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Abstract
Me-alumosilicate hydrogels having the batch molar oxide composition xMe2O × Al2O3 × ySiO2 × zH2O (Me = Li, Na,
K, Rb and Cs); x = 4.24–4.66, y = 2.49 and z = 334.53–344.48 of the hydrogels (series a), and x = 9.52–10.30, y =
7.91–7.95 and z = 1073.38–1097.29 of the hydrogels (series b), were prepared by mixing of the appropriate Me-silicate
and Me-aluminate solutions at room temperature. After ageing for 48 h at 25 °C and solid-liquid separation, the chemi-
cal compositions (contents of Me2O, Al2O3 and SiO2) of the liquid and solid phases were determined by AAS. Solid
samples were additionally analyzed by XRD, FTIR and DTG. Specific equilibrium distributions of Me2O, Al2O3 and
SiO2 between the solid and liquid phases were discussed in the terms of: (a) influence of Me ions on distribution of dif-
ferent silicate species and their degrees of hydroxylation in the starting Me-silicate solutions and (b) influence of the de-
grees of hydroxylation of silicate species in the starting Me-silicate solutions on the polycondensation reactions with
monomeric [Al(OH)4]

– anions during the formation of the gel. The presence/absence of the formation of zeolite-like
structures (“quasi-crystalline”) in the gel matrix was discussed in the terms of the “structure-forming” nature of Li+ and
Na+ ions and the “structure-breaking” character of K+, Rb+ and Cs+ cations.
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1. Introduction

A typical zeolite synthesis involves preparation and
mixing together silicate and aluminate solutions (sols) to
form the aluminosilicate hydrogel. Next step is transfor-
mation (hydrothermal treatment)1–3 of the gel into zeo-
lite(s). Particles of precipitated amorphous aluminosili-
cate (gel) are dispersed in the liquid phase of the hydrogel.
Physico-chemical properties of hydrogels depend on the
overall batch composition: xMe2O × Al2O3 × ySiO2 ×
zH2O (Me = alkali cation) as well as on the way of gel
preparation (order of addition of silicate and aluminate so-
lutions, mode and intensity of stirring of the reaction mix-
ture, time and temperature of precipitation, etc.)1–11.
Changes in the conditions of the gel preparation, the use

of different silica11–13 sources, ageing14 of the obtained hy-
drogel at room temperature, addition of alkaline6,12,15–17

cations, and other above mentioned precipitation condi-
tions can lead to different results with respect to the kinet-
ics of crystallization, to the phase composition and to the
particulate properties (particle size, particle size distribu-
tion, particle shape) of the crystalline end product.

It is well known that cations play a fundamental role
in zeolite18–22 crystallization. A unique structural charac-
teristics of zeolite frameworks containing polyhedral
cages, have led to the postulate that the cation stabilizes
the formation of structural subunits that are precursors of
the nucleating species18 in zeolite crystallization. Because
of their “structure-forming” or “structure-breaking” ca-
pacity toward water, cations can favor or inhibit the for-
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mation of specific zeolitic structures by influencing the
nature and configuration of various siliceous and alumi-
nosilicate precursor23 species. McCormic24,25 et al. found
that alkali metal cations influence the structure of dis-
solved silicate oligomers and silica condensation rate.
Harvey and Dent Glasser6 have observed that the concen-
tration and type of alkali metal cation affect the formation
of aluminosilicate gels – the precursor of zeolite forma-
tion. Il’in et al.26 found that the type of alkali cation (Li+,
Na+, K+) considerably influences the composition and
structural properties of hydrated precipitates in the
processes of gelation, ageing, and hydrothermal treatment
of silicates and aluminosilicates as well as on the crystal-
lization of microporous silicates and aluminosilicates.

Hence, besides acting as counterions to balance the
aluminosilicate framework charge, the inorganic cations
present in a reaction mixture often appear as the dominant
factors determining which structure3,27,28 will be obtained,
and at the same time may influence the pathway12,15,21,29 of
the crystallization process, crystal size20,23,29–31 and mor-
phology23,30–35 of crystallized zeolite(s). These effects
may be caused by: (a) formation of nuclei in the gel ma-
trix2,9,16,17,36–41 by structure-forming (Li+, Na+) and/or
structure-breaking (K+, Rb+, Cs+) actions of alka-
li16,19–23,30–33,40 cations and (b) the influence of alkali
cations on the formation of different silicate, aluminate
and aluminosilicate species6,23–26,42 in both the solid (gel)
and the liquid phase of hydrogel, and thus on the critical
processes of the zeolite crystallization (gel dissolution,
nucleation and crystal growth).

Taking into consideration above mentioned, mani-
fold influences of alkali cations on the aluminosilicate
systems, the objective of this work is to investigate the in-
fluence of alkali cations on the distribution of Me2O (Me
= Li, Na, K, Rb and Cs), Al2O3 and SiO2 between the sol-
id and the liquid phase of Me-aluminosilicate hydrogels
as well as on the chemical and (micro)structural proper-
ties of the solid phase of the hydrogels.

2. Experimental

2. 1. Preparation of Me-aluminate Solution
Aluminium wire (99.999% Al; Sigma-Aldrich) was

used for preparation of aluminate solutions by dissolving
it in appropriate LiOH (analytical grade, Kemika), NaOH
(analytical grade, Kemika), KOH (analytical grade,
Kemika), RbOH (50 wt. % water solution; Sigma-Al-
drich) and CsOH (purrum, ≥95 wt. % CsOH × H2O,
Fluka) solutions. Aluminum wire was completely dis-
solved in LiOH, NaOH, KOH, RbOH and CsOH, under
reflux at 100 °C, so that the corresponding Li-, Na-, K-,
Rb- and Cs-aluminate solutions were clear and transpar-
ent. However, a part of aluminium dissolved in LiOH was
precipitated in the form of Al(OH)3 during the cooling of
the solution A1a to the ambient temperature. The resulting

mole oxide compositions of the corresponding Me-alumi-
nate suspension/solutions are shown in Table 1.

2. 2. Preparation of Me-silicate Solution

Fumed silica (99.8% SiO2, Sigma-Aldrich) was
used for preparation the silicate solutions by dissolving it
in appropriate LiOH, NaOH, KOH, RbOH and CsOH so-
lutions. It was completely dissolved and the correspon-
ding Me-silicate solutions were clear and transparent. The
resulting oxide compositions of the corresponding solu-
tions are shown in Table 2.

Table 1. Chemical composition of the starting aluminate solutions. 

System Me Me2O Al2O3 H2O
A1a Li 1.90 1.00 172.55
A1b Li 1.90 1.00 550.63
A2a Na 2.01 1.00 172.55
A2b Na 2.00 1.00 551.09
A3a K 2.07 1.00 172.55
A3b K 2.06 1.00 550.54
A4a Rb 2.01 1.00 172.55
A4b Rb 2.02 1.00 550.63
A5a Cs 2.01 1.00 175.55
A5b Cs 2.00 1.00 548.62

Table 2. Chemical composition of the starting silicate solutions.

System Me Me2O SiO2 H2O
S1 Li 0.94 1.00 69.39
S2 Na 1.01 1.00 69.30
S3 K 1.04 1.00 69.33
S4 Rb 1.04 1.00 69.39
S5 Cs 1.04 1.00 69.39

Table 3. Chemical composition of the starting hydrogels.

System Me Me2O Al2O3 SiO2 H2O
HG1a Li 4.24 1.00 2.49 344.48
HG1b Li 9.52 1.00 7.94 1090.08
HG2a Na 4.51 1.00 2.49 343.69
HG2b Na 10.02 1.00 7.95 1097.29
HG3a K 4.66 1.00 2.49 334.53
HG3b K 10.30 1.00 7.94 1078.45
HG4a Rb 4.52 1.00 2.49 340.14
HG4b Rb 10.04 1.00 7.94 1090.70
HG5a Cs 4.52 1.00 2.49 344.31
HG5b Cs 9.99 1.00 7.91 1073.38

2. 3. Preparation of Me-aluminosilicate
Hydrogels

All aluminate (except the suspension A1a) and sili-
cate solutions were filtered through 0.8 µm filtration
membranes and thermostated at 25 °C prior to mixing.
Alumosilicate hydrogels were prepared by pipetting of
certain amount of the Me-silicate solution into a plastic
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beaker containing 50 ml of the appropriate Me-aluminate
solution stirred by a propeller. The batch molar oxide
compositions are shown in Table 3.

2. 4. Treatment of the Hydrogels

The hydrogels aged in cuvettes (48 h at 25 °C) were
centrifuged to separate the solid from the liquid phase. A
part of the clear liquid phase (supernatant) was used for
measuring the concentrations of cations, aluminum and
silicon by atomic absorption spectroscopy. The rest of the
supernatant was carefully removed without the distur-
bance of the solid phase (sediment). After removal of the
supernatant, the solid phase was redispersed in doubly
distilled water and centrifuged repeatedly. The procedure
was repeated until the pH value of the liquid phase above
the sediment was 9. Cuvettes with the wet, washed solids
were dried overnight at 105 °C and cooled in a desiccator
over silicagel and weighted. Thereafter, the solids were re-
moved from the cuvettes and were pulverized in agate
mortar. The pulverized solid samples were kept in a desic-
cator with saturated NaCl solution for 96 h. Such prepared
solids were used for: chemical analysis, X-ray diffraction
(XRD), Fourier-transform infrared spectroscopy (FTIR),
thermogravimetry (TG) and differential thermogravime-
try (DTG). A part of each sample was calcined at 800 °C
for 2 h. After cooling to ambient temperature (in a desic-
cator over dry silicagel), a given amount of each of the
calcined samples was dissolved in 1:1 HCl solution. The
obtained solutions were diluted with distilled water to the
concentration ranges suitable for measuring the concen-
trations of Li, Na, K, Rb, Cs, Al and Si by atomic absorp-
tion spectroscopy (AAS).

2. 5. Analysis of Samples
29Si-NMR (recorded at 300 MHz Varian Inova spec-

trometer, equipped with a Varian liquids probe) was used
to characterize the silicate anions distribution in silicate
solutions S1, S2, S3, S4 and S5. The X-ray diffractograms
of all solid samples were made by Philips PW 1820
(CuKα radiation, 2 Θ = 5–50 degrees). IR transmission
spectra of the samples were made by the KBr wafer tech-

nique on the System 2000 (Perkin-Elmer) FTIR spectrom-
eter. TG and DTG analysis, of the gels was made by TA
4000 System (Mettler-Toledo) apparatus. Concentrations
of alkali cations, Al and Si in the solutions were measured
by the Perkin-Elmer 3030B AAS.

3. Results and Discussion

Fig. 1 shows the 29Si-NMR spectra of Me-silicate
solutions S1–S5 which are, at first sight, similar. But more
detailed analysis of the spectra shows differences in the
distribution of different silicate species among the ana-
lyzed Me-silicate solutions. Table 4 shows that percentage
of monomers is about the same (above 41%) in Li-silicate

Table 4. Distribution of different silicate species in the Me-silicate solutions S1 – S5.

Solution S1 S2 S3 S4 S5
Li Na K Rb Cs

monomer 43.5 41.2 36.2 32.0 31.7
dimer 35.6 15.0 15.7 12.8 15.6
linear trimer + linear tetramer
+ branched cyclic trimer – 16.4 9.5 11.6 10.3
cyclic trimer 12.0 9.3 9.6 8.8 9.3
cyclic tetramer – 11.3 11.0 12.6 14.0
branched cyclic tetramer 8.9 – 5.7 8.1 6.6
bicyclic pentamer – 4.6 5.4 5.7 4.4
prismatic hexamer – 2.2 6.6 8.7 8.1

Fig. 1. 29Si-NMR spectra of Me-silicate solutions prepared using
appropriate hydroxides: S1 (LiOH), S2 (NaOH), S3 (KOH), S4
(RbOH), and S5 (CsOH).
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and Na-silicate solutions, and is considerably lower
(31.7–36.2%) in K-, Rb- and Cs-aluminate solutions. On
the other hand, percentages of dimers in Na-, K-, Rb- and
Cs-silicate solutions are similar (13–16%), and consider-
ably lower than in Li-aluminate solution (35.6%). Except
Li-silicate solution (S1), the percentages of other silicate
species do not differ considerably among different Me-sil-
icate solutions (see Table 4).

An analysis of connectivity distribution43 (see Table
5) shows that lower degrees of connectivity (Qo, Q1)
changes in the sequence: (Qn)Li > (Qn)Na > (Qn)K ≈ (Qn)Cs ≈
(Qn)Rb. Due to relatively low percentages of linear trimer
and linear tetramer in all solutions (9.5–16% in the mix-
ture: linear trimer + linear tetramer + branched cyclic
trimer; see Table 4), the degree of connectivity Q2 is rela-
tively low in these solutions (see Table 5); even, absence

caused by the distinction in total concentration of SiO2
and R = [SiO2]/[Me2O]. The total concentration of SiO2 is
3 mol % and R = 2 in the silicate solutions studied by
Bell43, while the total concentration of SiO2 is 1.4 mol %
and R = 1 in the Me-silicate solutions S1–S5. Hence, it
seems that change (increase) of the extent of oligomeriza-
tion with increased cation size becomes less expressive as
concentration of SiO2 decreases and concentration of
Me2O simultaneously increases.

Here, it is interesting that at least two groups of
cations can be recognized on the basis of analysis of dis-
tribution of silicate species (Table 4) and their connectivi-
ty (Table 5); structure-forming cations (Li+ and Na+) and
structure-breaking cations (K+, Cs+ and Rb+)16,17,20,26,30,40.
Even, among the same “structure-forming” group, Li+ ion
exhibit a specific behavior indicated by a high content of
monomers and dimers, and absence of linear trimer, linear
tetramer, branched cyclic trimer, cyclic tetramer, bicyclic
pentamer and prismatic hexamer (see Table 4). This is
probably caused by formation of ionic pairs24,25,43 between
highly negative charged silicate monomers and dimers
and small, strongly polarizing Li+ ions,44–47 and thus their
stabilization.

The X-ray diffraction patterns of the solids G1a–
G5a, separated from the hydrogels HG2a–HG5a (Fig. 2A)

Connectivity  (%)
Cation Qo Q1 Q2 Q2

∆∆ Q3
∆∆

Li+ 21.9 41.3 – 32.3 4.5
Na+ 17.1 23.9 6.9 40.6 11.5
K+ 13.3 19.5 3.5 41.6 22.1
Rb+ 10.8 17.9 3.9 42.0 25.4
Cs+ 11.0 19.1 3.6 42.9 23.6

Table 5. Connectivity distribution of silicate species in the Me-sili-
cate solutions S1–S5.

of linear trimer and linear tetramer in the Li-silicate solu-
tion causes the absence of connectivity Q2 in this solution.
On the other hand, higher degrees of connectivity (Q2

∆
and Q3

∆), caused by the presence of cyclic silicate species
(cyclic trimer, branched cyclic trimer, cyclic tetramer,
branched cyclic tetramer, bicyclic pentamer and prismatic
hexamer; see Table 4) changes in the sequence: (Qn

∆)Li <
(Qn

∆)Na ≈ (Qn
∆)K ≈ (Qn

∆)Cs ≈ (Qn
∆)Rb for n = 2 and in the se-

quence: (Qn
∆)Li < (Qn

∆)Na < (Qn
∆)K ≈ (Qn

∆)Cs ≈ (Qn
∆)Rb for n

= 3. The low content of the connectivity Q3
∆ in the Li-sili-

cate solution (4.5%) relative to the content of the connec-
tivity Q3

∆ in Na-silicate solution (11.5%), and especially
in the K-, Cs- and Rb-silicate solutions (22–25%) is
caused by the absence of bicyclic pentamer and prismatic
hexamer in the Li-silicate solution (see Table 4).

Based on the analysis of the connectivity distribu-
tion in different Me-silicate solutions, Bell43 postulated
that extent of oligomerization of silicate species in solu-
tion increases with increasing cation size, and that this ef-
fect is caused by the formation of cation-anion pairs
which stabilize the anionic species24,25 to the hydrolysis.
However, analysis of the distribution of silicate species
(Table 4) and connectivity of the silicate species (Table 5)
in the silicate solutions S1–S5 shows that extent of
oligomerization (EOMe) decreases only in the sequence:
EOLi < EONa < EOK, but that the extent of oligomerization
is almost the same in the K-, Cs- and Rb-silicate solutions,
i.e. EOK ≈ EORb ≈ EOCs. This difference is probably

Fig. 2. X-ray diffraction patterns of gels from system a (A) and
from system b (B), prepared from corresponding MeOH: G1
(LiOH), G2 (NaOH), G3 (KOH), G4 (RbOH), G5 (CsOH).
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and G1b–G5b, separated from the hydrogels HG1b–
HG5b (Fig 2B) are specified by a broad “maxima” at
about 2θ = 30°, characteristic for true amorphous48–51 pre-
cipitated aluminosilicates. Amorphous nature of the sam-
ples is also revealed by FTIR analysis. IR spectra show in-
tense bands of zeolite skeleton structural units of even a
few unit cels52. The absence of the intense band character-
istic for crystalline phase(s) (zeolite(s))53 in the FTIR
spectra of the solids G2a–G5a (Fig. 3A) and G1b–G5B
(Fig. 3B) reveals that the specific profile of the X-ray
spectra in Fig. 2 are caused by true amorphous nature of
the corresponding samples, and not by low amount of the
crystalline phase and/or lowering of crystal size below X-
ray detection limit40,54.

Similarity of the X-ray diffraction patterns (Fig. 2)
as well as FTIR spectra (Fig. 3) of the samples G2a–G5a
and G2b–G5b indicates that the aluminosilicate frame-
work “structure” which determines their amorphous char-
acter (at least for those sensitive to XRD and FTIR) is not
considerably influenced either by the type of alkali cation
or by the SiO2/Al2O3 ratio of the solid phase (see Table 3).
Specificities of the samples G1a (Me = Li) expressed by
the difference of its X-ray diffraction pattern (Fig. 2) and

FTIR spectrum (Fig. 3) relative to the X-ray diffraction
patterns and FTIR spectra of other solids (G2a–G5a and
G1b–G5b) are probably caused by precipitation of
Al(OH)3 during heating-cooling of the “solution” A1a
(dissolution of LiOH, see Experimental).

The quantity of the precipitated solid phase (gel)
within hydrogel as well as their oxide composition and
molar ratio to Al2O3 are shown in Table 6. Distribution of
aluminium between the solid and the liquid phase (ex-
cluding the suspension HG1a, which will be discussed
separately) is in accordance with the previous finding8: In
a batch system with given molar concentration of silicon
dioxide ([SiO2]b), the amount of the Al2O3 contained in
the solid phase ([Al2O3]S), is directly proportional to the
molar batch concentration ([Al2O3]b) of aluminium oxide
and inversely proportional to the molar batch concentra-
tion of alkali metal oxide ([Me2O]b), i.e.,

[Al2O3]S = k1 + k2[Al2O3]b/[Me2O]b (1)

where k1 and k2 are constants which depend on [SiO2]b.
Mass fractions of oxides (Me2O, Al2O3, SiO2) of the

solid phase (fS) in comparison to the total oxides content

Fig. 3. FTIR spectra of gels from system a (A) and from system b (B), prepared from corresponding MeOH: G1 (LiOH), G2 (NaOH), G3 (KOH),
G4 (RbOH), G5 (CsOH).

Table 6. Amounts of the (X-ray amorphous) solid phases (aG) in wt. % relative to the amount of hydrogel,
their chemical composition, wt. % of Me2O, Al2O3, SiO2, H2O, and their molar ratios to the Al2O3:
x = Me2O/Al2O3, y = SiO2/Al2O3 and z = H2O/Al2O3).

Solid phase aG (wt. %) Me2O Al2O3 SiO2 H2O x y z
G1a (Li) 2.120 3.26 41.43 1.57 53.74 0.27 0.06 7.34
G1b (Li) 1.40 8.32 28.21 50.36 13.11 1.00 3.03 2.63
G2a (Na) 3.75 15.63 24.65 36.56 23.16 1.04 2.52 5.32
G2b (Na) 1.62 13.83 20.87 42.07 23.23 1.09 3.42 6.29
G3a (K) 4.11 19.14 22.84 37.89 20.13 0.91 2.82 4.99
G3b (K) 1.84 17.34 19.16 42.99 20.51 0.98 3.80 6.06
G4a (Rb) 4.56 32.05 16.80 30.50 20.65 1.04 3.08 6.96
G4b (Rb) 2.13 28.39 14.19 35.40 22.02 1.09 4.23 8.78
G5a (Cs) 5.70 43.02 13.49 26.29 17.20 1.15 3.31 7.22
G5b (Cs) 2.43 39.95 11.90 35.49 12.66 1.21 5.06 7.63
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within hydrogels and their distribution (R) between solid
and liquid phase (fL) are shown in Table 7. Here, fS(oxide)
= (amount of oxide in the solid phase)/(total amount of
oxide in hydrogel), fL(oxide) = (amount of oxide in the
liquid phase)/(total amount of oxide in hydrogel), and
R(oxide) = fS(oxide)/fL(oxide). Except in the suspension
HG1a, distribution of alkali metal cations Me+ between
the solid and the liquid phase of hydrogel does not depend
on the nature of cation and lies between 0.136 and 0.173
for the hydrogels of series a, and between 0.074 and 0.082
for the hydrogels of series b (Table 7).

Low fractions fS(Me2O) (an average of 0.133 for the
hydrogels of series a and 0.078 for the hydrogels of series
b) and consequently low values of R(Me2O) are caused
by the high batch ratios [Me2O/Al2O3]b (about 4.5 for the
hydrogels of series a and about 10 for the hydrogels of
series b; see the composition of hydrogels in Table 3.)
relative to the low ratio [Me2O]S/[Al2O3]S (x ≈ 1; see
Table 6) in the solid phase of hydrogel. For the same rea-
son, R(Me2O) for the hydrogels of series a is about two
times higher than the R(Me2O) for the hydrogels of series
b (see Table 7).

Low value of fS(SiO2) in the suspension HG1a (see
Table 6) indicates that, due to the precipitation of “free”
Al-oxides, most of SiO2 is not bonded with Al2O3 through
common oxygen atoms. Therefore, only a small fraction
of Li ions is present in the solid phase as compensating
cations, i.e. most of lithium ions are present in the liquid
phase, as it is indicated by low values of fS(Li2O) and
R(Li2O) (see Table 7).

Introducing characteristic values (see Table 4 in
Ref. 8) of batch oxide concentrations and constants, list-
ed in Table 8., into Eq. (1), one can calculate that:
[Al2O3]S = 0.1085 mol dm–3 for the hydrogels of series a
and [Al2O3]S = 0.038 mol dm–3 for the hydrogels of series
b, and thus fS(Al2O3) = 0.68 for hydrogels of series a and
fS(Al2O3) = 0.75 for hydrogels of series b. These values
are very close to the upper marginal values of fS(Al2O3)
(0.62 and 0.73 for hydrogels of series a and b, respective-
ly, see Table 7). It shows that the amount of Al2O3 in the
solid phase is determined by the relationship between the

batch molar concentrations [Al2O3]b, [Me2O]b and
[SiO2]b defined by Eq. (1).

The content of aluminosilicate (aG(Al2O3) +
aG(SiO2)) in the precipitated solids, normalized to the per-
centage of mass of corresponding hydrogel (aG–aG(Me2O)
–aG(H2O)) is ca. 2.3 wt.% for gels G2a–G5a and ca. 1.1
wt. % for gels G2b–G5b. Within series (except for G1a
and G1b) amount of alumosilicate in hydrogels is constant
and does not depend on the nature of cation. Since
(Me2O)S/(Al2O3)S ≈ 1 = constant (except for G1a, see
Table 7), the increase of the amount (aG) of the precipitat-
ed solid in the sequence: aG(Li) < aG(Na) < aG(K) <
aG(Rb) < aG(Cs), obviously arise as a consequence of an
increase of the molecular mass of the Me2O in the same
sequence. On the other hand, the lower amounts of the
solid phase of series b (aG(b)) relative to the amounts of
gel in series a (aG(a)) were expected due to lower alumi-
nosilicate concentrations in the hydrogels of series b than
in series a [aG(a)/aG(b) = 2.25 ± 0.10)]. The values,
(Me2O)S/(Al2O3)S ≈ 1 (except for Me = Li in suspension
HG1a; see Table 7) indicate that Al in the skeleton of
amorphous aluminosilicate gel is coordinated four-fold
within the common (Si, Al, O)-framework2,55,56, whereas
the Me+ ions compensate the excess of negative charges of
aluminum-oxygen tetrahedra2. Hence, the values Me2O/
Al2O3 > 1, obtained for the gels G2a, G2b, G4a, G4b, G5a
and G5b (see Table 6) are probably the consequence of in-
sufficient washing of solids, leaving a portion of MeOH in
the gel micropores7–11,16.

While the lower contents of Al2O3 and consequently,
higher ratios (SiO2)S/(Al2O3)S in the gels of series b than

Table 7. Mass fractions of Me2O, Al2O3 and SiO2 of the solid phase (fS(oxide)) in hydrogel and their distri-
bution between solid and liquid phase R(oxide) = fS(oxide)/fL(oxide).

Hydrogel fS(Me2O) fS(Al2O3) fS(SiO2) R(Me2O) R(Al2O3) R(SiO2)
HG1a (Li) 0.036 0.567 0.015 0.037 1.358 0.015
HG1b (Li) 0.072 0.681 0.260 0.078 2.134 0.035
HG2a (Na) 0.141 0.610 0.616 0.164 1.564 1.604
HG2b (Na) 0.076 0.696 0.299 0.082 2.289 0.427
HG3a (K) 0.120 0.618 0.698 0.136 1.617 2.310
HG3b (K) 0.069 0.725 0.348 0.074 2.630 0.533
HG4a (Rb) 0.124 0.543 0.672 0.141 1.188 2.049
HG4b (Rb) 0.071 0.656 0.350 0.076 1.907 0.538
HG5a (Cs) 0.148 0.583 0.775 0.173 1.398 3.444
HG5b (Cs) 0.076 0.645 0.413 0.082 1.817 0.704

Series a Series b
mol dm–3 mol dm–3

[Me2O]b 0.7284 0.5095
[Al2O3]b 0.1600 0.0505
[SiO2]b 0.4000 0.4000

k1 –0.0200 –0.0200
k2 0.5850 0.5850

Table 8. Characteristic batch concentrations of [Me2Ob], [Al2O3b],
and [SiO2]b, and values of constants k1 and k2.  
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in the gels of series a, can be readily explained1–3,7–11,57–60

by higher ratios [SiO2/Al2O3]b in hydrogels (see Experi-
mental), a continuous decrease in the Al2O3 content from
Li-gels (G1a and G1b) to Cs-gels (G5a and G5b) is obvi-
ously affected by the nature of cation. Since the aluminate
solutions contain only [Al(OH)4]– ions at high
pH3,6,42,61,62, it is evident that the (SiO2)S/(Al2O3)S in the
precipitate is determined by the distribution of different
silicate species in the starting Me-silicate solutions
(S1–S5; see Table 6), and thus by the type of alkali cation.
Results of the 29Si-NMR spectroscopy of the gels, pre-
pared with different alkali metal cations, provide direct
evidence for the presence of cation-silicate anion pairs,
and indicate that the extent of pair formation increases
with increasing cation size. The formation of such pairs
stabilizes the anionic species to hydrolysis and explains
the increase in oligomerization with increasing pair for-
mation43. Hence, the increase of the molar ratio
(SiO2)S/(Al2O3)S in the precipitate with the increasing
cation size can be explained in terms of: (I) the polycon-
densation mechanism of formation of aluminosilicate gel
skeleton1 from monomeric [Al(OH)4]– anions and silicate
anions with different degrees of hydroxylation3,25,29–32,63,64

and (II) an observation that, aluminum species were pref-
erentially complexed with the larger species almost imme-
diately, in solutions containing a mixture of silicate
species. However, the subsequent polymerization of those
complexes was slow6.

Appearance of two endothermic minima in the DTG
curves of the gels G1b (Fig. 4A), G2a and G2b (Fig. 4B)
is in accordance with our previous DTG analyzes of alu-

minosilicate gels containing different proportions16,40 of
Li+, Na+ and K+ ions. The first (“low-temperature”) peak
at 70–80 °C (see Fig. 4) corresponds to the removal of
loosely held moisture from the solid microstructure9,16,40.
On the other hand, the position of the second (“high-tem-
perature”) peak in DTG curves of the gels G2a, G1b and
G2b (ca. 150 °C; see Fig. 4) was similar to the peak posi-
tions in DTG curves of zeolites (120–170 °C)9,16,40.
Therefore, it is evident that the presence of “structure-
forming” ions (Li+, Na+)20,2630 in the batch system induces
the formation of structural subunits or even more complex
zeolite-like structures (“quasi-crystalline” phase) 65 inside
the gel matrix, during its formation16,40. DTG curves of
the potassium gels (G3a and G3b at Fig. 4) exibit an ex-
pressive “low temperature” peak and a very weak “shoul-
der” on the position of the high-temperature peaks, show-
ing a slight ability of K+ ions for the formation of “quasi-
crystalline” phase in the gel matrix16,40. The absence of the
“high-temperature” endothermic minima in DTG curves
of the rubidium and cesium gels (G4a, G4b, G5a and
G5b) was expected because of the “structure-breaking”
nature of the compensation Rb+ and Cs+ cati-
ons16,19–23,30–33.

4. Conclusions

Analysis of the 29Si-NMR spectra of the Me-silicate
solutions S1–S5, used for the preparation of hydrogels of
series a (HG1a–HG5a) and series b (HG1b–Hg5b) have
shown that percentage of monomers in silicate solutions

Fig. 4. DTG curves of the solid phases (gels) of system a (left) and of system b (right), prepared from corresponding MeOH: G1 (LiOH), G2
(NaOH), G3 (KOH), G4 (RbOH), G5 (CsOH).
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decreases from 43.5% in S1 (LiOH) to 31.7% in S5
(CsOH), while the percentage of dimers (except in S1) is
about the same in all solutions (S2–S5). Except in Li-sili-
cate solution (S1), the percentages of other silicate species
(linear trimer, linear tetramer, cyclic trimer, cyclic
tetramer, bicyclic pentamer and prismatic hexamer) do not
differ considerably among different Me-silicate solutions
(Me = Li, Na, K, Rb and Cs). In literature is postulated
that degree of connectivity distribution (Qn), and thus the
extent of oligomerization (EOMe) of silicate species in so-
lution, increases with increasing cation size. Our analyses
have shown that extent of oligomerization decreases only
in the sequence: EOLi < EONa < EOK. The extent of
oligomerization is almost the same in the K-, Cs- and Rb-
silicate solutions, i.e. EOK ≈ EORb ≈ EOCs. Hence, at least
two groups of cations can be recognized on the basis of
analysis of distribution of silicate species, and their con-
nectivity (extent of oligomerization): “structure-forming
cations” (Li+ and Na+) and “structure-breaking cations”
(K+, Cs+ and Rb+).

The solid phases of the hydrogels (HG1a–HG5a and
HG2b–HG5b), formed by mixing together the silicate so-
lutions S1–S5 with appropriate aluminate solutions, are
truly amorphous Me-aluminosilicates as revealed by their
X-ray diffractograms and FTIR spectra analysis.

The distribution of cations (Me) between the solid
and the liquid phase of hydrogel does not depend on the
nature of cation. The amount of Al2O3 contained in the
solid phase (gel) makes the distribution of Me-cations, be-
tween the solid and liquid phase of hydrogel, directly pro-
portional to the molar batch concentration of Al2O3
([Al2O3]b) and inversely proportional to the molar batch
concentration of alkali metal oxide [Me2O]b. The amount
of Al2O3 in the solid phase can be calculated using Eq. (1).

The increase of the molar ratio SiO2/Al2O3 in the
precipitate with the increasing cation size can be ex-
plained in terms of the polycondensation mechanism of
formation of aluminosilicate gel skeleton from monomer-
ic [Al(OH)4]

–
anions and silicate anions with different de-

grees of hydroxylation and by the fact that aluminum
species preferentially made complexes (react faster) with
larger silicate species, in solutions containing a mixture of
silicate species.

DTG analysis of the gels indicates that the presence
of “structure-forming” ions (Li+, Na+) in the batch sys-
tems induces the formation of local order structure
(sub)units (“quasi-crystalline” phase) within gel matrix,
during its formation. Since the “quasi-crystalline” phase
represents the potential nuclei that can start to grow after
their releasing from the gel matrix (dissolved during its
hydrothermal treatment) and being in the full contact
with the liquid phase, this thesis will be evaluated in our
further studies relating to hydrothermal treatment of hy-
drogels as well as the solids (gels) separated from the hy-
drogels.
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Povzetek
Me-aluminosilikatne hidrogele z molarno sestavo xMe2O × Al2O3 × ySiO2 × zH2O (Me = Li, Na, K, Rb and Cs); x =
4.24 – 4.66, y = 2.49 in z = 334.53 – 344.48 (serija a), in x = 9.52 – 10.30, y = 7.91 – 7.95 z = 1073.38 – 1097.29 (se-
rija b) smo pripravili z me{anjem raztopin Me-silikata in Me-aluminata pri sobni temperaturi. Vzorce smo kondicioni-
rali 48 ur pri 25 °C ter nato lo~ili trdno in teko~o fazo ter obema dolo~ili kemijsko sestavo (vsebnosti Me2O, Al2O3 in Si-
O2) z AAS. Trdne faze smo dodatno preiskali z XRD, FTIR in DTG. Specifi~ne ravnote`ne porazdelitve Me2O, Al2O3
in SiO2 med trdnimi in teko~imi fazami smo opisali glede na a) vpliv Me ionov na porazdelitev razli~nih silikatnih anio-
nov in njihovo stopnjo hidroksilacije v izhodnih Me-silikatnih raztopinah ter b) vpliv stopnje hidroksilacije silikatnih
anionov v izhodnih Me-silikatnih raztopinah na polikondenzacijske reakcije monomernimi [Al(OH)4]

– anioni med na-
stankom gela. Prisotnost ali odsotnost kvazi-kristalini~nih zeolitom-podobnih struktur v matriki gela smo pripisali spe-
cifi~ni naravi Li+ and Na+ kationov, ki nastanek strukture omogo~ajo ter K+, Rb+ in Cs+ kationom, ki nastanek strukture
prepre~ujejo.


