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UNANGDATNDINGE

Zeolitic imidazolate frameworks (ZIFs) are one of the metal organic frameworks
(MOFs) and highly porous material, known for their remarkable thermal and chemical
stability. ZIF-8 membranes were prepared by seed ZIF-8 particles on a porous Q-alumina
surface via seeding, secondary seed growth and suction methods. Secondary seedings of
ZIF were used to minimize defects in the membranes. The synthesized ZIF-8
membranes with small ZIF-8 particles in a selective layer showed significant
improvement in CO, permeability and CO2/CHg selectivity in mixed gas permeation tests.
Subsequently, the ZIF-8 particles were characterized using scanning electron microscopy
(SEM), X-ray diffraction (XRD) and Brunauer Emmett Teller surface area (BET). In this
study, various preparations of ZIF-8 particles were synthesized using different ratios of
metal cations and imidazolate anions (12:1, 9:1, 6:1 and 3:1). The result showed that BET
surface area and Mean crystal size were 1,882 m2/g and 150 nm with 12:1 ratio of 2-
methylimidazole: Zinc nitrate hexahydrate. The ZIF-8 membranes were analyzed using
SEM, XRD and gas permeation tests at different operating temperatures (25°C, 35°C, and
45°C). The permeation and selectivity tests of CO, and CHs on ZIF-8 membranes were
measured at different pressures in the feed side (500-800 kPa). The quality of the ZIF-8
selective layer on the surface of O-alumina support was confirmed by XRD and SEM.
The finished selectivity of CO, removal from CHg was improve via ZIF-8 membrane. On

feed pressure 500 kPa at 25°C, the CO, permeance can reach 6.98x10°cm>(STP)=cm *

cm?*s ' *cmHg™ and the selectivity of CO»/CHa was 10.1, respectively.

Index Terms CO, removal, gas separation, Zeolitic imidazolate framework-8 (ZIF-8) and

biogas.
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wiadann vde Tulewfd fe wRafiintusmusssumdoinnanin uavdesdans  ves
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Toufatiu luleufia 1 gnuirfiauns Sesdusznevvesufaivu $ovay 60 dAarudoulsana
21 wngga/anuianiang (@aduldeuasimunineimans uasinalulad, 2538)
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wdznds senunluSinamn inlilndumiulufisszasd dwadesoguruiazduwindon

nenudn nsdewdadiuandenas 1 du - Jdndefiaduainnssuiuniseangs fe 11-22
nuAnWes IApnuanysniugansdunse (BOD) 6,500-12,600 dadnsusiedng Udesina
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Tsseru  guamnssusléinislimeluladnisudauiadonm  Snvisdanmsmandndulsdd s
wanlulowfaain aasgiewauldiundsuanufousasndsnuliin foildansednelu
dudlanluldinn dedsdidoyasenuivimaiidsanlsaugnamnsy wanutsiudsvds
1 gnuieiuns awnsanaalulenidla 7.83 anuiadues (assnisduaSunalulaguiadinn
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1.3.3 NSTUIUNSERLAA8E15DUNII UL FeAean121590nTau (Anaerobic
digestion)

nsvvIngaEvsansrUIuMIminTInnluan1izlseandiau AinINN1vEinves
ansduv3d luhide Taefiqduriddmanuuafide wu [Aunidnduadiediny  (methane-
producing  bacteria)  ¥F0ISENTININUNIWAIY wazAUNIENGuaT1NTA (acid-producing
bacteria) (dinsumelulad wazaulasndy, 2553) itiegesluaniizlieendiauainais
Tuanalnaiduansfiflassaine lanadinas msldineluladlunismanlulowfauuyleandiau
Humadeniusngasilunisinde u’na&mums@ﬂamLLauUIa@m'mLsuusuuaawimmﬂama'mmim
dvfunssumumstesaaeansiunid tuiidedsanslosntiouuiai ¢ funsused e
1. lalasla®a (Hydrolysis) LUuSUumaumL‘Uﬂ‘mLi&l%ﬂﬁ@&@ﬂ% extra-cellular enzyme 11%7%



auma‘lmqaiwﬂmLaﬂaausem%awummsaumzﬂumLaa fiflosrusznavddnie anslu lawse
Tty waglusiu Twnasduluianadades (monomer)
2. waTntedu vie uwedlaanda (Acidification/Acidogenesis) Fudumeunisees dane
AN3AUNSEFUALY (monomer) WWumnnsaszwmedne (volatile fatty acid) nsnsuau weans-
goaa Asusulaeenlys wenludly wazlalasiau
3.0vdlaaiuda (Acetogenesis) [udunaunsiasunsasvmeiediunsnesdinude 1ndeasd
e Faduensdadundnluntsnaniin
4. wmluwdurdewmluewdsa (Methanization/Methanogenesis) Wuduneudl nsmaxdsin
wardu 1 nduneud 2 mudseniuenlaeenluduarlalnsinuud wdndnssuiunudey
Wulimulpgiumluau (methanogen) fagunTs

CHsCOOH —» C(CHq+ CO2

aa

nseesdRn  Awu  Ansuauleeanlan

2CH3CHOH + CO; —» CHa + 2CH3COOH

aa

wmuoa Arsusuleoenlen  Jwu  nIRezTAn

COz + 4H2 —>CH4 + 2H20
msuauleeanlan  lalasiau Ty

nNIsdordaeaTdunstnuMdUngyasndauL it (Methane,CHa) iaaaamv‘f]u
Lmamiuauvl,maaﬂism (€O Wlasiau(Ny) lelasiau (Hy) wazufadu 9 Imammammmﬂmma 7
aﬂmamumﬂmm fnnauTRliid Lifinduuasinlald winewne wafifindumduty dean
whdlalasaudalu (H,5) vi3e “ufidliiin” Jailogalnudndumsiuagnualy
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AovautRveslulauia Al

A1ANTBUUSYN 21 winnggaregnuIAduns (\Uiinading 60%)
Anufouanll 25  wuRlnIHeIundl

gaungiwlvdlueiniea 650 erlUALTY

QaunQIAFAALN (CHa) 600 e NTATYE

A1ANYANTOU 1.6 AlagadegnuiAniunsseadruadys
ANUNUULY 1.15  AlanSusiegnuieiiuns
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whafwmuduwfanfidiniusougs winindlelefiidadiuvesusuiaufa
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asusulaeenled nawsgzilunaviliirinueusiuvesuiaanas (@mduuiadmuuignsay



fiAnenuFeugsis 35.64 wWnzgaregnuIAtiung uALfatinmvdelulowfa Mdndruufaiing
naufiaa1svaulaeanlen winduesay 60 de 40) AxA1AUTAUTINEY 21.6 WNEYAND
anuUIANLUNT Wiy dadruvesuiansveulaeenlesidudunaluniatanmiy venaneydl
naviliaAusousan venfdanaidy Sdwmarilirnududuveuiatimulieed vliae
Haysmsunlusilaiauysal wadlwlaid vsenvanindgmilniusazindymanssyniaty
Tudeamlnd! denavild Ussavsamansviauvesszuvanas snsadsiinavinldinnisinnsou
neluieduiadndae Fedunisufuussauninufadanin uenisandndiunia
asuaulneanled luufatininaseiili annsaandamdananadld wavufadanndiiiunis
UFuUssnaunn wa Sendt Tuledinu

1.3.5 nmsusuugeaanwlulaudia (Gaspurification)

osdUszneuuarasludouvediulouia uansfamsnadl 2 dmiuih (H,0) MAnTuly
sguutiu - awnsausnoenanualdlnensmuidulasanufulasiencen  vieaunsaiu
szUUMIgAdu  adsorption  Inelfiasesiiagunsafifiegudrannssiunuresdits sadu
ssuuAiatusEUY Nswsminesnanienuaslumsinuigvsteimasevuea fintgluszuy
il molecular sieve wfin 3A dmiunisgaduiheentd uenanidwioaiimauenlalnaioudali
(H,5) panlae¥8ld asavaeiifianauifduva Wilugaduioufamditusen deansazanei
14 Teihlufe Tnunadoumiusiun (K.L0s) Wedusudn K.COs annsanduinldlddn
wagiFen NIEUILNISHIN NTrUIUNITULTAR (benfield process) annsadsuduaunisynanad
st

KoCOs + H.S  —»  KHS + KHCO3

uazmiidesen CO, uay H0 saniou iflpsanmwisasiidodgssuunisuenuia
Tusuiiimaangamgdl— axdsuanugifureudsilivegaiuld  ‘ansufuumeuamuia
Faam videluloufaty asiuluiinisidauiansuoulneenled iieliluloufadldsinmnind
wngauiu MeUssndldauludnueigg essneudan fuil

1. sdniflunsduia ddnsundudluloufarindnldedanutugs eudqadud
doufiatinmlnaiodwfadfoumgih  ashlianuturdelothndusuduneathue
avauugaiumaAuresia Budludimsindmednlodiflerinnieanysinahlurededa

2.msuSuandinauianisueulasenled  n1suiuandinaumiveulaeenlendinlule
uiatideluloufainanldidnduveufafinudunnauegluseduiivalifinen  vieo  nsdld
USunaudesndn 45%

3 mausvanuialelasaudalig uidlalnsauedlidivudeulululonfady dauauds
Huufafwdoduiatuimielotinsyasiuisedeuanmbunsaiuzdy wIedalfin
(H2504) TbuammesHunsanielonsaianafanioulavuargunseild fedunisanyiuna



uidlslasiaudalwdnouhlulivseloviiadunafiedunndesuas hednorgnsldiuues
gunsal sineqlasnene (Usa, 2554)

asfUszneumaaivesluleufia Usenoude wialiny, ufaasuedlaoenlaes, th uay
lelasiaudalid 1wy Temsinisufugnunmuia Tnenisidaufanisueulneenludie
UFumanadoumazmuLiudnivmg ndannisuiuussnanmud uiaildaziFend Tule
T flazUszneusefnedimuyTinugsde 95-97% dannwauiifeans (Lu wazaas, 2007)

A1519 2 a9rUsenaukardlulauvadlulania

ansuuiou NANIENU
i inn1sfinnsaugunsalingg
A Ainnseasiudaunuuia
Lalasaudalug (H,S) Ainn1sinnsaugUnsalingeg
whamsuaulneanlyn (COy) FlmanuSousiag
Siloxanes Nauiu SiOz LAAN1SELOala
Hydrocarbon AnnsiansougUnsalnigg
NH3 sudnldmnazanelusih
Oy/air 91aAnNIsEilnla ndlluyuTunugs
ct Wnn1sinnsougUnsalnigg
F ANsiAnsougUNIalineY

1.3.6 wallaa1sq lunsuenuia

nszurumslunsuenuazindustasisiselasanzuiansveulasenled  Taevly
wlY wedavanesuuuy Jausazmadeiifnenmdiazanunsatsnsiaudlamsaldusuugsl
loufia Lﬁawﬁmiuiaﬁmulﬁ wiedaildlunmsuonufalaeialy Téud

1. madindudeninge Water scrubbing Wumedianisuen wiamsveulnsenled 7
vudlousrlululoufamenisdudatlasnsweaufawasin - nglunszuengadulunseuiunis
wilmslouufafigndausasuimisiuasesnsyuongadu uaznelufinisaisdung
nszven gadureiuuy uwiaaiuouleeenlediiduiatun wwasaedluluilélnenss uia
fivdeann nszuaumagaduasiidnduveufadomandelulefimulutiuiigdy

2. miﬁ_]m%ﬂmsmiw?ﬂ'wmmﬁu Wse Pressure swing absorption; PSA Ju
nszuaumIkenuiansueulaeenledesnanuiainusensidesumuiu  whamfueula-
oonladazgnaeduuuiuinvestesudeifisngy  flussgeglunszuengadulaerdennuunnei
199 usefu sruvazgeduuiansuaulneenludiasthlifiNufnTanpaduldmbufiay dulule
S Aldedanududugaty



3. mageduieasinilagldansazaieweliy w38 Amine Absorption Process Uu
nszvIumsnduuiamiveulasenlesseasavansieiiu  sgnianldediesnireundunia
pnavnssuifufaniveulaoenlediatulussuy Wy grawnssuiiinismlvidemds, s
usnufiansveulneenledeninuiasssumivioutadomas udu lasdegvasaras Lo
fufifenlilunszurunisil Mono Ethanolamine (MEA, (CHCH:OHINAH ), Diethanolamine
(DMA, (CH,CH20H) oNH ) wag Methyl Diglycolamine (DGA) ﬂizmumiﬁfmmaamuﬁau
asavmeioiiundundlalml Fafunssviunsiifienuaula  dilunmsifosfnwnsld
d13 a¥a1y Monoethanolmine SLum'iQW?faJ #30138n1671 Mono Ethanolamine Absorption
Process

4. m3padumeian lagsTsuafng CHe Sinagnauegiu CO, n13ida COz 310 CO, /
CHe MIuufanaudunszurunsdfglunisufulgnunmuiaiou dmiutleladinduiag
$rnn Sunidlavevide (MOFs), msuau, molecular sieve uazAuwilen Yanwmailasuaa
aula edrannlumsAnwitenliiduigadunsnifananvos CO, uag CHs Taswuin Nax way
Cah umosingedufimidesdmiunisuenufanidiunan CHy 50% uag 90% muandu (Li
LazAy,2013)

5. msusneeideidentu e Membrane Separation (unisusnufanisueu- la
oonladlaglfideidensi lunszurumsazinmstioululoufadnlumasunilsvesmusu 3
weusuANuAUlIR P1 uAamsueulaeenlusfinaueglululoufaazindeuiiiummiusy TUss
Sndunilsdemnuaueudulif P2 sstlsvuuasdimanuauldannuiu P1 uaz P2 Seuandng
My Juwaviliufarsueulasenled  waswialmuaiunsaweneananduldreude auysel
(MIaTInermansaianseds, 2556)

1.3.7 nsugnuialae Tguausuy

Tagtunsldwmusulunsuonufadumedanmaalaiuauauladuegiunn
Wesann ansauenuialallesunsuiasuduivsiesitdesls agrslsinumaluladiolain

Ju weluladiiluid wazdinswaunlifiuse@nSamang (Rongwong wazamg, 2012) lneitly

o
= =

wusudmiusenuiadndudedandfsdfe dndndas daaussausnisidensoudags
mudause  Seafosimaaiuaeneannudeoudld  uarsimgn  (Maghsoudi  uag
Soltanieh, 2014).

CO, dnaznuluufadinmyiseluleuiaannisdesuuulidldosndiau nsuen CO. 10
CHq famddnlunszuiunsmsgeamnssy egnalsinumaluladwmusuiidunuuusiu uas
wuv vienansiildigninanldifunssuiunsusnufaldesnaiiussamiamm uenainifununisude
vos  wavsusiduihaulasnndmivaugramnisy  nszvaunsnannivassuldnu
foams  Bnvadionensldemun Sanuddydenisuszgndlilugaamnssuvualig
uenanuaiusy dauauladmiunssuiunsuenuta €O, flgamglias dwduimns



1 I v 1 U L4 o U a o a
wwuuvielenats wuhiduwildunisuen CO, luudvewldndgs dmsumsidelusuianiiaiy
PYIYIUNLWAILT  LUUUTUIAL AU AINULINTULAL UL ENTANASVINUNRT U B R B UEUD
AMUABINTIUAITIEN  CO, TWaUAUAINSUINTU (Zhang LazAaly, 2013)

1.3.7. 1900V UV UFINSUNISHENWAE

wsudwiuuenutansueulasonled ulwntanfiisnldvimusuded fo
LUl 1N Tandumnie (Organic membranes) Ao Wadwas (Polymer) LAy Usuiivhann
a0 allunsd (Inorganic membranes) Usznause lang (Metals) Am1sueu (Carbon) way
\@573Ad (Ceramics) Bnvlaamnsnuisesnidumaiusuifisnsunasuuuvuiugs Tnefiusius
uwuuilgnguiuareguu  fsesiufifignauiifiouslngndt Wefunuuduss  westhedia
UsyAvEnnlunisuenuia WaBatusasandayansanssne wuhlaeiiluud wausuwuy
Anmmuwiugaeslianssauy  sidendigandt  endednaty  ansnsandnuidlelasiaudd
mmu’%qwﬁﬁﬁa%’aﬂaz 99.99) (MIEFINEFERTaAnsEs, 2556) farulusuideiadldtnng
W ausuitdnwaziuy muuiugs Welkaninsausnufaasueulasenludlildiduatng
A
- LLUSUNDANRY
iaqwaaL@J@%ﬁﬁ’mﬂ%tﬁummLmuﬁm%mwﬂLLﬁ”a WU weddln3u (Polystyrene)
wodmAammAsan (Polymethylmethacrylate) weddalvu(Polysulfone) wazwedliiadnu
Wgealse(Polyvinylidene fluoride) (Midilli wag Dincer, 2007) TneTandilasumnuaula Yranld
Husmiwsuwedwefinniigneglunguveslawsnda Tiuanedues (Hydrated sulfonated
polymer), %’aIV\lLumWQaaIiﬂﬁuau (Sulfonated fluorocarbon, NAFION (%a‘vmmiﬁ’l)) Lay
Taevhliusunedulesionmgiimvieudiiie Mszna 100 ssmisailes egnalsfiniu
mathssusuwedweslUlFnudddeddnlubomwosmnuuiuse  teviafesniwmemnuiou
wazynaedidian vililiannsaldaulilugungifiganasluannefiyuussld Wosnndigamgd
a9 anithlndeamglimaiasuignaunivemedues (Glass transiion temperature, Tg)
Tne Tg w83 NAFION fldwszanm 105 asmuwadeoa vhliuuusuggded wauswians
Gevanm Tnedanisuius (Swelling) w3en138as (Compaction) dwwaliuszansninlunis
uenufaanas  Snvaiina CO, vannsaviUgiseiumusunedwes  neliinnisan
ANANNSALUNTT wenansanadle

- wausulane
Tangfhunldudnduuusudmsunenuiaausadulgnslavsuians wu by
(V) unuyan (Ta) Tuleieu(Nb) wwan@usl (Pt) Wiselansnau(Alloys) wutusulavediveon fo



WothunldauagliiAeuAzenfueendiau wanusuivihanlans e1fiu wanfen azdgamgd
nsvhedlugas 300700 ssrwadea Jaymdnsulunsldnuumususiiniio fanuaies
f1 AemsdeuigmeiliAsnsusniusgldie Snvlavenafendisaiune denalia
wsuiirdalafisnnuns Selianansailuldnuldesaumnsnane

- WNLUTULBUsENBUY

dnsunuideiasiinamdammunndissney Tnefuuusufidutusessy
(Supporting membrane) waztudondwuiidummnusuilolad siliosanuuususiausn 7
Hummiusy  wsdedy  Souvpinisvhanlutie 600-900 esmiwadea  warddomile
Wisuifsuiumausuiviiananuiedu o fo fenanafesdivmmannuieulasmaniifia 39
asnsolfldftonmniuararudugdld  SnfedalianueosdennioUfiter  Teanwnsn
inllluanneifiesdusznevvesnfanauuagpHinaqld udiesananunsofaufazenld fu
wAanniveulnoonlesiazuiarivum e uwidlalasaudalndls Wetlestulamil 5dlad
mawndeumiusuiedloladiddnuaslassasadusdnisnussdugama  sedsdiafiosnin
mepnufouge  (@uy, 2556)  uwavdeglulaideyadninisunendlolad  wssyndldiu
QUENYINTIY BENUAINTIANY

YONINUWAT WU LWL USUTLe ladvnne 989898 1mSUNISLENLAE INSIZHANY L@Des
enudusfia COz as Insssuieanusoulasnuausoaulad danuasiivie whesninmi
~ P v o ' Ao a a L& P
el wagdlaudumunsianseuia lneuausueliniiy aslvunagniuussann 0.38 unly
aa & ' \ & & ¢ ) o P ° v
wns  AlAInsEendusEnInuiansueulasenlyn (CO,) Auufalny (CHy) g vinl
winzandmsu lunisAnfenuianausening CO/CH, Tagil CO, azuninseane ilulugnguy
159791 CHq WazanunInaady nszeit lUlumuwsulmsingy wanand 270
1581399UTEWALATI891U1I9 lausU Sapo-34 7TANNE 5 WUAAT Wenanlddunsy
wenufia CO, T MNUANIALYNULAARINAI08NAIN CHa Iaeiindsidendige angaail
qg” [ :’/ a v agl’d’ = a Qill Y @ a 1 &Y
7 MPa Jull satulusuiddedduasnuatususiaUlun1skiUilususy Laona Ui anauuadly
Townanle

1.3.7.2 natnvaauuusuluniswenuie

MIkeNIAENISUNSUUNLRY  (Surface-diffusion) Wunisueniiinduleluanauewia
QNAATUUUNULAIVEITNTY U lAANISUNTLARUTIUUUIURIYDI NI DI INAUUANGNS

YBIAUAUTY lnguiangaduuuiiuiivesgnulaanitasansaduiuuLusuenule
117N31 (NFETINYIFENTAIANTE U, 2556)
wenLLUsUITalAUSsUN AT ADY L19991nTNS IANNAIUA L as iU

NIPUIUNTT WENLALUUAI99 WU MIgadukaznIsnaungamiian (Li wagany, 2015) w3y



nsuenuia mswsusuiuiiruimelunstaumuusuliivssavsam dulillddesine
Julusns  91fETINYELAL ANUEINISOANUTIUIYNOFUAIT ﬁgﬁ%ﬁmuwiuuﬂwﬂwé’m
dwsumsuen uiiaeg 2 wuu Ae AuEunsalunisien CHe w38 CO; lunsain1sAnwINUIdY
i szifuuuy co, rejection (LanaRsgUAIN 1)

Feed
Product stream
(2 4% CO, =~ 96%
=~ 15% e 2
CcoO
2
Reject

JUAIN 1 dnwazn1svinauveuuausuiidunuy CO; rejection Ing (COzselective

membranes)
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NIEUIUNINENTINAY (WiaTinminanlavssaliusinauasAnnnuinme) n1suilulowfialy
Iddatunsannisvdes  sanmesufwfiaseunseangdunden  wazioandldineniely
Isanunnnslddumomas dinandiedu uarthesnwqunmdsandey Snvislusunaanu
noununebiinUsglesd laslulowfanudald dauauds udemdanaunsonawunasu
& a A 1 = 1 ) < v (Y Y 5 14
WOlNAY RINUVadY 9 1w i dw Wit Tndh 1Wudu wasdsanunsayssendldiuiaseseudla
anene
dwsulsanugramnssuniimndnluleuda WewSsuieuiunisiminesluuudue
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wuhildelaiSeuegnunn adusunisusendaiui wasiinsvyuideululeufanudnla e
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1.4 nguszaeAvaslasenisive
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Lulefimudmsu mandnnszwalniinnielulsenu

2. Anwdadsineg 1wy mwsu gumgll Sasnsinavesnfa Mkasenszuunis
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3. panuuuszUUluMsLenuia 1 uiaeiiveulaeenlereanainlulowia uas
1 madeusogUnsnisaqiothufafuenunlddluldussloidely

a. Anwwaziauedesiunuulumsuiuusannmvesluleufa  uasiuuiusud
Telad itolannsasesenlusziunsnaniilngtulasely

1.5 Uselawunanainazlasu

mmAfeiiietunsitoussiaun WlaLiiasyavsnmvesluloufaninlssmuudeiy
drevds Tiflemunmenndstu  Tngldnananduundmdsnusagnamiuniamansasuay
gnamnssy delu Bnvanansntsanusudleladfindelfunuszgndlflusuiivannvanemae
ansaviuln autRvestleladldnuingUssasdvaansliau evussloniluTeswoswiunu
mMsuanifisalduns wayliilufivieduneden uazdwiuinusudleladindnlfamsoia
Uhinunasdeveneg  sedulvgsioluld  nisaduesdanudlituningramingsy uenani
nszuumMsdnaie  gunsaluazsruuiearamnsalszendld  lusudwmiunisuenufiad
Tndidesty  uaglfinelulad  fudeduldiosussadowuuuiiandumeluvssme  deliin
Anudadu uenaniiinisedinim wiaasuaulnoenladiuenoeninagszuululdlu
nszvUNINARnsadadtn TuresufAnis ieidumslunisdawaaindanmsely

dsusunuinnsidlunssdasmusundonssuumsuenlulouiad fiolain
AeliAn Susuvdodassivslvm ihlugnmevetndvitnald Snianalnlunszuiunsinuide
Tuilld wanavesesfiothlumeunslufivssginnsiassdunfnasnundiill impact
factor  Tadsansnsaifeuadlunsansisssmafiomsundaoluld  Tasaadniiasffuilaly
115873 919LWU Biochemical Engineering Journal, Membrane Science FiAgteetu mudy
LENENTNBINIUTY WagmsAmnaAMsuendagluszuy Geidulatinsdifiud adu nsans
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1.6 WAUNISENENIANALUIATWSONANISIYENANLUINY

Y 9

lasamsazneliiAnesdmniid Uselowl awnsahlassnmsdsnanoongidendudle
Tngoaavegludnuazvesmaduiivinu  Tasamslussdlsanugramnssy  waziileannsa
weunssongudmmneg Wuitadlavedlssnu geanvnssy efiu Tsanugnanmngsusnegis
nsttntde waziAnluloufafiflufanavey wardndudeaeneeniiieuiuussnanmuesuia
oy Whmnsvessadndineuided fo aunsandnlulefimuldfiarundanduinni 95%
Tneldgunsaifunuudmiumsusnufa co, oonly letlulefmuindslddululddmsuns
wamnszualiiuazususineg ssdudame denlunsiiiuyadirandn  o19dinsianiy
spvhalsanugramnssuiuavinedodield anshluldliass wasfaunsdosenszuuns
wansalulusunan

fadiiteldfinadsauarasunmanlssuutaiudevds  warlddeyaimniingg
uon whamsveulnsenledesnain Tuloufaiinanldti awviliAnussloviuasfuiidesnis
Huegrann mdfeiimeulanddnanlfifueed uenanlssugnamnssuudaiu il
Ustlowl  devihsanusvns  guvusineiddamuasdiosnisusulssnanmlulenda danns
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anunsafenaues sundsny Wutmsmsianedduluszdvyusu gaaminssy uas
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2.1 YaULUAvaIlATINTITY

Fnadeldinsifenoundd Fos “nsiammsiusuesievdavionaisdmiunis
ﬁﬁmﬁ’]aaﬂmﬂmsazmaLamuaaLLagm'ﬁUﬁsqﬂmﬁlﬂuﬂﬁﬁ%waama'ﬁlm%"usumﬂsm%’ﬂ%ﬁﬂﬁ
fandmiin” Tngldfunuatvayunsideanddnnunesmuativayuniside @nd) Mdu
Fnwalasanig AlndiAgedu wagannisidedanailildnaduiumela Weamoflay
Uszgndldlunis usnansdug euitedisldresenduuuasiuuliaunmue s sud
UsgAnsnmuntu ihunsndnueddaseniside o nsiauammusy Ssasdunisannis
tiduamuun dsUssmededsngs sedsmansnandununmsnaslunsiidinaluladly
Snmanils wagainnis Ailddnwan wuin wedesnmeruFeularansialiveauIUTULESISIA Ty
anindodmannedued Sallaumuzauiiasiiluldiduisessu Wesesfutummiusud
Tolad Afluszavsamlunisuen wianausyvinufaansueulaeenlediuufaiin (CO»/CHa)
nluleuda Aldanszuvtindide nlssuudaiudvends luenuddedflddnetaun
slUsuRana ielviiuszdvEaimeau aguszasd

awlvgnmsfnuunusudsszneuiiluinmswenuwiansueulneenleseenain wia

1%
=]

iy (CHy) TusidedasdinmsimumuusudeUssneudmsunisuen CO, 890910 CHe Ty
whananluluTeufafindnldannistidninds  9nlssuutaiudvsngdudminunssvaun
WUSUIUSENeUeITY Sapo-34 iassadiadiu silicoaluminophosphate fiffesdusenau
S 6Aly Pz 02 71 x = 0.01-0.98, y = 0.01-0.60, z = 0.01-0.52 A3 Sapo-34 uaw ZIP-8 1Hu
siiavenuuusuniidenumanzan  Tunswenuiaduegiann  Tnefssnuainisaisingi
senumsAnyilunmsuenassan CO/CHe  Fowmiwmusudloladdamnzegnededniy

Prunlgluniswenluauwdded (Li wag aaueg,2004)

2.2 aunsnluazansiall

dwsvgunsaliaransiadidmumsaniunuidenseuniaesoleliasesisne dogudd
v o ensuiiinisaudintesiie 10 unTivendumalulaggsun wagviniduudu
av YAl ANEINIMmEnT WTINeFBYULAY

2.3 panuUsUTalan
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W wausukuusnee fdetedudiesmgiundsnuveuny  Inefinnsmugunisaniy
159713 viavue dinnseeniuunuideiiieilasinisinseuitalunsimuingusvasd nuided
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fo Wunusiesenan lasensiseneuninfiiniseanmauusuileladdmsunisuenansenuia
wila mmwml@ﬂiva‘ummmLifumum ylvannsasudumsselulununltufiaziin
UsE AV NN uasHadnEna

sUA M 2 inesilelunsTusumisnusudusessu

mAfetasimaiuduns o unfinerdomeluladand enensufiinmedosdio 10
Tnofingdnsinaziedesiiofinsizsidnageglusmsdnan shilvfimnuazmnlunsuiifnuide
SnvamstusuinuusutusesiudmiveAted  1dinsldiefestionnniaivimnssnesiia
dindvimnssumans wminedomalulafiasu  Aiflgunsaliedesiiesaqdmiunistugy
wuiusuldegreiiuszd@vsnm (Guam 2) Tmnundeulunisldnuduediann Taeagiasiifed
wandl  aatiurnulaenselunsdidunussuunsiesgiildinessn vhlfaduayy
sy Wlueadetd Wimseuquiiiusedaninndeagdasiiiuad

Snvidimsuaniudsumeiving flasenseusiuiledufugideimyannuseme
L0531 Ao Prof. Dr. Juergen Rarey 910 Carl von Ossietzky University of Oldenburg ﬁL‘fJuE:d:
fanwy Anwananse  vihbiaunsalvemdsnwasdiswielun1sAnu3delunislduuudiaes
msadinmans Tunsduafindseineg wagnisesnuuuszuy vilvdanudifeadu wdniedl
fugiu TeewiulftasimanesTulauniing (thermodynamic) vauifienifudagldidousfams
14TUsunsy wuusaemerdamandidesdiuy  TUsunsy Aspen Plus wie CHEMCAD Tunis
AUINIAMI Weslulaundingsng ¢ Wy Activity coefficient, BulnsUvesszuudugy
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£ g o
231 ms%ug‘d LUIHLUIUTUITDITU

Tngnthfveurusosdutiasvimiildmnuudussfuamusumindy wieglaivh
widi Tunsuenuia Tngadduaduusnlaimeinuiansvesasiniou (coating layer) i
audidiu molecular sieve Lilevhmsiadevasundusosdunde supportive layer Tngldvinis
ARLFRN  AuRINTWIRTEURY (Unm 3) uwﬁwmsﬁugﬂim&ﬂ%ﬂﬁwaﬂé’mé’wm‘%qnm i
US989 10,000 Yaua mmﬁuﬁﬂﬂLwﬂumauﬁqmmﬁ 1,400 ssrwaldeadunal 2 Falu
(Sasnsiiinte YoQUUNN 4 oerNTATYHsaUNT) Faagliduwiusessuiiidnuaeduie
(Tubular) uagilvun veagngu Usean 0.1-0.2 luaseu

FUNW 3 HERIUTNIINTTUBS

2.3.2 N1589A129A SAPO-34 seeds

1fin SAPO-34 seeds iaguaInmsasrUsznauluares AlbOs 1.0: 2.0 P,Os: 0.6 SiOz: 4.0
TEAOH: 150 H,O Tunsduasizit Aluminum isopropoxide 38 (Al (i-CsH:0)s SUINNEY
ansUsznoutiedy Mehdsranlessurie 1t DI wasmufunan 1 Hlussuduilodot
MnaANNTA phosphoric (HsPOs, Siema- Aldrich  85% Taetiwidh) waznausedn 2 Falus
iy Ludox AS-40 colloidal silica (40 Tnadmin) nausiedn 3 #alug LLavLi?m
Tetraethylammomum hydrOX|de (TEACH, Aldrich 35% Imaumuﬂmiavm‘a) ﬁ]’muu
a'ﬁavmsmmmummwammu Uiz 22 ssrnwalea  avlidunadaaanziilud
Lﬂiaauam’mﬂuLLamﬂmauluLmluIﬂmw wqa,mgu 180 asrnwalva Junan 7 Flu
mﬂﬁ?uv‘iﬂﬁ@uﬁqmwgﬁﬁm wavihlutuwios 3,300 seudeuni Wunan 10 Wil waziiluds
#etn DI FnldAednvasdudie vhnssuiumssnaniidusiui 3 et mndunnazneu
wdahlususufigamail 100 esrmwadea agldisln SAPO-3¢ mmifeans (Shiquang uaz
Ay, 2010)
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2.3.3 mMaassadmIuIugUuauTy

[iowReuaaazyinsran Al (-CsHq0)s futin DI wieunwdunan 1 $alus iiolinay
Fudoientu mntudu HPOs asllumanazniudn 2 $lueniu 9ntandy Ludox AS-40
colloid silica nudn 3 Falus wazidiy TEAOH (35% Tnevweinansavanes) anntufiiiy DPA
(Acros 99%) v&sann 1 Hlusruly uazieagnniulasmunugamniliiogd 45-50 esmeaiiva
Hunan 4 Suneuiivilusdnumusy

2.3.4 NSHTPUUNUTUBNA SAPO-34 membranes

Nnuasyhnsmllenihiiesanvesdlaladasuuiinivestusessu neldmaianisiu
I . . . o v ~ a = I~
\AFey  (dip-coating technique) uazinlUinaeuaamil 220 ermwaldya LJuIa
Uszanae 12 93lie andudsuiusumeiiareinwainlviwiananmgil 100 asrwaidea
Wunan 2 F9lus wnusuaggniundnseuiionuuduse fioamgl 400 ssrnwaded Ju
wa 4 Hluaavheailibualaenssruienuieu JAMNaRaNTBINISIILLLUTULUY
composite Aatusassuiiluwuugnguasdviailunisiienuudasusiiieegude) @ty
ARLERNTINATH AHUINN dagHariilAnNIsANEAIaTlA1EeIN
Teluwamnswsonuusudusessuiiduensnfindy BUAUMIENITNERUNUS
wuwuuvie (Tubular) lrdinfignsuauindn Ussuia 40% ntuagldinalianisadouunas fae
P~ I3 a =~ cala - 9
asazany Teolad JUAM 4 AsuanuNuANYLNIUTITSEnoUTleladniinsindeus
wen

Ceramic balbow fiber

Cuter layer canting .,

sUAM 4 wunmwesmsusudeUszneudleladniinisiedeusuuen Tnefiduludumuiusy
wsdandgnguvuean indeumetuueniiluumusudlelad
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2.3.5 N1SNAMUNIUSUARNINERNTNSIARaUTULADNNIUYRIANTazaedlaladuu
LINLUSULYSAA

vuiuifuULLaT kR AT ve LsiUTUTIv LA T AyN1sAnwINaNYY
Fugilaglindesganssmididnaseunuudeansin (SEM) wieSeuifisuiueuannsa Tuns
wonufialunisveaes  dmsurewsdawuiusunedlndniuiidelfiuisunindoudy  wuuw
wulasiamizegadsagiiiuinuusuiigiutonineuiies lunuidedauem Alddmiunan
wkusUesfinvesusessuty fivuinvesgwguiidnann fe st 8-10 fadlums uaxdl
VUMY 10 LYURLLIAT mﬂﬁ?uﬁﬂﬂmﬁau%uLﬁaﬂm'mimﬂmaéﬁwﬁwawia%gn Unuaz
Uy 9 ﬁ%L%awiaﬁU%mquﬁmmﬂ asazanedloladazduinlulusulurewiowsa aels
dn1gANTou (hydrothermal synthesis) LLamé’ﬂgﬂmw 5

Vacuum

Seed

Hollow fiber )
solution

support \

|
Hot plate
stirrer

sUn M 5 A dip-coating technique dwsunisiadeudleladasuuuuiusuisiiaidunuuils
Wju (Sato and Nakane, 2007)

& = A o =) a & v 1% v a . .

Tupaunsnieurdlalarinsindeunsiuluwasiuueniagltinalln  dip-coating
technique ¥38iNATANTITTUATOU (KARIAININAIUAI) @rsavaneilagyinnisiaFauIzgnINg lu
AvuzLm eseanIuasliniuseu (Hot plate stirrer) azmuangagivesansavangiiu Tlunis
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AT ULINTUUTHUMUANGY U aaumall, anfivteglniuazanmayyINA MUSIAU ke

AR
LY

INSANFUIUIME ALY TEEVBA N URANILUTUNLA ) @n1IzR1aT iy

2.4 MFIATIEHANBUTVDIUNLUTY

winuaeSafiafilAuTIuTININAUATe IVaDAlUTEIIN NS AAUATIEALIUTLGN
Y BATIZI feLa3es Xray diffraction 7 30 KV way 25 mA shen1sanedad Cu Kol (\1/
41.560594) 1aUsu SAPO-34 azgnyilsiuan ievihmsiiaszilaglindesqanssmididnasou
WUUEDINTIA (Shiguang WazAnie, 2010)

/1 isotherms  ¥esmsgedunia gninlagldszuy home-built adsorption flansain
Uinadlulmsiau (N) fiflansuiqvisgefivay (99.999% Airgas) uaz Sy w3 CHa (99.999%
Airgas) nAnTeS SAPO-34 (Usvaa 0.20 n3a) aufl 200 swnwaided 1an 2 Falus 91n
audgugmbhunldlunsuiudnsgiu (Calibrate) dwsunisgadunaniniang1s naswIn N3
USuAmNATsIULEsTULIEiinsady N, vide CHe gninludamadinedne madsuuas Ay
FuasAntuszringg Geansaineanududiotlusuneviinunsgaduuia a anne
auna auegfumaasuulasnuduiiioty

2.5 Tuga

Tugaveaumusuiidnvasunsingguen (Tubulan) (Unw 6) a1stfounie feed 9zl
Fodliusalnarudnly wWelwarumsiusy Tnsfiufanauiaviiusawdn driving force uavilvos
ponvesLfia Mi3undn retentate uoneenly diinseuaugamgilunisunaesegi 30 sam
wardea lneiidingamnioganeluluga esurenmgiinudesnsuazseliles

Membrane Feed
¢ Gasket
. ' e
=1 e
—> —> —> g
Carrier 4
2 r 7.

! |

Retentate Temperature sensor

SUAM 6 dnwaurlugaluiusy (Mirfendereski wagmniy,2008)

2.6 NMSUINUAZAISTUNIUVDY CO2 ey CHq

CO; way CHs Munfaieiuazuiannauiuazgninaun@nyin1sunuvesuiiaiuu
wiu IngAnwilusunisuusiuresgamgil Anuduvesansdou uazAmsanausiuaslussuy
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Tngagsinsfasauuunlulugaivhanaussaaiitandndwinedonislilesddloy A
dulu uiasduresuusuanInmMuUeVasienlfegnsdasy aziinigld mass flow meter
UANNT Bl CO; Udgvisuaziiia CH ludhsiduiidosnis Tnelddnsinislva 60 faddnsse
W9 AfuYBILsAaE UTBANIUTLIZSINsMIUAMLFe I STiasnsavhldeglurisan
semin 84 fla 770 Alavraena edudunsuenuiaiigumgias svuuvielugavesiuuiusuass
mMyvieviusny  Uenufeutazauiuiuanufeuiiesidumsienuiannitgamgiives luga
LS ULAYSEUU viam"mqazmam‘%aﬁjmaﬂuéwﬁﬁ ethyl glycol slo 1 Tudnsdn 50 / 50
gumnliingn vhasanwded -20 esmiwaldea

29AUsENaUTRIaNsUaUY (feed), retentate way #1U permeate 2x¥1NN139TIAIA
wé’qmﬂm’hdannvmﬁuﬁa TneldieSea Gas chromatography %38 GC 7ififms93n (detector)
Juluu thermal CondUCtIVIty detector waztumeduiiinsgiiuy pack column ammum
T%awmmtmwvﬂmamqu wwiinsdgamniives oven, him (injector) way #amsrat
(detector) 7 40, 50 way 150 a9FlYalgud AUATGU

msfnmAuAmUYEamLpgfTesusutuanehldlnsmmageunisinaves
ufanay CO, / CHa mixture agnavialossumausudunavatsiu dmiumausuesiing
Hu nanvsutusesiuiu veasulagldlumetamainiafigamgd 110 ssmwadoa wasiuly
Ustanas 60 Tu anduiwdvaildln wesFeudisugussAvsnimnmsvinaure sy
dusunmisienuigd WuuLay (Li wazaedy, 2004)

AnsEensU (selectivity 130 permselectivity) fi Sistdruvesrmdnduosufiaiien

ingl
aideal - ‘]iSlnge
i - Jsingle

i

dusuuianau ATuEIU (permeance) Yosnnastauis () Ao P laain
Jj
APin,i

Ji = Jtotalxp,i

(Pf,iXe,i = Pp,iXp,i) = (PriXri = Pp,iXp,i)

AP =
Pin, In[(pf,iXf,i = Pp,iXp,i) (Pr,iXr,i = Pp,iXp,i)]

Tneft Jow Ao AEnERamATIRIULUSY & dnmza Pri, Pri WAZANUAUUINEIY
(partial pressure) Wag X, X, Xpi A8 ANUTNTUINATDIUAazEIUNEY | Tuarstou (feed),
retentate WATAU permeate MUAIAU AIANENTALUNTUUNLAE W30 & AD DNTIEIUYS
permeance YaLAANE
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2. 7an309du uaziadlaqRuvisd

nnfuddenddlunuifedldsunnlsanundnuaiudends uazihnindaildduan
lssundaeniuea ludwmiauasvdun Ussmelng vasanlanindudusndsun nnduasgn
hldeuniefigumgfl 60 ssrwaloaiduian 24 lus muduaaziBensuruindnnii 1
fiodms dinndazgnianilaensdlnglifesiitn ninfudsvdauazinnagnifvluiies
Fugangfl 4 ssmiwaidsanouiiiuld vitegadunislunuitedldsuinandiuthtetnde
wuvszuugieteal (UASE) vaslssrundnulsatudends shideqdunidargnifulilugumgd
mesospheric 1 damineldiannizliernimdiedesiulailminnisuanluloufia oidurosi
eqadnislusiidedde 8 pH wezeudusmwesluaivouuniangay uanslidiudon
doilfinsanuan pH fuangay wasanunsnannisaganvosnsalutuszmelilunssuiunis
nsruUILMTEREaaIEwUUlIeINeA

2.8 N1599NLUUNITNAARINISHAN LUTBAE

e nAlglusuIsediivuin 60 ans oandnluavisedlananwanafinlndweniay way
UsEnaumie 31811801, 11810081910, 18 UAUMBE1MAE WazINANAULAE NaUSY

o ) Vo L I~ v a @ [ I
nszUIUNIsHEn agvinlroasiniluszuulionialaenisiiuwialulasiauastuds Wuan 10
= a gj 4 I - [ % 1 [

Wil lngfinsmaaesianunazdedagluaniae mesophilic (35 = 1 °C) mMsiiudegalulauia
ndandnnulaelmnadanisununul TukaasdanTnAgLANE1TAIAUAILTUTY 10 NS
(voeudeTEmEsadng) Wiy ludhsduansasiuseritioraduysdfe 1:1 dhsduilgnifen
WNNUITeTEUN Tuidazdazgniaudnsdinvesmniiudevaanazinindidnaiufe
1:0, 1:0.5, 1:1, 0.5:1 Uag 0:1 MUAIAU  TULFALANITILYNNAGRITY 3 AT

2.9 MINATIEN

039571 (Total solid), lulnsiausau ( Total Kjeldahl nitrogen), A21utduns,

< . . < 1 & = o

YaeesEme (Volatile solid), Aandunsnang, Auay, weululelulasiay wagnsnludu
semeld gninlagdsiugu seduansueunLazlulnsiausiugninlagiaios CHN628 Series
Elemental Determinator (LECO, CHN628, USA) Lla111%18n31d7u A1suausalulasiay
USunaveswaglad, elwaglad uay andu gninlaeis Van Soest aarusznauvedluleniagn
AATIEYMIBLASEIIATIELAE (Geotech, Biogas 5000, USA)
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= a ¢ v
unn 3 Nﬁﬂ'l'i')l»ﬂ'i']%ﬁ‘llaaa

3.1 puanlRvavingiuuas yield vasuiadanin

1379 3 wansanantAvesdaiinludnsdunindudendagdinndriidnaiu Tu
eAfedsnsdmansuoudelulnsiauiidisening 118.68 8 16.86 \lednadiuniuousie
lulnsiauegil 20 da 25 azlifimnudssiieziinnnudunsngauiesaniiauangaves
ansewsfinzanlunszuaunandnuuulionnia lunuidedsandiunesnniudiUsvds
wazthnndfngaufigafednsidiu 0.5:1 Eamduaiveudelulnaiou= 23.4) uiludw
voamsudauiatnniniigaiian (74.57%) wuldludminldsnsduveaniniuduendauasii
el 111 witeuadalalesamauasuoudelulasauiiangan warnnismasesdimiiy
hnsndumsveusielulpsauingaudmiunmmsinuuulioniaastusgfunuautives
fngRuuaziudeqadunidse aenndesuauitenes Panichnumsin wagae N sidenis
iUy co-digestion Inglénnsiuduzndanazyagns fsndrmasuousolulasioud 33
anunsordaunatinugeds 41 Wesidud

1319 3 wansUSunamenialvilunsenisudauiadinwluyndnsidruvesnindudUzwdsse

thnnd
CP/DS ratio (base on VS)
Parameters 1:0 1:0.5 111 0.5:1 01
Cumulative methane yield (mL/g V5) 212.64 35146 683.10 §74.10 333.06
Methane content (%) 36.78 63.64 1457 71.96 66.39
NH4-Ng (mg/L) 33443 34972 360.86 35733 345.01
NH4-New (mg/L) 303.13 49534 457.26 476.53 416.72
VFAx 237.20 387.10 598.60 649.10 674.30
VFAm 107.90 125.00 174.30 22430 262.30
VS removal (%) 3340 70.60 80.20 7740 69.80
C/N ratio 118.68 38.84 29.18 23.42 16.86

NaInnTIAaeInsEUILmIn Uy dnlnaliadedunelu 21 Su eghalsh
pufivesnsdnldnasudulunmin wednsduildnafiduiiande 1:0 uaz 0:1 (nni
1(a) uay 1(e)) Wngldnaminaundaiaiiios 12 uay 16 Jumudiu wnuaildszozinainis
wifntfontiu iesnnindudwevdniufiosduseneuresinluaglaaegasilisindenisdes
aane uwivithnnddusznaulufeaelelianaiiduriliihedenisdosaneveauuadide
MNNTMAABINUIIMIHAALAETIAmTigaTiganuluTuLInYean1TMIAGDs (3UAN 7) uazilan
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anaslutudaqun awveidululdfenisdosaaemedanmiinniivesasdunidluannyly
a1 Nsazay yield vauiadaninlunisuinuuy mono-digestion fishsnd 1:0 uaz 0:1 3
A1 398.20 way 489.30 faddnsnaniuveudeszineg (3Unn 6 (e) dmsunisnaasanisndn
WUU co-digestion N1vazau yield yeufatinmitsnsndrunndud s ndwazinnands 1.1,
0.5:1 uaz 1:0.5 {1 981.73 870.93 uaz 803.41 Jadansdoniuvandeszimels deuandly
5UA 6(0), 6(d), kaz 6(b) MNEIWU N1IUTNLUL co-digestion Tudnsdruianuauanen
yield v9aufaTanm 11nnN1siALUY mono-digestion LesaNANLANAAYDIENTO WS
waveglumsnsurilfRuaumainuanemaiinwludoinuagdlinisdesvosgadunies
UsrAvsnm luanuidelsnmduveninifudsvdstethnnafanyauiianie 1:1 Tnefinng
dxay yield vosufadanmiiiudu 146,54 Wodldud uaz 100.64 Wesidus dewSsudiouiv
mslinndudendsteinindregiaien

140 -+ + 1000 14 + 1000
‘ {a) CP/DS = 1:0 (b) CP/DS = 1:0.5
g~ . o~
~ 120 1 Z ~ 120 Z
# ‘ 00 = @ 500
2 100 4 = % 1 =
E . D= E 00 =
= 80 ‘ 600 3 = 9 - L6003
2 ° = s )
: | A BL “ g
P’ { = z ) 1 . Z
) 60 . w00 2 {_-'L . - r400 =
g S z s
3 A0 e o7, o = Y e 1 3
B [/ L | 200 E = d S 200 E
= 2 1‘ lg = e b
| ~ i
|| .
0 1 ™ 0 ! ' *evag
10 ( 5 1 15 20
Time (d) Tme (d)
140 + 1000 140 ¢ 1000
® {c)CPDS =1:1 (d)CPDS =0.5:1
~ 120 1 r ~ 1201 o0 S
z so0 & z h g fs00
5 100 E 100 { \ B
- =2 = \ =
£ K 600 -2 < \ 600 2
= 80 - 00 _: = 801 l \ 0 2
oy ! - = = 0o 4 ~ 2
i @ v 100 % g R | X, 400 B
z | E - . g z i \ =
Z B Loalasy = s ? \ e 3
= \ 4 200 £ = / Lo £
2 204 . . S S 20 4 S
L {
-
0! . - . 0 0 l . -~ - v -0
0 L o 15 20 0 5 10 15 20 25
Time (d) Time (d)
1 LS R R 5 1000
{e)CP/DS = (1
~ 120 1 =
-z b =0
B I r800 X
2100 1 | =
= 2
E > s
S 80 . r 600 -2
2 z
3 Ed
';3‘ 60 1 . 400 £
e > é
= 4 " R
> 40 | . 3
3 = 200 -
= 0 ¢ e (5]
[ e *e a
Y % 0
0 5 10 15 0
Time (d)

+— Daily biogas yield
Cumulative biogas yield

SUAM 7 HaanMInaaeansruunIvidnludnsdusngeg
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3.2 Usunauudadimunasnisazay yield vasuiaiiny

1579 3 wansUsuavesnialmulunsynisudauiadininluyndnsidiuvesningdy
duzudaotinindr nrsufnuuy mono-digestion Turuisoinusnsndiu 1:0 uaz 0:1
ansananufaiinuly 56.78 uaz 66.39 wWaidud wnlunifunismiuuy co-digestion Tu
dms1dIu 1:0.5, 1:1 uay 0.5:1 @wnsandnunalmule 68.64, 74.57 wag 71.96 Weasidun
AUEIRU 21nNAN1SNARININTNLUY co-digestion Tneldansaadufionintudls Mamavﬁw
nndn ansananyTnandaiimulfgefigadleUseuiiisuiunisusinuuy mono-digestion 7
1sumﬂuumilz‘viawsammnmmmamﬂmamwm Uimgmmummmuaqmﬂmmimmw
aunaLazdianmundouindmiuadunis nan1smeasinisazan yield vesufaiimunandly
A5197 3 MsunLu co-digestion Aldasaadudumnsiudzuduaztinninalusnsiaau
1:1 aunsasannsavan yield vosufaiinuldgeian 685.10 dadansnensuvosudeszivels
W3suluiun1sninuuy mono-disestion Aildnnsfudusndufiesegaiienaunsandayield
vofaimuly 212.64 fadanssonsuvedssvmeld wagldinnaniisegraieransandn
yield voswdatimuls 333.06 TadansronSuvesndessmala nisavauves yield vesuiaiinu
gy 222.19 way 105.70 Wesiiud wenanilludasdunndudusndsetinnad 1:1
Tusuddeianunsandn vield GUENLLﬁaﬁquiﬁqﬂﬂdfwmiﬁaﬁawﬁ’]ﬁ Panichnumsin LayAug
wuiludmsrdruniniudUsndsdeyaansi 2:3 azanansandn yield vosudaiimudigaiigals
391 fiadansronsuvosudeszmeld Tuvasfluddoduaiuisondn yield vosuiadinuld 370
fadanssoniuvesuisszmeld ludasdmnindudiusndsdeyaans?t 60:40 mnlunindy
Zhang Lagmnyamnsanan yield veswdatimula 242 uag 333 Tadansrensuvesudessinele
Tneldmaninuuy co-digestion Tneldansisiudunnifuddenduasiitegaunidanagnou
B ﬁﬂﬂfuﬁﬂﬂﬂ’]’iV]ﬂﬁ@ﬂﬁ?ﬂ?iﬂﬂ?ﬂlﬁjﬁﬂﬁiﬁﬁﬂLLUU co-digestion Tnefiansdeuduniniiu
Wendmazihninarfisnsarumiveuselulnsiau 29.2 awnsonan yield vosufadmulés

d
e

3.3 NaNTENUVaY pH, nsadunsdsuneld, wanludle wazvaawdessive Tusnsidiuvasnin
duanUzuderauinndniuananeny

JUN M 8 wanaAn pH wagnsnludussivelaiieuiunaluwdagdnsidiu annmeass
wuIlunndamdinagilan pH anaslusendne 6 JullAwindu 6.5 9 6.8 (3Unn 8 (a-e)) A1 pH
a o o = ~ o sa A o & a = a
wsnisuvendminazinnuaualaeiinnuininesnamunniidesaduridlagasilen pH
9g#1 7.0 fiv 7.3 lutunougavinevasnsvdnuuulioniadl pH aavineedi 7.2 fis 7.3 A1 pH
Aamnfitadenanaenisaiunuiiiosaindl pH duansgnusgnsunnlunszuviunisudnuuuls
a1n1a Tunszuaunsndawiatinmilleeunfasiingqueduvsdegnainvatengy wazlunsazngy
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faf@ennsen pH Mszanuanaeiuiieg @1 pH Mivungauvesqdunidngy hydrolytic wag
acidogenic 9¥3A15ENINN 5.5 Wag 6.5 luﬁumzﬁﬂejm methanogenic #4157 pH Uszaal 7.0
og3lsfinue pH Az auvesuuaiiFongy methanogenic au1snanNITaLaLYRINTA
lutiusgwglalunrsminuuulaldonnieiiuu single-stage agjﬁ 6.8-7.2 WMOHAENLUNTANSIVDS
M pH @ asusresnIminuuUlfonmosanmsasuasduvidlilasiuanaludunse
Bun3d Fafurvoansndunidsemeldfaiutu mududureansndunissimelduamnds
nifnlusrozine 6 Juusnazdergefonandugunim 8 ludoiindidaududurosihnindrgs
(§h51dau 0:1) avuansinmudadurasnsadunidsmediasian Wosmminindsznauly
Feanelaluanavuiadudusiuiumn slfnsdesluidunsndunidsemeldiAatuldde
ogslsfmunsazanveanindunidsemeldazanamdsainiudl 6 uarazanaadosauduan
NSNAABY N1INAARIIUAITMINILUU mono-digestion Way co-digestion laA1 pH laluanstei
idesannilaugdinesgeiis 46 Ieinlvinisazauvesnindunidszineanas wazdavinli
anmiaadeulunsvinasise sonadosiunaeqnuifeiisisnuiwideqdunisaiuiina
anzdeilvinmaninisudunaitusasdostuniafansannnsaluiusameld lunisufuuy
Forneadafidnsuiifiddyfenisduds anvandnvasnissudsieuoulads (NHeN) Ao
woulaiflelusmddoiuanduned 3 deududuresueulaidsannisvaaosaiogszning
33.4 - 503.15 Fanfusiodns luruAdedudumdnufatanmluannyidaudiudureseslude
a1 1500 fadnsusiodng vhliAensdudsrassyuuawiliszuudumanildandeyadendn
wanslifiuinnisusinufadan midanmeanudadureueulindoguzdudininasydulnues
wuafiFenda methanogenic FadununfiGengundniindnufiadanm Tusunimeaesian
mnudiduvesuenluiFudulundmsinagildlsiiRanindivue nsminuuy co-digestion ag
liesifudnmssidnvesteaudssemelfifistufuandunissd 3 dnsmasidnvesvesuds
semglagegalunisuiiniuu co-digestion wuludnsndamesniniudiusvdserdiningl 1:1
MaFEsRIE 0.5:1 (77.4 Wedldud) uay 1:0.5 (70.6 Wesifus) lusazisnsnsidaves
vosudasywelunsudniuy mono-digestion Tusnsndu 0:1 (62.8 Wasidus) uag 1:0 (53.4
Wesdud) unlunindusnsnisidnrewesudssuedduddnlunisasuwlasiany
dudureaufiaivy Wednainsirdnvesweudssy maiutudarududurosfinufifiagy
Freguiu nafinariietuiiecinUsyansamnslunisihanssunsdlulddaadfysenis
\An yield vpaudainu
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721 A . vta " 1 Py .
¥ oy ., t .

704 3 . [ o . ’ . .

68 I ‘;

() CPDS =~ 1.0 b)CP/DS = 1:0.5 (c)CP/DS = 1:1

| . - B
. | [ I
8 | . el |
66 | L ol
1
[0 Nn0ge, JIHHT
g LALUNDNNIIMAaN —F L Ll 1 100
0 5 10 15 20 0 L] 10 15 20 s 0 5 10 15 20
Time (d Tim Timse (d
-2 4000
(@) CPDS =« 0.5:1 (e)CPDS = 0:1
A ... . -
., < ..t L .. '.. - ! 3000
. 2 s
. . b _5
! A | 2000 =
. =
| . : . s
| d {
| ! V-‘ . n + 1000
- -
MUl noosogs J
oo LULUUEIN L puigofiioon pidiuHHHgHaon i 0

JUN M 8 wansm pH wavnsaludusvivelaiiauiunailuudagdnsidiu

3.4 AnsAnwIaNIzImNNgaudmsunIsinaUsSunalimulululawia

wuderdnds (seeding culture) I¥Suniseynmeininlsnunanutfud s ndaumis
Tneldgninanifedduszuuiaufnsaifuanduguam 9 Fsssneudediufnsaiufun 20
dns  dszvumwneuewmeidsieduluiiaieginuly  Mloudennseglussiimunugumgiii
37 pergaeaneiilinauseu (heater) ﬁ'auawmsﬁﬁﬂauﬁwﬁﬂmﬁﬂmamﬁ{]’aﬁ 1l
didefiintuannsyuaumsranuaiudUsnds LmamwamumﬂmﬂgﬂsmuaﬂLﬂumummu
wRalmennsunuiiinluds mﬂuummimﬂsmmmamﬂmum 9 5 U nUuinTIATIEH
Fndruvedivuiiintuieriesuialasunlnsnd il (gas chromatography) Baldgunsaiin
WUU Thermal conductivity detector (TCD) Tmaduil Porapak N column (1500 x 6.35 wia1)
Tneldutamnnesidonludnsnisiva 50 dadamssewd lussraimsiaseisegnatiu
lﬁﬁmﬂséf’aqmmﬁmamaé’mﬂ detector uaz injector 1371 28, 38 uaz 128 esmwaldud
AUETU MR ATeSinameiarinantuiy  aunsarildlaemsaauiaduliuims 1
fiaddnsdnluluedeaufalasunlasnd il Tneldvaendneuuuniadafuuiash (cas tight
syringe) wosBwe SGE lneawsadminildainns integrate fuildndmlvosudaiiununas

3000

2000

+ 1000

VFAs (mgh.)
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miveulasenleddeninnismnassmuitesduszneuridsvosufadinuazegiivssann 66.3%
Wity U 10 HusanisvaassnisudauiaTinmludafnsaivun 20 dns Tnsludaown
voamsidunmanuifuiafeludntos  Ssommsndutiidesduridmasusmlndii
annzundedlml  vdnduasnuhdannmsdeuiainmanintusesdsnsinimdeuiad
Asfiludna 120 fladansdeiu

[

4 o
/ir UMD

o d
N

% a L4 a o (% dy £ d’l’ g =
E‘U(ﬂ’]‘W 9 i%‘U‘Uﬂ\‘i‘UQﬂiﬂJ‘UU’]@ 20 8613 @RI ULAYINILYDUEY
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13u1ms biogas

450
400 . —0
350
300
250
200
150
100
50

imsuria{cm3)

0 5 10 15 20 25 30 35 40
fu(evey 5 day)

SUA 10 A5 mkanansanuiadinmsana Inglddslgnsaivunn 20 &ns

3.5 NISANYINISHANLUNLUSULYSIANLT9UsTNaULUasfuaInsuLen CO, 8anaNANU

Tudumeunsnnsnanuuusudaseneuwsin (composite ceramic
membrane) #alsznaulufeaesdiufiotusosty (supportive layer) waztudauen (selective
layer) Tnglutuusnazidunmsrdntusesiunie supportive layer dslévimsdmdonfivumiain
fafaszussuvhnmssoulvifiauiadinndt 100 mesh &sliavenn deufinweuliuss anduds
il 5 nduwagvhmstugUlagldnssuendalildsunseiduniunay (crcular disc) 7
L5987 10,000 Youn mﬂﬁuﬁﬂlmmﬁqmmﬁ 1,400 asrwadoadunan 2 Halus ($asns
Wuturesgamndl 4 esmwaarownd) Fendnsaeinldosduiiusesfuiiinvasvesay
Hugwuitgs Svunevessnulssina 0.1-02 lunseu Fuiifivesususesiuiiagyiudifls
araudsussfussusuihtusasaivimdilumsuen Co, aanmmﬁaﬁmmwia&hﬂm
anAfedldsiunms a uniinedamaluladasuns mmiﬂgummimiama 10 uaziA3esile 6
edsznavlumeirdosdlansedndmiuugusmusutusesiurun 10,000 Uaud uaznun
UsednEnimas 1,400 aervaided Imsﬂmummaigm'ﬁwmmmmémmﬂsimezmm GRDG
FwMimnssumans wmvetdemalulaggsuns bidauazmnlunisufifauideduegns
w10 {ideddasvoveunasn m Tomai
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sunn 11 mgauildlunsndaudusesiu (@e) wardusesTulesilniiiunseuIunIsieEn
SeuTesum

Tuduneudaundenisuantudaiden (selective layer) Tngnisduasizsiidin SAPO-34
seeds aiin SAPO-34 seed ldgninionaindeesausznauluauos AlbOs 1.0: 2.0 POs: 0.6
Si0z 4.0 TEAOH: 150 H;0 @slunisnmassiildvinisnan sio, Jusildieddulasinisive Tne
annsawieldandiiunay (Rice Husk Ash, RHS) Tngvimsinudendunddliazenn waz
Fudensalelasaassniinaududy 1 Twand Wunan 3 $alus arnduouldusiedt 100 s
wadealuna 1 Au deuilaziiluidheuiioamgll 350 ssrwaldoa 30 undi uaz 700 9aAn
wadeadunm 4 faluswnud iy (Guam 12)

sUNM 12 nsweuasUszneudaneunnilfendn (§1e) ey U WNAUNHIUNITHILE?
(@)

Tudumeudaunfensdunsieyt Aluminum isopropoxide %138 (AL (-CsH70)s Tnensy
MnrauasUsEneuiduuafusranlessuvieri DI uasmudunan 1 Hlusewdu
ety mnifuiunsa phosphoric (HsPOs, Sigma- Aldrich 85% Tnetiwiin) wazniusiedn
2 dalus Mnthudiv Ludox AS-40 colloidal silica (40 Tnevimdn) musedn 3 Hilus auazane
Lﬂmﬁalﬁmﬁu ﬂaumumm Tetraethylammonium hydroxide (TEAOH, Aldrich 35% 1oy
dainansazane) mﬂuum'ﬁaumauaﬂmummwamwm Ussanm 22 perwaded aglalu
Wadaaaaztluid LﬂiaammmmuLLamﬂmau'luLmluImuw flgangil 180 esmiwaLdea
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Huan 7 Falug mﬂﬁ?uﬁﬂﬁ@uﬁqﬁwqﬁﬁm wazthlutumios 3,300 seudeund Wunan 10
uit wazihludedneih D dldAednuasdude shnssuumsiinandrsiusium 3 ade
nifunnezneuudnitlueudsfuilgamnd 100 ssmwadea azldida SAPO-3a musaans
fupoudou AevhnmawdenilfAssdnvesileladasuufminestusesiu Tagldinatianis
0 1Adou (dip-coating technique) wazrhludumeuiignmgll 220 ssmiwadoa 1Wum
Usranm 12 dalus andudrassusudsihazoinuasinliuieigungd 100 esmivaidva
Wuna 2 $alus wuusuazgmindnseuiionaudauss feumgill 400 esrnwaldea 1y
nan 4 Hlgavnedsiliduataensssuisminiou FaNandnye NS LLIUTULUY
composite  Aodusossuiifuuuusnguasdniilunslirnuudusudidooiuion dudu
fadentursdenuunann dmaviliAnnsteminaiiigmnn dumsislssaumiudie
Tumssuiulasamsddodu  asfosiniinsgitunuindntudodou  Tagluiid 14ldnns
Wlaauﬁmgﬁuﬁﬁaﬂﬁaﬂﬁ;amiﬁﬁﬁLaﬂmauLLUUda\‘iﬂi’lﬂ (Scanning  Electron  Microscope,
SEM) Fsagnuinfanisansdnuufiavivesuusudusesiuneauens uaddlaifiin Seedesh
nsusuUsImadansanadn S suwarashiauetaususely

JUNN 13 AMRINNERIaNTIAIBIaARTEUL UUADIN 1A (SEM) vaedlolaviindntuuuiives
TUTDISUI N U ANSWLIEEN 9 (G18) AE3818 2,000 Wway (131) A8ee 700 11
AEFIY

g & = % ] o ¢ o = a0 A = o
MHNMIANYIEINUIINTELATIZA SAPO-34  vIin1sanaanlafviiiagg 39vnis
N a IS [ o & 1 1A
wWasuwinvesarsdloladluilu ZIP-8 Mallann1snunIulIssunssuaINITaITHIegwuIng
nsfnwansdleladeindinand Famanisfnwndululunuildunaisswauiuszendlunisuen
wiadslasansiile FavsuansnanisAnuiluidesoly
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3.6 NILARLNIUNIA ZIF-8

nsdansizsiayna ZIF-8 lusnuidetgnedeusianun 4 fog1s Tnsauaudndiu
o9 Yamiiadinnleian uasdedlunsmenezlansn lvsnevesnsiinsizieyna ZIF-8 tile
Hunsmannznistianudeuiivnzausiuisdiunauvesasiaiiilolildoynia ZIF-8
U3ans (3UAM 14) navesaynia ZIF-8 gnduasiziludndiudivinstuves yiuniiadfinleian
uazdedlumsmenszlamsn dnvasmedaguine1vesoynia ZIF-8 :Inmsdaaszifiuaning
fuaudadiununiiadiianlgian wasderluwmsnenarlansn wanddugunain 15 A, B, C wag D
MnuateTzinslindesganssmidiinaseunuudesnelusiegnaiommanansiidiuluygn
fograannsannadnidu ZIF-8 1 usogrslsAnueynielunsazdadiudivuiniiunnsiiaiy
uananiuaynia ZIF-8 Sgnuaaeunnudundnfenioriinssinaisivuresfeiiing
et udumuiundnaes ZIF-8 Tuwsaziegng (3Un1m 15 A, B, C ua D) 1MNNANITIATIEN
nadBuuvesiadiBnduansgafinfididn a dumisil 26 = 7.30°, 10.35°, 12.70°, 14.80°,
16.40%uaz 18.00° a1u1sadudulaindulaseas1ananve ZIF-8 wuu sodalite (Bux et al.,
2009) uagnnsdaNaNgeTiniiunuALdnvaHENDLATA ZIF-8 g9 nanTsAIuTia
BET vetaunia ZIF-8 ludndiu 12:1, 9:1, 6:1 waz 3:1 laussuna 1,882, 1,752, 1,548 uag
1,449 A1510URSAONTUANEITU (1151991 4.1) FadleiUFeuifieuA1d1edannauidedung ves
aun1A ZIF-8 1a 1,630 ansnaunsnansy (Liu et al, 2012), 1,781 a3 19iunssiensy (He et al,,
2012), uag 1,947 MINANTHON3 (Park et al. 2006) INHANTIATIE AU UARN
ludegazuandludadiu 12:1, 9:1, 6:1 and 3:1 MIUFINU IINNANITAUINYUIATNTUVBS

1 '
=] aa

fhegrsoymaamuananisfuluyndndiudaandumss 4 nisgdululnaoy wasiiudiin
BET gegnogidaduymiiadiiniluian uardsdlunsaieneglamsn 12:1 luswidoves Chi et
al, (2015) nd1231vuIAeyNIAYe ZIF-8 Aflvuraidnagamnsariidnaifuoulaeenludls
1nnIeyneYes ZIF-8 fidvuislvigy



39

sUA 14 Msduasizimausy ZIF-8 Tudnsdiusng (12:1, 9:1, 6:1 uae 3:1)
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[

= a a a & Aa o ¢
#1909 4 YUTNANANLUAY ‘Uill']mg‘W?U’i’Jll TUNINIURAY LASWUNRKT BET lun1sdaasizii

aun1A ZIF-8 Tudnsauiisineiu

gnTdLUmMAiadlalylan

- 12:1 9:1 6:1 3:1
wazdeAlunsaLenwLlamsea
YAEENRAE
150 250 300 350
W luLuns)
YSUUINTUTIN
. o 1.352 1.344 1.117 1.182
@AUIANYUALLATADNIN )
YUINTNIURAEY
2 3.298 3314 3.329 3.316
(W luLums)
NUTRY BET
Do 1,882 1,752 1,548 1,449
(MF19LUATADNTU)

SEl 15kV; 'WB1{mm SS35 x10,000 1um =

SEl 15kV WD12mmSS35 x10,000  1pm
SUT

‘e A0
' P
5464

sUAIN 15 amainnaesganssaiuuudesnsialudasidiudieg 12:1 (A), 9:1(8), 6:1(C) uag

3:1(D).
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- A
E L o JJW Mu"ﬁ W a I ANORAN M psric i . o
i B)
_— “‘ )! A r‘\ ﬂ_,, o e, A A i B
_ ©
C A
O - l
E (I I
i |
r I AN Fhe W/ .
i Dy
] |
v L) h
g e V_,J »/‘ WAL /\*/ S Y 0, PR P P o B —
o 1‘0 2‘0 3‘0 4'0 5'0 [S1e}
2Thet

JUAM 16 HaN1TIATIEINISEEIULIRISIEONG 12:1 (A), 9:1(B), 6:1(C) uag 3:1(D).

lunuideiieynia ZIF-8 AduaTeludnsdiuiuand e 9nuani1simseil
WgauAlvuInUNIATIA1AY WAUSHIATINTUNLANAAUBNAIY KaEIINNITIATIENNUTN
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1% '
a

aa 3 N a A & o ! a aa a
@Téﬂ’]ﬂVlﬂJsUuq@LaﬂLLagﬂJWUVlN'J BET Lﬁagﬂﬁ@ﬂ@amiqajumLll‘VW]a@ll@'ﬂsULaV] LLaSGUQﬂﬂLULmimLaﬂ

[y 1

gglainsn 12:1 nsgariugnsndiu 12:1 Jgnidenlviiluduaseiuuiusuy ZIF-8 Tutusialy

3.7 anvauzlaseaievasegliundunaiv

Tuaruideindennndsuegiundwnoimuds egiiundnneinazgninluiaszi
dnwarlassaiaazmnudundniendosganssaiBidnaseuluudonsin Lagaiasiane
nMadsnvuresdidiBndnmaidu nealuudiegiundnmnesngninunlfidudiunislunis
dasgimusy egfiundnwesnianuudusaaznuniudeuldgs degnldlunszuiunisild
gauniigeled eglurdunesvlunseuiunisuenuiagniiuinldedaunswane (Hara et al,,
2014, Xu et al., 2011 and Tao et al,, 2013) Tugunn 18 A, B waz C lﬁLLﬂmﬁuc‘i’;LLazgﬂm
A3avasegiurdnweiv 1nn1slinseidendesganssaididnaseuuuudeansianuiiiy
Rvthvesegiiundnmesnilamnumiugs vuinswsuedsvesegiundnmesnuszana 1-2 luaseu
mslnsgiarndundndoirdodiinneinnisurosddidndvosogiudwmem wanad
U 17

500 -
400 A

300

Counts

200

100 4

0 T T T T T T

10 20 30 40 50 60
2Theta

SUAM 17 mansliasiein1siaeauussdiondueuntozgliundnnesy
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SEl 20kV WD18mmSS35 %2,000 10um
5464

JUNN 18 AMIURY (A) uaznmdna3s (B) vatazglundnnesn (O) lnendesganssAtuudes
N30

3.8 AuaNURMILUTY ZIF-8 Tun1san3senee)

oyAA ZIF-8 annsnanuanuuinvesegiundnme flddnsalunnds winluninfuly
N158AI56199 ardinansgnudenIsuenuiauesuNiusuludiuvesnisivaveuna Lay
aaninsolunsidensiiuvesuiia nMsaiuanastulseneumensTaLUUsITNN Fauuugy
wazdauuugainia gnAnyiluanudded (GUaw 19) nsdauuusssum (n situ growth) Aen1s
a319Man ZIF-8 vuRivetegiundnwesvlagliiingnlag AnsguuRivesegiundnnesy
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SUAN 19 Wslusu ZIF-8 §aaszilagnsgaluusssunt Saluuds uaslinuuugania

wadedamnsoildlnedudnneinatduasazary ZIF-8 vinldnafimunzauds
nesnaggniuwilviuislugumgliige udawdn ZIF-8 azidudendniAetuvuinvesinnesn
nsduaneivssianimafnudndodduauiuiasauaunsinednlden msdauuuniogd
wwduasiesilaenisazaundn ZIF-8 vuilnwesegiurdwnesnieuilavdaasiziuuy
hydrothermal azraliAnnisnasvewdn ZIF-8 agwaiiaue nandntoniaienislénisda
wuunReQiuuimvitved azaiiundnnesy ausannuAuNISiaNEnlAANIT NsEnwuuYRend
fivane s 1y Tauuudy nsTauuumsliuRAten uarmsfauuuldadudu (L et al, 2010 and
Shah et al, 2012) TunsdaATeiumusuLenLAanaislunuidsed amnsadunszvingn
ZIF-8 vufinvesogiundnwesnliluynds udmnduanesiuuiuus ZIF-8 wi Juvendn ZIF-8
wgnilUinsgimainndndertedinsgimadeuuresisdiing (suam 20)
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500 ~

A
400 -
300 -
200 A
100 A+
600 -
C 500 A

400 - B)

0

300 A
200 A
100 4
600 =
500 4

©)
400 A
300 -
200 -
100

0 T T T T T T 1
0 10 20 30 40 50 60 70

2

JUAN 20 N31MNANITIATIZHANISEENULVRINIEOND VouuNUTY ZIF-8 TngiBFnuuusIsuni
(A), FBALUUIN (B) karIdTauuuanRaia (C)

KanINITIeTEinITAsIuTes A BndUngdmuiafiddiyues ZIF-8 uaveqd
widnnesnlunnisnsduasizi nansiessinendesganssaudianasounuudaansialuyn
Tnsdazikandugunain 21 WIBns8auuuin LasBinuuugaRniy NEnTes ZIF-8 a1nn
Aetuuufinvesegiundwneivldiduognad udedslsfinuluturomdn 2IF-8 vediBnisdanuy
53TUANENUIAUNNT DIV IN TR LiiuldTalloTinTeidendesgansmiBidnasounuy
494NN ALY ZIF-8 YBIIRTALUUSTINA FALUURARART wardauuuiu 1 2, 4.5 uag
5 lulasiwasmudiuasuanslugunin 22 n13M1areuAaganve U UTURENWAFAINNTONY
Ilusuiifaumuniitos warlunanislesiginuiiaumuivosunusuluauideds
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AUNUIDETENTN 2-5 laflmLumaamﬂé’aaﬁ’umu%’sﬁuq fldanununiities Hara et al,
(2014), Li et al.,, (2013), Dong et al., (2012) and Pan et al., (2011).

SElI 15kV  WD12mm SS35 x10,000 1pm
SUT

SElI 15kV WD12mmSS35 x10,000 1pm e
SUT

SUAM 21 A MAIURITOLUNLUTY ZIF-8 THuATIEWme s seed WUUTTINAT (A), seed WUUTY
(B) udz seed UUUQYARAET (C) AILNABIYANTIALLUUABINTIA
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SElI 20kV WD21mmS835 x2,000 10pm
5464

SElI 20kV WD21mmSS35 x1,800
SUT

SEl 20kV WD15mmSS35 x1,800  10pm  —
SUT 5464

JUAN 22 N NARATIVOLUNLUTY ZIF-8 TANATIZVAIETETALUUSTINA (A), Fakuuia (B) uay
Fauuugania (C) MenaesganssAtLuUdeInI
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L4 1 IS

3.9 msudadrudimulululauiia uaznsvenguuranisan

¥
Y [

YurlunIemasm L iuN1TIeNeINUNSHNERILIMUIULAATINI  §991NNSVNAABY

Wesfunuiniidndiuiimudssinadosas 66.3% Wi Taedlevhnsieudievdndniimui
Wanlsadesans  wwiddndnuivunnieiosar  85%  vhliinideiienusieansiioiiy
fndnuflilalndiAsstulsadosans Falgvhnssaauygiuimidennlssnuudety
dgvdienavediduusznoumaaifupnisnnindennlsadesns lasamnzosnden CN
ratio fataRslamunsinadsdauulZennia (anaerobic digestion tank) JuansIuIY 8 &
Aauandluguam 23 MntuazThmsauidernlsanuudaiudsduezningafenlseny
ndwevuealushTdmTuandety  dmsunuissiududdudeluiensveneruinidnis
wdn  Tneaglddndwoniideanlsuduasansatnandadiildanisnduemusaiianzay
viludsufnsalvuna 1,200 dn5 fagunin 24 gazvhmsiiuuianlasaadddaun 7 m? se
wies compressor  waragldufaandiidussteudmiumsuenuiamsveulnoanlasoen

nwAadnusall

- B . S \ \ {1
sUnm 23 nsEnwimsiiiednduimulululaufalaeasusieningadannisndueniuealy

BNSNAIUNLANANAU
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biagas

° i ||
1 Acid Tank g Methane Tong .

........................................... w
"""""""" ”'" Release biogas

nfiuen SRS RTTUTTY U =T P Ao
ieent Gv[<] | Gvl=] |—' !—'l ‘J

L] | | [}
O Biogas Tank

Advonce twe—stage anaerchic digestion

[y

sUNM 24 nseenuuitufnsaivuin 1,200 aasdmsundalulaufiaiieldlulasanisided

3.10 Msvind@auNIsHEnLia CO2 99NNUARYININAYIZUU gas separation

Slovhnsnanuuusuiivanvauuds duneudalufesvrinsmedeuussansamlunisuen
ufia Taefithmnglumsuenufia CO, senainufadiniw ovhlidnduvesiinugstu Taevh
msdagansvaassiauandluzunm 25 FsUszneulusedaufadinm (biogas cylinder) fayn
NAFBUNTUUNLAANSTDUINNLUTY (test cell with membrane) wag faiu CO; Fadu permeate
ImaLm:uLmuﬁmém%u%gﬂﬁwmﬂizﬂauL%’ﬂL“TjJuﬁqwmaaU nuaryhmIleTeiUssaniam
yean1suen dndrnvetufaludnuresastounas weslien nouflassiinsfumandnduas
duUseAnSnisuen (separation factor) sialy
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Pressure regulator

Feed
\

C— 1

Test cell

—» Methane

i

Membrane — [T T T 1
[

Permeate

CO,
Biogas cylinder

JUAM 25 yaszuunageuNskenuia CO2 aananuiatinnin (Uu) uasiganageu (a19)
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3.11 WAN1SNAFBUNSUENUAFVDIUNLUTY ZIF-8

Tusmidfeiumusu 2iF-8 lunsduanedluizdnuuusssun Tauuudy uasdnuuuge
Anin gnimmeaeuluaniigeieg Uszneumemiufusdiveauiaiisiaiu (500-800 Ala
Unana) way gauvnianznadeuiisneiu (25, 35 uayds ssmueaidea) lunisvadeunanisina
yosuAarennufurdiseiy (500-800 Alataana) neldgumglivaznaaey 25, 35 uaz
45 pamgaidea wandluguain 26 (A), (B) uag (C) Aua1GY nnsmuandliiuinnsidis
arusurdgtlishnnslnavewufanuiutunuluge Snanisinaveufaugsgany
IWlunnudurdifigsianluisdauvuiy wagdauuugaiaia waglugunm 27 wansds
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Y

DUNNNVULNAFDUNANNNUY 25 asAwaldad (A), 35 asrwaided (B) way 45 ssangalged (O).

9 Y

NNANIINAFEUUIING AR NTIENANTENUTINISTUUTIWAE N15TURY
vosufamiveulasenludriumiusuazanandefiuanuduiladrlunngumgll duansly
sUAm 27 MsTuriuvesuianisusulneenlusgiaanulugunalivuznaaeuiidiign lu
grunnTivgNAFeUT 25 sarwailea n13TuHUYesLagIanAe 6.98x10° gnuiAfLATT
ANFULMSE LR AT HEM LR U TeuRunsUsen Tngldamusuiidansgside
FEawuugu musey 6.59x10° uay 6.39x10°° gnuiAdLuAsAANLFUINASTILIEURLLATHE
MsNURaTIuluRasUsen lwisTauuugainiy uazdinuuusssunmuasiu Tuseany
989 Bux et al, 2010 37891131 MsTuruvesniansueulneenledumLuiuy ZIF-8 92gnan
Fulunfeuqfunsunsveafalumusiusmiusy uanidofiugamgigatuagyilinsunsves
uanszanglumusiusmuswilinisfisgamgddamalinsduriuvosuiansuoulaeenled
dusiusutosadluiie TunanduiunisTur e uAaii U ULNUTY ZIF-8 LanINanTs
Pufufunaresnisduriuresuiansveulneanlediiuuuusy dwanslugunin 28 naves
nsFusurefainulunnitdauaseiuandiifunsfuiuiigduiivadndesde iy
gaungiliiaeu
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SUAWN 28 HanTENuvesiiin (CHy) unsniuvaudeniu ZIF-8 nduaszviviateviangunginig
aunuaneeiu (25 ° C (A), 35 ° C (B) wag 45 ° C (O)) wazkserulaudouianauvas
CO2 / CHq

HADINNITVAGOUNTITTUHIUVBILAG UagArmUamsatunIshenwiavedmuiusuly
YNISTA wanalumsned 5, 6 uaz 7 NNaNIIIAEEUNSTURIUTeLAaAsUUlneanls waz
Aanuannsalunsidenduvesuiaianganlaenisldemwiuviduargaumaliisnfian (500
Alavnania wag 25 asrngaidoa) lunenduiunistudiuvewia wazarauaiusalunis
wenuiafisnfign wulunmmaaeuiildmnufuriinassumgivaznaaouiigsiian (800 Ala
U1dAN8 1Az 45 BIANIALTEd) WazaINNISVAFBUEINUIINITTUNTUVDILAE LAz AIAILEINTD
Tumsusnuiagegalumengn wuldluIBEnameAuIUTULUUT LUURARARY WaTUUUSTILAN
arudriu lugunin 29 wanansinwullduvssainduanisatuniswenwiaveduisa
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msveulnoonludreudaiivu Tunng FBnsdansest u oumgivaznaasud 25, 35 uay 45
psrnwaldua Amnuaansalunsuenuiaezanasilefiunnuduridiann 500 Alavania fs
800 Alavrama lunnignisduasiznt :IngUnm 28 nudnduwuiliuvesAinuansalunis
donnuveaunaazadsidunulduveainisduriuveswiansuoulaeenlyd Liet al, 2005
ﬂa"nihﬂs']ﬂgmiﬁtﬁmsﬁuLﬁaamﬂqmmﬁsumwmaauﬁgq%ﬁﬂﬁmmwimaaLLﬁaﬂizmaiﬂﬂ"’;
weuusy wazluvazieriuaziinlinistuivveawiaanas ann1svagevazulainnisdy
rnuvesufaaiueulasenludzanaaiofingumglivazageudadunainainnisuninszang
yosuAaluluausy wazmnsTusnugeanvesuials 6.98x10° gnuiaflumsfiaufuNInsgY
wuRmTHoMI TURLAT U uRluaTUsen wazanngiiAaniunisuendeldausuuid
wiitu 500 Alananna Migumnlivaennaeud 25 ssmiwaldea

mInageuruansalunsieniuvewianisueulaeenludnaunalmulunuive
fannsnshl#s 1014044 IngliEdunrgiuuuinlneiivarsnuitefliisaeulunism
ANEAINITlUNITLENNIUYDILAE WU Jame et al, (2016) 14 3.7 Ingldaangdlunis
dups1evt 130 samwaldoa uasSailvarssnAdeilddwnoniiunisuiuuganldlunmsuen
wAadneae Xie et al, (2012), Huang et al., (2014) and Zhang et al., (2013). (7.2, 7.3 uag 4.7
pudeiv). wssgalsiauaanuansatuniseniugndiaiasnsIsnsduaTeiLuuRy

Tunseurunsdaeseiuusy SAPOlunsuenufatuiinansisfannsodaunszsilsd
19U FuAT1esiuuusITNn dunseiiuuniogll wagliinaluladuinnssalmilunsadn mead
7 \umsnalSeuiieuisdunset anizlunisdansizi Ussianvesdnmesy wazauauinnig
uonifavasumiusutiug n1siauuusssum (n situ growth) Aemsdndlsifinisnondnlaquufin
yosdnwesn midaittarduaseilasnsduududwneivaduasarats ZIF-8 lanss viaan
nanfiungay wiudwmesmazgnihalianufeudertliAatundnuuinvesdnwesn uas
Anfuanusu 2IF-8 TuisTauuusssum Bmsduanesivsannt asidadefeturesdnia
wanlsiaiiane sgnugaunnsosvendneny warlinaulumsdiesisy lumsdunses
Uszianiinsagldmugfuitdaanmgiuuudusy nsfuuauiudnnesndeuntsdondn
(Manuel et al,, 2010) wagn1sEARUUsTIIA HEMasI W ITeldT3TnUstAEl 1wu (Venna et
al,, 2016, Lai et al., 2016, Xie et al., 2012 way Huang et al., 2014) NTZUIUNITNAALUNLUTY
SAPOfBNsEALUUNREgTiRe Msdauuuilidnmesniifmsneninuutuinvesiwnedn Hare
wanuuUMeammsemanil egndladld limileufunisdasssuaiosaniinisnszaedives
wAnléd Lifngaunndesiifnvesdundn nsude ZIF waususuuyiogiivaeislunis
FUATIZAFUNITTALUU rubbing, dip coating, slip coating, electro-spinning, L&y microwave
radiation (Ge et al,, 2012 wag Melga et al., 2015).
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M35 AsBuduwasdadenenvesarsnay COz / CHq (60:40 vol.%) uudaviy ZIF- 8
Age)idaaTIznAusutousneiu 25 ° C

Permeate
Feed
(x10%"cm’ (STP) cm*cm™? "5’ Separation
Synthesis methods pressures
L= cmHgh) factor
(kPa)
CO, CHq
Seeding 500 3.88 0.826 4.7+0.055
600 3.61 0.866 4.1+0.145
700 3.58 0.965 3.7+0.048
800 3.36 0.995 3.3+0.097
Suction seed 500 5.73 1.1 5.2+0.076
600 5.03 1.08 4.6+0.068
700 4.96 1.19 4.1+0.320
800 4.83 1.29 3.7+0.092
Secondary seed 500 6.98 0.689 10.1+£0.441
growth 600 6.14 0.849 7.2+0.336
700 5.47 0.949 5.7+0.241

800 5.09 1.150 4.4+0.159
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AN 6 n1sgusuardadeuenvesasnan CO, / CHa (60:40 vol.%) uullaviu ZIF- 8
A dpszinaudutioudaiu 35 ° C

Permeate
Feed
(x10°"cm? (STP) *cm*cm?*s Separation
Synthesis methods pressures
L= cmHgh) factor
(kPa)
CO, CHq
Seeding 500 3.57 0.83 4.2+0.037
600 3.61 0.85 4.2+0.127
700 3.55 0.96 3.6+0.100
800 3.33 1.01 3.2+0.048
Suction seed 500 5.73 1.05 5.4+0.235
600 478 1.16 4.1+0.016
700 a.77 1.26 3.7+0.033
800 4.68 1.31 3.5+0.086
Secondary seed 500 6.60 0.69 9.5+0.583
growth 600 5.68 0.95 5.9+0.453
700 5.07 1.11 4.5+0.306

800 4.90 1.21 4.0+0.119
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M54 7 MsBusukasdadunisienvedansay CO2 / CHA (60:40 vol.%) Tutiaiy ZIF- 8 #1439
duaszinauiulousieiu 45 ° C

Permeate
Feed
(x10C=cm?’ (STP) "*cm=cm™"s’ Separation
Synthesis methods pressures
L= cmHg™) factor
(kPa)
CO2 CHq
Seeding 500 3.67 0.83 4.3+0.106
600 3.54 0.88 4.0+0.106
700 3.53 0.99 3.5+0.106
800 3.29 1.06 3.1+0.106
Suction seed 500 5.61 1.04 5.3+0.318
600 a.74 1.16 4.0+0.008
700 4.63 1.31 3.5+0.009
800 4.57 1.36 3.3+0.119
Secondary seed 500 6.4 7.57 8.5+1.410
growth 600 5.58 9.78 5.7+0.631
700 5.04 1.11 4.5+0.317

800 4.8 1.25 3.8+0.100
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unil 4 unasy
4.1 agUNan1INAag

nafildsuanauddedannsaduwuamdunsuinluleufialagis co-digestion sewing
AnsudUzndanaziinnngn ﬁﬁLLU’JIﬁNﬂ’]iLﬁ&JQG%ﬂ%@Q yield lulaufa wag yield whailinu
64.20%-146.58% Waz 65.57%-222.19% wiowFeuifisuiu mono-digestion va3n1nsTu
dUrnds ons1nsidnvecudesziungls (80.20%), vield vaslulowia (981.73 Nadansrensy
yosufsszine) uag yield ufiadivu (685.10 adansseniu veaudaszive) figiianldiuanms
neaadludmandruniniudiugndadotnningr 1:1 mavdnuuuliornaifiafiosningeium
NHATDINITUTVAILUY co-digestion TasnIndudUsnds, thnnd uaziudeqadunis os
Pgliiiuauguesiiives uaztostunisavanvesnsalusiusemels Sndenienisndniy
WIUMSHAANLUTUITIUsznaudlelad anunsalddmsunisienuianisveulaeanlanssnain
i wagvhnisneaeuluseiuiosfifinis wenanddaldnausnlunsrdauiaaninannin
Tudznasla
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Enhanced biogas production from cassava pulp by
co-digestion with distillery stillage

C. Witchayapong, P. Tittabutr, and A. Boontawan

Abstract— The anaerobic co-digestion of cassava pulp (CP) and
distillery stillage (DS) was studied. Effect of five different
CP/DS ratios including 1:0, 1:0.5, 1:1, 0.5:1, and 0:1 based on
volatile solids (VS) was investigated for biogas production.
Batch anaerobic digesters were presented in term of mesophilic
condition at 35 = 1 °C. Experimental results showed that the
biogas and methane vield from co-digestion were higher than
the mono-digestion of CP and DS. The optimal miving ratio of
CP/DS was obtained at 1:1. The cumulative biogas, the
cumulative methane vield, and VS removal were 918.70 mL/z
VS, 685.10 mL/g VS, and 80.20%, respectivelv. Compared with
the mono-digestion of CP and DS, the increasing of methane
vield was 222.19% and 105.70%, respectively. The co-digestion
effectively showed the improvement for the methane
production and energy output from bio-wastes.

Index Terms—Biogas, anaerobic co-digestion, cassava pulp,
distillery stillage.

I. INTRODUCTION

Cassava 1s the third largest source for human consumption
with an estimated annual world production of about 210
million metric tons [1]. In Thailand. cassava is mostly used to
produce native starch, modified starch, and ethanol,
respectively. However, the production process generates a
large amount of cassava pulp (CP) known as cassava dregs.
About 0.33 ton of cassava pulp is generated from 1 ton of
fresh cassava root [2]. Cassava pulp has become a major
problem of solid waste such as odor problems. pollution of
so1l. and groundwater [3]. Cassava pulp. containing 50.77%
starch and 39.91% lignocellulose on the dry basis, has a great
potential as a raw substrate for anaerobic digestion [4].

Anaerobic digestion (AD) 1s an efficient technology for
treatment of CP, and the production of biogas. However, this
process might have limitation due te 1ts very high C/N ratio.
resulting 1n providing msufficient nitrogen to maintain cell
biomass, and leading to fast nitrogen degradation by
microbes. Moreover, high carbohydrate content of cassava
pulp 1s easy failure for the process because the accumulation
of volatile fatty acid (VFAs) inhibit methanogenesis [5]. One
way to stop rapid volatile fatty acid (VFA) 1s the co-digestion
which high nitrogen content substrate.

Anaerobic co-digestion has main benefit to balance of
nutrients and C/N ratio, to improve microorganism diversity,
to mcrease buffering of system, and to enhance the specific
methane yield. respectively [6-8].

Dustillery stillage (DS) 1s a residual product of the ethanol
production process, and it is rich in nitrogen content from
veast cell. and other organic materials. Nitrogen content in

DS has been reported for approximately 4.57 wt% with low
carbon content of about 42.13 wt% of the total solid (TS) [9].
In this work, the C/N ratios for co-digestion of CP and DS
were mnvestigated for biogas production. The mam objective
of this study was to obtain the optimum C/N ratio in terms of
volatile solid (VS) remowal rate, biogas and methane
production rate. and stability of system, respectively.

II. MATERIALS AND METHODS

A, Substrates and moculums

CP was collected from a cassava starch factory whilst DS
was obtamned from an ethanol production plant in Nakhon
Ratchasima, Thailand. After bemg collected, the CP was
dried at 60 °C for 24 h. and subsequently crushed mto small
particles of less than 1 mm in size. DS was used without
further treatment. Both substrates were stored at 4 °C in cold-
room before using.

The moculum was obtained from an up-flow anaerobic
sludge blanket reactor (UASB) from a cassava starch factory.
The moculum was kept at mesosphenic temperature for one
week under anaerobic conditions in order to reduce residual
biogas production. The characteristics of the two substrates
and oculums are presented in Table I The main advantage
of the moculum used in this study 1s 1ts nich mm pH, and
bicarbonate alkalinity content, mdicating that 1t can help to
maintain pH m an optimal range, and can reduce VFAs
accumulating m the AD process.

TABLE I: THE CHARACTERISTICS OF SUBSTRATES AND INOCULUM

Parameters CP Ds Inoculum

TS (%) 9245 11.63 278
VS (%) 8943 883 201
TSVS (%) 96.78 75.89 214
pH NA 495 841
Alkalinity (mg/L HCO3) NA NA 956.84
NH;-N (mg/L) NA 140 326.75
Cellulose (% TS) 23.65 NA NA
Hemi-cellulose (% TS) 1858 NA NA
Lignin (% TS) 8.54 NA NA

C (% TS) 4035 41.65 36.62
N (% TS) 034 247 6.86
CN 118.68 16.86 3.3

Note: NA (no analysis)
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TABLE IT- EXPERIMENTAL DESIGN

Substrate Mass of VS (g) Mass (g)

CPDS CP DS Inoculum Total CP DS Inoculum water Total

1:0 500.00 0.00 500.00 1000.00 558.66 0.00 25000.00 2444134 50000.00
1:0.5 375.00 125.00 500.00 1000.00 418.99 142045 25000.00 23160.55 50000.00
1:1 250.00 250.00 500.00 1000.00 27933 284091 25000.00 21879.76 50000.00
0.5:1 125.00 375.00 500.00 1000.00 139.66 4261.36 25000.00 2059897 50000.00
0:1 0.00 500.00 500.00 1000.00 0.00 5681.82 25000.00 19318.18 50000.00

B. Experimental design

Batch digester was conducted in a 60 L reactor with the
working volume of 50 L. The digester was made from
polyethylene tank composed of feed inlet valve, sampling
outlet valve, gas sampling vale, and gas collecting valve
connected to a gas collecting tank. After started, the reactor
was flushed with nitrogen for 10 min to ensure anaerobic
conditions. All experiments were operated at mesophilic
condition (35 = 1 °C). The biogas produced from the AD
reactor was kept in a gas collecting tank using a water
displacement method [10]. [11].

Each reactor was added at the same substrate
concentration (10g VS/L). The substrate/Inoculum (S/T) ratio
was 1:1 based on the VS. This ratio of 5/1 was selected
according to our previous experiment (data not shown). The
addition of five CP/DS ratios (1:0, 1:0.5, 1:1, 0.5:1, and 0:1,
respectively) m each reactor are given 1 Table IT. All batch
digesters were performed in triplicate.

C. Analvtical methods

Total sohid (TS), Kjeldahl nitrogen (TKEN). alkalinity,
Volatile solid (VS), pH. moisture content, ammonia nitrogen,
and VFA were measured according to the standard methods
[12]. Total carbon and total nitrogen levels were determined
by using the CHNG628 Series Elemental Determinator
(LECO, CHNG628, USA) 1n order to calculate the C/N ratio.
Amount of cellulose. hemicellulose, and lignin were
determined using the Van Soest method [13]. The
compositions of biogas were analyzed using a gas analyzer
(Geotech, Biogas 5000, USA).

III. RESULTS AND DISCUSSION

A. Characteristics of feedstock and biagas yield

The characteristics of reactors with different CP/DS ratios
are presented in Table ITI. The C/N ratios in this experimental
work ranged from 118.68 to 16.86. When the C/N ratio was
about 20 to 25, 1t can be considered that the anaerobic process
was appropriate in term of nutrient balance without the risk
of acidification [14]. In this study, CP/DS ratio of 0.5:1 was
considered as the optimal condition (C/N ratio = 234)
Nevertheless, the highest biogas production (74.57%) was
achieved at CP/DS ratio 1:1. This is not the optimal C/N
ratio, indicated that the optimal C/N ratio for AD depended
on the characteristics of the feedstock and the moculum.
According to Panichnumsin et al. [5], co-digestion of cassava
pulp and pig manure at C/N ratio of 33 achieved 41% higher
specific methane yield.

The time course for daily biogas vield and cumulative
biogas yield for co-digestion of CP with DS at the CP/DS
ratios of 1:0, 0.5:1, 1:1, 0.5:1.5 and 0:1 are shown m Fig. 1.
Most of the batch digestion process finished withun 21 days;
however, some digesters took shorter time to finish. The
shortest duration was mono-digestion including CP/DS ratio
of 1:0 (Fig. 1(a)) and 0:1 (Fig. 1(e)) which took 12 and 16
days, respectively. The reason for a shorter duration of the
CP was a high content of lignocellulose portion, which was
hard to digest using AD. Whereas, DS contained high amount
of short chain molecules that was easy to be degraded by
bacteria causing a shorter time of AD [15].

The highest biogas production was observed since the first
day for all expernnments (Fig. 1), and the wvalue gradually
declined for the subsequent days. The possible cause includes
a fast biodegradability of organic materials under anaerobic
condition [16].

The cumulative biogas vield of mono-digestion at CP/D5S
ratio 1:0, 0:1 was 398.20 mL/g VS (Fig. 1(a)), and 48930
mL/g VS (Fig. 1(e)). respectively. For the co-digestion
expertments, the highest cumulative biogas vield at CP/DS
ratio 1:1, 0.5:1, 1:0.5 was 981.73 mL/g VS, 870.93 mL/g VS
and 803 41 mL/g VS as shown in Fig. 1(c), Fig. 1(d). and Fig.
1(b). respectively. All of the co-digestion ratios showed
higher biogas vield than mono-digestion, mndicating that the
balanced nutrients in the mixed substances enhanced the
biodiversity m the reactor and promote microbial activity. In
this work, the optimal CP/DS ratio was obtained at 1:1 where
the cumulative biogas vield increased 146.54%, and
100.64% 1n comparison to CP and DS only.

B. The methane content and cumulative methane yield.

The methane content of biogas produced i all CP/DS
ratios was shown in Table III. 56.78% and 66.39% of
methane content were obtained in mono-digestion of 1:0, 0:1
CP/DS ratio. respectively. Moreover, the methane content of
co-digestion of 1:0.5, 1:1 and 0.5:1 CP/DS ratio were 68.64%,
74.57%. 71.96%, respectively. The higher methane content
was obtained in co-digestion of CP and DS 1 comparison to
CP or DS only. This phenomena occurred probably because
of the balanced nutrient supply and an optimal living
environment for the microorganisms [17].

The result of cumulative methane yield was also
presented mn Table ITII. The co-digestion of CP/DS with the
1:1 ratio was obtamed as the highest cumulative methane
yield (685.10 mL/g VS). Compared with mono-digestion of
CP (212.64 ml/e VS) and DS (333.06 mL/g VS), the
cumulative methane yield was increased 222.19% and
105.70%, respectively. In addition, the optimal CP/DS ratio
(1:1) of this study showed that the cumulative methane yield
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Fig_ 1. Daily biogas yield, and cummlative biogas yield for co-digestion of CP with DS at mixing ratio of 1:0, 1:0.5, 1:1, 0.5:1, 0:1 based on VS

superior than previous studies. Panichnumsin et al. [5] found
that the highest cumulative methane yield of 391 mL/g VS,
was obtained at 2:3 ratio of CP and pig manure (PM) while
other literature reported that the highest cumulative methane
vield of 370 mL/g VS was obtained at 60:40 ratio of CP/PM
[18]. Moreover, Zhang et al [4] found the cumulative
methane of 242 and 333 mL/g VS during the co-digestion of
CP and Sewage Sludge Inoculum. Therefore, it could be
concluded that the co-digestion of CP and DS attained an
optimal C/N ratio (29.2) leading to achieve the lughest
cumulative methane yield.

C. The effect of pH, VFA, NH+N, VS removal rate in
different CP/DS ratios

The time course for pH and VFAs values at different
CP/DS ratios are presented in Fig. 2. All pH values of the five
reactors dropped during the 6 days, with the values from 6.5
to 6.8 (Fig 2.a-e). The mitial pH of all reactors were balance
with rich buffer capacity from moculum into range from 7.0
to 7.3. At the end of the AD, final pH values were 7.2 to
7.3.The pH value 1s one of the main operational factors which

greatly affect the anaerobic digestion process [19]. In biogas
production process, generally, there are several groups of
microorganisms that require different optimal pH values. The
optimal pH of hydrolytic and acidogenic microorganism
ranges between 55 and 65, while methanogenic
microorganism requires pH around 7.0, However, the
suitable pH range for methanogenic bactenia to reduce
accumulate VFAs in single-stage anaerobic digestion is
6.8—7.2 [20]. [21]. The main reason for pH decreasing at the
beginning of AD process was due to the conversion of
micro-molecular organic matters was to organic acids.
Consequently, the value of VFAs increased.

The time course VFAs concentration of all reactor was
high during first 6 days as present m Fig. 2. The reactor
which contamed the high concentration of DS (CP/DS ratio
0:1) presented higher VFAs. Due to the high content of short
chamn molecular substances was degraded easily mto VFAs.
However, the VFAs accumulation reached plateau after 6
days, and gradually declined until the end of experiment. The
co-digestion pH values was not very different from the
mono-digestion. This indicates that high buffer capacity of
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the inoculum could reduce VFAs accumulation, and mamntamn
a stable fermentation environment According to various
studies, there were reported that a large amount of inoculum
could help AD to shorten the start-up period, and prevent the
acidification caused by accumulation of VFAs [22]. [23].

One of inhibition factors in AD 1s ammonia (NH-N). The
ammonia (NHs-N) was showed on Table IIT. The average of
ammoma (NHs;-N) concentration was varied from
334.43-503.15 mg/L. At lugh concentration, NHs-N 15 a
strong inhibitor for methanogenic bacteria [24]. When the
concentration of the ammonia are in excess of 1500 mg/L
NHs-N. it leads to the process instability, and eventually
system failure [25]. In this experiment, the initial NHs-N
concentration of all reactors were not above the limit.

The VS removal was showed on Table III. The VS
removal mcreased with the co-digestion. The highest VS
removal rate of co-digestion (80.2%) was the 1:1 ratio of
CP/DS, followed by the 0.5:1 (77.4%). and 1:0.5(70.6%),
whilst the VS removal rate of mono-digestion was the ratio

0:1(62.8%) and ratio 1:0 (53.4%), respectively. Moreover,
the change i methane content 1s significantly correlated with
the VS removal rate. When the VS removal rate mcreased.
the methane content also increased. This consequence was
due to the effective utilization rate of orgamic matter
contributed to the methane yield.

I'V. CONCLUSIONS

The results obtamned in this study suggested that the
co-digestion of CP and DS 1s a promusing approach for
mereasing the cumulative biogas yield and methane yield by
64.20%—146.54% and 65.57%—222.19% compared to the
mono-digestion of CP. The highest VS removal rate
(80.20%). cumulative biogas yield (981.73 mL/g VS) and
methane yield (685.10 mL/g VS) was obtamed at 1:1 mixing
ratio of CP/DS. A high stability of the anaerobic digestion
was the result of adaptation of co-digestion (CP and DS) and
moculum, which helps to increase the buffering capacity, and
prevent VFAs accumulation.

TagLE ITI: THE CUMULATIVE METHANE YIELD, METHANE CONTENT, NH4-N_ VFAS AND VS REMOVAL FOR EACH DIFFERENT CP AND DS RATIO

CP/DS ratio (base on VS)
Parameters 1:0 1:0.3 1:1 0.5:1 0:1
Cumulative methane yield (mL/g VS) 21264 551.46 683.10 74.10 333.06
Methane content (%) 36.78 68.64 74.57 71.96 66.39
NH;-Ni (mg/L) 33443 34972 360.86 357.33 34501
NH;-Ne (mg/L) 303.15 493.34 437.26 76.53 416.72
VFAL 237.20 387.10 398.60 649.10 674.30
VFA 107.90 125.00 174.50 124.30 262.30
VS removal (%2} 5340 70.60 80.20 T7. 69.80
C/N ratio 118.68 3884 20.18 2342 16.86

47



72

ACENOWLEDGMENT

This work was financially supported by the Suranaree
University of Technology (SUT), and by the office of the
higher education commission under NRU project of
Thailand.

REFERENCES

[1] A Ghinure, B. Sen. A. P. Annachhatre. “Biosolid management
options in cassava starch industries of Thailand: present practice and
future possibilities,” Procedia Chemiziry, vol. 14, pp. 66-75, 2015.

[2]1  O. Chavalpant, M. Ongwandee, “Clean technology for the tapioca
starch industry in Thailand.” Journal of Cleaner Froduction, vol. 17,

0.2, pp. 103-110, Jan 2009.

[3] P. Pamichmumsin, A. Noppharatana, B. K. Ahring, P. Chaiprasert,
“Anaerobic Co-digestion of Cassava Pulp and Pig manure: Effects of
Waste Fatio and Inoculum Substrate Eatio,” m Proc. Susiminable
Energy and Environment, pp. 21-23, 2006.

[4] 1 Zhang. J. Y. Xu, D. Q. Wang, N. Q. Ren, “Anaerobic digestion of
cassava pulp with sewage sludge inocula,” Bioresource Technology,
vol. 11. no. 1, pp. 451-465, 2016.

[31 P. Pamchnumsin. A. Nopharatana, B. Ahrmg, P. Chaiprasert,
“Production of methane by co-digestien of cassava pulp with vanous
concentrations of pig manure,” Biomass and Bioenergy, vol. 34, no. 8,
pp- 1117-1124, Aug 2010,

[6] R. Alvarez, G. Liden, “Semu-comtinuous co-digestion of solid
slaughterhouse waste, manure, and fimt and vegetable waste,”
Renewable Energy. vol. 33, no. 4, pp. 726-734, Apr 2008.

[71 M. M. Estevez, Z. Sapel, E. Linjordet, J. Motken, * Incorporation of
fish by-product into the semi-contimous anaerobic co-digestion of
pre-treated lignocellulose and cow manure, with recovery of
digestate's nuirients,” Renewable Energy. vol. 66, pp. 330-358. Jun
2014

[8] A, Semamo, J. ﬁ.ngel Siles Lopez, A. F. Chica, M. Martin, F.
Karouach, A. Mesfioui, H. El Ban, “Mesophilic anaerobic
co-digestion of sewage sludge and orange peel waste,” Environmental
Technology, wol. 35, no. 7, pp.892-906, May 2014,

[9] V.Dubrovskis, I Plume, “Methane production from stillage. ™ m Proc.

the mramanonaiscrermfc conference, 2017, pp. 431-436.

Zhang, Q. Wel, 5. Wu, D. Qu W. Li, Z. Zuo, R. Dong, “Batch

anaerobic co-digestion of pig mamure with dewatered sewage sludze

under mesophilic conditions.” Applied Energy, vol. 128, pp. 175-183,

Sep 2014,

[11]X. Huang, 8. Yun, J. Zhu, T. Du, C. Zhang, X. Li, “Mesophilic anaerobic
co-digestion of alee peel waste with dairy manure in the batch
digester: Forusing on muxing ratios and digestate stability,”
Bioresource Ierhnoio$ vol. 218, pp. 62-68, Oct 2016.

[12]APHA {American Public Health Association), Standard Methods for the
Examination of Water and Wastewater. 18th ed. DC, USA; 1998.

[13]P. J. Van Soest. R. H. Wine, “Determination of lignin and cellulose in
acid-detergent fiber with zanate,” Association of Cficial
Analyfical Chemists, wol. 51, pp. 780-783, 1968.

[14]H. W. Yen, D. E. Brune. “Anaerobic co-digestion of algal shadge and
waste paper to produce methane.” Bioresource Technelogy. vol. 98,
no. 1, pp. 130-134, Jan 2007,

[15]L. Syaichurrozi, S. Sumardiono, “Biogas production kinetic from vinasse

waste in batch mode anaerobie digestion,” World Applied Sciences

Jownal, vol. 26, mo. 11, pp. 1464-1472, 2013.

M. Espinoza-Escalante, C. Pelayo-Ortiz, J. Navarre-Corona, Y.

Gonzalez-Garcia, A. Bones, Gutémez-Pulido H, “Amnaerobic

digestion of the vinasses from the fermentation of Agave tequilana

Weber to tequila: the effect of pH. temperature and hydraulic retention

time on the production of hydrogen and methane,” Biomass and

Bioenergy, vol. 33, no. 1, pp. 14-20. Jan 2009.

[17]X. Huang, 5. Yun, J. Zhu, T. Du, C. Zhang, X. Li. “Mesophilic anaerobic
co-digestion of alee peel waste with dary manure i the batch
digester: Focusing on muxing ratios and digestate stability,”
Bioresource Technology. vol. 218, pp. 62-68, Oct 2016.

[18]P. Panichmumsin, A. Nopharatana, B. Abning, P. Chaiprasert, “Enhanced
biomethanation in co-digestion of Cassava pulp and pig manure using
a two-phase anaerobic system.” Jownal of Sustainable Energy and
Environment, vol. 3, no. 2, pp. 73-79, 2012.

[19]L. Appels. ]. Baeyens, J. Degréve, . Dewil. “Principles and potential of
the anaerobic digestion of waste-activated sludge.” Progress in
Energy and Combustion Science. vol. 34, no. 6, pp. 735-781, Dec
2008.

[10]W.

[16]E.

[201Z. Mei. X. Lin. X Huang. D.Li, Z. Yan Y. Yuan, Y. Huang, “Anaerobic

mesophilic codigestion of rice straw and chicken manure: effects of

organic loading rate on process stability and performance,” Applied

Biochemistry and Biotechnelogy. vol. 179, no. 5, pp. 846-862, Jul

2016.

Dai, J. Xu. Y. He, P. Xiong, X Wang, ¥. Deng, Z. Yin, “Acid

inhibition during amaerobic digestion of biodegradable kitchen

waste,” Journal of Renewable and Sustainable Energy. vol. 7, no_ 2,

pp. 023-118, Apr 2013,

[22]Y. Dang. I. Ye, Y. Mu. B. Qiu, D. Sun, “Effective anaerobic treatment of
fresh leachate from MSW incineration plant and dynamic
charactenistics of microbial commmmnity in granular sludge.” Applied
Microbiolagy and Biotechnology, vol. 97, no. 24, pp. 10563-10574,
Dec 2013.

[23]L. Yang, F. Xu, X. Ge, Y. Li, “Challenges and strategies for solid-state
anaerobic digestion of lignocellulosic biomass,” Remewable and
Sustainable Energy Reviews. vol. 44, pp. 824-834_ Apr 2015.

[24]]. Lin, J. Zuo, L. Gan, P.LL F. Liu, K. Wang, H. Gan, “Effects of mixture
ratio on anaerchic co-digestion with fruit and vegetable waste and
food waste of China,” Journal of Environmental Sciences, vol. 23, no.
8. pp. 1403-1408, Aug 2011,

[25]Van Velsen, A. F. M. © Adaptaﬁnu of methanogenic sludge to high
ammonia-nitrogen concentrations,” Water Research, vol. 13, no.10,
pp- 995-999, 1979.

[21]B.

C. witchayapong

Chonradee witchayapong was bom in Chiang Mai,
Thailand, in 1993. She received the bachelor’s degree
i environmental engineering from the University of
Ubon Ratchathami, Ubon Ratchathami, Thailand, m
2015, and is stmdying Master's degree I
biotechnology at the Suranaree University of
Technology, Nakhon Ratchasima, Thailand, m 2015 -
now.

P. Tittabutr

Asst. Prof. Dr. Panlada Tittabutr was bom on 12
December, 1978 in Bangkok, Thailand. She graduated
with the Bachelor’s degree in Food Technology. Then,
she received the Royal Gelden Jubilee (RGI)
Scholarship and fimshed her Doctoral Degree in
Biotechnology from  Suranaree  University of
Technology, Nakhon Ratchasima Thailand in 2003. She
had an experience on Post-doctoral research work for
two years at Umiversity of Hawail, USA (Jan 2006- Dec 2007). She
works as the lecturer in School of Biotechnology, Institate of
Agricultural Technelogy, Suranaree University of Technology,
Thailand (2008-Present).

1 A. Boontawan
\ Assoc. Prof Dr. Apichat Boontawan was bom on 1%
i July. 1973 in Chiang Mai, Thailand. He graduated with
the bachelor’s degree in Food Science and Technology.
He then got the Royal Thai Govemment
Scholarship and received his Master Degree in
Biochemical Engineerning from the Umversity of
ﬁ Bimmingham, UK in 2000, and doctoral degree of
Chemical Engineering from Imperial College London,
UK in 2005. He had an expenence on ASEA-UNINET Post-doc
research work for one year at Viemna Umversity of Tec]:umlog}'
Vienna, Austria (June 2007- May 2008). He works as the lecturer in
the School of Biotechnology, Institute of Agnicultural Technology,
Suranaree University of Technology (2003-Present), Thailand. His
research 15 now focus on bio-separation, fermentation, and
biochemical engineering.  Assoc. Prof. Dr. Apichat Boontawan
published the paper entitled Extractive fermentation of L-(+)- lactic
acid bv Pediococcus penfosaceus using electrodeiomzation (EDI)
technique. Biochem Eng J, vol. 54, pp. 192-199, 2011, the title of
Punfication of L-(+)-lactic acid from pre-treated fermentation broth
using vapor permeation-assisted esterification, Process Biochem, vol.
47, pp.1948-1936. 2012, the title of Nanofiltration coupled with vapor
ermeation-assisted esterification as an effective punfication for
fermentation-denived succimic acid m J Mem Sci, wvol 459,
pp.132-142. 2014, and the title of Production of Very-High Punty
Succimc Acid from Fermentation Broth using Microfiliration and
Nanofiltration-Assisted Crystallization in J Mem Sci, vol. 324, pp.
470-481, 2016, and the paper entitled Fermentation and crystallization

-k




73

Preparation of zeolitic imidazolate framework-8 (ZIF-8)
membranes for quality upgrading of bio-gas

W. Laiphadittagron®, S. Amnuaypanich®, A. Boontawan®

Abstract— Zeolitic imidazolate frameworks (ZIFs), a sub
class of metal organic frameworks (MOEFs), are noted for their
remarkable thermal and chemical stability. ZIF-8 membranes
were crystallized on porous ¢-alumina disks surface by seeding
method to achieve a great improvement for the quality of
synthetic biogas. Secondary coatings of ZIFs were used to avoid
holes or defects in the membranes. The resulted of ZIF-8
membranes with thin selective layer showed significant
improvement in CO; permeability and COy/CHy selectivity in
mixed gas permeation tests, which are characterized by X-ray
diffraction (XED) and scanning electron microscopy (SEM). In
this study, we successfully synthesized a ZIF-8 membrane on
the surface of ¢-alumina disk by a seeding method at different
rimes for synthesis ZIF-8 membranes (2, 4 and 6 hours). The
permeation and selectivity rtests of ZIF-8 membrane were
measured for COp and CHy at different pressure at the feed
side (500-800 kPa). The ZIF-8 membrane separation has been
achieved for separation factors of COy from mived gases. At
ambient temperature, the C0; permeance can reach 7.13 = 1077
e (STP) -cmem?-s1-emHg?! respectively, and the ideal
separation factors of COy / CHy was 8.57=1.41.

Index Terms CO: removal, gas separation, Zeolitic
imidazolate framework-8 (ZIF-8) and biozas.

1. INTRODUCTION

Recently. the world 1s changing with the environment and
energy concern. Fossil fuels have contributed to the
development of the world 1 an extensive way; however.
man 1s also not been spared from its dangers as a result of
the exploration activities. The world 1s affected by o1l
spillage, global warming. acid rain, Greenhouse gases
emission (GHGs). and many more [1].  As a result
biocenergy 1s gaming more and more significance as an
attractive energy all around the werld. especially biogas.
Biogas presents to be a cleaner energy compared to the other
fossil fuels. Biogas has a wide application such as heating,
gas grid injection, fuel cells, compressed natural gas (CNG)
and power generation. etc. Biogas contains mamly CHs and
non-hydrocarbon components, such as CO2. However, CO:
needs to be removed from biogas because it is a non-
flammable gas resulting in a reduction of the heat as well as
a corrosion of the pipelines [2].

Membrane gas separation technologies are promising
alternatives for gas separation due to their low energy
requirements. small carbon footprint and environmental
friendliness [3] - [4]. they have vanous applications in
hydrogen separation, mitrogen recovery. carbon dioxide
removal, and biogas purification, respectively [3].

Zeolitic imidazolate frameworks (ZIFs) are a
subcategory of metal organic frame work (MOF). Unlike
MOFs, ZIF 15 one of the most studied materials for gas
separation due to its intrinsic affimity for this CO; [6]-[11].
and great hydrothermal stability and frameworks flexibility
[12]. ZIF-8 1s present a high stability due to the strong
bonding between metal cations (Zn®*), and imidazolate
amons (MeIM) forming a sodalite (SOD) [13]. Many
researchers reported about CO; remowval from CO,/CHy
mixture using ZIF-8 membranes. Chi ef al, 2015 reported
the highest separation factor of 5.4 at the pressure of 100
kPa, and temperature of 30 °C. The CO; permeance was
reported at 454.6 Barrer (1 Barrer = 1x10%em® (STP)
-em-em” st -emHg?) [14]. Meanwhile, Jomekian ef al.,
2017 teported the separation factor of 36 = 1.7 for ZIF-8
membrane at feed pressure of 1,600 kPa with the CO; and
CH4 permeance up to 261 = 7 Barrer, and 7.25 = 4.1 Barrer,
respectively [15]. In addition. Mohamad er al. 2016
obtained the CO2/CHy separation factor of 3.37. CO:
pemmeance of 78.90 Barrers. and CH4 permeance of 23 40
Barrers at the feed pressure of 200 kPa [16].

In this study, we report the gas permeability and
selectivity of CO: and CH4 via seeding ZIF-§ on the surface
of porous w-alumina supports. The ZIF-8 membranes were
synthesized for 2. 4. and 6 hours at 70 °C. The membranes
were characterized, and were tested for CO2/CHy separation
at different feed pressures from 500 to 800 kPa at ambient
temperature.

2. EXPERIMENT

1.1 Materials

Zinc mitrate hexahvydrate [Zn (NOs3)26H20] was
purchased from Ajax Finechem Pty Ltd. (New Zealand).
2-methylinudazole (MeIM) was obtamed from RIC Labscan,
Thailand. Methanel (99.99%) and N-Methyl-2-Pyrrolidone
(NMP) were purchased from Merck (Germany). All other
chemicals were of analytical grade, and were used as
received. Gas mixture of CO,/CHs; was purchased from
SungNeon Oxygen (Thailand).

2.2 Preparation of ZIF-8 seed solution

ZIF-8 crystals were prepared by the method
reported previously [14]. The 0.54g of Zn (NO;),*6H,0 and
1.477g of 2-methylimidazole was mdividually dissolved in
12 ml of methanol for 1 hour. The two prepared solutions
were mixed. and stirred at 70 °C in an o1l bath. and covered
by alummum foil (solvothermal treatment) for 30 mun,
followed by somication for 1 min The obtamed ZIF-8
particles were collected by centrifugation at 6.000 rpm for
15 mun. and were washed several times with fresh methanol.



The particles were dried overnight at 70 °C. Finally. the
particles were dispersed into fresh methanol to form a 0.1
wit% seed solution.

2.3 ZIF-8 membrane synthesis

A porous g-alumina disk with the thickness of 4
mm and 30 mm in diameter was used as a support. The disk
was fabricated by pressing alumina powder. and sinterning at
1200 °C for 6 hour. the ceating side of the w-alumina disk
was finely polished with an abrasive paper (no. 1000 silicon
carbide, Nash. Thailand) in order to smooth the surface. The
supporting disks was then sonicated for 10 min i 20 mL of
deionized water, and subsequently washed with fresh
methanol several times for the removal of impurities. The
disk was subsequentily dried in oven at 100 °C for 12 hour,
and was cooled down to room temperature before use. The
supporting disk was undergone a simple slip-coating
methed. Firstly, the polished side of a- alununa disk was half
immersed two times in the above prepared seed solution for
about 20 s, and then carefully slid away and held vertically.
The supporting disk was then dried in oven at 70 °C for 6
hour. After dried, the seeded disk was placed horizontally in
a 45 mlL Teflon lined stainless steel autoclave filled with the
secondary seeded growth synthesis solution. The solution
was prepared by muxing 0.54 g of Zn (NOz)*6H:0, 1477 g
of (MeIM). and 30 mL methanol The syntheses were carred
out at 70 °C from 2. 4 and. ¢ hours. respectively. After
synthesis the ZIF-8 membrane disks were taken out, and
rinsed several times with fresh methanol. Fumally. the disks
were dried under ambient conditions for 24 hour before use.
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Fig.1. Expenmental setup for membrane synthesis and permeation testing

2.4. Characterization

The surface morphology examination of the ZIF-8
membranes was observed wusing a scanning electron
microscopy, SEM (JEOL JSM-6010LV, Japan). X-ray
diffraction (XRD) spectra of the alumina suppori, ZIF-8
membranes, and ZIF-8 powder were obtamned using a D2
PHASER with Cu Kuo radiation anode from 5° to 60° (28)
with a 0.025 5! steps (Bruker, Germany).
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1.5 Gas permeation

A gas permeation test system was shown in Fig 1
at ambient temperature. Firstly, the ZIF-8 membrane was
loaded into stainless steel module sealed with a silicon
o-ring to prevent the leakage of gas. The feed pressure was
adjusted accordingly with the total pressure difference
rangmg from 500 kPa to 800 kPa whilst the pressure at the
permeate side was mamtained at atmospheric pressure. For
mixed gas separation. the gas muxture of 40 vol. % CO: and
60 vol. % CHs was employed for mixed gas separation test.
After attaining steady state condition. the permeate flux was
measured by vsing a bubble flow meter. The collected gas
was analyzed by a gas detector (Geotech Biogas 5000,
UK.). The permeation results for each membrane were
collected from 3 distinct samples of that membrane by the
same procedures, and the average errors were reported. The
permeabilities of nuxed gas tests were directly calculated
from the gas flux data measured by gas bubble meter using
the Eq. (1) as followed:

Q. =l

j=a‘1x(ﬁﬁ_pm) ®

Where, P7 is permeability coefficient (cm® (STP)
em-em™ s -cmHg™?) of the component i, @ is the
volumetric permeation rate of component i (cm® s, / is the
thickness of selective laver (cm)., 4 1s the effective
membrane area (cm”) for gas permeation, and pfi and ppi are
partial pressures of component 7 at feed and permeate side
(cmHg). respectively [17].

The separation factors gceacm: Was defined as the
gas permeability ratio of more permeable gas (Pgg:) to the
less permeable gas (Pegy) as shown in Eq. (2):

Fro,

g oH, = —P{H-
A

@

3. RESULT AND DISCUSSION

3.1 ZIF-8 membrane synthesis

Fig2 A B, C. and D shows the SEM images of the
surface views of the ZIF-8 powder, and the ZIF-8 seed layer
prepared by secondary seeded growth of the alumina support
with different synthesis times (2, 4, and 6 hours). The
concentration of ZIF-8 solution and synthesis times is the
main parameter in controlling the qualty of the ZIF-8 laver.
Fig. 2(A) shows the crystalline structure of ZIF-8 powder as
a SOD. Fig. 2(B) shows that there were some defects, and
the crystals of ZIF-8 were not completely as a SOD structure
on the surface of ZIF-8 membrane selective laver. However,
the synthesized times of 4 and 6 h (Fig. 2(C). and Fig. 2(D))
showed good structure forming of ZIF-8 as SOD. In
addition, Fig. 2(D) showed the highest quality of ZIF-8
layer, the highest crystal structure was obtamed with 6 hour
synthesized time. The X-ray diffraction analyses of ZIF-8
membranes at different synthesized times are presented in
Fig 3. The XRD pattemns are corresponding SEM images of
the ZIF-8 membranes secondary seeded growth. The XRD
peaks of the ZIF-8 layer confirms of the deposited ZIF-8
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Fig. 2. Scanning electron micrographs of ZIF-8 Powder (A). and membranes after seeding ZIF-8 on the alumina surface at 2 h (ZIF-8/M2) (B), 4 h

(ZIF-8/M4) (C), and 6 h (ZIF-8/M6) (D). respectively.

layer. XRD peaks for the ZIF-8 layer synthesized at 6 hour
are sharper than those at lower synthesis times. This suggests
for an increasing crystalline of the ZIF-8 layers as synthesis
times increased.

3.2. Gas permeation study

Fig. 4 shows the permeate flux of CO; and CHj for three
ZIF-8 membranes with different synthesized times (2. 4, and 6
hours). The permeate on these experiments were presented as
the function of synthesis times. At the feed pressure of 500
kPa, the highest permeate was obtained at 7.13x107 cm’
(STP) -cm-cm™-s-ecmHg?! for the synthesized times of 6
hour. In contrary, the lowest permeate (3.5%107 cm® (STP)
-em-cm?-s-cmHg™?) was obtained on 2 hour synthesized
time at 800 kPa.

TABLE 1. shows the separation factors of the three ZIF-8
membranes at different operating pressures (500-800 kPa). In
general. the separation factor of ZIF-8 membranes decreased
with an increasing in feed pressure. For the ZIF-8/M?2, a slight
decrease in separation factor from 3.66 £ 0.18 to 2.78 = 0.12
with an increasing feed gas pressure was observed. For the
ZIF-8/M4 membrane. separation factor decreased from 5.39
+0.32 to 3.37 = 0.12 with an increasing in the feed pressure.
The highest separation factor of 8.57 = 1.41 was obtamed on
ZIF-8/M6 at the lowest feed pressure (500 kPa). The
separation factors were corresponding to the result of
permeability (Fig.4). the separation factors decreased with an
increasing in the permeate.
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Fig 3. XRD pattems of alumina disk, ZIF-8 powder and ZIF-8
membranes at different Synthesized times were ZIF-8/M2 is 2 hour;
ZIF-8/M\4 is 4 hour, and ZIF-8/M6 is 6 hours

In this section, different synthesis methodologies of ZIF
membranes such as in sifu growth. secondary growth and
innovative techniques were discussed. The synthesis method
and conditions, type of support. thickness, and gas separation
performance of the synthesized ZIF membranes were
summarized in Tables IL. in situ growth 1s not containing any
seeded on support surface. This method is completed by
immersing the support in a seeded solution. After a sufficient
amount of time was given at an elevated temperature,
nucleation begins to proceed where the ZIF starts to grow on
the support, and the membrane was formed.




76

TABLEIL SEPARATION FACTORS OF CO»/CHs GAS MIXTURES ON B
DIFFERENT ZIF- 8 MEMBEEANES.
Membrane Feed pressure Separation factor g %“' 7 ‘-\\ _;_ ;:E:mi
(kPa) (CO2/CHs) ‘28 \_\‘ —y— ZIF-g/ME
ZE-83 500 36620173 5% o ™S
500 34420142 S, B e
700 2820105 § g e
800 27820121 S ° o -
ZIF-8/M4 300 5390319 £% sy °
600 4070009 15
700 3540009 ES N
200 3.37=0.119 -
ZIF-3M6 500 85721410 ——
600 5.73 £0.631 3 . . . . . . .
700 453=0317 450 500 550 €00 &S0 700 FED 400 BED
700 4530317 Partial pressure differences (kPa)
300 3840101
In this type of synthesis. nucleation, growth, and 16
wtergrowth of the crystals were not decoupled. occurring
wstead duning the same step for an extended period of - 191 @
time. [n situ growth can be conducted using both g %ﬁ -4
unmodified and modified supports [27]. In situ growths = o 1
were used for the growth of a ZIF membrane on a porous E E =
support [5], [18], [21-22]. Secondary seeded growth 1s érN;
related to the synthesis of ZIF membranes on supporis 25 4z
that contain can be attached by means of physical or o
chemucal attached seeding crystals.
Unlike in situ synthesis, crystal nucleation, growth, and
wtergrowth do not occur simultaneously in secondary 7 —e— ZIF-M2
growth synthesis. Moreover, the layer growth 1s 7 _':_' ::E_:m;
independent of the substrate. Dependmg on the manner in '/
which the crystals are seeded on the supports. thus tvpe of T . . : : : : .
synthesis can be classified as secondary growth on 40 S0 S50 B0 B 70 750 #00  8s0

supports with chemically attached seeds. ZIF membranes
have been synthesized using secondary growth with prior
seeding, which 1s accomplished via rubbing, dip-coating,

S0
Partial pressure differences (kPa)

Fig. 4. Effect of difference synthesized times and feed pressure on mixed
gas of CO/CH+

slip-coating, electro-spinning, and microwave radiation.

TABLE II: THE COMPARISONS SEPARATION FACTORS OF GASES MIKTURES ON DIFFERENT SYNTHESIS METHOD AND TYEE OF SUPPORT

Membrane Type of support Synthesis method Separation factor Bef.
ZIF-8 g-alumina dizks In situ solvent thermal at 140°C for 5 h 307 (COVCH% [18]
ZIF-& a-alumina disks Secondary seeded growth at 130 *C for 6.5 h. 37 (CO2/CHy [19]
7IF-& a-alumina disks Secondary seeded growth at 70 °C for 6 h. 8.57= 1410 (CO2/CHy) This study
ZIF-8 a-alumina tubes In situ solvent thermal at 25-200°C for 5 h. 1.1(H2/CO2) [5]

- i ing seedi ' + b = ]
7F.8 o-alumina tubes BRubbing szeding fo]ll;sa\:g ‘t;'l r]153fiil.rcst]len'::al growth at 47 (COVCHS) [20]
ZIF-22 APTES -modified TiO:z disks In situ solvent thermal conditions at 150°C for 72 b 7.2 (H/CO3) [21]
ZIF-90 APTES-maﬁsﬁlfsd a-alumina In situ solvent thermal conditions at 1002C for 18 h 73 (HyCOY) [221
- e-alumina disks Dip-coating seeding followed by microwave-assisted . [23]
ZIE-T solvent thermal growth at 100 °C for 3 h 6.48 (H2/CO2)
a-alumina disks Dip-coating seeding followed by solvent thermal - ; [24]
ZIF-69 sxowth at 100 °C for 72 b 37 (C0/CRY
- a-alumina disks Dip-coating seeding with PEI followed by - [25]
T microwave-assisted secondary growth at 100 °C for 2h 6 (H/CO3)
ZIF-90 Torlen! hollow fibers Diip-coating seeding followed by solvent thermal 1.5 (COL/CHY) [26]

conditions at 65 °C for 4 h




4. CONCLUSION

The zeohtic mmdazolate famework-8 (ZIF-8)
membranes have been successfully fabricated wia
secondary seeded growth on the surface of a porous
a-AlOz disc at different synthesis times. The significant
of seeding methods, including a polishing and a second
times synthesis followed by polishing, fimshing to avoid
holes or defects in the ZIF-8 membranes. improved the
quality of ZIF-8 membranes for CO,/CO, separation.
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