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Abstract—Nanoporous silica membrane without any pinholes and cracks was synthesized by organic templating
method. The tetrapropylammoniumbromide (TPABr)-templating silica sols were coated on tubular alumina compos-
ite support ¢AILO,/a-Al,O; composite) by dip coating and then heat-treated atG3y using the prepared TPABr
templating silica/alumina composite membrane, adsorption and membrane transport experiments were performed on
the CQ/N,, CO/H, and CH/H, systems. Adsorption and permeation by using single gas and binary mixtures were
measured in order to examine the transport mechanism in the membrane. In the single gas systems, adsorption char-
acteristics on the-Al,O, support and nanoporous unsupport (TPABr templating/\&D,0, composite layer without
a-Al,O, support) were investigated at 202°@0conditions and 0.0-1.0 atm pressure range. The experimental adsorption
equilibrium was well fitted with Langmuir or/and Langmuir-Freundlich isotherm modelsa-PigO; support had a
little adsorption capacity compared to the unsupport which had relatively larger adsorption capacityafu CH.

While the adsorption rates in the unsupport showed in the order~@®>N,>CH, at low pressure range, the
permeate flux in the membrane was in the order,5#N,>CH,>CQ.. Separation properties of the unsupport could

be confirmed by the separation experiments of adsorbable/non-adsorbable mixed gases, sieh asd3CTH/H,
systems. Although light and non-adsorbable molecules, such akdwed the highest permeation in the single gas
permeate experiments, heavier and strongly adsorbable molecules, suglaad CK), showed a higher separation
factor (CQ/H,=5-7, CH/H,=4-9). These results might be caused by the surface diffusion or/and blocking effects of
adsorbed molecules in the unsupport. And these results could be explained by surface diffusion.

Key words: Surface Diffusion, Knudsen Diffusion, Blocking Effect, Silica Membrane, Adsorption, TPABr, Templating
Method, Separation Factor

INTRODUCTION through various mechanisms: Knudsen diffusion, viscous diffusion
and surface diffusion. Also, the selective adsorption and surface dif-
The importance of membranes for gas separation has been incredigsion of more strongly adsorbed components can contribute to the
ingly recognized in many applied fields. Because membrane sysseparation of gas mixture in the membrane. Four different mecha-
tems as gas separation apparatus will be more or less competitivésms for separation of a gas mixture through a porous membrane
at small and intermediate scale level in which flexibility of opera- can be identified: (a) Separation based on the differences in the mo-
tion is desired, they may eventually challenge the present commetecular weights of the components due to Knudsen diffusion through
cial status of cryogenics and pressure swing adsorption (PSA). Futhe pores. (b) Separation based on molecular sieving caused by pas-
thermore, microporous inorganic membranes have attracted corsage of a gas mixture through the pores while the larger molecules
siderable attention for gas separation due to their excellent thermaire obstructed. (c) Partial condensation of some components in the
and chemical stability, good erosion resistance and high-pressungores with exclusion of others and subsequent transport of the con-
stability compared to conventional polymeric membranes. Manydensed molecules across the pore. (d) Selective adsorption of the
efforts have been made to overcome the disadvantages in inorgamiacore strongly adsorbed component onto the pore surface followed
membranes, which stemmed from poor membrane performancby surface diffusion of the adsorbed molecules across the pores [Burg-
such as low selectivity and low permeability. Especially, new inor- graaf and Col, 1996; Rao and Sircar, 1993].
ganic materials have been developed to improve selectivity and per- The rate of surface diffusion is determined by the surface diffu-
meability [Bhave, 1991; Raman and Brinker, 1995; Burggraaf andsion coefficient and the adsorption equilibrium. Both factors are
Col, 1996; Yang et al., 2000; Hasegawa et al., 2002]. related to the interaction between the adsorbate and the pore sur-
The transport of gases in inorganic membranes can be conductdace. At very low surface concentration where each molecule dif-
fuses independently, components are separated mainly due to the

"To whom correspondence should be addressed. difference in thg ad.sorbate' and surface interactionfs. At higher sur-
E-mail: leech@yonsei.ac.kr face concentration, interaction among adsorbates, in addition to the
*+Present address: Department of Chemical Engineering, University@dsorbate-surface interaction, presumably affects the surface diffu-
College London, UK sion rate and the separation efficiency. Only a few studies [Lee and
“This paper is dedicated to Professor Hyun-Ku Rhee on the occasio®yama, 2002; West et al., 2002] on the surface diffusion of mix-
of his retirement from Seoul National University. tures exist in the literature despite the importance of surface diffu-
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sion in actual separation processes. Furthermore, there is no avail- Since molecules adsorbed on solid surfaces may have consider-

able information on the role of the interaction among the adsorbateable mobility, additional gas transport exists as a surface flow in

in surface diffusion [Hwang and Kammermeyer, 1975; Burggraafthe direction of decreasing surface flow, and it is detected as a de-

and Col, 1996; Bae and Do, 2003]. viation of the total permeability from the gas phase permeability,
Recently, organic templating derived amorphous/nanoporous silgiven by Egs. (1)-(3). The gas phase permeability for adsorbable

ica membranes with uniform pore sizes and defect-free comparagases can be calculated from permeability data for non-sorbable

ble to those in zeolites and polymeric types have been focused ogases with Egs. (2) and (4). In the case of low surface concentra-

[Keizer et al., 1988; Jia et al., 1994; Kim and Sea, 2001; Xomertions, the most general description for the surface permeability F

itakis et al., 2003]. The main objective of this study is to determine(mol/n?-sec) is the two-dimensional form of Fick’s law as follows:

the transport characteristics of nanoporous organic templating mem- D

brane. In this study, the nanoporous/amorphous silica composite Fs=—P(l—E)k—§ éjd—lq )

membrane made by the silica sols templated with noncovalently s

bonded TPABr (tetrapropylammoniumbromide) was used [Ram-Wherep is the density of the medium, e surface diffusion coef-

man and Brinker, 1995; Kim et al., 2001; Yang et al., 2002; Xomer-ficient, K the tortuosity of the surface, dofide concentration gra-

itakis et al., 2003]. In order to understand permeation/separatioffient of the adsorbed species adsorbed.

characteristics of this membrane, single gas and binary mixtures Assuming a linear pressure gradient, the integrating results of

such as C@N,, CO/H, and CH/H, systems (50 : 50 volume%) EQ. (5) for the surface permeability is

were applied for the experiments. Since the top layer in the mem- _F. _p(1-#)D.

brane showed strong adsorption affinity for the molecules, adsorp- Fos AP 3L dp ©)

tion and permeation experiments were executed at lower temperature ] ) ) ] ]

ranges in order to focus on surface diffusion as the main permeWhereAP |s.the pressure dlfferenge and L is the th|cknes§ of.the

ation/separation mechanism. In addition, a mathematical model t§°rous medium. The term dg/dP is given by the adsorption iso-

predict the transport mechanism of the permeating components Wégerm. The surface diffusion coefficient can be calculated from Eq.

applied to the experimental data. And the permeability and separd®) If the other parameters are known.

tion factors were presented over various operating conditions. S,
PL-E)g =%, ™
o' Mav

THEORY where Sis the surface area, & the surface of an adsorbed mol-

ecule, N, is Avogadro’s number and is the percentage of occu-

In meso-porous membranes, suchuasl O, support, combined .
%led surface compared to a monolayer.

Knudsen and viscous flow takes place. For homogeneous medi
and/or pure non-adsorbable gases, the total permeability can be ex- . _2¢

pressed by S T ®
Fo =Fy +FyP D From Egs. (6) to (8)
Where K, is the permeability by Knudsen diffusion aRgP  the -F _2euD, dx. 0
- . 2 Fos z (Ls=VK) ©)
contribution by viscous flow which is linearly dependent on the mean AP TLAGN, dP

pressureP in the system and transport data of membranes can s (1) and (9) can be added for a more complete picture of flow
expressed in terms of flux (mofsec) or as flux normalized per through porous media. If the mean pore radius of the porous sep-

unit of pressure (in mol/fsecPa) aration layer is taken as the variable, the total equation will be

Fox :éﬁ{‘}? (%) Fo =Fo +F0v§ *+Fos (10

, For a multi-layer system, the total permeabilityckn be expressed
. . by using a series model.
Fop 8NRTL ©) yusing
-1

whereeis the porosityf  the model pore radius of the mediym, = B % 1)
andy, shape factors which are assumed to be equal to the recipro- g FoiD

cal tortuosity of the medium, R the gas constant, T the temperatur

e . . .
P the mean pressure the viscosity of the gas ad  the average Where E, is the permeability of layer i given by Eq. (1) and takes

into account the surface permeability (Eg. (6) or (9)). In a two-

molecular velocity. > -
layer system consisting of a top (separation) layer on a porous sup-
V= (BRI} ) port, the permeability data can be corrected for the support by using
v D Eqg. (11) if i, and K, of the support are known. Knudsen flow is
where M is the molecular weight of the molecules. inversely proportional to the square root of the molecular weight.
The relative contribution of laminar flow to the total flow is deter- M
mined by the ratio of the mean free path of the gas molecules t0 igea = M_ (12)
the modal pore size. At low pressures and high temperatures, Knud- Y

sen diffusion is the predominant transport mechanism in small poresvhere y is the mole fraction of the faster permeating component in
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the permeate, and x the mole fraction of this component in the fee -
[Keizer et al., 1988; Uchytil, 1994; Burggraaf and Col, 1996]. In
this regime, light gases permeate more rapidly than heavy ones. Tt
ideal Knudsen separation factor for binary mixture equals the squar
root of the ratio of molecular masses. The presence of surface di
fusion influences the ideal separation factohe actual separa-
tion factor,a, is defined as [Burggraaf and Col, 1996]

—X

=Y
aactual l_y X (13) /
PREPARATION OF MEMBRANE Ei\\ﬁ (2) % (5)
. ( /P]]]]D o I o]
1. Preparation of TPABr-Templating Silica Sols ooollcE ooco] | ‘ H F
The organic templating silica sols were prepared by mixing silica [

sols with organic template (TPABr, 3-9 wt%) at room temperature

- Fig. 1. Schematic di f imetri tus for adsorp-
and then aged at 80 for 12 h. Silica sols were prepared from te- 9 chema’ic clagram of gravimetric apparailis for adsorp

tion measurements.

traethoxysilane (TEOS) by using a two-step acid catalyzed proce- 1. Electric cahn balance 2000 5. Vacuum pump
dure [Yang et al., 2002]. A final molar ratio of the silica sol was 2. Integrator 6. Moisture trap
TEOS : EtOH : HO : HCl of 1.0: 3.8 : 5.0 : 0.0053. The silica-tem- 3. Chiller 7. Mercury manometer
plate hybrid composite was prepared by evaporating organic tem- 4. Gas bomb 8. Adsorber basket

plating silica sols in polystyrene dishes, and the unsupported mem-

brane was prepared by heating silica gels at@(Beating rate, tech Co., Korea) was used to keep the temperature of the system

1°C/min, holding time 2 h). constant.

2. Preparation of TPABr-Templating Silica Membrane The feed gas was supplied to the system by the gas regulator and

The porous support tubes(8mm outside diameter, 0.8 mm thickfine valve within a short period of time. The pressure of the feed

ness, 100 mm length, and Qrh mean pore diameter) were fabri- gas was increased in a stepwise procedure from 0 atm to 0.8 atm

cated by the usual slip-casting procedure using a slurgyAif O, and the uptake curve was measured at each pressure range. The step

powder (AES-11, Sumitomo CopAl,O/a-Al,O, composite sup-  increase of the pressure in the system was sustained within the range

ports were prepared by a dip-coating of boehmite sols on tubulaof 30-80 mmHg. In order to prevent the system from being con-

a-AlL, O, supports. The average pore size ofy#,0, layer was taminated by the pollutant, the system was rinsed with He for more

2.8 nm measured by SEM. The details for the these supports we~-

given in previous work [Yang et al., 2002]. The organic template-

derived silica composite membranes were prepared by a dip-coa ___''%.

ing of the templating sols on theAl ,O4a-Al,O, composite sup- |

ports at room temperature followed by heating to°65& a heat- i

ing rate of TC/min, holding for 2h. And the nanoporous/amor- |

phous silica composite membrane was synthesized by sol-gel prc |
|
|
|
|
|
|

(1)

cess using silica sols templated with noncovalently bonded TPABr |
In this study, the support symbolizes tubutafl O, support and
the unsupported symbolizes TPABr templating sjdO, layer.

EXPERMENTAL Ho B~ o

1. Adsorption Behavior Measurement Fiq. 2. Schematic di ” i d i
The schematic apparatus of the adsorption experiment is shown'?d: < =chemalic diagram for gas permeation and separafion mea-

- o S . surements.

in Fig. 1. Thg klngtlcs and equﬂ.lbrlum of adsorption were measured 1. Feed gas 10. MEM (permeate flow)
by the gravimetric method using an electrobalance (model Cahn 2. Metering valve 11. GC (TCD)

2000, Houston Ins., USA). About 200 mg of the prepared the un- 3. Feed pressure transducer 12. GC carrier & sweeping
support and the support were put into the basket in the hangdown 4. RTD & temperature gas (He)

tube of the electrobalance. The basket was made of aluminum mesh controller 13. MFC (stage cut control)
to make it easy to emit the heat of adsorption into the gas phase. - Membrane cell 14. Wet gas flow meter

6. Back pressure regulator (retentate)

The unsupport in the basket was regenerated for 12 hours at 200 7. MEC (sweep gas control) 15. Soap bubble flow meter

°C in vacuum condition. The system was evacuated to the extent

; 8. Permeate pressure (retentate)
of less than T0mmHg by the vacuum pump before the experi- transducer 16, 17. Data interfacing
ment. A mercury manometer was used to measure the pressure of 9. Soap bubble flow meter computer
the gas in the system. A circulating thermostat (Model Rec-11, Jeio- (permeate)

Korean J. Chem. Eng.(Vol. 21, No. 2)
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than 2 hours after finishing each experiment. From these data, th 1.2
adsorption amount and diffusional time constant of each molecule
in the support and the unsupport could be obtained [Ahn et al., 2002]
2. Membrane Transport Measurement

The schematic apparatus of the transport of membrane, the su
port and the unsupport, experiment is shown in Fig. 2. In the tubula
type membrane, its inner diameter was above 6.2 mm and full lengt
was about 86.0 mm. The effective area of this membrane for per
meation was 15.19 dxiThe membrane was placed in the stainless
module that is tubular type Wicke-Kallenbach membrane cells with
body, disks and rids. Silicon O-rings were used as seals betwee
the membrane and the module. In order to prevent separated/pe
meated gas from stagnating in the cell, the cell consisted of swee|
ing gas inlet line and 3-way outlet line.

Thermocouples (RTD type/Pt 1) were equipped at the inlet 7
gas line, inner cell and outer cell to measure the system temper: 0.0
ture. In particular, in the case of the inner cell temperature, a thel , ; ; ; ;
mocouple was placed into the center of the cell by pass-throug! 0.0 02 04 06 08 1.0
type. A heating block was set up on the cell and pre-heater (electr Feed Pressure [atm]
cal heating tape) was wrapped in front of inlet gas line. These tW(Fig. 3. Equiliorium isotherm curves of CO,, N, and CH, on TPABr
heaters were controlled by two temperature controllers (Eurotherm templating SiO,/yAl,0, composite layer anda-Al,0, at
Co., USA). Pressures were measured by the two pressure transduc-  293.15-313.15 K and 0-1 atm.
ers (Sensyst Co., USA) located at inlet and permeate of membrane
cell that were calibrated by pressure gauge (HEISE Co., USA). Feed
gas was controlled by MFC (Mass Flow Controller, Tylan Co., USA) Il, Hewlett Packard, TCD type, USA) with auto injection 6-way
and pressure regulator (Harris Co., USA) of gas cylinder, and revalve system (Valco. Co., USA). And helium was used as the car-
tentate gas was controlled by another MFC and back-pressure reger and sweeping gas. In order to prevent the system from being
ulator. The flow rates of retentate and permeated gases were mezsntaminated by the other gases, the feed and permeate sides of
sured by soap bubble flow meter (Supelco Co., USA), MFC andthe membrane were swept with the helium gas for more than 10
wet gas meter (Sinagawa Co., Japan) according to each conditionminutes and the system was heat-treated (¥I)0Before begin-

In the case of mixed gases, the composition of separated gas ining each experiment.
gredients was analyzed by online Gas Chromatography (model 5890 Single gas permeation was measured by dead-end mode with

CO,293K) A CH,(293K)
CO,(303K) A CH,(303K)
CO,(313K) A CH,(313K)
N,293K) @ CO,/AL,O, support(293K) P
N,(303K)  — — Langmuir-Freundlich model
N,(313K) Langmuir model

SOO®OO

0.8 -

0.6 1

0.4 -

0.2 -

Amount of adsorption [mmol/g TPABr]

Table 1. Equilibrium adsorption parameters of TPABr templating silica layer applied to Langmuir and Langmuir-Freundlich model
(@ Co (b) N, (c) CH,
Qn b n Q. B N Q, b n
Support @-alumina support)

293.15K  Langmuir Value  0.0090 0.7730
err (%) 0.0003 0.0411

L/F Value  0.0093 0.7194 1.0175

err (%) 0.0013 0.1704 0.0557

Unsupport (TPABr templating silicgalumina composite layer)

Temp. [K] Model

293.15 Langmuir Value  1.9260 1.0847 - 0.6631 1.9084 - 1.6046 0.9787 -
err (%) 0.0970 0.0873 - 0.0360 0.1974 - 0.0333  0.0307 -
L/F Value  4.8055 0.2782 1.2658 3.0025 0.1873 1.5254 1.4075 1.2562 0.9430
err (%) 0.9034 0.0653 0.0322 1.1699 0.0865 0.0574 0.0588 0.1044 0.0186
303.15 Langmuir Value  1.6191 0.9024 - 0.6585  1.4627 - 1.5003 0.7463 -
err (%) 0.0463 0.0372 - 0.0345 0.1312 - 0.0636  0.0451 -
L/F Value  2.2621 05341 11002 1.7539 0.3125 1.3340 1.1788 1.1471 0.9087
err (%) 0.2067 0.0701 0.0223 0.4102 0.0931 0.0456 0.0813 0.1527 0.0281
313.15 Langmuir Value  1.4523 0.7869 - 0.6566  1.1142 - 1.2501 0.6702 -
err (%) 0.0263 0.0208 - 0.0324  0.0838 - 0.0306  0.0228 -
L/F Value 1.6304 0.6529 1.0371 1.3405 0.3754 1.2011 1.1718 0.7433 0.9802

err (%) 0.1095 0.0680 0.0195 0.3110 0.1137 0.0433 0.0970 0.0994 0.0251
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the retentate stream blocked while mixed gas permeation was me 7

sured by through-flow type in order to control stage-cut. Single/
Mixed gas permeation was measured under temperature ranges
293-373 K and pressure ranges of 0-5 atm range,fdiHCO,

CH,, and their mixtures such as 2, CH/H, and CQN.,.

RESULTS AND DISCUSSION

1. Adsorption Characteristics of a-Al, O, Support

In this study, the adsorption characteristics ofcthd ,O; sup-
port (support) and TPABr templating silig#¥l ,O, composite layer
(unsupport) were measured to investigate the transport mechanis
on both parts instead of TPABr templating silieal,Oy/a-Al O, 4
composite membrane.

Adsorption isotherms of CON, and CH on the unsupport and
CG, on the support are presented in Fig. 3. The experimental adsig. 5. Isosteric heat of adsorption of CQ N, and CH, on TPABr
sorption data were well fitted to the Langmuir isotherm model (Eq. templating SiO,/y+Al, O, composite layer.
(14)) and Langmuir-Freundlich isotherm model (Eq. (15)). The iso-
therm parameters of theses models are presented in Table 1.

Isosteric heat of adsorption [kcal/mol]

0.0 0.1 0.2 0.3 0.4

Amount of adsorption [mmol/g]

adsorption capacity compared to the unsupport as shown in Fig. 3.
(14)  This result implied that surface diffusion caused by adsorption could
be neglected in case of support.
bp"" 15) The textural properties of the support were analyzed by mercury
bP"" +1 porosimetry in Fig. 4. The average pore diameter of the support was

Adsorption experiments of the support were executed to Con_about 100 nm, and it showed a narrow and steep single pore size

) . P . distribution curve. In the case of this pore structure, the diffusion
firm the existence of surface diffusion on it. In the,S@pport sys- ) . ) e

L : . mechanism of the support may be dominated by viscous diffusion
tem, the adsorption isotherm was almost linear with pressure. |

. . ) rEor Poiseuille diffusion) or Knudsen diffusion. Especially Knudsen
g(]!d|t|on, the amount of G@dsorption on the support could be neg number, Kn (Eq. (16)), defined by the ratio between mean free path
ligible compared to the unsupport.

Surface diffusion is known as one of the important transfer mech-(A) (Eq. (17)) and average pore diametgrigdower than 1.0 (Fig.

anisms in nanoporous adsorbents [Lee and Oyama, 2002; Kapoo?'

bP

Langmuir isotherm: g =q, Pl

L-F isotherm: g=q,

et al., 1989; Bhandarkar et al., 1992]. However, owing to larger pores A
(about 100 nm) and lower chemical affinity, the support had weak Knudsen number: Kn d, (16)
.y =3:2unRT 1°
016 Mean free path: A RETTYI @7

It signifies that the diffusion mechanism of tihé\l ,O, support
is more influenced by viscous diffusion than Knudsen diffusion.
0.08 - Moreover, it is very hard for surface diffusion to contribute to the
diffusion on thea-Al, O, support. It was also confirmed that effec-
tive separation on tha-Al, O, support could not be expected by

Porosity = 35%

0.06 |- difference between pore and molecular size.
2. Adsorption Characteristics of TPABr Templating Silicaj
AlLO, Layer

0.04 Separation ability in organic templating silica/alumina composite

membrane would be determined by properties of unsupport (TPABr
templating silicg#Al,O, composite top layer) rather tharAl,O,
support even though thickness of the unsupport is much smaller

Incremental intrusion (ml/g)

002 r than the support. The adsorption experiments for single component
were studied on the unsupport in order to elucidate the effect of sur-
) face diffusion on the transport mechanism.
0.00 it i L L

Pore diameter (um)

Fig. 4. Pore size distribution ofa-Al O, support measured by mer-

cury porosimetry.

0.1

0.01

1E-3

The isotherm curves of each molecule on the unsupport were
non-linearly proportional to feed pressure and showed Type | fol-
lowing the BDDT classification [Bond, 1967]. The Langmuir-Fre-
undlich model (an average error of approximatih209%) predict-
ed data with higher accuracy than the Langmuir med6l491%)

Korean J. Chem. Eng.(Vol. 21, No. 2)
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Table 2. A comparison of structural, physical, and electronic pa- o 10
rameters for the gases in the present work 3
co, N, CH, H, §%
Kinetic diameter [A] 4.00 3.68 3.82 2.92 g 0.6
Interaction Lateral Vertical Lateral - s O CO,:0.067atm
(strong) (strong) :§ o4 — Preijicted (DIP=0.48111X10%)
Structure Linear Linear Tetrahedral Linear § 02 <& N, :0.068atm
Polarizability 293 197 289 0911  E 3} T redicted (DI=0.38362x107)
a [10740 J 1szz] P:edicted (D/r?=0.49720X107%)
- A CH,:0.062atm
in Fig 3 a Predicted (D/r’=0.31452X107)
As shown in Fig. 3, the adsorption amount on the unsupport wa: £
of the order of C&CH,>N,. And the adsorption amounts CH E o1 T
and CQ on the unsupport were much higher than that, afud to ' 2 o
interaction and polarity of each adsorbate, as can be seen in Tat A :
2. Since the amount of equilibrium adsorption of,/GGsupport 0 200 400 600 800 1000
system was approximately 1/3rd of the &Zeolite 4A system [Ahn Time [ sec ]

et al., 2002], the adsorption capacity of the unsupport might affecFig. 6. Experimental adsorption uptake curves of CQ N,, CH, and
the permeate mechanism of silica/alumina composite membrane. H, with predicted results by isothermal model “on TPABr

The effect of temperature on the adsorption of &@ CH was templating SiO,/y-Al,O, composite layer at 293 K.
larger than that on the adsorption of Moreover, as shown in Fig.
5, the isosteric heats of adsorptier\H,) of molecules (CQ N,,
CH,) from Clausius-Clapeyron Eqg. (18) were below 7 Kcal/mol. of the unsupport.
This result implied physisorption by Van der Waals force or Cou- In Fig. 6, diffusional time constants in the unsupport were calcu-

lomb force on the surface of the unsupport [Yang, 1987]. lated by the experimental uptake curve for each molecule at every
Inp step of pressure variation. Adsorption rates showed in the order of
Clausius-Clapeyron equation:=AH, =RT2[D%LT% (18) H,>CO>N,>CH,. Diffusional time constants in low pressure range

were obtained from the experimental uptake curve by using Fick's

Ross et al. [1964] and Talu et al. [1987] showed that the relatiodaw (Eg. (19)) and its numerical solution (Eg. (20)) [Karger and Ruth-
between coverage and isosteric heat of adsorption explains the inen, 1992).
teraction characteristics in the heterogeneous surface. For heteroge-
neous surfaces in the micro/nanopores of some adsorbents, the ver-Fick's second law: _q [g% %QD (19)
tical interactions between the solid surface molecules and gas mol-
ecules decrease as coverage increases, while the lateral interactions
between the adsorbed molecules increase with coverage. As canNumerical Solution:
be seen in Fig. 5, G@nd CH showed an increase-idH, with an
increase in the coverage. It signifies that lateral interaction between The obtained diffusional time constantg/rDwere in order of
adsorbates caused by Van der Waals force is dominant [Yang, 1987H,>CO,>N,>CH, as shown in Fig. 6. The value of/Din H,fun-

The parameter, 71, the so-called mono layer adsorption, in the support system is higher than any other gases. Because it is non-
L-F model for CQ and CH represents that each molecule is oc- polar (polarizability=0.911), lightest molecular weight (2.0 mol/g),
cupying just one site. Moreover, since GBd CH have a rela-  smallest kinetic diameter (2.92 A) and linear structure, it can dif-
tively high value of polarity in Table 2, a columbic (electrostatic) fuse pore walls very quickly and is not disturbed by any hindrance.
force may be generated between each adsorbed molecule. TheBbe strongest adsorbate, £@ this study has high value in/®
results suggested strongly that the surface diffusion originated byn spite of its large kinetic diameter (4.00 A). It stemmed from the
hopping between previously adsorbed molecules can be occurringtrong adsorption affinity of Cn the unsupport in Fig. 3. How-
on the unsupport [Talu and Kabe, 1987]. ever, the diffusion rate of Giith smaller kinetic diameter (3.82 A)

On the other hand, $howed almost constant-ifAH, with an than CQ showed slower than those of other gases in the unsupport
increase in the coverage as shown in Fig. 5. It implies that latergbore in Fig. 6 although CHalso showed relatively large adsorp-
interaction was offset by vertical interaction [Yang, 1987]. Becausetion amount in Fig. 3. It implies that there is a molecular structural
the polarity of N molecules is relatively lower than that of QD effect on the pore diffusion in the unsupport. The diffusion of CH
CH,, the affinity and amount of adsorption ofdde also lower than ~ molecules in the pore of the unsupport might be interrupted by steric
them. Besides the parameter] 135 (average value) in the L-F mod- hindrances because of its tetrahedral structure (Table 2), which is
el (Eg. (15)) in N represents that each molecule is occupying onedifferent from CQ molecules with linear structure.
or more sites. Therefore, in the case of weakly adsorbable gaseés Permeate Properties of Alumina Membrane Support
such as Nor H,, it is not necessary to consider hopping phenom- A permeate experiment afAl,O, support was performed with
ena and surface diffusion between adsorbed molecules in the por&0,, N,, CH, and H at 293-373 K temperature and 0-5 atm pres-

m, n’7tD
el z epD—r—t (20)

March, 2004



N
o

Permeate flux [mollmzsec]
5

o
o
S
@

Permeate flux [mol/m®sec]

0.000 -

Fi

(E

sure range. Fig. 7(a) shows the permeate molar flux, ®§,HCH,

N
o
.

0.5 4

00 @

0.002 -

0.001 -

Separation Characteristics of TPABr Silica/Alumina Membrane iflGOCO/H, and CH/H, 483

H,/ support
CH,/ support

N,/ support
CO,/ support
1 |~ Model1(Eqgn.1)

[OIRO 2AN

Feed pressure [atm]

A CH,/ composite membrane

¢ N, /composite membrane

O CO,/ composite membrane
—— Model1(Eqgn. 1)
— — Model2(Eqn. 10)

| v  H,/ composite membrane (b) i

Feed pressure [atm]

g. 7. Permeate fluxes of CQ)N,, CH, and H, on (a)a-Al,O; sup-
port and (b) TPABr templating silica/alumina composite
membrane at 293 K with predicted curves by the perme-
ation method model (Eqg. (1)) and surface diffusion model

9. (10)).

Table 3. Pure gas permeabilities due to the Knudsen-viscous Po-
iseuille diffusion ona-Al,O, support at 293 K and 313 K

293K 313K
FOp FU& FOp FOk
Cco, 0.230841  0.058569  0.153448 0.068831
N, 0.124997 0.110387 0.178797 0.082174
H, 0.786066  0.257588  0.745229 0.242525

CH, 0.138633  0.093005  0.137412  0.088103

signifies that the permeate mechanism of support depends on vis-
cous diffusion mainly as shown in Fig. 8. Therefore, the permeate
model (Eqg. (1)) could be applied for examining transport mecha-
nism ofa-Al, O, support since the model is combined with viscous
and Knudsen diffusions. And the each permeability can be calcu-
lated by fitting experimental data. Using these method, the effec-
tive mean pore size and geometric factors of inorganic membrane
can be calculated (Eq. (20)).

As mentioned above, the Knudsen diffusion permeabilify (F
was negligibly smaller than viscous diffusion permeabiligy {#F the
a-Al, O, support [Keizer et al., 1988; Uchytil, 1994; Burggraaf and
Col, 1996]. As a result, the effective mean pore radias’dO, sup-
port calculated by Eg. (20) was about 118.7 nm (average value).

- _lenuy Fy
Pl [i— 20
3, Fop @0

This value was in a good agreement with the actual value (100
nm) obtained from porosimetry in Fig. 3 and Table 3 [Yang et al.,
2002; Uchytil, 1994]. It also proved that the permeate mechanisms
of a-Al,O, support follows viscous diffusion.

4, Permeation and Separation Properties of TPABr Templat-

and CQ ata-Al, O, support as a function of pressure. The permeateing Silica Membrane

flux in the support was inversely proportional to molecular weight
(H>>N,>CH,>CQ,). Namely, the light molecules, such asdHow-

Uniform dispersion of the TPABr template in the silica matrix
was confirmed by NMR spectroscopy. And TPA template-derived

ed much higher permeate flux than the heavy molecules, such alica composite membrane (TPABr templating silica/alumina com-
CO,, CH, and N. As mentioned above, Knudsen number (Eq. (16)) posite membrane) without any defect could be prepared by dip coat-
of each molecule was lower than 1.0, because the average pore dig the silica sol. The average pore size and specific surface area of
ameter (Fig. 4) was too large between molecules for collisions. Ithe unsupported membrane were below 18 A and about’880 m

10 +

0.1 4

Knudsen number [-]

Knudsen Diffusion

- H O-N
—A— CH, —O— CO,

0.01

respectively [Yang et al., 2002). Fig. 7(b) shows the permeate flux
of pure gases such ag N,, CH, and CQ on the composite mem-
brane at 293K as a function of pressure. The permeate molar fluxes
of H,, N,, CH, and CQ were 0-0.005 mol/fisec and the amount

of permeate fluxes of these molecules was in the orderai
>N,>CQ..

Table 4. Pure gas permeabilities due to the Knudsen-viscous Po-
iseuille diffusion on TPABr templating composite layer
at 293 K and 313K

293 K 313K
FOp Fo FOp Fo

Fig. 8. Knudsen numbers of CQ N,, CH, and H, on a-Al,O, sup-

0 1 2 3 4 5 6

Feed pressure [atm]

port at 293 K (Eq. (16)).

CO, 2.3143x10° 1.0611x10 8.1481x10° 8.2032x10°
N, 3.1510x1C 1.0109x10" 1.5349x10" 1.4513x10
H, 4.5765x10 5.5275x10° 7.7718x10° 4.5541x10
CH, 5.1536x10° 2.4349x10" 4.4991x10° 2.3745x10
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Table 5. Pure gas permeabilities due to the surface diffusion on TPABr templating composite layer at 293 K and 313 K

293 K 313K
FOp FUK FOS FOp FUK FOS
(6{0) 5.7178x10" 9.8866x10° 1.1695x10° 1.6248x10" 2.7004x1C° 3.9652x10°
N, 2.1641x10° 2.1038x1C° 6.3599x1C° 2.4645x10° 8.6799x1C° 1.3709x10°
CH, 9.6892x10" 2.4952x1C° 2.5121x1C° 2.4246x10° 2.3536x1C° 2.3206x 10
In Fig. 7(b), the permeate flux of, Mith lower adsorption affinity Moreover in the case of G, and CH/H, mixture systems,

and smallest kinetic diameter is linearly proportional to its feed presCQO, and CH molecules, that are heavy-weighted and strongly ad-
sure. It indicates that the permeate mechanisrddoriposite mem-  sorbable, gas permeated much more than Fgs. 10 and 11. The
brane system follows Knudsen diffusion. Also in the case,of N
the permeate flux in Fig. 7(b) was well fitted by the permeate meth

od model (Eg. (1)) because it had low adsorption capacity and dif "o e
fusivity on the TPABr templating silica membrane in Fig. 3. There- —g— CO,/H, Separation Factor ,
fore, the surface diffusion in the permeate mechanism of N, 7.0 1 © CO,/H, Mixture Permeate Flux /o ses
was also negligible. However, in the case of, @@ CH, there — ~ Model Fitting to Eqn. (10) e

were some deviations between the permeate model (Eq. (1)) ar —
the surface diffusion model (Eq. (10)) because of their large adsory 5
tion capacity on the unsupport in Fig. 3. Tables 4 and 5 contain thes g
permeabilities as fitting parameters. In the case of Table 4, the pe‘% 6.0 1
meate method model (Eqg. (1)) was used. On the other hand, in tt §
case of Table 5, the surface diffusion model (Eg. (10)) was appliec §

To characterize the membrane separation mechanism, especia ©
surface diffusion, a separation experiment should be executed i
the strongly adsorbable/weakly adsorbable mixture systems, fore> 5.0 |
ample C@N,, CO/H, and CH/H, systems.

In Fig. 9, the more permeate flux, the less separation factor witt S
an increase of feed pressure. The permeate fluxes 0¥ Gaix- 0 1 2 3 4 5 6
ture were 0.0-8.0xI0mol/nfsec at 0-5 atm pressure range. In this Feed pressure [atm]
system, the actual separation factors were 6.0-7.0 even though tl ) )
ideal Knudsen separation factor of the mixture is 0.7977. It stemmedf'9- 10- Permeate flux and separation factor of CEH, mixture
from the effect of surface diffusion on the membrane separation. on TPABr templating silica/alumina composite membrane

F 2e-3

F 2e-3

F1e-3

Permeate flux [ mol/m’sec ]

- 5e-4

at 313 K.
7.0 8e-5 10 4e-3
—~ CO,/N, Separation Factor // —A— CH,/H, Separation Factor
O CON, mixture Permeate Flux / @® CH,/H, Mixture Permeate Flux 7
6.8 - — - Model Fitting to Eqn. (10) / _— itti 7/
, Model Fitting to Eqn. (10) .
— 0] 665 — r3e3 —
o 4 g — 87 2
S 661 >4 & - 0
kit / £ 5 £
8 / 3 L 3
c 12 £ 3 £
2 D / — s r2e3 '
2 64 /O’% de5 ' c 2
5 3 2 S
s / = @ 61 =
@ ) @ 8
(2] / ® g_ g
Z 621 Joi £ »n 2
N S
8 >’ \\@\0 e & e &
e
&
6.0 <
e 4 -
o
e
pd 0 r o
58 1 , , , , , T e e
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Feed pressure [ atm ] Feed pressure [atm]
Fig. 9. Permeate flux and separation factor of C@N, mixture on Fig. 11. Permeate flux and separation factor of CkH, mixture
TPABr templating silica/alumina composite membrane at on TPABr templating silica/alumina composite membrane
313K. at 313 K.
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sorbable molecules,,Hhrough the pores. As a result, strongly ad-
sorbable molecules permeated through the membrane faster than
non- or weakly adsorbable molecules.
104 In sum, it seems that the permeability of the weakly adsorbed
V\V\V—V—v—v——v—v—ﬂ molecule, especially Hnolecule, is drastically reduced owing to
the presence of the higher adsorbable molecules which showed rela-
tively low permeability in the pure gas experiments. The more selec-
1] tively adsorbed component, such as,J@ermeated through the
membrane with very high rate. In other words, the order of perme-
abilities of the molecules followed in order of their adsorption affin-
e — & S ity on the silica unsupported membrane. And it demonstrates the
o ) “hindrance effect” or “structural effect’” of each molecule, which
® can be a major characteristic of a nanoporous membrane relying
—v— COZ/H, Separation Factor on surface diffusion [Rao and Sircar, 1993]. Comparable features
© g:zcl F:;:erm:::ew " of mixture permeation through silica membranes have been reported
’ v in the other systems such as propene/ethane by Jolinde et al. [1998],
0.01 - : : : : n-butane/methane by Vroon et al. [1998] and ethane/methane by
! 2 8 4 s Jolinde et al. [2000].

Feed pressure [atm]

0.1 4

Separation factor and permselectivity [ - ]

Fig. 12. Comparison between separation factor and permselectivity CONCLUSIONS

in CO,/H, mixture at 313 K.
The permeation/separation characteristics of nanoporous TPABr

templating silica/alumina composite membrane were studied by

more CQH, and CH/H, mixtures permeate flux, the less separa- using single gases and binary mixtures such a8\ QO/H, and
tion factor with an increase of feed pressure. These results indi€H,/H, systems (50 : 50 volume%). The adsorption capacity of
cated that strongly adsorbable molecules are more selective thall,O, support was negligible compared to the silica unsupport. In
weakly adsorbable molecules in this membrane. The separation fathe a-Al O, support, gas permeance generally depends on size dif-
tors of the C@H, mixture were in 5.0-7.0 range and the permeateferences between pores and molecules. The permeation model ex-
fluxes were in 0-3xI®mol/nfsec at 0-5 atm pressure range as pressing the relative contributions of Knudsen diffusion and vis-
shown in Fig. 10. The separation factors of 8kEmixture were cous flow through porous membrane could predict well the experi-
in 4.0-9.0 range and the permeate fluxes were in O-4xbn? mental data in the-Al,O, support. While the adsorption rates in
sec at 0-5 atm pressure range in Fig. 11. the unsupport showed in the order gfE0,>N,>CH, at low pres-

Fig. 12 shows a comparison between the separation factors arglire range, the permeate flux in the membrane was in the order of
permselectivities in the G, mixture. Where permselectivity is  H,>>N,>CH,>CQO,. Therefore, the permeate flux did not show any
the permeability of flux ratio between two single gases (Eqg. (21)),relationship with the adsorption rate. However, because the top layer

not mixed gases. in the membrane showed strong adsorption affinity for the mole-
. cules, the surface diffusion contributed to main permeation/separa-
arpe,m“=|:—o'A (21) tion mechanism.
o,B

Light and non-adsorbable molecules, such,asidwed the high-

There were large deviations between permselectivities and sep&st permeation in the single gas permeate experiments; however,
ration factors. In the pure gas transport experiment, the permeateeavier and strongly adsorbable molecules, such asu@OCH,
molar flux of H, was much larger than that of other molecules as showed higher separation factor (E=5-7, CH/H,=4-9). More-
shown in Fig. 7(b). Therefore, the ideal Knudsen separation factoover, in the C@H, and CH/H, mixtures, the actual separation fac-
of the CQ/H, mixture is 0.2132, and low permselectivities were tors were much higher than the ideal Knudsen separation factors be-
obtained from the experimental range. However, in thgHo@nd cause of the competitive adsorption and surface diffusion of mole-
CH,/H, mixtures, the actual separation factors were much highercules in the membrane pores, which play a key role in the separa-
than the ideal Knudsen separation factors or permeabilities. It implieion mechanism. Therefore, the order of permeabilities of the mol-
that surface diffusion of molecules plays a key role in the separaecules followed in the order of their adsorption affinity on the silica
tion mechanism. unsupported membrane. And the “hindrance effect” or “structural

In the mixture of adsorbable/non-adsorbable molecules, the aceffect” of each molecule by adsorption affinity and surface diffu-
sorbable one, Cr CH, adsorbed strongly on the membrane pore sion should be considered as the main separation mechanism in a
surface due to its adsorption affinity. Then, the hopping of mole-nanoporous silica membrane.
cules between adsorption sites occurred by surface diffusion [Yang, In the mixture of adsorbable/non-adsorbable molecules, the ad-
1987]. The vacant sites in the pores were occupied by adsorbabfrbable one, such as G&@ CH, adsorbed strongly on the mem-
molecules, and surface concentration of adsorbable molecules berane pore surface due to its adsorption affinity. Then, the hopping
came higher and higher. Furthermore, the multilayer adsorption 0bf molecules between adsorption sites occurred by surface diffu-
strongly adsorbable molecules blocks the diffusion of weakly ad-sion. The vacant sites in the pores were occupied by adsorbable maol-
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ecules, and the surface concentration of adsorbable molecules becamie : ideal (Knudsen) separation factor [-]

higher and higher. Furthermore, the previously adsorbed molecules,.,,, : permselectivity [-]

along the pore wall blocked the second time adsorption of weaklya, : separation factor of support [-]

adsorbable molecules. As a result, strongly adsorbable molecules  : porosity of the membrane system [-]

permeated through the membrane more and faster than non-adsorp-  : viscosity of the gas (mixture) [Nfrsec]

able or weakly adsorbable molecules. p  :true density of the solid medium [kgiim
In short, it seems that the permeation of a weakly adsorbed mol,  : shape factor for Knudsen diffusion [-]

ecule, especially Hnolecule, is drastically reduced owing to the p, :shape factor for viscous flow [-]

strong adherence between the pore wall and the higher adsorbable

molecule, though it showed relatively low permeability. REFERENCES
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