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ARTICLE INFO ABSTRACT

Keywords: Chemical compatibility with a wide range of materials is among the features that has driven the use of alkox-

Impregnation treatment ysilanes as consolidants in built structures. Such compatibility is particularly important in cementitious materials

Consolidation where the reaction with portlandite may generate C-S-H gel, one of the main hydration phases of OPC. The

[C\il;s;}::ﬂane cementitious matrix is a complex system, however, and the reaction of its many phases with alkoxysilanes, while

C-S-H gel poorly understood, may determine treatment efficacy. This article describes a detailed study of the individual

NMR interactions between an oligomeric alkoxysilane-based impregnation treatment previously shown to interact
with the portlandite present in cement paste and the cementitious phases generated in ordinary portland cement
hydration.

The findings show that both portlandite and C-S-H gel interact with the silicon oligomers in the hydrolysed
impregnation treatment to generate a C-S-H gel (in the case of portlandite) and a rise in C-S-H gel mean chain
length (MCL). Ettringite is also altered in the presence of alkoxysilanes, transforming to gypsum and AHs. Its
transformation generates a tetrahedral aluminium that is taken up into a high silicon gel sourced from the
treatment to form an amorphous aluminosilicate gel. Monocarboaluminate and katoite also partially decompose

in the interaction with the product, whereas gibbsite remains unaffected.

1. Introduction

Surface consolidation, one of the stages in restoring porous con-
struction materials such as stone and concrete [1-3], consists in
applying a product to recover the properties of degraded materials or
heighten the resistance of their surfaces after cleaning. Consolidants
penetrate deeply into the construction material through its pore struc-
ture, improving internal cohesion and rendering the deteriorated surface
layer more robust and adherent.

European standard EN-1504-2 describes three groups of surface
protection treatments. (1) Coatings (resins, cementitious veneering...)
form a surface layer on the material to protect it from the ingress of
aggressive species or enhance its mechanical strength. (2) Hydrophobic
impregnations (siloxanes, synthetic wax...) penetrate the pore structure,
preventing water and hydro-soluble substances from entering the ma-
terial. (3) Impregnations (alkoxysilanes, inorganic nanoparticles, alka-
line silicates...) penetrate the material and react in its interior to form a
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more compact and stronger structure. Oligomeric or monomeric
colloidal silica-based compounds (hereafter oligo/monomeric silica
sols) such as tetraethoxysilanes (also known as tetraethyl orthosilicates
or TEOS) are the consolidants most widely used to protect building
facades.

Thanks to their scant viscosity, oligo/monomeric silica sols are able
to penetrate the pore structure of construction materials. After hydro-
lysis they condense to form an amorphous silica [4-6]. Hydrolysis be-
gins inside the pores where the sol reacts with water vapour or the water
adsorbed onto the pore walls to form silicic acid containing highly
reactive silanol groups and ethanol (Eq. (1), TEOS hydrolysis). After
hydrolysis the ethanol evaporates and the Si-OH groups react and
condense, giving rise to siloxane (Si-O-Si) bonds and ultimately to a
three-dimensional silica gel (Eq. (2)).

Si(OC,Hs) + 4 H,0—Si(OH), + CH; — CH,OH )}

Si(OH),—Si0, + 2H,0 )
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That reactivity makes alkoxysilanes particularly apt for use in con-
struction materials containing siliceous components, for the silanol
groups present in the walls of the substrate’s pore structure react with
the products of TEOS hydrolysis, generating very strong siloxane bonds
and raising internal cohesion in the former [7-9].

Despite the advantages featured by these products, namely suitable
viscosity, surface tension, density and gelling time and their compati-
bility with many construction materials, they are also characterised by a
series of drawbacks. These include differences between the thermal
expansion coefficient of silica xerogel and other materials, the former’s
scant reactivity with carbonate-based materials and primarily their
small pore size (micropores). That pore structure exposes the xerogel to
high capillary pressure (AP is inversely proportional to pore radius)
during drying, inducing shrinkage and cracking and hindering me-
chanical strength development. Researchers have adopted a number of
approaches to improve gel properties, some based on including inor-
ganic oxide nanoparticles [10,11] and others on the use of surfactants
[12,13]. Adding particles, although effective, is less versatile because
the additives may alter the colour of the materials treated. In an earlier
study, the authors developed an impregnation product [14] by
combining a sol-gel procedure with ultrasonic stirring in which an
oligomeric silica precursor was micro-emulsified in n-octylamine
surfactant-stabilised water. That product gels in keeping with a reverse
micelles-mediated mechanism, forming a fissure-free, monolithic nano-
structured gel with mesopores of a uniform size. Such synthetic products
have been proven to interact effectively with and bond tightly to car-
bonatic substrates [15].

Although the mechanisms governing alkoxysilane interaction with a
number of types of natural stone have been widely studied and are
generally understood, those processes may differ significantly in
cementitious materials due to the chemical conditions prevailing. In the
medium basicity of portland cement concretes or mortars, the presence
of hydroxyls groups condition the hydrolysis and condensation stages of
the sol-gel reaction [5,6]. At the same time, the presence of calcium ions
in the pore solution in such material favours precipitation of the primary
component portland cement-based products, C-S-H gel (Eq. (3)), which
may enhance the chemical compatibility between the reaction products
and the substrate. According to Barberena-Fernandez et al. [16], TEOS
effectively consolidate portland cement mortars because they raise their
mechanical strength and reduce their porosity and permeability without
significantly altering colour. Pigino et al. [17], in turn, observed lower
capillary absorption and lower chloride migration and surface carbon-
ation rates in concretes treated with a TEOS-based sol.

Ca(OH), (from OPC hydration) + Si(OH), (from TEOS)—C — S — H gel
3

In addition to a basic pH and the presence of portlandite, hydrated
cement paste is characterised by different phases with hydroxyl groups
in their structure, including hydrated calcium sulfoaluminates such as
ettringite and AFm phases, calcium silicate hydrate (C-S-H) and alumi-
nates, ferrites and calcium silicates comprising the anhydrous phase of
cement. Therefore, alkoxysilane consolidation may proceed not only as
in Egs. (1) and (2), but by reacting with the cement paste phases
themselves. In light of the complexity of cementitious materials, an
understanding is needed of all such potential chemical interactions and
reactions, for impregnation product compatibility and efficacy ulti-
mately depend on the reaction products forming.

A number of studies have shown that TEOS and their derivatives
react with portlandite to produce C-S-H gel [16,18-22]. The oligomeric
alkoxysilane-based product developed by the authors exhibited similar
reactivity with portlandite and hydrated cement paste, together not only
with portlandite consumption but with a lengthening of the Si—O chains
in the C-S-H gel [20]. Nonetheless, nothing is known about the inter-
action between alkoxysilanes and the other phases comprising hydrated
cement paste, for given the complexity of the cement system, the effects

Cement and Concrete Research 142 (2021) 106351

overlap. This study consists in a detailed exploration of the interaction
between an oligomeric alkoxysilane-based TEOS derivative (hereafter
UCA-T) and the phases present in portland cement hydration. The in-
teractions were differentiated by separately analysing the chemical re-
action between the product and a number of synthetic phases, including
portlandite, a synthetic C-S-H gel, a synthetic paste generated by hy-
drating synthetic CsS (comprising C-S-H + Ca(OH)y), ettringite, mono-
carboaluminate, katoite and gibbsite. However, we have to take into
account that some cement hydrated phases are very flexible in stoichi-
ometry under practical conditions, a fact that also has influence on their
stability and therefore deviations could arise depending on the different
cement types.

2. Experimental
2.1. Substrate preparation

The synthetic phases (substrates) studied are listed in Table 1.

Tricalcium silicate (C3S) was synthesised from a mix of calcium
carbonate and silica gel at a CaO/SiO2 molar ratio of 3. The paste was
mixed in a shaker-mixer for 2 h, compressed into wafers, gradually
ramped from ambient temperature to 1450 °C, heated at the latter
temperature for 5 h and subsequently quenched. That process was
repeated until the free lime content declined to under 1%. The material
was then ground and sieved to <45 pm. XRD-Rietveld analysis only
shows the presence of triclinic polymorph C3S T1 (pureness >99%), with
a high correlation between the observed and calculated patterns (Rwp =
0.13%) [21]. Tricalcium aluminate (C3A) was synthesised from a mix of
calcium carbonate and alumina at a CaO/Al,O3 molar ratio of 3 and
calcined as C3S in [21]. Its XRD-Rietveld analysis showed only the cubic
polymorph (pureness >99%) and no other calcium aluminates, with
lower Ca/Al ratio (such as C12A7 or CA), were identified [23].

Synthetic paste (SP) was prepared by hydrating synthetic C3S with
deionised water (w/c ratio = 0.425). The pastes were mixed manually
for 3 min and subsequently cured at 100% RH and a T of 40 °C for 1 year
in a controlled Ny atmosphere [24].

C-S-H gel was synthesised with 2 g of amorphous silica and 250 ml
and | of saturated portlandite solution ([CaO] = 17.68 mmol/l; [OH] =
35.36 mmol/1), and stored in air-tight polypropylene beakers at an oven-
controlled 40 °C for 60 d. The solution was stirred continuously,
maintaining saturation with 5 g of portlandite in semi-permeable bags
placed in the beakers, an arrangement that prevented any direct mixing
between portlandite and silica. The oven-treated samples were then
filtered, immersed in isopropyl alcohol for 2 min, re-filtered and dried in
a desiccator at ambient temperature.

Ettringite (CagAly(SO4)3(OH)12-26H20) was synthesised following
one of the methods proposed by Struble [25], consisting in suspending
Al5(S04)3-18H50 (Panreac) and CaO (via CaCO3 decarbonation instead
of the Ca(OH); cited in the original procedure) at a molar ratio of 1:6 in
11 of water. The suspension was stirred for 48 h at ambient temperature
in an N atmosphere, after which the ettringite was filtered, rinsed in
isopropanol and dried in a desiccator at ambient temperature. According
to Rietveld refinement phase quantification, the synthetic ettringite was
98.66% pure, with the remaining 1.34% consisting of mixture of gypsum

Table 1
Wafers prepared with the synthetic phases, substrate weight and amount of
impregnation treatment applied.

Substrate Name Substrate (g) UCA-T (g)
Portlandite Ca(OH), 0.1572 0.0360
C-S-H gel CSH 0.1052 0.0422
Synthetic paste SP 0.1536 0.0370
Ettringite E 0.1050 0.0413
Monocarboaluminate MC 0.1210 0.0374
Katoite K 0.1781 0.0373
Gibbsite AHg 0.2627 0.0442
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and gibbsite (Rwp = 8.60%) [26].

Katoite, CagAl(OH)12, (C3AHg) was prepared by hydrating synthetic
C3A for 9 d at 25 °C. A post-hydration Rietveld analysis revealed that
79% of the product was katoite and the remaining phase was anhydrous
CsA.

Monocarboaluminate, CaszAl;(CO3)(OH)12-5H50 (C4Ac-11H50) was
prepared by mixing C3A and CaCOjs in stoichiometric proportions with
distilled water at a liquid/solid ratio of 20/1 by weight. The mix was
stirred magnetically and constantly at 25C for 7 d in a sealed beaker,
subsequently filtered, rinsed with isopropyl alcohol and dried in a
desiccator for 10 d. A TG/DTG analysis revealed that around 77% of the
sample was monocarboaluminate, the remaining 23% a mixture of
calcite, C3A, gibbsite and katoite.

The portlandite, Ca(OH),, (CH) and gibbsite (Al(OH)3), (AH3) used
were >99.5% pure laboratory reagents supplied by MERCK.

2.2. Synthesis of the impregnation product

The impregnation product was synthesised further to an
ultrasonication-mediated pathway described in earlier papers [14,20]. It
involved mixing 500 ml of an oligomeric silica precursor (TES40, sup-
plied by Wacker, Germany) with 2.5 ml of deionised water and 0.8 ml of
n-octylamine (99%, supplied by Sigma-Aldrich) as a surfactant and
catalyst. According to manufacturer specifications, TES40 contains a
mix of TEOS oligomers with a mean chain length of five Si—O units. The
mix was immediately stirred for 10 min in a Bandelin HD3200 ultrasonic
probe operating at 74% amplitude.

2.3. Procedure and analysis

The phases described were pressed into 10 mm diameter wafers
approximately 1 mm thick. The amounts of UCA-T required to reach
saturation (Table 1) were applied drop-by-drop, covering the entire
upper surface of each wafer. The samples were then set in a reactor
vessel (23 °C, >90% RH) with a layer of deionised water at the bottom
and purged with Nj to establish a controlled, CO,-free atmosphere. After
21 d, the time recommended for the UCA-T sol-gel reaction [20], the
wafers were ground and the interaction of each phase with the con-
solidant was analysed with XRD, FTIR, TG/DTG and 2°Si and %Al MAS
NMR.

UCA-T (sol) was stored under the same experimental conditions and
after 21 d the polymerised xerogel was likewise analysed with XRD,
FTIR, TG/DTG and 2°Si MAS NMR.

XRD analyses were performed on a Bruker D8 Advance diffractom-
eter consisting in a 2.2 kW generator, a copper anode X-ray tube (CuKa1
radiation: 1.5406 A and CuKa2: 1.5444 10\) operating at 40 kV and 30 mA
and fitted with a 0.5° fixed divergence slit and a non-monochromatic
Lynxeye superspeed detector bearing a 3 mm anti-scatter slit, a 2.5°
Soller slit and a 0.5% Ni K-beta filter. Readings were taken for approx-
imately 1 h per diffractogram over an angular range of 5° to 60° with a
0.02° step size. Infrared spectra were recorded (10 scans) for KBr pellets
on a Nicolet 6700 spectrometer in the 4000 em ™! to 400 cm ! range at a
spectral resolution of 4 cm™?.

Thermogravimetric heat flow was determined on a TA SDT Q600
analyser with platinum crucibles (empties were used as a reference). The
samples were ramped at 4 °C/min to 1000 °C (1050 °C in ettringite) in a
nitrogen atmosphere.

NMR analysis was performed on a Bruker Avance III 400 MHz nu-
clear magnetic resonance (NMR) mass spectrometer under the following
conditions: 2°Si resonance frequency, 79.5 MHz; spinning rate, 10 kHz;
pulse sequence, single 5 ps pulse and 10 s recycle delay; number of
transients, 4912; and external standard, tetramethylsilane (TMS); 27A1
resonance frequency, 104.3 MHz; spinning rate, 10 kHz; pulse sequence,
2 ps single pulse and 5 s recycle delay; number of transients, 400; and
external standard Al(H,0)2".
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3. Results and discussion
3.1. Sol-gel product characterisation

As the gelled and cured UCA-T composition and structure were
described in an earlier article [20], this section contains only a brief
discussion of its characterisation after curing under the same conditions
as the synthetic samples (T = 25 °C; RH > 95%; t = 21 d). The findings
are intended to serve as a reference for determining both how the sub-
strate modifies silica precursor hydrolysis and condensation and the
possible interaction between substrate and UCA-T. Fuller information is
available in the Supplementary material (hereafter SM).

The two humps observed on the diffractogram for the polymerised
(21 d) UCA-T gel, ranging from 26 5° to 15° and 26 15° to 35°, were
indicative of the formation of an amorphous silica (SM, Fig. SM1).

The FTIR spectra for both the sol and the 21 d gel obtained under the
curing conditions described (band assignments in SM, Table SM1) are
reproduced in Fig. 1.

The transparent, colourless monolith formed was not fully poly-
merised after 21 d, as attested to by the presence of bands attributable to
ethoxy and silanol group vibrations. Ethanol evaporated during hydro-
lysis, lowering the intensity of the C—H stretching bands (2880 cm ™ to
3000 cm’l) and the bending bands (1300 cm ! t0 1400 cm™ 1) generated
by the CHs and CHj present in the ethoxy groups in ethyl silicate
[4,20,22]. The silanol group Si—O band (970 cm™Y) was much less
intense in the gel than in the sol sample, denoting condensation. No
significant differences were observed in the other bands, with the
exception of a slight shift and widening in the band at 1077 cm ™! in the
sol to 1080 cm™ L.

Fig. 2 reproduces the deconvoluted 2°Si MAS NMR spectra for both
sol (initial) and gel (21 d) stage UCA-T (assignment of the deconvoluted
components [27-30] and the respective percentage areas in SM,
Table SM2).

Certain differences were observed between the 21 d and initial
samples. The signal at —82.43 ppm attributed to Q° units disappeared
and the area of the signals at —96.67 ppm (Q?) and —103.52 ppm (Q®)
was smaller than in the non-polymerised UCA-T (SM, Table SM2). In
addition, two new, very wide signals appeared at —101 ppm (7.51% of
the total area) and —111 ppm (29.34%), respectively assigned to Q3
units with silanol groups (Si-OH) and Q4 units (SiOz) (SM, Table SM2).
Curing temperature, relative humidity and time significantly condi-
tioned oligomer hydrolysis and condensation: after 3 weeks only around
38% of the silicon had condensed to form a silica gel with a Q*or Q°
structures. In earlier studies the authors observed the oligomer cured at
20 °C and 40% RH for 60 d [20] to generate bands in the same position

UCA-T-21d (gel)

% T (a.u)

UCA-T (sol)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1)

Fig. 1. FTIR spectra for UCA-T (sol) and UCA-T-21 d gel.
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Fig. 2. Deconvoluted 29gi MAS NMR spectra for: below, UCA-T (sol); and
above, 21 d (gel) (UCA-T-21d) (legend: blue line represents the original NMR
spectrum; red line represents the adjustment after the deconvolution process).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

but with hydrolysis and condensation in a much more advanced stage,
with 54% of the Si forming the three-dimensional structure character-
istic of xerogels. Alkoxysilane hydrolysis and condensation is a very well
understood process whose rate of reaction depends on ambient tem-
perature and relative humidity as well as on the substrate to which the
product is applied [4,27,28]. Although a priori, higher ambient relative
humidity such as used here may accelerate hydrolysis, a saturated sys-
tem in a closed environment may deter evaporation of the water
generated in the sol-gel reaction, shifting equilibrium away from the
condensation stage.

TG (Fig. 3) showed 65.80% total mass loss, with SiO, accounting for
34.2% of the mass of the xerogel analysed. That lower percentage than
the nominal 40% of SiO; present in UCA-T may be due to two factors; i)
UCA-T gel has a substantial amount of adsorbed water due to its large
specific surface and ii) it contained large amounts of entrained water
(sol-gel reaction by-product) in its pores. The DTG curve, in turn, had
peaks at 227 °C, 299 °C and 544 °C. The first, accounting for the greatest
mass loss and overlapping with the second, was attributed to the loss of
water and ethanol [20], whereas the other two less intense peaks might
denote pyrolysis of the organic matter (Et groups) in the sample. In light
of the distribution of the ethoxy groups bound to the Si as inferred by the

1007

90 4

80+
70+

1 299 544
60 +

Weight (%)
DTG (a.u)

50 -
1 227
40-

30+

200 400 600 800
Temperature (°C)

1000

Fig. 3. TG and DTG curves for polymerised UCA-T-21d.
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295i MAS NMR findings and the amount of SiO, in the xerogel, the
ethoxy group loss during thermal treatment would come to 26% (SM,
Table SM17). That is consistent with the mass loss at over 320 °C
observed in TG and confirms that not only water and ethanol groups but
Si-bound ethoxy groups were released at 299 °C.

3.2. Synthetic phase - UCA-T interaction

3.2.1. Interaction between portlandite and UCA-T

Portlandite crystallises in the trigonal system in the form of hexag-
onal plates. It is characterised by a layered structure comprising dis-
torted edge-sharing CaOg octahedra. Each hydroxyl group bonds to
three Ca atoms in its layer and is surrounded by a further three in the
adjacent layer [31]. Equilibrium pH is 12.472, solubility product
(log10Ksp), 22.82 (Ca(OH)z + 2H' = Ca®! + 2H30), and calcium con-
centration under those conditions, 20.36 mmol/1 [32].

The diffractograms for the original and UCA-T-treated portlandite
wafers (after 21 d in the desiccator at 25 °C and >99% RH) are repro-
duced in Fig. 4(a). The intensity of the portlandite lines was observed to
decline and the intensity of the calcite reflections to rise in the latter,
denoting slight carbonation in at least part of the portlandite, despite the
N, atmosphere prevailing in the desiccator.

The near imperceptibility of the UCA-T bands on the FTIR spectra
(Fig. 4(b)) for the Ca(OH),-UCA-T-21d sample was an indication that
portlandite stimulated oligomer hydrolysis significantly and favoured its
polymerisation via a different pathway to oligomer self-condensation.
The band at 3640 cm ! in the 4000 cm ™! to 2000 cm ™! zone, attribut-
able to portlandite OH vibrations [33,34], along with a group of very
low intensity bands in the 3000 cm™! to 2700 cm ™! region reflecting the
vibrations generated by the C—H in the original product [20] and/or
residual ethanol (from hydrolysis) trapped in the pores, confirmed that
hydrolysis had practically finalised after 21 d. In the 2000 cm™ to 400
em™! region on the spectrum for the Ca(OH),-UCA-T-21d sample, the
primary band at 1420 cm™! was assigned to carbonate asymmetric
stretching vibrations [33] (the result of handling-related weathering). A
second band in the region, at 966 cm™ !, was identified as characteristic
of the asymmetric stretching vibrations generated by the Si—O in C-S-H
gel [34], while a third at 810 cm ™! was attributed to the gel’s symmetric
stretching vibrations [34]. The second band bore shoulders at 1004
cm ! and 1042 cm ™! [34,35], frequencies characteristic of high silicon
gels that could not be associated with unreacted xerogel present in the
original product in light of the substantial shift in the main band for that
compound from 1080 cm ! [20] to lower frequencies (SM, Table SM3).

The TG/DTG curves for the original portlandite and the Ca(OH),-
UCA-T-21d sample are reproduced in Fig. 5. The mass loss in the 400 °C
to 550 °C range on the TG/DTG curves for the untreated portlandite
exhibited denoted portlandite dehydroxylation, and the loss at 550 °C to
800 °C, CaCOs decarboxylation [36,37]. The inference of the latter
finding was that the original reagent was slightly carbonated, by an
estimated ~8% (SM, Table SM4).

The TG curve for sample Ca(OH),-UCA-T-21d showed continuous
mass loss (20.15% up to 200 °C) between 25 °C and 1000 °C, although
the rate of loss varied with temperature. The DTG curve exhibited
intense mass loss at around 83 °C (steep endothermal peak), attributable
either to the loss of absorbed water or dehydration of the C-S-H gel
[36,37] resulting from the portlandite - UCA-T reaction (SM,
Table SM4). A 2.13% mass loss was recorded between 250 °C and 395 °C
(probably water from C-S-H gel). Two other prominent signals were
present: between 305 °C and 550 °C, with a 10.90% loss attributed to
portlandite dehydroxylation and a second at 550 °C to 750 °C, ac-
counting for 3.8% mass loss associated with carbonate decarbonation
(SM, Table SM4). The shift to higher temperatures and the asymmetry of
the exothermal peak assigned to portlandite dehydroxylation may be an
indication of UCA-T-induced structural change in that phase. None of
the endothermal / mass loss signals from 225 °C to 546 °C on the 21
d polymerised UCA-T curves (Fig. 3) were observed, inferring that
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Fig. 4. (a) XRD patterns for Ca(OH), and Ca(OH),-UCA-T-21d (legend: p, portlandite [Ca(OH), (COD 2101033)]; c, calcite [CaCO3 (COD 9000095)]); and (b) FTIR

spectra for UCA-T-21d and Ca(OH),-UCA-T-21d.
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Fig. 5. (a) TG and (b) DTG curves for Ca(OH), and Ca(OH),-UCA-T-21d.

ethoxy group presence in the sample must have been very minor. That
observation was consistent with the low intensity of the C—H bands on
the FTIR spectra.

The spectrum for sample Ca(OH),-UCA-T-21d showed slightly
higher carbonate content than the original sample (8.04% to 9.21%),
indicating less intense UCA-T carbonation might be deduced from the
FTIR findings. The steep decline in portlandite content therefore
constituted clear proof of its reaction with the impregnation product,
forming C-S-H gel as attested to by the FTIR (Fig. 4(b)) and 29si MAS
NMR (SM, Fig. SM2) findings. The 2°Si MAS NMR spectrum contained
the standard C-S-H units at —79 ppm and —85 ppm, with a prevalence of
Q! units (associated with end-of-chain silica dimers or tetrahedra) for a
mean chain length of 2.7. None of the signals generated after product
polymerisation (Fig. 2) was identified separately, confirming that the pH
sufficed to break the alkoxysilane oligomers down into their constituent
monomers, which would then effectively react with portlandite to pro-
duce dimer-heavy C-S-H-like structures.

Overall, Ca(OH)2-UCA-T-21-d characterisation was consistent with
the authors’ earlier reports [20] confirming the formation of a similar
reaction product consisting in a C-S-H gel with an mean chain length
(MCL) of 2.5 Si—O units (further to 2°Si MAS NMR measurements) and a
characteristic ‘foil-like’ morphology (further to TEM analysis).

3.2.2. Interaction between synthetic C-S-H gel and UCA-T

C-S-H gel is a quasi-amorphous, short-range order calcium silicate
hydrate. It consists in dreierketten silicate chains bound to a layer of
calcium oxide or hydroxide, similar to the structures of tobermorite or
jennite [38]. C-S-H gel contains hydroxyl groups in its structure and
water in the interlayers. It exhibits variable stoichiometry and a pH that
rises with the Ca/Si ratio. At a Ca/Si ratio of 0.6 and a T of 22 °C, its
equilibrium pH is around 10, its solubility product (log;oKsp) around 9
(Ca.695i02.415(0H)g.55.0.68H20 + 0.355H,0 + 1.38H" = 0.69Ca™" +
H,4Si04 dissolution) and calcium concentration 1.2 mmol/I [39]. At a
Ca/Si ratio of 0.8 its pH is 10.88 and Ca concentration is 1.23 mmol/1
and at a Ca/Si ratio of 1.6 pH is approximately 12.5, the solubility
product (log1oKsp) 24 and Ca concentration 20.6 mmol/L
(Cay.41Si02,96(OH).90:1.12H50 + 2.82H" = 1.41Ca"™" + 0.98H,0 +
H4Si04) [40].

The diffractogram for the pre-treatment C-S-H gel (See Fig. 6)
exhibited a series of reflections associated with highly amorphous
tobermorite [41], at 20 values of 29.26°, 31.82°, 49.7° and 55.15°. After
treatment with UCA-T, the XRD pattern contained a series of additional
signals associated with calcite formation.

The FTIR spectrum for untreated C-S-H (Fig. 7(a)) had a band
characteristic of O—H stretching at 3442 cm™' and another of the
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Fig. 6. XRD pattern for C-S-H and C-S-H-UCA-T-21d (legend: C, calcite (COD
9000095); t, tobermorite (COD 9002245)).

bending vibrations associated with water in the gel at 1641 em~! [33]
(SM, Table SM5). A small shoulder was observed at around 3642 cm ™!,
perhaps associated with the O—H stretching vibrations in amorphous
portlandite [33,34]. The Si—O asymmetric stretching band associated
with C-S-H gel located at 966 cm ™! [34] was highly asymmetric and
overlapped with signals at 1040 cm ™! and 1200 cm ™, associated with
Si—O vibrations in more polymerised structures [35]; the O-Si-O
bending band, also wide and asymmetric, was positioned at 452 cm ™.
C—O asymmetric stretching vibrations generated a very wide band be-
tween 1400 cm ™! and 1500 ecm ™!, which would be attributable not only
to calcite (1427 em ™)) but also to more amorphous calcium carbonates
whose C—O asymmetric stretching bands were located at 875 cm™,
overlapping with another at 860 cm ™!, The original C-S-H was therefore
slightly carbonated.

The FTIR spectrum for sample C-S-H-UCA-T-21d had no -CHs- or
-CHy-related C—H stretching bands (Fig. 7(a)), an indication of UCA-T
hydrolysis. The vas band at 969 cm™' and the & O-Si-O band at 454
cm ™! were unaltered, while an intense band was observed at 1054 cm 2,
overlapping with the gel’s primary band, which was not the same as the
21 d gelled UCA-T band (Fig. 7(b)). After spectrum subtraction, however
(Fig. 7(c)), the new band at 1054 cm ™! shifted to 1069 cm™! and the
band at 452 cm ™! to 464 cm ™!, values much closer to those observed for
UCA-T after 21 d gelling, and the Si—O symmetric stretching band at
781 cm ™! was much more pronounced. The carbonate bands narrowed
and the C—O v3 band shifted to lower wavenumbers on the C-S-H-UCA-
T-21d spectrum, denoting further carbonation during interaction with
the impregnation treatment.

The TG/DTG curves for the original C-S-H gel (Fig. 8) exhibited steep
mass loss at around 130 °C (13.78% up to 250 °C) (Fig. 8(b)), mirrored
on the DTG curve as an intense endothermal signal attributed to C-S-H
gel dehydration [36]. A further 2.1% loss (probably of water present in
the gel) was recorded on the DTG curve from 250 °C to 350 °C. That was
followed by a very wide endothermal signal with several nadirs, the
most intense at 423 °C, signifying mass losses at different rates and
interpreted as loss of the water in the gel and dehydroxylation of traces
of a possible amorphous portlandite [37], also detected with FTIR. A
7.6% loss was recorded between 350 °C and 600 °C (Fig. 8(a); SM,
Table SM6), primarily due to water loss from the gel, for if portlandite
were deemed to be the source, the percentage would have been 31% and
intense peaks would have appeared on the respective diffractograms and
FTIR spectra, which were not in fact observed. A comparison of the
enthalpy of this endothermal signal to portlandite enthalpy showed that
just 2% at most of the total loss would be attributable to that phase. The
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endothermal signals recorded through the end of the test may have been
associated with mass loss from different carbonates and gel water
(3.9%); the exothermal signals at T of >800 °C were not associated with
water loss but with the solid state formation of calcium silicates [36].
Total loss amounted to 27.51%.

The total mass loss in sample C-S-H-UCA-T-21d, while somewhat
greater than twice the loss observed in the original C-S-H gel (SM,
Table SM6), was not due to the decomposition of residual ethoxy groups
present in the impregnation product, for the losses did not occur at the
same temperature (Fig. 3). The most significant drop (47.58%) took
place in the first 250 °C (over three-fold the loss in the original C-S-H gel
in the same range: Fig. 8(a); SM, Table SM6) and the highest dehydra-
tion rate was recorded at 86 °C, substantially lower than the peak rate at
126 °C found for the original sample. Consequently, sample C-S-H-UCA-
T-21d may have absorbed environmental water and/or some water from
alkoxysilane hydrolysis and condensation that may have remained in
the sample, which consequently had a high free or scantly bound water
content. The high specific surface of the possible reaction products, C-S-
H and nano-structured silica xerogel, would favour water absorption,
particularly under high humidity conditions.

A comparison of the two DTG curves from 200 °C through the end of
the test (Fig. 8(b)) revealed the absence of some signals (423 °C) and the
appearance of others (a small hump at 600 °C and a tiny peak at 712 °C)
on the treated sample, apparently indicating a reaction between UCA-T
and an amorphous portlandite possibly present in the original sample
(detected with FTIR) and a modification of the carbonates in the sample.
Scant mass loss was observed in the 250 °C to 500 °C range, while the
loss at 550 °C to 750 °C, associated with carbonate decarbonation,
denoted minor sample carbonation.

The deconvoluted 2°Si MAS NMR spectra for both the original and
the treated (C-S-H-UCA-T-21d) C-S-H gel are reproduced in Fig. 9. The
components of the two spectra differed visibly: the C-S-H gel had three,
at —79.62 ppm associated with Q! units, —83.10 ppm with Q*(L) units
and —85.61 ppm with Q2 units [42-44] (SM, Table SM7). The signal at
—79 ppm practically disappeared on the spectrum for C-S-H-UCA-T-21d,
which exhibited a series of bands in the —90 ppm to —103 ppm range
associated with Q® and Q* units, i.e., more polymerised environments
[43]. Richardson [44] proposed the use of information derived from
different Q" units to calculate the mean silicate chain length (MCL) of
C-S-H gels from the following expression:

MCL=2*(Q' +Q*(L) +Q*)/Q' @

In this case the MCL showed a rise from 14 units in the original to
~44 in the treated gel. That may denote interaction between the C-S-H
gel and the silicon groups in the polymerised product, entailing UCA-T
oligomer uptake into and modification of the C-S-H structure. The
presence of such Q% and Q* units might be thought to be attributable to
residual UCA-T that had not reacted after 21 d of polymerisation,
although those signals appeared in clearly different positions on the
polymerised UCA-T-21d (—103.52 ppm and —104 ppm) spectrum
(Fig. SM2, Table SM2, in SM). Oligomer uptake into the C-S-H gel
structure was observed previously by the authors [20], although to a
much less significant extent. Variations in the experimental conditions
might explain that difference. In the earlier study UCA-T was mixed with
a cement paste with a higher portlandite content, favouring the forma-
tion of shorter chains (as discussed in Section 3.2.1); and the nominal
proportion of consolidant used here was approximately 40% higher
(calculated from the data in Table 1), which may have furthered
alkoxysilane self-condensation. In addition, the partial carbonation
taking place in the gel detected with XRD, FTIR and TG/DTG might have
contributed to a decline in the Ca/Si ratio, raising the degree of poly-
merisation [45].

The oligomeric alkoxysilane interacted differently with C-S-H than
with portlandite. The synthesised gel had a Ca/Si ratio >0.8 and <1, a
mean chain length of approximately 14 units and an equilibrium pH of
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Fig. 7. FTIR spectra for C-S-H, UCA-T-21d and C-S-H-UCA-T-21d; (a) 4000-2000 cm ! region; (b) 2000-400 cm ™~ region; (c) FTIR findings after subtracting the C-S-

H from the C-S-H + UCA-T-21d spectrum.

~11 [46], which although lower than in portlandite (pH ~ 12.472)
[32], accelerated hydrolysis, for no organic matter was detected in the
21 d material by TG/DTG or FTIR (the siloxane groups may not have
been broken down, however). With the synthetic C-S-H gel, in contrast
to the portlandite, two reactions took place: the gel chains were inter-
connected by hydrolysed monomers, lengthening the MLC to ~44 units,
and hydrolysed oligomers condensed to form three-dimensional silica
gel structures.

Ayuela et al. [46] showed that in cement hydration the dimeric C-S-H
gel structures initially formed are subsequently bridged by a monomer,
generating a dreierketten structure. The reasoning is that although

synthetic C-S-H gel stimulates UCA-T hydrolysis, its pH would be
insufficient to break the siloxane bonds, or at least not quickly enough to
prevent the silanols in hydrolysed oligomers from condensing and
forming silica gel. The oligomer would interact with synthetic C-S-H gel
and lengthen the chain, despite a lower pH and lower [Ca] than in
portlandite. The inference is that the gel may act as a seed or template,
with the hydrolysed monomers bridging Q! units and lengthening the
chain. In that case the gel would be highly hydrolysed due to the absence
of excess Ca to occupy half of the OH sites in the bridging silica mono-
mers [38].
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Fig. 9. Deconvoluted 2°Si MAS NMR spectra for C-S-H gel and C-S-H-UCA-
T-21d.

3.2.3. Interaction between synthetic cement paste (SP) and UCA-T

The diffractograms for the synthetic cement paste (SP) (product of
hydrating C3S with water at 40 C for 1 year) and the same paste after 21
d treatment with UCA-T (SP-UCA-T-21d) are reproduced in Fig. 10(a).
The most intense reflections on the original SP diffractogram were
assigned to portlandite, while the other wider, less intense lines detected
were attributed to C-S-H gel. No reflections for anhydrous C3S were
observed. Certain differences appeared after interaction with UCA-T: the
intensity of the portlandite lines declined substantially, C-S-H reflections
were still observed and very low intensity calcite lines appeared. The
presence of calcite might be the outcome of very minor portlandite
carbonation during the process (even though the reactions took place in
an Nj atmosphere) or more probably during the further analysis.

The FTIR spectrum for the original paste (Fig. 10(b)) contained vi-
bration bands typical of the main cement hydration products, por-
tlandite and C-S-H gel [33,34] (SM, Table SM8), as well as carbonate
bands at 1474 cm™! and 1421 cm ™! [33]. The primary asymmetric band
associated with C-S-H gel vibrations housed a shoulder at 922 cm ™},
possibly generated by unreacted residual calcium silicate [47].

295i MAS NMR analysis revealed Q° units to account for 5% of the
total, denoting the presence of anhydrous CsS residue. Mean chain
length was 3.93 [24].

The FTIR spectrum for the same sample treated with UCA-T exhibi-
ted notable differences. A series of very low intensity bands in the 2900
em ™! to 2800 cm™! region, the result of traces of the original UCA-T,
denoted incomplete hydrolysis. The intensity of the portlandite band
declined substantially, perhaps due to its reaction with UCA-T, although
the possibility of minor carbonation cannot be ruled out, an interpre-
tation that would explain the rise in carbonate band intensity (with the
band in all likelihood being a combination of the two factors). Although
the main Si—O band was not shifted, its asymmetry rose considerably,
particularly in the region at >970 cm™, possibly as the result of an
overlap between the main C-S-H gel band and the signal for the residual
xerogel formed during UCA-T self-condensation.

The TG/DTG curves for samples SP and SP-UCA-T-21d (synthetic
paste + impregnation treatment) are reproduced in Fig. 11. Total mass
loss in the original SP came to 20.70% (SM, Table SM9) as a result of the
following developments: loss of free or bound water in C-S-H gel (30 °C
to 390 °C) [36,37]; portlandite dehydroxylation (390 °C to 510 °C)
[36,37]; and amorphous carbonate decarbonation (510 °C to 800 °C)
[36,37]. Differences relative to those findings were observed on the TG
curves for the synthetic paste bearing UCA-T (SP-UCA-T-21d).The per-
centage associated with free water or gel water loss rose (in the 30 °C to
125 °C range). The amount of portlandite declined substantially as the
carbonate content grew (SM, Table SM9). Signals for the polymerised
UCA-T, albeit very small, were still visible (such as the DTG signal at
339 °C in Fig. 11(b)).

In light of the 95% degree of reaction in C3S determined by NMR and
the TG findings and deeming portlandite carbonation to be the source of
the carbonates, the Ca/Si ratio in the C-S-H gel in the untreated sample
was calculated to be 1.53, a value very close to the 1.67 found by del
Bosque et al. for this particular gel [24] using TEM techniques.

The rise in carbonates in the SP-UCA-T-21d sample was an indication
that not all the portlandite disappearing from the original paste was
carbonated, but rather that part reacted with the hydrolysed oligomers
in UCA-T to form C-S-H gel.

Further to the TG results for sample SP-UCA-T-21d, the Ca/Si ratio in
the gel in this sample was 1.16. That decline in the Ca/Si ratio implied
that the new C-S-H gel formed had a longer chain length than the
original phase, a finding consistent with the asymmetry observed for the
Si—O asymmetric stretching band on the FTIR spectrum (Fig. 10(b)) and
the 2°Si MAS NMR results (Fig. 12, Table SM10 (SM)).
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Fig. 12. Deconvoluted 2°Si MAS NMR spectrum for SP-UCA-T-21d.

295i MAS NMR analysis confirmed the presence of units at —79 ppm
(Q1 environments), —82 ppm (QZ(L)) and —85 ppm (QZ), structures
characteristic of C-S-H gel, as well as an MCL of 5.12 (higher than the
3.93 observed for untreated SP) [21,24]. The increase in mean chain

length observed with DTG, FTIR and NMR must have been stimulated
not only by high pH, which would break down the oligomeric siloxane
groups, but also by the presence of pre-existing C-S-H, that would favour
the positioning of monomers on bridging positions. Otherwise, the
predominantly dimeric product of the reaction between UCA-T and
portlandite, would shorten the MCL and raise the Ca/Si ratio. In that
case the C-S-H gel would be less hydroxylated than the synthetic gel
described above, given the presence of excess Ca.

3.2.4. Interaction between ettringite (E) and UCA-T

Ettringite (CagAly(SO4)3(OH)12-26H20) consists in hexagonal, pris-
matic crystals with a structure characterised by columns of [Al(OH)e]
parallel to axis c, joined by octahedrally coordinated calcium and hy-
droxyl ions ([Caﬁ-Alz(OH)lz]6+[BSO§’~26H20]6’) and separated by
sulfates and water molecules lying in-in between [48]. At 25 °C, equi-
librium pH is 10.36 and the maximum dissolved Ca concentration is
6.31 mmol/kg, whereas at pH of over 11 [Ca] is less than 1 mmol/kg and
the solubility —product is logioKsp = —44.91 (Cagl[Al
(OH)6]2(S04)3-26H,0 = 6Ca®t + 2AI(OH) 4 + 3507~ + 40H™ +
26H50) [49,50]. The diffractogram in Fig. 13(a) for ettringite (ET)
shows a predominance of that mineral, along with reflections for
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The XRD pattern for ET-UCA-T-21d (Fig. 13(a)) also contained
ettringite reflections and lines attributed to gypsum (much more intense
than on the pattern for the original ettringite), possibly implying that the
alkoxysilane partially decomposed part of the ettringite to gypsum.

gypsum and gibbsite. Rietveld quantitative analysis of the ettringite
phase revealed 98.66% purity for the product synthesised (JCPDS, PDF
72-0646), the rest up to 100% consisting in a mix of gypsum (JCPDS,
PDF 33-0311) and gibbsite (WRp = 8.60%).
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Ettringite, like the other phases studied, stimulated UCA-T oligomer
hydrolysis; after 21 d of treatment no bands characteristic of ethoxy
groups were observed on the FTIR spectrum. Treatment modified the
ettringite FTIR spectrum (Fig. 13(b)). A new band appeared at 3525
cm ! in the 0—H stretching vibration region (SM, Table SM11), while
the primary band shifted to 3412 cm ™. A new band also appeared in the
1700 cm ™! to 1600 cm™! region associated with bending vibrations in
water, at around 1621 cm™!, attributable to gypsum [33,51]. Wide
carbonate bands were observed in the 1400 cm™! to 1500 cm ™! asym-
metric stretching region, along with bending bands at around 875 cm™!
attributed to C—O vibrations in carbonates and 850 cm ™! to Al—O vi-
brations in ettringite [39], as well as two new bands at 669 cm ! and
604 cm ™!, characteristic of gypsum [33,51].

Subtracting the ET from the ET-UCA-T-21d spectrum yielded a
spectrum similar to that for gypsum, although with an extra band at
around 1033 cm ™! not attributable to S—O vibrations in sulfates (Fig. 13
(c)). That band might have been generated by Si—O vibrations [35]

3Ca0-Al,05-3CaS0,-32H,0 + 3C0O,—3CaS0,4-2H,0 + 3CaCOs + 2A1(OH), + 23 H,O

possibly associated with a product of the reaction between the con-
solidant and ettringite.

The TG curves for the aforementioned samples are reproduced in
Fig. 14(a) and the DTG curves in Fig. 14(b). Although percentage mass
loss in the original ET, at ~44%, was about the same as in the sample
treated with the consolidant for 21 d (ET-UCA-T-21d) (Fig. 14(a);
Table SM12 in SM), the curves varied, particularly in the 30 °C to 350 °C
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region. The DTG curve for the original ET (Fig. 14(b)) exhibited a pre-
dominant peak at around 96 °C and a lower intensity signal at 240 °C
associated with the loss of bound water with different bond energies
[26]. The latter would have been generated by dehydroxylation of the Al
(OH)3 [52], a phase detected by Rietveld analysis of the XRD findings.

The post-treatment DTG curve differed substantially from the curve
for the original ettringite. Three intense peaks were observed, at 74 °C,
121 °C and 151 °C, the first probably due to residual free water or water
in ettringite [53] and the latter two perhaps to water loss from gypsum
((CaS0O4-2H50) — hemihydrate (CaSO4-1/2H50) — anhydrite (CaSO4))
[36,52], a phase identified with XRD (Fig. 14(a)). The signal for AI(OH)3
was shifted to a slightly higher temperature, 252 °C, on the ET-UCA-T-
21d curve.

The literature normally associates ettringite decomposition to gyp-
sum with carbonation, further to a reaction simplified as shown in Eq.
(5):

(5)

Ettringite is extraordinarily sensitive to the presence of COo, partic-
ularly in moist environments [54,55]. Nonetheless, the diffractogram
contained no reflections for calcite or any other CaCO3 polymorph, nor
was any significant carbonation observed in the FTIR or TG/DTG ana-
lyses. Ettringite decomposition must consequently have been driven by
the alkoxysilane applied.
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3Ca0-Al,0;-3CaS0;-32H,0 -+ xSi(OH), —3CaS0, 2H,0 + (Ca0)z.(AL,03)y.(Si0,)x.(Hy0)g + (2 — y)Al(OH), + (23 + 2x — q — 3/2y)H,0

Further information on the product formed was sought with 2°Si and
27 A1 MAS NMR analysis of sample ET-UCA-T-21d. Fig. 15(a) reproduces
the deconvoluted spectrum for 2’ Al MAS NMR for ET and ET-UCA-T-21d
and Fig. 15(c) the deconvoluted 2°Si MAS NMR spectrum for ET-UCA-T-
21d.

The ?7Al spectrum for the original ettringite exhibited a very intense
signal at +13.27 ppm attributable to the octahedral Al in ettringite
[56,57] and a much smaller signal at +10.4 ppm to residual gibbsite
[56], likewise detected by XRD. After treatment with UCA-T the 27a1
spectrum changed: in addition to the ettringite signal at +13.27 ppm,
the area of the gibbsite Al signal at +10.4 ppm rose from around 19% in
sample ET to 26% in sample ET-UCA-T-21d, confirming the possible
decomposition of ettringite as per Eq. (6). The most significant feature,
however, was the appearance of a new signal in the tetrahedral Al re-
gion, at +54.89 ppm, typical of the Alr in aluminosilicates [43]. The
silica oligomers resulting from consolidant hydrolysis would react with
the aluminium from ettringite decomposition to form an amorphous
aluminosilicate gel. The FTIR vibration band observed at around 1030
cm ! t0 1040 cm’l, typical of Si—O bonds in aluminosilicates [35], may
support that hypothesis.

The CP 'H-%’Al spectrum for Al in this sample (Fig. 15(b)) showed
that the Alt component practically disappeared, confirming that this Al
would be coordinated with silicon species (Si-O-Al bonds) rather than
with OH groups.

The 2°Si MAS spectrum for sample ET-UCA-T-21d in Fig. 15(c)
contained a very wide asymmetric signal between —80 ppm and —120
ppm, substantially different to the one generated by UCA-T-21d (Fig. 2).
The signal-to-noise ratio is lower than in the previous 2°Si MAS NMR
spectra (due to the small number of active 29gi isotopes), however a
tentative deconvolution of that signal revealed the presence of compo-
nents which, depending on their position, might be assigned to Q*(nAl)
or Q4(nAl) environments (SM, Table SM13). The presence of silica en-
vironments different to those of the polymerised consolidant (Fig. 2)
confirmed that the UCA-T oligomers reacted with the aluminium present
in ettringite to form some manner of amorphous flat or three-
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(6)

dimensionally structured aluminosilicate. Those gels would differ sub-
stantially from the ones generated in the Ca(OH),-UCA-T-21d reaction,
which bear a closer resemblance to C-S-H-like gels (linear chain struc-
tures). As ettringite decomposition yields gypsum, the Ca from the sul-
fate would not be available to react with Si(OH)4, which would, rather,
react and condense with the Al(OH)g in ettringite, taking the Al up in
tetrahedral positions and compensating the charge with 1/3 of the Ca
available (A" + Ca®t & 25i*™).

The CP-'H-2%Sj spectrum contained no signal, confirming that the
silicates were coordinated in aluminium environments rather than with
OH groups. That suggests that the valence imbalance stemming from the
replacement of Si*" with AI** would have to be offset with the Ca?*
resulting from ettringite decomposition (Ca®* + 2A13* 5 28i*™).

These results contrast with earlier findings according to which
decomposition of the ettringite present in a portland cement due to its
reaction with the impregnation treatment was not initially observed
[20]. The apparent discrepancy might be explained by the fact that
under the conditions prevailing in that study, UCA-T would react pre-
dominantly with other phases such as portlandite and C-S-H.

3.2.5. Interaction between monocarboaluminate (MC) and UCA-T

Calcium monocarboaluminate hydrate 3Ca0O-Al;03-CaCO3-11H20
(MC) forms part of a family of laminar compounds generically known as
AFm phases. It crystallises in the triclinic system with a structure con-
sisting in interlayered aluminates [CasAlx(OH)12)%t, water and car-
bonates ((2H20)—(C03)2+-3H20) [58]. Its 25 °C equilibrium pH is
11.67, its solubility product (log;oKsp) is 31.12 and calcium solubility
under those conditions is 3.73 mmol/] (solubility calculated assuming
84 d calcite saturation in the supernatant and the dissolution reaction to
be: CayAl,(CO3)(OH)12-5H0 — 4Ca®t + 2A10 — 2 + CO%™ + 40H™ +
9H,0) [59].

The diffractograms for the original monocarboaluminate (MC) and
the same sample after interacting for 21 d with UCA-T (MC-UCA-T-21d)
are reproduced in Fig. 16(a). In addition to the typical MC (CasAl2(CO3)
(OH);2-5H20) signal, the XRD pattern for the original phase contained
reflections for residual C3A and calcite (CaCO3), as well as a series of
signals associated with gibbsite (AI(OH)3). Low intensity reflections
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Fig. 16. (a) Diffractograms (legend: m, monocarboaluminate (COD 2007668); g, gibbsite (COD 1011081); C3A, tricalcium aluminate (COD 9015966); c, calcite (COD
9000095); k, katoite (COD 9005159)); and (b) FTIR spectra for samples MC and MC-UCA-T-21d.
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Fig. 17. (a) TG and (b) DTG curves for MC and MC-UCA-T-21d.

associated with katoite (CazAl;H12012) were also present.

The FTIR spectrum (Fig. 16(b)) for the sample treated with UCA-T
shows no trace of ethoxy groups, further confirming that this phase
accelerated the alkoxysilane hydrolysis, aside from clear modifications
of the original sample and evidences of minor monocarboaluminate
decomposition. Intensity declined and relative intensity was altered in
the bands in the 3700 cm™! to 3500 cm™! region, associated with the
various types of O—H vibrations in the OH groups in CasAl3(CO3)
(OH)12-5H20 (MC) (SM, Table SM14). The new band at 3465 cm ! and
its shoulders at 3397 cm™! and 3376 cm™! were compatible with the
absorptions that would be induced by gibbsite if present [33]. Lower
intensity was also found for the band at 1363 cm™!, attributed to C—O
vibrations in MC [60], while the broadening toward higher wave-
numbers in the signal at 1425 cm ' denoted partial mono-
carboaluminate decomposition and precipitation of an amorphous
carbonate and gibbsite. In addition, the spectrum for MC-UCA-T-21d
contained a new, very wide asymmetric signal in the silicate vibration
region centred at 1050 cm™’, i.e., shifted toward significantly lower
frequencies than the 1080 cm™! observed for the polymerised UCA-T
(SM, Table SM1). That signal overlapped partially with the band at
1020 cm ! indicative of the gibbsite (or AI(OH)3 nH50) generated as a
result of partial MC decomposition. As in the preceding cases, such a
substantial shift may denote a reaction between the alkoxysilane
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Fig. 18. 27Al MAS NMR spectra for MC and MC-UCA-T-21d.
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oligomers and MC, yielding an aluminosilicate gel (aluminium uptake in
silica gels shifts the signal to lower frequencies).

The TG/DTG curves for the two samples reproduced in Fig. 17
exhibit obvious differences. The DTG curve for the original mono-
carboaluminate contained two peaks at 172 °C and 278 °C, a sign of two-
stage MC dehydration [52,61], in which an initial loss of the five
interlayer water molecules was followed by the loss of six water mole-
cules in the octahedral layer. Both signals tend to appear as double
bands [61], visible here as shoulders at 125 °C on the 172 °C peak and
257 °C on the 278 °C peak. The latter exhibited a second shoulder at
291 °C, attributed to katoite. The other two other peaks observed, at
739 °C and 792 °C, identified calcite and MC decarbonation, respec-
tively [61].

The peaks at 172 °C and 278 °C on the curve for the original sample
were shifted to slightly lower temperatures (165 °C and 275 °C,
respectively) on the DTG curve for sample MC-UCAT-21-d. A new
shoulder appeared at 222 °C, whereas the one assigned to katoite was no
longer visible. All these bands might also be assigned to MC dehydration
[61]. The most significant change, however, was found in the DTG peak
associated with carbonate decomposition, which widened considerably
and shifted from 739 °C to 711 °C with a shoulder at 667 °C, the result of
the overlap between the CO3 losses in calcite and in MC.

The total mass loss in the two samples above 450 °C was an identical
14.51%, indicating that whereas the oligomer partially decomposed
monocarboaluminate to yield a very amorphous calcium carbonate, the
sample was not carbonated.

The ?7Al spectra for the original monocarboaluminate and the phase
after reacting for 21 d with the impregnation treatment are reproduced
in Fig. 18. The original MC exhibited an intense signal at around +8 ppm
attributed to Alp (probably overlapping with the Alp in the small
amount of gibbsite detected with XRD). Similarly, a small shoulder
observed at +12.4 ppm was assigned to the Al in the katoite identified
as a secondary phase in XRD analysis. The post-treatment spectrum
contained a new very intense signal (96% of the area) at +8.1 ppm
attributed to the Alp in MC, along with a low intensity, barely percep-
tible signal at 456 ppm in the tetrahedral aluminium region (4% of the
area). That tetrahedral aluminium signal suggested that an Aly able to
react with the silica present in the UCA-T was generated during partial
MC decomposition. The intense signal at +-8.1 ppm would overlap with
the signal for the gibbsite identified with XRD, TG and FTIR.

The 2°Si NMR spectrum for MC-UCA-T-21d could not be readily
interpreted due to the low signal-to-noise ratio. In contrast with the
previously discussed phases, all the silicon in the sample is sourced from
the UCA-T and, in conjunction with a lower proportion of product (see
Table 1) and 2°Si active nuclei, would generate this type of spectra. As a
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Fig. 19. (a) Diffractograms and (b) FTIR spectra for K and K-UCA-T-21d (legend: K, katoite (COD 9001085); C3A, tricalcium aluminate (COD 9015966)).

result, no analysis was possible under the present recording conditions.

The small Aly signal on the A1 MAS NMR spectrum, together with
the FTIR band at 1050 cm ™!, might suggest the formation of a silicon-
based gel able to take Al up into its composition. The breadth of the
main signal on the FTIR band, centred at 1050 cm™!, would be an
indication that the band was the result of the sum of several components:
signals attributable to residual silica in UCA-T that might take up
aluminium in tetrahedral environments and Al—O vibrations in the
gibbsite (or alumina gel) generated as a result of partial decomposition.

3.2.6. Interaction between katoite (K) and UCA-T

Katoite crystallises in the cubic system with structure comprising a
three-dimensional system of octahedral [AlI(OH)g] and dodecahedral
[Ca(OH)g] [61] units. At 25 °C (84 d) its solubility product (log;Ksp) is
—20.84, its Ca concentration 6.31 mmol/l and its pH 11.81 (dissolution
reaction CasAl,(OH) 5 — 3Ca%" + 2A10 — 2+ 40H + 4H,0) [59].

The diffractograms for the original katoite (K) and the phase with the
impregnation treatment (K-UCA-T-21d) are reproduced in Fig. 19(a). In
addition to the reflections characteristic of the mineral (k: C3Al3(OH)13),
the XRD pattern for katoite contained a series of lines associated with the
C3A from which it was synthesised. Adding UCA-T induced a decline in
CsA reflection intensity, probably a result of phase hydration, favoured
by the high relative humidity. The intensity of the katoite peaks was
barely affected (outside of a slight decline). A low intensity signal at 260
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29° attributable to slight carbonation (despite the controlled N working
atmosphere) was detected.

The FTIR spectrum for the original katoite (K) (Fig. 19(b)) exhibited
aband at 3660 cm ™! (SM, Table SM15) characteristic of O—H vibrations
in the katoite OH groups and bands at 804 cm™! and 524 cm ™! induced
by Al—O vibrations [62]. The spectrum for sample K-UCA-T-21d, which
contained no ethoxy group bands, differed from the spectrum for K. The
intensity of the band at 3660 cm ! declined and new bands appeared at
3470 cm™ Y, indicative of O—H stretching, and at 1645 em ™, of bending
vibrations in water. The carbonate bands at 1425 cm™! grew slightly
[35] and others typical of Si—O vibrations arose at around 1036 cm !
(wide and asymmetric) and 792 cm . The latter was also present in the
polymerised UCA-T (SM, Table SM2). The wide breadth of the main
band (centre of gravity at 1030 cm™!) was probably due to overlapping
between residual alkoxysilane units and a silicon-high gel formed as a
result of its polymerisation.

Katoite lost water at temperatures of 25 °C to 100 °C (Fig. 20),
although with only a 1.2% mass loss up to 200 °C and 0.98% at >600 °C.
The overall loss was 24.35%. The DTG curve (Fig. 20(b)) showed two
endothermal signals, one very intense at 300 °C and weaker second peak
at 437 °C attributed to the loss of hydroxyl groups octahedrally coor-
dinated with the Al in the katoite structure [63]. An exothermal signal
denoting the reaction of the oxides CaO and Al,03 generated in thermal
treatment was observed at around 890 °C. Based on the mass losses and
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Fig. 20. (a) TG and (b) DTG curves for K and K-UCA-T-21d.
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Fig. 21. 2’Al MAS NMR spectra for K and K-UCA-T-21d.

the residue remaining after thermal analysis, the sample was determined
to contain 81% katoite and 17% anhydrous C3A.

The TG curve for sample K-UCA-T-21d (Fig. 20(a)) contained the
same peaks as the untreated phase, although at lower intensity, as well
as an endothermal decline in mass from 25 °C to 200 °C due to weakly
bound water loss in the katoite - alkoxysilane reaction products. A new
endothermal peak at 700 °C was assigned to the thermal decomposition
of the carbonates more than likely generated [42,63] by sample
weathering during handling.

The 5.3% mass loss from 25 °C to 225 °C as determined by TG was
attributed to the loss of hygroscopic water or water bound to the
alumina generated during katoite decomposition; the 18.3% loss up to
600 °C to katoite dehydroxylation; a further 3.03% was associated with
CO; loss and 0.7% with loss of the water released in the exothermal
oxide reaction.

In light of the mass loss findings, analysis of the dry residue after TG,
the proportion of katoite and UCA-T in the sample (Table 1) and
assuming a 60% total mass loss in the fully hydrolysed UCA-T, the
composition of the K-UCA-T-21d sample was calculated as: 63.0%
katoite, 14% CsA, 6.8% CaCOs3 and 7.5% SiO3. On those grounds,
approximately 12% of the katoite was estimated to have been decom-
posed by reaction with the alkoxysilane.

%Al NMR analysis was conducted to determine the changes in
katoite nanostructure as a result of its interaction with the impregnation
treatment. The spectra for the substrate before and after interaction with
the consolidant are reproduced in Fig. 21. Both contained a signal at
+12 ppm assigned to the Al in katoite, although none was observed for
Al (in contrast to MC) [64], perhaps suggesting that in this case Al was
not taken up into the siliceous gel. The signal normally appearing at
+75.9 ppm and characteristic of C3A [56] was likewise absent, probably
for reasons of dilution, for the amount of Al in the sample was vastly
greater than the Aly sourced from the C3A. In addition to the component
at +12 ppm associated with katoite, the deconvoluted spectrum for
sample K-UCA-T-21d exhibited a smaller component located at lower
chemical shifts (~+8 ppm) which, based on its position, might consti-
tute some manner of amorphous carboaluminate not detectable with
XRD.

As in the case of monocarboaluminate, 2°Si analysis of katoite was
hindered by the small number of active 2°Si isotopes in the sample and
the concomitantly low signal-to-noise ratio that rendered suitable
assignment of the silicon environments impossible. This point would
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Fig. 22. Diffractograms for AH3 and AH3-UCA-T-21d (legend: g, gibbsite
(COD 1011081)).

need to be addressed in a future research.

3.2.7. Interaction between gibbsite (AHs3) and UCA-T

Gibbsite (Al(OH)3), which crystallises in the monoclinic system, may
exhibit small tabular habits with pseudohexagonal and prismatic edges
or form lamellar or stalactite-like clusters. Its structure consists in a
single layer of Al ions sandwiched between two of hexagonally packed
hydroxyl ions. The Al interlayers comprise octahedra joined at the
edges, with only two of every three housing an AI>* in the centre, which
is coordinated with hydroxyl ions [65]. Its equilibrium pH is 6.99 and its
solubility product (log;oKsp) 7.23 for the dissociation reaction AI(OH)3
+ 3HT = A>T + 3H,0 [32].

The diffractograms for the AH3 substrate and the same sample after
interacting for 21 d with UCA-T (AH3-UCA-T-21d) are reproduced in
Fig. 22. The reflections characteristic of gibbsite were the only lines on
the patterns, where no other phases were detected.

The FTIR spectra for the original gibbsite (AH3) and the post-
treatment substrate (AH3-UCA-T-21d) (SM, Table SM16) are repro-
duced in Fig. 23. The spectrum for the former exhibited bands assigned
to the various types of OH and Al—O vibrations in AHjz [66]. After
treatment with the consolidant the most significant differences were the
presence of C—H vibrations generated by the Et groups in UCA-T and the
wide symmetric vibration band located at wavenumbers in the 1000
em™! to 1300 cm ™! region. Assigned to different types of Si—O vibra-
tions, that band had a shoulder at 1085 cm™!, also detected in the
polymerised UCA-T. Its detection, along with the presence of ethoxy
group vibration bands, denoted incomplete product hydrolysis, for the
FTIR spectrum identified a combination of polymerised but not fully
hydrolysed UCA-T and gibbsite.

The TG/DTG curves for the samples are reproduced in Fig. 24. Total
mass loss was practically identical in the two, at 34.62%, and matched
the stoichiometric loss associated with Al(OH)3; dehydroxylation. The
DTG curves were also very similar, with three signals at 237 °C, 302 °C
and 524 °C. Synthetic gibbsite (such as the laboratory reagent used here)
decomposition consists in three partial reactions. At 200 °C to 230 °C Al
(OH)3 dehydroxylates to y-AIOOH (deficient bohemite); at 270 °C to
240 °C it dehydroxylates to A-Al;03; and at 500 °C to 540 °C y-AIOOH
dehydroxylates to A-AlyOs3.

Gibbsite would consequently appear to be stable in the presence of
the impregnation treatment, for no chemical interaction between the
two was detected. Analysis of the interaction products revealed the
presence of unaltered gibbsite and residual polymerised UCA-T. The pH
of this phase was not, then, sufficiently alkaline to favour UCA-T
hydrolysis.
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4. Conclusions

This work studies the interaction of an impregnation product, based
on oligomeric alkoxysilanes (UCA-T), with a number of different
cementitious phases. These cementitious phases modify the traditional
standard hydrolysis-condensation of the UCA-T product, yielding
products other than a silica xerogel. More specifically, the conclusions
drawn from the study of the interaction between the product and the
synthetic phases are as follows.

> All the substrates analysed stimulated alkoxysilane hydrolysis under
the test conditions due to their basicity, although AH3 did so to a
lesser extent. The high pH of some phases is able to cleave the Si—O
bonds in the oligomeric alkoxysilane units.

Portlandite reacted chemically with the alkoxysilane, causing
cleavage of the Si-O-Si bonds in the oligomeric alkoxysilane units,
which in turn interact with the Ca generating C-S-H gels with short
Si—O chain length.

Synthetic C-S-H gel interacted with the hydrolysed silica monomers
in the treatment, inducing MLC lengthening, while the remaining
oligomers condensed to form three-dimensional silica systems.

The co-existence of portlandite and C-S-H in the sample (such as in
SP-UCA-T-21d) stimulated not only siloxane hydrolysis but also Si-O-
Sibond rupture in the oligomers, yielding hydroxylated Si monomers
that interacted with the existing C-S-H gel, lowering its mean Ca/Si
ratio and increasing the mean chain length.
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> Ettringite destabilised in the presence of the product, generating
gypsum and AHs. The silica oligomers in UCA-T interacted with the
Al in ettringite, taking it up in tetrahedral positions and generating
an aluminosilicate gel with more polymerised structures (Q*(nAl) or
Q4(nAl) environments).

> In the presence of the UCA-T, calcium monocarboaluminate under-
went slight decomposition to amorphous carbonates and an alumina
gel.

> Katoite partially decomposed during its interaction with UCA-T,
yielding amorphous reaction products that could not be clearly
identified.

> Due to the low pH in AHj (gibbsite) the hydrolysis of the UCA-T
product is less favourable and the substrate remained unaltered.

The present findings show that not only portlandite but all the other
cement hydrates except AHgs, interact with alkoxysilanes (one of the
most common chemical reagents in commercial products used as con-
crete surface consolidants), generating a number of stable phases as
reaction products. On those grounds, future research might address the
compatibility between the aforementioned stable phases and the overall
effect of such consolidants on the properties of the surfaces treated.
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