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In this paper, calcium silicate hydrate (C-S-H) was synthesized by hydrothermal method using CaO and quartz sand as 

raw materials. The solidification effect of Cr(Ⅵ) in C-S-H was studied using XRD, FTIR, and SEM. The leaching 

amount of Cr(Ⅵ) after solidification was determined by anatomic absorption spectrometer to analyze and calculate the 

solidification rate of Cr(Ⅵ). Results show that appropriately increasing the reaction temperature and prolonging the 

reaction time can help improve the crystallinity of C-S-H. A small Cr(Ⅵ) dosage of Cr/Si < 0.05 is beneficial for the 

crystallization of C-S-H, but when Cr/Si > 1.0, Cr(Ⅵ) ions inhibit the formation of C-S-H. When Cr/Si <0.15, the 

solidification efficiency of C-S-H on Cr(Ⅵ) decreases with increasing Cr(Ⅵ) content; The C-S-H with Ca/Si = 1 has the 

best solidification efficiency for Cr(Ⅵ). 
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1. INTRODUCTION  

Currently, the amount of solid waste is also increasing, 

according to statistics, nearly 3 billion tons of industrial 

solid waste are generated in China every year [1]. Solid 

waste contains a large amount of heavy metal elements, 

such as, chromium (Cr), cadmium (Cd), lead (Pb), copper 

(Cu), zinc (Zn), nickel (Ni), Neptunium (Np), arsenic (As), 

etc., which have certain toxicity and pose a threat to human 

health and the environment. Heavy metals can strongly 

interact with proteins and enzymes in the human body, 

causing them to lose their activity and potentially 

accumulate in certain organs, leading to chronic poisoning. 

Taking chromium as an example, Cr(VI) can invade the 

human body through the digestive tract, respiratory tract, 

skin, and mucous membranes, causing mild damage to the 

skin, severe damage to the respiratory and digestive tracts, 

and even causing cancer. 

Therefore, how to achieve the “harmlessness”, 

“reduction”, and “resource utilization” of solid waste is a 

major issue that China urgently needs to solve [2]. The 

main methods for treating solid waste include landfill, 

incineration, and solidification/stabilization technology. In 

comparison, solidification/stabilization technology is a 

promising approach. 

Solidification/stabilization technology is a treatment 

technique that utilizes solidification/stabilizers to form 

essentially insoluble substances in hazardous waste or 

encapsulate them in inert waste forms. The most 

commonly used method is to use cement, plastic, water 

glass, asphalt, etc. as setting agents and mix them with 

hazardous waste for solidification [3 – 9]. Nowadays, the 

solidification method has become one of the main methods 

for treating toxic substances in waste, and cement-based 

materials are the most widely and frequently used 

materials in the solidification of heavy metals in waste in 
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developed countries such as Europe and America in recent 

years. The high pH value of cement-based materials can 

cause almost all heavy metals to form insoluble hydroxides 

or carbonates and be solidified in the solidified body  

[10 – 13]. Calcium silicate hydrate (C-S-H) is the main 

product of cement hydration, with a content of up to 70 %, 

and is the main solidified form. C-S-H is usually the main 

carrier of foreign metal elements, and it has a strong ability 

to accommodate heavy metals.  

Recently, the solidification/absorption of various 

heavy metal ions, such as bivalent ions (Zn (II), Pb (II), 

etc.) [14], and trivalent and tetravalent metal ions (Cr (III), 

Np (IV), etc.) [15] by C-S-H has been investigated. C-S-H 

replaced by ions becomes a component of cement and can 

maintain stability. This approach has been studied for 

decades, but there are still some challenges that need to be 

overcome in terms of the correlation between heavy metal 

ions, especially Cr (VI), and the C-S-H structure, as well as 

the resulting compounds. 

As is well known, the solidification of heavy metal 

ions in the C-S-H structure depends on factors such as the 

characteristics of metal ions and the hydrothermal 

treatments. The C-S-H structure can affect the interaction 

of heavy metal ions. Compared with crystals, C-S-H gel 

has a larger specific surface area, resulting in stronger 

adsorption capacity. For example, its adsorption rates for 

Cd (II), Zn (II), Pb (II), and Cr (III) exceed 99.96 % [16]. 

At the same time, these heavy metal ions can affect the 

recombination and crystallization of C-S-H structures. 

In addition, chromium ions can exist in the form of 

CaCrO4 in the C-S-H and cement solidified body [17]. 

Previous studies have shown that Cr(Ⅵ) does not affect the 

principle of the hydration process. The hydration rate of 

cement is significantly accelerated when the Cr(Ⅵ) content 

is 2 wt.% [18]. Lv et al. found that when the Cr(Ⅵ) content 

was less than 0.5 wt.%, the content of f-CaO was reduced. 

When the Cr(Ⅵ) content was between 1.0 – 3.0 wt.%, it 

could cause C3S to transform into C2S and CaO, greatly 
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increasing the content of f-CaO [19]. Renata and Jan 

suggested that Cd (II), Zn (II), Pb (II), and Cr (III) can be 

effectively solidified by C-S-H, while these ions inhibit the 

formation of C-S-H. The leaching experiments of Cd, Zn, 

Pb, and Cr confirmed that the fixation efficiency of Zn and 

Pb is better than that of Cd and Cr [16]. Omotoso et al. 

found that an increase in Cr(Ⅵ) content led to a decrease 

in the crystallinity of C-S-H [20]. 

Under hydrothermal conditions, the crystallinity of C-

S-H increases, and the solidification mechanism of heavy 

metal ions is different. For example, in the CaO-SiO2-

Al2O3-H2O system (0 – 72 hours, 200 °C, Ca/Si = 1.5), Cr 

(III), Co (II), or Cu (II) can all enter the C-S-H structure 

and form individual compounds. Therefore, high ion 

exchange capacity and specific surface energy enable C-S-

H to solidify heavy metal ions through symbiosis, 

adsorption, and chemical displacement at interlayer 

positions [21] Some solidification mechanisms have also 

been proposed. Heavy metal ions are solidified on the 

surface of C-S-H in the form of hydroxide or complex, or 

exist in the form of precipitation, which inhibits the 

leaching of heavy metal ions [22]. 

The use of cement-based materials can solidify a large 

amount of heavy metal ions, but during service and after 

deterioration and structural damage, the heavy metal ions 

present on the surface of cement hardened bodies are easily 

affected by environmental conditions. Under acid rain 

erosion and weathering, there is still a possibility of 

releasing heavy metals into the environment [18]. 

Therefore, studying the structural changes of C-S-H during 

the solidification of Cr (VI) is crucial for the safe and 

efficient treatment of heavy metals. In view of this, the 

solidification of Cr (VI) and structural changes of C-S-H 

were investigated in this paper. 

2. EXPERIMENTAL 

2.1. Materials 

Calcium oxide (CaO, calcined at 950 °C for 3 hours) 

and finely ground quartz sand were used as raw materials 

for the synthesis of C-S-H. The particle size distributions 

of CaO and quartz sand are shown in Fig. 1. Potassium 

dichromate (K2Cr2O7) is chemically pure and purchased 

from National Pharmaceutical Group Chemical Reagent 

Co., Ltd. 

 

Fig. 1. Particle size distributions of CaO and quartz sand 

2.2. Synthesis of C-S-H and solidification of Cr(VI) 

Taking the close relationship between the 

solidification of Cr(VI) by C-S-H and the phase 

composition of C-S-H, C-S-H with various Ca/Si ratio was 

synthesized at various reaction temperatures and time, in 

order to investigate the relationship between the C-S-H and 

its solidification ability of Cr(VI). The experimental 

proportions for C-S-H synthesis are shown in Table 1. 

Table 1. Proportions for hydrothermal synthesis of C-S-H 

No. 
CaO, 

g 

Quartz 

sand, 

g 

Ca/Si 
Water, 

g 

Temperature, 

°C 

Time, 

h 

A0 2.8 3 1 30 180 8 

B0 2.8 3 1 30 180 4 

C0 2.8 3 1 30 180 12 

D0 2.8 3 1 30 180 24 

E0 2.8 3 1 30 140 8 

F0 2.8 3 1 30 220 8 

H0 2 4 0.5 30 180 8 

K0 3.5 2.5 1.5 30 180 8 

Based on the above, Cr(Ⅵ) was added to study the 

solidification effect of C-S-H on Cr(Ⅵ ). The specific 

experimental design is shown in Table 2. 

Table 2. Proportions for solidification of Cr(Ⅵ) by C-S-H 

No. CaO, g 
Quartz 

sand, g 

Ca, 

Si 
Water, g Cr, Si 

Tempe-

rature, 

°C 

Time, h 

A1 2.8 3 1 30 0.05 180 8 

A2 2.8 3 1 30 0.10 180 8 

A3 2.8 3 1 30 0.15 180 8 

B1 2.8 3 1 30 0.10 180 4 

C1 2.8 3 1 30 0.10 180 12 

D1 2.8 3 1 30 0.10 180 24 

E1 2.8 3 1 30 0.10 140 8 

F1 2.8 3 1 30 0.10 220 8 

H1 2 4 0.5 30 0.05 180 8 

H2 2 4 0.5 30 0.10 180 8 

H3 2 4 0.5 30 0.15 180 8 

K1 3.5 2.5 1.5 30 0.05 180 8 

K2 3.5 2.5 1.5 30 0.10 180 8 

K3 3.5 2.5 1.5 30 0.15 180 8 

Note: the amount of Cr (VI) was calculated based on the Cr/Si 

molar ratio 

After CaO and quartz sand were mixed evenly, 

deionized water was added and stirred evenly with a 

magnetic stirrer. The mixture was then poured into a high-

pressure reaction vessel lined with polytetrafluoroethylene 

and heated in a muffle furnace. The sample was heated and 

cooled to room temperature, then placed in a dryer to dry 

at 60 °C. The dried sample was ground, sieved through a 

180 mesh sieve, and stored in a sealed bag. 

2.3. Cr (VI) leaching experiment 

The sample in section 2.2 was poured into deionized 

water (liquid-solid ratio of 10) and placed on a speed 

controlled horizontal oscillator for 8 hours of oscillation. 

After oscillation, it was left to stand for 16 hours and 

filtered using medium speed qualitative filter paper. The 



93 

 

filtrate was placed in a sample retention tube for testing. 

Filter residue and filter paper are stored in sealed bags. 

2.4. Characterization methods 

The phase composition and microstructure of C-S-H 

were characterized using X-ray diffraction (XRD), Fourier 

transform infrared (FTIR) spectrometer, and scanning 

electron microscope (SEM). XRD measurement 

conditions: copper target (40 kV and 40 mA), scanning 

angle of 5 – 70°, and scanning speed of 2°/min. FTIR 

(VERTEX 70) was used to determine the polymerization 

state of silicon-oxygen chains in C-S-H, with a test range 

of 4000 – 400 cm-1. The microstructure was observed using 

a NOVA field emission SEM with an acceleration voltage 

of 10 kV. 

The Cr(Ⅵ) content of the filtrate in section 2.3 was 

measured using atomic absorption spectrophotometry with 

an AA800 flame atomic absorption spectrophotometer  

(P-E, USA). Instrument working conditions: wavelength 

357.9 nm; lamp current 7.0 mA; slit width 0.2 nm. 

Selected working conditions for graphite furnace: drying at 

130 °C for 25 seconds; ashing at 1500 °C for 20 seconds; 

atomization at 2300 °C for 5 seconds. 

3. RESULTS AND DISCUSSION 

3.1. Phase compositions of C-S-H doped with 

Cr(Ⅵ) 

3.1.1. Effects of Ca/Si ratio 

The solidification of Cr(Ⅵ) by C-S-H under different 

Ca/Si ratios was first studied due to that the reaction 

products largely depend on the Ca/Si ratio in the CaO-

SiO2-H2O system. Fig. 2 shows the XRD patterns of C-S-H 

with different Ca/Si ratios. It is demonstrated that the main 

hydration products are C-S-H (2θ = 29.3°) [16] and C-S-H 

(I) (2θ = 29.0 °) [23] when Ca/Si = 0.5, and their peak 

shapes are dispersed. 

In addition, there are also calcium carbonate and 

unreacted quartz. After doping the Cr(Ⅵ), the intensity of 

characteristic peaks attributed to C-S-H and C-S-H (I) 

tends to be weaker, and the calcium dichromate phase 

(2θ = 24.6°, 33.5°) appears, indicating that Cr(Ⅵ) exists in 

the hydration products in form of CaCrO4. At the same 

time, the hydration reaction is blocked because the number 

of Ca2+ forming C-S-H gel is reduced due to the 

combination of Ca2+ with Cr(Ⅵ). When Ca/Si = 1, the 

main products are tobermorite (2θ = 7.8°, 16.2°, 29.0°, 

30.0°, 31.8°, 49.6°, 54.9°) and C-S-H (2θ = 29.3°). The 

characteristic peaks of the tobermorite are sharp, indicating 

its high crystallinity. The formation of tobermorite is 

mainly determined by its stoichiometry 

(Ca5Si6O16(OH)2∙4H2O) [24]. When Cr(Ⅵ) is doped, the 

characteristic peaks of tobermorite disappear, while the 

characteristic peaks of quartz appear (2θ = 20.8°, 26.6°, 

39.5°, 59.9°), indicating that the introduction of Cr(Ⅵ) 

will hinder the crystallization of C-S-H, that is, the 

formation of tobermorite. This may be due to the 

participation of Cr(Ⅵ) in the formation process of C-S-H 

[18]. Substituting or replacing calcium or silicon, due to 

the large difference between the spacing between Cr-O and 

polyhedral Ca-O, which is 0.1672 nm and 0.1822 nm, 

reduces the basic structural parameters and causes 

deformation of the C-S-H structure, resulting in the 

inability to form tobermorite normally. In addition, due to 

the emergence of a new phase CaCrO4, the number of Ca2+ 

forming the C-S-H gel is reduced, thus the hydration 

reaction is blocked [17]. When Ca/Si = 1.5, the main 

product is C-S-H (2θ = 29.3°) with a small amount of 

tobermorite (2θ = 7.7°, 28.8°, 30.0°). 

 

a 

 

b 

 

c 

Fig. 2. XRD patterns of C-S-H with different Ca/Si ratios:  

a – Ca/Si = 0.5; b – Ca/Si = 1; c – Ca/Si=1.5 

3.1.2. Effects of reaction temperature and time 

The formation and crystallization process of C-S-H are 

also influenced by reaction temperature and time. Fig. 3 

shows the XRD patterns of C-S-H (Cr/Si = 0.10) at 

different reaction temperatures. It can be seen from Fig. 3 

that when the reaction temperature is 140 °C, the main 

products in the sample without Cr(Ⅵ) are C-S-H 

(2θ = 29.3°), calcium carbonate, and unreacted quartz. 
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When the reaction temperature is 180 °C, the products are 

tobermorite and a small amount of calcium carbonate. 

When the reaction temperature is 220 °C, the product 

mainly includes xonotlite. By comparison, tobermorite also 

appears at 220 °C in the case of Cr(Ⅵ). It can be 

concluded that increasing the reaction temperature is 

beneficial for the transformation of C-S-H into tobermorite 

and xonotlite, that is, to improve the crystallinity of C-S-H. 

After doping with Cr(Ⅵ), the crystallization of C-S-H is 

inhibited at 180 °C and 220 °C, which is consistent with 

the sample without Cr(Ⅵ). Besides, the characteristic 

peaks of the tobermorite phase disappear after Cr(Ⅵ) 

doping at 180 °C, and the hydration product is C-S-H (I). 

Also, Cr(Ⅵ) doping inhibits the formation of xonotlite at 

220 °C, and the hydration products are xonotlite and 

tobermorite. The main reaction route of CaO-SiO2-H2O is: 

C-S-H gel →C-S-H (I)→tobermorite→xonotlite, the 

crystallinity increases and gradually transforms into 

crystalline tobermorite and xonotlite as the temperature 

increases and reaction time prolongs [25 – 27]. It is 

displayed that Cr (VI) is more conducive to the stability of 

tobermorite at higher temperatures. It can be inferred that 

the formation process of C-S-H is affected by the changed 

structure influenced by Cr(Ⅵ). It is known that the growth 

of C-S-H crystals mainly occurs through the nucleation 

and growth of solid precursor C-S-H [28, 29]. 

 

a 

 

b 

Fig. 3. XRD patterns of C-S-H at different reaction temperatures: 

a – Cr/Si=0; b – Cr/Si=0.10 

The phase evolution with reaction time is presented in 

Fig. 4. As the reaction time prolongs, the diffraction peak 

intensity of the tobermorite increases, indicating a higher 

content of the tobermorite. After doping with Cr(Ⅵ), the 

diffraction peak intensity of C-S-H becomes weaker, while 

that of tobermorite becomes stronger, indicating that the 

crystallinity of C-S-H becomes higher. The crystallization 

of C-S-H is controlled by dissolution and precipitation, and 

with the increase in ion concentration, the continuous 

precipitation of calcium silicate nuclei leads to an increase 

in the crystallinity of C-S-H. Extending the reaction time is 

favorable for increasing the number of crystal nuclei and 

prolonging the crystal growth period. After doping with 

Cr(Ⅵ), the diffraction peaks of tobermorite disappear, and 

a new phase of CaCrO4 is formed. With the increase of 

Cr(Ⅵ) doping, the peak intensity of CaCrO4 increases, 

while the peak intensities of C-S-H (I) and C-S-H 

decrease, further indicating that Cr(Ⅵ) has an inhibitory 

effect on the crystallization of C-S-H. 

 

a 

 

b 

Fig. 4. XRD patterns of C-S-H at different reaction times:  

a – Cr/Si=0; b – Cr/Si=0.10 

3.2. FTIR analyses 

Fig. 5 displays the infrared spectra of C-S-H with 

different Cr/Si ratios. When Ca/Si is 0.5 and 1.0, the 

products contain Si-O-Si bonds (1084 cm-1) and [SiO4]4- 

group (970 cm-1) [30, 31]. The difference is worth noting 

that the band around 970 cm-1 generated by Q2 silicon sites 

is significantly stronger, especially when Ca/Si = 1.0. This 

phenomenon is closely related to the crystallization of 

tobermorite [30], which has a higher polymerization 

degree of silicate chains compared to C-S-H. Therefore, 

the FTIR results are consistent with the XRD analyses. 
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a b c 

Fig. 5. Infrared spectra of C-S-H with different Cr/Si ratios: a – Ca/Si=0.5; b – Ca/Si=1; c – Ca/Si=1.5 

As Cr/Si increases, the absorption peaks of [SiO4]4- 

groups become flatter and the peak of Si-O-Si becomes 

sharper, indicating that the addition of Cr(Ⅵ) causes the 

bonds of [SiO4]4- groups to break, shortening their chain 

length and affecting the formation of C-S-H. When Ca/Si 

is 1.5, there is no Si-O-Si bond in the product, and the 

absorption peak (873 cm-1) intensity of CO3
2- gradually 

weakens, while the vibration peak of the [SiO4]4- group 

remains basically unchanged. 

The infrared spectra shown in Fig. 6 and Fig. 7 help 

understand the effects of reaction temperature and time. It 

can be seen from Fig. 6. that as the reaction temperature 

increases, the peak of Si-O-Si becomes smoother, the peak 

of [SiO4]4- group becomes sharper, and the width of the 

peak becomes narrower, indicating that the product 

develops towards a higher degree of polymerization.  

 

a 

 

b 

Fig. 6. Infrared spectra of C-S-H at different reaction 

temperatures: a – Ca/Si=0; b – Ca/Si=0.10 

This is related to the increase in crystallinity of C-S-H, 

which can be confirmed by XRD analyses. In comparison, 

the introduction of Cr(Ⅵ) leads to weakening vibration 

peak intensity of [SiO4]4-, destroys the bonds in the  

[SiO4]4-, and affects the crystallization of C-S-H, which is 

consistent with the XRD analyses. 

It is indicated in Fig. 7. that there is no Si-O-Si bond 

in the sample without Cr(Ⅵ), and the peak of the  [SiO4]4- 

group becomes sharper as the reaction time prolongs. After 

doping with Cr(Ⅵ), as the reaction temperature increases,  

and the reaction time prolongs, the Si-O-Si peak becomes 

smoother and the width of [SiO4]4- group peak becomes 

narrower, indicating that the C-S-H product tends towards 

a higher degree of polymerization [32]. 

 

a 

 

b 

Fig. 7. Infrared spectra of C-S-H at different reaction times:  

a – Ca/Si=0; b – Ca/Si=0.10 

3.3. Microscopic morphology and energy spectrum 

analyses 

Fig. 8 shows the SEM images of the samples. The 

morphology of the sample without Cr(Ⅵ) is a coexistence 

of flocculent and flaky shapes, with high calcium and 
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silicon content. This is due to the presence of low 

crystallinity C-S-H and a small amount of tobermorite 

[27].  

 

a 

 

b 

 

c 

 

d 

Fig. 8. SEM images: a – SEM image of C-S-H with Cr/Si=0;  

b – EDX result of C-S-H with Cr/Si=0; c – SEM image of 

C-S-H with Cr/Si=0.1; d – EDX result of C-S-H with 

Cr/Si=0.1 

The morphology of sample doping Cr(Ⅵ) is sheet-like 

or plate-like, that is, the product is mainly composed of 

tobermorite, as confirmed in the energy dispersive X-ray 

spectroscopy (EDX) results. Other literature has also 

reported that sheet-like or plate-like is a typical 

microstructure of tobermorite [25, 30, 32, 35]. In addition, 

EDX results show that chromium element is present 

around tobermorite, which may be attributed to the 

formation of CaCrO4 according to XRD analysis. It can be 

inferred that the addition of lower concentrations of Cr(Ⅵ) 

is beneficial for the formation of tobermorite, which 

increases the crystallinity of C-S-H. 

3.4. Chromium leaching results and analyses 

The dissolution amount of Cr(Ⅵ) is measured by 

atomic absorption spectrometer, and the solidification rate 

of Cr(Ⅵ) is calculated, the results are listed in Table 3. 

From groups A, H, and K, it can be seen that under 

other constant conditions, the higher the Cr/Si ratio, the 

lower the solidification rate. This may be due to the higher 

concentration of Cr(Ⅵ) added, which inhibits the 

formation of C-S-H and provides less effective 

solidification ingredients. From B1, A2, C1, and D1, it can 

be seen that extending the reaction time appropriately  

(4 – 12 h) is beneficial for improving the solidification rate, 

but too long time (24 h) is detrimental to the solidification 

of Cr(Ⅵ). It can be seen in E1, A2, and F1 that an 

appropriate reaction temperature can achieve a better 

solidification rate, while a temperature that is too low or 

too high is not conducive to the solidification stability. 

This may be because the longer the reaction time and the 

higher the reaction temperature, the higher the crystallinity 

of C-S-H, and the appearance of the tobermorite phase in 

the product [34, 35]. However, tobermorite has weaker 

solidification stability for Cr(Ⅵ) than C-S-H. As 

demonstrated by Renata and Jan's research, the C-S-H gel 

synthesized at room temperature exhibits high 

solidification rates for Cd, Zn, Pb, and Cr cations, which 

can exceed 99.96 % [16]. Therefore, adjusting the 

crystallization process of C-S-H to control the ratio of 

crystalline and amorphous products is a challenge in 

optimizing the solidification of Cr (VI) under hydrothermal 

conditions. 

Table 3. Solidification rate (SR) of Cr(Ⅵ) by C-S-H 

No. A1 A2 A3 B1 C1 D1 E1 

SR, % 91.16 84.02 83.71 82.73 85.26 75.09 69.43 

No. F1 H1 H2 H3 K1 K2 K3 

SR, % 73.06 71.04 61.99 56.48 74.21 71.45 62.09 

4. DISCUSSION AND FUTURE WORK 

The use of cement-based materials to solidify heavy 

metal ions and reduce environmental risks has been one of 

the research hotspots in the environmental field. The main 

product of cement-based materials, C-S-H, adsorbs and 

solidifies heavy metal ions mainly through physical 

encapsulation, chemical adsorption, and other methods, but 

there are certain differences in the solidification 

mechanism of different heavy metal ions. The structure of 

C-S-H is greatly affected by chemical compositions and 

environmental conditions. At room temperature, C-S-H is 

mainly amorphous, i.e., C-S-H gel. Because of its large 

specific surface area, this structure has strong adsorption 

for heavy metal ions. 
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As the application range of cement-based materials 

becomes wider, their hydration environmental conditions 

also vary greatly, such as steam curing or autoclaved 

curing, and deep geological conditions such as oil wells or 

geothermal fields. Under high-temperature and high-

pressure environments, the crystallinity of C-S-H 

increases, and heavy metal ions will also affect the 

crystallization process and their solidifications. This work 

indicates that Cr (VI) does indeed affect the crystallization 

of C-S-H. The formation of the new compound CaCrO4 

changes the concentration of Ca2+ in the system to a certain 

extent, which may interrupt the ongoing crystallization 

process, i.e., the transition from tobermorite to xonotlite, 

thereby stabilizing C-S-H on the tobermorite structure and 

improving the stability of tobermorite. 

There have been investigations on the porous structure 

of tobermorite and its adsorption effect on heavy metal 

ions [35, 36]. Therefore, cement-based materials still have 

a better solidification effect on Cr (VI) under hydrothermal 

conditions, which provides the foundation for expanding 

the application of cement-based materials in extreme 

environments. Of course, future work will focus on the 

solidification behavior of other heavy metal ions, such as 

Cd, Pb, Cu, Zn, Ni, etc., under hydrothermal conditions. 

5. CONCLUSIONS 

In order to clarify the solidification of Cr (VI) by C-S-

H and expand the application of cement-based materials 

for solidifying heavy metal ions in high temperature and 

high pressure environments, C-S-H was synthesized by 

hydrothermal method and the solidification effect of 

Cr(Ⅵ) in C-S-H was studied in this work, the following 

major conclusions can be drawn: 

1. The reaction temperature, holding time, and Cr(Ⅵ) 

content have an impact on the crystallinity of C-S-H. 

As the temperature is below 220 °C and the reaction 

time is within 24 hours, appropriately increasing the 

reaction temperature and prolonging the reaction time 

can help improve the crystallinity of C-S-H. A small 

dosage of Cr/Si < 0.05 is beneficial for the 

crystallization of C-S-H, but when Cr/Si > 0.10, 

Cr(Ⅵ) inhibits the crystallization of C-S-H. 

2. The factors that affect the solidification stability of C-

S-H on Cr(Ⅵ) include the Ca/Si ratio, Cr/Si ratio, 

reaction temperature, and holding time. The higher the 

Cr/Si (< 0.15) ratio, the lower the solidification rate of 

Cr(Ⅵ). A Ca/Si ratio of 1.0, appropriate reaction time 

(4 – 12 h), and reaction temperature (180 °C) can 

achieve a high solidification rate. The C-S-H with a 

Ca/Si ratio of 1.0, 180 °C, and 8 h has the highest 

solidification rate of Cr(Ⅵ). 
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