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Abstract

Calcium—alumino-silicate—hydrate (CaO—AIl,03-Si0O>—H,0, or C—A-S—H) gel, which is
the binding phase of cement-based materials, greatly influences concrete mechanical
properties and durability. However, the atomic-scale kinetics of the aluminosilicate
network condensation remains puzzling. Here, based on reactive molecular dynamics
simulations (ReaxFF) of C—-A-S—H systems formation with varying Al/Ca molar ratios,
we study the kinetic mechanism of the hydrated aluminosilicate gels upon precipita-
tion. We show that the condensation activation energy decreases with the Al/Ca mo-
lar ratio, which suggests that the concentration of the Al polytopes has a great effect
on controlling the kinetics of the gelation reaction. Significantly, we demonstrate that
5-fold Al atoms are mainly forming at high Al/Ca molar ratios since there are insuffi-
cient hydrogen cations or extra calcium cations to compensate the negatively charged
Al polytopes at high Al/Ca molar ratios during accelerated aging.

Keywords: Calcium—Alumino—Silicate—Hydrate Gel, Gelation, Kinetics, Activation en-
ergy

1. Introduction

Concrete is a complex cement-based material that is commonly utilized in human lives.
Cement is the source of concrete strength as a binding component, and its micro-struc-
ture determines the mechanical properties and durability of concrete. However, ce-
ment manufacturing emits a significant amount of carbon dioxide, with around 0.75
tons of carbon dioxide emission per ton of cement . To this end, numerous research-

25861 G20C YdielN 0€


mailto:wuqiaoyun@wit.edu.cn
mailto:zw_mxx@whu.edu.cn

ers have attempted to use green supplementary cementitious materials (SCMs) to par-
tially replace some cement in order to reduce the carbon emission footprint of ordi-
nary Portland cement . Blast furnace slag and fly ash, both industrial wastes, are the
most widely used SCMs due to their low cost and availability >#°. Generally speaking,
calcium—silicate—hydrate (C-S—H) is the main hydration product of ordinary Portland
cement (OPC) and the main binding phase of cement-based materials. When OPC is
mixed with blast furnace slag and fly ash, the new reaction product is calcium—alu-
mino—silicate—hydrate (C—A—S—H) gel phase. Due to the presence of aluminum oxides,
this gel phase plays a significant role in the structure, mechanical properties and dura-
bility of cement-based materials'®!, Better understanding the formation of C—-A-S-H
gels can provide us with guidance to develop novel concrete materials featuring desir-
able performances and achieving low carbon footprints!? 13,

In general, the process of C-A—S—H gel formation can be attributed to the dissolution-
precipitation process #'7. When cement, slag, or fly ash are dissolved in water, the
solution concentration of silicon, aluminum, and calcium ions increases!*. The solution
eventually becomes supersaturated, and the C—A-S—H gel begins to precipitate!’. This
precipitation process is directly impacted by its kinetic properties. In recent decades,
many researchers have widely attempted to investigate the precipitation kinetics of C—
A-S—H gels by means of laboratory experiments *¥21, For example, Zhang et al. found
that when the alkalinity of the solution increases, it’s easier to precipitate silicon and
aluminum atoms, thus favoring the formation of C-A-S—H gels 2!. Nevertheless, it is
challenging to explore the kinetic mechanism for the early-age precipitation of C-A-
S—H gel through experiments due to the swiftness of the reaction stage and the heter-
ogeneous nature of the gel structure 222>, Meanwhile, since the C~A-S—H formation
contains a succession of chemical reactions, understanding the insights into C—A-S—H
gels polymerization at the nano-scale is critical to providing a fundamental reference
for analyzing how aluminum influences the early-age polymerization of such gels.
Therefore, the kinetic properties of C—-A-S—H precipitation at the nanoscale remain
unclear. Especially, the atomistic origin of its chemical composition is still poorly un-
derstood.

Compared with physical experiments, atomic-level molecular dynamics simulations
give useful insights into the kinetics of C-A—S—H gelation process and provide an alter-
native method to conventional experiments, making it possible to study the evolving
gel structures with time at the nanoscale 128, It is reported that a C-A-S—H gel has an
amorphous structure comparable to a C—S—H gel, which is usually defined as a tober-
morite-like but mostly cross-linked structure in molecular dynamics simulations 27/ 28,
Since the structure of such gel upon precipitation is time-evolving, the atomic simula-
tion of its early-age polymerization remains a challenge. Fortunately, the occurrence
and development of Reactive Force Field (ReaxFF) provides a convenient way to simu-
late chemical reactions in the system with comparable accuracy to first-principles
methods but with less time required 2°32. As such, several studies have recently used
reactive molecular dynamics simulation to properly describe the chemical reactivity of
hydrated silicate phases > 1017,

Here, we use reactive molecular dynamics simulations to reveal the kinetic mechanism
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of hydrated aluminosilicate gels upon precipitation. We first investigate the structural
evolution of the C—A-S—H gel during gelation at different reaction temperatures. Based
on these predictions, we further explore the effects of the Al/Ca molar ratio on reac-
tion activation energy and polymerization reaction rate, which are compared to avail-
able experimental data. As a major outcome of this work, we demonstrate that the
concentration of the Al polytopes significantly affects the kinetics of the polymeriza-
tion reaction. Importantly, we show that 5-fold coordinated Al atoms are forming at
high Al/Ca molar ratios but not at low Al/Ca molar ratios because there aren’t enough
Ca cations to compensate the negatively charged Al polytopes at high Al/Ca molar ra-
tios during accelerated aging.

2. Methods

2.1 ReaxFF potential

The reactive ReaxFF forcefield is a bond order-based potential, and it is capable of de-
scribing bonds formation and breakage dynamics based on interatomic bond orders
which depend on each atom’s local environment 32, Unlike classical potentials that de-
pend on fixed charges, the ReaxFF potential can dynamically assign the charges of at-
oms via an implemented charge equilibration (QEq) means, which is critical for mod-
eling chemical reactivity 33. The total energy of the ReaxFF system consists of ten dif-
ferent energies, namely, Coulomb potential energy, van der Waals energy, under-coor-
dination energy, long-range electron pairs energy, over-coordination energy, torsion
energy, short-range bond energy, conjugation energy, penalty energy, and valence an-
gle energy 17'2°. More detailed information about these items can be found in Refs. 2°
and Refs. 34, Recently, the ReaxFF potential has been shown to provide a realistic de-
scription of disordered materials and their interaction with water, such as hydrated
cementitious material > 1% 17, Here, using the ReaxFF potential parameterized by Pit-
man et al. 32, we can simulate the kinetics of C-A—S—H gel upon precipitation. More
information about the full interatomic potential parameters is available in the Supple-
mental Material. Note that the parametrization of ReaxFF used here has already been
extensively studied and validated for various hydrated silicate systems e.g., C-S—H gel,
C-A-S—H gel ® 16172535 A the simulations are performed with the USER-REAXC im-
plementation of ReaxFF, which is included in the large-scale atomic/molecular mas-
sively parallel simulation (LAMMPS) package3* . The velocity-Verlet integration algo-
rithm with a timestep of 0.25 fs is employed to numerically calculate the motion of the
atoms.

2.2 Simulation details

Here, we prepare a series of hydrated aluminosilicate gels with the chemical formula
(Ca0)1.7(Al203)x(Si02)1-x(H20)3.74x, where x (the amount in moles of Al,03) = 0.00, 0.02,
0.05, 0.08, 0.10, 0.12, 0.15, 0.17, 0.19, 0.22, and 0.26 *. The corresponding Al/Ca mo-
lar ratios are 0.00, 0.03, 0.06, 0.09, 0.12, 0.14, 0.17, 0.20, 0.22, 0.26, and 0.30, respec-
tively. It should be noted that the composition formula of C-A-S—H gel is defined here
based on the molar ratio of any two compounds rather than the concentration to di-
rectly represent the role of aluminum oxides when added to ordinary cements. For
example, the CaO/(Al>0Os3 + SiO;) molar ratio is kept fixed at 1.7, which corresponds to
the average stoichiometry of the C—A-S—H gel forming upon the hydration of ordinary
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Portland cement 1617, These selected compositions are consistent with typical stoichi-
ometries of slag-based cements observed in the laboratory ¢ 173536 All simulated
systems comprise about 4000 atoms, and the detailed composition and size of these
eleven C—A=S—H systems can be found in Ref. 3°. The precipitation of a C—A-S—H gel is
modeled by adopting the methodology proposed by Cété and Cormack et al.3?, which

has been extensively used to investigate the binding phase of cement-based materi-
alslG' 17 35'

In the beginning, we utilize the PACKMOL package 32 to generate the initial configura-
tion by randomly putting isolated Ca(OH),, Al(OH)s, and Si(OH)4 molecules into a cubic
simulation box with a length of 40 A. All molecules are guaranteed to prevent any un-
realistic overlap, and periodic boundary conditions are applied in the cubic box. Sub-
sequently, the initial configuration is relaxed for 100 ps in a canonical (NVT) ensemble
at 300 K by using the Nosé-Hoover thermostat 3% %°. The obtained system is then re-
laxed for 500 ps in an isothermal-isobaric (NPT) ensemble under 0 atm of pressure and
300 K 8, The duration of this relaxation stage is long enough to achieve the conver-
gence of both volume and energy in the initial system. An example of the atomic snap-
shot of the simulated C—A-S—H gel after the initial relaxation at 300 K is shown in Fig.
1(a). As the energy barriers of the condensation reaction are too large to be overcome
within the finite time scale of reactive molecular dynamical simulation at 300 K, we do
not observe any formation of Si—0-Si, Al-O—Al, or Si—O-Al linkages in this configura-
tion. Finally, to speed up the gelation dynamics, the initial relaxed system is exposed
to an accelerated aging process that heats the system to a high temperature (varying
from 1500 to 3000 K) for 1.25 ns in the NVT ensemble. Such accelerated aging tech-
nique is widely employed to accelerate the condensation reaction in reactive molecu-
lar dynamical simulations 17-4. In detail, the energy barrier associated with the break-
ing of Si—O—H, Al-O—H bonds and subsequent formation of Si—0-Si, Si—O—Al and Al-
O-Al bonds is about 96 kJ/mol 1626, For this system, the thermal energy (NkT) with a
temperature T in the range of 1500 to 3000 K is about 1325e-20 ~ 2650e-20 kJ, which
is close to the total condensation energy barrier (about 3142e-20 k). Therefore, at this
stage, these aluminate and silicate monomers gradually condensate and generate
some aluminosilicate chains/rings [see Fig. 1(b)]. In addition, all molecular dynamics
simulations are repeated six times for statistical averaging. The simulated results are
the average of six repeated calculations, and the error bars are determined from the
standard deviation of the six simulations.
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Fig. 1. Atomic snapshots presenting the simulated configurations of a CaO-Al,03—
Si0>—H,0 (C—-A-S—H) gel with Al/Ca = 0.09 (a) after the first relaxation at 300 K and
before accelerated aging, and (b) after 1.25 ns of reaction at an elevated temperature
(e.g. 2000 K). Note that, only the Ca atoms, and bonds of Al-O and Si—O are shown
for clarity. Al, Ca, Si, and O atoms are displayed in purple, blue, yellow, and red, re-
spectively.

2.3 Structure analysis

In order to describe the kinetics of the precipitation of C-A—S—H systems, we focus on
how the atomic structure and topology of the C—A—-S—H gels upon gelation evolve over
time. Especially, more attention is paid to the oxygen (O) atoms’ local environment to
capture the degree of polymerization of the network. To this end, it’s first necessary
to compute the partial pair distribution functions (PDFs) of atom pairs, which are com-
monly used to represent the distribution of atoms in the study of molecular materials.
In general, the partial pair distribution function g(r) can be defined as the probability
distribution of other atoms on the coordination spherical shell with a radius of r cen-
tered on atom /. In detail, p(r) is defined as the average local number density of atoms
at a distance r, and the average number of atoms n(r) in a coordination spherical shell
can be defined as follows #*:

n(r) = f:+dr Anrip(r)dr (1)
correspondingly, the number of atoms specified on the coordination spherical shell
layer of thickness dr can be evaluated as follows 4!

dn(r) = 4nr?p(r)dr (2)
where p(r) = pog(r) and p, is the bulk density of atoms. Therefore, the pair distri-
bution function g(r) may be calculated by the following formula #*:

g(r) = dn(r)/(po * 4mr?dr) (3)

Note that the PDFs can be compared to the experimental results of X-ray or neutron
diffraction of materials. The partial PDFs of Al-0, Si-O, Ca-0, H-0, Al-H, and Al-Ca
pairs can be found in Fig. S1 and Fig. S2 in Supplemental Material. Secondly, the posi-
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tion of the minimum after the first peak in the partial pair distribution function is de-
fined as the cut-off point to distinguish the first and second coordination shells. The
obtained cutoffs in this work for Si-0, Al-O, and H-O bonds are 2.2 A, 2.0 A, and 1.2
A, respectively. Lastly, the partial coordination number of each atom is computed by
enumerating neighboring atoms’ numbers in the first coordination shell #. According
to their partial coordination numbers, the O atoms in the C—A-S—H gel can be divided
into bridging oxygen (BO) atoms that are linked to two skeleton atoms (Si or Al) and
non-bridging oxygen (NBO) atoms that are linked to one skeleton atom. The evolution
of the fraction of BO atoms is typically taken as an index to quantify the total degree
of polymerization (i.e., network connectivity).

3. Results and Discussion

3.1 Effect of temperature

We first assess the effect of temperature on the kinetics of the gelation of C-A—S—H
gels. For this purpose, the evolutions of the BO/(Si + Al) molar ratio as a function of
time during accelerated aging at various temperatures (i.e., 1500 K, 2000 K, 2250 K,
2500 K, and 3000 K) are calculated for the eleven compositions. On the contrary, higher
temperatures cause the system to melt, which greatly affects the gelation mechanism.
Fig. 2 shows the evolutions of the number of bridging oxygens (i.e., Si—0-Si, Si-O-Al,
and Al-O—-Al) atoms per Si and Al atoms [BO/(Si + Al)] in the simulated C—A—S—H system
with Al/Ca = 0.06 and (b) Al/Ca = 0.30 during accelerated aging at select reaction tem-
peratures. On the one hand, for each composition (see Fig. S5 in Supplemental Mate-
rial), we observe that the overall polymerization degree (BO/(Si + Al) molar ratio) of
the C—A-S—H system gradually increases as the precipitation proceeds and ultimately
gets to a plateau, which is similar to recent findings that the degree of polymerization
of C—S—H was also found to gradually increases over time and eventually reaches a
plateau in the case of the gelation of Al-free C=S—H gels ¢.0n the other hand, we note
that the polymerization rate rises with an increase in temperature, and higher temper-
atures could lead to quicker kinetics of the condensation reaction. Nevertheless, the
ultimate value of the BO/(Si + Al) molar ratio for each composition is unaffected by the
reaction temperature. This also demonstrates that the gelation kinetics can be en-
hanced by such high temperatures while having no effect on the ultimate configuration
of the gel 16 26,

In order to quantitatively evaluate the temperature-dependence of the gelation kinet-
ics, the reaction polymerization rate k for each temperature is determined by fitting
the BO/(S i+ Al)(t) curve shown in Fig. 2 with a first-order exponential relaxation func-
tion as follows?®:

BO/(Si+ Al)(t) = A[1 — exp(—kt)] (4)

where A is the final value of the BO/(Si+Al) molar ratio at infinite time t. Fig. 3(a)
shows the evolutions of polymerization rate of C-A-S—H gels during accelerated aging
at 2000 K as a function of the initial Al/Ca molar ratio, with the gray area representing
the slop variation. It can be observed that the polymerization rate at 2000 K increases
significantly as the Al/Ca molar ratio increases, which indicates that the addition of
Al(OH)s monomers can significantly accelerate the kinetics of the gelation reaction.
Furthermore, we compute the polymerization rates at these reaction temperatures for

6
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243 various compositions based on Eq.(3). As shown in Fig. 3(b), the obtained polymeriza-
244 tion rate values reflect an Arrhenius-like dependence on temperature.
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Fig. 2. Evolutions of the number of bridging oxygens (i.e., Si—0-Si, Si—O-Al, and Al-
O-Al) atoms per Si and Al atoms [BO/(Si + Al)] in the simulated C—A—S—H system with
(a) Al/Ca =0.06 and (b) Al/Ca = 0.30 during accelerated aging at select reaction tem-
peratures.

246

247 3.2 Activation energy of gelation reaction

248  We now calculate the activation energy of the gelation reaction to deeply investigate
249  the temperature-dependence of the kinetic process. Generally, the activation energy

25 of condensation E, can be determined by fitting the reaction temperature and
251  polymerization rate [see Fig. 3(b)], with the Arrhenius equation as follows 42:
252 k(T) = kyexp (—E,/RT) (5)

253  where T is the temperature, k is the polymerization rate at infinite temperature, and
254  Risthe perfect gas constant. Fig. 3(c) shows the evolution of the computed activation
255  energy of C—A-S—H gelation with the Al/Ca molar ratio. For Al/Ca = 0.00, we observe
256  the activation energy value is 114 kJ/mol, which can be compared with the previous
257  simulation results and available experimental data (about 96 kJ/mol) 1. At this point,
258  the obtained total kinetic energy is about 3711 ~ 7422 kJ/mol which is greater than
259 100 kJ/mol. As shown in Fig. 3(c), the activation energy first dramatically decreases
260  with the increase of the Al/Ca molar ratio, and the activation energy is only 63 kJ/mol
261  when the Al/Ca molar ratio is 0.14; then the activation energy decreases steadily as
262  the Al/Ca molar ratio increases, eventually reaching 50 kJ/mol when the Al/Ca molar
263  ratio is 0.30. Meanwhile, the gray area in Fig. 3(c) depicts when the Al/Ca molar ratio
264  is greater than or equal to 0.14, the decreasing rate of the activation energy reduces.
265  This indicates that aluminum atoms in solution lower the magnitude of the energy
266  barrier associated with gelation reaction, but once the amount of aluminum reaches
267  acertain level or saturation, the reduction in the energy barrier decreases considera-
268  bly.

269

270  The possible reasons for this phenomenon are grouped into two facts. On the one
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hand, when the concentration of aluminum cation in solution is low and calcium cation
is moderate, calcium atoms act as catalysts during the gelation process and accelerate
the kinetics of precipitation of C—A—S—H gels, which is consistent with prior studies **
43, Moreover, calcium atoms tend to cause nano-segregation within the gel to favor
the generation of calcium-rich and aluminosilicate-rich regions >44. Such nanosegrega-
tion reduces the moving area of Si(OH)4 and Al(OH)s monomers and brings monomers
and oligomers closer, increasing the collision probability between them and eventually
improving the polymerization rate >, On the other hand, when the concentration of
aluminum cation in the aqueous solution increases to a certain point but the concen-
tration of calcium decreases, the calcium atoms continue to act as catalysts. At this
point, the high concentration of aluminum cation causes some nanoscale phase sepa-
ration, wherein Si and Al species are largely segregated into different regions 3°. Be-
cause silicon and aluminum atoms are both network-forming atoms, the kinetic mech-
anism of phase separation between them is different from the nano-segregation of
the formation of calcium-rich and silicon-aluminum-rich regions. In other words, this
nanoscale phase separation not only makes Al(OH);s monomers and oligomers (con-
taining Al atoms) closer, but also brings Si(OH)s monomers and oligomers (containing
Si atoms) closer, thereby enhancing the collision probability among them and acceler-
ating the formation rate of silicon and aluminum polymers in the polymerization reac-
tion to some extent. However, because the energy barriers required to form alumino-
silicate polymers are lower than those required to form silicon and aluminum polymers
alone, the activation energy of the polymerization reaction continues to decline at this
time, albeit at a slower rate.

In turn, the polymerization rate of C-A—S—H gel at 300 K can be estimated from Eq. (3).
As depicted in Fig. 3(d), the polymerization rate at 300 K begins to increase signifi-
cantly when Al/Ca = 0.14, which coincides with the observed change in the trend of
the reaction activation energy. The maximum polymerization rate at 300 K reaches a
value of about 1300 s when Al/Ca = 0.30. It is worth noting that the accuracy of the
predicted polymerization rate directly depends on the quality of the data fitting [see
Fig. 3(b)]. Nonetheless, the overall trend of the evolution of the polymerization rate
at 300 K is unaffected by this uncertainty, which is consistent with the trend of the
polymerization rate at 2000 K [see Fig. 3(a)]. These simulation results suggest that the
addition of aluminum atoms may greatly raise the polymerization rate of the C—A-S—
H gel.
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Fig. 3. (a) Polymerization rate at 2000 K as a function of the Al/Ca molar ratio. (b)
Arrhenius representation of the temperature-dependence of the initial polymeriza-
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tial relaxation function. (c) Activation energy of C—A-S—H gels gelation and (d)
Polymerization rate at 300 K as a function of Al/Ca molar ratio. The lines are to guide
the eye. The data are fitted by the Arrhenius equation. The grey area indicates that
the break in slope in the activation energy.

3.3 Effect of Al coordination number

Next, we explore the effect of coordination number of the aluminum atom on the ac-
tivation energy and the polymerization rate of C—A-S—H gelation process. Based on the
partial pair distribution function of Al-O atomic pair (see Fig. S1), we calculated the
coordination number of each aluminum atom. Note that the coordination number of
aluminum atoms is not fixed in this system, so it’s necessary to pay more attention to
the average coordination number of aluminum atoms. Moreover, the results of the
average coordination numbers for other kinds of atoms, and the mean coordination
numbers related to Al-H and Al-Ca pairs in C—A-S—H gels can also be found in Fig. S3
and Fig. S4. Fig. 4(a) presents the average coordination number of aluminum atoms in
the C—A-S—H gels before accelerated aging at 2000 K as a function of the Al/Ca molar
ratio. When the Al/Ca molar ratio is less than 0.14, the average coordination number

9
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of aluminum atoms exceeds 4 and increases slowly because the low concentration of
aluminum cations in the solution results in a small number of formed polymers. In
contrast, when the Al/Ca molar ratio is greater than or equal to 0.14, the average co-
ordination number of aluminum atoms also exceeds 4 but increases obviously. As ex-
pected, the breaking position (i.e., Al/Ca = 0.14) from the curve slope of mean coordi-
nation number of Al atoms is found same to that in the both curves of activation en-
ergy and the polymerization reaction rate at 300K, revealed in Figs. 3(c) and (d). This
finding suggests that the growth of the average coordination number of aluminum at-
oms reduces the energy barrier in the gelation process and speeds up the polymeriza-
tion rate of C—A—S—H gels at room temperature.

Moreover, the results of the molecular dynamics simulation show Moreover, the re-
sults of the molecular dynamics simulation show the presence of 4-fold, 5-fold, and 6-
fold coordinated aluminum atoms in the system (see Fig. $6), which are close to the
experimental results obtained from the 2’Al NMR (Nuclear Magnetic Resonance) test,
wherein the 4-fold (with a fraction of about 75%), 5-fold (with a fraction of about 10%),
and 6-fold (with a faction of about 15%) coordinated aluminums are observed on C-
A-S—H samples with low Ca/Si molar ratio #°. The fraction of 5-fold Al atoms in hy-
drated aluminosilicate gels with the Al/Ca molar ratio before accelerated aging at 2000
K exhibits a change trend that is significantly related to kinetic properties, as illustrated
in Fig. 4(b). It is clear that the fraction of 5-fold Al atoms gradually increases with the
increasing Al/Ca molar ratio. When Al/Ca molar ratio is larger than 0.14, the increasing
rate of 5-fold Al atoms abruptly changes, and the fraction of 5-fold Al atoms reaches
up to 6%, which is much greater than the case where the Al/Ca molar ratio is less than
0.14. This finding is consistent with the previous change in activation energy and
polymerization rate at 300 K, which directly indicates that the existence of 5-fold Al
atoms accelerates the precipitation kinetics of C—A—S—H gel. In fact, from an experi-
mental point of view, 5-fold Al atoms easily result in the formation of so-called coordi-
natively unsaturated sites (CUS), which are present on the surface or in surface near
areas and are thought to have high Lewis acidity %68, As a result, the polymerization
rate is enhanced, implying that 5-fold Al atoms act as potential catalysts, which is in
agreement with earlier experimental findings 4> °°. That is to say, the presence and
addition of 5-fold Al atoms before accelerated aging at 2000 K requires more cations
(e.g., H* or Ca?*) for charge compensating, which, in turn, may lead to an increase in
the pH value of the solution, thus accelerating the polymerization kinetics. Overall, our
findings support the idea that the coordination number of aluminum in C—A-S—H gel
plays a key role in affecting the gelation kinetics.
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Fig. 4. (a) Mean coordination number of Al atoms and (b) fraction of 5-fold coordi-
nated Al atoms in hydrated aluminosilicate gels as a function of Al/Ca molar ratio
before accelerated aging at 2000 K. The lines are to guide to the eye. The grey area
indicates that the break in slope.

3.4 Mechanism of charge compensation

Finally, we further focus on the reasons for the increase of 5-fold coordinated Al atoms
in the C—A-S—H gels with the Al/Ca molar ratio before accelerated aging at 2000 K. To
this end, we investigate the effect of the charge compensation mechanism on the ki-
netics of the precipitation of C-A—S—H gels by computing the charges of various atoms
in the present systems. Generally speaking, the oxygen atoms before the gelation re-
action may be divided into NBO atoms and free oxygen (FO) atoms according to the
topology. The FO atoms are the oxygen atoms that are neither connected to silicon
atoms nor aluminum atoms. These oxygen atoms include the oxygen atoms typically
balanced in charge with calcium cations and hydrogen cations, and the isolated oxy-
gen atoms (the proportion in this work is almost zero). Due to the variable number of
aluminum atoms, it’s easy to form negatively charged AlO4%, AlOs?, and AlOg* alumi-
num polytopes when the Al concentration increases (see Fig. S7), which is consistent
with the previous finding in silicate glasses >. These negatively charged aluminum pol-
ytopes require hydrogen cations with one positive charge or calcium cations with two
positive charges for charge compensation in the C—A-S—H gels. Therefore, both hydro-
gen atoms and calcium atoms can be classified into the following three categories
based on their specific roles: for creating NBO atoms, for forming FO atoms, and for
charge balancing aluminum-oxygen polyhedra. Note that, in silicate glasses with both
Na and Ca charge compensators, it is well known that negatively charged aluminum
polytopes are first compensated by Na* ions. Depending on Al concentration, AlO4"
AlOs%, and AlO6> aluminum polytopes can appear where Ca ions begin to charge com-
pensate these aluminum polytopes (per-aluminum or per-alkali glasses) > >3, In addi-
tion, based on the multiple quantum (MQ) 2’Al NMR test, Faucon et al. proposed that
AlO4* aluminum polytopes are charge balanced predominantly by hydrogen cations
in C-A—S—H gels >*. Here, it is assumed that H* ions could play a similar role as Na* ions
before Ca?* ions bring their charges and increase the formation of AlOs? and/or AlOg3
aluminum polytopes. Thus, the numbers of hydrogen and calcium atoms, respectively,
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required for charge balancing are N¢omu and Ncomca » Which can be calculated as fol-
lows:

Ncomn = NAlo},— (6)

1 3
Ncomca = 5 (N p103-—Ncomn) + Nyjoz- + 5 Najoz- (7)

where NAlo},‘ is the number of AlO4'" polytope, NAlog‘ is the number of AlOs? poly-
tope, NAlog- is the number of AlOs*> polytope. However, the real number of hydrogen

and calcium atoms, respectively, available for charge compensation are N¢ o,y and
N¢omea, Which can be calculated as follows:

Ncomn' = Nrotain — (Nnpon + Nron) (8)

Ncomca' = Ntotaica — (NnBoca + Nroca) (9)

where Ntoraig and Ntotaica are, respectively, the total number of hydrogen and cal-
cium atoms in the system; Nygon and Nygoca are, respectively, the number of hydro-
gen and calcium atoms used to create NBO atoms; Nggy and Nggca are, respectively,
the number of hydrogen and calcium atoms used to form FO atoms. Note that the
total number of calcium atoms in these gels with different Al/Ca molar ratios is a con-
stant value of 386. As the Al/Ca molar ratio increases, the amount of aluminum atoms
grows, which increases the numbers of hydrogen and calcium atoms required for
charge compensation. Meanwhile, the numbers of hydrogen and calcium atoms used
to create NBO atoms increases, which may result in an insufficient number of hydro-
gen or calcium atoms actually used for charge balancing. Therefore, the numbers of
missing hydrogen atoms and missing calcium atoms, respectively, for charge balancing
are Nyiissingtt aNd Numissingca » Which can be determined as follows:

NMissingH = Ncomn — NComHI (10)
NMissingCa = Ncomca — NComCa’ (11)

Figure 5(a) show the fraction of missing hydrogen atoms for charge balancing in the
C-A-S—H gels as a function of the Al/Ca ratio after the initial relaxation at 300 K. As
illustrated in Fig. 5(a), the fraction of missing hydrogen atoms for charge balancing
increases with the increasing Al/Ca molar ratio. As expected, the growing rate of the
fraction of missing hydrogen atoms rises when the Al/Ca ratio is larger than 0.14,
which agrees with the positions of the break in slope in the activation energy reported
in Fig. 3(c), the polymerization rate reported in Fig. 3(d), and the fraction of 5-fold
coordinated Al atoms shown in Fig. 4(b). In detail, when the Al/Ca molar ratio is less
than 0.14, the growing fraction of missing hydrogen atoms for charge balance suggests
that the number of the AlO4! aluminum polytopes is gradually more than the real
number of hydrogen atoms available for charge compensation, and the effect of the
charge compensation mechanism is amplified. At this point, more positively charged
atoms (e.g., hydrogen atoms or calcium atoms) need to be consumed to achieve
charge balance, raising the pH value of the aqueous solution, and accelerating the ge-
lation rate. Similarly, when the Al/Ca molar ratio is greater than or equal to 0.14, the
difference between the number of AlOs!" aluminum polytopes and the real number of
hydrogen atoms available for charge compensation is relatively large, resulting in a
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greater shortage of hydrogen atoms used for charge compensation. Meanwhile, the
impact of the mechanism of charge compensation is stronger, necessitating a greater
number of positively charged atoms (e.g., hydrogen atoms). As a result, the higher the
pH value of the formed solution, the faster the polymerization rate.

Based on the calculation results, we find that the fraction of missing calcium atoms for
charge balancing is negative in the C-A-S—H gels, which means that there are extra
calcium atoms after charge compensation with aluminum polytopes. Figure 5(b)
shows the fraction of extra calcium atoms available for charge balancing in the C-A-
S—H gels as a function of the Al/Ca ratio after the initial relaxation at 300 K. We can
observe that the number of extra calcium atoms gradually increases with the increas-
ing Al/Ca molar ratio. Especially when the Al/Ca ratio is greater than 0.14, the increas-
ing rate of the number of extra calcium atoms grows, which is also confirmed with the
positions of the break in slope in the activation energy shown in Fig. 3(c), the polymer-
ization rate represented in Fig. 3(d). This finding agrees with the evolution of the 5-
fold coordinated Al atoms with the increase in Al/Ca molar ratio observed in Fig. 4(b).
To be specific, AlOs*aluminum polytopes cannot completely be charged by H* cations,
Ca?* cations begin to charge to compensate the excess AlO4aluminum polytopes, the
AlOs%>or AlOg> units gradually appear as the Al/Ca molar ratio increases. When the
Al/Ca molar ratio is smaller than 0.14, the fraction of extra calcium atoms available for
charge balance is a small, which indicates that the number of 5-fold Al atoms is also
small. At this point, the increasing positively charged calcium atoms could lead to an
increase in the pH value of the aqueous solution, which tends to accelerate the gela-
tion kinetics®>. On the other hand, when the Al/Ca molar ratio is larger than or equal
to 0.14, the more fraction of extra calcium atoms available for charge balance, the
more 5-fold Al atoms are formed. At the same time, the impact of a higher pH value
of the formed solution is stronger, which results in a faster gelation kinetics rate.
Therefore, the increase of Ca®* cations can bring more charges and increase the for-
mation of AlOs? and/or AlOg*> units. Generally speaking, the mechanism of charge
compensation resulting from the change in atomic coordination number greatly
speeds up the precipitation kinetics.
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Fig. 5. The numbers of (a) missing H atoms and (b) extra Ca atoms in hydrated alu-
minosilicate gels with respect to the Al/Ca molar ratio before accelerated aging at
2000 K. The line is to guide to the eye. The grey area indicates that the break in slope.

4. Conclusions

Altogether, this study shows the kinetic mechanism of calcium—alumino—silicate—hy-
drate gel formation by reactive molecular dynamics simulations. The elevated reaction
temperatures which don’t affect the structure of the final hydrated gel are adopted to
accelerate the condensation kinetics in the reactive molecular dynamics simulations,
and the results of polymerization kinetics are in agreement with experimental data.
As a major outcome of this study, we find that the condensation kinetics of the gel are
strongly influenced by the concentration of Al atoms in the aqueous solution. Specifi-
cally, the activation energy of C—A—S—H precipitation decreases with the increase of
the Al/Ca molar ratio, and accordingly the polymerization rate at 300K increases. Fur-
thermore, based on the atomic coordination analysis and charge-balancing mecha-
nism, we demonstrate that 5-fold Al atoms are mainly forming at high Al/Ca ratios,
where the 5-fold Al atoms act as a potential catalyst in the gelation process. This arises
from the fact that there are insufficient hydrogen atoms or extra calcium atoms to
charge compensate Al atoms at high Al/Ca ratios during accelerated aging, which re-
quires the consumption of more positively charged atoms (e.g., hydrogen atoms) for
charge balancing and hence enhances the gelation rate. Overall, we envision that the
careful control of the kinetics of hydrated gels could open a new avenue for designing
novel gels with enhanced properties.

SUPPLEMENTARY MATERIAL

See supplementary material for the pair distribution functions of Al-0, Si-0O, Ca-0,
H-0, Al-H and Al-Ca pairs; the average coordination numbers of Si, Ca, H, and O at-
oms; the average coordination numbers related to Al-H pair and Al-Ca pairs; the evo-
lution of the BO/(Si+Al) molar ratio as a function of time with different Al/Ca ratios;
the fractions of 4-fold and 5-fold coordinated Al atoms before accelerated aging at
2000 K; the fractions of AlO4, AlOs , and AlOs aluminum polytopes after accelerated
aging at 2000 K; and the list of ReaxFF parameters used for the molecular dynamics
simulations.
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