 3,625
92 77.9 18.3 0.5 3.3 7,674
93 75.5 21.3 0.5 27 9,659
94 77.9 18.3 0.5 3.3 7,674
95 75.5 21.3 0.5 27 9,659
96 74.2 23.7 0.4 1.7 8,901
97 79.3 16.4 0.5 3.8 5,767
98 73.2 23.3 0.4 3.1 5,633
99 74.0 22.7 0.5 2.8 3,491
100 73.2 23.3 0.4 3.1 5,633
101 74.0 22.7 0.5 2.8 3,491
102 73.3 242 0.5 2.0 3,692
103 79.8 13.0 0.3 6.9 3,302
104 81.0 12.1 0.4 6.5 4,573
105 81.9 11.4 0.4 6.3 5,354
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Biogas composition (%)
No. Sample
CH, CO, 0, other H,S (ppm)
106 81.0 12.1 0.4 6.5 4,573
107 81.9 11.4 0.4 6.3 5,354
108 82.7 11.8 0.4 5.1 3,748
109 81.0 13.0 0.4 5.6 12,648
110 81.4 12.5 0.5 5.6 8,810
111 82.0 13.0 0.4 4.6 12,160
112 81.9 13.3 0.4 4.4 7,864
113 82.5 12.9 0.3 43 7,151
114 82.5 13.2 0.4 3.9 10,076
115 80.7 12.5 0.5 6.3 10,362
116 81.1 13.5 0.4 5.0 9,426
117 81.8 13.4 0.4 4.4 9,278
118 824 13.3 0.4 3.9 6,503
119 81.5 13.8 0.5 4.2 6,759
120 81.9 13.8 0.5 3.8 6,593
121 80.4 13.9 0.5 5.2 7,174
122 81.5 12.7 0.5 5.3 7,714
123 81.0 13.0 0.5 5.5 7,528
124 80.9 13.7 0.4 5.0 7,099
125 82.7 13.2 0.1 4.0 6,614
126 82.1 13.2 0.3 4.4 6,847
127 80.1 13.6 0.4 5.9 6,658
128 81.2 13.3 0.4 5.1 10,051
129 80.3 12.9 0.5 6.3 10,042
130 80.9 13.8 0.5 4.8 6,409
131 81.7 13.7 0.4 4.2 8,650
132 80.6 13.2 0.5 5.7 9,693
133 79.8 13.9 0.5 5.8 6,437
134 79.3 14.3 0.5 5.9 8,619
135 80.3 14.3 0.5 49 7,785
136 80.2 14.7 0.5 46 7,104
137 79.8 14.9 0.5 4.8 7,270
138 80.2 14.2 0.5 5.1 7,137
139 79.1 15.6 0.5 4.8 6,978
140 76.9 14.0 0.6 8.5 6,612
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Biogas composition (%)
No. Sample
CH, CO, 0, other H,S (ppm)
141 81.9 13.5 0.5 4.1 7,293
142 79.7 15.4 0.5 4.4 5,319
143 80.2 14.3 0.6 49 6,184
144 81.5 13.9 0.5 4.1 7,031
145 79.4 13.2 0.6 6.8 9,927
146 78.8 14.4 0.5 6.3 8,700
147 791 14.4 0.5 6.0 7,027
148 75.4 12.4 1.5 10.7 8,272
149 79.3 14.4 0.5 5.8 7,557
150 79.4 14.1 0.4 6.1 8,291
151 80.8 11.0 1.4 6.8 6,506
152 79.7 12.4 0.9 7.0 11,265
153 80.5 13.2 0.8 5.5 10,838
154 83.0 13.6 0.3 3.1 7,696
155 80.0 12.8 0.9 6.3 8,774
156 80.0 13.0 0.8 6.2 9,090
157 78.7 13.3 0.6 7.4 13,294
158 79.9 13.4 0.5 6.2 11,634
159 80.0 13.1 0.5 6.4 11,790
160 79.4 13.5 0.7 6.4 10,866
161 80.3 13.4 0.6 5.7 12,901
162 80.2 13.0 0.5 6.3 11,801
Mean 79.8 13.8 0.5 5.9 6,395
SD 2.5 3.1 0.2 2.8 2,309
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Ladl
Biogas composition (%)
No. Sample
CH, CO, 0, other H,S (ppm)
1 80.6 9.3 0.5 9.6 6,124
2 81.0 13.8 0.6 46 7,717
3 78.8 17.2 0.4 3.6 5,643
4 79.7 171 0.1 3.1 7,603
5 80.2 15.2 0.4 42 5,643
6 80.0 14.8 0.4 438 8,850
7 80.4 14.4 0.5 47 8,850
8 80.2 141 0.6 5.1 7,016
9 81.8 13.6 0.4 42 5,883
10 81.5 13.2 0.5 438 4,646
11 81.9 12.9 0.4 438 7,018
12 81.8 124 0.6 5.2 6,544
13 79.4 13.6 0.4 6.6 9,388
14 79.4 13.3 0.5 6.8 5,800
15 79.2 14.2 0.4 6.2 4,480
16 79.2 14.2 0.4 6.2 4,480
17 79.1 13.9 0.4 6.6 6,451
18 79.4 17.6 0.4 26 2,928
19 80.1 15.6 0.4 3.9 6,484
20 80.4 13.5 0.3 5.8 7,270
21 79.8 13.2 0.7 6.3 6,990
22 79.8 13.4 0.5 6.3 8,024
Mean 80.2 14.1 0.4 5.3 6,538
SD 0.9 1.8 0.1 1.5 1,582
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Biogas composition (%)

No. Sample
CH, CO, 0, other H,S (ppm)
1 83.9 10.5 0.3 54 3,896
2 83.0 11.7 0.2 5.0 5,192
3 81.0 16.1 0.3 2.6 6,079
4 77.6 18.4 0.4 3.6 9,258
5 75.8 17.2 0.2 6.9 8,595
6 81.1 14.9 0.3 3.7 7,961
7 77.8 19.2 0.3 2.7 9,730
8 79.2 18.5 0.2 2.1 6,126
9 80.7 16.5 0.2 26 5,354
10 81.3 16.1 0.3 2.3 5,192
11 81.8 15.3 0.3 2.7 4,740
12 82.7 14.8 0.3 22 3,356
13 65.4 31.9 0.2 25 14,076
14 67.4 30.3 0.2 2.1 18,605
15 71.9 25.3 0.3 25 15,214
16 73.0 25.1 0.2 1.8 12,392
17 741 22.8 0.2 2.8 9,604
18 731 25.1 0.2 1.7 11,235
19 69.9 28.8 0.2 1.0 15,643
20 72.5 254 1.8 0.4 12,860
21 73.9 25.3 0.2 0.5 12,009
22 74.6 24.2 0.9 0.3 9,839
23 75.3 23.1 0.3 1.3 6,142
24 76.9 20.2 0.4 25 4,852
25 77.5 215 0.3 0.8 5,089
26 71.2 27.6 0.2 1.0 4,550
27 741 252 0.2 0.5 7,896
28 74.3 25.0 0.2 0.6 8,341
29 74.7 235 0.3 1.5 9,599
30 72.7 26.2 0.3 0.8 10,804
31 74.4 19.5 0.3 5.8 3,551
32 80.2 17.3 0.1 23 4,152
33 80.0 17.9 0.3 1.9 2,893
34 76.3 225 0.2 1.0 6,386
35 76.0 22.3 0.2 1.4 7,498
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A 6 &V = Al '
ANNHWINT N-14 aamli:naummmmwﬂ"ﬂumwmad (a8)

Biogas composition (%)

No. Sample
CH, CO, 0, other H,S (ppm)
36 74.5 245 0.3 0.8 10,596
37 75.9 20.8 0.2 3.2 8,115
38 83.4 13.1 0.2 3.3 5,242
39 82.1 13.1 0.5 43 6,748
40 75.9 21.0 0.4 27 6,588
41 83.7 12.3 0.4 3.6 4,183
42 82.9 13.9 0.3 2.9 4,099
43 77.4 20.2 0.3 2.1 6,664
44 76.3 9.0 0.6 14.1 2,119
45 80.7 10.9 0.8 7.6 4,796
46 82.2 10.2 0.5 7.1 7,919
47 77.5 7.9 04 14.2 3,012
48 77.9 11.4 0.5 10.2 5,465
49 82.1 10.8 0.5 6.6 5,744
50 75.4 10.8 0.7 13.1 5,856
51 81.4 9.6 0.5 8.5 5,521
52 75.8 11.1 0.6 12,5 7,596
53 80.4 10.4 0.5 8.7 7,696
54 81.2 10.6 0.5 7.7 7,306
55 76.1 10.8 0.7 124 5,967
56 83.4 15.7 0.7 0.2 5,521
57 80.7 14.1 0.4 4.8 4,613
58 76.7 21.5 0.4 14 8,365
59 80.6 15.3 0.6 35 5,647
60 77.9 18.1 0.5 35 7,719
61 80.7 15.9 0.4 3.0 7,459
62 75.6 10.4 0.5 13.5 5,688
63 75.2 9.5 0.6 14.7 4,740
64 78.0 8.4 0.6 13.0 5,354
65 771 8.4 0.6 13.9 4,647
66 76.8 9.2 0.6 134 5,856
67 75.8 9.5 0.5 14.2 4,833
68 78.7 14.9 0.6 5.8 6,915
69 79.0 15.9 0.6 4.5 7,083
70 78.8 15.4 0.5 5.3 5,943
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A 6 &V = Al '
ANNHWINT N-14 aamli:naummmmwﬂ"ﬂumwmad (a8)

Biogas composition (%)

No. Sample
CH, CO, 0, other H,S (ppm)
71 79.9 15.1 0.5 4.5 6,469
72 77.3 16.6 0.7 54 6,246
73 75.9 15.9 0.6 7.6 5,019
74 78.8 18.4 0.3 25 6,664
75 83.2 13.7 0.3 2.8 3,998
76 76.0 18.9 0.6 4.5 3,569
77 79.0 19.7 0.2 1.1 4,850
78 83.5 13.1 0.3 3.1 2,956
79 76.5 18.6 0.5 4.4 5,187
80 76.9 17.1 0.6 5.4 4,601
81 79.1 15.0 0.6 5.3 4,350
82 74.9 19.0 0.6 5.5 6,804
83 80.5 13.0 0.7 5.8 4,369
84 78.8 14.6 0.7 5.9 4,963
85 80.4 14.4 0.6 4.6 5,633
86 78.2 13.0 0.7 8.1 3,486
87 80.2 12.3 0.7 6.8 3,904
88 77.9 13.8 0.5 7.8 6,291
89 76.4 13.1 0.7 9.8 4,378
90 80.9 13.5 0.2 5.4 5,312
91 80.1 14.1 0.6 5.2 6,218
92 80.4 13.8 0.4 5.4 8,934
93 80.2 13.6 0.3 5.9 6,860
94 82.1 12.6 0.3 5.0 6,949
95 80.2 13.6 0.3 5.9 6,860
96 79.7 13.9 0.2 6.2 6,849
97 81.9 12.9 0.4 4.8 5,956
98 81.2 12.6 0.3 5.9 4,160
99 82.2 12.0 0.4 54 5,867
100 80.7 12.2 0.4 6.7 5,967
101 82.2 12.0 0.4 54 5,867
102 80.7 12.2 0.4 6.7 5,967
103 81.1 12.6 0.3 6.0 5,688
104 79.4 11.7 0.3 8.6 4,450
105 80.2 11.5 0.4 7.9 5,153
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ANNHWINT N-14 aamli:naummmmwﬂ"ﬂumwmad (a8)

Biogas composition (%)

No. Sample
CH, CO, 0, other H,S (ppm)
106 83.8 12.2 0.4 3.6 5,577
107 80.2 11.5 0.4 7.9 5,153
108 83.8 12.2 0.4 3.6 5,577
109 83.1 12.8 0.4 3.6 5,521
110 78.7 9.6 0.6 11.1 3,625
111 81.7 9.2 0.4 8.7 3,123
112 79.2 10.0 0.3 10.5 4,328
113 77.2 10.2 0.3 12.3 4,874
114 79.2 10.0 0.3 10.5 4,328
115 82.9 10.7 0.3 3.6 3,792
116 82.8 11.9 04 4.9 3,692
117 82.5 11.8 04 5.3 2,521
118 83.0 12.2 0.3 4.5 3,157
119 82.5 11.8 04 5.3 2,521
120 83.0 12.2 0.3 4.5 3,157
121 82.4 12.1 0.3 5.2 3,491
122 82.7 11.8 0.4 5.1 3,513
123 83.2 12.5 04 3.9 3,859
124 78.8 13.2 0.5 7.5 4,562
125 83.2 12.5 04 3.9 3,859
126 78.8 13.2 0.5 7.5 4,562
127 82.5 12.6 0.4 45 3,658
128 79.5 16.9 0.4 3.2 3,625
129 77.9 18.3 0.5 3.3 7,674
130 75.5 21.3 0.5 27 9,659
131 77.9 18.3 0.5 3.3 7,674
132 75.5 21.3 0.5 27 9,659
133 74.2 23.7 0.4 1.7 8,901
134 79.3 16.4 0.5 3.8 5,767
135 73.2 23.3 0.4 3.1 5,633
136 74.0 22.7 0.5 2.8 3,491
137 73.2 23.3 0.4 3.1 5,633
138 74.0 22.7 0.5 2.8 3,491
139 73.3 242 0.5 2.0 3,692
140 79.8 13.0 0.3 6.9 3,302
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ANNHWINT N-14 aamli:naummmmwﬂ"ﬂumwmad (a8)

Biogas composition (%)

No. Sample
CH, CO, 0, other H,S (ppm)
141 81.0 12.1 0.4 6.5 4,573
142 81.9 11.4 0.4 6.3 5,354
143 81.0 12.1 0.4 6.5 4,573
144 81.9 11.4 0.4 6.3 5,354
145 82.7 11.8 0.4 5.1 3,748
146 81.0 13.0 0.4 5.6 12,648
147 81.4 12.5 0.5 5.6 8,810
148 82.0 13.0 0.4 4.6 12,160
149 81.9 13.3 04 4.4 7,864
150 82.5 12.9 0.3 43 7,151
151 82.5 13.2 0.4 3.9 10,076
152 80.7 12.5 0.5 6.3 10,362
153 81.1 13.5 0.4 5.0 9,426
154 81.8 13.4 04 4.4 9,278
155 82.4 13.3 0.4 3.9 6,503
156 81.5 13.8 0.5 42 6,759
157 81.9 13.8 0.5 3.8 6,593
158 80.4 13.9 0.5 5.2 7,174
159 81.5 12.7 0.5 5.3 7,714
160 81.0 13.0 0.5 5.5 7,528
161 80.9 13.7 0.4 5.0 7,099
162 82.7 13.2 0.1 4.0 6,614
163 82.1 13.2 0.3 4.4 6,847
164 80.1 13.6 0.4 5.9 6,658
165 81.2 13.3 0.4 5.1 10,051
166 80.3 12.9 0.5 6.3 10,042
167 80.9 13.8 0.5 4.8 6,409
168 81.7 13.7 0.4 4.2 8,650
169 80.6 13.2 0.5 5.7 9,693
170 79.8 13.9 0.5 5.8 6,437
171 79.3 14.3 0.5 5.9 8,619
172 80.3 14.3 0.5 49 7,785
173 80.2 14.7 0.5 46 7,104
174 79.8 14.9 0.5 4.8 7,270
175 80.2 14.2 0.5 5.1 7,137
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Biogas composition (%)

No. Sample
CH, CO, 0, other H,S (ppm)
176 79.1 15.6 0.5 4.8 6,978
177 76.9 14.0 0.6 8.5 6,612
178 81.9 13.5 0.5 4.1 7,293
179 79.7 15.4 0.5 4.4 5,319
180 80.2 14.3 0.6 4.9 6,184
181 81.5 13.9 0.5 4.1 7,031
182 79.4 13.2 0.6 6.8 9,927
183 78.8 14.4 0.5 6.3 8,700
184 79.1 14.4 0.5 6.0 7,027
185 75.4 124 1.5 10.7 8,272
186 79.3 14.4 0.5 5.8 7,557
187 79.4 14.1 0.4 6.1 8,291
188 80.8 11.0 1.4 6.8 6,506
189 79.7 124 0.9 7.0 11,265
190 80.5 13.2 0.8 5.5 10,838
191 83.0 13.6 0.3 3.1 7,696
192 80.0 12.8 0.9 6.3 8,774
193 80.0 13.0 0.8 6.2 9,090
194 78.7 13.3 0.6 74 13,294
195 79.9 134 0.5 6.2 11,634
196 80.0 131 0.5 6.4 11,790
197 79.4 13.5 0.7 6.4 10,866
198 80.3 134 0.6 5.7 12,901
199 80.2 13.0 0.5 6.3 11,801
200 80.1 9.5 0.5 9.9 6,124
201 80.6 9.3 0.5 9.6 6,124
202 81.0 13.8 0.6 46 7,717
203 78.8 17.2 0.4 3.6 5,643
204 79.7 17.1 0.1 3.1 7,603
205 80.2 15.2 0.4 42 5,643
206 80.0 14.8 0.4 48 5,876
207 80.4 14.4 0.5 47 8,850
208 80.4 14.4 0.5 47 5,392
209 80.2 14.1 0.6 5.1 6,016
210 81.8 13.6 0.4 4.2 5,883
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Biogas composition (%)

No. Sample
CH, CO, 0, other H,S (ppm)
211 81.5 13.2 0.5 4.8 4,646
212 81.9 12.9 0.4 4.8 7,018
213 81.8 124 0.6 5.2 6,544
214 79.4 13.6 0.4 6.6 9,388
215 79.4 13.3 0.5 6.8 5,800
216 79.2 14.2 0.4 6.2 4,480
217 79.2 14.2 0.4 6.2 4,387
218 79.1 13.9 0.4 6.6 6,451
219 79.4 17.6 0.4 2.6 2,928
220 80.1 15.6 0.4 3.9 6,484
221 80.4 13.5 0.3 5.8 4,410
222 79.8 13.2 0.7 6.3 6,990
223 79.8 134 0.5 6.3 8,024
Mean 79.2 15.0 0.4 5.3 6,690
SD 3.1 4.4 0.2 29 2,648
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AIWAANKING -1 UTERNTAIWNIANG H,S ez CO, 1 100% N131iNa@ H,S @ae NaOH

Biogas flow rate Absorbent MOl 11os/MOl s Mol ¢oa/MOls
concentration
(L/min) 1 2 Mean 1 2 Mean
(mol/L)
0.19 0.01 0.0087 0.0041 0.0064 0.0793 0.0719 0.0756
0.19 0.05 0.0172 0.0514 0.0343 0.2481 0.5059 0.3770
0.19 0.10 0.0459 0.0531 0.0495 0.6343 0.9479 0.7911
0.39 0.01 0.0001 0.0002 0.0001 0.0026 0.0032 0.0029
0.39 0.05 0.0083 0.0174 0.0129 0.1151 0.2954 0.2052
0.39 0.10 0.0282 0.0423 0.0352 0.2901 0.4245 0.3573
0.58 0.01 0.0003 0.0005 0.0004 0.0009 0.0017 0.0013
0.58 0.05 0.0037 0.0119 0.0078 0.0690 0.1025 0.0858
0.58 0.10 0.0699 0.0235 0.0467 0.0895 0.1679 0.1287
mi’mmﬂwu’mﬁ 9-1 Ysz@NTAIwnIrinag H,S s CO, ﬁ 100% @28 NaOH (@ia)
Biogas flow rate Absorbent concentration MOl 1125+c02/MOLaps

(L/min) (mol/L) 1 2 mean

0.19 0.01 0.0879 0.0760 0.0820

0.19 0.05 0.2653 0.5573 0.4113

0.19 0.10 0.6803 1.0010 0.8406

0.39 0.01 0.0027 0.0033 0.0030

0.39 0.05 0.1235 0.3128 0.2181

0.39 0.10 0.3183 0.4668 0.3925

0.58 0.01 0.0012 0.0022 0.0017

0.58 0.05 0.0727 0.1144 0.0936

0.58 0.10 0.1594 0.1914 0.1754

107




AINMARWING 2-2 UszENBAIWmIinaa Hy,S ez CO, N1 100% @28 DEA

Biogas flow rate Absorbent Mol 1p5/MOl e Mol cop/MOl
. concentration mean mean
(L/min) (mollL) 1 2 1 2
0.19 0.01 0.0069 0.0061 0.0065 0.0619 0.0889 0.0754
0.19 0.05 0.0148 0.0077 0.0113 0.3264 0.2396 0.2830
0.19 0.10 0.0279 0.0340 0.0310 0.2474 0.3822 0.3148
0.39 0.01 0.0028 0.0016 0.0022 0.0449 0.0429 0.0439
0.39 0.05 0.0171 0.0141 0.0156 0.1550 0.1089 0.1319
0.39 0.10 0.0114 0.0155 0.0134 0.1405 0.4363 0.2884
0.58 0.01 0.0003 0.0007 0.0005 0.0010 0.0042 0.0026
0.58 0.05 0.0039 0.0110 0.0075 0.0564 0.0874 0.0719
0.58 0.10 0.0389 0.0256 0.0322 0.2695 0.2463 0.2579
minmﬂwmnﬁ 9-2 13/NTAINNIRG H,S e CO, ﬁ 100% @28 DEA (@ia)
Biogas flow rate Absorbent concentration MOl 254c02/MOlaps
mean
(L/min) (mol/L) 1 2
0.19 0.01 0.0688 0.0950 0.0819
0.19 0.05 0.3412 0.2473 0.2943
0.19 0.10 0.2753 0.4162 0.3458
0.39 0.01 0.0478 0.0445 0.0462
0.39 0.05 0.1721 0.1229 0.1475
0.39 0.10 0.1519 0.4518 0.3019
0.58 0.01 0.0013 0.0049 0.0031
0.58 0.05 0.0603 0.0984 0.0794
0.58 0.10 0.3084 0.2718 0.2901
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AMINMARNWING 2-3  Usz@NTAWNTHN6 H,S ez CO, 71 100% Ge K,CO,

Biogas flow rate Absorbent Mol 1p5/MOl e Mol cop/MOl
. concentration mean mean
(L/min) (mollL) 1 2 1 2
0.19 0.01 0.0065 0.0091 0.0078 | 0.0707 0.1260 0.0984
0.19 0.05 0.0342 0.0414 0.0378 | 0.4323 0.5407 0.4865
0.19 0.10 0.0824 0.0702 0.0763 | 0.5140 0.6853 0.5996
0.39 0.01 0.0003 0.0004 0.0003 | 0.0021 0.0036 0.0029
0.39 0.05 0.0227 0.0164 0.0196 | 0.3194 0.1851 0.2523
0.39 0.10 0.0298 0.0423 0.0360 | 0.2998 0.4566 0.3782
0.58 0.01 0.0116 0.0113 0.0114 | 0.0084 0.0025 0.0055
0.58 0.05 0.0064 0.0055 0.0059 | 0.1121 0.0528 0.0824
0.58 0.10 0.0107 0.0183 0.0145 | 0.0637 0.1962 0.1299
minmﬂwmnﬁ 9-3  UszANTAWMINAa H,S waz CO, ﬁ 100% @28 K,COs4 (@iE])
Biogas flow rate Absorbent concentration MOl z54c0a MOlaps
(L/min) (mol/L) 1 2 mean
0.19 0.01 0.0772 0.1352 0.1062
0.19 0.05 0.4665 0.5821 0.5243
0.19 0.10 0.5964 0.7555 0.6760
0.39 0.01 0.0025 0.0040 0.0032
0.39 0.05 0.3422 0.2015 0.2718
0.39 0.10 0.3296 0.4989 0.4142
0.58 0.01 0.0197 0.0140 0.0168
0.58 0.05 0.1185 0.0582 0.0884
0.58 0.10 0.0744 0.2145 0.1444
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ATNMAKNUING V-4 FAFIUAMNLNTU CH, NANUUNTH NaOH 0.01 mol/L kazdaIInIT Iha

0.19 L/min
Operation Inlet (%) Outlet (%) C/Cy
time
(min) 1 2 3 1 2 3 1 2 3 Mean | SD
0 77.0 | 77.0 | 79.7 0 0 0 0.00 | 0.00 | 0.00| 0.00 | 0.00
15 778 | 778 | 79.2 | 498 | 476 | 69.1 | 064 | 0.61| 0.87| 0.71 | 0.14
30 778 | 778 | 791 | 80.1 | 76.8 | 824 | 1.03| 0.99 | 1.04 | 1.02 | 0.03
60 773 | 773 | 791 | 808 | 81.8 | 81.0 | 1.04 | 1.05| 1.02| 1.04 | 0.02
120 773 | 773 | 787 | 779 | 785 | 778 | 1.00| 1.01| 0.98| 1.00 | 0.02
180 776 | 776 | 793 | 73.0 | 765 | 73.2 | 094 | 0.99 | 0.92| 0.95 | 0.03
240 780 | 78.0 | 793 | 722 | 729 | 628 | 093 | 0.94 | 0.79| 0.89 | 0.08
Mean 775 | 77.5 | 79.2 - - - - - - - -

ATNMAKNUWING -5 FAFIUAMNLNTYU CH, NANUUNTU NaOH 0.05 mol/L kazdasInIT Ina

0.19 L/min
Operation Inlet (%) Outlet (%) CICy
time
(min) 1 2 3 1 2 3 1 2 3 |Mean| SD
0 819 | 81.8 | 75.0 0 0 0 0.00| 0.00| 0.00| 0.00 | 0.00
15 812 | 817 | 752 | 79 | 753|756 | 098 | 093| 1.01| 0.97 | 0.04
30 814 | 812 | 752 |89.8 836 |742| 111| 1.03| 099 | 1.04 | 0.06
60 813 | 811 | 748 | 90.0 842|823 | 111 | 1.04| 1.10| 1.08 | 0.04
120 81.1 813 | 740 [ 845| 81 |[813| 1.04| 1.00| 1.09| 1.04 | 0.05
180 80.7 | 81.0 | 744 | 799|772 |681| 099 | 095| 091]| 0.95 | 0.04
240 79.7 | 80.7 | 740 | 782|766 |704| 097 | 094 | 094 | 0.95 | 0.01
300 80.8 | 81.1 749 | 757 |745|724| 093 | 092| 097 | 094 | 0.03
Mean 81.0| 81.2| 74.7 - - - - - - - -
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ATNMAKNUING -6 FAFIUAMNLNTYU CH, NANUUNTU NaOH 0.10 mol/L kazdaIInIT Iha
0.19 L/min

Operation Inlet (%) Outlet (%) C/Cy

time

_ 1 2 3 1 2 3 1 2 3 Mean | SD
(min)

0 819 | 818 | 835 | 819 | 81.8 | 83.5 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00

15 81.2 | 81.7 | 832 | 812 | 81.7 | 832 | 094 | 0.84 | 094 | 0.91 | 0.06

30 814 | 812 | 826 | 814 | 81.2 | 826 | 1.11 1.05 | 1.05 | 1.07 | 0.04

60 81.3 | 81.1 | 826 | 81.3 | 81.1 | 826 | 1.04 | 1.08 | 1.04 | 1.05 | 0.03

120 81.1 | 81.3 | 827 | 81.1 | 81.3 | 827 | 097 | 112 | 1.02 | 1.04 | 0.08

180 80.7 | 81.0 | 81.3 | 80.7 | 81.0 | 81.3 | 1.04 | 099 | 1.03 | 1.02 | 0.03

240 79.7 | 80.7 | 819 | 79.7 | 80.7 | 819 | 0.92 | 096 | 096 | 0.95 | 0.02

300 80.8 | 81.1 | 82.3 | 80.8 | 81.1 | 823 | 093 | 1.01 | 0.94 | 0.96 | 0.04

360 782 | 81.3 | 822 | 782 | 81.3 | 822 | 0.89 | 1.00 | 0.94 | 095 | 0.05

Mean 80.8 | 81.3 | 82.6 - - - - - - - -

ATNAAKNUWING -7 FAFIUAMNLNTU CH, NANLUNTU NaOH 0.01 mol/L kazdaIInIT Iha
0.39 L/min

Operation Inlet (%) Outlet (%) C/C,

time

(min) 1 2 3 1 2 3 1 2 3 Mean | SD
0 715 | 7114 | 715 0 0 0 0.00 | 0.00 | 0.00 | 0.00 | 0.00
15 716 | 715 | 711 | 728 | 747 | 76.5 | 1.01 1.05 | 1.08 | 1.05 | 0.03
30 718 | 712 | 709 | 73.1| 67 |70.1| 1.02 | 094 | 0.99 | 0.98 | 0.04
60 719 | 713 | 711 | 722|655 |70.1 | 1.01 092 | 099 | 097 | 0.05
120 720 | 711 70.4 |70.6 |69.0 | 69.0| 098 | 097 | 0.97 | 0.97 | 0.01

Mean 718 | 71.3 | 71.0 - - - - - - - -
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ATNAAKNUWING 2-8 FAFIUAMNLNTU CH, NANULUNTH NaOH 0.05 mol/L kazdaIInIT Iha
0.39 L/min

Operation Inlet (%) Outlet (%) C/Cy

time

_ 1 2 3 1 2 3 1 2 3 Mean | SD
(min)

0 83.5 | 822 | 81.2 0 0 0 0.00 | 0.00 | 0.00 | 0.00 | 0.00

15 832 | 82 | 833 | 8 |90.1 |94 | 108 | 1.10 | 1.09 | 1.09 | 0.01

30 826 | 82 | 829|859 867|875 | 104 | 1.06 | 1.06 | 1.05 | 0.01

60 82.6 | 82.3 | 82.8 | 86.0 | 839 | 86.2 | 1.04 | 1.02 | 1.04 | 1.04 | 0.01

120 827 | 816 | 828 | 86.2 | 81.7 | 85.6 | 1.04 | 1.00 | 1.04 | 1.03 | 0.02

180 81.3 | 816 | 827 | 797 | 82 | 849 | 096 | 1.00 | 1.03 | 1.00 | 0.03

Mean 83.5 | 82.2 | 81.2 - - - - - - - -

ANTHAANWING 2-9 FAFIUAMNTUTY CH, NANNTNTYH NaOH 0.10 mol/L Laz8aIINT HAd
0.39 L/min

Operation Inlet (%) Outlet (%) C/Cy
time
. 1 2 3 1 2 3 1 2 3 Mean SD
(min)
0 71.5 76.1 | 73.1 0 0 0 0.00 0.00 0.00 | 0.00 0.00

15 71.6 76.1| 726 | 785|842 758 | 110| 1.11 1.05| 1.08 | 0.03

30 71.8 76.4 | 723 | 76.1 |83.2 | 77.1 1.06 | 1.09| 1.07| 1.08 | 0.02

60 71.9 76.2 | 724 | 724 |83.0|753 | 1.01 1.09| 1.05| 1.05 | 0.04

120 72.0 76.1| 722 | 70.2 831|760 098| 109| 1.06| 1.04 | 0.06

180 71.5 759 | 694 | 64.9 | 749 | 64.1 0.91 098 | 0.89| 0.93 | 0.05

Mean 71.6 76.1 72.0 - - - - - - - -
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ANTWANANUING 2-10 KFAFIUAMNLNTY CH, NANNTNTH NaOH 0.01 mol/L wazaasIn3
%a 0.58 L/min

Operation Inlet (%) Outlet (%) C/Cy
time
. 1 2 3 1 2 3 1 2 3 Mean SD
(min)
0 82.2 76.9 76.9 00 | 0.0 | 0.0 0.00 0.00 0.00 0.00 0.00

15 82.0 | 743 | 743 | 832|762 |773| 1.02 | 1.02 | 1.03 | 1.02 | 0.01

30 82.0 | 73.1 731 | 753 |73.0|736| 092 | 098 | 098 | 0.96 | 0.04

60 81.6 | 747 | 747 | 771|744 |742| 094 | 1.00 | 0.99 | 0.98 | 0.03

Mean 82.0 74.8 74.8 - - - - - - - -

ATWAANWING V-11 KFAFIKANNTNTY CH, NONNTNTH NaOH 0.05 mol/L Lazdasiny
118 0.58 L/min

Operation Inlet (%) Outlet (%) C/C,
time
. 1 2 3 1 2 3 1 2 3 Mean SD
(min)
0 715 | 715 | 75.0 0.0 0.0 0.0 0.00 0.00 0.00 0.00 0.00

15 711 | 711 | 752 | 795 | 799 | 838 | 112 | 113 | 112 | 112 | 0.00

30 709 | 709 | 752 | 763 | 782 | 822 | 1.08 | 1.10 | 1.10 | 1.09 | 0.01

60 711 | 711 | 748 | 741 | 722 | 798 | 1.05 | 1.02 | 1.07 | 1.04 | 0.02

120 704 | 704 | 74.0 | 70.0 | 70.7 | 751 | 099 | 1.00 | 1.00 | 1.00 | 0.01

Mean 709 | 709 | 74.8 - - - - - - - -
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ATWANANUING U-12 KFAFIUAMNLTNLY CH, NANNTNTH NaOH 0.10 mol/L wazadasInI
%a 0.58 L/min

Operation Inlet (%) Outlet (%) C/C,
time
. 1 2 3 1 2 3 1 2 3 Mean SD
(min)
0 81.2 63.6 76.1 00 | 0.0 | 0.0 0.00 0.00 0.00 0.00 0.00

15 83.3 | 66.0 | 76.1 | 808|784 884 | 098 | 1.20 | 1.16 | 111 | 0.12

30 829 | 657 | 76.2 | 887|736 (829 | 107 | 112 | 1.09 | 1.10 | 0.03

60 828 | 658 | 764 | 860|706 |859| 1.04 | 1.08 | 1.13 | 1.08 | 0.04

120 828 | 66.0 | 76.1 |84.0|69.1 820 | 1.02 | 1.06 | 1.08 | 1.05 | 0.03

180 82.7 | 658 | 759 |824|631|77.0| 1.00 | 0.96 | 1.01 0.99 | 0.02

Mean 82.7 65.5| 76.1 - - - - - - - -
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MINHWINA A-1 UYI2ENTAIWNNIHNAG H,oS @832 UUNTaNTININNA pH 2

AMANWBIN A

MMIN9a lalasansa INAA 21852 UUNTDIBININ

Aerated liquid recirculation rate

H,S removal (%)

EBRT (s) 3 2
(m /m/h) 3h 24 h mean SD
46 63
100 24 39 74 52 13
45 46
66 66
100 47 75 60 68 6
73 65
74 83
100 7.1 93 78 82 7
83 79
71 72
140 24 56 74 67 9
56 74
87 89
140 47 93 87 89 2
90 88
91 92
140 7.1 94 92 92 2
89 92
85 89
180 24 79 80 84 6
77 91
97 94
180 47 98 93 95 2
97 93
93 92
180 7.1 95 95 94 1
94 95
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ATWHEWING A-2 YsENTA1wn3inae H,S eressuunIaddInIng pH 3

Aerated liquid recirculation rate

H,S removal (%)

EBRT (s) 3 2

(m /m/h) 3h 24 h mean SD
71 37

100 24 75 32 54 20
72 37
53 57

100 47 63 56 58 5
66 55
76 74

100 7.1 74 75 75 2
71 78
57 78

140 24 67 87 67 15
44 68
75 62

140 47 61 66 67 5
66 68
65 70

140 7.1 70 74 69 4
69 63
72 80

180 24 82 75 78 4
75 82
99 99

180 47 60 65 75 19
62 66
69 78

180 7.1 70 77 74 4
78 73
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ATWHEWING A-3 UENTA1wn3inaem H,S dressuunIadsInIng pH 4

Aerated liquid recirculation rate

H,S removal (%)

EBRT (s) 3 2

(m /m/h) 3h 24 h mean SD
68 71

100 24 76 80 69 10
51 68
84 83

100 47 74 80 80 5
87 74
71 90

100 7.1 87 85 83 6
82 84
80 86

140 24 78 87 83 3
83 86
94 90

140 47 92 91 90 3
85 87
91 93

140 7.1 95 89 92 3
89 95
82 86

180 24 100 83 84 10
70 85
100 100

180 47 100 100 96 7
82 95
100 95

180 7.1 96 98 97 2
97 95
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A a a a v = A
ANTNNBINT A-4 miwa@mmsﬁmjiﬂmmzunsaammwn pH 2

EBRT (s)

Aerated liquid recirculation rate

Sulfuric production

(g H,S0,-S/g Inlet H,S-S)

(m’/m’fh)

Data

mean

SD

100

0.17

24

0.16

0.15

0.13

0.02

100

0.23

4.8

0.19

0.21

0.22

0.02

100

0.21

71

0.17

0.18

0.16

0.02

140

0.26

24

0.19

0.21

0.17

0.05

140

0.35

4.8

0.23

0.32

0.37

0.08

140

0.40

7.1

0.33

0.35

0.33

0.04

180

0.21

24

0.30

0.26

0.27

0.04

180

0.23

4.8

0.28

0.25

0.25

0.03

180

0.29

7.1

0.30

0.30

0.30

0.01
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A a s a v = a
ANINHNUWINN A-5 miwa@mmsﬁmﬁﬂmmzunsaammwn pH 3

EBRT (s)

Aerated liquid recirculation rate

(m’/m’fh)

Sulfuric production

(g H,S0,-S/g Inlet H,S-S)

Data

mean

SD

100

0.16

24

0.16

0.14

0.11

0.03

100

0.23

4.8

0.22

0.22

0.22

0.01

100

0.17

71

0.19

0.20

0.25

0.04

140

0.20

24

0.17

0.18

0.19

0.01

140

0.22

4.8

0.29

0.23

0.18

0.06

140

0.09

7.1

0.15

0.14

0.18

0.05

180

0.19

24

0.14

0.16

0.13

0.03

180

0.37

4.8

0.39

0.40

0.45

0.04

180

0.27

7.1

0.22

0.24

0.24

0.02
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A a a a v = A
ANTNNUBINN A-6 ﬂﬂiNﬂ@lﬂi@‘ﬁﬂﬂiﬂ(ﬂ’JUiz‘i.lﬂiax‘l"U'JﬂWW‘l’l pH 4

EBRT (s)

Aerated liquid recirculation rate

Sulfuric production

(g H,S0,-S/g Inlet H,S-S)

(m’/m’fh)

Data

Mean

SD

100

0.14

24

0.13

0.12

0.09

0.03

100

0.18

4.8

0.15

0.15

0.13

0.02

100

0.09

71

0.11

0.12

0.02

140

0.25

24

0.15

0.17

0.12

0.07

140

0.14

4.8

0.16

0.18

0.25

0.06

140

0.17

7.1

0.15

0.19

0.24

0.04

180

0.23

24

0.26

0.20

0.12

0.07

180

0.24

4.8

0.22

0.22

0.21

0.02

180

0.49

7.1

0.42

0.41

0.31

0.09
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A a a A
ANTINWINN -7 pH Ta\jLﬁﬂ’]ﬂaﬂur}ﬂului:uuniaﬂ"ﬁ’)ﬂqul pH 2

Aerated liquid recirculation rate H,S removal (%)
EBRT (s) 3 2
(m/m/h) Oh 3h 24 h
2.01 1.22 1.1
100 24 1.99 1.41 1.13
2.01 1.28 1.13
Mean+SD 2.00£0.01 1.30+0.10 1.12+0.01
1.99 1.37 1.12
100 4.7 1.99 1.31 1.22
2.00 1.28 1.2
Mean+SD 1.99+0.01 1.32+0.05 1.18+0.05
2.01 1.34 1.07
100 71 2.01 1.3 1.25
2.01 1.33 1.25
Mean+SD 2.010.00 1.32+0.02 1.19+0.10
2.01 1.43 1.08
140 24 2.00 1.18 0.93
2.00 1.42 1.08
Mean+SD 2.00£0.01 1.34+0.14 1.03+0.09
2.01 1.32 1.20
140 4.7 2.01 1.32 1.17
1.99 1.36 1.22
Mean+SD 2.00£0.01 1.33+0.02 1.20+0.03
2.01 1.30 1.10
140 71 2.01 1.28 1.12
2.00 1.29 1.16
Mean+SD 2.01£0.01 1.29+0.01 1.13+0.03
2.01 1.30 1.12
180 24 2.03 1.31 1.1
2.04 1.31 1.12
Mean+SD 2.0310.02 1.31+0.01 1.12+0.41
2.00 1.40 1.94
180 4.7 2.01 1.40 1.21
2.01 1.40 1.23
MeanSD 2.01+0.01 1.40+0.00 1.46+0.42
2.03 1.30 1.04
180 71 2.02 1.27 1.02
1.99 1.26 1.01
MeanSD 2.01+0.02 1.28+0.02 1.02+0.02
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A a a A
ANTNHNUINT A-8 pH Ta\jLﬁﬂ’]ﬂaﬂur}ﬂului:uuniaﬂ"ﬁ’)ﬂqul pH 3

Aerated liquid recirculation rate H,S removal (%)
EBRT (s) 3 2
(m/m/h) Oh 3h 24 h
3.04 1.71 0.62
100 24 3.01 1.59 0.59
2.99 1.71 0.57
Mean+SD 3.01£0.03 1.67+0.07 0.59+0.03
3.04 0.45 0.23
100 4.7 3.05 0.62 0.13
3.05 0.46 0.16
Mean+SD 3.05+0.01 0.51+0.10 0.17+0.05
3.05 0.72 0.30
100 71 3.03 0.63 0.27
3.04 0.63 0.12
Mean+SD 3.0410.01 0.66+0.05 0.230.10
3.03 0.84 0.54
140 24 2.98 0.92 0.52
3.00 0.96 0.56
Mean+SD 3.00£0.03 0.91+0.06 0.54+0.02
3.00 1.60 0.68
140 4.7 3.03 1.04 0.55
3.01 0.99 0.52
Mean+SD 3.01£0.02 1.21+0.34 0.58+0.09
3.03 1.13 1.04
140 71 3.04 1.58 1.53
3.04 1.98 1.39
Mean+SD 3.04£0.01 1.56+0.43 1.32+0.25
3.02 0.86 0.47
180 24 3.01 0.83 0.48
3.04 0.76 0.32
Mean+SD 3.0240.02 0.82+0.05 0.42+0.09
2.96 0.88 0.45
180 4.7 3.04 0.70 0.56
3.05 0.84 0.57
Mean+SD 3.02+0.05 0.81+0.09 0.53+0.07
2.98 0.89 0.37
180 71 3.03 0.73 0.39
3.03 0.75 0.46
Mean+SD 3.01+0.03 0.7940.09 0.41+0.05
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A a a A
ANTWNHNUINT A-9 pH Ta\jLﬁﬂ’]ﬂaﬂur}ﬂului:uuniaﬂ"ﬁ’)ﬂqul pH 4

Aerated liquid recirculation rate H,S removal (%)
EBRT (s) 3 2
(m/m/h) Oh 3h 24 h
3.97 0.86 0.46
100 24 3.99 0.87 0.52
3.99 0.81 0.50
Mean+SD 3.9810.01 0.85+0.03 0.49+0.03
3.99 0.58 0.37
100 4.7 4.03 0.67 0.50
4.01 0.83 0.44
Mean+SD 4.01+0.02 0.6940.13 0.44+0.07
3.98 0.79 0.46
100 71 4.00 0.90 0.35
3.99 0.97 0.47
Mean+SD 3.9910.01 0.89+0.09 0.43+0.07
4.04 1.10 0.47
140 24 3.98 0.51 0.18
3.95 0.91 0.56
Mean+SD 3.9940.05 0.84+0.30 0.40+0.20
4.00 0.91 0.47
140 4.7 4.04 0.90 0.50
4.02 0.62 0.19
Mean+SD 4.02+0.02 0.8110.16 0.390.17
4.05 0.87 0.44
140 71 4.04 0.87 0.49
4.04 0.81 0.42
Mean+SD 4.04+0.01 0.85+0.03 0.45+0.04
3.99 0.88 0.52
180 24 4.01 0.84 0.39
4.04 1.30 0.73
Mean+SD 4.01+0.03 1.01+0.25 0.55+0.17
4.01 0.66 0.44
180 4.7 4.01 0.61 0.47
3.99 0.79 0.40
Mean+SD 4.00+0.01 0.6940.09 0.4410.04
4.04 0.74 0.30
180 71 3.98 0.93 0.42
4.00 0.87 0.46
Mean+SD 4.01+0.03 0.85+0.10 0.39+0.08
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MTNNANWINT A-10 Elimination capacity YITZUUNTAITINN

EBRT ALRR Mean EC Ls=(Q/V)Cin EC Model
(s) (m’/m’/h) (g H,S/m’/h) (gH,S/m’h) (g H,S/m’/h)
100 2.4 208 354 259
100 47 212 268 215
100 7.1 304 360 262
140 2.4 208 254 207
140 47 182 206 178
140 7.1 226 257 209
180 2.4 116 138 130
180 47 148 155 172
180 7.1 144 144 134
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AMANWIN I

NISLAWBITUURUUNENIAD LD

{ a 1 { 1
AIWHWINA -1 WNANIINARDILAUITLLADLHEIVBITZULNTBITININ LLﬂtﬁ&UﬂJ@(ﬂ‘ﬁ&m’NLﬂﬁ

Biofiltration Chemical absorption

Days Inlet H,S | Outlet H,S | H,S removal pH Sulfuric acid Outlet H,S H,S removal

ppm ppm % mg/L ppm %
0’ 6,124 461 93 4.00 1,582 ND' 100
1 6,124 475 92 1.24 6,840 ND 100
2 7,717 453 94 0.92 10,004 ND 100
3 5,643 86 98 0.89 13,883 ND 100
4 7,603 682 91 0.71 15,925 ND 100
5 5,643 243 96 0.73 20,417 ND 100
6 8,850 452 95 0.63 25,317 ND 100
6 8,850 1,370 85 4.03 1,582 ND 100
7 7,016 1,087 85 1.02 12,454 ND 100
8 5,883 808 86 0.93 14,700 ND 100
9 4,646 659 86 0.86 18,783 ND 100
10 7,018 651 91 0.80 20,008 ND 100
11 6,544 257 96 0.76 23,683 ND 100
12 9,388 1,138 88 0.72 25,725 ND 100
13 5,800 859 85 0.60 26,950 ND 100
14° 4,480 870 81 0.56 27,767 ND 100
147 4,480 569 87 4.06 2,603 ND 100
15 6,451 446 93 0.89 11,842 ND 100
16 2,928 147 95 0.80 12,250 ND 100
17 6,484 645 90 0.76 16,742 ND 100
18 7,270 589 92 0.70 28,583 ND 100
19 6,990 953 86 0.56 29,400 ND 100
20° 8,024 1,454 67 0.56 30,217 ND 100
Mean 6,538 677 89 - 27,767 ND 100
SD 1,582 368 7 - 2,450 ND 0
MABLNG " gz EBRT 180 s ALRR 7.1 m/m’/h uas pH 15uduaasinm 4

2 a A% o a
maﬂL%a’JV\HuL’J ﬂuqﬂﬂ auw’]gﬁzUUﬂiaO"H’mﬂw

3 v a_ AN o a
ﬂiﬂsﬁﬂﬁiﬂﬂvl@ﬁnﬂizﬂﬂﬂiaﬂ"ﬁ')ﬂqw

* ND = Not detected (ﬁm@;l’m’i’] 60 ppm)
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{ ) 1 '
ATNNWINT 9-1 @amaenawxlaﬂm:uumm%amw (dia)

Sulfur balance in biofilter (%)

H,S removal
Days Sulfuric acid
% H,S emission Other sulfur from

production
0’ 93 - - -
1 92 46 8 47
2 94 22 6 72
3 98 36 2 62
4 91 14 9 77
5 96 42 4 54
6 95 29 5 66
6 85 0 15 85
7 85 82 15 2
8 86 20 14 66
9 86 47 14 39
10 91 9 9 81
11 96 30 4 66
12 88 12 12 76
13 85 11 15 74
14° 81 10 19 71
14° 87 0 13 87
15 93 76 7 17
16 95 7 5 88
17 90 37 10 53
18 92 86 8 6
19 86 6 14 80
20° 67 5 18 76
Mean 89 30 10 60
SD 7 25 5 25

MABLNG " g1z EBRT 180 s ALRR 7.1 m/m’/h uas pH 15uduaasinm 4

2 a A% O a
TQGLWQ'JV\&!%L’J N1 ﬂulm']fﬁszllﬂﬂiaﬂﬂj')ﬂqw

3 v a_ A e A
ﬂi@ﬂjaﬁiﬂﬂqﬂﬂqﬂizﬂUﬂiaGT’Jﬂﬁlw
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{ 23 a 1 4 1
ATINWINT 9-2 E’J\‘iﬁ(ﬂ‘itﬂ AUMTTININMILARITZULUL UG aLTa9

Inlet Outlet@biofilter Outlet@chemical unit
pays CH, CO, 0O, other CH, COo, 0O, other | CH, | CO, | O, | other
0 801 | 95 | 05 | 99 - - - -
1 806 | 93 | 05 | 96 | 808 | 93 | 11 | 88 | 781|270 | 37 | 155
2 810 | 138 | 06 | 46 | 831 | 97 | 09 | 63 | 827|250 | 1.8 | 13
3 788 | 172 | 04 | 36 | 827 | 50 | 1.8 | 105 | 779|150 | 1.9 | 187
4 797 | 171 | 01 | 34 | 838 | 100 | 05 | 57 | 766 |3.10| 22 | 18.1
5 802 | 152 | 04 | 42 | 811 | 85 | 14 | 90 | 81.0|200| 1.8 | 15.2
6 800 | 148 | 04 | 48 | 829 | 87 | 10 | 74 | 799|220 | 23 | 156
6 804 | 144 | 05 | 47 | 812 | 84 | 12 | 92 | 811|150 | 16 | 15.8
7 802 | 141 | 06 | 51 | 828 | 80 | 11 | 81 | 800|090 | 23 | 16.8
8 818 | 136 | 04 | 42 | 833 | 78 | 11 | 7.8 | 817|150 | 1.8 | 15.0
9 815 | 132 | 05 | 48 | 825 | 80 | 12 | 83 | 793|160 | 2.1 | 17.0
10 819 | 129 | 04 | 48 | 831 | 74 | 11 | 84 | 821|130 | 1.7 | 14.9
11 818 | 124 | 06 | 52 | 832 | 74 | 11 | 83 | 807|130 | 21 | 15.9
12 794 | 136 | 04 | 66 | 804 | 85 | 1.0 | 101 | 79.9|1.40| 1.7 | 17.0
13 794 | 133 | 05 | 68 | 814 | 78 | 1.1 | 97 | 81.0|090| 1.7 | 16.4
14° 792 | 142 | 04 | 62 | 801 | 85 | 12 | 102 | 786|210 | 20 | 17.3
14° 792 | 142 | 04 | 62 | 797 | 89 | 1.0 | 104 | 788|270 | 20 | 165
15 791 | 139 | 04 | 66 | 798 | 88 | 12 | 102 | 773|180 | 22 | 187
16 794 | 176 | 04 | 26 | 841 | 90 | 11 | 58 | 835|200 2.1 | 12.4
17 801 | 156 | 04 | 39 | 810 | 113 | 11 | 66 | 804|410 1.8 | 137
18 804 | 135 | 03 | 58 | 808 | 91 | 12 | 89 | 764|210 22 | 193
19 798 | 132 | 07 | 63 | 802 | 80 | 15 | 103 | 784 |1.00| 22 | 18.4
20° 798 | 134 | 05 | 63 | 825 | 91 | 1.0 | 74 | 789|210 | 22 | 16.8
Mean | 802 | 141 | 04 | 53 | 818 | 85 | 11 | 85 | 797| 1.9 | 21 | 16.3
SD 0.9 18 | 01 | 15 | 14 | 12 | 02 | 15 19| 08 | 04 | 1.8
MABLNG '8n122 EBRT 180 s ALRR 7.1 m'/m’/h uaz pH 3asuuadingd 4

2 a A% o a
TaﬂL%a’JV\H%L’J ﬂu“nﬂ am“u’]gi:UUﬂiaO"H’mﬂw

3 v a_ AN o =
ﬂi(ﬂﬁliaﬁiﬂﬂ%ﬁ]’]ﬂi:ﬂﬂﬂiad"ﬁ’m’lw
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A A I o A a - R
ANTNNUING 3-2 MIUFULUIIIAUIENAUMNTTINIWAILARIZLULLUABL A (8)

Biofiltration Chemical absorption
Days
CH, Cco, CH, Cco,
0 - - - -
1 +0.2 -0.0 2.5 6.6
2 +2.1 4.1 1.7 11.3
3 +3.9 12.2 -0.9 -15.7
4 +4.1 7.1 -3.1 -14.0
5 +0.9 6.7 0.8 13.2
6 +2.9 -6.1 -0.1 12.6
6 +0.8 -6.0 0.7 -12.9
7 +2.6 6.1 0.2 13.2
8 +15 5.8 0.1 12.1
9 +1.0 5.2 2.2 11.6
10 +12 5.5 0.2 11.6
11 +1.4 5.0 1.1 11.1
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Abstract

This work aimed to evaluate the effects of initial pH of recirculating liquid (pH;),
empty bed retention time (EBRT) and specific hydraulic loading rate (q), of triple stage
biotrickling filter (T-BTF) for H,S removal in biogas. The T-BTF was fed with the biogas
containing H,S 6,395+2.309 ppm and CH4 79.842.5%. Response surface methodology was
used to derive regression model. The model predicts, the highest H,S removal reached 94.1%
at pH; 4.0, EBRT 167.9 s and q 6.0 m*/m?h at a mass loading rate of 205.6 gH,S/m’/h. The
separate run was performed with the use of digester effluent as pH controlling at a duration of
20 days at pHi 4.0, EBRT 180.0 s and q 7.1 m*/m*h and mass loading rate 195.4 +47.3
gH,S/m’/h for confirmation the accuracy of the model and comparing the performance with
single stage biotrickling filter (S-BTF). The observed value was difference from the valued
predicted by 3.2%. T-BTF has higher H,S removal (89.7+5.0%) at EC 175.1+42.9 gH,S/m’/h
compared to S-BTF (80.1+£10.2%) by 9.6%. Since, O, supply by step feed improved sulfide
oxidation taking place at bottom stage of packing bed. Thus, the treatment of H,S under
extreme acidic condition by T-TBF was considered as a feasibility operation for

concentrations in biogas approximately 6,400 ppm.

Keywords: step feed; biotrickling filter; hydrogen sulfide; biogas; dissolved oxygen

1. Introduction

Waste to energy approach in industries is now becoming a standard practice. The
stream of waste materials can be converted into different kinds of energy. Biogas from waste
is the most common method to transform liquid or semi-solid wastes to methane gas, which
in turn can be used as an alternative fuel to substitute the conventional energy leading to

energy cost reduction in industrial plants. Hydrogen sulfide (H,S) is an odorous and corrosive
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gas which is normally in mix in the natural gas. H,S is generated under anaerobic degradation
with sulfur containing substance. In many industries such as petrochemical plant, ethanol
plant and other agricultural product processing plants, H»S must be removed from the fuel
through separation and purification process.

Thailand is one of the leading food and agricultural product exporters in the world.
With a large volume of production, these agro industrial plants have generated tremendous
amount of wastewater. Many of those are high strength wastewaters, i.e. pig farms, palm oil
mills, starch plants, sugar mill, ethanol plants, and concentrated latex factories that usually
caused environmental problems to nearby communities due to their improper and insufficient
treatment. Nowadays, these wastewaters are treated in anaerobic digester to retrieve biogas
followed by the aerobic methods. Governmental subsidy from the Ministry of Energy was put
in place in 1991 to stimulate local industries to construct anaerobic digesters. So far, factories
in Thailand have installed over 70 biogas systems across various sectors (Thailand Energy
Policy and Planning Office, 2012). Among these industries, the concentrated latex industry
has very low interest in biogas technology although its wastewater has a potential and more
importantly its high sulfate wastewater often caused severe environmental impact through
offensive odor of H,S. Moreover, the high H,S biogas from the digester renders it difficult to
be utilized. In our survey, a medium concentrated latex factory with a capacity to process 50
ton of block rubber and 80 ton of field latex per day could produce biogas from its
wastewater at approximately 1,300 m’/d. Its biogas has methane content above 60%
(Charnnok et al., 2011). This value is higher than that in biogas produced from pig farms, 45-
55% CHs. However, the heavy use of sulfuric acid in the production of skim rubber caused
intense H,S production within the anaerobic digester by sulfate reducing bacteria. It was

reported that H,S concentration in the biogas digester in a concentrated latex factory reached
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as high as 13,000-26,000 ppm (Chaiprapat et al. (2011) and Saelee et al. (2009)). Only 3
concentrated latex factories in Thailand use anaerobic digester for wastewater treatment.

Hydrogen sulfide has detrimental effects in environment. At 1,000-3,000 ppm, human
exposure to H,S can cause instantaneous death (Wang et al., 2005). Combustion of the H,S
containing biogas generates SO, which is an acid rain precursor leading to damages to
vegetation, architectures and human health. For suitable biogas utilization, H,S level below
500 is the general recommended upper limit to avoid severe corrosion of combustion engine.
Nowadays, high H,S in biogas from concentrated latex industry wastewater can be partly
dealt with by using polymer supplement to the sulfuric acid in skim rubber production.
However, H,S content in such biogas is still at around 6,300 ppm (Charnnok et al., 2011) that
still requires further purification prior to use with standard liquid petroleum gas (LPG) as
fuel.

Traditional technologies of gas decontamination are based on physical, chemical and
thermal principles that normally require high operation cost and generate waste to be
disposed. Recently, several biological treatments are widely applied to decontaminate gas
stream containing biodegradable or bio-convertible compounds since it is effective,
economical and generates little waste to be disposed (Devinny et al., 1999; Gabriel and
Deshusses, 2003). The biofiltration is suitable for H,S removal in biogas due to different
water solubility of H,S and CH4. Higher H,S solubility (Henry’s constant of 483 atm for H,S
and 37,600 atm for CH4 at 20 °C) (Metcalf and Eddy, 2004), makes it diffuse to the liquid
subjected to microbial oxidation while methane is preserved in the gas stream. In addition,
H,S has a better biodegradability compared to CH; (Devinny et al., 1999) and could go
through biological oxidation with CHy4 with selective degradation.

In biofiltration system, the active microbes are immobilized onto bed material.

Gaseous H,S and O, are absorbed to liquid phase then diffuse to the attached biofilm where
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oxidation is occurred. That H,S is biochemically oxidized to metabolic products, elemental
sulfur and sulfuric acid depending on whether partial oxidation or complete oxidation are
taking place (Eq.1 and Eq.2) (Devinny et al., 1999; Maier et al., 2009; Yamanaka, 2008).
However, both reactions are carried out by sulfide oxidizing bacteria (SOB), to what degree
each reaction will precede depends on the biotrickling filter operation and the micro

environment within the biotrickling filter bed.

H,S + 1% 0, > S+ H,0 (1)

S° + % 0, + H,O > H,S0,4 )

pH of liquid film in touch with the biofilm is one of factors in biofiltration which
affects H,S removal efficiency. This pH regulates the biochemical reactions of the cells and
the transportation of materials across the cytoplasmic membrane. Some microorganisms are
capable of living in extreme pH because their ability for adaptations that involve changes to
the cytoplasmic membrane, which controls ion transport, and not to the cytoplasm itself
(McArthur, 2006). Microbial activity was evidently different at pH 4.5 and pH 7.0 in
biotrickling filters (Gabriel and Deshusses, 2003). Although the acidic recirculating liquid
could not induce much solubility of H,S into liquid phase, SOB could remove H,S more
effectively from 50 to 90% when the pH changed from near-neutral to pH below 3. Some
groups of sulfide oxidizing organisms were effective in acidic environment. Low pH
environment also has an advantage in biogas cleanup process by biofiler since it could help
prevent loss of methane by limiting the growth of methane oxidizing bacteria (Chaiprapat,
2011). Operation to promote continuous solubilization of H,S with sufficient oxygen leading
to H,S oxidation is key to successful biofiltration. Our previous study found that H,S removal

efficiency of the biotrickling filter obtained reached 97.3+4.2% at the highest value of EBRT
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180 s, specific hydraulic loading rate (q) 4.7 m’/m?*/h and initial pH of recirculating liquid
(pHi) 4.0 under averaged H,S mass loading rate of 153.2 gH,S/m’/h. Biologically,
Acidithiobacillus sp. was found to be a major microbial community to carry out sulfide
oxidation under such low pH condition.

EBRT represents a relationship between a gas flow rate to an empty bed volume of a
biotrickling filter. Lee et al. (2006) reported H,S removal by A. thiooxidans AZ11 decreased
when EBRT in their systems dropped from 9 to 7 and to 6 s. even though high removal
efficiencies were still achieved at 99.9, 98.0, and 94.0%, respectively. Aroca et al. (2007)
reported that an inlet H,S of 4,600 ppm resulted in successful removal (100%) for EBRT at
120 s. while Chaiprapat et al. (2011) reported an increase from 85.6 to 94.7% with increasing
EBRT from 78 to 313 s. in the biogas with H,S 2,327 ppm. At EBRT 313 s, its efficiency
was nevertheless decreased to 43.9% when H,S concentration was increased to 8,732 ppm.
Thus, only EBRT, which is always used as main control parameter, may not be an effective
control parameter in biofiltration. Instead, other parameters such as the oxygen delivery rate,
operating pH, media characteristics and etc. can play a significant role to biotrickling filter
removal efficiency.

Sufficient O, is required in H,S removal. Oxygen availability is one of the limiting
factors for biological H,S oxidation because of its low solubility in water at 6.93 mg/L at 35
°C (Metcalf and Eddy, 2004) and low rate of diffusion into liquid (Maier et al., 2009). Over
supply of oxygen through air injection, which composed of only 21% oxygen and 78%
nitrogen will cause dilution of the biogas. In addition, when utilization of the treated biogas is
considered, excessive O, can induce higher risk of explosion. Duangmanee (2009) succeeded
in control of O, at lower than 5% in off gas by mircro-aeration for removing H,S with partial
oxidation. In our previous study, it was proven that the digester effluent can be aerated and

used as the recirculating liquid. It has a capability to provide sufficient O, in single stage
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biotrickling filter for H,S removal efficiency of 97.3% at specific hydraulic loading rate 4.7
m’/m’/h without CH, dilution. In addition, the aerated liquid recirculation is advantageous
because it can remove an accumulated sulfuric acid product off the biofilm, which will
facilitate the reaction to proceed continuously at high rate. The nutrients can be delivered
through this recirculating liquid as well. Multiple stage biotrickling filter with step feed of
liquid recirculation possibly makes the distribution of O, more evenly on the media in
biotrickling filter. Thus, the sulfide oxidation should be enhanced to improve the efficiency
of sulfide removal. Therefore, the aim of this research was to investigate the effects of initial
pH of recirculating liquid (pHi), EBRT and specific hydraulic loading rate (q) on H,S
removal efficiency of triple stage step feed biotrickling filter using Response Surface
Methodology (RSM) technique. RSM is a group of mathematical and statistical techniques
that are based on the fit of empirical models to the experimental data obtained in relation to
experimental design (Myers et al., 2009). The method is widely used to optimize the response
factors (Bezerra et al., 2008; Rezvani et al., 2012), and it will be applied in our experiments
to optimize sulfide removal. Finally, the triple stage step feed biotrickling filter was operated
in continuous operation to verify H,S removal and to compare with the single stage single

feed point biotrickling filter.

2. Materials and Methods

2.1 Triple stage step feed biotrickling filter system and operation

A laboratory triple stage step feed biotrickling filter (T-BTF) was made of cylindrical
acrylic with an inner diameter of 4.4 cm and 90 cm in height (Fig. 1). The packed bed was
divided into 3 stages (lower, middle and upper), 10 cm height of each stage, to improve O,

distribution to the bed. The coconut fiber was chosen as packed bed media because it has a
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large specific surface area, moisture storage, low cost and is abundantly available in the area.
It was made into cubical shape at an approximate size of 1x1x1 cm’. Since coconut fiber is
degradable, the cylindrical plastic pieces 0.5 cm in diameter and 0.5 cm height were mixed
with the coconut fiber to prevent complications arising from bed compaction and aging over
the experimental period. The filter was packed with 1:8 mixture of cylindrical plastic to
coconut fiber, which is equivalent to an empty bed volume of 456.3 cm® (118.7 cm’ in each
stage). Biogas was introduced, by a peristaltic pump, at the bottom of lower stage of the
packed bed, then proceeded through the upper two stages, and to the gas outlet port located at
the top of the reactor. There are sampling ports on top of each packed bed layer (stage).
Aerated recirculating liquid was sprayed on the packed beds through a perforated pipe
installed on top of each stage. The returned liquid was recirculated by another peristaltic
pump. The recirculating liquid not only provided O, moisture and nutrients to bacteria inside
the bed but also help remove the by-products from the biochemical reactions. The dissolved
oxygen (DO) was maintained in a range of 4.3-5.3 mgO,/L. The effluent wastewater from a
full scale digester was used as a recirculating liquid which initially was adjusted to desire
pH’s with 6 N HCl to initial pH (pH;) 4, 3, and 2. pH was let swing in cycle between pH; and
0.5 where each experiment was accomplished when pH of the recirculating liquid fell below
0.5 and was replaced by a fresh pH adjusted liquid for the next run. Biogas and effluent

wastewater used for this study were described in previous study.
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Fig. 1 Triple stage step feed biotrickling filter (T-BTF) system

2.2 Inoculation

The coconut fiber was inoculated by native microorganisms in order to establish an
initial active biofilm. The media was submerged in the wastewater of concentrated latex
factory, which contained a sulfide level approximately 31 mg/L. During a 2-week
inoculation, aeration was applied at all time as the wastewater was replaced every 2 days. The

media was then randomly packed into the biotrickling filters.

2.3 Experimental design

The experiment was separated in 2 parts. In part 1, interactive effects of three
independent variables; EBRT, specific hydraulic loading rate (q) and initial pH of
recirculating liquid (pH;); on H,S removal efficiency was investigated using response surface
methodology (RSM). The experiments were performed according to face centered cube

central composite design (CCD) with seventeen experiments. Each experiment consisted of at
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least triplicate runs to ensure the repeatability of the experiment. The experimental design
was carried out at three levels for each of the independent variables as illustrated in Table 1.
In order to evaluate the pure error, the central point (zero level) at EBRT 140 s, q 4.7 m’/m*/h
and pH; 3 was chosen and carried out at 3 replicates, Experiment 15, 16, and 17 in Table 1.
The Essential Regression 97 software was used for regression and graphical analyses of the
data obtained. Verification of the model was carried out to evaluate the analysis of variance
(ANOVA). H,S removal efficiency data were fitted to second-order polynomial equation that
the general form (Bezerra et al., 2008) follows Eq.3. Finally, results from our previous work
(previous study) of the single stage biotrickling filter (S-BTF) were regressed and analyzed in

comparison with T-BTF.

Table 1 Experimental design matrix for three variables in coded and natural units, and H,S

removal efficiency

Code variable Natural Variable Avg.
Experiment EBRT (s) q (m*/m*/h) pH; H,S Removal
X)) X)) (X3)

(X1) (X2) (X3) (%0)

1 +1 +1 -1 180 7.1 2.0 93.9
2 +1 +1 +1 180 7.1 4.0 96.7
3 +1 0 0 180 4.7 3.0 75.2
4 +1 -1 -1 180 24 2.0 83.5
5 +1 -1 +1 180 24 4.0 84.5
6 0 +1 0 140 7.1 3.0 68.7
7 0 0 +1 140 4.7 4.0 90.1
8 0 -1 0 140 24 3.0 66.8
9 0 0 -1 140 4.7 2.0 88.9
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10 -1 +1 -1 100 7.1 2.0 81.7

11 -1 +1 +1 100 7.1 4.0 83.2
12 -1 0 0 100 4.7 3.0 58.5
13 -1 -1 -1 100 24 2.0 52.1
14 -1 -1 +1 100 24 4.0 69.0
15 0 0 0 140 4.7 3.0 68.8
16 0 0 0 140 4.7 3.0 63.5
17 0 0 0 140 4.7 3.0 67.2

k K k
Y= §; + Zﬁr“ft + Zﬁrr}ftz + Z BuX X +=a
=1 =1

1=t
3)

Where, Y is response variable, X; is the independent variable, S is the constant term,
pi 1s the coefficients of the linear parameter, f; is the coefficients of the quadratic parameter,
k is the number of variables, and & is the residual associated to the experiments.

In part 2, the recirculating liquid at pH 0.5 was recharged with the digester effluent to
return to pH 4. This was to simulate the real operational method where a full size filter would
be put in operation. The acidic recirculating liquid was taken off the storage and then filled in
the digester effluent. Both T-BTF and S-BTF were operated for 480 hours under the
condition of high acid production according to Charnnok et al. (2011). The results were
compared to the second-order polynomial equation (in part 1) in order to verify the accuracy
of the model. In addition, the single stage biotrickling filter with equal size of packing
volume (details in previous study) was operated for comparison to T-BTF. The measurements
of cumulative H,S removal efficiency at different depths of both biotrickling filters were

conducted.
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2.4 Analytical methods

During operations in part 1, the gaseous samples were taken at gas inlet and outlet
ports at time 3 h and 24 h from the start of each run for H,S analysis by cadmium sulfide
method (Jacobs, 1960). pH of the recirculating liquid at liquid outlet port of the reactor
bottom was measured while dissolved oxygen (DO) was measured in the liquid storage by
DO meter (Model 52, Yellow Springs Instrument Co. Ltd, Ohio, USA). The efficiency of the
reactor is represented by the removal efficiency (RE) according to Eq. (4) and elimination

capacity (EC) was determined to evaluate performance of the reactor (Eq. 5).

RE(%) = %x 100 (4)

in

where Ci, = Concentration of inlet H,S in gas (gH,S/m’)

Cou = Concentration of outlet H,S in gas (gH,S/m’)

(€, —Cou)xQ _RE 0
EC — in out — % X =
v 100 Cn'gim’/h (5)
where Q = Flow rate of mixed gas entering biotrickling filter (m*/h)
A% = Empty Bed Volume (m?)

In part 2, the gaseous samples were taken daily at gas inlet and three sampling ports
above each 10-cm packing bed stage in T-BTF for H,S analysis by cadmium sulfide method
(Jacobs, 1960) while CH4 was measured by portable biogas analyzer (Model Geotech Biogas

Check Analyser, Geotechnical Instruments (UK) Ltd.). pH of the recirculating liquid was
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measured at the liquid outlet port at the reactor bottom. The S-BTF was operated at identical
conditions with the same sample analyses. The saturation curve (Eq. 6) imitating enzyme
kinetics Michaelis-Menten equation was used to describe the behavior of both biotrickling

filters.

o
EE = REmﬁxﬂ_-l-ﬁl

(6)
Where, RE is the H,S removal efficiency (%), see Eq. (4), RE 4 1s the maximum H,S

removal efficiency, and 4 represents half saturation constant or bed depth at 0.5 RE,,,.

3. Results and Discussion

3.1 Modeling H,S removal of triple stage step feed biotrikling filter

The biogas used in this research was from a full scale anaerobic digester receiving
wastewater from concentrated latex process that uses sulfuric acid in the skim rubber
production process. The biogas consisted of H,S 6,395+2,309 ppm and CHy4 79.8+2.5%.

RSM was used for optimization of our three variables to predict the best performance
condition with reduced numbers of experiments. In this study, the interaction effect of
variables, EBRT, q and pH; was evaluated to attain the highest H,S removal. Results of the
average H,S removal efficiency at seventeen different conditions are shown in Table 1.
Although pair-wise or group-wise comparison could be done, it is more useful to employ
multiple regression analysis to describe the system behavior. The regression model
coefficients and probability with the second-order polynomial regression equation are shown
in Table 2. The mathematical model is well fitted to the experimental data indicated by low

probability F-test value of 0.003. The determination coefficient value (R?) of 0.931 was
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obtained indicating the good fit to the experimental data with our variables. Low value of the
coefficient of variance (CV) justifies a satisfied precision and reliability of the experiment
performed. The polynomial model for the H,S removal efficiency was regressed by all the
terms and the equation was shown as follows (Eq. 7). Thus, the model could satisfactorily

predict the behavior of our triple stage step feed biotrickling filter for H,S removal efficiency.

Table 2 Regression model of H,S removal efficiency

Functions Coefficient estimate Probability

b0 79.754 0.098
b1*EBRT 1.159 0.083
b2*q 14.004 0.068
b3*pHi -100.877 0.002
b4*EBRT *EBRT -0.002 0.265
b5*q*q -0.525 0.386
b6*pHi*pHi 18.837 0.001
b7*EBRT*q -0.028 0.187
b8*EBRT*pHi -0.046 0.347
b9*q*pHi -0.718 0.383
R’ 0.931

F-significant 0.003

Coefficient of variance (CV) 6.748

Note: The units of EBRT and q are second and m”/m™/h, respectively

Y = 79.754 + LI59*EBRT + 14.004*q — 100.877*pH; — 0.002*EBRT’ — 0.525%¢° +

18.837*pH? — 0.028*EBRT*q-0.046 *EBRT*pH;-0.718*q*pH; (7)
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The response surface of the model for H,S removal is expressed by graphical
representations of the regression equation (Fig. 2). They were plotted as a function of two
variables, while the other variable was confined at the zero level. They are used to evaluate

the relationship of the variables.
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Fig. 2 The interaction and response surface of the three variables on the H,S removal
efficiency

(a) and (b) at q 4.7 m’/m?*/h, (c) and (d) at pH; 3, (e) and (f) at EBRT 140 s

3.2 Interaction of EBRT and initial pH of recirculating liquid (pH;)

Figure 2a and 2b show the simultaneous effect of EBRT and pH; on H,S removal
obtained from Eq. 6 at q of 4.7 m*/m*/h. Increasing trend in H,S removal with increasing
EBRT was observed. This was due to the longer contact time of H,S within the reactor that
could enhance gas absorption into liquid phase which subsequently diffused to the biofilm
layer where H,S is oxidized more completely. Furthermore, the reaction of sulfide oxidation
is a rather fast reaction (AG = -150 kcal for complete oxidation) as long as the reactants, H,S
and O, are available in abundant. It is interesting that we observed sharp increase in H,S
removal when pH; was near 2.0 and 4.0. This was thought to be the ability of the acidophiles
in our system that could reportedly proliferate in extreme acidic environment pH of below 2
to around 0.5 which is consistent with Lee et al. (2006). And at higher pH (pH 4) the
absorption of H»S into the liquid films was enhanced, promoting higher H>S solubility and
high flux to the biofilm. In this latter case, the phenomena could be microbial H,S
consumption limited while it was solubilization limited in the first case. Thus, pH; of 2.0 and
4.0 were of focus as to yield the highest H,S removal.

From our model (Eq. 6), increasing EBRT from 100 to 180 s at pH; 2.0 improved H,S
efficiency as much as 21.6% as compared to 14.3% at pH; 4 as also seen in Fig. 2a and 2b.
This extended EBRT did prolong the contact time between H,S gas and the recirculating
liquid resulting in the enhanced solubility of sulfide through the contact interphase. However,
higher H,S removal calculated at pH; 4.0 (93.3%) was slightly higher than pH; 2.0 (92.2%) at

EBRT 180 s. Therefore, operating biotrickling filter at lower pH; would require longer
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contact time to reach the same H,S removal efficiency as the higher pHi. That our
experiments were carried out at rather shorts EBRTs enabled us to observe such

phenomenon.

3.3 Interaction of EBRT and specific hydraulic loading rate (q)

In addition, the H,S removal was also affected by the available O, supply in the form
of dissolved oxygen (DO) in recirculating liquid. The amount of oxygen is necessary for a
degree of H,S oxidation (Eq.1 and Eq.2). It was clearly seen that H,S removal increased with
q as illustrated in Fig. 2¢ and 2d. At EBRT 100 s, an increase in q from 2.4 to 7.1 m*/m*h
improved H,S removal from 43.7 to 62.7% (19.0% increase). At higher EBRT, the effect of q
diminished, an increase from 66.9 to 75.3% (8.37% increase) at q 180 s, because high H,S
mass loading at low EBRT would require more oxygen. Therefore, enhanced removal
efficiency at low EBRT could potentially be carried out by doping more oxygen to the
biotrickling filter to satisfy H,S oxidation. This could be done by increased recirculation rate.
However, saturation curve type (flat tail) was observed at longer EBRT indicating that the
system became H,S solubilization limited. Effectiveness of increased EBRT would diminish
in such region.

Solubility of O in the recirculating liquid could be a limiting factor. O, could be
generally saturated in water at 8.24 mg/L at temperature 25°C, 1 atm. In our study, DO of
recirculating liquid was between 4.3-5.3 mgO,/L. At EBRT 100 s and q 7.1 m3/m2/h, overall
H,S:0, molar ratio for our biotrickling filter was 1:0.37 which is less than the theoretical
requirements of 1:1 and 1:2 for the partial and complete H,S oxidation, respectively (Eq. 1-
2). Thus, it is possible to enhance H,S removal efficiency through higher oxygen delivery.
Increasing O, by excessive q would cause bed flooding resulting in low porosity in the

packed bed and reduced gas-liquid contact interphase. Increased DO concentration in the
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liquid could also be possible when the aeration unit is operated above the atmospheric
pressure, such as that in the dissolved air flotation (DAF) unit. Nevertheless, the careful
selection of q and EBRT in relation to H,S mass loading is a key for this dissolved air
biotrickling filter. In our experiments, at EBRT 180 s, which is equivalent to mass loadings
124.0-264.0 gH,S/m*/h, and q 7.1 m*/m?/h, the H,S:0, molar ratio was improved to 1:0.70.
This ratio was still lower than the theoretical requirement. The presence of elemental sulfur
was clearly noticeable as yellowish particle on media revealing that partial oxidation occurred
similar to the single stage biotrickling filter (previous study) and biotrickling filter with
oxygen supply from air injection (Chaiprapat et al., 2011; Degorce-Dumas et al., 1997).
Partial and complete oxidations of H,S are inevitable in the biofiltration operation. However,
the dissolved O, supply is advantageous over directly air supply in which remaining O, in
off-gas is very low, which stabilize further degradation of the CH4 gas and good for

operational safety.

3.4 Interaction of initial pH of recirculating liquid (pH;) and specific hydraulic loading rate (q)

Figures 2e and 2f emphasize the effect of pH; on H,S removal. The response
demonstrates a hyperbolic-like shape. It signifies the range of pH that affects the metabolisms
of specific microorganisms in the system. At pH; around 3, it was less desirable for the
predominant species of the consortia inside the packed bed. Further detailed investigations on
molecular biology of the microbial communities should be carried out to explain this
phenomenon in the ensuing study.

In addition, sulfide oxidation at low pH; appeared to need more liquid recirculation
rate. At pH; 2.0, H,S removal reached 81.9% at q 3.9 m’/m%h, while it required q 2.4

m’/m*/h to reach the same H,S removal efficiency at pH; 4.0. This was because of the higher
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solubility of sulfide at higher pH (Speece, 2008) (Eq. 8) which in turn promoted the oxidation

of H,S at the biofilm.

[ 5] _ 1

R = =
[Ha51+ [H5 7] 10PH —pKa + 1

®)

Where, R is the sulfide fraction ratio and “[ ]” represents the concentration in liquid in
molar.

H,S gas could be partially washed out by the recirculating liquid flowing down to the
storage. Generally, liquid recirculation in biotrickling filter is not only responsible for
reserving moisture in the packing bed but it also washed out some microbial cells to the
storage. The dissolved total sulfide (H,S and HS") in the storage could be further oxidized.
The left over soluble H,S in the storage liquid was once more recirculated to the packing
media and being re-oxidized. Increasing q could promote higher H,S convection to the
storage liquid resulting in the improved overall H,S removal.

When pH of the recirculating liquid started at higher level, higher H,S could dissolve
into the recirculating liquid and oxidized at higher rate. But when pH got lower to around 1.0-
1.5, the higher oxidation rate of H,S became to take over the effect of high solubilization due
to higher pH since biodegradation of H,S by acidophilic bacteria is prefer at low pH (Smet et
al., 1998), especially Acidithiobacillus thiooxidans which is generally favorite at pH between
1.0-1.5 (Gabriel and Deshusses, 2003).

Operation at pH; 4.0 was preferable for T-BTF because of lower recirculation rate
requirement, thus, lowering the energy use for pumping. In addition, sulfide is preferably
converted to elemental sulfur instead of sulfuric acid at lower pH around 2, compared to
higher pH’s, in biotrickling filter (Jin et al., 2005) resulting in a higher potential clogging in

the packing bed.
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3.5 Comparison of T-BTF and S-BTF

In order to operate the biotrickling filter to reach a high H,S removal, the interaction
effect of three variables, EBRT, q and pH; was optimized. The highest values of H,S removal
was calculated by placing the respective parameters values to Eq.6, which was carried out by
the software. The highest H,S removal of T-BTF calculated from the regression model is
94.1% at the condition pH; 4.0, EBRT 169.7 s and q 6.0 m*/m*/h. For S-BTF, the optimal
condition in our tested range was at pH; 4.0, EBRT 180 s and q 4.0 m’/m’/h that yielded
94.7% removal (previous study). S-BTF requires higher EBRT with lower q to reach the
same level removal efficiency.

In order to compare a comprehensive performance of the biotrickling filters,
elimination capacity (EC) determined with H,S removal obtained from the regression model
(Eq. 6) was used. It was calculated according to Eq. 5 using the average inlet H,S
concentration of 6,395 ppm. This was done to eliminate the interference effect of H,S
fluctuation in the incoming biogas. The highest EC of T-BTF was 193.5 gH,S/m’/h, which
was higher than S-BTF of 183.8 gH,S/m’/h. The best operational condition of both filters was
found at pH; 4.0. In Fig.3a, both biotrickling filters showed increasing EC as the H,S mass
loading increased. T-BTF had approximately 1.3-9.4% higher EC than the single stage one.
The superior distribution of oxygen by step feed in T-BTF played a role in this situation.
Two-third of the available oxygen in the recirculating liquid was diverted to the two lower
stages where high concentration of H,S arrived. It should be noted that the EC of our T-BTF
(193.5 gH,S/m’/h) is higher than other works with direct air mix to biogas such as EC=181
gst/rn3/h (Duan et al., 2006) and EC=125.0 gHgs/m3/h (Rattanapan et al., 2009) of the
activated carbon biofilters, and EC=24 gH,S/m’/h of Pall rings biotrickling filter (Jin et al.,

2005) and EC=113.5 gH,S/m’/h of coconut fiber single stage biotrickling filter (Chaiprapat et
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al., 2011). The dissolved air supply with recirculating liquid was deemed to be more
effective.

In Fig. 3b, the behavior of S-BTF and T-BTF at different specific hydraulic loading
rate, q, was simulated at two H,S mass loadings. At low mass loading rate 194.2 gH,S/m’/h
(EBRT 180 s), the S-BTF showed higher EC at q below 5.3 m*/m*/h whereas the T-BTF had
higher EC at q beyond 5.3 m’/m?h. The EC at the intersection point is 182.0 gH,S/m’/h. It
seems more economical because of the low energy requirement at low q to use S-BTF in low
mass loading range. However, the oxidation at low O, to H,S ratio could be carried out
partially. With the end product being more of the insoluble elemental sulfur particle, its high
accumulation in the packed bed increase a risk of clogging in the system for long term
operation (Mannucci et al., 2012).

At higher H,S mass loading of 400 gH,S/m’/h (EBRT 87 s), T-BTF showed
significant improvement over S-BTF over the specific hydraulic loading rates. When q got
above 2.4 m’/m*/h, T-BTF began to surpass S-BTF at EC=250.4 gH,S/m’/h. The highest EC
of S-BTF was 289.7 gH,S/m’/h at q 6.8 m*/m*/h, while T-BTF reached the maximum EC of
322.3 gH,S/m’/h at q 8.1 m*/m*/h. This shows that T-BTF was more sensitive to g, and at q

above such peak values, the performance of the biotrikling filters would reduce progressively.
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7.1 m3/m2/h, and (b) pH; 4.0 and H,S mass loadings 194 and 400 gst/m3/h

3.6 Comparison of T-BTF and S-BTF in recharged recirculating liquid mode

Sulfuric acid (H,SO4) is a metabolic end product from sulfide oxidation. The acidic
recirculating liquid must be properly handled at the end. Instead of neutralization, the sulfuric
acid solution was tested in the rubber skimming process for rubber recovery in the latex
factory. Without going into details in our tests, the sulfuric acid solution could be used to
supplement a fresh sulfuric acid. Thus, there is no need for waste disposal and it helps save

some of the fresh sulfuric acid use to lower skim rubber production cost. With such internal

Specific hydraulic loading rate (m’/m’/h)
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recycling within its production process, a sustainable operation of our proposed biogas
treatment system in concentrated latex factory is realized. In our previous experiments of S-
BTF, data showed that the sulfuric acid recovery efficiency was highest at 0.39 gH,SO4-
S/gH,S-S under EBRT 180 s, q 7.1 m’/m*h and pH; 4.0. At such condition, H>S removal
reached 94.1% with the predicted value of 92.9%, the highest in our tested range. Therefore,
this condition was selected to run our two biotrickling filters side by side in a recharged
recirculating liquid mode where the digester effluent was filled in to mix with the pH 0.5
recirculating liquid until pH returned to 4. Noted that the volume of the recirculating liquid
was the same at each start of every cycle.

The biogas with an average inlet H,S concentration of 6,538+1,582 ppm, equivalent
to mass loading rate of 195.4 +47.3 gH,S/m’/h, and CH,4 80.2£0.9% was introduced into the
biotrickling filters. The results of removal efficiency of the two systems are illustrated in Fig. 4.
The average H,S removal reached 89.7+5.0% that is slightly lower than the predicted value
92.9%. This was a result of the fluctuation in H,S concentration in the biogas used in our
experiment which was from a full scale digester.

According to Fig. 5, higher performance of T-BTF was found in average at EC
175.1£42.9 gH,S/m*/h compared to 158.0+46.5 gH,S/m’/h of S-BTF. The removal efficiency
of T-BTF and S-BTF oscillated in relation with the pH changes. The biodegradation of H,S
produce sulfuric acid that was accumulated in the recirculating liquid. In each cycle, stress on
the biofilms was created as the microorganism had to bare the changes in proton
concentration approximately 3.5 folds from 10 to 10 molar. At pH 0.5 of each cycle, the
H,S removal was averaged at 84.6+2.7% for T-BTF and 69.2+15.4% for S-BTF. However,
after the fresh liquid medium was replaced, H,S removal was noticeably improved to
89.7+£5.0% for T-BTF that was higher than S-BTF (80.1£10.2%). Nevertheless, H,S in off

gas of both biotrickling filters was not qualified to substitute conventional fuel as it still

153



contained H»S in a range of 86-1,454 ppm. Longer EBRT or secondary treatment of the off
gas from our experiment should be used to meet the gas engine standard. The operation with
the recharged medium gave the advantages by (1) no chemical requirement for pH
controlling by using digester effluent to adjust pH of the acidic recirculating liquid, (2) no
nutrients requirement since they are in the digester effluent, and (3) the recovered acidic

recirculating liquid has a potential to substitute fresh sulfuric acid in skim rubber process.
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Fig. 5 Comparison the H,S elimination capacity of single stage and triple stage biotrickling

filter

3.7 Removal efficiency profile of T-BTF and S-BTF

Described in Fig. 6, the relationship of H,S removal data with packing bed height of
both biotrickling filters was mathematically modeled with saturation growth of enzyme
kinetics Michaelis-Menten equation. In our model, the cumulative removal along the depth of
the packed bed grew rapidly in early stage of the bed, i.e. the first 10 cm. The overall H,S
removals, at the exit top of the bed reached 73.5% and 89.4% for the S-BTF and T-BTF,
respectively.

The bottom stage of biotrickling filter (first 10 cm packing bed) contributed around
50.0% and 73.6% of the total removal efficiency in S-BTF and T-BTF, respectively. High
concentration of H,S in the incoming biogas, representing high partial pressure, compared to
the dissolved H,S concentration in the recirculating liquid had created the concentration
gradient which was the key mechanism in gas solubility. This obeyed the Henry’s law of gas
solubility equilibrium. At this bottom bed layer in the T-BTF, a lower dissolved H,S liquid
was introduced; hence, the concentration difference between the two phases, so-called
concentration gradient, was larger than that in the single stage one. Additionally, H,S
oxidation was stimulated by the higher oxygen availability from the higher DO recirculating
liquid. The superior removal efficiency in the lower section in T-BTF was achieved owed to
the benefit of the step feed operation scheme.

However, the removal efficiency was slowly growing up along the packing bed height
from 10 to 30 cm (middle and top stage). Only 46.4% and 26.4% of total inlet H,S passed to
the middle stage of S-BTF and T-BTF, respectively. The concentration gradient was certainly

less than that of the bottom stage. The additional H,S removals of the middle and top stages
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in S-BTF (15.8% and 7.7%) were higher than T-BTF (11.2% and 4.6%). The top stage of T-
BT had low additional removal efficiency due to the low inlet concentration remaining
compared to S-BTF. In these top stages in both biotrickling filters, the situation of high DO
with low H,S loading prompted a more complete oxidation that yielded sulfuric acid. This
was consistent with our observation of dense yellowish color at lower stage in the biotrickling
filters. Approximately two-third of O, supply was given to the top and middle stages

combined while receiving only 26.4% of the overall sulfide to the system.
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biotrickling filter at pH; 4.0, EBRT 180 s and q 7.1 m*/m?h

3.8 Methane Dilution

In biogas purification, the unwanted components must be removed while preserving
the desired components with the least loss. The loss of CHy4 or the degradation of CHy4 in the
biogas clean up system can be troublesome if too much air is introduced into the system and
the microbial CH4 oxidation takes place. It has been described in Chaiprapat (2011) and

previous study that operation of biotrickling filter at acidic range could prevent CHy
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oxidation by applying a selective pressure to exclude CH4 oxidizing bacteria from our acidic
environment.

Generally, CH4 content should be above 50-60% for general use as LPG substitute or
mix. With our dissolved oxygen delivery scheme through liquid recirculation, the CHy
content of the outlet biogas from both S-BTF and T-BTF increased by 1.5% and 1.6%
respectively, to be 81.7£2.7 and 81.8+1.4%, respectively. This was obviously because of
precise oxygen delivery by the aerated recirculation liquid. It should be noted that nitrogen
gas (Ny) in the air almost non dissolved in the water (Henry’s constant N,=80,400 atm,
0,=41100 atm) (Metcalf and Eddy, 2004). Only O, is dissolved and delivered in limited
amount to the exact site the microorganisms need. Air feeding will certainly cause dilution of
CH,4 rendering the biogas less energy content (Chaiprapat et al., 2011). Thus, the O, supply
by aerated recirculating liquid has a potential application in H,S biotrickling filter system for
biogas improvement and operation safety with low oxygen contamination in the treated

biogas.

Conclusion

Cleaning up biogas prior to use is mandatory particularly for the use in combustion
engine. The proposed operations are the cyclic pH swing from the initial pH to 0.5 with the
dissolved oxygen liquid recirculation. The optimizing condition by RSM showed the highest
efficiency of H,S removal of 94.1% at pH; 4.0, EBRT 170 s and q 6.0 m*/m*h for T-BTF.
The T-BTF was superior in H,S removal compared to S-BTF when operated at higher
specific hydraulic loading rate and high H,S mass loading rate. A more even distribution of
dissolved oxygen in step feed mode could improve the performance of T-BTF over S-BTF. In

addition, the use dissolved oxygen supply effectively prevented dilution of CHy. Triple stage
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step feed biotrickling filter has a potential for effective biogas clean up under highly acidic

condition.
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