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A series of polycarboxylate superplasticizers (PCEs) with different side-chain densities, main chain polymerization degrees, and side-chain lengths were designed and synthesized using a novel highly active ethylene glycol mono vinyl ether polyethylene glycol as the ether monomer. The influence of polycarboxylate ether on the rheological properties, interface adsorption, and hydration characteristics in cement paste was investigated through characterization of charge density, rheological properties, adsorption behavior, and hydration heat. The results indicate that the adsorption process of PCE on cement particles is spontaneous physical adsorption, and the hydration kinetics fitting reveals that the geometric crystal growth exponent n is in the range of 1–2, with needle-like and lamellar hydration products formed. With a decrease in side-chain density, the broadening of molecular weight distribution and the increase of charge density accelerate the flow of slurry, reduces saturation adsorption, and delays cement hydration. A decrease in main chain polymerization degree results in a downward trend in molecular weight and charge density, leading to larger molecular conformations, reduced slurry flow, decreased saturation adsorption, and delayed cement hydration. As the side-chain length of PCE (molecular weight) increases, the charge density decreases, and the molecular conformation exhibits a compact structure with reduced slurry flow, decreased saturation adsorption, and delayed cement hydration. In cases of low side-chain density, short side chains, and low molecular weight, enhanced adsorption capacity and faster adsorption rates are observed, resulting in the lower viscosity and a delay in the cement hydration process.
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1 INTRODUCTION
With the rapid development of the economy, large-scale infrastructure projects (such as super high-rise buildings, landmark buildings, bridges, tunnels, etc.) are accelerating their landing, and modern concrete plays a key role. Concrete admixtures are closely related to modern concrete technology, which not only affects the workability of concrete in the fresh state but also improves the structure of hardened concrete at the micro and sub-micro level, thus meeting the requirements of construction performance, mechanical performance, and durability of concrete.
Polycarboxylate superplasticizer (PCE) (Ng et al., 2020; Li et al., 2021; Xu et al., 2021) as an important concrete admixture is currently most commonly used as a large monomer, which can be mainly divided into two types: polyester-based and ether-based. The following three types of large monomers are commonly used: The first type is the traditional polyester-based monomer, represented by methoxy polyethylene glycol ether (MPEG) (Tian Y F et al., 2014), which is mainly prepared by esterification and polymerization reactions, with complex processes, low efficiency, and low polymerization activity. The second type is the traditional ether-based monomer, represented by allyl polyethylene glycol ether (APEG), isobutylene polyethylene glycol ether (HPEG), and isopentenyl polyethylene glycol ether (TPEG), but the retention rate of double bonds is relatively low (90%), which has a negative impact on monomer conversion, resulting in lower molecular weight of PCE (Zhao et al., 2018). The third type is a new type of ether-based monomer, ethylene glycol mono ethylene ether polyethylene glycol (EPEG) (Cui et al., 2022), which has higher polymerization activity and is currently in the early stage of application promotion, and there are still many technical aspects of preparation and application that need to be further studied.
The polymerization activity of polyether is affected by the distribution of electronic cloud density, as shown in Table 1, where the impact of different substituent groups on the distribution of electronic cloud density on double bonds is presented. The new EPEG monomer forms an ethylene ether bond structure with a stronger electron-donating effect from the alkoxyl group than traditional monomers with an alkoxyl structure, leading to a more significant influence on the electronic cloud density on the double bond and a larger deviation tendency in the electronic cloud distribution, resulting in an increased double bond activity (Liu, 2020), which increases the polymerization activity of EPEG monomer. Liu et al. (2020) prepared an uneven block copolymer PCE with EPEG by free radical copolymerization. The results showed that compared to traditional PCE, EPEG monomer has a higher copolymerization activity, which can significantly reduce the copolymerization temperature, shorten the production cycle, improve copolymerization efficiency and have better dispersibility in cement slurries. Wang et al. (2020) conducted free radical copolymerization reactions of three monomers, APEG, IPEG, and EPEG, with acrylic acid, and prepared copolymers with low conversion rate (<15%) to calculate the polymerization activity of monomers based on the competing reaction rates. The experimental results showed that EPEG monomer had a higher reactivity ratio and displayed higher activity in the chain growth stage.
TABLE 1 | Chemical structures of different polyether monomers.
[image: Table 1]The complex molecular structure and designability of PCE determine its molecular conformation, interfacial adsorption state, rheological and dispersing properties in cement hydration environment, which are affected by different main chain polymerization degree, main chain charge density, side chain type, side chain length, and side chain branching density (Ran et al., 2010a). Studies by Ran et al. (2010b) have found that the side chain density structure of the water-reducing agent has a significant impact on its adsorption and dispersing ability. Researchers such as Zingg et al. (2009); Ran et al. (2019); Ng and Plank, (2012); Ran Q. et al. (2010); Winnefeld et al. (2007) have shown that as the side chain density of PCE increases, its adsorption performance on cement particles decreases. Research by Ji et al. (2020) has shown that PCE with longer side chains can better disperse cement particles in cement slurry due to its significant steric hindrance effect and high charge density. Kinoshita and Nawa, (2000) found that the shorter the side chain length, the slower the adsorption rate, but the better the dispersion stability. Yamada et al. (2000) believes that the longer the side chain length, the faster the cement hydration progresses, resulting in poorer flow retention. However, scholars such as Wu, (2012); He et al. (2018) believe that the longer the side chain length, the stronger the electrostatic repulsion and steric hindrance effects, resulting in better-dispersing ability. The reason why different researchers have reached different conclusions is that the main chain adsorption group content or type of copolymers with different side chain lengths are different, resulting in completely different rheological and interfacial adsorption properties on cement. Therefore, it is necessary to comprehensively analyze the influence of different microstructures of EPEG-type PCE on the performance of cement slurry.
The rheological properties of cement slurries directly impact the workability of concrete. Various factors influence the rheological properties of cement slurries, such as cement particle concentration or density, particle size distribution, temperature, pH value, electrolyte concentration, auxiliary cementitious materials, and chemical admixtures, among others. Rheological models are the most direct means to evaluate the rheological performance of cement slurries, as indicated in Table 2 for commonly used rheological models (Nazar et al., 2020).
TABLE 2 | Common fundamental rheological models.
[image: Table 2]Qian et al. (2018) analyzed the dispersibility and viscosity reduction effects of polycarboxylate ether (PCE) by combining the Herschel-Bulkley model and found that reducing the molecular weight and side chain length of PCE and introducing hydrophobic groups could improve the dispersibility and viscosity reduction effect. Huo et al. (2017) balanced the dispersibility and viscosity reduction performance of PCE by controlling the length of the main chain and prepared a polycarboxylate-based water reducer with good dispersibility and viscosity reduction performance. Liu (2013) believed that increasing the carboxyl density would lead to an increase in shear stress and apparent viscosity, which would promote cement hydration. In addition, the effects of modifying the monomer molar ratio, side chain length, and anionic anchoring groups on the rheological properties of fresh cement paste have also been reported. Yamada et al. (2000) found that polymers with longer PEG side chains, lower main chain polymerization degrees, and higher sulfonic acid contents had higher dispersibility, smaller yield stress, and plastic viscosity of cement paste, indicating better rheological properties. Yu et al. (2020) showed that PCE had an optimal molecular weight range, and the residual viscosity of the cement paste decreased gradually with the increase of PCE molecular weight, resulting in the fluctuation of rheological properties. It is generally believed that PCE with short side chains and high carboxyl density has higher adsorption and dispersibility in mortar, while PCE with long side chains reduces the plastic viscosity of mortar, indicating better rheological properties (Feng et al., 2021).
The basis of PCE interaction with cement particles is adsorption. After PCE adsorbs on the surface of cement particles, it changes the physical and chemical properties of the surface, destroys the flocculation structure between cement particles, and temporarily maintains them in a stable state of uniform distribution, thereby improving the rheological properties, structure, and uniformity of fresh cement paste. The adsorption of PCE on cement particles exists in three forms. Firstly, it participates in the formation of hydration products, affecting the structure and morphology of hydration products. Secondly, it adsorbs on the surface of cement particles or hydration products to form an adsorption layer, mainly dispersing cement particles. Thirdly, it remains in the solution, maintaining a dynamic balance with the adsorption layer and supplementing the water reducer consumed by cement hydration (Zingg, 2008). Therefore, the dispersing effect of PCE on cement is mainly due to the second part, and the adsorption amount generally refers to the sum of the first and second parts.
The PCE has a direct or indirect impact on the hydration of cement in all stages due to its different adsorption amounts, adsorption forms, and adsorption equilibria. Cement hydration mainly consists of five stages (Zhang, 2011; Han, 2015). During the early induction period, gypsum dissolves rapidly in water, and the first heat release peak is formed. During the induction period, C-S-H and CH are in the nucleation stage. During the acceleration period, the hydration of tricalcium silicate (C3A) mainly occurs, forming the second heat release peak. During the deceleration period, the transformation of AFt to AFm occurs, and the generated hydration products fill the space between cement particles, gradually forming a network structure. During the stable period, the cement hydration rate and cumulative heat release tend to be stable, and the microstructure gradually becomes denser, forming a hardened paste structure. Tian et al. (2019) studied the effect of PCE on the flowability and early hydration of Portland cement and sulfoaluminate cement systems, showing that PCE can significantly inhibit the early formation of AFt crystals in sulfoaluminate cement paste. Scrivener Karen L. et al. Studied the basic role of each stage of hydration and showed that the growth of the main hydration product C-S-H is the main factor controlling the main heat evolution peak as an explanation of the induction period based on geochemical dissolution theory (Scrivener et al., 2015).
The impact of PCE on cement hydration varies depending on its different structures. Lei and Plank, (2014) found that the shorter the side chain and the lower the side chain density, the more severe the inhibitory effect of PCE on cement hydration. Zhang, (2019) believed that polyacrylic acid significantly inhibits the cement hydration process, and the adsorption capacity of PCE increases with the carboxyl content, showing the same rule for inhibiting cement hydration.
In summary, the molecular structure of polycarboxylate superplasticizers (side-chain density, main chain polymerization degree, side-chain length, etc.) determines their dispersion effect, fluidity, and adsorption state on cement particles. In this paper, a new type of polyether monomer EPEG was used to adjust the side chain density, side chain length, and main chain length, and EPEG-based polycarboxylate superplasticizers were designed and synthesized to systematically study the influence of PCE microstructure on the rheology, interfacial adsorption, and early cement hydration of cement paste.
2 EXPERIMENT
2.1 Raw materials
Ethylene glycol monoethyl ether polyethylene glycol ether (EPEG, Mn 3,000 and 6,000) from Jiakai Chemical Co., Ltd.; Ethylene glycol monoethyl ether polyethylene glycol ether (EPEG, Mn 4,000) from Jiangyin Ruiji New Material Co., Ltd.; Acrylic acid (AA), hydrogen peroxide (HP), mercaptoethanol (ME), ascorbic acid (ASA), and ferrous sulfate heptahydrate (FeSO4·7H20, FSH) from Aladdin Reagent Co., Ltd. Deionized water was used for all experiments.
The cement used in this study was provided by China Building Materials Science Research Institute Co., Ltd., and its chemical composition was determined by X-ray fluorescence (XRF) and is listed in Table 3.
TABLE 3 | Chemical composition of reference cement.
[image: Table 3]2.2 Synthesis and preparation
EPEG and H2O were added to a reaction vessel and heated with stirring for 30 min in a water bath to ensure the complete dissolution of the sample. The temperature was then lowered to 15°C, and the reaction was maintained at that temperature. Before the start of dripping, a certain amount of FSH and AA was added to the reaction vessel as co-initiators. The aqueous solution of acrylic acid, oxidant, and reductant was dripped into the flask at a constant rate, and the reaction continued for a period of time to complete free radical polymerization. After insulation, a PCE aqueous solution was obtained. The reaction schematic is shown in Figure 1 (Zhang et al., 2015), and the PCE synthesis and preparation are presented in Table 4. From Table 4, it is evident that by adjusting the acid-ether ratio, side-chain density PCE can be prepared, while controlling the chain transfer agent quantity allows for the preparation of main chain polymerization degree PCE. Additionally, side-chain length PCE can be prepared by manipulating the monomer’s molecular weight.
[image: Figure 1]FIGURE 1 | Schematic representation of the EPEG reaction.
TABLE 4 | Preparation of PCE.
[image: Table 4]2.3 Characterization methods
2.3.1 Gel permeation chromatography (GPC)
PCE molecular weight and its conformation were determined by Gel Permeation Chromatography (GPC) using a gel permeation chromatograph (1,515, Waters, United States) equipped with a differential detector and a multi-detector system (Malvern Viscotek 270 Dual Detector) with viscosity and low angle laser light scattering detectors. Glucose polymers with different molecular weights were used as calibration standards and the flow rate was controlled at 0.5 ml/min. A 5 mg/ml PCE solution was prepared using a 0.1 mol/L sodium nitrate solution, and 0.2 ml of the sample was injected into the loop for detection.
2.3.2 Charge density
The charge density of PCE was measured using a particle charge detector (PCD 05, Mütek Analytic, Germany) by titrating PCE (0.1wt%) with a 0.001 mol/L solution of poly (allylamine hydrochloride) in water.
2.3.3 Rheology
Sample preparation: Cement slurries with a w/c of 0.29 were prepared according to the method in GB/T 8077-2012. PCE was added to the slurry at a dosage of 0.25 mg/g cement. Rheological measurements were performed using a rotational rheometer (Rheolab QC, Anton Paar, Austria), and the prepared cement slurry was immediately poured into the cylinder.
Test process: The instrument was stabilized at 20 °C for 60 s. Then, the sample was pre-sheared at 5 rad/min for 30 s to minimize the influence of thixotropy. After that, the shear rate increased from 0 to 131 rpm and was held for 1 min. Then, the shear rate was held at 131 rpm for 18 s, followed by a decrease from 131 to 0 rpm and an increase back to 131 rpm for 1 min. The experimental environment was maintained at a temperature of 20°C ± 2°C and humidity of 60 ± 5%. Each cement slurry was tested three times. The yield stress and viscosity were determined using the Bingham model formula (1).
[image: image]
Where τ is the shear stress (Pa); [image: image] is the yield stress (Pa); [image: image] is the plastic viscosity (mPa·s); γ is the shear rate (s−1).
Thixotropic behavior: During the rheological testing process, a closed loop formed by an increase in shear rate from 5 to 131 rpm followed by a decrease from 131 to 5 rpm is referred to as the thixotropic ring area.
2.3.4 Total organic carbon (TOC)
Total organic carbon (TOC) analysis was performed using a TOC analyzer (Elementar, Germany) to determine the adsorption amount. The adsorption amounts of PCE at different concentrations and at different times were studied. Different concentrations of PCE solution were prepared, and 20 g of Portland cement was added to 40 ml of the PCE solution. After thorough mixing, an appropriate amount of the liquid was transferred to a centrifuge tube and centrifuged for 10 min at 5,000 r/min. The adsorption amount of polycarboxylate superplasticizer on cement particles was calculated according to Equation 2:
[image: image]
where [image: image] represents the adsorption amount of the superplasticizer in the cement slurry, in mg/g; C0 is the total organic carbon content of the solution of the superplasticizer added to the cement slurry, in mg/L; V1 is the volume of the sample solution of the added superplasticizer in the experiment, in mL; C1 is the total organic carbon content of the sample solution of the superplasticizer, in mg/L; and m is the mass of cement, in mg.
By employing an adsorption model, the adsorption performance of PCE was analyzed. Detailed formulas and parameters can be found in Table 5.
TABLE 5 | The formulas and parameters of adsorption model.
[image: Table 5]2.3.5 Hydration heat
The isothermal calorimetry (TAM air, TA, United States) was used to monitor the hydration heat curve of cement. Before the experiment, the TAM temperature was adjusted to 20°C, and the experimental materials were placed in a room at the same temperature for 24 h to reduce experimental errors. Deionized water and PCE (0.2wt%) were mixed with cement for 1 min, and the w/c ratio was fixed at 0.35. The prepared cement paste (3.0000 g) was placed in an ampoule with a volume of 20 ml, and the hydration heat was recorded for 72 h.
Test process: The blank sample (without PCE) and the experimental sample are placed into the instrument, followed by temperature setting. After reaching a stabilized baseline, a hydration test is conducted for 72 h.
By using a hydration kinetics model, the hydration reaction is divided into stages of crystallization nucleation and crystal growth (NG), phase boundary reaction (I), and diffusion reaction (D), corresponding to equations 3 and (4), (5):
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where [image: image] represents the degree of hydration at time t; [image: image] is the geometric crystal growth exponent, given in J·g−1; [image: image] hydration time in hours; [image: image] denotes the end time of the induction period in hours; [image: image]、 [image: image]、 [image: image] are the reaction rate constants for the NG, I, and D processes, respectively.
2.3.6 Fluidity
The Cement slurries of fluidity test were according to GB/T 8077-2012 which was similar to section 2.3.3 in Sample preparation.
3 RESULTS AND DISCUSSION
3.1 Molecular structure
Molecular weight and its distribution are critical factors that affect the dispersibility of PCE in cement slurries. If the molecular weight is too small, it will affect the slump of the concrete, and if the molecular weight is too large, it will affect the dispersibility of the cement slurry. Therefore, PCE can exhibit good performance only when its molecular weight is within the appropriate range (Zhang et al., 2022). The gel permeation chromatography (GPC) test results of the prepared PCE are shown in Table 6.
TABLE 6 | GPC test data for PCE.
[image: Table 6]As the side chain density decreases, the Mn, Mw, Mn/Mw, conversion rate (PDI), and charge density of PCE show an increasing trend, and the hydrodynamic radius (Rh) gradually increases, indicating a more expanded structure. Due to the spatial steric hindrance between large monomers, a certain amount of small monomers must be interspersed between adjacent large monomers to compensate for this effect. In addition, the polymerization reaction rate of EPEG monomers with acrylic acid increases, leading to an increase in the length of the PCE main chain and a further increase in molecular weight, resulting in an increase in charge density in the PCE molecular structure. The changes in Mn/Mw and monomer conversion rate (both around 90%) among the samples are relatively small, indicating that the reaction between EPEG and AA is sufficiently complete when the acid ether ratio reaches 2.5.
In contrast, the trend of the main chain polymerization degree change is exactly opposite to that of side chain density. This is because, with an increase in ASA content, the number of chain-terminating free radicals in the solution increases, resulting in a decrease in polymerization degree, shortening of the PCE main chain, a decrease in molecular weight, and a reduction in carboxyl group content, resulting in a decrease in charge density. When the side chain is longer, its stretchability is affected, resulting in a higher viscosity and larger Rh, whereas when the side chain is shorter, the viscosity is smaller and Rh is correspondingly smaller. The trend of side chain length change is consistent with that of side chain density, except for the Mn/Mw, conversion rate, and charge density, which show a decreasing trend. This is because, at lower molecular weights, there are relatively fewer carboxyl groups in the PCE molecular structure, resulting in a low charge density and a reduction in the co-polymerization of AA and large monomers, leading to a decrease in monomer conversion rate and a larger Rh.
The Mark-Houwink curve is an important curve used to characterize polymer structure, the relevant formula (6) is as follows:
[image: image]
where [image: image] is the viscosity measured by the viscosity detector in GPC; M represents the molecular weight of the test sample; K stands for the Mark-Houwink constant; [image: image] represents the slope of the curve, the value of the slope α indicates the conformation of the polymer. The range of α is generally between 0 and 2, and when α < 0.3, the polymer is considered to be in a compact conformation, while α values between 0.5 and 0.8 indicate a flexible chain and α > 0.8 indicates a rigid chain. The Mark-Houwink curves were fitted for PCE with different microstructures (Wang X L et al., 2013; Han et al., 2021; Zhao et al., 2021), and the results are shown in Figure 2.
[image: Figure 2]FIGURE 2 | The Mark-Houwink curves and fitting curves of PCE with different microstructures.
From Figure 2, it can be seen that the Mark-Houwink curves for PCE with different side chain densities are not a straight line for the entire molecular weight range, indicating that the molecular conformation is not the same in different molecular weight segments. Therefore, the Mark-Houwink curve was fitted in segments. In the entire molecular weight range, α was less than 0.8 for all PCE samples, indicating that PCE is in a compact conformation or a flexible random coil conformation. This is because there are many carboxyl groups on the PCE molecular chain, which can ionize in an aqueous solution to produce a large number of charges. Electrostatic repulsion causes repulsion between molecular chain segments, making the molecular chain expand gradually from a compact conformation to a flexible random coil conformation. At low molecular weight, the flexibility of the molecular chain itself is greater than the electrostatic repulsion, resulting in a larger α value, tending towards a flexible random coil conformation. The similar conformation observed for different acid-ether ratios indicates that the conformational change is not affected by the acid-ether ratio.
According to PCE of different main chain polymerization degrees, α gradually decreases with the increase of ASA in the low molecular weight stage, because the molecular weight of PCE is larger when the main chain polymerization degree is short, the rotation ability of the molecular chain is poor, and the bending and stretching of the molecular chain are affected to some extent, and the α value decreases gradually from rigid chain to flexible chain and compact molecular chain. At the high molecular weight stage, the α trend is not obvious with the increase of the main chain polymerization degree, which may be because the molecular chain is more chaotic and irregular when the molecular weight is relatively high, indicating that different main chain polymerization degree has a greater effect on the molecular conformation.
From the different PCEs with varying side chain lengths, it can be observed that throughout the entire range of molecular weight, α values are all smaller than 0.3, indicating that the PCEs at different molecular weights are all densely packed in a compact structure. At low molecular weights, the α values are small because α is related to the type of PCE, and at low molecular weights, the flexibility of the polymer chain dominates. As the molecular weight increases, electrostatic repulsion between molecular chains occurs. Therefore, when the molecular weight is higher, the α value, which characterizes the compactness of the molecular configuration, will also increase, indicating a more irregular molecular configuration.
3.2 Rheological properties
3.2.1 Rheological behavior
The effect of different microstructures of PCE on the rheological properties was studied. PCE dosage was 0.20% (by weight of cement), and the temperature was controlled at 20°C. The changes in the viscosity and yield stress of cement paste were measured at shear rates of 0–131 rpm. The yield stress and plastic viscosity of cement paste with different microstructures of PCE were fitted using rheological models, as shown in Figure 3 and Table 7.
[image: Figure 3]FIGURE 3 | Influence of different PCE microstructures on the rheological properties of cementitious suspensions, (A, B) side chain densities; (C, D) main chain polymerization degrees and (E, F) side chain lengths.
TABLE 7 | The rheological parameters of the slurry under Bingham model and fludity.
[image: Table 7]As shown in Figure 3, the shear stress and shear rate exhibit a linear relationship. The Bingham was used for fitting, and the fitting results from Table 7 show that Bingham fluid model have high correlation coefficients greater than 0.98 when fitting the shear rate-shear stress curve of cementitious suspensions.
With the decrease of the side chain density, the plastic viscosity (μ) and yield stress (τ0) both decreased. This is attributed to the introduction of PCE, which reduces the anchoring groups on the main chain of the cementitious suspension. The absence of effective anchoring groups may lead to fluid instability, diminishing intermolecular interactions and internal friction, resulting in a decrease in plastic viscosity and yield stress. When the acid-ether ratio is 5.0(PCE-E6), τ0 increases again, indicating that the dispersion of PCE deteriorates. This is due to the decrease in the carboxyl density of PCE molecules when the carboxyl density is too high, the steric hindrance effect decreases, and the dispersibility decreases.
As the degree of polymerization of the main chains decreases, both μ and τ0 show a decrease followed by an increase and the fluidity of cement slurry show the opposite trend (Table 7). This is because the higher the degree of polymerization of the main chain, the longer the PCE molecular chains and the more stretched out their conformations. The increase of anionic groups in the main chain leads to an increase in the amount of PCE adsorbed onto the surface of cement particles, which is beneficial for improving the initial flowability of PCE. However, as the degree of polymerization of the main chain continues to increase, it becomes more difficult for PCE to unfold and absorb in the cement slurry (for example the value of μ for PCE-E9 and PCE-E10), because the PCE may cause disruption of the network structure, weakening the spatial steric hindrance effect of PCE molecules on the cement particle surface, thus reducing the flowability. Therefore, an appropriate degree of polymerization of the main chain is optimal for the dispersion performance of the cement slurry, which is consistent with the trend exhibited by the adsorption amount.
Subsequently, as the monomer molecular weight (side chain length) increases, both μ and τ0 show an increase. The cement particles have good dispersibility, which inhibits the hydration reaction of the cement and hinders the formation of a flocculation structure, but the increase in resistance is limited, leading to an increase in viscosity (Cheng, 2020). This is because the smaller the molecular weight of the PCE, the smaller the initial adsorption amount, and the more PCE is retained in the solution, allowing the “supplementary adsorption” effect to play a role, weakening the damage to the flocculation network structure but still hindering the overlay of the flocculation structure, resulting in a gradual decrease in viscosity. Therefore, the PCE with larger molecular weights has higher initial adsorption amounts, poorer dispersibility, and increased viscosity.
3.2.2 Thixotropic behavior
The thixotropic behavior of the cement paste can be characterized by the size of the thixotropic ring area, which reflects the amount of energy required to break down the flocculated and networked structures of the paste when it flows. Studying the influence of different microstructures of PCE on the thixotropic behavior of the cement paste is crucial for a better understanding of the cement setting process. The test results are shown in Figure 4.
[image: Figure 4]FIGURE 4 | Effects of different microstructures of PCE on the Thixotropic ring area of cement paste.
As shown in Figure 4, with the decrease in the side-chain density, the Thixotropic ring area of the cement paste gradually increases, while the changes in μ and τ0 show the opposite trend, resulting in the formation of weak flocculation of particles. With an increase in shear rate, this flocculation structure is destroyed, leading to an increase in yield stress and a decrease in viscosity. With a decrease in the main chain polymerization degree, the area of the yield stress loop decreases, similar to μ and τ0, and the particles are forced to contact with each other during the shearing process, temporarily biting together in the overlap arrangement. As the shear resistance increases during the shearing process, the yield stress weakens and the viscosity increases. When the monomer molecular weight increases, the yield stress area first decreases and then increases, which is similar to μ and τ0, indicating that weak flocculation of particles is initially formed. When the flocculation structure is destroyed, the viscosity decreases, and the yield stress increases. This is consistent with the change of fluidity.
3.2.3 Dispersion mechanism
Figure 5 shows the dispersion mechanism of PCE on cement particles. The addition of PCE has a positive effect on the dispersibility of cement particles (Zhu et al., 2021), reducing the yield stress and plastic viscosity of cement slurry and significantly optimizing the rheological properties of the slurry. This is mainly due to the dual effect of van der Waals force and electrostatic repulsion. Small particles form a flocculated structure and electrostatic interactions occur between particles (Zhang and Kong, 2015). Moreover, PCE adsorbed on the surface of cement particles results in steric hindrance and electrostatic repulsion effects (Fernández et al., 2013). The flocculated structure formed in the slurry is loosened, releasing flocculation water, and the particles become smaller and evenly distributed in the slurry (Plank and Hirsch, 2007; Zhang et al., 2018), significantly improving the rheological properties of the cement slurry. This is related to early hydration and will be studied in later sections.
[image: Figure 5]FIGURE 5 | Dispersion mechanism of PCE.
3.3 Interfacial adsorption
3.3.1 Isothermal adsorption
The adsorption of different PCE with different microstructures on the surface of cement at different concentrations was tested, and the isotherm curves were fitted using the isothermal adsorption equation to explore the adsorption modes and saturation adsorption amounts of different microstructure PCE on the surface of cement, as well as to study the adsorption characteristics of PCEs on cement particles and their influencing laws. The measurement results obtained the isothermal adsorption equilibrium curves of PCE molecules on the surface of cement particles as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Relationship between adsorption amount and different microstructures of PCE, (A) side chain densities; (B) main chain polymerization degrees and (C) side chain lengths.
The adsorption amount of PCE on the surface of reference cement increases with the concentration of the water reducer. As the concentration of the water reducer gradually increases, the adsorption amount of the powder on the water reducer increases, and the water reducer occupies most of the active adsorption sites on the powder surface, reducing the active adsorption sites on the powder surface and decreasing the adsorption rate of the powder. The adsorption amount tends to saturate (Wei, 2018). When the concentration of the water reducer is small (0 g/L∼1.5 g/L), the adsorption amount increases rapidly with the increase of the concentration of the water reducer. During this period, the surface of the cement particles is more active and contains more vacancies, resulting in a relatively high adsorption rate. When the water reducer concentration is 2.5 g/L, the growth rate of the adsorption amount becomes slow. This is mainly because the solid particle surface has more active adsorption points, and the adsorption rate is faster at low concentrations. The active adsorption points on its surface tend to reach a saturation state, which produces electrostatic repulsion and spatial hindrance, so that the adsorption amount no longer increases (Zhu, 2017). Therefore, the adsorption of polycarboxylate superplasticizer (PCE) on the surface of cement particles or its hydration products forms an adsorption layer, thereby increasing the steric repulsion force between particle clusters and achieving the effect of dispersion.
As the side chain density decreases, the overall adsorption capacity increases and changes little with dosage (except for PCE-E1). This is mainly due to the increased carboxyl density, which provides more adsorption sites through the strong anionic group effect of carboxylic acid groups, resulting in increased adsorption capacity. However, when the carboxyl density increases to a certain extent, the adsorption capacity on the cement surface tends to stabilize (Feng, 2022).
With a decrease in the main chain polymerization degree, PCE is less likely to adsorb on the cement particle surface. This is mainly due to the change in the main chain polymerization degree, as PCE with lower the main chain polymerization degree has lower adsorption density. During the adsorption process, long side chains shield carboxyl groups, inhibiting adsorption and resulting in lower adsorption density (Ran et al., 2012). At 1.0 g/L, PCE-E9 has a greater adsorption capacity than PCE-E8, while at concentrations greater than 1.5 g/L, it is PCE-E8 that has a greater adsorption capacity than PCE-E9. This is because upon the addition of PCE molecules, their high negative charge rapidly adsorbs onto the surface of the cement particles and early hydration products, resulting in electrostatic repulsion, which on one hand delays the hydration of cement particles, and on the other hand releases the cement particles that are enveloped by the hydration products. When the PCE concentration is sufficient, the flocculated structure in the cement system is completely disintegrated, and the cement particles are well dispersed, resulting in maximum adsorption. Moreover, with the continued addition of the superplasticizer, the adsorption capacity remains unchanged.
To further investigate the effect of different morphologies PCEs on the isothermal adsorption and the properties of the adsorption plateau, the Langmuir isothermal adsorption equation and the Freundlich isothermal adsorption equation were used to fit the curves, and the fitting data are shown in Table 8.
TABLE 8 | Fitting parameters of PCE isothermal adsorption.
[image: Table 8]The Langmuir monolayer adsorption model of PCE on the reference cement was fitted, and the R2 values were all higher than 0.99, indicating that the adsorption of PCE on the surface of cement particles is mainly characterized by Langmuir adsorption, that is monolayer adsorption. This is mainly because the adsorption driving forces between PCE molecules and cement particle surfaces are mainly electrostatic interactions and coordination complexation, so the adsorption can only be monolayer adsorption.
As the microstructure parameters of PCE change (the side chain density and main chain polymerization degree decrease and the side chain length increase), the saturated adsorption amount on cement shows a decreasing trend (PCE-E7 has the highest, PCE-E9 has the lowest), which is opposite to the increasing trend of KL (PCE-E9 has the highest). This indicates that decreasing the side chain density is beneficial for PCE adsorption on cement. This is mainly because the higher the carboxyl group density, the more PCE adsorbed on cement and cement hydration products through electrostatic repulsion; while the shorter side-chain length is favorable for PCE adsorption on cement, mainly because short side-chain polymers have a higher carboxyl group content, resulting in a spiral conformation at high salt concentration, thereby reducing its adsorption sites (Ran et al., 2009). When the main chain polymerization degree is too lower, the degree of molecular spatial curling increases, which shields some functional groups and adsorbs on multiple active sites on the surface of cement particles, increases the flocculation effect between cement particles, reduces the dispersion ability, and weakens the adsorption capacity.
As the microstructural parameters change, the separation factor RL decreases to less than 1, which is favorable for PCE adsorption on cement. The Kf is the Freundlich adsorption constant, and a higher value indicates a greater degree of adsorption. With the changed of microstructural parameters (main chain polymerization degree decrease and the side chain length increase), Kf shows a decreasing trend, indicating an increase in the degree of PCE adsorption on cement. In contrast to the results of the side chain density (Kf) displays an increasing trend and weakens the adsorption degree.
As the reduction in side-chain density, decrease in main chain polymerization degree, and increase in side-chain length, the adsorption constant n shows an increasing trend and is greater than 1, indicating that the adsorption mode is single-layer adsorption. In the Freundlich model, 1/n reflects the strength of cement’s adsorption on PCE, and a larger 1/n indicates a weaker binding force between PCE and cement, while a smaller 1/n indicates a stronger adsorption force. As PCE’s microstructure changes, 1/n gradually decreases (maximum for PCE-E1, minimum for PCE-E9), indicating an increase in the binding force between PCE and cement, and thus a greater adsorption force.
3.3.2 Adsorption thermodynamics
The Langmuir adsorption model was used to fit the adsorption isotherms of different microstructures EPEG-type PCEs on the surface of cement particles at temperatures of 298 K, 308 K, 318 K, and 328 K. The values of ΔG, ΔH, and ΔS were obtained through corresponding fitting of thermodynamic parameters (Fang et al., 2023a), as shown in Table 9.
TABLE 9 | Fitting parameters of adsorption thermodynamics for different microstructures of PCE.
[image: Table 9]In the case of identical samples, with increasing temperature, the apparent equilibrium constant (KL) exhibits a decreasing trend, while the absolute value of ΔG shows an increasing trend. The adsorption enthalpy change (ΔH) is negative, indicating an exothermic adsorption process, leading to a reduction in the system’s Additionally, the entropy change (ΔS) is positive, indicating an increase in the system’s disorder during the adsorption process. This could be attributed to a desolvation process, wherein the solute transitions from the solution to the surface of the adsorbent (Yi et al., 2012).
With the decrease in side-chain density, there is an increasing trend in the absolute value of ΔG and the absorption value of PCE, whereas the ΔH value shows an opposite trend. This indicates that, under these conditions, the hydrophobic groups in the side chains of PCE limit the contact between the main chain and cement minerals, reducing chemical adsorption, primarily due to the introduction of physical adsorption. Meanwhile, the overall trend of ΔS shows an increase, suggesting that the reduction in side-chain density decreases the orderliness of PCE adsorption.
With the decrease in main chain polymerization degree, there is an increasing trend in the absolute value of ΔH, opposite to the trend observed in ΔS values and the absorption value of PCE. This is primarily attributed to the enhancement of interactions between polymer main chains and adsorbates as the main chain length increases with higher polymerization degrees. The longer main chain results in improved segment interactions or adsorption, leading to a more ordered molecular arrangement and lower system disorder.
As the molecular weight increases, the absolute value of ΔH tend to become larger, while ΔS values show a decreasing trend and the absorption value of PCE. Higher molecular weight PCEs typically possess longer main chains, which may lead to better orientation and ordered arrangement on the adsorbent surface, reducing the system’s disorder, and resulting in a smaller ΔS. In the case of PCE-E13, a negative ΔS value is observed. This is mainly due to possible interactions between adsorbate molecules leading to the formation of aggregates or structural rearrangements, reducing molecular freedom. Alternatively, when the number of adsorbate molecules exceeds the number of available sites, competitive effects and repulsion between molecules may limit their arrangement, resulting in reduced system disorder, decreased entropy, and the occurrence of a negative entropy change.
3.3.3 Adsorption kinetics
The adsorption amounts of PCEs with different microstructures on cement surfaces were tested over time, as shown in Figure 7.
[image: Figure 7]FIGURE 7 | Adsorption kinetics of different PCEs on cement surface over time, (A) side chain densities; (B) main chain polymerization degrees and (C) side chain lengths.
From Figure 7, it can be observed that different PCEs show similar regularity in adsorption kinetics on the cement surface. The adsorption amount of PCEs at the cement/water interface increases rapidly and then slowly with continuous changes in adsorption time. It reaches equilibrium after approximately 1 h and reaches equilibrium after approximately 2 h. PCE-E7 has the highest adsorption capacity, followed by PCE-E10, and the lowest is PCE-E4, which may be related to the side chain length of PCE in addition to the complex adsorption of carboxyl groups with Ca2+ on the cement surface through electrostatic interactions. At the beginning of adsorption, PCE is mainly adsorbed on the outer surface of cement particles, and the adsorption rate is faster, mainly controlled by the diffusion step. As adsorption proceeds, some PCE is wrapped by hydration products, causing a gradual decrease in concentration, and the adsorption process is mainly controlled by chemical adsorption. At the same time, the increase in thickness of the hydration product layer leads to increasing diffusion resistance, and the adsorption rate is mainly controlled by diffusion. Therefore, the adsorption rate gradually slows down. In the later stages of adsorption, the concentration difference, which is the driving force, becomes smaller and smaller, and adsorption reaches equilibrium.
The adsorption kinetics of different superplasticizers with different microstructures on cement particles were fitted using a pseudo-first-order rate equation and pseudo-second-order rate equation, and the characteristic parameters obtained from the fitting are shown in Table 10. According to the results in Table 10, the accuracy (R2) of the fitting by PFO (pseudo-first-order kinetic equation) and PSO (pseudo-second-order kinetic equation) is similar, both in the range of 0.95–0.99, but for the same sample, the R2 of PSO is higher than that of PFO, indicating that PSO is more suitable for the pseudo-second-order kinetic equation. The equilibrium adsorption amounts obtained by PFO and PSO are close to the actual measured values. As the side chain density decreases, the equilibrium adsorption amount shows an increasing trend (PCE-E2 is the smallest, and PCE-E6 is the largest). This is mainly because the carboxylic acid groups on the side chains play a strong anionic group effect, providing more adsorption sites, and resulting in an increase in the adsorption amount of PCE on the cement surface. The values of k1 and k2 show a decreasing trend (opposite to the equilibrium adsorption amount, PCE-E2 is the largest), indicating that the rate of reaching the saturation adsorption amount becomes slower as the acid-ether ratio increases, which is consistent with the trend shown by the side chain length and the main chain polymerization degree of PCE. The side chain density h0 shows an increasing trend (PCE-E5 is the largest), and the initial adsorption rate is accelerated; the main chain polymerization degree (PCE-E9 is the smallest), and the side chain length (PCE-E13 is the smallest) show a decreasing trend, indicating that the larger the monomer molecular weight and the longer the side chain length, the slower the initial adsorption rate.
TABLE 10 | Fitting parameters of adsorption kinetics for different microstructures of PCE.
[image: Table 10]3.3.4 Adsorption mechanism
Isothermal adsorption and adsorption kinetics studies were conducted on PCEs with different microstructures, and the influence of the microstructure was further elucidated through mechanism analysis, as shown in Figure 8.
[image: Figure 8]FIGURE 8 | The adsorption mechanism of PCE.
There are two forms of PCE adsorption: physical adsorption and chemical adsorption in Figure 10. Physical adsorption refers to the electrostatic attraction between PCE and the surface of hydrated cement particles, which generate negatively charged silicate hydrate and positively charged aluminum hydrate (Vovk et al., 1997). Chemical adsorption, on the other hand, mainly occurs through the binding of carboxyl groups with Ca2+ ions to form relatively stable chelation complexes (such as Aft, AFM, etc.), which have high chemical reactivity and provide enough binding sites in the hydration products of cement. Chemical adsorption is more likely to occur (Fang et al., 2022).
3.4 Hydration characteristics
3.4.1 Hydration heat
Isothermal calorimetry (TAM) can effectively characterize the influence of polycarboxylate-based superplasticizers on the early hydration process of cement paste. The hydration of cement can be divided into five stages, as shown in Figure 9. The effect of PCE on the hydration performance was studied through the hydration heat release rate curve, in which t0、t2 and t3 represent the end time of the induction period, the time of maximum slope in the acceleration period curve and acceleration period, respectively, and q0, q2, q3, Q0, Q2, and Q0-3 represent the corresponding exothermic rate and cumulative exothermic amount at these points. K2 denotes the transverse slope between 0 and 2, indicating the nucleation rate during the acceleration period.
[image: Figure 9]FIGURE 9 | Five stages of cement hydration.
The impact of PCE with different microstructures on the hydration performance was investigated, and the hydration heat curves are shown in Figure 9. The specific parameters are shown in Table 11.
TABLE 11 | The hydration heat curve values of PCEs with different microstructures.
[image: Table 11]As shown in Figure 10 and Table 11, after mixing PCE with cement (blank sample), the first exothermic peak (t0) of all the pastes occurs at 3.5 ± 1.0 h, which is attributed to the initial contact between cement and water, the rapid dissolution of C3S, and the hydration of C3A (Zhu et al., 2021). When EPEG-type PCEs are mixed with cement, the induction period end time (t0) gradually increases with a decrease in side chain density. This phenomenon is attributed to the increased charge density within the PCE unit, leading to higher adsorption. The carboxyl groups in the polymer molecules form complexes with calcium ions in the solution, inhibiting the nucleation and growth of C-S-H gel, delaying the induction period hydration, and resulting in an increased t0. This trend aligns with the consistency observed in the slump flow, both showing an increasing tendency. According to GPC data, the molecular weight and hydrodynamic radius gradually increase, leading to more pronounced adsorption and a balling effect. This enhances the wetting performance of cement particles, increases fluidity, and consequently enlarges the volume of oversaturated solution at the end of the induction period. This causes a slow growth in Ca2+ concentration, contributing to the extension of the induction period.
[image: Figure 10]FIGURE 10 | Hydration heat curves (A) and cumulative heat curves (B) for different PCE microstructures and blank sample.
With a decrease in main chain polymerization degree, t0 initially increases and then decreases. During this phase, PCE can more rapidly adsorb onto the surface of cement particles, forming a dense protective layer. This indicates that PCE can effectively prolong the induction period, suppressing the dissolution heat of minerals during this period. However, excessively high or low polymerization degrees may lead to PCE adsorbing onto different cement particles, causing a decrease in dispersion. Therefore, the appropriate main chain polymerization degree has a significant impact on t0, demonstrating a strong hydration effect. Different monomer molecular weights exhibit opposite trends with respect to t0 compared to different side-chain densities and main chain polymerization degrees of EPEG-type PCEs. This suggests that the delayed onset of the cement hydration exothermic peak becomes more pronounced (Yang and He, 2021). Smaller molecular weights can rapidly migrate and diffuse to the surface of cement particles, inhibiting the dissolution of minerals during the induction period. On the other hand, higher molecular weights result in slower diffusion rates, failing to effectively suppress the hydration heat release during the induction period.
Compared to the blank sample (the value of q0 has largest), q0 exhibits a decreasing trend with the decrease in side-chain density and main chain polymerization degree, indicating a reduction in nucleation sites and nucleation quantity due to the presence of PCE. However, the variation in q0 is minimal, suggesting that PCE with different side-chain densities uniformly envelop cement particles, resulting in consistent mineral dissolution rates. As side-chain density decreases, the cumulative heat at the end of the induction period increases slowly, but the increment is small. Different main chain polymerization degrees of PCE have a relatively small impact. With an increase in PCE molecular weight, q0 shows an increasing trend, indicating an increase in nucleation sites and nucleation quantity, which is conducive to the hydration process (Wang Z et al., 2013). In comparison to the blank sample, Q0 for different microstructures of PCE is generally larger or comparable. This is primarily attributed to a higher content of carboxyl groups, allowing for the adsorption of more cement minerals to form a denser adsorption layer. This effectively inhibits the dissolution of cement minerals, increases the heat release at the end of the induction period, and promotes cement hydration heat release. This accelerates the formation of C-S-H gel and calcium aluminate crystals (Yamada et al., 2000). As the molecular weight increases, diffusion adsorption is inhibited, accelerating the heat release rate during the induction period. However, while suppressing the heat release during the induction period, it ensures the stable formation of hydration products, resulting in a decreasing trend in heat release values.
The maximum slope during the acceleration period (K2) (He et al., 2019) increases with a decrease in side-chain density, indicating that lower side-chain density can provide more nucleation sites and, concurrently, more nucleation driving force, thereby accelerating the nucleation rate in the early stage. K2 decreases with a decrease in main chain polymerization degree, which is related to the volume of oversaturated solution upon entering the acceleration period. An increase in the oversaturated solution volume accelerates the nucleation rate. Simultaneously, with an increase in molecular weight, K2 shows minor variations, consistently slightly superior to the blank sample (The K2 of PCE of other microstructures is greater than that of blank). This is attributed to the complexation of PCE with calcium ions, further promoting the dissolution and precipitation reactions of cement minerals, thereby accelerating the reactions during the hydration acceleration period.
At the occurrence of the exothermic peak during the acceleration period (t3) at approximately 17 ± 1 h (the blank sample appear in 11.57 h), and with exothermic values approaching consistency, a trend is observed where, with a decrease in side-chain density and main chain polymerization degree, t3 initially increases and then stabilizes, contrasting with the behavior of molecular weight of PCE. These trends collectively indicate a significant impact of PCE addition on the nucleation and growth rates during the acceleration period, reducing the hydration heat release rate, extending the acceleration period. This results in a slowing of early-stage structural development and a delay in the cement hydration process. This is primarily attributed to the precipitation of C-S-H gel and the formation of calcium hydroxide from C3S hydration, hindering the diffusion of water and calcium ions at the cement-solution interface (Li et al., 2012). The exothermic peak value during the acceleration period (q3) exhibits a decreasing trend with changes in microstructural parameters, indicating that crystal grain boundaries are more prone to mutual contact, further compressing the growth space of the grains, leading to a reduction in nucleation quantity in the paste. In contrast to the behavior with molecular weight of PCE, an increase in PCE molecular weight significantly raises the nucleation quantity in the paste, resulting in a faster hydration rate. Additionally, all q3 values are lower than the blank sample, indicating a significant impact of PCE on inhibiting the nucleation of hydrates.
Q3 exhibits an initial increase followed by stabilization with a decrease in side chain density and main chain polymerization degree. This suggests that the addition of PCE results in an increased formation of hydration products, leading to an elevated hydration heat release rate. The overall hydration heat release is not significantly affected (Zhang, 2020), indicating that the nucleation during the acceleration period is not influenced (Fang et al., 2023b). Furthermore, all values are greater than the blank sample, suggesting the potential to enhance hydration during the acceleration period. Conversely, with an increase in PCE molecular weight, Q3 shows a decreasing trend. This is attributed to the reduced dispersibility of larger molecular weight PCE, leading to more release of free water and a decrease in ion concentration during the acceleration period, resulting in a reduction in nucleation quantity. Following this peak, the hydration heat evolution process experiences a decline (deceleration period), quickly reaching a constant value. The hydration heat values are lower (late stage) and relatively stable.
3.4.2 Hydration kinetics
This chapter employs the Krstulovic-Dabic hydration kinetics model to construct a model for cementitious systems based on isothermal microcalorimetry (Han, 2021). The study investigates the variation in reaction parameters of the hydration kinetics model under standard cement conditions for different microstructures of EPEG-type PCE. The hydration process is fitted, revealing the hydration mechanisms and controlling factors of hydration products at different stages for various microstructures of EPEG-type PCEs. The hydration reaction α vs. dα/dt curves of the samples are shown in Figure 11, and the summary of the hydration kinetic parameters is shown in Table 12. The hydration kinetics parameters include n, which represents the reaction order or growth exponent, measured in J·g⁻1, where n = l is needle, n = 2 is sheet and n = 3 is isotropic growth; KNG, KI, and KD, representing the reaction rate constants for the NG, I, and D processes, respectively. Among these, α1 denotes the hydration degree when the reaction control mechanism transitions from NG to I, and α2 represents the hydration degree when the reaction control mechanism shifts from I to D.
[image: Figure 11]FIGURE 11 | The curve of Hydration degree (α)-hydration rate (dα/dt) for PCE with different microstructures.
TABLE 12 | Hydration kinetic parameters of PCE with different microstructures.
[image: Table 12]Figure 11 illustrates the fitting of parameters for three processes (NG, I, D) corresponding to different stages of cement hydration. As cement hydration progresses, NG, I, and D coexist, with each process dominating at different stages. The dominant reaction varies with the slowest hydration rate at a given stage. The Q values and t50 for different microstructures of PCE differ. With a decrease in side-chain density, Q and t50 exhibit a decreasing trend, while with a decrease in main chain polymerization degree and an increase in molecular weight, Q and t50 show an increasing trend. The KNG values for all microstructures of PCE are significantly larger than KI and KD. This is primarily attributed to the initial self-catalytic process during the early hydration of cement (Fang et al., 2023c). Rapid cement hydration generates a large amount of C-S-H hydration product, accompanied by a rapid increase in the pH of the pore solution. When CH reaches oversaturation, stable nuclei are formed. As a result, the NG stage dominates the hydration process, and the other processes can be neglected.
Among these, KNG accurately assesses the variation in nucleation points before and after crystal growth, thereby influencing the change in nucleation quantity. A larger KNG indicates a more facile reaction, leading to a significant increase in the formation rate of C-S-H and Ca(OH)2 crystals. With a decrease in side-chain density, KNG shows an increasing trend, resulting in the enlargement of the volume of C-S-H and Ca(OH)2 crystal growth. Concurrently, the n value gradually decreases, with PCE-E6 exhibiting the smallest n value, indicating the least influence of ion concentration on nucleation and growth rates (Han, 2015). Therefore, at the end of the induction period, PCE-E6 has the smallest nucleation quantity.
As the main chain polymerization degree decreases, KNG and n values show a slight decrease, while an increase in molecular weight does not exhibit significant changes, consistent with the trend observed in the analysis of K2. Additionally, the range of n values corresponds to different morphologies of hydration products, and all samples in this chapter fall within the range of 1–2, indicating the presence of needle-like and lamellar hydration products.
In the induction period, a decrease in side-chain density leads to an overall increase in KI. During this period, the interface area between crystals and the pore solution increases, resulting in an augmentation of C-S-H gel. With variations in microstructure (main chain polymerization degree, side-chain length), KI exhibits overall subtle changes, suggesting that PCE has a relatively minor impact on the quantity of C-S-H gel at this stage.
As hydration progresses, during the D process, the porosity and permeability of the paste decrease sharply, causing the C-S-H layer to cover the Ca(OH)2 crystals and unhydrated particles. This increases the resistance between hydrated and unhydrated components, resulting in a relatively small value for KD. The numerical value of KI is approximately 4–5 times that of KD, indicating a slow diffusion rate between cement particles, obviating the need for diffusion through water as a medium. During the deceleration period, the KD values for all microstructure samples are essentially consistent with the blank sample, suggesting a minor impact of PCE on the D process.
3.4.3 Schematic diagram of hydration
By analyzing the hydration heat process of cement with different microstructure PCEs, the hydration situation of the three dominant reaction periods can be roughly inferred, as shown in the hydration mechanism diagram in Figure 12.
[image: Figure 12]FIGURE 12 | PCE-cement hydration mechanism.
Figure 12 illustrates the PCE-cement hydration mechanism proposed (Bazzoni et al., 2014). They proposed that the kinetics of the main exothermic peak are controlled by the growth of C-S-H “needles”. The C-S-H needles form nuclei on the surface of the grains, and as the hydration process progresses, the particle size of C3S gradually decreases, and the growth of C-S-H mainly develops towards the center and gradually stops growing outward. At this point, more and more needle-shaped nuclei will be produced. When the surface is completely covered by needle-shaped objects, C-S-H cannot grow in this way but instead begins to form dense internal products (Scrivener et al., 2015).
4 CONCLUSION
In this study, different side chain densities, side chain lengths, and main chain polymerization degree of PCE were prepared using EPEG polyether monomer. The impact of PCE microstructure on the rheology of cement slurry, interfacial adsorption, and early cement hydration was investigated:
The molecular weight distribution of PCE widens with longer side chains and decreases with higher main chain polymerization. Similar trends are noted in Rh (hydrodynamic radius) and charge density. The Mark-Houwink α, relatively stable across acid-ether ratios, indicates side chain density’s negligible impact on molecular conformation. With α values below 0.3, PCEs demonstrate compact conformations. Conversely, α decreases then stabilizes with changing main chain polymerization, suggesting a shift from rigid to flexible, compact chains.
Rheological parameters of cement slurry, μ (viscosity) and τ0 (yield stress), decrease with lower side chain density, enhancing slurry flow and rheology, a trend reversed in longer side chain PCEs. PCEs with reduced main chain polymerization initially show decreased then increased viscosity. Thixotropic ring area trends are generally inverse to rheological parameters, leading to flocculation disruption, increased thixotropy, and improved rheology.
PCE adsorption on cement surfaces rises with concentration, indicating monolayer adsorption. At higher microstructure dosages, adsorption decreases. Enhanced adsorption capacity occurs with lower side chain density, shorter length, and lower molecular weight, speeding up adsorption. Temperature increases negatively impact adsorption, predominantly physical in nature.
The induction period end time (t0) lengthens with reduced side chain density and main chain polymerization, contrasting with side chain length trends, delaying cement hydration peaks. Meanwhile, q0 decreases with lower side chain density and main chain polymerization, enhancing nucleation sites and quantity. K2 rises with lower side chain density and falls with reduced main chain polymerization, accelerating early-stage nucleation. PCE addition significantly impacts nucleation and growth rates, extending the acceleration period and delaying hydration.
In the NG stage, blank samples show the smallest n values, indicating needle-shaped products. PCE-added samples have higher n values, indicating C-S-H product dominance and early-stage hydration delay. KNG marginally decreases with reduced side chain density, main chain polymerization, and length, with n values suggesting needle-like and plate-like hydration products. PCE-E6 shows the least impact on ion concentration and nucleation quantity at induction end.
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‘The zero-shear viscosity

Sisko model
Eyring model

Vom Bergs model

=gtk
=+ bsin b (j/c)

T=t4n,p+bsin k7 (/o)

‘The infinite-shear viscosity
‘The zero-yield stress

“The lower shear rate
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