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Mass fractal characteristics of silica sonogels as determined by small-angle x-ray scattering
and nitrogen adsorption
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A sample series of silica sonogels was prepared using different water-tetraethoxysilane molay,yatio
the gelation step of the process in order to obtain aerogels with different bulk densities after the supercritical
drying. The samples were analyzed by means of small-angle x-ray-scait8AX$) and nitrogen-adsorption
techniques. Wet sonogels exhibit mass fractal structure with fractal dimeBsioereasing from~2.1 to
~2.4 and mass-fractal correlation lengthdiminishing from ~13 nm to~2 nm, asr,, is changed in the
nominal range from 66 to 6. The process of obtaining aerogels from sonogels and heat treatment at 500 °C, in
general, increases the mass-fractal dimenBipdiminishes the characteristic lengghof the fractal structure,
and shortens the fractal range at the micropore side for the formation of a secondary structured particle,
apparently evolved from the original wet structure at a high resolution level. The overall mass-fractal dimen-
sionD of aerogels was evaluated a2.4 and~2.5, as determined from SAXS and from pore-size distribution
by nitrogen adsorption, respectively. The fine structure of the “secondary particle” developed in the obtaining
of aerogels could be described as a surface-mass fractal, with the correlated surface and mass-fractal dimen-
sions decreasing from-2.4 to ~2.0 and from~2.7 to ~ 2.5, respectively, as the aerogel bulk density in-
creases from 0.2&,,=66) up to 0.91 g/cra (r,,=6).
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|. INTRODUCTION IIl. EXPERIMENT
A large variety of glass and glass ceramics has been ob-

tained by the sol-gel process from the hydrolysis of tetra-y oivsis of mixtures of 25 ml of tetraethox SilafE0S
ethoxysilane (TEOS.! Sonohydrolysis is an alternative ysis Ot ! - y '

. 8 ml of distilled and dionized water, and 5 ml of 0.1 N HCI
method to promote the solventles's'hydroly3|s of t_he alkox-a s a catalyst. TheH of the hydrolysis mixture was about
ide. Wet sonogels frequently exhibit structures with mass: :

fractal characteristics, consisting of a continuous solid net}->-2-0- The sonohydrolysis was carried out during 10 min

work imbibed in a liquid phase. The development of masslnder a constant powéb0 W) of ultrasonic radiation. The

fractal structures in wet sonogels has been well establishe@sulting hydrolyzed sol was diluted in different quantities of
by means of a kinetic study at different temperatures of thavater in order to obtain final aerogels with different densi-
aggregation process of very small silica particles produced ities, and the sonication was continued for 2 min for complete
the TEOS sonohydrolysi Supercritical drying(aerogels ~ homogenization. The added water quantity was changed to
and evaporation dryingxerogel$ are usual methods in the get samples with the final water-TEOS molar ratig) ac-
production of dried gels. Most of the original structure of thecording to the nominal valueg,=6, 10, 19, 25, 40, and 66.
wet sonogels is expected to be preserved in the solvent eXd-he pH of the samples was adjusted to 4.5 by addition of
change and supercritical drying in the obtaining process oNH,(OH), and the samples were cast in sealed containers
aerogels. and kept under saturated conditions for 20 days at 40 °C for
A comparative study using small-angle x-ray scatteringgelation and aging. The wet sonogels were studied by small-
(SAXS) and nitrogen adsorption has been carried out in theangle x-ray scatteringSAXS). Aerogels were obtained by a
characterization of sonogel-derived aerodefn indepen- two-step process: first, the liquid phase of the wet sonogels
dent method to probe the mass-fractal structure of aerogelsyas exchanged by pure ethanol at room temperature; second,
exclusively from the pore-size distribution as obtained fromethanol was exchanged by liquid G@ an autoclave fol-
the nitrogen adsorption isotherms, has been suggested so thveved by supercritical C© extraction. Aerogels prepared
results were found in good agreement with SAXS resuilts. with r,,=66, 40, and 25 were monoliths, and those prepared
In this work, a sample series of silica sonogels was prewith minor r,, values were monolithic slices; the cracking
pared using different water-tetraethoxysilane molar ratiosvas found increasing ag, decreasing. Sample aerogels were
(ry) In the gelation step of the process in order to obtainheat treated at a temperature of 500 °C under atmospheric
aerogels with different bulk densities after the supercriticalconditions for about 10 h and studied by SAXS and
drying. Interesting structural properties associated with thesitrogen-adsorption techniques.
wet sonogels and the evolution of such a structure in the The SAXS experiments were carried out using synchro-
obtaining of the sonogel-derived aerogels have been inferrelon radiation with a wavelength=0.1608 nm. The beam
from the mass-fractal characteristics as determined from th&as monochromatized by a silicon monochromator and col-
small-angle x-ray scatteringsAXS) and nitrogen adsorption limated by a set of slits defining a pin-hole geometry. A
data. one-dimensional position-sensitive x-ray detector was used

Samples of sonogels were prepared from the sonohy-
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FIG. 1. SAXS intensity as a function of the modulus of scatter- FIG. 2. SAXS intensity as a function of the modulus of scatter-
ing vector g for wet sonogels withr,, ranging according to the ing vectorq for aerogels obtained after the supercritical drying of
nominal values 66, 40, 25, 19, 10, and 6, as indicated. The smathe sonogels of Fig. 1 and heat treatment at 500 °C. The small
circle lines are fittings of the mass-fractal approfieh. (1)] to the  circle lines are fittings of the mass-fractal approgep. (1)] to the
experiment data. experiment data. The slopes of the experimental curves atdigh

associated to Porod's region are indicated in each case.

to record the SAXS intensitl(q) as a function of the modu-
lus of the scattering vectay=(4/\)sin(6/2), wherefis the ~ SAXS intensity in ag range given by>q > a, whereé is
scattering angle. The experimental set allowed one to gdhe characteristic length of the fractal structure and the
SAXS data fromg,=0.095 nm'to q,,=3.2 nmi* with a  characteristic length of the primary particles composing the
resolution ofAq=4.98x 10" nn ™. The data were corrected Structure> The SAXS intensity departs from the power-law
by the parasitic scattering and sample attenuation and nofegime at lowel values due to the finite-correlation rangef
malized by the intensity of the incident beam. The parasiticthe mass-fractal structure, thus, an approach can be Cast as
scattering correction has been carried out by measuring the . _

scattering from an empty cell for both aerogels and wet (@) = Asin(D - Darctariqé) V(1 + %) ©™"%(D - 1)ag,
sonogels. The maximum experimental vatyg=3.2 nnTtin (1)
the measured range, which corresponds to a Bragg distance

of 1.8 nm, is not high enough to resolve the quuid-phaseWhereD is the mass-fractal dimension of the structure, a

structure in wet sonogels, so no correction by the solvenphysically acceptable value betweer<D <3, andA is a

; tant for a give® andé.
scattering has been made on the wet sonogels. cons . .
Nitrogen adsorption isotherms were obtained at liquid ni- 19uré 1 shows that the curves of the SAXS intensity of

trogen temperature using a commercial pore and surface an%—e wet sonogels are well fitted by EQ) in practically all

lyzer apparatu$ASAP 2010 Micromeritics The data were € StUd_'qu range. Th_e lack of crossover to F’O“?d's law
analyzed for BET-specific surfad&ey), total pore volume  (1(@~d™) at highg region reveals that the system is a mass
per mass unitV,), as the total adsorbed volume of nitrogenfraCtal up to almost the molecular level because the minor
at a single point close to the saturation pressure, and por e_z/ngti g%ale probed by éhet preésent SdA>t<S S;g?é through
volume distribution, as determined by using the classic hqm : nml, corresponas ?‘ah ra:(gg Istance-di gm.
Kelvin equation and the Harkins and Jura model for cylin- e structura parameters_, of the fitting proce_Bsan 3
drical pore< thr'ough Eq.(1) are shown in Tab'le | toggther with the frac-
tality range expressed as the radia, a being the character-

istic length of the primary silica particle, assumed as
a~0.3 nm~ 1/q,, A positive deviation from Eq(1) is ap-

Figure 1 shows the SAXS intensityq) as a function of parent at highg in the SAXS curves of the samples with
the modulus of scattering vectgrof the sonogels as mea- r,=6 and 10 in Fig. 1. Probably, wet aerogels with loyy-
sured under wet conditions. Figure 2 shows the same type ofalues present some structure at a high resolution level ac-
curves for the corresponding aerogels after supercritical exsounting for an additional contribution to SAXS at high
traction of CQ and heat treatment at 500 °C for 10 hr. In the SAXS curves of the aerogdlsig. 2), after the CQ

The mass fractal characteristics of the sonogels can bsupercritical extraction and heat treatment at 500 °C, it was
recognized by a typical power-law decrease grof the  found that Eq.(1) fits generally well the SAXS intensity at

IIl. RESULTS
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TABLE |. Structural parameters as determined by SAXS for wet gels and aerogels.

Wet gels Aerogels 500 °C

Iy D £ (nm) &la D £ (nm) &la a
66 2.10£0.02 13.2+0.1 ~40 2.14+0.01 10.9+0.1 ~10 3.0£0.1
40 2.14+0.02 10.8+0.1 ~32 2.21+£0.02 8.39+£0.07 ~8 3.0£0.1
25 2.20+£0.03 7.87£0.07 ~24 2.39£0.02 5.31£0.05 ~7 3.2£0.1
19 2.26+0.03 4.46+0.05 ~13 2.55+0.03 3.01+0.03 ~7 2.9+0.1
10 2.37+0.04 2.32+0.03 ~5 ~3 1.4+0.1 ? 3.1+0.2

6 2.36+0.04 2.21+0.03 ~4 ~3 1.3+0.1 ? 3.5+03

aMlore properly, it was found increasing from3.1 to ~ 3.8 in the fitted range.

the low- and mediung regions. At the highg region, it was Figure 4 shows the curves of the incremental pore volume
generally found that the SAXS intensity presents a negatives a function of the pore widthr Xor the studied aerogels.
deviation from the Eq(1), crossing over to a distinct power- The pore-size distribution curvé®SD were obtained from
law decrease on asl(q)~q . The fitting of Eq.(1) was  the adsorption isotherni&ig. 3 through a routine using the
found to be insensitive to the power law decaying at theclassical Kelvin equation and the Harkins and Jura model for
high-g region in the case of aerogels with=66, 40, and 25,  cylindrical pores' The pore width 2 in Fig. 4 corresponds to
for the SAXS intensity from those samples was found to behe diameter of the cylindrical pore in the Harkins and Jura
too much greater at log when compared to that at highto  mpdel. The resolution of the pore width probed by the
be equally weighted in the least-squares method. The expgelyin equation is about 1.4 nm, and the maximum pore
nent « was found(Table ), in general, quite close to the \igth that can be probed by nitrogen adsorption is about
value 3in all cases, except qu,:6whena was found to.be 200 nm. In general, the shape of the PSD curves is very
~3.5. The typical valuer~ 3 is rather small to be associated similar for all aerogels, except that the curves are magnified
and shifted toward the macropore regionrgss increased.

X . The pore width at the maximum in the PSD curves is also
could be associated with an extremely rough bounOIar)éhifted toward the macropore region. The aerogel with
space-filling fractal surfaceThe analysis of the fractal char- > \ P gion. gel W
acteristics wherr~ 3 may be a complex matt&As we will ry=66 presents maximum in the PSD curve at a pore width
see, this fine structure at a high resolution level is also aph©t 100 far from the upper limit of the applicability of the
parent from the nitrogen adsorption study. nitrogen-adsorption technique. _

Table | shows the SAXS structural parameters of the mass Although the pore mean size and the pore volume in-
fractal D and ¢ obtained for the aerogels with,=66, 40, 25, ~ crease accentually with, (Fig. 4), the BET-specific surface

and 19, together with the ratig a, for this set of samples in 24 F
which the crossover to the power-law decayliig) ~q™* at 16 66
high g is apparent. The fitting process of EG) to the aero- sk

gels withr,,=10 and 6 have yielded physically meaningless n L L
values forD (D >3). Then, we restricte® to the maximum 8r
acceptable value 3 and proceeded in determidinglow- 12:
ever, the significance and correctness of the parameters re-

sulting from the use of Eq1) to fit the data of systems with 12 25

fractal dimension close to 3(mass or surfage are o
75F ' :
sof 19
25}

discussablé.
6 - 1 1 1 1

Figure 3 shows the nitrogen-adsorption isotherms as ob-
tained at liquid-nitrogen temperature for the studied aerogels.
Table Il shows the bulk density and the BET-specific sur-
face areaSzer of the aerogelsp was evaluated from the
adsorption data using the total pore volume per mass\nit
through the relatior(1/p)=(1/p,) +V,, assuming the value
2.2 g/cnf for the skeletal density,, as frequently quoted
for fused silica. It has been pointed &ihat, in the case of
low-density aerogels, the adsorption method applies stress on
the sample during measurement leading to an underestima-
tion of pore volume. This seems not to be the case for our pip,
samples of aerogels produced from sonogels due to the good
agreement, in general, found between the bulk densities mea- FIG. 3. Nitrogen-adsorption isotherms carried out at liquid-
sured from direct mass and volume determinations and fromitrogen temperature for the aerogels of Fig. 2. The open-circle
the adsorption data. points correspond to the desorption branch.

Volume adsorbed (10° cm®g STP)

o M w AN A
¢ T T T
&
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TABLE II. Structural parameters as determined from nitrogen adsorption for sonogel-derived aerogels
treated at 500 °C.

' p (cm¥/g)  Sger (107 m?/g) I (nm) D 2rg (nm) 2rgl2r,
66 0.25+0.01 10.3£0.1 1.7£0.1 2.24+0.03 110+8 ~5
40 0.30£0.01 10.1+0.1 1.8+£0.1 2.22+0.03 61+6 ~5
25 0.44+0.01 8.32+£0.08 2.2+x0.1 2.33£0.03 354 ~5
19 0.57+£0.02 9.66+0.09 1.9+0.1 2.41+0.03 19+2 ~4
10 0.77£0.02 9.42+0.08 1.9+0.1 2.50+£0.04 9.2+£0.8 a

6 0.91+£0.03 9.46+0.08 1.9+0.1 2.55+£0.04 8.2+£0.6 a

aJust one mass-fractal regime associated to the micropore region.

areaSger shows practically a constant value, just increasingdensity equal to that of the fused siligg~2.2 g/cn¥ and
very slightly with r,, (Table Il). This means that the solid probing the resulting bulk density(r), as each incremental
network of the aerogels is formed by silica particles, whichpore volume per mass uniiV(r;) is incorporated to the
are very similarly independent on the porosity. Table Ilstructure. The process can be cast as

shows the average size values of the silica partidigshat
form the solid network of aerogels as evaluated by e NP YA 2
[s=4V,/ Sze1, as an analogy with the definition of the BET o) pa = O

pore mean size, wheM,=[(1-¢)/ ¢]V, is the solid volume '

and ¢ is the pore volume fraction. Most of the values for ~For a mass-fractal structure the bulk dengigycan be cast
were found in the range between about 1.9 nm and 1.7 nn@S
the values lightly diminishing with,,.

ri=r

pe= pa(&a)°73, 3

where ¢ is the characteristic length of the fractal structure
IV. DISCUSSION and a the characteristic length of the homogeneous silica
particle. Then, the evaluation @fr) in the rangeasr=<¢

As a general result from the SAX%,and &/a decrease for such a system should yield

while D increases with the diminution of,, as for wet sono-
gels as aerogels. The process of obtaining aerogels from p(r) = pa(r/a)P3. (4)
sonogels and heat treatment at 500 °C increases the mass—F. 5 sh for the studied s, i log-I
fractal dimensiorD, diminishes the characteristic lengiof lgure 5 S owsp(r) for the studied aerogels, in a log-log
the fractal structure, and shortens the fractal rafige ap- sqale with the structure scale lenddis probed by the pore
parently for the evolution of the structure at a high resolutionVidth 2r), as evaluated through E) from the pore volume
level, as if a new secondary structured particle were to bdistribution shown in Fig. 4. Accordingly, the densiyr)
created. The characteristics of such a fine structure could H§NS t0 a constant value equal to the bulk dengitfable
better understood from the results of the nitrogen adsorptior}!) @S the pore width Rincreases up to the maximum value

To compare the SAXS data with nitrogen adsorption data?'¢ I €achr,-case. The valuerZ was found in good agree-
we employed an earlier proposed methéat the generation ment with t_he value 2¢, the Bragg distance a_ssomated to
of a mass-fractal structure from the PSD curve by a sequené@e correlation lengtlg as probed by SAX$see Fig. % The

of approximants, starting from a homogeneous solid with?9reement between the valueg and 2r¢ is not so good for
the sample wittr,,=66, for the maximum length2/q, ex-

. , perimentally probed by SAX&t the minimumgg) is minor
s 6 than the value 2 determined from nitrogen adsorption.
Then, the bulk density of Table Il could be assigned {o.
[Eq. (3)] and the pore width 12 properly associated to the
Bragg distance 2¢ in each case. As a consequence, the
overall mass-fractal dimensioDb of the structure can be

o
@
—

et
)

Incremental pore volume (cm®/g)

0.1 probed through Eq3) using the values of; (or p in Table
1) and the maximum pore widthr 2(adsorption or the char-

7 acteristic lengthé (SAXS). Figure 6 shows the plot op,

0.0% A 00 versus the pore widthr2 (and the Bragg distancenZ) in a

log-log scale together with the linear fitting of E@) to the

data. From the slop® -3 of the straight line fitted in each
FIG. 4. Pore-volume distribution as obtained by the Kelvin case, we have foun®=2.51+0.03 from adsorption and

equation and the classical Harkins and Jura model for cylindricaD=2.41+0.03 from SAXS as a measure of the overall mass-

pores from the nitrogen-adsorption isotherms of the aerogels of Figractal dimensionD. The overall value~2.4 obtained by

3. SAXS is among the values obtained by fitting Ef). to the

pore width 2r (nm)
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2 \».,_2”5 or ] According to Eq.(4), the plot in a log-log scale gb(r)
1F D=25 .‘\E : with the pore width 2 should be a straight line with slope
F : ] D-3. Figure 5 shows that E¢4) fits reasonably well to the
r 1,=6 : ] experimentalp(r) in a first interval of 2 associated to the
of - ”I2r E— mesopore region, between the maximum valug @d an
1 _.m; : 4 intermediary value~2r,, for the samples wittr,,=66, 40,

: 25, and 19. The values @f obtained from the slopd3 -3 of
: the straight lines plotted in the range 22r, (Fig. 5 and
Table 1), including the superior limit &, are in good agree-
ment with those corresponding, as determined by SAXS
through Eg.(1) (Table ), to the same set of samples
(r,=66, 40, 25, and 19

Figure 5 also shows a second mass-fractal regime associ-
ated with the micropore region, in the range betwe€elr,
and practically the inferior limit of the nitrogen-adsorption
pore resolution(~1.4 nn), for the samples with,, =66, 40,
25, and 19. The slope3-3 of the straight lines fitting Eq.
(4) for this set of samples yield values fbrall in the range
2.7-2.6, the values decreasing from the sample wjth66
to that withr,,=19 (Fig. 5. The crossover at-2r,, on pass-
ing from the mass fractal associated to the mesopore region
to that associated to the micropore region, is shifted in direc-
tion to the micropore region, ag, diminishes from 66 to 19.
The values oD of both fractal regimes gradually approxi-
i o . SAXS —— mate one to the other ag varies from 66 to 19. Particularly
1 ¥ 10 ¥ 100 for r,=19, the crossover at2r, is almost nonapparefig.

27 q,, 2mq, 5). For the sample withr,,=10 andr,=6 the crossover
readily disappears, giving place to a single mass-fractal re-
gime with D~ 2.5. Evidently, the mass-fractal structure as-
sociated with the micropore region as inferred from adsorp-
tion is associated with the fine structure developed in the

p(P (cmg)

structure length scale 2r (nm)

FIG. 5. The bulk density(r) as a function of the structure scale
length (as probed by the pore widthrRevaluated through Ed2)

with the PSD curves in Fig. 4. The correlations between the s’[ruc‘:"ero_geIS as observed from SA)_(S'
ture scale length as probed by adsorptiar and 2,) and by the Figure 5 shows the correlations between the SAXS and

Bragg distance from SAXS27¢ and 2ra), associated with the @dsorption data in the description of both observed fractal
fitting range of the mass-fractal approdéus. (4) and/or(1)], are ~ regimes. The crossover between them has been assigned to
indicated in each case. 2r, for adsorption and 2a for SAXS. As pointed out, the
values ofD and of the upper limit g of the mass fractal
SAXS intensity curves of the aerogdBable ) (except for  associated to the mesopore region are in good agreement as
ther,=6 and 10, as mentiongdvacheret al® have found measured by both techniquégigs. 2 and 5, Table | and)ll
D=2.40+0.03 from small-angle neutron scattering in a seriegor samples withr,, =66, 40, 25, and 19. Quantitatively, the
of non-sonogel-derived silica aerogels with different densiwvalues of D associated with the micropore region, which

ties. have been found between 2.5 and @ri¢luding all samples
by adsorption(Fig. 5), are not in agreement with the values
® —— N, adsorption (D= 2.51£0.03) of « associated with the SAXS higip-power-law decaying
A ceneees SAXS (D=2.411003)

1(g) ~q ¢, which have been found all approximately equal to
3 for samples wittr,, =66, 40, 25, 19, and 10, and equal to
3.5 forr,=6 (Fig. 2). Such an apparent disagreement could
be explained if we consider all three types of fractals, as in a
surface-mass-pore fractdl.

The intensity from a surface-mass-pore fractal dbélye
power lawl(qg) ~ g ¢, with

p, (glem’)

0.1F

1I0 1(‘)0
2r,( ® Yor2aE( & ) (nm) a=2(Dy+Dp) - 6-D, (5)

FIG. 6. Probing the mass-fractal dimensiénof the overall ] ) )
structure ’[hrougfp‘f:p;__l(g/a)D‘:‘3 using p (or Pg) given in Table Il WhereDS, D ande is the fractal dimension of the surface,

together with the maximum pore widttr 2(from adsorptionand ~ Mass, and pore space, respectively. For a Surface' fractal,
the Bragg distance associated with the correlation distgritem  Dyn=D,=3, it reduces to the Bale-Schmititscattering
SAXS). 1(q) ~q®Ps; for a mass fractalD,=D,, and D,=3, it reduces
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TABLE Ill. Fractal dimensions of the surface-mass fractal of the 40, and 66, together with the small variations found in the
fine structure associated with the micropore region of aerogelawverage size of the solid silica particlesn Table Il suggest
treated at 500 °C. that nitrogen adsorption is, in fact, resolving most of fine
structure of the secondary particles.

Iy Dm o D¢
V. CONCLUSIONS
66 2.71+0.05 3.0£0.1 2.4+0.2 - _
40 2.69+0.05 3.040.1 24402 Wet sonogels exhibit a mass-fractal structure with fractal
o5 2 66+0.05 32401 21402 dimensi_onD ranging fror_n~2.1 to~2.4 and a mass-fractal
19 5 5740.05 29401 92402 correlation lengthé ranging from~13 to ~2 nn?, as the
RS e e water/TEOS molar ratiqr,,) used in gelation step of the
10 2.50+0.05 3.1+0.2 1.9£0.3 process is changed in the nominal interval from 66 to 6.
6 2.55£0.05 3.1-38 ~2f The process of obtaining aerogels from sonogels and heat
aD,, and D, seem to be only partially correlated through E5). treatment at 500 °C increases the mass-fractal dimerjon

diminishes the characteristic lenggtof the fractal structure,
to 1(q) ~ g ™®; and for a pore fractalD,=D, andD,,=3, it  and shortens the fractal range at the micropore side for the
reduces td (q) ~ q°». . formation of a secondary structured particle, apparently
We assume thab,=3, since the pore-volume fractiop evolved from the original wet mass-fractal structure at a high

is greater than the mass-volume fraction in aerogels. For inf€Solution level. ,

stance, the sample with,=6 has the highest density among The fundamental role of the increasergfon the structure

the studied aerogels and presets 0.60. So, the fine mi- of resulting aerogels is to increase the pore mean size and the
cropore structure should be a surface-mass fractal to preseR@'€ volume, without, however, substantially modifying the

mass-fractal dimension between 2.5—Eig. 5 and account 2verage size of the silica particles forming the solid network
for the exponente in Table | becausew=2D,-D, for of the aerogels. The domains and the characteristics of the
m S

D,=3 in Eq.(5). Table Il shows the values of the correlated Mass fractal built up by the primary silica particles were

fractal dimension®,, as read from the plots in Fig. 5, and found influenced by the porosity.

D,, as evaluated from Eq5) with D=3 for the samples In the case of intermediate density aerogels, the values of

Wisth r =66. 40. 25. 19 and 10 P D and of the mass-fractal domain associated with the meso-
w il y il il .

According to Table Ill, the correlated surface fractal di- POre region were correspondingly found in reasonable agree-
mensionDs of the surface-mass fractal associated to the findn€nt when determined by SAXS or by nitrogen adsorption.
structure of the aerogels decreases frofi4 to~2.0 while The determination of the inferior limit of the mass-fractal

the correlated mass-fractal dimension decreases from 2.7 fmain from both techniques was found in less agreement in
2.5, asr,, changes from 66 to 10. The evaluationD§ for the case of low-density aerogels. For high-density aerogels,
the sample withr,,=6, usingD,,=2.55 (Fig. 5 and «=3.5 thr—_z employed SAXS mass-fractal approach does not apply
(Table ), yields D~ 1.6, a physically unaccepted value for suitably becayse of the absence of most of the mesopore
the surface fractal dimension. However, as mentioned, th&"Ucture, while the nitrogen adsorption method accounts
curve associated to the final highdecaying of the SAXS practically for the mass fractal associated with the micropore
intensity of the sample wit, =6 in the plot of Fig. 2, is Structure of the secondary structured particles.

more properly a nonlinear curve, instead a fairly straight line.  1h€ overall mass-fractal dimensi@ as evaluated from

as in the case of the other samples. The expomemtas the bulk Qe_nsn_y of aerogels as a function of the structure
estimated changing from about 3.1 to 3.8 in the range of thgharacteristic size was found to be2.4 and~2.5, respec-
linear fitting. ThenD,, andD, seem have left to be strongly tively, in the case of the structure, chqraqter|§t|c size has been
correlated through Eq(5), so the intensity at the high-de- ~ Probed by SAXS or by pore-size distribution by nitrogen
caying seems to be a result of two contributions: a surface2dsorption.

mass fracta[correlated through Eq(5)] contribution, pre- . 1he fine structure of the “secondary particle” developed
dominant at not so higly, and a perfectly smooth surface the obtaining of aerogels could be described as a surface-
contribution, predominant at very high mass fractal with the correlated surface and mass fractal di-

Finally, very fine structural modifications in the secondaryMensions decreasing from2.4 to~2.0 and~2.7 t0 ~2.5,
structured particle occurring with variations i, as mea- '€SPectively, as the aerogel bulk density increases from
sured by the surface-mass fractal model could account fd?-25 (fw=66) up t0 0.91 g/crh(r,=6).
that just small variations found in the average size of the
solid silica particleds as shown in Table II. In addition, the
increase of the secondary particle size with the increase of Research was partially supported by LNLS—National Syn-
rw as well probed by 2, (or 27a) in Fig. 5 forr,=19, 25,  chrotron Light LaboratoryBrazil) and FAPESRBrazil).
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