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Peculiar Diffusion Mechanisms within Micropores of Zeolite Catalysts
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Diffusion mechanisms of hydrocarbons within zeolites, especially MFI-type zeolite, were investigated by dis-
criminating intracrystalline diffusivity from effective diffusivity. Intracrystalline diffusivity directly represents
the mobility of molecules within pores. Effective diffusivity is obtained by multiplying the intracrystalline dif-
fusivity by a partition factor given by the ration of the concentrations of molecules in zeolite crystals to that in gas
phase. Intracrystalline diffusivity was the main subject of this study.

Diffusion within MFI-type zeolite is dominated by the following mechanisms: (1) configurational diffusion, (2)
resistance to mass transfer at pore mouths, (3) adsorption-controlled diffusion and (4) co-existing molecules with
slow diffusing molecules. Intracrystalline diffusivity in the adsorption process is lower than in desorption
process for (1) and (2) if the minimum molecular size is larger than the pore diameter, such as ortho- and meta-
xylenes. The resistance to mass transfer at pore mouths becomes dominant in the adsorption process. This ten-
dency is also observed for paraffins. Model equations were proposed for evaluating intracrystalline diffusivity
based on the molecular size, molecular weight and pore diameter.

Overall intracrystalline diffusivity for (3) is correlated with the configurational diffusion and the trapping effect
on acid sites. This effect disturbs the mass transfer, especially at temperatures below 573 K, for aromatics.
Similar effects are observed for lighter paraffins and olefins within MFI-type zeolites with metal cations.

Intracrystalline diffusivities for (4) for silicalite-1 in a multicomponent system were measured using a new de-
sorption under reduced pressure method. The diffusivity of the slow component in the multicomponent system
agreed well for that of a single component. However, the diffusivity of the fast component was largely
decreased by co-existing slow molecules. A random walk simulation and an empirical equation could explain
this tendency.

Effective diffusivity was calculated from the intracrystalline diffusivity and the partition factor, which was
obtained from the adsorption isotherm. The partition factor suggested a marked condensation effect for MFI-
type zeolites.

Intracrystalline and effective diffusivities for beta- and Y-type zeolites, and mordenite were also investigated.
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Fig. 1 Pore Volume Distributions of Catalyst Particles Obtained

by Pelletizing MFI-type Zeolite (MFI) Crystals under
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Fig. 2 Structure of Catalyst Particle of Zeolite and SEM
Photograph of MFI Crystals in Slab Shape
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Table 1 Experimental Methods for Measuring Diffusivity

Technique Viewpoint Ref.
Pulse field gradient NMR (PFG NMR) microscopic 7
Quasi-elastic neutron scattering (QENS) microscopic 8
Gravimetric method macroscopic (transient) 9
Constant volume method macroscopic (transient) 10
Frequency response (FR) macroscopic (transient) 11
Zero-length column technique (ZLC) macroscopic (transient) 12
Chromatographic method macroscopic (transient) 13
Wicke-Kallenbach macroscopic (steady state) 14
Effectiveness factor macroscopic (steady state) 15
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Fig. 3 Apparatus for Measuring Intracrystalline Diffusivity in

the Adsorption Process
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Fig. 4 Apparatus to Measure Diffusivity in the Desorption Process
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Fig. 5 Uptake Curve of para-Xylene Adsorbed onto Silicalite-
1 (SL) in the Adsorption Process
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Fig. 10 Arrhenius Plots of Intracrystalline Diffusivities of
Paraffins for Silicalite-1(SL)
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Table 2 Activation Energies and Frequency Factors of
Intracrystalline Diffusivities within Pores and at the
Pore Mouth of MFI-type Zeolite without Acid Sites
(silicalite-1)
Do/AL En Dy E
Hydrocarbon /o gemol™] (m+s™] [kJ-mol ]
benzene — — 9.5%x 1071 16
toluene — — 8.5x 10713 17
p-xylene — — 7.5 %1071 18
m-xylene 8.8x 1077 32 6.5%x 1071 23
o-xylene 1.3x107 31 6.5x 107" 23
n-hexane — — 3.4x 107" 18
n-heptane  1.5x107° 24 23%x 10712 21
n-octane 1.7x107° 33 1.7x 1072 25

D = Doexp[—E/(RT)], Dn/AL = (Dno/AL)exp[—Ew/(RT)].
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IR BB TN ORI DI EP L T2, £

ZT, Fig BOL)ICERBKETEZEA T A MFLIC, A
EPESTICBERZ D, ZOETFNVTIRIETO% ﬁfdm

HIFL D intersection \ZAFTET % 40 F-ASHAL 2 4 LI % A3 5 B
%9 % intersection | BT 5 L E 2 Do MIFLNOHKE S NI EL
{285 DY Arrhenius B! (D = Doexp[-E/{R.T}]) TZE 5 & LT3

ML, EBERIMHETAZ LT, HHbAVF—-E
EHEIE N Dol Eqgs. (12), (13) @ & 9 12T 4 X L fI4LIE
IR DIT 5 2N TE B,

(FFE )
E = 4.0%102(dm — &d,)? (L/dim) (12-a)
Do =1.2x107"%(dw — &d,){ L/ (Mdin)}'"* (12-b)
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Dy =1.7x107'(1=0.28 Ln/dm )(dim — &, ){ L/ (M)} (at 873 K, G = 0.034).
(13-b)
- - . . % ey P Fig. 16 Arrhenius Plots of the Intracrystalline Diffusivity of
S 2T, di MELORILEE (0.55mm), &d: HAVHILEET 3? Y Benzene for MFI Obtained by Heating a MFI Sample
§=0745, Lo ILED T-ORRIR S, du IR T- OB TAE, (PZA0H) in Steam at 1 Atmosphere Pressure for 10 h
M: 3 F8Td b, Fig. 1413 Eqs. (12-a), (13-a) D EERfE & O
MR & 25, IHMELT 4L F = HHHLB & O FDIRIR & %
IR L CW A 2 e Gh 5, DIRIIZRAET 52 8T, ZNHGDOEEDE 7 5 L [AKEC
4.3. ERALERRICEZ 5BADTE > OG- FOWHEHET LI LILEbDTH S,
Fig. 15 I3 S =D 5 MFLIZDOWT, N2 ¥ > OfE5EMN [ 1% 4§ % MFL QRS S NILHEREL D 13 Eq. (14) THRE 5,
PLHSRELD Arrhenius 71 v P EIRT o G [ XHERMEEZRT L/D = L/Dsy + LIDyia (14)

WBEHAIEIET B L, REHTEIIATIA I LS WEE Z 2T Dsy (ZTERIEFC R T 2 4G I FRETH 1, 4.2,
IR o & HICEDOFHEIBUIE L EAEIINT 5 125 U THEiRMic > i CH Y o 72 E 2R WML (V) A T4 ) OfFE,
7 MNT b, ZOfENIE, PZ4OH ’27J‘<7<’7<:n9&ﬂ3 LChmBg s e WNIEHURER LS D TdH D, Figs. 15, 16 D D & Dg. DiH
WA SR 7B OV T R ICEIZE S D (Fig. 16). 5 Dyia B S N5 o R BV TIEE S EofRIcL b

IR BB TR énéd\éwwﬁ%« B, IEEEASILN IEEHEO BB K E (R, FUd Eq (14) 481355 1 IH
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Table 3 Activation Energy of the Intracrystalline Diffusivity
(Dacig) Due to Adsorption-controlled Diffusion

Activation energy, Eqcia [kJ-mol™]

Sample
benzene toluene para-xylene
PZ40H 48+2 51£3 58+2
JRC-Z5-70H 45+2 504 55+2
JRC-Z5-1000H 44+3 49+3 53+3
PZA40H-S7 48+3 53+£2 55+2
PZ40H-S8 45+2 53+3 54+2
mean value 46 51 55
0.06 | }
adsorbate benzene
) 1 T=473 K
O ) A : b23 K
/ m: 513K |
L VWY 623 K
— 0.04 & 613K
e 9 f’
= A
- ,
S
~
ey )

0.8

*O
U’-b-

sure,fz /kPa

eqU|I|br|um pre

Fig. 17 Typical Adsorption Isotherms on MFI with Acid Sites
(PZ4A0H: open keys and solid lines) and without Acid
Sites (silicalite-1: closed keys and broken lines)

D LIDs. 55 IZHE L TINS5 2 L TR
b,

B ECOMmEITHET B8 NILHR L (Daa) 2°
Arrhenius . CTEE L L LT, ZOHM L= AN F— (Ewd) %
KO 7R %L Table 3 1R, IHMHALT AV F—fEid 7o b
VIO MFI ThE, ZORREIZEFRR L, EHGTORIC
AT %

WS FHBERETHEEOWHETY ¥V E—% —AH,u
THET L, PG T3 expl-AHad (R (21 2 BEH] O W
HLRIZ, BET 5. IHUREIZEE S BT OMmMRERIC L
BI52HZLEERDE, D DIFHALTZ AN F— (Eua) 13
BT HIVE— (=AHuia) 1CEL LR B,

Fig. 17 I MFL DWW, WA AT 5 b O (H-MFI) L[
HEALBEWLD () HF4F) NOXYE Y OWAESR
ERT o MRIEANOWFEEII I E D key & B E D key DFEIC
EoTHESND, E L7 HENFEIIC B TS SR ifm?f/
TEYE, ZOHEPSBE~NOWHEL Y F VE —-HEIES
%o ZDfEi% Table 4 |Z7RT o FRIENOWAEL S ¥ )bt“—@ﬁ
1& MFI O 5RE s 12 BIFR 22 SR 3 T D HNAKAF T 50 F 72,
Z DAl iT?F.E’éi(Lé L) ICE A O RE I & 2 SRR
BRI (Duia) DEHEALZ AN F— (Ewid) OfE (Table 3) 125
Brh—HLTwa,

2 JHD L/Dycia
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Table 4 Adsorption Enthalpy

Adsorption enthalpy, ~AH,ciq [kJ-mol™']

Sample
benzene toluene para-xylene
PZ40H 43+1 54+2 54+2
JRC-Z5-70H 44+2 54+2 56+2
JRC-Z5-1000H 42+2 51+2 54+3
PZ40H-S7 45+2 52+2 56+1
PZ40H-S8 42+2 5143 55%1
mean value 43 52 55
-3
10713
R R
- <
| INes
‘ o0 B
_14 Vi
10 ‘; N 2 . toluene
I - . )

™M () = para-xylene
g \O‘ (L)

HI 1 O I I O B B A

toluene -
= paraxylene (PZA-S8)
L‘ (JRC-Z5-70H) ‘1
" —— predicted line
1076 B ‘
0. 001 0.002 0.003
71 K1

broken lines: Arrhenius plots of the diffusivities measured for
silicalite-1 (SL).

Fig. 18 Comparison of the Predicted Intracrystalline Diffusivi-
ties with the Experimental Data for MFI with Acid
Sites

ko X912, BREEA T 5 MFI OIR
wx, P \%@ﬁ HETomEIz Jiofxﬁﬂéﬂ Z DM
L AN E—EEANOEET Y 7 )L — —HTHZL
DB o F72, Duia D Arrhenius ﬁ@%ﬁ@flﬁﬁ Daciao |- 18
BRI L, FOMBRENCEY, VIV, para-F L
IIDOWVWTRD Tz, TNODOFEREEIMT D L, D ld Eq.
(15) CRtfE s,

TEIR D 5PN DL

Dicia = Diciao €xpl—Eacia/ (ReT)] [m?s7'] (15-a)
Euia =—AHua  [kJ-mol™] (15-b)
Dacido =0+ /G [m?+s7'] (15-¢c)
a0 =2.7%x10"" exp[0.065Euia] [m?*s™'] (15-d)
B=4.8x10"*exp[0.11Eia] [mol-kg™'] (15-d)

Z 2T, GpldidfEeE [mol kgl TH 5,
HEBEOEFEBETHLINCY Y, MVILY, para-F T L Ui

Egs. (12), (14) B L OV (15) 2l \w2 2 & T % A& 5 MFI
DFEFPNILFARE 2 HER L 7245 R % Fig. 18 DEM TR, ™

HOWRIZS ) I T4 FOEBRETH 5,
WEEBRE R RAFICERIT 2 2 L0905

HERIG IO/ T-31E MFL OMIFLE & 1EIE—F% L Tw
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Fig. 19 Arrhenius Plots of Intracrystalline Diffusivity of
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Typical Transient Changes in the Amounts of n-
Heptane and n-Octane Remaining in Silicalite-1 in the
Binary Component System
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Fig. 22 Effect of the Number of Co-existing Slow Component
Molecules on Diffusivity of the Fast Component
Molecules in Binary Component Systems for
Silicalite-1
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Fig. 24 Lattice Model of the Pore Structure of Silicalite-1
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Fig. 25 Typical Transient Changes in the Number of
Remaining Fast and Slow Components in Single
Component and Binary Components Systems for the
Lattice Shown in Fig. 24
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(U LH1c, FEHMSNE iy (i=F, S) OSHMNILER
Bolt (DwD) 125 L,

(Di/S?) Dy _ Dim

D1y~ DT D

2D XL TKD 72 Dpn/Dr & Dsw/Ds % % 1L 11 Figs.
22, 23 DFEHTRT,

O — 7 75 MFL O #5 il WL EUR B o 21 2 =3 U & R
1229, Fig. 22 OFEHR % F v TH WG T 0K SN ILE RO —
15355 & Bl RO (Dpn/Dr) 122 T Eq. (18) DFEERN %

1572

(17)

Drn/Dr =1/(1+ KMs) (18-a)
K =58[1- 0] De/Dg > 1 (18-b)
T, Ms zil_wﬁj‘%@ﬂ&ﬁ%g [mol-kg™'] # %7, Fig. 22 D
WAL BEq. (18) TRIE L2z KL T2, /2, MHol
(e0) i:—71¢%®t~ ARLTBY, 5T E%3x10°ke-
kmol' & L TEHAE L7256 %R T,
4.5. MFI OFHLERE
Figs. 26, 27 |3 ZNZNEH MFL (X & MFI ik Figs.
19, 20 LA L) ~NDEMIST T4 LT 4 v ORFESR
WAEIRT o WA ERANE Henry B & Freundlich TIZ K & 43l
bND, TNOMAEERRD/INT A —% —% Tables 5 & 6 (C
FLDb, REDNT A= =% 5 I LT, Eq(19) 256
SRR (H) 25tH 5528 T& 5,
(Henry 1) H=KuRJTp [—] (19-a)
(Freundlich #1) H = (KeR,Tp)P""™ [—] (19-b)
ZIT, pld MFIOHEE (179 x 10°kg-m™) THb, D%
MRk (H) %S MNILHR IR s 5 2 & THRIL R
(Detr) DR TE 2,
Tables 5, 6, 3 X 0" Eq.(19) % T Fig. 19 O 5 AL
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Fig. 26 Typical Adsorption Isotherms of Paraffins on MFI
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Fig. 27 Typical Adsorption Isotherms of Olefins on MFI
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—), BEITFAVBLIOTU L EHT S MFINOF L
74 Y OWAELIRKUL Freundlich T4CT# % (Table 6), + D7z
%, Eq.(19-b) 555705 & 9 W BUR DS E IRIEE 2 #5 5
FNHERILERE DN L o THNE, TDLH IS
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Table 5 Parameters of Henry’s Constant

Pre-exponential Adsorption
constant factor, enthalpy,
Sample Molecule Ko _AH
[mol-kg™'-Pa™'] [kJ-mol™]
SL CoHs 1.4 %107 28.9
C;H;s 5.6x107° 29.2
CoHy 3.3x1071° 33.8
H-MFI CyHs 7.9% 10710 31.6
C3Hs 2.6x1071° 40.7
CoHy 2.5x 107 58.7
CsHs 4.6x 1071 72.6
Cu-MFI C:He 1.1x107 30.4
CsHg 2.0x 107 33.6

Henry’s constant: Ky = Koexp[-AH/(RT)].

Table 6 Parameters of Freundlich’s Constant

Sample Molecule T/K Kk 1/n
Cu-MFI CoHy 473 0.03 0.3
523 0.028 0.17
573 0.028 0.15
598 0.024 0.15
623 0.022 0.15
C3Hs 473 0.10 0.50
523 0.069 0.40
548 0.049 0.37
573 0.043 0.35
598 0.035 0.32
623 0.029 0.32
Co-MFI CoHs 323 0.028 0.56
348 0.0013 0.56
373 0.0010 0.60
398 1.5x 10 0.74
423 49%107° 0.82
C3Hs 373 0.0026 0.60
398 0.0013 0.60
423 0.0010 0.60
473 1.1x10™ 0.75
523 9.8 x107° 0.94
CoHy 373 0.052 0.097
423 0.029 0.017
448 0.019 0.24
473 0.016 0.24
523 0.0027 0.51
C3Hs 473 0.038 0.39
523 0.014 0.39
548 0.0090 0.45
573 0.0053 0.45

M. [mol-kg™'] = KrP.'", P, [Pa].

TEEL, ZOEMEL VIS L AL TREOMEEZRT
(Cu A 7 ¥ %2513 Figs. 19, 20 O Cu-MFI & [7] L 44%) ',
O, PR L OO ER S D EHE Lol X
{—HLTwh,

DEAREBIIRIR D X 912, ¥4 T4 M ERM OB 3
Fo TOMHIEEq. (19) 12X o TR SN DS, HMILERE L
FPIETR DI & D BB ICHER S5, Fig. 19 & Fig. 28
BT 5 LT, T T4 Y OSTREIE 100 FRETH D,
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Fig. 28 Temperature Dependence of Effective Diffusivity of
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Fig. 31 Intracrystalline Diffusivities of Mononuclear Aromat-

ics for BEA (H-BEA in Fig. 30)
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Fig. 32 Effective Diffusivities of Ethane for BEA and MFI
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for FAU
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Fig. 34 Intracrystalline and Effective Diffusivities of Benzene

for MOR
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