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3 Change in the benzene concentrations with
time. The benzene concentration in cyclohexane
solution at initial time (C,) were 142 mol/m® in
(a) and 113 mol/m?® in (b).
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#1 Adsorbents used in this study and these pore

diameter.
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[X1 4 SEM photographs of the silicallite-1, MMSS-10, MMSS-16, MMSS-18 and silica gel.
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5 Adsorption isotherms of benzene onto silicalite-
1, MMSS-10, MMSS-16, MMSS-18 and MMSS-22
in cyclohexane solution at 323K.

¢=KC (7)
ZZT, gk ClEENENEEIRE COIEWE D
W E, WP OWMEMERELZRLTEY, K
[(m’kg ' JIIBAESFRBOME TH S, ZOK LWk
HHO LT EE 0 [kgm™] OS5 RARK H
(=KXp) 2HMTHIENTE S,

M6ix3Izu, 2V, 7 uZIEMILRICBT
R OEMOWHREOT L= 271y
ERT o MR THE L 72 silicalite-1 fFLPIIZ BT
LRV ORI Y, RBEOOIZRL T
5o ZM, WA T silicalite-1 MIFLINIZ BT 5 35k
BRI —-ARoBERTHE SR TWL, Zhig,
silicalite-1 DFMMFLEAINR Y ¥ ¥ 3 F O R E X & JlfE
JECTH D720, WA OG5 THVHILN~K DB, 5
TS 2 T3 1 D 1 D205 720N
W2 AHOIREEIC X & LN T3 R — D JL B &
bz THIEEZONL, MILBICHHL
323K (2B 2 XV ¥ ¥ OMSLNHARIEL B AR B E T
3 % &, silicalite-l 1 1.2X10" m% ™ TH o 72
DIz L, MMSS-10, MMSS-16, MMSS-18, MMSS-
WDAVE—=F AL A TIEENREN 83X1078,
59%107 20%x1077, 21X10 " m% ™" & silicalite-1
DL IFITHE L VHAZENR L D ENEFE SNz, F
7z, ALY CUEIE &R AR 2 TR 3 5 £ & 2
Shn~raflz AT 5 Si0-AlLOs 7-AlO; Tid
FNEFEN 42X107° 15X10™ " m%™" & silicalite-1
RRAVKR=F AT HOEITHER 107 K E WA

Temperature /°C
108 400 300 120 80 50
Molekular Diffusion _,';
in Liquid phase
% 100 | (Wilke~Chang equation)/'m |
£ A0y
a . Diffusate: benzene
= SI07AI05 Solvent: cyclohexane
= qot2 | _
(2]
2
[} Vapor phase Liquid phase
2 10 | 4
o silica gel
w
2 silicalite-1
o MMSS-18
£ 107 - v |
MMSS-16 47
108 ] 1 HI ]
1 1.5 2 25 3 35
103X T1 /K

6  Arrhenius plots of intracrystalline diffusivities of
benzene within micro-, meso- and macro-porous
materials.

BoNize —K, WM TOHTFIRAREIL Wilke-
Chang % (X (8)®2h 5 Eh 5,

D=74X10""(BM) T/ V3 (8)
ZZC, MWD 515, g SRR, Vi (38
Wb BIC B A O E VHERE, B3I &S
WY CHBBEECIZ 1.0 TH 5, X (7) X hiEREL
TeRVEY/ T 7anFd CBERPONYE YO
R 2 2R $, Si0.-ALO; % 7-AlOs D45
FoAREL (ZER L RO E 2 ATV S) 1E
BLEARETHLZ LD, WHROWHURED
HIZENZ E Db b,

4 7 1% 323K TOWARILBARE S & CIHUR D
L= AV F — LIREH OMALED R E R T,
N Y Y OPFAARBIAILED KR E % 5120w
AVIFIRCTHOT PN RY, ZOBKEL R
LI Ebhol, T, 7 uflE BT HL4LEK
TR IZ— M E L 5 2 Ldbh b, i
B OB AL AV F =12 HT 5L, 3704l
M TIE A VILE Y 7 g fLEER L D bRV EE R L
72 —H, AVAL~=7 v{L#EBIZ BV OE LT
ANF—FHILEDSKE L LD IO THT TN
S %2500 ZDOMITKE L ENIH SN2 5
770 EMWE TH HNR VY YO T I silicalite-1
OHMFLELHBREETH L7120, XVEVHhT 121
DA silicalite-1 DMMFLEE & DY BLAYHHT % 58 < Z1F
LA HMFLNZ PR L TB 0 i b R L F =13 £



52 £+ 5 4 b 6)

108 ———rrr———r—— e 25
¥-Al,0y
gw“— A - —20
£ \ 7 SiOAl,04
2 ! /
> \
=10 - \ / 115 =
2 \ / 2
o ‘\A / 2
£ 10" L -
£ 10 M — 10 W
ow S~
2 T A=A
8 siicalite-1 ~ MMSS-18 silica gel
§ 10-16 - n 5
{_MMSS-22 o
MMSS-10 MSS-16 )
1018 P EETTT R TR RTIT] T |
0.1 1 10 100 1000

Pore diameter /nm

[X| 7 Relation between pore diameter and intra-
crystalline diffusivities, and activation energies.

YV, %7 0l TOMIZHRENEE oot E 2
SN, —F, AVR=F AT I OMILRIZN Y
Yooy r7undFH ronfFIIciERLTREN
A, PEHIE B X A O 5T ASHIFLEE SIS 3 B
CETHTDIET B 720 DEMEINEL Y,
PEE RS AFLEE 7200 T2 HIFLEEL WA L7225 T
L DOVARBEE AR ZU RS ILET A 720, JiLik
BREAVNE L oozl E2 N5, T2, TR
FTREZ V2 Z LT, WHTO YY) B LRI
NOXR Y ¥ OUFREE Pl 5 2 EATRETH
5o

AR T OMALN L FERE 135 T o3 B AT R
EALFE D K/NBIARIC & Y AR B #EIR, Knudsen
PLHCGE, B, 4 THEEEERIC S E S Ty
5% AR BT D S & FIRE T BB 1L,
TR, BRI, A TSI A dH T &
5LEZOLND, M IZHKHEIRICHBIT HMALATO
WHEEED A X —VERT .

4. HIFBEHEOETEN

MR X 912, A VLA TIZHFLEE I 2 ML
BEICWEAE L7250 T & O AR ESIHR U B %
JelZ ¥ BHEORBBIBBEOBIEIC L V2T 2 S
EDITFRHENL, AVR—=F AT AIIZFDOEMH
TENVT 7 ARTHY, RO T 7 —VEEHL
TWbZens, FIAREEZRTILEBHONLTY
bo FIT, AVR—F AV HMFLER & BED
BRI V¥ v OB R TIEEICONWT

(a) Configurational diffusion region

bulk phase
4

silicalite-1 crystal

micro-pore{ — [T 4’ J
discrete

(b) Transition region
Effect of g‘ore wall

meso-pore { S~ ~
Meso-porous material

Interaction between molecules

bulk phase

@1/

(c) Molecular diffusion region I/bulk phase

Sy L
i ~7 -—crystal

8 Liquid phase diffusion models in (a) a config-
urational diffusion region, (b) a transition
region, and (c) a molecular diffusion region.

Mt Uize BBHCIZY 2 anF v X0 S #kt%
ATHEEZONDL AL )TN —LEWT,
B9 1% 323K 12 B1F B X ¥ v DL AR B
LWAEHIOMILEDOHRE R T, I 70fl2HT5
silicalite-1 TlX, BHEIKS TRV ¥ ¥ OHMFLAEL
FARBIRIZIZHE LA R LTS, ZHUETNRO
B, XU VTN silicalite-]1 OMIFLEEE 131
LW, MALNTIES T 12 1 20 L7z
& E%b720THb, LrL, 2Vil~<27 il
DB TIERYE /AL TaR ) = VRIER V¥
Y/ anFY LR EFBIIN VY Y ORHAREL
EHIFLED 2~4 nm D A VTR E Y, 4nm
XD HFLEDTR & VT, MILESKELS RS
WZONTHBIRBASKREL D, £LT, 4V 71
IR —VERBEICHWS Z LT, NUEYOUER
Bz ERWIThEL b2 Ldbh oz Si0:-
AlO3 % y-Al,O; DFELTIE, ZEPMMENE 72 5,
X 10 1x, —fl& LT MMSS-16 % W5 #12 v
WD, Xy¥ /4y 7anx) =)k XU¥
/Y7 anF I URICBIT LN Y Y O AES
WAERT. REXYRVYE /4y Tan ) — VRO
NRYBUVWAEREINVE /v ransd Rk
RENZ EDDN DL, AVER—F AT A IFMILE



(7) Vol. 28, No. 2 (2011) 53

107 T T T T T T T T T T T T
macro-porous
material
10° ]
“—g
,/7
11 /7
101" ¥ -
/I
///
;
meso-porous 77
y . p
101 silica /7 -

10-15 |- Benzene/Cyclohexane

silicalite-1

Intracrystalline Diffusivity, D /m%s-!

1017 “<—BenzenelIsopropanol

10-19 IR RSN R AR A T AR R
0.1 1 10 100 1000

Pore diameter/ nm

9 Intracrystalline diffusivities of benzene within
pores in cyclohexane and in isopropnaol solution
to the pore diameter.

2.5 T T T T
O @ 323K
Benzene/Cyclohexane © A A 353K
- 2+ \ Om393K
o :
s 15 B
2
3
£ 1
e
3
1]
<C 05 A g .
N
Benzene/IPA
0 1 | | |
0 100 200 300 400 500

Equilibrium concentration/ mol m-=

10 Adsorption isotherms of benzene onto MMSS-
16 in isopropanol and cyclohexane solution.

Bulk phase
CHs
HO™ “CH, . OF H /~\[ 4 Effective pore
""" I diameter for
-F-¥. benzene diffusion

11 Image of diffusion mechanism of benzene within
meso-porous silicas in isopropanol solution.

MY /) —VEEELTEBY, Yr7anFt iz
WA T a8 ) — Vo105 T 7 — IV FEEANBUKI

WA, WL TR, XVYEYOWAEY A1 b
WALzl E2oN5, 72, 4V Tuan
)= VDY T ) — VEAOWRE, FRHIZEY)RVE
YT B IO DHENENNELRY, XE¥
Y/ 7 aANF A VSR ASHITLNIEBR B AT
BlCeo7zbEz6N5 (M11),

5. BhWIC

% FLIE Bl & 22 RO T, ZFLIHIFLINY
TOERD I EEDOHHERE & 5 2 A% L,
PO WAL LR O L THRO TEETH 5. A
facid, MISLEE & I FEREOBLE D SRS
\F 2 ML O BE R 2 ARG L, WO R T o dE i
HiE 3 DO TE, IR HGEIE, BB
W, FULEEE L s LR L. FRIT, ZALE
DOMFLED IR FREL D D 2~3 R E VT
W&, PR FIMIFLEE WS U 720 F & o SARKE
R 2T LTB Y, AFLEmE & BAED
WIRE R 5 2 LT, IEEIE OWRSR, Rk
BRI T2 2 edbholz, 5HIE, €454
MMEEEZ IV, bR T Y — R Si/AL O FEEASHA
FOMFLAILEFI G F AT T B DO W T S H 1S
LTw&E7zw,

O

KT E D B I2H720), HHA VY R—F A
) A (MMSS) Z3RALTH & F L 72k asth S v ge
TWFZEit O 28— ALK 2 B D LCBILBH L L
FET. F72, ABIZEIEH T AL F— - RN
£ B ZEREHE (NEDO) % 18 45 15 7 SE 5 At F 92 Bl ik
i3k 06B44702a & JbilgE K= 7 10— 3L COE 71
7T A [EDS ST MR A S N—Y g V]
CPHRE 19~23 4EFE) 12 BT iR E T Y«
7 MG EREFEOWMBIC L W iTbhE L,

X

1) S. Al-Khattaf, Z. Musilova-Pavlackova, M. A. Ali, and ].
Cejka, Top. Catal., 52, 140 (2009).

2) G. Weber, J.P. Bellat, F. Benoit, and C. Paulin,
Adsorption, 11, 183 (2005).

3) T. Tago, Y. Nakasaka, A. Kayoda, and T. Masuda,
Micropor. Mesopor. Mater., 115, 176 (2008).

4) T. Kimura, H. Tamura, M. Tezuka, D. Mochizuki, T.
Shigeno, T. Ohsuna, and K. Kuroda, J. Am. Chem. Soc.,
130, 201 (2008).



54

=2

)

H
cexr

11)

12)

13)

14)

T. Yokoi and T. Tatsumi, /. Jpn. Petrol. Inst., 50, 299
(2007).

H. Jobic, M. Bee, J. Caro, M. Bulow, and J. Karger, /.
Chem. Soc., Faraday Trans., 56, 4201 (1989).

J.R. Xial and J. Wei, Chem. Eng. Sci., 47, 1123 (1992).
S.F. Garcia and P. B. Weisz, /. Catal., 142, 691 (1993).
W. Ostwald, Z. Phys. Chem., 15, 705 (1894).

D. B. Shah, C. J. Guo, and D. T. Hayhurst, /. Chem. Soc.,
Faraday Trans., 91, 1143 (1995).

L.J. Song and L. V. C. Rees, Micropor. Mesopor. Mater.,
6, 363 (1996).

D. M. Ruthven, M. Eic, and E. Richard, Zeolite, 11, 11
(1991).

M. A. Jama, M. P. F. Delmas, and D. M. Ruthven, Zeolite,
18, 200 (1997).

INIFFETE - NIBRWE, 454 FoRgr T8 #
Ak (2000).

15)

16)

17)

18)
19)

20)
21)
22)

23)
24)

V.R. Choudhary, D.B. Akolekar, and A.P. Singh,
Chem. Eng. Sci., 44, 1047 (1989).

R. Takahashi, S. Sato, T. Sodesawa, and Y. Kamomae,
Phys. Chem. Chem. Phys., 2, 1199 (2000).

Y. Nakasaka, T. Tago, K. Odate, and T. Masuda,
Micropor. Mesopor. Mater., 112, 162 (2008).

T. Masuda, Catal. Surv. Asia, 7, 133 (2003).

Y. Nakasaka, T. Tago, K. Yano, and T. Masuda, Chem.
Eng. Sci., 65, 226 (2010).

K. Yano and Y. Fukushima, /. Mater. Chem., 13, 2577
(2003).

K. Yano and Y. Fukushima, /. Mater. Chem., 14, 1579
(2004).

C.R. Wilke and P. Chang, AICRE ]., 1, 264 (1955).
WA, PO, KPS (1979).

Y. Nakasaka, T. Tago, K. Yano, and T. Masuda, Chem.
Lett., 38,1064 (2009).

Diffusion Mechanisms of Benzene within
Porous Materials in Liquid Phase

Yuta Nakasaka, Teruoki Tago, and Takao Masuda

Division of Chemical Process Engineering, Faculty of Engineering, Hokkaido University

In catalytic reactions using porous materials, diffusion of reactant and product molecules within pores
of the materials strongly affects overall reaction rates. Therefore, information concerning with diffusion
mechanisms is required for catalyst design. In this paper, intracrystalline diffusivities of benzene within
a series of porous materials in liquid phase (cyclohexane and iso-propanol were used as solvent) were
measured by a constant volumetric method to understand the diffusion mechanism. Within micro-
porous material of which pore diameters are close to benzene molecule, the diffusion mechanism of
benzene molecule in liquid phase is the same as vapor phase because benzene molecule independently
diffuses within the micro-pore. Intracrystalline diffusivities of benzene within meso-porous materials
were almost the same and/or smaller than that within micro-pore, though the pore diameter of meso-
porous materials are larger than those of micro-pore. Benzene molecules as well as cyclohexane were
adsorbed onto the pore wall of meso-porous materials, leading to a decrease in the effective pore
diameter for diffusion. Moreover, effects of affinity between the pore wall of porous materials and the
solvent on the benzene diffusivities were investigated and it was found that adsorption amount and
intracrystalline diffusivities of benzene are decreased by using hydrophilic molecule as solvent.

Key words: intracrystalline diffusivity, meso-porous silica, silicalite-1, constant volumetric method,
benzene
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