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A B S T R A C T   

Silanes added during mortar or concrete preparation, may modify the fresh state properties, 
hydration kinetics and mechanical strength of the final product. The effects of silanes on cement 
hydration have been widely studied in the literature, however, there is some controversy about its 
effect at short ages. The present study was undertaken to determine the effect of a TEOS-based 
alkoxysilane (UCA-T), produced by ultrasound-assisted pre-hydrolysis of an oligomeric precur
sor, on early age cement paste hydration. The nature of the processes modifying the various stages 
of cement hydration kinetics in the presence of the alkoxysilane was ascertained by analysing 
paste composition at several ages (defined on the grounds of calorimetric curve results) using 
XRD, TG-DTG, FTIR and Raman spectroscopy. The calorimetric curve of pastes containing UCA-T 
exhibited a new early age, pre-induction period exothermal peak, indicative of UCA-T hydrolysis, 
C3A and C3S dissolution and ettringite and C–S–H gel precipitation. Portlandite, however, did not 
precipitate but reacts with the Si(OH)4 sourced from UCA-T hydrolysis to generate further C–S–H 
gel. The induction period following on that new exothermal peak was considerably longer than 
the period observed in the reference cement, an effect that intensified at higher UCA-T content.   

1. Introduction 

Silanes are being used ever more frequently to improve or modify some of the properties of portland cement mortars and concretes. 
The silanes most commonly applied to that purpose include tetraethoxysilane (TEOS) [1–3], its derivatives [4,5] or mixes of other 
silanes with TEOS [6]. 

TEOS or TEOS derivatives are produced with sol-gel processes. When applied as a sol to concrete or mortar surfaces they penetrate 
across the pore networks or into microcracks to consolidate the material [7,8]. TEOS penetration from the surface inward depends on 
the characteristics of the sol and the solid substrate [9,10]. The presence of liquid water or water vapour induces TEOS hydrolysis, 
giving rise to Si(OH)4 (Equation (1)). Subsequent condensation of that compound (Equation (2)) generates colloidal silica that fills 
pores [11].  

Si(O–CH2–CH3)4 + 4H2O → Si(OH)4 + 4CH3–CH2OH                                                                                                      (1)  
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Si(OH)4 → SiO2 + 2H2O                                                                                                                                                (2) 

In cementitious media the Si(OH)4 groups resulting from TEOS hydrolysis may also react with portlandite [2,7,12] to generate new 
C–S–H, or with silanols in existing C–S–H, to lengthen the gel chain [7,13]. A similar effect is observed when silica fume or nanosilica is 
added to mortars and concretes to densify their structure, although there the end product is the outcome of a pozzolanic reaction. The 
latter technology is commonly applied to produce high strength concretes [14,15]. 

Be it said in that regard, that whilst the end product is C–S–H gel in both cases, the mechanisms and kinetics involved differ greatly. 
In pozzolanic reactions the stage that governs the process, SiO2 dissolution, requires a highly basic medium to break the Si–O bond and 
release the silicate ions into the solution where they react with Ca2+. C–S–H gel precipitates when the solution reaches saturation [16]. 
When alkoxysilanes are used, the Si(OH)4 groups are released into the solution via hydrolysis (Equation (1)), very rapidly in basic 
media [17]. C–S–H precipitates when the silanol groups react with Ca2+ ions. Depending on the conditions prevailing in the medium, 
that reaction may compete with silica gel formation (Equation (2)) [13]. 

Recent studies on hydrated cement phases (such as ettringite, katoite, portlandite and C–S–H gel) stability in the presence of a base 
on TEOS oligomer product at saturated RH and ambient temperature have determined the phases that react with the oligomer to 
generate new stable phases [13]. 

According to the literature, when silanes are used in mortar or concrete preparation, depending on their composition and structure, 
they may modify the fresh state properties, hydration kinetics and mechanical strength of the end product [18–25]. 

Cai et al. [19], for instance, observed that TEOS lengthens the induction period in cement paste (w/c = 0.5; 1% TEOS) and delays 
the maximum heat flow at peak hydration. They attributed those effects to a lack of sufficient water, consumed in TEOS hydrolysis. 
Kong et al. [18], in contrast, observed a similar delay when adding alkyl silanes but not TEOS to the mix. Whilst the former remained in 
solution for several hours in a medium simulating the aqueous phase of concrete, TEOS concentration declined rapidly. The authors 
inferred that whereas hydrolysed alkyl silanes gradually adsorbed onto the surface of the cement grains, lengthening the cement paste 
induction period, TEOS hydrolysed quickly. The resulting silanol groups reacted rapidly with the Si–OH groups on the grain surface, 
prompting TEOS adsorption or precipitation on that surface, thereby obstructing water access and hence dissolution [18]. Nonetheless, 
in the presence of TEOS the sole change observed in the hydrated paste calorimetric curves was lower heat of hydration at 120 h, whilst 
the duration of the induction period remained unmodified. 

The chemical formula of the alkyl silanes added to fresh state mortars or concretes also affects cement hydration. Adding amino-, 
vinyl- and epoxy-silanes to the mortar mix, Feng et al. [20] reported a delay in hydration, deemed to possibly be due to silane 
adsorption onto the cement grain surface. Adding silanols in the form of oligomers or nanoparticles mitigated delays in hydration. The 
same authors found that procedure to raise flexural and in some cases compressive strength [20]. Kooestani [21], in turn, observed a 
mix of TEOS and methyl trimethoxy silane (MTMS) did not enhance mechanical strength when added to cement mortars, but did it 
when either was included separately. 

Chen et al. [22] studied the effect of three (1%) silanes (aminopropyltriethoxysilane, glycidylpropyltrimethoxysilane and meth
acryloyloxypropyltrimethoxysilane) on cement hydration (w/c = 0.3), measuring resistivity, isothermal conduction calorimetry and 
mechanical strength. They found the silanes studied to lower initial dissolution due to the water consumption inherent in silane 
hydrolysis. Analysing the effect of pre-hydrolysis of the alkyl silanes on the rate of heat released in cement hydration, they found 
induction period lengthening to be accentuated at higher degrees of pre-hydrolysis, countering the results reported by Feng et al. [20]. 
They deemed that silanol adherence to the surfaces of incipient Ca(OH)2 (CH) or C–S–H via hydrogen bridges obstructed contact with 
the water. When hydration was renewed resistivity rose, but less in the pastes bearing siloxanes. That they attributed to the structural 
densification induced by the hydrolysed silanes, which behaved like a glue, and to the formation of C–S–H gel in the reaction between 
portlandite and silanol groups. Portlandite concentration and paste porosity were observed to decline and mechanical strength to rise 
in the 28 d pre-hydrolised silanes-bearing cements relative to the non-silanes reference. 

Casagrande et al. [26] studied cement pastes with a partial substitution of superplasticizer by silanes (tetraethoxysilane, 3-Glyci
doxypropylmethoxysale and aminoethylaminopropyltrimethoxysilane) using isothermal calorimetry. The result in the case of TEOS 
was an acceleration on the kinetics of hydration and an increase in the heat of hydration at 120 h compared to the reference. This was 
attributed to the silanes interaction with the Ca+2 and OH− ions of the solution, which gives rise to the precipitation/formation of 
C–S–H. García-Lodeiro et al. [27] incorporated a combination of a TEOS and PDMS oligomer into a mortar to obtain a hydrophobic 
mortar. The calorimetric studies revealed an acceleration of the early hydration kinetics of cement, a lower initial heat of dissolution, 
an increase in heat released during the induction period, and a reduction in the total heat released after seven days of hydration. 
Collodetti et al. [28] studied the hydration of cement pastes by adding amino and epoxy silanes and their results showed how silanes 
interfere on the early ages of hydration of cement pastes. ̌Svegl et al. [29] reported that certain aminosilanes can improve the spreading 
(diffusion) of cement paste and reduce water demand. 

Thus, there is reasonable agreement in the literature on the effect of silanes when applied to the surface of hardened mortars and 
concretes, but there is some controversy and contradictory results on the effects of silanes when they are incorporated in mass on the 
hydration of Portland cement, as well as on the final properties of mortars or concretes. 

The present study was undertaken to determine the effect of a TEOS-based prehydrolysed alkoxysilane (UCA-T), produced by 
ultrasound-assisted pre-hydrolysis of an oligomeric precursor, on early age cement paste hydration. The nature of the processes 
modifying the various stages of cement hydration kinetics in the presence of the alkoxysilane was ascertained by analysing paste 
composition at several ages (defined on the grounds of calorimetric curve results) using XRD, TG-DTG, FTIR and Raman spectroscopy. 
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2. Experimental 

2.1. Materials 

The effect of UCA-T on early cement hydration was studied with the white cement (CEM BL I 52.5) described in Table 1 (XRF- 
determined chemical composition). According to mineralogical characterization the cement contains alite, belite, tricalcium aluminate 
and anhydrite as main crystalline phases (XRD and FTIR of cement are reported as S2 in supplementary material). 

The alkoxysilane used (UCA-T) contained a mix of (1) an oligomeric ethoxysilane (TES40, Wacker) with an average chain length of 
five Si–O units; (2) n-octylamine (98%, Sigma-Aldrich), added as a hydrolysis catalyst and surfactant used to raise alkoxysilane 
miscibility with water; and (3) a small amount of de-ionized water (0.5% v/v). 

An ultrasound probe was used to blend the components into a uniform mix and pre-hydrolyse the oligomer. A detailed description 
of the process involved in synthesis is given in Refs. [23,24]. 

2.2. Methodology 

Three cement pastes were prepared, with a w/c = 0.35 (standard consistency). The reference (PS) was mixed with water, whereas 
the other two pastes also contained 3% and 6% of UCA-T (by weight of cement) labeled respectively as PS-3% and PS-6%. The pastes 
were analysed as described below.  

a) Hydration kinetics were monitored during the first 7 d with isothermal conduction calorimetry, plotting the heat flow (HF) and 
total heat released (TH) curves with the data delivered by a TAM Air calorimeter. Test samples were prepared by mixing 20 g of 
cement and deionised water as the hydration medium (liquid/solid ratio = 0.35). The mixing sequence was 90 s at 168 rpm fol
lowed by a 60 s rest and remixing for a further 90 s at 168 rpm. The UCA-T was added in the last 90 s. Hydration was monitored in 5 
g aliquots of each mix, placed in the calorimeter immediately after preparation. Upon conclusion of the calorimetric test the 
samples were removed, ground to a particle size of <45 μm and soaked in isopropanol as described in Ref. [25] to detain hydration. 
These samples were then characterised with XRD, FTIR and TG/DTG.  

b) Very early stage hydration was monitored in the three pastes with Raman spectroscopy. White cement samples weighing 0.001 g 
were set inside a sample holder and without varying the distance from the microscope mixed (with the tip of the pipette to ensure 
homogeneity) with 0.35 μL of distilled water or water bearing UCA-T for 30 s, after which the holder was lidded. Micro-Raman 
spectra were then recorded at the same point at t = 3 min and t = 4 h.  

c) Cement hydration in the presence of UCA-T was analysed on pastes with the same composition prepared to the same procedure as 
for isothermal conduction calorimetry. Samples were immersed in water in sealed bags at 25 ◦C, removed at times determined in 
keeping with the calorimetric curve results (Table 2), ground and treated with isopropanol to detain hydration as described above. 
The resulting samples were analysed with XRD, FTIR and TG/DTG. 

XRD analyses were performed on a Bruker D8 Advance diffractometer consisting in a 2.2 kW generator and a copper anode X-ray 
tube (CuKα1 radiation: 1.5406 Å and CuKα2: 1.5444 Å) operating at 40 kV and 30 mA and fitted with a 0.5◦ fixed divergence slit and a 
non-monochromatic Lynxeye super speed detector bearing a 3 mm anti-scatter slit, a 2.5◦ secondary Soller slit and a 0.5% Ni K-beta 
filter. Readings were taken for approximately 1 h per diffractogram over a 2θ angular range of 5◦–60◦ with a 0.02◦ step size. 

Samples pressed into KBr pellets were scanned (10 scans per sample) to record their infrared spectra with a Nicolet 6700 spec
trometer in the 4000 cm− 1 to 400 cm− 1 range at a spectral resolution of 4 cm− 1. 

Thermogravimetric heat flow was determined on a TA SDT Q600 analyser with platinum crucibles (empties were used as a 
reference). The samples were heated to 1050 ◦C at a 10 ◦C/min rate in a nitrogen atmosphere. 

The Raman spectra were recorded in a RM 2000 Renishaw Raman microscopy with red (λ = 633 nm) laser excitation under the 
following conditions: a) three 10 s cumulative scans at 4000 cm− 1 to 100 cm− 1, 25 mW laser power and 50x magnification (recording 
time for this spectrum, 2 min 30 s); and b) three 10 s cumulative scans recorded at 1200 cm− 1 to 100 cm− 1, 25 mW laser power and 50x 
magnification (recording time for this spectrum, 1 min 30 s). 

3. Results 

3.1. Study of the PC pastes hydration using isothermal conduction calorimetry 

The calorimetric curves for the white cement paste reference (PS) and those with 3% (PS-3%) or 6% (PS-6%) of UCA-T are 
reproduced in Fig. 1. In the first few minutes of hydration cement moistening induced the initial dissolution of sulfates, aluminates and 
alite. The initially high heat flow rate recorded in the reference declined gradually (Fig. 1(a)) to a minimum at 54 min, when the 
induction period began. Adding UCA-T lowered the initial heat flow rate, which declined after 12 min in PS-3% and 8 min in PS-6% 
and then rose until t = 29 min in both. That was followed by a steady decline up to t = 2 h and t = 4 h 21 min. The respective induction 
periods preceding the hydration peak characteristic of cement pastes, which was particularly broad in the 6% UCA-T sample, began at 

Table 1 
XRF-determined chemical composition of CEM BL I 52.5 (wt% oxides).   

CaO Al2O3 SiO2 SO3 MgO Fe2O3 Na2O K2O TiO2 LOIa 

CEM BL I 52.5R 64.07 3.79 21.65 2.16 0.36 0.24 0.08 0.21 0.08 4.18  
a LOI: Loss on ignition at 1000 ◦C. 
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the aforementioned times. 
The alterations in heat flow gave rise to exothermal pre-induction peaks on the calorimetric curves for the pastes containing UCA-T 

that were absent in the reference. 
The delays in the onset of induction retarded the acceleration-deceleration stage in which alite dissolution and C–S–H precipitation 

peak. Other authors [15,19] reported a longer induction period in pastes with 1% TEOS, which they attributed to the presence of less 
water in the medium due to its consumption in TEOS hydrolysis. None observed the aforementioned additional peaks, however, which 
in this study appeared in the first 2 h–4 h. 

The slope of the acceleration curve for the main cement hydration peak (Fig. 1(a)) in the UCA-T pastes was smaller than observed 
for the reference (cement + water). Similarly, the sulfate depletion peak, very intense in PS (at 8 h 6 min), was practically absent in the 
other two pastes. 

Upon conclusion of the calorimetric trial after 7 d, the heat of hydration released by the 3% UCA-T pastes came to 188 J/g and by 
the 6% pastes to 212 J/g, respectively 37% and 29% less than the 299 J/g released by the reference (Fig. 1(b)), denoting a lower degree 
of hydration in these materials, which is in agreement with the results found by Kong et al. [18], and in disagreement with those found 
by Casagrande et al. [26], this discordance could be explained by the fact that the reference cement paste in Ref. [26] includes pol
ycarboxylate, which is known that induces a delay in the initial hydration of cement paste [30,31] and TEOS is partially replacing this 
admixture, so that the effect of TEOS would be confused with the effect caused by a reduction in the proportion of polycarboxylate. 

Table 2 
Hydration detention times based on calorimetric curve results (Fig. 1(a)).  

Sample UCA-T content Hydration detention time 

PS 0% a54 min b4 h 48 min 8 h 6 min 24 h 48 h   
PS-3% 3% 12 min 29 min a2 h b6 h 24 h   
PS-6% 6% 8 min 29 min 47 min a4 h 21 min 6 h 4 min b16 h 13 min 24 h  
a Start of induction period. 
b Maximum acceleration-deceleration peak. 

Fig. 1. (a) Heat flow and (b) total heat of hydration in PC pastes with 0% (PS), 3% (PS-3%) or 6% (PS-6%) of UCA-T.  
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The 7 d diffractograms for the reference (PS) and experimental (PS-3% and PS-6%) pastes reproduced in Fig. 2 show the reflections 
for the crystalline products of white cement hydration: ettringite (e) and portlandite (p), along with traces of the anhydrous cement 
phases alite (A) and belite (B). The intensity of the portlandite peaks declined steeply and the alite and belite peaks grew with rising 
UCA-T content relative to the reference, a finding consistent with the lower 7 d heat of hydration released by the latter. All the samples 
generated peaks for calcite (c) and monocarboaluminate (mc). 

According to the TG findings (Table 3, Fig. 3), mass loss at temperatures of up to 200 ◦C was similar in the two 7 d hydrated UCA-T 
pastes and smaller than in the reference. At those temperatures the C–S–H gel released some water [13,32], whilst ettringite [33] and 
AFm [34] dehydrated. Part of the water or OH in C–S–H gel was lost at 200 ◦C to 390 ◦C [13,32] and AFm phases dehydroxylated (at 
200 ◦C to 390 ◦C in calcium monocarboaluminate hydrate) [34,35]. Mass loss in that temperature range was also observed to be 
greater in PS than in PS-3% or PS-6%. 

The greatest differences were found in portlandite dehydroxylation-related loss, which was two-fold larger in PS than in PS-6% 
(Table 3). The higher the UCA-T content in the pastes, the lower was portlandite content (data consistent with the XRD). In addition, 
the portlandite dehydroxylation peak on the DTG curve was narrower and more symmetric and reached a lower maximum temperature 
in the UCA-T-bearing samples than in the reference. 

Two mass losses were observed in the ranges 600 ◦C–650 ◦C and 690 ◦C–720 ◦C, interpreted to be due to the release of CO2 by 
monocarboaluminate and calcite [32], (present in the anhydrous cement or sourced from portlandite carbonation). As 
decarbonation-induced losses were similar in the three samples, the decline in the portlandite content in the UCA-T samples was not 
attributable to its carbonation. 

Nonetheless, the decline in some of the portlandite might be explained by its reaction with UCA-T [12,13]. Inasmuch as UCA-T has 
an SiO2 content of around 40% [12], the 3% UCA-T pastes had around 0.98% and the 6% UCA-T pastes 1.98% additional SiO2 (mixing 
water factored into the calculations) (Calcules are shown in supplementary material as S3). If after UCA-T hydrolysis the silanol groups 
were assumed to react in their entirety with the calcium ions in the aqueous phase to form C–S–H, the portlandite content in paste 
PS-3% would decline by 1.2% and in PS-6% by 2.4% (assuming a Ca/Si molar ratio of 1–2 in the C–S–H forming). That lower por
tlandite content in the pastes due to the reaction with UCA-T would explain only part of the difference with the content in the 
reference. From this, it can inferred the influence of the decrease in alite and belite hydration. 

Mass loss from 750-770 ◦C–1000 ◦C was attributed to wollastonite formation, a result of the reaction between partially hydrox
ylated silica and lime [32]. 

Both total mass loss and loss of bound water (25 ◦C–500 ◦C) declined at higher UCA-T content, confirming the calorimetric and XRD 
findings and denoting a lower degree of reaction at the test age in the pastes with higher UCA-T contents. 

3.2. Raman spectroscopy 

The Raman spectra of the PS and PS-3% samples are shown in the Supplementary Material (S4.1 y S4.2). The PS sample shows the 
characteristic signals of the calcium silicate phases of an anhydrous cement, alite and belite (800-900 cm− 1) and calcite (1085 cm− 1) 
[36]. 

A comparison of the Raman spectra for the first 15 min of hydration in samples PS and PS-3% (Fig. 4(a)) showed that the water- 
hydrated cement contained AFm phases (1100 cm− 1 to 900 cm− 1) [37,38], the signals for which were wider and less intense in paste 
moistened with water + UCA-T. After 2 h (Fig. 4(b)), ettringite formation was clearly observed in PS, whereas the aforementioned wide 
signal persisted in PS-3%. 

Fig. 2. XRD patterns for 7 d hydrated PS, PS-3% and PS-6% (legend: A: alite (C3S) (COD 1540704); B: belite (C2S) (COD 9012789); c: calcite (CaCO3) (COD 9016022); 
mc: monocarboaluminate C4AČH11 (COD 2007668); p: portlandite (Ca(OH)2 (COD 1008781); e: ettringite (COD7020139). 
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3.3. Effect of UCA-T on early age hydration 

3.3.1. Reference cement (PS: cement + water) 
In order to have a reference system, the samples consisting in the mixture of cement + water (without the alcoxysilane UCA-T), 

were characterised by XRD, FTIR and TG/DTG, at different short ages (from 54 min to 48 h) based on the ages defined on the 
isothermal calorimetric curves (Table 2, Fig. 1(a)). The results obtained are included in the Suplementary Materials (See Fig. (S5.1- 
S5.4) and Table S1). 

3.3.2. Cement with 3% UCA-T (PS-3%) 
The diffractograms for the 12 min and 29 min samples (Fig. 5) showed scarcely any difference with the anhydrous cement (See Fig 

S5.1, in SM): intense signals were detected for the anhydrous calcium silicates as well as for C3A, anhydrite and calcite. No reflections 
for any hydrated phase, even gypsum, were observed. The 2 h XRD patterns (beginning of the induction period) varied scantly from the 
earlier curves, with low intensity signals for ettringite but not for portlandite. The diffractogram after 6 h of hydration (time of 
maximum heat flow on the calorimetric curve) contained intense reflections for alite, belite and C3A, whilst the ettringite signal grew 
and a line identified with portlandite was detected. The 24 h XRD pattern had very low intensity (traces) signals for C3A, the lines for 
portlandite and ettringite grew and while the alite reflections declined intense diffraction lines for silicates persisted (Fig. 5). 

The FTIR spectra for PS-3% at the hydration times specified in Table 2 are reproduced in S6 in supplementary material. 
The 12 min and 29 min spectra were very similar to one another but differed from the spectrum for anhydrous cement (See Fig S5.2, 

in SM) in the S–O asymmetric stretching vibration region (1050-1200 cm− 1). That band was attributable to the anhydrite in the 
anhydrous cement and gypsum in the two PS-3% pastes at the aforementioned hydration times. Both PS-3% spectra also exhibited a 
very weak band at around 3640 cm− 1 attributable to the O–H asymmetric stretching vibration generated by portlandite, a hydrate not 
identified on the XRD patterns due perhaps to its minor presence or poor crystallinity. The spectra for the 2 h and 6 h pastes (beginning 
of induction period and peak hydration-induced heat flow) showed no perceptible change in the intensity in the small portlandite band 
at around 3640 cm− 1 (S6 in Suplementary material), which may have recrystallised in the 6 h sample, when it was identified on the 
XRD pattern. The intensity of that band rose visibly in the 24 h spectrum. 

The main ettringite band in the S–O asymmetric stretching vibration region (1050-1200 cm− 1) was clearly identifiable (not 
overlapping with gypsum) in the 2 h paste and observed in the same position in the 6 h and 24 h samples (Figura 6). Those observations 
were consistent with the XRD and Raman findings (Figs. 5 and 4). 

The main silicate band, generated by Si–O antisymmetric vibrations, evolves slowly in the first 6 h of hydration (Fig. 6), the highest 
peak shifted from 923 cm− 1 to a higher wavenumber, appearing a new band at 980 cm− 1 characteristic of C–S–H gel [13,39]. Those 
findings attested to alite hydration while suggesting that the paucity of portlandite in the samples may have been due to its reaction 
with the Si(OH)4 released from the UCA-T hydrolysis. The Si–O stretching vibration signals generated by SiOH groups in Si(OH)4 are 
also located in this region, although at a lower wavenumber (960 cm− 1 to 965 cm− 1) [40]. Nonetheless, the width and shift in the band 

Fig. 3. TG and DTG curves for 7-day hydrated PS (reference), PS-3% (3% UCA-T) and PS-6% (6% UCAT).  

Table 3 
Mass loss (%) calculated from TG data at different temperature ranges and percentages of Ca(OH)2 and CaCO3.   

Temperature range (◦C) wt% of phases and bound water (25–500 ◦C) 

System 25–200 200–390 390–500 500–775 775–1000 Total loss Ca(OH)2 CaCO3 Bound water 

PS 10.39 3.09 3.72 3.72 2.21 23.13 15.29 8.45 17.20 
PS-3% 9.26 2.34 2.88 4.24 1.85 20.57 11.84 9.64 14.48 
PS-6% 8.59 2.34 1.99 4.44 1.6 18.97 8.18 10.09 12.92  
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Fig. 4. Raman spectra for 15 min (a) and 2 h (b) samples hydrated with H2O (PS) or H2O + 3% UCA-T (PS-3%) (λ = 633 nm).  

Fig. 5. Early age diffractograms for hydrated cement pastes containing 3% UCA-T. (legend: A: alite (C3S) (COD 1540704); B: belite (C2S) (COD 9012789); C3A: 
tricalcium aluminate (COD 9015966); c: calcite (CaCO3) (COD 9016022); An: anhydrite (CaSO4) (COD 5000040); p: portlandite (Ca(OH)2 (COD 1008781); e: 
ettringite (COD7020139). 
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observed rule out that interpretation. 
A comparison of the FTIR spectra for the PS pastes at the peak heat flow time (PS 4 h 48 min and the PS-3% paste at the beginning of 

the induction period (2 h) (Fig. 7), showed that the band characteristic of portlandite was much more intense in the former, denoting 
greater alite hydration. And although the differences in the silicate bands were minor, the 982 cm− 1 component characteristic of 
C–S–H gel was somewhat more intense in PS-3%. Those findings suggested that the 2 h PS-3% pasted contained more C–S–H gel than 
the 4 h 48 min PS paste and that UCA-T did not retard alite hydration in that interval but rather that the portlandite generated in the 
reaction was subsequently consumed because it reacted with the oligomers hydrolysed from the silane, generating C–S–H. 

The TG/DTG thermograms for the hydrated PS-3% pastes (Fig. 8 and details in supplementary material as S7) exhibited an initial 
peak that shifted from 68 ◦C to 80 ◦C and grew in intensity with hydration time. The gypsum peak (120◦C) grew slightly between 12 
min and 29 min to later decline significantly and overlap with the signal for ettringite, which was observed to be more intense after 2 h 
of hydration. The peaks at around 400 ◦C in the curves for the 12 min and 29 min pastes, possibly attributable to traces of amorphous 
portlandite, disappeared in the 2 h sample. The thermogram for paste PS-3% 2 h exhibited two wide peaks (located between 400 ◦C- 
600 ◦C) of uncertain identification that preceded the calcite decarbonation peak. As Fig. 8 and Table 4 show, hydration barely pro
gressed between 12 min and 29 min but much more rapidly between 29 min and 2 h. In contrast, the decarbonation signals remained 
very similar throughout. The losses at the various temperature ranges in paste PS-3% at the beginning of the induction period (2 h, 
Table 4) were slightly higher than observed for PS at maximum heat flow (4 h 48 min, Table S1 in SM). Those data confirmed the FTIR 
results and that alite hydration was not inhibited by UCA-T in this initial period. 

The 6 h (peak hydration-induced heat flow) TG/DTG curves were similar to the ones recorded at the beginning of the induction 
period (2 h), although a small loss was observed in the portlandite region and another after the main decarbonation peak, possibly 
induced by water from the hydroxylated silica gel in its reaction with the Ca2+ ions to generate wollastonite. The same signals were 
more intense on the 24 h TG curve and the ones attributable to an AFm phase, possibly carboaluminate which might be present in the 
sample in small quantities or as an amorphous compound, for it was not detected with XRD. 

3.3.3. Cement with 6% UCA-T (PS-6%) 
The 8 min and 29 min (start and maximum heat flow times of the additional hydration peak observed in the samples containing 

UCA-T) diffractograms (Fig. 9) exhibited reflections for the anhydrous cement phases alite, belite, C3A, gypsum and anhydrite. 
Anhydrous phase reflection intensity did not decline significantly in the 47 min mix (which is the time corresponding to the shoulder 
on the new exothermal peak on the PS-6% isothermal calorimetric curve). Whilst the PS-6% 47 min. XRD pattern, exhibited incipient 
signals for ettringite, no lines attributable to portlandite were observed. The diffractograms for the 4 h 21 min and 6 h 4 min (both in 
the induction period) PS-6% pastes were very similar: portlandite peaks were first detected after 6 h and the ettringite peaks rose in 
intensity. The reflections for the anhydrous phases remained intense, however. 

The signals for ettringite and portlandite grew more intense on the 16 h 13 min and 24 h PS-6% pastes, while the reflection 
attributed to C3A disappeared and those due to alite shrank in the latter. Nonetheless, substantial amounts of anhydrous silicates were 
still detected. 

FTIR, confirm the XRD results, related to the first detection and the evolution with time of both portlandite (see S8 in SM). 
On the spectra for the samples hydrated up to the beginning of the induction period (4 h 21 min) (Fig. 10) the main band for 

anhydrous silicates (923 cm− 1) shifted to steadily higher wavenumbers. The band characteristic of C–S–H gel (970 cm− 1 to 990 cm− 1), 
in turn, grew with hydration time and became even more intense at later times. 

Irrespective of hydration time, all the TG/DTG curves for the PS-6% pastes contained a peak indicative of water loss with a 

Fig. 6. FTIR spectra for 3% UCA-T paste: detail for the first 6 h.  
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maximum that shifted over time from 69.7 ◦C to 84.4 ◦C. That behaviour was attributable to ettringite dehydroxylation, inasmuch as 
more and larger crystals would form at longer hydration times (Table 5, Fig. 11, more details in supplementary material S9). 

The thermograms recorded at the beginning of the additional exothermal hydration peak (8 min), at the maximum heat flow (29 
min) and with the appearance of the shoulder (47 min) exhibited mass loss at 120 ◦C attributable to gypsum. The respective signal 
declined with time and disappeared from the curve recorded at the beginning of the induction period (4 h 21 min sample). 

The TG/DTG thermograms for the two samples recorded during the induction period (4 h 21 min and 6 h 4 min), as well as for the 
two latest samples, exhibited signals in the 150 ◦C area attributable to water loss in AFm phases, very likely monocarboaluminate, as 
mass losses (500–600 ◦C region) are also observed. 

The signal characteristic of portlandite dehydroxylation appeared with minor intensity on the 8 min DTG curve for PS-6%. While 
not visible on the 29 min, 47 min or 4 h 21 min curves, it reappeared on the 6 h 4 min thermogram and increased in intensity thereafter 
(see details in supplementary material as S9). 

The signals due to the loss of CO2 from decarbonation of CaCO3 or monocarboaluminate grew with rising hydration time. 

4. Discussion 

As the calorimetric curves in Fig. 1 show, adding UCA-T to cement paste altered hydration substantially from the outset. The 
samples bearing UCA-T exhibited an additional exothermal peak not described in the literature before the outset of induction period. 
The nature of that peak was studied. The exothermal process denoting the initial C3A and C3S hydration [41], appeared to be hindered 

Fig. 7. FTIR spectra for 4 h 48 min PS and 2 h PS-3% pastes: (a) 4000 cm− 1 to 2600 cm− 1; (b) 1600 cm− 1 to 500 cm− 1.  
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by the presence of UCA-T. The silane’s non-polar oligomers might obstruct water access to the cement particles, more intensely at 
higher UCA-T content (more in PS-6% than in PS-3%). Evidence of such obstruction lies in the amount of heat released by the three 
pastes in the first 8 min: PS-6% just half and PS-3% just 75% of the amount released by reference PS. Nonetheless, heat flow rose in 
sample PS-6% after 8 min and in PS-3% after 12 min, peaking at 29 min, whilst the flow in PS declined steadily. At 54 min, when its 
induction period began, PS had not yet reached the heat released by PS-6% after 29 min (Table S2 in supplementary material). 

The calorimetric findings further showed that adding UCA-T to the pastes retarded the beginning of the induction period from 54 
min in PS to 2 h in PS-3% and 4 h 21 min in PS-6%. According to the literature, adding TEOS lengthens the induction period in cement 
paste, retarding peak hydration heat flow. That delay has been attributed to the decline in water content due to its consumption in 
TEOS hydrolysis [19]. Other authors [24] reported no change whatsoever in the earliest stages, but lower heat of hydration after 120 h, 
which they interpreted to be due to a decline in cement dissolution rate in the wake of the adsorption of the silanol groups in TEOS onto 

Fig. 8. TG/DTG curves for PS-3% pastes by different hydration time (a).  

Table 4 
Mass loss (%) in paste PS-3% calculated from TG by temperature range and hydration time and Ca(OH)2 and CaCO3 content (%) by hydration time.  

T (◦C)/PS-3% 25–200 200–390 390–500 500–750 750–1000 Total weight loss Ca(OH)2 CaCO3 Bound water 

12 min 1.23 0.21 0.19 2.98 0.04 4.68 0.78 6.77 1.63 
29 min 1.38 0.26 0.22 3.11 0.08 5.04 0.90 7.07 1.86 
2 h 2.67 0.64 0.5 3.33 0.15 7.31 2.05 7.57 3.81 
6 h 3.38 0.59 0.32 3.24 0.33 7.88 1.31 7.36 4.29 
24 h 6.25 1.4 1.55 4.06 1.54 15.07 6.37 9.23 9.2  

Fig. 9. Early age diffractograms for hydrated cement pastes containing 6% UCA-T. (legend: A: alite (C3S) (COD 1540704); B: belite (C2S) (COD 9012789); C3A: 
tricalcium aluminate (COD 9015966); c: calcite (CaCO3) (COD 9016022); g: gypsum (CaSO4. 2H2O) (COD 9015350) An: anhydrite (CaSO4) (COD 5000040); p: 
portlandite (Ca(OH)2 (COD 1008781); e: ettringite (COD7020139). 
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the grain surfaces. 
The samples bearing UCA-T, however, exhibited a longer pre-induction period (up to 4 h 21 min in PS-6%) with the appearance of 

the additional exothermal peak. 
The aforementioned pre-induction peak, observed at 29 min in samples PS-3% and PS-6%, was more intense in the latter and 

Fig. 10. Early age FTIR spectra for hydrated cement PS-6% pastes (1800 cm− 1 to 400 cm− 1).  

Table 5 
Mass loss (%) in paste PS-6% calculated from TG by temperature range and hydration time.  

T (◦C)/PS-6% 25–200 200–390 390–500 500–750 750–1000 Total mass loss Ca(OH)2 CaCO3 Bound water 

8 min 1.23 0.27 0.18 2.66 0.03 4.36 0.74 6.14 1.68 
29 min 2.23 0.40 0.22 3.06 0.09 6.00 0.90 7.16 2.85 
47 min 2.73 0.49 0.25 3.05 0.07 6.62 1.03 7.11 3.47 
4 h 21 min 4.05 0.77 0.41 3.44 0.77 9.48 1.70 7.82 5.23 
6 h 4.32 0.82 0.47 3.49 0.51 9.62 1.93 7.93 5.61 
4 min 
16 h 7.29 1.59 1.01 4.16 1.32 15.4 4.15 9.45 8.47 
13 min 
24 h 6.17 1.33 0.97 4.51 1.21 14.2 3.99 9.79 12.92  

Fig. 11. TG/DTG curves for PS-6% pastes: (a) at all the ages studied.  
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possibly due to TEOS hydrolysis, an extremely exothermal process (12.7 kJ/mol) [42]. In light of the proportion of UCA-T in the pastes, 
the contribution of UCA-T hydrolysis to the total heat of hydration would be 5.22 Jules per gramme of cement in the paste containing 
3% UCA-T (by cement weight, PS-3%) and 10.44 J/g in the 6 wt% paste (PS-6%). That would explain the intensely exothermal 
pre-induction period peak on the calorimetric curve in the two samples only partially, therefore inferring the presence of other 
simultaneous exothermal reactions such as cement phases dissolution. 

While etoxysilanes hydrolysis is a slow process in the absence of catalysts [7,12], it is hastened in basic media, and the rate constant 
of that reaction rises linearly with OH− concentration, although it also depends on the H2O/TEOS ratio and temperature [17]. A 
number of authors [43–45] have concluded that in basic media hydrolisis and condensation reactions occur simultaneously but that 
condensation is accelerated more than hydrolysis [44]. 

As TEOS hydrolysis and condensation in basic media are generally studied by raising the pH with the addition of NaOH, KOH or 
NH4OH, the condensation product is SiO2. The water hydrolysis and concomitant rise in pH taking place in cement phase dissolution 
(hastening TEOS or, where UCA-T is involved, silica oligomer hydrolysis), however, also releases calcium, silicon and aluminum ions 
into the solution. Consequently, the Si(OH)4 resulting from UCA-T hydrolysis could react with those ions to generate calcium alu
minosilicates. Several authors [3,7,12,13,46] have shown that Si(OH)4, resulting from TEOS hydrolysis, can react with calcium ions or 
with portlandite yielding C–S–H gel, which is the prevalent phase in cement paste. 

The heat released by sample PS-6% after 4 h 21 min (beginning of the induction period) was practically the same as the heat 
observed in PS after 4 h 48 min, the time of peak heat flow in its acceleration period (Table S2). The FTIR findings showed that at 4 h 
21 min PS-6% had no portlandite but slightly higher absorption at 990 cm− 1 to 970 cm− 1, a band characteristic of C–S–H gel. That 
would attest to alite hydration (exothermal reaction) and the reaction between the portlandite formed with the Si(OH)4, giving rise to 
further C–S–H. At the same time portlandite consumption would stimulate alite dissolution and consequently C–S–H gel precipitation. 
That interpretation is further supported by the TG findings for the samples (Tables S1 and 5), for 4 h 21 min sample PS-6%, while 
lacking portlandite, contained 1.5-fold more bound water than the 4 h 48 min PS sample. Water loss was also observed in that sample 
at 750 ◦C–1000 ◦C, whilst no signal was detected in that temperature range on the PS thermogram recorded at 4 h 48 min. 

Moreover, the TG/DTG curves for the three pastes contained signals for gypsum in the early hours of hydration, a finding confirmed 
by FTIR. They were more intense at 54 min in PS than in sample PS-6% at 29 min or 47 min (Fig. 12), possibly denoting a reaction with 
aluminates that would yield ettringite. Such interpretation would be supported by the mass loss recorded (Tables S1 and 5) and the 
DTG peak with a maximum at 70 ◦C–80 ◦C (Fig. 11), attributable not only to C–S–H but also to ettringite dehydration. The presence of 
UCA-T would appear to accelerate amorphous ettringite formation in early age hydration. The intense dissolution of C3A in that stage 
would contribute to the new exothermal peak observed on the calorimetric curves for the UCA-T-containing pastes. 

The new pre-induction exothermal peak present on the calorimetric curves for the UCA-T-bearing pastes, then, denotes C3A and C3S 
dissolution, both exothermal, UCA-T oligomer hydrolysis, exothermal in basic media, and C–S–H precipitation resulting from alite 
hydration and the reaction between hydrolysed silane and portlandite. 

The findings suggest that while at time zero UCA-T lowers C3A and C3S dissolution, in just a few minutes such dissolution ac
celerates even though the beginning of the induction period is delayed. With the addition of UCA-T, the induction period is lengthened 
and the higher the silane content, the steeper the decline in the heat released at peak acceleration and in the total heat released after 24 
h or 7 d of hydration. 

5. Conclusions  

• The addition of oligomeric ethoxisilane UCA-T modifies the hydration of cement at early age. 

Fig. 12. TG/DTG curves for PS (54 min), PS-6% (47 min) and PS-6% (29 min).  
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• The calorimetric curve exhibits a new exothermal peak, in the pre-induction period, indicative of UCA-T hydrolysis, C3A and C3S 
dissolution and ettringite and C–S–H gel precipitation. Portlandite does not precipitate but reacts with the Si(OH)4 sourced from 
UCA-T hydrolysis to generate further C–S–H gel.  

• The induction period following on that new exothermal peak is considerably longer than the period observed in the reference 
cement, an effect that intensifies at higher UCA-T content. Further research is required to determine the causes for that 
development.  

• The 7 d heat of hydration observed, 36% lower in the samples with 3% UCA-T than in the reference and 29% in the cement bearing 
6% of the product, along with the decline in portlandite content, denotes a lower degree of hydration at that age in the samples 
bearing the product.  

• Portlandite, does not precipitate but reacts with the Si(OH)4 sourced from UCA-T hydrolysis to generate further C–S–H gel. 
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