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Abstract: This paper aims to verify the effect of water-soluble hydrophobisations on cementitious
composites such as concrete (S1) and cement-bonded particle boards (52). The research was focused
on the water-soluble hydrophobisations based on methylsilanolate (MS), a mixture of silanes and
siloxanes (SS) and alcohol with the addition of nano-silica (N). The results provide a comprehensive
overview of the benefits and effectiveness of water-soluble hydrophobisations in the context of
building materials, outlining a direction towards the development of new, more environmentally
friendly solutions in the construction industry. For this reason, alternative raw materials (brick
recyclate and brick dust) were used for S1 substrate preparations. How the water-soluble hydropho-
bisations, including hydrophobisations with the addition of nano-silica (N), affect the process of
water evaporation during hydration and the resulting water repellence of the S1 and S2 substrates
were experimentally verified through a series of tests, e.g., measurement of the contact angle and
depth of water penetration under pressure. The evaluation of the effect of hydrophobisations on the
resistance of substrate to aggressive gaseous and liquid environments was observed by the determi-
nation of the resistance to carbonation and sulphation processes and the resistance of the concrete
to aggressive liquid media (10% H;SO4, 10% CH3COOH). Although the hydrophobisations did not
have a significant effect on some aspects of S1, such as the resistance to carbonation and sulphate
attack, improvement was observed in other areas, such as the quadrupling increase in contact angle
of the surface and 9 mm decrease in water pressure penetration into the concrete substrate.

Keywords: water-soluble hydrophobic agent; durability; concrete; cement-bonded particle board;
contact angle; chemical resistance

1. Introduction

Hydrophobic impregnations, as an important part of surface protection, play an im-
portant role in increasing the resistance of cementitious composites to water and other
aggressive substances, such as chlorides and sulphates. This resistance is a critical factor
for improving the durability and sustainability of structures, as underlined by several
studies [1-3]. Recent decades have shown a clear trend in the use of hydrophobic impreg-
nations, not only in industrial and residential buildings but also in infrastructural and
historical buildings, which shows their widespread application [4,5]. Modern approaches
to the development of hydrophobic impregnations, including those with the addition of
nanoparticles, e.g., silver, ZnO or SiO,, also promise to improve the durability of cemen-
titious composites containing alternative raw materials, which are increasingly used in
current construction practice [6,7].

An analysis by studies [8-10] reveals that most of the hydrophobising products are
silane- or siloxane-based, often diluted with water, indicating the increasing trend of the
use of water-soluble hydrophobisations. This approach suggests a trend towards water-
soluble hydrophobisations, which are more environmentally preferable due to the absence
of volatile organics, such as xylene, hexane, etc., from diluents and can serve as a basis for
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further research towards the development of more durable, environmentally acceptable
hydrophobisation systems.

Hydrophobic impregnations give cementitious composites a water repellent effect
by increasing the contact angle of water droplets and reducing the surface energy of
the material, allowing water to run off the surface more efficiently and minimising the
formation of wet areas. The impregnations penetrate the pore structure where they react
with the substrate to form a hydrophobic layer [11]. The primary mechanism of this process
is the reaction of the molecular functional groups of these substances with the hydroxyl
groups on the surface of cementitious materials. Unlike typical coatings, the hydrophobised
material is porous and does not block the original structure, allowing water vapor to
exchange with the outside environment [12,13]. Current studies show that hydrophobic
impregnations should not significantly affect the air and water vapor permeability of
the material, which is key to maintaining the necessary gas exchange and water vapor
permeability [14,15]. The results of Zhang et al. [16] and Herb et al. [17] suggest that
hydrophobic silane- and siloxane-based products do not typically prevent CO, penetration
but may reduce their permeability to CO, under certain conditions (the concentration of
CO; gas was maintained constant at 20 & 2%; relative humidity 70%; the temperature was
20 £ 3 °C). According to Wu et al. [18], the lack of permeability to water vapor can cause
significant damage during freezing and thawing due to the accumulation of water beneath
the surface, which negatively affects the durability of cementitious composites [19,20].

Like in the relevant literature [21-23], the basic properties of hydrophobic impregna-
tions, including penetration depth and contact angle, were tested in this research. Penetra-
tion depth provides critical data on the ability of hydrophobic agents to penetrate deeply
into the microstructure of a material to provide effective protection [24]. The contact angle,
on the other hand, reflects changes in the hydrophobic properties of the surface, which
manifests itself in increased resistance to water absorption. These properties are essential
for an objective evaluation of the effectiveness of hydrophobic impregnations [25]. The
durability of reinforced concrete structures in marine environments, regardless of binder
type, can effectively be improved using silane hydrophobic impregnation, assuming proper
concrete surface preparation and application methods [26].

This paper focuses on the detailed verification of commercially available water-soluble
hydrophobic impregnations and their effect on the properties of cementitious composites,
e.g., water repellence of the surface, resistance to carbonation and sulphate resistance,
penetration of water under pressure, etc. The aim is not only to analyse their hydropho-
bic properties but also to investigate the possibilities of their application in a broader
context, such as use in a chemically aggressive environment and in places where pres-
surised water is used. It also considers current trends in the production of cementitious
composites and the environmental factors associated with their production. The correct
application of water-soluble hydrophobic impregnation can significantly extend the dura-
bility of cementitious composites and improve the properties of cementitious composites
made from alternative raw materials. Secondary raw materials are increasingly being
used in the cement industry, but this also raises a number of challenges that need to be
overcome, such as the long-term durability and stability of concrete composition. Water-
soluble hydrophobic impregnations can help mitigate these challenges, contributing to
the overall performance and sustainability of concrete and cement-bonded particle boards
containing by-products. This study is innovative for various reasons, mainly in using new
water-soluble hydrophobic agents on the concrete (51) and cement-bonded particle board
(52) substrates and monitoring the resistance of hydrophobised concrete to carbonation,
sulfation and aggressive liquid environments.

2. Materials and Methods
2.1. Hydrophobic Agents and Substrate

In the research, three types of commercially available hydrophobic impregnations
are used. The first hydrophobic impregnation is based on methylsilanolate (MS). The
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second hydrophobic impregnation is a mixture of silanes and siloxanes (SS). The third
hydrophobic impregnation used is alcohol with added nano-silica (IN). MS (Lukofob 39,
manufactured by Lucerne zavody, a.s, Kolin, Czech Republic) hydrophobic impregnation
is engineered to improve porous light-coloured silicate materials’ resistance to water. This
product is significant for its cost-effectiveness and minimisation of environmental impact.
Its application is flexible, allowing for different application methods depending on the
required degree of dilution of the concentrate with water, which ranges from 1:10 to 1:100.
This variability allows the application process to be optimised by coating, spraying or
dipping, adapted to specific requirements. The protective hydrophobic SS impregnation
(PCI Silconal® W, manufactured by Master Builders Solutions CZ s.r.o., Chrudim, Czech
Republic) is intended for the impregnation of facades, building parts or chimneys. It is
also suitable for the hydrophobisation of monuments made of sandstone, natural materials
or solid brick. This product is exceptional because of its solvent-free composition, which
allows for its application in both outdoor and indoor environments. This hydrophobic
impregnation is supplied in a form that requires no dilution, making the application process
simpler. Nano-impregnation N (NanoConcept®, manufactured by IMPRE CZ s.r.0, Brno,
Czech Republic) is chosen for its effectiveness in improving concrete, brick and other
materials with excellent water repellence, antibacterial properties and self-cleaning ability.
This product is suitable for application in both outdoor and indoor environments, without
the need for dilution, which makes it easy to apply. Suitable application methods are
spraying or coating.

The selected water-soluble hydrophobisations are commercially available, and suitable
for the purpose of soaking samples. Their long-term durability in an aggressive environ-
ment has not yet been investigated, and neither has their effect on improving the properties
of concrete containing brick recyclate and cement-bonded particle boards. The hydrophobic
impregnations have different dilution needs before application, as well as different colours
and pH values. However, all hydrophobic impregnations are supplied in a liquid form
and are low-viscosity and low-volume due to the values declared by the manufacturers
in the data sheets of the hydrophobic impregnations. The basic physical properties of the
water-soluble hydrophobisations used are shown in Table 1.

Table 1. Selected properties of the hydrophobic impregnations [27-29].

Parameter MS SS N
Component ! [-] 2 1 1
Colour [-] Transparent to yellowish White Orange, yellow
Consumption 2 [L/m?] 0.5-1.0 0.25-0.4 0.1-0.2
Density [g/ cm’] 1.27-1.3 1 1.058
pH value [-] 13-14 6 4

L A value of 1 indicates the use of hydrophobisation without additional dilution; a value of 2 indicates the use of
hydrophobisation after dilution with water. > Consumption ranges depend on the substrate being used (S1 was
more absorbent).

The hydrophobic impregnations were applied to two different types of cement com-
posites. The first type (substrate S1) was a cementitious composite with brick recyclate,
composed of CEM II/B-M cement (S-LL) 32.5 R (Ceskomoravskyf cement, a.s., Mokra,
Czech Republic), fine quarried aggregate fraction 0-2 mm (Zab¢ice, Czech Republic), coarse
crushed aggregate fraction 4-8 mm (Zabtice, Czech Republic), coarse crushed aggregate
fraction 8-16 mm (Olbramovice, Czech Republic), brick recyclate fraction 0-1 mm and
0-4 mm (Wienerberger s.r.0., Slapanice, Czech Republic) and a polycarboxylate-based
superplasticising admixture STACHEMENT 6358 FM (STACHEMA CZ s.r.0., Kolin, Czech
Republic) with a water coefficient of 0.6. Used brick dust is waste from brick formatting
taken directly from brick production. Recycled brick was made from waste bricks and
crushed to a fraction of 0—4 mm under laboratory conditions. The composition of cement
composite S1 per 1 m? is stated in Table 2. Substrate S2 was represented by cement-bonded
particle boards by CETRIS®BASIC with a smooth cement-grey surface of 22 mm thickness,
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manufactured by CIDEM Hranice a.s. (Hranice, Czech Republic), with a 5% replacement of
cement (CEM 142.5 R) by limestone. The properties of S2 are stated in Table 3.

Table 2. Composition of the cement composite (substrate S1) per 1 m3.

Component Unit Amount for 1 m?
CEMII/B-M (S-LL) 32.5R [kg] 300
Fine aggregate 0/2 [kg] 661
Coarse aggregate 4/8 [kgl 266
Coarse aggregate 8/16 [kg] 570
Brick recyclate 0/4 [kg] 117
Brick dust 0/1 [kg] 117
Water [1] 190
Polycarboxylate-based superplasticiser [kg] 3.3

Table 3. Basic properties of the cement-bonded particle boards (substrate S2) [30].

Parameter Average Real Values
Density 1350-1500 kg /m?
Flexural strength min. 11.5 N/mm?
Modulus of elasticity min. 6800 N/mm?
Water absorption * max. 16%
Freeze-thaw resistance ** Ry =097
pH 12.5
Resistance of surface to water and defrosting chemicals *** loss max. 20.4 g/m?

* Water absorption of the slab when immersed in water for 24 h. ** Freeze-thaw resistance at 100 cycles according
to EN 1328 [31]. *** Surface resistance to the effects of water and chemical de-icing agents according to CSN 73
1326 [32], loss after 100 cycles by Method A.

Due to the low viscosity of hydrophobic impregnations, the samples were prepared
using a method where the substrate was immersed in the hydrophobic impregnation so-
lution. The application process of the hydrophobic impregnation can be seen in Figure 1.
The hydrophobicity treatments were applied to all substrate types 24 h after the specimens’
creation to limit evaporation of the water. Prior to application, the cementitious composites
were cleaned; dust and minor impurities were removed mechanically with a steel spat-
ula. Sample soaking was performed under standard laboratory conditions at 21 °C. The
samples were dipped in the hydrophobic impregnation on each side to ensure that it was
applied to their entire surface. All substrates were immersed in the hydrophobisation for
approximately one minute on each side. In cases where the substrates were not well wetted
by the hydrophobisation after visual inspection, they were left in the container of hydropho-
bisation until the entire surface was wetted. After the impregnation was completed, the
specimens were gently removed from the hydrophobicity and left in an inclined position.
The specimens were then placed on grids where drying was carried out under laboratory
conditions. The specimens were afterwards left under laboratory conditions for 28 days.

(b)

Figure 1. Application of SS hydrophobic impregnation on the cement composite surface by soaking:
(a) substrate S2 (rectangular prism, dimensions 50 x 500 x 22 mm), (b) concrete substrate S1 (prism,
dimensions 40 x 40 x 160 mm) with remains of the hydrophobisation on the surface.
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2.2. Experimental Methods
2.2.1. Dynamic Viscosity

Prior to the application of the hydrophobic impregnations, the dynamic viscosity was
determined using a ViscoQC 300H rotational viscometer (Anton Paar GmbH, Graz, Austria);
see Figure 2. The viscosity measurement of the hydrophobic impregnation was performed
according to the EN ISO 2884-2 standard [33]. The viscosity measurement was performed
at a constant temperature of 20 °C. From the set of available spindles, the RH2 spindle was
used because it was expected that the measured hydrophobic impregnations would have
low viscosity. The dynamic viscosity was read at the maximum speed of 250 revolutions
per minute at the maximum torque, after 2 min from the start of the measurement.

Figure 2. Determination of the dynamic viscosity of SS hydrophobisation.

2.2.2. Penetration Depth

The penetration depth of the hydrophobic impregnation was determined using a
KEYENCE VHX 750F digital microscope (Keyence Ltd., Osaka, Japan). At real magnifica-
tion 64 x, the penetration depth was measured several times at different locations on the
cut surface. Measurements were performed on 28-day-old prism specimens measuring
40 x 40 x 160 mm using Keyence communication software ver. 3.0 for VHX 950F. To better
determine the penetration depth of the hydrophobic impregnations, a small amount of red
liquid pigment concentrate was added to each hydrophobic impregnation before they were
applied to the substrates.

2.2.3. Determination of Surface Wettability

Static measurements of the contact angle and surface energy were performed using
the surface energy evaluation system (See System) and a charge-coupled device (CCD)
camera (produced by Faculty of Mechanical Engineering BUT, Brno, Czech Republic).

A measured drop of liquid was applied to the surface of the hydrophobised surfaces
of the test specimens. Three types of selected liquids were used, namely water, glycerol and
ethylene glycol. The measurement was then carried out on the See System device using a
CCD camera (Figure 3), which captured an image of the sample. The image captures the
three-phase interface of solid, liquid and gas, as well as the boundary between the sessile
droplet and the surrounding gaseous environment. With the help of these obtained data,
the individual tangents at the phase interface are then determined and the contact angle
between the liquid and the solid is subsequently obtained. Finally, the combination of the
acid-base (Lifshitz—Van der Waals) method and the Young-Dupr’e equation determines
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the surface energy and its components. The dispersion of the wetting angle is due to the
fact that its value was determined on samples of five drops.

Figure 3. CCD camera for measuring the contact angle and surface energy of the hydrophobised surface.

2.2.4. Chemical Resistance to Aggressive Environment

To study the effect of hydrophobisations on the carbonation and sulphation processes,
prisms measuring 40 x 40 x 160 mm 14 days after the application of hydrophobisation
were placed in corrosion gas chambers where they were exposed to the gases SO, and COs,.
The specimens were placed in an HCP 108 climate chamber (Memmert GmbH + Co.KG,
Schwabach, Germany) to expose them to a CO; concentration of 10% at a temperature of
25 °C and a relative humidity of 50% for 40 days without interruption. The resistance to
exposure to a moist atmosphere containing SO, was tested according to EN ISO 22479 [34].
Further samples were placed in an HK 800 corrosion gas chamber (Kohler Automobil-
technik GmbH, Lippstadt, Germany) and exposed to an environment with 3.375%. SO,
concentration. In the first 1.5 h, the temperature in the chamber was raised to 40 £ 3 °C
and maintained at this temperature for the next 6.5 h. At the end of the eight-hour cycle,
the heating was turned off and the chamber door was opened for 16 h under laboratory
conditions. The specimens were exposed to 40 cycles.

Based on the need to evaluate the effect of the application of hydrophobic impregnation
on the resistance of the material to acidic solutions, the specimens were placed in a 10%
sulphuric acid or 10% acetic acid solution (Figure 4a). The samples of S1 with dimensions
40 x 40 x 160 mm, S2 samples with dimensions 50 x 50 x 25 mm impregnated by the
hydrophobisations, and untreated reference samples were tested. Samples were placed in
sulphuric and acetic acid solutions 28 days after the application of hydrophobisation and
left in this acidic environment for 14 days.

Figure 4. Samples treated with hydrophobic impregnations in the aggressive chemical environ-
ments: (a) substrate S1 in sulphuric and acetic acid solutions; (b) substrate S2 in a moist atmosphere
containing SO,.
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First, the microstructure of S1 samples exposed to aggressive gaseous and liquid
environments was studied. This was performed using a KEYENCE VHX 750F digital
microscope (Keyence Ltd., Osaka, Japan) at 64x magnification and a TESCAN MIRA3
XMU scanning electron microscope (SEM) with 3D imaging capability (TESCAN, Brno,
Czech Republic). The idea was to monitor changes caused by carbonation or sulphation
at the microscopic level. In order to determine the microstructure using SEM, samples
with an area of approximately 2 cm? and a thickness of 3 mm were taken from the surface
of the hydrophobised substrate, which was exposed to the aggressive environment (SO,
COy). All MIRA chambers can be used to conveniently place samples in a 5-axis motorised
sample table. It is also equipped with SE, BSE, CL and LVSTD detectors for working under
high and low vacuum and is supplemented with a Bruker EDX analyser for determining
the elemental composition. Samples were coated with a layer of gold for this observation,
using the SEM in low-vacuum mode and an accelerating voltage of 20 kV.

Second, the degree of carbonation and sulphation of the samples after exposure in an
aggressive gaseous or liquid environment was evaluated using a solution of 1% phenolph-
thalein, ethyl alcohol and water. The samples were fractured, and the fracture surfaces were
sprayed with phenolphthalein solution. The surfaces which turned purple had a pH higher
than 9.0. The depth of carbonation, which is the area from the purple colouration to the edge
of the sample, was then measured several times on each sample. To verify the carbonation
and sulphation degree of the samples exposed to an aggressive environment, the amount
of carbonation and sulphation products was detected by diffraction thermal analysis. The
analysis was carried out on reference specimens of S1 and an S2 specimen treated with
hydrophobic N impregnation. These specimens were exposed to the aggressive gaseous en-
vironment of SO, (Figure 4b) and CO;. The samples were 60 days old and crushed to dust
before testing. A Mettler Toledo TGA /DSC 1 instrument (Mettler-Toledo, LLC, Columbus,
OH, USA) was used for the differential thermal analysis [35]. The samples exposed to the
CO, atmosphere were subsequently subjected to differential thermal analysis (DTA) in
order to determine the carbonation products and the effect of individual hydrophobisation
on the resistance of concrete to carbonation. Samples were taken approximately 1 cm from
the surface and ground to a particle size below 0.063 mm. The samples were then heated in
a DTA analyser to a temperature of 1100 °C.

2.2.5. Depth of Penetration of Water Under Pressure

Depth of penetration of water under pressure was performed according to the standard
EN 12390-8 [36]. Specimens were cube-shaped with dimensions of 150 x 150 x 150 mm and
were exposed to water pressure of 500 £ 50 kPa (Figure 5). After 72 & 2 h, specimens were
fractured vertically to the surface of the applied pressure, then the depth of penetration
was measured.

Figure 5. S1 samples treated by the hydrophobisation in the apparatus for the determination of the
depth of penetration of water under pressure.
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2.2.6. Shrinkage

The shrinkage of the S1 concrete mix was monitored using prism-shaped troughs with
a length of 250 mm, a width of 80 mm and a height of 60 mm; see Figure 6. The trough
was constructed from three fixed walls, a floor and one movable wall. Before filling the
material, the whole assembly was padded with a slippery material (neoprene) and covered
by a plastic separating layer. This setup assured the free movement of material inside
the troughs. To control the direction of shrinkage and make the measurements possible,
two anchors were fixed to the assembly, first to the movable segments and second to the
opposite fixed wall. The deflectometer threw extension measures of the movable parts,
and the relative length changes were recorded in micrometres. The volume changes were
monitored at regular time intervals and the data were recorded.

(a) (b)

Figure 6. Measurement of shrinkage of S1 mixtures treated with hydrophobic impregnations in the
troughs: (a) after the application of hydrophobic impregnation; (b) at the end of the measurements—
after 28 days.

Four troughs were filled with the S1 concrete mix immediately after mixing. The
concrete mix in the troughs was compacted and, approximately two hours after compaction,
a layer of hydrophobic impregnation, MS, SS or N, was sprayed onto the surface of the
three samples. The measurement process continued for 28 days, during which the shrinkage
in pm/0.25 m was recorded. The values were multiplied by four to show the results in
um/m, providing a standardised measurement of shrinkage per metre. The tested samples
filled with S1 concrete mix after the application of the hydrophobic spray impregnation are
shown in Figure 6a, and the tested samples at the end of the measurements after 28 days
are shown in Figure 6b.

2.2.7. UV Resistance

The resistance of the samples treated by the water-soluble hydrophobic impregnations
to ultraviolet (UV) was monitored using a xenon system for accelerated aging of materials
by artificial sunlight—Q-SUN XE3HS (Q-Lab, Westlake, OH, USA), according to EN ISO
4892-2 Part 2: Xenon lamps. Method A cycle 1 [37]. The chamber with hydrophobised
samples that reproduce the damage caused by full-spectrum sunlight and rain can be seen
in Figure 7. The parameters of the Q-SUN chamber to which the experimental samples
were exposed are shown in Table 4.

The S2 samples were alternately exposed to UV radiation, heating and water scraping.
The samples were exposed to these conditions for 840 h. The aim of this test was to simulate
the different climatic conditions to which hydrophobic impregnations may be exposed
under real weather conditions. Visual changes of the sample surfaces were monitored at
regular intervals every 84 cycles.
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Figure 7. Samples in the full-featured lightfastness, colourfastness, and photostability chamber
Q-SUN Xe-3 tester.

Table 4. Q-SUN chamber parameters of the simulated environment to which the reference samples
and samples treated with hydrophobisation on the substrate S2 were exposed.

Parameter Value Unit
Temperature of chamber 38£3 °C
Relative humidity 50 + 10 Y%
Short-wavelength irradiance (300-400 nm) 60 £2 W/m?2
Long-wavelength irradiance (<400 nm) 0.51 £ 0.02 MJ/m?

3. Results and Discussion
3.1. Dynamic Viscosity

The measured values of dynamic viscosity of the hydrophobisations are seen in Table 5.
The dynamic viscosity of the MS hydrophobic impregnation is approximately two times
greater than that of the other two products used. For this reason, the MS impregnation
was diluted with additional water at a ratio of 1:0.7 before use. The hydrophobic N and SS
impregnations were not diluted before application.

Table 5. Dynamic viscosity of the hydrophobic impregnations.

Type of Hydrophobic Impregnation Viscosity [mPa-s/20 °C] Dilution Ratio
Methylsilanolate base (MS) 40.2 1:0.7 [17]
Silane and siloxane base (SS) 19.7 -
Nano-impregnation (N) 13.0 -

3.2. Penetration Depth

The penetration depth of the hydrophobic MS impregnation applied to S1 ranged
from 7 to 25 um; see Figure 8a. For S1, treated with hydrophobic N impregnation, the
penetration depth ranged from 11-21 um; see Figure 8b. For S1, to which the hydrophobic
SS impregnation was applied, values of penetration depth between 7 and 46 um were
measured (Figure 8c). From the results, it can be concluded that the depth of penetration
is also related to the viscosity of the hydrophobisations. The greatest penetration of the
hydrophobisation into the concrete surface was recorded with hydrophobisation based on
SS. The depth of penetration of hydrophobisation was also affected by the varied surface of
the concrete substrate (distribution of aggregates, cement matrix, pores, etc.).
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‘.':1:_3',, S~
T a1 000um;

Figure 8. Depth of penetration of the hydrophobic agents into S1 as determined by digital optical
microscope at the magnification of 64 x: (a) S1-MS; (b) S1-SS; (c) S1-N.

Basheer et al. [38] reported values ranging from 0.5 to 6.5 mm when measuring the
penetration depth of silane or siloxane hydrophobic agents at different concentrations.
The penetration depth according to Zhu et al. [6] after the application of a silane-based
hydrophobic agent to concrete was also in the range of approximately 2—4 mm. When
hydrophobic impregnation was applied by soaking, due to the lower viscosity of the
products used, the penetration depth was expected to be higher. The measured results
were influenced by the soaking time of the cementitious composite in the hydrophobic
impregnation, the drying method and the evaporation ability of the individual components
of the hydrophobic impregnations. If some of the components of the hydrophobic agent
evaporated too quickly, then the penetration depth could have been adversely affected.
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Higher penetration depths could be achieved by soaking the samples several times or by
leaving them in the hydrophobic impregnation for longer. These procedures allow the
impregnating agent more time to penetrate into the deeper layers of the material.

3.3. Contact Angle

Despite the relatively low penetration depth of the hydrophobic impregnations, all
hydrophobic agents increased the substrate’s contact angle. For S1, there was an increase
in the contact angle of approximately 127% to 130% for all specimens compared with the
reference substrate. For 52, 195%, 320% and 210% improvements in contact angle were
observed after application of MS, SS and N, respectively.

Graphical evaluation of the results confirming the enhanced hydrophobicity of the
51 and S2 surfaces are shown in Figure 9, where the measured values of contact angles
and surface energy changes are shown. It can be seen that the contact angles of the
hydrophobically treated samples compared with their untreated substrates increased. The
water droplets on reference substrates are shown in Figure 10. The change in the shape
of water droplets on substrates treated with hydrophobic impregnations is shown in
Figure 11. Based on the results, it can be seen that the application of the hydrophobisations
significantly improved the contact angle of the cement composites” surfaces. The surfaces
were classified according to the Barnat-Hunek et al. [39] system: hydrophilic (contact angle
< 90°), hydrophobic (contact angle between 90° and 150°) and superhydrophobic (contact
angle > 150°). This classification in the graph, together with the data presented, indicates
the successful application of hydrophobic impregnations to both substrates.

250 250
[ Hydrophilic surface (<90°) [ Hydrophilic surface (<90°)
Hydrophobic surface (90-150°) Hydrophobic surface (90-150°)
mmm Superhydrophobic surface (150-180°) - Superhydrophobic surface (150-180°)
200 - 200 1
' '
Q2 Q
o 150 o 150
C c
© ©
9] ©
© 100 1 @ 100 -
+J +
[ c
(@] o
Q O
50 50
0 0
S1-R S1-MS S1-SS S1-N S2-R S2-MsS S2-SS S2-N
Samples on a concrete base Samples on cement-bonded particleboards
(a) (b)

Figure 9. Comparison of water contact angles depending on substrate type: (a) S1; (b) S2.

.08

(@) . (b)

Figure 10. The water droplets on reference substrates: (a) reference substrate S1; (b) reference substrate S2.
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Figure 11. Change in the shape of water droplets on substrates treated with hydrophobic impreg-
nations depending on the type of substrate: (a) SI-MS; (b) S2-MS; (c) S1-SS; (d) S2-SS; (e) S1-N;
(f) S2-N.

3.4. Chemical Resistance

The samples after exposure to 10% concentration of CO, remained without colour
change after the application of the phenolphthalein solution to the fracture surfaces. That is,
the pH of all samples was less than 9.0 throughout the sample cross-section. On the samples
that were placed in the corrosion SO, chamber, it was seen that the pH of the surface layers
decreased to a depth of 2—4 mm after the application of the phenolphthalein solution.
However, the concrete inside still retained a pH higher than 9.0. For the samples exposed
to the aggressive liquid environment of 10% acetic acid, there was a decrease in pH to a
depth of 3-4 mm. For the specimens exposed to the 10% sulphuric acid solution, the depth
of corrosion ranged from 3 to 6 mm from the surface. Figure 12 shows a comparison of the
effect of the aggressive environment on the depth of corrosion for the reference samples
and the samples treated with different water-soluble hydrophobisations. The colour change
results of the phenolphthalein test after exposure to the samples in the SO, atmosphere
are shown in Figure 13. The effect of the hydrophobisations on the improvement of the
resistance of the concrete to aggressive liquid media (10% HpSO4, 10% CH3COOH) can be
seen in Figures 14 and 15, where a decrease in pH was also measured.

7
6
5

4 1
| I | u
3
1
0
51-R S1-N

Penetration depth [mm)]

S1-MS $1-8§

u SOz = H2S04 “ CH3COOH

Figure 12. Depth of corrosion of substrate S1 detected by phenolphthalein test.



Buildings 2024, 14, 3364 13 of 23

Figure 13. Results of the phenolphthalein test after exposure to the SO, atmosphere: untreated
reference surface of substrate S1: (a) S1-REF; (b) S1-SM; (c) S1-SS; (d) S-N.

Figure 14. Results of the phenolphthalein test after exposure of samples to 10% H,SO, solution:
unmodified reference substrate surface S1 (a); S1-SM (b); S1-SS (c); S1-N (d).
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Figure 15. Results of the phenolphthalein test after exposure of samples to 10% CH3COOH solution:
reference substrate surface S1 (a); S1-SM (b); S1-SS (c); S1-N (d).

The CaCO3; amounts in the S1 samples exposed to conditions accelerating the car-
bonation process in the CO, chamber were 10.36% for the reference sample and 11.34%
for the sample treated with the hydrophobic N impregnation. These thermogravimetric
results, similar to the study by Chang and Chen [20], indicate changes in Ca(OH), and
CaCOj3 contents. As Neville [40] points out in his study on the effects of sulphates on con-
crete, sulphates react with calcium hydroxide to produce calcium sulphate. In the thermal
diffraction analysis of samples exposed to the aggressive gaseous environment with SO,
the content of calcium sulphate was determined. For the reference sample, the calcium
sulphate concentration was 61.6%. For the sample treated with hydrophobic impregnation,
the calcium sulphate concentration was determined to be 67.3%. The mineral content de-
tected by DTA can be seen in Table 6. The output and evaluation of the DTA analysis can be
seen in Figure 16a—d. Based on the results of the DTA analysis, it can be concluded that the
used hydrophobisation did not positively affect the resistance of concrete to carbonation,
as the CaCOj3 content was not lower in the hydrophobised sample (51-N). In the same way,
a higher resistance of hydrophobised concrete to sulfation was not observed; CaSO4-2H,0
content was even lower in the reference sample. The results show that it is necessary to
focus more on the method of application of water-soluble hydrophobisations, so that lower
amounts of aggressive gases penetrate into the concrete. The microstructure of the S1
samples and the products of carbonation and sulphation are visible in Figures 17 and 18. In
the SEM photomicrographs of samples exposed to 10% CO; concentration, C-5-H gels, one
of the hydration products of cement, can be seen in all samples. The samples exposed to
3.375%0 SO, showed changed microstructures and surface staining, which was also visible
without any magnification. When observed using SEM, mineral structures were observed
that were similar to ettringite (Figure 17a) and gypsum (Figure 17b,c), which may have
been formed by reactions of SO, with portlandite or C3A. Ettringite was mainly observed
in the reference sample, where its formation was probably higher, since the concrete was
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not surface-treated in any way. In the hydrophobised concrete samples exposed to CO,,
aragonite (Figure 18c,d) was clearly observable, which was formed as a result of the reaction
of portlandite with CO,.

Table 6. Mineral content detected by the DTA analysis.

Sample Aggressive Environment Mineral Content [%]
CaS0O4-2H,0 -
S1-REF CO, Ca(OH); 3.70
CaCOs3 10.36
CaSO4-2H,0 -
S1-N CO, Ca(OH); 3.29
CaCOs 11.34
CaS0O4-2H,0 61.55
S1-REF O] Ca(OH); 1.16
CaCOs 5.37
CaS0O4-2H,0 67.27
S1-N 50O, Ca(OH); 1.03
CaCOs 5.15
" Srp— Step  -17.6705 mg
i =
108-{ [,
106-] Ca(OH)2
\) Step  -0.9810 mg
104+
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Figure 16. Cont.
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Figure 16. Results of DTA analysis after exposure to the CO, and SO, atmospheres: reference surface
of substrate S1 and surface-treated by hydrophobic N impregnation: (a) CO,-REF; (b) CO,-N; (c) SO,-
REF; (d) SO;-N. (black curve—thermogravimetric (TG) curve, red curve—first derivative of DTA
curve, blue curve—DTA curve).

gypsum

(@ (b)

20 pm

Figure 17. SEM photomicrographs of the surface of samples exposed to the 3.375%. SO,: (a) S1
without hydrophobic impregnation; (b) S1-MS; (c) S1-SS; (d) S1-N.
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Figure 18. SEM photomicrographs of the surface of samples exposed to 10% CO, concentration by
SEM (20 kx): (a) S1 without hydrophobic impregnation; (b) S1-MS; (c) S1-SS; (d) S1-N.

3.5. Depth of Penetration of Water Under Pressure

The application of N hydrophobisation reduced the depth of water penetration by 7%.
The reduction in penetration depth in samples treated with SS was 16%. However, the use of
hydrophobic MS impregnation did not lead to significant improvement. The hydrophobic
N and SS impregnations led to a slight reduction in the depth of water pressure penetration,
confirming their positive effect on the resistance of cementitious composites to water under
pressure [41]. The specimens with measured depths of water pressure penetration are
shown in Figure 19. The figure also shows the shapes and widths of seepages, which are
very similar for all samples. The average measured values of water penetration into the
concrete are shown in Table 7.

Table 7. The maximum depth of water pressure penetration into S1.

Water Penetration

Sample [mm]
S1-R 55

S1-MS 57
51-SS 46

S1-N 53
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Figure 19. The depth, shape, and width of the pressure water seepage on substrate S1: (a) S1-REF;
(b) S1-MS; (c) S1-SS; (d) S1-N.

3.6. Shrinkage

The effect of the application of hydrophobisation on the shrinkage of concrete S1 can
be observed immediately after application, as well as at the end of drying and autogenous
shrinkage. The application of hydrophobisation shifted the plastic shrinkage phase of
concrete samples by a few hours. According to the measured values, the ability of hy-
drophobisation to modify volume changes of the concrete has the potential to influence the
cement composite mechanically and physically. The first 24 h from the beginning of the
measurement, when the hydrophobic impregnation was applied, can be seen in Figure 20.
Like in Liu et al.’s [42] research, a slight reduction in the shrinkage of the cementitious
composite was observed after the application of hydrophobisation. Similar results were
also observed for MS and SS hydrophobisations 28 days after the samples’ preparation.

—-100

|
N
o
]

—-300

—-400

Shrinkage [um/m]

—=500

—600

—700
0 5 10 15 20 25

Time (hours)
Figure 20. Graphical evaluation of the shrinkage of concrete substrate S1.

3.7. UV Resistance

The first visible change in the 52 specimens was observed after 504 h, when small
hairline cracks and slight yellowing appeared on the N-treated S2 specimens. A slight
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yellowing of the MS-treated cement-bonded particle board sample also appeared. After
840 h, intense yellowing of the MS-treated specimens could be observed over the entire
surface. A yellow colouration could also be observed on the N-treated specimens. In these
samples, the staining was not as uniform as in the MS samples but was visible in the form
of yellow spots scattered over the surface of the specimens. A similar pattern was also seen
on the SS-treated samples, but the stains were less pronounced and were only sporadically
present on the surface compared with the N-treated specimens. The samples exposed to
840 cycles and the changes on their surface as well as a comparison with samples stored
outside the Q-SUN chamber under laboratory conditions can be seen in Figure 21.

Figure 21. Samples exposed to harsh weather conditions in the Q-SUN chamber after 840 cycles.
Samples with the same surface treatment are framed in the same colour. For comparison of visual
changes, a sample with the same surface treatment stored under laboratory conditions was attached
to the test samples; these are shown in the circles in the figure.

According to Courard et al. [43], UV light exposure destroys Si-O-Si bonds between
hydrophobic molecules, and repeated heat cycles can cause irreversible structural changes
in the polymer. These changes can lead to the deterioration of the hydrophobic treatment,
and this can lead to the visual changes that were observed in this research.

4. Conclusions

The main results of verifying the effect of water-soluble hydrophobic impregnations
on the properties of cementitious composites show that:

1.  The method of application of the hydrophobic impregnation and the surface properties
of the cementitious composites impacted the penetration depth of the hydrophobic
impregnation, which is crucial for the effectiveness of the hydrophobic impregnations.
Based on the microscopic measurement of the depth of penetration, MS reached an
average penetration depth of 14 um, SS 23 pym and N 15 pm.

2. The application of hydrophobic impregnations significantly increased the contact
angle of the surface of cementitious composites (S1, S2). The contact angle was
increased in comparison with the reference samples by approximately 2.5 times in
the case of all used water-soluble hydrophobisations. The value of the contact angle
measured on the concrete substrate S1 was the highest for the MS hydrophobisation
used, which was 127.54 degrees. For substrate S2, the highest value of contact angle
was measured for the SS specimen, which was 129.09 degrees.

3. The hydrophobically treated specimens contained similar amounts of carbonation
products as the reference specimens. This suggests that the application of hydrophobic
impregnations did not prevent carbonation and may have even promoted carbonate
accumulation in environments with a high concentration of CO,.

4. An increase in sulphate levels was observed for both the reference and hydropho-
bically treated samples after exposure to an atmosphere with an SO, concentration
of 3.375%o. This phenomenon indicates that the applied hydrophobic impregnation
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did not provide enhanced protection to the cement composites against the corrosive
effects of SO, gas.

5. Inanaggressive liquid environment, it was observed that the depth of corrosion varied
between samples treated with hydrophobic impregnation and untreated reference
samples. Hydrophobic impregnation provided moderate protection, increasing the
material’s resistance to the tested aggressive liquid environment.

6. The measurements showed that the hydrophobic impregnations delayed the plastic
shrinkage phase of the concrete. This suggests that hydrophobic treatments can sig-
nificantly improve the durability of concrete by reducing the risk of early shrinkage
cracking. This was observed for the specimens treated with hydrophobic impregna-
tion of MS and SS.

The results show that the method of application of the water-soluble hydrophobic
impregnation significantly affected the effectiveness of the surface treatment on the prop-
erties of cementitious composites. Soaking the specimens could not provide a uniform
layer of hydrophobic impregnation, which in turn affected the other properties of the
treated surface.

In summary, it can be said that water-soluble hydrophobic impregnations clearly
compete with solvent-based hydrophobisations and significantly contribute to the sec-
ondary protection of concrete structures. Based on the shrinkage results, it was proved
that the water-soluble hydrophobic impregnations were able to limit the evaporation of
water during the hydration of the concrete and thereby contributed to the improvement of
its quality. Nowadays and also in the future, water-soluble hydrophobic impregnations
are an exclusive option because diluting with water reduces financial costs, and water-
soluble hydrophobisations can be chosen from many products on the market based on
different binders. Water-soluble hydrophobisations are developed and used in accordance
with the environment. Water-soluble hydrophobisations reduce the tendency for stain-
ing and “greening” of cement substrates. When drying, they only release water into the
environment, as they do not contain any organic solvents.
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