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Abstract
The impact of three different organosilicon compounds: poly(dimethylsiloxane) (PDMS), potassium methylsiliconate (MESI) 
and triethoxyoctylsilane (OTES), used as integral admixtures, on Portland cement hydration has been investigated by isother-
mal calorimetry and DTA-TG analysis. The silicon-based compounds are widely used as internal hydrophobic agents added 
into batch water; therefore, their effectiveness was investigated by means of capillary water absorption test. The isothermal 
calorimetry was used to measure the rate and amount of heat released during ordinary Portland cement hydration with 
integral organosilicon admixtures at 20 °C, 30 °C, 40 °C and 50 °C. It allowed to determine the activation energy as well. 
The results indicate that used admixtures (except MESI admixture) decrease in the rate and amount of heat release during 
cement hydration. In addition, it is noticeable that the addition of MESI admixture significantly prolongs the induction period 
and delays hydration. In contrast to MESI and OTES admixtures, PDMS-based admixture does not affect significant on the 
activation energy. DTA-TG analysis had shown differences between reference sample and samples containing organosilicon 
admixtures during thermal decomposition, in terms of the amount of moisture and bound water, as well as Ca(OH)2 or 
carbonates. The results presented in this paper enable a better understanding of the interactions between the organosilicon 
integral admixtures and the cement matrix. The study shows the effect of integral admixtures on cement hydration and thus 
the potential effect on the final properties of the cement-based material.
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Introduction

The substantial development of concrete technology is 
mainly due to the application of chemical admixtures and 
mineral additives. The use of chemical additives is neces-
sary to obtain structural concrete with high quality. Chemi-
cal admixtures used for concrete can be considered as one of 
the greatest achievements in civil engineering of the twen-
tieth century. The first ideas for using concrete admixtures 
appeared at the beginning of the twentieth century. One of 
the first patents appeared in 1909 (the USA) and in 1911 
(France). More work has been done in Great Britain in 1923, 
1924 and 1925 [1]. The concrete admixtures market is still 
growing, and many types of them are currently available. 
According to the EN 934-2: 2002 standard [2], admixtures 

are classified due to the effects of modifications. If a given 
admixture affects more than one property of a fresh or hard-
ened concrete, it is treated as comprehensive (multifunc-
tional) one. Mainly the EN 934-2:2002 standard [2] distin-
guishes the following types of admixtures: water reducers 
(plasticizers and superplasticizers), accelerators, set-retard-
ers, aerators and permeability-reducing admixtures.

The main components of cement, i.e., calcium, silicates, 
aluminates and ferrite-aluminates, have a specific reactivity 
toward water. As a result of hydration process, the setting 
and hardening take place. Cement hydration is a long pro-
cess (it may take several years [3]), which varies greatly 
with the cement type and blended mineral additives. After 
cement has been mixed with water adsorption of polar mol-
ecules of water on the surface of the cement grains occurs. 
This process precedes the dissolution or hydrolysis of the 
cement phases. Within a few minutes, a layer, almost entirely 
amorphous, forms. It is mainly composed of calcium sulfate 
and hydrated calcium silicates (C-S-H phases). When satu-
ration is achieved, then supersaturation of the liquid phase 
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with hydrolysis products takes place, and subsequently, rapid 
nucleation occurs. Subsequently, calcium hydroxide crys-
tallizes and subsequent portions of hydrated calcium sili-
cates are formed as rigid three-dimensional skeleton. The 
beginning of cement hydration is a heterogeneous process. 
It occurs at the interface between the solid phase (cement 
grain) and the liquid phase. This process depends on the 
specific surface area of the solid phase [3–5].

The hydration of the cement phases: alite (C3S), belite 
(C2S), calcium aluminate (C3A) and calcium aluminofer-
rite (C4AF) is an exothermal reaction. The reaction between 
cement components and water within the initial hours is 
associated with the release of significant amounts of heat 
(approx. 250–400  kJ  kg−1) [6]. The hydration process 
accompanied by heat evolution has significant impact on 
durability of concrete massive structures. The total thermal 
effect depends on the hydration of individual cement com-
ponents. The heat of hardening is determined by the heat 
of hydration of the dominant component of cements: alite 
(with hydration heat of about 500 J g−1) [6] and the heat of 
hydration of tricalcium aluminate. The content of C3A does 
not exceed a dozen or so percent, but which, when hydrated, 
educe nearly 900 J g−1 [6]. The heat of hydration of belite 
and calcium aluminoferrite is about 250 J g−1 and 400 J g−1, 
respectively [6]. Reactions of calcium silicates with water, 
whose products are responsible for the increase in strength, 
have a dominant role in the hydration process. The aluminate 
and aluminoferrite phase mainly influences the initial bond-
ing process and material durability, but their contribution to 
the increase in strength is unimportant [3, 5–7].

Admixtures can affect significantly the hydration of 
cement. As a result of using ones, hydration retardation is 
a consequence of precipitation of products or adsorption 
of particles from the solution on the surface of cement 
grains. There is a lot of papers describing influence of 
water reducers, accelerators, retardants and many different 
admixtures on cement hydration. But there is not enough 
research determining the impact of organosilicon, water-
proofing admixtures on the hydration of Portland cement. 
Many researchers (see for example [1, 8–12]) made effort 
to understand and explain the Portland cement mechanism 
hydration in the presence of polymers. Polymer particles 
are mainly adsorbed on the surface of cement grains where 
the polymer cover is formed. It can inhibit the dissolution 
of mineral phases or it can hinder the nucleation of hydra-
tion products, such as C-S-H. It may retard the precipita-
tion of hydration product (C-S-H) by decrease in Ca2+ 
ion concentration in the pore solution and thus extend 
the time required to get the necessary supersaturation [9, 
13]. Łukowski [14] and Kubens [13] listed three possible 
mechanisms of polymer-cement reactions: (1) the electro-
static interaction between the polymer and the surface of 
cement grains, (2) steric hindrance of adsorbed polymer to 

another particle of polymer adsorbed on adjacent cement 
grain and (3) hydrophilic mechanism in case of admixtures 
based on surfactants.

There are many physical and chemical corrosive phe-
nomena, i.e., cyclic freezing, carbonation, chloride cor-
rosion, which shorten the service life of cement-based 
materials. Most of them are triggered or proceed in the 
presence of water filling the concrete pores. In order to 
extend the durability of concrete, one should keep it dry 
or with low water content. There are a few ways to achieve 
this goal, one of which is to use the hydrophobic admix-
tures. Organosilicon agents are usually applied as the 
external coating. The other way is to add the hydrophobic 
admixture to the concrete mixture as one of the ingredi-
ents. Consequently, the understanding how these hydro-
phobic, organosilicon compounds influence the cement 
hydration becomes a critical issue. Organosilicon com-
pounds are very popular in building construction industry. 
They have plenty of application as, e.g., protective coat-
ing and sealing materials. Due to their properties, orga-
nosilicon compounds are often used in building industry 
as protection against moisture. In response to the needs 
of producers of building materials, attempts are made to 
use organosilicon compounds as volume hydrophobization 
agents. It is the purpose of this paper to investigate the 
impact of three different silicon-based water-repellents on 
Portland cement hydration and better understanding of the 
interaction mechanisms involved. The hydrophobic admix-
tures are aimed to be added in a mixing water as we intend 
to produce the internal hydrophobic material. Three, com-
mercially available, chemical admixtures recommended by 
the producers for internal hydrophobization are described 
below. Comprehensive research of cement materials with 
hydrophobic admixtures such as isothermal calorimetry 
and thermal analysis: Differential thermal analyse (DTA) 
and thermogravimetric (TG) are important to determine 
the influence and dominant reaction mechanism of organo-
silicon admixtures. An isothermal calorimetric and DTA-
TG analysis was executed on cement pastes with three 
different silicon-based water-repellents. To confirm the 
volume hydrophobic properties, capillary water absorp-
tion tests were performed on cement mortar.

In case of organosilicon agents used as admixtures 
available scientific literature shows miscellaneous influ-
ence of silicon-based water-repellents on the character-
istics of cementitious materials. It should be remem-
bered that the results published in this paper cannot be 
directly compared with the results of the other authors. 
It is caused by, for example, differences in the types and 
forms (emulsions, powders, etc.) of the tested organosili-
con compounds, the dosing method, used amount or other 
components of admixtures such as surfactants, stabilizers, 
solvents, etc.
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Materials

A characteristic feature of organosilicon compounds is 
a stable bond between silicon and carbon, nitrogen or 
sulfur. Most of them have similar properties as ordi-
nary organic compounds: They are colorless, hydropho-
bic and stable. The silicon atom, in most organosilicon 
compounds, is tetravalent. The length of carbon-silicon 
bond is 186 pm and is longer than carbon–carbon bond 
(154  pm). It is also weaker (the dissociation energy 
of the bond is 451 kJ  mol−1) than carbon–carbon one 
(607 kJ  mol−1), which makes atoms separation easier 
[15]. The higher electronegativity of carbon causes polar-
ization of C–Si bond toward carbon. Silicon is less elec-
tronegative (1.8) than carbon (2.5). The result is an ionic 
character of the silicon–oxygen bond. Si–O–Si named as 
siloxane bonds, and Si–C–Si referred as silicon carbon 
bonds are the basic structures of organosilicon polymers. 
The polysiloxane chain, built with silicon and oxygen 
atoms (–O–Si–O–Si–O–), is the fundamental structure 
of organosilicon compounds. The angle between silicon 
and oxygen in siloxane chain is rather large (about 120o 
[15]) and changeable. Due to that, the chain is very flex-
ible [15, 16]. The structure of polysiloxanes is described 
by a repeating group: –[R2Si–O]–. Organosilicon com-
pounds are commonly known and referred as “silicones.” 
They are synthetic organosilicon polymers with siloxane 
chains in which silicon atoms are attached to alkyl (most 

often methyl or ethyl) or aryl (most often phenyl) groups. 
Organic group is attached to one atom of silicon only 
along the polysiloxane chain. The structure of substituents 
affects the variety of spatial systems that can be formed 
from basic chains [15–17]. One of the most popular of 
organosilicon polymers is poly(dimethylsiloxane). PDMS 
is a high-molecular polymer with two methyl groups 
(–CH3) attached to silicon atom (Fig. 1a). As a result of 
small size of methyl group, the poly(dimethylsiloxane) 
chains can be arranged in helix, with methyl groups 
directed outward. These organic substituents are respon-
sible for hydrophobic properties. Inorganic chain with 
strongly polar Si–O bonds (Si–O bonds have ionic char-
acter in 50%) and non-polar organic groups attached to 
silicon atom gives polysiloxanes amphiphilic character, 
affecting their properties. Siloxane chains, due to their 
amphiphilicity, can easily take on a conformation cor-
responding to the minimum-free energy of the surface 
[18–20]. Size of alkyl substituent affects the hydropho-
bic properties of polysiloxanes. Longer chain of organic 
group causes higher water-repellency. But in practice, 
larger substituents than propyl are not applied due to 
impact on the other properties of organosilicon polymers 
[15]. Poly(dimethylsiloxane) is the main component of 
one of used admixtures.

Another one is based on potassium methylsiliconate 
(MESI) (Fig. 1b). Until now, potassium and sodium silico-
nates have been used for surface hydrophobization. MESI is 

Fig. 1   Schematic structure of: 
(a) poly(dimethylsiloxane) (b) 
potassium methylsiliconate (c) 
triethoxyoctylsilane (d) silicone 
resin
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an alkaline solution of oligomeric siloxanes, namely methyl-
siloxane resin (Fig. 1d). Siliconates are formed as a result 
of stopping the polycondensation reaction of resin by add-
ing excess of sodium or potassium hydroxide. Siliconates 
decompose under the CO2 contained in the air and moisture 
presence. Subsequently, because of polymerization reac-
tion, a polysiloxane chain and corresponding carbonate are 
formed. During the polymerization reaction, longer polysi-
loxane chains are formed, and the hydrophobic effect can be 
observed. It should be mentioned that while carbon diox-
ide accelerates polymerization, calcium hydroxide delays it 
[15, 20–22]. The mechanism of polycondensation reaction 
of MESI due to carbonization is shown in Fig. 2 [23, 24].

The main component of the last admixture is triethoxy-
octylsilane (OTES) (Fig. 1c). It belongs to a group of orga-
nosilicon compounds called silanes. They are low molecular 
mass (178), monomeric molecules based on one atom of sili-
con with four substituents. The general formula of silane is: 
RnSiX4-n. In silane derivatives, there are two types of substit-
uents which can be attached to the main atom. A “R” means 
a moiety such as hydrogen atom, an alkyl, aryl, aromatic or 
organofunctional group (or their combination). The presence 
of alkyl groups provides a hydrophobic properties. Mostly, 
they are aliphatic chains such as isobutyl or octyl. A “X” 
moiety can be a halogen atom or an alkoxy (mostly methoxy 
or ethoxy) group which is needed to form covalent bonds 
with inorganic substrate. Due to the presence of alkoxy 
groups and ongoing reactions, methanol or ethanol is formed 
as a byproduct. These alkoxy groups can ensure the linkage 
with inorganic cement matrix [8, 16, 25, 26]. Triethoxyoc-
tylsilane is an alkyl alkoxy silane with three ethoxy groups 
and one octyl group in its structure (Fig. 1c). The hydroly-
sis and polycondensation reaction are shown in Fig. 3. The 
hydrolysis reactions of silane take place in alkaline medium 

and with the presence of water. These two conditions are met 
in environment of cement matrix. Alkoxy groups react with 
water molecules with detached an alcohol and form silanols 
group (Si – OH). Subsequently, due to hydroxyl groups 
(–OH), condensation reaction of silane takes place, and the 
water is eliminated. Free, residual hydroxyl groups interact 
with mineral, hydrophilic substrate of cement grain (with 
available hydroxyl groups at the hydrophilic surface to be 
specific). It leads to covalent bonds formation between orga-
nosilicon compound and cement substrate, and polysilox-
ane chain is also forming. Silane is absorbed on hydrophilic 
surface with water elimination [10, 26, 27]. The schematic 
reaction is shown in Fig. 4. The characterization of the used 
organosilicon admixtures is given in Table 1. 

The ordinary Portland cement CEM I 42.5 R was used for 
all studied cement pastes and mortars. The chemical compo-
sition of cement is given in Table 2 [28]. The water–cement 
ratio of cement pastes and mortars was constant, and it was 
equal to 0.5. Four main types of cement pastes or mortars 
were prepared: reference sample and three different samples 
with three different commercial admixtures based on various 
organosilicon compounds. The cement pastes were prepared 
for thermal analysis (DTA-TG) and isothermal calorimetry 
test. The cement mortars were prepared for capillary water 
absorption test. Table 3 shows the composition of prepared 
cement mortars.  

Three different hydrophobic admixtures with three vari-
ous active silicon compounds were used. The first admixture 
includes reactive polysiloxanes applied as a water emulsion. 
Poly(dimethylsiloxane) is the main component. The second 
water-repellent is based on triethoxyoctylsilane, and the third 
admixture is concentrated, water solution of methyl silicon 
resin. Amount of added hydrophobic admixture per cement 
mass was 1%, 2% or 3%. For third admixture (MESI), the 

Fig. 2   Schematic mechanism 
of potassium methylsiliconate 
reactions (“R” is a methyl (–
CH3) group and “Me” may be 
sodium or potassium atom)
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producer recommends diminishing the batch water by 10% 
in the mix. Authors decided that the sum of batch water and 
MESI-based admixture should equal 225 g to keep w/c ratio 
at the constant level.

Methods

Capillary water absorption tests

In capillary water absorption test, the mortar prismatic sam-
ples, with dimension 80 × 40 × 40 mm, were used. After 
28 days of curing mortar, samples were dried at 80 °C. 
Subsequently, four sides of each specimen were covered by 
sealing material. Samples were vertically putted in water to 
a depth of 1 cm and weighed after 10 min, 30 min, 60 min, 
90 min, 2 h, 3 h, 4 h and 24 h. Test was carried out according 
to EN 1015-18 [29].

Isothermal calorimetric measurements

The heat of hydration of cement paste with hydrophobic 
admixtures was determined with an isothermal heat conduction 
calorimeter (TAM Air) according to the EN 196–11:2019–01 
[30]. The calorimetric study was performed at temperature 

Hydrophilic Surface Silane Hydrophobic surface

OH groups O atoms Octyl groups (–C8H17)

+
+

Si Si
SiAIO O

O
O O O

Si Si
SiAI

H2O
Si

Fig. 4   Schematic reaction of silane with hydrophilic substrate leading to hydrophobic one

Table 1   Description of the 
water-repellent admixtures

Admixture Main agent Active content/% Type of solvent

1 PDMS Poly(dimethylsiloxane)  ~ 70 Water
2 OTES Triethoxyoctylsilane  ~ 45–50
3 MESI Solution of methyl silicone resin  ~ 40

Table 2   Chemical composition 
of Portland cement CEM I [28]

Chemical composition/%mass

Ignition loss 2.8
Insoluble residue 0.46
SO3 2.76
Chloride content (Cl−) 0.066
Na2O 0.18
MgO 1.45
CaO 63.89
SiO2 19.96
Al2O3 5.21
Fe2O3 2.68
CaO free 1.87

Table 3   Cement mortar 
composition

Component Admixture

PDMS OTES MESI

Amount of admixture/% 1 2 3 1 2 3 1 2 3

Water/cement ratio 0.5
Cement/g 450
Sand/g 1350
Water/g 225 225 220.5 216.0 211.5
Hydrophobic admixture/g 4.5 9.0 13.5 4.5 9.0 13.5 4.5 9.0 13.5
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of 20 °C, 30 °C, 40 °C and 50 °C for the cement pastes made 
of Portland cement CEM I 42.5 R with addition of 1, 2% or 
3% of each organosilicon (PDMS, OTES, MESI) admixture 
and with the water–cement ratio of 0.5. A cement paste with-
out any admixture was also included as the reference sample. 
For each type of cement paste, two samples were prepared. 
Cement, water and appropriate admixture were manually 
blended together outside the calorimeter and because of that 
the first hydration peak could not be recorded. Only the second 
peak could be registered. The time of investigation was set as 
7 days. In accordance with EN 196–11 standard, the measure-
ment of heat of hydration of cement should last up to 7 days 
in order to receive correspondence between isothermal calo-
rimetry and EN 196–8: Methods of testing cement—Part 8: 
Heat of hydration—Solution method and EN 196–9: Methods 
of testing cement—Part 9: Heat of hydration—Semi-adiabatic 
method. There is no doubt that cement hydration does not stop 
after 7 days. However, no significant heat sources are observed 
in calorimetric studies [31]. After 7 days, the progress of the 
hydration can be measured by compressive strength, XRD, 
etc. Calorimetric measurements at four different (20 °C, 30 °C, 
40 °C and 50 °C) temperatures allowed to, by determining the 
degree of hydration and its rate evolutions along with time, 
specify the activation energies of hydration process for the 
cement pastes with silicon-based integral water-repellents. 
Hydration activation energy of cement pastes can be deter-
mined by using Arrhenius law [32]:

where K(T) is the rate constant at the temperature T, A is 
the proportionality factor, Ea is the activation energy, and 
R is the universal gas constant (8.314 J mol−1 K−1). The 
methodology provided by Ulm and Coussy [33, 34], Cervera 
et al. [35], Gawin et al. [36] and Bazant et al. [37] allowed 
describe the hydration degree Γhydr as heat released during 
hydration:

where Qhydr (t) is amount of heat released during cement 
hydration, and Qhydr ∞ is the total amount of released heat. 
According to the EN 196-11:2019-01 [30], it was assumed 
that the total amount of released heat Qhydr∞ equals to the 
value measured after 7 days of hydration Qhydr,7 days. The 
progress of cement hydration process can be expressed as:

where ᾹΓ(Γhydr) is a normalized chemical affinity related to 
the hydration degree, and βRH is an empirical coefficient 

(1)K(T) = A exp −

(
Ea

RT

)

(2)Γhydr(t) =
Qhydr(t)

Qhydr ∞

(3)
dΓhydr

dt
= ĀΓ

(
Γhydr

)
𝛽RHexp −

(
Ea

RT

)

related to influence of relative humidity on the hydration 
rate. The isothermal measurements, based on the amount of 
heat released by the sample, allowed to determine the hydra-
tion degree (Eq. 2) and its evolution in time (Eq. 3). Conse-
quently, the activation energy Ea

||Γhydr
 for arbitrary hydration 

degrees can be determined by following relation:

Thermal analysis DTA‑TG

The thermal analysis was performed only for the cement 
pastes made of Portland cement CEM I 42.5 R with 3% 
addition of each admixture (PDMS, OTES, MESI). Water 
to cement ratio was 0.5. The age of the tested cement pastes 
samples was 90 days. The differential thermal analyse and 
thermogravimetric (DTA-TG) measurements were per-
formed using the SETSYS 16/18 thermal analyser. The 
measurements were executed at the temperature range 
20–800 °C, applying the temperature rate equal 5°C min−1. 
The sample mass was approximately 10–20 mg. The carrier 
gas was a synthetic air, and the volumetric flow rate of the 
carrier gas was 40 cm3min−1. Prior to each measurement, 
samples were degassed for purification.

Results and discussion

Capillary water absorption tests

Table 4 and Fig. 5 summarize the results of capillary 
water absorption test. Each value is taken over six pris-
matic samples (80 × 40 × 40 mm). Both, silane- and silox-
ane-based admixtures gave noticeable decrease in water 
absorption caused by capillary suction. The addition of 
poly(dimethylsiloxane) (PDMS) affects significantly the 
water absorption. Addition of PDMS admixture reduced 
referred absorption coefficient approximately by half. 
The best hydrophobic effect showed admixture based on 
triethoxyoctylsilane. Addition of 3% of OTES reduced 
absorption coefficient up to 90%. Najduchowska et al. 
[38], Spaeth et al. [12] and Milenković et al. [39] achieved 
similar results. Spaeth et al. [12] mentioned that silane 
powder gave better results than the other tested admix-
tures. As we can see the presence of organic groups (such 
as methyl, octyl, etc.) provides hydrophobic properties to 
modified materials. Addition of methylsiliconate (MESI) 
did not decrease water absorption at all. Capillary water 
absorption coefficient was even higher than reference one. 
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Obtained results indicate that the longer alkyl chain of 
octyl groups provided greater decrease in capillary water 
absorption than the methyl one. In addition, the silane 
undergoes a polycondensation reaction during cement 
hydration unlike polysiloxane compound, which perhaps, 
led to better formed and developed siloxane chain and 
hence better protection against water. In case of MESI 
admixture, there is no hydrophobic effect observed. It 
might be explained by the fact that the siliconates need 
CO2 for polycondensation to form a siloxane chain. Add-
ing methylsiliconate as integral admixture caused a hinder 
in access to CO2 from air, which prevented the polymeriza-
tion reaction. 

Isothermal calorimetric measurements

The hydration process and related heat production can be 
presented by data obtained during the measurement of the 
rate of heat released under isothermal conditions. Isothermal 
calorimetry is a helpful and effective method to observe the 
exothermal reactions during cement hydration and determine 
the impact of individual components on it. Due to device 
limitations, the first peak of cement hydration, associated 
with the hydration of the aluminate (C3A) phases, is not 
registered. The main observed peak refers to alite hydration 
[40]. Impact of water-repellents on the rate of heat release 
in cement pastes during hydration is shown in Fig. 6a, b 
and c. As can be easily seen, each of used admixtures has 
noticeable influence in the amount of heat generated during 
cement hydration. In addition, MESI admixture, as only one, 
significant extended the induction period and delayed the 
main hydration peak. The retardation of cement hydration 
in MESI pastes is probably due to the steric effect provided 
by aqueous solution of silicon resin. After 41 h of cement 
hydration, the total amount of released heat (relative to 
the cement mass) is lower for samples with organosilicon 
admixtures (Table 5). After 7 days of cement hydration, the 
total amount of released heat (relative to the cement mass) is 
also decreased except 3% MESI sample (Table 5). All three 
silicon-based agents decreased in amount of released heat 
during cement hydration. The reduction in the amount of 
heat generated during hydration directly indicates the inter-
action of organosilicon compounds with the cement phases. 
By adsorbing on the cement grains surface hydrophobic 
admixtures led to hinder reaction with water and thus to 
incomplete or delayed cement hydration. Similar conclu-
sions were reached by the Stoch at el. [41] by using FT-IR, 
XRD, DTA and SEM techniques. They studied the reactions 
of poly(dimethylsiloxane) with pure clinker phases such as 
alite, belite and the tricalcium aluminate phase. They found 
out that polysiloxane admixture affects both the quality and 
quantity of cement hydration products. Among others, they 
showed that PDMS reduced amount of calcium hydroxide 
formed during alite and belite hydration, and at the same 
time, increased in carbonates formation. In case of OTES 
admixture, during the cement hydration process, silane 
molecules hydrolyze to silanols (RO–S–OH). The reactive 
alkoxy groups (–OR) provide the polycondensation reaction 
with form a siloxane bond (–Si–O–Si–). Due to the presence 
of hydroxyl groups (–OH) reaction with the clinker cement 
phases occur. Alkyl chains (such as octyl –C8H17 groups) in 
addition to the hydrophobic effect also ensure steric protec-
tion to the alkoxy groups. It provides sustained linkage of 
siloxane chains with cement matrix in an alkaline environ-
ment of pore solution. It also needs to be remembered that 
the alkaline environment (high value of pH) of hydrated 
cement increases the hydrolysis rate [39, 42]. Apparently 

Table 4   Results of capillary water absorption test of hydrophobized 
cement mortar

Water-repellent agent Amount of 
admixture/%

Capillary water absorption 
coefficient/kg m−2 min−0.5

Reference 0 0.210
PDMS 1 0.115

2 0.106
3 0.098

OTES 1 0.042
2 0.023
3 0.020

MESI 1 0.248
2 0.259
3 0.260
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Fig. 5   Mass changes of cement mortar samples during capillary 
water absorption test
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(Fig. 6b and Table 5), the hydrolysis and polycondensation 
reactions of triethoxyoctylsilane affected more on cement 
hydration than simply interaction between PDMS molecules 

and cement phases. The amount of heat after 41 h or 7 days is 
evidently lower than for polysiloxane admixture. As always 
in the case of using a commercially available admixture, we 

0 20 40 60 80 100 120 140 160 180 200

Time /h
0 20 40 60 80 100 120 140 160 180 200

Time /h

400

350

300

250

200

150

100

50

0

N
or

m
al

iz
ed

 h
ea

t/J
 g

 –
1

0.0015

0.001

0

N
or

m
al

iz
ed

 h
ea

t r
at

e/
W

 g
 –

1

0.002

0.0025

0.003

0.0005

Reference

1% PDMS

2% PDMS

3% PDMS

Reference

1% PDMS

2% PDMS

3% PDMS

0 20 40 60 80 100 120 140 160 180 200

Time /h
0 20 40 60 80 100 120 140 160 180 200

Time /h

400

350

300

250

200

150

100

50

0

N
or

m
al

iz
ed

 h
ea

t/J
 g

 –
1

0.001

0

N
or

m
al

iz
ed

 h
ea

t r
at

e/
W

 g
 –

1

0.0015

0.002

0.0025

0.0005

Reference

1% OTES

2% OTES

3% OTES

Reference

1% OTES

2% OTES

3% OTES

0 20 40 60 80 100 120 140 160 180 200

Time /h
0 20 40 60 80 100 120 140 160 180 200

Time /h

400

350

300

250

200

150

100

50

0

N
or

m
al

iz
ed

 h
ea

t/J
 g

 –
1

0.001

0

N
or

m
al

iz
ed

 h
ea

t r
at

e/
W

 g
 –

1

0.0015

0.002

0.0025

0.0005

Reference
1% MESI

2% MESI

3% MESI

Reference

0.003

1% MESI

2% MESI

3% MESI

(a)

(b)

(c)

Fig. 6   Influence of (a) PDMS (b) OTES (c) MESI admixture on heat rate and normalized heat of hydration as a function of time at 20 °C



6139Influence of organosilicon admixtures on the hydration of Portland cement﻿	

1 3

know nothing about solvent, surfactants, emulsifiers, etc., 
which are used during production process and which can 
affect the cement hydration and thus on properties of mate-
rial. However, knowing the condensation scheme of silanes 
(Fig. 3), we know that alcohol molecules (in our case etha-
nol) are detached. Kong et al. [43] examined the effect of 
methanol and ethanol on cement hydration. They confirmed 
that alcohols slightly reduce the main peak of cement hydra-
tion without retardation, which should be taken into con-
sideration. Feng et al. [11] also noticed a retarding effect of 
silanes (amino, vinyl and epoxy-based) on cement hydration 
and heat development. All organosilicon-based admixtures 
used in [11] delayed cement hydration significantly and 
decreased in heat generated during hydration. Feng et al. 
also considered that retarding effect of silanes is associated 
with the adsorption of silanes on cement grains and hydra-
tion products [11]. Also, Casagrande et al. [44] and Kong 
et al. [43], who studied polycarboxylate-ester-based super-
plasticizers partial substituted by silanes, noticed cement 
hydration retardation. A similar observation has Collodetti 
et al. [45], who studied influence of surface modified (by 
silanes) nano-SiO2 on Portland cement hydration. Moreover, 
cumulative heat flow was lower for samples with modified 
nano-SiO2 than reference sample.

Results of the isothermal calorimetric tests carried out 
for the cement pastes with organosilicon admixtures (with 
dosage of 3% of each) at 20 °C, 30 °C, 40 °C and 50 °C are 
presented in Figs. 7a–d. It allowed to determine the effect 
of temperature on the cement hydration in the presence of 
silicon-based admixtures. Admixture based on potassium 
siliconate caused two noticeable effects: retardation of 
cement hydration and increasing in the amount of released 
heat at 20 °C, 30 °C, 40 °C. At 50 °C (Fig. 7d), a slight 
delay of hydration is observed but reference sample released 
more heat. At each temperature, silane admixture led to a 
slight hydration retardation with significant decreased in 
the amount of released heat. PDMS curves have the great-
est similarity to the reference one. However, a decreased in 

the amount of released heat is noticeable at 20 °C, 40 °C 
and 50 °C. Interestingly, at 30 °C, poly(dimethylsiloxane) 
caused a greater heat release before the end of the first 10 h 
of measurement. By measurements carried out at different 
temperatures, it was possible to determine the activation 
energy of cement, which was calculated based on the meth-
odology provided by Ulm and Coussy [33, 34], Cervera et al. 
[35], Gawin et al. [36] and Bazant et al. [37]. In Fig. 8a–d, 
the hydration activation energy is shown as the results of the 
activation energy Ea divided by the gas constant R (which 
is equal to 8.314 J mol−1 K−1). There is some research (see 
for e.g. [46–48]) which determines the activation energy of 
cement hydration by means of calorimetric test. In the [46, 
47] papers, the researchers obtained a quite similar activation 
energy Ea for ordinary Portland cement. Schmid et al. [48], 
using the rearranged Ulm and Coussy’s rate law, observed 
that the activation energy increases along with the growth 
of cement hydration degree. As the authors [48] pointed out 
during Portland cement hydration, a few, different reactions 
of cement phases occur (e.g., dissolution of C3S, dissolu-
tion and participation of CSH and Ca(OH)2, dissolution of 
C3A, etc.) which may alternate the activation energy. Much 
research indicates that despite the use of the same type of 
cement (CEM I 42.5), the obtained calorimetric results may 
vary significantly. The results are sensitive to factors such 
as: the manufacturing company, production batch or way 
of storage. However, the results in [48] are very interesting 
and this matter should be investigated in more detailed. As 
might be seen in Fig. 8a–d, the value of activation energy 
depends on both temperature and hydration degree. Let us 
focus on the change of activation energy (Ea/R) as a function 
of hydration degree. In range of 0.3–0.5, in case of potas-
sium siliconate, the highest activation energy (9303 K) was 
achieved at 30 °C. It was the highest recorded value. The 
cement paste with OTES stood out the highest activation 
energy at 40 °C when reference sample or with PDMS had 
the highest activation energy at 50 °C. In range of 0.55–0.8 
of hydration degree, a steady decreased in activation energy 

Table 5   Influence of 
organosilicon admixtures on 
heat of hydration in 20 °C

Water-repellent agent Amount of admix-
ture/%

Average heat of hydration 
after 41 h/J g−1

Average heat of hydra-
tion after 7 days/J g−1

Reference 0 206.75 314.69
PDMS 1 199.04 307.28

2 194.85 301.61
3 185.09 290.24

OTES 1 180.04 300.30
2 157.78 285.16
3 149.12 276.09

MESI 1 93.60 290.59
2 144.93 301.37
3 183.07 320.81
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was observed for all cement pastes except MESI admix-
ture. Approximately 0.65–0.7 of hydration degree a small 
peak was observed. Cement paste with potassium methyl 

siliconate, unlike the other samples, was characterized by 
two peaks during the study of activation energy and also 
its largest and smallest value. In the range of 0.05–0.25 of 
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hydration degree curves of reference and PDMS sample have 
the most similar shape calculated for all analysed tempera-
tures, contrary to MESI specimens where it was the lowest. 

DTA‑TG analysis

All DTA-TG curves presented in Fig. 9 show similar shape. 
DTA-TG analysis of cement pastes shows the several dis-
tinctive endothermic effects (Fig. 1b) accompanied by mass 
loss (Fig. 1a). The endothermic peaks occurring in range 
of 100–200 °C are associated with: a) removal of the free 
water present in the pore system and physically adsorbed 
one to the surface (100–140 °C) [49–52] and (b) in range 
of 160–180 °C, removal of the chemically bound, interlayer 
water from the hydrates (dehydration of the calcium silicate 
hydrates (CSH) gel) [50–53]. According to the scientific lit-
erature [50–53], the dehydration process of calcium silicate 
hydrates might occur even up to temperature 300 °C. The 
endothermic minimum observed in the temperature range 
of 390–470 °C is assigned to the dehydration of portland-
ite Ca(OH)2 [49–53]. The endothermic effect at 700 °C is 
associated with the decomposition of carbonates [51, 52]. 
Analysing the DTG curves (Fig. 9a) and comparing to the 
total mass loss (Table 6) of the samples, it can be stated 
that their masses’ loss is quite similar. The largest mass loss 
(21.27%) was observed for the sample containing of 3% of 
MESI admixture. The lowest one was obtained for 3% addi-
tion of OTES (18.18%). The mass loss of reference sample 
was 21.32%, and sample with PDMS was 20.82%. As can 
be seen in Fig. 9a and Table 6, the MESI sample contained 
the highest amount of free water (13.96%). Almost the same 
amount of physisorbed water had PDMS sample (13.54%). 
In both cases, it is by 2% more than reference sample. 

Probably it is relating to the structure of the organosilicon 
compounds. Both poly(dimethylsiloxane) and aqueous solu-
tion of methyl silicon resin (MESI) have complex, extensive 
particles (see Fig. 1a for PDMS and Fig. 1d for MESI). Their 
size might hinder the water-cement reactions and absorp-
tion of water molecules on the cement phases. The lowest 
value of mass loss was obtained for OTES paste (9.38%). 
In the case of the second, much smaller endothermic peak 
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Table 6   Mass changes during thermal analysis DTA-TG

Admixture Temperature/°C Mass loss/%

0% 100–140 11.67
160–180 3.87
 ~ 450 4.69
 ~ 700 1.09

Total mass loss 21.32
PDMS (3%) 100–140 13.54

160–180 2.64
 ~ 450 3.46
 ~ 700 1.18

Total mass loss 20.82
OTES (3%) 100–140 9.38

160–180 3.68
 ~ 450 3.99
 ~ 700 1.13

Total mass loss 18.18
MESI (3%) 100–140 13.96

160–180 2.41
 ~ 450 3.47
 ~ 700 1.43

Total mass loss 21.27
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(160–180 °C), assigned to the chemically bounded water, 
almost the same mass loss was observed for reference sam-
ple (3.87%) and OTES (3.68%). The other two admixtures 
(PDMS and MESI) had similar mass loss (2.64% and 2.41%, 
respectively). The third endothermic peak at the temperature 
about 450 °C corresponds to the decomposition of calcium 
hydroxide (Ca(OH)2). The highest amount of Ca(OH)2 was 
formed in reference sample (4.69%) and the lowest one in 
PDMS and MESI samples (3.46% and 3.47%, respectively). 
For OTES sample, it was 3.99%, but at the same time, the 
rate of mass loss for this sample was the fastest. DTA/DTG 
curves indicated slight mass loss (about 1%) at ~ 700 °C, 
which reflects the decomposition of calcium carbonate 
[30]. The highest mass loss was obtained for MESI sample 
(1.43%) which can be caused by formed carbonates during 
siliconate reactions (scheme in Fig. 2). In case of 3% OTES 
sample, a small exothermic effect (Fig. 9b) around 310 °C 
occurs. Since we do not know the full composition of the 
triethoxyoctylsilane-based admixture, we cannot explain this 
phenomenon with absolute certainty. However, the litera-
ture [51, 54] provides two credible explanation. It can be 
assumed that the exothermic effect is associated with the 
decomposition of organic compounds such as polymer. The 
DTA-TG analyse confirmed that organosilicon compounds 
interact with cement during hydration making water binding 
or forming portlandite (Ca(OH)2) difficult. 

Conclusions

The influence of three different organosilicon compounds, 
namely the poly(dimethylsiloxane), the triethoxyoctylsi-
lane and the solution of potassium methyl siliconate, on the 
Portland cement hydration and capillary water absorption 
of cement mortar was determined. Based on the obtained 
results and the discussion presented above, the following 
conclusions can be drawn.

•	 The use of organosilicon admixtures caused a decrease 
in heat released during cement hydration. The differ-
ence depends on the type of silicon-based compound. 
The greatest impact on the delays of cement hydration 
showed the MESI-based admixture. The lowest value of 
hydration heat of cement paste for MESI (93.60 J g−1) 
might imply the better steric effect of resin structure 
(MESI) than the other ones (siloxane chains in PDMS or 
OTES). As the temperature of measurement increased, 
the OTES-based admixture caused the largest decreased 
in the release heat.

•	 Result of DTA-TG analysis showed that all organosilicon 
admixtures interfere the portlandite (Ca(OH)2) forma-
tion, which indicate the reactions of organosilicon com-
pounds with cement phases during cement hydration.

•	 Capillary water absorption test shows the great potential 
for using polysiloxanes and silanes as water-repellents 
for internal hydrophobization of cementitious materials.

•	 In case of potassium methyl siliconate, it turned out that 
the small dosage might act like set-retarder.

Preliminary studies have shown that organosilicon admix-
tures are not neutral to minerals phases of cement and inter-
act with them during hydration. It affects the hydration 
reactions and the properties of the final product. The use 
of organosilicon admixtures as potential hydrophobic agent 
can be very promising solution for cement-based materi-
als. However, it requires further research to thoroughly 
understand the mechanism of interaction of silicon-based 
compounds with cement in order to eliminate the negative 
effects of their use and the possibility of giving the desired 
properties to cementitious materials.
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