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The small-angle X-ray scattering study reported here is on growth processes of

particles that occurred during silicate/aluminosilicate polymerization starting

from clear or colloidal solutions. Two polymerization reaction systems starting

from clear homogeneous solutions of silicate monomers or oligomers, and two

other polymerization reaction systems starting from silica colloidal solutions,

were performed. Early growth of clearly defined silicate particles from a clear

solution system was observed, whereas the scattering contrast of early growth

processes from another clear system was close to that of the mother liquor and

its weak scattering resulted from loosely aggregated structures. In the case of a

colloidal solution system, the growth of silica particles was observed from the

initial size of the silica nanoparticle reactant by reaction with aluminate anions

on its surface, whereas in another colloidal system, depolymerization of the

initial silica nanoparticle reactant into smaller silicate units and subsequently

polymerization of the smaller silicate units with aluminate anions in solution was

observed.

1. Introduction

Inorganic silicate polymerization (Iler, 1979), except the silica in

molten glasses, is quite different from the condensation polymeriza-

tion theory of organic systems. In this inorganic system, three kinds of

polymerization stages are generally recognized. They are (i) initial

condensation reaction of a monomer to form larger particles; (ii)

subsequent growth of the particles; and (iii) aggregation of the

particles by linking together into branched chains and networks,

forming viscous sols and gels. In the polymerization, there is a strong

tendency to form a maximum number of siloxane bonds (–Si—O—

Si–) and a minimum of terminal Si—OH groups, and the poly-

merization quickly leads to ring structures, which are then linked

together to form larger three-dimensional structures. These large

structures condense internally to the most compact state with term-

inal Si—OH groups remaining on the outside, resulting in spherical

‘nanometer-sized’ particles. Dense or hollow spherical silica particles

result depending on the reaction conditions of synthesis (Singh &

Kosuge, 1998, 2001; Kosuge & Singh, 2001). The polymerization

mechanism (Iler, 1979; Okkerse, 1970) involves the formation of

either anionic complexes (> pH 2) or cationic complexes (< pH 2).

The polymerization process starting from the early nuclei to stable

colloid is well studied by the small-angle X-ray scattering (SAXS)

technique because SAXS is an excellent tool to characterize the size

and shape of nanoparticles (Guinier & Fournet, 1955). The nuclea-

tion and growth of crystalline silicalite (only silicate network) and

aluminosilicate zeolites were well studied by SAXS data from the

early stages of polymerization processes (Watson et al., 1997; de Moor

et al., 1997; Singh et al., 1999; Singh & White, 1999). The silica

nanoparticles prepared by the Stöber method (Stöber et al., 1968)

using ammonia and TEOS (tetraethylorthosilicate) were best char-

acterized by SAXS (Boukari et al., 1997) and ultra-SAXS (Boukari et

al., 2000). In these studies, the first detected particles in the solution

have Rg (radius of gyration) of about 10 nm, and these initial 10 nm

radii particles are of low density and form aggregated structures by

mutual interactions among the particles. Smooth, dense particles are

only observed in a later stage by the densification of the initial low-

density particles. Using time-resolved synchrotron SAXS (Pontoni et

al., 2002), the very early stages of particle nucleation from solution

were investigated and the result was consistent with the above

aggregation process involving primary particles of about 10 nm radii.

Growth of small particles (1–10 nm) from the solution of this

system was not detected. The silica nanoparticles prepared from

another method using an acid-catalysed system of TEOS:

6.4H2O:3.8C2H5OH:0.085HNO3 had also been investigated by SAXS

(de Lange et al., 1995). In this case, the first detected primary ‘low-

density’ particles in the solution have Rg of about 2 nm, and later

grow to denser particles of about 4 nm radii.

In the present paper, we report a SAXS study of ‘silicate/

aluminosilicate particle growth processes occurred from four

different systems that have clear or colloidal starting solutions’. The

clear solution systems are from starting solutions of either TEOS

monomers or oligomeric silicate anions, while the colloidal solution

systems are from 10 nm-sized silica particles.

2. Experimental

2.1. Materials synthesis

System I. An appropriate amount of TEOS was dissolved in an

ethanol–water mixture containing a small amount of HCl. A few

solution mixtures of different TEOS content were prepared and their



molar compositions are in the range 0.1–1TEOS:1000H2O:

100C2H5OH: 3HCl. For comparison, another sample was prepared

with an excess amount of HCl (1TEOS:1000H2O:100C2H5OH:9HCl).

A water-soluble polymer dispersant, such as polyethylene glycol or

polyvinylalcohol (25–75 wt%), was added to the above mixture. The

added polymer dispersant was to reduce agglomeration of particles

during the polymerization process of silica.

System II. Appropriate amounts of aluminium wire and fumed

silica were dissolved separately in aqueous sodium hydroxide solu-

tions. Both solutions were filtered through 0.2 mm Millex filters and

the filtered solutions were then mixed together. The resultant solu-

tion was clear and homogeneous and had a molar composition of

9Na2O:0.15Al2O3:1SiO2:200H2O.

System III. Ludox SM-30 (30 wt% suspension in water) colloidal

silica was mixed with aluminate anions formed by the reaction of

polymeric aluminium hydroxide with TMAOH (tetramethyl-

ammonium hydroxide) and NaOH. A few solution mixtures having

different alkali content were prepared and their molar compositions

were in the range 0.2–2Na2O:1Al2O3:3.4SiO2:2(TMA)2O:370H2O.

System IV. Ludox SM-30 (30 wt% suspension in water) colloidal

silica was mixed with aluminium anions formed by the reaction of

monomeric aluminium isopropoxide with TMAOH and NaOH. This

system had a starting mixture of composition 0.05Na2O:1Al2O3:

2SiO2:2.5(TMA)2O:127H2O.

2.2. SAXS data analysis

The SAXS measurements were taken at room temperature or

higher using an X-ray beam of wavelength 1.54 Å (Cu K�) and the

smallest modulus of scattering vector (Q) achievable was about

0.01 Å. The scattering intensity is given by the general equation

IðQÞ / PðQÞ SðQÞ: ð1Þ

Q is defined as Q = (4�/�)sin�, where � is the wavelength and 2� is

scattering angle. The form factor P(Q) reflects the distribution of

scattering material in the scattering particle, and the structure factor

S(Q) is related to the spatial distribution of the scattering particles in

the surrounding medium such as solvent.

The scattering data are fitted for a population of polydisperse

spheres, including structure factor arising from hard sphere interac-

tions between the particles using the Percus–Yevick closure and a

Schulz distribution.

3. Results and discussion

3.1. Clear solution systems

3.1.1. System I. Fig. 1 shows the SAXS profile [I(Q) versus Q] over

the Q range 0.014–0.2 Å�1 from three samples of this system having

different amounts of TEOS (samples 01, 02, 03), measured after

reacting the mixture at room temperature for about 2 d, along with

the scattering profile of sample 04, which was made with excess HCl

(three times the amount used in the other samples) at the same

reaction condition. Scattering from the samples was good and fitted

for a population of polydisperse spheres, including structure factors

arising from interactions between the particles. The scattering data

from samples 01, 02 and 03 over the Q range 0.02–0.15 Å–1 is fitted

well with polydisperse spheres with median sphere radii 4.0, 3.7 and

3.7 nm, respectively, and the decrease in scattering intensity over the

lower Q range 0.014–0.03 Å�1 is in agreement with the interaction

between the particles forming some aggregated particles of about

11 nm radii. In the scattering profile of sample 04, there is a relatively

very high intensity and steep curve at the lower Q range (0.014–

0.03 Å�1), and the scattering profile over the higher Q range (0.03–

0.15 Å�1) almost matches those of other samples. This suggests that

some larger polydisperse particles, at least larger than those aggre-

gated particles of samples 01, 02 and 03, along with smaller particles

of about 4 nm radii were being concurrently formed in sample 04.

The polymerization of TEOS on reaction with water involves both

hydrolysis and condensation reactions. Polymeric silica is a cross-

linked silicate network and generally comprises Si(OSi)(OH)3,

Si(OSi)2(OH)2, Si(OSi)3(OH) and Si(OSi)4 structural units. It has

very little ionic charge and therefore charge repulsion is insignificant,

and thus particles can collide and aggregate into chains and contin-

uous networks. The relative reaction rates of hydrolysis and

condensation may be related to the formation of polydispersed low-

or high-density particles. The aggregated particles, as a result of

interaction between the nanoparticles, were found to be present in all

of the samples, and there was maximum degree of aggregation as a

result of rapid hydrolysis and condensation reactions in sample 04

prepared with excess HCl.

3.1.2. System II. The solution mixture in this system is dissolved

silicate and aluminate anions in highly alkaline environment. The

silicate anions may consist of a range of oligomeric structures.

However, their sizes are at least smaller than 1 nm as evident from

the structures given by NMR studies (Engelhardt & Michel, 1987).

The SAXS patterns for the solution mixture at ambient temperature

over the period of 1–10 h were measured to check the polymerization

reactions. The scattering is weak and no scattering signatures of

specific forms were observed from the solution mixture even after the

exposure of 10 h. The scattering profile of the solution mixture is

plotted in Fig. 2. The scattering profile, however, exhibits power law

behaviour, which suggests that some degree of aggregation takes

place when the solution mixture is reacted at room temperature and

the X-ray scattering length density of these aggregated particles (�
3
)

is close to that of the surrounding medium, which is the sum of the

scattering density of water (�
1
) and the inorganic anions (�

2
). The
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Figure 1
Small-angle X-ray scattering from the samples (01 to 04) of system I over the 0.015–
0.2 Å�1 Q range.

Figure 2
SAXS profile of the solution mixture from system II at ambient temperature after
exposure of 10 h.



aggregation process may be due to formation of aluminosilicate

structures via Al—O—Si bond linkages. This is quite likely because

self-aggregation of silicate anions is not possible under such highly

alkaline systems.

3.2. Colloidal solution systems

SAXS patterns of initial solution mixtures of systems III and IVare

shown in Fig. 3. Fits to the SAXS curves as well as Guinier plots (inset

of Fig. 3) indicate that both the solution mixtures consist of well

dispersed, uniform colloidal particles of 10 nm in diameter. However,

the scattering contrast (difference between scattering densities of

particles and surrounding medium) of the solution mixture of system

III is much lower than the scattering contrast of the system IV

solution mixture, and the scattering contrast of the system IV solution

is quite close to the scattering contrast of colloidal silica in water. This

indicates that either the scattering density of the colloidal silica

particle is lowered or the scattering density of the surrounding

medium is increased in the initial solution mixture of system III

compared with that of system IV.

3.2.1. System III. In this case, the colloidal silica was mixed with

aluminate anions formed by the reaction of polymeric aluminium

hydroxide with TMAOH and NaOH. The scattering patterns were

taken from the samples after reacting at elevated temperatures for

different reaction times or by changing the alkali content. In a low-

NaOH solution system the particle diameter was 10 nm, whereas in a

high-NaOH system the particle diameter, determined from the

Guinier radius and form factor fit, was 13 nm. In a very high NaOH

system the solution becomes a viscous gel. A change in colloidal

particle size was also seen with polymerization reaction time. These

are schematically presented in Fig. 4. The change in radius of the

spheres is almost exactly what would be expected to produce the

change in scattering intensity. The change in scattering intensity [I(0),

from Guinier extrapolation] in this case is proportional to the sixth

power of the radius, exactly what would be expected for homo-

geneous growth. The log–log plot of ‘intensity’ versus ‘radius’ of the

experimental results exactly matches the theoretical plot, as shown in

Fig. 4 (inset).

3.2.2. System IV. Here, the NaOH content of the reaction mixture

was at least four times lower than the amount used in the system III

solution; secondly the aluminate anions were formed by the reaction

of monomeric aluminium isopropoxide with TMAOH and NaOH. In

this solution system, the initial particle size gradually decreases from

10 to 9 nm. The data can be interpreted on the basis that the silica

particles are partially dissolved by the action of the alkali present in

the solution. The schematic representation of the polymerization

process is shown in Fig. 5. In this period, the scattering intensity, I(0)

decreases very much more than the expected intensity. The experi-

mental and theoretical log–log plots of ‘intensity’ versus ‘radius’ are

also shown in Fig. 5. This incompatibility on the basis of number, size

and density suggests that the scattering contrast is further reduced by

increased scattering density of the surrounding medium. The

increased scattering density of the surrounding medium can be

derived from the additional scattering density of newly formed small

particles in solution.

These observations suggest that for synthesis system III the poly-

merization of silica colloid with aluminate anions is in the solid state

initially at the surface of the silica spheres, but proceeds inwards as

the reaction progresses. In the case of synthesis system IV, the

polymerization process is first by dissolving silica spheres, and then
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Figure 3
SAXS patterns from the initial solution mixtures of system III and IV. Guinier plots
are given in inset.

Figure 4
Schematic representation of polymerization processes of system III reaction
mixtures. Inset: log–log plot of ‘intensity’ versus ‘radius’

Figure 5
Top: Schematic representation of polymerization processes of system III reaction
mixtures. Bottom: log–log plot of ‘intensity’ versus ‘radius’.



reacting the dissolved silicate anions with aluminate anions in solu-

tion.

4. Conclusion

The growth processes of particles that occurred during silicate/

aluminosilicate polymerizations starting from clear or colloidal

solutions were examined by small-angle X-ray scattering. The clear

solution (system I) preparation showed the growth of silica particles

of ~4 nm radii from organosilicate monomers. A high degree of

aggregation or clustering of particles leading to bigger particle was

clearly observed in the case where hydrolysis and condensation

reactions were not better controlled. In the case of a clear and highly

alkaline solution system (system II) containing dissolved silicate

anions and aluminate anions, the polymerization reaction is slow and

only loosely aggregated aluminosilicate structures are formed. In

colloidal solution system III the initial silica particles of 10 nm in

diameter transform to larger aluminosilicate particles by the reaction

of aluminate anions on its surface, and the polymerization process

appears to be a continuous and homogeneous one. In the case of

colloidal solution system IV, the transformation process involves a

reduction in the diameter of the initial silica particles (10 nm) by

partial dissolution in solution and the polymerization of dissolved

silicate species with aluminate anions in solution.
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