Studies on the evolution of alkali silicate in a simulated alkali-silica
reaction system
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Abstract

In this study, the interaction between the reactiiea present in aggregates and the alkalis and
hydroxyls present in the pore solution of cememstg#s simulated in a chemical model system and
investigated experimentally. Various propertiesha solid and liquid phases are investigated. The
results show that the nano and micro structurepangerties of the formed alkali silicate change
significantly during this process.

1. Introduction

Alkali-silica reaction (ASR), since it was firsthgported in 1940 [1], is one of the most serious
durability problems of concrete leading to deteaimmn. The process of ASR consists a series of
physico-chemical reactions between the reactiveastdontained in the aggregates and the multiple
components present in the cement paste leadihg fotmation of ASR gel. Considering the decisive
effect of ASR gel on the consequent deterioratitw investigation on this topic is of great
importance to improve our understanding about teehanism of ASR.

Although the term “ASR gel” is widely used for repenting the products responsible for the
expansion and cracking caused by ASR, it doesiwetagy information about the intrinsic properties
of those products leading to a possible underettmabout the complexity of the related processes.
In the light of this consideration, it is necesstrglarify the definition of ASR gel by followings
formation processes.

Generally speaking, ASR gel can be classified tato types concerning whether it contains
calcium or not: alkali silicate and calcium alksilicate.

Once the reactive silica contained in the aggregadenes into contact with the pore solution, the
Si-O-Si bonds (siloxanes) on the surface of sdi@destroyed by those hydroxyls to generate Si-OH
bonds (silanols) [2] leading to a local hydrolyasssstated by Brinker [3], see Eq. 1. As a consempien
the influenced silicon-oxygen network on the swefa€ silica is modified from a relatively closed
structure to a more open and dis-organized or@Hifis sufficiently provided by the pore solution,
more siloxanes can be attacked by @étulting in further hydrolysis. This eventuallguses the
destruction of the affected silicon-oxygen network.

20H + (2Si-O-Sk) — 2(=Si-OY + H:0. (1)



The formed silicate is negatively charged, themfbrcan be neutralized by the alkalis {Nand
K™) present in the pore solution. As a result, tHal@ are incorporated into the silicon-oxygen
network, i.e. alkali silicate is formed. This preses shown in Eq. 2 where R denotes the alkalis
including N& and K, where O.R means the bond between oxygen and alkali isdikgong Van
der Waals force [4].

(=Si-O) + R+— =Si-0...R. (2)

Due to the minimum energy variation between diffiéralkali silicates [5], the formed alkali
silicates can interlink with each other to form arencomplex type of alkali silicate with largeresiz
and higher polymerization degree [6]. This procssknown as condensation or polymerization
shown in EqQ. 3 [7]. As a consequence, a new ane eross-linked silicon-oxygen network is formed
[8, 9]. Many studies [8, 10, 11] suggested thatghédr concentration of silicate, a lower pH value
and a longer reaction time favored the polymerizati

-SiOH + HOSi-—> -SiOSi- + HO. 3)

If calcium is present in this system in the formedher C&" or Ca(OH}, it can get incorporated
into the silicon-oxygen network to form calcium aliksilicate by Eq. 4 [12]. Since the incorporation
of calcium happens after the hydrolysis of silitas process can be considered as the interaction
between alkali silicate and calcium.

Ca* + 2(=Si-Oy — (=Si-O...Ca...O-Sk). &)

Compared to the formation of alkali silicate (Egarid Eq. 2) which is well studied and closely
related to ASR [13-15], the influence of the evimntof alkali silicate (Eq. 3) on ASR draws little
attention [16], though it does have a significaifé@ on changing the nano and micro structure of
alkali silicate and consequently modifying its pedpes and the performance when it interacts with
calcium in the subsequent reaction (Eq. 4). Thidystvas carried out in view of this consideration.

2. Materialsand Method

In this study, silica fume (Elekem Microsilica Gea@40U, Oslo, Norway) was chosen as the silica
source to simulate the reactive silica containethénaggregates. The composition of the silica fume
in the form of oxides is given in Table 1, and ¥eay diffraction (XRD) pattern of the used silica
fume is shown in Fig. 1. To simulate the pore sotubf the cement paste, the NaOH solution with
a concentration of 1 mol/L was obtained by dissajvellets of NaOH in deionized and &fbee
water.

Table 1: Chemical composition of the silica fume [wt %].

Compositions Si0; CaO Al:03 FeO:; MgO NaO KO0 SO;
Content 94.2 0.6 1.0 0.5 0.7 1.0 1.1 0.3
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Fig. 1. XRD pattern of silica fume used in this study.

The interaction between silica fume and 1 mol/L Masvlution is used for simulating the first
step of ASR where the reactive silica in aggregati&sacts with the pore solution of cement paste
to form alkali silicate. (1) Add 1 mol/L NaOH soiom to the silica fume at a liquid to solid mass
ratio of 3 to ensure sufficient silica for the palrsilica dissolution [17] similar to the situation
ASR [6]; (2) seal the mixture of 1mol/L NaOH soturti and silica fume in a polypropylene bottle
which was filled with N to prevent contamination; (3) mix the mixture wathotary mixer at a speed
of 60 rpm at room temperature; (4) stop the mixfigr the desired mixing time for sample collection

After the desired mixing time (0 hour, 1 hour, &g 12 hours, 18 hours, 24 hours and 48 hours),
the mixture was poured into a container filled wigbpropanol to cease any further reactions by
removing the water in the system. The immersionopelasted for 24 hours. In order to ensure a
considerable efficiency for this step, the voluraga of isopropanol to the alkali silicate slurrnasv
about 100. After the desired immersion time, thteduge was obtained by filtering with vacuum. In
the end, the residue was vacuum dried for 4 dagkitwas ready for analysis.

The alkali silicate slurries mixed for O hour, 1uino6 hours, 12 hours, 18 hours, 24 hours and 48
hours were collected for the analysis of the cotreéinn of silicon and hydroxyl.

Notably, the conventional method of acquiring solutfrom slurry by filtering several times is
time-consuming and prone to contamination. Accaiyina method combining centrifuge and
filtering was designed. (1) The mixture was pourgd the container for centrifuge at 3000 rpm for
3 minutes; (2) the liquid layer located at the vegs filtered twice through filter papers with pelei
retention of 12-15 um first and 2 um in sequencgeba clear solution for further analysis. This
procedure was carried out in the glove box fillethviNz; (3) the acquired solution was distributed
evenly into two parts to analyze the concentratiohsilicon and hydroxyl, respectively. (4) the
samples were stored in a fridge at a temperatube®@f for 3 hours at most, until their analysis.

In order to evaluate the quantity of hydroxyl greupOH) in alkali silicate, an acid-thermal
treatment proposed originally by Bulteel et al.][#s followed with minor modification. In this
method, H from HCI firstly neutralizes the access Qhithe slurry and secondly exchanges with the
incorporated alkalis in alkali silicate. This resuh the protonation of alkali silicate to forntesiols
and/or silicic acid. The newly formed hydroxyl gpsucan be removed as water vapor during the
thermal treatment. The volume ratio of the HCI soluto the alkali silicate slurry was set as about
100 to ensure the efficiency of protonation. Thepstare given as follows: (1) 40 g of alkali sileca
slurry was poured into a container with a 0.5 malflHCI solution; (2) the mixture of alkali silicat
slurry and HCI solution was mixed with a magnetioar for 1 hour at room temperature; (3) the
mixture was filtered with vacuum; (4) the residuaswdried under vacuum for 4 days under room
temperature; (5) the sample was heated up to 1000 &n oven.

The quantity of hydroxyl group in alkali silicatarc be calculated based on the mass difference
before and after the thermal treatment. The cdiculas given in Eq. 5, whereguenotes the mass
of the sample before the thermal treatment in thiewf gram (g); mdenotes the mass of the sample
after thermal treatment (g); o denotes the molar mass of water (g/mol).



_Mo—Mg

Molarity of hydroxyl group per gram : (5)
Mp20Xmg

The concentrations of silicon in the system atedéht reaction times were measured with an
Inductively Coupled Plasma coupled with Optical Esion Spectrometry (ICP-OES). The
concentration of OHremaining in solution can be calculated from thel@vel measured with a pH
meter in a glove box filled with NThe waiting time for the stabilization of the glsy was not more
than 2 minutes for each measurement.

The specific surface area (SSA) of the solid prodvass measured with the nitrogen absorption
method following the Brunauer-Emmett-Teller (BETdael with VacPrep 061 for the pre-vacuum
treatment and TriStar 3000 for the measurement.

29Sj solid-state cross-polarization (CP)/Magic argpaning (MAS) nuclear magnetic resonance
(NMR) spectra were acquired to obtain the infororatbout the silicon-oxygen networks present in
the system [19].

3. Results and Discussion

3.1 pH Level and Concentration of Silicon. The concentrations of silicon and hydroxyl durihg t
interaction between silica fume and NaOH soluti@revmeasured with ICP-OES and pH meter,
respectively. The results are given in Fig. 2.
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Fig. 2: pH level and concentration of silicon.

As shown in Fig. 2, the pH level of the solutiortkitges significantly in the first 24 hours. This is
caused by the consumption of Oihich attacks the siloxanes and destroys thehtediral network
of silica. From 24h to 48h, the decrease of pH sldewn. In particular, the pH level is about 12.2
(concentration of OH([OH]) is 0.016 mol/L) at 24h; the pH level is 11.8 HJ=0.006 mol/L) at
48h. Considering the concentration of Optovided by the NaOH solution was 1 mol/L at the
beginning, most OH98%) present in the solution has been reactéukirfirst 24 hours. If Ca(OH)
is present in this solution and the interactionMaein alkali silicate and calcium is ignored, the pH
level at about 19h is low enough to trigger thesalistion of Ca(OH)to release Gaand OH, since
the pH value of the system is lower than that sftration solution of Ca(OHjpH=12.4).

The concentration of silicon measured by ICP-OFBesents the concentration of the dissolved
alkali silicate in the solution. The concentratadrsilicon increases significantly in the beginnanrd
reaches a value of about 0.94 mol/L at 18h. Fraen thn, the concentration of silicon experiences a
slower increase to 1.03 mol/L at 24h and eventuhlB6 mol/L at 48h. This indicates that most
dissolved alkali silicate is formed and released the solution in the first 18 hours. This is dstent
with the results of the pH level, showing that@éamount of dissolved alkali silicate is relealsgd
the interaction between the silica fume and the Na®lution. From 18h to 24h (Zone II), the



increase of the concentration of silicon slows dandicating that the dissolved alkali silicate nmtigh
approach its saturation. The pH level continuedettrease in the meantime suggesting a continuous
consumption of OHduring this period. This consumption is likely sad by both the limited
interaction between OHand silica fume to form alkali silicate and théeiaction between OkFand
the existing alkali silicate. Considering the mimacrease of the concentration of silicon resulting
from the formation of alkali silicate which newlpters the solution, the considerable decreasesof th
pH level during this period can be mainly attriltlite the interaction between Obhd the existing
dissolved alkali silicate. From 24h to 48h (Zong, Ithe concentration of silicon and pH level
experience little change suggesting the systermiest at an equilibrium at this moment.

3.2 Silicon-oxygen Network. In order to characterize the evolution of the siicoxygen network,
NMR tests were carried out. It is necessary twuhice the standard notation of @menclature to
interpret the NMR spectra [20]. Q represents argitetrahedron; the exponent n represents the
number of associated bridges of oxygen with silidarthis way, a ®tetrahedron has four oxygen
bridges with silicon suggesting the existence ocbmplete interlinked silicon-oxygen organization,
e.g. a 3D structure. A Qtetrahedron has three bridging oxygens and onebridging oxygen
suggesting this tetrahedron has one bond avaifableridging. Notably, the non-bridging oxygen
can be bonded to another cation other than silie@n,bonded to a proton to form an —OH group. A
Q? tetrahedron has two bridging oxygens and two miniging oxygens indicating the existence of a
less cross-linked silicon-oxygen network compace@t Q7 is usually found to be present as part of
a chain. A Gtetrahedron has only one bridging oxygen witresiti and three non-bridging oxygens,
which is usually found to be present at the end sfructure. &tetrahedron has four non-bridging

oxygens and is usually present as monomer Si{OH)
-70 -80 -90 -100 -110 -120 -130

[ _JNo% Q m <

Original curve
Alkali silicate

Alkali silicate
_____ Fit curve of Q*
Alkali silicate AlKkali silicate
1 B -
_______________ Fit curve of Q3
Silica fume i ; 2
o B et N

0% 20% 40% 60% 80% 100% -70 -80 -90 -100 -110 -120 -130
Chemical shift [ppm]
Fraction of Q?, Q* and Q*

Fig. 3: 2°Si NMR results of the silicon-oxygen networks ikai silicate slurry with different
reaction times.

As shown in Fig. 3, the silica fume containg Q* and @. In particular, the fraction of s more
than 60%, the fraction of Qs about 21% and that of@ about 17%. This suggests the silica fume
is mainly composed of the fully cross-interlinkeiticen-oxygen network (¢) with some other
species of ®and G.

For the sample collected from the alkali silicdtery after 1 hour of reaction, its NMR spectrum
shifts downfield (the left) compared to that ofcal fume indicating an ongoing de-polymerization
featured by an increasing amount dfapd @ at the expense of*QIn particular, the fraction of Q
decreases from more than 60% in the silica fumabtmut 40% at 1h; the fraction of @hcreases
from about 17% in the silica fume to about 23%;ftiaetion of & increases from about 21% in the
silica fume to about 36%. Obviously, during thisgess, a large number of @r even part of €
are attacked by OHio generate ®leading to the formation of a less cross-linkdit@n-oxygen
network. As a result, the silicon-oxygen networkiéstroyed. Notably, There could represent the
unreacted silica fume present in the system.



For the sample collected from the alkali silicdtery after 24 hours of reaction, the fraction df Q
decreases from about 40% to about 29%; the fracti®@® increases significantly from about 23%
to about 57%; the fraction of’Q@ecreases from 36% to about 13%. The decrease dfdction of
Q* confirms the ongoing de-polymerization processmipwhich G is decomposed. The increase of
the fraction of G can be caused by two effects: the de-polymerimaifoQ* and the polymerization
of @ [7]. Similarly, the decrease of the fraction of€n also be attributed to two processes: the de-
polymerization of @ to form ¢ or @, the polymerization of &to form . The processes of de-
polymerization and polymerization are schematicéllystrated in Fig. 4. However, the featured
peaks assigned to'@nd @ cannot be found in Fig. 3. Therefore, the decrefske fraction of @
is caused by its polymerization to formi.@his conclusion is consistent with the resultegiin Fig.

2, indicating that a low value of pH benefits tleearrence of polymerization [10]. In this sensés it
clear that the silicon-oxygen network present ie gystem at 24h is experiencing both de-
polymerization and polymerization making it moremmex and cross-linked compared to that from
the system at 1h [8, 9, 21].
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Fig. 4: Schematic representation of de-polymerization@oigmerization.

De-polymerization and polymerization occur durihg interaction between the silica fume and
the NaOH solution. The de-polymerization predonesdhe silicon-oxygen network at the early age
while the polymerization is stimulated at the latime. During de-polymerization, Ols well as
alkalis from solution attacks the siloxanes corgdimn the silicon-oxygen network of silica fume
leading to the destruction of the network. As ailteshe polymerization degree decreases.

At the later age, the increase of concentratioralkéli silicate in the system as well as the
decreased pH level stimulates polymerization [8hribg polymerization, the silanols tend to
interlink with each other to generate siloxanesniog a more complex and dis-ordered silicon-
oxygen network. As a result, the polymerizationrdegof the alkali silicate increases. It should be
clarified that, the original silicon-oxygen netwoik destroyed during de-polymerization to form
smaller species. During polymerization, those senalpecies interlink with each other to construct a
new silicon-oxygen network. Therefore, the de-pdyization and polymerization here are never a
pair of reversible processes. The silicon-oxygetwagk formed from polymerization has a more
complex and dis-organized structure compared totiginal one.

To summarize, during de-polymerization, hydroxytsd aalkalis destroy the original silicon-
oxygen network of silica fume leading to the forioat of alkali silicate with a decreased
polymerization degree at the early age. As polynagion is stimulated, a more complex and dis-
ordered silicon-oxygen network is generated by¢heonstruction of siloxane bonds at the later age.
In addition, those changes on the silicon-oxygemvaoek of alkali silicate will inevitably affect the
interaction between alkali silicate and calcium.(EQ
3.3 Specific Surface Area (SSAset) and hydroxyl Groups. During the interaction between the silica
fume and the NaOH solution, the specific surfa@adSSAer) and the quantity of the hydroxyl
group contained in silicon-oxygen network will clgaraccordingly. The results are shown in Fig. 5.
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Fig. 5: SSAseT and content of hydroxyl group.

As shown in Fig. 5, SS& increases with time. In the first 12 hours (Zoyet slightly increases
from about 19 rfig to about 23 #ig. In the next 6 hours from 12h to 18h (Zone3pLseT increases
significantly to about 37 Afg. From 18h to 48h (Zone Ill), SSAr slightly increases to about 44
m?/g. Apparently, more surface areas accessible fardl generated during the interaction between
the silica fume and the NaOH solution. It is pokesibat the attack of OHllestroys the silicon-oxygen
network generating a structure which is more adbles$or No. In the first 12 hours, the slight
increase of SS#kT is probably due to the limited contact of thexsdloes with the hydroxyls. Because
the original silicon-oxygen network is probably elb protect the siloxane bonds located in the
interior of the network from the attack of Oliniting the increase of the SSé. As the reactions
proceed progressively, more and more siloxane barglslestroyed. As a result, the network gets
more and more open resulting in the exposure oeraiboxane bonds which are originally located at
the interior, to the attack of OHThis leads to a significant increase of 3§AIn the end, due to the
decreased concentration of Qthe attack of OHon the silicon-oxygen network slows down leading
to the slight increase of SS#.

The quantity of hydroxyl group contained in thecsih-oxygen network undergoes a similar but
less significant increase during this process, @epto the SS#r. As indicated in Fig. 5, in the
first 12 hours (Zone 1), the quantity of hydroxybgp increases notably from 1.17 mmol/g to 2.98
mmol/g. From 12h to 48h (Zone 2), it increaseshslgfrom 2.98 mmol/g to 3.20 mmol/g. This is
generally consistent with the results of SSA

It should be noted that, the hydroxyl group is magenerated by the destruction of siloxanes to
form silanols during de-polymerization; while béx@hated by the condensation of siloxanes during
polymerization. It means that the quantity of hyddagroup contained in the silicon-oxygen network
is largely influenced by the factors affecting da#ymerization and polymerization processes.

Moreover, the amount of hydroxyl group in the alkdlcate has a critical effect in the subsequent
interaction between alkali silicate and calciumegivn Eq. 5. Hence, the alkali silicate having liho
of reaction time is expected to have a completeerint performance during its interaction with
calcium compared to the one having 24 hours ofti@mat¢ime. This topic will be addressed in the
further research.

4. Summary

In this study, the interaction between the silisamé and the NaOH solution is used for simulating
the interaction between the reactive silica cortaiim the aggregates and the pore solution of cemen
paste. The concentrations of O&hd silicon in solution were measured with a pHenand ICP-
OES, respectively. The change of the silicon-oxygetwork during this process was investigated
with 2°Si NMR. The changes of the specific surface arethefsolid product and the content of
hydroxyl groups contained in the solid product wamalyzed as well.



Based on the above results and discussion, trenioly concluding remarks can be made:

* During the interaction between the silica fume anahol/L of NaOH solution, the specific
surface area of the solid product and the quaotitile hydroxyl group contained in the solid
phase increase accordingly; the concentrationlicbaiin the solution increases, while the
concentration of OHdecreases.

» During the de-polymerization process at the eagly, #he alkalis and hydroxyls decompose
the siloxanes in the silicon-oxygen network leadinghe destruction of the network. As a
result, a less cross-linked silicon-oxygen netwisrformed.

* Polymerization is triggered at the later age. Aesult, a more complex and dis-ordered
silicon-oxygen network is generated.
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