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Abstract. Sulphoaluminate (CSA) cement has the advantage of fast-hardening 

and high early-strength, but the carbonation resistance is relatively poor. In order 

to enhance the impermeability of carbonated CSA cement pastes, this paper 

investigates the effects of ethyl orthosilicate (TEOS) surface treatment with and 

without the pretreatment of calcium formate solution (10 wt.%) on the 

impermeability of carbonated CSA cement pastes. The results showed that the 

TEOS surface treatment without pretreatment would reduce the water absorption 

of the uncarbonated CSA cement pastes by only ~6.3%, and water absorption of 

the carbonated CSA cement pastes was reduced even less, as respected. However, 

the water absorption of (un)carbonated CSA cement pastes was significantly 

reduced by the TEOS treatment with the pretreatment of calcium formate solution 

(by ~38.7% and ~42.7%, respectively). Rietveld analysis of their X-ray 

diffraction patterns showed that the pretreatment of calcium formate solution 

would significantly reduce the content of ettringite of hardened CSA cement 

pastes by 63%, and increase the amorphous amount by 40%. The further surface 

treatment of TEOS would hardly change the phase assemblage any more. This 

means that the pretreatment of calcium formate solution could be an important 

reason for the reduction in the water absorption. A new method that can 

significantly enhance the impermeability of carbonated CSA cement pastes is 

proposed, which can provide an important basis for surface strengthening and 

durability enhancement of in-service CSA cement structures. 

Keywords: Sulphoaluminate cement, surface treatment, carbonation, transport 

properties 

1 Introduction

Sulphoaluminate (CSA) cement is a low carbon cement and has excellent properties
such as fast hardening and high early strength and high resistance to sulphate attack [1].
However, the low alkalinity of the hardened CSA cement pastes leads to its poor
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carbonation resistance [2]. Carbonation of CSA cement would not only reduce its me-
chanical properties, but also its durability [3, 4].

Surface treatment has been shown to be a cost-effective way to enhance the durabil-
ity of cementitious materials. There are various surface treatment agents for cementi-
tious materials, such as sodium silicate and sodium carbonate, silane, ethyl orthosilicate
(TEOS), etc. [5]. TEOS is a precursor for synthesizing nano-silica, and it can be hydro-
lyzed to nano-silica in an alkaline environment and the resulting nano-silica could react
with calcium hydroxide (CH) in the cementitious materials to produce hydrated calcium
silicate (C-S-H) gel, which would fill up the pores in surface of hardened CSA cement
pastes, thus improving the surface quality and reducing water absorption and improving
the durability [6, 7]. Cai et al. [8] studied the effect of TEOS and other surface treatment
agents on hardened Portland cement-based materials, and found that the water absorp-
tion and water vapor transport properties of the materials were greatly reduced by the
surface treatment of TEOS. Chen et al. showed that TEOS surface treatment can also
reduce the transport properties of the hardened CSA cement pastes, densifying their
microstructure, reducing water absorption, and improving the surface quality [9].

Due to the low alkalinity of hardened CSA cement pastes, in practical engineering,
the surface of CSA structures is frequently partially carbonated [10]. At this time, the
alkalinity of the hardened CSA will be reduced further, and the amount of C-S-H gel
formed by the surface treatment of TEOS will be reduced as well, thus weakening its
surface enhancement effect [11-13].

Since the carbonated CSA cement pastes is lack of alkalinity to react with nano-
silica from the hydrolysis of TEOS. It could be useful to replenish calcium ions into the
surface of hardened CSA cement pastes before the treatment of TEOS. To the best of
our knowledge, it is the first time that calcium ions is used to increase the enhancement
effect of TEOS. For this reason, this paper explores the role of TEOS treatment with
and without the pretreatment of calcium formate solution on the transport properties of
carbonized CSA cement pastes.

In this paper, the (un)carbonated CSA cement pastes were firstly treated with TEOS
with and without the pretreatment of calcium formate solution, and then their water
absorption was analyzed, and the quantitative XRD analysis technique is used to ana-
lyze the phase composition of hardened CSA cement pastes, and to reveal its mecha-
nism, with the aim of providing a new method of surface treatment for the carbonated
CSA cement pastes.

2 Materials and Methods

2.1 Materials

42.5 CSA cement (Shandong Linqu Shengweite cement Co., Ltd.), tap water, TEOS
(Analysis pure, Shanghai Aladdin Biochemical Technology Co., Ltd.), and calcium for-
mate (Analysis pure, Shanghai Aladdin Biochemical Technology Co., Ltd.) was used
in this work.
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2.2 Methods

According to the Chinese specification (GB/T 20472-2006), CSA cement pastes with a
water/cement ratio of 0.4 and dimensions of 40 mm × 40 mm × 40 mm were prepared,
and after 28 days of standard curing (relative humidity >90%, temperature 20±1℃),
these samples were be ready for the surface treatment and performance tests.

2.2.1 Carbonization Treatment.
To simulate the state of service concrete after carbonation, part samples were car-

bonated according to the Chinese specification (GB/T 50082-2009). The carbonation
of the hardened CSA cement pastes samples was carried out at a carbonization chamber
of the relative humidity of 70±5%, carbon dioxide concentration of 20±3% for one
days, temperature of 20±1℃.

2.2.2 Surface Treatment.
Before the surface treatment, all the samples were vacuum dried at 55℃ for 3 days.

The control sample was left untreated and denoted as ‘C’. Two types of surface treat-
ment were applied to the (un)carbonated CSA cement pastes. The first type of surface
treatment was TEOS treatment (denoted as ‘TEOS’). In this treatment, pure TEOS re-
agent was sprayed on the dry samples for three times at an interval of 10 minutes. The
second type of surface treatment was TEOS treatment with the pretreatment of calcium
formate solution treatment (10 wt.%, denoted as ‘Ca-TEOS’). The calcium formate so-
lution was first sprayed on the surface of the specimen twice at an interval of 30
minutes, and the TEOS reagent was sprayed after 24 hours (As shown in Fig.1).

Fig. 1. Schematic diagram of different surface treatment

2.2.3 Water Absorption.
The water absorption test was performed according to the American standard

(ASTM C1585-13). First, the samples were dried at 55°C for 3 days before the water
absorption test. The relatively low temperature was chosen because the hydration prod-
uct (ettringite) begins to decompose at about 60°C, and other drying methods such as
vacuum and solvent displacement can damage the surface treatment agent layer on the
surface of the materials [14]. The mass of the sample is measured as a function of test
time, and the water absorption (I) can be calculated by the following formula:
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I = Mt
A×d

.         (1)

where I is the water absorption in mm; Mt (in g) is the mass change of the sample at
time t; A is the exposure area of the sample (in mm2); and d is the density of the water
in g/mm3. Fitting the evolution curve of I with time with the following equation yields
the water absorption ratio (S) for the first 6 hours, which is the slope of the fitted line.

= ܫ  S × √t .         (2)

2.2.4 XRD.
In order to analyze the function mechanism of TEOS treatment with and without the

pretreatment of calcium formate, the phase composition of CSA cement pastes was
quantified before and after the treatment using quantitative XRD. Before the XRD test,
all the samples were mixed the corundum (mass ratio is 4:1). XRD spectra were col-
lected using a Bruker D8 Advance X-ray diffractometer with a scanning range of 5°-
80° and a scanning rate of 1 s/step, and the spectra were quantitatively analyzed by the
Rietveld method.

2.2.5 FTIR.
In order to analyze the changes in various phases of hydration products before and

after surface treatment, especially the content and structure of amorphous phases (C-S-
H gels), the IR spectra of all the samples were collected and analyzed. The instrument
used is a Fourier transform infrared spectrometer (model: Nicolet 380, Thermo, USA)
with a testing range of 380-4000 cm-1.

2.2.6 SEM.
In order to analyze the changes in the microstructure of the samples before and after

surface treatment, a field emission scanning electron microscope (model: Gemini 300)
was used. The test parameters are as follows: Acceleration voltage: 2.0 KV, working
distance (WD): 6.6 mm.

3 Results

3.1 Water Absorption

3.1.1 Water Absorption of Uncarbonated CSA Samples.
Fig.2 shows the water absorption of hardened CSA cement pastes with different

surface treatments. It can be clearly seen that the water absorption of the samples would
be reduced by the surface treatment (‘TEOS’ and ‘Ca-TEOS’), as shown in Fig.2 (a).
The water absorption rate of the sample treated with TEOS was reduced by 6.34%,
which is similar to the results in the literature [6, 15]. However, the water absorption
rate of the sample treated with TEOS with the pretreatment of calcium formate solution
was reduced significantly by 38.68%, as shown in Fig.2 (b).
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For the Ca-TEOS sample, the silicate ions in the pore solution of hardened CSA
cement pastes could react with calcium ions to produce C-S-H gels [16]. At the same
time, the nano-silica produced by the hydrolysis of TEOS could also react with calcium
ions to produce C-S-H gels [17]. Both of the two aspects could be important reasons
for the improvement of the permeability of the hardened CSA cement pastes.

3.1.2 Water Absorption of Carbonated CSA Samples.
Fig.3 presents the water absorption of carbonated CSA cement pastes after different

surface treatment. It can be seen from Fig.3 (a) that the water absorption curve of the
control sample and that of the sample with TEOS surface treatment almost overlapped,
meaning that the TEOS treatment basically has little enhancement on the impermeabil-
ity of carbonated CSA cement pastes. Meanwhile, the water absorption rate is reduced
by only 4.07%, compared to the control sample. One possible reason for this could be
that the carbonation of CSA cement pastes leads to the reduction in pH and the calcium
ion concentration[18], which would reduce the hydrolysis rate of TEOS and the rate
and amount of the generation of C-S-H gels.

(a) (b)

Fig. 2. (a)Water absorption and (b) Water absorption rate of hardened CSA cement pastes with
different surface treatments.

For the sample treated with TEOS with the pretreatment of calcium formate solution,
its water absorption rate is reduced by 42.69% as shown in Fig.3 (b), which is even
larger than the magnitude of the reduction for the uncarbonated samples (38.68% as
shown in Fig.1 (b)) [19, 20]. The carbonation of CSA cement pastes could increase the
porosity of the surface, which would be more conducive to the infiltration of calcium
ions and TEOS, and thus facilitated the generation of more C-S-H gels to fill up the
pores.



(a) (b)

Fig. 3. (a)Water absorption and (b) Water absorption rate of carbonated CSA cement pastes
with different surface treatments.

3.2 XRD

Fig.4 shows the XRD patterns of CSA cement pastes before and after different surface
treatments.

Fig. 4. XRD pattern of different samples.

It can be seen from Fig.4 that the main crystalline phases of the control sample
without any surface treatment are AFt, unhydrated CSA and β-C2S,  as  well  as  some
calcite.

After the treatment with calcium formate solution, a large number of calcium
formate crystals appeared in the samples, which may be due to part of the calcium
formate solution was not completely washed due to the infiltration of calcium formate
into the interior of the pores of hardened CSA cement pastes [21]. It means that the
calcium formate solution has very good permeability into the pores the pores of the
sample. Meanwhile, it can be easily found that the peak intensity (as shown in Fig.4)
of Aft was significantly reduced.

Table 1 shows the phase assemblage of the CSA cement pastes with different surface
treatment after the removal of calcium formate crystal. From Table 1, it can be seen
that after the treatment of calcium formate solution, the AFt content in the hardened
CSA cement pastes was significantly reduced from 23.93% to 8.77%. This indicates

660             M. Mu et al.



t
   

  
  

Effect of Surface Treatment on the Transport Properties             661

that part of the AFt probably has undergone the decomposition and transformation into
amorphous AFm or C-S-H gel [22, 23]. Nevertheless, the amorphous phase was
significantly increased from 53.95% to 75.79%, which could be the C-S-H gel produced
by the reaction between calcium ions and silicate ions in the pore solution. As for the
fundamental reason for the disappearance of AFt, we need to further analyze the
influence of calcium ion concentration and pH of the pore solution chemistry in the
hardened CSA cement pastes on the stability of AFt from the perspective of chemical
reaction thermodynamics.

Table 1. The phase assemblage of the CSA cement pastes with different surface treatment.

AF  C4A3$ CaCO3 β-C2 S Amor.
Control 23.96 7.69 5.16 9.24 53.95

Ca2+ 8.77 3.93 4.47 7.04 75.79
Ca-TEOS 6.28 4.94 4.59 7.72 76.47

After further treatment with TEOS, the phase assemblage of the hardened CSA
cement pastes remains basically unchanged, compared with the sample treated with
calcium formate solution, as shown in Table 1. And the content of amorphous phases
is still as high as 76.47%. The result is consistent with the significantly reduced water
absorption by the TEOS treatment with the pretreatment of calcium formate solution.
The amorphous phases should play an important role in filling the pore and densifying
the surface structure of the hardened CSA cement pastes [24].

3.3 FTIR

Fig.5 shows the infrared spectra of CSA cement-based materials under different surface
treatments, with the stretching vibration of O-H in the spectral band of 3600-3300 cm-

1. The control group in the figure has a wider absorption peak around 3500cm-1, which
is due to its high content of AFt. For samples soaked in CF solution and Ca-TEOS, the
area of the absorption peak decreases, which is consistent with the results shown by
XRD. In addition, the C-O stretching vibration is located at 1300~1000 cm-1, and the
C=O stretching vibration is located at 1680~1630 cm-1.  As shown in the Fig.5, there
are obvious sharp absorption peaks in the Ca2+and Ca-TEOS curves near 1600 cm-1,
which is probably due to the treatment of CF solution. Compared with the absorption
peak of ‘Ca2+ ‘sample, that of the ‘Ca-TEOS’ sample is relatively reduced, indicating
that TEOS consumes calcium ions in CF, and this is consistent with the higher
amorphous phase content of ‘Ca2+ ‘sample than the ‘Ca-TEOS’ sample, as shown in
Table 1.
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Fig. 5. Infrared spectra of CSA under different surface treatments.

3.4 SEM

Fig.6 shows the microscopic morphology of hardened CSA cement under different
surface treatments. It can be seen from Fig.6  (a) that the there are many pores in the
hardened CSA cement and the surface is quite uneven and coarse. At a relatively high
magnification, it could be found that the amount of C-S-H gel quite small and the ar-
rangement is irregular.

As shown in Fig.6  (b), after treated with CF solution, it can be observed that the
amount of the large pores on the surface of the hardened cement particles was
significantly reduced and the surface is relatively smoother. At a relatively high
magnification, it can be found that there is a large number of granular objects on the
cement surface. Based on the XRD results, these granular objects could be calcium
formate crystal. This result shows that CF also can densify the surface microstructure
of hardened CSA samples.

Fig.6 (c) shows the microscopic morphology of hardened ‘Ca-TEOS’ sample. it can
be seen that its surface is qiuite smooth as the ‘Ca’ sample, and the number of large
pores is further reduced. After magnification, it can be observed that surface treatment
of ‘Ca-TEOS’ sample produced more globular particles, and the globular phase could
be amorphous silica gel silica gel from the hydrolysis of TEOS, which filld the pores
and makes the structure more compact.

(a)Control sample



(c) Ca-TEOS sample
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(b) ‘Ca2+ ‘sample

Fig. 6. SEM images of hardened CSA pastes after different surface treatments.

4 Conclusions

In this study, surface treatment agents (TEOS) with and without the pretreatment of
with calcium fromate solution (10 wt.%) were applied on the surface on the carbonated
CSA cement, to improve its durability.

Based on the above results, it could be found that for the surface treatment of TEOS
only reduce the water absorption of the uncarbonated or carbonated CSA cement pastes
by only 6.34% and 4.07%, respectively, whereas the surface treatment of TEOS with
the pretreatment of with calcium fromate solution would reduce the water absorption
by 38.68% and 42.69%, respectively. It reveals the critical role of the pretreatment of
calcium fromate solution. The micro-analysis showed that the pretreatment of calcium
formate solution would significantly reduce the AFt content of hardened CSA cement
pastes, and increase the amount of amorphous phases, thus densifying its pore structure
and enhancing its permeability.

The reason for the decomposition of AFt in the calcium formate solution has not
been resolved, and this could be related to the chemical balance and systematical ther-
modynamic analysis could be useful to reveal the action mechanism of calcium fromate
solution during the transformation of AFt.
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This work provides a new way to improve the impermeability of carbonated CSA
cement pastes, and the method could also be used in the surface treatment of other low
alkalinity cement such as large-volume supplementary cementitious materials systems.

Acknowledgments

The authors acknowledge the help of Heng Chen and Pengkun Hou from University of
Jinan.

References

1. Liu, Pengcheng, Xiaohu Chen, Jieri Li, Jinsong Yan, Xiangdong Su, and Zheng Kai.
"Research progress of sulfoaluminate cement." Modern Salt Chemical Industry 48, no. 04
(2021): 18-19. DOI: 10.19465/j.cnki.2095-9710.2021.04.008.

2. Yu, Xuemei, Lingliu Song, Qucheng Zhong, Feirong Ren, and Lichao Feng. "Mechanical
properties and carbonation resistance of nano-modified seawater sea sand sulfoaluminate
concrete." Shihezi Science and Technology, no. 4 (2023): 29-31.

3. Zhang, Decheng, Yunfei Zhang, and Xin Cheng. "Research on the carbonation resistance of
sulfoaluminate saline mud based concrete." Silicate Bulletin, no. 2 (2008): 258-63. DOI:
10.16552/j.cnki.issn1001-1625.2008.02.037.

4. Chen, Yuting, Zhongping Wang, Xiang Peng, Zheyu Zhu, and Linglin Xu. "The effect of
high temperature and carbonization on the stability of chloride ion binding in the hydration
product of aluminate cement." Journal of Building Materials 25, no. 7 (2022): 715-21.

5. Yu, Maolin, Anzhong Deng, Sheng Luo, Honghe Chen, and Hao Sun. "Research progress
of protective coating materials for concrete surfaces." Concrete and Cement Products, no.
10 (2021): 29-34. DOI: 10.19761/j.1000-4637.2021.10.029.06.

6. Hou, Pengkun, Xin Cheng, Jueshi Qian, and Surendra P. Shah. "Effects and mechanisms of
surface treatment of hardened cement-based materials with colloidal nano-SiO2 and its pre-
cursor." Construction and Building Materials 53 (2014): 66-73. DOI:
10.1016/j.conbuildmat.2013.11.062.

7. Franzoni, Elisa, Barbara Pigino, and Carlo Pistolesi. "Ethyl silicate for surface protection of
concrete: performance in comparison with other inorganic surface treatments." Cement and
Concrete Composites 44 (2013): 69-76. DOI: 10.1016/j.cemconcomp.2013.05.008.

8. Cai, Yamei, Pengkun Hou, Ce Duan, Rui Zhang, Zonghui Zhou, Xin Cheng, and Surendra
Shah. "The use of tetraethyl orthosilicate silane (teos) for surface-treatment of hardened ce-
ment-based materials: a comparison study with normal treatment agents." Construction and
Building Materials 117 (2016): 144-51. DOI: 10.1016/j.conbuildmat.2016.05.028.

9. Chen, Heng, Zhaoheng Guo, Pengkun Hou, Xinghua Fu, Yupeng Qu, Qinfei Li, Xin Cheng,
and Xiaoliang Zhu. "The influence of surface treatment on the transport properties of hard-
ened calcium sulfoaluminate cement-based materials." Cement and Concrete Composites
114 (2020): 103784. DOI: 10.1016/j.cemconcomp.2020.103784.

10. Branch, J. L., D. S. Kosson, A. C. Garrabrants, and P. J. He. "The impact of carbonation on
the microstructure and solubility of major constituents in microconcrete materials with var-
ying alkalinities due to fly ash replacement of ordinary portland cement." Cement and Con-
crete Research 89 (2016): 297-309. DOI: 10.1016/j.cemconres.2016.08.019.

11. Hou, Pengkun, Rui Zhang, Yamei Cai, Xin Cheng, and Surendra P. Shah. "In situ Ca(OH)2

consumption of TEOS on the surface of hardened cement-based materials and its improving



          665Effect of Surface Treatment on the Transport Properties   

effects on the Ca-leaching and sulfate-attack resistivity." Construction and Building Mate-
rials 113 (2016): 890-96. DOI: 10.1016/j.conbuildmat.2016.03.155.

12. Sandrolini, Franco, Elisa Franzoni, and Barbara Pigino. "Ethyl silicate for surface treatment
of concrete – part i: pozzolanic effect of ethyl silicate." Cement and Concrete Composites
34, no. 3 (2012): 306-12. DOI: 10.1016/j.cemconcomp.2011.12.003.

13. Pigino, Barbara, Andreas Leemann, Elisa Franzoni, and Pietro Lura. "Ethyl silicate for sur-
face treatment of concrete – part ii: characteristics and performance." Cement and Concrete
Composites 34, no. 3 (2012): 313-21. DOI: 10.1016/j.cemconcomp.2011.11.021.

14. Wang, Licheng, and Qiuyu Zhang. "Investigation on water absorption in concrete after sub-
jected to compressive fatigue loading." Construction and Building Materials 299 (2021):
123897. DOI: 10.1016/j.conbuildmat.2021.123897.

15. Xu, Shuitai, and Navy Zhi. "Effect of ethyl orthosilicate on the properties of cementitious
materials." New Building Materials 47, no. 3 (2020): 53-55+74.

16. Lingbo, Wang. Research on the composition of pore liquid in sulfoaluminate salt mud based
materials and its effect on reinforcement corrosion. Zhejiang University, Zhejiang, 2021.
DOI: 10.27461/d.cnki.gzjdx.2020.002176.

17. Rui, Zhang. Research on the effect and mechanism of nano SiO2 and its precursors on the
properties of surface cement based materials. University of Jinan, Jinan, 2017.

18. Zhang, Ping, Bingxin Zhang, Yanfeng Fang, and Jun Chang. "Study on carbonation re-
sistance of polymer-modified sulphoaluminate cement-based materials." Materials 15, no.
23 (2022): 8635. DOI: 10.3390/ma15238635.

19. Ma, Baoguo, Yanchao Zhu, Di Hu, and Hainan LI. "Effect of calcium formate on the early
hydration process of sulfoaluminate cement." Functional Materials 44, no. 12 (2013): 1763-
67.

20. Sun, Daosheng, Wei Xu, Aiguo Wang, Xiaochen Liang, and Manli Zhu. "Effect of calcium
formate on the compressive strength, hydration, and pore structure of cement slurry." Journal
of Anhui University of Architecture and Technology (Natural Science Edition) 21, no. 6
(2013): 54-58.

21. Yu, Wang, Zhang Wenhua, Wu Peipei, Pi Yilin, and Zhang Yunsheng. "Study on prepara-
tion and strengthening mechanism of new surface treatment agent of concrete at multi-
scale." Construction and Building Materials 346 (2022): 128404. DOI:
10.1016/j.conbuildmat.2022.128404.

22. Li, Yuqian, and Xiuchen Qiao. "Review of the influence of external factors on the crystal
structure and morphology of ettringite." Silicate Bulletin 42, no. 1 (2023): 31-47. DOI:
10.16552/j.cnki.issn1001-1625.20221118.004.

23. Peng, Jiahui, and Zonghan Lou. "A study on the formation mechanism of ettringite." Journal
of Ceramics 28, no. 6 (2000): 511-15. DOI: 10.14062/j.issn.0454-5648.2000.06.004.

24. Miah, Md Jihad, Junjie Pei, Hyeju Kim, and Jeong Gook Jang. "Role of fiber dosages and
lengths on the mechanical strength, shrinkage, and pore structure of CO2-cured amorphous
metallic-fiber-reinforced belite-rich cement composites." Journal of Building Engineering
79 (2023): 107752. DOI: 10.1016/j.jobe.2023.107752.



666             M. Mu et al.

        The images or other third party material in this chapter are included in the chapter's
Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.

Open Access This chapter is licensed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/),
which permits any noncommercial use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license and indicate if changes were made.

http://creativecommons.org/licenses/by-nc/4.0/

	Effect of Surface Treatment on the Transport Properties of Hardened Sulphoaluminate Cement Pastes after Carbonation



