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Abstract: To date, reinforcement concrete is the main construction material worldwide. As the
concentration of atmospheric CO2 is steadily increasing, carbonation of the reinforcement concrete
becomes a pressing concern. In this study, novel surface protective materials (SPMs) modified with
hybrid nanoSiO2 (HNS), fly ash, and slag were developed to reduce CO2 emissions and extend the
service life of the reinforcement concrete. The carbonation depths were measured by phenolphthalein
to reflect the carbonation resistance. X-ray diffraction (XRD), fourier-transform infrared spectroscopy
(FTIR), and thermal gravimetric analysis (TGA) were conducted to analyze the chemical components
of the samples after carbonation. In addition, MIP was carried out to examine the microstructures of
the samples prior to carbonation. Thermodynamic modeling was employed to calculate the changes
in the phase assemblages of each blends in an ideal situation. The experimental results showed that
the carbonation depth and CaCO3 content of the SPM modified with HNS decreased by 79.0% and
64.6% compared with the reference, respectively. The TGA results showed that after carbonation,
the CaCO3 contents were 4.40% and 12.42% in the HNS modified samples and reference samples,
respectively. MIP analysis demonstrated that the incorporation of HNS in SPM led to a 48.3% and
58.5% decrease in big pores and capillary pores, respectively. Overall, the SPMs modified with HNS
in this study possessed better carbonation resistance and refined pore structures.

Keywords: reinforcement concrete; carbonation; hybrid nanoparticles; pore structure

1. Introduction

Over the past decade, the concentration of CO2 in the atmosphere has increased
significantly [1], resulting in associated environmental pollution problems. As the binder
of reinforcement concrete, cement has been widely used across the world. However, the
production of cement generates a huge amount of anthropogenic CO2 [2–4]. The cement
industry as a whole accounts for about 5–8% of global CO2 emissions. Thus, extending the
service life of concrete is a viable strategy to reduce the demand of cement, which in turn
will effectively cut the carbon footprint.

It is well-known that mature concrete has a tendency to react with the atmospheric
CO2 in natural environments. The carbonation of concrete is more prone to occurring upon
exposure to a high concentrated CO2 level, because CO2 can readily diffuse into the pore
solutions through a normally porous surface structure of concrete. The precipitation of
CaCO3 depletes Ca2+ in the pore solution, resulting in the release of Ca2+ from hydration
products to maintain the dissolution equilibrium of calcium in the pore solution. This
inevitably leads to changes in the hydration products. Among the hydration products,
calcium hydroxide (CH) and calcium silicate hydrate (C–S–H) are the main reactants in the
carbonation process (Equations (1) and (2)). For C–S–H, the depletion of Ca2+ tends to cause
decalcification and decrease the Ca/Si ratio, forming decalcified C–S–H and eventually
amorphous silica gel.

Ca(OH)2 + CO2→CaCO3 + H2O (1)

Coatings 2021, 11, 269. https://doi.org/10.3390/coatings11030269 https://www.mdpi.com/journal/coatings

https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://doi.org/10.3390/coatings11030269
https://doi.org/10.3390/coatings11030269
https://doi.org/10.3390/coatings11030269
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/coatings11030269
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings11030269?type=check_update&version=2


Coatings 2021, 11, 269 2 of 13

C-S-H + 2CO2→SiO2 + 2CaCO3 + H2O (2)

Another problem caused by the carbonation of concrete is the drop in the pH of
the pore solution due to the neutralization reaction between carbonic acid and alkali.
Under such a circumstance, the passive film on the steel surface has a propensity to
undergo chloride-induced corrosion [5,6]. This poses a great threat to the durability of
reinforcement concrete. Therefore, enhancing the carbonation resistance of reinforcement
concrete represents an effective way to improve its durability and extend the service life.

In recent years, surface protective materials (SPMs) have attracted increasing attention
as a feasible and economic way to prevent the diffusion of CO2 into the inner parts of con-
crete, especially the vicinity of the reinforced steel [7,8]. On the other hand, supplementary
cementitious materials (SCMs), such as fly ash and slag, are reported to be effective in aug-
menting the resistance of concrete to carbonation and chloride ingress [9]. At the same time,
new cementitious binder materials composed of a high content of SCMs were referred to as
lower carbon emission in cement manufacture [10]. Some researchers even found that some
sorts of blast furnace slag can provide a better performance than the reference concrete [11].
This reasonably raises the question of whether the combination of SCMs with SPMs can
synergically enhance the carbonation resistance of reinforcement concrete. However, one
downside of the addition of SCMs in cementitious material is the negative effect on the
early strength [12]. NanoSiO2 (NS) has been extensively investigated to evaluate its ability
to compensate for the SCMs-induced adverse influence on the early-age properties [13,14].
As an inorganic agent for modifying cement-based materials, NS holds great potential for
commercial applications due to its low cost and excellent properties. For example, NS can
elicit a filling effect because it can act as a micro aggregate to fill the aperture between the
cement particles and thereby densify the microstructures [15,16]. Moreover, NS also has a
seeding effect by adsorbing calcium ions and serving as nucleation sites of C–S–H due to
the large specific surface area [17]. Furthermore, NS can function as a pozzolana because it
can react with CH to form C–S–H [18,19].

The above three effects of NS work together to improve the early mechanical properties
of reinforcement concrete, such as flexural strength and compressive strength [20,21]. As
nano particles, however, NS is prone to agglomeration in the pore solution in the presence
of various positive ions. In contrast, hybrid nanoSiO2 (HNS) is a novel nanoparticle which
has better dispersion than traditional NS. For example, Gu et al. [22] synthesized a core-
shell nanoparticle and found that the obtained hybrid NS was well dispersed in water
and remained stable. Collodetti et al. [23] found that the siloxane modified nanoSiO2
densified the nanostructure of Portland cement pastes, and coating siloxane on the surface
enhanced the nanoSiO2 stability in pore solutions. Mora et al. [24] developed novel
hybrid silica particles functionalized with n-dodecyl groups (–C12H25) and found that
they both had better dispersion and hydrophobicity. Therefore, hybrid nanoSiO2 with
an organic-inorganic core shell structure seems to be an effective additive to promote
microstructure and durability of cement-based materials. Since surface is the first barrier
to resist carbonation, coating the surface with SPMs is a cost-effective way to enhance the
carbonation resistance of concrete.

In this paper, surface protective materials (SPMs) were prepared with the incorporation
of two types of SCMs, i.e., fly ash and slag. In order to compensate for the adverse
effect of SCMs on the early-age properties, a kind of hybrid nanoSiO2 (HNS) with a
core-shell structure was also added to the SPM. The carbonation depth of the SPM was
measured to assess its carbonation resistance ability. X-ray diffraction (XRD), thermal
gravimetric analysis (TGA), and fourier-transform infrared spectroscopy (FTIR) were
employed to characterize the changes in the chemical compositions of the SPM before
and after carbonation. Moreover, mercury intrusion porosimeter (MIP) was conducted
to investigate the changes in the pore structures before carbonation in different blends.
Finally, thermodynamic modeling was used to simulate the changes in phase assemblage,
pH value, and Ca/Si ratios upon interacting with CO2.
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2. Materials and Methods
2.1. Materials

The cement used in all the experiments was Ordinary Portland Cement (OPC) com-
pliant with the Chinese Nation Standard GB8076-2008 which was purchased from Anhui
Conch Cement Co., Ltd. (Wuhu, China). Table 1 lists the chemical compositions of OPC
characterized by XRF. The class F fly ash and blast furnace slag were used. The chemical
compositions of the used fly ash and slag are listed in Tables 2 and 3, respectively. The
aggregate used was purchased from China ISO Standard Sand manufactured according to
ISO679: 1989, EN196-1.

Table 1. Chemical compositions of Ordinary Portland Cement (OPC).

Component CaO SiO2 Al2O3 Fe2O3 SO3 MgO K2O L.O.I.

Content(wt%) 62.83 20.50 5.61 3.84 3.07 1.70 1.31 1.14

Table 2. Chemical compositions of fly ash.

Component CaO SiO2 Al2O3 Fe2O3 SO3 MgO K2O L.O.I.

Content(wt%) 3.39 57.23 28.34 4.07 1.08 1.22 2.51 1.02

Table 3. Chemical compositions of slag.

Component CaO SiO2 Al2O3 Fe2O3 SO3 MgO K2O L.O.I.

Content(wt%) 26.51 46.29 7.84 5.05 0.62 10.46 1.76 1.47

The commercially available hybrid nanoSiO2 (HNS) was provided by Jiangsu Sobute
New Materials Co., Ltd. (Nanjing, China). The inorganic constituent of HNS is nanoSiO2
(NS), while the organic components in HNS are mainly the aliphatic molecular group,
which accounts for 13% (by weight), according to the instructions provided by the supplier.
The diameter of HNS ranged from 30 to 60 nm. The schematic diagram of the molecular
structure of HNS is presented in Figure 1.
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Figure 1. Schematic diagram of molecular structure of hybrid nanoSiO2 (HNS).

2.2. Sample Preparation

Figure 2 shows the schematic diagram of applying the protective layer on the mortar
substrate. The mortar substrate was first prepared by casting the well proportioned fresh
mixture in a cubic mold with dimensions of 70 × 70 × 50 mm until initial setting. Then,
SPMs with a thickness of 20 mm were coated on the top surface of the substrate. All the
samples were cured in a standard chamber (20 ± 2 ◦C, 95% relative humidity) for 28 days.
Two types of SPMs were adopted in this experiment. The formula of both substrates and
SPMs are listed in Table 4. The FA, slag, and HNS were added by replacing the same
dosage of cement. All the abbreviations used in this study were listed in Table 5.
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Figure 2. Schematic diagram of the process of applying the protective layer onto the mortar substrate.

Table 4. Mix proportions of substrate and different kinds of protective layers.

Parts Water/Binder Sand/Binder FA(wt%) Slag(wt%) HNS(wt%)

SPM-0 0.40 3:1 15 15 0
SPM-1 0.40 3:1 15 15 1

Substrates 0.53 3:1 15 15 0

Table 5. Explanations of abbreviations.

Abbreviations Content of Reference

SPMs Srface protect materials
SCMs Supplementary cementitious materials

NS NanoSiO2
HNS Hybrid nanoSiO2
FA Fly ash
CH Ca(OH)2

XRD X-ray diffraction
TGA Thermal gravimetric analysis
FTIR Fourier-transform infrared spectroscopy
MIP Mercury intrusion porosimeter
REF Samples consist of substrates without SPM

N Samples consist of substrates and SPM-0
HN Samples consist of substrates and SPM-1

HN represents the samples covered with protective layers consisting of 1 wt% HNS;
N represents the samples covered with protective layers consisting of 0 wt% HNS; REF
represents the samples without protective layers.

2.3. Test Methods
2.3.1. Carbonation Depth

Five sides of samples were sealed with paraffin wax (as shown in Figure 3), and
the surface covered with the protective layer was exposed to CO2 at a concentration of
(20 ± 2)% and relative humidity of (70 ± 5)% in a HTX-12X carbonation experiment chest
manufactured by Suzhou Donghua Testing Instrument Co., Ltd. (Suzhou, China). The
carbonation test procedure was in compliance with Chinese National Standard GBJ82-85.

After 28 days of carbonation, the samples were split into two halves, and a phenolph-
thalein alcohol solution was sprayed onto the fractured surface to identify the carbona-
tion depth.
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2.3.2. Chemical Composition

Specimens for chemical composition tests including XRD, TGA, and FTIR analysis
were extracted from the SPMs within a 5 mm depth beneath the surface after carbonation
and ceased hydration by immersing them into isopropanol for 48 h.

XRD was conducted to analyze the changes of mineral compositions of the SPMs be-
fore and after carbonation. A Bruker D8 Advance X-ray diffractometer (Bruker Technology
Co., Ltd., Karlsruhe, Germany). was used, and the scanning range (2θ) was from 5◦ to 70◦

at a rate of 5◦/min in a θ–θ configuration using Cu–Kα radiation.
TGA was carried out to investigate the mineral compositions of the SPMs before and

after carbonation. Specimens for TGA were extracted from the carbonated area beneath the
surface of SPMs and ground to powder followed by drying in 50 ◦C for 24 h. The weighted
powder samples were tested in a nitrogen atmosphere by a NETZSCH STA449F3 thermal
analyzer (NETZSCH-Gerätebau GmbH, Selb, Germany), and were heated from 30–1000 ◦C
at a rate of 20 ◦C/min.

FTIR was carried out to analyze the changes of chemical compositions of SPMs
after carbonation, a Nicolet IS10 fourier transform infrared spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA). was used to conduct the FRIR test. The wavenumbers
range was 2000 to 400 cm−1 at a resolution of 2 cm−1. Each sample was scanned 32 times.

2.3.3. Pore Structures

To investigate the pore structures of different SPMs before carbonation, a Micrometrics
AutoPore IV 9510 (American Michael Instruments Corp., Charlottesville, VA, USA) was
used to conduct the MIP test with a maximum pressure of up to 415 MPa. Specimens for
the MIP test were extracted from the SPMs within a 5 mm depth beneath the surface before
carbonation, and then stopped hydration by immersing them into isopropanol for 48 h.
Pore size distribution curves ranging from 3~360 µm were drawn out.

2.3.4. Thermodynamic Modeling

A Gibbs free energy minimization program was used to calculate the changes of
the phase assemblage during carbonation in a chemical system. CEMDATA18 database
was used [25].

3. Results and Discussion
3.1. Carbonation Depth

Figure 4 shows the carbonation depth of different samples after 28 days of carbonation.
It can be seen that REF has the largest carbonation depth of about 14.3 mm. Such a high
carbonation degree may be due to a porous surface structure caused by a relatively large
W/C ratio of 0.53. It is well-known that the W/C ratio is a vital parameter affecting
the density of cementitious materials. Normally, a larger W/C ratio results in a looser
microstructure and thereby provides more diffusion channels for CO2 [26]. Compared with
REF, the carbonation depth of group N (4.5 mm) and HN (3mm) is reduced by 69.2% and
79.0%, respectively. Apparently, the application of protective layers together with a low
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W/C ratio results in both a denser surface and a less amount of connected pores, impeding
the diffusion of CO2 and elevating the carbonation resistance. The highest carbonation
resistance of HN may due to the pozzolanic reaction between HNS and Ca(OH)2, leading
to the formation of dense C–S–H and the consumption of Ca(OH)2. This is because C–S–H
is beneficial to densifying the microstructure of cement paste, while the presence of less
Ca(OH)2 decelerates the carbonation reaction. Moreover, the filling effect of nanoSiO2 is
also believed to be conducive to reducing the porosity.
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Figure 4. Carbonation depth of different samples after 28 days of carbonation.

From the results above, it can be concluded that the combination of a protective layer
with a low W/C ratio can effectively reduce the carbonation of traditional cement-based
materials. Interestingly, the use of HNS can further enhance this protective effect by the
induced pozzolanic reaction and filling effect.

3.2. XRD

The XRD patterns of different samples after 28 days of carbonation are shown in
Figure 5. The appearance of quartz peaks in Figure 5a is attributed to the presence of sand
in the powdered samples, which is hard to be completely eliminated before the XRD test.
Typical calcite peaks can be observed at 24.1◦, 29.5◦, 36.6◦, and 39.5◦. Obviously, REF has
the highest content of calcite, while N has the lowest calcite content.
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Figure 5. XRD patterns of different samples after carbonation: (a) overall patterns and (b) partial
enlarged view of patterns near 39◦.

Figure 5b shows the partial enlarged view of patterns near 39◦ with two remarkable
calcite peaks. The calcite peaks at 39.5◦ and 39.6◦ reveal the highest carbonation degree of
REF. Compared with REF, N experiences a drop in the calcite content. Moreover, the calcite
peaks in HN are almost unobservable. A decrease of calcite in HN and N points to a better
anti-carbonation performance compared with REF. The highest carbonation resistance of
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HN may be due to the previously mentioned improvement in the pore structures caused
by the filling effect of HNS and the formation of dense C–S–H as a result of the pozzolanic
reaction between HNS and CH. Plus, the consumption of CH by the pozzolanic reaction
directly reduces the formation of calcite.

3.3. FTIR

The FTTR spectra patterns (ranging from 2000–400 cm−1) of different samples are
given in Figure 6. In each curve, three gray areas are used to highlight three bands: the band
at 1440 cm−1 corresponds to v3-CO3

2−, the band at 875 cm−1 corresponds to v2-CO3
2−,

and the band at 712 cm−1 corresponds to v4-CO3
2−. The intensity of these three bands is

in an increasing order of REF < HN < N. The band at 712 cm−1 is almost invisible in HN. A
decrease in the band intensity reflects a decrease in the CaCO3 content and a corresponding
improvement in the carbonation resistance. The FTIR analysis demonstrates that HN has
the best carbonation resistance.
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Figure 6. FTIR patterns of different samples after carbonation.

The dashed line in Figure 6 locates in a position at 970 cm−1, which represents a band
corresponding to the Si–O stretching vibration in C–S–H. At a Ca/Si of ≈1.7, the frequency
of this band will increase along with the decalcification of C–S–H [27]. In Figure 6, the
bands near 970 cm−1 in all the three patterns shift to a higher frequency area at 1078 cm−1,
while the position at 1080 cm−1 corresponds to amorphous silica gel, which is the final
product of the decalcified reaction of C–S–H. This observation indicates the occurrence
of different degrees of C–S–H decalcification: the stronger band at 1078 cm−1 reflects a
larger content of amorphous silica gel and indicates a higher degree of decalcification.
Taken together, the decalcification degree of different samples is in the decreasing order of
HN < N < REF. The lower decalcification degree of HN could be attributed to the dense
microstructure of C–S–H gels, further supporting the improved carbonation resistance
induced by the incorporation of HNS.

The band at 1632 cm−1 is assigned to the bending vibration of H–O–H in chemical
bound water in hydration products [28]. A decrease in the intensity of this band reflects
the consumption of hydration products and a corresponding increase in the carbonation
degree. The presence of the most remarkable band at 1632 cm−1 in Figure 6 once again
confirms the best carbonation resistance of HN.

3.4. TG

The results of (Thermal Gravimetric Analysis) TGA of different samples carbonated
for 28 days are shown in Figure 7. Mass loss peaks of different mineral compositions are
observed in different temperature ranges: the peaks in the range of 100–380 ◦C correspond
to the dehydration of C–S–H/Aft and the peaks within 380–460 ◦C correspond to the dihy-
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droxylation of Ca(OH)2 (Equation (3)); the peaks emerging from 460–750 ◦C correspond to
the decomposition of CaCO3 (Equation (4)).

CaCO3 → CaO + CO2 (3)

Ca(OH)2 → CaO + H2O (4)

m(CaCO3) =
M(CaCO3)

M(CO2)
×m(CO2) (5)

m(Ca(OH)2) =
M(Ca(OH)2)

M(H2O)
×m(H2O) (6)
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Figure 7a shows the mass loss curves measured by TG, and the histogram in the legend
presents the content of Ca(OH)2 and CaCO3 calculated by Equations (5) and (6), which
is summarized in Table 6. The content of CaCO3 in N and HN decreases by 32.60% and
64.47% relative to REF, respectively, indicating a decrease in the capacity of CO2 absorption
with the incorporation of HNS. This conclusion is further supported by the presence of a
higher content of CH in HN compared with N and REF.

Table 6. Content of CaCO3 and Ca(OH)2 in different samples after carbonation.

Components REF N HN

CaCO3(wt%) 12.42 8.37 4.40
Ca(OH)2(wt%) 2.05 2.11 2.85

As can be seen from Figure 7b, the peak of CaCO3 in REF extends to the low tem-
perature area, and a small peak appears at about 500 ◦C, which probably corresponds to
amorphous carbonates due to incomplete crystallization under a high degree of carbona-
tion [29]. The presence of amorphous carbonates may be attributed to the carbonation of
hydration products, such as C–S–H and ettringite [30,31]. These observations are consistent
with the results of the FTIR analysis, demonstrating a lower degree of decalcification in the
samples with a protective layer and the incorporation of HNS.

The observed lower carbonation degree of HN is possibly due to the following two
reasons: (a) The filling effect of HNS improves the pore structure and reduces the amount
of connected pores, effectively impeding the CO2 diffusion; (b) The formation of secondary
C–S–H induced by the seeding effect of HNS further densifies the microstructure of the
protective layer and thereby enhances the resistance to CO2 diffusion. As shown in Figure
8, the accumulation of C–S–H on the surface of cement particles can effectively reduce
the contact between the un-hydrated cement and water, thus retarding the migration
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of Ca2+ [32,33]. Under such a circumstance, the concentration of Ca2+ might be further
decreased due to the consumption by carbonation. Thus, the subsequent precipitation of
CaCO3 becomes more difficult.
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3.5. Pore Structures

Figure 9 shows the pore size distribution of different samples. Obviously, REF has
the largest total porosity compared with N and HN due to its high W/C ratio. With the
addition of HNS, HN has the lowest porosity. Pore volumes at different diameters for
different samples are shown in Figure 10. Generally, the pores in concrete are classified
into four categories: gel pores (≤10 nm), transition pores (10–100 nm), capillary pores
(100–1000 nm), and big pores (>1000 nm) [34,35]. Big pores and capillary pores are harmful
to the cement-based materials because they are the main diffusion channels for corrosive
medium diffusion. It can be seen from Figure 10 that compared with REF, the volume of
big pores in N and HN is decreased by 7.9% and 48.3%, respectively, while the volume of
capillary pores in N and HN is, respectively, decreased by 38.2% and 58.5%. These results
well demonstrate that the addition of HNS in cementitious materials not only reduces
the total porosity but also refines the pore structures. The formation of secondary C–S–H
induced by HNS fills in the voids between cement grains, resulting in the improvement
of microstructures.
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Figure 9. Pore size distribution of different samples.
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3.6. Thermodynamic Modeling

Figure 11 shows the phase assemblage changes of two different blends in contact
with CO2 predicted by thermodynamic modeling. The ordinate represents the volume
percentage of original solid phases as a function of the CO2 content. As can be seen from
Figure 11, N and HN display a similar graph, indicating that HNS has a negligible effect
on the total volumes of each phase. It is worth noting that CH is not observed due to the
SCMs induced pozzolanic reaction. This result is not consistent with previous studies. It is
possible that the added SCMs are not completely reacted with cement in actual situations.
Meanwhile, the stratlingite and high-Ca C–S–H become the dominating phases in a non-
CO2 situation. As the CO2 content increases, stratlingite and C–S–H are consumed along
with the formation of decalcified C–S–H, calcite and gibbsite.
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Changes of pH and Ca/Si ratio of two blends in contact with CO2 are shown in Figure
12. Two remarkable platforms are observed, which correspond to the consumption of
stratlingite and decalcified C–S–H, respectively. This observation indicates that stratlingite
and decalcified C–S–H can maintain a stable Ca/Si ratio and pH during carbonation. Thus,
a high content of C–S–H and stratlingite may be beneficial to preventing the decrease of
pH in cement-based materials upon contact with CO2. This helps explain why the HNS
incorporated samples possess better carbonation resistance in practical applications.



Coatings 2021, 11, 269 11 of 13

Coatings 2021, 11, 269 11 of 13 
 

 

Changes of pH and Ca/Si ratio of two blends in contact with CO2 are shown in Figure 

12. Two remarkable platforms are observed, which correspond to the consumption of 

stratlingite and decalcified C–S–H, respectively. This observation indicates that stratlin-

gite and decalcified C–S–H can maintain a stable Ca/Si ratio and pH during carbonation. 

Thus, a high content of C–S–H and stratlingite may be beneficial to preventing the de-

crease of pH in cement-based materials upon contact with CO2. This helps explain why 

the HNS incorporated samples possess better carbonation resistance in practical applica-

tions. 

 

Figure 12. Changes of Ca/Si ratio and pH in contact with CO2. 

It can also be observed that the slope absolute values of both curves become smaller 

along with the decrease of the Ca/Si ratio, suggesting that a relatively smaller Ca/Si ratio 

is not conducive to decalcification. Therefore, the incorporation of HNS in cementitious 

materials is likely to retard the decalcification of C–S–H and stratlingite by increasing the 

Si/Ca ratio. 

4. Conclusions 

In this study, surface protective materials (SPM) with hybrid nanoSiO2 (HNS) were 

prepared and applied on the surface of mortar substrates. The carbonation resistance of 

SPMs was investigated, and HNS was found to be effective in enhancing the carbonation 

resistance of cement mortar. The main conclusions can be drawn as follows: 

1. The use of SPMs effectively increased the carbonation resistance of the substrates. 

Compared with REF, the carbonation depth of N and HN was reduced by 69.2% and 

79.0%, respectively. 

2. The combination of HNS with SPMs further enhanced the carbonation resistance. 

Compared with the SPMs without HNS, the carbonation depth of the HNS incorpo-

rated SPMs was reduced from 4.5 to 3 mm. 

3. The incorporation of HNS in SPMs refined the pore structures. Compared with the 

SPMs without HNS, the HNS incorporated SPMs experienced a 43.9% and 32.9% re-

duction in big pores and capillary pores, respectively. This was ascribed to the for-

mation of extra C–S–H and the filling effect of nanoparticles. 

4. From thermodynamic modeling, it can be observed that the introduction of HNS 

could promote the formation of C–S–(A)–H, prevent the decrease of pH in pore so-

lution, and lower the Ca/Si ratio of C–S–(A)–H. These effects are beneficial to aug-

menting the carbonation resistance of SPMs. 

Overall, this study verified the enhancing effect of HNS on the carbonation resistance 

of cement mortar. However, the synergistic effect of HNS and SCMs, such as fly ash and 

slag, merits further research. 

10 20 30 40 50
0.6

0.7

0.8

0.9

1.0

1.1

1.2

decalcified C-S-H

decalcified C-S-H
stratlingite

 N

 HN

 N

 HN

Amount of CO2(g/100g cement blend)

C
a

/S
i 

ra
ti

o

stratlingite

7

8

9

10

11

12

13

P
H

Figure 12. Changes of Ca/Si ratio and pH in contact with CO2.

It can also be observed that the slope absolute values of both curves become smaller
along with the decrease of the Ca/Si ratio, suggesting that a relatively smaller Ca/Si ratio
is not conducive to decalcification. Therefore, the incorporation of HNS in cementitious
materials is likely to retard the decalcification of C–S–H and stratlingite by increasing the
Si/Ca ratio.

4. Conclusions

In this study, surface protective materials (SPM) with hybrid nanoSiO2 (HNS) were
prepared and applied on the surface of mortar substrates. The carbonation resistance of
SPMs was investigated, and HNS was found to be effective in enhancing the carbonation
resistance of cement mortar. The main conclusions can be drawn as follows:

1. The use of SPMs effectively increased the carbonation resistance of the substrates.
Compared with REF, the carbonation depth of N and HN was reduced by 69.2% and
79.0%, respectively.

2. The combination of HNS with SPMs further enhanced the carbonation resistance.
Compared with the SPMs without HNS, the carbonation depth of the HNS incorpo-
rated SPMs was reduced from 4.5 to 3 mm.

3. The incorporation of HNS in SPMs refined the pore structures. Compared with the
SPMs without HNS, the HNS incorporated SPMs experienced a 43.9% and 32.9%
reduction in big pores and capillary pores, respectively. This was ascribed to the
formation of extra C–S–H and the filling effect of nanoparticles.

4. From thermodynamic modeling, it can be observed that the introduction of HNS
could promote the formation of C–S–(A)–H, prevent the decrease of pH in pore
solution, and lower the Ca/Si ratio of C–S–(A)–H. These effects are beneficial to
augmenting the carbonation resistance of SPMs.

Overall, this study verified the enhancing effect of HNS on the carbonation resistance
of cement mortar. However, the synergistic effect of HNS and SCMs, such as fly ash and
slag, merits further research.
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