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Abstract

The diffusion parameters of binary gas mixture He (tracer gas)elrrier gas) in hybrid organic—inorganic S porous solids
which have suffered gradual functionalization with functional groups X of increasing length(¥Si—H,=Si—~CH,OH, =Si—(CH,);OH,
=Si—(CH,),;CHjy) are reported. The effective diffusiviti@:, the Henry law constants as well as the tortuosity factorsfor the examined
solids were estimated by a typical pulse gas chromatographic method. Analysis of the experimental results was carried out by the well-known
method of linearization of moments. The moments s analysis provides a powerful means for extracting diffusion parameters from the
experimental response curves The proposed methodology is simple compared to other similar studies and provides rapidly reliable data.
The results of this work indicate that the effective diffusivilys in porous networks drops markedly as the initial porosity of the parent
SiO, sample is blocked by the functionalization of the pore surfaces with functional groups of increasingSiizd, =Si-CH,OH,
=Si—(CH,)30H and=Si—(CH);;CHjs. The low values of the Henry law constattgound indicate that the adsorption of He on the porous
surfaces for all the solids is weak. Also, the tortuosity faat@s proportionally correlated to the pore blocking effects and the percolation
phenomena of gases flowing into the porous network.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Effective diffusivity; Tortuosity factors; Henry constants; Porous solids; Functionalized silica; Gas chromatography

1. Introduction catalysts and conditions used in industrial practice, the only
significant mechanisms are bulk diffusion and Knudsen dif-
Itis often very useful to characterize the mass transfer in- fusion. The surface diffusion is taken into consideration only
side various porous catalysts and adsorbents in terms of arwhen adsorption is important.
effective diffusivityUnfortunately, it is not possible to ob- The diffusion parameters can be estimated from theoret-
tain effective diffusivities by simply correcting bulk phase ical calculations by using suitable mathematical diffusion
diffusivities by the reduction of the cross-section area due to models. In such cases, a model of the pore network is re-
the porous solid phase. The more important reasons rendenquired that simulates satisfactorily the pore structure. Then
this simple approach invalid are: (i) interconnections within in that model the suitable equations of diffusion can be ap-
the pore structure, the tortuous character of individual pores plied. The choice of the model influences considerably the
and variations in cross-section area along the pore lengthresult and affects the reliability of results. Thus, the experi-
contribute to the difficulty of the task, and (ii) one or more mental determination of diffusion parameters in porous ma-
of several different mechanisms may be responsible for theterials requires precise measurements and usually complex
mass transfer process. These include bulk diffusion, Knud- mathematical analysis of the results.
sen diffusion and surface diffusion. For the majority of the Alarge number of techniques have been employed to mea-
sure the effective diffusivity in porous solid$,2]. Among
* Corresponding author. Tel.: +32 651098350; fax: +32 651098795. these the gas chromatography has emerged as a practical and
E-mail addressppomonis@cc.uoi.gr (P.J. Pomonis). popular tool for evaluating effective diffusivities. The prin-
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cipal advantage of this method is that measurements can bevith 0.40 mol of TEOS in ratio OA:4TEOS =7.5in a 500 mi
easily conducted at elevated temperatures and pressures. ltwo-necked flask. The reaction mixture was kept atQ@or

the literature, different methodologies have been proposed2 h under mechanical stirring. Then, 4.0 moles of deionized
which take into account the influence of pressure drop at thewater (HO/TEOS molar ration =10) were added. After 24 h

ends of columié,5], the thermal diffusion resistan{@], the
peak broadening from axial dispersiof) and the dispersion
of pulse injection of the tracq8].

at 70°C under mechanical stirring the resulting solid was re-
covered by filtration, washed with ethanol and distilled water
and dried in air at 100C for 12 h. The organic part was re-

Among the methods of analysis which have been em- moved by calcination at 873 K for 6 h.
ployed, the most popular ones are methods based on the Four samples, based of the original porous solid
moments of the response curve. The moments s analysis proSiO,, were prepared with gradual functionalization of
vides a powerful means for extracting diffusion parameters its acid sites with a organo-silicate groups (%Si-H,
from the experimental response curves. Thus, the models 0o=Si-CH,OH, =Si—(CH;)30H, =Si—(CH;)11CH3). The
the Kubin[9], Kucera[10] and Suzuki-Smitli11], relate the functionalization was carry out as follows: The inor-
moments to the transport parameters of the processes takinganic support Si@ (X=¢) was dried in an oven at
place in a column packed with porous particles. The major 150°C for 2h and refluxed in toluene for 12h with the
advantage of those methodologies is their simplicity. Besides estimated amount of the corresponding organic alkoxy
the large number of measurements, which can be easily consilanes (CHO);=Si—-H (trimethoxy-silane, Aldrich),
ducted at different velocities, can be correlated in order to (CH3CH20)3=Si—-CH,Cl (chloro-methyl-triethoxy silane,
provide meaningful data about the diffusion parameters. Nev- Fluka), (CHO)3=Si—(CH,)3CI (chloro-propyl-trimethoxy
ertheless, efforts to distinguish between the various modes,silane, Aldrich) and (CHCH20)3=Si—(CH,;)11CH3
i.e. axial dispersion, intraparticle resistance and external re-(dodecyl-triethoxy silane, Fluka) with carbon chain of
sistance of the mass transport resistances have not provedifferent length. The resulting solids were recovered by
easy[12]. Thus, several investigators have proposed modi- filtration, washed with toluene and ethanol and dried in
fications of the pulse chromatography experiments with the air at 110°C for 24 h. Further details about these solids
purpose of reducing the relative contribution of axial dis- are in a recent publicatiofL7]. We also mention that the
persion to the mass transport proceqddes3]. Usually, the approximate bonding density of the functional groups was
moments method would be used to fit the experimental re- about 1 group per 100-129 similar to that of the surface
sponse curves as a function of time. In such cases an approéensity of the acid sites determined by titration with NH
priate objective function is defined and the model parameters(NH3 temperature programmed desorption).
are obtained by optimization to experimental digt4-16]
However, the approach is complicated by the fact that nu- 2.2. N porosimetry
merical means with complex algebric solutions are needed,
which sometimes can be tedious. A Fisons Sorptomatic 1900 instrument was used to carry

In Part | of this work, we report the diffusion parameters of out the pore size distribution measurements for the five SiO
binary gas mixture He (tracer gas)s-{tarrier gas) in hybrid X materials. The characterization included the determination
organic—inorganic Si@X porous solids which suffered grad-  of nitrogen adsorption—desorption isotherms at 77 K. Prior
ual functionalization with functional groups X of increas- to each experiment the samples were degassed°& 60a
ing length (X=0, =Si-H, =Si-CHOH, =Si—(CH;)30H, vacuum of 5x 10-2 mbar for 24 h for the Si@X. The des-
=Si—(CH,)11CH3). The effective diffusivitie®es, the Henry orption branch of the isotherms was used for the calculation
law constant& as well as the tortuosity factotsfor the ex- of the pore size distribution PSD. The specific surface area
amined solids were estimated by pulse gas chromatographyof the sample was calculated by applying the BET equation
method. Analysis of the experimental results was carried out using the linear part (0.05R/Pg < 0.25-0.30) of adsorption
by the simple method of linearization. The proposed method- isotherm and assuming a closely packed BET monolayer.
ology is simple compared to previous similar studi@s]
and provides rapid and reliable results. In Part Il, we propose 2.3. Chromatographic apparatus and procedure
a model for the porous network of the above materials and
compare the corresponding results. A schematic diagram of the experimental arrangement is
shown inFig. 1 The apparatus consist of the carrier gag)(N
and the tracer gas (He), a small column which contains the
well packed sample, a gas chromatograph type Shimadzu
GC-8A, equipped with athermal conductivity detector (TCD)
and a suitable computer system for the recording of data.
The packing of the column took place by sieving the sample
and using the fraction 1.2610~2cm <R of the particles.
The inside diameter of the column was 2 mm and its length
11 cm. The column was mounted in the gas chromatograph

2. Experimental
2.1. Synthesis of materials

The inorganic support Sidwas synthesized as follows:
commercial tetraethoxysilane (TEOS, Aldrich), oxalic acid
(OA, Aldrich) and hexanol (Fluka) were used without pu-
rification. An amount of OA in 0.66 mol hexanol was mixed



G.S. Armatas et al. / J. Chromatogr. A 1074 (2005) 53-59 55

The fist momenju; and the second central momeri are

S2UTN Tep2 | | ae given by[3]:
Lep 10

6-port injection = TCD1 H1= 7(1 + %O) + E (1)

valve I oL 2

’ &b N
= — 2
Mo » (Ed+$f+EM)+12 2
FG ING1 whereL is the column length (cm}y, the porosity of bedy

the carrier gas velocity (cfrs~1) andto the injection time of

i @ the trace gas (s).
o[ FC For rapid adsorption (i.e. linear adsorption equilibrium)

—— of the tracer and negligible external mass transfer resistance
the following relationships holfi’]
1—¢ep)e 1-9)K
LD (1+( ) ) @)
&b e
D £p\2
fa= (1 +50)(~) (@)
&b u
2
g 1— 1-)K\?R
: o= Lo <1+( 2 ) — (5)
o= &h & J/kf
: _ (A—epe 1+(1—5)K 2 R ©)
Time M= &b e y(y + 2)Dest

Fig. 1. Upper part: experimental apparatus for the pulse gas chromatographicv‘lh(:"re‘g is the porosity of the particle arrangement/collection,

method (CG: gas chromatograph, FC: flow controller, ING: injection, TcD: K the H_enry'S law constanfR the mean rfic_jius of particle
thermal conductivity detector). Lower part: typical chromatographic re- (cm), ks is the external mass transfer coefficient (chi)sand

sponse peaks. y the particle shape factor (for spherical particles3).
The parametelt, &4, & andéy characterize the contribu-
oven where the temperature could be controlled withirK. tion of the adsorption resistance, the axial dispersion, the ex-

Prior to the experimental runs, the packed column was left ternal mass transfer resistance and the intraparticle diffusion
at 393K for 1h and then at 303K under carrier gas flowing. resistance respectively. The contribution of these parameters
The duration time of this second step was checked with the IS @dditive and this advantage is used for the determination
gas chromatograph until stabilization of the detected signal ©f @dsorption factors and the diffusion coefficients.
(baseline). Then, the tracer gas was injected in a pulse mode 1€ momentg.s, u; were calculated from the detector
into the carrier gas stream using a six-port valve equipped SignalH(t) by using the Simpson formula according the def-

with a sample loop of volume 0.1 ml. The response was de- inition:

tected at the column outlet by the TCD. The system was built Jo~ tH(t)dr

and organized in such a way as to minimize the experimental #1 = m ()
errors caused by long gas lines and delayed response by the 0

recorder. The mV signal of the detector was amplifier and | fé’o (t — p1)?H(r) dr

recorded continually by the computer system which could #2 = fc?o H()dr (8)

collect more than 120 data points per min. All measurements

were performed at 303K and 99 kPa with a carrier gas flow 3 1. petermination of parameters

varying between 5 and 45 édmin~—1. Each set of measure-

ments was repeated no less than five times. Carrier gas flow The Henry law constark is obtained easily by linear

rates were measured by a suitable flow meter. regression of the differences of the first moments ().
for adsorption runs with the tracer ga&#£ 0) and runs with

carrier gasK =0) versus the parametes,(/u).

3. Methodology w1 — (11)o epL

= 9
The moments of peakg{, 11,), appearing at the column ((@ — eo)(1 — &)/ep) u
outlet afterinjection of a square wave pulse ofatracergasfora According to Eq.(9) the first term of this relationship is
durationtg are related to the following parameters: The Henry correlated linearly with theggL/u) and thusK is obtained
law constanK and the intraparticle effective diffusivies. from the slope of the corresponding lifg].
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The effective diffusivitieDess of the porous solids can be
obtained from the second central) moments. Itis however,
more convenient to use the so-caltdgatomatographic height

equivalent to a theoretical plat¢lEPT, defined as
oL
HEPT= 12 = 2(D_ax M (l)) (10)
(1) u  (1+%0)° \éb

The contribution of axial dispersiddgyx becomes impor-
tant when the flow velocity of the carrier gas is low. On the
contrary, the contribution of the external mass transfer re-
sistancess and the intraparticle diffusion resistangg are
important when the flow velocity is higl3,4]. Based on the

above assumptions, at higher velocities the axial dispersion

resistance could be ignored without introducing any impor-
tant error. According to Eq10), a linear relationship exists
between thep(’zL/,u%) function on the left hand side and u.
Then the parametets andé&y are obtained from the slope
of this line. However, the same slope corresponds to infinite
flow velocity, where the contribution of external mass transfer
resistance; is negligible. Thus, from the slope the param-
eter&y is found from which the effective diffusivites is
calculated according to E().

The effective diffusivityDess is related to the composite
diffusivity D¢ by the expression:

Dp &
D1 (11)
wherer is the tortuosity factor.

For diffusion of gases in porous solids, with very fine pores
and for low concentration of diffused component within the
particles, the Knudsen diffusion is significant. Neglecting the
composition effect and at constant pressire,is given by
[18]:

]

D / !,
c = —
Dap

0

-1
) f(rp) drp (12)

Dk,)

whereDag is the binary bulk diffusivity for the gas mixture
A, B, Dk(,) is the Knudsen diffusivity in a pore of radiug
andf(rp) is the pore size density function.

The Knudsen diffusivity in a pore of radiug and length
Ip (Ip>rp), is defined a$l19]:

| T
Dk () = 9700r m

where theDk,,) is given in cn¥s1, T the temperature in
Kelvin andM the molecular weight of diffused component
(gmol1).

(13)

4. Results and discussion

The N, adsorption—desorption isotherms are shown in
Fig. 1 for the hybrid organic—inorganic SpX solids. In
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Table 1
Specific surface are&, specific pore volumesg,, mean pore diametd}p
of the PSD (se€ig. 1) and porosity for the SiG-X solids

Sample $ (BET) Vo (atPIPg=0.99) D,  &?
(m?g?) (ecm’g™?) (nm)

Sio, 897 1.57 7.40 0.66

SiO,—SiH 790 1.41 6.98 0.64

Si0,—SiCH,OH 776 1.34 6.90 0.63

Si0,-Si(CH)30H 675 1.24 6.77 0.60

Si0p—Si(CHy)11CH3 584 1.13 6.75 0.59

@ The porosity was calculated according the relatdgps(1 +Vpps)
(where ps is the effective specific density of the bulk solid equal to
2.5gcnT3).

the samd-ig. 2, the pore size distributions (PSD) are shown,
calculated according to the BJH method.

In Table 1the specific surface aregs(m? g—1) calculated
according to the BET method and the specific pore volume
Vp (cm® g~1) calculated from the total nitrogen volume ad-
sorbed, are tabulated. In the same table the mean hydraulic
pore diameteDp = 4V}/Sp of the pore size distribution and
the porositye for all the SiQ-X solids is shown. The ini-
tial porosity of the parent Si©sample is blocked by the
functionalization with the groups of increasing siz&i—H,
=Si—CHOH, =Si—(CH,)30H and=Si—(CH,)11CHjs. As ex-
pected this procedure results in a gradual drooffrom
897 t0 584 M g~1) andV, (from 1.57 to 1.13 crig 1) values
(Table 1. The mean hydraulic pore diamet®p = 4V,/Sp
also decreases (from 7.40 to 6.77 nm). Those results are cer-
tainly due to the gradual blocking of pores by the functional
groups. We mention that iaig. 2the SiQ samples function-
alized with the longer groups depict larger pore size. This
must be attributed to the fact the functionalization blocks
preferably the smaller pores and as a result there remain the
larger ones in the PSD which is moved to increase values.

As far as the diffusion parameters concern, calculation of
the Henry's law constari from the experimental first mo-
ments is straightforward according to E). The lines repre-
senting the least square approximation of the data according
to this equation for the examined SiKX solids are shown in
Fig. 3. The results obtained, i.e. the Henry law constaas
well as the correlation factd®sq of the linear regression, are
summarized iffable 2 The Ryq factor indicates very good
linear fitting of the experimental data. The low value&an
Table 2show that the adsorption of He on the porous surface
for all the solids is weak3].

Table 2
Henry law constant of tracing He

Sample Correlation coefficierfsg K2

SiO, 0.9926 42.65
SiO—H 0.9983 41.98
SiO,—CH,OH 0.9789 41.52
SiO,—(CHy)30H 0.9982 38.30
SiO—(CHy)11CH3 0.9974 41.97

@ The calculations were estimated with porosity of the solids particle bed
equal toep =0.3.
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Fig. 2. N, adsorption—desorption isotherms and the corresponding PSD according to the BJH method for the hybrid organic—inosgémagifals.

The linear regressions of HEPT for different velocities u incurred in the experimentation. In the same table, the com-
are shown irFig. 4. The lines represent the least square ap- posite diffusivityDc and the tortuosity factors, estimated
proximation of the data according to E{.0). The results according to Egs(12) and (11)espectively, are cited. The
obtained are given also ihable 3 representing the slope, results inTable 3clearly indicate that as the length of car-
the intercept and the correlation facky of the linear re- bon chain of the immobilized organic groups increases, the
gression as well as the effective diffusivibgs of the porous value of the effective diffusivityDes decreases roughly from
solids. The intercepts of the lines are not exactly equal to 0, 2.2 to 1.3x 10~3cn?s 1, as actually expected. This effect
but show small deviations which indicate only slight error is due to the gradual blocking of the pores with the functional

35 T T v T v T T T T T T 2,5 T T T T T T T T T T
& Si0, A SiO, Q,’

a0 © SiOH i e SiO-H
®» = Si0,-CH,0OH 2,0+ = SiO,-CH,OH L 33," 1
-E', 8 Si0,-(CHy);0H & Si0,(CHy),OH e

254 i0,- . " At
= © Si0,-(CHy)44CHy 0 Si0(CHy),,CHs R
T § ]
:Ib?: 204 . E“
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= T _
> 15 .
2
3 10+ . i

5 T T T T T T T T T T T T T
0,0 0,1 0,2 0,3 0.4 0,5 0,6 30 35
gpl/u,s u,cm s-1

Fig. 3. Linear regression @f; — (11)o/[(1 — ep)(1 — ep)/e] as a function of Fig. 4. Height equivalent to a theoretical plate (HEPT) vs. the carrier-gas

(epL/u) for the hybrid organic—inorganic SaX materials. velocity.
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Table 3

Diffusion coefficients evaluated from the first and the second central moments as well as the corresponding tortuosity values

Sample Defr? (103 cmés 1) Slope Intercept Correlation coefficieRsg DcP (102cnmPs 1) T
SiO 2.176 0.0502 —0.0005 0.9883 2.988 .90
SiO—H 2.011 0.0561 —0.0016 0.9858 2.896 .92
Si0,—CH,OH 1.762 0.0655 —0.0026 0.9859 2.780 .88
SiO,—(CHg)30H 1.412 0.0841 —0.0049 0.9855 2.530 189
SiO;—(CHy)11CH3 1.306 0.0937 —0.0045 0.9996 2.445 112

2 The calculations were with bed porosity equatie= 0.3 and mean radius of particles equaRte 2 um.
b The binary bulk diffusivity wasDpe, =0.730 cnd s~* at T=303 K [20].

groups, which restrict the diffusion. ActualDe showsade-  were not directly measured. Nevertheless such studies show
pendence on the mean pore diamé&gof the silica samples  that the manipulation of the surface by various functional
as shown irFig. 5. It can be seen th@es initially increases groups can have varying effects on thgs of small or large

very fast adp increases from 6.7 to 7.0, while thereafter this species, a fact which can be attributed not only to the chemi-
influence becomes more weak and almost ceases. This behawal nature as in 21 but also to geometrical and spatial reason
ior should correspond to the transition from the Knudsen-type as in the present study.

diffusion to the bulk-type diffusion (see Eq4d.2) and (13)

as expected in this range Df, [3,19].

In Table 3 we observe that the tortuosity values in- 9 Conclusions
crease gradually with the carbon length of functional group . L . . .
fromz=9.1atX =0 ro7 = 11.1 at X =Si~(CHp)11CHz The A linearization method for determining effective diffu-

increase of the: values with the pore blocking can be intu- SIVity and Henry law constants of gas in porous solids was
itively understood as follows: The increase of immobilized d€veloped. The diffusion parameters of binary gas mix-
carbon chains, blocks some of the paths, presumably thosgUré He (tracer gas)-N(carrier gas) have been estimated
corresponding to smaller pores. The removal of those fine by- for_ five hybrid organic-inorganic _S'@_X porous SOI'_dS
passes has as aresultthat the remaining of the routes consisteffllich suffered gradual functionalization with functional
of more lengthy larger by-passes. In such an environment the9roUPs X of increasing length (X@ =Si—H, =Si-CH,OH,
diffused molecules have less possibilities for easy access be-" S'._(CH2)30H'=S'_(C_'_b)1,1CH,3),' The results of this work
tween any two random points of the network. Finally, we indicate that the effective diffusivity of porous_n_e'_twork drops
notice that some time ago Sands, Kim and Ha4$ carried markedly from2.2 t_o 1.%10°° (_:mz s tasthe initial poros-
out a detailed study of porous silicas functionalized with N- 1ty Of the parent Si@ sample is blocked by the function-
alky-dimethyl-chlorosilanes (Eons1(CHz)2SICl with n—1, al|;at|on with fupctlonal groups of increasing SizSi—H,

4, 8 and 18. Those materials were used in HPLC for small =>i—CHOH, =Si—(CH)s0H andES'_(C'_b)PCH&_AlSO'
molecules like phenols, acetophenone, etc. as well as pro-IN€ lortuosity factorincreases froms 9. 1atX = ror=11.1
tein molecules like ribonuclease insulin, lysozyme, etc. They at X_=S'_(CH2)11CH3 and is correlated _proportlonally to
found opposite effects of pore diame and pore volume the pore blocking effects and the percolation phenomena into
V,, on the small molecules (negative effects) compared to (€ POre network.

large proteinic species (positive effects). These effects should

be related to the resolution of apparBagt; in each case which 6. Nomenclature

0,0025 Dp mean pore diameter (nm)
o Dag  binary bulk diffusivity of pair A-B (cnd s™1)
00020 N Dax  axial dispersion coefficient (chs 1)
8 Dc composite diffusivity (cris™1)
& ¢ Det  effective diffusivity (cn?s1)
§ 000151 ° D,y Knudsen diffusivity in circular capillary of radiug
] ¢ (cm?s?)
9 5.0010- f(rp)  pore size density function
H(t) detector signal
HEPT height equivalent to a theoretical plate (cm)
0’00055‘50 6,70 6,90 7.10 730 7,50 K Henry law constant
Dp, nm L column length (cm)
Ip pore length (cm)
Fig. 5. Dependence of tHaef (cm? s) on the mean pore diame®@p (nm) M molecular weight (g mot?)

of the silicas. P/Py  relative pressure
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R mean radius of particle (cm)

o pore radius (cm)

Rsq correlation factor of linear regression
S specific surface area g~1)

t time

T temperature (K)

to injection time of trace gas (s)

u linear flow velocity of carrier gas (cnms)
Vp specific pore volume (cfg—1)
Greek symbols

y particle shape factor

3 particle porosity

b bed porosity

W second central moments

u1i first moment (s)

&o adsorption resistance

&d axial dispersion resistance

& external mass transfer resistance
Em intraparticle diffusion resistance
Ps bulk density of particle (g crm®)

T tortuosity factor
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