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Abstract
Commercial 3.22 ratio sodium silicate glasses were dissolved in water at around 150 8C and 4.6 atm pressure and the process was followed by in

situ and ex situ Raman spectroscopy. Both methods proved to be suitable for measuring the concentration of dissolved silicate as a function of time,

but marked differences were observed in the spectra obtained in the two different ways. The in situ measured Raman spectra proved to be identical

with those of the commercial silicate solutions mostly composed of ring structured nanoparticles. The rapid sample quenching generates terminal

Si–O(H) bonds and hydrated monomer crystallites mostly by consuming the three member rings. In contrast to the common belief mostly polymer

pieces seem to detach from the solid sodium silicate and only a negligible fraction is leached out in monomer form. Dilution of a 3 mol/L silicate

solution to 0.2 mol/L at ambient conditions reduces the average particle size from about 10.5 [SiO4]/mol to 1 [SiO4]/mol which is reflected in the

Raman spectra of these liquids.
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1. Introduction

The solubility of solid silicates in H2O is important in

biology, geology, and a variety of technical applications

including synthesis of assorted catalysts and adsorbents [1–8].

It is usually assumed that the hydrolytic depolymerization of

crystalline or amorphous silicates at elevated temperatures and

pressures is a sequential surface process releasing monomers

into the aqueous phase [3,5,9–13]:
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Alkaline cations which are leached out prior to hydrolysis of

alkaline silicates appear to catalyze this hydrolytic process [9–

12,14,15].

Conversely to the proposed monomer formation, most

commercial sodium silicate solutions made by dissolution of

appropriate glasses are mainly composed of polymer silicate

particles especially at SiO2/Na2O >2 weight ratios (abbreviated

as ratio) [1–4,16,17]. The appearance of polymers may be

explained by a secondary polymerization process during a slow

equilibration of silicate solutions that usually takes several hours

or days [1–4]. At proper conditions the polymerization of

monomers can take place even in highly alkaline aqueous

solutions [18]. However, published experimental observations

suggest that the polymers might not appear in the solutions as

results of polymerization but might directly form from the solid

silicates during the dissolution process. For example, larger than

one [SiO4]-unit size cavities were observed by in situ

transmission electron microscopy in alkaline silicate glasses

even in the early stage (<30 min.) of their dissolution indicating

that these cavities did not form via sequential removal of [SiO4]

tetrahedra [19]. Likewise, in situ Raman spectra of glass particles

also suggested that polymers might leave the solid during the

leaching process [20]. Model calculations also permit such direct

polymer particle detachment by breaking simultaneously several

stressed/deformed chemical bonds in the solid which are the

preferred reaction sites for water [21,22].

mailto:istvan.halasz@pqcorp.com
http://dx.doi.org/10.1016/j.cattod.2006.09.032


Fig. 1. In situ Raman spectra of the aqueous phase during the dissolution of

3.22 ratio sodium silicate glass after leaching for 40 and 100 min at 150 8C and

4.6 atm. Spectra were normalized to compare the relative size of bands.
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To learn more about the dissolution process we monitored

the silica content in the aqueous solution of a dissolving sodium

silicate glass using in situ Raman spectroscopy. It will be shown

that this method provides more reliable structural data than the

traditional external test of samples and direct polymer

detachment is the major route in the manufacturing of high

ratio commercial sodium silicates.

A large variety of sophisticated techniques have been

employed for characterizing the structure of silicates in

aqueous solutions while avoiding chemical interferences with

the system. A major driving force for these studies is the great

technical importance but poor understanding of the synthesis of

zeolites and related microporous materials [8,23–26]. Nan-

ometer to micrometer sized zeolite-precursor colloid silicate

particles have been characterized by small angle X-ray and

neutron scattering (SAXS and SANS) [27–29], wide angle X-

ray scattering (WAXS) [29], energy dispersive X-ray dispersion

(EDXRD) [30], pulsed electron-nuclear double resonance

(ENDOR) spectroscopy [31], dynamic light scattering [32], and

other methods many of which were also used for in situ studies.

Only NMR and vibrational spectroscopy have been able to

provide information on the structure of dissolved sub-

nanometer sized silicate molecules thus far. High resolution

(HR) 29Si NMR spectroscopy [16,17,33–40] and its further

advanced versions like 2D correlation spectroscopy (COSY)

[25] and incredible natural abundance double quantum transfer

experiment (INADEQUATE) [41] have been preferred for such

investigations because these techniques can distinguish and

quantitatively compare many versions of Q2 and Q3 connected

[SiO4] tetrahedra which have been assigned to about 30

different silicate rings [40,41]. The widely used Qi nomen-

clature was introduced by Engelhard et al. [42,43] to mark the

‘‘i’’ number of direct connections of a [SiO4] tetrahedron to

other [SiO4] neighbors. Unlike in solids, Q4 connections have

never been found in considerable amount in aqueous silicate

solutions and the Q0 and Q1 species are not characteristic on the

siloxane polymer structure. Unfortunately the HR 29Si NMR is

not yet applicable to follow the glass dissolution process in situ

due to the need of 29Si-enrichment and problems associated

with sampling and mobility [39,44].

Albeit at lower resolution, Raman and IR spectra can also

characterize the Qi connectivities of silicates [16,17,45–49] and

they have been also extensively used to identify ring vibrations

in various silicates [50–69]. Both of these vibrational spectro-

scopic methods have been employed to follow zeolite synthesis

in situ [29,56,61,64]. The Si–O vibration related Raman spectra

of silicates are usually better resolved than the corresponding

IR spectra and Raman can also characterize the O–Si–O

bending vibrations of various siloxane ring systems at

<400 cm�1 which are not accessible for the commonly used

mid-IR spectrometers. A fiber optic cable connected Raman

probe head can be submerged into the sticky, aqueous,

occasionally turbulent, hot, and pressurized silicate solutions

forming from commercial sized glass cubes while keeping the

spectrometer in a large (up to about 100 m) distance. These

capabilities render Raman spectroscopy unique to follow the

glass dissolution process in situ.
2. Materials and methods

Approximately 3 cm edged cubes of commercial 3.22 ratio

sodium silicate glass were treated with water at about 150 8C
and 465 kPa (4.6 atm) in a 53 L stainless steel reactor until the

solid disappeared. Silicate solutions with 0.2, 0.5, 1, 2, and

3 mol SiO2/L were diluted from commercial N1 silicate [1]

solutions and equilibrated for at least 48 h.

Raman spectra were obtained on a Kaiser Holo Probe

spectrometer (200 mW frequency doubled Nd:YAG laser

source; CCD detector at �40 8C) connected to the autoclave

via fiber optic cable. Further details of our spectroscopic

capabilites and methods have been reported elsewhere

[18,70–72].

The dissociation of dissolved silicate ions was determined

both from electrical conductivity and ionselective electrode

measurements using a YSI Model 32 conductometer and a

Model 86-11 sodium selective electrode, respectively. Details

of these measurements along with the determination of average

molecular weight (AMW) using a Wescor Type 5500

osmometer have been reported before [18].

3. Results and discussion

The first Raman signals typically appeared in the liquid

phase of glass dissolver after about �20 min heating when the

pressure attained steady state 55 psig (�4.6 atm). With the

limited <1 min sampling time relatively noise-free spectra

were obtained after about 35 min. As some normalized spectra

in Fig. 1 illustrate, the relative intensity of Raman bands

changed with the progress of dissolution but new bands did not

appear. Note however that occasionally the peak positions

changed within about �10 cm�1 interval presumably as a

consequence of some turbulence in the reactor.

The absolute intensities of spectra monotonically increased

with time. Without specifying the various Raman bands in

Fig. 1, one can focus on the most intense one near 1050 cm�1

and set up the spectrometer for scanning the liquid

automatically at preset time intervals. Fig. 2 shows an example

for the growth of silicate concentration in the aqueous phase

monitored in situ by the Raman spectrometer. The same trend



Fig. 2. The intensity of 1050 cm�1 Raman band indicates the progress of

silicate dissolution.

Fig. 4. Comparison of the in situ measured Raman spectrum of dissolved

3.22 ratio glass after 40 min of water treatment with the Raman spectra of 2 and

0.1 mol/L Na2SiO3 solutions. Normalized spectra.
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was obtained from spectra of samples taken periodically from

the autoclave and tested externally. Fig. 3 points to good linear

correlation between the absolute intensity of the Raman band

and the silicate concentration calculated from the specific

gravity of samples measured externally. These experiments

demonstrate that Raman spectroscopy is well suited for

controlling the glass dissolution process.

We have not found an unambiguous guideline in the

literature for the interpretation of Raman spectra of silicate

solutions. One can calculate from data in Figs. 2 and 3 that the

40 min spectrum in Fig. 1 corresponds to an approximately

2 mol SiO2/L silicate solution. Fig. 4 compares its Raman

spectrum with those of a 2 and a 0.1 M Na2SiO3 solution which

contain mostly Na2H2SiO4 monomers, partly dissociated

into NaH2SiO4
� and H2SiO4

2� ions, respectively [18]. The

930 cm�1 band can be assigned to ns symmetric stretching

of HO–Si–ONa [18]. Its absence from the spectrum of the

autoclave liquid suggests that it cannot contain NaH2SiO4
� in

measurable amount. The Raman shifts near 780 cm�1 are likely

due to the das asymmetric bending of polarizable (H)O–Si–

O(H) groups that can be present on the surface of any silicate or

silica including monomers and polymers [18,73–76]. These

non-bridging oxygens can be negatively charged ions or their

charge might be compensated with protons. The Raman
Fig. 3. The intensity of 1050 cm�1 Raman band correlates well with the

concentration of silicate.
scattering near 450 cm�1 is presumably associated with ds

symmetric deformation vibrations of O–Si–O groups

[18,73,74,76]. A Raman band near 600 cm�1 has been

frequently reported in studies on Na2SiO3 solutions [18,77–

81] and has been assigned to das NaO–Si–ONa vibration in

Na2H2SiO4 monomers [18]. Considering that the 3.22 ratio

silicate contains much less Na2O per mole than does the

Na2SiO3, it is reasonable to assume that the 608 cm�1 band in

the autoclave fluid is at least partly associated with non-

monomer silica related das O–Si–O deformations. Many studies

assign such bands to Q2 type linear or three-member ring

silicate structures in the solution [17,62,74,76,81–88].

Although one cannot exclude that some monomers are

present in the autoclave, Fig. 4 clearly demonstrates that the

most intense Raman bands of the autoclave liquid do not

originate from any of the mentioned dissociated or non-

dissociated sodium metasilicate monomers. The bands at

around 1050 and 1150 cm�1 are typical delocalized or inter-

tetrahedral (bridging) and localized or intra-tetrahedral nas

phonon modes in crystalline silicates, respectively [76,89,90].

However, they usually appear only in the IR spectra which are

more sensitive for asymmetric vibrations than the Raman

[18,71,72,76]. Our nanoparticles do not allow long range

phonon vibrations hence the intense 1050 cm�1 Raman band

must indicate highly polarizable, asymmetric Si–O bonds

which occur in Q1 and Q2 type [SiO4] tetrahedra. Likewise, the

1150 cm�1 band has been suggested to represent nas Si–O–Si

bridging vibrations in a 3D network of Q3 and Q4 type [SiO4]

tetrahedra [18,51,81,91,92]. Bass and Turner [16,17] associated

the increasing IR absorption bands in the 850–1200 cm�1 range

with increasing bond complexity of dissolved silica nanopar-

ticles. On the other hand, it was shown recently that the

1145 cm�1 band is the most intense vibration in the 200–

1300 cm�1 range of Raman spectra of crystalline sodium

metasilicate Na2SiO3�9H2O which certainly does not contain

linked [SiO4] tetrahedra hence this band was associated with nas

Si–O� and/or Si–OH vibrations [18]. Thus, the Raman

scatterings near 1150 cm�1 might represent some hydrated

metasilicate crystallites in the solution.

The relative size of das (H)O–Si–O(H) bending vibration at

777 cm�1 decreases with increasing concentration (Fig. 1)



Fig. 6. Raman spectra of variously diluted commercial N1-silicate solutions.

Normalized spectra.
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which suggests an increasing number of connections between

[SiO4] tetrahedra. This is in line with the increased relative

intensities of 464, 540, and 606 cm�1 bands that can be

associated with deformation vibrations of 6, 4, and 3 [SiO4]-

member rings, respectively [18,62,65,72,88,93–96]. Based on

the average molecular weight data (vide infra) most dissolved

particles likely contain a combination of double six, double

four, six-three, etc. rings. The intense 540 cm�1 band hints at

the dominating presence of four member rings.

The broad band between 800 and 950 cm�1 is also missing

from the spectra of sodium metasilicate monomers (Fig. 4). It is

likely associated with ns Si–O stretches which must be scarce in

the inherently asymmetric bond environment of silica

nanoparticles. McMillan [75] associated a band at around

900 cm�1 with terminal –SiO3
3� (Q1 type) groups and one at

850 cm�1 with fully dissociated SiO4
4� (Q0 type) monomer

ions in molten silicates. However, there is a low probability that

the dissociation of silica particles would go beyond H2SiO4
2�

in alkaline aqueous solutions [2,3,18].

Thus, the overall takeaway from these in situ Raman

spectroscopic measurements is that the dissolution of sodium

silicate glass proceeds mainly via detachment of polymer

silicate particles from the solid and only very little monomer

enters the aqueous phase. Although the Raman signal was

below the detection limit during the first 20 min of the

dissolution process, there is no reason to believe that monomers

prelude the appearance of polymers during this period because

this does not happen even in the course of the measurable

dissolution process from 20 to 100 min when the overwhelming

majority of glass goes into solution. Moreover, even the partial

transition of monomers into polymers in concentrated solutions

takes place only after weeks of storage [18].

The external Raman measurements of samples taken in a

traditional way from the same autoclave also confirmed the

overwhelming presence of polymers at every stage of the

dissolution process. However, there was a surprising difference

between the in situ and external Raman spectra. As an example

in Fig. 5 illustrates, the 1142 cm�1 vibration is substantially

more intense in the latter one, i.e., it contains an increased

number of freely vibrating, presumably terminal Si–O� and/or
Fig. 5. Comparison of in situ and externally measured Raman spectra of the

aqueous phase after 100 min leaching of 3.22 ratio glass with water at 150 8C
and 4.6 atm. Normalized spectra.
Si–OH bonds which might be generated by increased

dissociation of Na+ ions and/or hydrolysis of Si–O–Si bonds.

This is in line with the significant decrease of the das 606 cm�1

band which can be related to the above discussed vibrations of

non-dissociated NaO–Si–ONa bonds and/or vibrations of the

most stretched, three member rings. These changes along with

the shifts of other deformation vibrations toward lower

wavenumbers, i.e., toward larger, especially four member

(540 cm�1) rings, must be caused by the quick cooling and/or

pressure drop of samples taken from the autoclave because the

Raman spectra of slowly cooled, commercial, 3.22 ratio sodium

silicate solutions are fairly similar to the in situ measured

Raman spectra.

Fig. 6 shows the Raman scatterings of a commercial 3.22

ratio N-silicate at different dilutions. Since it was shown that

the dissociation level can dramatically change the Raman

spectra of aqueous Na2SiO3 solutions [18], we measured the

dissociation degrees of these N-silicates as well. Fig. 7 shows

that the dissociation of this high ratio silicate lags slightly

behind the dissociation levels of NaOH and Na2SiO3 in the

3–0.2 M concentration range. Fig. 8 indicates that in contrast to

the all monomer Na2SiO3 solutions, the dilution of N-silicate
Fig. 7. Concentration dependent dissociation in aqueous solutions of various

sodium compounds. Concentration units for silicates and sodium hydroxide are

[mol SiO2/L] and [mol NaOH/L], respectively. The dissociation is related to

Na+ ions dissociating from the molecule. One represents the value when every

sodium ion is in the solution and zero represents the value when zero Na+ is in

the solution.



Fig. 8. Variation of the average molweight of silica nanoparticles as a function

of concentration in aqueous solutions of Na2SiO3 and N1-silicate.
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reduces dramatically its average molweight (AMW) from about

10.5 to 1 [SiO4] tetrahedra/mol. This split of Si–O–Si bonds is

reflected in Fig. 6 as increasing relative intensity of das (H)O–

Si–O(H) bands at 801 cm�1 and diminishing nas and ds

vibrations at 1045 cm�1 and 400–650 cm�1, respectively. The

10.5 [SiO4]/mol AMW in the 3 mol SiO2/mol solution fits well

to a near 50–50% split of particles with double six

(12 � [SiO4]) and double four (8 � [SiO4]) ring systems. Such

nanoslabs are considered to be thermodynamically more stable

than the corresponding straight chains and can serve as primary

building blocks for the synthesis of zeolites [44,65,94–98]. In

agreement with this view, we have not found a Raman band

around 973 cm�1 which is the most intense vibration of the

chain-structured crystalline Na2SiO3 [18]. To explain the

molweight change with dilution, one can assume that the more

concentrated solutions do not have sufficient water for reaction

and hydration of an increasing number of anions as proposed

before [18]. This view is also in line with the well known

practical experience that solutions of N-silicate and other high

ratio silicates which, as we just saw, are made directly from

polymer particles can be stable for over 1 year while the

similarly concentrated but monomer based Na2SiO3 solutions

tend to polymerize within a few weeks [1,18].

Fig. 9 compares the Raman spectra of 0.2 mol/L monomer

silicate solutions obtained from Na2SiO3 and the high ratio N-

silicate. This latter one seems to contain some crystalline
Fig. 9. Raman spectra of monomer silicates in 0.2 mol/L aqueous solutions of

Na2SiO3 and N1-silicate.
silicates for which bands near 1074 and 1244 cm�1 are

characteristic transverse-optic and longitudinal optic (TO-LO)

nas O–Si–O vibration pairs [18,76,99,100]. The remaining

450–550 cm�1 bands suggest predominant six-ring and four-

ring structures for these crystals. The more intense 1030 cm�1

band in the Raman spectrum of the Na2SiO3 solution might

indicate that it contains more Si(OH)2O2
2� ions than the other

material [18]. This is understandable considering the large

amount of Na+ to compensate the charge of these anions in the

Na2SiO3. Probably also the lower number of �O–Si–O� bonds

and/or higher number of non-dissociated HO–Si–OH bonds are

responsible for the shift of the das vibration from about 777 to

801 cm�1 in the solutions of Na2SiO3 and N-silicate,

respectively. At certain concentrations we have observed these

Raman bands simultaneously in solutions made from

Na2SiO3�9H2O [18].

4. Conclusions

1. Raman spectroscopy is adequate to measure the concentra-
tion of dissolved silicates and can be used in situ for

controlling the dissolution of sodium silicate glasses in

water.
2. T
he dissolution of 3.22 ratio sodium silicate glasses proceeds

via direct detachment of �900 g/mole AMW polymer

silicate particles from the solid into the solvent. These

nanoparticles seem to contain mostly double and mixed 6, 4,

and 3 silicate rings, similar to the commercial N-silicate

solutions. Quick quenching leads to less compact silicate

structures containing more asymmetric, polarizable Si–O�

and Si–OH bonds than the N-silicate.
3. D
ilution of 3 mol/L N-silicate solutions to 0.2 mol/L results

in hydrolysis into monomers. Only about 50% of the total

sodium is dissociated to Na+ even in this diluted material

which must also contain largely non-dissociated H4SiO4

particles.
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