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Abstract — This article presents a multi-scale simulation approach starting from the molecular level for the adsorption
process development, specifically, in n-hexane adsorption on activated carbon. A grand canonical Monte-Carlo(GCMC)
method is used for the prediction of adsorption isotherms of n-hexane on activated carbon at the molecular level. Geo-
metric effects and hydrodynamic properties of the adsorption column are examined by means of the two dimensional
CFD(computational fluid dynamics) simulation. The adsorption isotherms from the molecular simulation and the axial
diffusivity from the CFD simulation are exploited for the process simulation where the elution curve of n-hexane is
obtained. For the first moment(mean residence time) of the pulse-response with respect to temperature and flowrate, the
process simulation results obtained from this three-steps multiscale simulation approach show a good agreement with
experimental data within 20% of maximum difference. The multi-scale simulation approach addressed in this study will
be useful to accelerate the adsorption process development, while reducing the number of experiments required.

Key words: Activated Carbon, n-Hexane, Adsorption Isotherms, Molecular Simulation, Grand Canonical Monte Carlo
(GCMC) Method, Computational Fluid Dynamics(CFD), Process Simulation
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A= GARRE FEAIE AFE-SR= n-hexane 525782 7N
A8 FATFFONA Al FehE vt EARE TS A3 d e}
g, o]e] st TR BARE /dedellA] n-hexane®] &2t
EAEARS}, 2 Ul 42 HAHA| 9 8 (computational
fluid dynamics, CFD) FA}, 12]31 5234 9] 2-dx10e] et &
ARARE AEsFsit

getollr FAREAN] st BAEARE B2 ARkl o)t
BIEF O] FHS-11]. FoIx] BAR S 2 SRS LA
Ao r 9 EEl4 BAEEE, vEH4, 2 58 AT
A 3lgic) o)u) Bx-% 24312 2131 Lennard-Jones potentials
[8-10], Steele’s 10-4-3 potential functions[12], density functional
theory[11], COMPASS(Condensed-phase Optimized Molecular Potentials
for Atomistic Simulation Studies[13]) force field[14, 15] 5] ¢llLIA]
kg0l ARSETE SR VTRt 7% A7 (pore size
distribution)= S22 9] FaFge & S FUH10, 11]. 7159
A EAT EA] B4 AdE ARl 71Q1sh FAES oEE]
$]38F] Metropolis GCMC(Grand Canonical Monte Carlo) 7] ©]
F2 ARRETH9-10, 12, 14-16]. GCMC EAIA = &5(T), 3]
(V) 28] stetz el (el 243 el F2Es 244 5
oF FAIA ol whE wigellUA7F wigh ¢ Qe Stk b,
GCMC 332 Folxl 2129) hexdat el 224 a3t
o2l FaEe AR 78 4 AvH9)

T8 Ul FAEE gk T8k Asg Ak flste]
XA EHCFD) BAPE o] 4--TH17-19]. A8 AL
A 22k B2 3apell Ad 9 A TR Ve 13|
e FA9] 35S 53, &5 W FE wEE AR

F&3 70l dist 3HRARE 34 eta, #43)
o g = o EA, 1A FAEA6, 2017, FARRAIESE
(SMB; simulated moving bed) &2+3-7 [21-23]el4] AFE-=]o] $it,

Ut R BAKmultiscale simulation) 7132 3}8}, A58k, &
AAe}, BES 5o Aol F/37skar Jith24]. tETR
BAtol| 8] A2 1] 2R ARE B3 qiRelA] -85 AR
£ ARt o] ARE Y F qrEelM ARSEoZ A, Zhe 1 Ee|
A EArEE o] Fdll wit AHFEE Eojv ke Zlolth B AT
oA TRt BARS] A2 U FERAY AN AsS
AS3b7] Aste] EATEelA AR AR qTES RAME R E
Z-83h= ot}

5, 2 Aol oA ASE 371K BA| (EARRAL, AR
Al 2831 Y EADE Sato] Bdwo] FXE FAHelA Fe
+ n-hexane®l|] thdt 853 (elution curve)ys 53, 5%
40 A vlasto] FEAg el gk theT e AP
o] f-8495 ATt

& delde ST 2 Aol tisto AdWstar, 373
A 2 ATrelA AljlehE Tt BAP e #ste] 71s=gict
o= EAPE RS A3FANE vwska, therE BAP RS
82l Tsto] =gl

sletgst Ml46 Hl6= 2008 128

4 2 > e

o o

119
=

ﬂl
El o r

=

e
ot

off 1o
r_{
Y
BN
A
o

1o oo it

]
el

tracer injection vent

carrier gas l T Detector
He [ — ]

—o

ooo

Oven 855

ooo

adsorbent column

Agilent—6850GC

Fig. 1. Experimental apparatus(Agilent-6850GC) for n-hexane adsorp-
tion on activated carbon(Yoo et al., 2003).

2. AlulH

A7 += Fig. 1914 B 1k} 720] TCD(Thermal Conductivity
Detector)”} 2He 71 A A 2 vhE 73] (Agilent 6850GC, Agilent
Technologies, USA)l Y17 1/4 inch SUS A #o] &al=o] Qlt}, o]
713 A2 v e 1213)= EPC(electronic pneumatics control) AJ2~E S,
2 ApF AlojEo] exf= A2 WA et FEA|EE BPL
/g eh(4x10, CalgonyS 900 °Cellx] 1043 AA{2jslo] ARg-ai3ict
[25]. A EelA ARgsl E/geke] v)sEAAS 8] $18ke] N, BET
(ASAP 2010, Micrometrics International Co.) ¥-& AR3HH, &9
&He] F=5-2 Mercury porosimeter(Autopore IV 9500, Micrometrics
International Co.)& AME-Slo] 74},

g aAE A7) Sk A=ollA 2] 5-5(30~90 ml/min)2}
ZHE1E(240~265 °C) 1A, AR-IAE o] gafo] 120w 71
A AR YTl HrHoE A F peakE WHSSHE 0.1 pl
n-hexane(HPLC grade, Mallinckrodt Baker, Inc., USAyS A~ E)
I} RHEARE 99.999%2] AFETIAE AR, 9]
% n-hexane> GC(Gas Chromatography)2] =3¢l X171~}
=] F2AP SX1E AES SHsto] TCDoM 53419 3
HE Yepdth Az oR dL SH3AS tA o] A (Summa-
grphics, Summa sketch III, Interworld Electronics & Computer Inc.)5
olg3to] FA|gleE & TR RS o] gato] 1Ak BHE ZhedT A
FAIZh 23F BHIE Fheahe TE25].

3. CIEE ZAL 7|H

Ui BARs WA, AT, 37870% v o Sith
AP YienH A7) 24 BARARE $18F0] Materials Studio
4.2(Accelrys software Inc., USA)] Forcite/Sorption F&-& ©]-83H}.
FrAFEEolM = AARASlEE BAF 22T 52 sl COMSOL
Multiphysics 3.3(COMSOL AB, Sweden)2 ©]-8-3l] 2 A9 1
A2 Ass Felsitt. FYgFelA = FAST-Chorm/SMB(Fast
and Accurate Simulation Tools for Chromatography and Simulated
Moving Bed, [26])E ©]&3to] A72] fEHolA §E348 9
o} ST EARE $18te] 20 Al2kE FAST-Chorm/SMB2 &2
AR @RI )] |34 2] 3421 Conservation Element
and Solution Element(CESE) method”} W3%]o] Q1THS, 20, 22, 27].
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(a) Atomic structure (b) Pore surface area in unit cell

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

3-1. =XIZA}

Aol ARE-eE FAAR] EARES] AT I Cps9,H,052 4L
Ag Zhs 7R 2 T, o] 7 7-E= 40Ax40Ax40A
(V=64,000A%) Z712] unit cell& ZH=T}. o] A7+ COMPASS
(Condensed-phase Optimized Molecular Potentials for Atomistic Simulation
Studies, [13]) force fieldE 0183510 22} s}t COMPASS force field
= AR A ghol] T3} 3 (stretching, bending, torsional and out-of-plane
angle coordinates potentials)Z} WA} A /& 87 (electrostatic
and van der Waals)el] th3t 315 &5, ab-initio(QFAI8H4] 3
A719) A1 71 AR A Ik A7 7ol Ao} ITH13].

Fig. 2(a)t unit cellS ©]F+= E/J5ke] 7| 2125 H i1 Fig,
2(b)i= unit celts &4 3}st & ANt free volume(or pore volume)
o FHAS HolEr), 7]|(V,=39,574A° or 0.76 ml/g) B! 7]
39 ETHZ(S=12,007A%) van der Waals WS 1A2E 7Pgs}
o Akt AR BEHA (5) vha) Zo] dojxict

w=p,xV (1a)

S= (1b)

g|»

037101 unit cell®] AZHW) AAH] W =(p,)e} unit cell®] -
I(VyE olgste] TaliAaL, 7188 A (S AHW)E
o] ZAIeke] B ¥A A (§=2,313 m%¥g)e] AR thE E3lofA
FAJeke] H|EHALS 1,800-4,500 m¥/g[8, 10]2] WA BuE
o 4] F5E (g, A unit cell®] -3l gk pore volume

] Hlojtt.

v
6, =2 @)

Table 1914= A 02 SHHL ZARALR A5E 358

2lof] T3k ARl 1089

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

Experimental ~ Simulation  Error’

Physical Properties units

value value (%)
Particle porosity (g,) - 0.65 0.62 —4.62
Particle density (p,) g/l 850 811 —4.59

*Error=100x(Sim. Value — Exp. Value) / (Exp. Value)

(p,)7t R QIAFS] ()5 Wtk 552 F 5%2] Afo]
£ RojFm, JRPUEE oF 5% AA A5t B 1EA71(d)E
7150l A7lsolel= 71 stell A (S)ell thet 4712 pore volume
o2 Fad 4 Sirh28].
- 4xv
d= —SE =1324 3)
TollA ARg-gE EARk] tisle] Gl H7]E71(13.24)
ﬂu‘i—b 8, 12, 2810l L& 7] (10~20A)2] W] £3ict,
G/detoll A n-hexane®] S-S oS53t f18te] A1 G9EH4
P91 GCMC(Grand Canonical Monte Carlo) 355 ]3It} GCMC
S QbA] ARBIgIRe] AR wEdhe wltell 5, 1] 11
3 g8t elgo] A3t AdeellA FRE= #419] T9Jr poa
of W& wdedR7t ®igt = QIES St 12, 16]. Alktel &
14 o x| g<=F3= COMPASS force fields ARE-3It}. o]
t force fieldE ©]8-3t0] 4] gle w4} F30lx] Rl o %]
153, o] &% FxolN SRR EEE 24 ) 24
of tigh AA| IFE FollA 7P g5t BILEH S SHLEES
AFel = It} n-hexaneo| Edwkel| S w) o 5H FAYGL
Kcal/mol= Van’t Hoff plot® & -3t 233k 18.7 Kcal/mol X
ok 93% =& gk Bolr)

rlr F}-E

_'Eo_ﬁoﬂi
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3-2. FAHs ZAL

Ao ARgE S22 2(L,=7 cm, ID=0.437 cm, £,=0.518)7}
A9 FFo A4 R FEF-AH L,,=0.1 em, 1D,
0.1 cm)E 1978t BApd o= AAsiet. olefst Ao Zo]
(L), WAID), Z18]3L FFE () 3795l AREE = 3k
(Table 3%2)1} 22 gholth. FYFolx ] AAZNCZA {5
(Q=90.16 ml/miny AH ) AAL5(T=265 °C)olX &) A A=
o= it F7HAR] AAZACE FEE U FYAKES Table
20f|4 BofZItt, e S] 2713704 n-hexane 0.1 ul7} 1% &5
ok 915w 9355 Table 29| altel] WAIE ule} o] At
=

Table 2. Input data for CFD simulation at T=265 °C(Q=50 ml/min at 25 °C)

Name Units Value
Axial velocity at Zone IT (Uy, o) cm/min 1162.45
Radial velocity at Zone II (U, -pperr) cm/min 12
CFD t ra,zone.
patameter Axial diftusivity (D,,) cm?/min 200
Radial diffusivity (D,,) cm?/min 300
Inlet concentration (C, mol/l 5.06x107
Boundary condition (at x =-0.1 cm) . € .
Feeding time (t;,,) min 0.0167

Qn Hexane 1

* ( C. = xp _—
in n—Hexane
Q + Qn Hexane Mu’,ane.\'ane

(Q,) Herame: 6107 ml/min, M

w,n-Hexane

=86.18 /MO, P, 110n=654.9 &/1)).

Korean Chem. Eng. Res., Vol. 46, No. 6, December, 2008
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Table 3. Input data for simulation of n-hexane adsorption chromatographic process

Name Units Value Name Units Value
Column length(L,) cm 7 Feeding volume(V ;) 1 1.0x1077
Inner Diameter(ID) cm 0.437 Feeding time(tz,,,;) min 0.0167
Bed voidage(e - 0.518 . 2.81x107™
Particle diin(efzr(dp) cm 3dx102 et concentration(C;,) mol/l ~8.83x10™
Flowrate(Q at 25 °C) ml/min 30~90 n-hexane density(p,,_yevane) g/l 654.9
Temperature(T) °C 240~265 Axial diftusivity(D ) cm*/min 200

Ad U fAEFel oigh CFD 2AR= COMSOL Multiphysics
(Comsol AB, Sweden)2] Chemical Engineering B-5-3 ©]-83}0] 4=
A% 1, FAlEE(C el Tt 221 convection-diffusion HW|E- &
o] Akt o] Bl 7y f EEAEEETE vl 2
FFAz1Y F2-5-22] (adsorption isotherms)©] A3dolet= 71y

aellq thest o] gelgit.

oC,
=_uVC,+V-(D-VC 4
( & ) ot uviy ( ) )]
of7JelA] Kiz AHERAS, us S D AR AL, D
A
[e}

= SARARAA AR

Fig. 3& =254 785 Lﬂoﬂ"iﬂ FrAlE =l ik 221 A
X (concentration contourys HOIFTE FA U5 zone 1%
TEE] 3, FEEE EAE zone 112 Edt FUEFx) 2
AR (y)2 2] ko ® Qlste] A4 s A E M
Cmax=0.0965 mol/m’ye AR Sh= T AlS HolErt,

3-3. SHZAL

AP P 7Pgstel ol g Al digk &
2 A9 W FERBKC e A @2 AR 1Rl Hujia
AAog TFEC}

(1+1 gbK)aC 4, %€, 2p €
€ ot ox Ox “0x

oA71A, =

A, xi= 4] S o), C s FHE A A
=T LSS TELT

ﬁ‘fj—’] J‘ﬁ%, VL‘—

- 8b "] }\
2 ojwgic) N EAE A

U B
n' =KC, (6)

A7|ellA n"E el Sl FA F
AFEgt ARPARA FAlel glom, 1 HlHATE S22 K)
oJt}.

P BAL Al A Hr B A (S FA1A A7) CE/
SE(Conservation Element/Solution Element, [27]) B2 o] 83h=
FAST-Chrom/SMB® AXFEITE, Table 3& F4FAF ©AlolA Ho
sk JERES Holo, A9 7] 9 RHHTE
WAl ARE-SE gk Ut ghEelth

4. CIE5H2 2AREY} 3 E

A 1% thEiE AR BAle) B Abo]elA
o o] AREA dghth. gt BARAI Qe
SEFAHILRSE RALE 240 D SHFRAL 0,
724 WA ol el shalel Ak, felt
DAY BRRASN Qo Asior AT g
oIt

Time=2 Contour. Concentration, c [mol/m 3]
as =1073 Subdomain marker: Concentration, ¢ [molfm3]
4
3.5
- 3
&
'ﬁ, 2.5
8
i |
2
1.5
1
0.5 Zone I
o
-1 -0.5 o 0.5 1 1. 2 2.5 3 3.5
=
Length [m] =10

Fig. 3. Concentration contour at t=2s near the column inlet(—0.1<x< 0.4 cm).
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(a) T=240 °C
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hexaneDensly
- 2500

- 16751
- 1200
- B.20e2
- 1000

(b) T=265 °C

Fig. 4. Density field for n-hexane adsorption on activated carbon obtained from GCMC simulation.
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Fig. 5. Adsorption isotherms constant predicted by GCMC simulation.

4-1. S2EER(K)

Fig. 4= 257} 240 °C, 265°C & W] GCMC XA} A= unit
cell W &/ etel] Sz SkEAke] U (molecular density)ll ths}
o] RojFrt A ek S2E n-hexane?] GRS T=240 °CollA ¥}
T=265 °CellA] t] Zojx]= A& &R13 = Qlrk. Fig. 5+ n-hexane
7FEE(C)E W3k 7P GOMC FAFERE 4L E2 20’
mol/ly& HoFth, BALS] AAAdE gl fl8l Haelixl &
TzolA, 7 Lol diel] Al W o] BAE WEEaL, 71
Sof] o3t Ak o] ghe] HH ke A8 39 (linear regression
method)®. = 75+ A419] 718717} 25 2AFK)OIth. Fig. 50l
M= 52325 tigt BALe A9 7F FAE o] Qlek. 3 o]
o] wkEE DAlollA oF £31%2] @xp7h WHAYEISIT),

Ao 2 1E] 12} RHEHR5] sto] T3k T2 &S
(Ko™ e GEMC FARE E8to] T8 Gh(K g™t Thedh &
HAE ZH=tH4).

riginal 1-¢
Ko = (-E'—b) PpRGeme @)
b

web] SEFAAR] e ke wARk vlusk] st
Thgst e o] ol

Table 4. Comparison of the adsorption isotherms constant between
experiment and simulation

Temperature  Experimental value  GCMC simulation value Error-

(T, °C) (Kexp) Keeme) (%)
240 6,351.9 5,985.9 -5.76
265 2,932.1 3,003.1 242

*Error=100x(K gepe— Kep) / Koy

Koriginal
K., = _@VLI b 8)
pp —&

A (8 Fskel 78 AFE(K,,,)T GCMC o % AAEE
FARK(K Gene)e Table 4014 HoJETh, 7 252 (T=240, 265 °C)
o AR} BARE Atole] @xk= oF 6% IRt R A, Wl
2 A AE TEFAAT el BARANE Fate] o
Zict,

TARARS 5810 Poltl SE2F T Koewo= 2 9 5l
A fAele BAF 9 S BRI A 242t ARgEojxIT), BEEE
Aot mAatelA oS58 FSHAlTE A (5)elA AR E R
2, FHRAL GAleIA LR sh= BIz) glo] 2R RS ¢
Aolr Aot wpebr T RALl = Fojx AAIALe}L B
dRIAfE upgo R ¥z e FAN TS A5eith

1

s
9
g

4-2. n-hexane SEZTHY M HASE =M

Fig. 6= t=42, 532, 712]3 1,402% 9 ), A W n-hexane?] %
£(1.32%107°<C ,<5.16x10° mol/l) A& HojZr}, 239 fA| &
ol fF9I-oF fEFelM waksls @S #Ee 4 Qlct. o,

ek wl waplak s AT S50l 9 23 Bl
E@ el Sdskes 2 Hc)

T=265 °CE A% AHOZ §% 50 mi/minCd-2olM 32+
S Wk Z0E AAGEEAL W FHRAIA ARSE wo
265 °Cef| tiste] BAg% F% Q=90.27 ml/minS ARESITHO F
F23 = FE7A0 0.1 pl9 n-hexaned BA He|z FU3
S wo] IS S5 Fig 704 HolE: AHAT = A
2kl WRE TCD Al ghog BAlEW, FA1998r mAlel 37 mAt
A= A7) gk AR n-hexaned] F% o2 THFCH

fr 4o
%

o |of
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Fig. 6. Concentration contours of n-Hexane along the column at three times.

Signal Ch-Hexane [mmol/ml]
1712 1 9.00E-07
8.00E-07
1702
1 7.00E-07
169.2 1 6.00E-07
—¥— Experimental
—+—Process Simulation 41 5.00E-07
1682 - —o— CFD Simulation
1 4.00E-07
167.2 3.00E-07
1 2.00E-07
166.2
1 1.00E-07
165.2 % 0.00E+00

20 25 35
time [min]
Fig. 7. Comparison of the elution curves between experiment and simu-
lations at T=265 °C(Q=50 ml/min at 25 °C).

2
H

: 1.3240-4

Table 5= Fig. 7014 ®oiFE f&=A0) tjslo] 12} RHE H
AFAlRHe} 22k RREADE APk vl BApdvke] @)
S vehdch FRAFAE FEEAL B A0S BA )
7} A3gk nlawsto] oF 17%2] eakE HolFEt Bk A% (2
A SRIE Y= G Al FAIREe] vl aske] 2 EHXLE SRS
o5, FHRAL W fAdE Al e FEAAFE AR
7] o]l vlSEt 9 A7) ubgEhe),

Table 6°lX= Theket AN (F 7H] =04 22t 4719
) 128 2AlE ghol] tisto] AR FHRARES vlasith
T=240 °ColA= ©F 0~10%2] @AFE BT, T=265 °ColA =
oF 7~20%2] A= 18k 4= it} o]ejdt ea= F= ok 6%
o] SEFHATE Alolel 71Q1%k S 0w keIt Table 6
NN fogy eon2t Ol TIEE ©2H= 5 Zol] HAISIA T, o]t
O|E &t 2AHCF 8%} 1%)= SEHHAG 02 e & wiel
Bk T=265 °ColM 9] AjH o0& & k= BHIE o] 225004
AR RS F ALl AREElE 4] (5)9k2] AjololA] 7]
Q1Y

L

.

Table 5. 1 and 2" moments of the elution curve at T=265 °C(Q=50 ml/min at 25 °C)

. Process Simulation CFD Simulation
Experiment
Value Error (%) Value Error (%)
1% moment (mean residence time, min) 14.14 16.49 +16.62 16.61 +17.47
2" moment (dispersion) 20.00 14.10 -29.5 13.37 -33.15
*Error=100x(Sim. Value — Exp. Value) / (Exp. Value).
Table 6. Comparison of 1° moments between experiment and process simulation from n-hexane elution curves
Temperature (°C) Flowrate™ (ml/min) 1% moment of experiment (1 .., 1% moment of simulation (1 ;,,) Error (%)
240 30 52.60 (62.23)" 57.50 +9.32 (-7.61)™
50 31.41(37.34) 34.40 +9.51 (-7.87)
70 22.79 (26.67) 24.57 +7.81 (-7.88)
90 19.17 (20.74) 19.08 —0.47 (-8.02)
265 30 22.76 (27.40) 27.40 +20.39 (+0.01)
50 14.14 (16.44) 16.49 +16.62 (+0.31)
70 10.50 (11.74) 11.76 +12.00 (+0.16)
90 8.53(9.13) 9.14 +7.15 (+0.08)

“The flowrate at the room temperature (25 °C).

i : 1* moment theoretically obtained from Eq. (5) without dispersion.

exp.theory*
-

Hk t,s‘im exp, theory

x 100

texp. theory
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: inlet concentration [mol/l]

C, : concentration in fluid phase [mol/l]

Cumex © Maximum concentration at t=2s [mol/m’]

d : average pore diameter [A]

D,  :axial diffusivity [cm*/min]

d, : particle diameter [cm]

D,, : radial diffusivity [cm?/min]

ID : column inner diameter [cm]

ID,,,, :inlet/outlet inner diameter [cm]

Kz;ligi""l : adsorption equilibrium constant [m*/kg]

K.,  :converted experimental adsorption equilibrium constant

Kgeye ' adsorption equilibrium constant using GCMC method

L, : column length [cm]

L,., :inlet/outlet length [cm]

Mw  : molecular weight [g/mol]

n' : equilibrium concentration solid phase concentration [mol/l]
P : pressure [atm]

Q : flowrate [ml/min]

Q.. Hexane - flowrate of n-hexane [ml/min]

S : surface area [A?]

S : specific surface area [m?/g]

T : temperature [°C]

[ : 13 moment of experiment [min]
t

expiheory 1° Moment theoretically obtained from Eq. (5) without
dispersion [min]

: 1* moment of simulation [min]

U, : axial velocity [cm/min]
u,, : radial velocity [cm/min]
U, : X-velocity at zone II [cm/min]

d kS I U BAF: EPdRlelX 2] n-Hexane g2l Tt Al 1093

A\ : volume of unit cell [A3]

Vieea  : volume of feed [I]

v, : total pore volume [A]

w : weight of unit cell [g]

X : axial length [cm]

Jz|o|A 2Kt

€ : bed voidage

€, : particle porosity

Prnexane - N-hexane density [g/1]

Py : apparent particle density [g/1]
e
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