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Abstract

The development of new materials called geopolymers is described, which at the turn of the nineties brought a new state of
the art in material design through the so-called wet process resulting in a specific amorphous state. The classical configura-
tion of glasses prepared by quenching is used for a joint appraisal and judgment. We can use the comparison and description
of the known form of organic polymers with the so-called mers-structure. The formation involves a sol-gel polycondensa-
tion chemical reaction also known in the case of organic polymers. The formation is described using aluminosilicate oxide
in IV-fold coordination with alkaline polysilicates to form polymeric Si—~O—-Al chains through amorphous to semi- and
hypo-crystalline three-dimensional silico-aluminate structures. The revision of structural units and their interconnection is
evaluated, and it turns out that the common factor of the multiparty description is the existence of bridging and non-bridging
oxygen. The review provides a detailed overview of opinion while reminding that the historical origin of the field falls within
the purview of the JTAC journal.

Keywords Geopolymers - Glasses - Hypo-crystalline materials - Mers-framework - Mineralogical composition - Structural
motives

Introduction

It is important to recall that the thermoanalytical pages of
the Journal of Thermal Analysis and Calorimetry (JTAC)
dared to publish two then unnamed material-oriented papers,
thus initiating a new realm of materials called geopoly-
mers [1] and novel applications leading to the description
of bridged oxygen in the field of silica-based glasses [2]
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and inorganically clarified bioactivities. These two pioneer
articles, which become afterword intertwined, emanated
together conceptually aiming to the later understanding the
role of bridged oxygen in non-crystalline materials. Cer-
tainly it became associated with various support ideas such
as early polysialate studies [3—6] and premature revisions
on silica ionic concepts [7—10] until then rather unfamiliar.
Therefore, it is important to realize that it was the de facto
courage of the JTAC editorial office to dare to publish an
unaccredited topic. Moreover, it was completely new and
did not immediately contribute to the journal's reputation.
In turn, however, it brought desired fame and today's profit
impact factor to the originally unknown periodical exceed-
ing four.

Since then, of course, much has changed, the mechanisms
of origin and descriptions of structures have been specified
in a number of hypotheses of both polysialates [11-17] and
ionic systems [18-23], as evidenced by the publication of
hundreds of works, especially review papers on geopolymers
[24-35]. Subsequent works then pointed out the intercon-
nectedness of these topics [36, 37]. Despite the fact that this
is a popular topic, it seems that it would be good to recall

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-023-12312-z&domain=pdf

10456

J. Sesték et al.

some aspects of the development and to clarify and link
the existing design views on the structure of these materi-
als. This is especially evident from the comparison of oxide
glass structures prepared by melt cooling versus amorphous
polysialates prepared by cold chemical reactions. In terms
of structural units and bonds, the two variants thus prepared
seem to have much in common, as shown in next paragraph.

Glassy versus amorphous states

Non-crystalline substances are usually named glassy and/
or amorphous. The term glassy or vitreous derives from the
traditional preparation of silicate glasses for practical pur-
poses, when for the standard temperature regime of natu-
ral cooling, a so-called batch composition was sought that
would meet the given requirement. Successive development
has shown that the glassy state can be prepared for most
materials if a suitable method of their rapid cooling (quench-
ing) is established [38—41], which also led to the prepara-
tion of unexpected metallic glasses [42—44]. Thus, a number
of publications have appeared describing various methods
and processes of glass preparation, particularly specifying
cooling techniques, where the melt is usually subjected to

Fig.1 Comparison of two
preparation routes. Left: glass-
formation via quenching using
various rapid cooling techniques
where glass formation is given
by the ability to remove heat
from the solidifying interface
quickly enough without crystal-
lization occurring. Usually
schematized using T-T-T
diagrams is seemly a model of

intensive heat removal in contact with the cooling surface of
the cold gadget, causing unwanted crystallization, i.e., equi-
librium phase transformation. The emergence of the glassy
state is linked to the so-called glass transformation, from the
description of which the specific criteria of glass stability
and the ability of melts to form a glassy state are derived
[45, 46]. Glass formation is therefore limited to the phase
range between the melt and the solid phase, which is deter-
mined by the speed (via method) of cooling, i.e., sufficient
heat removal. This also led to the preparation of unorthodox
oxide glasses and the use of special quenching techniques
[22, 47, 48] which later also led to the clarification of the
function of non-bridging oxygen [22, 47, 48].

For illustration, Fig. 1, left column, displays an example
of melting configuration and is usually described via the so-
called T-T-T (or better C-T) diagrams [49-51] showing the
possibilities of achieving the glassy state for a given cool-
ing method (cooling rate ¢) given by types of mechanical
quenching (see schematic method markers). It is obvious
that the formation of such a glassy state is a matter of the
heated conditions taking place on the cooled surface, prefer-
ably within the layer of the entirely solidified melt.

By default, the structure of pure vitrified SiO, can gen-
erally be considered as a continuous not unshared (i.e.,
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non-bridging). Tetrahedra with n-type bridging O are
referred to as specific species Q, (n=1, 2, 3, 4). Initial
configurations can be constructed such that Si atoms are
introduced random network of corner-sharing SiO, tet-
rahedra where each oxygen bridges two tetrahedra. It
relates to the ratio between the molar amounts of oxy-
gen and silicon atoms R =n(0)/n(Si). The structure can
then be characterized by the amalgamation of the so-
called Q units traditionally derived on the basis of the
above ratio, namely from QO to Q4 following progression
Q0 = Si0;~, 01 = Si,05", 02 = Si03;™, 03 = Si,0~ and
Q4 being SiO,. A series of equations can then be derived as
28i0;™ = Si,05” + O and/or 6Si03~ = 2Si,02™ + 2Si0; .

When a modifier such as an alkali metal oxide is added,
the additional oxygen added causes some network break-
down. Although each Si remains four times coordinated
with O, nevertheless some of the positions become resonant.
In the first of their groupings, the O's are randomly with
n-fold Si-Si coordination constraints, given by equivalent
proportions of Q, species usually determined from NMR.
For example, in the case of (K,0)(,(510,), the 0,:05:0,
ratios are 0.57:0.35:0.08, and the coordination thus achieved
is almost perfect. If O atoms are added to the center of each
Si—Si bond the individual O atoms are then assigned close
to Si atoms, which now have only two or three neighbors
(double or triple Si—Si coordination). In the ideal modi-
fied random network model, the ratio of non-bridging and
bridging oxygens is given by the relation 2y/(2+y), where
y is bound concentrationally as x/(1 —x). Alkali atoms are
usually added randomly the Si—O coordination constraint
remains respected.

On the other hand (the right column) the preparation
of amorphous geopolymers discussed above is realized by
chemical processing in bulk creating thus a solid substance,
via so-called wet treating, and shown by successive steps in
Fig. 1. It is obvious that this is a different way of creating a
non-crystalline state usually referred to as amorphous [11,
25, 30-35]. This was also reflected in the search for a more
recent structural description, which was already presented
40 years ago by J. Davidovits himself [1, 4]. The concept
of geopolymers was created and described as a family of
isomorphous compounds with a zeolitic three-dimensional
crystal structure, while the following research was focused
more on the application area. Davidovits [1, 4] established
a coherent scientific terminology based on different chemi-
cal units, essentially for silicate and aluminosilicate materi-
als, classified according to the atomic ratio Si:Al: Si:Al=0
(silox), Si:Al=1 (sialate), Si:Al=2 (sialate-siloxo),
Si:Al=3 (sialate-disiloxo) and Si:Al> 3 (sialate) [6]. Con-
ceptually, this is not much different from above readings
on silica glasses showing a group connectivity and related
specification of so-called Q-motives [19, 52-54].

Structural interconnection of geopolymers
and their unified understanding

By default, the very structure of pure vitrified SiO, can gen-
erally be considered as a continuous random network of cor-
ner-sharing SiO, tetrahedra where each oxygen bridges two
tetrahedra. When a modifier such as an alkali metal oxide
is added, the additional oxygen added causes some network
breakdown. Although each Si remains four times coordi-
nated with O, some of the positions become resonant. In the
first of their groupings, the O's are not unshared (i.e., non-
bridging). Tetrahedra with n-type bridging O are referred
to as specific species Q,. Initial configurations can be con-
structed such that Si atoms are introduced randomly with
n-fold Si-Si coordination constraints, given by equivalent
proportions of O, species usually determined from NMR.
For example, in the case of (K,0),,(510,), 5, the 04:05:0,
ratios are 0.57:0.35:0.08, and the coordination thus achieved
is almost perfect. O atoms are added to the center of each
Si—Si bond, and individual O atoms are then assigned close
to Si atoms, which now have only two or three neighbors
(double or triple Si—Si coordination). In the ideal modified
random network model, the ratio of non-bridging and bridg-
ing oxygens is given by the relation 2y/(2+y), where y is
bound centrally as x/(1 —x). Alkali atoms are usually added
randomly respecting the Si—O coordination constraint.

Such related aluminosilicate gels in the form of zeolite
precursors are mostly synthesized in a composition charac-
terized by the general formula M [-(Si-O),-Al-O],ewH,0,
where M, are modifying cations (mostly Na, K, Ca, Mg) and
where m is the degree of polycondensation while z means
structural classification (usually 1, 2, 3, ...). Configuration-
ally, the tetrahedra of SiO, and AlO, are bound to each other
by oxygen bridges, which thus form both chains and rings
based on Si—O—Al. The positively charged M, ions must be
compensated by the negative charge of the four-coordinated
Al The gel-like structure created is partially amorphous or
semi- or nano-crystalline, depending on both the amount
of starting solid matter and its nature (character of the raw
materials), as well as the conditions of the wet reaction (pH).
The amorphous state becomes more favorable for a higher
concentration of solid precursor in the preparation suspen-
sion. XRD patterns of commercial molten glass and wet-
synthesized inorganic polymer were compared [55] showing
broad peaks typical of amorphous phases, which, however,
are slightly shifted to higher angle values @ for the inorganic
polymer, which questions the opinion of a relatively denser
structure than that of the analogous commercial glass. A
deeper deconvolution of such broad peaks in the XRD pat-
terns can also allow a quantitative estimation of the degree
of non-crystallinity, which we can estimate as the gradation
of amorphicity.
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In practice, the reacting gel subsequently hardens into
solid geopolymers resembling to a certain extent the
quenched-formation of glasses during solidification of the
melt (cf. Fig. 1.). This can be characterized in a number of
ways somehow similar to classical glasses. For example, it
can be a description in terms of the introduction of the main
components (alumina and silica), their structure (Al-O and
Si-O tetrahedral units in a random 3D framework), the bal-
ancing role of alkali ions, etc. The specific circumstances of
low-temperature synthesis, such as the condensation tem-
perature of aluminum oxide and silica sources at high pH
and the alteration of different types of water glasses (their
rich structure and thus adjustability), are worth the further
clarification process usually leading to different degrees of
achieved amorphicity. A mutual comparison of the pos-
sible structures of constrained (melt-frozen) glasses and
wet-casted amorphous geopolymers is shown in Fig. 2 with
reference to the role of bonding oxygen.

Some formalism has been developed to investigate the
introduced structural units, mostly in the sense of frag-
ments such as [-Si—~O-Al-O-] called sialate units or even
polysialates when they are simultaneously condensed. Other
suggested measures can be different Si:Al ratios because
geopolymerization involves a chemical reaction of alumi-
nosilicate oxides, especially Al;+ in IV-fold coordination to
alkaline polysilicates enabling the formation of polymeric
Si—O-Al bonds. Structurally three-dimensional, amor-
phous to semi-crystalline silico-aluminate structures are
of the poly(sialate) type (-SiO-Al-O-), the poly(sialate-
siloxo) type (—Si—O-Al-0O-Si—O-), type Poly(sialate-disi-
loxo) (-Si—O-Al-0-Si—-0-Si—0O-). The atomic ratio Si:Al

/ Modifying ion

©

Q  Glass forming ion

is considered in the most common integer form (1, 2 and
3), but even non-integer ratios between 1:1 and 1:3 can be
assumed as variable combinations of basic units, provided
that the content of charge-balancing cations is suitable and
often controlled by the water content. Units with a value
of Si:Al> 3 are then referred to as sialate and polysialate
geopolymers. In terms of the majority composition of the
Earth's crust, which consists of siloxo-sialates and sialates
(see Fig. 3), the common series of feldspars albite-anorthite
(NaAlISi;Og—CaAl,Si,04) can be described as poly (sialate-
disiloxo) for albite to poly(disialate) for anorthite.

Theory of hypo-crystalline materials
and their ‘mers’ framework

It seems that so far not enough attention has been paid to
the basic structural disposition, although we know suffi-
ciently detailed studies on the reaction mechanism, reor-
ganization and hardening. It seems at first glance that the
inherent stoichiometry can be understood analogously to
both organic and inorganic —mers, well known in classi-
cal polymer chains. Such a generalized sphere of descrip-
tion can be covered by the term so-called hypo-crystalline
materials (as a newly introduced term more suitable for the
corresponding terminology), which is specific in that it
includes regular AO,, polyhedra such as SiO,, AlO;, AlO,,
BO,, BO;, PO,. The connecting function of the bridges
formed by all n-atoms of oxygen appears to be impor-
tant. If oxygen is bridged by two central cations, A- (e.g.,
(Si0y),) as AO,,), then the oxygen atoms are also bound to

0sit Q02 (¥)Nar AP

Fig.2 Left: explanatory structure of silica glass with indicated important sites and bonds; middle: the typical aluminosilicate melt-quenched

glass and right: its amorphous version prepared by geopolymeric wet-cast
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Fig.3 Mechanisms of geopoly-
mers formation [56]. Reprinted
from Ion Exchange in Geo-
polymers, J. R. Gasca-Tirado,
A. Manzano-Ramirez, E. M.
Rivera Muiioz, R. Velazquez-
Castillo, M. Apétiga-Castro, R.
Nava and A. Rodriguez-Lopez,
In: New Trends in Ion Exchange
Studies (S. Karakus, editor),
London: IntechOpen, 2018.
Licensed under CC BY 3.0,
https://creativecommons.org/
licenses/by/3.0/

)
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the A-cation by a double bond (so-called terminal bonds,
known from single-component glass composed of, e.g.,
from phosphorus oxides containing —mers (O=P(-0-);).
The most suitable coordination formula takes the form
(AO;/,O_iyn)> Where (PO;,;05),) can serve as an illus-
trative example of a coincidence manifold stoichiometry.
This is consistent with the analogy of organic polymers in
terms of (AO;;,O,_;)»), which can be considered as (n —1)-
functional —mer. Aluminosilicates composed of tetrahedral
alumina and silica units contain mer-units AO,,, which
upon condensation become relocatable due to their long
lifetimes. This become comparable to the degree of immo-
bility in the high-temperature state of melts/glasses. Simi-
lar to oxide glasses, the randomly interconnected network
is continuous (random network). A complex copolymer
system (containing complements of moderators electropo-
sitive elements typically alkali oxides, M,O or other metal
oxides) persists due to the function of modifying oxides.
In such systems (melts/glasses/macromolecules), additions
to a single-component (tetragonally cross-linked) solution
result in the breakdown of A—O-A bridging bonds and the
formation of so-called non-bridging oxygens. They can be
described by a set of equations:

M,0 = 2M* + 0%, (1)
MO = M + 0%, 2
and

A-0-A+0" =22A-07, 3)

which are actually responsible for the dissociation concern-
ing one molecule of the modifying oxide and the subse-
quent decay bridging bonds (A—O-A). In the case of typical
modifying oxides, the equilibrium tends to shift toward the

(A) (Na, K)—poly (sialate) geopolymer
(Si, Og, Al, O, )1 + nH,O

-)
KOH,NaOH_y 1y(OH)5—Si—O-Al—(OH),4

N(OH); ~Si — O Al - (OH); —%25 (Na K)( - §i -0 - Ald“)—o— n +3nH,0

o} 0]

(B) (Na, K)—poly (sialate—siloxo) geopolymer

=)
KOH,NaOH

N ~0-Si-(OH)s
(OH),

| | |
_0-Si-0 |[n+nH,0
1

0] o) 0]

products, and the arrangement is readily inferred from the
initial melt/glass/polymer stoichiometry.

The mineralogical composition of the studied geo-
polymers was variously identified as, for example, for the
dependence of the bending strength on the Al/(Na,,Ca)
ratio, which can be calculated using the derived formulas
nM,0epCa0+Al,0;2xSi0,eyH,0. Unlike the Si/Al ratio,
which was not a significant factor in the range of 1.5-2.1;
however, a maximum flexural strength of 10.2 MPa was
achieved for material with Al/(Na,,Ca),, where XRD analy-
sis identified both quartz (Si0O,), albite (NaAlISi;Og) and
muscovite (KAIl,(AlSi;O,,)(OH),) as usually dominant
compounds in most mixtures. Diopside (CaMgSi,0O),
akermanite (Ca,MgSi,0,), hematite (Fe,0,), illite
(K 65A1,(Al 45515 350,0)(OH),), orthoclase (KAISi;Og)
and microcline (KAISi;Og) were found in lower amounts.
The main crystalline phases identifiable in the engineered
geopolymers were identical to those found in the raw pre-
cursor, indicating only partial geopolymerization as well as
the presence of significant amounts of unreacted particles.
The contents of quartz, hematite and orthoclase gradually
decrease with increasing curing reaction temperature. For
geopolymers cured around 60 °C, the formation of zeolitic
phases was observed, the total amount of which then fur-
ther increased at 80 °C curing, even though the identified
phases did not soften. On the other hand, the silicate mod-
ule of the alkaline activator, SM, significantly influences
the type of zeolitic phase. Sodalite (Nag(AlSigO,4)C),) was
found only in mixtures with SM=0.8, i.e., with the high-
est dose of sodium hydroxide. Geopolymers with SM = 1.0,
1.2 and 1.4 contained gismondine (CaAl,Si,04-4H,0)
and geopolymers with SM =1.0 also contained chabazite
(Ca,Na,,K,,Mg)Al,Si,0,,-6H,0). Diopside (CaMgSi,O),
akermanite (Ca,MgSi,0,), hematite (Fe,03), illite
(K 65A1,(Aly 45515 350,0)(OH),), orthoclase (KAISi;Og) and
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microcline (KAISi;Ogz) were found in lower amounts. The
detailed nature of the gradual adjustment of the composition
is still a subject of research, as is the possibility of insert-
ing modifying admixtures from organic to purely organic
(asphalts).

Bridging and non-bridging oxygen and its
plausible impact to bioactivity

The nature of the oxygen bond, the correlation between the
structural parameters characterized by the anionic constitu-
tion [2, 57, 58] is also interesting for the definition of bioac-
tivity. A simple way to describe the solidified composition
of the melt/glass is to use the so-called Steevel parameters
X and Y [2, 59], which indicate the average number of non-
bridging oxygen ions (NBO) and bridging oxygen ions (BO)
per polyhedron in the glass lattice. They can be calculated
using the molar composition of the glass assuming the
following equations, X=2R—Z and Y=2Z—-2R, where Z
and R denote the mean number of all types of oxygen per
polyhedron and the ratio of the total number of oxygens
to the total number of glass-forming cations in the glass,
respectively. Regarding the classical sodium-calcium-silica
system, pure silica glass SiO,, pseudobinary Na,0-2SiO,
glass, and pseudoternary CaO-Na,0-2Si0, glass are char-
acterized by (X, Y)=(0, 4); (1, 3) and (2, 2), respectively.
When X >2 and Y <2, the concentration of free ions (FO)
is noticeably greater, and glasses in this range of composi-
tion are commonly called invert. For bioactive glass—ceramic
systems of the Na,0-CaO(MgO)-SiO,(-P,0s) type, the Y
parameter was correlated with the bioactivity assessed by the
in vitro cross-linking test after immersion in simulated body
fluids (SBF) [21]. It was concluded that Y=2 in the residual
glass in the glass—ceramic phase is a favorable condition
for higher biological activity, while Y>3 reduces biologi-
cal activity. Focusing on the structural parameter X related
to the NBO value, its correlation with bioactivity in the
Na,0-Ca0-Si0,-P,05 system is enabled by evaluating the
bioactivity index IB (empirically introduced by Hench [60]).
A linear correlation between X and IB with a positive slope
was found in the range 1.5 <X <2, while IB=0 for X< 1.5.
Accordingly, considering the composition of BO and NBO
expressed by the Steevel parameters X and Y, the region of
bioactive composition can be suggested as 1.5 <X <2 and
2<Y<2.5. Assuming that silicate ions are presented as lin-
ear and branching chains according to the general formula
[Si,O5,,,1%*7, then the compositional dependence of the
relative proportion of NBO in the binary glass-forming melts
Na,0-Si0O, and CaO-SiO, can be estimated [2, 9, 61] and
silicate ions in the equilibrium state of polycondensation
reactions are described by the following equation:

@ Springer
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The inherent equilibrium constant &, of this equation can
be approximated using that for the lowest k-members k,, i.e.,
x=1 and y=1. In view of the constitutions of BO, NBO and
FO ions, the equation O°+ 0%~ 220~ is apparently expressed
as the inverse reaction.

1/X=2+1/0-a)-3/(1+a(3/(k;-1))) >

where a can be calculated by the Temkin’s equation [10] as
is equivalent to the ion fraction. More details are available
in associated papers [2, 21, 36, 37] and falling thus beyond
this review.

In conclusion, it can be said that the type of binding oxygen
is essential in all types of silicate structures, both quenched
glasses and wet-cast geopolymers, which is often forgotten.
Especially known is its role in the biological groups that may
be developmentally responsible for the emergence of living
structures [62], bioactivity of glasses, where the formation of
the necessary bone apatite depends on the relative proportion
of NBO in the glass. For example, it is the currently analyzed
type CaO-Na,0-Si0, and in the glass—ceramic alternative,
regardless of whether P,O5 was added. This points to a close
connection between the structural properties of the glass char-
acterized by the activity of oxygen ions and the surface chemi-
cal processes of bone apatite formation not included further.
The bioactivity index for an active implant then depends both
on the rate of formation of the calcium phosphate film and the
time of crystallization to hydroxyl-carbonate apatite, and on
the selective absorption of extracellular proteins on the grow-
ing hydroxyapatite layer, which control cell attachment, dif-
ferentiation and growth. The defective structure of the growing
hydroxyapatite crystals is probably responsible for the pref-
erential adsorption of growth factors. Recent theories point
to metastable hydrated silica molecules, such as penta-coor-
dinated Si(OH)s ions, which can increase the crystallization
potential on surfaces and provide specific binding motivation
for the activation of biological groups [62—64]. The coexisting
three-membered silicon bonds are energetically metastable,
and the Si—O-Si bridging bonds then allow, for example, the
—COQOOH radical or amino acids to interact with the trisilox-
ane ring. COOH thus polarizes the Si—O-Si bond and opens it
into a chain where, like the five-level Si~OH complex, it acts
as an inorganic enzyme, which provides a favorable pathway
for polypeptide synthesis. This may explain the often men-
tioned biological activity of clays.
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Discussion and conclusions notes

Geomaterials [65-68] have not only become a representa-
tive of modern material with a future, but they have also
become a suitable focus of applications of the methods of
thermal science and analysis [16, 23, 36, 46, 49, 51, 54].
Involved procedures suited as a useful implement in study-
ing polysialates thermal relations where the involved heat
impact always plays a significant role as an explicit tool in
two interconnected forms [51]:

1. asan industrial power applied for working geopolymeric
and other glassy materials with desired properties by
means of controlled heat input and/or removal,

2. equally as an instrumental agent for modern analysis
which, however, is a destructive technique studying
the relationship between material’s properties and its
temperature response while the sample is heated and/or
cooled in a controlled manner when heat acts as its own
reagent.

Both connotations are a significant part of the up-to-date
material aimed thermodynamics needing an understand-
ing of constrains and other intricacies of glassiness and
amorphicity [51] in terms of their dynamic preparation and
subsequent study [36, 45, 51, 69]. However, the detailed
examination of related material properties is in many mod-
ern books not treated enough properly when the interpre-
tation of thermodynamics (as classical textbook ‘thermo-
statics’) is not solved with the necessary emphasis on the
needs of the solid-state thermal treatment [70-72]. The same
applies to the recent approach toward new books on thermal
analysis [72, 73]. Even in the field of geomaterials [65-68] a
more modern approach to dynamic share of thermodynam-
ics involving non-stoichiometry or glass formation should
be applied [51], including its truly dynamic nature [41, 51,
69], where preparation and analysis take place in real off-
equilibrium conditions, and the validity of thermodynamic
lessons must thus be appropriately adapted [37, 51, 69].
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