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Abstract: To clarify the precipitation of silica hydrate from the real desilication solutions of aluminosilicate solid
wastes by adding seeds and improve integrated waste utilization, the seeded precipitation was studied using synthesized
sodium silicate solution containing different inorganic salt impurities. The results show that sodium chloride, sodium
sulfate, sodium carbonate, or calcium chloride can change the siloxy group structure. The number of high-polymeric
siloxy groups decreases with increasing sodium chloride or sodium sulfate concentration, which is detrimental to seeded
precipitation. Calcium chloride favors the polymerization of silicate ions, and even the chain groups precipitate with the
precipitation of high-polymeric sheet and cage-like siloxy groups. The introduced sodium cations in sodium carbonate
render a more open network structure of high-polymeric siloxy groups, although the carbonate ions favor the
polymerization of siloxy groups. No matter how the four impurities affect the siloxy group structure, the precipitates are

always amorphous opal-A silica hydrate.
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1 Introduction

To realize the comprehensive utilization of
aluminosilicate solid wastes such as coal fly ash
and coal gangue, we proposed a novel technique
named as ferric oxide assisted roasting—alkali
leaching silica—seeded precipitation [1]. In this
technique, the aluminosilicate can be efficiently
converted into aluminum concentrate, ferric oxide,
and sodium silicate solution through the roasting—
leaching process [2—4]. The resultant aluminum
concentrate can be readily digested via the Bayer
process to recover alumina, while the ferric oxide in
the digestion residue can be recycled through
roasting [5]. For recycling the alkaline leaching
agent used in the leaching, seeded precipitation was
proposed to extract silica from the resultant sodium

silicate solution and some substantive progress has
been achieved [1]. The precipitation rate of silica in
the sodium silicate solution with a modulus of 3.0
can reach up to 72.17%, the spent solution modulus
of 0.86 can be recycled to the leaching process of
silica in the roasted product, and the granular
opaline silica hydrate precipitated from solution can
be widely used in industries [6] and agriculture [7].
Seeded precipitation could potentially contribute to
realizing the waste-free cleaner utilization of
aluminosilicate solid wastes, remarkably reducing
the environmental pollution caused by the massive
landfills where such wastes are dumped [8,9].
Moreover, during the precipitation, we found that
the precipitation of silica hydrate is related to the
siloxy group structure of sodium silicate solution,
where the high-polymeric siloxy group determines
the formation of silica hydrate. However, previous
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studies were limited to impurity-free sodium
silicate solution. Real solution contains various
impurities, such as calcium, iron, sulfur, carbon,
chloride, and other impurity elements, which
originate from aluminosilicate materials or leaching
media, these impurities may enter into the solution
during the alkali leaching of roasted products [10].
They may change the solution property and silicate
species distribution, affecting the precipitation of
the silicon products from sodium silicate solution.

Researchers have reported that the viscosity
of sodium silicate solution increases with the
introduction of sodium chloride, sodium sulfate, or
sodium carbonate, and the effect of alkali chlorides
(LiCl, NaCl and KCl) on the distribution of silicate
species is manifested as a decrease in the content
of monomeric or dimeric silicate species [11].
Additionally, some metal cations, such as
calcium [12], aluminum [12], and iron [13], also
affect the siloxy group structure. They induce the
polymerization and flocculation of siloxy groups by
shielding the surface charge of silicate ions [14] and
are considered as silicate network modifiers. Alkali
metal cations (e.g., sodium and potassium) control
the formation of geopolymeric gels by affecting
the distribution of silicate species in highly
concentrated sodium  silicate  solution [15].
Unfortunately, to our best knowledge, there is no
report about the effect of impurities such as
sodium chloride, sodium sulfate, sodium carbonate
and calcium chloride on both the distribution
of high-polymeric siloxy groups and seeded
precipitation, due to the structural complexity and
behavioral specificity of sodium silicate solution.
Therefore, based on our previous studies, the siloxy
group distribution and seeded precipitation of
silica hydrate from sodium silicate solution were
systematically investigated in the presence of
sodium chloride, sodium sulfate, sodium carbonate
and calcium chloride with different concentrations.
The improvement of this work may facilitate the
efficient utilization of aluminosilicate solid wastes,
reducing their environmental deterioration.

2 Experimental
2.1 Materials

In addition to industrial-grade sodium silicate
(20.61 wt.% Na,O, 60.03 wt.% Si0,) procured from

Qingdao Dongyue Sodium Silicate Co., Ltd., and
active SiO,-nH>O seed obtained by the seeded
precipitation from sodium silicate solutions using
analytically pure SiO,'nH>O as seeds, all reagents
used in this work were of analytically pure grades,
including Na,CO;, Na,SO4, NaCl, CaCl,, and
Si0,-nH20 purchased from Sinopharm Chemical
Reagent Co., Ltd., and NaOH from Xilong Science
Co., Ltd., China.

2.2 Experimental procedure
The calculated and weighed industrial-grade

sodium silicate and sodium hydroxide were
dissolved with deionized water to synthesize
sodium  silicate  solution  with  different

concentrations, and inorganic sodium salts and
calcium chloride impurities were added according
to a concentration gradient of 0, 5, 15g/L and
0, 1, 3 g/L, respectively. Sodium silicate solutions
containing impurities were kept in a bath (DZKW-4,
Beijing Yongguangming Medical Appliance Factory,
China, +0.5°C) at 25°C for 30 min and then
analyzed via infrared spectrum using a solution
coated on KBr with a scan number of 32 and a
spectral resolution of 8 cm™'.

Seeded precipitation experiments were carried
out in a 500 mL beaker [1]. About 400 mL sodium
silicate solution was put into the beaker placed in
the bath preheated at 90 °C, followed by stirring
and adding some SiO,-nH,O to raise the solution
modulus. When the solution cooled down to the
specified precipitation temperature, the inorganic
salt impurity was introduced before adding a certain
amount of analytically pure or active SiO,-nH>O
seeds. After 12 h, about 10 mL of the slurry was
taken out and then centrifuged to obtain a spent
solution and a precipitation product. The treatment
method for the precipitation product and the
analysis methods of SiO,, Na,O concentration, and
the precipitation rate 7, of silica are the same as
those reported in our previous studies [1].

2.3 Characterization

The phase of the precipitation product was
characterized via X-ray diffraction (Empyrean 2,
Panalytical, Holland) with a CuK, radiation
(A=1.54 A) at a scanning step of 0.01°. The
structural spectra of the precipitation products were
recorded using a Fourier transform infrared
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spectrometer (Nicolet iS50, Thermo Fisher
Scientific, USA) and a nuclear magnetic resonance
spectrometer (Bruker Avance III HD 400, Bruker,
Switzerland). Fourier transform infrared (FTIR)
spectra were collected using a KBr disc technique
with a spectral range of 400-4000 cm™, and the
»Si nuclear magnetic resonance (NMR) single-
pulse spectra were acquired using an operating
frequency of 79.49 MHz and a spinning rate of
8 kHz. A recycle delay time of 5s was used
between each 90° pulse until 1600 scans were
accumulated. The micromorphology and structure
of the gel formed by the reaction of calcium
chloride and sodium silicate solution were
measured via transmission electron microscopy
(TEM) by using a JEOL JEM-2100F analytical
electron microscope (Japan Electronics Co., Ltd.,
Japan) with an accelerating voltage of 200 kV, a
point resolution of 0.25 nm, a line resolution of
0.102 nm, and a scanning TEM resolution of
0.20 nm with a tilt angle (X/Y) of £42°/£30°.

3 Results and discussion

3.1 Effect of inorganic salt impurities on siloxy
group structure of sodium silicate solution

3.1.1 Sodium carbonate and sodium sulfate

To investigate the effect of sodium carbonate
or sodium sulfate on the siloxy group of sodium
silicate solution, FTIR spectral changes of the
solutions were respectively studied at different
concentrations of sodium carbonate or sodium
sulfate impurity, as depicted in Fig. 1. The
corresponding variations in the content of siloxy
groups calculated using the method of spectral band
area [16] are provided in Table 1. Apart from the
water H—OH bending vibration of 1640 cm™, the
water —OH stretching vibration of 3440 cm™!, and
the O—C—0 asymmetric stretching vibration of
1412 cm™!, four characteristic absorption peaks of
Si—OH and Si—O bonds exist at 2017, 1025,
700 and 481 cm™' in the infrared spectrum of
sodium silicate solution. The Si — OH bond
stretching vibration mode appears at 2017 cm™!, and
the Si—O—Si bond stretching vibration band
characterizing the high-polymeric silicate species
appears at 1025 cm™! [17]. The Si—O bond bending
vibration band representing the oligomeric silicate
species appears at 700 and 481 cm ™! [18].
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Fig. 1 FTIR spectra showing effect of Na,COs (a) or
NaySO4 (b) on structure of siloxy groups of sodium
silicate solution (p(Na>O) 50.21 g/L; modulus 2.50)

Figure 1(a) shows that the introduction of
sodium carbonate slightly reduces the absorption
frequency of the Si—O-—=Si bond, which shifts
from 1025 to 1022 cm™!, indicating a more open
network structure of high-polymeric siloxy groups
and an increase in the bond distance between
silicon and oxygen atoms [19]. This phenomenon is
related to the fact that sodium ions with low
hydration energy can replace some or most of the
protons in the Helmholtz double electric layer [20].
The increased concentration of sodium cations
in solution with the introduction of the impurity
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leads to the breakage of the polymerized Si—O—Si
bond [21]. Despite the red-shift of the absorption
peak, the intensity of the Si—O—Si bond increases
gradually, which is consistent with the result in
Table 1 that the Si—O—Si bond content increases
from 44.72% without impurities to 56.89% with
15 g/ sodium carbonate. The increase in the
high-polymeric Si—O—Si bond content may be
attributed to the action of carbonates, which
promote the polymerization of silica [22]. The
slightly higher absorption frequency for the
Si—O—Si bond at 15 g/LL Na,COs than that at
5 g/l Na,COj; is precisely due to the combined
effects of the destruction of sodium cation and the
polymerization of carbonate anion. Meanwhile, the
red-shift degree of the Si—O bond increases but its
content decreases with increasing sodium carbonate
concentration.

Table 1 Fraction of siloxy groups in solution at different
impurity additions

Inorganic  Addition Fraction of siloxy group/%
salt  amount/(gL™") Si—OH Si—O—Si Si—O
- 0 33.58 44.72 21.70

5 15.46 55.47 29.07
N3.2CO3
15 18.63 56.89 24.48
5 12.41 39.85 47.74

Nast4
15 12.55 44.38 43.07
5 15.29 41.29 43.42

NaCl
15 22.76 34.36 42.88
1 17.14 63.90 18.96

CaClz
26.07 68.00 5.93

p(Na20) 50.21 g/L; modulus 2.50

When sodium sulfate impurity, a neutral salt, is
added to the solution, the infrared spectral change is
similar to that of the introduction of sodium
carbonate impurity, that is, the absorption
frequencies of the Si—O—Si and Si—O bonds
shift towards a low-wavenumber due to the
breakage effect of a large number of free sodium
ions on the siloxy groups. However, the difference
between the two impurities is that the Si—O bond
bending vibration peak shifts towards the lower
wavenumber in the presence of sodium sulfate
impurity, i.e., from 700 cm™' to a low absorption
frequency of 462 cm™!. The possible reason is as
follows: not only can the sodium cation in sodium

sulfate break the polymerization of the siloxy
groups, but the negatively charged sulfate ions also
repel the homoelectric silicate ion, hindering the
condensation of siloxy group [23].

3.1.2 Sodium chloride and calcium chloride

The properties of the zeta potential, activity,
and colloidal stability of sodium silicate solutions
including sodium chloride or calcium chloride have
been reported in the literature [24], along with the
solubility variation of amorphous silica in two salt
solutions [25]. However, the relationship between
the two salts and the siloxy group structure is
indistinct due to the complex and variable solution
structure. Experiments were conducted by adding
sodium chloride of 5 and 15 g/L or calcium chloride
of 1 and 3 g/L. Figure 2(a) indicates that sodium
chloride reduces the polymerization degree of
silicate ions. With increasing sodium chloride
concentration, the peak position of the high-
polymeric Si—O—Si bond shifts from 1025 to
1023 cm™!, the intensity of the Si—O bond peak
increases as the peak position shifts towards
low-wavenumber, and the content of the Si—O
bond increases from 21.70% without impurities to
about 43.00% with impurities (Table 1). Meanwhile,
Table 1 indicates that the content of the Si—O—Si
bond characterizing high-polymeric silicate species
progressively decreases with increasing sodium
chloride concentration. This phenomenon can be
explained by the increased substitution of bridging
oxygens in polymeric silicate ions by non-bridging
oxygens under the enhanced destructive effect of
the sodium ion. The increase in the Si—O bond
content and the decrease in the Si—O—Si bond
content manifest that sodium chloride inhibits the
polymerization of siloxy groups.

When the sodium cation in sodium chloride
impurity is replaced with calcium ion, the intensity
and red-shift degree of the stretching vibration peak
of siloxy groups increase, because the calcium
cation can promote the polymerization of silicate
ions, resulting in the condensation of the high-
polymeric siloxy group to precipitate silica gel [26],
and decreasing the absorption frequencies of silicate
ions in solution. In this experiment, the flocculent
gel did appear in the region where calcium chloride
was added. This result is significantly different
from the introduction of other inorganic sodium
salt impurities. The conclusion that calcium ions can
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Fig. 2 FTIR spectra showing effect of NaCl (a) or CaCl, (b) on siloxy group structure of sodium silicate solution

(p(Na,0) 50.21 g/L; modulus 2.50)

promote the polymerization of silicate is also
confirmed by the variation laws of a sharp increase
in Si—O—Si bond content and a significant
decrease in Si—O bond content in the presence of
calcium chloride in Table 1. That is, the Si—O—Si
bond content increases sequentially from 44.72%
(0 g/L CaCl,) to 63.90% (1 g/L CaCl,) and 68.00%
(3 g/L CaCl,) while the Si— O bond content
decreases orderly from 21.70% (0 g/L CaCly) to
18.96 % (1 g/L CaCly) and 5.93% (3 g/L CaCl,).
Additionally, new silicate species occur at 874 cm™!
in the infrared spectrum of the sodium silicate
solution containing 1 g/L. CaCl,, implying that the
process of the calcium cation promoting the
polymerization and precipitation of silicate will
make the siloxy group structure more complex.

3.2 Effect of inorganic salt impurities on seeded
precipitation of silica hydrate from sodium
silicate solution

The distribution and polymerization degree of
silicate species in solution determine the seeded
precipitation of silica hydrate from sodium silicate
solution. The structural changes of the siloxy
groups caused by inorganic salt impurities, such as

NaCl, Na,SOs4, Na;COs3 and CaCly, could directly

affect the seeded precipitation. For this reason, the

seeded precipitation from sodium silicate solutions
with a modulus of 2.50 [3] and various inorganic

salt impurities was investigated by using a
temperature-drop program under the conditions of
40.48 g/L Na,O of the pregnant silicate solution and
280 g/L liquor active seed amount. The influence
behavior of impurities was reflected by the
variations in precipitation rate of silica and the
structure of precipitation product obtained from the
solution.
3.2.1 Preparation and characterization of active seed
The active seed was prepared in a sodium
silicate solution with a modulus of 2.5 and
50.21 g/L Na;O using analytically pure SiO; -nH,O
(the original seed) as seed under the conditions of
400 g/L liquor seed at 50 °C for 17 h. The XRD,
FTIR and ?°Si NMR spectra of the active seed
(precipitation product) are shown in Fig. 3. A single
broad peak exists at 26 value between 16° and 35°
(maximum intensity centered at 260=22.5°) in the
XRD patterns of original seed and precipitation
product, signifying that they are amorphous. Such
diffraction spectrum characterizing active seed
could be classified as opal-A [27]. Figures 3(b, b")
show that there are four distinct silicate
characteristic absorption peaks in the infrared
spectrum of original seed, apart from the
characteristic absorption bands of water (3453.32
and 1639.40 cm™'). These peaks appear at 1085.28,
960.99, 797.62 and 465.99 cm™!, and represent
Si—O—Si bond antisymmetric stretching vibration,



Xiao-bin LI, et al/Trans. Nonferrous Met. Soc. China 34(2024) 3016—3028

3021

(a)

Precipitation product

(®)

1095.58

3450.19

Precipitation product

30 40 50 60 70
20/(°)

80 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber/cm™

Original seed

(b")

1085.28

3453.32

1639.40

Original seed

10

30

40
26/(°%)

60

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber/cm™

i QM

-112

25

Ay

Precipitation product

Original seed

20 -60 -100

-140 -180  -200

6/107

Fig. 3 XRD (a, "), FTIR (b, b’) and 2°Si NMR (c) spectra of original seed and precipitation product (p(Na,0) 50.21 g/L;
modulus 2.50; seed amount 400 g/L; temperature 50 °C; duration 17 h)

Si—OH bond bending vibration, Si—O—Si bond
symmetric stretching vibration, and Si—O bond
bending vibration, respectively. Compared with
original seed, the Si—OH bond bending vibration
band disappears for precipitation product, implying
that the internal silanol groups also polymerize to
transform eventually into siloxane bonds during
the precipitation of the product [28], exhibiting a
higher absorption frequency of the high-polymeric

Si—O—Si bond in precipitation product than that
in original seed. Meanwhile, the disappearance of
the Si—OH bond also reflects that the water
content in product is lower than that in original
seed [29]. Whether the solid sample is an original
seed or a precipitation product, two chemical shift
points can be observed in their 2Si NMR spectra.
One is located around —99.92x107® and the other
is found near —12.25x107%, representing sheet and
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cage-like  siloxy groups  with
polymerization degree, respectively,
in agreement with the findings reported in
the literature for the amorphous opal NMR
spectrum [30]. Combining the phase, infrared
structure analysis with the *Si NMR result of
precipitation product, the product precipitated from
sodium silicate solution is opal-A silica hydrate
(Si0;'nH20) polymerized by the high-polymeric
siloxy groups.
3.2.2 Effect of inorganic salt
precipitation rate of silica
The precipitation rate () of silica can directly
estimate the effectiveness of the seeded
precipitation. The effects of inorganic sodium salts
(sodium carbonate, sodium sulfate, and sodium
chloride) and calcium chloride impurities on
precipitation rate of silica and solution modulus
during the seeded precipitation are plotted in Fig. 4
and listed in Table 2. The data in the figure and the
table are the average of three repeated experiments.
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The results from Fig. 4(a) indicate that sodium
carbonate is conducive to precipitating the silica
product. The #: of silica for the solution with
sodium carbonate impurity is higher than that for
the solution without impurity during the same
precipitation duration, and the promoting effect
increases with increasing sodium carbonate
concentration. With the continuous precipitation of
silica product, the solution modulus gradually
decreases. As indicated in Table 2, the solution
modulus at 15 g/L sodium carbonate is 0.87 for 48 h,
which is markedly lower than that of the solution
without impurity. When the anion in the inorganic
sodium salt impurity is chloride or sulfate ion, the #;
of silica decreases and the solution modulus
increases, proclaiming that both sodium chloride
and sodium sulfate restrain the seeded precipitation.

Compared with inorganic sodium salts, the
effect of calcium chloride on the seeded precipitation
is much more complex. The content of high-
polymeric siloxy groups in solution becomes lower
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Fig. 4 Effect of Na,COs (a), NaxSO4 (b), NaCl (c) or CaCl, (d) on seeded precipitation from sodium silicate solution
(Pregnant sodium silicate solution: p(Na,O) 40.48 g/L, modulus 2.50; seed amount 280 g/L; Temperature regime 1:
initial temperature 45 °C, ¢ <12 h; Temperature regime 2: terminal temperature 40 °C, ¢ >12 h)
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Table 2 Effect of inorganic salt impurities on solution
modulus after precipitation duration (M)

. Addition M,
Inorganic
amount/
salt 4 12h 24h 36h 48h 60h 72h
(gL

- 0 2.20 1.55 1.25 0.95 0.94 0.94
2.01 133 1.18 099 - —

NaZC03
15 1.37 1.22 091 0.87 - -
237 229 1.87 1.79 - -

Nast4
15 2.67 195 1.68 2.02 - -
2.39 196 1.85 1.69 — -

NaCl
15 2.31 2.00 1.89 1.77 - -
1 2.20 1.74 1.55 1.08 1.66 1.55

CaClz

1.78 1.24 1.16 1.32 1.12 0.93
(Pregnant sodium silicate solution: p(Na20) 40.48 g/L, modulus

2.50; seed amount 280 g/L; Temperature regime 1: initial
temperature 45 °C, t<12h; Temperature regime 2: terminal
temperature 40 °C, ¢ >12 h)

due to the precipitation of some high-polymeric
siloxy groups preferentially forming flocculent gel
during the introduction of calcium chloride, leading
to a low precipitation rate of silica at a low calcium
chloride concentration. Increasing calcium chloride
concentration to 3 g/L, the reaction rate of seeded
precipitation accelerates in the initial stage.
Nonetheless, the #; values of silica and the solution
modulus for 3 g/L calcium chloride are close to the
results for 0 g/L calcium chloride in the late stage.
From Fig. 4(d), an extraordinary phenomenon was
observed within the range of 36—48 h with 3 g/L
CaCl; or 48—60 h with 1 g/LL CaCl,, both 7, of SiO,
diminish, which might be ascribed to the rapid
dissolution of some fine particles because of the
relatively low supersaturation. We also noted that
the existence of calcium chloride prolongs the
precipitation period of sodium silicate solution
compared with inorganic sodium salts. The
adsorption and complexation between silicate and
calcium ions enable the precipitation product to
precipitate preferentially in the form of gel [31],
decreasing the amount of high-polymeric siloxy
groups in the system which form granular products
and the probability of collision polycondensation
between silicate ions, making the seeded
precipitation sodium solution
containing calcium chloride impurity longer.

The higher concentration of silica in sodium

from silicate

silicate solution means a greater polymerization
degree of the silicate and a higher number of
high-polymeric siloxy groups [32], which is more
favorable for the seeded precipitation. Combined
with the structural evolution of siloxy group of
sodium silicate solution in the existence of
inorganic salts, it can be assumed that the
transformation of high-polymeric silicates to an
oligomeric structure by either Na,SO4 or NaCl and
the polymerization of silicate ions promoted by
either carbonate anion in NaCO; or calcium cation
in CaCl, are the major reasons affecting the seeded
precipitation from sodium silicate solution.

Given the appearance of flocculent gel during
the addition of calcium chloride into sodium silicate
solution, the phase, structure, and morphology of
this gel are investigated to identify whether it is
silica hydrate or calcium silicate, as shown in
Figs.5 and 6. The diffraction pattern of the gel
basically coincides with that of the precipitation
product but differs significantly from the
characteristic spectrum of the amorphous calcium
silicate gel marked by a large diffuse diffraction
peak centered at 30° (26) [18]. This result suggests
that the gel precipitate from the solution may be an
amorphous silica hydrate. The FTIR spectrum of
the gel reveals the structural inheritance with
opal-A silica hydrate, confirming the possibility that
the gel is an opaline silica hydrate. The weak
absorption peak of the CO3  antisymmetric
stretching vibration band near 1470 cm™' in the
spectrum can be attributed to the action of calcium
during the formation of gel [33]. The morphologies
of the gel in Figs. 6(ai—as) show that the lamellar
gel is composed of small subspherical particles
agglomerated and stacked on top of one another,
and this result is coincident with the morphology of
the lamellar opal-A reported in the literature [34].
The element distribution in the gel mapping
Figs. 6(bi—bs) display that calcium atoms are
embedded around the siloxy groups composed of
silicon and oxygen atoms, and their content accounts
for about 5.45% of the total amount of all elements,
while sodium content is lower, only 0.43%. The
diversity in the content of two atoms is similar to
the substitution of sodium atoms by high-valence
calcium atoms during the formation of layered clay
minerals [35]. Calcium atoms preferentially
coordinate with the siloxy groups and are distributed
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in the interstitial site of the silicate network [36].
The selected area electron diffraction (SAED)
pattern of the gel has only one diffuse central spot
and no neat crystal lattice pattern appears,
indicating that the structure of the gel is amorphous.
From Fig. 6(d), no crystalline phase and short-range
ordered structural units occur in the gel, further
testifying that the flocculent gel structure is
non-crystalline. Based on the aforementioned
results of the phase, infrared spectrum, and TEM
analyses, the gel can be confirmed as an amorphous
silica hydrate rather than calcium silicate.

3.2.3 Structural evolution of precipitation product
in the presence of inorganic salt impurities

The connectivity of silicate species in the
solution governs the polymerization degree of the
solid [37], and the wvariation in the silicate
polymerization degree of the solid feeds back the
seeded precipitation effectiveness of sodium silicate
solution. To clarify the effect of inorganic salt
impurities on seeded precipitation, the structures of
precipitation products precipitated from sodium
silicate solution were studied under the conditions
of adding 15 g/L inorganic sodium salts or 3 g/L
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calcium chloride. The XRD patterns in Fig. 7(a)
show that four precipitation products are of
long-range disordered amorphous structure, and
their diffraction peak shapes and characteristic
diffraction positions are consistent with the diffraction

(@)

3 g/L CaCl,

15 g/L NaCl

15 g/L Na,SO,

15 g/L Na,CO;
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Fig. 7 XRD patterns (a), FTIR spectra (b) and ?Si NMR
(c) spectra of precipitation products in the presence of
different impurities

pattern of active seed, demonstrating that inorganic
sodium salts and calcium chloride exert minimal
influence on the crystal morphology of the product.
The FTIR spectra of precipitation products exhibit
that the product structure inherited the active seed
structure regardless of whether the impurities
introduced into the solution were sodium carbonate,
sodium sulfate, sodium chloride,
chloride. The characteristic peaks of siloxy groups
appearing near 1094, 795 and 467 cm™! illustrate
that inorganic salt impurities nearly have no effect
on the molecular configuration of precipitation
product. By the XRD and FTIR results in Fig. 7, the
precipitation products obtained from the solutions
with various impurities can be inferred as opal-A
silica hydrate.

From the macro perspective, XRD pattern
provides the structural information of the long-
range disorder of the product, and the FTIR
spectrum has clarified the internal structural
relationship between silicon and oxygen atoms
from the microscopic perspective. Nevertheless, the
internal structural information of the product can be
more clearly displayed by solid-state high-
resolution  NMR spectroscopy. The *Si NMR
spectra of precipitation products obtained from the
solutions with inorganic salt impurities were
recorded and the results are given in Fig. 7(c) and
Table 3. The peak shapes of the 2’Si NMR spectra
of precipitation products in the three inorganic
sodium salt systems are the same as those of the
added seeds. The spectra reveal a small shoulder at
—-102.41x10°° in addition to the primary peak,
which is centered at about —111.49x107°,
demonstrating that the product precipitated from
sodium silicate solution comprising inorganic
sodium salt impurity is also amorphous silica
hydrate [30]. Apart from the primary resonance
peaks of cage-like (Q%) and sheet (Q°) siloxy groups,
a weak peak of chain siloxy groups [38] is also
found at —91.33x107° in the *Si NMR spectrum of
the precipitation product for 3 g/L calcium chloride.
The appearance of the —91.33x10°® resonance peak
may be explained by the strong adsorption and
complexation effect between calcium cation and
silicate anion [31]. The full width at half maximum
(FWHM) values of the Q* resonance peak for four
precipitation products all lie within the range of the
FWHM value for the opal-A silica hydrate [39],
although they are larger than 7.83x107° of the active

or calcium
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Table 3 2°Si chemical shifts and full width at half maximum (FWHM) in precipitation product with different impurity
systems
. Addition amount/ Chemical shift/10™° FWHM/
Sample Inorganic salt 3 6
(gL™) 0 o’ o 10
Activated seed - - - —-100.44 —110.81 7.83
Precipitation product Na,COs3 15 - -101.55 —110.87 8.77
Precipitation product NaxSO4 15 - -101.62 -110.79 8.43
Precipitation product NaCl 15 - -99.77 -112.43 8.21
Precipitation product CaCl, 3 -91.33 -102.41 —111.49 9.15

seed in Table 3. Therefore, the precipitation products
are all amorphous opal-A silica hydrate regardless
of the presence of inorganic salt impurities during
the seeded precipitation.

4 Conclusions

(1) Sodium sulfate or sodium chloride can
restrain the polymerization of siloxy groups and
seeded precipitation of silica hydrate from sodium
silicate solution, while carbonate anions in sodium
carbonate improve the precipitation rate of silica,
but the structure of high-polymeric siloxy groups is
more open due to the introduction of excessive
sodium cations.

(2) The polymerization degree of siloxy groups
in sodium silicate solution increases with elevated

calcium chloride concentration. The rapid
precipitation of the high-polymeric siloxy groups
into gel in the initial stage prolongs the

precipitation period and is detrimental to the
precipitation of crystalline silica hydrate. The chain
siloxy groups precipitate into product along with
the high-polymeric sheet and cage-like siloxy
groups under the action of calcium chloride.

(3) The gel formed during the addition of
calcium chloride into sodium silicate solution is an
amorphous silica hydrate rather than calcium
silicate. However, some calcium atoms are
distributed in the interstitial site of the silicate
network during gel formation.

(4) Inorganic salt impurity does not affect the
molecular configuration of precipitation product.
Whether the impurities introduced into sodium
silicate solution are inorganic sodium salts or
calcium chloride, the precipitation products are all
amorphous opal-A silica hydrate.
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