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Traditionally, increasing the modulus of water glass solution (soluble sodium silicate) requires increasing the silica content 
in batches, which are used to melt the binary Na2O-SiO2 glass precursor. This is only applicable for large-scale production 
and inevitably results in a high melting temperature and high energy consumption. Herein, porous silica powder was 
dissolved in a commercial water glass solution under moderate temperature heating condition. Thus, the modulus of the 
water glass solution was easily tuned from 3.06 to 3.87, providing a convenient way that is suitable for obtaining small 
quantities of water glass solution with a high modulus. The pH, density, viscosity and conductivity of the tuned solution were 
characterised in detail. The FTIR and 29Si NMR spectroscopy evidenced that the porous silica dissolved in the water glass 
solution, but its [SiO4] skeleton was largely preserved.

INTRODUCTION

	 Water glass, commonly known as soluble sodium 
silicate, is an inorganic compound with the chemical 
formula Na2O·nSiO2 [1]. It is mainly produced by 
melting the mixture of sodium carbonate and quartz sand 
with an appropriate SiO2/Na2O molar ratio, mostly in the 
range of 2~3.6 at a high temperature of 1300-1400℃ 
[2-4]. After the melt is quenched to form a glass frit, 
it can be transformed into water glass solutions under 
hydrothermal conditions [4-6]. Due to its adhesive, 
buffering and flocculating performance, water glass 
solutions are widely used in construction, casting, 
detergents and wastewater treatment [7-10].
	 The modulus "n" of water glass, which refers to 
the molar ratio of SiO2 to Na2O, is a key parameter that 
influences not only the glass melting temperature, but 
also the solubility, bonding strength, water resistance, 
and curing speed of water glass solutions when applied in 
different fields [11, 12]. Generally, high-modulus water 
glass is suitable for applications such as precision casting, 
the synthesis of acid-resistant materials and molecular 

sieves. The traditional industrial method for increasing 
the modulus of water glass involves increasing silica 
sand in batches to make Na2O-SiO2 binary glass. This 
inevitably raises the glass melting temperature, which 
significantly increases the energy consumption and 
cost of the water glass production [13, 14]. In addition, 
this method is applicable in the large-scale production 
of high-modulus solid water glass, but not suitable for 
small-scale synthesis, especially when a series of water 
glasses with different moduli are desired. Therefore, it is 
worthwhile to explore new methods that can easily tune 
the modulus of water glass.
	 This study proposes a method of increasing the 
modulus of water glass via a low-temperature facile 
route, in which porous silica powder was dissolved in 
commercial water glass solutions at low temperature. 
A series of water glass solutions with modulus ranges 
of 3.06-3.87 was obtained. In addition, the variation 
in the pH, density, viscosity, conductivity, as well as 
the structure of the tuned water glass solutions, was 
systematically studied.
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EXPERIMENTAL 

Raw materials and preparation procedures

	 Water glass solutions (SP38) with a modulus of 
3.06 were purchased from URE Refractories (Jiashan, 
China). A porous silica with a Brunauer-Emmett-Teller 
(BET) surface area of 147 m2·g-1 and a pore volume of 
0.885  cm3·g-1 was provided by a factory. The powder 
particles are spherical, sized 2~100 μm (Figure 1a). 
The spheres consisted of aggregated nanometre-sized 
grains (Figure 1b). A narrow and large hysteresis loop 
in its isotherm was at a relative pressure higher than 0.9 
(Figure 1c), suggesting that the pores mainly originated 
from the inter-voids of the primary grains in the silica 
gel. All the materials were applied directly without 
further purification.
	 A series of water glass solutions were prepared 
as follows: First, 50 mL of water glass was diluted 
1.3 times, into which a certain amount of silica powder 
was added. The mixture was then sealed and heated in 
a water bath at 80 °C under stirring for 1.5 h. After the 
mixture was cooled to room temperature, water glass 
solutions with increasing silica contents were obtained. 
The obtained samples were encoded as WG-Sx, the WG-
S0.3, WG-S0.6, WG-S1, WG-S2, WG-S3, and WG-
S4 samples, where "x" represents the amount of silica 
powder dissolved in the water solutions.

Characterisations

	 The modulus of the water glass solution was 
measured by determining the content of the Na and Si 
elements in the sample using Inductively coupled plasma 
emission spectroscopy (ICP, iCAP PRO XP, Thermo 
Scientific, USA). After converting the contents of Si and 
Na into the corresponding SiO2 and Na2O oxides, the 
modulus of water glass was obtained. 
	 The structure of the water glass solutions was 
analysed using a Fourier transform infrared spectrometer 
with a resolution of 2 cm-1 (FTIR, ALPHA Ⅱ, Bruker, 
Germany). The scan range was 4000 to 400 cm-1. The 
Qn groups (Q0, Q1, Q2C, Q2, Q3, and Q4) of the [SiO4] 
structural units were characterised using a nuclear 
magnetic resonance spectrometer (NMR, JNM-
ECZL600M, JEOL, Japan). The pH of the tuned water 
glass was measured using a pH meter (Mettler Toledo, 
Switzerland). The density of the samples was measured 
using a density balance (MD-100-Ⅱ, XUHUI XINRUI, 
China). A rapid viscometer was used to measure the 
viscosity of the prepared water glass solutions (RVA-
TecMaster, Perten, Sweden). The conductivity was 
measured on a Zeta potential analyser (Zetasizer Nano 
ZS, Malvern Panalytical, England).

Figure 1.  (a-b) SEM images and (c) N2-sorption isotherm of the porous SiO2 powder.



Increasing the modulus of a sodium silicate solution by dissolving porous silica powder

Ceramics – Silikáty  70 (1) 82-88 (2026)	 84

RESULTS AND DISCUSSIONS

Variation of the modulus and the properties 
of the prepared water glass solutions

	 Table 1 shows the amount of silica added for the 
synthesis of the WG-Sx water glass solutions. It is 
reasonable that the modulus of the water glass gradually 
increases with the addition of silica powder.

	 Figure 2a shows the pH values of the tuned water 
glass solutions with different moduli. The initial WG 
water glass solutions have a pH of 11.7. As the modulus 
increases, the pH value gradually decreases, which is 
attributed to the reaction between the added SiO2 and 

hydroxide ions in the alkaline solution to generate 
silicate anions or Si(OH)4, leading to a reduction in 
the hydroxide ion concentration in the solution and a 
corresponding decrease in alkalinity [15, 16].
	 As shown in Figure 2b, the increase in modulus 
resulted in an increase in the density of the tuned water 
glass. The addition of silica powder to the water glass 
increased the solute content per unit volume, thereby 
increasing the solution density. Meanwhile, the viscosity 
of the water glass rises from 36 cp to 85 cp when the 
modulus increases (Figure 2c). This is attributed to the 
increase in the SiO2 content in the water glass, which 
strengthens the intermolecular forces and the siloxane 
network structure, leading to greater flow resistance and, 
consequently, to a higher viscosity [17, 18].
	 Figure 2d shows that the conductivity of the water 
glass solutions first slightly increases and then decreases 
with the increase in the modulus. When 1 g of SiO2 is 
added, the WG-S1 water glass with a modulus of 3.38 
achieves maximum conductivity (~40.8 mS∙cm-1). This 
occurred because the number of ions in the water glass 
increased with the addition of the SiO2 powder. However, 
further increasing the SiO2 addition increases the 
viscosity of the water glass, impeding the ion migration 
and causing a continuous decrease in the conductivity 
rather than an increase [17].

Figure 2.  Variations in the pH (a), density (b), viscosity (c), and conductivity (d) of the tuned WG-Sx water glass solutions with 
the increasing modulus.

Table 1.  The amount of SiO2 powder added in the synthesis 
and the moduli of the obtained water glass solutions.

Sample	 The amount of SiO2	 Modulus
number	 powder added(g)	 of water glass
WG	 0	 3.06
WG-S0.3	 0.3	 3.16
WG-S0.6	 0.6	 3.18
WG-S1	 1	 3.38
WG-S2	 2	 3.55
WG-S3	 3	 3.72
WG-S4	 4	 3.87
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The structural characterisation of the 
tuned water glass solutions

	 The FTIR spectra of the tuned water glass solutions 
are compared (Figure 3). The main absorption bands are 
located at ~1130 cm-1, ~1008 cm-1, ~875 cm-1, ~773 cm-1, 
~580 cm-1, and ~420 cm-1 (Figure 3a), corresponding to 
the asymmetric stretching vibration of Si-O-Si/(H)O-Si-
-O(H), the stretching vibration of (Na)O-Si-O(Na), the 
bending vibration of Si-OH, the symmetric stretching 
vibration of Si-O-Si, the bending vibration of (Na)O-Si-
-O(Na), the bending vibration of Si-O-Si, respectively 
[19, 20]. Compared to precursor water glass solutions, 
the spectra of tuned water glass solutions do not show 
new absorption bands. Furthermore, as the modulus 
of water glass increases, the asymmetric stretching 
vibration absorption band of the O-Si-O bond near 
1008 cm-1 shifts to a higher wave number at ~1029 cm-

1, accompanied by a broadening of the absorption band 
(Figure 3b), indicating the increased connectivity of the 
skeleton of [SiO4] in the water glass solutions.

	 To investigate the effects of the SiO2 addition on 
the water glass structure in detail, the absorption band 
at 1400-750 cm-1 in Figure 3 was deconvoluted, and the 
results are shown in Figure 4. According to the literature, 
there are mainly four absorption bands existing within 
this wavenumber range. The absorption band in the 1250-
950 cm-1 region is composed of the superposition of three 
absorption bands located at ~1152 cm-1, ~1066 cm-1 and 
~1008 cm-1, corresponding to the asymmetric stretching 
vibrations of (H)O-Si-O(H), Si-O-Si and (Na)O-Si-
O(Na), respectively. When the amount of SiO2 added is 
from 0.3 g to 4 g, the relative ratio of the absorption band 
corresponding to (Na)O-Si-O(Na) decreases from 42.3 % 
to 32.3 %, and the absorption band corresponding to (H)
O-Si-O(H) increases slightly from 12.8 % to 14.3  %. 
The results suggest that the newly formed silica species 
were more coordinated and charge compensated by H+ 

than Na+. In addition, the proportion of the absorption 
band corresponding to Si-O-Si increases from 44.9 % to 
53.5 %. This increase was mainly due to the dissolution 
of the added SiO2 powder. 
	 The 29Si NMR spectra of the tuned water glass 
solutions are shown in Figure 5. The modified water 
glass still contains six distinct [SiO4] structural units: 
Q0, Q1, Q2C, Q2, Q3, and Q4. Specifically, Q0 represents 
monomeric [SiO4]; Q1 and Q2C correspond to dimeric 
tetrahedra and cyclic structures, respectively; Q2 and Q3 
are correlated with chain structures; and Q4 represents 
fully polymerised silicate anions [21-23]. These units 
correspond to resonance peaks at chemical shifts of 
-71.2, -79.6, -81.9, -88.0, -96.8, and -106.1 ppm in the 
spectra, respectively.
	 As the amount of added SiO2 increases, the Q2 
group in the tuned water glass shifts from -88.0 ppm to 
-88.4 ppm, the Q3 group from -96.8 ppm to -97.4 ppm, 
and the Q4 group from -106.1 ppm to -107.6 ppm. These 
shifts are associated with the degree of protonation of the 
silicon atoms. The degree of protonation of silicon atoms, 
i.e., the number of hydrogen atoms bonded to silicon, 

Figure 3.  (a) Infrared absorption spectra of the tuned water 
glass solutions, (b) Enlarged view of the spectra over the wave 
number of 900-1125 cm-1. 

Figure 4.  (a-g) Deconvolution of the infrared absorption bands 
over 1450-750 cm-1 of the tuned water glass solutions.
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depends on the pH value of the solution [24]. Water 
glass with a higher modulus has a lower pH, resulting in 
a higher degree of protonation. As the modulus of water 
glass increases, silicic acid undergoes polymerisation, 
leading to the formation of cyclic silicates. This is 
reflected in the spectrum by the enhancement of the Q2, 
Q3, and Q4 peaks, along with the weakening of the Q1 
and Q2C peaks. However, increasing the modulus has 
little effect on the Q0 group. In high-modulus solutions, 
a significant portion of silicon atoms exist in the form of 
Q4 species. The presence of highly polymerised silicate 
species was mainly contributed by the dissolved colloidal 
silica particles in the solution.
	 To confirm the above assumption, an analysis 
of the infrared spectrum and the 29Si NMR spectrum 
of the porous SiO2 powder added to the tuned water 

glass solutions was performed. As shown in Figure 6a, 
the absorption bands at 3426 cm-1 and 1635 cm-1 were 
attributed to the OH stretching vibration of the adsorbed 
water/silanol group and the OH bending vibration of 
the adsorbed water, respectively [25]. The absorption 
bands at ~1105 cm-1, ~960 cm-1, ~798 cm-1 and ~472 
cm-1 correspond to the asymmetric stretching vibration 
of Si-O-Si, the asymmetric stretching vibration of Si-
OH, the symmetric stretching vibration of Si-O-Si and 
the bending vibration of Si-O-Si, respectively [19, 25].
	 As shown in Figure 6b, the silica powder contains 
three different structural [SiO4] units, namely the Q2, 
Q3, and Q4 groups. The chemical shifts corresponding 
to these three structural units in the NMR spectrum are 
-87.4 ppm, -96.7 ppm, and -107.2 ppm, respectively 
[26]. A comparative analysis of the NMR spectra of pure 
SiO2 (Figure 6b) and the tuned water glass solutions (see 
Figure 5) reveals that when the SiO2 powder was added 
to the water glass, the content of the highly polymerised 
silicate anion groups Q4 increases, while the amount of 
small molecular silica species remains largely unchanged. 
The results suggest that the added SiO2 dissolved only 
to a limited extent, and its dissolution at the moderate 
synthesis conditions applied here was significantly 
weaker than that of the silicate framework existing in 
the Na2O-SiO2 binary glass frit originally used for the 
preparation of the precursor water glass. Therefore, 
although powder silica was apparently dissolved, its 
[SiO4] skeleton was largely preserved in the tuned water 
glass solutions.

CONCLUSIONS

	 The modulus of water glass solution was easily and 
successfully tuned to be higher by dissolving porous 
silica powder in a commercial water glass solution 

Figure 5.  The 29Si NMR spectra of the tuned water glass.

Figure 6.  (a) Infrared spectrum and (b) 29Si NMR spectrum of the SiO2-added to increase the modulus of water glass solutions.
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under stirring at 80 °C for 1.5 h. It was revealed that the 
water glass with a high modulus has a higher content of 
polymerised silica species (e.g., Q4 structural units) due 
to the partially preserved silica skeleton of the dissolved 
silica. This structural variation explained the decreases in 
pH and conductivity, while it also explained the increase 
in viscosity of the tuned solutions.
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