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Small-angle X-ray scattering has been used to examine porous
glasses. The experiment and analysis of the extracted data are
described with specific concern for the quantitative characterization
of the pore structure. The techniques used are illustrated by the
results obtained from two selected porous glasses. Small-angle X-ray
scattering data of two series of novel porous glass systems are
presented and discussed.

N
S
I T

=
o

=
o
)
PN
T

Keywords: small-angle X-ray scattering; glasses s = dnsin(d2)/) (nm-l)

1. Introduction

Fig. 2
Porous glasses are usually prepared fronfON&Os-SiO, glasses The scattering curve for a macroporous glass (PG 180), which
separated into two interconnected phases (Janowski & Heyer, 1982; ~ has been multiplied Iby f0for better V;f'b'“tyv and f? :‘
Mazurin & Porai-Koshits, 1984). After acid leaching of the alkali ;"Oevigr'g’xrscpaoégﬁﬁgg(ifs#:fhgﬁggza t?a?;?r??he:tlo?/vér (:)art
b.orate'mh phase, a spongy_smca_ .Skeleto.n IS Obta'.neq (Fig. 1). The of the plot indicate thes ranges covered with the three
dissolved phase also contains silica which remains in the form of different SAXS systems used for recording the scattering

from the glasses (see text). The inset is the enlargement of the
diffraction peaks at largevalues compared with that of melt-
cooled vitreous Si®

2. Method
2.1. SAXS measurements

To cover a widely extended rangesofalues, the scattering from
porous glasses is recorded on different SAXS systasmq4vA)
sin(@/2) is the magnitude of the scattering vector where the X-
ray wavelength andis the scattering angle). The data of the curves
shown in Fig. 2 were measured for 0.81€<0.3 nm* with a

Electron micrograph of a Vycor porous glass. The glass has an internal Bonse-Hart C&_llme_ra at the University of M'SSOL{H'COIumb'a’ for

surface area of 40 %y, the volume fraction of the poresvis= 0.41, and 0.05<s<3 nm" with the SAXS system at the National Center for

the average pore diameter amounts to 88 nm. SmaII—AngIe Scatterlng Research at Oak Rldge, and for 3831

nm' with a Rigaku Denki low-angle X-ray goniometer at the
University of Rostock. The three curves for a given sample were
finely dispersed colloidal silica in the cavities of the silica joined in the regions where they overlapped and converted into
framework. The finely dispersed silica affects the pore structure andbsolute units (electron units). A detailed description of the
thus the properties of the resulting porous glass system. If undesirgstocedures used for data collection and corrections of the recorded
for the application of the final material, the colloidal silica is intensities was given in Walter, Kranold, Gocke & Enenkel (1991).
removed by treatment with alkaline solution. In this way, so-called
Controlled-Pore Glass (CPG) has been prepared. Porous glassesS. Data analysis
have an internal surface area up to 300gniThe most important
uses of CPG’s are in biotechnology, membrane science, confined The most useful SAXS parameters for characterizing the average
matter physics and as chemical sensors (see Refs. 1 -5 ireEnkedimensions of the pore widths and the S#Releton are the mean
al., 2001). There has been considerable technological and scientifitersection lengths, and d,, ,of the pores and the SjGkeleton,
interest in knowing the details of the pore structure of the glassesegpectively. The parameters can be determined using the equations
Small-angle X-ray scattering (SAXS) is an excellent technique forporod, 1982)
characterizing porous glasses (Schmidt, 1988).

Fig. 1
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__d
" a-w) (12) . . . .
J whereC is a constant. Equation (4) was fitted to the curves shown in
d.. = d, (1b) Fig. 2 in the interval 0.2 s< 3 nm'. The exponent can be used to
oW find the fractal dimension (Héhr, Neumann, Schmidt, Pfeifer &

Avnir, 1988),Ds, of the pore bounderies given by

For infinitely long cylindrical poresd, represents the averagere
diameter. In (1a) and (1b), and (1 -w,) are the volume fractions
of the two phases and. is the mean intersection length. The ) )
guantityd, can be calculated from the first moment of the intersectFor fractal pore bounderies,<Ds < 3. When the pore bounderies

o=6-D.. (%)

distribution function (Porod, 1982)(1), according to the relation are smoothDs = 2.
d,d Iy
=——=_= || Al)dl . 2
e !A() @
Table 1

Fig. 3 presents the intersect dISt”bl.Jtlon functiak(s), O.btamed for . Structural parameters for the porous glasses whose intensity
the two porous glasses the scattering curves of which are shown in  ynctions are shown in Fig. 2.

Fig. 2. The A(l) functions were derived from the correlation
functions which were calculated from the infinite-slit smeared _ _ _ _
SAXS curves using the method developed by Gerber & Walter intersection lengths of the pores and the,Sik&leton, respectivelDs
1983). TheA() f fi lculated for PG F200 sh that thi is the fractal dimension of the pore bounderies,sarid the position of
( ) e ( ) unction calculate O.I' - shows . a IS the maximum of the diffraction peaks indicated in Fig. 2.

glass consists both of pores 6 nm in size and a considerable
number of larger pores. The volume fractions,and (1 -w), in Sample W d  d, Ds S

(1a) and (1b) can be extracted from the mean-square electron density

W, is the volume fraction of the pored; and d,,, are the mean

. . . rit
fluctuations that are related to the second moment of the intensity ——————— (nT()) (m:-:()s — (114)
function, I(s), expressed by . .0£0.1 .

PGF200 027 16 43 2401 158

@) =w,1-w)18p)* = [ 51985, @

Further information on the constitution of the pore surface is
obtained by means of the power-law scattering exponettiat can
be determined by approximating the decay of the intensity by the

equation (Hohr, Neumann, Schmidt, Pfeifer & Avnir, 1988) All parameters calculated for the two porous glasses under

discussion (Fig. 2) are summarized in Table 1. From the values
obtained forDg it can be concluded that the surface of the pore
channels in the macroporous glass (PG 180) is smooth, which results
from the treatment with alkaline solution. On the contrary, in the
meso-macroporous glass (PG F200), the surfaces are fractal, which
may be caused by the finely dispersed,Si@3ide the larger pore
channels or micropores in the walls of the channels owing to the
chain-like distribution of BO; in the unleached silica-rich phase
(Janowski & Heyer, 1982; Mazurin & Porai-Koshits, 1984).

PG F200 PG 180 An intense diffraction peak occurring in the intensity function at

i largers values is one signature of intermediate-range order in oxide
glasses (Elliott, 1995; Gaskell & Wallis, 1996). For melt-cooled
vitreous SiQ, this prominent peak is observed {g) ats, ~ 15 nn
(Walter, Kranold, Gocke & Enenkel, 1991). From the position (cf.
Table 1) and the shape of the concerned peaks shown in the inset in
Fig. 2 it can be concluded that the intermediate-range structure of the
skeleton in PG 180 has great resemblance to that of melt-cooled
vitreous SiQ, whereas the intermediate-range order of the silica
skeleton and the finely dispersed $i@ the pore channels of the
sample PG F200 can be expected to be different from the
intermediate-range order of melt-cooled vitreous silica.

I(s)=C®° @
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3. Novel porous glass systems

3.1. Samples and techniques
Fig. 3
The intersect distribution functiongy(l), for the porous glasses Two series of porous glasses, which are designated as S1 and S2,
Whoszin.te”;itfy f“”tf]ﬁons arle t?‘ho‘?’n i?. Fig. ZH'-‘:@ f””Cti‘?”Sl ed have been prepared from Ja- B,O; - SiQ, initial glasses, called
were derived from the correlation functions which were calculate A . - .
from the ,infinite-slit’ smeared SAXS curves using the method GL1 ar_“.j GL 11 (Table 2).' The '.nmal glasses_ are identical in
develgped by Gerber & Walte(1983. composition but strongly different in thermal history. In S1 the

porous glasses, PGL 2 - 8, were made by a process based on acid
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Table 2
Preparation characteristics for the two series, S1 and S2, of the glasses examined in this study.

Initial glass composition Phase separation Leaching
Sample N&O:B;05:SiO;, (Wt%) heat-treatment
Acid-treatment Alkali-treatment

Series S1

GL1 7:23:70 630 °C, 24h O O
PGL 2 0.5h O
PGL 3 o 1h O
PGL 4 S 5h 0
PGL 5 % 10h 0
PGL 6 e 15h 0
PGL 7 % 40h u]
PGL 8 100h O
PGL 10 10h 0.5N NaOH, 20°C, 2h
Series S2

GL11 7:23:70 O O O
PGL 12 2h s O
PGL 13 3h - O
PGL 14 o 4h 9 o
PGL 15 o 6h % 0
PGL 16 o 10h 3 O
PGL 17 24h > 5]
PGL 18 48h @ 0
PGL 19 580 °C, 48h O
PGL 20 580 °C, 48h 0.5N NaOH, 20°C, 2h

leaching of the phase separated glass, GL 1, for varying periods af2. The scattered intensity
time (0.5 - 100 h). The phase separated glass, GL 1, was produced in
a heat treatment at 630 °C for 24 h. Small portions of crystals The scattering effect observed for GL 1 and GL 11 (Figs. 4 and 5)
formed on the surface during heating were removed by using 2 Ns evidence that both initial glasses are phase separated, though
NaOH. GL 11 could be leached out only slightly (13 %). Note that the initial
In contrast to S1, the initial glass, GL 11, in series S2 was not heglass, GL 11, was not heat treated.
treated. Thus, the glass need not be expected to show phasdn series S1 (Fig. 4), the curves for the porous glasses PGL 2 - 8
separation. The porous glasses, PGL 12 - 19, were produced Igharacterize the effect of the duration of acid leaching of GL 1 (cf.
subjecting GL 11 to heat treatment procedures with varyingTable 2). The glasses, PGL 2 - 8, are micro-mesoporous, which is
parameters and subsequent acid leaching. attributable to the finely dispersed silica that remains in the pores
In two of the samples, PGL 10 and 20, the finely dispersed silicagfter the leaching of GL 1 is complete (Enke, Otto, Janowski, Heyer,
which remains in the pores after extracting the boron-rich phase, waschwieger & Gille, 2001). The changes of the pore structure are
dissolved by using alkali. Note that the pores in the sampleseflected by the evolution of the shoulder in 1if§ functions at
PGL12-18 do not contain finely dispersed silica, which islarger s values. In the latest stage, the finely dispersed silica
attributable to the low heat treatment temperature chosen. contained in PGL 5 was removed by a subsequent treatment using
The glass samples were in the form of grains of 100 -2®@ alkaline solutions. As a result a macroporous glass is obtained
diameter. The SAXS experiments were performed at beamline B1 4PGL 10) indicated by the changes in $henge where the shoulder
the Hamburg Synchrotron Radiation Laboratory at photon energy ofn the intensity curves are observed for the micro-mesoporous
8294 eV. The distance between sample and detector was 3635 mglasses, PGL 2 - 8.
From this, scattering curves(s), were measured with pinhole  Series S2 comprises porous glasses having microporous and
collimation in the interval 0.08s<1.4 nnt. The I(s) functions ~ mesoporous constitution, which is achieved by a heat treatment of
experimentally obtained for the porous glasses including those fathe initial glass GL 11 and subsequent acid treatment (cf. Table 2).
the initial glasses are shown in Figs. 4 and 5. The progressive phase separation produced by this procedure is
SAXS experiments to extend therange to 0.4s<38 nm' characterized by the changes of kfg; functions shown in Fig. 5. In
(Rigaku Denki low-angle X-ray goniometer) are in progress. Aftercontrast to the series S1, the pores of the glasses PGL 12 - 18 do not
completion of the measurements, the joined curves will becontain finely dispersed silica after the leaching is complete. Thus,
quantitatively evaluated as described and demonstrated in §2.2.  the changes in the curves obtained for PGL 12 - 18 are due to the
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The scattering curves for the glasses of series S1 (Table 2). The scattering curves for the glasses of series S2 (Table 2).

growth of the pore channels indicated by the shift of the maxima t@. Summary
smaller s values. The scattering observed in the range of ssnall
values is dominantly produced by the SgReleton. Characterizing the details of the pore structure of porous glasses is of
The sample PGL 19 was heat treated at higher temperature thampst practical interest. For this purpose, small-angle X-ray scattering
PGL 12 - 18 (cf. Table 2), and so it contains finely dispersed silica ifSAXS) has proved to be very useful. To cover a widely extended
the pores like PGL 2 - 8. The scattering curve for PGL 19 shows #&ange ofs values, the scattering from porous glasses has frequently
maximum at s = 0.126 rifthat is caused by some regularity in the to be recorded on different SAXS systems. The method provides
pore system, whereas the finely dispersed silica contributes to trgiructural parameters and functions with high accuracy which allow
scattering at larges values indicated by the shoulder. This effect the quantitative characterization of the pore structure. Important
becomes obvious from the scattering curve obtained for PGL 20 thatarameters are the mean intersection lengths, which characterize the
shows the maximum at the same position as PGL 19. In the glasverage dimensions of the pores and the skeleton, and the volume
PGL 20, the finely dispersed silica was removed by a subsequefftactions of the two phases. Moreover, SAXS is among the few
treatment using alkaline solutions. methods available for investigating the properties of the boundary
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surfaces of the pores. As a result, it can be determined if the pore
bounderies are smooth or fractal. Additional information is available
from the diffraction peaks occurring in the intensity function at large
s values which can be taken as an indication of intermediate-range
order.

References

Elliott, S. R. (995).J. Non-Cryst. Solid$82 40-48.

Enke, D., Otto, K., Janowski, F., Heyer, W., Schwieger, W. & Gille, W.
(2001).J. Mater.Sci.36, 2349-2357.

Gaskell, P. H. & Wallis, D. J. (1996phys. Rev. Letf6, 66-69.

Gerber, T. & Walter, G. (1983%tud. Biophy98, 47-52.

Hohr, A., Neumann, H.-B., Schmidt, P. W., Pfeifer, P. & Avnir, D. (1988).
Phys. RevB 38, 1462-1467.

Janowski, F. & Heyer, W. (1982).Pordose Glaser - Herstellung,
Eigenschaften und AnwendunglLeipzig: Deutscher Verlag fir
Grundstoffindustrie.

Mazurin, O. V. & Porai-Koshits, E. A. (1984phase Separation in Glass
Amsterdam: North-Holland Physics Publishing.

Porod, G. (1982). I®mall-Angle X-ray Scatteringdited by O. Glatter & O.
Kratky, pp. 17-51. New York, London: Academic Press.

Schmidt, P. W. (1988). I&@haracterization of Porous Solids. Proceedings of
IUPAC Symposiumedited by K. K. Unger, J. Rouquerol, K. S. W. Sing &
H. Kral, pp. 35-48. Amsterdam: Elsevier.

Walter, G., Kranold, R., Gocke, W. & Enenkel, N. (19QLL)Appl. Cryst24,
616-623.

596 Received 29 August 2002 - Accepted 2 January 2003

J. Appl. Cryst. (2003). 36, 592-596



	mk1

