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This paper investigated the effects of silane impregnation on the protective properties of alkali-activated slag (AAS) mortars. The
surface silane impregnation on water absorption, contact angle, and penetration depth were examined. The related protective
mechanism regarding silane impregnation was analyzed by scanning electron microscope (SEM), X-ray diffraction (XRD), and
Fourier infrared spectroscopy (FT-IR). The results showed that the surface of the AAS mortar after silane impregnation was
transformed from hydrophilic to hydrophobic with an increased contact angle of 80° from 36" to 116°. And the water absorption
was significantly decreased by 74.42% to 97.79%. The penetration depth of the two-layer coating was dramatically higher than that
of the one-layer coating. The optimal coating method and dosage of silane were two-layer coating and 200 g/m?. In addition, silane
impregnation formed a stable Si-O bond with AAS mortars through a hydrolytic condensation reaction and the —-CH,CHj; group

of the silane acted on the surface of the AAS mortars.

1. Introduction

The characteristics of AAS, such as easy preparation, low
energy consumption, solid waste utilization, and low cost,
have made it known as an environmentally friendly “green
material” in the past few decades, with great development
potential [1, 2]. It is often considered as a potential alter-
native to ordinary Portland cement (OPC) with many ad-
vantages, such as superior compressive strength, resistance
to acid and alkali erosion, freeze-thaw resistance, and car-
bonation resistance, which can effectively reduce carbon
footprint and treat solid waste resources [3].

Although AAS has better performance than OPC, it is
also commonly hydrophilic and porous [4-6]. When AAS
material is exposed to the external aggressive environment
for a long time, it is also vulnerable to the intrusion of
aggressive substances, resulting in structural deterioration
[7]. Consequently, the durability of AAS materials has to be
widely concerned to make it better applied to the con-
struction field. It is worthwhile mentioning that surface
treatment is effective in improving the durability of cement-
based materials [8].

There are three types of surface treatment that can be
categorized: (1) sealing, which blocks the pores of concrete
with a sealer; (2) surface coating, which applies a polymer
film to form a continuous physical protective barrier on the
concrete surface; and (3) surface impregnation, whereby a
hydrophobic agent (silane or siloxane) is impregnated on the
surface of the substrate, yielding a hydrophobic layer [9, 10].
Many researchers have proved that the silane impregnation
technology can establish a protective barrier on the concrete
surface, enhance the durability of the concrete, and make the
concrete breathe freely without loss of mechanical proper-
ties. However, the surface coating and sealing usually affect
the permeability of concrete and the performance of the
matrix [8, 11-14]. In light of this, surface impregnation has
been increasingly popular.

At present, research on the performance of surface
impregnation on AAS mortar is limited. The main research
is focused on the protective performance of surface im-
pregnated concrete. Back in the 1980s, the influence of silane
hydrophobic agent impregnation on the durability of con-
crete has been extensively investigated [15]. Many experi-
ments have verified that surface impregnation with silane-
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based water repellent yields a hydrophobic film on the
concrete surface, which can delay the corrosion of reinforced
concrete. Evidence from extensive test results showed that
silane dramatically reduced water absorption, internal hu-
midity, and chloride ion penetration of concrete. Another
research reported that concrete treated with ethyl silicate not
only effectively enhanced the resistance to chloride ions and
carbonation, but also left the pores open [14]. Furthermore,
concrete beams treated with silane were still protective after
20 years of service, according to the results of Christodoulou
[16]. Zhu et al. observed that the capillary water absorption
of concrete was effectively improved by surface silane
treatment with octyltriethoxysilane/siloxane and the pene-
tration depth of silane on concrete under oven dried was
between 6.8 and 9.1 mm [17]. Medeiros et al. showed that
surface protection (such as hydrophobic agents, polyure-
thane coating, acrylic coating, and double systems) signif-
icantly reduced the sorptivity of concrete (reduction rate
>70%) and the chloride diffusion coefficient (reduction rate
of 86%) [18].

However, despite extensive previous researches focus on
surface impregnation of cement-based materials by silane-
based water repellents, there has been very limited work
performed on the protection of silane impregnation on AAS
mortars [16, 19-24]. It remains unknown whether such a
surface impregnation is applicable for protection of AAS
mortars. Moreover, previous researches on surface im-
pregnation mainly studied the durability of carbonization
resistance and chloride ion resistance and rarely analyzed it
from the microscopic perspective. Therefore, there is a need
to conduct a systematic experimental investigation to
evaluate the protection of silane impregnation on AAS
mortars and provide reference for the protection of AAS
mortars. The objective of this paper is to study the protection
of silane impregnation on AAS mortar. The iso-
butyltriethoxysilane was used, and three different dosages
(100, 200, and 300 g/m?) with two different coating methods
(one-layer coating and two-layer coating) of silane were
utilized to coat the surface of the AAS mortars. Water ab-
sorption, contact angle, and penetration depth of the silane
of the AAS mortar were mainly evaluated. And samples of
AAS mortars at the age of 28 days treated with silane or
without silane were analyzed by SEM, XRD, and FT-IR to
attain an in-depth understanding of the surface impreg-
nation of silane on AAS mortars.

2. Material and Method

2.1. Materials. The Ground Granulated Blast Furnace Slag
(GGBFS) was purchased from China Fuyang Xinyuan Building
Materials Co., Ltd. And it is classified into S105 grade with an
activity index greater than 105 according to GB/T 18046 [25].
Its apparent density and specific surface area of GGBES are
2.8g/cm® and 1.535 m%/g, respectively. The chemical compo-
sition of GGBFS is shown in Table 1. Figure 1 shows the XRD
pattern of the GGBEFS at 20 =10°-70". It can be clearly seen that
the main component of GGBES is melilite. The particle size
distribution of GGBFS measured by a laser particle size ana-
lyzer is shown in Figure 2. Sand is used as the natural sand of
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TaBLE 1: Chemical composition of GGBFS.

Chemical composition/wt. % (XRF)
CaO SiO, ALO; MgO Fe,0O; TiO, K,O

GGBFS 437 265 18.2 4.9 1.0 1.0 0.8
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FiGure 1: XRD pattern of GGBFS.

the Huai river in Huainan with a fineness modulus of 2.36 and
an apparent density of 2600 kg/m”. Tap water was used in the
experiment. The silane impregnant produced by Beijing
Mengtai Weiye Co., Ltd., was used. Its active ingredient was
isobutyltriethoxysilane with a purity of 98.9%, and its structural
formula is shown in Figure 3. It can be seen that silane has three
hydrolysable ethoxy groups and one isobutyl group. The hy-
drolysis time of silane can be tested by monitoring its con-
ductivity [26]. The test solution was a 5% silane solution
prepared in a mixture of distilled water. The hydrolysis time is
determined at 26.5 hours by the maximum conductivity
reached using a model DDSJ-308F conductivity tester
(Shanghai INESA Scientific Instrument Co., Ltd., China),
because the condensation reaction takes over along with the
conductivity decreases. Figure 4 depicts the variation of the
conductivity of the isobutyltriethoxysilane solution in time. The
properties of the silane are indicated in Table 2. Granular
sodium hydroxide of analytical purity with a content greater
than 96.0% was purchased from Tianjin Hengxing Chemical
Reagent Co., Ltd. Alkaline-activating solutions of the desired
composition were formulated using 7M sodium hydroxide
solution.

2.2. Preparation of Mortars and Coating Methods. For all
mixtures, the mass ratio of the activator to GGBFS was kept
at 0.5, and the sand content was 45%. Firstly, the dry ex-
perimental materials were put in a mixer for mixing for 3
minutes. Then, alkaline-activating solutions were poured
into the mixer for another 2 minutes.

According to the Chinese standard JT] 275-2000 [27],
40 mm x 40 mm x 160 mm prism specimens were cast and
cured for 28 days under the standard conditions of 23°C and
RH >95%. Then, all specimens, after being taken out and
cleaned, were dried in an oven at 60°C for 5 hours. The
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time.

remaining 5 surfaces of the specimen were sealed with
paraffin except for one rectangular surface for testing. And
the residual unsealed surfaces of the specimen were brushed
with silane and were evenly brushed in the same direction
for 8-10 times. Each brushing was conducted after the

previous brushing was fully absorbed by the mortar. Three
types of coating amounts of silane were selected for the
experiment by two types of coating methods (one-layer
coating and two-layer coating) using a brush. The time
interval between two-layer coatings was 6 hours to ensure
that the silane applied in the first-layer coating was fully
bonded to the mortar. Table 3 provides a detailed coating
scheme. For the codes of these mixtures, C indicates control
group that uncoated AAS mortar, O indicates AAS mortar
treated with one-layer coating, T indicates AAS mortar
treated with two-layer coating, and the numbers following
the letter identification indicate the coating dosage of silane.
All test pieces were placed in a room temperature and
windless environment to cure for 7 days after coating the
specimens. Consequently, the relevant tests were carried out.

2.3. Test Method

2.3.1. Water Absorption. According to the Chinese standard
JT] 275-2000 [27], specimens cured for 7 days with silane
coating were dried in an oven at 40°C for 48 hours. Then, the
mass of specimens at 0, 5, 10, 30, 60, 120, and 140 minutes were
tested according to the test method shown in Figure 5 [28].
Specimens were taken out for weighting and replaced im-
mediately at each test until the end of the test. The calculation of
water absorption height is shown in the following formula:

H:st, (1)
P

where H is the water absorption height (unit: mm); m, is the
mass of the specimen at the corresponding testing time (unit:
g); myg is the original mass (unit: g); p is the density of water
(unit: g/mmz); and S is the contact area between the mortar
sample and water (unit: mm?). The water absorption rate was
determined from the slope of the best fit line on the plot of the
water absorption height against the square root of time.

2.3.2. Penetration Depth. The hydrophobic indicator
method was used to test the penetration depth of silane.
Samples cured for 7 days after silane coating treatment were
broken by the bending resistance tester and then dried in a
constant temperature drying oven at 60°C for 24 hours.
Afterwards, water was sprayed onto the fracture surface of
the test block as a hydrophobic indicator. The measurement
of the depth of the area not wetted by water is the pene-
tration depth of silane due to its hydrophobic property. 8-10
different locations were taken for measurement for each test
specimen, and the average value was reported.

2.3.3. Contact Angle. To investigate the protective effect of
coating methods and coating dosages on AAS mortars, the
contact angle of the mortar surface was measured by a
contact angle measuring instrument to characterize the
hydrophobic performance of the AAS mortar. The water
droplet size of each test was controlled within 3 L, and the
average value of three measurements was reported as the
result.



4 Advances in Materials Science and Engineering
TABLE 2: Properties of silane.

Product Appearance Active ingredient Active ingredient content (%) Specific gravity (g/cmS)

Silane Liquid white Isobutyltriethoxysilane >98.9 0.88

TaBLE 3: Coating method.

Sample number Total amount of coating (g/m?)

Once coating amount (g/m?)

Coating interval time (hours)

C 0 0 0
0100 100 100 0
0200 200 200 0
0300 300 300 0
T100 100 50 6
T200 200 100 6
T300 300 150 6

Paraffin silane impregnation on AAS mortar, a water absorption test

coating was carried out. Figures 6 and 7 show the water absorption

height and water absorption of AAS mortars under different

Pan coating methods and different coating dosages, respectively.

Specimen Specimen A similar regular is illustrated in Figures 6 and 7. As revealed

support by Figure 6, the water absorption height of AAS mortars

without silane protection treatment was higher than surface

)

FIGURE 5: Schematic of water absorption test [28].

Water

2.3.4. Microscopic Testing and Characterization of Mortars.
Samples with and without silane coating were selected for
microscopic testing. The micromorphology of each group
was observed by SEM under a 10kV accelerating voltage.
The samples were collected at a depth of 1-3 mm on the test
surface and vacuum-dried. Before SEM observation, all the
samples were sprayed with gold for 120 seconds to obtain
better electrical conductivity.

The mineral phase composition of the sample was an-
alyzed by XRD with Cu_Ka radiation. And its scanning angle
and scanning speed were 5°-85° and 3°/min, respectively. FT-
IR was used to further characterize the chemical functional
groups of AAS mortar coated with different dosage of silane
and different coating methods. And its infrared wavelength
was 4000 cm™'-400 cm ™', The spectra of all AAS mortar
samples are documented according to the following detailed
procedures: First, a specimen with a depth of 1-3 mm inside
the test surface, taken from the prism which was cured for 7
days after coating, was vacuum-dried and ground to powder
with a size of less than 75 ym. After the test, the Jade software
and the Omnic software were employed to analyze the XRD
and the FT-IR of the AAS mortar with and without silane
coating, respectively.

3. Results and Discussion

3.1. Water Absorption. Water absorption is one of the main
factors affecting the durability of AAS materials. Surface
protective treatment can effectively reduce the water ab-
sorption property of materials, thereby improving the du-
rability of the material. To investigate the protective effect of

impregnated mortars, indicating that AAS mortars were
vulnerable to invasion by aggressive ions. Through surface
impregnation by silane, the water absorption of AAS
mortars was significantly reduced by 74.42% to 97.79%. This
is consistent with the results of other studies [18].

In addition, the water absorption rate of the 0200 group
with a coating dosage of 200 g/m” was the lowest under one-
layer coating and the water absorption rate of AAS mortars
under two-layer coating were all lower than that of one-layer
coating with an identical coating dosage of silane. This
phenomenon was caused by the surface of the mortar being
saturated with too much silane, which cannot penetrate into
the interior of the mortar to cause loss. And the one-layer
coating compared with the two-layer coating with an
identical dosage of silane was easily saturated on the surface,
hindering further penetration into the interior of the mortar.
The results show that the effect of two-layer coating on the
further action of mortar and silane was better than that of
one-layer coating.

Moreover, the second coating makes up for the defect
because the first coating of silane with high permeability
penetrated the mortar without fully interaction with the
surface mortar.

3.2. Contact Angle. Figure 8 presents the contact angle test
results of each group of AAS mortars. The contact angle
values of each mortar specimen are marked in Figure 8. It
can be clearly observed that the contact angle of the or-
dinary AAS mortar was 36° because of its hydrophilic
property, showing a good wetting effect. Through surface
impregnation by silane, the contact angle of AAS mortars
was significantly increased by 80° from 36° to 116°, which
converts the surface property of AAS mortars from strong
hydrophilic to hydrophobic. The improvement in contact
angle is caused by the reduction in surface tension after
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(d)

FiGure 8: Contact angle of alkali-activated slag mortar. (a) C; (b) O100; (c) O200; (d) O300; (e) T100; (f) T200; (g) T300.

silane coating, resulting in a reduction in the migration
rate of water into AAS mortar [29, 30]. This promoted
hydrophobic is beneficial for achieving better protection
of the AAS mortars. It is worthwhile mentioning that the
contact angle of the surface first increased and then de-
creased with the increasing coating dosage, regardless of
one-layer coating or two-layer coating. This is attributed
to excessive silane damage to the protection network-like
hydrophobic film.

Moreover, the two-layer coating showed more excellent
hydrophobic properties compared to the one-layer coating.
The contact angle of the AAS mortar surface with the two-
layer coating was quite larger than that of the one-layer
coating with an identical coating dosage, showing better
hydrophobic performance. Similarly, the contact angle
obtained by the two-layer coating was the largest at a coating
dosage of 200 g/m?. This is consistent with the results of

water absorption. This is attributed to the two-layer coating
making up for the shortcomings of the one-layer coating that
the silane penetrated deep inside the mortar without fully
reacting with the surface mortar. The ethyl (-CH,CHj;)
group in the silane reacted with the AAS mortar to form a
network-like hydrophobic film with hydrophobic properties
in the impregnated zone. In particular, too much silane may
damage the formed hydrophobic film, causing a slight de-
crease in the contact angle.

3.3. Penetration Depth. The penetration depths of silane
impregnation on the AAS mortar are illustrated in Figure 9.
It can be observed that the penetration depth of silane
progressively increased with the increase in the coating
dosage of both one-layer and two-layer coatings. The pro-
gressive increase in penetration depth was owing to the fact
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FIGURE 9: Penetration depth of silane into mortar.

that the main component of the selected silane was iso-
butyltriethoxysilane, which has good permeability due to its
short molecular structure. This is in agreement with the
finding of Zhu et al. [17].

Moreover, the penetration depth of the two-layer coating
was greater than the one-layer coating with an identical
coating dosage. The penetration depth of one-layer coating
and two-layer coating at the coating dosage of 100 g/m* was
2.8mm and 5.2mm, respectively. This phenomenon was
mainly attributed to the fact that the dry surface of mortar
was easy to be saturated by silane impregnation during one
coating, resulting in the loss of silane, thus affecting the
penetration depth of silane. The two-layer coating was
equivalent to a reduction of the single coating amount.
Moreover, the surface originally wetted by silane became dry
during the second coating at an interval of 6h. This is
conducive to the penetration of silane, avoiding the influ-
ence of silane penetration caused by the saturation of mortar
capillary pores coated with a large number of silane in a
short time. Note that a little increment in the penetration
depth was observed in the T200 and T300 groups, suggesting
excess silane was detrimental to the increase in penetration
depth. This phenomenon is caused by the formed hydro-
phobic film of silane that obstructed the penetration of
subsequent silane. On the other hand, the total coating
dosage of more than 200 g/m* tends to saturate the treated
surface of the AAS mortar.

3.4. Morphology and Mineralogical Composition

3.4.1. SEM. Figure 10 displays the SEM image of all samples
cured to 28 days with different coating methods and coating
dosages. As can be seen from Figure 10, no obvious dif-
ference is found in the microstructure of all the experimental
groups compared to the control group (C). And there is no
clear difference with respect to the density of mortar and the
porosity after protective treatment [31]. Moreover, no new
hydration products were found after silane protection.
Compared to that of the control group without surface
impregnation, a lamellar structure was formed on the inner

surface of the AAS mortar impregnated with silane. This
phenomenon was a consequence of the test AAS mortars
being cured for 28 days with a good hydration process. And
the hydrolytic condensation reaction of silane formed Si-O-
CH,CHj; bonding with the mortar and formed a hydro-
phobic film in the impregnated zone of the mortar without
affecting the hydration products and microstructure of the
mortar. In addition, nonpolar groups were introduced into
capillary pores lining up toward the outside, which reduced
the surface free energy of pores. Thus, the excellent hy-
drophobic property of AAS mortars and a good protective
effect were obtained.

3.4.2. XRD. Figure 11 shows the mineral phase composition
of all mortars at 28 days. Similar XRD patterns between the
experimental group and the control group were obtained. 6
kinds of minerals were determined according to the standard
JCPDS documents and reference materials. The main phases
of AAS mortars for 28 days were quartz, C-S-H, C-A-S-H,
hydrotalcite, tobermorite, and calcite in the control group.

It can be seen from Figure 11 that the main hydration
products of mortar were not affected after surface im-
pregnation curing for 7 days, which is greatly in agreement
with the observations of Xue et al. [32]. This phenomenon is
caused by the hydrophobic film being formed on the surface
of AAS mortar by the hydrolysis condensation of silane and
forming Si-O-CH,CHj; bond in the mortar without intro-
ducing extra hydration products. On the other hand, the
object of protective treatment was the AAS mortars cured for
28 days fully hydrated. In addition, fine aggregates (sand)
incorporated into AAS mortars were accounted for the silica
phase in the specimen and calcite may be caused by car-
bonization during sample preparation.

3.4.3. FT-IR. Figure 12 shows the FT-IR spectrum of alkali-
activated  slag mortar at the wavelength of
4000 cm™'-400cm ™" at 28 days with different coating
methods and coating dosages. It is clearly seen that there are
remarkably two different absorption peaks of 2926 cm™" and
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2856 cm ™' between the treated and untreated AAS mortars.  hydrophobic film inside the pores near the zone impreg-
These are related to the C-H bond stretching vibration of the ~ nated by silane.
ethyl (-CH,CH;) group in isobutyltriethoxysilane [33]. The peak at 1654cm ™" is the H-OH bending vibration

These two absorption peaks indicate that silane has suc-  peak of slag. Bands at about 1430 cm™", 956 cm ™, 897 cm ™,
cessfully acted on the AAS mortars and formed a  and 670cm™ are related to the characteristic absorption



Advances in Materials Science and Engineering

! 1
216 25 1 11
AN L VO - T300
g "
S D
2 s R L T100
F ~ ) 0300
> WJ./\JM i A 0200
[ s, [ IM.._A} e C
T T T T
20 40 60 80
20 (degree)
1:Si0, 4:Tobermorite
2:C-S-H 5:Calcite
3:Hydrotalcite 6:C-A-S-H

FIGURe 11: XRD patterns of 28d pastes.

T300

h e T200 \A | \
8 D \‘/\‘ N

N - // e _Mwﬁ\\\/ ~ \ \// A \ W
gl 0300 \ﬂ\ J \ ot \
~ -~ 0 ST \/ ‘,
] - \

Transmittance (%)

~ —
3460 2 in
T

T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

FIGURE 12: FT-IR spectra of mortar under different treatments.

peaks of C-S-H [34, 35]. In addition, the vibration band near
1430 cm™' may also be caused by calcium carbonate [36].
The peak at 451 cm ™" corresponds to the Si-O band in silica.
The band at 3460 cm™" is related to the vibration absorption
peak of free ~-OH owing to the alkaline of the AAS mortar.

4. Conclusion

This paper investigated the effects of silane impregnation on
the protection of AAS mortars. According to the above
experimental results and discussions, the following con-
clusions can be drawn:

(1) Surface impregnation of AAS mortars was efficient at
increasing contact angle, which transformed the
surface property of the AAS mortar from hydrophilic
to hydrophobic. And the water absorption was
successfully suppressed by its surface hydrophobicity

after surface silane impregnation. The penetration
depth of silane increased with increasing silane
dosage. And the penetration depth of silane on AAS
mortars under two-layer coating was higher than
that under one-layer coating.

(2) The optimal coating method of two-layer and the
optimal coating dosage of 200 g/m” were determined
by minimum water absorption and maximum
contact angle.

(3) The surface impregnation of silane did not affect the
microstructure of the AAS mortar and the formation
of hydration products. It is mainly attributed to the
ethyl (—CH,-CHj;) group of silane interacting with
the AAS mortar substrate, forming a net hydro-
phobic membrane, thus improving the durability of
AAS mortars.
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