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Abstract

This paper discusses a new approach to the synthesis of nano-structured oxides where sol-gel reactions are carried out
in aerosol droplets. This aero-sol-gel (ASG) reactor allows for manipulation of the structure, chemical composition
and surface area of silica powders through variation of process parameters. ASG powders differin nanostructure from
other continuous process powders such as pyrolytic and solution-route powders. ASG powders contain mesopores
(>2nm) and micropores<2 nm), the mesopores being responsible for high surface areas measured by nitrogen
adsorption using BET theory. Primary particles of close to molecular scale are believed to lead to exceedingly large
specific surface areas on the order of 6GyrThese primary particles aggregate into nanometer scale mass-fractal
aggregates that cluster in micron scale agglomerates. Under controlled reaction conditions the powder structure is
reproducible as measured by small-angle X-ray scattering, SAXS, analysis. The ASG reactor displays transport
effects similar to those previously seen in laminar flame reactors as evidenced by the effect of reactor geometry and
reactant concentration on product structure.

Introduction is present, the assembly is made of low-cost, plas-
tic tubing rather than the high temperature materials
Previously we reported a new reactor for the pro- needed in flame reactors. Formation of metal oxides
duction of silica and titania oxide powders with at ambient temperatures avoids sintering of primary
nano-scale structure and high specific surface areasparticles and the associated reduction in specific sur-
(100-700 ¥g) (Hyeon-Lee et al., 1997; Hyeon-Lee face area (Hyeon-Lee et al., 1998). Byproduct removal
et al., 1998). This aero-sol-gel reactor (ASG) is sim- from these powders occurs in a rapid, continuous man-
ilar in design to laminar flow pyrolytic reactors such ner, coincident with condensation of the precursor
as those of Pratsinis and coworkers (Pratsinis et al., streams into a fine aerosol. Simultaneous aerosol con-
1996; Zhu & Pratsinis, 1996; Vemury & Pratsinis, densation and reaction, alleviates pore collapse on dry-
1995). The ASG reactor differs from these flame reac- ing common to room temperature solution processes
tors first in that there isio flamepresent. Instead, (Brinker & Scherer, 1990).
oxide powders are produced by ambient temper- The concept of chemical reactions in aerosols aimed
ature and pressuréydrolysis/condensation chemical atceramic oxide production has precedence in the work
reaction which occurs simultaneous with thermal con- of Egon Matijevic at Clarkson University (Matijevic &
densation of precursor vapor streams to an aerosol. TheVisca, 1979; Visca & Matijevic, 1979; Matijevic,
precursor vapor streams are fed into a mixing zone 1982). Matijevic produced an aerosol stream of alkox-
from a heated laminar flow assembly. Since no flame ide precursors and humidified the aerosol in a reaction
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chamber. One aim of Matijevic’s efforts was to pro-
duce close to monodisperseib-micron-scaleparti-
cles (0.1-1.@um) by process control over the aerosol
droplet size (Ingebrethsen et al., 1983). Matijevic's
aerosol reactor differs from the ASG reactor in that
Matijevic’s alkoxide aerosol is formegrior to reac-
tion. Much of Matijevic’'s work involved production
of amorphous titania particles which could be trans-
formed into anatase or rutile by annealing in a sep-
arate process. Matijevic also studied mixed oxides
(Matijevic, 1982).

In the ASG reactor, aerosol formation occurs simul-
taneous with mixing of reactant vapor streams and
initiation of oxide production. This co-condensation

leads to low-dimension, mass-fractal aggregates
(Brinker & Scherer, 1990; Meakin, 1986; Schaefer,
1988; Witten & Sanders, 1981).

If insufficient HCl is present, it is likely that partial
hydrolysis of TEOS occurs. Partially hydrolyzed TEOS
is less likely to condense to silica in growing aggre-
gates since fewer condensable —OH sites are available.
Itis expected that in partially condensed TEOS the for-
mation of aggregates might exhibit a transition from
low- to high-dimension growth, i.e. denser growth, as
the degree of TEOS hydrolysis is reduced and as the
formation mechanism changes from transport-limited
to reaction-limited

In addition to catalyst availability, a second process

of mixed reactant vapors is advantageous for produc- parameter, the water/TEOS molar ratio, governs silica
tion of aerogel-like nano-structure in ASG powders. growth. The ASG powders, discussed in this paper, use
Several other groups have used Matijevic-type aerosol an overall water/TEOS molar feed ratio far in excess
reactors, with pre-formed alkoxide aerosols, using dif- of stoichiometric. Two moles of water are produced in
ferent techniques for aerosol formation such as jet the condensation step per mole Si(QHind 4 moles
nozzles (Cortesi et al., 1984; Rubio et al., 1997; Kostic of water are consumed in the hydrolysis step for a
et al., 1997; Gablenz et al., 1998; Ocana et al., 1992; net stoichiometric consumption of 2 moles water per
Matijevic et al., 1995). The specific surface area of mole TEOS in the overall reaction (Brinker & Scherer,
oxide particles produced from these pre-formed alkox- 1990). The presence of much higher concentrations of
ide aerosol streams is less than 160gnThe ASG water than stoichiometric in hydrolysis/condensation
powders, reported here, generally display specific sur- reactions can lead to inhibition of condensation. On the
face areas in the 400-70G#g range indicating that  other hand, in the ASG reactor, the three components
they may have a distinct structure from processes whereof the hydrolysis/condensation reaction must meet in
a pre-formed alkoxide aerosol is used. Additionally, the nascent aerosol droplets. High water content may serve
ASG reactor has a lower reaction temperature, close toto enhance transport of HCI to water, and to the reaction
room temperature, in comparison to the Matijevic-type zone, depending on the lamellar flow stream configu-
reactors. ration (Figure 1). HCl is much more miscible in water
This paper discusses a control series of pow- than TEOS, so acidified water can serves as a conduit
ders produced in the ASG Reactor from an acid to bring the three components together.
catalyzed (HCI) hydrolysis/condensation reaction of
tetraethoxysilane (TEOS) and water. Oxide growth
from such sol-gel reactions can be categorized into:

Mixing/Condensation/Reaction
Zone

(1) dense, 3-d, surface-fractal growth undemction- e
limited, monomer-clusteconditions, or (2) ramified, NE=RR
low-dimensional, mass-fractal growth undi@nsport-
limited conditions (Hyeon-Lee et al., 1998; Brinker Thermally
& Scherer, 1990). In the TEOS/HCl/Water system, alb|c Controlled
hydrolysis of the alkoxide is accelerated by the pres- Flow
ence of HCI (Brinker & Scherer, 1990). Condensa- Laminar  Reactor Confiauration
tion of the resulting Si(OH)and partial condensates, Sream A B C
Si(OH),(OC,Hs) 4, is a slower reaction than hydrol- = a  poweer
. it . . . Feed Vapor Streams 2 Water TEOS TEOS
ysis under acidic conditions. Nevertheless, in solution ¢ TEOS HCl  Water

reactions, if sufficient acid catalyst is present to fully
hydrolyze TEOS to Si(OH) the condensation rate to
silica is faster than the transport rate of hydrolyzed
TEOS in the solution and the reaction timnsport
limited, i.e. acid catalyzed hydrolysis/condensation

Figure 1L Schematic of thermally controlled, laminar flow assem-
bly for ASG reactor. Reactant streams enter at the bottom of the
concentric tubes from temperature controlled bubblers using dry
nitrogen as a carrier gas. Laminar flow streams exit at the top into
the mixing zone where the reaction takes place.



Therefore, high water content in the ASG reactor
can possibly lead to two different structural results,
(1) High-water concentration can serve to enhance HCI
transport and lead to complete hydrolysis of TEOS and
transport-limited low-dimension aggregates, (2) high
water content can inhibit the condensation reaction
leading tareaction-limitedgrowth and 3-d, solid aggre-
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‘b’ was water and ‘a’ was the catalyst, HCI. Reactor
Configuration B stream ‘c’ was the catalyst, HCI, ‘b’
the alkoxide, and ‘a’ water. IReactor Configuration C
stream ‘b’ was again the alkoxide (TEOS), streams ‘@’
and ‘c’ were exchanged froReactor Configuration B
Diffusive or convective transport probably occurs,
initially, through vapor phase diffusion across lam-

gates. The data presented in this paper supports the firsinar flow streams in the lower part of the mixing

prediction in most cases, meaning that only a limited
amount of the water fed to the reaction zone actually
finds its way to the reacting, nascent aerosol droplets.

Experimental

The ASG reactor consists of dry nitrogen streams bub-
bled through precursor liquids to form vapor streams.

region. Transport of HCI and 40 is expected to
occur at a much higher rate than diffusive transport
of the heavier TEOS molecules, molar mass ratio of
TEOS/HO = 11.6.

Stream ‘a’ can diffuse/convect either to the stagnant
surrounding air or into the reaction zone, i.e. towards
stream ‘c’. Streams ‘b’ and ‘c’ are surrounded by lam-
inar flow streams and are not subjected to significant
convective flow at the first stages of the mixing zone.

These bubblers can be heated to control the reactant On entering the mixing zone, laminar streams cool

concentration in the feed streams. In the formation
of silica from tetraethoxysilane (TEOS), three vapor
streams are fed into a laminar flow assembly: TEOS,
water and HCI. All process vapor streams are heated
to about 110C to prevent premature condensation.
The laminar flow streams feed into an open air mix-
ing/condensation/reaction zone similar in design to
pyrolytic reactors (Hyeon-Lee et al., 1997; Hyeon-Lee
et al., 1998; Pratsinis et al., 1996; Zhu et al., 1996;
Vemury & Pratsinis, 1995; Hyeon-Lee et al., 1998).
Nano-structured powders are collected in a funnel filter

to about 25C due to contact with the surrounding air. A
cooling gradient is created in the laminar outflow from
the thermally controlled laminar flow assembly. The
high dew-point vapors condense into aerosol droplets
when the temperature drops and this initially occurs in
the outer laminar stream, stream ‘a’. Stream ‘a’ vapors
are most likely to serve as nuclei for aerosol formation
from the other components when it contains water or
alkoxy vapors but not for HCI since HCI is a gas at
atmospheric pressure and ambient temperatures. When
stream ‘a’ is HCl gas it is expected that stream ‘b’ will

connected to an adjustable vacuum through an aqueoudirst condense and serve as nucleation site for stream

NaOH solution bubbler. Figure 1 shows a schematic
of the heated laminar flow assembly. Mixing of the
reactant vapors depends initially on cross-flow diffu-
sion between the laminar flow vapor streams entering
the mixing zone. The details of this transport presum-
ably effect the structure of the resulting nano-structured

‘c’. HClis miscible with water but only marginally mis-
cible with TEOS. Because of this, acidification of the
reactants occurs at a later stagé&ieactor Configura-
tions BandC compared tdReactor Configuration A
The three reactor schemes can be interpreted as:

powders. The carrier gas flow rates (dry nitrogen) to Reactor Configuration A Acidified water (a and b in

all reactants is fixed at 45 éfsec in the control study
reported here.

Figure 1) first nucleates into aerosol droplets on
which TEOS vapors (c) nucleate and condense.

In a previous publication we demonstrated the wide Reactor Configuration B- Water (a) initially con-

range of structures which can be generated in the ASG
reactor (Hyeon-Lee etal., 1997). In this article, a study
is presented of narrowly controlled reaction conditions
for TEOS precursor streams in order to understand
some of the processing features of the ASG reactor.
We first report on variation of the arrangement of the
three reactant streams in order to demonstrate that lam-
inar flow configuration can be used to manipulate the

denses into an aerosol, forming nuclei on which
TEOS (b) condenses. This is similar Reactor
Configuration Aexcept that the water aerosol is
not initially acidified. The TEOS stream (b) may
delay HCI (c) transport, but HCl is confined to the
reaction zone since it is the central stream. This is
less advantageous to hydrolysis than the scheme
of Reactor Configuration A

ASG process. Figure 1 shows the three precursor lam-Reactor Configuration G TEOS (b) condenses into

inar flow arrangements used in this study.Raactor
Configuration A stream ‘c’ was the alkoxide (TEOS),

aerosol droplets first. These TEOS droplets serve
as seeds for water (c) condensation. The TEOS
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stream (b) may delay transport of HCI (a). HCI
is not confined to the reaction zone since it is

Table 1 Variation in water temperature. Temperature and
vapor pressure of water and overall molar ratio of reactants in

the mixing zone for a TEOS stream at85Perry & Chilton,

stream ‘a’, i.e. the HCI stream can migrate to the
1973, p. 3-45; Appendix)

surrounding air and become diluted. This is the
least advantageous arrangement for the hydroly-

Water  Water vapor (¢ = Cioswaern, ~ H20/TEOS
sis/condensation mixture. °C pressure, mmHg gmole/éml,  85C TEOS
In addition to variability in the mixing configuration, 25 23.756 0

the concentration of reactants can be varied in an atmo- 79 233.7 14.46 7.7
spheric pressure reactor through changes in the temper- ;g gggi 2§é1986 13‘5 4
ature of the precursor streams. For TEOS the alkoxide gg 433.6 43.90 23.4
temperature was varied from“@to 90C in all of the 90 525.8 74.06 395
reactor configurations. The water temperature was var- 95 633.9 165.16 88.0

ied from 75 to 90C. These ranges were determined by
the atmospheric boiling points of the precursors (358
for TEOS) and by conditions under which powder was
significantly produced, i.e. when the water temperature
was below 65C it was difficult to reproducibly obtain
powder from the reactor.

As vapors proceed into the mixing/reaction zone and
begin to condense, the condensation reaction forms

Table 2 Variation in TEOS temperature. Temperature and
vapor pressure of TEOS and overall molar ratio of reactants in
the mixing zone for a water stream atZ§Daniels & Alberty,
1975; Appendix)

! - TEOS TEOS vapor (¢ — Cos9e0SN, H.OITEOS
extremely small nascent oxide particles on the 1-5 -¢ pressure, mmHg  gmole/ér, 75'C water
nanometer scale. Further downstream, growth con- 75 o 0
tinues in an environment where convection becomes - 213 0.922 21.9
more important and the effects of laminar flow become 75 26.8 1.18 17.1
smeared by combined cross-flow diffusion and con- 8o 335 1.49 135
vective turbulence of the reactant streams. As noted 85 41.7 1.88 10.8

90 51.6 2.35 8.6

above, the TEOS stream is composed of high molar-
mass molecules with low transport coefficients. Water
and HCl have comparable transport coefficients and are
primarily responsible for cross-flow diffusion.

The HCl stream is produced by bubbling through
an ambient-temperature, concentrated aqueous solu-n italics and the ‘standard’ reactor conditions of water
tion of HCI (38% HCI). The azeotrope for this solution at 75C and TEOS at 8& are in bold.
is about 20% HCI so this process results in a vapor The hydrolysis/condensation reaction produces
stream of primarily HCI. At 25C the vapor pressure of  ethanol as a byproduct. At 26 the vapor pressure of
water from a 38% HCI solution is 3.60 mm Hg (Perry ethanol is 60 mm Hg (Perry & Chilton, 1973, p. 3-54).
& Chilton, 1973, p. 3-62) and the vapor pressure of Ethanol has a boiling point of 78@. This signifi-
HClis 277 mm Hg (Perry & Chilton, 1973, p. 3-63).  cantroom temperature vapor pressure in the continuous

The molar concentration of water and TEOS vapor flow reactor is sufficient for rapid ethanol byproduct
fed to the laminar flow chamber varies with the temper- removal if the reactants are well mixed in the mixing
ature of the reactant bubblers (Perry & Chilton, 1973; zone. Since water is present at close to saturated vapor
Daniels & Alberty, 1975; Appendix). Tables 1 and 2 pressure in the mixing zone, removal of excess water
list the vapor pressures of the reactants and the esti-from the product is not favorable and we expect to
mated overall molar ratio of water and TEOS fed to see hydrated silica as a product. Additionally, there
the reaction/mixing zone at 26 (Daniels & Alberty, is probably post-aggregation hydrolysis in the ASG
1975; Appendix). It was observed thatin order to repro- powders to fully hydrolyze TEOS in all powders. That
ducibly produce powder, the feed rate of water must be is, for partially hydrolyzed TEOS under limited HCI
significantly above the stoichiometric level of 2, as is conditions, aggregates may form from the partially
the case for all of the reactions listed in Tables 1 and 2. hydrolyzed TEOS which age in the presence of excess
In Tables 1 and 2, the values at25Mixing Zone) are water and some HCI to fully hydrolyzed TEOS.




Results/Discussion

ASG powders show unique mesoporous to micro-
porous structures for a continuous process synthesis
The ASG nano-structure is reminiscent of supercriti-
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Power law decays of intensity versysare com-
mon to small-angle scattering data. Generally, slopes
shallower than—3 (here—2.4 to —3.0) are consid-

.ered mass-fractal, that is, they are associated with

ramified structures which display mass-fractal scaling

cally extracted aerogel powders. This can be shown by whose mass-fractal dimensiod, is the negative of

a comparison of small-angle X-ray scattering (SAXS)
data from a series of silicas produced by different syn-
thetic routes, Figure 2. In a small-angle X-ray scat-
tering pattern the scattered intensity (arbitrarily scaled
in Figure 2) is plotted as a function of the scattering
vector, g’, which is a reduced scattering angle),(

g = 4 /1sin(0/2), wherea is the wavelength (here
1.54A). ‘¢’ has units of inverse size and reflects the
inverse of a Bragg-sizd,= 27 /q,i.e.large g’ is asso-
ciated with small size. The data of Figure 2 are typical
of pinhole SAXS cameras and covers a size range from
about 0.2 nm, at higlg; to about 50 nm, at low- This

the power-law slope (Beaucage, 1995; Beaucage &
Schaefer, 1994). Intensity that decays with power-law
slopes steeper than3 (here—3.0 to —3.4) are associ-
ated with surface scattering from rough surfaces (Hurd
et al., 1989; Bale & Schmidt, 1984; Wong & Bray,
1988). The surface-fractal dimension is obtained for
slopes betweer-4 and—3 as,d; = 6 + slope. For
instance, the decay in Figure 3atlagwg < 0.1, would
reflect an extremely rough surface with a surface frac-
tal dimension of 2.96.

In pyrolytic silicas, which are non-porous, a steep
decay is seen at intermediajgy > 0.02 in Figure 2)

corresponds to the microporous to mesoporous rangeswith a power-law decay of-4 indicating the surface

described in the gas adsorption literature (Greg & Sing,
1982). The cut-off size for micropores is about 2nm
in diameter which corresponds to abgut= 0.1 A-*
in Figure 2, i.e. micropore structure is observed for
g > 0.1 A~ and mesopore structure fgr< 0.1 A-1.

8

of primary particles following Porod’s Law for sur-
face scattering (Hyeon-Lee et al., 1998; Schaefer et al.,
1985), light circles in Figure 2. Fog < 0.02A%,

a mass-fractal aggregate regime is observed with a
weak power-law slope, here abouil.8 which corre-
sponds with diffusion-limited-cluster-cluster aggrega-
tion (DLCA) (Brinker & Scherer, 1990; Meakin, 1986;
Schaefer, 1988; Witten & Sanders, 1981). For pyrolytic
silica, the dilute conditions and rapid reaction lead to
transport controlof growth andd; = 1.8 (Hyeon-Lee
etal., 1998).
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Figure 2 Comparison of scattering from the control series ASG
silica powders (two black curves), pyrolytic (from (Hyeon-Lee
etal., 1998)), precipitated (Hi-Sil), and a supercritically extracted
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aerogel powder (from Carol Ashley at Sandia National Labora- Figure 3 Typical data set for ASG powders. TEOS @) water
tories (Beaucage, 1996)). Both pyrolytic and precipitated silicas 75 C Reactor Configuration BLine is unified calculation as dis-
cussed in the text (Beaucage, 1996; Beaucage et al., 1997).

display a Porod decay;4 slope at highg.
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Precipitated silica displays a similar Porod Regime
at highg (¢ > 0.02 in Figure 2) but a different
mass-fractal regime of about2.1 slope ¢ = 2.1)
associated with reaction-limited-cluster-cluster aggre-
gation (RLCA) (Brinker & Scherer, 1990; Meakin,
1986; Schaefer, 1988; Witten & Sanders, 1981). In pre-
cipitated silica, cluster aggregation is again a major
route to aggregate growth but the chemistry is slower
leading to reaction-limited (denser) growth.

The bottom curve in Figure 2 shows an acid cat-
alyzed silica aerogel powder produced using TEOS
and supercritical extraction of GOafter solvent

exchange (Brinker & Scherer, 1990; Beaucage, 1996).

Primary particles are not observed in the avail-
able g-range (no power-law—4 regime), and the
meso- to microporous structure is mass-fractal with
a dimension of about-2.5 associated with diffusion-
limited-monomer-cluster growth (DLMC) (Brinker &
Scherer, 1990; Meakin, 1986; Schaefer, 1988; Witten &
Sanders, 1981).

In the control series oASGpowders, theReactor
Configuration A sampledisplay scattering curves very
similar to that of this supercritically extracted aerogel
powder. In other cases, such asReactor Configura-
tion C and Configuration B at high-TEOS/Water Ratio
a change in growth mechanism from transport limited,
mass-fractal growth (at small sizes or highto reac-
tion limited, surface fractal growth (at large sizes or
smallg) is observed as reflected by a transition in slope
inthe mesoporous range = 0.08) as discussed below
and shown in Figure 2, upper of two ASG curves, and
in Figure 3.

Both the ASG powders and the supercritically
extracted aerogels display high specific surface
areas by nitrogen adsorption using BET analysis:
500-700 i/g. The pyrolytic and precipitated silicas
have surface areas of less than 1G@nthat can be
directly associated with the Porod regime and primary
particle knee (following Guinier's Law), Figure 2 for
g > 0.02A-L. For precipitated silica, at highegt-

g > 0.2A-', a deviation from the Porod regime
can be seen in Figure 2 which may be related to
a microporous structure within the primary particles.

control series of ASG powders, a power-law-?.4 is
consistently seen fay > 0.1 A-%. Such a power-law
decay is expected from diffusion-limited-monomer-
cluster growth (DLMC) (Brinker & Scherer, 1990;
Meakin, 1986; Schaefer, 1988; Witten & Sanders,
1981). A DLMC mechanism is reasonable for growth
of silica particles at an early stage (small size) in the
ASG reactor where small, reactive, partially condensed
silica particles, less than 5A in diameter, initially are
limited by the transport of reactants and catalyst in the
lateral diffusion dominated early stages of the mixing
zone. This regime reflects the initial stages of growth
where the reactant streams just begin to mix and con-
dense into an aerosol. At lowgrg < 0.1 A1, reflect-

ing larger-sizes and later times of reaction, a transition
to a different scaling-regime is often observed, espe-
cially in the less well mixedReactor Configurations B
andC, cf. —3.04 slope in Figure 3. This may reflect
changes in the growth process downstream in the mix-
ing zone.

In this study, ASG powders display surface areas
of about 400-600 /g as calculated using the BET
method from nitrogen adsorption measurements. For
silica, with a density of 2.2 g/ctn this would corre-
spond to spherical particles with a radius of gyration
of about 4nm or¢’ of 0.08 AL, This is roughly the
g-range where the transition in scaling, discussed above
and seen in Figure 3, is observed. This analysis is
overly simplified since the bulk density of 2.2 gftm
is too high for the molecular scale aggregates indi-
cated at highy (—2.4 slope aty > 0.1), however, it
serves as a rough approximation to explain the rela-
tionship between the scattering plot of Figure 3 and the
BET values. The proximity of the scaling transition and
a rough calculation of the primary particle size from
the BET results indicates that the higlmass-fractal
structure displayed in most of the data is not accessible
by nitrogen adsorption. This is because the diameter of
N, is about 1.6 nm. This extremely small-scale, micro-
porous structure has not been previously observed
in other continuous process silicas such as pyrolytic
silicas or commercial precipitated silicas and is remi-
niscent of some morphologies observed in supercriti-

Precipitated silica is produced in a solution process by cally extracted aerogels (Beaucage, 1995; Beaucage &

acidification of sodium silicate.

For ‘g’ larger than about 0.1A& (corresponding
to sizes below 5nm in diameter), the ASG powders
display a power-law decay weaker tha#3 which is

associated with objects of low-dimension, such as rami-

Schaefer, 1994), as discussed above in Figure 2.
The lowy slope (3.04 slope forg < 0.1) is asso-
ciated with mesopores<@ nm) whichare observed
by N, absorption. Figure 4 shows the pore size dis-
tribution measured from nitrogen adsorption experi-

fied, mass-fractal aggregates, Figure 3. Throughout this ments using BJH theory (Barettetal., 1951). The sharp
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O —— ASG powders, primary spheres (circles above) are themselves

microporous, mass-fractal aggregates wijtk= 2.4 (not shown).

Figure 4 Pore Volume Distribution from BET analysis of nitro-  In this work, surface-fractal, mesoporous structures display about
gen adsorption data. Data shown are fileeactor Configuration 100 nt/g less specific surface area than comparable mass-fractal
ATEQOS 85C, water 75C. structures.

distribution centers around a pore radius of about 4 nm this series of controlled powders indicates that there is
with the distribution in the mesoporous range, i.e. a real effect in terms of BET surface areas associated
>2 nm. Such sharp, mesoporous distributions are char-with this transition in nano-structure.
acteristic of ASG nano-powders. The tabulated specific
surface areas from the BET analysis, reported here,
involve annealing (degassing) the powders at°250 Reactor Configuration BTEOS and water bubbler
untilavacuum of less than 5 mmHg is achieved (4—6 h). temperature variation

Most of the ASG powders display the two power-law
regimes seen in Figure 3. Thevalue for the intersec-  Reactor Configuration Bill first be discussed since it
tion of these two regimes can be calculated by extrapo- displays a transition between the oxide growth mech-
lation of the two power-laws which are fit locally using anisms ofConfigurations AandC as a function of the
a least-squares method. The data is weighted usingwater/TEOS molar feed ratio. The laminar stream ‘a’
the propagated standard deviation from the raw data. in Reactor Configuration BFigure 1, is water vapor
If this g-value is interpreted as the transition point, which first forms an aerosol on cooling, followed by
an associated spherical radius of gyration can be cal- nucleation of TEOS on these water droplets. Acidifi-
culated,Ry; = 7/(1.3Gintercep); WNETE Gintercept IS the cation of this mixture from stream ‘c’ occurs further
g-value at the intercept of the two power-laws. This downstream than ifReactor Configuration Avhere
can then be used in the unified equation (Beaucage,acidified water first condenses, Figure 1. Table 3 shows
1996; Beaucage et al., 1997) to calculate the global that at high water/TEOS molar fractions,15, the
scattering curve, the line in Figure 3. This calculated mesopore structure is mass-fractal (power-law slope
curve is based on a model using mass-fractal, micro- >—3) since the excess water facilitates acidification,
porous primary particles, formed early in the reactor, and particle growth is transport rather than reaction
which make-up larger scale, mesoporous structures thatlimited. As the water/TEOS molar ratio is dropped in
are either surface-fractal, 3-d with extremely rough the direction of the stoichiometric level of 2, a mass-
surfaces, or mass-fractal with a dimension different to surface-fractal transition is observed in the lgw-
than the microporous structure reflecting a transition in power-law slope. This reflects decreased availability of
growth mechanism. HCl and a transition to denser, reaction-limited growth.

Figure 5 shows a schematic of the difference bet- HCl is transported to the reacting aerosol droplets by
ween a mass- and surface fractal for simplified aggre- acidification of water. When insufficient HCl is present
gates. Although the morphological difference between for complete hydrolysis of TEOS, the condensation
extremely rough surfaces and dense mass-fractal mor-reaction is slower because fewer condensable sites are
phologies may seem sublime, comparative data from available.
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The transition from mass- to surface-fractal meso- the condensation reaction as discussed in the introduc-
porous structure ifReactor Configuration Bpowders tion. This is a special problem witBonfiguration Bat
is evidenced in the BET analysis by a drop in the spe- high-water concentrations since the outer stream, first
cific surface area of more than 108/mbetween the  to condense, is the water stream in this case.
75 and 80C TEOSConfiguration Boowders (Table 3).
A calculation of the radius of gyration for spherical Comparison of Reactor Configurations A, B and C
silica particles having the measured BET surface area
(Table 3, parenthesis after BET value in A) is close Configurations Awell mixed) andC (poorly mixed)
to the radius of gyration for the intercept of the two are most clearly characterized relativeGonfigura-
power-law decays (also in A), listed as the Transition tion B sinceB, discussed above, displays a transition
Ry in Table 3. The mass- to surface-fractal transition between these twGonfigurationgFigure 1). Figure 6
occurs at an estimated overall water/TEOS molar ratio demonstrates that the arrangement of laminar flow
between 17 and 13 in Table 3 (corresponding to a massstreams, Figure 1, has a strong effect on powder nano-
ratio of 1.5-1.1). structure especially at high water/TEOS molar ratios
It is also possible to vary the water/TEOS ratio (low TEOS temperatures). At low TEOS concentra-
through variation of the water bubbler temperature tions, Reactor Configurations Band C have distin-
rather than the TEOS temperature. Increasing the par-guishable mesoporous structure (SAXS curves, open
tial pressure of water irReactor Configuration B and light markers, diverge fay < 0.1 in Figure 6)
enhances condensation of the initial water aerosol. while at high TEOS concentration, powders made in
A transition from surface- to mass-fractal scaling is Reactor Configurations BndC are indistinguishable
observed at high-water content, near the 13 to 17 (Figure 6 top two curves). The BET specific surface
water/TEOS ratio observed in the TEOS heating runs, areas for both th& andC powders produced from a
Table 4. There is also an associated increase in theTEOS vapor stream at 90 is about 515 /g. The
specific surface area measured by BET in this range of two powders,B and C, diverge in structure at lower
water/TEOS ratio of about 100%gm. A similar expla- alkoxide concentrations (76 TEOS) although the
nation, based on enhanced availability of acid catalyst specific surface areas remain close (49 The
at high water fraction, can describe this behavior. sequence of low power-law, A, B, C in increas-
The 90C water run in Table 4 does not fit with this  ing low-g power-law decay is seen over a range of
explanation and may be due to excess water inhibiting intermediate TEOS temperatures as well, Figure 6,

Table 3 Scattering and gas adsorption resultsReactor Configuration B
varying TEOS concentration (water’ 1%

TEOS°C low-g N, SSA nt/g Transition HO/TEOS
power law (Sphere RA) R, (A) (molar ratio)

70 28440.003 492 (21) 23.2 21.9

75 207+001 602 (17) 26.1 17.1

80 308+001 467 (23) 21.5 13.5

85 316+ 0.001 398 (26) 20.3 10.8

90 304+ 0.02 (No Data) 23.4 8.6

Table 4 Scattering and gas adsorption resulteactor Configuration B
varying water concentration (TEOS €%

H,O0°C low-g N, SSA nt/g Transition HO/TEOS
power law (Sphere RA) R, (A) (molar ratio)

75 3164+ 0.001 398 (26) 20.3 10.8

80 313+ 0.002 468 (22) 18.6 15.4

85 2984+ 0.002 546 (19) 20.2 23.4

90 3.16+ 0.001 592 (18) 20.9 39.5




indicating that configuratiorC favors the growth of
denser, mesoporous-2 nm) structures, especially at
high water/TEOS ratios. This can be explained by
insufficient contact of water and HCI, limiting the
hydrolysis reaction (see Figure 1 configurations).

In Reactor Configuration Bvater must condense to
generate a direct path for HCI migration through the
TEOS stream. In contrasReactor Configuration A

106 T T |||||||""| T |||||||""| T T T TT1TT
<
105 - %OQ T
* 0,
1()4 B AA 1
AAA
10 s .
0 0,
2 10 : i
7]
C - ® oo -
S 10 .
< 0
— 10'[Te A90CTEOS N
B 90°C TEOS
10 1H o c9o°C TEOS .
A AB0°C TEOS
102} 4 BBOCTEOS i
A C80°C TEOS
|| @ A70°C TEOS \
1071 o (B:;(())g :::Egg Low TEOS Temp 7
—4 R Lol Lo
10 2 2 4 68 2 4 6
0.001 0.01 0.1 1
-1
q(A)

Figure 6. Variability in structure with TEOS temperature and
laminar flow arrangemernReactor Configurations A, 81dC for
water bubbler temperature .
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offers a direct path for HCI to acidify the condensing
water, leading to the most complete reaction and the
lowest-density, mesoporous structures. Tables 5 and 6
show mesoporous>2 nm) mass-fractal behavior for
all of the Reactor Configuration Aowders 3) and
surface-fractal behavior for all of tHeeactor Config-
uration C powders ¢ 3) with the water bubbler held
at75C.

The water concentration (bubbler temperature) was
varied only forReactor Configurations BndC in this
control series, Figure 7 and Tables 4 an@@nfigura-
tion C (Figure 1) is more sensitive to water concentra-
tion apparently because the water stream (c) is confined
by two laminar flow streams and HCI (a) can be lost to
the environment, i.&Configuration Gs more HCI lim-
ited tharB. The transition from mesoporous surface- to
mass-fractal aggregates occurs at a lower overall molar
water/TEOS ratio irReactor Configuration G10 to
15) compared t8 (15 to 23) because water is confined
to the reaction zone i@ (stream ‘c’, Figure 1). At 80
and 85C theB andC powders are similar in scattering
profile and in BET surface area (Figure 7 and Tables 4
and 7). Of particular interest is the 9D powder,
noted above, which shows mesoporous surface-fractal
scaling forReactor Configuration Bind mass-fractal
scaling forReactor Configuration @ this water tem-
perature series. This is presumably due to excess water
condensation iReactor Configuration Bhere stream
‘a’ is water (see Figure 1). Excess water may slow
condensation in this case, leading to reaction limited
growth as discussed in the Introduction.

Table 5 Scattering results foReactor Configuration Grarying TEOS

concentration (water 78)

TEOS'C low-g N, SSA nt/g Transition HO/TEOS
power law (Sphere RA) R, (A) (molar ratio)

70 321+0.004 489 17.5 21.9

75 329+ 0.001 453 24.9 17.1

80 340+ 0.001 491 26.6 13.5

85 304+ 0.002 507 21.7 10.8

90 305+ 0.02 514 24.5 8.6

Table 6 Scattering results fdReactor Configuration Aarying TEOS concentration (water’

TEOS°C low-g powerlaw N SSAnf/g Transiton R highg power HO/TEOS
70 245+ 0.003 419 11.9 2.4 (Fixed) 21.9

80 221+ 0.003 559 — 2.4 (Fixed) 135

90 243+0.003 519 — 250+ 0.01 8.6
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Table 7 lists the scattering and nitrogen adsorp- there is a transition on the mesoporous scal2 rfm)
tion results for water concentration variationReac- to reaction-limited-monomer-cluster growth, leading
tor Configuration C For the sample with mesoporous to surface fractal structures (3-d structures)Reac-
(>2nm) surface-fractal behavior, G water, the esti-  tor Configuration Bthis transition can be mitigated
mated transition R in parenthesis after the SSA by increasing the water/TEOS ratio which may serve
value, agrees with the observed power-law intercept. to enhance catalyst transport to the reacting mixture
For the mass-fractaConfiguration Cpowders, how- and making the growth transport limited. This can be
ever, these values diverge indicating that nitrogen can achieved irReactor Configuration @nly by increasing
not penetrate to the smaller-scale features, even inthe water concentration (not by decreasing the TEOS
the mesoporous regime, for these powddRegctor concentration).

Configuration Bivater concentration series is shown in
Table 4).

Figure 8 shows a schematic summary of the micro-
porous to mesoporous growth models for ASG powders
under different reactor configurations based on the scat-
tering and surface area measurements. Early stages o
growth in all reactors can be describe by diffusion-
limited-monomer-cluster growth which leads to a
mass-fractal dimension of about 2.5 (2.4 is observed in
the scattering data). Reactor Configurations BndC

SEM, micron-scale structure

Scanning Electron Micrographs (SEM) of the ASG
powders are useful to probe the structure on a micron
scale, two orders of size larger than the SAXS data
discussed above. Figure 9 shows four SEM micro-
graphs on a micron (top micrographs) and 10-micron
(bottom micrographs) scale fdReactor Configura-
tion A andB powders. Generally, the highest-surface
area, mesoporous-mass-fractal samples (Reactor A,

1P left in Figure 9) display the largest micron-scale par-
AL A ticle size possibly because these uniform, nano-scale
10° - High Water Temp - structures pack well on a micron scale. Lower sur-
10 L % face area, mesoscale-surface-fractal powders (Reactor
B, right in Figure 9) display worse packing and coarser
> 10° - micron-scale domains. Itis possible to mechanically or
s 100 L sonically break up these large agglomerates into sub-
E 10" micron-scale particles.
[ ¢ B
AIRY: Infra-red from A d
15t ﬁ g nfra-red spectroscopy from ASG powders
1020 o S Figure 10 shows IR spectra taken on ASG powders pro-
108 L= C 75°C Watep =0 THEEL T ETE g duced inReactor Configuration ATEOS 80C, water
2 468 2 468 2 468 75°C) andConfiguration Qunder the same conditions.
0.001 0.01 0.1 1 . . . .
Ay In addltlon to standard bands associated with s_lllca
q(A) (Brinker & Scherer, 1990, pp. 584-585), labeled ‘Si-O’
Figure 7. Variable structure with water temperature and laminar !n F|gure_ 10,a p_roml_nent band at just below 1000tm
flow arrangement. TEOS bubbler temperature held a£85 is associated with SiOH and a moderately strong band

Table 7 Scattering and gas adsorption resultsReactor Configuration
C varying water concentration (TEOS &%

H,O0°C low-g N, SSA nt/g Transition HO/TEOS
power law (Sphere RA) R, (A) (molar ratio)

75 3294+ 0.001 453(23) 24.9 10.8

80 281+0.002 530 (20) 6.61 15.4

85 2954+ 0.001 493 (21) 154 23.4

90 2.82+0.003 561 (19) 15.8 39.5
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Dmicro Dmicro< 2nm
o—-BD
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Reaction
DLMC
/ df = 2.4\
Reactor Configuration
A B C
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Stage 'S‘f‘te
age
DLMC or RLMC
RLCC ®
%H% @H@ Dmacro™2NM
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Figure 8 Schematic of growth mechanism models for this control series of TEOS based powders from the ASG reactor. Mesoscale
structure (below and2 nm) is composed of microscale structure (above-a@am).

at about 1600cmt is associated with water. In the the aggregates due to the presence of water and trace
top patterns, labeled 1-3, a moderate peak just belowamounts of HCI.
1500 cn1! reflects C—H stretch from organic contami-
nants. This band can be associated with either ethanol
byproduct or with non-hydrolyzed TEOS in the ASG
powders. The C—H stretch can be removed by heat- Conclusions
ing the powders to above 30D (upper three spectra,
1-3) or by application of a vacuum (lower two spec- Process control in the aero-sol-gel (ASG) reactor for
tra, 4-5). The top patterns, 1-3, were produced on production of nano-structured powders was investi-
powders which had been stored for several months, gated by variation of laminar-flow stream configura-
while the bottom patterns, 4 and 5, are from pow- tion and reactant concentration in a controlled series of
ders a few weeks old. This vacuum/aging effect seems powders. The powders consistently display high spe-
to support organic species as the source of the C—H cific surface areas of 400-70Gm by nitrogen adsorp-
band. tion and BET analysis and a narrow, mesopore size
As previously reported (Hyeon-Lee et al., 1997), distribution in the 4 nm range. The powders display
the degassed and aged powders do not show signif-both micro- &2 nm) as well as mesoporous Z nm)
icant carbon £1%) by elemental analysis. The IR structure by analysis of small-angle X-ray scattering
data indicates that the final ASG powders do not con- data. A transition in growth mechanism is observed
tain significant amounts of partially hydrolyzed TEOS. at about 4 nm which is modeled in terms of a tran-
The final powders contain Si—-OH groups in signifi- sition from diffusion-limited-monomer-cluster growth
cant proportions which could be reactive in these sys- to reaction-limited-monomer-cluster growth. Through
tems. The IR data are consistent with the proposition manipulation of the reactor geometry and reactant con-
that, after condensation, mesoporous aggregates, fromcentrations it is possible to control this transition in
partially hydrolyzed TEOS, may further hydrolyze in  growth mechanisms.
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Figure 9. SEM micrographs oReactor Configuration Aleft 2) andB (right 2). Reactor Configuration ATEOS 80C Water 75C,
559 nt/g mesopore mass-fractal ~ 2.4. Reactor Configuration BTEOS 85C Water 75C, 398 ni/g, mesopore surface-fractat8.16
power-law from Table 3 s = 2.84.
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Figure 1Q IR Spectra from ASG Powders. Lower two curves (4 and 5) from 5% silica in KBr pellets subjected to vacuum for 10 min.
Top three curves (1-3) are pure pressed ASG silica not subjected to vacuum. Both series were subjected to purging in a dry inert gas for
30 min prior to IR scan. Bands are assigned following reference (Brinker & Scherer, 1990, pp. 584-585.)
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Appendix

The overall molar ratio for the mixing zone is estimated

using the ideal gas law to approximate molar concen-

tration of the reactants fed to the laminar flow chamber,

)

whereR is 6.2361x 10-2 cm® mm Hg/(gmoleK) [24].
This concentration is given by,

CReactant™ I’l/ V= PVapor/RTbubeers

)

Creactant= "Reactan{ (VN2 + Vreactand

As the reactants are vaporized the volume of the feed

streams increases Me.qandn EQ. (2). Since the feed
rate of nitrogen carrier gas is controlled, 45%sec for

all feed streams, it is desirable to obtain the number

of moles of reactant per nitrogen volum@eaciann, =
Nreactan Vn,» fOr calculation of the overall water/TEOS

molar ratios. The reactor operates at atmospheric pres-

sure, so the reactant volume from the bubbler is a lin-
ear function of the number of moles of reactant, again,
using the ideal gas approximation,

VReactant= nReactamR Tbubbler/760 mm Hg (3)

Combining Egs. (1) to (3) we can estimat@.gann,
the molar concentration per volume,Nis,

CReactan/th - 1/(RTbubeer(1/Pvapor - 1/760 mm Hg)
4)

Equation (4) is obtained from, the inverse of
Eq. (2), using Vreactanf MRreactant from Eq. (3) and
the definition of creactan from Eq. (1), Ycreactant =
VN2 /NReactant +  Vreactan! BReactant = 1/ CReactaniN, T
R Toubbier/ 760 MM HG=" R Touppier/ Puapor r€Arrangement
of the latter two expressions leads directly to Eq. (4).
Not all of this reactant is available to the reaction
since the reaction/mixing zone will contain close to sat-
urated vapors of the reactants at@&nd atmospheric
pressure. The loss in the reactor due to thes€ 26n-
condensable vapors pes Molume,cess, iS given by,

Cioss = 1/(R 2980K(1/Pvapor298_ 1/760 mm Hg).
(5)
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The overall number of moles available to the reaction
per cubic centimeter of nitrogen ikeactann, — Coss

The ratio of overall concentration per cubic centimeter
nitrogen between water and TEOS is reported in Tables
1 and 2 as a function of TEOS temperature and water
temperature. This approach assumes the ideal gas law
applies to these vapor streams and is meant to give a
rough idea of the overall molar feed ratios involved in
the ASG reactor. Losses by dilution to room air are
ignored inthe calculation of approximate concentration
ratios.
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