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ANEX IN GREEK
MNEPINHWH

To S10&eiblo Ttou avBpaka (CO3) eival n kupLa attio tng umepBEéppavong Tou TAavHTn TTou
KQAUTITEL TIEPLOCOTEPO Qo TO 60% Twv agpiwv Beppoknmiou. H xnuiki anoppddnon eival
HLOL QTTOTEAECHATIKI) KOl EUPEWC XPNOLUOTIOLOUUEVN o TIG Blopnyavieg pébodog yla tov
Slaxwplopo kat tn Séopeuon tou Slofeldiov tou avBpaka, Xapng oto XAUNAO KOOTOG OTOV
e€omAlopo, g vPnAng amodoong, Twv otabspwv ouVONKWVY AELTOUPYLOG KAL TNG WPLUNG
texvoloylag. Q¢ kUpLog SLaAUTNG otn Blopnxavia XpnoLLomoLloUVTIaL ol AAKAVOAQUIVEG OL
omole¢ mpoodEpouv UPNAEC TaXUTNTEC amoppodnong. Avaloya pe to €idog g apivng
(mpwtoyevrig, Seutepotayng,  TPLTOTOYNG), Tapatnpouvtal  uyPnAotepol  pubuol
anoppodnong o€ oelpd ylo Ta LdATIKA StaAvpata, 25% katd BApog, TG povoatlBavoiapivn
(MEA), axkolouBoupevn amd tnv mevratBuAevosfauivn (PEHA) kol teAeutaiag tng
pnebulodiaBavolapivn (MDEA). Qg SLaAUTEG 1| 08 Hiypa HE OULVOSLAAUMATA HITopoUV va
xpnotpomnotnBouyv, €miong, Ta LOVILKA Lypd TTou mpoodEépouv otabepdtnta Kot XapnAotepn
HeTaBANTOTNTA OTo cuotnua. H mpooBnkn PBlokataAuTtwy OTo CUOTNUA, OMWE Elval TO
gvlupo NG avBpakikng avudpaong, auvéavouv Tov pubuo amoppodnong. H avBpakikn
avudpaon (CA) eivar éva oxupd petaAloéviupo Yeubapylpou TIOU EMUITAXUVEL TN
puetatponr) tou Olofelbiou Tou aAvBpaka ot Oflvo avOpakikd Ov. Mio yeVeETIKA
Tpomomnolnuévn ekdoxn NG avOpakilkig avudpaong €xeL evepyotnta tng taéng twv 4,5
unit/pL evlupkol Stohvpatog R 2,07 units/mg Avodllopévou evlupou, Tnv omoia Siatnpei

O£ LKAVOTIOLNTIKO BaBuo otav Bpebel os uPnAécg Beppuokpaoiec kat Baotkd pH.

Ze ula Stadkaoia anoppodnong o€ UKPNG KALLOKAG EEOTIALOUO N HEYLOTN XWPNTIKOTNTA
oe 610€eiblo Tou avOpaka StadEpel HETALY TWV AULVWVY HE TNV XWPNTKOTNTA Yo To MDEA
va ¢tavel ta 80.7 mgCO2/g Stahutn, yia to PEHA ta 122 mgCO,/g StaAltn, yia to MEA ta
109,5 mgC0O,/g SLaAlTn Kal ylo To Lovtikd vypo PEHA-mpoAivn va ¢ptavel ta 82.7 pugCo,/g
SLaAuTn. Ol puBpol anoppodnong yla ta vdatikd StaAvpata, 25% katd Bapog, Twv MDEA,
PEHA, MEA kat PEHA-mtpoAivn umtoloyiotnkav og 0.75 mgCO,/(g Stalvtn*min), 2.79 mgCO;
/(g SwAltn*min), 3.12 mgCO0./(g SwAvTn*min) kat 1.64 mgCOz/(g SlaAvTn*min)

avtiotolya. Me tnv mpoodnkn eviupikol SlaAlpatog, 2% Kotd BApog ot Moparavw



vdatika SdaAvpata, mapatnpndnke avénon otov pubud amoppodpnong katd 40% yla To

MDEA, 9.32% yia to PEHA, 8.01% yia to MEA kot 4.88% yla to PEHA-TtpoALvn.

Ye peoaiog kKAlpakag e€omAlopd, umoloyiotnkav oL puBuot anoppddnong Kal ekpodnong
OAKQVOAQULVWV KOL TWV HELYHATWY UETAEU TOUC KOl ME LOVIIKA Uypd, TPpoodEPOVTAS
ONUOVTIKA amOoTEAEOUATA. JUYKEKPLUEVA, TO Helypa MDEA-PEHA, oes avaloyia 1:1,
napouciace vPnAdtepo pubUO ot oxéon Pe tov pubud amoppodnong tou SLAAUHATOG
MDEA, mAnoialovtag tov pubud amoppodnong tou StaAvpatog PEHA. To piypa (PEHA-
npoAivn)-MDEA oe avaloyia 1:1 moapouciace emiong uynAd pubud amoppodnonc.
Melpapoto mpaypatonolonkav emiong o€ TAOTIKA €ykATtdotacn yla udatiko StaAupa

MDEA, 25% katd Bapog, xwpig Eviupo.






I. Elcaywyn

To &wofeiblo tou avBpaka (COz) €xel amobelBel OTL CUMBAAAEL ONUAVIIKA OTNV
untepBéppavon Tou TAAVATN, KAAUTITOVTAG TAVW amo to 60% Twv agpiwv tou BepuoknTtiou.
Ot poég ekmounég COz mapayovtal and Blopgnxavieg kat otabuolg mapaywyng NAEKTPLKNG
EVEPYELAC TIOU XPNOLUOTIOLOUV 0pUKTA Kauolpua. O polog tou CO; wg aepiou ToOU
BepuoknTmiov €xel 0dnynoeL oe auotnPOTEPOUC MEPLPBAAAOVTIKOUC KOWVOVIOUOUC OXETIKA UE
TLG EKTIOUTIEG TOU OTNV atupoocdaipa. Etol, n emniteuén Avong yla t Melwon TwV EKMOUTIWV
CO; €xeL peyaho evdladépov. H déopeuon peta tnv kavon Kat n kavon pe kabapd ofuyovo

avti yla agpa lvat oL KUpLEG TeEXVOAOYLeC pelwaong Tou ekmepmnopevou CO;.

H xnun amoppodnon eivat pio and TG mo anoteAeOUATIKEG LEBOSOUC yLa TO SLOXWPLOUO
kat tn O&fopeuvon tou CO,;. To xaunAo kootog eomAlopol, n udnAn amodoon
QIMOMAKPUVONG, OL oTaBePEC oUVONKEG AElTOUPYIag Kal TO WPLUO TEXVOAOYLKO uToBabpo
B£touv TNV XNUKA amoppodnon wg tnv 1o dnuodplhi pEBodo, n omoia edpoapuodletal
EUPEWC OTN XNULIKA MNXovikn, otn Blopnxavia tpodipwv kal o€ AAAoUC TOpElC. AT TIG
UTTAPXOUCEC TEXVOAOYLEC TTOU XpNOLUOTIOLOUVTAL, N XNULKN anoppodnon €lvat n mo yvwotn
TeEXVIKN otn &éopeuvon tou CO; HeTd tnv kavon, mbavwg Adyw Tou HeyaAou aplBuou
HOVASWV Tapaywyng NAEKTPLKAG EVEPYELAG KAl TwV TIOAAA UTTOCXOUEVWY QTIOTEAECUATWY
HEXPL OTLYUNG. Ooov adopad tnv emiloyr Twv Stalutwy, ot apiveg mapadootakd Bewpouvtal
w¢ BéAtota avidpaotipla emloyns. Itnv ¢uon n amoppodnon tou Slofeldiou Ttou
avBpaka amovtatal oAU cuxva ota uddtiva olkoouothpata (AMVEG, TIOTAMLO KATL.)
Snuovpywvtag €va olotnuo ovopalOpeVO avBpaKIKO cuoTnua, TO oOmoilo mailel
mpwtevovta poOAo otnv TPOoAnyn avbpaka omod mopaywylkol¢  PwTOOUVOETIKOUG
0pPYOVLOHOUG Kal oo AAAOUG auTOTPOdIKOUE OpYaVvIoHOUG Kal EAEYXEL TNV CUCCWPEUGCN TOU

S1o€elbiov Tou avBpaka otnv atpudodatpa.
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GAS PHASE

Figure 1.1: AvOpakiko cOothua

TNV MEPUMTWON TNG XPNONG TNG XNKLKNAG amoppodnong otnv Blounxavia n vypn ¢aon dev
armoteAeital amo vepd oAAG amod udatika StoAvpata apvwy Ta onola avéavouv tov pubuo
anoppodnon aAlalovtag To avBpakikd cUoTNUO avaAoya e To £160¢ Twv apwvwy. MNa éva
SldAupa mpwtotayoug n SeutepotayolC apivng TO oUOTNUA OMOTEAE(TOL AT  TIC

QVTLOPACELG OTIWG QUTEC TTAPOUCLAZOVTAL TIOPAKATW:
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Figure 1.2 ZUotnpa avudpdoswv npwrtotayous/dsutepotayous apivng pe CO,



XapaKTNPLOTIKO TapAdELlyHa lval n povoalBavoAapivn, n omoila XpnoLULOTOLETAL EUPEWC
oe Slepyaocieg anmoppodpnong CO,. ITNV MEPIMTWON MLO TPLTOTAYOUG apivng onwe eivat n N-
MeBuAdilatBavolapivn, To cuoTnua aduVaTEL va OXNUATIOEL KApBApLKO OV, LE QMOTEAECUA

Vv Bpadutepn avtidpaon pe to CO;, akoAouBwWVTAG TIG MOPAKATW AVTILOPACELC:
H20 + RsN & OH" + RsNH* (otiypiaia)
OH" + CO; & HCOs (apyn)

H ouvoAikn avtidpaon mepllapBavel emiong tov OXNUATIONO avOpakikoU oEf€og Kal

SuttavOpakikoU:
IXNUATIopOG avBpakikoL of€og: CO, + H,0 < HaCO3
IXNUATIONOG SittavBpakikoUu: CO; + OH™ «» HCO3™

RNH2"*COO" + RNH; = RNHCOO"™ + RNH3s*

TEAOG, pia akOun MOAAQ urtooXOUevn apivn gival n mevtalBulevelapivn n omoia €xel Suo
TIPWTOTAYELG KOl TECOEPLG SEVUTEPOTAYEIG ApVOUAdeG ot Soun TNG. Adyw authg tng uPnAng
TIEPLEKTLKOTNTAC O OULVOUASEG ava povada palag, tTng uPnAng Bepuikng otabepoTnTag Kal

™G XaAUNANG To€lkOTNTAG TNG, Uopel va anoteAécel KaAd urtoridlo yia tn 6éopeuvon CO.,.

OEeTIKA 0 QUWVIKA SltaAUpata YUmopolV va AELTOUPYCOUV TA LOVTLKA Uypd. MpoKeLtal yla
OPYOVLKA AAQTA TIOU O OUYKPLON HE TLG AAKAVOAQUIVES, £XOUV TO TTAEOVEKTNMA TNG XAUNANG
TITNTLKOTNTAC KOL TNG ONMOVTIKAG BepUikng otabepotntag. Me tnv €l0aywyn TOUG OTO
SldAvpa Ba pmopouvoav va evioxUoouv tnv amoppodnon tou COz. H avtibpaon e€vog

LOVTLKOU LYpoU pe to CO; mapouoLaleTal MopaKaTw:

{|>tx' o o 0 0" U Q0O
R

Cation I 3 | CH=—CO00

®

J[t'auunl CH—NH, | + CO, == 2

R

Figure 1.3: Avtidpaon ovtikwv vypwv pe CO,



Ao texvoAoyikn amoyn, pio Tumikn dtadikaoia xnUIKAG amoppodnong amoteAsital amo
pa otnAn amoppodnong Katl pio otnAn ekpddnong, otnv omoia To AnoppodnTKO UALKO
oavayevvatol Bepuikd. e pa Stadikacio xNULKAG anoppodnong, To KAUCAEPLO TIOU TIEPLEXEL
CO; elo€pyetal o€ pia KALvN PE TIANPWTLKO UALKO, aTtd Tov MUBUEVA Kal EpXETOL OE emadr) e
uypoO amoppodnaong avtibetng por). Metd tnv anoppodnaon, To mAovuoilo oe CO;, UYpO pEEL O€
KALvn ekpodpnong yla Bepuikn avayévvnon. Meta tnv avayévvnon, To uypo amaAlayuévo
a6 to CO; Sloxetevetal Eava otnv KAlvn amoppodnong SnuLoupywvtag Evav KUKALKO TPOTO
Aettoupylag. To kaBapd CO; mou aneleuBepwveTal amod TNV KAlvn ekpddnong otn CuVEXELA

ouumEleTalL ylo petadopa Kal anodrkeuon.

‘Evag akoun tpomnog BeAtiwong tou pubuol amoppodnong eival n xpron BlokataAutwy
(évlupa) oto apwodialupa. Eva tétolo éviupo eival n avBpakikr avudpaon (CA), éva
LoXupoO HeTalAoéviupo PeudopyUpou TOU EMITAXUVEL TN HETATponr tou Slofeldiou tou
avBpaka og SIttavOpaKkiko. H yeveTikr Tpomormnoinon autou tou eviUpou kablota duvatn tn
Xpnon tou oe ouvluaopd pe uvdatikd SlaAUpata aAkavoAapivng o €va PLopnXaviko
neplBarlov, Onwg n enefepyacia kavoaepiwv. O UNXOVIOUOG Asltoupyilag Tou eviUpOU

TIAPOUCLAETOL TTAPOKATW:

Co,

EZnOH EZnOH CO5>= EZnHCO;5

CO,+H-,0

B HCO; HCO,

H'EZnOH EZnH,0

\_/

Figure 1.4: Mnxaviopog Asttoupyiag tng avOpakikig avudpdaong



II. YAwka kot pébodot
YAwka
AAkavoAauiveg

OL oAkavolapiveg kot to apwvofy mpoAivn mpounBeutnkav amd tnv Sigma-Aldrich. Ta

OULVLKA SLOAUMOTA TTOU XpnoLpomoLlfnkav mapackeudoOnkav pe apaiwon katd Bapog.
Mikpoopyaviouoi kat péoa avantuéng

MNa tnv ékdpaon tng avbpakikng avudpacong xpnotgomnolnénkav avacuvluaouéva KUTTapa
E. coli. H avacuvduaopévn yovidiakr aAAnAouyia oxnuatiotnke cupudwva pe BiBAtoypadia
Kal §60nKe og IOLWTIKA €TALPEl yLat TOV OVACUVSUAOUO TwV KUTTApwV. Katd tnv €kdppaocn
Tou yovidiou xpnotpornowiBnkav duo péoca avamtuéng. To mpwTto eival to Luria Broth amo
v Sigma Company (L3522) kat to &eUtepo to ZYP-5052. [ TNV MOPOOCKEUN TOU PEGOU

ZYP-5052 yxpnowuomnotnkav técoepa stock Stalvpata.

Stock AvaAvuata
VA¢ 20xNPS 50x5052
H20 (NH4)2S04 66g/L YAUKEPOAN 250 g/L
Yeast extract 5g/L KH2PO4 136 g/L yAukoln 25g/L
Tryptone 10g/L Na;HPO4 142 g/L Aaktoln 100 g/L




1000xTrace elements: 100mL stock solution
Salt Concentration g/mg/ml MW Special preparation
0.1M stock (V =
50 ml of 0.1 270 100ml)
FeCls x 6H,0 50mM
M stock 2.7 gin 1:100 diluted
HCI
CaCl; x2 H.0 20 mM 0.294 g 147
MnCl; x4 H.0 10 mM 0.198 g 198
ZnS0O4 x7H,0 10 mM 0.288 g 288
CoCl; x6H20 2 mM 47.6 mg 238
CuCl; x2H.0 2mM 34 mg 171
NiCl> x6H,0 2 mM 47.5 mg 238
Na;MoO4 x2H,0 2mM 48.4 mg 242
0.5M stock (V= 50ml)
400pL of
H3BO3 2mM 61.5 =1.53 gin ca 60mM
0.5M stock
HCL

MNa tnv napookeun 1 It of ZYP-5052 amnattouvral:

e 928mlzY

e 1mlMgS04 (1M)

e 1ml 1000xTrace elements
e 20ml 50x5052

e 50ml 20xNPS



JUOKEUEC KaL opyava

OL CUOKEUEG KalL Ta Opyava TIoU XpnoLomnotndnkay eivat:

Microplate spectrometer reader Vacuum filtration apparatus
Spectromax M2 Spectrophotometer | Centrifuge

pH-meter Rotameter

Incubator Flowmeter

Magnetic Stirrer Thermometer

Hotplate Manometer

Millie Q water device CO3, N3 tank

Pump Autoclave

Ektog anmod ta mapandvw opyava, xpnoluornotibnkav dtadopa epyaoctnplakd UALKA, OTwG
OYKOUETPIKOL KUALVOPOL, TOTHPLO, KWVIKEC PLlaAeg, xodveg, miata, Soxeia Eppendorf,

TWTETEC KAl YUAALVEG PLAAEG.
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Mé£8odot

MNapaywyn avipakiknc avudpaong kat ueédodol avroxrg tne o€ vPnAéc JepUOKpAOIeG Kol
akpaliec TiueEC pH

To E. coli avantuxbnke oe péco L. Broth (25 g/L) pe xprion tou avtiBloTkol OTKIAALVN
(100 pg / ml) otoug 32° C yia 6 - 8 wpset. Eywve avakalAiépyetla o 0,5L ZYP-5052 otoug 32° C
ylia 10 wpeg. AkodouBnoe ¢uyokévipnon o 10000 rpm yiwa 10min. To Wnua (kottopa)
opawwbnke pe SlaAlupa bug buster kat' avaloyla mpog to Umepkeipevo 17:1 kal
npootednkav 1-2 pl lysonase. Na 1o Avodhopévo Seiypa eviupou, to ilnua dtahuBnke oe
pubuloTtikd  StadAupa Tris-HClI (0.1M  kat pH8.3) kat 0.1M NaCl kat akoAouBnoe
opoyevoroljon ota 700bar yia 3 kUkAoug. To opoyevomolnpévo SLAAUUA OTn CUVEXELX

Avod\lwveTal.

H evepyotnta tou eviUpou umoloyioBnke pe TITAOUETPIKN HEBOSO Katd TnVv omola umod
Puxpéc ouvOnkeg (0°C) avaplyvuovtal 5uL uvypol evlUpou i 10 mg &npou pe 1 ml
puBulotikou StaAvpatog Tris-HCL 0,01 M (pH 8,3) kat deiktn BTB (BromoThymol Blue). H
HEtpnon Eekwvael pe mpooBnkn 1 ml, kopeopévou oe CO,, VEPOU KOL ONUELWVETOL O XPOVOG
mou amotteital yla tnv aAAayn xpwpatog (Teontrol) OO UMAE O€ Kitpvo. O pn €vIUUATIKOG
pUBUGG avtibpaong peTpiBnKe avapelyvoovtag to Kopeopuévo o€ CO; VEPO LE TO PUBULOTIKO
StaAupa xwpic to EVIupo (Toiank). H Sokipaoia emavaAnddnke 3 ¢popéc. To unit avOpaKLkig
avudpaong umoloyiotnke WS (Toiank / Teontrol - 1) Kal N evepyotnTta ekdppdotnke wg unit/pl
gvlOpou 1 unit/mg evlUpou, OmMoU Thiank = XPOVOC TIOU QTTALTELTOL YLa aAAayr] XPWHATOG TOU

TUPAOU, Teontrol = XPOVOC TTOU QTIALTEITAL YLt TNV OAAQYH TOU XPWHOTOC TOU Selypatog.

MNa va petpnBel n otabepotnta tng avOpakikng avudpdong wg mpog TNV Bepuokpacia kat
w¢ mpo¢ Baoiko meptBarlov umtoAoyiletal n evepyotnta Tou eVIUHOU HECW TOU pUBUOL TNG
avtibpaong tng Bepukng amoocuvBeong avBpakikol KaAlou otnv omola n avOpakikn

ovudpaacn XpnNOLUOTIOLE(TAL WE KATAAUTNC.

KHCO3 > K,CO3 + CO» P + Hy0

MNna va petpnBet o pubuOG tNg avtibpaong xpnolUomoLEiTal GACUATOUETPO LE OPLOUEVO
unKkog kKUpatog ota 550nm (A550), puBuiotikd StdAupa 300 mM KHCO3 (pH 8,0 ) kat 1%

daworodBaleivn wg Seiktng. Eva SddAvpa pn oavacuvduoopévwyv Kuttdpwv E. coli
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Xpnotpomnotndnke, wg AeUkO SLGAUMA, ylol TN HETPNON TNE TaXVUTNTAC TG avtidpaonc xwpic
To €vlupo. H evepyotnta umoloyiotnke wg n Stadopd TNG TOXUTNTAG TNG avTidpaong Ue
€VIUO Kal TNG KN KOTaAUTIKNG avtidpaonc. H péBodog xpnaotuomoBnke Kot yLo Tov EAeyxo
™G otabepdtnTag tou eviUpou ouvduaotikd ot PBaoclkd meplBaliov kot LVPNAEG

Bepuokpaoiec.

Antoppopnon CO; o€ auwodiaAvuata

Anoppodnon os e€omAoUO UKpoU KEAUDOUC

H uéBobdog Baoiletal otnv mtwon mieong CO, and éva onueio ekkivnong 300 mbar oe
KAELOTO BAAapOo oTov omoio mepléxetal StaAvpa apivng und avadeuon (300rpm). Katd tn
SLApKELA TOU TTELPAMATOG 0 BAAapog mAnpwvetal pe 99,9% aéplo CO2 Kat To SLAAUpa apivng
amoppodda to COz, mpokoAwviag mtwon Tieong otov OdAapo. H mrtwon Tmieong
Kataypadetal and €va NAEKTPOVIKO HAVOUETPO cuvdedepévo oe umoloyloth. Ta Selypata
Tov e§eTtdotnKav Atav vdatikad dtaAvpata apivng (MDEA, PEHA, MEA), 25% katd Bapog ue
Kall xwplig TNV mapouaoia dtaAvpatog eviupou 2% katd Bapog. O BaAapog {uyiletal mpLv Kot
HETA TtnVv amoppodnon. Eva SldAuvpa  pn  avacuvbuaopévwv  kuttapwv  E.  coli

Xpnotpomnotnonke wg Asuko.

Amoppodnon os efomAlopd peocaiog KAWAKOC

O gfomAlopog amoteAeital amo tov KUPLo BAAapo, €vov CUMITUKVWTN, €Vav UETPNTH PONC
otnv €€obo kal évav avaAutiy CO,. Na tnv avddeucon XpNOLIOTOONKE HAYVNTLKOG
avadeutnpag. H Beppokpaocia eAéyxBnke pe Bepudpetpo Kal dSlatnpndnke pe BepUAVTIKN
emudpavela. Mpwv tnv évapén, mpayupatonoleital Babuovounon tou avaAutr HE HElypa
aepiov COz-N2 yvwotng ocuykévipwong. H Bepuokpacia anoppddnong nrav otoug 40 £ 0,5
°C kat n avadevon pubuiotnke ota 300 rpm. H mapoxn €l0odou ntav pubutopévn ota 500
mL min?. To SwdAvpa amoteleitar ard 100 ml StaAltn apivng pe kal xwpic éviupo. H

moooTNTA UYPoUL evIUOU TTOU TIPOOTEBNKE Ntav 1% katd Bapoc.

To AvodAlopévo €viupo xpnoldomolBnke emiong o€ SLAPOPETIKEG CUYKEVIPWOELS. Ma TNV

gkpodnon xpnowomnoteital wg dpgpov agpto N2 (200 ml mint) kat umtoloyiletal To MOcOOTO
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CO, otnv €€obo. H Bepuokpacia ekpodnong eivat 80 + 0,5 °C. O pubuog

anoppodnong/ekpodnaong CO; umoloylotnke amo tnv e€lowon:

out

t . mol N
mol CO, in solution] — ( nin [mol COZ] X%Z [mole fractlon]nNz[ 5 2]
- €Oz s (l—xcoz)[mole fraction]

Qco,

S

Anoppodnon o€ TAOTIKA KALvn

To SwGAuvpa apivng elogpxetal amd Vv kopudn tng otnAng. lNa tnv amoppoédnon
XPNOLLoToLElTaL €va pelypa aépa pe 14,3% CO; amod to KATW PEPOG TNG OTHANG. Ma tnv
ekpodpnon xpnotpomnotdnke alwto (N2) we pépov agplo. H pory Tou Stalutn pubuiotnke ota
24.0 L/min, n pon piypotog agpiov pubuiotnke ota 4.2 L / min kat n pon N2 puBuiotnke ota
2.3 L/min. Ztnv £€€o60 10 Mocooto tou CO, petpnOnke pe avaiutr COz. H BEpuavon
npayuatonolndnke pe AéBnta. H Bepuokpaocia amoppodnong pubuiotnke otoug 40 °C Kkal
yla tnv ekpodnon otoug 80 °C. Asiypota eAndbnoav amd 1o HECO NG OTAANG Kal
avaAuBnkav pe t pEBodo tng Tithodotnong (ueBodog BaCly) yia tnv pétpnon tou CO,.

H uéBodoc tithodotnonc (LéBodoc BaCls)

To Ssiypa avaptyvietal os Stdhupa vdpoeldiov tou vatpiou (NaOH, 0,1 mol L) kat
xAwpovyou Bapiou (BaCl,, 0,5 mol L) oe avaloyia 2-1. AkoAouBsi Bépuavon yua va
evioxuBel o oxnuatiopog avBpakikol Bapiou (BaCOs), otn ouveéxela YPuén oe Bepuokpaoia
neptBailovtog kat 61nbnon pe xapti Millipore twv 0,45 pum. AkoAouBel €kmAuon tou
SInONTkoU XaPTIOU HE QTLOVIOUEVO VEPO Kol HeTtadopd oe motnpl (Eoew. To Wnua
StaAutonoteital og Stahupa udpoxAwpiou (HCI, 0.1 mol L) kat to peiypa tithodoteital pe

NaOH, 0,1 mol L%, pe teAikod onueio pH 5.2 (8giktng).
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[II. AmoteAéopata Kat culnTnon
Evepydmnta avBpakikig avudpdong

H evepyotnta tou eviUpou umoloyicBnke pe tov tUmo Units = (Thiank/Tcontrol — 1) KoLl T

QMOTEAECATA TTOPOUCLATOVTOL TTAPAKATW:

Table 111-1: Evepyotnta StaAvpatog eviUpou kat Avodhtopévou eviupou avBpakikig avudpdong

Evepyotnta AvBpaKkikng Units
Avudpaong
AlaAvpa eviipou 22.57 4.5 units/uL
Avod\lopévo éviupo 12.44 2.07 units/mg

Avtoyn ¢ avBpakikric avudpaong o€ akpaiss ovvOnkes Oepuokpacias kat pH

H evepyotnta tou eviUpou mapapével otabepn oe uPnAég Bepuokpaaoieg pe 0plo toug 90°C

yla Toug omoioug To €viupo apouctalel adpavormoinon Hetad and xpovo 1400min.

0.04
0.035 e —_— o
0.03 — m—
—
0.025

L 4

RT

0.02
| /\ 60

0.01 \ 490
0.005 —

0 T T T T T T
0 200 400 600 800 1000 1200 1400 1600

t (min)

diiff(rate)

\

Figure I11.5: MetaBoAn tng evepyotntag tou eviUpou o BaBog xpovou Kat o Oeppokpacia dwpatiou, 60°C kat 90°C
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Y& Baolko mepBariov to €viupo sival otabepo mapoucotdlovtag pila oTtabepr evepyotnta,

XOUNAOTEPN WOTOOO0 amd TNV EVEPYOTNTA TOU O€ OUSETEPO pH.

0.04
0.035 - T — ——
i =>&=Enzyme extract
0.03
o N— —
Q ]
€ 0.025 '~ —e—MDEA 25%
o)
2 002
<
E 0.015 == PEHA 25%
=
0.01
MEA 25%
0.005
O T T 1
0 500 1000 1500
t (min)

Figure IIl.6: MetaBoAn evepyotntag eviULou o€ oubEtepo tepBAAAOV Kal o€ BAGLKO TEPLBAAAOV TTPOKAAOUHEVO OO

Stadopa apwodlalvpata

Ye ouvbuaopévec ouvOnkeg uPnAng Bepuokpaociog kat Bacikol pH, mopatnpesital pa
Helwon NG evepyotntag Ue otabepod pubud pe 6plo toug 90°C otoug omoioug og OAa T

oapwvodlalvpata o €viupo adpavomnoleitat.
Amtoppdnon CO2 o pikpn§ KAlpakag eE0TALOUO

ApPXIKA TIPAyUATOTIOINONKE €AEYXOG TNG XWPNTIKOTNTAG TwV opwodloAupdtwy o COz n

omola mapépeLve (6La Pe Kal Xwpig Tnv mapoucia ev{upou.

Table 11I-2: Méywotn xwpntikotnta o€ CO, USATIKWY OULVOSLOAVUATWY 25% KOTd BApog

MDEA PEHA MEA PEHA-mtpoAivn

80.7 mgCOy/g sample | 122 mgC0O,/g sample | 109.5 mgCO,/g sample | 82.7 mgCO,/g sample
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I€ MELPAMATA YLA TOV pUBUO amoppddnong mposkuav ta eENG amoteAéopata:

0.29

0.27

0.25

0.23

0.21

pressure (bar)

0.19

0.17

0.15 T T T T T T )
0 5 10 15 20 25 30 35
t (min)
® MDEA 25% - Control
¢ MEA 25% - Enzyme
= PEHA prolinate 25% - Control

X MDEA 25% - Enzyme
x PEHA 25% - Control
+ PEHA prolinate 25% - Enzyme

A PEHA 25% - Enzyme
® MEA 25% - Control

Figure II.7: Mtwon nieong o€ KAeLoTO XWPO KaBwG to aéplo CO, anoppoddrtal and Seiypoto apvoSIAAUUATWY LE Kot

XwpLg TNV mapovoia éviupo

To SLOYPAUMUATIKA KoL TO BOPUUETPIKA amoteAéopata MPBERALWVOUV TNV EMITAXUVON TNG
anoppodnong He TNV mopoucia tou eviUpou ota apwvodlaAvpata pe povn efaipeon To

piypa apivng Lovtikol uypou yla To omoio emiBeBatwvetol HOVo BapUUETPLKAL.

Table 111-3: PuBpdg anoppodpnong o apvodtadvpata 25% katd BAapog pe Kat Xwpig Eviupo

MDEA PEHA MEA PEHA-mtpoAivn

1.05 mgCO0,/g

3.05 mgCO0-/g

3.37 mgCO0,/g

1.72 mgC0,/g

Me évlupo
sample/min sample/min sample/min sample/min
0.75 gC0>/g 2.79 gC0Oy/g 3.12 gC0Oy/g 1.64 gCO,/g
Xwplc évlupo
sample/min sample/min sample/min sample/min
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Amtoppdgnon COz o pecaiag KApHoKAG EE0TALOUO

Ta anoteAéopata o AuTov Tov eEOMALOUO emBeBatwvouv Tov uPnAo pubuod anoppodnong
tou MEA ouykpltikd pe Ta umolouta Selypata. Xpnowomow)Bnkav delypata MEA
OUYKEVTPWONG 25% Kkat 6,5% katd BAPog. OETIKA AMOTEAECUATA TIPOKUTITOUV KO YO TO
LOVTLKO UYpO PEHA-mpoAivn, o puBudcg anoppddnong tou omoiou mMANcLalel Tov pubuod tou
MEA 25%. E€etaletal emiong piypa apwodlaAvpatwv PEHA — MDEA o avaloyia 1:1, pe
evBappuvtika amotedéopata. O xapunAotepog pubuog anoppodnong mapatnpeital ya to

MDEA, woTto00 auTOg BEATLWVETAL GNUOVTLKA LE TNV TtPooBnKn eviUUOU.

45.0

40.0 L4

35.0 h
|

30.0 L

Absorption rate (mol/L*sec) x10°

25.0 -—*

20.0

15.0

10.0 -

5.0

|

0.0

0.00

0.20

0.40

0.60

0.80

1.00

1.20

M liquid enzyme 1% - MDEA 25%

@ dry enzyme 5mg - MDEA 25%

X dry enzyme 3.5mg - MDEA 25%
Control - MDEA 25%

€O, concentration (mol/L)

Figure 111.8: PuBuag anoppodnong CO, og udatiko StaAvpa MDEA 25% katd Bapog pe mpocOnkn StaAvpatog eviUpou

1% katd Bapog kot AuodtAiopévou eviUpou

To évlupo Spa BeTikd yla OAa Ta apvoSIAAUMOTO KOl TA LOVTIKA uypa pe e€aipeon to MEA
OUYKEVTPWONG 25% katd Pdapog yla to omoio 6ev mapatnpeital petaBoAn tou pubuouv
amoppodnong mapouvaia eviupou, mBavwe e€attiag TNG VYPNANRC CUYKEVTPWONG TNG QLVNG

kal Tou Adn udnAol pubuou mou mapouotalsL.
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Figure 111.9: PuBpog anoppodnong CO, og udatiko StdAuvpa PEHA 25% katd Bapog pe mpooOnkn Stadvpatog eviupou

1% koatd Bapog Ko AvodptAtopévou evipou
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Figure 111.10: PuBpog anoppodpnong CO, og udatiko StaAupa MEA yia GUYKEVTPWOELS 6,5% Kat 25% Katd Bapog pue

npocOnkn StaAUpartog eviipou 1% katda Bapog kat AvodiAtopévou eviupou
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Figure 111.11: : PuBpdg anoppodnong CO, os piypa PEHA-MDEA 1:1 pe npocOrikn StaAUpartog eviUpou 1% kotd Bapog

Kat ot puBpoi anoppodpnong twv PEHA kat MDEA pe npocOrikn StahUpatog ev{Upou 1% katd Bapog

Itnv Slepyaocia tng ekpodnaong o pubuodc dlatnpeital mapouoia eviupou. E€aipeon amoteAel
to Sdhvpa pe to PEHA yla to omoio o puBuodg ekpodnong amouocio evipou eivat
vPnAdtepog pe mBavr attia tnv mapeunddion g ekpodnong, amo to €v(UPOo Kol TV

HEPLKA amoppodnon ek vEou Tou dloteldiou Tou avBpaka.
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Figure 111.12: PuBpog ekpodnong aptvoSLaAuLdtwy cuvaptioeL TG cUYKEVTPpWonG CO; oto StdAupa
Amtoppdgnon COz o€ TAOTIKY HOVASH

Ztnv TAOTIKA povada, eetaotnke StdAupa MDEA, 25% koatd BApog, xwplg tnv mpoobnkn
evlUpou. To Selypa AapBavetal and to HECO TNG oTHANG anoppodnong, LETpATaL To pH Kal

oTNV OUVEXELQ, He TNV HEBodo BaCly, umoloyiletal n ouykévipwaon CO2 oto StaAupa.
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EVAoya mpokUTTeL OTL To pH peTaBAAAeTaL avTloTpodwe avaloya pe TV cuykévipwaon CO,,

Onw¢ mapouotlaletal oto daypoappa 11.13:
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Figure 111.13: MetaBoAn ouykévtpwong CO, o StaAupa MDEA 25% w/w o€ TUAOTLKA povada anoppodnong Kabwe Kot n

peiwon tou pH tou StaAvpatog

Itnv Slepyaocia ekpodpnong umoloyiotnke n petaBoln tou CO; oto pevpa €€66ou pe TNV

Tiapod0o Tou XPOVOU yLa TNV onola mapatnpeital éva PEyLoTo.
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Figure 111.14: Zuykévtpwon CO; otnv £€§080 MIAOTIKAG LOVASAG KOTA T SLAPKELA EKPOPNONG OE KOPEGHEVO SLAAULAL

MDEA 25% w/w



V. Zvumepdopata

H avBpakik avudpdacon mopouocialel otabepotnta oe uPnAég Bepuokpacieg kol o€
nieptBarovta Baowkol pH. E€etalovtag Ta anmoteAECUATA MPOKUTITEL TO CUUMEPACTHA OTL TO
évlupo mpayuatt Spa BeTikd, ylwa TNV TAELOVOTNTA TWV OUWOSWAUMATWY T omoia
g€eTaoTnKAY, ALVEAVOVTAG CNUAVTIKA TOV pUBUO amoppodnong tou Stoeldiou Tou avBpaka
Kal Sltatnpwvtag otabepo Tov pubuod ekpddpnone. ZUYKEKPLUEVA, TTapatnpnOnke avénon tou
puBuou anoppoddnong katd 40% yia to MDEA, 9,32% yla to PEHA kot 8,01% yia to MEA.
Qotoo0, e TNV mopoucia Tou evIUMOU SV MTPOKUTTEL UETAPBOAR OTNV XWPNTIKOTNTA TWV
opwvwv oe CO,. Itov efomAlopd peoaiog kKAlpokag efetaotnkav ta aplvodlaAvpata
SL0POPETIKWV CUYKEVTPWOEWV OAAQ KOl ULYUATWY AUTWV. ATO Ta opvodLaAUpaTa, LEYLOTO
pubud amoppodnong moapoucwalelt n MEA, oe ouykévipwon 25% katda Papog,
akoAouBolpevn amod To LOVIKO Lypo PEHA-mpoAivn. Miypa twv apwwv MDEA-PEHA oe
avaloyia 1:1 mapouaotalel uPnAd pubuo amoppddpnong, peyalutepo amnd 1o dtahvpa MDEA
Kal TIPOUOLO0 HE Tov pubuod amoppodnong tou PEHA. MeMlovtikd, €ival onuovtiki n
nepaltépw Slepelivnon O UIyHATA OULVWV KOL LOVIIKWY UYPWV Kal N ebappoyr o€ TIAOTIKN

povada.
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ABSTRACT

Carbon dioxide (CO,) is the major contributor of global warming covering more than 60%
of greenhouse gases. Major CO, production occurs by industries and power plants using
fossil fuel. Chemical absorption is an effective and widely used, by industries, method for
CO; separation and capture due to low equipment cost, high removal efficiency, stable
operation conditions, and mature technology background. Main solvent in industry is the
alkanolamines with high absorption rates. Depending on the kind of amine (primary,
secondary, tertiary) higher rates have been noticed for Monoethanolamine (MEA) following
by Pentaethylenehexamine (PEHA) and last Methyldiethanolamine (MDEA). As solvents or in
mixtures with alkanolamines, the ionic liquids (PEHA-prolinate) offer stability and lower
volatility to the system. The use of biocatalysts (enzymes) into the system has been proven
to increase the absorption rates useful. Carbonic anhydrase (CA) is a powerful zinc
metalloenzyme that accelerates the transformation of carbon dioxide to bicarbonate ion. A
mutant version of the carbonic anhydrase has an activity of the order of 4.5 units/uL enzyme
solution or 2.07 units/mg of lyophilized enzyme, which remains quite high when the enzyme

appears in high temperatures and basic pH.

In a tiny clave absorption process the maximum capacity in CO; differs among the amines
with capacity for aqueous solution of MDEA (25% w/w) being 80.7mgC0O./g of solvent, 122.0
mgCO,/g of solvent for the PEHA (25% w/w), 109.5 mgCO,/g of solvent for the MEA (25%
w/w) and 82.7 mgC0O,/g of solvent for the ionic liquid PEHA-prolinate (25% w/w). The
absorption rates for the alkanolamines and the ionic liquid were calculated 0.75 mgCO2/g
MDEA (25% w/w) /min, 2.79 mgC0O2/g PEHA (25% w/w)/min, 3.12 mgCO,/g MEA (25%
w/w)/min and 1.64 mgCO,/g PEHA-prolinate (25% w/w)/min. By adding an enzyme solution
(1% w/w), an increase of 40%, 9.32%, 8.01% and 4.88% occurred in the absorption rates of

MDEA, PEHA, MEA, PEHA-prolinate respectively.
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By scaling up the equipment, absorption and stripping rates of alkanolamines and the
mixes among them and with ionic liquids were calculated, offering significant results.
Specifically, the mix of MDEA-PEHA (1:1 ratio) had an absorption rate higher than the rate of
MDEA 25% and close to the rate of the PEHA 25%. The PEHA-prolinate - MDEA (1:1 ratio) did
showed a high rate, as well. Experiments were also carried out in a pilot plant for MDEA

solution.
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1.Introduction

Carbon dioxide (CO;) has been proven to be a major contributor of global warming
covering more than 60% of greenhouse gases. Half of the CO, emission is produced by
industries and power plants using fossil fuel. The role of CO, as a greenhouse gas has
resulted in tightening environmental regulations concerning CO, emissions to the
atmosphere. Thus, achieving a solution for the CO, emission reduction is of great interest
and a challenge for the researchers. Post-combustion capture and oxy-fuel combustion are

the main technologies available. (Cheng-Hsiu Yu, 2012) (A. Masohan, 2009)

Chemical absorption is one of the most effective methods for CO; separation and capture.
Being of low equipment cost, high removal efficiency, stable operation conditions, and
mature technology background, chemical absorption has widely applied to chemical
engineering, food industry, and other fields. From the present technologies used, chemical
absorption in post combustion capture is the best-known technique, possibly due to the
large number of power plants, and the promising results so far. In terms of solvent selection,
amines have traditionally been considered as reagents of choice. (A. Masohan, 2009) (A.

Bahadori, 2008) (Sanoja A Jayarathna)

According to McCabe, during the absorption of gases a soluble vapor is absorbed by the
mixture with an inert gas by means of a liquid in which the dissolved gaseous substance is
more or less soluble. The dissolved substance is recovered from the liquid by distillation and
the absorbent liquid can be discarded or reused. Sometimes the solute is removed from the
liquid by bringing the liquid into contact with an inert gas. This process, which is the inverse

of gas absorption, is called desorption or stripping. (W. L. McCabe, 6th Edition)

26



1.1 Absorption

In the absorption process two phenomena may take place, the physical absorption and
the chemical absorption. The operation of physical absorption is based on Henry’s Law. CO2
is absorbed under high pressure and a low temperature and desorbed at reduced pressure
and increased temperature. Chemical absorption is based on the solubility difference
between CO; and the other gas components in mixed gases. It can be classified into
nonrecycling processes and recycling processes. For the former processes, the rich
CO; solution cannot be regenerated. While for the latter processes, the absorbent can be

recovered by the cycle of absorption and regeneration. (Lars Erik Oi, 2013) (Xiao Luo, 2017)
1.1.1Mechanism of Chemical Absorption

During the chemical absorption process, the CO; solubility depends on the physical
solubility in the absorbent, the chemical reaction equilibrium constant, the chemical
equivalent ratio, and other factors. In addition, in cases where the chemical absorbent
solution is a strong or weak electrolyte, dilute solution theory does not fit. Solubility of gases
in the chemical absorbent is characterized by a uniform solubility increase with pressure.
The higher the pressure, the lower the solubility enhancement is. In that case, the
relationship between partial pressure and gas solubility is more complex than that of

physical absorption. (Cheng-Hsiu Yu, 2012) (S. Santos, 2016)

The difference between chemical absorption and physical absorption is whether

CO; reacts with the absorbent during the absorption process.
1.1.2 Henrys Law

The liquid-gas solutions are systems of two components (e.g.: liquid solvent and gaseous
solute). In the absorption process, the solubility of the gas to be absorbed in the liquid is an
important factor and depends on the temperature and the pressure of the system.
Therefore, there is a gas-liquid equilibrium curve, connecting the solute gas equilibrium
concentrations to each temperature, divided into the gaseous and liquid phase (D. K.

Asimakopoulos, 2012, pp. 448-450).
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The equilibrium curve can be constructed according to the following equation, by setting
equal to 1 both the coefficient of the soluble gaseous component at pure gaseous state, at

operating temperature and pressure, and the coefficient of activity of the dissolved gas:
H= %-P (eq. 1.1)

Where: H = equilibrium constant depending on the nature of the gas to be absorbed

and the temperature of the absorber liquid

P = total absolute pressure of the gaseous mixture
X = molar fraction of the solute (gas) in gaseous phase
y = molar fraction of the solute (gas) in the liquid phase

According to Dalton’s Law for diluted solutions and ideal gases, the total pressure of the

system is equal to the sum of the partial pressures of the individual gases.
y*P=p(eq.1.2)
where: p, partial pressure of the gas to be absorbed

Therefore:
_b
H= " (eq. 1.3)

Consequently, according to Henry’s Law the molar fraction of a gas dissolved into a liquid,

at a given temperature, is proportional to its partial pressure.

The Henry’s constant (H) depends on the temperature, the nature of the solvent and the
nature of the absorbed gas.
1.1.3 Fick’s Law

If we consider two different phases (gas-liquid) in mutual contact, containing a soluble gas
component in both phases, but distributed in different concentrations, this component

passes from one phase to the other to reach equilibrium of concentrations.
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To perform this passage, the gas to be absorbed meets two resistances, the first in
spreading the higher concentration from the phase center to the interphase zone, the
second is the one it meets when passing from the interphase zone to the core of the second

phase (Figure 1.1).

INTERPHASE

o))
(—

Figure 1.1: An example of the resistances that the gas meets during absorption. The first resistance (G) is the spreading of
the higher concentration from the phase center to the interphase zone. The second resistance (L) is passing from the

interphase zone to the center of the liquid phase.

Supposing the two phases are stagnant or move with laminar motion which is orthogonal
to the migration direction, the absorption speed is defined by Fick’s Law, expressing the
guantity of material crossing the surface unit in the time unit (D. K. Asimakopoulos, 2012,

pp. 468-470):
dc
Gs=-D ™ (eq. 1.4)

where: Gs = mass of gas to be absorbed (in gr/cm? s or in kg/m? h) which in the time
unit spreads through the surface unit along the direction n
D = coefficient of diffusion in cm?/s or m?/h, these values are reported in Tab.
dc = gradient of concentration in gr/cm3 or kg/m3 reporting the infinitesimal
concentration difference between points x and x + x along the migration

direction.
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Developing equation 1.4 and reporting it into a graph on the x and y coordinates, you obtain

the curve shown in Figure 1.2.
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Figure 1.2: The Fick’s Law showing the quantity of material crossing the surface unit in the time unit

This curve can be applied to stagnant phases and to laminar motions with an orthogonal
diffusion direction in respect to the diffusion direction. But, if the phases are continuously
mixing - i.e. they are in continuous motion - the irregular motion of the fluid particles in each
phase facilitates the matter transport, this means the resistance to diffusion drops,

therefore, Fick’s law transforms into:

Gs=-(D + €a) % (eq.1.5)

At this point, we must add a consideration: the effect of the turbulence in the two phases
is the continuous mixing of the mass, and, as the speed and direction of the single particles
change, it follows that, considering any point of the mass, the concentration gradient is very
small (dc / dx) and so negligible. Consequently, the behavior of the concentrations of each

single phase is constant and can be graphically represented by a straight line, but in
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proximity to the interphase surface, which can be considered an actual wall limiting the

phases, there are two stagnant films, so €a is null and:
dc
= < 0 (eq. 1.5)

Then, we can say that in the core of matter (continuously mixing) the resistance to
diffusion is null and is localized in the extreme layers of both phases near the interphysical

surface and localized in the liquid film and in the gaseous film.

Applying Fick’s law to the two films:
D9 c._cy.Pile
Gs =2, (C1—Ci) ~ (Ci—C2) (eq. 1.6)

where: D¢ = coefficient of diffusion of the component diffusing in the gas
D1 = coefficient of diffusion of the component diffusing in the liquid
C1 = concentration in the gaseous phase
Ci= concentration in the interface
C; = concentration in the liquid
xg = gaseous film thickness

x1 = liquid film thickness

Equation (1.6) cannot be solved mathematically, as xg and x1 are complex functions of
the Reynolds Number, temperature and pressure and also of the equipment geometry which

is used for the process.

The values Dg/xg and D1/x1 are determined experimentally, through the dimensional

analysis and the correlation of the experimental data, so that:

g hg (eq.1.7) 2om (eq. 1.8)

xg x1

The coefficients hg for the gas and hl for the liquid are called coefficients of diffuse

transmission.
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It is better to consider the fact that the motive power (i.e. the power used to pass
between the two phases) can be expressed in different ways which corresponds to a

different transfer - numerically as well as dimensionally.
Among the values of tabulated h there are the following relations:
* for the gas:

_hg _ng
hg = T (eq. 1.9)

where: P = total pressure of the gaseous mixture

T = absolute temperature

* for the liquid:
h1=% (eq. 1.10)

where: ¢ = total molar concentration, i.e. the moles of gas + liquid contained in a liter

of solution.
1.2 Desorption - Stripping
1.2.1 Regeneration Process

In industry, an effective and less energy-consumed regeneration of the CO, captured
adsorbents is definitely needed to develop. Currently the regeneration techniques include
pressure swing adsorption (PSA), vacuum swing adsorption (VSA), temperature swing
adsorption (TSA), electric swing adsorption (ESA), the increase of temperature by conducting
electricity through the conductive adsorbents, pressure and temperature hybrid process

(PTSA) and washing. (Cheng-Hsiu Yu, 2012)

In PSA, adsorption is typically performed at pressures higher than atmospheric pressure,
while desorption is performed at atmospheric pressure. In VSA, adsorption operates at

atmospheric pressure and near-room temperature and desorption operates at lower
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pressures. Both PSA and VSA are performed by altering the pressures. Generally, the

adsorbents with high adsorption capacity and high selectivity toward CO; are preferred.

In order to decide whether a regeneration process is successful and be able to compare it
to other processes some performance parameters has been proposed such as CO; purity,
CO; recovery, and power consumption. Specifically, the power consumption and CO; capture
cost are significantly influenced by adsorbent type, process configuration, and operating
parameters such as feed gas pressure, vacuum pressure, temperature, and extents of purge.
In TSA, the regeneration is achieved by hot air or steam. The regeneration time is in general

longer than PSA. (Cheng-Hsiu Yu, 2012)

Desorption by heating with water vapor (TSA) was not very favorable, due to the high
vapor consumption needed for heating the column. Moreover, the time needed for
regeneration was much longer than the adsorption step since the thermal inertia resulted in
long heating and cooling times. Therefore, the total number of columns in a regeneration

mode for each column would be largely increased. (B. Lv, 2015)

The recovery depends on desorption temperature and purge flow rate. In ESA, heat is
generated by Joule effect via electric current passing through the adsorbents. The instant
heating route can effectively deliver heat to adsorbents without heating the additional
media, thus ESA offers several advantages including less heat demanded, fast heating rate,
better desorption kinetics and dynamics and independent control of gas and heat flow rates

as compared with PSA and TSA.

In recent years, one kind of researches is to find absorbents with high absorption rate and
low energy requirement of CO; desorption. Another one is to optimize the parameters
during the process of CO; absorption and desorption, that is the effect of temperature, CO»
loading on CO; absorption, on the mass transfer coefficients of CO; absorption in agqueous

ammonia solution, the effect of flow and gas concentration on CO; and the pH. (Du, 2017)
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1.3 Chemistry of the process
1.3.1 Carbonate system

In nature the water (lakes, rivers, sea) operates as CO; absorption solution. Water tends
to be in equilibrium with the partial pressure of CO; in the atmosphere. The CO; is absorbed
in the water and then dissolves and reacts with it to carbonic acid. Most dissolved CO;
occurs as aqueous CO; rather than carbonic acid. The carbonic acid is in a balanced equation
to a bicarbonate and a proton. The bicarbonate is also in a balanced equation to a carbonate

and a proton closing the carbonate system as it is shown in figure 1.3. (Cheng-Hsiu Yu, 2012)

CO2

t
| LIQUID PHASE

GAS PHASE

H20 + CO2 = H2COs +H+Y =HCOs + H*= COs 2+ H*

Figure 1.3: The carbonate system
1.3.2 General about amines and alkanolamines
1.3.2.1 Absorption reactions of alkanolamines with CO;

A general amine has the formula NR1R2R3 where R1, R2 and R3 are organic groups or
hydrogen directly bonded to a central nitrogen atom. An amine with only one organic group
directly bonded to nitrogen, is a primary amine, with two organic groups it is a secondary
amine and with three it is a tertiary amine. If an organic group contains an OH-group, the
amine is called an alkanolamine. Alkanolamines are widely used as the absorbents for CO;
capture. The reactivity of amines to CO; follows the order primary, secondary and ternary
amines, for example, the reaction constants with CO; are 7,000, 1,200 and 3.5 m3 /s/kmol
for MEA, DEA and MDEA at 25°C, respectively. On the contrary, the CO; loading capacity for

ternary amine is 1.0 mole of CO; per mole of amine, higher than those of primary and
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secondary amines where the CO; loading capacity lies between 0.5-1.0 mole of CO; per

mole of amine, as can be seen from the following equations (Cheng-Hsiu Yu, 2012):

RR’NH + CO; <> RR’NH+ COO" (Zwitterion)

RR’ NH* COO" + RR’NH ¢ RR’NCOO" (Carbamate) + RR’'NH2*

The overall reaction is:

2RR’NH + CO2 <> RR’'NCOO" + RR’NH*

RR’NCOO" + H,0 € RR’NH + HCO3 ~

The reaction of primary and secondary amines with CO; is to form zwitterion first and

then to form carbamate. The reaction of a tertiary amine with CO; is to form bicarbonate but

not to form carbamate.
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Figure 1.4: Table of properties for different amines (Cheng-Hsiu Yu, 2012)

Because of various properties and advantages of various amines, mixed amines have been

proposed to enhance CO; capture efficiency and to reduce regeneration cost. In addition to

the primary, secondary and tertiary amines, the steric hindrance amines such as 2-amino-2-

methyl-1-propanol (AMP) were also proposed to use. This is due to the fact that the steric

character reduces the stability of the formed carbamate, thus carbamate can undergo
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hydrolysis to form bicarbonate and simultaneously, releases free amine molecules for
further reaction with CO, and consequently enhance the CO; equilibrium loading capacity to

1.0 mol of CO; per mol of amine, as high as that of ternary amine. (Xiao Luo, 2017)

1.3.2.2 Alkanolamine’s degradation and corrosion rates

The degradation of alkanolamine is an important issue in chemical absorption processes
because it causes economic, operational, and environmental problems. For a commonly
used absorbent, for example, MEA, the degradation would cause the replacement of ~2.2 kg
MEA for capturing one tonne of CO, leading to an increase of operation cost. Degradation
can generally be classified into three types, thermal degradation, carbamate polymerization,

and oxidative degradation. (N. Hatcher, 2014)

Thermal degradation requires the operation at high temperatures, generally above 200°C.
This kind of degradation does not occur for dealing with the power plant exhausted gases
because the operation temperature in thermal regeneration is not as high. (N. Hatcher,

2014)

Oxidative degradation is mainly resulted from the dissolved oxygen (DO) in absorbent.
Hence this type of degradation often occurs in CO; capture from the flue gases containing
high O; content. To reduce the dissolved oxygen in absorbent, four methods including the
addition of O, scavenger, reaction inhibitor, chelating agents, and strong stable salts have
been proposed. Three additives, Inhibitor A (an inorganic compound), Na;SOs, and

formaldehyde have been suggested. (Cheng-Hsiu Yu, 2012)

Carbamate polymerization requires the presence of amine at high temperatures so that it

typically occurs in the stripping during the thermal regeneration.

Corrosion rates are affected by the nature of the corrosive agent, temperature, fluid
velocity, the presence of solids, and the metallurgy involved. In an amine water system, the
formatted acids are the corrosive agents and not the amine itself. In post combustion the
main gases that can cause corrosion are the H,S and the CO;. The corrosive action of H.S is
inherently different from that of CO; as H,S can form a protective iron sulphide layer on the

metal surface. On the other hand, iron carbonate forms a more fragile layer, so it offers
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much less protection. At the same time high fluid velocities physically increase corrosion

rates as it does a higher temperature. (Cheng-Hsiu Yu, 2012) (F. Closmann, 2011)

As far as the corrosive agents themselves are concerned, the important parameter is the
chemical activity of the dissolved acid gas species responsible for corrosion. The activity (vs
concentration) changes with the amine type, amine concentration, acid gas loadings, the
concentrations and temperature. However, the critical parameter for the corrosion rates is
the activity of the corrosive species and in less point the type of amine. The chemical species
of interest are: bisulphite ion (HS), free physically dissolved H,S, bicarbonate ion (HCOs ),
and free physically dissolved CO», all of which are oxidising agents. Sulphide (S*) and
carbonate (COs?*) ions are also present; however, they themselves are final reaction
products and are unable to provide the hydrogen ion necessary for the oxidation of iron.
Molecular hydrogen sulphide and carbon dioxide react with iron only in the presence of
water. The final distribution of molecular and ionic species is found by solving the equations
of chemical reaction equilibria, atom balances, and a charge balance. The resulting set of

species concentrations is termed the solution’s speciation. (Cheng-Hsiu Yu, 2012)

In the simplest stoichiometric forms, the basic corrosion reactions of iron with H,S species

are:
H2S(aq) + Fe(s) > FeS(s) + H2 (g)
2HS" (aq) + Fe(s) = FeS(s) + Hz2 (g) + S %(aq)
And with the CO; species are:
CO2 (aq) + Fe(s) + H2 O = FeCOs (s) + Ha (g)

2HCOs "(aq) + 2Fe(s) > 2FeCOs (s) + Ha (g)

The oxidation reaction with hydrogen sulphide is faster than the reaction with bisulphide;
however, the alkalinity of the amine (and ammonia) solutions means that the dissolved H;S
is predominantly in the bisulphide form, with very little remaining as free molecular
hydrogen sulphide. The same is happening for the dissolved carbon dioxide. The
concentrations of free H,S and CO; are pH dependent and pH is a function of amine
strength, total dissolved acid gas, temperature, and to a lesser extent heat stable salts
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concentration. However, heat stable salt species and their concentrations do affect the

speciation of the solution, especially in lean solvents. (N. Hatcher, 2014)

What limits the corrosion reactions is primarily the amount of bare, unreacted iron that
the passivating film leaves available at the metal surface. A secondary factor is the
concentrations of dissolved reactant gases, H,S and CO,. Thus, H,S, HS™, CO, and HCOs ~ all
react with unprotected iron. To control the concentration of dissolved gas in their various
forms, a rich amine acid gas loading of upper limit of 0.4 to 0.5 moles of total acid gas per

mole of molecular amine, can be used. (N. Hatcher, 2014)

In a new amine unit or a fresh cleaned one, right after the introduction of the gas (H.S or
CO0;) the corrosion rate climbs exponentially. Eventually, the corrosion rate levels off as the
iron sulphide/carbonate layer increasingly occludes (passivation), until the iron
sulphide/carbonate layer is established when the system settles down to a nominal residual
corrosion rate. During these three phases of passivation, the solution first becomes nearly
black, and then it changes to dark green, lighter green, and finally slightly amber. Chelated
iron (which results from complexation) scatters light and turns otherwise contaminant-free
solution to amber. The coloration depends on the size of the iron sulphide/carbonate
particles. It must be marked though that the precipitated layer of iron carbonate is very
fragile, so it is unlikely to adhere as tenaciously to metal surfaces as iron sulphide does. Main
corrosion begins primarily with protecting the iron sulphide film on the metal. Fluid velocity
creates sheer stress on solid surfaces — the shear stress can be enough to rip off the
imperfect iron sulphide layer, and even a low velocity seems very likely to dislodge and
remove iron carbonate deposits. When this happens, fresh iron is exposed and corrosion
increases in the region of high shear stress. Subsequently, the dislodged iron sulphide and
iron carbonate particles can act as scouring agents and increase corrosion in other areas of
the plant via that mechanism. For these reasons, the gas treating industry has generally
adopted velocity limits for carbon steel piping in amine service. Even a little flashing can
greatly increase the velocity in a pipe, and the high velocity flow from the passing biphase
scours the iron sulphide layer. This results in drastically shorter piping life. Although less
accurately than for single-phase flows, it is still possible to provide reasonable estimates of
corrosion rates in two-phase flows, and this is done in the present model. Heat stable salts

affect corrosion rates by altering solution speciation, and they chemically exacerbate
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corrosion by chelating iron and destroying the passivating iron sulphide layer (N. Hatcher,

2014):
FeS+7 H,0 ¢ Fe(H20)6 *2 + HS™ + OH-
Fe(H2 0)s *2 + n HCOO™ <> + Fe(n HCOO™) @™ + (6 — n)H,0
1.3.3 N- Methyldiethanolamine (MDEA)

MDEA, HsCN(CH2CH20H),, is a tertiary alkanolamine in which the nitrogen is bonded to
two ethanol groups and a methyl group. Tertiary alkanolamines are differentiated from the
primary and secondary ones in their reaction with CO; resulting in a slower reaction
compared with that of the other amine types, because the carbamate formation is not
possible. It has been accepted that the reaction order of the chemical absorption process of
carbon dioxide in aqueous solutions of MDEA is one with respect to the carbon dioxide and
the alkanolamine, giving an overall reaction order of two. The reaction might be described
with a kind of base catalysis of the CO, hydration. This catalytic effect is based on the
formation of a hydrogen bond between the amine and water. This weakens the bond
between hydroxyl group (-OH) and hydrogen, and then increases the water nucleophilic
reactivity toward carbon dioxide. The mechanism followed is given as (F. Camacho, 2008)

(P.J.G. Huttenhuis, 2007) (A. Bahadori, 2008):
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R:N: + H—O0 +
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+
— R:NH 4 HCO:™

Figure 1.5: MDEA reaction with CO; in aqueous solution

Considering the process as a two-stage reaction:

H20 + R3N < OH" + RsNH* (instantaneous)

OH" + CO; <> HCO3™ (slow)
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The overall mechanism also included the reactions of the carbonic acid formation and the

bicarbonate ion formation.

Carbonic acid formation: CO; + H,0 < H>COs3

Bicarbonate formation: CO2 + OH™ & HCO3™

On an industrial scale, MDEA is an alkanolamine of great interest in acidic-gas absorption
and thus presents less corrosive effects than the primary or secondary alkanolamines.
Furthermore, because of the instantaneous reaction rate of the H,S on the CO,, when these
are present in a gas current and their separation is sought for later use of the H,S, or when
the CO; is not necessary or economically feasible. On the other hand, MDEA has some
advantages compared to others alkanolamines wused as absorbents such as
monoethanolamine, because MDEA presents higher equilibrium capacity conversion than
does MEA, which is limited by the stoichiometry. Similarly, due to the reactive
characteristics, the CO,-MDEA process takes place with a lower reaction enthalpy than for
aqueous solutions of primary or secondary alkanolamines, and this is causing its use to
increase. Also, they require less regeneration energy and are resistant to the thermal and

chemical degradation. (P.J.G. Huttenhuis, 2007) (F. Camacho, 2008)
1.3.4 Monoethanolamine (MEA)

Due to its high reactivity with CO,, monoethanolamine has been used in industrial
processes to capture CO; for many years. In the past few decades, lots of experimental and
theoretical works have been carried out to investigate the reaction mechanism of CO;
absorption into MEA solution. Nevertheless, there is still a controversy regarding to the

details of the reaction mechanism.

| |
HD/\/NHQ HO/V?{HIL;IUU' HCO,
2 2 ‘ 4

Figure 1.6:Molecular structure and type of carbon nuclei in MEA-CO, system.

There were three reaction mechanisms proposed for the reaction between CO; and MEA.

However, the zwitterion mechanism is the most commonly accepted. This mechanism
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suggested that primary and secondary alkanolamines were first reacted with CO; to form
zwitterions and then the intermediate was instantaneously neutralized by the base (such as

amine, OH-, or H,0) to form carbamate (B. Lv, 2015).
CO; + RNH2 = RNH;*COO"-
RNH2*COO" + RNH, = RNHCOO- + RNH3z*

Meanwhile, it is also widely used to explain the reaction of CO; absorption into other

solvents, for example, mixed amine and functionalized ionic liquids.
1.3.5 Pentaethylenehexamine (PEHA)

Pentaethylenehexamine has two primary and four secondary amine groups in the
structure, as it is shown in figure 1.7. Due to this high amine group content per unit mass, its
high thermal stability and its low toxicity it can be a good candidate for the post combustion

CO; capture. (Q. Ye, 2015)

H H
| |
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H H

Figure 1.7: The chemical structure of the PEH amine

Nevertheless, there is little detailed information available on the CO; capture

performance of aqueous PEHA.
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Figure 1.8: Plausible Reaction Mechanism of an unhindered primary/secondary amine with CO; in aqueous media

1.3.6 Ionic liquids

lonic liquids (ILs) are organic salts that form stable liquid below 100 °C or even at room
temperature (room temperature ionic liquids, RTILs). For the removal of acidic gases,
compared with alkanolamines, RTILs have negligible volatility and significant thermal
stability that avoids loss of absorbent. By introducing functional groups that could enhance
the CO2 absorption into the anion or cation, functionalized ionic liquids are expected to have
significant performance in the uptake of CO,. The IL could be regenerated upon heating (80—

100 °C) for several hours under vacuum. (Z. Feng, 2010)
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Figure 1.9: Cation and onion of amino acid ionic liquids

The disadvantages of all ILs, particularly the functionalized ILs, are the high viscosity and
cost, which seriously hinder their application in the separation of sour gases. In the light of
methods and theories of the mixed amines, mixing functionalized ILs with MDEA solution is a
good way to improve the usage of ILs in the absorption of CO,. In general, the amino acid ILs

with very high solubility in water, lead to a very high concentration of IL. (Z. Feng, 2010)
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Figure 1.10: lonic liquid reaction with CO,

Recently, ionic liquid has attracted widespread attention owing to its unique properties
such as very low vapor pressure, good thermal stability, high polarity, and non-toxicity. lonic
liquids have been extensive used as the solvents for catalysis and synthesis. For CO; capture,
ionic liquids can be applied to absorb CO; by either physical absorption or chemical
absorption. For physical absorption, the factors influencing CO; solubility in ionic liquids
include free volume and size of ionic liquids as well as cation and anion. In general, anion has
more influence on CO; solubility than cation. For use of ionic liquids in chemical absorption,
their structure containing amino-function group that can react with CO; can be selected. This
kind of ionic liquid is called task-specific ionic liquid (TSIL), because ionic liquid is synthesized
with the desired properties. The CO, absorption capacity of TSIL was three times higher than

that of the ionic liquid in physical absorption. However, there exists a limitation of TSIL for
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CO; absorption that is high viscosity possessed by TSIL which is due to the formation of

hydrogen bond between cation and anion. (Cheng-Hsiu Yu, 2012)
1.4 Scale up effects

From the existing capture technologies, the mature technology is, currently, chemical
absorption using aqueous amine solutions. Chemical absorption is a well-known technology,
and it has been widely deployed on a large scale across several industries. In terms of
solvent selection, amines have traditionally been considered as reagents of choice, whereas
a primary alkanolamine, monoethanolamine (MEA), is typically considered the benchmark to
which alternative solvents are compared. Other compounds that are often considered are
piperazine (PZ), diethanolamine (DEA), and methyldiethanolamine (MDEA). One major
setback in this process is that MEA has the limitation of a maximum CO; loading capacity,
based on stoichiometry of approximately 0.5 mol CO2/mol amine—unlike tertiary amines
such as MDEA, which has an equilibrium CO; loading capacity nearly of 1.0 mol CO/mol
amine. The mechanism involved in the absorption of CO, by aqueous solutions of tertiary
amines such as MDEA is somewhat different to those of primary and secondary amines, as
they do not react directly with CO.. In fact, they act as a base, catalyzing the hydration of

CO;. Thus, the reaction of interest in aqueous solutions of tertiary amines is:

CO; +H,0+ R1R2R3N =R1R2R3NH+ + HCOs".

Technologically, a typical chemical absorption process consists of an absorber and a
stripper, in which the absorbent is thermally regenerated. In a chemical absorption process,
as shown in figure 1.11, the flue gas containing CO; enters a packed bed absorber from the
bottom and contacts in counter-current with a CO,-lean absorbent. After absorption, the
CO;-rich absorbent flows into a stripper for thermal regeneration. After regeneration, the
CO;-lean absorbent is pumped back to the absorber as a cyclic mode. The pure CO; released
from the stripper is then compressed for the subsequent transportation and storage (S.

Santos, 2016).
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COz stream for compression

Amine solution 110-130°C

("lean" solvent)

i e | RNHCOO- + RNH;* -+ 2RNH, + CO; |

3050 °C Q 100-120 °C

Amine Solution
Amine solution ("lean" solvent)
(COz "rich" solvent)

Figure 1.11: Process plan for CO, absorption using amines with the respective temperatures and reactions

The main challenge for scaling-up is to progress from the experimental demonstration of
the concept at an increasing scale and under realistic conditions, simultaneously validating
the expected benefits and overcoming the obstacles that may appear in the path towards
large-scale demonstration. In particular, the actual need to perform scale-up for CO;
absorption plants is considered critical, as the existing ones are not enough to deal with the
current huge amount of CO, emissions to the atmosphere. This requirement is related to
both the CO; flow rate and the loading capacity of solutions being used to absorb it. (S.

Santos, 2016) (Sanoja A Jayarathna)

When analyzing results from different scales of equipment, some differences occur that
may be a result from the process scale-up. Scaling up any process can result in several
difficulties for chemical engineers due to the fact that the relative importance of process
variables affecting performance considerably increases. In fact, process variables, such as
CO; injection point in the absorption column, reactant flow, contact time between the
reactants throughout the absorption column, temperature and pressure control, and
maintenance, have a marked influence on the performance of the units. These variables are
somewhat easier to control at laboratory scale and at a small pilot unit, but its significance

becomes considerably relevant for larger scales.

45



These scale-up effects are, in fact, quite difficult to quantify but tend to considerably
affect the performance of the absorption process, particularly when progressing for even
larger scales, such as industrial plants. However, a way to decrease the significance of the
inconvenient scale-up effects will be to complement the scaling-up process by additionally
including the use of simulation tools in order to help in the selection of the best operating
conditions for the process, contributing to high production yields and thus a more profitable
operation. In fact, the use of steady-state or dynamic models for simulation, taking into
account precise geometry factors of the columns, as well as operating factors such as the
flow rate of each phase, could help to reduce the inaccuracy of the estimation process.
Particular care should be taken in the scale-up of chemical processes involving unit
operations such as absorption and stripping, which are, in fact, affected by a multitude of

operational factors, apart from dimensional ones. (S. Santos, 2016)
1.5 Carbonic Anhydrase

Although the alkanolamines are the most preferably solvents in CO; absorption/stripping
processes, the cost is still quite high especially when it comes to the energy demands in the
regeneration process. In tertiary amines the regeneration energy is significantly lower than
the regeneration energy of primary and secondary amines. However, an ideal solution would
be a combination of fast absorption and low regeneration energy- such as activated tertiary
amine solutions. At present, the addition of small amounts of a (fast reacting) activator to
such a solution is finding more and more application in the bulk removal of carbon dioxide.
Well-known activators are amines, such as piperazine. Other chemical additives can also be
employed such as hypochlorite. Another approach is to utilize a biocatalyst, the enzyme

carbonic anhydrase. (Nathalie J.M.C. Penders-van Elka, 2012)

Carbonic anhydrase (CA) is a powerful zinc metalloenzyme that accelerates the
transformation of carbon dioxide to bicarbonate ion. CA appears among others in the blood
of humans and other mammals, and facilitates the transfer of CO, during respiration.
Genetic modification of this enzyme makes it possible to use it in combination with aqueous
alkanolamine solutions within an industrial environment, like flue gas treatment. (Nathalie

J.M.C. Penders-van Elka, 2012) (Cecilia Forsman, 1988) (Oscar Alvizoa, 2014)
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Carbonic anhydrase, a very efficient catalyst that enhances the reversible reaction of CO;
to HCOs~, was first identified in 1933 in red blood cells. (Nathalie J.M.C. Penders-van Elka,
2012)

Figure 1.12: Carbonic Anhydrase isozyme XIlI structure based on the B-pleated sheets and the a-helix and the zinc active

center

Figure 1.13: Carbonic Anhydrase isozyme XllI Surface and the zinc active center
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In fact, carbonic anhydrase is a group of zinc metalloproteins (enzymes) that exists in
three genetically unrelated families of isoforms (a, 8 and y). Carbonic anhydrases are present
in almost all living organisms, from animals, to plants, algae and bacteria. At least 14
genetically distinct -CA isozymes have been identified in human beings. These isozymes have
different tissue distributions and intracellular locations. The human variant CA I, located in
red blood cells, is the most studied and has the largest catalytic turnover number. It plays a
major role in respiration and the blood acid—base balance. In literature, for the catalyzed
reaction of CO, hydration, a mechanism for CA has been proposed. Above pH 7 the
dominant reaction mechanism of carbonic anhydrase with carbon dioxide can be described

with (Nathalie J.M.C. Penders-van Elka, 2012) (Byung Hoon Jo, 2013):
* Reaction IV — CO2—HCO3 ~ interconversion
CO; + EZnOH™ & EZNOH™CO;, > EZnHCO3 -
EZnHCO3 ™ + H,0O «&EZnH,0 + HCO3 ~
e Reaction V — enzyme regeneration
EZnH,0 < H*EZnOH"
H*EZNOH™ + B & EZnOH™ + BH*

The reaction mechanism of catalytic CO, hydration as described, results in figure 1.14. This

mechanism results in a very complex and long kinetic rate expression.
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CO,

EZnOH EZnOH CO,= EZnHCO3

BH+ C02+H20

5 HCO; HEO,

H'EZnOH EZnH,0

~_

Figure 1.14: Reaction mechanism of catalytic CO, hydration by carbonic anhydrase.

Biomimetic utilization of CA as a green route for CO; trap method has been proposed and
attempted for post combustion CO, capture by various entities. However, the use of CA to
accelerate carbon capture is limited by the enzyme’s sensitivity to the harsh process
conditions such as high temperature and basic environment. Using directed evolution, the
properties of a B-class CA from Desulfovibrio vulgaris were dramatically enhanced. Ilterative
rounds of library design, library generation, and high-throughput screening identified highly
stable CA variants that tolerate temperatures of up to 107 °C in the presence of 4.2 M
alkaline amine solvent at pH >10.0. This increase in thermostability and alkali tolerance
translates to a 4,000,000- fold improvement over the natural enzyme. At pilot scale, the
evolved catalyst enhanced the rate of CO; absorption 25-fold compared with the

noncatalyzed reaction. (Oscar Alvizoa, 2014)

In order to enhance stability and reusability techniques like immobilization have also
been investigated. Methods and processes using CA would be of primary use at facilities
emitting large quantities of CO,, such as steelworks and power plants. However, in those
facilities the use of costly purified enzymes would be unnecessary and economically
unfeasible. A convenient solution to the industrial use of CA technology, it might be to
employ a microbial whole-cell biocatalyst system harboring efficient CA activity to eliminate

the need for cell disruption and enzyme purification, each of which is a potentially high cost
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process. That would also provide advantages, such as enzyme stabilization and ease of

handling, including simple separation of enzyme. (Byung Hoon Jo, 2013)

C02 CO,* + Ca** —> CaCO3l

o' wo.
L T
CO, — HCO, +»CO,*
Extracellular
medium
Periplasm
v ‘ T
COo, —» HCO,  cytoplasm
Genetically engineered E. coli
¢ Recombinant

carbonic anhydrase

O membrane porins, channels
or transporters

Figure 1.15: Design concept for the engineered periplasmic whole-cell system and its biocatalytic function for CO;
sequestration. Recombinant CA transforms CO; into HCO; in the periplasm of E. coli. The anions are transported out of
the cell through outer membrane porins or transporters and then react with Ca2 ion to form CaCO3 precipitate. The solid
black lines indicate the reaction or transfer of substrates that are experimentally confirmed or are simply deduced. The
dotted black lines represent the reactions or transfers that may depend on the extracellular pH. The symbols and lines in
gray show the CO, pathway via cytoplasmic CA that is hindered by physical (cytoplasmic membrane) or physiological

(e.g., pH regulation) barriers.
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2.Materials and methods

2.1 Materials

2.1.1. Reagents

The amine solvents and the ionic liquids were provided by Sigma and Aldrich companies.
Specifically, N-Methyldiethanolamine 471828 — 250ML by Aldrich company,
Pentaethylenehexamine 292753 — 250ML by Aldrich company, Ethanolamine E9508 — 100ML
by SIGMA — ALDRICH and L - proline P0380 — 100G by Sigma — Aldrich.

2.1.2. Microorganisms

For the needs of this thesis mutated cells of E. coli were obtained. The mutated gene

sequence was prepared according to bibliography references and ordered.

2.1.3. Nutritional medium

For the enzyme expression Luria Broth by Sigma Company (L3522) was used as medium
for the carbonic anhydrase (CA08) production and the ZYP-5052 medium. For this medium,

the preparation of 4 stock solutions was needed.

Stock solutions

VA 20xNPS 50x5052
H,0 (NH34)2S04 66g/L YAUKEPOAN 250 g/L
Yeast extract 5g/L KH,PO4 136 g/L yAukoln 25 g/L
Tryptone 10g/L NaxHPO4 142 g/L Aaktoln 100 g/L
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1000xTrace elements: 100mL stock solution
Salt Concentration g/mg/ml MW Special preparation
0.1M stock (V =
50 ml of 0.1 270 100ml)
FeCls x 6H,0 50mM
M stock 2.7 g in 1:100 diluted
HCI
CaCl; x2 H,O 20 mM 0.294 g 147
MnCl; x4 H.0 10 mM 0.198 g 198
ZnS0O4 x7H,0 10 mM 0.288 g 288
CoCly x6H20 2 mM 47.6 mg 238
CuCl; x2H.0 2mM 34 mg 171
NiCl, x6H,0 2 mM 47.5 mg 238
Na2Mo0O4 x2H,0 2 mM 48.4 mg 242
0.5M stock (V= 50ml)
400pL of
H3BO3 2mM 61.5 =1.53 gin ca 60mM
0.5M stock
HCL

For 1 It of ZYP-5052 medium:

e 928mlzY

e 1ml MgSO4 (1M)

e 1ml 1000xTrace elements

e 20ml 50x5052

e 50ml 20xNPS

e Ampicillin (final concentration 100ug/ml)
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2.1.5 Apparatus and instruments

The instruments and apparatus needed and used for this thesis are referred below:

e Microplate spectrometer reader, Spectromax M2
e Spectrophotometer

e pH-meter

e Incubator

e Stirrer Magnetic

e Hotplate

e Millie Q water device

e Vacuum filtration apparatus
e Centrifuge

e Rotameter

e Flowmeter

e Thermometer

e Manometer

e COy, N3 tank

e Absorption Column

e Heating boiler

e Pump

e Autoclave

Besides the above instruments, various laboratory materials were used, such as volumetric
cylinders, beakers, conical flasks, funnels, dishes, Eppendorf tubes, falcon tubes, paster

pipettes and glass bottles.

2.2 Methods

2.2.1 Amine solution and ionic liquid preparation

For the amine solutions the preparation occurred on weight of the amine solvent by weight

of the solution. The ionic liquid PEHA prolinate was prepared by mixing the amine PEHA and
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the amino acid proline, dilute for homogenization and then separate by water using vacuum

distillation.

2.2.2. Carbonic Anhydrase Extraction and Stability

Mutated cells of E.coli were obtained and used for the enzyme production. There have

been followed two methods for the enzymatic expression that is using IPTG and lactose.

Expression of CA08 using lactose

L. Broth was diluted in Erlenmeyer conic flask in a ratio of 1-5 (1 ml liquid to 5ml air) to
final concentration C = 25g /L. The medium was then sterilized and left to cool. 500 pL of
mutated E.Coli were inoculated in the flask. Ampicillin was then added, in order to
deactivate potential non-mutated cells, to final concentration C=100 pg/ml. The flask was

then put in an incubator for 6 — 8 hours at 32°C.

In a second Erlenmeyer conic flask of 1000ml, 200 ml ZYP-5052 medium was used. The
starter culture was inoculated in the second flask by dilution analogy 1:100, and the flask

was placed back in the incubator for 10 hours.

The solution was then centrifuged in 10000 rpm for 10min, in order to isolate the cells
from the medium. The supernatant was removed and the precipitate (cells) was dissolved in
bug buster, by analogy to the supernatant 17: 1. Finally, 1-2uL of lysonase was added. The

solution was separated in Eppendorf flasks and kept in freezer.

Dry extract using lyophiliosis
A sample of dry enzyme was also used in the experiments in order to investigate whether

the state of the enzyme affects its activity and its tolerance.

In this case the precipitate was dissolved in a 100ml buffer of Tris-HCL (0.1M and pH 8.3)
and NaCl 0.1 M. The solution is put in the freezer until 4°C and the homogenized at 700bar

for 3 cycles. The homogenized solution is let to freeze overnight and then lyophilized.

Activity of the enzymatic extract

The activity of the enzyme extract was calculated by using the titrimetric method. The
reaction mixture was prepared in conical flasks under cold conditions by mixing 5uL of liquid

enzyme extract or 10mg of dry extract with 1 ml of 0.01M Tris-HCL buffer( pH 8.3) and 2-3
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drops of BTB (BromoThymol Blue) indicator with a pH range of 6.0 (yellow) to 7.6 (blue), to
which 1ml of CO,-saturated water was mixed gently and the time for the color change (Tc)
from blue to yellow recorded. The non-enzymatic reaction rate was measured by mixing the
CO,-saturated water with the buffer without the enzyme (Tpiank). The assay was repeated 3

times.

Carbonic anhydrase unit was calculated as (Tb/Tc — 1) and activity was expressed as
Units/ml of enzyme, where Tb = Time requested for change in color of blank, Tc = time

required for change in color of sample.
Stability test of Carbonic Anhydrase

In order to assure that the expressed carbonic anhydrase has the desired properties, that
is resistibility to high temperatures and extreme pH values, a series of stability tests were
required. The activity of the carbonic anhydrase was tested in different temperatures and in

basic environment.

For stability test in high temperatures and basic environments a stability method based
on the pH change in the solution, was developed. This method is able to measure the activity
of the enzyme extract through the rate of a specific reaction. The reaction is the thermal

decomposition of potassium hydro carbonate, as shown below:

KHCO3 - K2CO3 + CO21 +H20

Carbonic anhydrase is used as a catalyst for the reaction making it possible to occur in
room temperature. In order to measure the rate of the reaction, phenolphthalein is needed
as an indicator. The spectrometer was used to measure the absorbance of the solution at
550nm (Asso) and thus the rate of the reaction. A solution of non-mutated cells of E. coli was
used as control to measure the rate of the reaction without the enzyme. The activity was

calculated as the difference of the enzymatic rate and the non-enzymatic rate.

The enzyme extract was inoculated in Eppendorf flasks and incubated at the specified
temperatures for 24 hours. A 300 mM KHCOs solution with adjusted pH 8.0 was used as
buffer. A phenolphthalein solution (1% by mass) was used as indicator. In the microplate

well 192.5 ul of buffer and 2.5 ul of phenolphthalein were added. The microplate reader was
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set on kinetic mode, 550nm. 2.5 pl of sample (enzyme extract/ control) were added last in

the well and the microplate was placed in the reader for 20min.

The next step was to test the enzyme stability in both basic environment and high
temperatures. That is an important step because the amine solvent — enzyme solution will
be used in higher temperatures than the room temperature that is temperatures from 40 °C

to 80 °C.

2.2.3 COz2 Absorption in amine solvents

Absorption tests in tiny clave equipment

The tested amines solvents are widely used for post-combustion CO; capture
applications, especially in power plants. It is proved that amine solvents have a high CO; load
capacity. Absorption tests for the total CO, load capacity with and without the carbonic
anhydrase performed in order to check if the presence of the enzyme in the solvent changes
the total load capacity. The method used is based on the CO; pressure drop from a start
point of 300 mbar in a closed chamber filled by solvent sample. During the run, the chamber
was filled with 99.9% CO; gas. The solvent absorbs CO; causing pressure drop. A manometer

saves the pressure data in a computer for a desired period.

CO2 Tank

Tiny Clave

Magnetic
Stirrer

Figure 2.1: Tiny clave incubator equipment
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Samples of 25% w/w amine solutions of the MDEA, PEHA, MEA with addition of enzyme

solution 2% w/w, were prepared and weighed.

The equipment was prepared by flushing the lines with CO, and purging the CO;
reservoir. The sample was then placed in the equipment. Before opening the valve to the
sample chamber, purging occurred once more. The valve opens and the manometer starts
gathering data of the pressure drop. After the run, the sample was weighed again. The

difference in grams before and after the run was the amount of absorbed CO,.

Absorption tests performed for each amine solvent in samples with and without enzyme
solution added for 24h, in order to measure the saturation point. More tests performed for
30min in order to measure the absorption rates again with and without enzyme. A solution
of non-mutated cells was used as control. Each sample was tested in triplicates and after

statistical study the average absorbed grams were calculated.

Scaled up equipment for absorption and stripping experiments

The results from the absorption experiments acted positive to continue on scaling up the
equipment. The new equipment was designed to provide information about the absorption
rates and thus the quantity of CO; absorbed for higher volumes of solvent solution. It was

also designed to provide information for the stripping rates of CO, from the solution.

The equipment was designed to operate in atmospheric pressure and temperatures up to
100 °C. It consisted of the main chamber, a condenser, a rotameter, a flowmeter in the outlet
and a CO; analyzer. For the stirring a magnetic stirrer was used. The temperature was

checked throughout the experiment by a thermometer and maintained by a heat bath.

57



Thermometer Rotameter

Condenser

200 mly 95800, o [

oo | | | ] e e Gas mix
Flow C02 Heater
meter analyser Magnetic stirrer

Figure 2.2: Scaled-up equipment model presentation

Before starting the experiment, a CO,—N; gas mixture, containing 20 vol % CO; with a
flowrate of 400mL min, was circulated through a by—pass valve to calibrate the analyzer and
for purging the system. For the absorption part, the bath was heated up to 40 + 0.5 °C and
the stirrer was set at 300rpm. The gas mixture was passed through the solvent solution with
the flow set at 500mL min?. The solution consisted of 100 ml amine solvent with and
without enzyme (control). The liquid enzyme quantity added was to final concentration of

1% in weigh. Dry enzyme was also used in different concentrations.

Figure 2.3: The prepared scaled up equipment that was used for the experiments

58



For the stripping part to start, the N2 gas flow was switched on and used to purge the
system until the CO; and O, outlet are close to 1%. Meanwhile the bath was heated to 80°C.
At 80°C, the N; gas was connected to the main line, the stirrer was switched on again at 300

rpm and the flow was set at 200 mL min™.

It is important to mention that, sometimes, during the experiment the presence of the
bug buster in combination with the bubbling led to foaming. In order to prevent any liquid

leak into the analyzer a liquid trap was used after the condenser.

The rate of CO; absorption/stripping at a given time was computed from (U. E. Aronu, 2009):

Qco,

i i t . mol Ny
mol CO; in solution] _ in [molCoO, x8152[m013 fractlon]nNz[ S ]
. =\ "co, p -

(1 —xgg’; )[mole fraction]

The moles of CO, were calculated based on ideal gas law for atmospheric pressure and
temperature 40°C and 80°C for absorption and stripping respectively. Two plots were
designed in order to compare the difference between the control and the enzyme solution.
The first one presents the CO; concentration increase over time. The second one presents
the change of the absorption rate over the concentration increase. Because of the high pH
intensity of the MEA, experiments in lower concentration were considered necessary in

order to remark any difference cause by the enzyme extract presence.
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Absorption Tests on scaled-up automated pilot plant

The next step was to scale up to an industrial rig as shown in picture. A filling column was

used for the absorption. The was provided by HFT.

Clean co2 _
gas analyser

o

sed

Solvent
tank

ny
0D
sed oN
W ‘ ‘

S\

Figure 2.4: Automated absorption/desorption pilot plant model

The amine solvent was introduced by the upwards of the column. For the absorption part
a gas mix of 14.3 % CO; was introduced by the downwards of the column. For the stripping
part Nitrogen (N2) was used as a drift gas. The solvent flow was set to 24.0 L/min, the gas
mix flow was set to 4.2 L/min and the N; flow was set to 2.3 L/min. The temperature in the
system was measured by two thermometers in the inlet and the outlet of the amine solvent.
In the gas mix outlet, the percentage of the CO, was measured by the CO; analyzer. A water
boiler was used for heating. The absorption temperature was set at 40°C and for the
stripping at 80°C. During the process samples were taken from a valve in the middle of the
column and the pH value was measured. After the pH measurement each sample was
analyzed by the precipitation—titration method (BaCl, method) and the concentration of the

CO, was measured.
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Figure 2.5: Automated absorption/desorption pilot plant

The precipitation-titration method (BaCl; method)

The liquid sample was added to a 250 cm? Erlenmeyer flask containing 50 cm3 sodium
hydroxide (NaOH, 0.1 mol L'}) and 25 cm3 barium chloride (BaClz, 0.5 mol L) solutions. The
amount of the liquid sample added depended on the total CO, content of the sample. The
Erlenmeyer was heated to enhance the barium carbonate (BaCOs) formation and then
cooled to ambient temperature. The mixture was filtered with a 0.45 um Millipore paper
and washed with deionized water. The filter covered by BaCO3; was transferred to a 250 cm?
beaker. Deionized water, 50 cm?3, was added into the beaker and enough hydrogen chloride
(HCI, 0.1 mol L'!) was also added to dissolve the BaCO3 cake. The amount of HCl not used to
dissolve BaCOs was then titrated by NaOH, 0.1 mol L, with end point pH value of 5.2

(indicator).
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3.Results and Discussion

3.1 Carbonic anhydrase activity and stability

Carbonic anhydrase unit was calculated as (R.R. Warrior, 2014):
Units = (Tblank/TcontroI - 1)

The activity was expressed as Units/ul of enzyme, where Tpiank = Time requested for change

in color of blank, Tcontrol = time required for change in color of sample.

Table 3-1: Sample time (Tc) and blank time (Tb) of color changing in liquid enzyme's activity calculation method

Carbonic Anhydrase Activity (units/ul)
Tc (sec) Tb (sec)
Units
X1 1.67 41.42
X2 1.83 41.13 22.57
X3 179 42.11 Activity (units/ul
SD 0.083 0.503 enzyme)
Average 1.76 41.55 4.5

Table 3-2: Sample time (Tc) and blank time (Tb) of color changing in 6mg of dry enzyme's activity calculation method

Carbonic Anhydrase Activity (units/mg)
Tc (sec) Tb (sec)
Units

X1 1.54 18.74

X2 1.17 19.06 12.44

Xs 152 19.08 Activity (units/mg

SD 0.208 0.191 enzyme)
Average 1.41 18.96 2.07
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The results, based on the method for the enzyme’s stability, are shown in table 3-3.

Table 3-3: Gradient of absorption curve through time of enzyme and control samples in room temperature (RT), 60°C and

90°C for 24h.

RT 60°C 90°C

time | 10 min 3h 24h 10 min 3h 24h 10min 3h 24h

enzyme | 0,0435 | 0,0532 | 0,0416 | 0,0411 | 0,0369 | 0,0347 | 0,0244 | 0,0269 | 0,0121

control | 0,0084 | 0,017 | 0,0076 | 0,0107 | 0,0048 | 0,0064 | 0,0128 | 0,0085 | 0,0101

diff | 0,0351 | 0,0362 | 0,034 | 0,0304 | 0,0321 | 0,0283 | 0,0116 | 0,0184 | 0,002

The activity of the carbonic anhydrase through time is shown in figure 3.1.
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Figure 3.1: Activity loss of enzyme samples during thermal stress tests in room temperature (RT), 60°C and 90°C

It is obvious that for both the room temperature and the 60°C the activity of the enzyme is

quite stable. The activity remains high for a period in 90°C.

The stability in basic environments is shown as the activity loss of the carbonic anhydrase in
25% w/w aqueous solutions of amines (MDEA, PEHA, MEA).
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Figure 3.2: Stability test of enzyme extract activity in basic MDEA 25%w/w solution during thermal stress tests in room

temperature (RT), 60°C and 90°C

The enzyme remains active both in room temperature and 60°C in MDEA solution and it

follows the same tense in both cases. It has also a good activity at 90°C for a satisfying time

period. The same is observed for 60°C in PEHA solution.
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Figure 3.3: Stability test of enzyme extract activity in basic PEHA 25% solution during thermal stress tests in room

temperature (RT), 60°C and 90°C
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However, the activity loss comparing to the one in room temperature is significant. In the

same amine solution and in 90°C the environments conditions are too harsh for the enzyme.
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Figure 3.4: Stability test of enzyme extract activity in basic MEA 25% solution during thermal stress tests in room

temperature (RT), 60°C and 90°C

The enzyme stays active both in room temperature and in 60°C in MEA solution.

However, the loss rate is high in 60°C. The enzyme was deactivated after 20h in 90°C.

The thermostability tests in basic environment show that, although, there is activity loss

compared to the room temperature, the enzyme remains stable for all three amine solutions

in 60°C. It is also observed that the enzyme was deactivated for all amine samples in 90°C.
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The activity of the carbonic anhydrase in basic environment of different amine solvents in

room temperature is shown in figure 3.5.
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Figure 3.5: Total plot of stability test of enzyme extract activity in different amine solutions during thermal stress tests in

room temperature (RT), 60°C and 90°C

There is a loss in the activity of the enzyme however it is still active when in a basic
environment. It has been remarked that the enzyme needs a period of 180min in order to

stabilize.
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3.2. CO2 Absorption in amine solvents
3.2.1. Tiny clave equipment

Saturation Points of the amine solutions MDEA 25%, PEHA 25%, MEA 25% and the ionic liquid
PEHA prolinate 25% with and without enzyme

The first step was to measure the CO; capacity for the different amine solutions. The data,

from the manometer, for the amines saturation points and absorption rates are shown in

figure 3.6.

Each sample was tested in triplicates and after statistical study the average pressure was
calculated for aqueous solutions of MDEA (25% w/w), PEHA (25% w/w), MEA (25% w/w) and
PEHA prolinate (25% w/w).
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Figure 3.6: Pressure drop in tiny clave because of CO, absorption in amine solvent samples with enzyme extract and

control extract samples until saturation point has been reached.
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The gravimetrical results calculated by the difference in grams before and after the

absorption test are shown in table 3-4. Considering the difference on the fourth digit as a

statistical error, there is no difference in the CO; load capacity of the solution with and

without the enzyme addition for all three solvents.

Table 3-4: Gravimetrical results of absorbed CO; into amine solvents for enzyme and control samples

MDEA 25%

PEHA 25%

MEA 25%

PEHA prolinate
25%

79.8 mgCO0,/g

125.3 mgCO0./g

110.5 mgCO0./g

82.3 mgC0,/g

Sample 1
sample sample sample sample
82.1 mgCO2/g | 120.2 mgCO2/g | 106.3 mgCO,/g | 82.6 mgCO,/g
Sample 2
sample sample sample sample
80.2 mgC0O2/g | 120.4 mgCO,/g | 117.0 mgC0/g | 83.3 mgCO,/g
Sample 3
Enzyme 2% sample sample sample sample
w/w 80.7 mgC0,/g | 122.0 mgCO,/g | 109.5 mgCO,/g | 82.7 mgCO,/g
Mean
sample sample sample sample
Standard
0.0012 0.0029 0.0029 0.0005
deviation
cv
0.0155 0.0235 0.0263 0.0066
(=5.D./MEAN)
83.9 mgC02/g | 121.7 mgCO,/g | 110.5 mgC0,2/g | 81.2 mgCO0,/g
Sample 1
sample sample sample sample
83.5 mgC0O2/g | 121.4 mgCO2/g | 108.1 mgCO2/g | 83.5 mgCO,/g
Control Sample 2
sample sample sample sample
74.0 mgCO2/g | 123.2 mgCO2/g | 109.6 mgCO2/g | 83.7 mgCO0y/g
Sample 3

sample

sample

sample

sample




80.5 mgC0,/g | 122.1 mgCO,/g | 109.4 mgCO,/g | 82.8 mgCO,/g
Mean

sample sample sample sample
Standard

0.0056 0.0010 0.0012 0.0014
deviation

cv
0.0696 0.0078 0.0111 0.0169
(=5.D./MEAN)

It is obvious that for all the amine solvent solutions the presence of the enzyme does not

lead to a different saturation point. That can be confirmed both from the CO; pressure drop

and the gravimetrical measurements for the saturation points tests.
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Figure 3.7: Significant error on saturation points of the amine solutions with and without enzyme (control)
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Absorption rates of the aqueous solutions of MDEA (25% w/w), PEHA (25% w/w), MEA (25%

w/w) and the ionic liquid solution PEHA prolinate (25% w/w) with and without enzyme

In order to calculate the absorption rate new absorption tests were performed for each

amine solvent for 30min. A solution of non-mutated cells was used as control.
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Figure 3.8: Rate of pressure drop in MDEA 25% solution with and without enzyme (control)

For all the three solvents the difference between the pressure drop of the enzyme

solution and the control solution is distinguishable.
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Figure 3.9: Rate of pressure drop in PEHA 25% w/w solution with and without enzyme (control)

It is observed that the effect of the enzyme is higher for the MDEA. For both the PEHA
and the MEA, the effect was weaker concerning the pressure drop but intense enough

concerning the gravimetrical results.
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Figure 3.10: Rate of pressure drop in MEA 25% solution with and without enzyme (control)

71



However, the pressure drop on the PEHA prolinate solution shows no difference between

the enzyme sample and the control.
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Figure 3.11: Rate of pressure drop in PEHA prolinate 25% w/w solution with and without enzyme (control)

In figure 3.12 the total pressure drop for all three solvents is presented. It is obvious that
higher absorption rate occurs for the MEA. However, for the MDEA and the PEHA, the
enzyme effect is higher than the one in the MEA. Especially for the PEHA the enzyme
increases the absorption rate leading to the same pressure drop as the MEA during the same
time of period. Specifically, the presence of the enzyme increases the absorption rate by
40% for the MDEA (25% w/w), 9.32% for the PEHA (25% w/w), 8.01% for the MEA (25% w/w)
and 4.88% for the ionic liquid PEHA prolinate (25% w/w).
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Figure 3.12: Total pressure drop because of CO; absorption in amine solvents

The gravimetrical results for the absorption rate are shown in table 3-5. For all three
MDEA, PEHA, MEA solvents the gravimetrical results follow the pressure drop results. In
contrast, the gravimetrical results for the absorption rate of the PEHA prolinate show a
different rate in the enzyme solution and the control solution when the pressure drop

results show no difference between the rates. That gravimetrical difference is shown in

graph.

73



Table 3-5: Gravimetrical results from absorption experiment measured by pressure drop in different amines solvents

MDEA 25%

PEHA 25%

MEA 25%

PEHA prolinate
25%

0.96 mgC0,/g | 3.03 mgCO,/g | 3.36 mgCO2/g | 1.72 gC0,/g
Sample 1
sample/min sample/min sample/min sample/min
1.06 mgC0,/g | 3.06 mgCO,/g | 3.45 mgCO/g | 1.70 mgCO,/g
Sample 2
sample/min sample/min sample/min sample/min
1.13 mgCO,/g | 3.06 mgCO,/g | 3.32 mgCO./g | 1.75 mgCO./g
Sample 3
sample/min sample/min sample/min sample/min
Enzyme 2%
w/w 1.05
3.05 mgCO0>/g | 3.37 mgC0,/g | 1.72 mgCO0>/g
Mean mgCO2/g
sample/min sample/min sample/min
sample/min
Standard
0.00009 0.00002 0.00006 0.00003
deviation
cv
0.08322 0.00672 0.01972 0.01505
(=S.D./MEAN)
0.00313 0.00167
Sample 1 0.73 mgCO0y/g | 2.74 mgCO0,/g
mgCO2/g mgCO02/g
sample/min sample/min
sample/min sample/min
0.78 mgC0,/g | 2.83 mgC0,/g | 3.15 mgC0,/g | 1.60 mgCO,/g
control Sample 2
sample/min sample/min sample/min sample/min
0.73 mgC0,/g | 2.80 mgC0,/g | 3.08 mgCO,/g | 1.64 mgCO,/g
Sample 3

sample/min

sample/min

sample/min

sample/min




0.75 mgC02/g | 2.79 mgCO,/g | 3.12 mgC0O2/g | 1.64 mgCO,/g
Mean
sample/min sample/min sample/min sample/min

Standard

0.00003 0.00004 0.00003 0.00003
deviation

cv
0.04262 0.01642 0.01156 0.01959
(=S.D./MEAN)

In order to assure that there is a significant difference between the enzyme and the control

solution of PEHA-prolinate (25% w/w) absorption rate, a statistical analysis occurred.

Specifically, single factor anova was used in excel.
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Figure 3.13: Significant error on absorption tests in different amine solutions with and without enzyme (control) for

30min

The significant value or P-value is below 0.05 and, therefore, there is a statistically

significant difference between the two means. That means that the enzyme has a light

influence on the absorption rate in PEHA-prolinate solution as well.




Table 3-6: Statistical analysis on the absorption test in PEHA prolinate solution in order to check if there is a significant

difference between the enzyme and the control sample

Anova: Single Factor for the PEHA prolinate

SUMMA
RY
Groups Count Sum Average Variance
Column 0,005 0,001723 6,33333E-
3
1 17 333 10
Column 0,004 0,001636 1,23333E-
3
2 91 667 09
ANOVA
Source of p-
SS df MS F F crit
Variation value
Between 1,12667E- 12,07142 0,025 7,708
1,12667E-08 1
Groups 08 857 481 647
Within 9,33333E-
3,73333E-09 4
Groups 10
Total 0,000000015 5

3.2.2. Scaled up equipment for absorption and stripping experiments

On the scaled-up equipment, tests took place both for the absorption and the stripping

procedure. The CO; absorption and stripping rate was calculated by equation 3.1 (U. E.

Aronu, 2009).

mol

t .
mol COz in solution] _ in [mol COZ] xggz[mole fractlon]nNz[ 5
a4 (l—xg’ég)[mole fraction]

Qco, | - -

2]> (eq.3.1)

For the stripping rate the nco," equals with zero. All the samples were repeated 3 times and

the average rate was used for the graphs.
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MDEA (25% w/w)

Absorption part

The plots for the MDEA for both absorption and stripping are shown in figure 3.14. The
absorption increase follows the same results as the tiny clave assay. That is, the enzyme
effect is quite strong and accelerate the absorption rate. For the MDEA solution different

amounts of dry enzyme extract were also tested and presented.
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Figure 3.14: CO, absorbed in MDEA 25% solution with and without enzyme extract solution
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From the experiment’s results, it is obvious that the absorption rate is in proportion to
the concentration of the lyophilized enzyme in the solution. It is also concluded that the
liqguid enzyme solution is highly concentrated since it has the highest effect on the
absorption rate. Finally, the absorption rate is inversely proportional to the CO;
concentration in the solution, that is the more CO, has been absorbed the more the

absorption rate decreases.
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Figure 3.15: CO; absorption rite in MDEA 25% solution with and without enzyme

Stripping part

During the stripping part the CO; that has been absorbed in the absorption experiment, is
now forced out of the solution by using high temperatures that is 80°C. Since the enzyme is

quite thermostable it is interesting to research if it also affects the stripping rate.

In figure 3.16 there is a difference in the concentration drop between the solutions with
and without enzyme. That could mean that the enzyme presence in the solution affects the
stripping rate. However, in figure 3.17 it is obvious that the stripping rates are the same for
both the enzyme and the control solution. The main reason for that controversial result
could be the fact that during the absorption the solutions were not brought to saturation

therefore the start points during the stripping are different.
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Figure 3.16: Stripped CO, in MDEA 25% solution

Based on the results shown in figure 3.17 it can be concluded that the stripping rates do not

seem to get affected by the enzyme.
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PEHA (25% w/w)
Absorption part

In the tiny clave experiment the pressure drop results for the PEHA solutions showed no
difference between the control and the enzyme samples. However, the gravimetrical results
showed otherwise proving a higher rate for the sample containing enzyme. Following the
results of the tiny clave assay the enzyme in the scale up equipment has a lower impact on

the CO; absorption in the PEHA solution comparing to MDEA.
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Figure 3.18: CO; absorbed in PEHA 25% solution with and without enzyme extract solution

In figure 3.18 the increase of the CO. concentration in the PEHA 25% solution seems
almost the same for both the enzyme and the control samples, with only light differences for
concentrations higher than 1 mol/L. In figure 3.19 watching the rates, the differences

become clearer. In this plot the rates of dry enzyme samples are also added to compare.
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Figure 3.19: CO, Absorption rate in PEHA 25% solution with and without enzyme extract

It is obvious that the enzyme has an effect on the absorption rate. The absorption rate is
directly connected to the lyophilized enzyme concentration in the solution. The sample of
enzyme 50mg/100ml follows the control rate with only exception the part of concentrations
from 1 M to 1.5 M. The 1% liquid enzyme extract sample has apparently higher enzyme
concentration than 50mg/100ml and lower than 100mg/100ml. It is also observed that all
the samples have the same rate when the CO; concentration in the solution reaches values

higher than 2 M.

Stripping part

Following the absorption experiment, the stripping experiment’s results are quite
interesting. In figure 3.20, it is shown that since the CO; concentration decreases slower in
the enzyme solution, the CO; is stripped easier control solution. The same results are
showed in figure 3.21, where the stripping rates have differences, though the curves

tendency seems to be the same for the two samples.
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Figure 3.20: CO, Stripped in PEHA (25% w/w) solution

A possible explanation to that difference would be that because of the thermostability of
the enzyme in 80°C, the enzyme is still active and it reacts to a point with the stripped CO;

partly resulting the effect of slowing down the stripping procedure.
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MEA (6.5% w/w)
Absorption part

In the tiny clave assay the pressure drop plot results showed that the enzyme does not
affect the MEA absorption rate. MEA is the most basic amine from the group of the tested
amines. Such a basic environment is likely to disactivate the enzyme in small quantities or
overlap the effect of the enzyme on the absorption. For that reason, in the experiments on
the scale up equipment a solution of MEA 6.5% w/w was chosen in order to observe possible

differences between the enzyme and the control samples.
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Figure 3.22: Absorbed CO; in MEA 6.5% solution with and without enzyme extract solution

The lower concentration MEA, 6.5% w/w, solution provided clearer results about the
absorption part. In figure 3.22 it is shown that the absorption rate is higher for the liquid

enzyme sample.

In the rate plot as shown in figure 3.23, the absorption rates of dry enzyme samples were
also added. In this plot the enzyme effect is clear. Higher enzyme concentrations lead to
higher absorption rates. For the dry enzyme sample, it has been observed that although the

start rate point is higher than the one in the liquid enzyme sample, the rest of the curve
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follows more the control sample rates. In contrast, the liquid enzyme sample maintains a

steady rate until the CO, concentration reaches 0.4M where the rate starts decreasing.
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Figure 3.23: CO, Absorption rate in MEA 6.5% solution with and without enzyme extract solution
Stripping part

It is observed that the enzyme does not affect the stripping rate as shown in figures 3.24 and

3.25.
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Figure 3.24: Stripped CO; in MEA 6,5% solution
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It is important to remark that during stripping, there is no enzymatic obstruction observed in

the MEA solution as it is likely to happen in the PEHA solution.
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Figure 3.25: CO; stripping rate in MEA 6.5% solution with and without enzyme
PEHA - MDEA mix (1:1 ratio)

Absorption part

Coming from the bibliography, the mixtures of different amine solvents tend to have
better absorption abilities than each amine alone. In order to test how a mix of amines
changes the absorption rates from those of each separately, PEHA and MDEA were mixed in
a solution in ratio of 1:1 (12.5% w/w each) to total volume of 100ml. For this experiment

samples of liquid enzyme 1% were used.

The results are shown in figure 3.26. The curves of “PEHA enzyme” and “MDEA enzyme”
samples were also added in the plot for comparison reasons. It is observed that the mix has
significantly higher absorption rate than the MDEA, following the PEHA rate in

concentrations lower than 0.5M.
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Figure 3.26: CO, Absorption in PEHA 12,5% - MDEA 12,5%

The curve tendency follows the PEHA rates and apparently the effect of the enzyme in the

mix is quite similar to the PEHA.
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Figure 3.27: CO; Absorption rates in PEHA 12,5% - MDEA 12,5%

86



Stripping part

For the stripping rates a difference is noticed with a higher rate for the control sample. As
it was spotted in PEHA experiments and because of the thermostability of the enzyme in
80°C, it is possible during stripping that the enzyme is still quite active and it partly slow

down the procedure
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Figure 3.28: CO, Stripped in PEHA 12,5% - MDEA 12,5%

At the same time, a difference in the striping rate was observed as the mix has a
noticeable higher rate than both PEHA and MDEA when it comes to CO; concentration load

lower than 1M.
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Figure 3.29: CO; Stripping rates in PEHA 12,5% - MDEA 12,5%

Comparing the absorption rates for amine solvents, ionic liquids and mixed solutions

It is important to search not only how the enzyme affects the absorption rate of each
amine solvent but which amine solvent has the best absorption with and without enzyme, in

mixed solutions and in solutions with ionic liquids.

In figure 3.30 the absorption rates of all the tested amines and mixed solutions are
presented in one plot. According to that plot the MEA (25% w/w) seems to have the highest
absorption rate, holding it at a stable level following by a quick drop for a CO; concentration
higher than 2 mol/L. The ionic liquid PEHA-prolinate follows with a high absorption rate and
a quick drop at 1.5 mol/L. The same state occurs for the MEA (6.5% w/w) following by a
quick drop at 0.5 mol/L. In contrast to that, comes the PEHA solution for which the
absorption rate follows a slow drop from the start point but it remains quite high through
the whole absorption process. The same conditions as the PEHA occur for the mixes “PEHA-

MDEA (1:1)” and “PEHA-prolinate - MDEA (1:1)".
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Figure 3.30: Absorption rates of amine solvents (MDEA 25%, PEHA 25%, MEA 25%, MEA 6.5%) and ionic liquids PEHA

prollinate 25%

An important increase to the absorption rates occurs with the presence of liquid enzyme
solution in the samples. With only exception the MEA (25% w/w) for which the enzyme
seems to have no effect on the absorption rates, all the others amine solutions and mixes
seem to increase the rate. However, the tendency maintains and the enzyme has the same

effect for all the solution. As a result, all the absorption rates have the same increase

keeping the PEHA (25% w/w) as the top choice after MEA (25% w/w).
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Figure 3.31: Comparing the absorption rates of amine solvents when 1% of the liquid enzyme sample 1% is added to the

solution

In figure 3.32 the stripping rates for the amines MDEA, PEHA, MEA (6.5% w/w) with and
without liquid enzyme 1% and for the MEA (25% w/w) are presented in one plot. Although
the results cannot be compared among amines, it can be concluded that for higher CO;
concentration in the solution the stripping rate has a higher start point compared to a low

CO; concentration in the solution.
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Figure 3.32: Comparing plot of the stripping rates of amine solvents
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3.2.3. Tests on scaled-up automated absorption - stripping pilot plant

Absorption experiment on MDEA (25% w/w) solution

The CO; absorption in MDEA is shown in figure 3.33. In this equipment the concentration
of absorbed CO; was measured by the BaCl, method. According to the plot the pH changes
in inverse proportion to the CO; concentration. This result was expected since the absorbed

CO; in the solution reacts to carbonic acid leading to lower pH values.
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Figure 3.33: CO, Absorption rate for MDEA (25% w/w) solution in scaled up pilot plant and the pH drop at 40°C

Stripping part on MDEA (25% w/w)
The values for the CO; percentage in the gas outlet given by the CO, analyzer were used to

measure the CO; stripping rate as shown in plot.
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Figure 3.34: CO; out flow during stripping for MDEA (25% w/w) solution at 80°C
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4.Conclusions

The enzyme exhibits high stability at high temperatures and basic pH environments. By
examining the results, it is concluded that the enzyme does act positively for most of the
amine solutions that have been tested, significantly increasing the rate of absorption of
carbon dioxide and maintaining the desorption rate constant during the CO, desorption
process. Specifically, by adding an enzyme solution (2% w/w), it has been observed an
increase of 40% for MDEA (25% w/w), 9.32% for the PEHA (25% w/w) and 8.01% for MEA
(25% w/w). However, there is no change in the capacity of amines in CO; by the enzyme’s
presence in the solution. Among the tested alkanolamines, highest absorption rate was
noticed for MEA (25% w/w), followed by the PEHA prolinate ionic liquid. The ionic liquid in a
mixture with MDEA (1:1 ratio) shows significant high rate, higher than the rate of MDEA and
close to the rate of PEHA. In the future, it is important to further investigate mixtures of

amines and ionic liquids and apply them to a pilot plant.
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