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YUPAWAN MANEEWONG : PARACETAMOL REMOVAL FROM WATER B8Y N-DOPED
ACTIVATED CARBON DERIVED FROM COCONUT SHELL IN A BATCH
ADSCRPTION : EXPERIMENTAL AND MOLECULAR SIMULATION STUDY.

THESIS ADVISOR : ASSOC. PROF. NIKOM KLOMKLIAG, Ph.D., 128 PP.

Keywords : Adsorption/Paracetamol/ N-doped AC/Simulation

Nowadays, large amounts of paracetamol are contaminated in water, which has
great potential to negatively affect health and environment. Therefore, this work
studies the technologies for the purification of water using adsorption via N-doped AC
which is prepared by Char and activated carbon (AC) derived from coconut shells were
modified using urea and KOH. The effect of starting sample (AC and Char) activated
temperature and gas agent was studied. it was found that all sample the pore size and
surface functional group were developed thoroughly. Paracetamol (PC) removal from
aqueous solution was accomplished by adsorption in a batch system at 298K in order
to studied kinetic and equilibrium of paracetamol adsorption. The intraparticle
diffusion model was suitable to describe the kinetic PC removal from water rather than
other models because of a complicated adsorption process in the pore connection of
actual materiats. The maximum capacity of these adsorbents was in a range of 39.9-
357.1mg/g. Among them, the NAC-1123-1:0 had the highest surface area (538m?/g} and
the highest PC adsorption capacity. The PC equilibrium uptakes in these samples were
not pH-dependent, indicating that the pore size is the most dominant factor than the
electrostatic charge of functional group on the solid surface for adsorption, which is
evidenced in our simulation results. Furthermore, a Grand Canonical Monte Carlo
simulation was used to study equilibrium adsorption. The effect of pore size (0.6-6 nm)
functional group type (carboxylic, hydroxyl, carbonyl, quaternary-N, pyrrolic-N, and
pyridinic-N} and the butk concentration (25-2000 mg/L) were investigated on PC-water
mixtures at 298K. It was found that the maximum capacity was found in the pore size
of 0.70nm, which was the best fit for complete monolayer coverage of PC molecules.
The simulation confirmed that N-group types, especially pyridinic-N were more
attractive than O-group types for enhanced PC removal. Furthermore, the bulk
concentration in the range of 25-1000 me/L plays a key role on the capacity in
mesoporous size, but not in microporous size. In addition, the estimated cost of
production for char, AC, and N-doped AC were about 0.73, 2.63, and 3.83 U.5.5/kg
respectively, indicating a highty competitive cost in the market. However, the N-doped



AC was the cheapest price in order to remove the same amount of PC from aqueous

solution.
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\Wesnnauiusiunduianveadendanungy fuinlnaaudanaddiwagldidvivenani
Fad i udl Aaluntsgaduiiuin dawddrauwsgldndsnulunisadadosndtunnd
ANNaNIsatunIsgaduisantesuazianiasislangdunsgninuinilunisgadu
wnnauiudududnisldnudilieiosfiodudadiuun (Xie et al. 2020) uanaintiaudiy
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(K,COs) s1zdnszurunsmaaiianansoadroyilsssunuiuiavesosudsldunnd
N3¥UIUNIININIEAIN (Chiang, Huang, and Chiang 2002) waznsiivigfifendu lawn A1s
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Anhydride) wagyylulnsiau (Nitrogen Groups) vuiuinvesasueuardwavliifoadl
i (Surface Chemical) (Miura and Morimoto, 1991; Boehm, 1994) ‘%awqaﬂiimmi@m
Fuvumusutudliannsoesugldaniuiiiasingriensnsrasivesunagnguidios
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Lor, Sancho, and Hernandez 2011) Tu3a¥ 2553-2561 d9UnAaedudusgIun1sgm
Fumsnenueaanasazarelutasnnudiudu 0-500 me/l fiaunasindeaaumansnisgn
U (Ruiz et al. 2010; Akpotu and Moodley, 2018; Lladd et al. 2015; Mestre et al. 2011,
Cabrita et al. 2010; Galhetas et al. 2014 ; Garcia-Mateos et al. 2015; Marques et al.
2017) éfamaé’wéﬁialﬂﬁﬁaﬁﬂ%mmmi@mﬁwmmﬁmmmaamnﬁqm 250 mg/g UUATUNN



sfusfarnd uiiu (Coal-Activated Carbon) @il uiia 1234 m%/g uagfiu3umsgngu 0.61
cm’/g ImHﬁaam%’uﬁﬂizﬂauﬁwmi‘uau 91 wWesidu waz lulnsiau 1.01 Wosidu wui
JaunamansnsgaduURMINzauAeaNn1ssnTINsgaduisnsufuaes (Pseudo-Second
Orden) ognslsAnmiialifiinunnassiiaulavzAnwmansznuveanylulnsiauuudusiusiuda
Tlulpsiulumsgadumsienueasenainth dafusdadlafiesfinwnsgadumnsie
aueavusuduiud i ldululasiauainnzaiugninainnismaasslasldduuuues
nsEUIUNSEAFULUUNE (Batch Adsorption) ileline uazaaanlunisdnulelmifisuns
andunarauanRnisunsvadliananisuenmea nddldluudaoduanaiiiewntag
oSueTeazBeaiuitluiladeiisliaansarunuldnnmmeass Wy veveagwgy
wazmgilsifuuuiiuinvesigeduiadutiadefinadonspgaduraamsiemusaudy

1.2 IngUszaeAvaINIsIe

&

MiddeiigUsrasifienumnisgadumsnsnueasenainuluduiusudi
TRUselulnsiau (N-doped Activated Carbon) @sldainnzatuzninlunszuiunisgadu
wuungBaudaduinguszasdosldsd

1) ilevinunanudugnuresdiu Iun madiuiiuiiias e sunvesgngu Ty
n1snsERusenszuIunIsIauseulagliuiaeandladfowianisusulasenlen uasufea
Lulasiau uagnsedumenszuIumsmanillagldlnunadeylansonlyn

2) viemumyilsriduuuiuiavesd lnedsmsflulnsiouanmsliudeg e

3) WieAnwAmuannsalumsienmseniuoasenanilagldiuiveuldan
nIzUILMINARTIUANFTY TunsrurumsgaduiUUnY

1) oA nwinansgnuvesruIngnsuLaz v afuuiluitveadagady leun wy
ponBLaudsUsenaude vyasuanda (COOH) wylensenda (OH) uagwsasusia (C=0)
anUsstanmenylulnsiau (N-group types) fiusznausag Pyrrolic (N-5) Pyridinic (N-6) uae
Quaternary Nitrogen (NQ) ‘shgiuuinaaduianawnsudaluiasatauiaisla (GCMO)

13 Y2UlUAYBIN1SIAY

mAseiwvieonidu 3 dunane i

1) MInanauws (Chan netnzameninuialagldnnusounieldnislivaves
ufdlulnsiau (N) igamgfl 873 K ifuan 1 hr udsnduidius$iwdouldlunsedu
Tngldmnufounelénsinaveuiansueulasenles (CO,) flgaumadl 1173 K funan 1
hr azleiauiusiud (Activated Carbon: AC) TagluauideasAnunadofinadonisiamn
arudusngu 18ud navesdrudsiulunssdeudiutusiudalau delulasiau (N-Doped
Activated Carbon) navesgamgiifinszdulunisnszdunianil uaznave ssnsdmveuia
pendladszning CO, U N, #aenszuIumMswienause 9§l e ivieduiusus



wnanfugde lusmsdulnetmin 1:1 warldnnufeuniglinislnavesennmauasdls (Air
Zero) flgaumgdl 623 K iuaan 1 hr iflefiaeylsiivlulasiauuuiuivesweuduasilei
ogunTuLNTTY (Graphene) 183983uds vdsaniutnauduInunadoulonsenlys
(KOH) waglviannusouneldnisinaves CO, wiendu N, figamadll 1023 uay 1123 K 1y
1987 1 hr agdns1diuues CO,N, luseninen1snseiusiy KOH WDusnsnaausid 0:1 1:1
e 1.0 Famainisiranudeulnslduiaeondledidu Co, way N, avilviudiias e
wazUTunsavanvesgnuint unudavefidululanau Sedufuiuddlsd daelulasiay
NN Weuunuse NC-a-bic Inodl a nunefi gamgdl way bic mneds Sasndiuves
CO,:N, Tumsnsefumaaiisiedanilal wonandauiusiudi eaelaululnsauangiut
Jud Weuwnuae NAC-a-b:c

2) miafﬂsﬁuwwﬁmeaamﬂmiazmUﬁﬁﬂ’gmlfﬁm%uagimm 25-2000 mg/L 1ng
Tidgaduilmsoaliludousn loud duwns srudusiud dusufudiliuselulasiouan
81U (NC-a-b:o) wazauiufudfi lfdsaelulnsiauaindudusiusd (NAC-a-bio) Tu
nIguIUNIAATULUUNE (Batch Adsorption) ﬁqmmﬁﬁm (298 K) Lilofnw1aaunamans
¥93M1359A9U (Kinetic Adsorption) Tngldaunisdnsnsgedudusuniadion (Pseudo-First
Order) Susuapaiiivy (Pseudo-Second Order) aumsnisunsnelugnguvosvoaudeiiu
owien (Homogeneous Solid Diffusion) LLasamﬂﬂiﬂ?iLLWiﬂwiugwqu (Intraparticle
Diffusion) uanmm’fs‘]’aﬁﬂmamamigm% (Equilibrium Adsorption) 983W15La1Lea Lae
Taun1suassdns (Langmuir Equation) wazauni1sugua (Freundlich Equation)
3) nMsPaeswuuNeuiaisla (GCMO) Higlun1sesuienalnnIsuenveInITEnLeaeenIN
ihlnsanfusuiidgnguluseiugana daasdnw 3 Jade Ifun nansznuanauavesgngy
TngdeBannvuingniuaiswosiangqaduiindnld uyfsdduvuiuivesniu téud ny
Lulasiau (N-5 N-6 N-Q) m3jeen@iau (OH COOH CO) waglaiiivigilanitu (Perfect Surface)
wazasdiduramnI I meaiuanmsiuluTag 25-2000 me/L figaumgdl 298 K

1.4 UsslewifinminazldFuainnisinen

1) dendntaggaduaintagmdofisanmainuasldud ngaruznin Feaadiay
anunsovilingauenifiyafidfivandy Tneldusslovidutanaadulunisiidnds
Juidlousne 1wy magedumiesuea

2) ansnsnihluldluniseenuuunssuiumsnisgaduil awalug Tuiimngdmsy
ilUldnulugeannssy



unil 2
USiAtssaunssuLasngufitneatag

2.1 Enaadu

nizmumi@m%’ué’a&Ji’aq@ﬂ%’uLﬁaamﬂLfﬂu%‘ﬁ”miﬁdﬂaﬁqmiumﬁﬁﬁm?%wmﬁaﬂu
1 TneiiYaggaduiildtuagrsunsvans Tdun dlalad (Zeolite) §8n1 (Silica) Yanlasatng
Tangdun3g (Metal Organic Framework: MOFs) 1u%1$ (Char) wazanuiudus (Activated
Carbon) 1Jusiu

lolad (Zeolite) \Uudanzniusuwinan (vuagnudosndn 2 nm) dewldilusgn
Fuidesnniuianiifinisnszaedivesgnsuties farmaissluaniiznia amiso
waniAsulooouldge fauadesluanneifmiutuwesgangiias widleladiuanid
fuintosvililsiannsageduldfuyiinamnn

g8 (Silica) 1ludnTanuilsiTenthunldidusmgedu Wesnnlutanfiffuia,
Aoutguuasiiantsufodvunngnsuiiasiianewihfunaeniislasadne vunnvegngu
vo93Antannsnoonuuulifivuinnadesnissous 2-30 nm agdlsfmunisihdanunld
dsugaduliifufiunsvasnnindlefieututanasueu eannTananidiiuiailigs
inidleifiguiuianaueu

Yanlasstnelangdunid (Metal Organic Framework: MOFs) ufagiidlassasng
L‘i‘]umsziwﬁﬂﬁﬁﬁuﬁﬂaLLazmmLfJugwguqq uaﬂmﬂ‘ﬁé’aﬁﬂmamﬁ’ﬁmsﬂizma@f’maqgwqu
#foe (Uniform Pore Size) uazanansasenuuulassaiismunisivasuansuszneulavgvie
asduvditerfiunsgaduansuuuiamziatzasls fausl MOFs idefvannuaneUsennsus
MOFs drulngjariimnddesvedlasiaienluanziitnutu

fumn$ (Char) Wudndasitldannssuaumanisueluedufeum$alddag v
AnudeugenitingAviunaiudunarlifiaiy fanuamnsolunsgeduldifiendndes
Friuiagrihnafinsrdninmmagaduresiiunsldlaeiiniensedudeluiowdsuls
Dugmuiusiug

fufusiust (Activated Carbon) Wuaggnsuilvsnzauldanlusnunisgadu ties
ﬁaamuﬁuﬂuﬁﬁuwémﬁwﬁﬁiﬁﬂm%uw%éﬁ’mas?fqﬁmi‘uauLﬁumﬁﬂisﬂawé’ﬂiﬂamwﬁmﬁu
INNITEUIUNINBAuTUs (Activation) mﬂﬁ*l,éimqaiwmaﬂwmwLﬂm‘wamaﬂ 7 Ainduuy
fuRndusuunnn susutudildfsdanuanasalunisgedugs uenandvunmesgngy
meluduiusiuddadudndedeninasonisgadu Iﬂ&Jgws}umaiumummummﬁmzmEJm
Y0UININTU 3 W TakA gnsurwiain (eundn 2 nm) FHIUIUIANGNS (2-50 nm) Way
sngurWwInlig (WnAd1 50 nm)



dufufuAilauselulngiau (N-doped Activated Carbon) iughususudaiianils
fisinslfluenaveslulasauluunsndeguuiiuiialasialuazeglusuves Pyridinic Amine
%38 Pyrrolic LﬁaLﬁmﬂizﬁwﬁmwma@méﬁwaadmﬁuﬁuﬁ Lﬁm‘\]’lﬂﬁLLNaﬂ@JﬂﬁLLG?NLL’N
sewinsluianavesvesinaii it (wsneniuen) fumyisdduvuil uivosTaggaduis
Tassaefifulfuansdagui 2.1

hydroxyl
(OH)

pyridinic-N
(N-6)

(BT RTINS
| T W e

Vadeaddobdaiazt

fud O ¢ carbonyl

quaternary-N (C=0)
(NQ)
pyrrolic-N " o°° carboxylic
(N-5) (COOH)
@ -=c @ =H =N -0

U7 2.1 Tnseadenduldldvesauiuiudnldululasiau

[ 1 4
2.2 NISUIUNTINAUUIINIUVIINTUYTZ
nsrvrunsiaAudugnguresiugsamnsarlamenisnssdulaeuuady
NIEUIUNIINTLAUNNNIYANYTOANUTBULALATINTEAUNIUAT]

¥ '
6l A aa

n13nsEunanInm (Physical Activation) Wudumeuntssiliaruensiiuiiag
PNy w3 oUTweIn anuavesgi uund u lnen1seandladdaouda iy wia
ansuaulasanles (CO,) vialotn (H,0) Husu Wneldgamnilunisnssfuroudieg

nsnsdunaadl (Chemical Activation) idudunounisifivnanmusssnsuguiy
funisnagdumanenin uenaniganunsouulsmglsiduuuiuialddndinseduma
neaw taensansiadifivmididuaisnssduninantud i aduiideaniswauiud
turuanudeulavdulngasiluinunssuiunsusluedudnseu asediidenld Tou
Tnunadeulansenled (KOH) Inunaideuansuaiun (K,COs) nsalun3n (HNOs) udu

Tuawu‘iﬁﬂﬁjﬁaQﬂﬁiﬁmummamﬂ’ammLﬂugwqmmzhmm‘ uazUuanmuiaes
anumdlimiladvesmylulnsauduiu Fahnsneduisaesisiinanundsiu Tnedend,
nszurumsTAUlulasiou Fsnnstivlulasiouuududusiudniotanasusuiidsnsulans
nalnnslaululnsiaussgud 2.2 Inseraeuveshilasiauazluunuiiesnonaivouuun ity
oonlafvasdututud TurmAdeidifvlulanauanesmeululasauiieglugids Tnenisiian



nanludadrud indundsainduiiluliaiusounaznszdudlsueanilallagly
Inunadeylansenlen

»

Perfect

JUN 2.2 nalnmsunsndvetegmeululasiauuunsilusenlys

v
S aa

weanNUITn15n15ld Ululasiau(N-Doped) vudanarfusun dgnud
N5 EWAIIBINAINNAETTALAURAAIAINITIN 2.1

A15199 2.1 arunuuailaUlulpsiau

Sget
SnaAusedy A EIGELEN (m¥g): | /O 91984
) Voo/Vs (%) (wt.%)
Biomass D- Urea treatment Wag 2827: - 84/- (Yue et al. 2018)
slucose N3EAUMEY K,COs 7 /4.69
973K
Rotten Hydrothermal method 1577: - 79/16/2. | (Yue et al. 2017)
Strawberries | 71 453 K LLa:ﬁﬂiz@]:u@]"JEJ 6
KOH 11 973K
Sucrose Heating sucrose with 2366: 0.32 | -/-/6.1 (Sivadas et al.
Urea, WAENIEAUME 2016)
KOH 71 923K




A15197 2.1 arunusiusnladlulngiau (se)

SBET
o/ a g‘ 1% G . C/O/N, a
AgAUALRY | N1sn3ey (m*/g): ) 31494
Vrn/Vt (0/0) (Wt. /0)
Petroleum Modification with 1M 978: 0.70 | 84/14/1. (Zhang et al.
coke HNO5 solution 91 353K 45 2016)
Petroleum Urea-modification a3¢ 2299: - 86/- (Bai et al. 2015)
coke 21NF 9 623K Lay /0.29
then activation iay
nseAuRIe KOH 1 973K
Petroleum | iauSeuunianaedy | 2329:- | 8/-/1.01 | (Yangetal.
coke ADINFALAL LN LULTE 2016)
623K war uazNIEAY
A8 KOH 91 973K
Coal-B Wet oxidized A7 71.6/21. (Ruiz et al.
889: 0.59
(commercial) | (NH4)»S,04 5/0.4 2010)
NH,-MCM-41 with
18.4/76. (Akpotu and
MCM-41 reduced graphene 50.9: -
. 8/3.09 | Moodley, 2018)
oxide (RGO)
Ammoxidation by )
Coffee Ve (Liu and Huang,
melamine 7 433K Lay 990: 0.82 -/-/5.1
grounds S y 2018)
NTeAUAIL KOH %1 873K
Chloroacetonitrile was
N rich
mixed with trimethyl- = (Sethia and
(31wt%) e/ 2386: - ,
silyl imidazole Wa¥ /8.3/11.9 Sayari, 2015)
carbon v w o
N3rAUNIY KOH 71 973K
Pyrolysis of micropo-
Indole ) v
rous polyindole a3y 1503: - -/-/3.24 | (Ren et al. 2017)
(99.8%) o
KOH 9 973K
Coal-B o 85.6/1.9/ (Ruiz et al.
ATLAUNIATIYATN 1033: 0.60
(commercial) ! 0.6 2010)




ogdlsfinulueridetoundinanandslddnunnaeddei@nvinansenuromy
Tulpsiauuuiuiufudainnzauzndn7ladlulasan (N-doped Activated Carbon) lun1s
andumsiemueanenainth duiulummiAfeaddasinisinumnmsgedumaienuoauy
drufuTud i laUdelulasiauainnyaineni1 (N-doped Activated Carbon) Tagazii
nzanugniawnfiguvnd 873 K Wilddwens Bendinszuiunisadvelueduaindy
ihlunsedunelisnsinisivaves O, figuvndl 1173 K itelvldduiusiud deutdiu
yiuardusutudluuiuusstaensiiululnsiau (N-Doped) fogidouagnseduiiuiinge
\nilde KOH lagsnstdnvesna KOH semufusiudnioumsilfdlulasauududu 21
aeldRoulaiunnsiuldun gumgiivesnisnsedud 1023 uay 1123 K uazdnardiuues
whasandladsening COp AU Ny ﬁiﬁi’fﬂizﬁummﬁ Wy 0:1 1:1 uagl:0 muaau

2.3 NSTUMUNINTAATUNITUIANDA
Tudagtuiivsunaeinsienueadnuinnluideuluidsdmaidedeauninuiag

dawindeu lnedldnidevangvinulaliauaulauesAnvimalulaglunismdnenvuidouly
W1 FUawlUNNszuIUMIAAgUINNT N INeaaN1NY InenuldeiiuiinisAnwinisga

GE‘UWW]Lszjmmaamﬂdmﬁ’uﬁuﬁﬁm'%ammn’iaméﬁgﬂé’mmﬂmaf“’fuamwmﬂwmaLLasiﬁﬁé’Iama
msrmumimsﬁuwmLezimmaamﬂmsmaaqmmﬁw 2.2 LLavmﬁuauawiﬁ]mwaamﬂs'mlm
i‘LJ‘Vl 2.3 WU Wummwauadmmezjm“meumaﬂsmmiwmwwmmeumLLamﬂmU
23 (a) TnesteiuRng e LLauUﬁmmswsummmLﬂuﬂmauummqmamwwmwamamﬁ

o

ALUT Lﬁ@WUN’Jﬁ]’]LW’] LLawﬂill’WliiW’iuVI\‘WlIﬂLW@JWUU'ﬁM’]ﬂJﬂ’]i@@%UﬂJ@QW’]iWL“ljfmllaaﬂ

e® e

AT ué’fummﬂmﬂm 2.3 (b) wag (o) LLauUimmmmmwmﬂama 250 me/g YaIMAn
FuiidHuRag g 1238 m¥Yg ﬂsmmiwwm‘wm 0.615 cm?/g uaﬂmﬂuﬂmamummmm
ﬁuaam@m%mtﬂuaﬂﬂ%amumamams@m%ma Wi vfflaniv G nyflulasiay uagny
fifleandiaulnsanunsansiuliainesdusznaumaaiuansiensneiiz.2 sndregiady &
Andu NPK U Biomass-AC filulasinudussiusznauiosas 0.88 wag 0.4 lnguianuaau
Fawuindagadu NPK annsagaduldinnnin Biomass-AC Fauldlfimlulnsiaudanasi
Iﬁﬂisam%mwmi@meﬁ’uwmLszmmaal,ﬁumﬁyu Wi iureandiauiiansanldaindige
U Wood-AC fiu ACC agnslsAnmlunisvaaedldannsausnfionsaniiasiode duiudei

wuudaeduananngislunisesuieeaztennsgaduuure iy
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M13199 2.2 YSanaumsgadunisiemueavuauiududnanududusuaulugig 0-500

me/L
v Seer(m?/g): C/O/N RRIVHE Qe o -
AINAYU BYRBY
v Vi (cm*/g) (%) (K):pH | (mg/g)
Coal-B AC 1033: 0.524 | 85.6/1.9/0.6 | 303:5.8 171 (Ruiz et al.
2010)
(NHg) 2S,0s- 889: 0.455 | 71.6/21.5/0.4 | 303: 5.8 87 (Ruiz et al.
Coal-B AC 2010)
MCM-41-G 50.9: 0.17 | 18.4/76.8/3.09 | 298: 2 10.9 (Akpotu
and
Moodley,
2018)
F-400 (coal) 1234: 0.615 91/-/1.01 298: 7 250 (Llado et
al. 2015)
NPK (coal) 782: 0.489 88/-/0.88 298: 7 140 (Llado et
al. 2015)
SBC (coal) 260: 0.161 a1/-/1.57 298: 7 50 (Llado et
al. 2015)
commercialized | 1065: 0.70 92.9/6.2/0.3 303: 7 151.9 (Mestre et
AC al. 2011)
Wood-AC 1120: 0.742 -/3.6/- 303: 7 173 (Cabrita et
al. 2010)
Biomass-AC 990: 0.36 85.1/8.8/0.4 298: 7 90 (Garcia-
Mateos et
al. 2015)
ACC 1136: 0.76 91/9/- 303: 7 218 (Marques
et al. 2017)
GAC 838: 0.47 94.8/5.2/- 303: 7 143 (Marques
et al. 2017)
NS 1065: 0.70 93.2/6.8/- 303: 7 225 (Marques
et al. 2017)
DD 672: 0.37 - 298: 6.5 60 (De Lima et
al. 2015)
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08
.0
(]
mg ... ®
g 0.4 4 ®
N .
>H
@ o
0.0 :
0 700 1400
Sger (M?/9) (a)
300
[ ]
LX)
—~ 200 A
o
>
£ o0 ©
[«5]
O 100 1 P
°® [ )
0@ ;
0 700 1400
Sger (M?/Q) (b)
300
(€]
L)
—~ 200 -
(=)}
> ® ()
g ® ®
(5]
S 100 e o
P o
0 L ,
0.0 0.4 0.8
3
Vi (cm/g) ©)

SUTt 2.3 Usinaumsgadumsuemueadiduilaidures iiasgnuiamnfuiuifagldn
nndeyanismaaedlunisnsii2 2 uazndonnsiul (a) Anuduiusseninsiunns
ﬁ’jwmsuaqgwquﬁu fufiins g (o) AnuduiusseninaUSinaedigngadu
anmeaunaluignavesdsiuiuiiidineg wae (© mnuduiudsenineium
vosmgnaaduiiantig amaaiuﬁ’gmﬂsuaaLLéﬁqﬁuﬂ%mmﬁ%mmaqgwgu
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dmuaaunamanivosnsgaduilunsdnuiitelimsuinalnueansgedudady
msaneleusnamsszninsansgngeduiuiivesiangadudasnuisnsiimgedulae
wlvideyaidulselusddonisurluuszgndldluniseenuuunisgaduld aunts
saunamansfidenldlumsesueunngnsainsgaduegiaunivansie aunssnsnisge
Fususiuniafion (Pseudo-First Order) Wagduduanafien (Pseudo-Second Order ) Tu
nIzUIuN1IMIgAdUsIuLlinanavesansgnaed Ui Anuuitufinvesiagadudauinfu
Uinaesigngaduluipgaaveauds (q) milddsaunnsi 2.1

(Ci—C)Vs
= — 2.1
de W (2.1)
efl C,C Ao anududusudunaziviatle o luigniavesnad Suiedu me/L
P a v o P 1 <3
V, AD U svedansazale (AIQnaneu) dnuigidu mL
P 5 % Y o =) 1 I
W fie dmiinveswgadu Indieiu mg

ANTTITNBIA AR UIAUNAFANARSUDINITAATY A1NNTMILARENNTS
solull
AuN13enIINIadususunilaiien (Pseudo-First Order) (Lagergren, 1898)

k
log(ge = qo) =log(qe) — 555t (2.2)

Tned qp d, Ao U'%mmmi@@%’uﬁnaﬂm61LLazﬁaﬂwazauQaiui’gﬂﬂmaaLL%Q
auany Jviedu me/e
k,  fe AAsfisninseeduvessusuvilaiien Sy min’
Pnaunsi 2.2 \uaunsdunsdadeinndennsnanuduiussening log ( q.-q,) M

t aglemnudurainsmaen k,
auN13dnIINIRRTUSUAUaRLEY (Pseudo-Second Order) (Ho and McKay, 1998)

1 1 1
—=—-4+—t (2.3)
a h qe
g9l h A9 koqe?

ko flo AAITERIINsAAtUTEsaNNISUdUae ey Tmiiedu

ge(mgemin)*

o y S A o v o 1
NNFUNITN 2.3 L‘ﬂuaumsl,aumqmLmammwﬁamﬂiﬁmmmamwuﬁizmw —AUt
G

WAWNTANIAT ge LAINAMUTUTDINTIN WaEyAT k, la1ngasiaunu y vensvl
uaﬂmﬂmifg]m%’uﬁﬁwaﬁaqqm%’ué’mu%umunWiLLWi'msiugwquﬂumi’a@%ﬁﬁﬁ’m
ddglutunounisgedu Fafuaunisiistestunisundmelugnguiadudnaunisiign
thanldesunensgadumsuenuealunuifendsise lnsaunisnisunsnglugwg ui
aulaasfnwddad aunisnsunsnelugnuvesvesudsiifuidoiion (Homogeneous
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Solid Diffusion Model: HSDM) (Reichenberg, 1953) wazaun1sn1suns a1elugniu

(Intraparticle Diffusion) (Qiu et al. 2009)

aumsmaunimelusnguvesveaudsiifuiiodes (Homogeneous Solid Diffusion)
Tneuvudaesildesuiensdelounamsvesfaniodugudunssnandaunisded

q 6 woo 1 —Dgn?m?t
q: =1- ;Zn=1§EXp(T) (2.4)

loefl q_,q Ae avudutuadsludigaduiiiaieduduaziiiiailag auadu Iniae

Hu me/g
D,  fi AvduuszAnsveamsunsnelugngu dmhedu m¥s
R Ao Salvaseunavsetanandu dvuedu nm

aun13n1sunsnglugngu (Intraparticle Diffusion)

qe = kpt*/? + ¢ (2.5)

el k,  fe Aasiignsnvesnisunsnielugngu dmisedu mg « @ «(min)"?

C fie AmsiiTiReatesiunusestuildy Smbhediu me/e

dwduleluiisunisgadu (Adsorption Isotherm) #3aAudURUSTENINNUTINYDT
a13fignaadu (Adsorbate) fignaaduuui uitnesansnady (Adsorbent) Fuaaufud
gumgiiasi lnevguiiidesldesuglelniifunisgadu (Adsorption Isotherm) loiun uaa
1% (Langmuir) (Langmuir, 1918) Lﬁulaiszimas‘uﬁdwﬁqmLLazL‘fJums@Jm%’wwmamw &
NSNANNTAATUNNIIINANLAFIY dasaludl T,uLaqaam%’uuuﬁuﬁﬁwﬁ’mmﬁ’sﬁ’;@m%’u fufives
fgadumngiuluanafifuiuutuder (Monolayen fiufiiavosgaduagdriausina
vosluanafiaznadu ndsuresnisgeduasimiloutunng uflvesipedu Tuanafiazgn
gaduansanvsneiuiveiinuisenduluenadradesls
Mnauufg e aansadeuuaunislidd

dmKLCe
= 1m L-€ 2.6
e 1+KCe 2.6)
Feanusaeuegluguvesaunsidunselanail
1 1 1 1
—=— (2.7)

de 9dm dmKL Ce
laghl g fe mwaninsogedalunisgadu dwiedu me/g
K. fe AAsinmsgadusuutiufes Smbedu L/me

o y 4 4 o o o & ol 1
INFUNIIN 2.7 Lﬁj‘uﬁiﬂﬂ’ﬁLﬁ‘u&]iﬂ"’mLll’e]‘hl']11’1Wéb@]ﬂi’?‘i’\]ﬂ’ﬂﬂﬁﬂWUﬁi%%’J’N — AU —
% Ce

ranusOnIA K 19a1nanuduveansam wagmen g Wanngadawny y 1eensm
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' [
aaa

dndnvquiiifenldiguiufe sigufv (Freundlich) (Freundlich, 1906) d4ldfiisnng

o Y

Aadunaaiivagn1sgaduniinienm sineduenisgaduvetansuseneulssinnduniduas
anseflun3duudgadunateyseian wenanddudulelufisuiiiuuainuauisiinuy
At TisWug (Heterogeneous) @skiduiilawiien Tnafinsgaduuuiiuinvesiigngaduay

Juwuunanedy (Multilayer) wazdaunisaanaluil

1
log(ge) = log(Ke) + —log(Ce) (2.8)
lae?l K Ao AASTILANIAINEINSOVRINTSARTUMANeTY ey me! LV g
N AD ANASTILEAINISTUNTINUANUINTUVDIENTAZANY

naun159 2.8 Wuaunsidunssdadednindonnsivanuduiussening log (g,) Nu

log (C,) 3au15011AT n lAaNANUTUYBINT I WAzl K, [Aangadauwny y vensm
FeluaAdeisnuunlddnuaaunamansueamsgadunisisnmea lneuaninass

15197 2.3 uazNUInauNNISRIINsgedUSufuas BNz anfunsgaduarsazane

wissameauu iU Sufunia o

M5 2.3 LUUTIRBIIAUNAAERTUINITOATUNIT NN AUURUANTUA

#1N159ATININATY | ENNTTINTINIAATUIUAY
susuniadion doaiey
Aaady - X - | kox10* 91994
N R? (ge(mge R?
(mg/g) | (min™) (mg/9) \ ¥
min)™)

Coal-B AC - - - 171 1.00 0.998 | (Ruiz et al.

2010)
(NH4)2S,0g- - - - 81 0.54 0.996 | (Ruiz et al.

Coal-B AC 2010)

MCM-41-G 8.47 1.62 0.91 - - - (Akpotu

and
Moodley,

2018)
F-400 (coal) - - - 190.1 1.52 - (Llado et
al. 2015)
NPK (coal) - - - 110.3 2.16 - (Llado et
al. 2015)
Commercializ - - - 151 0.27 0.999 (Mestre et
ed AC al. 2011)
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M5 2.3 LUUTIRBIIAUNAMARTUINTYATUNIT I UBAUURUANTUA (Fo)

FUN1TOATINTAATU | FUNITIRTINTAATUDUAY
Susunilafiou RN
Aaadu kox10% 91999
e cal |.<1 R e cal (go(mge R?
(mg/g) | (min™) (mg/9) o
min)™)
Wood-AC - - - 173 17.6 0.998 | (Cabrita et
Commercializ al. 2010)
ed
NS - - - 217 40 0.999 | (Galhetas
(Commercial et al. 2014)
AQ)
ACC - - - 222 26 0.999 | (Marques
et al. 2017)
GAC - - - 132 1 0.999 | (Marques
et al. 2017)
Dende 58 0.081 | 0.93 62 1.9 0.988 | (De Lima et
Coconut AC al. 2015)

2.4 wuuIaedeliana
Tugramanedfsuandsuidedesuinivinsfnvinisgadunisieniueasnn
asazangelguuudaedluana laun Terzyk et al. (2012) lavinsAnwiwuudiaeanisgn
Fumsnsmealuuisuiluasvounanswisndasufuiigaumaiviedaslfuuudiassuiana
launsin (Molecular Dynamics Simulation, MD) Wud1lskanavaanIsenIdeaiufiioguy
fufntuuenaavesuisunluaivou sgrslsfnuideiinsuluenansenuoafiazii
Fumeguinaerisenituisiuiiuitlududain dou Gauden et al. (2014) TdAnw
maﬂﬁzmﬁuawyjﬁqmuwmaaﬂszjL%u’Lumﬁ@Jm%W']iwLszimmaaaamnﬂuﬂu';;wquimsﬂsu
wuudaeslutanalauiiin (Molecular Dynamics Simulation, MD) wu31U3unanisaadu
msugmueatiosasnTsiianisazaulianavesilumadvesgnguiadunisgadulug
31 (Pore Blockage) ifiasanifinnisunsugslunisgadusemindlanamsngnueariui
Tumitsffunuiuinresmadngnuiinnuudusmesiusssswilianathifungiladsy
WINNIIANURDITIVRINUsZs TR Islanan s ueaiumilendu Tnonsaasulugnguy
wulddabetulugnguiifioundnasuarasmelulugnuonalngiueiatu snguauin
nans (Mesopore Size) peslsfinuuuusians MD duldaunsansudeyaaunavesnign
du Matunsdasuvuunusuauineaveuiaidla (GoMO) Fududnmadonuisdmiu
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n1sgaduaNaunaluseauania lunaieUsieu Bahamon and Vega 2017 Ainw1n13ga
FUNITNIAIUDABDNAINAITAra18TUY 1A TUTY 0-100 me/L uug 1ur usius 1
paungiiviestisld GaMC lunissraesdututiuftusnviaflouresisiiszyiesidusantian
flufifn Usiesgngusia wazawiagngu lnedadomanislildgnasaaeuluusas ot
pgedaaudeiulunuifeddlivssavarudnialumsfnwmansenuandaderinuad
nanaun SiftssUTuasvesgnsuinuatiadeifendidoyafiomelunisasuinuinnmess
nyunsuninasontsgdudmuinUinumgeduifia ud e Usinagnuimuei uiy
Fedulunuitedaginsfnunsgadunsienuoadeuusiassluana GCMC lagay
Sraeslassaiamuiusiudfiingfledduloun mylulsiau mipendiau uarlsidvyflaidu Tng
wAnwarududuromisnieniueasus 25-2000 me/L iteugaseiuteneaziden
dianfndmgfsiduiinaegislaionisgeiu uenandds@nuvinansenures wiagngude
Tnenslduvudassunsuinluineaveuiniila (GCMC) Fahmdnnsvesgammanmans
afif (Statistical Thermodynamics) s1Uszgnaldluntsfnuifsafunisgaduuuiiuiies
vosufstadransnainnisveasansgeduuiavesingaduluszuuiauiinns lnsisuusnas
ynsinuiinesasudundanntduriinistdeunfanamdianiauduniudwsatic
wdeuiitilulumeluressgaduuaziiansgeduaussuuiingaunaiinAusimnsgari e
vosszuuiinrududurinlvamsonsuliinanisgeduld Tnswuudaesuana GMC Tu
QﬂuaﬁJﬂﬁjﬁlgﬁﬁ]’1304’]58UU(;I/’J@]W2TULﬂu%gﬂ‘%ﬂﬁlzVfﬁﬂﬁﬁﬁﬁ@ﬂ?}WiH%@ﬂﬁ’J@ﬁ“ﬁULﬂUﬂa'EJ\‘I
awideu Tnermuasndaudndidaail (Chemical Potential, ) Usuas (Volume, V) wae
gl (Temperature, T) vaaszuuld Mniuagldnonfinmoiinismuiumdauves
szuv WeszuuiinmsasunlasiaueyniaviedinsuasuuUasiumiseseynia szuu
ghnsAnumdsnuiasundadly fndsnuvesszuuiiasundasiusiddininszuy
LAl izUUﬁLUﬁﬂﬂU@WgﬂLLUUN@J (Configuration) %ﬁﬁmiﬁham%ﬂﬂauﬂizﬁqwé’wumm
szuuliiAsuutas uansirszuudngauna (Equilibrium) muanisdifmusli ssuuiing
WasuwUaaiesain 5 wgnisalde mslaluanadald (nsertion) nsfsluianaseon
(Deletion) nM8esuntsvasluiana (Displacement Move) nMsiUdsurinvesiuaiana
(Swap) wagn1viuvesliana (Rotation) anadagud 2.4 Tunilinsiwesnsdrassnisgedy
Tneld GEMC azdsznousenmadonuisluiusavmnisaifianinduiomndoanuiay
Huilidu Tngluusasnsdduotansdu sy andwiu nsdresums maiudeu
yialuanaviontsgudmiulnanafignduduan eruauedslunisduenaunnia 5x107
pds BefimsanlFanaumuutuessruulifinisAsunas mndufrannsafuinm
USnamsgaduiads uasndanuvessyuUnay
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®or®

eion] /O oooo/'
° ] [

. GasA

Displacement | | @ GasB

Feed
Gas Mixture

A+B
( ) move

j—t [Rotation |

JUT 2.4 syuuveanisinaedluana

2.4.1 ¥ANNIIVRIMUUIIABILLANE GCMC
ftunouseellil
1) MuuaA WK UANGLBLAL (Chemical Potential, W) Ysuas (Volume)
wazauund (Temperature, T) ¥8458UY MntusyuvazrmMsiuand s udures
syuuld

O OQQ

LN

X

SUT 2.5 spuuisuauvasuuiaedlnana

2) ldmnuduiaus 0.1-110000 Pa i luluszuulnsusazauduasyinld
uiainmaiedeuiinarlussuuadanfaninadouiuninetulid udluwuusiassiin
dzanuAliinnsiadouil 10000 nMsiedeuikaziansaniigamadl 298 K lnsnisindoutes
ufailiAnmsidsundamesszuud 5 wmnsalmuiinalideiu Geszuvazvinisiden
wildluveavmnisaiftasietuimuadeauianduiivihfusundeunistell

Displacement: P =min {1, exp(-AU, —Uo)} (2.9)

. . zVv
Insertion: P = ! — — 2.10
nsertion: P mln{l,N leexp[ LU, Uo)]} (2.10)
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Deletion: P=min{1,ZN—\‘/exp[—,B(Un—Uo)]} (2.11)
Swap i—»j: P=min 1ZJ—Niexp[—,B(U -U,)] (2.12)
P "2,(N, +1) o ‘

dmsunaedeuiindsd 1 vessruumgnisaifaninduffemsldluanadludady
luanavesufanauiiflosdusznouidunia A wag uwia B Ingszuvaginindenasdusznou
ufta A vde uita B i lussuudoudendnnisanuinasdu ndandussuuiagdun
w¥auily uidwiumaiadeummnisaline 1dun nsisean n1sdhesums mswdsu
yiavasluana wagnsmyuvadlanaaghmadenlnanatnluanafifogiamanely
JEUU

N\c‘m 00 —

®reo ® @ GasB

I Ix

= ° - = S & A
E‘U‘VI 2.6 iwu‘uaumumaaﬂmLaqawmimaawmw 1

3) ndsndufiegfinnsannisiadoudindedt 2 3 4 5 laudsadedl 10000 Tng
nnesadosuuiinsasuuasiuiueynavielinaisuulasiumisesoyma seuu
aghnsAnumdsuiasudasly fndunuvesszuuiasuudaslusiddininszuy
LAl izwﬁmﬁﬁuwmmgmwu (Configuration) lnyl widmdssufiasundasiosniniy
szuvarsanfulazannsaliluanasgsunieild uidmdsnuidsuuasnnninis
Tusunsufiagyinisduniniihannsoogsundsiuldvielinefiamnisdudosun
niudn TnsluwsaznsdiiAanswasuulasiueaasdumaiinuou ansiuau n1séhe
funtds madeuriiavedliana wiemsnyudmiulianafignduduan laasvhnissiaes
17 unseitandanuresszuulinAsunlas wansinssuuidngauga (Equilibrium)
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2904
Insertion QQ QOQ /
@®or® N. ; . ‘ Gas A
1® | o

Displacement | | @ GasB

roation || O __@r@f _mor
60000
Y

[
=

JUN 2.7 Matedeunvedlutanaiiintuluiuuinass

1) feusazanusuingannassuvazyhnsfiudeyavesrmniivosneg
firudutugld Ssgihavequailuieseginalamagadu wu Sulanafigngady
USunaun1sgadureduiananou3uinsgngy usafgassninaliiana wieRegnseninane i
fuveslua sumisveslulanafigngadumelugngu manszansaamuuiuvestuanadign
Andu 1udu

242 MSANUIUNTNIUVBINITAAGUIIN GCMC

n1sdaeenisgeadulussuuresvedlvaiuveudelaglduuudiaes GCMC 4
MsAnaLssRsgaszvisluanavesvedinaiiunnsaiuasduana uasveadluatuveuded
nszvidey ievaslunisesuisnalnnsgadureswesinauuvesuds msduausfge
serivedlvaiuresimatuagfiansanangaaudnatuesnanadesluanalasldaunis
Y84 Lennard-Jones 12 - 6 LLazﬂgmaqqaamﬂ (Coulumb’s law) (Potoff and Siepmann
2001) lefunusRgaszrinaluiana uansdsaunis 2.13

sn1Z o N6
— L2 _(Zu
Uyj = 48 (ru') (rn')
% v o

Wle  Uy(r) Ao wasudndsgnindluanavesa1sgngadumeiuies

Y

il (2.13)

4T1tE T

0ij Ao Lﬁumu@uﬂﬂmw@ﬂuLaqaimwgﬁﬂg ¢ (Collision diameter)

gj  FB NAWUYRINTAATENIalaNa

r fio ssazviesminguinaiswedlinanatisas

N B A1 Permittivity YasgayeyInNIA (8.85419 x 1072 C%/(Jom))

q,q; Ao Apnududszauuluana (Coulombic Charge)

ﬁ’m%’umwﬁmmmﬁmmwdwGuaﬂ‘viah"waaLL%’TQﬂ”Iu ldauni15v94 Steele
10—4—3 (Steele 1973) waAIPALNITN 2.14

o o o

Up_g = 2mo2epq [% (2)10 _ (2)4 - m] (2.14)

el o, e Ao dwhugudnansuaznanulunisiagaseringuanaiuvosuds
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(% ]
= =

AB WuNIeTEnInsiuiusEuIUgIU (0.3354 nm)
z R iwzmqmﬂs‘hmeawamaqé’f'g@m%’uﬁﬁqmﬂﬁuﬁuﬁwaaLL%&
& | ¢ A ) =~ )
Ps Ao AVIUVLULYTRteERaNANTUBUTaglutuLN T (38.2 nm?)

dmiuanuTouveIn1snaduiaseuy (Total Heat of Adsorption: Uy @315aAu30
lpankaTInveAusIieasenindduanavesvesivatasAuwsmagaseniluanavesivg
UVDITY UARRIENNTT 2.15

Ut = UF—S + UF—F (215)

[
a o Q‘SLU o

dmivnuideilduvudiaeadaduiana GCMC lunsAnwinisaadunisiigniue

o A

asananilagldiangaduiiduveds InauuudiaodlulanareInsenIleawazILans
Aagun 2.8

Side view

¢
;

Q 0.343 nm
Top view ‘ \
--------------------------------------- H_A ) H
o1 \ /
y' N H7 H1 H2 \n-/
M
0.478 nm

(b)

1
]
1
1
]
1
1
i
1 0.708 nm | H8
1
1
]
1
1
]
1
1
]
1

SUN 2.8 wuudnaedluanavevediva (a) Msiwaiuea uag (b) U

i 1
v 1 I

fuRvesdeivisduiiusznaudonyilsiuaglidvyiladdu (Perfect surface) a1s
LL‘UUﬁwaaaﬁm%’umjﬂqﬁ%’uﬁwm 6 UszLam uansssgudl 2.9 16uA COOH C=0 OH NQ N-5
uaz N-6 TaevgfileritunaFessuunuiuszuiugiuveaunsilu (Graphene Basal Plane) 34
T2gENNAINTLUIUFIY 0.3354 nm
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Perfect
)

Pore | Graphene

width | basal plane ; /
z \ 0.3354 nm
L,
X

Q-=c @ =H =N D -0
JUN 2.9 amdnaesuueainuinswenIuaanUseneumeylaidusaslaivyleaiduuy
WU

ﬁqﬁuLmﬁq@mwdwwawﬁqﬁﬂuLaQasuaqsuaﬂwammsaﬁwmmlﬁmﬂwasamm
wsafsgalaanavesnsianueaiuunsiu (Upe_g,) LLiqﬁq@mﬁzﬁdquuLaqamaaﬁwﬁmm
WU (Uy—gr) LLiQﬁﬂ({]ﬂI@JLaQaleEN‘W’li’lL%G]’]M@aﬁUﬂyj‘Wﬂﬁ%UUuﬁuﬂ’J‘UBQLL%Q (Upc_pn) %39
ﬁqamwdwiuLaﬂqasuaqﬁ;ﬂﬁuwgﬁqﬁ%’uuuﬁuﬁamaqLL%@ (Upy— ) WEAIASENNTT 2.16
uaﬂmﬂiwﬁqamwdwﬂmLaqaﬁuawaﬂuaﬁy’qaaﬂmLaqaa'mﬂiaﬁwmmlé’ﬁmmai’smaqLm
AAALILANAYDINITUIAINDANINULBY (Upc_pe) WIINIAALILANAYDINITUIAIUDANY
Imaqasuaﬂﬁ'] Upc—w) LLazLLiﬂﬁq@ﬂImLaqamaaﬁ;ﬁaaﬁum (U ) WAAIAIAUNTT 2.17

Ur-s = Upc-gr + Uw-6r + Upc-Fn + Uw-pn (2.16)
Up-s = Upc-pc + Uw-w *+ Upc—w (2.17)
waNIINUAIMITITNDIAS 9 LAkA g O € Vo98ERauNITUIAINRa U Lasny

Handuraue Alglunsawinneeuiunesisglduuudiaeduang GCMC Landfianisng
- =
1 2.6 wag 115197 2.5
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M13199 2.4 dmesvadluanavemyilenduinldluwuudiasduana GCMC (Travis and

Gubbins, 1999; Jorge, Schumacher and Seaton, 2002; Tenney and Lastoskie,
2006; Psarras, He, and Wilcox 2017)

vy ey g (e) o (nm) € (kJ/mol)

c=0

C 0.5 0.34 0.2327
O -0.5 0.31 0.6566
OH

O -0.64 0.31 0.6566
H 0.44 0.131 0.2493
COOH

C 0.55 0.34 0.2327
O (=0) -0.5 0.31 0.6566
O (-0-) -0.58 0.31 0.6566
H 0.45 0.131 0.2493
N-5

C (CN) 0.31 0.34 0.2327
N -0.96 0.3296 0.5019
H (NH) 0.46 0.131 0.2493
NQ

C (CN) 0.37 0.34 0.2327
N -1.17 0.3296 0.5019
N-6

C (CN) 0.34 0.34 0.2327
N -0.52 0.3296 0.5019
O (NO) -0.47 0.31 0.6566
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m'ﬁwﬁ 2.5 AINNSI0LMBSA9 9 %aﬂmaqawwm%muaa (Paluch and Maginn, 2013) wag
111 (Abascal and Vega, 2005).

Atom site/fluid | x (nm) | y (nm) | z (nm) g (e) o &
(nm) | (kJ/mol)
Paracetamol
01 -0.2529 | -0.1432 | -0.0001| -0.520| 0.3029 0.5024
C1 -0.2617 -0.0219 -0.0001 0.520 | 0.3564 0.4606
N1 -0.1540 0.0631 | -0.0002 | -0.470| 0.3297 0.8374
Cc2 -0.0160 0.0332 | -0.0001 0.140 | 0.3551 0.2931
c3 0.0349 -0.0971 0 -0.115 | 0.3551 0.2931
4 0.1720 | -0.1182 0| -0.115| 0.3551 0.2931
c5 0.0735 0.1402 -0.0001 -0.115 | 0.3551 0.2931
Cé6 0.2106 0.1188 0 -0.115 | 0.3551 0.2931
c7 0.2607 -0.0110 0 0.110 | 0.3551 0.2931
02 0.3947 | -0.0389 0.0001 | -0.540 | 0.3154 0.6368
C8 0.3957 0.0498 0.0003 -0.270 | 0.3671 0.3350
H1 -0.0332 | -0.1805 0 0.115 | 0.2420 0.1256
H2 0.2115 -0.2188 0.0001 0.115| 0.2420 0.1256
H3 0.2782 0.2034 0 0.115| 0.2420 0.1256
H4 0.0360 0.2419 | -0.0001 0.115 | 0.2420 0.1256
H5 -0.1757 0.1614 -0.0002 0.330 | 0.0400 0.1926
H6 0.4445 0.0434 0.0001 0.430 | 0.0400 0.1926
H7 -0.4069 0.1110 0.0900 0.090 | 0.2352 0.0921
H8 -0.4055 0.1153 -0.0865 0.090 | 0.2352 0.0921
H9 -0.4747 | -0.0246 | -0.0021 0.090 | 0.2352 0.0921
Water

@) 0 0 0 -1 0.3159 0.7746
M - - - -1.1128 - -
H 0 0 0| 0.5564 - -




uni 3
A5N15ANLUIIUINY

nifedesnsfnmnisuennisigaueasenant g utuudildululnsiau
ARINNEAENE TN IAsasMslFuuuaedluana fingusrasfiftednuiladed
finariomsgadunsuemueaiiannsifiunnuansalunsnagadu Tnsnuideidunon
Fosieluil

3.1 iesesdiouazansiaiilunisnnass
maweudufududannzauzniniliviulnnay lumadeiussneudeduneu
N13M38UIAENTEUIUNITNIINIBAINUAZAT N153ATIENA9 IngTnungunsaiiay
w3eadiolutunisniounaznsinssvingna el
1) in3esdiefllunsmdsudumduazdutusiud 1iun yaeIesdeundesasiden
esgmieuanzunseiou fouldamantiu uannenuuLYouuLeL
2) wdasiiefililunisiiasedt ldun infedinmeiiuinuasanunguvestan X-ray
Photoelectron Spectroscopy (XPS) UV-Vis Spectrophotometer CHN/O Analyzer L& g
e Tneusaziniesiiefingnmsldaunsneg fil
idediinTeiiuRauaraunguvesian Wuedesdlefililunsinsesitiuiuay
N13N32AV0eINTY USumsvasgniu Tuuuuneg sigslisiegsiinsaadunseaiauia
etnsgsimummdurinuguinatsresgngy Aufiinvensiaogne lnsedendnnises
Volumetric gas adsorption method 19 uAalulngiau wansfesud 3.1 Tnsusazmuneias
LansATIVINERaT
1) fregnafidesnisiasigh
2) Dewar
3) szuudly dyyIne
4) gUnIainTIRTVEUNNUALAILAY
5) NieLBeUTILAA
6) vioTnausiulodud
7) whalflunsgady
8) fhnadmiuinufa
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JUN 3.1 maunuiswandedUsEnauvedasasiieliassvinaal UANIIN18n1mYeInsanduy
(Ye et al. 2019)

6

JUT 3.2 LATRCIATIEVTIURILAEAIUNTUYRLTER (B10/3U : ASAP2020PLus)

FTIR Spectrometer (Fourier transform Infrared (FTIR) Spectroscopy) Iuﬂﬂuaﬁlﬂﬁ
THiedmszvimmyiladduluiaggadu dvdnnslaonisindinsgandunasiivivliifngas
l@uAdY 4000 - 400 cm” Wumadaiilivinansdee1s (nondestructive) Aolaifinas
Wasuulas gruantAimaeaiiuasmenmvesiaeg1mdanisin uennidaduisfazenn T

gae1n Manlunisiadu waziinnulasadegeaiunsaindiegalanidugureduag
VDUNAT
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JU1 3.3 a) nanN13N1sTINUYBAATesila FTIR Spectrometer b) anwaziAIed FTIR
Spectrometer

#1:  https://hmong.in.th/wiki/Fourier_transform_infrared_spectroscopy

4 wva

X-ray Photoelectron Spectroscopy l#iileiinszsinnantanmaniivesiangadu
Tnolfuaslugves Soft X-ray iilon1snszduliiAalnlididnnseunaziiufinnsiiaszsian
niudaniervosdidnasoutuluan (Core Electron) ilasannamdsnudanaridue
awzvasarmeyluisarsalarTusgiudatuynuaivesormeuiiu n1sdiaTeidina 123
aunsosvyriauazanugniaaiivessiniiliuesduss nevunafiuiavesasiinesnis

AAEhla

Raster Scanned Ellipsoidat
Micro-Focused Quartz Crystal
X-ray Beam Monochromator

Energy Analyzer
) Raswr Scanned
— Electron Gun
| {3
il Y

JUN 3.4 nann1smMsvinuaIedie XPS

fis: https://www.phi.com/surface-analysis-techniques/xps-esca.html
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UV-Vis Spectrophotometer THlumsiiaszimuTmnamesmisismuoatigngadu
10 Tneindostiodiasldindnnisganiudsdvesansilogludas Ultra Violet (UV) uag Visible
(VIS) mn81aaduYszaIn 190-1000 nm fauanslugudiz.s Taefinnue1indunasays
anuduiusfusinauazviinvesansioglu feg iWevnnsinuiinavesuadiinuvie
agviounnaInfedafisuivuasanuvasiiiafianuenadudriagaiungues Beer-
Lambert A1n13gANAULAY (Absorbance) YasansazuUsiuriuduuluanaifinisgandy
uas feiufsannsalvadailuszyriauasufinavosmsine fidedlusondld

E‘Uﬁ 3.5 a) MaNN15N159UTeBAIesiia UV-Vis Spectrophotometer b) dnwaziades
UV-Vis
fian: http://faculty.sdmiramar.edu/fgarces/LabMatters/Instruments/UV_Vis
http://mic.eng.ku.ac.th/facilities-detail.php?id_sub=41&id=46

CHN/O Analyzer ldlun1siinsigvimesadsznaumaaivesiigadu loun arsusu
Tulasiau lalasiau waveandau tnaldmadansenlugd (Combustion)

0, —p nton Cmber

> Prepacked Column

Pl

GC Cotumm Specvum Cutput

g"dﬁ' 3.6 wdnnsmsvhauesesile CHN/O Analyzer
w:  http//www.saif.iitb.ac.in/chn.html


http://faculty.sdmiramar.edu/fgarces/LabMatters/Instruments/UV_Vis/
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[

Horizontal Furnace (wnwuwuuvieuuiueu) llumswaniaggadudmivanuidell

’;J‘dﬁl 3.7 Horizontal Furnace

3) uRanldlunisndneuiuduiula N-Doped léun Carbon Dioxide Industrial Gas
(CO2 99.5%) Nitrogen Industrial Gas (N2 99.99%) wazAir Zero (21% Oz + Ny Balance
Mixed Gas)

4) answediiildlunismeaes lHuA wswn1aea (Acetaminophen) 9138 (Urea) uas
Inuvaoulansonlas (KOH)

3.2 3B/N1INAasg
nMsneaesiutioandy 3 %’jumauué’ﬂﬂ il
321  mswdsuauiuiudilivlulasauainnzaiugndag
Fetumonusnilldihnisnanaufuugildululpsauainnyamgnin Sy
MNMIMARRIRILATuREUNSATENEamENE) n1sviTl R udiunng nsedurumn sl
aufuiiud msUfuaiuisumStagdusutudfenisnszdu waenTiesviauau
sing 9 veseuifususilaululasou Inefissandendeluil
3.2.1.1 MIAILUNTAIULNET
thngauzninbadudmivienudiegseniateusninuazdon
uonuewdrnduingavlumswdeudiudutud lenaedounsauewimiided
1) thngaueninunueluadesun wdnhunseuiedavuinlagld
AZLNTIUDT 16 waz 18 (1-1.18 mm)

a

2) ingarueninnanvunialueuiieldnnuiudnasiigumgd

Y

383 K 1uan 24 hr
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3.2.1.2 NSATEAEUVIS

Tunmswdsuiumsannzanuendnilutuneunninganusnin
ulvanudeudianmliornalumsnuuiueuuuuvieiiefisdiunadndiuesddsznou
asuauliitudmue$ SeduinduduneuiiddylunsSusunsimulaseagngudosi
Tnefisnannaesdsd

1) ddinnzarugninuseanm 25 ¢ Wlianuseuluwiuuuvie
wuouiigumndl 873 K meldussenianisivaves N, ishsnisinavesufia 100 mL/min
wagdmsnisliaiuiou 5 °C/min Wlefsguugiigainefideanis Yaesded1alvieg
paumpidreludndunat 1 hr Fenduneuiiiaveluedu ndudamuazddoslvd
yfdushneliusseinanisivaves N, sunseisgumniianasuisgumaiives

2) wdumidnisted 1 61 80 2 ads Feagldnrunsianue
U 3 AI9E9

3) thaursidusudluiul e Ui ngiuedldnuse

Product
roduc .‘:'

A Char

Coconut shell

Flow rate of N, 100 ml/min, 873 K, 60 min. ‘

JUN 3.8 TunauNNSWIENE NS

aundl Yaeansualusdu
9 A U
a I /’- I
IR L '
3 (4
Asualuseu yd N, |
2
ey
Qaunaiivias —

bI8N

%
Y

JUN 3.9 Tumaumsasusluiedy
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3.2.1.3 NINIZRUAIUYS

Tutumeuiliduduneunsudndufuiuddeisnssdumanionin
Foufaesveulneenledlummuuuviowuiueu Tagldiumifivionanduneunisans
veludigumnd 1173 K Tnefidunsunansesudel

1) thausdmin 10 ¢ Wnluwiauuuieuuiueufigungd
1173 K Ingneufigamaiiazis 1173 K Tmneldussennanisinasinuves N, #8510
Inaveufia 100 mL/min wagdnsnisliaauiou 5 °C/min

2) ilegamniigeludsgnmninazduil 1173 K wasumsluaniuves
wialulnsiuluidu Co, Tngldiianlunsnszeu 1 hr

3) ilensuimuanaifeanisudr vinnsUamuazivdsunisiva
suwes CO, 1B N, antiuddeslgnmpianslunifusasuigamgiives Jauhdufy
fudiildeenannen winhanfuliideluyhnsmeasuasiinevinaseld

A AC

Char

Flow rate of CO, 100 ml/min, 1173 K, 60 min.

JUN 3.10 Fumaun1snsedua1LYng

AUNOY
9 Y \ . o
Y9A15ua LUty
,4
- Y I - |
gamglinsnsedy  — — — — —— — — — 5,
dreaiupluedy | |
1
/
v
a | ’1’, I %
gauvgy | ! 2
A1sualudu « N 3
YV,
a v
QUi —

13a1

JUT 3.11 Tumaun1snsesu
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3.2.1.4 nmslaudaelulasiau (Doped Nitrogen) Uua1UL13

Tutumeuiidutuneunisnandufusiuddladdelulanauandiuy
913 MensnaNiusiugiseudnhlunsedunaaiimelnunadedlansenlen uaznseeu
seenusoulneldufasentlad Ae CO, uay N, Adnsnsinalusnsdrudiveiuigumgd
1023 uay 1123 K Inefitunoudsl

1) tauws 5 g waudugiie 5 ¢ (Tudnsidu 1:1) Thwnlumien
LuuieuwIueuilgamil 623 K aneldusseinianisiuadiuves N, snsinisinaveauiia
100 mL/min wagdnsn1siiauiow 5 °C/min

2) iflegumgiigeduda 623 K Wasunisluaiuves N, Tuidu Air
Zero Wngldfaanluniswn 1 hr IneSeng1uiilédn NC ( N-Doped Char)

3)UT NC 5 ¢ mwam‘uiwLmal,%miamaﬂim 10 ¢ (ludnsdru
1:2)) udafntndu 50 mL andunuduie 24 hr Adnsinsugu 350 pm udaniluey
‘wqmmu 393 K 1uwaan 24 hr

1) ¥ NC PrunsviuFazendulnunadenlensenladlunszdulu
PN UYBUUILBUTIgAMYT 1023 way 1123 K meldussernianisinaniiuvesuia
Tulpsiau gnsnisinavesuiia 100 mL/min kagdnsin1sliniuseu 5 °C/min

5) legamgiastufaguugiinssdunuiidesns wWisunslvadu
ufaansuaulaeenlediuufalulnnaulusasmdiuresdninisinaded 01 1:1 wag 1:0
@nsnmstuaufianisvaulaeanladnadnsinisiuanialulasian) Ineldaanlunisnssdu 1
hr

6) Wiloasuivuana1ifeanisuds nstamuaziuasunisiva
sdun, Mnduldesligumginielusiiufanuieumnives Ssufiedeuldizond
sufusuddliufelulnsiauaindums (NCa-bio) Taefl a Ae gumgiifinszdu uas bic
Ao SmsrduednIINTsinares COxN, Wlelé NC-a-bic wdnfuliiluinmeviseld Taglu
FunoutiayldTangadudel NC-1023-1:1 NC-1123-0:1 NC-1123-1:1 g NC-1123-1:0

3.2.1.5 mslavlulasiauvuduiugiug

Tudupeudldousuiudifududedulunisnieudusuiudila
melulasualpensauauiuiudiugSoudailunsedunsaiiselnunageulansen
lodt uaznszdusnenudeulasliufaoondlad fe CO, wag N, Adasnisivaludnadiud
sefufigaumgl 1023 way 1123 K Inefidunoudsil

1) drauiudiug 5 ¢ wauduegie 5 ¢ (ludwnsdiu 1:1) lwnlu
WELUUYBuUIUBUgamMgR 623 K meldussenmanisinariiuves N, sasinisluaves
wiid 100 mL/min wagdnsinisiiauseu 5 °C/min



Product “
— |0
000
NC

aX,

Char + Urea

Flow rate of air zero 100 ml/min,
623 K, 60 min. \

NC+KOH mass ratio of NC:KOH is 1:2,
24 hr., dried overnight at 393K.

|

Product
m— 2338
L.J NC-a-b:c

Dried NC+KOH

Co,

Flow rate of CO,: N,, 1023-1123 K, 60 min.

JUN 3.12 Tupeunstavlulasiauuudiuens
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2) Wiegumgigeuis 623 K Wasumsivaruvesuialulasiauly

u Air zero Tagldiaalunisen 1 hr TneSenduiilédn NAC (N-Doped AC)

3) 11 NAC 5 ¢ wwaunulnunadesulensenlen 10 ¢ (lusnsndiu
1:2)) wdndnuinau 50 mL 9ntunswdunal 24 hr 18nsin1suyu 350 rpm waailvey

flganil 393 K \uiian 24 hr
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1) 1 NAC fiinunsvhufiseniulnunadeulansenladlunsedlu
L,mLmLLUWiaLLu’Juauﬁqmmﬁ 1023 wag 1123 K aeldussenianisivaniuged N, 8951
n1shavedniia 100 mL/min wagdnsin1slianuseu 5 °C/min

5) Wilogaungigatuisgmgdinseumuiiosnis Wasunslnaidu
ufia CO, uay N, Tudnsndruvesdnmmslvadsd 0:1 1:1 waz1:0 neldiaalumansedu 1
hr

6) \lensuimunna1ffeInIsLdr vnnsUamiuazivdsunisiva
sudun, Mnduudeslfgamgimelunibusiasuigumniies SawdnfaeiildFondn
sufuusAlauselulnsaunaufusiug (NAC-a-b:o) Tnedl a fio gauvgiifinszdu uay
b:c Ae Shdmvesdnginsinaes COx N, ileld NAC-a-bic udufulithluinsgsidely
Tnolutunouiiazld Yagaadudall NAC-1023-1:1 NAC-1123-0:1 NAC-1123-1:1 Wiz NAC-
1123-1:0

3.2.1.6 msﬁmiflzﬁqmamﬁ'ﬁﬁmqmaﬁa@@ﬂﬁuﬁ”’wm

Tunsinneiauaut@snsguosdimuns druusiud drudusiudd
TRuseglulnsiauaindus (NC-a-b:o) wazanufusudfilaudelulasiouaindudusiue
(NAC-a-brc) Tneldiadnailonsil

1) Binsgis1aiuesduszneuvesaiues audusiud NC-a-bic
LAz NAC-a-bic feladadiiasizvisngarsueu lolasiau lulnsiau wazeondiau (CHN/O
Analyzer) Fe01/en15W1lnieg1952a157 (flash combustion) Lﬁ@LUgﬁuﬁﬂﬂﬁLﬁu
asfUsznavvesasdunaslusesnsluduuiafiduiusfusgiug edneildndiuiinduen
1 519 lulasiauazgniddeuluidu N, s1masusuargnivasuluidu Co, uazsiglalasiau
%gmﬂ?{aulﬂuiaﬂfﬂ (H,0) MnihuFsusnuanamoenanfuiiomuiuuiausazeinsely

2) Tns1esiiuiifn Usunsgngusavesiiueng dhusudus NCa-
bic WAy NAC-a-bic feiadosiinsgiiuiuasanumuvesian (80/9u :ASAP2020Plus)

3) Ains1zsiny aiduuuiufovesaued diutuius NCa-bic uay
NAC-a-b:c $eia3ad FTIR Spectrometer Wazia3as XPS
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Flow rate of air zero 100 ml/min,
623 K, 60 min.

Product
m—
AN NAC
AC+ Urea
|

NAC+KOH mass ratio of NAC:KOH is 1:2,
24 hr., dried overnight at 393K.

Product
——) m
- NAC-a-b:c
Dried NAC+KO
N, § CO,

Flow rate of CO,: N,, 1023-1123 K, 60 min. ‘

JUN 3.13 Tunaun1s Doped Nitrogen Uunufiugiug

3.2.2  fnwinisgadunisienueauuung (Batch System)
fupoudifuniniiciunn q fegaiiwisulfnduneuusnunvhnagady
W5Nen1Lea lngfnuaaunaranivean1saadu (Kinetic adsorption) WagaunaveIN1IHN
@u (Equilibrium Adsorption) ﬁqmmﬁﬁaq 298 K lneiflarnududusuduvesaisazans
sngmueanglutag 25-2000 me/L Felitunoudrieluil
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3.2.2.1 AW Spectrum MU FUENIUAITAZANINITNIANLBA
ludunouihumsm Spectrum fimnzandmivifioTnrnisgadu
(Abs) TasasazaIBINT NN NEALLLASDY UV-VIS Spectroscopy Tneiidumaudsil
1) W3gUAITAITALAENITUYAUBAAMTNTUDELUYIS 0-100
mg/L
2) ldansavanesagnsinionllundos UV-VIS Spectroscopy Lile
g Spectrum Awanzauiiaglilunisiasnisgeduresasaraenisisnuea
3.2.2.2 75%1 Calibration Curve %24615a2818W15UYAUDA
Calibration Curve 1Junsauduiudszninsanududuiuainig
@m%’uﬁi’mléjmmﬂ%aa UV-VIS Spectroscopy Taensindunlldnismarududures
asaTaINITIIAAIRATIMABI NN ST ddlunmavasesiiiduneusseluil
1) W38UAITAITALAIUNITUIAUBAAUTNTUDE L UYS 0-100
me/L
2) thansazanewienliluinrnisgaduiiiethAinisgaduifals
lundemnsmiuanuiduturesasazaneiinluind Tnsananduduvesansazansfeunu X
uazinu Y e fAnsgadu Setasnnandidiuvesansazaneiinluadmsgadusedsiainig
anduTiogsEming 0-1
3) wdlold Calibration Curve w&ufufayailildlunisuiaiaaiy
duduimdernmsgeduludunousioly
3.2.2.3 msAnwinalnnisaaduieuuuinaesaunamans (Kinetic
Adsorption)
TunsAinuiuuiasnaunamansvenisgaduiitolimauis
nalnveansgadudaunisdelousnamsseniniasazanemnsnenueauazdiusiud
Tululnsiau wuudiassiitenldlunsesuisdsingnsaigaduiiintull 2 uuufe aunis
dasnsgadusuiuniadioy (Pseudo-First Order) uazdusuasifin (Pseudo-Second
Order) Tnglumsnaaesiifunismnmisfivwesuesaaunamand 1y Aasfivesdnsnisgn
du omuuudassfiovnngaulunisesuisnalnmgaduansazanensiesuea uenaini
faFnwuvuiasnisuninmelugnsuiiednwaaunamanivosnisuninielugwgu ool
Fupounsnanosdeil
1) wisuasazarensneseafiiaududuEud 25 uay 125
me/L $1auuiunng 5 L sendsnnududu
2) thehuiw3eulsmndograngaduansazanemnstemuon
3) Ww3ouTangadu 40 mg TdadlurnguruyidiUnvunn 125 mL
uEumansazatenTIenLeaUIing 50 mL asluvangurasjuaziiluniuiinnnuiasey
350 rpm
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9) Funalunisgeduamsazanemisiniueadsi 10 20 30 40 50
60 180 420 960 1,440 2,500 wag 3,000 min AXEIAY

5) Wensunafifrunthasazanersiesuealunsesiendiueon
wéhansazanemnseuealuinmnisgadudieinies UV-VIS Spectroscopy ttathlum
Anududuiivdeainnisgadiuain Calibration Curve wagiiiutoyadilaliiileluiinseside

6) innsnaassliiasunnanududuEuiunazdiuyniiogie
wsesllaevianuded 3-5

3.2.2.4 M3ANYIANAAVEINIAAGY ( Equilibrium Adsorption )

AUAAVRINITAATUVRIVRLMAIAINNTRETUNE LA IEAI AU US
sginviinamesasiignaeduil Sunsidetminuesiagadu (q.) fuardidugarie
widvegluasazansivternududuiianga (Co) luannzanudunazgamgiia dasen
arwduiusiidnleleisuroinisgn

1) wisnansagaienisiemueafidauituduEudulugie 25 -
2000 mg/L WaiazAIILTLTULATINTNUIUUTUING 5 L

2) thdwiwieuldnndegsitldannduneuusningaduansazans
WITUYA1UBA

3) w3sutangadu 40 me TdasluringuvayfifiniUnvuin 125 mL
udmansazanemnsIemeaUIung 50 mL adluvingurusjuaziiluniuiininuisiseu
350 rpm

4) %’ULam‘lumaaw%’umsazmawwmLszjmmaaﬁqﬁ 10 20 30 40 50
60 180 420 960 1,440 2,500 ¥a£3,000 min A1LAIAU

5) Weasunafifrunthansazanemsinuealunsesendiueen
LLé’aﬁfla’]sazmEJW'mLszjmmaalﬂi’mmﬂfﬁam%’ué’wlﬂ%"m UV-VIS Spectroscopy Wiatithuw
mnududuiiaeainnisgaduain Calibration Curve wazifudeyanldliiieluiinnevise

6) vinn1snaasdliinsunnaududuisudulazdiunnfogie
w3enlilnevihmuded 3-5

3.23  mslduvudnaadiuanaunsudailudnoauauinibla
dnsunmiadeilduuusaendduana GeMC Taagldnm Fortran Tunns

Fouldndmsunissuauiinues q fegudesaoufineed ddduuuuiiassisians
yosufaduusiuunslndnfanuendrdaaesriuiguuiuiuuuaaduiuuies (Graphitic
Slit-pore) uansfaguil 2.9 Tuszuunnslduuuiiass GCMC AnMuAAINE1IVBIVBULYR
M3fnW uNU X uag Y (52u1ugIu: Basal Plane) Wity 10 nm wagimuawny Z dJuad
nhavesnagngy Tnsazdnwinavesaaduduiiunnsstuldun 25 125 1000 uay 2000
my/L WavesgnIuTasdmnvuingniuesiangaduiindaldlasyhnsdrassseudli
funagnguiuandnafulugag 061 81 6 nm uenanivyilsiuuiiuivesoudefiiudn
Hadeiaz@nwdmansenudonsgadunstieniuea lnsairsuvudiassdmiunyilsidu
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favun 6 Uszlnv uansdagud 3.18 1dud COOH C=0 OH NQ N-5 uag N-6 tHumyjilaridy
&N 9 Ainuuugiung srususiud NC-a-bic uag NAC-a-bic
3.2.3.1 SunsuNSAEUNSITY GCMC
1) asrelndwmesdmsuld GEMC Tun1sAuiunigAsuines NNy

Tulvawesazusznounielnd NIKO.FO0 input.txt paral.txt TIPAP2005.txt tay solitxt lng
uiazlnldosunelgse

W& NIKOF90 Huldnedafildlunismunaamiswmesidoinismundnnisves
GCMC WietlUisginisgadumsiesuea WWelaeldn1w Fortran

"NIKD « Netepad

Fe Edt Format View Help
program MultiSiteMixture2D
implicit none
!0.’.l".'I...Q...."’.'QQ"'IQ.'."!.

! DECLARATION OF VARIABLE

IR R L R e e el

! INTEGERS

integer(8) :: i, j, k, N, DispMove
integer(8), dimension(10) :: Ni
integer(8) :: iComp, NComp
integer(8) :: Natoms, Natomfn

integer(8) :: NCycle
integer(8), dimension(1@) :: NMove, NAccpt

integer(8) :: iEqui, iSamp

integer(8) :: NumProp

integer(8), dimension(1@) :: NumSites, NumAtoms
integer(8), dimension(18) :: NumChSites, NumCh
integer(8), dimension(1€8) :: isl

integer(8), dimension(188) :: is2

SUT 3.14 feealwd NIKO.fo0

& input.txt \lulnandoutoyagmumall anudu vwinvesgngu Anududues
ansarany udeyavedluanavewwetlvandedldlunsiuismiumdnnig GCMC



7 ingt - Notepad

File i3t Fomst Vew Hil
paral.txt
TIP4P200e5,. txt
output.txt
plot.txt
position.txt
localdens. txt
plotComp.txt
soli.txt

11

2

298.@

0.1

1

5

ie

se

[Parameters file

fOutput file

IPlotting file

Ix,y,z position

tlocal density distribution
IPlotting file

!Which Program (1 - NVT, 2 - GCMC)
{Temperature in K

! pressure [Pa]

U7 3.15 fhegnlld input.text

38

T4 paral.txt Wulndfiszuan g o e funis x y z votosnouiiilussdusznau
luananis1wn1uea (Site Position) Way AWMUl x y z ¥89Us89v030gnau iy
asrUsEnaulilanansenIuea (Charge Position)

" parel - Nateped

Fie Et foemer View Help

|IFluid

151.163 |Molecular Weight in g/mol
2e INumber of atoms type
28 INumber of Sites
2.960 105.76 | 01

3.750 52.88 | C1

3.250 85.62 | NI

3.556 35.25 LG

3.55¢@ 35.25 | €3

3.558 35.25 | c4

3.55¢ 35.25 ! €5

3.5 35.25 | €6

3.550  35.25 | €7

3.e7¢ 85.862 102

3.5ee 33.24 | C8

2.420 15.11 | H1

2.420 15.11 ! H2

2,426 15.11 ! H3

2.42¢ 15.11 | H4

0.028 ©.00 | HS

e.000 9.09 | H6

2,508 15.11 | W7

2.508 15,11 ! H8

2.5 15.11 ! HO

gﬂﬁ 3.16 foe9lnd paral.Text
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W& TIPaP2005.txt LHulndszyen g o & Sites Position wagCharge Position U84

1
o

o I3
aznauflussRusznauvasianaih

3 NPap200% - Motepad
File £de Format View Hel

IFluid

18.91528 {Molecular Weight in g/mol

1 INumber of atoms type

1 INumber of Sites

3.1589 93.20 10, Sigma in A and WellDepth in K for H20
ISites Position

1 28,00 .08 e.ee

e 0.00 0.00 2.00

2 !Number of charges type

3 INumber of sites charge

-1.1128 IM, Charge

9.5564 IH, Charge

8.8543eD-12 IThe permittivity of free space in C2J-1m-1
ICharge Position

2 -0.75895 -0.58588 ©.e0

1 8.00 -0.1546 9.00

2 08,75695 -9.58588 ©.00

e 9.00 2.00 ©.00

!

SUT 3.17 faedlid TIPAP2005 Text

4 soli.txt 1UulWdNszyen g o € Sites Position vasezmnaniliiuessdusznauves

lassaangiansng «

7 506 - Notepad

Hle Ede Format View Help

k2

1 47.96 51

2 52.88 51

3 51.65 51.71
B 54,11 51.71
5 46.73 53.13
6 49.19 53.13
7 51.65 53.13
8 54.11 53.13
9 45.5 53.84
1e 47.96 53.84
11 50.42 53.84
12 52.88 53.84
13 55.34 53.84
14 45.5 55.26
15 47.96 55.26
186 50.42 55.26
17 52.88 55.26
18 55.34 55.26

3.354 3.4 28 e
3.354 3.4 28 e
3.354 3.4 28 e
3.354 3.4 28 e
3.354 3.4 28 e
3.354 3.4 28 e
3.354 3.4 28 e
3.354 3.4 28 e
3.354 3.4 28 e
3.354 3.4 28 e
3.354 3.4 28 e
3.354 3.4 28 e
3.354 3.4 28 e
3.354 3.4 28 e
3.354 3.4 28 e
3.354 3.4 28 e
3.354 3.4 28 e
3.354 3.4 28 e

JUN 3.18 fegnaluld soli.Text
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2) nuddeilazawinlagldguilesasuiitmesainguduily
walulaguvsnd lelusunsy Winscp lunisangloudeyavinaeuiiunesmluivgues
Aoufiwesangudulumaluladuisd Weasslnafinandedudeuiosudqfaelou

Toyalunguiosnouiames

K_ yupa - p2151@krypton.e-scenceinth - WinSCP

local Merk Fées Commands Session Optiors Remote Help

FH & (S Smchonize Bl g [ @ Queve »  Tramsfer Settings Default & -
B pI0151 0kryptonescenceinth G New Session
o DrALL | s mEg s yupa RV & 2R E A L
y W § x Properte g I3
DABACKUP2-2.83\Documents' project master\N6 /data/uters/p3C2131 fyupa
Name Sze Type hanged Neme Sze  Changed Rights Oamnes
Parent directory | p30215
r p302731
Fie folde 17172022 1@1557 02

U7l 3.19 fhegnamthlusunsy WinSCp

3) nasanangloudeyaiseusosuaivgldlusunsy PuTTY Tunis
WeuAAISUNISAWINAILMENNT GCMC

SUN 3.20 sragreAdanldiulusunsy PUTTY

1) \fleyuiesaeuianesBumuin azuansnalulldsing  léun
plot.txt plotComp.txt position.txt localdens.txt LLamﬁQgUﬁ 3.25
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Jdata/users/p302151/yupa/6.125n6c1

MNarme Size Changed

i 3/8/2022 1&:10:33

| | error 0KB 2/8/2022 21:31:40
=] input.tet 1KB  2/8/2022 21:22:20
=] localdens.bet 49KB  2/8/2022 23:04:01
M:I MIKO.F90 187 KB 4/3/2022 16:11:39

| | output 3KB  2/8/2022 21:32:17
=] output.bxet 1KB 2/8/2022 21:32:17
=] paral et 4KB  22/12/2021 15:07:29
=] plot.tt 4KB  2/8/2022 23:04:01

=] plotComp.txt 6KB 2/8/2022 23:.04:01
|=| position.txt 1,544 KB 2/8/2022 23:04:01
| run_program 1,143 KB 2/8/2022 21:31:07

| solitet QKB 10/2/2022 18:12:24
| TIP4P2005. bt 1KB  22/12/2021 14:28:15
""" zjob 1KB  14/2/2022 0:48:30

JUN 3.21 Ind7uansnansnsAuInaen GCMC

Tnetunounsiuaumundnnsves GCMC wanasaunuislug Ui 3.26 F9o5une
easdenlddl

1) Joud1U3uns (Volume, V) wazaaunil (Temperature, T) ¥8452UU WagA
WasuAndLaALl (Chemical Potential, W) Ingldainnisuiaiunu (P) anAula N
sEUUREThMsAuaNd IR uwesszuUll

2) funamdsuvesszutluneududuly Tnesidvuald T uway vV idusaed uwas
U Tnermunenfiuaneaiu

3) Mﬁﬂmﬂﬁ?ulfﬁ’]ij Equilibrium Step Faufaiinnisindeuiivaslussuuaieasiinnis
wndousnninetiuliidin lnsnsindeuvesnfailiAnnsiuAsuiaesssuudl 5 gl
auiinanlinaiide 2.4 duiuddesimunsiuiuseureinisaauil (Number of Cycles)
fanniilsswediazlindsnuvesszuuliinnisiasuidamise iigauga (Equiliorium) Tag
Tuudaznisiadeuiingldndnnisamuiiasdulunisdndulainseensuamdsauiinns
waeuiiturieliflifvsmunalmividseusufiasduanisndouiidaludsasinms
$1a09199uAsUALTILILTaUN SRR URiTinvualY Wesruudndaunaudanduan
n¥sruimunvaseyniavieluanaiignidonts

4) Méjﬂﬁ]’lﬂ‘ﬁmsﬁ'@ Sampling Step IﬂaL%%@%ﬂﬁfﬁuﬁaaéﬂqﬁlé’afmﬂ’]wﬁné
augandumdanuedsitethaumandmunsmsiinesfiaula liud Arwnaansa
Tunsgadu duntsnisgadudmsuldlunisade Snapshot wagAmdsulunisiagadu
U

5) wananatouafiseenistulndsng g 16un plotitxt plotComp.txt position.txt

Y

localdens.txt
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6) wWague Y Insluagyingnlude 3.2.11.4.2 - 3.2.11.4.5 uninazhern Y gavined
Joutnszuu Tog M ndeudgssuulaannihanuduindiuinein Equation of State

( Start )

Input
T,Vand u

VV

Calculation of total
energy of the system

l

Equilibrium step

Sampling step

Loop of various values of u

Output

}

( Stop )

E‘Uﬁ 3.22 WHURINTANTUNUAINBENNTT GCMC



uni 4
AATIZIALDNUTIINANITNAADY

mAdeilldAnwnisuennisiemueasenainindienssuannisgadulagly
sutuifudflivlulasou dawfeulasnningameniniduianmieiminnisnunsn
wusaamduguwnsiensyuiunisasuveuluedu wagvihnsiauauautAvesaiues
deifiuusyansamnisgadulasnisnsgdumeufeusasad ddluuniastiauonanis
Anseiludiuresnisaaesiue fasnaudeautivesdiunn 4 feehs Iiun diumns
(Char) wazdutusfudilaululnsiauieandrudasuiiduns (NCa-bio) uazdufusius
(NAC-a-b:c) Hannsn1sgaduessisnseavesdunniegailednuniadeisinasdonis
gadunemmea 1duA Huiifas e (Ser) Usasiasnuassngu (V) uag wyileiuu
ufnvesaggadu uenaniddinsinnmsgadumsenueslagliuuuiasadsinana
unsusimlufineaueuinisla (GCMO) WietapniseSuienalnnisgadunnsieniueasenain
ihlasansueuiidsnsuluseiugania Seasfnu 3 Jade fo mansenuainuuagnuiis
NFUIIALENUAL THILILIANG (0.6-6 nm) vafilsruuituinvasdiu Wud wylulasiau (N-5
N-6 NQ) nyjfifieand1au (OH COOH C=0) uaglifinyilsidu (Perfect Surface) Aigang
298 K uagAnuinduuesmsenitea Ao 25 125 1000 wag 2000 me/L

4.1 f1uw3

drumnflundndneiildnnmstngaiseninunafuslusdulaadunseuiunisi
Suadslassainawesgnsy wazldannglunisasuslueduiigumgd 873 Kiian 1 hr
meldsnsnsinavesudalulanay FsdunsAndaldazhludududeiulunseion
autuiufuarausutudilaululna dmulunsedouiunivieelifomeronisld
o1 FasFennumniionmn 3 ¥a 1dun Charl Char2 waz Char3 Tnsfiduneuuazaniozlu
maweumieutunnussmsiiefnwnadnuasianzvesiumivndioeie

4.1.1  audfvesauys

dmsuasausznounmandl lawn msueu (O) lalasiau (H) lulasiau (N) wag

0on31Au (0) uansiems1ef 4.1 nuihdunitouniiosdseneunanaiifiedeedeiulae
dulngusznouaisarsuauluusunm 73 - 82 wt. % AIUAL00NTLAU 15-24 wt. % Lay
lelasiau 2.4 wt. % muddu venndausiteaueilulnsautesinndalimogszuing
0.01-0.06 wt. %
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dmsunauanURInues Charl Char2 wag Char3 3ins1gsiannlelafisuvenisgm
ululasiaudl 77 wnadu Idnadagui 4.1) lolniisuvesdun itmunidnumenisgady
Huuuy I ma IUPAC nleladisuazitildinlurisFuduvesnsgedudunsmazindm
unu p/p* wansiennisdalugnguaundn (Micropore: < 2 nm) uazn1sgadulUUTY
e nndufienudugsduasfanisgadunanstulusnsuiideunelungiu Ssaeandesiu
MsnszaeivLATesgNTLULARIRIUT 4.1 (b) Tnedumndimuauansfinvesnisnszany
AIFNTUVUIAENRBUANTREKATNIINTZABAITNTUILIANGI (Mesopore: 2-5 nm) 1Tu
drilug) uazandoyalunised 4.1 uansgaantinisnisnweead i Sienua léun
WNui Ay LLazU%‘mmﬁmmmmgwqu‘[maﬁmwhﬁ“u 15 813 18 m?/g uaz 0.026 f14
0.035 cm®/g A udU

Quantity adsorbed (cm3/g STP)

Relative pressure (P/Psat

) )

1.2x104

—O— Char1

8.0x10°

4.0x105

dV/dW Pore volume (cm3/g-nm)

Pore width (nm) (b)

o

JUN 4.1 (@) lolamesuvesnisgadululasiauvesiangadu (b) n1snseatedivesruingngy
VOIS
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o

15197 4.1 aeruszneumsaiianUinudugnuvenug s

. - WUNH? Juns
, Tulasiau | A1suau | lalasiau | sandau s 2
anu FUWNE VNNAYDI]
(wt. %) | (wt. %) | (wt. %) | (wt. %)

(m?/g) WU (cm’/g)
Charl 0.01 82.00 241 15.58 18 0.035
Char2 0.01 73.95 2.40 23.64 15 0.026
Char3 0.06 73.40 242 24.13 17 0.034

14

4.2.  aufusiuanlauaelulasiay
srufutudilFUdaelulasudundasueiildannstauianmil uiaein
nszUILMINTEduneeafounazed Inethdukedy fe d1uws (Char) uasd g
(AQ) svhmstauselulmsiouidievlitinsiasuuladassanaesgnunaziinghlasiou
UuwummeumamswammmsmamuﬂmumﬂwLi&JLLmuﬂ,Umealmmﬂmaeuaa Air
zero ﬁmLﬂuﬁuumaﬂuﬂﬁimﬂmluimwumﬂ&JLiaawuwummaqmu n¥sniuhlnsedu
maaiilaglil KOH viufnsendusiinusaznsedumeanuiouniglisnsinisivaves CO,
uaz N, (KOH Activation) d1msulunisnaaesiidnuiiiadeiifnaseniaiuasuuuasnaauds
maaduaznisnsvessuduiudildudelulagau Iud srudsdudmiunisidddae
lulnsiau Ao a1uvnd wazaududusd gungdildlunisnseduio 1023 uag 1123 K
dandnvefaendladsening CO, uay N, Msnafufo 0:1 1:1 uay1:0 dwdudiudusud
AlFudslulnsiauandiuyts (NC-a-bio) Ww3sudwldviavun 4 fregra Usenaudae NC-
1023-1:1 NC-1123-0:1 NC-1123-1:1 wag NC-1123-1:0 uazanuiusiudildusmelulasiou
nautuiud (NAC-a-bio) Rndsududmiugaduldionn ¢ fograsuiu Tdun NAC-
1023-1:1 NAC-1123-0:1 NAC-1123-1:1 ey NAC-1123-1:0
421  audAinemenmialuvasauiusiudilfudaelulasiou
lunmsAnwiauandainenienmyesiangady Tnehluaghinnevuiouae
aumguvesTangadu ThuA Aufifasing manszarsrunavesgngy warUsunsavan
vo9gngu InefuiiiaduneuasUsunsimuaesgngudulinaivavenanudusngu
vosTangadu fddunnfaziinnandugnguiinisuiuiadutiadondng Alnasonisgadu
lunmsveaesivhnmsiinnesideisnslifegwwesduiinagadurioneufalulasiaud
guvindl 77 K nu lelwiisuvasshunndogsfiiunssuiunisnssduiosaufouuay
il fdnwarnsgatuuftusuen idunuy Il e IUPAC wansiaguil 4.2 (a) Fauen

- o

Miangeduaunsagaduliegadeiiiosnsiinisgaduiuutunglluauisnsgadunateduy

o

o o ] % Yy o - = =
uwagiangadudaiinisnszanevuinveagnguluyianingg aenndesiuun 4.2 (b) Auanaiia
VbUYIVBITNTUVUIALEN (micropore < 2 nm) WAEINTUTUIANGI (Mesopore > 2 nm)

q

WALl NATUANYULNURIVRIE T UN LT UATLAUA8 LIRS aUNN A NENY S N B N URILERS
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AeguUT 4.3 nuliuRaddnvaeiloauasutiussuazinnudugnguuinnitaiueis
wanniveyaloleiifuvrein1sgadulazn1inszagvesvuIngniuvadLialulnsiauds
a5t lUAWIMNEMAUTRIT N KAsUTINATTIINUATBIINTUYBIIUNKUANIZNNT

a d‘ ! L2 1 U lﬂl ! dgj lﬂla o I ! 2 =
WTHUTIULANANAULARIAIRINTIN 4.2 Wud WuARaTwnnzeglugie 13 - 538 m”/g uagidl
U sviamunvesgngueglugie 0.014-0.285 cm’/s

200

150

100

50

Quantity adsorbed (cm3/g STP)

0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure (P/PSat) @)

—0— NAC-1123-1:.0
—8— NAC-1123-1:1
—8— NAC-1123-0:1
—&— NAC-1023-1:1
—8— AC

—&— NC-1123-1:0
—&— NC-1123-1:1
—&— NC-1123-0:1
—— NC-1023-1:1
—#— Char

dVv/dW Pore volume (cm3/g-nm)

0.5 1.0 15 2.0 2.5 3.0
Pore width (nm) (b)

JUN 4.2 (a) leluiiisuvesnsandululngiaun 77 K (b) M15n9eangfiiveuinngnuLes
suiuiualausmeglulasauyndiegng

NC-1123-0:1

“NC-1123-1%1 NC-1123-1:0
u -

NAC-1123-1:1

4.3, AMNONEANYULNURIVDINTUNINLA

€al
[l
=>
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139 4.2 BafUszneuvnualivazauRnudugnguvesnuwsitaUlulasiau

PR U310
p - WUNH? | 2
, Tulasiau | Asvau | lalasiau | ean@au | | NNAVDIS
11U AN
(wt. %) | (wt. %) (wt. %) (wt. %) ) WU
(m*/%) s
(cm/9)
Char 0.01 82.00 2.41 15.58 18 0.035
NC-1023-1:1 2.61 49.80 2.30 45.29 14 0.023
NC-1123-0:1 2.78 48.70 1.55 46.97 13 0.014
NC-1123-1:1 1.99 49.21 1.42 47.39 111 0.066
NC-1123-1:0 2.09 55.68 2.02 40.21 313 0.175
AC 0.84 85.07 1.04 13.06 498 0.256
NAC-1023-1:1 2.89 85.41 1.05 10.65 421 0.227
NAC-1123-0:1 3.04 78.19 0.58 18.18 377 0.201
NAC-1123-1:1 2.67 78.42 0.62 18.28 511 0.275
NAC-1123-1:0 2.51 80.58 0.70 16.21 538 0.285

422 wavesdussiulunswisuduiuudilaululasou

Tun1snaaeudiofinsgiinaudeduluninnTouduiufudilau dae
lulnsiuiiiudunounisedeusieiu fnansevudeautfinmandugngu fufsune way
USmnstemuavosgnuegasls Jdldvinaefeuduiusudliululnaouand unduay
aususiug Tnodudsduisaesnsiuiinszuaunisndsuud Yandafuionsaiugni
[HURBIU IINNANITNIAARILANIINTISA 4.2 wui WleSeuifisvanznslivlulpsiau
Feafudinn 9 anmzarutuiuddliudelulasiauandusiuiiug (NAC-a-bic) e ufa
FumziazUTns s aresgngunnn e uiuiudAlA U delulnnauaindiuens
(NC-a-b:0) Lilosandumnsilutanimieulnsnszuaunisesueluedudaduduneuluns
fiungngudesiuviniuiaihlidumnidanudugnguitesviodsnsuruelg nedle
iluanlenisnsedumannusouazeilnonisiddlulnsurliuiisimnzuas
U'%mmﬁgwmsumgwsqmﬁmuﬁq 313 m%/g wag 0.175 cm*/g muanu waaunutumdu
Sanildannmsthanumsdsinunsemiveluwtuluvinsiefusiuivionszdusonuiou
Ingld CO, LiJuLmaaaﬂszjlmsmLiJusuumauiumawmmawaﬂwmmLUuiWiumeumﬂ
aqmaimwummmmﬂ gifituain 18 m%g (Ju 498 m¥/g Immumeﬂuﬂimmmummaﬁ
nyufifisduan 0.035 cm¥/g laudly 0.256 cm/g wsiflorhuiusud A s ous
dwmaliiaiuiif e as Ui stananveagnuiing useuiu Tnsmuiusudlad
luimmeﬂmuﬂuuumwmwuwmmL‘WW suarUTmsTanATeIINTLLINTiaR Ao NAC-850-
1:0 Bafiewiniu 538 m¥g uaz 0.285 cm’/g Auddy
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4.2.3  wWaveuuinnszAulunIsnsEAunaad
= | U o ey g v ad o
lumswseuduiuiudnldvlulasiau Tunsunisnsedumaniiiduiuney

'
o w

eAguiulunsiaugnsuesTanaady Tnendaaniithanudaduldun dmsm% uazau
funsfudluvinsiaululasiouannisuausogiSeudoendladee Air Zero figumgd 623
K waathlunmsnseduaiaienisuauiy KOH vimmﬂuuuﬂl‘dmuaumamwmauaﬂmq Bs
iAdeilldvinsfnumavesgaumninseduiiunnsneiuldun 1023 wag1123 K lduanis
NARDILAnIiImI1eTl 4.2 wuddleriugamalildlunisnseduain 1023 W 1123 K dawa
T AT Ie wasUTumsianunvesgnguiinduislunsdfdudiududumns (ne-
1023-1:1 WA NC-1123-1:1) wavduiusiud (NAC-1023-1:1 uay NAC-1123-1:1) Fauansl
uihmsiifiugamaiinseduaansateliufaeendladininiotueznenvosaniueuly
Tassaraduldundudehlddsnguiinanniu wiogdlsfnuidefinsanaudianungy
99 NC-1023-1:1 Faduduiuifudiliululpsauieuiuiumiitandediu wuiwieiuiin
SunguarUTinsimnvesnsudidanasin 18 Wy 14 m¥g uag 99 0.035 1 0.023
cm?/g muaau Tunnenseaiutm NC-1123-1:1 gedlAvesiufiiasimsuazUsinashavue
SZJENEWEUL‘WIN%‘UR]”M 18 10u 111 m%g uag 910 0.035 1 0.066 cm’/g muanau Wunaun
910 NC-1023-1:1 [dgamniinszduigdiiiieme (Hoonin 1123 K) Tumsameasiafiuned
flailgvhuiiseiulassairsvessundadnlugauinaidusngy
4.2.4  wavawdnTduvaniseandladssning CO, fiu N,
dmsunsnsedunaniuenanngamniifingsduardiwadeautAniumgy
yosruud Sniladefimaineginaiuiudeufaeendladililunisnszduilelinusou Tu
nsnpaesilldvhmsfnmdnsdumeufasendladsewing CO, fu N, Tudasdufiunneng
fu euA 0:1 Ae lail O, 1:1 e CO, fu N, Tudhsnaslvaiivindu wag 1:0 Ao Tiftes CO,
Fauvsanusenidu 2 nqu nquusniduaufududflau delulasiouaindiusns Teun NC-
1123-0:1 NC-1123-1:1 uag NC-1123-1:0 uagnguitaeaduduiuiudiliuselulasiauan
audugiug lown NAC-1123-0:1 NAC-1123-1:1 4ag NAC-1123-1:0 9INNANITNAADILARIAT
13797t 4.2 wuh drunguusnlunisnsedulagldufaeandladitlid O, (NC-1123-0:1) fiudl
ArdunizuarUTumaianuavesgnguaziadosiaafio 13 m¥g uag 0.014 cm’/g
pady uazauitldus CO, Wuufasendlad (NC-1123-1:0) fNufifasmzuas Usans
Havuavosgnguniianfie 313 m¥g uaz 0.175 cm/g muddu lwhueadetudiy
nauiiaesldnanisnaduieatuniunguusn ndnfe NAC-1123-0:1 fflufiiadumzuay
ﬂﬁmmimmmaﬁwwuawama 377 m’/g uag 0.201 cm’/g MUAWU ey NAC-1123-
1:0 uwummmm uazrUSumsTiavanvesgnguaniianiie 538 m%/g wag 0.285 cm’/g
AwEdu Lilesann CO, frwansalumseendladliindy N, Fevilvilonrivouveadu
gmiluldlunsrelfiAngwsuléinnndn uenaniifiofionsan NC-1123-0:1 fu dumn$ was
NAC-1123-0:1 ffu ghuffusiusd wudn dududfuddlddlulasiouisaesdfiuiisime uas
USinsvanunuesgnuanasind sty daarudananadudwildldld coafuufa
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'
v Al

pondladuarfsudinguniinnszduirguiisanesenisaaivansiaduiesianlalaiugize

o A

fuezneumsuauudINn wandliiviuiaendladidudntededdyndwonsimung
NFULYUNY
425 audAmaaiivesdrufusiudiavlulasiay
uanaNMIRALR ATt WAzl Ui T uzuarUSina s svesg
wyuaau yilsdduuuiuinvesuAldunsiaundutu TnenyfeituiiAauuiiuii
Y93 oA C-H, C=C, C=N, C=0, C-OH uag N-H uanasagy 4.4

O-H C-H cC=N C=X(CN,0) C-0 N-H
3483 2990-2881 2280 1655-1440 1100  ~900-600
[ | | I [ I
NAC-1123-1:0 | | | | | |
NAC-1123-1:1 | | | | | |
—~ | | | | | |
S [NAC-1123-0:1
S | | | | | |
g [Naci02311 | | | | | |
C
< |AaC | | | | | |
= NC-1123-1:0 | | I l I |
= S | | | | |
2 |NC1123-1:1
I | | [ | | |
= pNcuzmo1 | | | | | |
NC-1023-1:1 | | | | | |
| | | I | |
Char | | [ | | |
| £ | , | ]
4000 3000 2000 1000

Wavenumber (cm'l)

SUN 4.4 uanamgilandurasauviavansigmaila Fourier Transform Infrared (FTIR)

ofiansanesAUsznauniaiivesiaggaduLanadanisned 4.2 nuin a1uwns
duusiud way dwduudfliusmelulasiauanauiuiuiniegisUszneuseasuey
uesrusznounantuy3unn 78-85 wt.% nusieeandiau 10-18 wt.% waz lalasiau 0.5-
2.4 wt.% uannigamululasiau 0.01-3.04 wt.9% dwiuduiusiudiliugelulpsauain
fumsNNAIegRsUsEnaumeUsinaesnaua susulaveendaululsinalndifssiulae
wulugaa 40-55 wt.% 91nnsUfutgsiufadaenisidUlulasiaunyudndufududaliy
lulnsiuyniegnailesduszneuvesernoululasauisiuaindiumns uasaufududauds
Ui 3.08 wt.% SeUsinalulpsiauiifisdusandiidiuidosaeuvedlulnsiauunsndad
lUvuiiuivessuriuazdusuiug Tnseznoululnsauiiunsniegiiufinegluguy savy
Tulasiau laua Pyrrolic (N-5) Pyridinic(N-6) wag Quaternary Nitrogen (NQ) Fimszilag
wmadaanlasalnVlnladdnnseuniasedidnd (X-ray Photoelectron Spectroscopy,
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XPS) aziiufinsiasziamdsnuamieivesdidnaseu (Binding Eneray) %’juﬁluqm (Core
Electron) Faduananzianzadlissysmuarossusznaumanivinafuivesian a1n
MAATgansHafsgURl 4.5 N 1s anlasalnUlnladidnmsousessdisndvasiangadu
fanuaUsingSuauaufinvesanasufidndsudamieivesdinaseu 398 400 uax
401.5 eV Ingtsuanindumlulnsiau N-6 N-5 uag NQ amidu 1ilefiansain % Area 270
fuitldnsvivesusaziindaudurifldvenuiinamlulnnauusasussinnuan wiasud 4.6
wuhduniUszneussesenlulnsiauiiogluzuaes N-5 undign suduuduszneuse
N-6 uag N-5 udulngludunailndidestu wazaunniiegrsusznauds NQ lu
Usinaulesiian eghslsAmuiilofinnsandiuiinszdulaglaild coxfuufanentlad deldun
NC-1123-0:1 wag NAC-1123-0:1 U3anauwes N-Q anaaidlowfisuiududaiufionums uay
sufusudaugnay Wefinnsandwiinszdulaefinigld co, Wuufaeandladieviass
gamgiinseduldin NC-1023-1:1 NC-1123-1:1 NC-1123-1:0 NAC-1023-1:1 NAC-1123-1:1
way NAC-1123-1:0 wuuunauves N-6 Lﬂuaqﬁﬂizﬂawmﬁqm

Intensity (a.u.)
Intensity (a.u.)

NC-1023-1:1

394 396 398 400 402 404 406 394 396 398 400 402 404 406
Binding energy (eV) 7 Binding energy (eV)

Intensity (a.u.)
Intensity (a.u.)

NC-1123-0:1 NC-1123-1:1

394 396 398 400 402 404 406 394 396 398 400 402 404 406
Binding energy (eV) Binding energy (eV)

JU7 4.5 N 1s asnlnsalnUinladidnaseusne Ssdidndvesiangadurioun



Intensity (a.u.)

/s

NC-1123-1:0

Intensity (a.u.)

AC

394 396 398 400 402 404 406
Binding energy (eV)

394 396 398 400 402 404 406
Binding energy (eV)

Intensity (a.u.)

Intensity (a.u.)

)
S
2
2
(5]
£
NAC-1023-1:1 NAC-1123-0:1
394 396 398 400 402 404 406 394 396 398 400 402 404 406
Binding energy (eV) Binding energy (eV)
S
S
=
2
(5]
IS
NAC-1123-1:1 NAC-1123-1:0
394 396 398 400 402 404 406 394 396 398 400 402 404 406

Binding energy (eV)

Binding energy (eV)

U 4.5 N 1s asnlasalnUlnladidnasewmesididndvasiangaduianun (se)

51
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60
[ I N-6 I N-5 HEE N-Q

50

40

30 -

% Functional group

20 -

10 -

Chs,. Nco,. Ne.,. Ne,, Ne. Na~ . Nan - Nan - Mg
ooy 1111230 223 2355'C P (S C~1123 C*ng C‘ng& 2o

Sample

JUN 4.6 nyjilandudszinvmylulasiauuuiuiivesunan

[
= 1

wenanildsdnwmnnudunsa aefivihilinasisvesuszquuiuiifgaduingu

s A ~ ) v & ¢ ! & oo X Vo a 1 'z
Aud wiegaiiuszquadiigaduilugud 3und1 pHy.e Jsllantuegiulnihadnvemyileridu
=

vuituAareweIds 913U 4.7 wandiBniseue pH, vosgadusing 4 Aldainuans
NAADI WU AT pHpse maaﬁaam%’u‘lumu%%’aﬁﬁmagﬂmm 6.2 §11 7.0 \ilesmnuuiiuiam
mm%’uﬂiflﬂgmﬂqﬁ%’uﬁtﬂumﬂuimmu LAy aendlaudsaenadosaniinaidnasu lne
lpansazanedlel pH fnT AN pHp.c fufnvespaduariuszaduun wavarsazaeiien

pH 830791 AN pHpc Wummmmmm%mmﬂsvaL'Uuau
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Sample/ pHpzc
NAC-1123-1:0, 6.8
NAC-1123-1:1, 6.55
NAC-1123-0:1, 6.6
NAC-1023-1:1, 6.7
AC, 6.65

Prete

— 0= NC-1123-1:0, 6.8
— <>— NC-1123-1:1,6.8
— <= NC-1123-0:1, 6.8
— = NC-1023-1:1,7.0
— — Char, 6.2

pH (final)

0 T T T
0 3 6 9 12

pH (initial)

JUT 4.7 MIMAY pHyze VUNURIYBIMIQATUYN 9 FIBE

4.3 NavaInUTUNIA A19989E1TATANINITUIANDE

il9991nd U NAC-1123-1:0 ﬁﬁﬂﬁuﬁﬁﬁwaLLazﬂ%mmﬂzwmﬁumgwquqqﬁqmiu
ussauduiudilddlulasioud whumadeunansznuiifidearuannsalunisgadui
asazanemseameall pH unnsafulasiidieglurag pH 2 A 10 Wisudvdwidudou
fadu Ao drumnd uagdrudusfud 91nn1sveaeanyI Usamsaueaiignaady
Aoutnsasiifauin pH vesesarasasuanansiuLansissUT 4.8 Faisdimuinveazngy
Judladedrdgiiinadomnuamnsalunisgadunisisnmeamnanitssgmaliiiads
vosilaituuuuinvesduiildgady Tnsuandifiuanuanisfubuusians GEMC luuy
il 5 dmFuadeilAnvsaumaniuar aunavesnisgadunisiniueasenatnuind pH
Wiy 6.6
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40

30

W{

—@— NAC-1123-1:.0

q, (mg/g)
3

—@— AC
—@— Char
10 +
] T 9o o o e
0 L I B L B L B
0 2 4 6 8 10 12

Y

SUT 4 8 ANMUFUNUGTTE W’J’]QU?&J’]OAW’]T]L‘U’]NE]@VIﬂﬂ@@‘ﬁ‘Uﬂ‘U pH VIﬂ’J’]ZJL“UQJSUULiZJG]u‘UEN

Y Y Y

A198¥ANYNITNIANBE AU 25 mg/L

4.4 aauwamam‘%aami@ﬂsﬁumﬁLezjmuaa
Tumafeifnuaaunamansvosmgadumsinuoauudiunn q fegieiia
Fuduisuduresansaratenseniteawanaaiufie 25 me/L waz 125 me/L wislinsiu
fanalnvesnisgaduuazduneuiiiiunmsgadumsesaues annsiantmaaeslngnis
mmummmuwwmLézmmaaiumwaumuwummL’Jmm’m 7 wuimnudutuasunUas
lﬂmmammmmmumwmaaaaiuagmmmmmmmmmmﬂimm‘wwwLszjmmaa‘m
aansagaduldluigaiavesuds (Uptake: q) wuin Uiinasedluiananisisnueaiignga
Fulilutpmeveudainiuiionaililunsduiadusswitsiuives dufuasgngadu
(anduda) Wadudmiudiunn q feguararEuiimasiidodndannizaunauanadaguii
4.9 Wosnenuuanssesanududumnsueseasninduamsazats (Igniavesvad)
fuvuiiufinvesdu(inameavesnds) Tnsfinaniudu (t = 0) dvhifluanavesmisaniue
auuﬁuﬁwaaﬁmm%’u wazluansavaneivSunavedliananisigaueawinnulsuialy
A tuG sy mmwwumuwmemaﬂwuaqmaawiL’;mumﬂmﬂﬂmmwwaﬂmLaﬂa
MsngmuealasIzunI Ui tarudugeludanududui Wenadudadiuiy
ImaqasuaﬂwwwLszjmzuaauiamamuLmu‘uu‘wumLLauiugwgusuaqnwuuwﬂmuwﬂmﬂimmmaq
Tuanansueniueaiiegluasararsanatuazuuii uiavesiagaduasiiiad uaunseis
U%mmﬂuaﬂmaqamﬁLszjmuaas[,umiazmaﬁuuuﬁuﬁwmmuwhﬁuﬁ%lfi’hajam’;zauﬂa
Tnelaianansueweausznouseiiduiidtauaylsiddrdmarilfaunsofgeldfeiody
unsiu (Graphene Layer) wagvyiilafduuufiufiavesniu uenaniuimaveduanaves
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mneaueangngaduldiintuegeTndlutansnrenisaaduuuaunn 9 dreguay

nn 9 Anudndusuiu dwfuanududusuduseg (25 me/L) azdngansaunmsini
v v oa v oo X
ANINTUSIAUNEY (125 me/L )

8
® 125mglL Char
6 @ 25mg/L
/\a Py & &
(@)
E *
\/H4 4
o =
2
O T T
0 1000 __. 2000 3000
Time (min)
200
AC
—~ 150 +
(@)
5
= p * @&
UHloo s @
)
50
= e il o @
0 . .
0 1000 __. 2000 3000
Time (min)

JUN 4.9 3auUnarmansn1sAntunIsenINeauuaIu Char AC Way NAC-1123-1:0 ian1ie
ANUTUTULSUAUTLANGAY 9unnd 298 K
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200
NAC-1123-1:0
—~ 150 A
2
e e o
=100 { = @
(o
s 2
50
o & A A g s ©
O T T
0 1000 _ . 2000 3000
Time (min)

JUT 4.9 9aunarmansn1sgadunisenmeauunu Char AC Way NAC-1123-1:0 idn1dg
AL USHALANGNTY gl 298 K (si9)

M15N 4.3 AYINITNBTINN AUNNTINIINIAATUSUAUNTLTALY UazaunsensIves
nspRdusuAUan gy

d3N159AIINNIAATY #1N159AIINNIRATUSUAY

susuniadiou daaiey
' Ci Qe exp
01U ko
(mg/l-) (mg/g) e cal kl 2 Qe cal 2
— R (ge (mge | R
(mg/g) | (min™) (mg/g) .
min)™)
25 1.333 1.333 | 0.0012 | 0.611 1.347 0.0157 0.909
Char
125 5.850 5.848 | 0.0012 | 0.903 | 6.112 0.0010 0.941
25 30.04 30.06 | 0.0055 | 0.401 30.03 0.0024 0.880
AC
125 107.1 107.2 | 0.0016 | 0.843 107.5 0.00009 | 0.927
NAC- 25 30.33 30.20 | 0.0246 | 0.781 30.77 0.0014 0.847

1123-1:0 125 109.8 109.6 | 0.0053 | 0.923 | 116.3 | 0.00015 | 0.952

Mnteyaviinavesluanamssmuoatigngadulsfiuasundasmunaiaudng
annzauna aunsatiniesuleysngnsainisgadulaenisauingnsnsinisgadulaan
aunsIaunamanslauiaun1sdnIn1sgadus usunilafion (Pseudo-First Order) ua
AUN58NIINIATUSUR UAB B (Pseudo-Second Order) Tnga1msfiimesanad
\Aeatesturaunamansveanisgaduiildainauniseaunamansuanadsnssil 4.3 11
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o

AMuainamsuenueaiiansagadulainatsis o Wieudusanisvaasamuinaunis
amﬂmimm%aumaaqmaﬂwmﬂﬂammﬂumimaaqmﬂmﬁaumiamqmim%aumu
mqmau Jstinmagadumsieseadunuannisdninisgadusuduasadiounnndy
susuniadioy ‘maﬂanlemmifﬂmﬂmumaumsLLWiﬁuaﬂmLaqamiwwmuammqgwgu
meluvessududuneutimuasasnisgadulfimngaundinisundveshnananisuem
weadmituinnisuenvesniu wagAAsishnmIgaduasaunssusuaefeniiranas
derududusuduiududmivdiunn 9 dees Tunazderdudefiarsuinisuns
melugnguvesdiu Ingldaduuszansvesnsunsnelusngy (0) venarwanusaluns
unsvaduanamstenueanislusngu dsihdoyauiinavedluanavesmnssmuoadign
aedulfundunnlngldaunisnmsundnglugnsuvosmeaudsidudeden (Homogeneous
Solid Diffusion Model) nuirdiuulifuguieidutuainsiisnsinsgaduresaunisdusu
aoaiion naalad mummumLmmﬂumamiuawﬁﬁuaqmnmzmsﬂuswwammLmamm
dduFuduiinniusansfnsad 4.4 szmwamlmulmamaaqﬂwqwgmwmauﬂsvawﬁ
voentsuninelugnguasasdanfind uwionnududufiad unsedussduluanass
dnFudawalsinisunsnelugngudtudan ansanisvaaosfand L unauanamnanis
unimelugnguvesewdsiidudofsnduwuuiassildinanaufgiuiiidgaduis
INSEAEFTUIAYRIgNTUTITLNIALN 9 AU uidmusgaduiithsnldlumnaasadudy
fifimsnszareiuneessnguiivarnvatsusnmstusaussnsurnadnlusuiagnguuun
nane Fsmsunsnnelugnguvesnisgadumnsnemueavusuiufudilay saelulnsiauly
anunsaesunenalnmageduiinduldannsTdauntsmaunsnelugnuvesvesudediin
doidier venaniflurAdeildvinisinwnalnnisgadunsierueauususududila
sglulasiaududuaininandiedu Tneldaunisnisunsaelugwgu (ntraparticle
Diffusion) e3unenalnnsgadumsisaiea Weheyausinavesluanamsienuead
9nad Ul a1 1nateine 9 INdeRNTINEUATIANALTUSTEMINE g AU t°° uanesagud
4.10 WU31 dnvazveudunsmianudy 2 rsduiuanditusudu 25 me/L wazidle
WnenududuEufudy 125 mg/d asdenmduveadunsin 3 923 nanlédn nmsgadu
msgmLeavudiunn 9 fedsdinalngaduiiusznaudieduneunisaislountaans
Meusngngu (Process 1) uarn1sgadunelugnguisgnguiidvuadnuazswsuaunslng
(Process Il wag Process Il) LLamLwa‘i’malﬂms@msfj’UﬁLﬁmsﬁué’qgﬂﬁ 4.11



AN5197 4.4 Aveainsfiwesanaunisnsunnglugnsuvesve o

(Homogeneous Solid Diffusion Model)

Homogeneous Solid Diffusion Model
ﬂl']u Ci Qe exp 2
Dsx10
(mg/L) (mg/g) e, cat (ME/8) s , R
(m?/s)
25 1.333 1.688 5.080 0.931
Char
125 5.850 5.812 0.693 0.946
25 30.04 30.04 6.509 0.800
AC
125 107.1 107.0 1.210 0.939
25 30.33 30.33 6.909 0.861
NAC-1123-1:0
125 109.8 109.8 3.800 0.932

q, (mg/g)

2_
;kp,.
0 T

20

0.5 H Oéo
t (min™)

60

(b)

JUN 4.10 nTANduiusIEnin g iU £ Yeenisgadunnsneniteauuiiuns
(a) 25 mg/L wag (b) 125 mg/L
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Processl
I
. /’ . 1
Micropore — External :
@ fim ! Bulk
Mesopore —_, ° .‘_ﬁ
I
Micropore | Process I
filling
. . |
Micropore sl !
N \ Bulk
Mesopore —, [ 0
I
Monblayer
Process Il
. __—H
Micropore - 4N
Bulk

Multilayer

sU# 4.1 waufanalnnszuaumsgasumsiwnuealagldausuiudilaululasiay

MNANSWLERIAIFUT 4.10 @nsnsaman k, uaw C ldanauduuazyadauny y vos

sl e k, AAwidumNdy aeen k;, k., waz k, Ao ARSI S MIIVBINTITUNT
melugnyudmsu Process |, Process Il Wag Process lll auanau uaga C AA1vUgadn
wnu y Tnefiansanuiaseanududeeisig o wiEduansfems1eit 4.5 wun e ko) V0T
d1uvn q F0g19 waznn 9 ernndududududannnniy Ko W8E ko vatlgnnsanglon
waasvasluananIlemueanisuonInguintuldisnnsgaduaeluswy iesan
Tuanamssnuesluasaratedundlnenssfuiuianisuenvossuudnelugngudosd
maundvesluiananisusmuoadandeuinransofiamageduldFeilfaatulddnd
dufudunsumapadunielugnuasiiuianisgeduuuuiuievedinanavossuuiiuio
ﬁgﬁ‘U%L’JﬂJiWiu%u’lﬂLgﬂLLa”iWiusUu’lﬂﬂa’N ImﬂﬁmiuﬁummLﬁﬂmmsmﬂ%’UIuLaﬂasuanmi
MAnnIgeduLUUT uRefauysalmmgivungnguilivasauuas memmwum
iwmn‘[:uLaﬂasuaqmiﬂ‘uwummaqmuamaimwauuamm Process Il Tuunus wonani
d1m5U Process i l,msu*uiuLaqasuaamﬁmﬂiumsasmalﬂmwumsuaqgwqu‘wmmmmu

Sufu 125 me/L 49071 25 mg/L wiuladaauainen k fianududu 125 me/L fia

ol
! nd‘ ¥ ¥ d‘ g g QI ld’( ¥ ! U :’I

1INAINNAIULVUVU 25 me/L L;JEJL’Jmamammmmu%Lsznqm'i@mszmiwuumau Process lI

AULNUES NA13AD eLian1saaduluunatetulugnsunlvuianinduiielinisgadu

AnTusgnesiaiilos wazaziintuldnngluaisazatenussduluanavesaisiuinnensai
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ANUTUTUEA 9 Li/iﬂﬁ?‘lJLLﬂﬂ\‘iﬁ\‘iiﬂﬁ 4.11 Tnefianududududu 125 me/L annsowaninig
Andu Process Iil ¢l Tusummmmmmuuaam’m (25 mg/L) \Anldtangnisgaduluneu
Lﬁumulﬂa]ummmmmmwummmmu uaﬂmﬂumau’mm'ﬁ’mmawmmmlmmﬂ
ammimsLstmsﬂugwqulﬂmmzumﬂsmmluLaqa‘WﬁwLézimuaawmmmcﬂmulwLam
i1  ileifisuiunanismaaedldailndidssiuannluynaanan

M3N 4.5 A1UINITHWMBITLAIINAUNITNITUNT LUINTUYBINTAATUNIT YN 1L DA

\ Process | Process I Process lll
a1 G
kp, I G kp, Il Gy kp, 1T Cu
25 0.133 0.00 0.010 0.92 - -
Char
125 0.375 0.00 0.072 2.94 0.012 5.20
25 0.207 0.00 0.009 1.63 - -
NC-1023-1:1
125 0.301 0.00 0.064 1.84 0.018 3.48
25 0.142 0.00 0.008 0.85 - -
NC-1123-0:1
125 0.299 0.00 0.077 1.72 0.016 3.51
25 2.444 0.00 0.196 21.4 - -
NC-1123-1:1
125 6.000 0.00 2.632 29.2 0.282 90.9
25 2.500 0.00 0.079 26.1 - -
NC-1123-1:0
125 3.077 0.00 1.071 233 0.537 43.6
25 5.000 0.00 0.044 27.7 - -
AC
125 7.680 0.00 1.303 49.4 0.202 87.9
25 0.96 0.00 0.039 23.9 - -
NAC-1023-1:1
125 1.500 0.00 1.292 2.99 0.238 43.0
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#1599 4.5 AveInilnesilaainaunisnsunslugnIueINIAduNITILEnILea

(%®)
\ Process | Process I Process lll
01U G
kp, [ G kp, Ils Gy kp, 1T Cu
25 0.910 0.00 0.094 19.8 - -
NAC-1123-0:1
125 2.000 0.00 1.061 0.76 0.193 27.5
25 2.600 0.00 0.047 28.4 - -
NAC-1123-1:1
125 6.494 0.00 2.063 33.4 0.606 81.8
25 3.000 0.00 0.089 26.1 - -
NAC-1123-1:0
125 8.929 0.00 2.857 40.0 0.455 95.0

4.5 ﬁuﬂaﬂaﬂﬂqiﬂﬂ‘a}UquqL‘Uﬂ"lll@ﬁ
TunseSureteyanisgadunisnemueaiianzauna amisaesuisliainle
TniisuvesnsgaduiadunsvluaninudiiussninatSinaveduanamsisnueaiign
andulaluipaaveaudenannzauga (q) Weviumnuidutuvesmnsnemuoaiindesyly
asazans (InAveavan) fianizauna (Equilibrium concentration: Co) a4 ALAULAY
gaumgiine thieyananisnaassvesnisgaduiiaududuFudulugis 25-2000 mg/L 11
wionnsmileluiiisunansuansguil 4.12 wuin nswileluiisuvesnisgadumsiwmuoauy
81U 9 Megdinudlduveddl ge Wsnndudier C. dudu Tnsdufuiug uazdui
fudildufmelulasious adudwildsunsimunamiadugwguiauaansalunisgadu
MTRmeaNInd uiileuanaiuns naaldd1 armansnlunisgadunnsieniuen
ddumuiuiiindinzuasUinasiomnvesgnauiidindy #9 NAC-1123-1:0 {Hudiuils
mmmmmlumim%wmLszjmuaamnmammmuw 1 Ce lnglAanuaninsalunisge
Fuinnilgavinfu 357.1 me/g Bausiiuiiinsumnzuasusinasiauavosgnuiliinduas
Pglrinuannsalunsgadunnsieniueafivny wifgdiduunegslunsmnessd
wanssalumansatuinuunansiasuil 4.12 uarsuil 4.13 sndoghadu NC-1123-1:1 Tl
Adumng 111 m%g uananuanansalunsgasumstemuealdinnnin NAC-1123-0:1 7
Failuiisimnzannninde 377 m¥g Tugas C. finteq Wuientuiunsalues NC-1123-1:1
(111 m?/g) Wisuniu NC-1123-1:1 (313 m¥g) na1ilaan woNNALTRITzLAT USRS
Homnvesgnsuariinasorinuasalunsgedunsisnuoauds Jadeduiu auing
iU uagngiliuuiuiavesdufifuiladoddyiidmarernuansavesnmagaduiduiu
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%aﬂwmmmmsaﬁlumiﬂmuwwmmimuaawmﬂamJaqmul,maumamﬂummﬂsmu,avaam
@Jm'j’uimmaaau 9 LARIFIAI197 4.6 odnslsAnutlasumanininareninuasaves
n1sgagunsignsealianinsaeiuiglaeg19dalanainnIsnaaes Fafuidduvusians
Tuana GCMC mgaslunisedurgiisfvainnismeassdsedurglusiaded 4.8 G 4.10
uaﬂmﬂﬁﬁﬁamalaieaLﬁifummm%’uwws’lLﬁzimuaamﬂmaﬂ’]imammLﬁauﬁ’uiaiemﬁ%umi
ﬂ@‘(]UVIlﬂﬁ]’mﬁiJﬂ’ﬁLLa\‘liJ’JiLLauWiuWU WU LLANATINITUTAUDALAAINITAATULUY
wm‘aﬁuuuumumﬂ 5 A198198NIUAUTTS Luaﬂmﬂiammmim%mﬂmimqwgWiuﬂsu

IﬂaLﬂEJQﬂ‘UNﬁﬂ’]ﬁ‘Vlﬂﬁ@ﬂiﬂﬂ’l’]ﬁllﬂ’]iLLaQZJ’J’i‘UQJJﬂ"I R? > 0.95

400
538 m%ig
300 4 511 m?/g —@— NAC-112310
5 —@—— NAC-1123-1:1
498 m /92 ——— NAC-1123-0:1
> 421 m?/g —@— NAC1023-1:1
> A111m?g | —@—— AC
g 200 2 |
) 377 m“lg
3 — - > 2, | = = NC-1123-1:0
o O S183mg | _ & —  NC1123-11
14m2g | = —  NC-1123-0:1
— O — NC-1023-1:1
100 - Q’ = 13 m2/g —_— —_— Char
’ /
—_———— == — = 18 m2/g
0 |
0 800 1600 2400
C, (mg/L)

a

JUM 4.12 aunanI1sgaduraannTienIteasanannuuauyn 9 A3ee1e Neamgil 298 K

Y
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JUT 4.13 anwanunsalunisgedunisianueaiiiuilsiduiu (a) Wuiiadime waz (b)
USUATYNUATDITNTU
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M13297 4.6 ANNENNTOLUNTARTUNITIYMINeaTNINgRYeT W naegsluIdetuas

Tanaaduluanideau q

o SeeT Vi G PC ads. Capacity,
9814 ) 5 Ref.
(m?/9) | (cm>/g) | (mg/L) Omax, (Mg/g)
Char 18 0.035 25-2000 39.9 U
NC-1023-1:1 14 0.023 | 25-2000 119.1 UYL
NC-1123-0:1 13 0.014 25-2000 118.5 NI
NC-1123-1:1 111 0.066 | 25-2000 209.9 AT
NC-1123-1:0 313 0.175 25-2000 163.4 NI
AC 498 0.256 | 25-2000 245.0 AT
NAC-1023-1:1 a1 0.227 25-2000 228.4 NIl
NAC-1123-0:1 377 0.201 25-2000 186.8 NIl
NAC-1123-1:1 511 0.275 25-2000 287.5 NI
NAC-1123-1:0 538 0.285 25-2000 357.1 U
(Bernal,
AC modified by Giraldo, and
1127 - 10-1000 241.8
thermal (ACTT) Moreno-
Pirajan 2021)
Banana peel (Patel et al.
524 0.250 0.5-200 4a9.4
Biochar 2021)
Non-spherical (Tran et al.
_ 1033 1.074 50-1200 147.0
biochar 2020)
spherical
. (Tran et al.
biochar from 1292 0.704 50-1200 286.0
2020)
pure glucose
AC (oak)-KOH- (Nourmoradi
298 - 100 64.92
1173K et al. 2018)

]
v

4.6  Anwradnuadisalunisindusnldivsivesiangdungnldluuda

o A

lun1s@nwanuaiunsalunisiinduanldlmivesianaadungnldliuas lnenis

Y
o LY

iluudluthioufigamad 393K ua 3 hr wudgn 9 sevvesmsndualélnadlanana
W5 UTANeAT AT uaINITangaeonaIndIgaduls 85 % §3a1n3UT 4.14 uans
anuannsalunsindusnlmives Char AC way NAC-1123-1:0 Insuandliidfiuiniloisuyh
naindualdlndafiusnauivedsit 5 auaunolunisgadumissaiueaes Char AC
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wag NAC-1123-1:0 anaande 6 11 Uag 30 % AUA1AU LLazi’aﬂam%’ummﬂfﬁwmmau
wanganfiazindunldlngd Ae 2 50U uenandl NAC-1123-1:0 wansUseAndamiiafian
dmsunnsouvesmsgaduLarmeduInseamea Tasmsfianuaansalunsgadumnsii
puoaanadludausouildnuiiiutudunaunanussisgeiudausssrinduanamsis
musatugnguiivuIadnann 9 Tnslanzgnguaua 0.7 nm dsernsenisiazyililuiana
ysusmeavaneeniigaduieIsmatiluutinfeu Tasldsunsnsaaeuanuuuiiaes
Tuianafiesunesnludisiuingmsusuin 0.7 nm uansdmdsnuvesusaigaduluanani
[AOANINTIAR

100
. —e— NAC-1123-1:0
N 80 | —o— AC
- —o— Char
(=]
8
S 60
=
g
— 40
©
>
<}
£ 201
o
0 , T , , :
0 1 2 3 4 5 6

Number of cycles

SU# 4.14 Amanansatumsthndusnlysives Char AC uaz NAC-1123-1:0

4.7 msaanginunulunsKandanaadu
dmsumslinnsinmaasssanidosildstimadunulumandaigaduuay
arwaninsolumIgadumnsnsmuearesiagaduiiy 1 dag Tneanmsed 4.7 uansiunu
TaoUszanalunisadndiueny aruduiud uazaudusiuddlauselulasioudaisaus
Uszanal 0.73 2.63 Waz3.83 U.S.S/kg audrdu Taedidununisudndisnnda AC dndlngflu
fasnan uananilévinnismunnusandussrihsiunulasysrnadmiunanandagedy
somnuannsalunsgadums s NoaLanssaeduianvielunsedl 4.7 Sausfindunu
TnoUszanaudvsunssanduduiudiliusmelulasiauargandt Char uay AC usiury
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JUN .1 anuduiugsendnanududuivanisgaduniala

M50 N.1 TaYaNIIATUNITNYAUBAVBEIUYS

anududusudy 25.23 o oy s
- AULVUVULINAY 124.5 (mg/L)
£281 (W) (mg/L)
C¢ (mg/L) gt (mg/9) Ci (mg/L) gt (mg/9)
10 24.93 0.372 124.0 0.65
20 24.72 0.634 123.8 0.85
30 24.67 0.699 123.8 0.85
40 24.50 0.918 123.2 1.65
50 24.57 0.830 122.9 2.05
60 24.44 0.983 122.2 2.85
180 24.43 1.01 122.2 2.85
420 24.37 1.07 121.9 3.25
960 24.32 1.14 120.6 4.85
1440 24.16 1.33 120.2 5.45
2500 24.16 1.33 119.8 5.85
3000 24.16 1.33 119.8 5.85




M50 1.2 Yeyan1sgatunisenneavesniy NC-1023-1:1
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AT uEudy 25.23 oy s
- AUVUYULITUAY 124.5 (mg/L)
281 (W) (mg/L)

C; (mg/L) gt (meg/sg) C; (mg/L) gt (mg/g)
10 24.20 1.29 123.9 0.672
20 24.39 1.05 123.8 0.797
30 24.17 1.33 123.5 1.23
40 24.10 1.41 123.4 1.43
50 24.07 1.45 123.5 1.31
60 24.12 1.39 122.6 2.33
180 2391 1.64 122.4 2.68
420 23.70 1.91 121.9 3.23
960 23.66 1.96 121.8 3.38
1440 23.59 2.05 121.2 4.12
2500 23.61 2.02 120.9 4.57
3000 23.52 2.13 121.0 4.45

M50 1.3 Toyan1sAATUNNTNIALDAYRIENY NC-1123-0:1

anududusudy 25.23 D
- AMULVUVULIUAY 124.5 (mg/L)
381 (W) (mg/L)

C; (mg/L) gt (mg/g) C; (mg/L) gt (mg/g)
10 24.62 0.757 124.3 0.227
20 24.43 0.994 124.3 0.261
30 24.51 0.896 124.0 0.672
40 24.55 0.856 123.7 0.958
50 24.69 0.678 123.3 1.57
60 24.51 0.900 122.7 2.31
180 24.69 0.678 123.2 1.65
420 24.61 0.777 121.9 3.31
960 24.48 0.935 121.3 3.96
1440 24.20 1.29 121.5 3.73
2500 24.18 1.31 121.0 4.33
3000 24.12 1.39 121.0 4.36




M50 .4 Yeyan1sgatuniseniseavedniuy NC-1123-1:1
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AT uEudy 25.23 oy s
- AUVUYULITUAY 124.5 (mg/L)
281 (W) (mg/L)

C; (mg/L) gt (meg/sg) C; (mg/L) gt (mg/g)
10 22.57 3.33 114.0 13.1
20 18.22 8.76 113.4 13.8
30 21.32 4.89 101.5 28.8
40 12.63 15.7 113.2 14.2
50 16.38 11.1 120.1 5.48
60 7.829 21.8 91.43 41.3
180 8.461 21.0 67.48 71.3
420 2.568 28.3 69.15 69.2
960 2.773 28.1 51.88 90.8
1440 0.372 31.1 42.13 103
2500 0.404 31.0 40.46 105
3000 0.783 30.6 39.39 106

M50 N.5 Toyan1IATUNITNYANEAYBEW NC-1123-1:0

anududusudy 25.23 D
- AMULVUVULIUAY 124.5 (mg/L)
381 (W) (mg/L)

C; (mg/L) gt (mg/g) C; (mg/L) gt (mg/g)
10 23.61 2.02 124.3 0.306
20 17.24 9.98 122.4 2.68
30 15.70 11.9 120.1 5.48
40 13.01 15.3 121.0 4.44
50 8.871 20.4 101.7 28.5
60 10.34 18.6 115.9 10.7
180 2.631 28.2 91.99 40.7
420 4.669 25.7 98.67 32.3
960 1.051 30.2 89.48 43.8
1440 1.099 30.2 76.11 60.5
2500 0.767 30.6 65.25 74.1
3000 0.925 30.4 64.13 75.5




M50 1.6 Yeyan1sgatunisennseavenuiuiug (AC)
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AT uEudy 25.23 oy s
- AUVUYULITUAY 124.5 (mg/L)
281 (W) (mg/L)

C; (mg/L) gt (meg/sg) C; (mg/L) gt (mg/g)
10 8.915 20.1 105.4 24.4
20 11.67 16.7 98.09 33.6
30 4.428 25.7 92.99 40.0
40 3.842 26.4 91.49 41.9
50 2317 28.4 91.41 42.0
60 2.141 28.6 77.41 595
180 3.372 27.0 70.95 67.6
420 0.499 30.6 69.61 69.2
960 0.323 30.8 56.24 86.0
1440 3.812 26.5 5357 89.3
2500 0.352 30.8 39.36 107
3000 0.968 30.0 39.36 107

M50 N.7 ToYaNIINATUNITNYANOAYBIEU NAC-1023-1:1

anududusudy 25.23 D
- AMULVUVULIUAY 124.5 (mg/L)
381 (W) (mg/L)

C; (mg/L) gt (mg/g) C; (mg/L) gt (mg/g)
10 23.58 1.78 121.8 3.97
20 21.64 4.20 120.3 5.85
30 23.05 2.44 118.4 8.25
40 19.12 7.35 117.6 9.19
50 18.24 8.45 117.6 9.19
60 18.74 7.83 118.7 7.83
180 14.63 13.0 110.2 18.5
420 8.739 20.3 106.2 23.5
960 3.460 26.9 9291 40.1
1440 5.601 24.2 81.13 54.8
2500 6.217 235 81.35 54.6
3000 5.378 24.5 81.55 54.3




M5 1.8 Yeyan1sgatuniseniseavedniuy NC-1123-0:1
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AT uEudy 25.23 oy s
- AUVUYULITUAY 124.5 (mg/L)
281 (W) (mg/L)

C; (mg/L) gt (meg/sg) C; (mg/L) gt (mg/g)
10 21.35 4.56 119.6 6.79
20 19.53 6.84 118.6 8.04
30 18.68 7.90 116.9 10.1
40 18.18 8.52 1179 8.88
50 18.53 8.08 121.7 4.07
60 22.82 2.73 120.5 5.64
180 18.15 8.56 108.4 20.8
420 10.44 18.2 111.4 17.0
960 5.660 24.2 103.4 27.1
1440 7.214 22.2 98.18 33.5
2500 7.507 21.9 94.27 38.4
3000 4.034 26.2 93.75 39.1

AT N.9 %@yjaﬂ’]iaﬂﬁUW’ﬁ’]L‘(JG]’]&IE)@“UEJ\“IEhu NAC-1123-1:1

anududusudy 25.23 D
- AMULVUVULIUAY 124.5 (mg/L)
381 (W) (mg/L)

C; (mg/L) gt (mg/g) C; (mg/L) gt (mg/g)
10 9.94 18.8 106.8 22.8
20 10.6 18.1 104.1 26.1
30 10.3 18.3 112.7 154
40 11.5 16.9 94.16 38.5
50 9.41 19.5 90.65 42.9
60 11.3 17.2 88.57 45.5
180 1.44 29.5 70.06 68.7
420 1.38 29.5 63.15 77.3
960 0.41 30.7 50.42 93.2
1440 0.76 30.3 47.47 96.9
2500 0.50 30.6 31.67 117
3000 0.79 30.3 30.97 118




M15799 .10 TeYanIPATUNITIYRINBAYeIi Y NAC-1123-1:0

AMUTUTUISUAY 25.23

AMUUTUISUAY 124.5

1281 (W) (mg/L) (mg/L)
C (mg/L) gt (mg/g) C; (mg/L) g (me/g)
10 13.81 14.0 106.2 23.5
20 1.273 22.2 87.65 a46.7
30 7.214 22.2 100.6 30.5
40 8.152 21.1 87.48 46.9
50 9.883 18.9 94.08 38.6
60 12.67 15.4 74.12 63.6
180 0.997 30.0 54.82 87.7
420 3.871 26.4 52.65 90.4
960 0.645 30.4 29.69 119
1440 0.293 30.9 37.80 109
2500 0.411 30.7 28.38 121
3000 0.733 30.3 37.16 110

M15°99 .11 Teyaminaduimueanaunavessuiuiudna s snlavlulasiau

a3 NC-1023-0:1 | NC-1123-0:1 | NC-1123-1:1 NC-1123-1:0
Ce Qe Ce Qe Ce Qe Ce Qe Ce Qe
24 1.69 23 2.13 23 1.89 1 30.6 1 30.4
71 4.41 72 3.94 72 3.44 4 89.4 16 73.5
120 6.45 121 1y 4.45 122 | 4.36 40 106 65 75.5
201 14.5 197 | 4.84 | 200 | 297 117 105 142 74.5
496 210 | 583 | 7.74 | 572 | 21.3 479 137 498 | 114.2
786 31.2 | 970 | 375 | 965 | 44.1 856 180 910 | 1128
1593 37.0 | 1444 | 56.4 | 1436 | 79.5 | 1332 210 1392 | 134.7
1900 39.9 | 1902 | 123 | 1905 | 119 | 1824 220 1873 | 1583
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1399 N.12 Teyamagaduienueaiiaunavenuiuiudnauiuiudildululasau

AUNUIUA NAC-1023-0:1 | NAC-1123-0:1 | NAC-1123-1:1 | NAC-1123-1:0
Ce | g | | a | C | g || o |C| o
1 30.0 5 24.5 4 26.2 1 30.3 1 30.3
10 81.4 36 48.3 35 50.5 3 90.3 6 86.0
39 107 82 54.3 94 39.1 31 118 37 110
111 112 164 46.4 163 48.4 140 76 103 123
502 108 522 83.2 548 51.3 481 135 a67 153
836 205 890 137 923 96.3 833 209 822 223
1369 223 1362 172 1456 125 1336 235 1375 256
1769 289 1804 245 1817 228 1733 334 1714 357

AN5199 N.13 ANYINISITLMDSANN ammié’mwmi@mﬁué’uﬁwﬁﬂLﬁsm #UNTOATINTAA

FUIUFUADILNIBY
#1IN159ATINNAATY | HUN1TINTINTSRATUDUAY
Susuniafiou doiieu

6 T Ges cal
(mg/L) | (mg/g) ki £ Jes cal
(mg/g) | (min™) ) Aereal o (me/e)
S
NC-1023- 25 2.133 2.138 | 0.0016 | 0.590 | 2.102 | 0.0154 | 0.882
11 125 4.450 4.446 | 0.0018 | 0.889 | 4.606 | 0.0018 | 0.958
NC-1123- 25 1.390 1.390 | 0.0007 | 0.532 | 1.316 | 0.0578 | 0.602
0:1 125 4.360 4365 | 0.0012 | 0.854 | 4.602 | 0.0011 | 0.934
NC-1123- 25 30.56 30.55 | 0.0035 | 0.845 | 31.65 | 0.0004 | 0.932
11 125 106.4 106.4 | 0.0018 | 0.907 | 116.3 | 0.00001 | 0.942
NC-1123- | 25 | 3038 | 30.20 | 0.0042 | 0.800 | 31.06 | 0.0006 | 0.959
1:0 125 75.47 75.47 | 0.0014 | 0.890 | 85.47 | 0.00002 | 0.905
NAC- 25 24.53 2455 | 0.0018 | 0.918 | 25.58 | 0.0003 | 0.973
1023-1:1 125 54.32 54.33 | 0.0014 | 0.983 | 60.241 | 0.00005 | 0.980
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M15797 N.13 A1Y0IN MBI auNTEnTINTaAduuRuniuien aun158nI1veINIs
AnduduRuapuiies (sie)

#UN159RTINTRATU #UN159ATINTAATY
duAUNLaigu duAUdaLigu
1 Ci qe: exp

a1 Jes cal q

(mg/L) | (mg/9) ks ) es cal
.1 R qe,cal kZ

(mg/g) | (min™) (mg/e)
NAC- 25 26.21 26.18 | 0.0012 | 0.881 | 25.71 | 0.0002 | 0.903

1123-0:1 125 39.07 | 38.02 | 0.0016 | 0.929 | 42.02 | 0.00008 | 0.924

NAC- 25 30.26 | 30.19 | 0.0111 | 0.817 | 30.68 | 0.0017 | 0.869

1123-1:1 125 1175 117.5 1 0.0014 | 0.896 | 119.0 | 0.00006 | 0.959

a i a s | 2 A& & o
M19190 n.14 ﬂ']SU’EN‘W']i']iJLﬁ]ﬂi'fﬂqﬂallﬂ']5ﬂ']§LL‘W3ﬂ']EJIuEW§uGU@Q6U@ﬁLLEUQ‘V]L‘U‘ULU@L@EJ'J

(Homogeneous Solid Diffusion Model)

Homogeneous Solid Diffusion Model
ﬂl"]u Ci (O exp D5X1012
(me/L) | (mg/g) es cat (Mg/Q) ) R®
(m?/s)
25 2.133 2.133 2.509 0.876
NC-1023-1:1
125 4.450 4.448 1.128 0.950
25 1.390 1.390 1.519 0.569
NC-1123-0:1
125 4.360 4.354 0.921 0.915
25 30.56 30.56 2.481 0.914
NC-1123-1:1
125 106.4 106.4 1.520 0.920
25 30.38 30.38 3.648 0.936
NC-1123-1:0
125 75.47 74.98 0.691 0.883
25 24.53 24.48 0.863 0.942
NAC-1023-1:1
125 54.32 52.40 0.434 0.962
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M50 N.14 A fiwesanaunisnmsunsnelugnguvesvesdsiiduilome
(Homogeneous Solid Diffusion Model) (519)

Homogeneous Solid Diffusion Model
ﬂl']u Ci Jes exp D5X1012
(mg/L) (mg/g) e, cal (Me/) , R2
(m</s)
25 26.21 26.02 0.680 0.927
NAC-1123-0:1
125 39.07 38.29 0.512 0.944
25 30.26 30.26 3.809 0.917
NAC-1123-1:1
125 117.5 117.38 0.941 0.960
8 8 200
NC-1023-1:1 NC-1123-0:1 NC-1123-1:1
o 6 o 6 < 150
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AMULTNTUSUAUYBIE1TAzANY
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Langmuir model

Freundlich model

A29819
Om K. R? K¢ n R?
Char 54.05 0.0016 0.997 0.316 1509 | 0.956
NC-1023-1:1 | 52.63 0.0015 0.734 0.018 0890 | 0.956
NC-1123-0:1 | 55.56 0.0013 0.822 0.025 0919 | 0.986
NC-1123-1:1 | 104.2 0.7111 0.637 39.81 4517 | 0976
NC-1123-1:0 | 83.33 0.6593 0.712 30.20 4.403 | 0.996
AC 1053 0.3467 0.549 31.62 3679 | 0.992
NAC-1023-
o 50.00 0.0867 0.405 3.981 1.889 | 0.990
NAC-1123-
o 40.00 0.1408 0.383 5.012 2140 | 0991
NAC-1123-
i 105.3 0.3094 0.418 2511 3137 | 0.996
NAC-1123-
o 142.9 0.4070 0.530 36.31 3306 | 0.993
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Article history: Activated carbon (AC) and char derived from coconut shell were modified using urea and
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1 Introeduction

carbonization from a wide variety of raw materials with high
carbon content. Coal, wood, peat, coconut shell, bamboo, and

Pharmaceutical drugs were once accepted as essential for  other bi are fr ly used as raw mate-
h ' and s’ lives b they are used in ev- riala. A carbon bi ial
erydlyhﬁefarlllnuees.hfterdmruue. a large mumber of  stands out in low cost and renewsbility (GConzdlez-Garcia,
discharged into water bodies daily and 2018). H -, biochar had ly low surface area and
ML cle h hiolds. and ph pare voh ittia o owr | cnpheity .
ucnlproducnonphnu.Tbeyhnnbeendemmdmﬁuh with original AC and modified AC.

water (surface wnte:r and ground ) and :
leading to i {Zhou et al., 2009). Phar-
maceuticals have great potential to generate adverse effects,
which can be harmful to the health of both human and
aquatic systerns (Vannini et al, 2011 Teodosiu et al, 2018).

On the other hand, a few experimental works reported PC
removal from aqueous solution and only in a concentration
range of 0-180 mg/L. In those studies, biochar derived from
rice husk, coffee husk (Paredes-Laverde =t al, 2019), and
eucalyptus (Bursztyn et al, 2020) at equilibrium, including
kinetic adsorption, were used. As a result, the equilibrium
uptake of PC can be achieved up to 14.9 mg/g in eucalyptus-

P: 1 (PC) is a phar 1 wpound most de-
tected in a watery environment (Gomez et al, 2007; Gracia-
Lor et &l, 2011). It is one of the most analgesic and antipyreti

drugs in all countries to relieve pain or fever (Rodriguez-
Narvaez et al, 2017). Consequently, concentrations of up to
6 pg/L in sewage treatment plant effl from Europ

based biochar with its surface area of 392 m?/g and total pore
volume of 0.175 cm®/g. Also, the pseudo-second-order was
suitable for kinetic adsorption of PC (Nunes et al, 2014).

(Ternes, 1998), up to 10 pg/L in USA natural waters (Kolpin
et al, 2002, and above 65 pg/L in the Tyne River in the UK
hsv!b&ndetected (Rol twns and Thomas, 2006). In addition,

an imp ive e for life in all
biological uystema and the main raw water source to produce
drinking water. Thus, accordingly, PC must be eliminated
from water sources (Ahmed and Hameed, 2018),

Therefc hnologies to to purify
water become of interest to researchers. Among the various
available technologies, adsorption is the elementary means
to accomplish this ambition with the possible adsorbent
candidates such as char or activated carbon (AC) (Delgado
et al,, 2019; Sellacui et al., 2017; Lladé et al., 2015), silica gel
(Sui =t sl., 2019), and zeolite (Kraus et al, 2012), including
metal-organic frameworks (MOFs) (Li et al, 2015). Among

H , there is no work focusing on PC removal using
cocorut shell-based biochar. In cooperation with experi-
1 works, lecular simulati are widely used in

dsorpti dies. The pic results and the mole-
cular level-insight can be ob d for a better understanding
{Klomkl ; et al, 2013, 2012; Jasuja et al., 2012; Agrawal

et al, 2018). So far, there have been a few molecular-simu-
lation works on PC or other drugs removal from water in
porous carbons at equilibrium (Bahamon and Vega, 2017b,
2017a; Bahamon =t al., 2017; Terzyk et al,, 2012). Particularly,
no Its of heat contrit such as fluid-fluid, fluid-
solid, and fluid-functional group i of each ad-
sorbate have been reported in literature. The heat released
during adsorption plays an important role in the design of
adsorption beds and could help researchers gain a better
u.ndemmndmg of adsorption mechanisms.

them, AC is favored due to its non-polar and polar surfa

and high surface area. MOFs have a higher surface area than
AC but are not that stable when in contact with water
(Femandez et al, ’qu) A}t}mugh many industries are uti-

lizing ile ad Is such as AC, the produc-
uoncostofACnrelnnvdyh@mduemeonmmuchemw
aaterial into the Gnishediad I etived. frn 1 L

dingly, we use coconut shell as the precursor be-
cause it is an agricultural waste and available in Thailand
and Asian countries. The biochar was prepared with carbo-
nization method prior to activation to obtain the original AC.
N-doped AC was then prepared from the original AC and
biochar using urea and KOH. For comparison, the series of
was used to remove PC from water in a con-

and chemical processes which used chemical agents in
cleaning adsorbents (Carballa et al, 2004; Knspn_,vk-Hordem
et al., 2008). Itis known that the physical p of p

cnrbmdewmmd:ecnmtyofudwzpuanandthemr-

centration range of 25-2000 mg/L at 298 K and natural pHina
batch system. The kinetics and equilibrium removsl of PC
was conducted and fitted with several models. Although the
pwesueandamﬁoef\mcmmalgoupphynswuﬁcammle

fuemnd:ekeyfactmofdnl'c dsorption in p

P 1 works reported PC 1
from aqueous sohmmunmgvmongmulmdmdnﬁed
ACs, including N-doped AC such as AC (oak)-KOH-1173 K
(Nourmoradi et al, 2018), AC (coffee husk)-NaOH-773 K
(Paredes-Laverde et @], 2019), Biomass-AC (Carcia-Mateos
et al,, 2015), AC form cork powder (Cabrita et ®, 2010), MCM-
41-G (Akpotu and Moodley, 2012), and SBC (coal) (L1ad4 ctal.,
2015) having high adsorption capacity of (6.4-200 mg/g) due
mthelughmfwemuﬁowlm/g) However t.hepu‘e—
paration of all these p and
chemical modification processes and require purification
steps. Therefore, there iz a need to find an alternative ad-

in 1, they cannot be investigated separately in
terms ofexpenmenm Therefore, we used a grand Canonical
Monte Carlo (GCMC) simulation to investigate them sys-
tematically and study insight into a molecular level of the
adsorption behavior on PC removal from water. The heat
contributions of each adsorbate were also explored for a
deeper understanding.

2 Methodology
21.  Experimental
2.1.1. Synthesis and characterization

Biochar derived from cocorut shells was synthesized via a
carbonization process as shown in Fig. 1. In a typical pre-

P shell was placed inside a
hori 1 ceramic tube furnace under a constant flow of N2

sorbentdmtcanbeenﬂy, duced and is ec ical and

hemical waste. Hence, biochar is one of
thebest for studies. This adsorbent can or- n, 10 g of hed
ganic and I ic polk from the i is

cheaper and more environmentally friendly than AC (Cheng
et al., 2021; Oliveira et al, 2017), Biochar can be achieved by

100 mL/min at 873 K for 1 h. To simplify, the biochar sample
was denoted as “Char”. Next, the char was activatedat 1173 K
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Fig. 1 - Synthesis of biochar, original d carbon (AC) and N-doped AC.
for 1 h under flow of CO; of 100 mL/min to obtain the original all ples. The PC ation in each sample after ad-

activated carbon (AC). In N-doped process, the char was
mixed with urea (1:1 by weight) and oxidized with air at623 K
for 1 h to impregnate nitrogen groups grafting on the solid
surface and then mixed with KOH solution with mass of
sample/KOH (1/2) at room temperature for 24 h. The resulting
mixture was then dried overnight at 393 K in an oven and
placed in a furnace for alkali activation at 1023 and 1123 K for
1 h under the flow of COz and N; mixing. The N-doped acti-
vated carbons are denoted as NC-a-bxc, where “a” refers to
the activation temperature and b:c refers to the CO2/Nz2 matio
of alkali activation. To study the N-doped AC synthesized
from different starting samples, the N-doped ACs from ori-
ginal AC were synthesized as same as N-doped process in
char and the product are denoted as NAC-a-b:x. The yield of
each sample is summarized in Table S1 (Supplementary Ma-

terial).
The chemical property of all ACs was characterized by
Fourier- £ infrared spect ¥ (FTIR) (Tensor 27) in

the wavenumber range 4000400 crn’ 'ﬂn CHN composition
unllyxer(LECOSZﬂ) was used to obtain the C, H, N content. X-
ron sp py (XPS) were
pelformedbym (Kratos Axis Ultra) using Al Kx radiation at
210W and 14kV under ultrahigh vacuum of 3x10°° Tomr.
Wide and narrow scans were recorded with a pass energy of
160 and 40 eV, respectively. The surface morphology of all
ACs was examined using Field Emission Scanning Electron
Microscope (FE-SEM-JEOL JSM 7800 F). The structural porous
properties such as The Brurmauer-Emmett-Teller surface
area (Sgey) and the total pore volume were analyzed by the N,
adsorption isotherm at 77 K using BET Micromeritics (ASAP
2020 Plus). The density functional theory was applied with

sorption at different time intervals was determined by & UV-
Vis spectrophotometer at 244 nm after filtering off the ad-
sorbent. At low concentrations, we also confirmed the results
by using High-Perf e Liquid Ch aphy (HPLC-
UV-RI).

The concentration uptake (gt) in the adsorbent phase at
any time, t was calculated by:

(G- Covi

g= ST ®
where C; and C, are the bulk concentration at the initial
condition and at any time, t, respectively. V; is the volume of
the solution, and W is the mass of the adsorbent.

Adsorption mass transfer can be investigated by the la-
netic adsorption model ist of the pseudo-first-order and
pseudo-second-order equations. The pseudo-first-order rate
equation is given as (La-,\':mr-en 1898):

log(q, - a) = log(a) — 5 303 @

where g, and g, are the uptake of PC at equilibrium and at any
time, t, respectively and k, is the rate constant.

for the pseud d-order is led as (Ho
and McKay, 1998):
£, Ly L
3 hty @

where h =kxqe” refers to the initial rate of adsorption as t—0
and kz is the pseud d-order rate

Furth , the 1 mass fer and intraparticle
d.lfﬁmm can contml the hnetm adsorption. Therefore, ad-

isotherm data to acquire pore size distribution.

1 batch

212, P ption, kinetic and equilibrium
models

Batch adsorption was conducted by mixing 0.04 g of the ad-
sorbent with 50mL of the aquecus solution of initial PC
concentrations up to 2000 mg/L or ppm at room temperature
(298 K). The adsorption was op d at the 1 pH for all
concentrations, which is about six. Continuous mixing on an
agitation plate with a constant speed of 300 rpm was used for

diffusion models pri ily depict the homogenecus

sohd diffusion model (HSDM) (Reichenberg, 1953) and in-
traparticle diffusion model. The HSDM equation can be pre-
sented in Eq. (4). The deriving to obtain the final solution can
be seen in the Suppbmmmry Material.
q, "
i L g Z e (Er oy @
where R is radius of the solid sphere and Ds is the diffusion
coefficient.

The intraparticle diffusion equation (Weber, 1963) can be
presented as
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Fig. 2 - (a) Surface functional groups in solid model, (b) paracetamol model, and (c) water model.

=gt 4C (9]
where kpiltheim:mpanicle diffusion rate constant and Cis a
par lated to the boundary layer.

l.nngmun and Preundhch models are used for equilibrium
d: jon. The L m (Langmuir, 1918) can be
rewritten in the form of a linear equation.

%" o, LG ®
where gm is the i d pacity, K is energy
comun(tehhedmﬂ:ebentofulsorpﬂon,undc.utbe
equilibrium concentration in the bulk fluid phase.

The Freundlich isotherm model (Freundlich, 1906) in the
logarithmic form is given by,

log(q,) = log(Ky) + % log(Ce) )

where K; and n are the indicators of the adsorption capacity
and adsorption intensity, respectively.
2.2.  Grand canonical Monte Carlo simulation

In GCMC, chemical p jal, vol and

constant and specified. An in-h was devel

are
d

particle. Every move has equal probability. The number of
cycles for the equilibration and statistics collection steps is
10° each. In each cycle, there are 1000 moves.

For pore adsorption, the pore density is defined in abso-
lute quantity

)
o = e ®
where (N)is the bl ge of the mumber of particles

in the pore, and y. is the accessible pore volume.

‘We model the solid as the graphitic slit-pore as shown in
Fig. 2a. Theboxlengthlnthex andydn'ecnone are 10.0nm.
The pore width is p d in the z-d jon. The
f\nutwnllmlxpwnsmodeledmﬂ:mtypuufoﬂm

rboxylic (COOH), hydroxyl (OH), carbonyl (C—0), qua-
ternary-N (NQ), Pyrrolic-N (N-5), and pyridinic-N (N-6) groups
that were mainly found in the char, original AC, and N-doped
ACa. Each functional group was investigated separately by
grafting at the edge of a graphene sheet as shown in Fig. 2a.
Their molecular parameters were taken from literature
{Treviz dnd Gubbing 1999; Jorge et al., 2002; Tenney and
Lastoskie, 2006; Psarras et al, 2017) and are listed in Table 3.

The PC model is taken from the literature (Paluch and
Maginn, 2013) as shown in Fig. 7b and its molecular para-

for this work. The chemical pom:mnl of bulk phases was
considered at vapor-liquid equilibrium. The chelmcal po—

tential of each p in the mi was 1!
from the ideal solution nsuumpnon using saturated pressure
(see the calculation and in Figy 51-52 and Table

$2). There are four moves in the GCMC—displacement move
with rotation, insertion with rotation, deletion, and swap

are listed in Table 54, The TIP4P/2005 model (Abascal

and Vega, 2005) is used for water molecules in this work. It
simply represents with only dispersive and Coulombi
forces, as shown in Fig. Ze. Wecoxmdmﬁnamodeluwe
agree that the good prediction of vapor-liquid equilibria is a
key factor to study the adsorption mechanism. The mole-
cular p including L] and charge of O and H atoms
endl(m mnhohatemeable S4.
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The potential energy between two atomic sites of two
d:fferentmolecﬂesﬁuﬂj)udmmmof:dmpuumre—

term, modeled by 1 d-Jones 12-6 p ;al and
Ihe“ lomb law of el s int:enction;

s caed (S

wese| (3] - (3 |+ o

where ¢ and ¢ are the energy well-depth and collision dia-
meter, respectively, q is Coulombic ch: Ty is di
between two interacting atoms, and g, is the dielectric per-
mittivity of vacuum (8.85419 x10-*? C¥/(jm)).

The fluid-solid potential energy was calculated using the
Steele 104-3 equation (Steele, 1973) as shown in Eq. (10):

2(a\? (o} ot
“"5=2’“”‘P=[§(2) - T 38(z + 0610F (19)
where ¢ and ¢ are the collision diameter and energy well-
depth parameters for the interaction of an atom-site of ad-
sorbﬂte wuh a single constituent particle of the solid, A is the

graphene basal planes (03354 nm), z is the
dmtance from the atom-site of adsorbate perpendicular to
the solid surface, and g, is the surface density of carbon atom
in a graphene layer (38.2nm2).
The total heat (U,) of adsorption is contributed from fluid-
solid (Urg) and fluid-fluid (Ups) interactions as shown in
equation (11).

Uy=Up.s+ Upp (13)

200

=
S

100

w
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The Up.s is the sum of paracetamol-graphene basal plane Pore width (nm) (®)
(Urc.cr), paracetamol-functional group (Upc.e), water-gra-
phene basal plane (Uw.cr), and water-functional group (Uw.r) Fig. 3 ~ (a) The nitrog dsorption isoth at 77 K; filled
interactions as shown in Eq. (17). The Upr is the sum of and unfilled symbols refer to adsorp and d i

1 -parac 1 (Urcrc), P l-water (Urc- pectively, and (b) pore size distribution of all samples.

w) and water-water (Uw.w) interactions as shown in Eq. (12).
Ues = Upccr + Urcpn + Usr-cr + U (12} The N-atom composition (up to 3.04%) of the N-doped ACs
i e Do+ Ueesine o Ui @3 was significantly higher than that of the starting char and

3. Results and discussion
3.1 Characterization

The N, isotherms are shown in Fig. a. All the isotherms are
classical type II according to the IUPAC classification. The
iaod:ennsm.. to the relative p at low pres-
sures, ting P filling and 1
in every pomnzemdudmgexmmlmnﬁcew’iﬂlfmﬂu
loadings, the almost linear and finally convex to the relative
P are the p dings of multilayer adsorption in the
large pore size. Thnnmppm‘tedby&eparemzeduﬂibu—
tions as shown in Fig 3b. All samples have a small peak of
microporous sizes (<2nm) and & dramatic trend of meso-
porous sizes. In addition, the SEM image in Fig. 53 shows
smﬁcenmhobgywnhushghﬂymmhsurfacenndhm
pore width. The chemi y prop
ties are fllustrated in Table 1. T}thTmrfueueenndmml
pore volume of the char, AC and N-doped ACs were devel-
oped from 13 to 538 m/g and 0.035-0.285 cm’/g, respectively.
Notonlythenpeqﬁcmfmemauldpmevohmewem

AC. All samples such as char, AC, and N-doped ACs from AC
composed of 78-85% C as the major composition, 10-18% O,
0.5-2.4% H, and 0.01-3.04% N. For the NC samples, both C-
atom and O-atom b the major ition with al-
monteqmlpercentlgemthemngeuf%%.\vemdmt
XPS analysis to better understand the ni fi
group type of all sorbents as shown in Fig. S5. Therelreduee
peaks of N structures located at different binding energies,
namely, N-6 (398 eV), N-5 (400 eV), and N-Q (401.5 eV). As the
results in Fig. 4 represent, N is more denoted in the form of
N-5 than other structures significantly in the char while N-6
and N-5 are the major content in the starting AC. N-Q is al-
ways the lowest in all les. Ho , the acti-
vated temperature without the use of CO; as gas agent can
reduce the N-Q content from the starting samples (char, AC).
Theacunudtempmtmcaup}evmhdnmenlm;cm

pecially enhance the N-6 st e to the highest content
inall les, which we imp in the simulations that N-6
group has the strongest interaction with PC molecule,
leading to the highest PC remowal capacity from water.

Not only the activated temperature and gas agent play a
significant role on the surface functional group modification
but also in the pore development. When the activated tem-

enhnxmedd\nmgsurfaoemodlﬁcauon,the rface fi
group was also developed. This is supp d by the
of functional groups (C-H, C—C, C—N, C—0, C-0, OH, and
N-H) on the solid surface, as shown by FTIR results in Fig. $4.

was not high enough (< 1123 K) or COz was not used
ﬂnspec:ﬁcauxfmnmmdpomvnhmemnducedfmm
the starting samples because of the pore blockage of the
unreacted reactants into the pores.
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Table 1 - Specific surface area (Sggr), total pore volume (V,), and elemental composition of ACs, and their PC adsorption

Ser Vi c

H
/g (cm¥g) (wi%) (%) () (wex) range  capacity,

Char 18 0035 8200 241
NC-1023-1:1 14 0023 4980 230
NC-1123-01 13 0014 4870 155
NC-1123-11 111 0066 4921 142
NC-1123-1:0 313 0175 5568 202
AC 498 0256 8507 1.0%
NAC-1023-1:1 421 0227 8541 105
NAC-1123-011 377 02001 7819 058
NAC-1123-1:1 511 0275 7842 062
NAC-1123-1:0 538 0285 8058 070
AC modified by thermal (ACTT) 1127 - - -
Banana peel 524 0250 7420 180
Biochar
AC from Butia capitata endocarp 820 0449 - -
Non-spherical biochar 1033 1074 77.00 -
spherical biochar from pure 1292 0704 8010 -
glucose
AC (oak)-KOH-1173K 28 - - -
AC (coffee husk)-NaOH-773 K 620 028 B80S0 1.00

N o G PC ads. Ref.
(ML)  Grax, (mg/E)

001 1558 25-2000 399 This wark
261 4529 25-2000 119.1 This wark
278 46597 25-2000 1185 This work
199 4739 25-2000 209.9 This wark
209 4021 25-2000 1634 This work
084 1306 25-2000 245.0 This wark
289 1065 25-2000 2284 This wark
304 1818 25-2000 1868 This work
267 1828 25-2000 2875 This wark
251 1621 25-2000 357.1 This work

10-1000 2418
140 13.20 05-X0 454

(Bernal at al., 2021)
(patel et al, 2021)

(Kerkhoff et al, 2021)
(Tran et al, 2020¢)

(Tran etal, 2020)

(Nourmersdi et al, 2018)
(peredes-Laverde
et al, 2019)

103 2200 50-1200 147.0
- 19590 S0-1200 286.0

= - 100 6492
210 1100 24 64

AC from olive stones 950 0360 8510 - 040 880 1-20 0.0 (Garcia-Mateos et al, 2015)
Biochar from eucalyptus 392 0380 8180 180 040 1160 S-180 149 (Bursstyn et al., 2020)
AC from eucalyptus 676 0340 8050 080 050 720 5180 982 (Bursztyn et al., 2020)
MCM-41-G 50.9 0170 1840 170 309 7680 125 108 (Akpotu and Muod]ey 208)
AC from dende coconut mesocarp 672 0370 - - - - -5-50 650 (Ferreire etal, 2015)
AC from babassu coconut 484 0350 -~ - - - -5-50 600 (Ferreira etal, 2015)
mesocarp
SBC (coal) 260 0161 4162 062 157 - 1-150 50 (Lladé et al, 2015)
AC from cork powder (CC) 891 0420 - - - - 20-180 200 (Cabrita et al., 2010)
“ 40
'
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5 )
» i 20
£ 2 —@— NAC-1123-1:0
'3 = -@- AC
2 ne —@— Char
10 4
"4
L C—
o . ] . 1 s /AN <N .S
g Ve Joz ’/z,"l.h.r'lztc ’\4(1,.“::,,‘".Q Q:c.,,“l 0 2 4 6 8 10 12
Sample pH
Fig. 4 - Compari b i functional group
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The pH of the point of zero charge (pHrzc) of adsorbents
d ds on the elec ic charge of fi ional group on
solid surface. The pHpzc values of all adsorbents were de-
termined with pH floating method as presented in Figure S6.
‘We found that the pHpzc values are in the range ofs.z 7.0 for
these adsorbents due to the of and
functional groups on the surface. Whendlewluhonp}lm
below (or above) d:ep}irn;d)ewhdmufncebecmennpo-
sitive net charge (or ive net

Fig. 5 - The g, versus pH of PC removal from aqueous
solution at C; of 25mg/L and 298 K in char, AC, and NAC-
1123-1:0 samples.

3.2.  Infiuence of pH of PC solution

Since NAC-1123-1:0 sample has the highest specific surf:
area and pore volume It is used to evaluate the effect of pH
on PC ad y to pare with the results ob-
tained from dme smnms samples (char, AC). We measured
the role of pH as shown in Fig. 5. Itis found that the q; values
in these samples were practically constant with pH values of
2-10. It indicates that the pore size is the most dominant




121

CHEMICAL ENGINEERING RESEARCK AND DESIGN 185 (2022) 163-175 169
Samples =25 mg/L =125 mg/L
“ 1
p. m
i P
V— '.'4
s = = /
0 [ 2 T T
0 0 60
o (ntn“)
120
- a | L 2
5 50 1 -
g g
AC E L
40 60
** (min™) "* (min"%)
40 5 — 120 7/"
g o =
-~ § 80 -
NAC-1123-10 =l | 3
«) -
v 0 BB ey
20 40 60 0 20 60
** (min") * (m-“)

Fig. 6 - The intraparticle diffusion plot for PC adsorption in Char, AC, and NAC-1123-1:0 at 208 K.

factor than the electrostatic charge of functional group on
the solid surface for PC adsorption capacity, which is evi-
d d in our simulati Its. Regarding to the results,
further adsorption experiments were performed with pH
of 6.6.

3.3.  Kinetic adsorption

‘We present in Fig. 57 the kinetic adsorption of PC onto all
samples at different initial concentrations to determine the

adsorption h and rate-limiting step. The contact
time enh the PC uptake for all sorb b of the
driving force from the bulk ion to the sorb

surface. The PC molecule has both, a non-polar and polar site
that can have a strong i ion with graph layers as
well as the surface functional groupe of adsorbents. The
adsorbed amount increases quickly at the beginning for all
samples and sll bulk concentrations. However, for the low
bulk concentration of 25mg/L, the equilibrium walie is
reached earlier for all samples. Fig 5% shows the kinetic
model fitting and Table 55 summarizes the kinetic para-

The i 1 data are fitted by the pseudo-
second-order nd:er than the peeudo-first-order for all

dsorb It indi that the adsorption into the pores is
the rate-limiting step rather than the external surface dif-
fusion. I ingly, k; d with i ing C, for all

les. Itis similar to the diffusivity of the adsorbate on the

b (Dg) deri solid diffusion
model. It is found that the D, decreases with increasing bulk
concentration in the same pore size distribution (same ma-
terial), which is xpected. This is b the homo-
geneous solid diffusion model is derived base on an
ammpumofuumﬁrmpmemednﬂimuon In fact, the
actual 1= ist of i cted k of dif-
ferent mi and P The sorption of PCby ACs
was not controlled by a single rate-determining step.
Therefore, theesmnamdD.Ermnlheenum adsorption pro-
cess is not suitabl dy, we p in Figure S9
theuvenl.lﬂmd-cohd dsorp i .....qf‘.
in small and large pores (Process II and Process I} for ex-
planation.

The values of the intraparticle rate constant {k;) and
constant C were obtained from the curve fitting in Fig. 6 and
Fig. 510 and listed in Table S&. It was observed that the value
of kp; (Process I) for all samples and all bulk concentrations
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have a value greater than kpy and kg This suggests that
external surface diffusion is faster than intraparticle ad-
sorption in pores because of the direct contact of the external
surface with the bulk. For the intraparticle diffusion in pores,
the adsorption is started with a monolayer coverage on the
surface, either micropore or mesopore, and defined by Pro-
cess II in the scheme (Fig. 59). The micropore can be filled
letely with the I b of the pore
size and the stronger inter b fluid molecul
and the confined solid walls (hydrophobic and hydrophilic
sites). The driving force from the high bulk concentration of
125mg/L to the pore surface is higher than that of bulk
concentration of 25 mg/L. It is seen by the higher value of kpn
of the bulk concentration of 125 mg/L than 25 mg/L in Process
II. When the contact time is further increased, the adsorption
proceeds by Process III, which is & multilayer coverage in a
wider pore. To proceed with this adsorbing process, the
driving force from the bulk concentration has to be high
enough. We found that the bulk concentration of 125 mg/L
can show the adsorption Process IIl while the less bulk con-
centration can only up to 1 dsorpti
The kp i values of Process I1I are lower than that of Processes
1 and II because of the wider pore size resulting in the lower
fluid-solid interactions. The kinetic adsorption of all samples

PR TR

by fitting the intraparticle diffusion model can be seen in
Fig. 511,

34.  Equilibrium adsorption of PC and other contaminant

The PC adsorption isotherms of these adsorbents were
measured at equilibrium concentration (C;) range of
25-2000 mg/L, as shown in Fig 7. The char shows the PC re-
moval capacity of 39.9 mg/g. We compare our data with the

pacity of lyptus-based biochar (CV) (Bursztyn et al,
2020) as shown in Table 1 and Fig £12. It was found that the
capacity of the CV is higher than that of our char at low Co
which is related to a higher surface area of the CV. However,
the capacity of the CV reached the pl value at 14.9mg/g
(= maximum ability of adsorbent), whereas our char has the
plateau value at 39.9mg/g, which is a much higher and
promising adsorbent (Fig. 512). The N-doped ACs (NC and
NAC samples) shows an enhanced PC adsorption capacity
with their specific surface area and total pore volume. NAC-
1123-1:0 sample shows the highest PC removal capacity in
every Cg value. As the results in Table 1 reveal, the sorption
capacities of PC on our adsorbents were up to 357.1 mg/g,
which were higher than those of the previously reported ACs.
In addition, the adsorption data are fitted by the Langmuir
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and Freundlich models, as displayed in Fig. 513 and Table 57,
The result indi that PC exhibited the multl ad-
sorption into all samples due to the Freundlich model shows
a better fitting (R* > 0.95 and SE<12.7).

Since NAC- 1123—lﬂudxebeltPClemwnlpelfomme.n
is selected to adsorb other for
Toluene is one of the I in wbich is
selected for this study. We measured toluene equilibrium
adsorption at 208K and pH of 6.6 as shown in Fig. S14. Itis
found that toluene adsorption capacity is 60 mg/g at C; about
100 mg/L. Therefore, this N-doped AC is promising not only

for PC removal but also for tol 1 from aq
solution.
Even though PC adsorpti ity is Tho s 3

Table 2 - Summary of estimated cost of producing char,

AC and N-doped AC from coconut shell for PC removal
from aqueous solution.

Adsorbents  Estimated cost PC capacity Producing cost/
of producing (mg PC/g) PC capacity
(US3kg) (US$/mgPQ)
Char 0.73 39.9 18250 10°°
AC 263 2450 1.0735%10°%
N-doped AC  5.83 3571 10728 x 10°°

doped AC is higher than that of char and AC, N-doped AC is

with increasing of specific surface area and pore volume,
Bome cases are contrasting as seen in Fig 7b-c. For example,
a lower Sger sample, NC-1123-1:1 with a surface area of
111m?/g presents a higher PC removal capacity than that of
NAC-1123-0:1 (377 m?/g) during a wide C, range. The similar
comparison is found in between NC-1123-1:1 and NC-
1123-1:0. Other characteristics such as pore size and surface
functional | group also plny a key role on the capacity. How-

ever, it is i 1bl itor them ind dently during
the experiments. However they were mvmngated sepanmely

the cheapest price (1.0728 x10° U.S.$/mg PC) in order to re-
move the same asmount of PC from aqueous solution.
Therefore, coconut shells can be considered as a cost-effec-
tive and promising biomass source ftom a scale-up point of
view for PC 1 from

3.7.  Effect of pore size obtained with GCMC simulation

The adsorbed amount of PC can be enhanced by the appro-
priate pore size of the adsorbent. The pore size plays a vital
role in the adsorbed of both and mi-

sizes. For sizes, the adsorbed amount

in the following sections using a molecul

35.  Regeneration study

We d the ¢ d adsorb using hot water at
373K for 3h. The result shows that about 85% of PC can be
removed from the used samples in every cycle. We present in
Fig. 515 the reuse potential of char, AC, and NAC-1123-1:0.
The adsorption capacity was reduced to 6 %, 11 %, and 30 %
in char, AC, and NAC-1123-1:0, respectively after being re-
generated five consecutive times. All these samples ex-
hibited good bility for the d cycle. Ho , NAC-
1123-1:0 gave the best performance for every adsorption-
desorption cycle. This d could be dted from the
strong interaction between PC molecules and the ultra-mi-
cropores, egpecially pore slze of 0.70nm, which is difficult to

by the reg thod. We p d in the si-
mulation that the pore size of 0.70nm gave the strongest
interaction with PC molecules.

36. Cost analysis

Not only the cost estimation for producing adsorbent is
considered, but also its equilibrium capacity for ccm:mmnnt

1 has to be d for the To
attempt this propose, laboratory works and field surveys
were also conducted for the design process of data collection.
The 11 for the production of char, AC, and N-
dapedACns}wwnm Fig. 51 R. The process was designed to
process 5000kg/day of coconut shell All the assumptions
used in the economic analysis are listed in Table 52 The
capital expenditure and annual operating cost were esti-
mated based on Table 59, We found that the economic esti-
mations revealed a cost of about 0.73, 2.63, and 3.83U.S.$/kg
for the ultimate production of char, AC, and N-doped AC,
respectively that was significantly lower than the most of
available ACs in the muhet_ In addition, we cnlculnz the

ratio b the d cost for prod
per their PC 1 ity as p mﬂzelastcolu.mn
mTab]e;Eva:though—-- d cost for producing N-

is decreued slightly with the pore size increasing. In mi-
croporous sizes, the small pore size is more capable of ad-
sorbing PC than larger pore size due to the strong interaction
between PC molecules and solid wall, including the opposite
pore wall (Fig. %a). Furthermore, the influence of water ad-
sorption occurs at wider pores, resulting in the lower ad-
sorption of PC. Fig. 2b shows the PC-W interactions of —16k}/
mol and W-W interactions of —30klmol in the pore
widths > 20 nm. The interactions are negative, indicating
that the adsorption rel energy (exothermic). It indi
that even though W-Gr heat is very much lower than the PC-
Gr heat, water molecules can be adsorbed highly into the
pores by interacting with polar sites of adsorbed PC mole-
cules and themselves via H bonds. However, if the pore size
is too small (<0.61nm), the PC cannot be adsorbed into the
pore because of its molecular size. PC molecules start to fill
into the pore at phymcal pore width> 0.61nm untl the
the peak at 0.70nm width with
the highest Upcc, vulue of 4SkJ/moL Because this pore
width fits PC )! ac yer can be
formed. With the best packing of PC molecules in this pore
width, the PC-solid i ions domi the F-F 1
tions. The behavior is proven by the local density distribu-
tions in z-d:rectwn and unupd:ots as shown in Fig. 9 and

Fig. 10. PC mol lvea with their ben-
zene ring parsallel to the basal plane surface (n-m and H-bond
interactions).

‘When the pore size becomes 1.0-1.5 nm, some PC mole-
cules have developed the monolayer close to the top and
bottom walls, and thesecmdhyernpanlyhﬁldupmbe-
tweern. H , Borme hibit as one layer but
with their b ring perpendicular to the basal plane. It
can be observed that PC and water adsorptions in the me-
soporous sizes (> 2 nm) remain the formation of the first and
second layers at 0.38 and 0.75 nm from the surface respec-
tively. The f ion of both P ata gr dis-
tance fl The local d distribution indicates that
PC molecules are mostly occupied on the first layer because
of the strong PC-Gr 1 ions of the polar site and
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Fig. 8 - (a) PC adsorption capacity in solid model with different functional group types and (b) heat contributions in N-6 group
solid model, as a function of pore width at the bulk liquid concentration of 25 mg/L and 208 K.
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Fig. 10 - Snapshots in top view (xy-plane) and side view (xz-plane) of p ol

the bulk liquid concentration of 25mg/L and 208 K.

graphene basal plane. In contrast, water molecules occupy
mostly other spaces far away from the surface due to the
strong W-W interactions with H bonds.

3.8.  Effect of O-group and N-group types obtained with
GCMC simulation

The ch izati lts showed that the surface of ACs
contained CO, OH, COOH, N-5, N-6, and N-Q groups. We
present in Fig. “a the effect of functional group types on the
PC removal capacity. We found that functional group had no
effect in the microporous sizes but can enhance the adsorbed
amount of PC into the size. B the non-
polar i ions b PC-Gr d d the polar in-
teractions in the narrow pores. Our simulation supports our
experimental that N-doped AC are superior than the O-
doped AC. All N-group types gave almost the same removsl
capacity which is slightly higher than that of O-group types
and the perfect surface. As the results in Fig 517 show, N-6
has the strongest interaction with either PC or water leading
to the highest PC 1 capacity. On the other hand, even
though N-5 and N-Q have a weaker interaction with PC, they

have a stronger interaction with water than O-group types.
PC is therefore i d with adsorbed water at these N-
group types and graphene basal plane simultaneously,
leading to a high PC removal capacity. Among O-group types,
COOH is the strongest group which leads to the higher re-
moval capacity. The perfect surface without functional group
has only non-polar interactions with PC molecules which
leads to the lowest I capacity. In the i 1
case, NC-1123-1:1 has a lower specific surface area butwitha
significantly higher N-6 group than those of NAC-1123-0:L
This may indicate that the impact of a high N-6 content in
NC-1123-1:1 is mainly manifested in a higher removal ca-
pacity.

4. Conclusion

We have studied paracetamol (PC) removal from water by
adsorption on coconut shell-based activated carbons (ACs) in
a batch system. Firstly, the precursor was carbonized under a
flow of Nz at 873 K to achieve a biochar. The biochar was then
activated using COz heat treatment to obtain the original AC
prior to N-doped modification using urea and KOH. The
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