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The agglomeration of nano carbon black (NCB), driven by its high specific surface energy, limits the fundamental performance of cementitious materials and hinders the broader application of functional cementitious materials in engineering domains. NCB-modified cement (NC) has a low snow-melting efficiency, resulting in high energy consumption and excessive CO2 emissions. Herein, this study innovatively proposed a method of using dispersants to overcome the above issue and systematically introduced the effects of three dispersants, polycarboxylic acid superplasticizer (PCE), tannic acid (TA), and sodium dodecyl sulfate (SDS), on NC. The dispersity of dispersant-NCB suspension was analyzed firstly, and then the performance of fresh paste, mechanical properties, resistivity, snow-melting speed and LCA of NC were explored. Experimental results indicated that, in terms of suspension stability, SDS was the most effective, followed by TA, while PCE exhibited the least efficacy. Furthermore, all three dispersants improved the fluidity of NC to varying degrees. However, PCE and TA demonstrated a retardation effect on the setting time, whereas SDS facilitated a reduction in the setting time of NC. From the point of view of mechanical properties, the use of these dispersants not only augmented the mechanical strength of the NC but also decreased its electrical resistivity. The uniform dispersion of SDS at the microstructural level of NCB had also been found. When the PCE content is 0.2%, TA content is 0.4%, and SDS content is 0.4%, the mechanical strength and resistivity of NC were the best. NC with dispersant TA melted snow three times faster than the control group, reducing snow-melting energy consumption. Moreover, LCA analysis showed that the addition of dispersants also reduced carbon emissions.
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1 INTRODUCTION
In winter, high altitude areas of north and west China face significant challenges due to seasonal temperature changes and heavy snowfall, which increase snow thickness and lead to frequent icing on roads, bridges, and airports (Li et al., 2022; Julitta et al., 2014). Early snowfall and melting can create thin layers of frozen ice on highways and runways, reducing friction and posing safety risks as these surfaces can appear similar to wet roads (Wang et al., 2022). If not addressed promptly, this ice can severely impede vehicle movement, causing traffic paralysis and complicating infrastructure maintenance, accompanied by high costs (Pytka, 2010). To tackle these issues, various deicing and snow melting technologies have been employed (Zhao et al., 2024; Xu et al., 2021; Ma et al., 2016; Huang et al., 2021; Pei et al., 2021). Mechanical deicing and snow removal methods are effective but resource-intensive, while traditional salt-sprinkling methods can lead to environmental pollution and damage to concrete surfaces, including corrosion of steel in bridges. Therefore, there is an urgent need for efficient and environmentally friendly deicing solutions that can reduce reliance on human resources and minimize the negative impact on the durability of road structures and bridges.
In recent years, the emergence of multi-functional cement-based materials has also provided new ideas for solving road engineering problems (Zhai et al., 2023; Zhan et al., 2020; Han et al., 2015). As a multi-functional cement-based material, electro-thermal concrete has been used in the field of deicing and snow-melting of pavement due to its good mechanical properties and excellent electric heating ability. The excellent electrothermal property of electro-thermal concrete is reflected in the fact that it can heat up buildings or concrete pavement by external power supply voltage in winter snow and ice weather, so that the temperature rises and maintains a relatively stable value, so that the buildings or pavement can be kept in a state without snow and ice in a long period of cooling and snowfall weather, which can effectively prevent adverse situations (Li et al., 2013). Over the past decade or so, carbon materials have attracted much attention due to their high specific surface area and high strength. A large number of studies have shown that the addition of carbon materials to cement-based materials can greatly improve their mechanical and electrical properties, such as carbon nanotubes (Pan et al., 2020; Yıldırım et al., 2018), graphene (Bai et al., 2018; Yoo et al., 2017; liu et al., 2019) and nano carbon black (NCB) (Gong et al., 2009; Hong et al., 2018; Keal et al., 2024), etc., which are often used as fillers for conductive concrete. In contrast, NCB is a more cost-effective option and has a very broad practical application prospect. In addition, studies have shown that NCB can not only effectively repair micro-cracks in cement, but also accelerate the hydration degree of cement, thereby improving the mechanical properties of cement.
However, due to the high specific surface energy of NCB, it is easy to aggregate under the action of van der Waals force (Geim and Novoselov, 2007; Zhu et al., 2010; Chuah et al., 2018), and the direct addition of NCB often leads to poor fluidity and low mechanical strength of cement-based materials (Sobolkina et al., 2012; Xu et al., 2018). The low snow-melting efficiency of NC has led to increased electricity consumption, resulting in a significant amount of CO2 emissions. In order to avoid the restriction of caking when NCB is applied in cement, a uniform and stable dispersion is required. Many researchers have conducted a lot of research, and currently there are two main dispersion treatment methods: physical dispersion (Nan et al., 2023) and chemical treatment (Kishore et al., 2023). Physical dispersion technology usually uses grinding, ball milling, ultrasonic and microwave radiation methods to achieve uniform suspension of particles. Although the physical technology is simple and fast, it also has a big disadvantage: it is not enough to achieve long-term stable dispersion. The chemical treatment technology is mainly to modify the particles by surfactants and realize non-covalent functionalization to improve their hydrophilicity, so that the particles can be stably dispersed into the solvent. In summary, how to improve the dispersion stability of NCB in cement hydration environment and reduce the CO2 emissions from NC snow-melting have become key problems. Therefore, it is particularly important to disperse NCB better, improve its application effect in cement-based materials and reduce the CO2 emissions from NC snow-melting.
Based on the existing problems, and in order to better play the application of NCB in cement-based materials, three different surfactants, sodium dodecyl sulfate (SDS), polycarboxylic acid superplasticizer (PCE) and tannic acid (TA), were selected as dispersants to disperse NCB. Starting with NCB suspension, the effects of three dispersants on the dispersion stability of NCB in aqueous solution were investigated by ultraviolet spectrophotometry. Subsequently, the performance of NC was investigated, and the influence of three dispersants on the new mixing performance of NC was demonstrated according to the test of fluidity and setting time. Then, on the surface of NC, the effects of three dispersants on the physical and electrical properties of NC were analyzed by compressive and flexural strength and resistivity tests. The effect of SDS on the microstructure of NC-paste also been studied. Finally, the snow-melting speed of NC with different dispersants was studied through the test of snow-melting. Meanwhile the life cycle assessment of each group was made to judge their CO2 emissions. The reliable experimental data were obtained, which laid a foundation for practical engineering application.
2 MATERIAL AND METHODS
2.1 Raw materials
The cement was P.O 42.5 ordinary Portland cement produced by Tianjin Jinyu Zhenxing Cement Factory, and its chemical composition is shown in Table 1. Carbon black was NCB with high specific surface area and low resistivity provided by Tianjin Huaran Chemical Co., LTD. NCB was prepared by gas phase method, and its related performance parameters are shown in Table 2. The dispersant SDS was from Shanghai Sigma Aldrich Trading Co., LTD. The water reducing agent was the third generation PCE with water reduction rate ≥25%. The purity of TA used was AR grade, provided by Hunan Beekman Biotechnology Co., LTD. For the convenience of reading, the abbreviations in this article are summarized in Table 3.
TABLE 1 | Chemical composition of cement (%).
[image: Table 1]TABLE 2 | NCB performance index.
[image: Table 2]TABLE 3 | Description of abbreviations used.
[image: Table 3]2.2 Sample preparation
In order to better study the modification effect of various dispersants on NCB cement-based composites, cement paste without coarse or fine aggregate was used in this study. The water-cement ratio of the cement-based composite prepared by the test is fixed at 0.45. The specific ratio is shown in Table 4. Firstly, a suspension of dispersant mixed with NCB was prepared, and then the NCB suspension was prepared for the preparation of cement paste.
(1) Preparation of dispersant-NCB suspension: Take the preparation standard of NCB/SDS solution as an example to illustrate (PCE and TA preparation methods were consistent with SDS). Firstly, 0.1 g NCB and 50 mL SDS solution with different mass fractions (0%, 0.2%, 0.4%, 0.6%) were added into 100 mL beaker, mechanically stirred for 5 min and ultrasonic dispersion for 15 min to obtain NCB/SDS suspension.
(2) Preparation of cement paste sample: A total of 300 mL of PCE/TA/SDS and NCB suspensions were prepared, mechanically stirred for 5 min, and ultrasonically dispersed for 15 min. Weighed cement was added to the mixer, followed by the 300 mL NCB suspension, and mixed for 1.5 min. After a 30-second pause, 264 g of water was gradually added while stirring, and mixing continued for another 1.5 min. The paste was then poured into a lubricated steel mold (40 × 40 × 160 mm). After shaking for 30 s, the surface was covered with polyethylene film to prevent water loss. The mold was removed after 24 h and placed in a standard curing room for further testing.
TABLE 4 | Sample ratios for test.
[image: Table 4]The preparation method of the specimen for the electrical conductivity test was roughly the same as that for the mechanical properties of the specimen, the only difference was that the electrical conductivity test uses the four-electrode method to determine the resistivity, so it was necessary to prepare 40 × 50 mm copper mesh as the measuring electrode.
2.3 Test methods
2.3.1 Absorbance test
The dispersion of dispersant NCB suspension was evaluated by ultraviolet spectrophotometry. The PE Lambda 750 s spectrophotometer was selected to measure the absorbance (ABS) within 24 h at 270 nm wavelength (Lavagna et al., 2021). The test mix ratio was consistent with that described in Section 1.3. The strength of absorbance can be expressed by the following Formula 1:
[image: image]
where: A is absorbance; K is the molar absorption coefficient, which is related to the properties of the absorbing material and the wavelength λ of the incident light. b is the thickness of the absorption layer; c is the concentration of the light-absorbing substance in mol/L. In this test, the molar absorption coefficient K and the thickness of the absorption layer b are fixed. At this time, the absorbance A of the solution is positively correlated with the concentration c of the dispersant in the suspension, which can be used to quantitatively describe the dispersion effect of NCB in the solution.
2.3.2 Fresh cement paste performance test
In order to determine the effect of dispersant on the new mixing performance of NC, the fluidity and initial and final setting time of paste at room temperature (20°C ± 2°C) were measured by NLD 3 electric cement paste fluidity tester and Vicar meter. For specific test steps, refer to GB/T 1346–2011 “Test Method for Water Consumption, Setting Time and Stability of Cement Standard Consistency”, the test was carried out three times, and the average value was taken as the test result.
2.3.3 Mechanical properties test
YAW-300C automatic bending testing machine was used to measure the compressive strength and flexural strength of the specimens, and the test method in GB/T17671-1999 “Cement mortar Strength Inspection Method (ISO method)” was used as the standard.
2.3.4 Electrical performance test
The main function of conductive phase filler NCB was to significantly improve the electrical conductivity of cement-based materials, and the direct measurement of sample resistance by instrument and electric meter was easy to produce a large error. Therefore, the four-electrode method was selected to measure the resistivity of the sample in this experiment. The current and voltage were measured by the multifunctional electric meter produced by Tianlilong Technology Co., LTD. The DC regulated power supply provided by Youlide was used as the voltage input terminal. The copper mesh was provided by Hebei Hengshui Furun Filter Co., LTD., with a diameter of 0.7 mm and low error and resistivity. The four-electrode measurement method is shown in Figure 1. The test piece was subjected to direct current of 0 ∼ 30 V to measure its voltage and current, and the resistivity of early and late hydration was calculated by Formula 2, 3.
[image: Figure 1]FIGURE 1 | Four-electrode method.
The calculation formula is as follows:
[image: image]
[image: image]
Where: U represents the actual measured voltage, V; I represents the actual measured current, mA; R represents the calculated resistance between the middle two electrodes, Ω; rrepresents the resistivity of the sample, Ω·cm; L represents the distance between the middle two electrodes, mm; S represents the cross-sectional area of the sample, mm2.
2.3.5 Snow-melting test
Snow-melting test was to observe the change of ice mass with time under certain temperature conditions. First, add 100 g of water into the beaker and freeze it in the refrigerator at −18°C for more than 12 h until the water was completely frozen. The ice cube was a cylinder with a diameter of 30 mm on the bottom side. The ice cube was placed in the middle of the specimen, and the voltage was connected to each group of NC in the same way as the electrical performance test. Quickly measure the mass of the ice every 5 min. High snow-melting efficiency led to lower electricity consumption and reduced CO2 emissions.
2.3.6 Microscopic characterization tests
Scanning electron microscopy (SEM) was employed to analyze the microscopic distribution of NCB. Specimens measuring 10 mm × 10 mm × 10 mm were cut from the cement paste and vacuum-dried to avoid carbonation from CO2 exposure. The dried samples were then subjected to SEM testing after being coated with gold. The Czech TESCAN MIRA LMS was utilized for the SEM analysis and energy spectrum testing. X-ray diffraction (XRD) was used to determine the crystalline structure of materials. The sample was finely powdered and placed on a sample stage, where X-rays were directed at it. As the X-rays interact with the crystal lattice, they produced a diffraction pattern that can be analyzed to reveal information about the crystallographic phases present in the materials.
2.3.7 Life cycle assessment analysis
The purpose of the life cycle assessment analysis was to analyze and evaluate the environmental load generated by NC with different dispersant, so as to facilitate the quantitative calculation and comparison the effect of different dispersants. In this paper, a process-based inventory analysis method was used to classify NC with different dispersant into four processes: raw material mining, mixing, transportation and snow-melting, and the CO2 emissions of each process was quantified. Finally, the global warming potential (GWP) impact category was selected (Nayır et al., 2024), and the results of inventory analysis were quantitatively evaluated to determine the impact on the external environment.
3 RESULT AND DISCUSSION
3.1 Absorbance of dispersant-NCB suspension
Figure 2 shows the change of absorbance of NCB suspension in each group with time after ultrasonic dispersion. The results of quantitative analysis showed that the absorbance of the suspension without dispersant was 1.732 at the beginning, and decreased significantly by 1.28 in the first 2 h and to 0.1 after 12 h, with a decrease of 94%, indicating that the dispersion and stability of pure NCB suspension were poor. The reason was that the interfacial effect between NCB and aqueous solution led to the increase of interfacial tension, and the force imbalance between solid and liquid forms clumps, resulting in the condensation of NCB. In addition, the non-polar characteristics of NCB surface limited its dispersion ability in water, and it was difficult for functional groups such as hydroxyl groups to form strong interactions with water, which further promoted the formation of clumps.
[image: Figure 2]FIGURE 2 | ABS versus time (A) PCE, (B) TA and (C) SDS.
Figures 2A–C show the changes in UV-visible absorptance of NCB suspension at different concentrations of PCE, TA and SDS within 24 h. The overall curve showed that the addition of PCE, TA and SDS significantly affected the initial absorbance of suspension with the same NCB content. When the concentration of PCE was 0.2%, 0.4% and 0.6%, the absorbance was 1.777, 1.859 and 2.016, respectively. When the concentration of TA was 0.2%, 0.4%, 0.6%, the absorbance was 2.067, 2.359, 2.476. When SDS concentration was 0.2%, 0.4%, 0.6%, absorbance was 2.067, 2.259, 2.376. The results showed that PCE, TA and SDS can all improved the dispersion effect of NCB in water, PCE effect was the least, while TA and SDS effect were similar. With the increase of standing time, the absorbance of all groups decreased, but tended to balance after 12 h. In terms of suspension stability, SDS was the best, followed by TA, and PCE was the worst. The addition of SDS made the absorbance decrease slowly by about 0.55, indicating that the dispersion and stability of SDS to NCB was better than that of TA. In addition, the change of SDS concentration had little effect on the dispersion of NCB, possibly because 0.2% SDS concentration was enough to cover the dispersion of NCB, and further increasing the concentration would only lead to susaturation of the solution and could not significantly improve the dispersion effect.
3.2 Fresh property analysis
Figures 3A–C show the flow and setting time of freshly mixed NC with different PCE, TA and SDS contents, respectively. On the whole, the three dispersants all improved the fluidity of NC to different degrees, but their performance in setting time was different.
[image: Figure 3]FIGURE 3 | Fresh NC fluidity and setting time (A) PCE, (B) TA and (C) SDS.
On the whole, with the increase of dispersant content, the diffusion diameter of NC gradually increased, indicating that the addition of dispersant improved its fluidity. The diffusion diameter of the samples without dispersant was 16.8 cm, while the diffusion diameter of CPE-0.2, CPE-0.4 and CPE-0.6 increased by 20.8%, 35.1% and 59.5%, respectively. TA-0.2, TA-0.4 and TA-0.6 increased by 13.7%, 26.8% and 34.5%, respectively. SDS-0.2, SDS-0.4 and SDS-0.6 increased by 9%, 23% and 15%, respectively. It can be seen that the fluidity of PCE and TA increased with the increase of dosage, while SDS increased first and then decreased. Compared with the three dispersants, under the same dosage, PCE had the greatest improvement on fluidity, TA followed, and SDS had the least. The fluidity of PCE be due to its comb molecular structure, which formed a thicker adsorption layer, releasee free water between cement particles, and also had a certain dispersion effect on NCB. TA and SDS released encapsulated free water mainly by preventing NCB from accumulating, but TA performed slightly better in cement paste than SDS.
From the point of view of setting time, with the increase of dispersant content, the setting time of NC would be different due to the action of different dispersants. Both PCE and TA had retarding effect on NC, and TA had a more significant effect, which had also been reflected in previous Portland cement studies (Sokołowska et al., 2024). On the contrary, SDS shortened the setting time of the paste, which indicated that the action mechanism of different dispersants in NC was different. The initial and final setting times of NC without dispersant were 4.08 h and 5.33 h, respectively, while those of CPE-0.6 were 5.42 h and 6.82 h, respectively, and the time interval was slightly extended. This was because the hydroxyl, carboxyl and amino groups in PCE molecules form complexes with calcium ions in NC, which hindered the hydration process of cement. The initial and final setting times of TA-0.6 samples were 6.62 h and 8.47 h, respectively, and the time intervals were further extended, which could be explained by the theory of the formation of complexes between TA and calcium ions. In contrast, the initial and final setting time of SDS-0.6 sample were shortened to 3.65 h and 4.62 h, respectively, and the time interval was reduced, indicating that SDS accelerated the hardening process of cement. This may be because SDS was unable to form a complex with calcium ions, its main role was to prevent NCB agglomeration, and the interaction with the cement paste was weak.
3.3 Mechanical properties of NC
3.3.1 Flexural strength
Figures 4A–C show the flexural strength of NC with different PCE, TA and SDS contents at early hydration stage (3 days) and late hydration stage (28 days), respectively. As can be seen from the figure, the flexural strength of NC without dispersant at 3 days and 28 days was 5.2 MPa and 7.2 MPa, respectively. The flexural strength of NC after adding dispersant was higher than that of the sample without dispersant in the early and late stages of hydration, indicating that the three dispersants all increased the flexural strength to varying degrees, and showed a trend of first increasing and then decreasing.
[image: Figure 4]FIGURE 4 | The flexural strength of NC (A) PCE, (B) TA, and (C) SDS.
With the increase of PCE content, the flexural strength of PCE-0.2, PCE-0.4 and PCE-0.6 increased by 32.7%, 26.9% and 7.7%, respectively, compared with that of PCE-0 at 3 days. The early flexural strength of NC was improved best when the content of PCE was 0.2%. At 28 days, the flexural strength of CPE-0.2, CPE-0.4 and CPE-0.6 increased by 19.4%, 16.7% and 12.5%, respectively, indicating that the influence of PCE content on the flexural strength at the later stage of hydration was small, which may be due to the delay of hydration of cement particles coated by PCE in the early stage and the gradual release of cement particles in the later stage. The difference in flexural strength was reduced. Their behavior was different. At 3 days, the flexural strength of TA-0.2, TA-0.4 and TA-0.6 increased by 5.8%, 13.5% and 3.8% compared with TA-0, respectively, indicating that 0.4% TA content contributed the most to the early flexural strength of NC. However, the flexural strength changes of TA-0.2, TA-0.4 and TA-0.6 at 28 days were 0%, 8.3% and −4.2%, respectively, indicating that too much TA was not beneficial to the growth of flexural strength, which may be related to its retarding effect. For SDS, the flexural strength of SDS-0.2, SDS-0.4 and SDS-0.6 increased by 15.4%, 19.2% and 5.8%, respectively, compared with SDS-0 at 3 days, indicating that 0.4% SDS content contributed the most to the early flexural strength. At 28 days, the flexural strength increased by 8.3%, 12.5% and 1.4%, respectively.
3.3.2 Compressive strength
Figures 5A–C show the compressive strength of NC with different PCE, TA and SDS contents at early hydration stage (3 days) and late hydration stage (28 days), respectively. As can be seen from the figure, the compressive strength of NC without dispersant at 3 days and 28 days was 22.3 MPa and 32.6 MPa, respectively. The law of compressive strength was the same as that of flexural strength mentioned above.
[image: Figure 5]FIGURE 5 | The compressive strength of NC (A) PCE, (B) TA, and (C) SDS.
As for PCE, the compressive strength of PCE-0.2, PCE-0.4 and PCE-0.6 at 3 days increased by 37.7%, 27.8% and 14.3%, respectively, compared with that of PCE-0, with the increase of PCE-0.2 on the early compressive strength being the most significant. At 28 days, the compressive strength of CPE-0.2, CPE-0.4 and CPE-0.6 increased by 34.4%, 30.9% and 20.2%, respectively, compared with that of CPE-0, indicating that PCE had a significant effect on the compressive strength of NC, especially CPE-0.2 and CPE-0.4. This may be due to the fact that PCE improved paste fluidity, reduced internal bubbles and pores, and enhanced compressive strength. However, excessive PCE can cause retardation and segregation, leading to negative effects. The influence trend of TA and SDS on compressive strength was similar, and both reached the peak value when the dosage was 0.4%. Without dispersant, NCB easily aggregated in cement and reduced compressive strength. In TA-0.4 and SDS-0.4 samples, uniformly dispersed NCB promoted the nucleation of hydration products and improved the structural densification, thus enhancing compressive strength. However, excessive TA and SDS will increase the internal defects of the paste and reduce the compressive strength.
3.4 Resistivity of NC
Figures 6A–C show the resistivity of NC with different PCE, TA and SDS contents in early hydration (3 days) and late hydration (28 days), respectively. It can be seen from the figure that the resistivity of NC without dispersant was 8.31 MPa and 8.54 MPa at 3 days and 28 days, respectively. The reason for the increase of resistivity in the late hydration period was the loss of pore water, which reduced the electron conduction path. In general, the resistivity of NC mixed with dispersant was higher than that of samples without dispersant in the early and late stages of hydration, indicating that the three dispersants reduced the resistivity to different degrees, and the resistivity showed a trend of first decreasing and then increasing.
[image: Figure 6]FIGURE 6 | Resistivity of NC (A) PCE, (B) TA, and (C) SDS.
For PCE, the resistivity of PCE-0.2, PCE-0.4 and PCE-0.6 at 3 days decreased by 9.3%, 7.5% and 6.3%, respectively, as the content of PCE increased. When the PCE content was 0.2%, it made the greatest contribution to the reduction of the early resistivity of NC. At 28 days, the resistivity of CPE-0.2, CPE-0.4 and CPE-0.6 decreased by 10.4%, 7.4% and 6.6%, respectively, similar to the reduction in the early stage of hydration. The effect of PCE-0.2 was the best, but too much incorporation would lead to slow solidification and segregation of cement paste, which was not conducive to the performance of cement paste. For TA, the resistivity of TA-0.2, TA-0.4 and TA-0.6 decreased by 17.5%, 23.5% and 19.8% in 3 days compared with that of TA-0, respectively, and the best effect was achieved when the content of TA was 0.4%. At 28 days, the decrease of resistivity was basically the same as that at 3 days, and too much TA inclusion would increase the internal defects of the cement paste, resulting in an increase in resistivity. For SDS, the resistivity of SDS-0.2, SDS-0.4 and SDS-0.6 at 3 days was reduced by 11.3%, 17.3% and 11.2%, respectively, compared to SDS-0. With the increase of SDS content, the dispersion effect of NCB in cement was enhanced, and the resistance decreased first and then increased, reaching the lowest value at SDS-0.4. However, the high content of SDS would increase the porosity of cement matrix, but increased the resistivity.
With the increase of hydration time, the resistivity of the samples with different dispersants increased, but the overall trend remained unchanged. The reason was that the cement hydration was not complete in the early stage, and the resistivity of NC was affected by two aspects: First, NCB formed a conductive network conducive to electron transport in the cement matrix; The second was the conduction of electrons and ions in the pore liquid. At 28 days, the hydration of cement was basically completed, the pore liquid was reduced, and the electrical conductivity of ions was weakened, resulting in an increase in resistivity (He et al., 2018).
3.5 Microscopic characterization of NC
3.5.1 Types of hydration products
The XRD patterns displayed in Figure 7 provide a comparative analysis of the hydration products formed in the samples PCE-0.4, TA-0.4, SDS-0.4, and the Ctrl. The crystalline hydration products identified in the NC were Ca(OH)2, CaCO3, and CaSO4.
[image: Figure 7]FIGURE 7 | XRD of SDS-0 and SDS-0.4.
It was noteworthy that the introduction of various dispersants, PCE, TA, and SDS, did not appear to alter the fundamental types of hydration products generated during the hydration process. This indicated that while the dispersants may play a role in improving the dispersion and workability of the NCB, they did not influence the chemical composition of the hydration products.
3.5.2 Distribution and morphology of hydration products
SEM images revealed the effect of NCB on the microstructure of the cement paste. As shown in Figure 8, the dispersion of NCB under SEM significantly affected the characteristics of the cement paste. In Figure 8A, the hydration products of NCB were sparsely distributed. This distribution was mainly due to the high surface energy of NCB itself and the lack of sufficient dispersant, which made it difficult to combine with cement particles, thus limiting its promotion effect on hydration. Some incomplete granular products were unevenly dispersed and not tightly connected. As a result, unmodified NCB may form new pores and defects in the cement, reducing the fluidity of the material and the compactness of the overall structure. With the addition of SDS dispersant, as shown in Figure 8B, the agglomeration of NCB in cement almost disappeared. The dispersed particles exhibited a uniform and continuous network distribution, which helped to promote the formation of C-S-H. At the same time, the hydration product was wrapped on the surface of NCB, which increased the crystallization degree of the hydration product, filled the micropores, and improved the compactness of the cement. NCB was surrounded by hydration products and acts as a nucleation site for C-S-H (Lu et al., 2019; Chen et al., 2024), facilitating the formation of a more dense and homogeneous cement structure. In Figure 8C, the distribution of AFt and C-S-H appeared sparse and porous, while in Figure 8D, these products were clustered in cement. This aggregation effectively enhanced the mechanical strength and conductivity of the cement paste, indicating that SDS had successfully achieved the dispersion of NCB in the cement paste. Through the uniformly dispersed NCB, a conductive network was formed, and the tightness of the connection between the hydration products was improved, which provided a preliminary explanation for the improvement of SDS-0.4 in terms of mechanical strength and resistivity. This improvement may be due to the effect of SDS on the interaction between cement particles and NCB, which promoted the effective dispersion of NCB and optimized the microstructure of cement paste.
[image: Figure 8]FIGURE 8 | SEM of (A) (C) SDS-0 and (B) (D) SDS-0.4.
3.6 Snow-melting speed of NC
As shown in the Figure 9, the addition of three dispersants accelerated the snow-melting rate of NC to different degrees. Among them, TA had the most obvious effect, and the time can be reduced to 1/3; SDS followed, and PCE had the weakest effect. In the TA group, the decrease rate of TA-0.4 was the highest, the optimal dosage of SDS was also 0.4, and the optimal dosage of PCE was 0.2. The results were consistent with the resistivity results. The effect of dispersant directly affected the uniform distribution of NCB in the paste. The better the dispersion effect, the more uniform the distribution of NCB in the cement hardened paste, the lower the resistance, the better the conductivity, the higher the ice melting efficiency, and the lower the energy consumption. The reduction in electricity consumption of the TA group directly led to a reduction in CO2 emissions.
[image: Figure 9]FIGURE 9 | Ice mass loss of NC with different dispersants.
3.7 LCA analysis
Figure 10 shows GWP100a values of NC with different PCE, TA and SDS contents. The CO2 emissions of NC was mainly concentrated in cement and carbon black. Secondly, it was the electric energy required in the snow-melting process, it can be found that the electric energy of TA was the least, mainly because TA improved the ice melting efficiency of NC, SDS was in the middle, and the NC with PCE had the highest snow-melting energy consumption. CO2 was the main pollutant causing global warming, so while improving the efficiency of snow-melting and deicing of cement paste, carbon emissions should also be controlled. According to the comprehensive analysis, the impact of NCB on the environmental load of cement paste is as follows: PCE was the largest, SDS was the second, TA was the least. In conclusion, the CO2 emissions of NC with TA were the lowest.
[image: Figure 10]FIGURE 10 | NC environmental impact assessment.
4 CONCLUSION
In order to solve the problem of poor dispersion of NCB in cement paste and low snow-melting efficiency of NC, three dispersants, PCE, TA and SDS, were used in this paper to modify NC, which not only improved its dispersion, but also enhanced its mechanical and electrical properties, reduced CO2 emissions of NC. Meanwhile, snow-melting speed and life cycle assessment analysis of NC with different dispersants were investigated. The main conclusions are as follows:
(1) All three dispersants can improve the dispersion stability of NCB suspension. PCE improved the dispersion stability of NCB suspension the least, the effect of TA and SDS was similar. Under the same dosage, PCE had the most significant improvement on fluidity, TA was the second, SDS was the least. PCE and TA both delayed the setting time, TA effect was more obvious, while SDS shortened the setting time.
(2) The influence of PCE, TA and SDS on the compressive and flexural strength of NC was similar, which firstly increased and then decreased. The three dispersants all improved the mechanical strength of NC to varying degrees. The highest contribution to the mechanical strength was PCE-0.2, TA-0.4 and SDS-0.4, respectively.
(3) The three dispersants can reduce the resistivity of NC at different hydration stages, and showed a trend of first decreasing and then increasing. PCE-0.2 can effectively reduce the resistivity of the sample, but excessive use will cause retarding and segregation, resulting in increased resistivity. TA-0.4 had the best effect on the improvement of resistivity, reducing the resistivity by 23.8% at 28 days, but excess can also cause retarding and increased resistivity. SDS-0.4 can minimize the resistivity, but excessive will lead to foaming and increase the porosity of the cement matrix.
(4) The three dispersants all accelerated the snow-melting speed of NC by dispersing NCB, among which the snow-melting speed of NC with TA was the fastest. From the perspective of global warming potential, the three dispersants all reduced the CO2 emissions of NC. The impact of different dispersants NC on environmental load is as follows: PCE had the largest impact, followed by SDS, and TA had the least impact.
In this paper, low cost and high conductivity NCB was used to modify the cement paste, and the advantages of the structure and performance of the material were used in the test and the ideal results were obtained. Subsequently, the thermal conductivity of composite materials can be studied to provide a new idea for road deicing and snow removal in northern and western high-altitude areas in winter.
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