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SUPAWAN INTHAWONG : EFFECT OF ADDITION OF [RON COMPOUNDS IN
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THESIS ADVISOR : ASSOC. PROF. ATICHAT WONGKOBLAP, Ph.D. 118 PP.

Keywords : adsorption; activated carbon; carbon dioxide; methane

This thesis studied the adsorption of carbon dioxide and methane on activated
carbon modified with iron on its surface. The operation method is divided into two
parts: experimental and molecular simulation. For the experiment, various
concentrations of iron compounds were added to commercial activated carbon. The
properties of activated carbon were analyzed before carbon dioxide and methane
adsorption experiments were carried out at 273 K and 298 K, coupled with molecular
simulations based on the Grand Canonical Monte Carlo model (GCMCQ), to help better
understand the mechanism and behavior of carbon dioxide and methane adsorption.
Activated carbon was simulated in computer simulations as a parallel graphene sheet,
also known as the slit pore model, by simulating at the same temperatures (273 K and
298 K) as in the experiment. The influence of pore width on gas adsorption was also
investigated. In terms of experimental data, it was discovered that carbon dioxide and
methane adsorption is primarily physical. The excessive amount of iron at
concentrations of 15% and 20% led to decreased adsorption. However, at a
concentration of 1% and an adsorption temperature of 273 K, iron enhanced the
adsorption capacity by 6% for CO, adsorption at a pressure of 30 bar, and also raised
the adsorption capacity by 20% for CH, adsorption at a pressure of 35 bar. In the
computer simulation, it was discovered that when the adsorption temperature is
decreased, the adsorption amount increases, which is a typical occurrence for physical
adsorption. The effect of iron concentration on micropore adsorption at 6.5 A and 7.0
A correlates with the experimental results. However, with larger pore sizes, such as 15

A, the adsorption amount increases as the iron content increases.
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(Absorption) kagn 1skendIeN13AAgu (Adsorption) (Lee et al., 2013) 1Wusiu
TuussannszuIunshentli1az dun1shENNI9AIULAT YT O N8 AN NILUIUNIIAA
] I3 QQ‘Q‘IQ Y 1 1 [~4 Qddld a a [ 4 1 1 1
Fuiluisnlleuldivegaunsvaremsziduisnivssansam lidudounazanldanelaigs
(Lee et al,, 2013) Usznauiululagiuanuinanelymaindeuiuiuuiliugadu Ay
ABaN15TaRINTU (Porous material) dwsudnduuiaisaunszaniiogluainalagaduniy i

NMATINIENRNYINTARTU CO, war CH, uuianaadu (Adsorbent) innungviangviin
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a1ufudud 3e auiudud (Activated carbon; AC) gnldegraunsvanelugiueg

o
& o o

Jutanansveusdania deanuiduiududituneulunsndniide suyulunisudne &

q

¥

fuiiilumsgadugs awdsiereniseenuuulassadiegngu (Tiwar et al, 2017) wagd
dfyAefidiminlugnannnssuegnsninernne madindszansamlunisgaduves dudu
fuddafudesiifianuddy dnsfnudaslunsfiudsgdnsamdananunune Tiinee
Dunnsldautuiudiduianmay (Anson et al, 2004) MsnsERuUMIANToULAZIATT
saudansdauUasautAafiufia Oha et al, 2021; Karimi et al., 2018; Peredo-Mancilla et
al, 2022) FamsdaulasaniBfiuinvesdusutudidudesiiinaula iesnanusavinld

staanvane wasdulsiuunzadlunsiauianuansalunisgadunielddeuleiii
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a

% uchll a L% 1 2 (-7} % A a Y d' a % wa A
msfauUasandinuiadananaeslidudeunselidunuigeauiuly mydauUasaudanui
aufuiudmelangeenled (Metal oxide) finnaundululdlunmsiinauamsalunisgadu
(Abd et al,, 2021) naaReAUMUALUE (Basic sites) vaslavvoanlanaunsofmaluianaves
wiense (acidic gas) 8819 CO, 19 (Abd et al., 2021; KIRBIYIK, 2019) nM15ANWINANTZNUVBS

a I3 & a o o eaa ) o e A & a a
nsiiulangesnleduuiuiinufuiuaniireauaunsalunsgaduniadstodus o
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U9RFIUIdEgnanseumedednnaveniesilanldlunsinsgivseaniieilyly

v A IS

NINAaRY TINdnNInaaese1avilagn dedldiiaiuiu wavanldanege Nddgyreetaliui
nalnuadnanisnaassiaiunsaesuulaen nsvinismeasdluesufuRnisineseg1asien
A o [ = <3 ~ a )= ¥ P 1 a
919luiifigane nsiaesseavluanafelunidluaiosdiansrunuilanauiianluanun
Ingamansuaziaingsy Fegninunldedsunsnatg (Mehdi Afshari & Textile Institute
(Manchester, England, 2017)); Wang & McDowell, 2020) Lﬂaﬂamamgsaﬁmaqmuii’aLLaz
[~ ' 1 v vd‘ d' % a o = 1 Y @,
Juusslevdgegarenisifawianuiningites muddedeaansaniisantaiuasauuing
AEN1sYINIIMARBILAEN1TINaRslusEAUllLang
AauUlULITeUTIR0IN15AALUAIALTRANURI VI LA LT UANIINITAIAIBNITLAL
langoanledlugumdneanled Famsfinwazuiesnuaesdinfenisitaetluseivluana
\eeSuienalnnisgaduiiintuaualuiunsinmeasduie sy UAn1suaIdINaINT

apsauNlaudSeuisuniu
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Anullaunuiudlagnisiiulaneaantes (Metal
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121 wiefnwinissaudasaud
oxide) flagluguvoananeanles

122 iewSsuiisunuandivesauiuiudifioufusznineauiiiiunsiaudas
audAnURLE AUl g s FauUas

1.2.3 Lﬁaﬁﬂmamwﬁmmzﬁﬂumi@m%’u CO, way CH, Tuaunudug

v Ao

A e a 3 s a
1.2.4 L‘W@ﬁﬂ't‘ﬂNaﬂiS‘Vl‘UGUaﬂﬂﬁﬂqmsﬂaQLﬁaﬂaﬁlﬂl‘?jﬂLLﬁ%QﬂJ‘WQM“{J@QﬂWi%@“ﬂUW@J

neUsedninmnisaady CO, uag CH,

%

125 iednwinalnnisgadu CO, uag CH, vuauindudndmansenledaguu

PR luUsu sty

13 @UNAFILVBINISANEN

maduwanadlluuiuRasuiududtediuussansanlunisgadu CO, wag CH,

1.4  YdUAVIINISANE

Y

141 eawlatauvAnuiivesn uduTuda1an15tAunanaslyuui ula Ay
WUTY 1% 5% 15% wag 20% tegtvinaiuiusiug

1.4.2  AeRauUAveInIunuLus

'
£ & a U

1.4.3 maaq@m%’u CO, ey CHy UUﬁWUﬁNNumﬂqmﬂﬂuﬂﬂiﬂﬂ%U 273 K iag 298

Y

K WSsuieuseninaanunkiunisaatUasaudfnuraz lulatinisanwlas

1.5  Uszlewinaininazl@asuainnisanen
1.5.1  n5Ulamginssunsgadu CO, uag CHy FAnTuanmslduuusasswoun
ANsla

1.52  wavanmzimiizadlunisgadu CO, uay CH, Adgauiuiunfiniunig

v
A a v [3

snnUasaudRnuiImeanaanlon

¥
L

1.53  WusuimislunissanlasandfnuRv9a1uiuug WieiuaIuaunsaly

n3RAtu CO, wag CH, 1INTY
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av o a v

luunvesUsvimiissunssuiazuidenineides lalausileniuastoyaninsaungy

Wtea3de Useneumeidendn 4 virde lawn WdeusnAenssuiumsaadu inteniaes

£% '
U a1 U U 6

Aeansgady lnglusnwidetiazyadulunauiuiug videnaufewuudtasawnsuaalullfa

wauRmsla druidegaealuanidenineites lneseaziduniinseluil

2.1 ﬂiS‘U'J‘LIﬂ'ﬁQﬂGU‘U
N3EUIUNIAATUANS Ao nlldlunszurunisusnansdmsumanivnanuienssuail
Tngazilun1suenasiifesn15eenaNUeNa Fea1sfeanisueniiu 58031 a1sgnaadu

(adsorbate) fanuziduldviauiawazuedinas druasgadu (adsorbent) azfianiuzidu

v '
A a

Yol nszuIunsgaduliuusingnsaiiarsgnaaduniniziuiuinvesaisgaduiiende

L3959nAsERdnaliana (interaction forces) seminanu vnussdawmiletsenivaisgngadu

¥
a

& <) s s A < o
wagiNuiduuswaumesinad (van der Waals forces) agiioldun1sgagunianignn

v v a

(physical adsorption) wigussdantewilAAniussaliseninduanangnanduiuiives

Y Y

a139AduLLTeNI1 N139ATUNIUAL (chemical adsorption) (Artioli, 2008) 1189310

v Y 1% '
= = L2 =

s e A a A a o =2 wva
nszuuMsililuunngnisiiaduniiuiy anuauisalunisgadudstuiunil sluaueauds
NdAey Ao WuNEIT e mnfiuniaTwzaenduuliuiiasgaduiuvazgaduaisgnandu

(% '
! a =

fasie wiiuimswnehddldledadeierndmadonnuannsalunisgadu anunsures

'
vaada o o

o 1qa . . . 2
A199AYUNIDNITNTLAIWVUINYBIFNTU (pore size distribution) NasLduAMENUANEIAY
2.1.1  nalamseadu

NIgATUILIindusEnINENIgNAduLazanIRadu lagasgnaaduazgnen

v '
L. | v A ! A a v

FunIennIuRneguuiuiivesasaaduduvesuds mﬂﬁmsmﬂumwmmﬂainmmumsifu

Y Y Y

asiintunmelugnsuresasgadu wutesnlidu 3 Juneundn dawandluzui 2.1 laelu

¥
v A A 2

tumeunsntulunisunsvesanavesasgnaaduludanuinneuenveteunagad



! A < ! 1 (%
na1afe WWunsaelousia (mass transfer) vasluianavesansgnaaduainigaiavesivaly

Y

w‘hmeﬁuﬁ'gmauaﬂsummgmﬂ@m%’u dau%umauﬁamﬁ?uL’fJumsLLwﬁmaiuauﬂﬂﬂaws@m
Fuiiuszneulusensuns 2 sUuuude msunsnelutesitsesgngu (pore diffusion) waz
msLst'iﬂuuﬁuﬁamaiusuaﬂgwqu (surface diffusion) E%’W%Ju%umauqmﬁwﬁamiam%’u JGE
A ARTUUURWMALTR AN AU LIRS (adsorption site)
LLagmsﬁIuLaqamaamsgﬂ@m%’umﬁauaaﬂmﬂﬁuﬁamdummmi@m"fws
SunnszurunIANedU (desorption process) Aaitluusingmsitinlufiansnssiudiu

funsEUIUNSHATU

O lE% %0 0’ o° === Adsorbate
1) Bulk diffusion . el E e & s
® ® D

®
®

® ®

® Adsorbent

2) Pore diffusion

3) Surface diffusion

4) Adsorption l‘k)

o e
® o ®
Pore blocking o .
— '~ (] ®
Multi-layer Mono-layer
adsorption _adsorption
Desorption \. on [S202 )

JUN 2.1 uruniiudnanszuiun1sgadueieity (Wang et al., 2020)

2.1.2  Ussanvesnigadu
miam%’umﬂﬁhLLuﬂmmmﬂizﬁW%LLiaﬁqudehLaqaﬁlﬁmﬁﬁuiw’m
ansgnandunaansgadulzwuseanliidu 2 Ussinn (Gregg and Sing, 1991) leiun
(1) msgagun1en1eaIn (physical adsorption %30 physisorption) d1%5U
mapedulssnnil wssisgnazaouinsgeu dliAansmearusouroudiui uasiieades
AuksIUABIIIaE (van der Waals forces) vudiulvg Inglunimanamnssuazionls

nsgadulssaniiiuegeninarnslunisuenans mewsniauisagaduluanavedansia

wa1g 9 (multilayer adsorption) waglaifin1sasianusziadiseningluanavedasgnaadu



ﬁy a U ! = dl U 1 a dl o Y a U U
LA WURNIVDIAINATU ﬂa’]’lﬂ@IMLaanQﬂ(ﬂﬂ‘(leuLﬂ(ﬂﬂ’]iL‘UaEJ‘L!LL‘UaQ MAAANSHUNSU
YBINTEUVIUNTIAIE

(2) AsaaguniIwadl (chemical adsorption #38 chemisorption) #1115u
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Y
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2.1.3  asgaduuaznisuszendlden

lumsfiansandenaisgaduiudesidsitfenisinlugaduassiala &

Y

(Y (Y =

drfyAeansgaduialiamuTmzLazIINTaNTUANTARBINSRATU LTaIna1sgaduLs

avvilalinauaudinuandaiueenly asgaduiianldnudediiuiiiduniglunsaadui

I t4 {:J v

! aa = v o Py a
Eﬁ\‘i NA1IABANBILUY ﬁQWNﬂUWNWEUQQ LW@IWﬁWNWiﬂ@J@%UaWﬁW@@Qﬂqﬁimu‘usﬂjmmqﬂ
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= 1

WANINHUNHITUNZITTANAFDANUANTAIUNTAATULAT N1INTEBUUIATNTU (pore

<

size distribution, PSD) ﬂLi‘;lwﬁﬂuauﬂ’aﬁﬁwa&iams@m%’ué’wLﬁduﬁ’u MNLUE59 AdunY

| | v \ o &
Gmm’iﬂ’izmaﬁummgmu ﬂqNWiQLLUQ@aﬂVLWLUU 3 YN @Qm@iﬂu

=

Y297 1 JNTUTUIALAN (micropores) HUu1ALanNIT 2 wiluiuns Fagngu

LI 1
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=

undniiinaeg1eundeaugnisgadu (adsorptive capacity) nsgeadudinlngjaziiniu

A & A & [ £ o [ ya o o v =2
Vlsd'NEWiuu Lu&ﬂﬁ]'mﬂ’]iﬂLngWEu%u’]@LﬁﬂNUQ%@QﬂWi@JW%Uﬂzagiﬂﬁﬂ@ﬂu WWIﬂ@JLLiQ@QQ@
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1N waziiloluanavesansgnanduinsidain luanaszeglnatuntdvesansgnaadu vinlud
L3sgaTiinTunuluBnag waznsTiansnnduiusiIaesINTUIEIAENUINUUEINA LT
WUARIT W ZgInLguAUIHTUIUINDY

1 a

= U a
YN 2 JWIUIUIANAN (Mesopores) HVUINTENIN 2 - 50 ululuns &

[
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=
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Y2991 3 gWIUBUIALNG (macropores) dvu1alnginin 50 wrluiuas
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v v a A o

swuasgatuiaentsnldies] PSD uiasdfimanzan JUN 2.2 wans
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Cumulative pore volume, cm%100gm
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Pore diameter, A

JUT 2.2 NM3nsEanevungnIuresansgadulssianene uanadulinasasauiieudu
VUMW (Yang 2003)
U Y v & v & v = B Y v
agnilananludisduiinisidenaisgaduiuieaienlvimungauiunisly
U wlansgaduasiiinnunevanesile wiluwinisenamnssuauiuiuddinaduiiieuuay
gnihulglunuiuegiunsraie dusudanuazergiunnududdngnldiduaisganinuiu

dndleladiisnsurwinieauenanazgnidlunssuiunisuenaisuadegnihlulddusawan

¢ o)

Y]

= a a s . PN o io’ A
getiisTunadiues (polymer resin) Mlglunisvinunau

pwid !

U583 (ion exchange) 8ne3g WANAN
U3gns wazansgaduuseinnusau (clay adsorbents) Mldlun1suendaudesvusenainnis

a Y = a [ v
nanUtuensUsLaA 1WuAu
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o s LY LY 1
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YDINTFUIUNINATU MaenIuNsUTEliLUTIaNsgnduLasUssanSnmeasiigadu (wn
dev, 2019)

luszuugaduuiiadinsunisgadunisnignin aunsawddleluiisuseanta
Hu 6 LU mumssuunves IUPAC fanandlusuil 2.3 aneunhiluuud | f v aniiaue
1my Brunauer Deming and Teller (Brunauer et al., 1940) TnefiswaziBoadsioll

WUl 1 (Type | isotherm) ﬁﬂawuﬁuﬁmﬁwéﬁwe‘]iﬁmmmi@jmé’mamﬁwﬁu
pgeIMgy ntfuasiiiveg1edng LLazL%ﬁgjﬁhm‘ﬁ'Lﬁ'ammﬁué’mﬂ’mégﬁu Fawanslisiugs

[ [ ) [ S a . A A '
nmsaagulugnsuvnadnuazJunsgadukuutulies (monolayer adsorption) #3ai3enin

o

I acs o & . aa < V@ o
Dulelefisuuuuuaias (Langmuir type) nuldluansaaduiiisnsuswindnegiduiiuiy

Y 9

o

1IN YIRENTAATUNTTNTUVLIALAE?

Y 9

WUUR 2 (Type Il isotherm) dnwagvadloluisunuuiuseanladu 3 41

Uizﬂ@Uﬁ’JEJ“U"NLLiﬂi@IﬂILﬁ%&lﬁ]Zﬁﬂ’]iLﬁiLl‘U@QU%NW@M@J@%’UiuﬁﬂUmﬂﬁﬂﬂfﬁ LVUNALNUYD

' ' ' [
U v s t 4 a a =

AMUAUAUTNS same997 2 Fanansanuduusiiutuludnuuzifauldudunss 99

q
(% ' [
a = = =

WAgWIINYGWN 1 89 2 1inTungn B (knee point) agya9aanigUsunaunsgaduazsiiudy

q

[ '

v A

98195791152 ﬂaiﬂﬁuadmi@msz?’u LL‘U‘Uﬁﬁ@ﬁmﬁ@msqm%’uLLUU%’uLﬁmﬁmmzﬁqﬁmmwﬁ]m B

9

waantuaziunsgadusuunanedu (multilayer adsorption)

(% s

WuU? 3 (Type Il isotherm) H8nwaElAIRIBLTIMILAUAIINAUTUANS Uz
wilgdfiaudui Usinansgeduitesusidliennuiugedivilalinanisaaduii

14
[ v a

g9?u Wunaunnludiusnussnagaseninliianavesasgnaadunazansgaduilaitos

Y

NIUTIRIRATENIaNaYeETaNAAdy uslilafeganilulsiiegasenineluianavetansgn

v

andumeiueztgliUsnumsgaduingula
WUUT 4 (Type IV isotherm) i AUAUFUR NS A19zdanwuzaa1anule

Tofisuuuud 2 Wetaganilsnnudurensaziudueg193ns) NAnusuduivsidilng

a0 =

1 anutuveInsivazA oy anadtazidainei tdenarsuileleyisuaeinisatedy

'
1'% = o U % [ 1 o v

(desorption) 331938 NIANUGUFLRNSWITL Wwvadleluiisunismeduireginiloduues

O A a =

leloiisunisgadu duAeiiniadaine3da (hysteresis loop) FeigIteeiuusingnisel

auuiuluraensian (capillary condensation)
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al

WUUfl 5 (Type V isotherm) idnsazadtouleledisuuuud 3 udazieg
aweidaiatude fnnududiinsgadulolniisuoaidnsusadiviemutudly Rty
idoussfsgsgnindluanavesansgaduuazarsgngaduiaios

wuul 6 (Type VI isother m) fidnuazdunuudy (stepped isotherm) Gl
uiazduuansdnuurmagadurewusariyu fudunsgaduuuudueduresasgngaduuu

(%

fuAvesEsgaduvesdniinuailateveLsINsEsEnIluanavesasanduLazeans

o

NRNYU
U

e

A Type I | Type Il \ Type I

X B

Amount adsorbed
Amount adsorbed
Amount adsorbed

Relative pressure, P/P° Relative pressure, P/P° Relative pressure, P/P°

A Type IV ) Type V \ Type VI

Amount adsorbed
Amount adsorbed
Amount adsorbed

X B

Relative pressure, P/P° Relative pressure, P/P” Relative pressure, P/P°

JUN 2.3 dnwaizleleiisuvesmsaadunfiausgnslaeduunaiy IUPAC (Ngernyen, 2007)
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2.1.5 nsianeiaauURvesaadu

Tunsteszinauaudfvesasgaduienldlulasau (N) Teleiisudundn

¥ '
aa

Tumsiwnsedt ieldlunsmuInmNuniITNZLaEN1INTTALVUIAVBITNTULDIAIN

A o o

Fu udsaudRdugidanuddy Ineideyamaridaudndudonisidenaisgaduunly

31U

2.1.5.1 WUNRIWNIL

¥ '
a vaa o v U

& A ° A & aada 2 v
WUV]N'J"\]’]L‘W'WgﬂaLUUﬂmﬁNUWWﬁqﬂmsﬂaﬂ?ﬂimmsﬁU ?ﬁmuﬂﬂﬂ@ﬂqiisﬂ

@ U
Toyalolaisunisgaduuia N, Ngamall 77 wwadu lagldisn1sTadie3uns (volumetric

=Y

measurement) @un15ReUlElUNISAUINNUTNRIAD @Un1S BET &4 Brunauer, Emmett
wag Teller (Brunauer et al., 1938) laiauuagtauaaunsdmsun1saaduliauunuiasu

dusunsaAduLUUNaIeTY N1TRILNANNTT BET LDIAYANUATIUADIUD LT ULAYINU

9 9
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& A [ % 1 v A

AUNTTVBILANIT AB Wawummmﬂm@aﬁmzﬁﬁhmﬁiﬁuﬁuﬂ‘%mmmaamw
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v
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ponuwduaunisle semaluil
v cp

Vi~ [Po-P][1+(C-1)5g] @

Mo PO fie mnuiuledudnvesasgnandu o gumaiivensgady

v A

Vo Ae YSinawesansgngaduiiauna o aanseiu P
Vo, Ao USHnesansgnaaduiise sk uutuliguuiiuinvesansgadu
C - fig A lSmitenilanudmusiunasnunisaady

v ¢

@31n15 BET 221919 AU WNANUAUSUANSLA1 0.05 — 0.35 WWS1¥9

v A

ANUAUFITNSEINIT 0.35 UN1IYATUNINTUIUIANAN Fadunisandulaemuwiulunasn

Y 9 Y

san yibisinsEeshlugluuuiuandnsanauufgiuluaunis BET

dl' IS v v 1 P P v £
BT UNTINANUAUNUTTENIN ——— WAy — %lmmﬂmauma
V(P°-P) po

Aa v C-1 @ = 1 o v ° ' Y &
NUAITUVU v LazsyAnnnune oV "ﬂgmqiﬂﬁqﬂqiﬂﬂ’]U'lmﬁflﬂfl C way VvV, 19] I1NUU

m m
A0 URII N E LA NENNNS

d' a4 & A o
W A A Wu%N?QWLWWSW@QﬂW?Q@‘U‘U
V

n Ao USuamsgadugagn
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Y

Ny fia fuave1linilas (6.23x10% Tuana/lua)

A v

8 funvthdnvemilduianavesasgngadu

De

o))

am
2.1.5.2 US1ASUATANINITANYYUIAVBIFHTUIUIANAS
ad
59@4 BJH
Barret, Joyner uag Halenda (Barret et al., 1951) Ynauaisn1sm
N1INTEAVWINENTUINTUIUIANA A MTUNMSARTUNTTURR AR T UK T veegny 19
aa ° . %% as ad
FBnsAwInu discrete method laglddeyaleleiisuvesnisagansluguvemisng 35

Y99 BJH fanunsauszgndldiugngunisuinadunsainssueniaunuauny

Y

2.1.5.3 Y3010348201305237 YUVUINVBIINITUVUIN L’Sﬂ

#un159 UL - $19UAIY (Dubinin-Radushkevich (DR))

Dubinin wag Radushkevich tatausaunisiialdniusuinsauialén

v acs | U o = o a A
mﬂsuamuavl,ai%miﬂumﬂmwmummﬂmﬂaw I@EJEJ’]FTEJV]QUQWU IUYD Polany| ?]Qallﬂ'ﬁ

(%
(% v a

DR anansardsunazdnguuuulule fadl

Rngn

W = W,exp |— —2E, \ (2.3)

[

anusadisulvllvieglumenvesUSunaumsaadu Al

2
\' 1
ve = XP| = GER <R Tln ) (2.4)

=) = I a ¥/
viselduegluguvesann s

InY = — RgT] In 2( ) (2.5)

Vo
dun139 Uiy - uoamaew (Dubinin-Astakhov (DA))

Dubinin wag Astakhov lalausaunsanuduiusvesdndnmsgadu

fifinsWmunanaInauns DR Luaqa]'ml,uaiwsumsuu’]ma duulngTuviedinisnszarevunnd

ety aunis DR sneSuneauganisgaduldlaimin vedfamguananuliaiiaseres

'
a

NHINUNIATUUUNUR IV AFUTIANNINT WL T DIINUTUINTANUNTULAZ N UN NI

WILTU M9ty Dubinin kag Astakhov Faldlausaunis sadl

o

0= Wﬂo = exp [— (%)m In™ (%)] (2.6)

A = a (2 Y v dy
‘Vii’e]L“UEJ‘lﬂ,uLVI@?J‘ZJBQUS&J’]ZUFH?QWUUI@@QN
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.
logV = logV, — D'log™ (?) 2.7

Tef m WunisfmesNusiimnuliadianevomdaunuiy
LagUIRRIAINNINTBINITNTLIBUUIAVBIFNTUVUIAGN dMSUauiNiudnudn m e

PE5¥NINe 1.2-1.8

o [ a o a
2.2 LL‘U‘U"U']ﬁE]\‘lLLﬂ‘JUQﬂqﬁuuﬂaﬁJ@uﬁﬂq‘ﬁa
FBusufiaislaszerdendnvosanuuiazdu Inefiidunisumannisvesgamina
AanTaif (statistic thermodynamics) 41Useeneldlun13@nyIn1saAgUUUNUATIYY
< 1 € 1 = o 1 6 1 5 a g Y a N 1
YouTe Tunmsduimsnisalingg aziinsiuindnwgnisalvaitiuausaintulaaswmseld
1TAYNITATUIUNE IIUVBITLUU T 992ANITAIUUAAT NESIUANEN19LAT (chemical
potential, p) USu1ns (volume, V) uazaunqil (temperature, T) 993520 Lila5zUUNg
Waguwlaad s ofmisvesaunIa ssuvIgAand I uiiuasuwladly dndnnis
& (% ~ a a o | [} a < a
Ao MNNaIuYassruUUagukUadldiansdiniinaaauseuuiy ssuunazlasuliuniy
JULUY (configuration) Tnl Tngaziinsdnaesdny aunseianasuvesssuuldivasuuwlas
M3 seuutngauna (equilibrium) (A3W&3, 2011) seuuiinsivagunwdaailesnin 3
wan1sal Ae n1slaluianalinly (insertion) n1sfalaianasenyn (deletion) wazn1siAdoud
GUENIaJLaﬂqa (displacement) (Allen & Tildesley, 1987, Frenkel & Smit, 2002; Do & Do,

2003b) pridhlulfueaudagmgnsnifiaziindu annsaedureldfaunsseluil
p—U(N+1)—U(N)] }

exp[ or Al (2.8)
3 —_— —_— —

P = min {ﬂexp[ p+UCN— 12U ,1}
v kT

—U(N+1)—U(N)] 1}

kgT ’

P'= min {A3(N+1)

(2.9)

P = min {exp [— (2.10)
do P e ewthandu

vV fAe USuinsves simulation box

N Ao duwuveduans

U A9 NARUANgNIaLAd
A #® Thermal de Broglie wavelength @ansasulnlanail

hz
A= m (2.11)

dlo ks e Anasiives Boltzmann (1.38x102 m? kg st K1)
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h e fnsfives Planck (6.626x10° kg m%/s)

221 wuusrasandsnudnddmiusuinusdamietssvinduana
(Potential model)
lun1sdnaesnisgadudedinisAuiauseseningduana ludnaziduwss

sewinsluanavesufaduresuia vieveaufadietuies lussuuvosufatuufaduas
firsanangaguinasedinanaisaessia axldaunisves Lennard-Jones Lo uIniusy

seninglaana Jones&Gunnarsson, 1989) fiseazidennswalyil

Usp6(ry) = 45 l(ﬁ)lz - (:—]’ﬂ (2.12)

rij
do Uy e wdwudndsswinluanavesmaisaosniin
€ AD NAWIUAIEANYRINTAIAUSENINALIANA
G, Ao durhugudnansiilianansansuiy
Ao srEevaTEnINluang
Tussutufauazvodetiu nisduaamdudseineg aldnsduamuniu Lorentz-
Berthlot (LB) rule Auiaulasisannis
Est = [EssErf WAY Ogp = G“TM“ (2.13)
uiiaun15v94 Lennard-Jones slaildedsfsnaiiAnduninussqluinvosuday

avpau Julinnsldnguesnaeuy (Coulomb’s law) intiglunisAuan desaluil

e
=—2 (2.14)
4meg  Tij
e quavqg P A1UTEY
& flo Aanmeew (Permittivity) a0enansiidugeyyinie
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2.3 aunudus

v o 3

J YY) I3 & | . @) o a =~ aa Y
aunudud 39 auiudud (activated carbon) lOuansgaduyilanianieulyiu

ag1unsvany aunsalilaneiussuugaduiianazveunad luedniinisuiunldiie

[

TrgUszaAnanIsuInduazn15vnuIgns (Bansal et al,, 1998) anduiinisldaiulunis

9
1%

nsoenny audaldlunisiusavsuinia waslutiasnsulaninisiauigunmasa e
Idaaduuianylunininiuuia
! L = B ¢ o =~ oo & da | v
audududdaiiumsuenedugiugunideiifinnunsuiasuniige denalvd
o 1Y a = = I3 = I3 o
Aasatumsgaduadluie ndnlalagnisiningAuniasueudussrusznaundnin

'
YY) [ a e

HUNTEUIUNISARUTUA (activation) G9nTnafunazaniznldlunisnenusiudaiaiy A

9

'
U &aal LY

sgyhlnlaauiududniiauaudfussinsiueanly
2.3.1 laseadevasanunuiug

! U o e v & A v s 1 v v a & =
ﬂWUﬂNNUWNIﬂiQatiWU‘EqUWﬁa’]'EJLLﬂ{LWG]LLWNﬂWiQ@LiﬂQWTﬂLUUi%LUUU

'
=

Weoani1 nanfedadumdveudiluiduwnslue (non-graphitic carbon) JUA 2.4 wans
TssadsveannsliduuuianezlniadsUsznoumeszuiuvedasneunsuaunidalesiuduy
N A < = ' < v A
TEUNYRNIUUUTUTLSENYULNTHU (graphene layer) laguAazduzINFIVUY kazindoy
fuluguuuy AB AB AB a3l 2.5 uanslassaiavesiunududgeusenaumendnunsing
a a Y] 6 » . 1@ 1 PR 4 a [ 1 [
nSenlulasaIadalad (microcrystallite) agilungus dednles uazdoumieuiuegialiily
sy dwaliiindesiwmsegngutuneluduiuiug dwuanddusun 2.5 Inegnguisusns
TAMAIULUY LU WUULRUYILY (slit shape) Wuuie (capillary shape) Wuufad (V - shape)

WaoUUUIANEN (ink — bottle shape) 1Uusu

Basal plane

Graphene layers

C-axis
»
Edge plane
B
0.3354 nm
A

/ \ ' 0.142 nm
.24
QOutline of unit cell sl

gﬂ‘ﬁ 2.4 Taseasnsveaunsiid (Marsh & Rodriguez-Reinoso, 2006)
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Micropores

Mesopores and

macropores

JUN 2.5 Taseainavessnuiudus (Bansal & Goyal, 2005)

o 4

2.3.2  ANSEATISHAUNUTUA

1Y

anfimsveulussAuszneunnyiaaiunsatiuindnauiuiudle uiads

'
[ o =

dontanninsvendussdusznevatasiianseliunida saufssaign lnelugeaivnssy

L4 1%

= o ! a I [ a = ! ! A A <
QSMﬂWiUWO’]UMU@J’]LUUQ@Q@‘U FIUOIYIUIAN ) LYU 111 NZANUENINT BIDLUADNLUIVDY

a k%

nald Asudnaudusiudlneimlvazwiseantoidy 2 35 Town A5nseAunIanienInwazis

q

[

nszAuMLAll Ineliseastden iy Al

(1) 38n3EHUNINIWAIN (physical activation) Usenausmieasstunoundn

=

v 1 3 a o s U . 4 ) 14 [ Y a o 14
Lo Yuneulsniiisenasualuedu (carbonization) Faudunisliaruseuuningauiili

'
a o

a o I~ ' Ao = ' = &
Lﬂ@ﬂqﬁaaqEJG]'JV]']\TL@M%JEN?H?G]'Nﬂium@u@qﬂ’]ﬂmqmw #1131 800 DNALYALLYH Iu%um@u

= 1 1

TazlpunandadniisoninaIusns (char) 9901 @99

o

y
Y
fdndiuvensuaugeniilaiiisuiu

£%
o v a 1%

naAuRaiy widadauaiunsalunisgaduinnsizivnduay (tan) anAseglugngu iive

Y

I3 A & da P ] ¢ & P AN v . . =
LﬂUﬂqiLWNWUWW"ﬂﬁLLﬂQWUﬂN um%um@umﬁ@ﬂ'ﬂSL‘UUGUUG]E]‘UﬂWiﬂiSGJU (activation) @903

nszduaziiuniseandladailsufia 1u loun (steam) wiaasueulneanled (CO2) uia

aaa &

28nTLaY (02) ¥3081N1A (Air) Mo iYIe 800 — 1000 BemLwallea WalinufAsewl

¥
=

TG (gasification) Yu AgnalMiAnInIulndnTave 18 NI ULAN SIUN SN UT 093
BdnmsouBaTHIININNYY demalinauaansalunsaaduasy

(2) FBnsgdunund (chemical activation) \UWisnanamANTUARUUTUABY
N v a v ) ! a a ¢ v L3 v L3
Wed lngnisuwandngavivaisiad Wy arsedunidussiandanilad lavgdanlail

a1sUszneumsuBlue a1suszaniug vionsaunavile Javihmihiiluansnszdu udaly
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WunsruIunsansusluedulugiegumgi 400 - 600 ssrwal@ea nalnnsiingnguves

o [

aa v & I PN Y @ £ o g v
'Jﬁﬂ'ﬁﬂi%fﬂ‘NLLUUu QINLUUWWT]‘ULLUGU@ LLagf’UgLLWﬂ@qﬂﬂu‘lﬂGUUﬂ‘Ua'ﬁLﬂlWﬂsU

2.33  msUFuugeinuRlvasauiudiug
dmiulunideinsdnulasaudinuiivesduiududazodeIsnsudy
(impregnation method) §uduw3snsfiginduialiuazlidudou deiduisnsnldinien

v 1 aaa v & ad g vo = a a
Aseufisemuenienin wasduduisnmsuldiulunsgeavnssuuasiivsednsnim

aw o d v
2.4  URYNLNYIVDY
Tnvdulnguarnuiddendnviferiunisgaduasiiuluiinsusulsmienaudas
arsgadulniiuszansamlunisaaduaisidesnisiiuinduaindy weiaisgadululylv
@ saa ° ! [ Y A W < v oy = 2/ '
ASINLIRUTEAIANIAINTUNIZIAIAT LU MIANTUMTeANINULAANABINT WTauLlLs
nsgadudnselanevtinmiievuegluvedvan
dmiudinlvmhssunssuilagudulunauidenieidesiunsgadu uia CO,

way CH, lngldvhnnsagudeyalaeszsydulimansgadu daanslunisnn 2.2



M159 2.2 USaun3gadu CO, wag CHy MNaIRAduriing1ag

19

YIuunspady
#0172N1INAADY
GRE LT (mg/e) 81989
CO, CH,4 (P, T
Zeolite 13X 324.37 915 3.2 MPa @ w3u CO,, | Cavenati et al,,
4.7 MPa d1%3u CH,, | 2004
298 K
DD3R nano zeolite | 123 26.6 3 MPa, 273- 348 K Himeno et al,,
2007
Activated carbon 1408 224 3.2 MPa d@113U CO,, | Cheng-Hsiu et
(MAXSORB) 4.6 MPa d1%3uU CH,, | al., 2012;
273 K Himeno et al,,
2005
Phenol based - 128.9 3.7 MPa, 293.1 K Lee et al., 2007
activated carbon
MOF-5 480 1715 | 1.4 MPa @usu CO,, | Saha et al., 2010
10 MPa @ sy CHy;
298 K
KIT-6-PEI 50 135 o 348 K Son et al., 2008
mesoporous silica
K,CO4/TiO, 119 - 0.1 MPa, 333 K Lee et al., 2006
AC- cherry stones 10.45 - 3 bar, 298 K Alvarez-
mmol/g Gutiérrez et al.
2015
Ni- loaded AC 42.8 - 1 bar, 30 °C Younas et al.
2016
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1NA5199 2.2 Iuiulaanluns@nwinisgadu CO, wag CH, Wuwliasdansgadu

a

unnevianeviefignideninnveasslidiezidutanlassinelansdunie (Metal Organic
Frameworks; MOFs) 4 lalasi (Zeolite) lanizaanlas (Metal oxide) wulanosadand
(Mesoporous silica) kaz3a@n A5 ual (Carbonaceous material) ¥ AR 199 91Uy
ffudi(Activated carbon) gsanduaisgaduiiianudeuuazgnideniundnviegiaus
Hosniidunuiisn dunsunaeieulddudou wiliuszansamlunisgaduiias egns
g1ufiudud MAXSORB (Cheng-Hsiu et al., 2012; Himeno et al., 2005) lviUSuaunsgadu
CO, WiNfiu 1408 mg CO,/g sorbent wagliuu1aun13aadu CH,y AU 224 mg CHy/g

sorbent uladn31 MAXSORB daau@unsaluni1snadugefiAudugs aaanaud

(%
v A v v vV

E0YTNIMNIANNTOUES HamansnIsgadun Tannsiulunisinungs arudududidsen

9

gn sdsansafuannlade
dy =3 1 a v 1 5 a ¥ d' U Gl [ 1 [y Y 2
uaﬂmﬂu%mmw'}mﬁ]EJmumﬂuummuuhmmiﬂiwS;WiiammLLanmuﬂmuum
Tiduszansnmlunisgaduansidesnisliiinniuainidy 3935 sdauUastiunuseandu 3
sz laua Usziand 1 menenin (physical) 14w 35 heat treatment, Usgtany 2 m79

1ALl (chemical) ¥ U35 acidic, basic, WA impregnation , kazUszlanyi 3 N19¥10IN

a

(biological) d@msun13gadu CO, (Yin et al. 2007) A10819U81UITBNINTANYIT U

1nue ldazidunsanunlataieanlanile (Surface modification via ammonia) Aignufy

(%
CY v v

UARIAUKERIINAUENTORIENNIANSY IUTuaun1seadu CO, agfl 62 mg/g (Chang et

{ a %

al. 2020) nsfnlUaseLedY (Surface modification via amines) A TUANLTUATINERAIY
ngaUrdu Iusuamnisaadu CO, agjﬁ' 1.02 mmol/g (Kongnoo et al. 2016) Wazn1s
Fautasielavzeanlas (Metal oxides modified ACs) TiUSanainsgadu CO, ogl 6.78

mmol/g (Nowrouzi et al. 2018) dsnsfautasmelangesnlaniulavaiulugazldisnis

Uty (Impregnation method) Tunsvitbilutanaveslanseanlyaunsdudrlvlunuimse

1% '
. v a = v aada !

Tassasevenuiuiiug winstazdiinisdnelduinmnifeuduis dundnetduisnisnd

tunouseudglidudou laveignianldluizguy

9

(% (%
aa v
U

dlangdanlauldsn Wi Mg Lay
Ca waglanensuddu wu Cu, Co, Ni, Fe uaz Cr Fagnienuiiaunsaliuliaiuaunsa

lun1saadu CO, 9 wananfinsusuusamsedaudasauiudunnlslangeanleddagn

FenuNHeUTulReNaRsatunsaadu CH, lawudeiu
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v v 6

Cisem KIRBIYIK leivinn1sAinwinisgadu CO, wag CH, vuauiuTusfdunszian
n1nnIui (Spent Coffee Grounds; SCGs) lagAilafi n1sua U Ul UAAINa1I0IINTS

Tawlasaudfnuianienisld FeCl, wmunszusunmsmandlvlidu Fe,0, tn1zaguy

¥ LY o al

ey Wethdwtusuddsduilalatnssaulasaudinuiuazauiutuddsiang

a

&
NWUN

ad a v wa X a v 3] o v o cda
@@LL‘UaQﬁﬂJ FNUHN 'JLLa'JlTJVIﬂﬁ@Uﬁ@J‘UWV]'NWUN'J@'JEJﬂ']ﬁG:IJ@I"?]U N, WUIDIUNUHUNNL FeZO3

9Y U U

¥ (%
v vV

URNUNRITUNIEAINTIATUIATHTURALAIN I UANTUAR R Y Uazilai

ﬁ&e

aufuiuansaesuulunagaunsgadu CO, wag CH, Maaungil 0 °C 25°C wag 35°C &4

1 ! LYY saa d’lj a 3.11 IS v A ! a a
wudreuiuiuRninseawlasaudRnu ’Juummmmmmiumim%wqamﬂ:m&mqmmm
Msgeduini 0 °C fuinansgaduiigaiiandsiedunmsgadunisnenin uenannilss

q

'
£ =

anunsafuanmauiududlildaulanauausalunisgadugs aruiuiuang Fe,0, ag

Uuﬁuﬂﬁﬂﬁalﬂuﬁam%ﬁﬁ wulsdrsunistdanumdulule

Y

Hakim wazay lavin1s@nwinisgadu CO, Mgunginisgadu 25 °C lagnis
ankUasauiududsielansoanlenr1uisnisgugy Fslanzoanlonfidnuie Fe,0, i1

Fudiu 0-60 %by mass nanuIINA Fe,0, finanaautansiuiivesdusiuddnase

v
o

AMUANIalUNTY A Auif Aa9mzuarUS NI uilAtanauiausuIuves Fe,0;
A X a o ) @ o oA ) = ‘:l Y v u oA
Ny nviemuannsatunsgadu COo, Amasuielnumniuseuiguiuauiuduni

liladnsanuuasaie Fe,O,

Y

Jang way Park loyin1sAinwingAnssunsgaduvesauiududninisdy NiO ag

78 post-oxidation (yuliniiawuulyllvinniaamagl 573 K lunssuaenie) wedndu CO,

Y

a

NgaunQll 298 K AAAUUITEINIA HANITANYINUIMIN post-oxidation time AU wa

Y

Wianuaansalunisgadu CO, Wisunny Jsazuladn NiO Yreiiuauausalunsgadu
CO, VWUAULUR
MnUFTimssanssuiilana 1 lusuiuladaiauiuduitulundeunasing

gangulunisihundaudasiveiiindssansanluniseadu CO, uay CH, luaddelidslad

o

wnfa szt auiuduaninmeeglunewainuvinisaauadagisnsgugueie

[
v

LﬁgﬂaaﬂI%ﬁLW?}%ﬁ unoulududou 'i'JiJENEJLLU’Jﬂ@VI’i] AnwfanansgnuueIUSuIuved

widneanlani mammimmju CO, waz CH, 98 1isanluilag dudeinisfinwldunn

Y

| ] =~ y) ! Y] saa
W]'ﬂ,@‘Llﬂ LW@W@W‘UQSIG?LSUL‘UULL‘UTV]']\TGLUﬂ'ﬁ‘UTUUEQﬂ']UﬂiJllumV]ilﬂ'J'uJ‘U']LW']uLGU'] ﬂ\‘iﬂ‘ULLﬂa‘V]

roansgagulaundulueuian
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A5N15A N UUIUINVY

uniuanisn1saniuanulTenaseunguinte 11U SUAWATURBUNTAARUAS
auUAnuinuduiudlaenisidundneenledudageunuantivesdudings n1s

NAFBUNNIAATU CO, Uay CH, nasnaunIsiassnalnnisgaduilsluanameisueuinila

IngFBnsaniiuanAdeannsanuimsdiivnududuneusie wandugui 3.1

USuugsnuianuiusiudlaenisiiinlane .
) -y nadouAnaNTRvesauiudud
sonlenlugUveavineonlenrie iUy F----- > T
_ . Wy audRALNgY
(impregnation method)
AN maveIUTIamANUUNURD
Anwinsgadu N, CO, wag CH, [~ 2 RN HUALASGIUNPIVIIABATT
Y
| A0dUTTRRNIQRTU CO, Uag CH,
H =2 a N
. N AnvnavesUSunaumvaniieguu
318890139 TU N, CO, kag CHy . - .
. . - LAUNIINUY AITUNINIYD
PMUTER LR LI RHG L . .
wHuNITuLarauviinI SRRty
AATkaraTUNanIAnyINsandu CO, | Anwinsnszanerunagngy
way CH, Tuanuiusdusniinisiulany YRIATUTUTUA

[
A

20N YAUUNURD

JUT 3.1 2 mMsu3snsaiiuniside
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3.1 msuSudgsnuRaauiusdiuanldluauilde

[ '
v ¥ v i3 Y

Tuidalilavinisidatuiududdsdudua1uiududnian1sadve Vikings 9n

|3 1

g Uanlags1U thebestwater ngunnumIuAs auduiudldean lodine value (ID)

[

Wiy 900 mg/g YWINVUINBUAA 8x30 mesh TddmsunIsAnuUasantitiuiivesaulag

v ada |1

91A835quYs (impregnation method) A335vas Hakim wazAe (Hakim et al., 2015) B
SEmsiiiunsiineasdondeielui
3.1.1  aseiluazgunsaliildlunimeaas
3.1.1.1 Jaquazansiall
(1) auduiudn1en1sA (ID 900 mg/g, Vikings)
(2) lesou (1) lwmsn (ron(lll) nitrate nonahydrate
(Fe(NO3);-9H,0); AR.grade, Qrec, Newzealand)
(3) enuea (Ethanol; AR.grade, Labscan, Ireland)
(4) ﬁ?ﬂﬂﬁmﬂlaaau (Deionization water (H,0))
3.1.1.2 Lﬂéaeﬁauazqﬂnmjmiwﬂam
(1) qum%qmumi (Magnetic stirrer + Magnetic bar; Xylem
analysis, Germany)
(2) Lﬂéaaﬂé"uﬁmaamwwgu (Rotary evaporator; Buchi,
Switzerland)
(3) w1 (Furnace; Carbolite, United Kingdom)
(4) W:EJU (Oven; Binder, Germany)
(5). gUnsalinTeaui (Glass Ware)

(6) Iﬂ@jﬂmmsﬁu (Desiccator)

3.1.2  /MIVAALY
FBnsesesluitedesuiemstaulasdusutudlasnsfuninluase
adluuuiiuivesiusutuddaeisguty (mpregnation method) duvdnlumsngnuudeulst
Jumdneanlen (Fe,05) Tunends 38n13ves Hakim wazany gninanldluauide lned

nuazduneInalul
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LY

3.1.2.1 mawssuauiusiuaninisusulssuianlenisiiumanaanles

[
wa

FFnsandataudinuiIvesauiuudsen1sRNdnaanles i

TUADULANIFIFUN 3.2 auidundssaluil

(1)

2)

(5)

(6)

SraawesnusuiugnensAdaetn Dl wdreulumieui
gaumll 105°C 1Wunan 24 #lug

11 Fe(NO,)5-9H,0 Usuraumuii oonuuunisnaaaslideld
USInauuoamandt 1% 5% 15% way 20% lnethwinvesaiuf
ud avareluaisavarenaussninay Dl wasloniuea

[ ]

(®n57187U11 DI 30 NSUMABLENIUDA 10 NSY)
PaunuTuURAIAUNaN9YINnANLEL DR LARLasluaTazae Ty
49 (2) P18dns1dIUa15aza8 5 mL Aoaunudud 1 NSy wan
nunauduIan 24 F2luen1u35n15909 Hakim wazauea
QuNQiITied

vasranlute (3) lUsenemeinsaandussiieaIshuunygy 9
gaumnil 85°C wdzeulumiaumesgauvgll 110°C \waan 10
CRIET
Y1ereg1901unuiua wiawal lularusauneldussennie
ufid N, audlofisgaumail 450°C Asliiduan 1 Fluaiefoy
Fe(NO,); lu Fe,0,

) | | v o faa | L a P

A9E N UANTUANT Fe,0; BEUUNUHY (xFeAC Lag#l x wnu
USunaveawmaniloguuiuiivesauiudiudainnisiuinniu
v o @ a" dy d' a L wa
Jegarlaguia) gniluinuilagannuduiieseldinsevauds

a0
Vl’]ﬂﬂ’]‘&Jﬂ’WWLL@%‘VI’NLﬂEJ@@IU



AUNUTUANIINITAN

'

Aavsvasanuiuiug wartllaud

gaumdl 105°C Wunan 24 Falu

¢

avane Fe(NO5);9H,0 Tuasavanonay
s¥winain DI wagtenuea

(8m357187UU1 DI 30 NSUABLENIUDA 10

.

wuaunusTusasluluansazanandiniu

wanluaan 24 Flusiigumaniivios

¢

wewanluszimenoamall 85°C waau

egamall 110°C Juiaan 10 Falus

v

spgraanunuduanwrseallulnainy
Sounelaussennidwia N, aulilads

gl 450°C Aaldidunen 1 Falug

'

ouANTUANI Fe,05 DgUUNURT (xFeAC)

25

(%
[

JUNDUNITYIANUAL DA

anunuTus

v

\4

TUABUNTFUYUEWANTUA

8 Fe(NOs)s-9H,0

12, S A —

(%
o

JUADUNSIAAUS DU (Heat
treatment) iierdsy Fe(NO3);

Iieglusy Fe,0,

| ——

JUT 3.2 dupsuniswseuauiuiudniumaneenlye
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3.1.2.2 A2uUsNg1909lUIUABUNITIASIUAIUNUITUR
ANSN 3.1 kAAIFILUSTNYIT9LUNITNAADY WIBANEINSARLUAS
duiusudlinSousiensliassinuauRkasnagauANaTatuNTady CO, uag CH,

Tugaudnly

AN 3.1 FaUsNNEIUDI I UTURBUNT AT BN UNULT UG

AauUsAu AulsAIuAY AaudIsny
(1) Usunouues (1) dndauszwia | (1) USuna Fe,O; UU
Fe(NO;)5-9H,0 DI uazlen1uaa NuneuusTus

(2) MINIUREL (2) auURANNNTY

2.1) A5
2.2) 1381

a

2.3) gaumngul

(3) nslAusou
2.1) ufd N,
2.2) aia

2.3) gunpil

3.2 msassvnuanUivesaunudu
lummeaeuauaudRvestmindudazinmnafmTinseilasiasmdn sUse
WAn uaraudhnumgy Seseezdeaifelud
3.21  msiaslassadiefaemaiia X-ray powder diffraction (XRD)

a s

Tun193As12MlASIAS1INAN LB ABNATAILASIZITNISREAUUYDIS IFLONGT

ANNSENUNEENYeasiag 19y fulaefivaiadmyayiu (detector) Wuisudaya

dwiunuideildiaiesgu D2 PHASER 91nUSEm Bruker 71l X-ray source 10 Ceramic Cu

X-ray tube TumauLsnilun1sifmeg1eauiuTuRNunazdeanaeasiy zero diffraction
v [ 4

plate MnTuILgLATY XRD-D2 N5eddndunanurasidaneuniasfinssddndnnanu

g17A8U 0.154 WNlUIAT WSa9U 30 KV kaznszualiii 10 mA 19ens1ainn1s@euuwnsn
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'
[ I

A0AVRITIALDNTNYINUUTENIN9FI98190aY detector Aaus 10-90 847 (two theta - theta)

q

8y detector flay 0.02 09 wazusazasazddliidunar 0.5 3undl naftldanansausd
vilawesansuszneviiflegluasinede Lesnesdusznouuaslasiaisveansazilosaly
maidnuuseddndluyafiuandistusent vilFamnsathuld@nulaseadwdnudiuia
5]

3.2.2 m's"iLﬂiﬁzﬁﬁnwmxﬁﬁ}uﬁ'sﬁaanﬁaqqawﬁﬂﬁﬁLﬁnmamwudaensm
(Scanning Electron Microscope / SEM) $2uAUN153LAS1ZHRIAUSZNOU
LLazﬂﬂiﬁBQ%aﬂﬁﬂQUuﬁuﬁ%G?ll’?lEJL‘Vlﬂf!ﬂﬂﬂi’?}'ﬂﬂ’]iﬂixﬂ’]ﬂWﬁN’W%ﬁd%ﬂﬁ
ong (Energy Dispersive X-ray Spectroscropy / EDS/EDX)

Tunshesgidnvaziuiivesauiuiudazandowmaiinganssaididnaseu

WUUELAULEY %38 SEM (Scanning Electron Microscopy) @115uiuldaidldias ol od e
JEOL u JSM 7800F dwsufinwidaegndlaglinisniina1dianaseuuuiiafieg ety wiii

doyyrails wu dygradidnaseunfeglivazdygrabianaseunszidanauliadadunm

a a

amliannndes SEM iunmmaavenegs Yaelaunsanesiiusienidan fusednsam

UINNIINGDIANTIAULUUTITUAT WBNIINMTNTIIARUNUAIVRII0E19ud w3 ille

[ 3

11 SEM unl5auAuiumaiinn133an19052218 W8 $91UU89598L0 N (Energy Dispersive X-

ray Spectroscropy / EDS / EDX) vii031A31¢3i04AUsEN0UALN15H0E vaes 10 uni Ui lag

[ Y 1 v a

afendnnisnsvduingiiegnenieaynindidnaseu ndsnuiineeenunavegluguvedsad

q

=3 6 . . = Y1 W % 1 = 3 v
LOndianie (characteristic x-ray) Fsazvenlainingstegedosdusenavrassnlatne Tu

& yvaa . . = & a Iz Yo a & '
n1Tvaassidazlais Mapping analysis @1 dun153tAT1zvlaelda18idnnsaudinsinuu

(% 1 " Y
U 1 a o

HuRWE1 AMTTlHaINNTIATIERas T uN LA NYUZN 1IN T2V UUNLNATILE
3.23  nsAsEianianunwgy
lun1sieseantianunuvesdudududasldtoyaleluiisunisgadu

wiia N, Agaunad 77 K AlaanaIesiaseiiuiigve Micromeritics Ju3Flex LiloniA1

¥ '
aa

WUNRITNZAINANN5VOS Brunauer-Emmett-Teller (BET) LilofAuinmUanasgngusiy

LAZINTUTUIALAN AABAIUILATIZINITNTZINBVUINTHTU (Pore size distribution) Fenaw

a ¢ v ° v o YY) | A a A | & 4 a °
ﬂ']i')Lﬂ3']5‘1/‘205@]BQVl']ﬂ'ﬁI‘V]ﬂ'J']iJi@TJﬂUW'JQU'NL‘W@lﬁﬂﬂm@ﬂu YU AIUVUY quwﬂﬂ 300°C

Y

melsanizaygyineluiad 12 $alus widmegeunisgatu N, luddudnaly

)
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3.3 amegaumseaduuiigansuaulaeanleduasimuaiedzindeliunns

(volume method)

d1m5Un1INAaaUN13ATU CO, wag CH, vaauiudududslidu 2 diundn
adeadstuM TR iaTRmuwguiinaniduide 3.2.3 lnsduusndunsladaiovu
29NAINAIDEY dauﬁamLflumi@m%’uLLﬁ”aﬁé’faamiﬁﬂm Tudumeuilldinios High pressure
volumetric analyzer (HPVA Il) 493U ¥% Micromeritics S uainnasdieuduiudlaly
gunsaliiiudieg ﬁﬂmﬂa'l,tﬁaﬁa?%ﬁLLUaﬂUaamaaﬂﬁauﬁwmiam%’ULLﬁ”a CO, way CH, lng
Taamgil 300°C Wunan 12 Hilusneldannzgaanie (usdy <0.03u19) easurian

angauuiiseaugumgitosndt 50 esrwalded Laidmaaeunsgaduniy CO, uag CH,

U
AN1IENANIUNITNAADILANILUANTIN 3.2 A9

= v A 1% v e ¢ ¢ a
13191 3.2 G]'JLL‘UTV]Lﬂﬂ?%@ﬁiﬂﬂ?i%ﬂﬁ@Uﬂ?i@@%‘ULLﬂﬂﬂ’]i‘U@u‘lﬂaaﬂi"U@LL@%@JL‘V]‘U

AauUsau AuUsAuAu AuuIny
(1) Ysnaweamdnuu | (1) mnadavdves | (1) Yhnaunsgadu
Mgy WhaTldnaaeu CO, wag CH,
T1usi(0% 1% 5% NIATY
15% 20% lag (2) wilavesguiy
thwiin) Siug

(2) gaumnin1snady

(273 K uay 298 K)

3.4 MsAnEINTAtULAEAIBuUUTIaRNaURATS LA
nsneaetluduiaznandimsiaonddimanadieisueuinisla Tngldlusunsy
Visual Fortran Tunswamuuudnaeenisgadu CO, waz CH, 509 N, UULEUNTIHY 67
wshsgiiAeadeslunsiunadley 3 diw fie duiifuannzdililunisgadu wwudiass
YosEsgnaRduLazanIgady daugariefafulsiuguililunuudiaes Tnsfseanen

1Y

S0y
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341 aniililunissrasanisgadu
Mmsﬁm’ammﬂ%mcums@méi’fuﬁLﬁ@%‘uﬁi’ﬂLﬂuazﬁaqﬁmiﬁwu@amawha6‘]
Tunuudaes laud
(1) gaumgdl (1) ieldimungamgiivesssuuililunmsgadu
2) anudu (P) wiordndadl () Wernuaaufuresssuy Fapwsudl
g lugnsAuiundsudngdindlngldaunisaniigaes Johnson
(Johnson Equation of State)

(3) Ysuns (V) Ysunsveen1sdnaednisgadugniviuadulagnaednaed

£ [
=]

(simulation box) BINABIHILYNAIUIUTUNIAINVUIAVBITNTULALHUT
lunmsaaduvassiigadu
3.4.2  uwuuIaRvesEsaaduLaa1sgnaaduy

[y

Tukuuianasswesuisetidanldds Grand Canonical Monte Carlo (GCMC)

o

Faflanududaulunisauindmiunisfnuvinuuitaesaunani1sgadu laen1sAuIuen

ddfyiundeoantdiiu 3 dru Téun wuusaesdlessasiiuinTaggeduiifudiuvesveuds
(Solid model) uvuiraeslassairsluanaveslmafianladny (Fluid model) flaggnnanna
selul uaraniiefonuudaomdsnudnddmiviunansdanisisevinduana
(Potential model) fignaaiidluiade 2.2.1

3.4.2.1 uwwusnaslaseaieiuRnTaggadu (Solid model)

(1) WUUSIE09AISUBULHUILIUT I A193819577 A (Finite length
carbon slit pore model)
LUUT1A99AS VB LA WAL UT T A2118199 79 (Finite length

carbon slit pore model) fifiniseSunelily Wongkoblap et al., 2005 gnintglunsinw
afail iosnlunnufusssgnguvesdrususiudaziinnueiuazauiaiidida (Franklin,
1951) Fawvudrassgnguazifunvuwiuguuulasfiuiuaiiveuiimuenddadauansly
sUfl 3.3 mifagnyuusazsuusznavlufouiuunslidiSosdeunuuma enfuaausiuly
dnwie AB AB AB layszaynneseninauiuAe 3.354 A aennneiusssuvIivedlasaing
w3l Tnsusunfuouannsadulinyulddaszlaeduiuiinmeonufinimun (Haris,
2009) A211n119 H Tuskunmwnuaundewesgngy na1afe iussezseninauwiuwnsing

IngdugafigudnasvatoznoumIvauUUNs Bin1sdnseaiivetesnaunivaulusiaytuay

q
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a ) ) P . a . . aa &
Seaiuludnuneauniuuudu (Benzene rings 138 Aromatic rings) NiilA1suaunnez Aoyl
Sestudugunnnden lneasusuusazornouvzegiiaiy 1.42 A uazusuunslidazauyd

Infldnwaugdnioudnanevinduaiuag 60 A (Wongkoblap et al., 2005) lagn13niines

szyauaudigduanavesnsusulawandliluguves Lennard-Jones parameter @algin

| [y

€./k uaz O, flan 28 K uaz 3.4 A Aluamdsnuimgaiansizegsuiuldedinaiosuay

YUIALFUHUALINA1NYBIBEABNAITUBUAINAIAY (Wongkoblap et al., 2005)

JUT 3.3 wuudnaesAsuaukHLYUIU (carbon slit pore model)
(2) wuuaosveunan

lunisdnaesluanavewnansanlasd azmvualiianvazidu
LUUT189998194184 889910183 ve I oyalaz A1 Lennard-Jones parameter fiflag 1ng
° % & a Ao o & | o i 3 P
mnualigluuuiluezneufeIninisendiduinlag og WUl esaEnauA1sUBULID
AwazaIntun1sasiswuudaeslunIHAnmndnuui Ul 91nUITeves Alexander way
aaglud 2016 NldvinnisAnymainngAnssy (dynamic behavior) vesezmeumaniinizey

[y

VULAUATIAY FIUAITNIZALANANNAL 2 WUU AD mono-vacancy (Fe@MV) Wa di-vacancy

1%
LY

(Fe@DV) msimenihunlgluanuideffsuuu mono-vacancy (Fe@MV) Fsazfiviualumman
]

991199 N0EABNYRIANTUBY 1.45 A Tngag uuiurivesnuiiian1sgadu da1 Lennard-

Jones parameter Ao O 111AU 2.3193 A way €./kB VAU 6026.7 K (Zhen and Davies,

1983)

o000

gﬂﬁ 3.4 WUUTIARIBEABILMAN (Alexander et al. 2016)
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3.4.2.2 yuudnaesveslua (Fluid models)
(1) wuudraedlulasiau
leliiisuves N, IaudAglunisiieneiguandivesansan
#u uaglunsdrasdluszduluanaasimnualieznenves N, Tdnvazidunsinauniodn

= ' o | | . . aa &
SunTuudassveslnasg91e (Simple fluid model) Mdyagudnaslaanawuuiay

9

uidnlaud 1 9a Tneflvualuianaiiiendn Collision diameter (Gy) Winfu 3.615 A wagen
WANIUNUUDUTD Energy well depth (Eg/ks) Ew/ks 11U 101.5 K
(2) wuudnaesaniveulneenlys
wuusiaes O, lunsdnwindeiazoyludnume Tuanaiau
uialaudenuaudnansFesetuniefiFunin 3-center-Lennard-Jones (L) molecule 713
wssBamionauuin-loudeyfioznounazduszalaiiiuansusinuuesdag lafiwie

Quadrupole moment AMNI5EMEsITENavasATURUlnoanluATiauelay Harrs way

Yung (1995) Alduanalifianss 3.3

M15199 3.3 wwswﬁmaa‘ﬁﬂmaqaa"m%’u Lennard-Jones interaction WUy 3-center-

Lennard-Jones model wasa1susulaoenlan (Harris and Yung, 1995)

(3) UUINRDIELNUY

parameter | value parameter | value
(o 0.2757 nm €/ks 28.129 K
@) 0.3033 nm | €2%ks 80.507 K
q° 0.6512e q° -0.3256e
ACO 0.1149 nm

LUUT1a93909 CHeazllanvazluanaunsanaunieiisand

wuudnaedvedtlrasg1adng (Simple fluid model) NfigaaudnatslaanakuuauEIia-1aud

1 aLudgiuluudNaed N, Ingll Og Aa 3.730 A waz Ex/ks A 148.0 K
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3.43  fauUsivugrunltlunuuingas
Tunsnaensgadu N, CO, uag CH, vlusansfimileulasiansineiy
sanluiiioldlunisAuiamUsinunsgaduedasgadutiug s1uazdunnanslunisned

3.4 faeluid

M15147 3.4 AR doudndlusknIukuUTIae N TUANSUBLILHLYLIY

Wsdn3s ANB3UNIWIINTNDS ANYBINTIINLMDS
N, 273 298
T gaungil (K) CO, 273 298
CH, 273 298
H AN IURIgHIU (A) 5-50
CarbonlLength | AueveanHuwnsing (A) 60
IUINNTOUNTAUIUIUDYA
Ncycle 30000
GHL
FIUINNTBUNTANUIUN TN
Ncycles o 30000
0819

PressurePa | ANUAUSUALYIBILUUI1a09 (Pa) | 0.01

N, 100000

FinalPa ANUAUEATNEYBILUUTIRL (Pa) | CO, 5000000

CHg4 5000000

rdm1 FauiildauUsIamMANULIWED | 0% 1% 5% 15% 20% lagu1wiin

lunsiaedlelafisunisgaduagldnesunsu (FORTRAN) lunwireuiunesiy
simulUTuNTuEe35 GOMC Fremaidimeslinaesineg ansimeionunazgnld
Hudeyalumssiaesszuvanganisgedu Tusunsunuudiaossyhnsduinmudunouds
wansluguit 3.5 nduagldnanisdiuaamanivsunsudusammiuiuresoyaemes

InafivenyUsunawzornuaunsalunmsaagula
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Input data
l > Config-energy
Convert to dimensionless l
l MCMovePar
Initialization l
l Properties Calculation
Particle Position l
l Print Result
Carbon Configuration

JUT 3.5 aAmsiunisAwiniamunsigisueualalulusunsunisiiassnisgadu

(Bunsauen,2560)
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NAN1SILaLNUSIUNE

unildnauenanis@nwinarn1sianginaluiideniasounquingUszasAue g
ATy Usenaumenan1sAne 3 dwuman lowd daunsnnsdnwinuaudfivesauiuiug
d1uNaINSANYINITAATU CO, Uag CH, daufiaud@nuinalnnisaadu N, CO, kay CH, Ty

LUUTaedaliana FellseaviduananisAnwasialuil

4.1 nsAnwAanURvan U

(X a v [ a

WiteillavinisAnumauaudivesiangaduddunuideifeaudududninisgy

¥ a v L4

wiineenlenluzures Fe,0, aslUuuiiufiariedsnsguln dydnval xFeAC Tdunuaiuiy

Y

s |a I ! o «:4' I & & v H Y]
Tuandusuamanuanasiulaef x wniauturesraniiuiovazlnauinin (wt.%)
‘3! = U 1 1 al v YV 1 dn/
Fawan1sAnwAInaIzLantedsazidun luitenalull

4.1.1 nsaslassadsnanaaemaila X-ray powder diffraction (XRD)
nsAnwdlavinisiessna Ui NguANUS U aund nuui uAI A uAnA1 9Ty
LduTATElaTiaT1ananAemaila X-ray powder diffraction (XRD) 1 A1331N15

AgIUY (2Theta) Agis 10-70 83/ 313U 4.1 Wusunten1siagluLesmend (Quartz)

v v
va A A

dosneuiusiugnienisdivhundauasautinuialupseindnnainauiiv wazeudiu
nazfimondidussiusznouliiesanilansuszneuussniisnniigaredanau (silicon) lned
%Eﬂauﬁam1'§asau§ffsﬁ’uazmamaq5m§'uﬂiﬁﬂumiﬂizﬂamajm%ém (silica) eonANTLLEA

NN NBININLUINTFIY JCPDS vieay 24-0072 WUFWAUIRAT 24.32°
33.3° 35.78° 41.04° 49.62° 54.24° 62.6° Loz 64.16° @9AAa0IAUTTUIUNEN 012 104 110
113 024 116 214 uaz 300 InePdudunuansIa 8IUuves Fe,0; adunaiulddnly

auufudidusunamanuuiuiags Weanududuvenaniinunniudawiuanuduves

Teyaynu (intensity) Nigawazdaauuinndn
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981371900 LA TUNISIAS U A UANTUR A NSUTUNBUNITIAAINUSDUY
(Heat treatment) Wuanusawdsu Fe(NO,), eglusyu Fe,0s I 910911378909 Hakim

wazanylul 2015 Minsfinwinisgadu CO, Tufanuidevas KIRBIYIK uazamuglul 2019

(%
Y o 1 o

N9N5ANYINTRATY CO, waz CHy WU Fe,05 vunufuiudlulinasan1sgaduuia

Aeldslavihnsaevenilu@nuinisgadu CO, war CH, uuauiuiudndnsdnwUas

Y
vad a v [3

anURNURIMEANLLRLTRENa1 IUs18azRen luanud Aty

14000
A Fe203 ——— 0FeAC
12000 A t
e Quartz — 1FeAC
— 10000 - ——— 5FeAC
c
8 — 15FeAC
S 8000 -
> ——— 20FeAC
» 6000
c
z
£ 4000
2000
0 T T T T T

20 30 40 50 60 70

Degrees 2-Theta

U7 4.1 5Usuu XRD uandlassasnandnvesauiuiudnusuussiiuimeminiianududy

0% 1% 5% 15% waz 20% WEUMUNaIUNLILs
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4.1.2  NFIATIEVENYULNURY 99AUTENDU KALN1SRLVDITINUUNURIE AN

duAlagwmalia FESEM/EDS

v
(% v & v A

lumsinsgrianuaziiuivseusmdnvesauiuduanendnisusuuse

v
vad a v <3

wazlilafinsdnulasaud@nuiafeninazedandesganssmididnaseuluudaansin

¥
a o v

(SEM) @aiiidsvenefgesnnlinaduuananalugui 4.2 wudnnanegauiudundnuion

v
[3 v Y .

9395 fwmannszatediaginmuinaluguduiudninisdawlasaudanuiimeman Tu
anuiuduAndvIinanndnligeedns 1FeAC uay 5FeAC dnvugiiuRaliunneean OFeAC

' ¥
-

ymvinladn wely 5FeAC azdansiulsunaunaneanlannszansiogiiiunllatmaau

Y

o <

WnndT duauiuiudndmaniuu3uagiedns 15FeAC way 20FeAC aunsadunaiiula

[
CCY

Fn389ANUTNTUTDUNANGITY AINNVTVIZUAZANINNTIINTUAINAUAIY Bnviadediivdn
v 1Al o 2 =
nsznieginiadivesiingny (Wuladaluzun 4.2(d))
JUN 4.3 uananmanelassasnagania EDS Lilananssiuniauazesdusenay

ANURT (SUN 4.3(2)) hazsie8n9va9aunuliuanil

Y

situuiufiuanluladinisaawdasands

ANURL (SUN 4.3(b)) WuInlua Uit udnin1sAnkUasauANURITUN

Y

.

ASARBUAasENY

c

1%
wva

= a = ¢ o 3 A av v oY Y] A a o
LNLAEDNYLIUTINDIANTUDULUUBDIAYSENBU IummzmmumiﬂmmimLLﬂaﬂauumwumu

EN

~ & & & T P’ = Y a a a
WeaA1suaudusarUsznau UsTlUTuRan IR et uiun1sIan 4.1 ALanINaniIsIAsIe

(%
vad a

29AUIENAUSINTDI UANTUAIIN EDS Fedainaennaasiutunaun1sanwUasaudanuma

14
A @ a = w '

Mensumin NfleanudutugulnamnuuiuiiuTuiswuiesiu lng

)

Usuadudeitasutslnatesnunmnnisalld egrslsndnisnaaesildds Mapping
analysis Fa.dun153tAvilaglda18iannseudoInsIAUUT UALA 0819 NN LEa1NAIT

Besziazidunmuansdnvaiznsnszane MvessInuuiui lusulaiug
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(d) 15FeAC TouE

JUN 4.2 nnanglaseasnegania 3 47 mewmalln SEM vesauiy

WANTNAMLTUTURITY

o ea

UUAN
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Sum Spectrum

(a) OFeAC

Sum Spectrum

0 2 4 6 8
Full Scale 12321 cts Cursor: 19.570 (O cts)

JUN 4.3 nmienglaseasnagania EDS alansiLiilauazesAUsenausstuauiududf

v
A a

USudssiiuiamemaniianududu 0% waz 1% netivinaiuiuiug

M1599 4.1 NaNFIATIRYRIAUTENOUS VR LA UAIN EDS

29AUIENBUFIN (Wt.%)

f29819

Fe 0] C
OFeAC - - 100.0
1FeAC 0.65 2.63 96.72
5FeAC 3.12 8.85 88.03

15FeAC 14.59 13.89 71.51

20FeAC 20.48 16.83 62.69
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o

4.1.3  nsawseandannunsuvastuiudiuddientsaadululasiay

Tuhdeiilunsfinwmauaudfivesauiuiuddmenisgadu N, Neamgll 77

Y

v '
A a [

K @A HUTRITIIE USHINTINTU UIATHTUREY AABAIUNIINTEINLVUIAVDL]

WU BansAnwIdTwasiBunnsalUll

a

n3UT 4.4 wulelfisuves N, Neaumill 77 K Tududududniusunu

Y

wEnUUUIAuAnasTutaunansdnvalolafisuuuuii 1 (Type | Isotherm) #13n15
FuunUsELANYDS IUPAC nswlazdianutumnlugiousn nande famnududuims
U%mmmi@m%’mzLﬁ'wﬁuaﬂNiam% wanaa e eauiigngurumdndudiuiunin
(KIRBIYIK, 2019) waziinnsgaduiigngusuiaidniou deaenndesiudeyaauiiniungy
yosduAuuAinanslumsed 4.2 9inmsfindiegafisnguvuinidn (%Micropore) 1y
31 50%

a 2 [ 1 LY a Y v
NaUINSNUS I A NTLA AT UA SN SIRN AU NTUT B Fe,04 Tu

[
vad a

JunaumsalUasaudANudInuIUTINNNIgadu N, duuilduanamunsiiuduves
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OFeAC 886.5 483.3 0.49 0.24 0.25 51.1 22.0
1FeAC 871.8 500.2 0.48 0.22 0.26 539 22.0
5FeAC 812.0 478.2 0.45 0.21 0.25 542 224
15FeAC 631.9 353.7 0.35 0.17 0.18 516 22.5
20FeAC 576.2 326.7 0.33 0.16 0.17 518 22.6

asurface area by BET method.

Pmicropore surface area by T-plot method.

Ssingle point total pore volume.

dmicropore volume by T-plot method.

average pore diameter (4V/A) by BET
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4.3.1.2 NAVDIVUININITU

JUN 4.14 uanewavesvuIagnsuiddenisaadu N, Ngamall 77 K

Y Y 9 Y 9

s 1

INUUUTIABIN URIAITUB UKL LILUT Tma nag uuiuiy Tuguuuuidadunazis
aon137u wufigngusLIaaing 20 A lelaisunsgaduiduwuud 1 (Type | isotherm)
MIUNITHUIVBY IUPAC 111099103 nguauinanilusfisgaseninsluanavad Ny AUy

AuBUELNTIENTvaIgNgURglndiu dnvarnisgaduiuduwuunisfiugngy wasdunis

o

Andu N, deillosauiugngy lugiwsniimnudusiunng Ysunanisgaduiaiindvegng

< < ¥ o Y o a = ' [
immmulmmﬂmwmammmwuiugwquﬁumm 7.0 A ‘I/l’i]%iJIllLﬁQﬁ N, UITYBYIULAUAN

a o

uanalup139n 4.3 aunseialSinanisgaduisuilisuudastes Ldesaniinnisgaduau

! v
a v < A

wngnguudrsuddlnddnganizdudn snguvunadniignveinisfinuluassll fe 6.5 A 9z

g 9

fUSnnsgaduganIngnsuIEIndulilesnnvuinaliianaves N, lukuudiasdianvifi

3.615 A Fadurwefivanzaudmiunsussgiuana N, adlunielugnguwdifannudusiingd

[
=

1 kPa zilUSinanisgadulnalAgaiugnguaun 7.0 A 1 wallleausugealugnguruin

Y 9

6.5 A wnzaudmsunisussgiuanaved N, 111031 9n3U7 4.14 azdanaiiugadnuedle

T isun139AdusEninegnIuru1n 8.0 A wag 9.0 A lnefiannudusingniusuin 8.0 A d

[

YSuaunsgaduigendn ileaasuiinndt 1 kPa Usunanisgadulugniueuin 9.0 A qy

[
a =

SulndiAeeiud 8.0 A udrvrgenineanuduiiagau iunauiainnisindeeiaiiniy

Tuvaginn1sgaduniglugngu EagnurwIALANANAUIaN¥EN1TIASEIRINUANF

¥ ¥ '
U = ! = U a = a a

Audailvingadalelefisudy nanfelaeliuailudiusnnisgaduasiindunusiiu

o s d a a = a = 0 =& a a o
NUQﬂqu@‘ULW§73L‘UUU§L'§mWNLL?Q@Q@]@&I"WW@@I ‘V]EW?U‘U‘U']@ 8.0 A ﬁ]ﬂmﬂﬁmqmﬂqiaﬂsﬁqu

v @

nillesnuiieglnadaiuinnnal Welkuianiienisaniuvedlelanisuluanares N, 1

agnelugniuauin 8.0 A daseesiilauuuinna Tuvaengnguvwin 9.0 A fandedesing

Y 9

[
<X = a

Unudunansesgngudwaliluianaves N, awnsaludadesiaiuls fanufugsduiedl
JSanunsgaduves N, ﬁéﬂﬂﬂ’j’]

Slofiansaniisngusunn 20 - 40 A wuiilelewisumsgadudinlg
Juuuud 4 (Type IV isotherm) wazdignuurwuiaiiidunisgaduduuuud 2 (Type |

isotherm) N&13feNAMUAUATUTHIUNITAATU N, FNTURENTIAGINTILYIUINNITAN

[ '
=< a a v s =

FUaziindufiusnandiasusunauanamItaesnsgadulugniusun 15.0 A faedl

luana N, ussgeguinalnatunlsaisuouduandlunisnem 4.3 waantuauduves

Y



57

nsmlazdguluiliosanniinnisgadunaledu (multilayer adsorption) Lilefiaganilsndn
Furpans Nz uT ueg19TInS LA 1A qanauariA AN UuAolin9damnes da
(hysteresis loop) Faieatasiuusingnisalmuniulunasngién (capillary condensation)

A [ o A L
V]’ﬂ%L‘U‘L!ﬂ']i@WU‘U N, WE]QIL!E‘?JWWSUENL%EYJ

J 7 a

JUN 4.15 uanenavesvuIngnsunddenisaadu N, Ngamall 77 K
NUUUTIADINURIATUB UMUK UVLIUA TG Neg U URD 1% luguwuuidaduuazis
o= oA a o 9 ¥ a Y as
aan13fiy nudndevwiagnsuildsuliagliiunanisgadusas Ussinnvedleloiisy
d' [ = [ o & a 3 1 a1 < 1 & a
WagulUludnvasiiedduiuuuudiaesiiuiinisveuiu ik uuun lidwvanag uunuiy
AMIIaeINIgAtuLandlunTn 4.4 Feansliiiubnalnuagngfnssulunisgadulug
WIUAUATIIFNFUBIALEN TSN waEN15RATUTULUUNSRANINTY AUTITNTUIUINNAINT

anwarnsgaduiuietesiuusngmsaimusiulurasnjidn (capillary condensation)

uwiaznudaunnatuaniesfemniinnsaniiguagnsurwindn awlinugedniuvesleluisy

2z <

AINTUVLIN 6.5 A wag 7.0 A 1109910U59R 90 AT81I19l3LaNave Ny AUMENT U

Y

luanaves N, 39gngadunaziinisdniesiiogranmuzanlugniuaun 6.5 A Aausyan

ANUAURN



58

40 : : . : — e.—. 65A

OFeAC e ——— — O — O — @ — & — 52
8.0A
9.0 A
10 A
15A

20A

25 A
30 A
35A
40 A

Pore density (kmol/m?)

0 20 40 60 80 100

Pressure (kPa)

40 —e . . . — @ —. 65A
Fe 00000 :
.—0’. 70 A
8.0A
9.0 A
0 10 A
A °
. L - R v 15 A
] - -

gmm —H—& wiie AL ./ < J s Bk
Lo / S ]—o— 254
i { — - —- 30A
; S| | —o— 354
A N M < Y‘ R
10 L L e : ; {— - —- 40A
s 4 :

K —® (30 .
3 &> > 0“:‘AA oY "é"v,“.'

/X ‘/"‘0 T ¥ SRS

e
Z

Pore density (kmol/ms)
S
>

Sy | |

0.01 0.1 1 10 100
Pressure (kPa)

JUN 4.14 Bvanavasvungnsuidideonisgadululasiauigamall 77 K a1nkuudnasivui

AsuaukuUkiuTNEAlidmaneguuiuRy Tusuiuuidadulasfvaeni3au



n:l' a

59

P o 7 o dgl" a s
#1379 4.3 ﬂ?WQWﬁ@QﬂWi@ﬂ%UIUIW?LQUV]QﬂJ‘Vi{IJiJ 77 KNLUUINEBINURNIAITUBULUY

1 a1 =3 1 & a 1 [
LLNUTU’]‘NV]"LNNL‘Viaﬂ@gUUW‘NN’ﬂUEWEU%UWWG}N U

YUIATNTY
AUAU

0.1 kPa

0.1 kPa

5 kPa

5 kPa

10 kPa

10 kPa

100 kPa

100 kPa

100 kPa

PNFNAUFA AU C DLADUVDILAUAITUBULUUYDIVUY

a
NTNANSNINUY N, T,maqa



60

6.5A
70A
8.0 A
90A
10 A
15 A
20A
25 A

30 A
35A
40 A

Pore density (kmol/m3)

0 20 40 60 80 100

Pressure (kPa)

40 . : . —.—@.—- 65A
1FeAC 3 70;._\

SENEVRI Y

’.,_.,“M"’.A’.M“ o2 aaadh — & .
30 & 5 O-0-000aD =2 QYRR —D_ i
10A
15A
20 A
25A
30 A
35A

40 A

Pore density (kmol/ms)

<< ; *?®
> ——Y"VWW "o
XSO T V¥ SR

7SI SOON

R

L7

N T

O I I I
0.01 0.1 1 10 100

Pressure (kPa)

JUN 4.15 Bvanavasvungnsuididonisgadululasiauigamall 77 K a1nkuudnaeivui

ANSUBULUURNLTLNUATWENDE UWLRY 1% TuguuulBuduiasisaani3iy



61

P o 7 d' a o d’lj a s
#1379 4.4 ﬂ?‘Wfﬂ'm'e]\‘iﬂ']iQﬂGZI‘UIUIWiLQuWQMMQN 77 K3MNWUUIN@BINUNIATTUBULUY

= @

1 tﬂ' ! lﬂ’l a
SAUTUIUNULNGNDYUUNURNT 1%

YUIATNTY

ANAY

0.1 kPa

5 kPa

5 kPa

10 kPa

10 kPa

10 kPa

100 kPa

100 kPa

100 kPa

PNFINAUAA LN C DEHBUVDILHUANTUDULUUTBDIVUY
a S
nsnaudivdosny Fe,0, luana

nsanaNdnnu N, lana



62
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4.3.2.3 NAVDIVUININITU
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Abstract: Activated carbon derived from longan seeds in our laboratory and commercial activated
carbon are used to investigate the adsorption of methane (CHy) and carbon dioxide (CO3). The
adsorption capacity for activated carbon from longan seeds is greater than commercial activated
carbon due to the greater BET area and micropore volume. Increasing the degree of burn-off can
enhance the adsorption of CO; at 273 K from 4 mmol/g to 4.2 and 4.8 mmol/g at 1000 mbar without
burn-off, to 19 and 26% with burn-off, respectively. This is because an increase in the degree of
burn-off increases the surface chemistry or concentration of functional groups. In the investigation
of the effect of the hydroxyl group on the adsorption of CO, and CHy at 273 K, it is found that the
maximum adsorption capacity of CO, at 5000 mbar is about 6.4 and 8 mmol/g for cases without and
with hydroxyl groups contained on the carbon surfaces. The opposite behavior can be observed in
the case of methane, this is due to the stronger electrostatic interaction between the hydroxyl group
and carbon dioxide. The simulation results obtained from a Monte Carlo simulation method can
be used to support the mechanism in this investigation. Iron oxide is added on carbon surfaces
with different concentrations to reveal the effects of ferric compounds on the adsorption of CO,.
Iron at a concentration of about 1% on the surface can improve the adsorption capacity. However,
excessive amounts of iron led to a limited adsorption capacity. The simulation result shows similar
findings to the experimental data. The findings of this study will contribute to the progress of gas
separation technologies, paving the way for long-term solutions to climate change and greenhouse
gas emissions.

Keywords: activated carbon; adsorption; defective surface; GCMC; perfect surface

1. Introduction

The gas adsorption process is extensively utilized in a variety of gas separation [1,2]
and purification applications [3], as well as methane storage [4] and environmental protec-
tion. Global warming caused by greenhouse gases is one of the greatest scientific interests.
Some of these gases are sulfur hexafluoride [5], carbon dioxide, methane, and nitrous
oxide [6,7]. The rising levels of carbon dioxide and methane in the Earth’s atmosphere
have become of the utmost importance due to their substantial contributions to climate
change. Developing effective strategies for the separation and purification of CO, and CHy
is crucial for mitigating greenhouse gas emissions and addressing global warming.

A novel technology for minimizing carbon dioxide emissions at their source is called
enhanced coal bed methane recovery, in which an adsorption process is applied to recover
methane in the underground coal bed using carbon dioxide injection. This occurs because
carbon dioxide is preferentially adsorbed onto coal over methane [7,8], therefore, the coal
will capture carbon dioxide and release methane as a useful natural gas. This process
allows a reduction in carbon dioxide and also makes carbon dioxide storage economically
feasible [7]. In recent years, methane adsorption in porous solids has been investigated
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for the purpose of methane storage and transportation via adsorbed natural gas (ANG)
instead of the original compressed natural gas (CNG) [4,9]. Because methane is the major
component of natural gas and it has low critical temperature, it cannot be liquefied by an
operation at room temperature [10]. The original CNG requires an expensive multi-stage
compression up to high pressure at 25 MPa that carries the risk of explosion; the ANG
method operates at 34 MPa for the same capacity of methane storage [9,10].

Activated carbon, known for its exceptional adsorption properties because of its huge
micropore and mesopore volumes as well as its high surface area, is commonly utilized in
the adsorption process. It has emerged as a promising candidate for CO, and CHy capture
and removal. However, the performance of activated carbon in gas capture processes can
be substantially impacted by its surface heterogeneity, which results from differences in
surface chemistry and morphology.

In recent years, extensive research has been conducted on the effects of surface modifi-
cations on the CO; and CHy4 adsorption behavior of activated carbon. The modifications
are intended to customize the surface properties of activated carbon in order to optimize its
performance for specific gas separation applications. By incorporating functional groups
such as amines [11,12] and hydroxyls [13], the surface chemistry of AC can be modified
to improve its interaction with CO, and CHy. Incorporating metal impregnation [14] and
iron oxide impregnation [15,16] onto the AC surface can provide active sites for adsorption,
thereby enhancing the separation efficiency.

Previous studies have explored the impact of activated carbon surface modification on
the adsorption behavior of carbon dioxide and methane with experimentation as mentioned.
This paper investigates the effects of surface heterogeneity on CO, and CHy capture on
activated carbon through a combination of experimental studies and simulation techniques.
The integration of experimental and computational methodologies provides a potent way
to investigate the impact of surface heterogeneity on CO, and CHy capture on activated
carbon. The activated carbon samples were prepared with controlled surface heterogeneity,
including defect surfaces, functional groups, and metal loadings. Simultaneously, the
adsorption behavior of CO; and CHy on the heterogeneous activated carbon surfaces was
simulated using a grand canonical Monte Carlo (GCMC) method. The GCMC simulations
allowed for the investigation of the adsorption isotherms and diffusion dynamics of the
gases within the activated carbon. This study addresses the limitations of infinite pore
models commonly used to simulate porous carbon, such as infinite slit pores [17,18] or
infinite cylindrical pores [19]. However, the infinite pore model is far too perfect to ac-
curately represent the adsorption behavior of activated carbon, which has a finite length
and contains functional groups or defects on the basal graphene layers [20,21]. Instead,
a more realistic approach is taken by modeling methane and carbon dioxide adsorption
using a real carbon pore with a finite length and graphene layers arranged in a hexago-
nal configuration [22]. The model includes defects, functional groups, and iron loadings.
GCMC simulation is employed to determine the adsorption isotherms of carbon dioxide
and methane at different temperatures and pore widths. The simulations are performed
under varying conditions, such as different temperatures and different surfaces of the
activated carbon, to investigate the actual capture scenarios.

This study aims to unravel the complex relationship between surface heterogeneity
and the capture of CO, and CHy on activated carbon. The results of this study have the
potential to influence the development of activated carbon materials. Furthermore, the
findings of this study may contribute to the progress of additional adsorption-based gas
separation technologies, paving the way for long-term solutions to climate change and
greenhouse gas emissions.

2. Results and Discussion

We will start our discussion by presenting the experimental data, and then present
the simulation results for carbon dioxide adsorption in activated carbon with a defective
surface and perfect surface that were obtained from the GCMC results. We will compare the
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Adsorbed amount (mmol/g)

Adsorbed amount (mmol/g)

effects of pore width and temperature on the adsorption isotherms between the defective
and perfect surfaces. Then, the adsorption of methane on the perfect and defective surfaces
at 273 and 300 K will be discussed. Finally, the effects of the functional groups on the
adsorption isotherms of methane and carbon dioxide will be presented.

2.1. Adsorption of Carbon Dioxide and Methane on Activated Carbon
2.1.1. Adsorption Isotherms of CO, and CH4 on Activated Carbon

The experimental adsorption isotherms of CO, and CH4 on LACO at 273 and 300 K are
shown in Figure 1. It appears that the activated carbon samples are better at adsorbing CO,
than CHy since they adsorb more CO, than CH, under the same pressure and temperature
conditions. This could be because the molecules of the two adsorbates are different sizes.
With a kinetic diameter of 0.33 nm, CO; molecules can easily pass through the majority
of the samples’ pores. Contrarily, CH4 molecules have a kinetic diameter of 0.38 nm [23],
making it more difficult for them to pass through the pores [24]. Obviously, the adsorption
process is dependent not only on equilibrium, but also on the adsorbate’s accessibility to
the porous structures of the material.

(b) Gas adsorption at 300 K
(a) Gas adsorption at 273 K . ) o
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Figure 1. Experimental adsorption isotherms of CO, and CHy on LACO at 273 and 300 K.

Figure 2 depicts the impact of the adsorption temperature for CO, adsorption in (a)
and CH4 adsorption in (b). It is clear that for the equilibrium adsorption isotherms of LACO,
the amount adsorbed increases with decreasing temperature for both CO; and CHy. In
general, adsorption processes can be broken down into two categories: chemical adsorption
and physical adsorption. The classification of an adsorption process is determined by the
force that is exerted between the adsorbate and the adsorbent [25,26]. Physical forces are
produced between the molecules of the adsorbent and the adsorbate in this work. This
physical adsorption procedure can be regarded as exothermic as a result.

L]
(a) CO adsorption in LACO at different temperatures

Adsorbed amount (mmol/g)
«

®
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! 3K
—a— 300 K

2000

Pre:

3000 1000 5000 0 1000 2000 3000 1000 5000

ssure (mbar) Pressure (mbar)

Figure 2. Experimental adsorption isotherms of CO, and CHy on LACO at different temperatures.
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2.1.2. Adsorption of CO;, on Activated Carbon with Different Burn-Off

The adsorption isotherm of CO, obtained for LACO, LAC1, and LAC2 at 273 and
300 K are shown in Figure 3. The experimental data demonstrates the same pattern, with
an abrupt increase in the isotherms at low pressures and a gradual increase at higher
adsorbed pressures. This is a typical isotherm for many micropore adsorbents at close to
unity relative pressure; it may rise if mesopores are present due to capillary condensation
in the mesopore [27]. As shown in this picture, the adsorption capacities of LACO and both
LACs diminish as the temperature increases because of physical adsorption.

Adsorbed amount (mmol/g)

(2) CO, adsorption in AC with different burn off at 273 (b) CO, adsorption in AC with different burn off at 300 K

Adsorbed amount (mmol/g)

Pressure (mbar) Pressure (mbar)

Figure 3. Experimental adsorption isotherm of CO; on activated carbon with different burn-off at
273 and 300 K.

The data indicate that the LACs have a higher adsorption capacity than LACO at both
adsorption temperatures of 273 K and 300 K, presumably because activated carbon with
burn-off has a better porosity ratio or a larger adsorption surface area. Because of its larger
BET surface area, as noted in earlier studies, LAC2 adsorbs more CO; than LAC1 when
the effect of different percentages of burn-off is considered at 273 K, but at 300 K their
adsorption capacities are nearly equal.

2.1.3. Adsorption of CO; and CHy on Activated Carbon Containing Hydroxyl Groups

Figure 4 shows the experimental adsorption isotherms of CO, by longan seed activated
carbon with no burn-off (LACO) and with hydroxyl groups (LACM) at 273 and 300 K for
the pressure range up to about 5000 mbar. It is obvious that the shape of the isotherms show
an initial section of a type I isotherm, according to the IUPAC classification [28,29], at both
273 K and 300 K. Since the amount of CO, adsorbed increases with increasing pressure, the
adsorption occurs initially at the smallest pores at low pressure, and then at the next larger
pore at a higher pressure via a pore filling mechanism [30]. Many of the pores in LACO
and LACM are on the microscopic scale, and the average diameter of a pore is significantly
larger than the size of a CO, molecule. Clearly, when comparing temperatures of 273 K
and 300 K, CO, adsorption is greater at 273 K, indicating that this adsorption is physical.
Then, when comparing LACO and LACM, it can be seen that activated carbon with the
addition of hydroxyl groups has a higher CO; adsorption capacity than activated carbon
without the addition of any functional groups. This is because the basicity of the hydroxyl
group has a positive effect on the adsorption of CO,, and the presence of OH on activated
carbon can enhance the interaction between CO, and activated carbon.
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Figure 4. Experimental adsorption isotherms of CO; on LACO and LACM at 273 and 300 K.

Figure 5 shows the experimental adsorption isotherms of CH4 by longan seed ac-
tivated carbon with no burn-off (LACO) and with hydroxyl groups (LACM) at 273 and
300 K for the pressure range up to about 5000 mbar. As may be observed, the amount of
CHj adsorbed increases with decreasing temperature, proving that the CHy adsorption
isotherm represents physical adsorption as well. When the effects of functional groups
were compared, it was discovered that activated carbon with no functional groups (LACO)
has a higher CHj adsorption capacity than activated carbon containing hydroxyl groups
(LACM). In contrast to the illustration in Figure 4, LACM performed better in CO, adsorp-
tion. This is due to the adsorbent’s porous structure, which is crucial in adsorption as was
previously explained. Even though the average pore diameter of LACO and LACM seems
to be larger than that of a CO; molecule, diffusing CHy4 can be challenging because CHy
has a higher kinetic diameter than CO,, and LACM may have a narrower average pore
width than LACO. In other words, the hydroxyl groups that were added to LACM may
cause a pore-blocking phenomenon or interfere with CHy diffusion. Due to this, LACO is
able to adsorb more CH, than LACM.

6 T A T
(a) Functional group effect on CHg adsorption at 273 K

5 —T T T T
(b) Functional group effect on CHy adsorption at 300 K

=1

Adsorbed amount (mmol/g)

Pressure (mbar)

Pressure (mbar)

Figure 5. Experimental adsorption isotherms of CHy on LACO and LACM at 273 and 300 K.

2.1.4. Properties of Activated Carbon with Different Iron Concentrations on Its Surface and
Adsorption Isotherms of CO, and CHy

Figure 6 shows the results of SEM-EDX analysis of iron-loaded activated carbons for
0 FeAC and 1 FeAC samples. In the position and elemental composition of untreated
activated carbon (0 FeAC) and surface-treated activated carbon (1 FeAC), it was discovered
that the spectra revealed a carbon atom peak that should be associated with the graphene
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structure of activated carbon, while iron and oxygen atom peaks should correspond to
those of the Fe2O3 molecule. As in Table 1, which shows the results of an EDX analysis
of the elemental composition of activated carbon, the weight% of Fe also increased as the
weight% of the solution used for impregnation increased. The amount is quite comparable

to what was expected.

(a) OFeAC

l.
0

- 4 6 8 10
Full Scale 12321 cts Cursor: 19.570 (0 cts)

Sum Spectrum

10 pm

Figure 6. Results of SEM-EDX analysis of metal loading activated carbons (0 FeAC and 1 FeAC

samples).

Table 1. Elemental compositions of iron-loaded activated carbons obtained from SEM-EDX analysis.

Composition (wt.%)

Sample " | ° P
0 FeAC - - 100
1 FeAC 0.65 2.63 96.72
5FeAC 3.12 8.85 88.03
15 FeAC 14.59 13.89 71.51
20 FeAC 2048 16.83 62.69

Figure 7 shows the experimental excess adsorption isotherms of CO, for a pressure
ranging up to 30 bar and those of CHy for a pressure ranging up to 40 bar at a temperature of
273 K on activated carbon with Fe concentrations varying from 0 to 20 wt.%. The adsorption
isotherms of CO, and CHy can both be distinguished into two groupings: low Fe content
(1-5%) and high Fe content (15-20%). It was discovered that either CO, or CHy, adsorption
on activated carbon with a high Fe concentration had the adsorption capacity lower than
activated carbon with no additional Fe and activated carbon with a low Fe content. The
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pore mouth becomes shallow when excessive iron is added. The narrower the pore mouth
of activated carbon, the less space there is for the adsorbed gas to be entrapped. For a low
Fe content, the adsorption capacity of activated carbon with concentrations of 1 and 5% Fe
loading was comparable to that of non-iron-activated carbon (0 FeAC). Activated carbon
with a 1% Fe content had a greater adsorption capability. This may be because Fe loading
promotes CO, and CHy adsorption capacity by the great interaction between the fluid and
ferrous particles. The presence of a low amount of Fe may not narrow the porosity of the
activated carbon, however, it can enhance the formation of fluid at the pore mouth and
then the diffusion into the inner pore. It is noted that the adsorbed amount of CO; at 273 K
on activated carbon derived from longan seeds is greater than that obtained for commercial
activated carbon at the same conditions.

T T T 5 T T
(a) Fe amount effect on CO; adsorption at 273 K :l (b) Fe amount effect on CHy adsorption at 273 K
8 —L—0—
o-‘o\.\
Ry = 4
HE ——, | H
- - - 3
= =
H H
g ] g
k %
= =
s —8— 0FeAC s —8— 0FeAC
= —0— 1FeAC = —0— 1FeAC
HE —A— 5F=AC T y —h— 5FeAC
—O— 15FeAC —O— 15FeAC
—&— 20FeAC —&— 20FeAC
o = o 7
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Pressure (bar) Pressure (bar)
Figure 7. Experimental excess adsorption isotherms of CO, and CHy on activated carbon with
different Fe at 273 K.
2.2. Simulation Study for CO, on Perfect and Defective Surfaces
The simulated isotherms versus pressure for CO; at 273 and 300 K in single carbon slit
pores with a defective surface of various pore widths (from 6.3 to 30 A) up to the saturation
vapor pressure were obtained by using the GCMC method, as shown in Figure 8 and the
simulated isotherms from the perfect surface model are compared in Figure 9.
40
CO, at 273 K (GCMC with Derfective surface) CO, at 300 K (GCMC with Derfective surface)

Adsorbed amount of CO, ((mollm’)

4

Adsorbed amount of CO, (<mollm3)

Pressure (Pa) Pressure (Pa)

Figure 8. Simulated adsorption isotherms of CO; for defective carbon surface at 273 and 300 K at
various pore widths from 6.5-30 A.
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CO, at 273 K (GCMC with Perfective surface)

Adsorbed amount of CO, (kmol/m®)

Pressure (Pa)

Figure 9. Simulated adsorption isotherms of CO; for perfect carbon surface at 273 K at various pore
widths from 6.5-30 A.

The simulated carbon dioxide (CO,) isotherms in the perfect and defective surface
models behave similarly, the isotherms indicate monolayer adsorption with type I isotherms
for widths less than 8.5 A. This is because of the stronger interaction between the fluid and
carbons for the narrow pore width. With increasing pore widths, the isotherms become
lower, this is due to less potential energy between the fluid and solid. It was observed that
at pressure greater than 200,000 Pa the isotherm obtained for 10 A is greater than that of
85 A, this relates to the packing effect at high pressures. CO, can form a monolayer along
the pore wall and then additional layers next to it in the case of pores larger than 8.5 A. For
larger pore widths of 20 to 30 A, the layering and pore filling mechanisms can be noticed;
the isotherm shows a gradual increase in the adsorbed amount due to the formation of
a monolayer, followed by a slight increase in the adsorption isotherm at high pressures
according to pore filling behavior. In the case of adsorption in larger mesopores, further
capillary condensation occurs when the adsorbed phase is dense and then become the
liquid phase.

A difference between the adsorbed capacity of carbon dioxide in the perfect and
defective surface models is observed in the case of micropores, the adsorbed amount of
carbon dioxide on the perfect surface is greater than that on the defective surface. The
reason for this comes from the effect of the rotation and orientation of carbon dioxide
molecules. The linear model of the three-center L] model of CO; cannot be packed inside
the defect pits; they may lie flat on the perfect surface rather than in the pit because they
cannot rotate freely in the narrow pore width, as shown in snapshots in Tables 2 and 3.
However, similar behavior can be observed in the case of the larger pores.

The effects of temperature on the adsorption of CO; for the defective and perfect
surfaces obtained for carbon slit pores of 8.5 and 20 A width are also shown in Figure 10.
Some examples of snapshots for CO; inside the pore width of 6.5 A with the defective
surface at various pressures and temperature are also shown in Figure 11 to present the
adsorption behavior of CO; molecules on the defective surface. The adsorption of carbon
dioxide on carbon is an exothermic process, so, the adsorption isotherm decreases as the
temperature rises, as depicted in Figure 10. At higher temperatures, the heat of adsorption
is released, and CO, molecules have a high energy of motion. As a result, it is difficult
for adsorption to occur on the surface. To put it another way, this is known as physical
adsorption.

For a pore width of 6.5 A, the adsorption on the perfect surface is undoubtedly greater
than that on the defective surface, but this is not clearly observed in the case of a 20 A
width. However, when the pressures are greater than 1 MPa, the adsorbed amount of
carbon dioxide on the defective surface becomes slightly greater than that on the perfect
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surface because of the high-pressure adsorption effect; the carbon dioxide molecules can be
forced by the pressure to be tightly packed in defect pits on the solid surface.

Table 2. Snapshots of CO, adsorbed in finite-length carbon slit pore with perfect surface model using

GCMC simulation at 273 K.
Pore Width 6.3 A Pore Width 15 A Pore Width 30 A
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Table 3. Snapshots of CO, adsorbed in finite-length carbon slit pore with defective surface using
GCMC simulation at 273 K.

Pore Width 6.5 A Pore Width 15 A Pore Width 30 A

P '
2000 Pa 2
10,000 Pa 10.000 Pa
. 2 ¥ ' @ § T -
SRS TA DL
-
P e e oo S

10000 Pa R %

20MPa

As discussed above, CO; particles prefer to be adsorbed on the carbon atoms rather
than in the defect pits, as shown in Figure 11. The black circles represent carbon atoms,
the blue and red circles are those of the carbon and oxygen of carbon dioxide, respectively.
We observe the molecules of CO; lie on the carbon surfaces due to the stronger interaction
between solid and fluid. The molecular arrangement of CO; on the solid surface is in the
linear form and arranged in a horizontal placement rather than a vertical placement. This
supports the idea that CO, will be adsorbed in the defect pits at high pressures and this
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leads to the adsorption capacity of the defective surface becomes greater than the perfect
surface.

30

Pore width = 8.0 A Pore width = 20.0 A

28

20

—&— 273K, Def
— @ — 300K, Def
273K, Puif
S| === 273K Perf

—e— /3K, Let

Adsorbed amount of CO, (kmal/m®)
Adsorbed amount of CO, (kmol/m®)

Pressure (Pa) Pressure (Pa)

Figure 10. Simulated adsorption isotherms of CO; at different temperatures for pore widths of 8.5
and 20 A: comparison between the defective (Def) and perfect (Perf) carbon surfaces.

-

6.5A, 300K, 2000 Pa 6.5A, 300K, 100,000 Pa

Figure 11. Snapshots of CO; at 273 and 300 K in a pore width of 6.5 A at various pressures and
temperatures.

In Tables 2 and 3, we also show snapshots of the CO, adsorption mechanism on the
perfect and defective surfaces at 273 K, respectively. The three pore widths were chosen as
representative of micropores and mesopores. The black spheres represent carbon atoms,
the red spheres are carbon atoms of CO,, and the blue spheres are oxygen atoms of CO,.
The slit pore model contains two parallel walls and each wall comprises three graphene
layers, for clarity, we show only one graphene layer of each wall. In the case of pores of
6.3 and 6.5 A widths, a single layer of the molecule can be observed because this pore
width can fit with the particle size of CO,. The CO; particles lie horizontally parallel to
the solid surfaces of both the perfect and defective surfaces. This mechanism leads to a
lower adsorption isotherm for the defective surface than the perfect surface. However, at
pressures from 100,000 Pa, CO, starts to be adsorbed in the defect pits and becomes fully
packed at saturation pressures. This leads to the adsorption isotherm for the defective
surface becoming greater than that for the perfect surface at 1 MPa, as observed in Figure 10.

Having seen the adsorption mechanism of CO, in the 6.3 and 6.5 A width pores with
a single layer of particles, now turn to the larger size for micropores of 15 A and mesopores
of 30 A width for the perfect and defective surfaces in Tables 2 and 3, respectively. Similar
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Adsorbed amount of CH, (kmollm’)

behavior can be observed, first, the monolayer occurs along two pore walls and there is no
adsorption at defects. After the formation of the monolayer is complete, then the second
layer is forming, as seen at a pressure of 500,000 Pa. In the case of the defective surface, the
adsorption at the defect pits can be seen and the pits are then filled with particles at high
pressures. For 15 A width, when the second layer is finished, then the pore filling followed
by capillary condensation occurs. For the larger pores, of 30 A, it is noted that the layering
mechanism can form three layers before the pore filling and capillary condensation can be
perceived. As one can see in the case of larger pores, CO, can be rotated in any direction not
only formed in the horizontal direction during the higher layering mechanism. This may
be due to the larger available space meaning that the particles can move independently.

2.3. Simulation Study for CHy on Perfect and Defective Surfaces

Figures 12 and 13 show the adsorption isotherms versus pressure for CHy at 273
and 300 K on the perfect surface of various pore widths (from 6.5 to 30 A) up to 14 MPa,
while Figures 14 and 15 show those for CHy at 273 and 300 K on the defective surface
obtained by the GCMC simulation. Tables 4 and 5 show snapshots of CHy particles inside
the pores at various pressures for the perfect and defective surfaces, respectively, to reveal
the adsorption behavior of the fluid with different pore widths and the effect of defects
on the adsorption mechanism. Isotherms can be represented in two distinct ways: linear
and semi-log scales. While the semi-log plot is used to compare the adsorption ability of
each condition more easily, the isotherms with linear plots serve to demonstrate the type of
isotherm.

For simulation isotherms of methane (CHy) adsorption on either perfect or defective
surfaces of the finite-length carbon slit pore model at 273 and 300 K, the overall observation
of the local isotherms of every pore width behave in a similar pattern, where the adsorption
branch is concave to the pressure axis, which represents a type I isotherm. Like carbon
dioxide adsorption, the layering phenomenon can be observed in the pores having widths
less than 8.5 A, and the layering together with pore filling behavior are observed in the larger
pores. It is noted that capillary condensation cannot be observed due to the temperatures
being greater than the critical temperature of methane. The adsorbed amount observed
from the adsorption isotherm cannot be arranged in ascending order of pore width, from
6.5 to 30 A, due to the molecular size of the adsorbate gas. The smallest pores in this study
is difficult for CHy to move through since CHy is larger than the gap width of 6.5 A Asa
result, the adsorption isotherms for pore having width of 7.0 to 8.0 A are greater than that
of 6.5 A. The adsorption isotherms for pore width of 8.5 A and larger pores are less than
that of 6.5 A, due to the less interaction between CH, and carbon atoms.

25

000000000000-5 000 -8 00§

poo—o-o- 8

Adsorbed amount of CH, (kmol/m®)

5x10°

10x10° 15x10° 20x10°

Pressure (kPa)

Pressure (kPa)

Figure 12. Simulation isotherms of methane in carbon slit pore model with a perfect surface at 273 K
with different pore widths.




107

Molecules 2023, 28, 5433

13 of 23

Adsorbed amount of CH, (kmo¥/m?)

0.0 2.0x10" 4.0x10° 6.0x10° 8.0¢ 10" 1. Ox 10"

Pressure (Pa)

12x107 1.4x20°

Adsorbed amount of CH, (kmoy/m?)

1.0 10x10' 1.0x10° 10x10' 1.0x10° 1.0x10° 10x10° 1.0x10"

Pressure (Pa)

Figure 13. Simulation isotherms of methane in carbon slit pore model with a perfect surface at 300 K

with different pore widths on linear and semi-log scales.

Adsorbed amount of CH, (kmol/m®)
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Adsorbed amount of CH, (kmollm’)

25

10 10° 10'
Pressure (kPa)

Figure 14. Simulation isotherms of methane in carbon slit pore model with a defective surface at

273 K with different pore widths on linear and semi-log scales.
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Figure 15. Simulation isotherms of methane in carbon slit pore model with a defective surface at

300 K with different pore widths on linear and semi-log scales.
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Table 4. Snapshots of CHy in the finite-length carbon slit pore model obtained from the GCMC

simulation at 273 K.
Pore Width 6.5 A Pore Width 15 A Pore Width 30 A
[}
2000 Pa

100,000 Pa 100,000 Pa 100,000 Pa

10MPa
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Table 5. Snapshots of CHy in the finite-length carbon slit pore with defects model obtained from the
GCMC simulation at 273 K.

Pore Width 6.5 A Pore Width 15 A Pore Width 30 A

|

B i~

2000 Pa

10.000 Pa
. B
-*—
100,000 Pa
o
o LA LT I
s 0 L]
" .
[ )
1MPa

10NPa

-

10MPa

10 MPa

Comparing the amount of methane adsorbed on the perfect and defective surface
models, similarities exist between the adsorption isotherms of the perfect and defective
surfaces in that the slopes of the isotherms increase gradually with increasing pressure. As
seen by the slopes of the curves, the isotherms of the defective surface are not as sharp or
as rapid as those of the perfect surface at low pressures. However, when the pressure was
increased, more CHy was pumped into the defect gaps, so the amount of adsorption was
comparable. Furthermore, in the case of micropores, the adsorbed amount of methane on a
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perfect surface is slightly greater than that on a defective surface, but it is quite similar in
the case of larger pores.

However, the adsorbed amount of carbon dioxide for the same pore width and temper-
ature is greater than that of methane. The same behavior is also observed in the experiment.
This is because carbon dioxide has electrostatic charges from a quadrupole moment that
induces greater interactions between carbon dioxide molecules, while methane adsorption
is by van der Waals interactions.

To investigate the adsorption mechanism of CHy on the perfect and defective surface
slit pores at 273 K, snapshots of particles inside the pores are presented in Tables 4 and 5,
respectively. In these snapshots, the black spheres represent carbon atoms of activated
carbon while the blue spheres are methane particles. Micropores and mesopores of 6.5,
15 and 30 A are chosen such that the adsorption mechanisms of CHy and CO; can be
compared. In the case of the 6.5 A width pore, a single layer of adsorption occurs for both
models because the pore space fits one collision diameter of the particles. When the layer is
nearly completed, adsorption inside the defect pits occurs, as seen in Table 4, at pressures
from 1 MPa. The initial adsorption takes place at the inner pore and then it goes along
the 4pore wall to the pore mouth for the perfect surface model, because of the stronger
interaction between the fluid and solid at the pore’s center. However, for the defective
surface model, the defects are distributed randomly on the surface including the inner
pores, then the initial adsorption can be observed at the carbons of the inner graphene layer.
The first layer can be formed along the pore wall and then the defects are filled in. This
mechanism is also observed for CO, adsorption.

Now, turning to the adsorption mechanism for larger pores of 15 and 30 A width, the
initial adsorption takes place at two pore walls and the first layer can be formed along the
pore wall due to the stronger interaction. Then, the pore filling behavior can be observed
but the condensation cannot be seen because the adsorption temperature of 273 K is greater
than the critical temperature of methane, as mentioned above. Therefore, methane behaves
as a supercritical fluid, for which no condensation happens, and this leads to the type I
adsorption isotherm for a supercritical fluid. In the case of the defective surface model,
CHy particles start to be adsorbed in the pits at 1 MPa and fully fill all the defects at 5 MPa.
Therefore, the adsorption behaviors of CHy and CO, show initial adsorption along the pore
wall, when the first layer is complete and the second layer is forming, then, adsorption in
the defects occurs. The adsorption in the slit pores of the perfect surface is greater than that
for the defective surface at pressures lower than 1 Mpa; after that, the opposite behavior
can be found. This may lead to a greater adsorption capacity at saturation conditions or at
higher pressures.

2.4. Effects of Iron Loading on Adsorption Isotherms

Figure 16 depicts the adsorption isotherms versus pressure for CHy at 273 K for finite-
length slit pores with various Fe amounts (0-20%) on the surface, whereas Figure 17 depicts
the isotherms versus pressure for CHy at 273 K for a carbon slit pore with 1% Fe on its
surface and pore widths ranging from 7 to 20 A. A semi-log plot is used to represent the
mechanism and the adsorption capacity, whereas a linear plot is used to evaluate the types
of isotherms.

Adsorption occurs extremely quickly at low pressures, as seen in Figure 16. The
surfaces with low Fe concentrations (1-5%) have a high adsorption capacity for methane,
which is in line with experimental observations for Fe at a concentration of 1% on an
activated carbon surface. When compared to the activated carbon without Fe added to
the surface, the pore with 1% Fe content has a greater capability for methane adsorption.
However, the pore with 15% Fe on the surface has poor methane adsorption. This is because
an excessive amount of iron restricts the pores, which in turn prevents methane particles
from being adsorbed on the surface.
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Figure 16. Adsorption isotherms of methane in the carbon slit pore model at 273 K with varying
concentrations of Fe on its surface.
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Figure 17. Adsorption isotherms of methane in the carbon slit pore model with 1% Fe on its surface
at 273 K for various pore widths.

Upon comparing methane adsorption with different pore widths for graphene with
1% Fe on the surface, as seen in Figure 17, it was discovered that a pore with a width of 7 A
had the greatest methane adsorption capacity, followed by those with widths of 10, 15, and
20 A, in that order. It is obvious that 7 A pores adsorb methane more quickly than other
pores at low pressure. This is because narrow pores have a greater force of attraction than
wider ones, i.e., large pores have less attraction between the surface and the methane. A
pore width of 7 A is particularly advantageous for methane adsorption because it allows
the gas to be packed densely with minimal gaps.

2.5. Effect of Hydroxyl Groups (OH) on CO; Adsorption

Having seen the effect of iron on the adsorption isotherms, now we examine how
functional groups influence the carbon dioxide capture in porous carbon at 273 K. The
adsorption isotherms of CO, with 5% OH groups located randomly for 6.5, 7.0 and 15 A
pore widths using the GCMC simulation method are shown in Figure 18. For comparison,
the adsorption isotherms obtained for the same pore widths in the absence of the functional
groups are also plotted in the same figure. The isotherms at low pressures (p < 1 kPa) show
a less significant effect for functional groups on the adsorbed amount, however, this effect
becomes significant at higher pressures for smaller pores of 6.5 and 7 A. The isotherm for
5% OH groups is greater than that for a homogeneous pore at the same pore size, this is
due to the greater electrostatic force between CO, and the functional groups. However, the
isotherms of carbons with functional groups become less than the homogeneous surface
carbon at pressures greater than 600 kPa. This may be because the inner pore space is
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filled with functional groups, reducing the pore volume for CO, capture. This behavior is
similar to that observed in the experimental data compared between LACO and LACM in
Figure 4. An insignificant effect for the larger pore of 15 A is seen and this could imply that
the smaller pore width together with the functional groups can enhance carbon dioxide
capture.

Adsorbed amount of CO, (kmol/m®)

10 100 1000

Pressure (kPa)

Figure 18. Adsorption isotherms of carbon dioxide at 273 K for different pore widths in the presence
and absence of hydroxyl functional groups (FC).

3. Methodology
3.1. Computer Simulation
3.1.1. Fluid Model

Carbon dioxide is modeled as a 3-center Lennard-Jones (L]) molecule with L] interac-
tion sites on the atoms and point charges to account for the quadrupole moment, whereas
methane is modeled as a simple spherical L] molecule. The porous carbon model is as-
sumed to be a parallel pair of finite-length graphene layers composed of carbon atoms
aligned in a hexagonal arrangement. The molecular parameters for CO, and CHy are
shown in Table 6. The Lennard-Jones 12-6 equation is used to compute the interaction
energy between two L] sites, while Coulomb’s law of electrostatic interaction is used to
calculate the interaction energy between two charges [31].

Table 6. Molecular parameters and partial charges for CO, and CHy used in this study.

Collision Diameter, 0 Energy Well Depth, Atomic Charge,

Type Interaction Site @) e/l (K) q@ References
CO, (& 2.757 28.129 +0.6512 -
(Multi-site model) o 3.033 80.507 —0.3256 1%
CHy
W CHy 3.73 148.0 0 [33,34]

3.1.2. Perfect Surface Model

The carbon-based adsorbent’s structure with pores with a slit-shaped geometry was
chosen as a solid model in this research. A simple finite-length slit pore is modeled as
a parallel pair of finite-length graphite layers perpendicular to the z-axis. Each of the
two walls is composed of three graphene layers that are placed on top of one another with
a3.354 A interlayer gap. The width, H, of this slit pore model is defined as the distance
between a plane running through all carbon atom centers of one wall’s outermost layer and
the corresponding plane of the opposite wall. Each layer’s carbon atoms are arranged in the
form of a condensation of aromatic rings composed of six carbon atoms, with a neighboring
carbon-carbon spacing of 1.42 A [21].
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3.1.3. Defective Surface Model

In the reality of porous carbon as described above, activated carbon also has defect
pits on its basal graphene layers [35]. So, this study also observes the effect of defective
surfaces with the finite length of the carbon slit pore model on the adsorption behavior of
carbon dioxide and methane. To construct a defect in a surface model, an atom of carbon is
chosen at random and then removed from the surface, as well as all of its neighbors that
are closer to it than the effective defect radius, Rc. This process will keep going until the
percentage of carbon atoms that are removed reaches a certain value. The percentage of
defects and the size of the defects, which is determined by the effective radius, are the
two most crucial parameters for modeling a defective surface or a non-graphitized surface
in a surface modeling system [35]. The selected values of these two parameters are 29%
for the defect percentage and 4.92% for the defect size or effective radius. These selected
values give the best agreement between the simulation results and the experimental data
of carbon adsorption. If other adsorbents are to be studied, these two parameters should
be varied in the simulation study with suitable values selected that agree well with the
experimental data of the adsorbent. An example of defective surface creation is shown in
Figure 19.

x L Random point
Effectiveradius o carbon atom Until reach 29 %

Perfective surface Detietive surface

Figure 19. The creation of a defective surface on an outermost graphene layer.

3.1.4. Functional Group Model

The functional groups on activated carbon surfaces have been identified as hydroxyl,
carbonyl, carboxylic, phenolic, lactonic, and pyrone, however, to simplify the model,
hydroxyl groups (OH) are considered to represent the surface functional groups, as in
Muller et al. [18]. The center of oxygen is the L] dispersive site of the OH group, which has
anegative charge of —0.64 e. The distance between the dispersive site and the pore wall is
1.364 A when the dispersive site is perpendicular to the wall. The center of hydrogen has a
positive charge of +0.45 e and is approximately 0.96 A away from the functional group’s
center. The OH groups’ molecular parameters used in this study were &5 /k}, of 78.23 K,
0ss of 3.07 A, and the angle of O-H of 109 [34,36]. The surface chemistry properties of
activated carbon used in this study were measured for the total amount of acidic and basic
groups by Boehm titration.

3.1.5. Iron Oxide Model

Iron oxide is used as the impurity on the activated carbon surface, and its L] dispersive
site is located 1.45 A [37] away from the surface, with a collision diameter of 2.3193 Aand
an energy well depth of 6026.7 K [38]. The iron loading on the graphene layer is shown in
Figure 20.
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Figure 20. The iron loading on the graphene layer.

3.1.6. Grand Canonical Monte Carlo (GCMC) Simulation

In the Monte Carlo (MC) simulation, the metropolis algorithm is used [31], and the
GCMC ensemble is used to determine the CHy and CO, adsorption isotherms. This
ensemble’s simulation box is a finite-length carbon slit pore with a linear dimension of
60 A in both the xand y directions. The top and bottom of the simulation box are assumed
to be two slit pore walls, with each wall consisting of three graphene layers. To achieve
the adsorption equilibrium, we specify the volume of the box (i.e., pore volume), the
chemical potential, and the temperature of the system. One GCMC cycle consists of a
thousand displacement moves and equally probable insertion and deletion attempts. An
adsorption branch of the isotherm generally takes 30,000 cycles to attain equilibrium, with
an additional 30,000 cycles required to establish ensemble averages. We use an empty box
where the amount of fluid specified in the simulation box is equal to zero, as the initial
configuration for each point on the adsorption branch, and the simulation is run until
the number of particles in the box does not change (in the statistical sense). The equation
of state established by Johnson et al. is used to compute the pressure of the bulk gas
corresponding to a given chemical potential [39].

3.2. Experimental Work

The experimental adsorption isotherm was determined using longan seed activated
carbon with varying degrees of burn-off (%), 19% for LAC1, 26% for LAC2, and no burn-off
for LACO. Moreover, LACM is an acronym for longan seed activated carbon contained
hydroxyl groups. Using an intelligent gravimetric analyzer (IGA), model IGA-002 sup-
plied by Hiden Analytical Ltd., Warrington, UK, the experimental data for CO, and CHy
adsorption in LACO, LAC1, and LAC2 at 273 and 300 K were acquired. An adsorption
experiment begins with a 10 h outgassing of a 0.12 g carbon sample at 200 °C, followed by
a cooling period to the adsorption temperature.

When referring to activated carbon that has different amounts of iron on its surface,
the notation xFeAC is used, where x indicates the percentage by mass. The typical im-
pregnation approach used to create Fe;O3 supported on activated carbon originated from
Hakim et al. [15]. The findings of CO, and CH, adsorption studies on xFeAC at 273 K were
obtained using Micromeritics” high-pressure volumetric analyzer (HPVA II). To eliminate
any impurities still present in the pores of the adsorbent, the 1 g or so of xFeAC sample was
placed into the sample tube and degassed for 12 h at 573 K (300 °C). Following that, the
sample tube was moved to the measurement port to gather adsorption data at a constant
temperature. The elemental identification and quantitative compositions of the activated
carbon samples were analyzed using a scanning electron microscope with energy dispersive
X-ray (SEM-EDX) instrument (JSM-7800F, JEOL).

4. Conclusions

In the experimental part, the adsorption capacities of carbon dioxide on burned-off
activated carbons (LACs) and activated carbons with hydroxyl groups added (LACM)
were greater than on original activated carbons (LACO) derived from longan seeds. For
adsorbing methane, LACO performed better than LACM, and the excessive addition of iron
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to the activated carbon surface was deleterious to the adsorption capacity. The adsorption
of CO; at 273 K in LACO was about 4 mmol/g at 1000 mbar and it increased to 4.2 and
4.8 mmol/g for 19 (LAC1) and 26% (LAC2) burn-off activated carbons, respectively. This
is due to an increase in the porous properties of the BET area, micropores, and surface
chemistry. In the investigation of the impact of hydroxyl groups on the adsorption of CO,
and CHy at 273 K, it is found that the maximum adsorption capacity of CO, at 1000 mbar is
about 4 and 4.6 mmol/g in the absence (LACO) and presence of hydroxyl groups (LACM)
contained on the carbon surfaces. This is due to the greater interaction between CO, and
OH than that between fluid and the carbon surface. Compared to the other activated
carbon, derived from bamboo with a higher degree of burn-off, it was found that the
activated carbon with a greater degree of burn-off provided a greater micropore volume
and BET area. Therefore, we have developed the OTA method [40,41] to produce a high
BET surface area of 1773 cm?2/. g, micropore volume of 0.600 cm3/ g, and mesopore volume
of 0.474 cm3/g.

In the research of the adsorption based on the molecular simulation, when comparing
the influence of pore width, the adsorbed amount is greater for micropores than for larger
pores. The adsorption capacity of CO, on a perfect surface is greater than that on a defective
surface at pressures lower than 1 MPa because of the molecular arrangement of CO; on
carbons and because there is no adsorption in the defects. Whereas at pressures greater
than 1 MPa, pore filling behavior occurs and leads to the adsorption capacity of CO; on
defective surface increasing faster than on a perfect surface. Due to a stronger mutual
attraction, carbon dioxide can be adsorbed in greater amounts than methane. Additionally,
adding iron to the surface exhibited the same results as the experiment, demonstrating the
negative effects of excessive iron content. Therefore, the simple model of finite-length slit
pores can be used to describe the adsorption mechanism of fluid in activated carbon with
different degrees of burn-off and surface chemistry quite well.
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