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£ AeA = 1,000 °CollA] 24417 G2l A ErllA] go] Sl fARZE ZH= 0-DCB(ortho-dichlorobenzene)
9] TFAAE AYE Fatol FRIGla, BAEARE EEle] dlEeigith. A ow EAE GAREe] AR W kg
7] BlES vl e g 27] B V)RS A1 T COMPASS(condensed-phase optimized molecular potentials
for atomistic simulation studies) force fields ©]-83l0] o] 25 23|It HAsle g FAFZAA 3=
E, 033, W Al se] RAbEd v A3k vl g, ol sl oist A AR e @ xb= 2t 7.62, 3.79,
2.80%= KT} HA| dshA Wel GCMC(Grand Canonical Monte Carlo) 7o o]-4-51oy, A 3le &det
FZoA 2ol 1k 0-DCBY] 5282 Aaks 5319l o, o] AN Y= A vlwE o, 3% oJake] oA1E 1
St} 0-DCBY] S5/ S nlg o 2 SRIE|oj e 3ol A] tho] &4l 2] Y52l 2,3,7,8-TCDD(tetrachlorodibenzo-
p-dioxin) &=, F2Y, T28aL 7| 3EHITE HEFH R o EA, PR ] T WEd
4 A71EAS] FRAEAS BAEAP S Bte] AEsisit).

Abstract — In this study, adsorption isotherms of 0-DCB(ortho-dichlorobenzene) on an activated carbon heated at
1000 °C for 24 hours were obtained by experiment and were predicted by using molecular simulation. The initial molec-
ular structure of the activated carbon was designed on the basis of its molecular formula and functional groups ratio
measured experimentally. Then, the molecular structure was optimized using the COMPASS(condensed-phase opti-
mized molecular potentials for atomistic simulation studies) force field. The particle porosity, specific surface area, and
particle density obtained from the optimized molecular structure of activated carbon were compared with those exper-
imental data. The errors between experimental data and simulation results of the particle porosity, specific surface area,
and particle density were shown as 7.6, 3.8, and 2.8%, respectively. Adsorption isotherms constants of 0-DCB are cal-
culated by the GCMC(grand canonical Monte Carlo) method in the optimized molecular structure of activated carbon.
The simulation result of the adsorption isotherms showed an error of under 3%, compared to that of experimental data.
Adsorption isotherms, adsorption heat and pore diffusivity of 2,3,7,8-TCDD(tetrachlorodibenzo-p-dioxin) was finally
obtained in the same molecular structure of the activated carbon as used for o-DCB. Thus, adsorption characteristics of
persistent organic pollutants on activated carbon, which are not easy to experimentally evaluate, are predicted by the
molecular simulation.

Key words: Persistent Organic Pollutants, Dioxin, o-DCB(ortho-dichlorobenzene), Activated Carbon, Adsorption Isotherms,
Molecular Simulation, Grand Canonical Monte Carlo(GCMC) Method
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HolSAlE AAsH | 218 48] 7] F shRl S2AIA 7=
o M= SEAEA Y} 22 ghaAl 2A[4,57F AREEL A,
2 AT AR YA tolSald} 2 5] AR 7] B
(persistent organic pollutants)®] 254 2 TS oS53k
TAEAZ S ARES, kol EARgEte] S EARARS
W2 A7Akzel| gJste] wirE o] Yrhe-9]. Tl FAE 2=
Ak A= AER 0w et BEeld B (EFE, B,
e Ty 25 #HAsea, ofuf 2R EAlx HA31E Slsto]
Lennard-Jones potentials[6-8], Steele’s 10-4-3 potential functions [10],
density functional theory[9], COMPASS(Condensed-phase Optimized
Molecular Potentials for Atomistic Simulation Studies[11]) force field
[12,13] 59 ©A] 5ol ARt Adete] 713728} 718
A7 (pore size distribution)i= FEHEA Q] SV F JS
F1[7-9], E/d%ke] 7)FA 71X (pore size distribution)s 153}
7] 915107 density functional theory(DFT)7} AF&-E|ITH14,15]. 718-2]
A BE FEREA] EE)E Akl 71R1s FAHS CSst
7] 9181 Metropolis GCMC(Grand Canonical Monte Carlo) 7|5
o] & AREETH7,8,10,12,13,16,17). GCMC FEAlAE= 25(T),
Fo)(v) 283 spshraldwe] s AEl(uVT-ensemble)oll A
FAE = 222 ol FARLR ] mE w7t wig = Qs
= gt} olZgh MR} HAE Holg= HA FAkes 7
ZREL- o= gk AP} o)F Ths et 33 Qb AR AMER
gt o sk HijdeoA] BE Al dist 3319 Ats
G A5 F+6li= sample mean method(FE HH)S
slxct webd, GCMC ZEFEL o 2%
S =24 bl e F2E AR 7 5 AATHE].

AT 715 Ul EhHARRE] o5 HE EAs S EHEMD;
equilibrium molecular dynamics)[13-18] 71¥13}, B3 & A5}
(NEMD; nonequilibrium molecular dynamics)[19,20], ©]Z#)| o143
F A5 EH(DCV-GCMD; dual control volume grand canonical
molecular dynamics)[21,22]° % FA] ¥t} EMD 2-2 NEMDE
canonical ensemble(or NVT-ensemble) A Efol A Al7te]] whE Fz}o)
=298 APEH EMDE Einstein 2]12) © 2% E-2]-9-= diffusivity
of] 3t Green-Kubo 7|20l oste] F-ghr|7to] &2 A (32 33
of] =S ) mean square distance(MSD)2] A|ZFAR O F -
St 19,20]. EMDi= 4783 259} porous medium ¢ EAISH=
A AL AA| EESS (net flux)’| S T EH A2 2t
ATE o]gith. EMDe w29 U vl wijAelx ] GrAlT
T3, AFAe] A gl FHEEo] A wiAlelM Y] ERAlGE
ke o] FECH23). NEMDE SSHERIE Holo] 4HSah= 9]
3312 el A8 3fo] FA] SEE Fr=sh, P Fr(fuy
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Hl473 Hl6= 20094 128

-
o] MHAIEH, o] 5} 2153)-E Maxwell-Stefan 2] t{iste] &

. O] WPHE ARIAITIO] W2 a1, of2] Z39-of A
248 = 3ItH19]. DCV-GCMD(dual control volume grand canonical
molecular dynamics) 7' | 2te 2 A 209 fALSE 3
oA 2= FA12] FHIFE FeliE WS A7AEC] AR
3l $FeH19]. DCV-GCMD:= porous medium®] 4% £ M =& tf
£ 973t chemical potential= F-<A1% .24 chemical potential
gradients T&11, U £5 o|F= 44 F9] JAelM= GeMC
719 F3he] 097 59} chemical potentialollA] A
7¥tAY A g gk
AE] fluxZF =% 32, collective diffusivity:™= chemical potential
gradientel] TSt /el fluxe] H]ZA F8lixIct, o] ¥hHE Blw
2 AXIAIZR] Aan, ofe] 2El IRRE QIste] ARgsl el 7hthE
2 wHo] IEH19].

2} g o 7 FEA]= collective diffusivity(EZEAAIG =
self diffusivity(RF7 122 HA159)9) cross-diffusivity(EF E2F2ke] F-Eof|
7118 #AHAIF)S] O Z transport coefficient® IHE 4= Q)
TH24]. A BEAR (s R 002 HT8PHA] cross-diffusivity
7F ALY EABHA] ko2 | self-diffusivity?} collective diffusivity
T Y gk BAv19]. 4t 5 R 2] Ve ul &
ZHEZ o] WRAIEE n]erd WSS 0] 85t o] 24 EhAlS
o5 W [24,251% 7N ) o] o] &7 AAIS S-S A
2RAZEe] - ] whgel] Hadet T]etst Bk B 2
Alell 288 4= Qlr.

©]21& EMD, NEMD, DCV-GCMD 18|11 A= oS0]22
WA o s AR tkEARE sd 3 ZxdelA] vlssgt Al flo]
ASETH19-24]. & AFelM= AdEeolA ] self-diffusivity(E->
collective diffusivity)] 155 91511 EMD 7|4 A& Zloltt. &
ol M= 498 9ol ortho-dichlorobenzene(o-DCB)2] 52+ 21
el diste] dweta, AEARE o8-8t AR 2 &
2T S5l Bate] 7]tk B3, o-DCBel| thk Ak
AVATLeL AFA TS vlwslte] # =rollA] Aljbehs EARARE R
o] BpAdE BolFaL, AEs Eolo] 78] ofH 2,3,7,8-TCDD
tjolLale] SN 9 7| Fu FAAITE EARRARRE S ©]

galo] |y,

=

ES
chemical potential gradient 3tol|4] 4

2. Hd

A= Fig. 1914 ¥ 1k} 20] TCD(Thermal Conductivity
Detector)”} 425 7|4 A 2vlE 129 (Agilent 6850GC, Agilent
Technologies, USA)°l Y17 1/8 inch SUS A #o] &al=o] Qlt}, o]
714 AZrlE19]= EPC(electronic pneumatics control) A]Z~El
o7 2kg AojE ], AE e A7} HAaslenh FRARE Aeks o
BE 18 758 AlZ2E pellet FEN2] BPL® 4x10 B4k
(Calgon Carbon Co., USA)S AH8-3131T}. 0-DCB ¥ 2,3,7,8-TCDD
o] EASH= Whgdo] st A= Qlste] Edeknte] 518t A
2 (chemi-sorption)ys FAskeb7] f13te] &der ] 778 = Sl
o8] 28715 AA8E7] 918 BPL® 4x10 B4R 1,000004 24
AIRE A= Qlek. AjelA] ARg-sh Edeke] v EHAS 8|
$1811 N, BET(ASAP 2020, Micrometrics Instrument Co., USA) '
= ARgabe, e

FILE O
SEEC

Mercury porosimeter(Autopore IV
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Fig. 1. Experimental apparatus (Agilent-6850GC) for n-hexane adsorp-
tion on activated carbon (Yoo ef al., 2003).

9500, Micrometrics Instrument Co., USAYS ARE-510] 73 3H}H26].

AAGH=E 7] fI8te] Ad2elx ] f7(30~90 ml/min)¥}
AH52(200~240 °C) 3104, A-IAE o] &ete] 71 E A w
ol Hao = I E peakE WHESK= 0.1 ple] o-DCB(KANTO
Chemical Inc.y& AAFENZ F4I9IT} SREZEAEE 99.999%2] 3
F7H~E AR, 9% 0-DCBi= GC(Gas Chromatography)2]
FYTelA R RAe) E3tEo] FRATE SXE ARS Faslo]
TCDAIA &4 e vehdth A2 0% 4L Sg=is v
ZE}o]#] (Summagraphics Summa Sketch 111, Interworld Electronics &
Computer Ind. Inc., Canada)E ©]-8-3}o] £=X|3}st & X475
olgate] 12} RAlE Fhedwt AFAIRE, )7 22k BRlE g
= TETH26]. 1 ARWE 3 the A Sate] AEE Sotod
TR Y SEEAET GhK,,) 0 ke

_ & (VLT )
K, = —-1 1
ep ] &, Lc ( )

o] Aol v, A U] A2 AR 534S (interstitial velocity),
L A940](=0.0271 m), 7181, g AH TTE(=0.5692)=
ou)gitt,

3. 2K} DA}

AR EA s AR e 8 B BAEEE, BIE
WA W 5y8 ZFE= COMPASS force field[1115 ©]8-31] 3
A 3lEt), BARALE 15197 Materials Studio 4.2(Accelrys Software Inc.,
USA)9] Forcite, Discovery 2! Sorption F5-5 ©]-8-3[21T}. Discovery
BEAAM= RG-S A58 $13 equilibrium molecular dynamics
(EMD)2- =815}%3 11, Sorption FEA = EXJRE SJof - Sa5219]
TEEARE 53] Sl AREE ST

3-1. ERIEAD

e Tkl 7158 7 B E diyto] rlAle-S 2 gl
3241 HISA S2RlolH, 78 e} EEXIvH27]. A3l
AREEE EZAIQ) B BA R 1 AAE]E SO0 R Chpl
TARS 2 7R R R EY, o] 71E FE2E 36Ax36Ax36A
(V=46,656A%) Z1712] unit cell& ZH=t}. o] ©9] 2 COMPASS
force field[1115 ©]-83}0] Z23}lEth. COMPASS force field=

-
(a) Atomic structure of AC (b) Pore volume and surface area in unit cell

Fig. 2. Atomic structure and pore surface area of activated carbon
computed by Material Studio Forcite (Accelrys, USA).

A Aghol] #F 3 (stretching, bending, torsional and out-of-plane
angle coordinates potentials)2} |2} A1t *dE 7 (electrostatic
and van der Waals)oll thet 315 3E3t6b, ab-initio A4 l1A1714)
A1 7 A} X34 1} A% 7% (empirical parameter determination
method)©] AEE ] ITH11]. Van der Waals B ofd=] At
Alell AHE-El cutoff distance= o,,=12.5A°% A= T},

Fig. 2(a):= unit cells ©]5+= 8] 7|25 HolF v, Fig.
2(by= unit cellS A s}st & Alikst 2771853 (free pore volume)
o EHAS HoETh 719T](V,=26,484A%) Bl 7]5C] 3w
(S=6412A%)8 o]g3lo] EJeke] v A (S) thaa) o] doj
ZITH1].

S

S =
p,xV

of7]elM A=k Wi (p,)e} unit cell®] F-3] (V)] w2 DA

FWH (S=897 m¥g)e] AXTETE U] F=E (e,)S A unit cell
o] Filof th$t pore volume?] H]O|T},
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Table 1°ol4= A¥A0R S4H 1, FARARE d5E 358
(e, B AAF W (p )5 Hlwdth YAF 552 oF 8%
2polg Holgm | xR} Wit oF 3% &7 A5Hrt. H7]e37]
(d = 7180l A7lgoleh= 717 stoll a2 (S)ell that 4412] pore
volume® =2 T3l = QIT}[28].

T

- 4xV

d=— “4)
B Aol AREEE AR tisto] dl5E A)E Bl
(d,=103A)= the 29[6,10,28]°14 W3t¥ F71(10~204)9]
Feofl &gtk SpAIRE, At AREE AR A1A7]E (slit

Table 1. Physical properties of activated carbon measured by experiments
and predicted by molecular simulation

Physical properties ~ units  Experiment  Simulation  Error (%)
Particle porosity (g,,) - 0.328 0.353 +7.62
Particle density (p,) g/l 0.9493 0.9227 -2.80
Specific surface area  m?/g 864.22 897.01 +3.79

*Error=100%(Simulation - Experiment)/(Experiment).
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ZAJetolld o-DCB & S-S o538l Ysto] B d9shy
Q) GEMC WS o]83t). GCMC 7ol wlgeliA] 7
ste] H st el o x| E<=F COMPASS force fieldS AFE3}
o] force fieldE o] g3lo] FElA oUR|E AXkslar, S2=F
2l 2A Sk FRIA ol tist A PFE FollM 7HE
o 33 e oA HaR)el S AYEt

Ae BH71E

32, RN RUIEEL| S28A s oISV
AEXof| ot A

2 AT HH2 EA% 9JellA o-DCB2] S3EA
HAYNE BEUE EARAF 7[HS o] &3t &' 4 2 7)F
TEE AdSsta, W= AR T EEOHA @O]i”/] dF
]l 2,3,7,8-TCDDS] 2574 4 MAlFE AYS FalehA] ¢bar
o Z35= A o]t} Fig. 3914+ 0-DCB(1,2- dlchlorobenzen)i} 2.3,
7,8-TCDD(tetrachlorodibenzo-p-dioxin)®] A TFE 22 AlellA
Kol 2,3,7,8-TCDD= 7702l o-DCB7F 27]€] Aba= Aded
ReFE HojErt
Fig. 4oM& A1 2 2,3,7,8-TCDDY] &2HE54] Ul EibAl=
]é ]‘ﬁa HolgErh A TR T, SHA DA =
ok F2A EAE getolnk, FaAS] AAIAQ 9%k
,HE, 713, 9E 5)e APA 0 R Fetar, At

(j:o CI:::io:i :iCI
Cl Cl 0 Cl
(a) 0-DCB (b) 2,3,7,8-TCDD

Fig. 3. Molecular structure of o-DCB and 2,3,7,8-TCDD.
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Hl473 Hl6= 20094 128

B8 A A Sl A
CMC 7[H o= ap, o] gha A

Z],’Zﬂ «,_x].?-z_,] Z—]tﬂ—/H g 7—12:6]—1:]—
A= ARA GAlA AFE &
21 2,3,7,8-TCDDS] 5252, F214, 1
}E‘r o] FRIA GAl= A Al AR
71%(COMPASS force field, GCMC 719 5 )~ IR
A 7]F dlellA Foxl 249 TR
EMD2] NVT(number, volume and temperature) — 35 7%= ]
S35h, LA oA] AAR> COMPASS force fields 2831t}
0-DCBE] FAEA 02 HE 5% e 7204 2,3,7,8-TCDD
A NS A= BAtelo] 27 AdElE wheaL, A CdluAlE F
2SI FrofRl 2 50] FE dEellA] 2 ekt oF 100 ps &
QF NVT dynamicsE =831, 2,3,7,8-TCDD wA}2] A|7ke] uj=
AR Wgks 1% = Qi ARle| WE X, Y, Z F el tist
SR H 3= MSD(mean square displacement)® & |11, Einstein

ARgEI
2 cjzep7] st

TAA 0 ZRE Al7be]] kS F MSD2] 7|87 = ERHAlER &
Z QATH18].

N

Z <|r (t) I (t0)| > 6D.vat (5)

o] Aol (= Azko] (€ wl, B} o] 9115 R, ()

A i) AS9RE etk webA 2 (5)2] #HHS MSDe] F3
& gt Da= 7% Wl FAbAl(diffusion coefficient)©] L, N,
2 BARRot), TS ARk 38 F, AIRE 19} MSD Atole] A
AF BAZE R8P, 2 (59 logMSD)} log(h)2] 71&7]= 1
of Zd3HAl T 13].
log(MSD) = log(6D,N, ) + log(t) ©)
ArellA Fehks AT (D, ) 100 ps 5112 EMD BEALA
tﬁ} MSD Aelell 242 AA7E A5lshz 7ol e 7ler1=2
I}, ZF Foixl oA EMDE] AlZHFA (time step) 0.001 ps

(1 f5)0] 2.5, WHEFEISR(N,, )5 100,0000.% A4 9Irh 23,78
TCDD?] A= AU EolA 9] self diffusivitys 73171 91351
N, =55 37g %9l 0m, ofw Al W= ©F 0.1 nm =0 3},

=21 7

1| TI&E
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E

4. BA} 2AREL}

B

& oI GOMC 7O oI5 BRSO 0DCB 5-&
F2 A5 atoh AR VIwska, 23,7,8°TCODE) S

oT-mw-1oT
o} sl Fhs AAIRE

4-1. o-DCBS25&M I

Fig. 55 257} 200°C, 220°C “12]3L 240°CY W, GCMC FAF
A= unit cell W EAEH] 2 0-DCB 412 ' % (molecular
density)el] thalo] RojFr), gdgel] E28 0-DCBY % E&

3|4 Goje] & sy o] Qlom, w7t FrleliA, Fafge] Ao
A= S golgk 4= Qo Flg 6 0-DCB 71&5(C )E Hels|
7]_t‘x;]_ *1 GCMC 5. /‘]'ETH :g__]-ﬂ E}l LH _4;<l—ak r= "V\]—lct
(n*, mol/l; 9371 153 (liter)i= E/J€He] F-3| & QJu|shd, &



ZATER Yo A §7) @954 (2,3,7,8-TCDD)S] 52 332 4l shiAl: o= 751

(a) T=200 °C

(b) T=220 °C

oDCBDenslty
- 1.000e1

- 75002

- 50002

- 25002
=- 000

(c) T=240 °C

Fig. 5. Adsorption amount and places of 0-DCB on activated carbon at P=2.5Pa.
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Fig. 6. Adsorption isotherms and those constants of o-DCB predicted
by GCMC simulation at three different temperatures.

AR U (p)E o183t mollg 0= ghilo] 7hsdhe Btk
71885 (fluid concentration)el] THE /0~ (solid concentration)
2] GCMC FARAFA IS 200 °C(circles), 220 °C(squares), 1] 3L
240°C(triangles)A] Bl gQlom | 7 7]V = 5252 4r0]
oh AWrA o7 SAAe) ek 5241 dle]e §iF el uet
A% A7 AN, Fig. 60l EARARE 3 T25E
o] T A& & F AUtk ol WEHE 7|y a2t vkt
d Dol AUER EAshs Ak SA A A
o5 9] EA/d-S Nkdst Ao ® A Hrt.

A8 ZHK,, )7 GOMC 102 ARFEH B} FHK ey Table
204 BlaEh, 3708) izolA AR gkt BAF gk Alele] @k oF
3% RO A, Bl A A Qe TEEFAAG whol EARARE
E3l0] oAk F2A(AH,, ) Van't Hoff plot(&-2-& 52 o

=&
= o Oﬁ
ot i S

X

~

sl A loglog plolA] 718712 T8hE ol gle] T,

dInKgepe _ AH )
D(1/T) R

o704 R(=1.987 cal/mol/K) 7|Ag<5=och, & dgtel] F2h==
0-DCBY] F&& Baralel A= —11.0 keal/molo] 12, A& Zk&

Table 2. Comparison of the adsorption isotherms constant of o-DCB
between experiment and simulation

Temperature Experiment GCMC simulation Error®
(T, °0) (Keyp) Keeme) (%)

200 89,874 90,169 +0.33

220 57,322 56,001 -2.30

240 37,108 36,257 -2.29

*Error=100x (K( JCMC _Kc.\'p)/Kc.\'p .

~10.7 keal/molZA] 7 gk -9 ARSI, wheba], oS5 e
o] 7z 9 0-DCB 5254 gleks 93t wxlmAl 719 2] EldAg
o] godc},

4-2. 2,3,7,8-TCDD S22} b

Al 7|9 25250, 300, 350 °C), “L2|aL 2,3,7,8-TCDDS] &
21(0.01<P<5 PayollA] A ARE-E Vgl 1% Qo] 2%
S GCMC s ol g3t Ta3lar, ol Al &ellx &
AHAIG7E A5 E ST Table 304 = EAEAF 9 EAlEelstoz
A5e 5253 ey HSE BojFEn ol F249e
—9.89 kcal/molZA] o-DCBE} H]wal & uf wi$- v]S=38k Sa9e
RojE) & BAlEAN A= 31852 (chemo-sorption)®] Sl &
2] &2 (phi-sorption)?t 17| $17] wiiel| 2,3,7,8-TCDDe] tsto]
Hlwd e Fado] A SEE Z R dhddr) Fig 7oA&
2,3,7,8-TCDD 71’45 %(C )5 W3}l 7FHA GCMC EALZHE

AL FATF T FEE (mol/yE HolFErh BALe Aj9AS g
_lsb7] S1al, 2 el el Al o] RAE A= laL, o) 3
Tk T2 FAAFK) A5l ARSI Fig 7014 EA1E S
S5 Al thgh BARR ARSI £15~20%C 1t 94 sk

Table 3. Adsorption isotherms constant and diffusivity of 2,3,7,8-
TCDD predicted by molecular simulation

Temperature GCMC simulation  Diffusivity Adsorption heat
(T,°C) Keene) (D, m*s)  (AH,,, keal/mol)
250 552,500 9.80x1010
300 139,200 8.34x10710 -9.89
350 123,900 8.91x1071°
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Fig. 7. Adsorption isotherms and those constants of 2,3,7,8-TCDD
predicted by GCMC simulation at three different tempera-
tures.
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Fig. 8. Molecular mean MSD (MSD/N,) of 2,3,7,8-TCDD predicted

by equilibrium molecular dynamics at T=250, 300, and 350 °C.
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==
Cy : concentration in fluid phase[mol/1]
d , : average pore diameter[A]
D, : collective diffusivity[m*/s]
Koy : converted experimental adsorption equilibrium constant
Kgeme : adsorption equilibrium constant using GCMC method
L, : column length[cm]
N, : number of molecules
Nyep  : number of iteration steps
P : pressure[atm]
Q : flowrate[ml/min]
I; : position vector of i-molecule
S - surface area[A’]
S : specific surface area[m?/g]
t : time[s]
1 : mean residence time[s]
T : temperature[°C]
\Y : volume of unit cell[A3]
vy : interstitial velocity[m/s]
v, : total pore volume[A®]
J2lo|A =X}
€ : bed voidage
g, : particle porosity
Pp : apparent particle density[g/1]
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