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Abstract 20 

The influence of triethanolamine (TEA) on the hydration of cement-based materials is 21 

closely linked to its adsorption behavior in Ordinary Portland Cement (OPC). This study 22 

investigated the adsorption process and mechanism of TEA on OPC and pure mineral 23 

phases—alite, gypsum, aluminate+gypsum, and calcium hydroxide (CH)—in the first 8 24 

h. The results revealed that in all single phases, TEA adsorption was associated with alite 25 

and CH. The crystal structure of CH did not change during adsorption, likely due to the 26 

physical adsorption of TEA. During OPC hydration, the adsorption of TEA was primarily 27 

associated with the hydration of alite. In the initial hydration stage, only CH served as the 28 

main adsorption receptor, which was supported by adsorption energy simulations using 29 

molecular dynamics. As alite hydration progresses, the role of the receptor may shift 30 

toward calcium silicate hydrate (C-S-H), as indicated by the calculated adsorption limit 31 

of CH. Furthermore, density functional theory (DFT) demonstrated that TEA-Ca2+ has 32 



the lowest complexation energy when the ligand-to-metal ratio is 1:1 and becomes even 33 

more stable when the ligand-to-metal ratio is 2:1. 34 

 35 

Keywords: triethanolamine; adsorption; sustainability; molecular dynamics simulation; 36 

DFT simulation.  37 

 38 

1. Introduction  39 

Cement additives play a significant role in reducing the environmental impacts associated 40 

with cement production. Triethanolamine (TEA) has been extensively studied as a 41 

cement-grinding agent and performance enhancer for a considerable period [1,2]. TEA 42 

can act as an effective dispersant in the cement grinding process. It can also prevent 43 

powder agglomeration, which leads to improved grinding outcomes owing to its 44 

inherently organic polar nature [3]. The addition of TEA is associated with a lower angle 45 

of repose of the ground cement, which, subsequently enhances flowability [4]. Jachiet et 46 

al. [5] suggested that TEA promotes the dispersion of cement particles, attributed to the 47 

repulsive depletion forces induced by TEA. Additionally, Mishra et al. [6] explained 48 

TEA's effectiveness as a grinding agent through molecular dynamics (MD) simulations, 49 

thereby highlighting how TEA's Coulomb interactions between cleaved clinker surfaces 50 

reduce agglomeration.  51 

However, numerous studies have indicated that TEA, beyond its grinding-enhancing 52 

properties, can alter the particle size distribution during grinding and potentially influence 53 

the hydration and mechanical performance of ordinary Portland cement (OPC) [4,7,8]. 54 

With the increasing focus on low-carbon construction materials, TEA has gained 55 

popularity as a performance enhancer owing to its high effectiveness at relatively low 56 

dosages [9,10]. The influence of TEA on OPC hydration is attributed to the complex 57 

formed between TEA and alkali metal ions via complexation [11–14]. For instance, the 58 

complex between Ca2+ and TEA can affect the concentration of Ca2+ in the solution, which 59 

subsequently affect the hydration of alite (C3S) [15]. Using density functional theory 60 

(DFT), Yaphary et al. [16] suggested that TEA complexes with Al3+ act as electron-pair 61 

donors to accelerate the hydration of tricalcium aluminate (C3A).  62 



It is widely acknowledged that TEA's effects on OPC are dose-dependent, potentially 63 

disrupting the balance between the hydration rates of aluminate and alite [17,18]. High 64 

dosages of TEA (> 0.1% wt of OPC) have been shown to control OPC hydration through 65 

C3A and ferrite (C4AF) hydration. This results in significant ettringite (AFt) precipitation, 66 

which can cause undersulfation [15]. This can accelerate renewed C3A hydration and 67 

strongly inhibit the main hydration of C3S [19,20], thereby resulting in flashing setting, 68 

stiffening, and reduced workability [10,16]. However, within an appropriate dosage range, 69 

TEA has been found to promote OPC hydration and increase early-age mechanical 70 

properties [21–23]. 71 

The dual functions of TEA as an agent and additive have been extensively studied. 72 

Moreover, adsorption is a common phenomenon that exists across both functions. 73 

Significant decreases in TEA concentration in the pore solutions of OPC, as observed by 74 

total organic carbon (TOC) analysis, suggest adsorption onto surfaces including C3S, C3A, 75 

calcium-silicate-hydrate (C-S-H), calcium hydroxide (CH), or other minerals [19,24]. 76 

This possibly explains why TEA is effective mainly at early ages [22]. This adsorption is 77 

believed to be driven by Ca complexation, hydrogen bonding, and other polar interactions 78 

with the clinker surfaces or hydration products [6,25]. Adsorption of TEA has also been 79 

observed in several systems. The adsorption of the TEA-Ca2+ complex on the surface of 80 

CH, which inhibits its growth, is a frequently mentioned phenomenon [12,26,27]. The 81 

adsorption of TEA onto the surface of C3S in single or OPC systems has also been 82 

reported [6,11,24].  Yaphary et al. [40] suggested that the growth of the TEA-AFt complex 83 

on C3A surfaces and partly on C3S surfaces slows the formation of C-S-H. 84 

Conversely, Jachiet et al. [5] observed no TEA adsorption after 10 min of hydration, 85 

suggesting that TEA may not exhibit electrostatic or steric effects, which contradicts 86 

previous results. This highlights the ongoing controversy regarding whether TEA absorbs 87 

within OPC systems and, if so, on which specific mineral surfaces. Despite extensive 88 

research on TEA’s adsorption effects on individual clinker or OPC systems, no study has 89 

comprehensively addressed these problems or explicitly linked them to the hydration 90 

processes in OPC. 91 

Understanding the adsorption behavior is essential for comprehending the performance 92 

of TEA in OPC and cementitious materials. This study aims to systematically clarify the 93 

adsorption process and mechanism of TEA onto OPC. Various systems including OPC, 94 



C3S, Gypsum+C3A, Gypsum, and CH were investigated because of the complexity of 95 

OPC. C4AF and belite (C2S) were not considered because of their low reactivity during 96 

the initial stage. The adsorption experiments were characterized using TOC content 97 

measurements, X-ray diffraction (XRD), thermogravimetric analysis (TG), and 98 

isothermal calorimetry. The mechanism was further elucidated using MD and density 99 

functional theory (DFT) simulations.   100 

 101 

2. Methodology 102 

2.1. Materials 103 

The OPC used in the study was supplied by Nippon Steel (Hokkaido, Japan). Given that 104 

the primary C3S in the OPC used was in monoclinic form, pure C3S-M3, and cubic C3A 105 

sourced from Hunan Scientific Research Tree Technology Service Co., Ltd. were used. 106 

Moreover, reagent-grade CH, gypsum, and TEA (99.3%) were obtained from Kanto 107 

Chemical Co. Inc. Chemical composition tests were conducted in accordance with JIS R 108 

5202 and JIS R 5204, and the crystal compositions of the clinkers were analyzed using 109 

X-ray fluorescence (XRF, JSX3100R) and X-ray diffraction (XRD, MultiFlex), as 110 

detailed in Table 1 and Fig. 1. 111 

Table 1 112 
Chemical composition of materials (mass%). 113 

Component C3S C3A OPC  Mineralogical Composition of 

OPC 
  

SO3 0.59 0.17 1.50  C3S 53.5  

SiO2 26.36 0.19 20.48  C2S 9.07  

TiO2 - 0.03 0.29  C3A 7.52  

Al2O3 0.30 36.76 5.06  C4AF 9.33  

Fe2O3 3.90 3.77 2.89  Bassanite 3.74  

MnO 0.06 0.07 0.05  Calcite 4.32  

MgO 0.59 0.17 1.50     

CaO 68.34 58.58 66.88     

Na2O - - 0.22     

K2O 0.45 0.34 0.27     



 114 

2.2.Experiment 115 

2.2.1. binder preparation 116 

This study aims to detect the adsorption of TEA during hydration.  Distilled water 117 

was used as the control. A typical dosage of 0.05%, which is commonly used in practice, 118 

and a significantly higher dosage of 0.5% by weight of OPC were used in this study. 119 

Several factors led to the selection of the water-to-binder (w/b) ratio. Initially, higher w/b 120 

ratios typically used for adsorption, such as 1:100 and 1:1000, were considered. However, 121 

at 0.5% TEA, changes in concentration could not be detected. Therefore, we selected w/b 122 

ratios within the normal range to prepare the cement paste. To prepare the pore solution, 123 

a slightly higher w/b ratio (0.6 was used for the OPC, C3S, the C3A/Gypsum binder, and 124 

gypsum [28]. Owing to the low solubility of portlandite, the w/b ratio was set to two. To 125 

prevent the flash setting of C3A alone, 20% gypsum was mixed with C3A. To facilitate 126 

accurate comparison of TEA adsorption, evaluating the remaining TEA concentration in 127 

the solution is imperative. Thus, selecting an appropriate reference standard is critical. 128 

Owing to variations in water–cement ratios, using the percentage of solid substance as 129 

the standard, such as determining the amount of TEA added to the system at 0.05% wt, 130 

inevitably results in different TEA concentrations across systems. Consequently, we 131 

standardized by maintaining a consistent TEA concentration across all systems. For 132 



clarity in subsequent sections, 0.05% and 0.5% TEA solutions are referred to as 830 ppm 133 

and 8300 ppm, respectively. 134 

2.2.2. Adsorption experiment 135 

The binder was mixed with varying dosages of TEA solution and filled into 50 ml 136 

centrifuge tubes. The tubes were agitated at 260 rpm using an eight-type shaker (YAYOI, 137 

8-20-w) for 2 min, 1, 3, 6, and 8 h. Upon reaching a specified age, the samples were 138 

centrifugation at 9000rpm for 4 min. The supernatant was carefully collected and filtered 139 

through a 0.45μm syringe filter. The resulting filtrate was diluted with deionized water to 140 

ratios of 1:100 and 1:1000. Subsequently, the solutions were promptly analyzed using a 141 

TOC analyzer (Shimadzu, TOC-V) in TC mode. Potassium hydrogen phthalate and 142 

sodium hydrogen carbonate were used as standard solutions for total carbon (TC) and 143 

inorganic carbon (IC), respectively. The organic carbon (OC) content and TEA 144 

concentration in the pore solution were calculated as follows: 145 

𝑂𝑂𝑂𝑂 = (𝑇𝑇𝑇𝑇 − 𝐼𝐼𝐼𝐼) ∗ 𝑓𝑓                                                                                                        (1) 146 

𝐶𝐶𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑂𝑂𝑂𝑂 ∗ 149.19 72⁄                                                                                                  (2) 147 

where f represents the corresponding dilution times. 148 

2.2.3. Calorimetric measurements 149 

To establish the intrinsic connection between adsorption behavior and hydration, the heat 150 

of hydration was determined for binders of C3S, C3A+gypsum, and OPC using a 151 

microcalorimeter (MMC-5116, Tokyo Riko). To ensure homogeneity, the powder and 152 

solution were manually stirred in a beaker for 5 min before being transferred to an 153 

ampoule. Furthermore, to address environmental condition disparities between the 154 

interior and exterior of the machine, the exothermic heat within the first hour was 155 

excluded to ensure stability. 156 

2.2.4. Phase assemblage after adsorption 157 

The solid residues obtained after centrifugation were collected for further analysis to 158 

investigate the influence of adsorption on the phase transformation. Given the initial 159 

sensitivity of paste hydration, various hydration stoppage methods were compared, as 160 

detailed in the Supplementary Materials. After comparison, the collected solids 161 

underwent hydration stoppage by immersion in acetone for 1 h, followed by drying at 162 



40°C for one day. Subsequently, the solids were ground into powder using an agate mortar 163 

and sieved through a screen with a size of less than 300 μm for powder XRD and 164 

thermogravimetric (TG) analysis. For the powder XRD analysis, the sample was mixed 165 

with 20% corundum powder, which served as an internal standard. Measurements were 166 

conducted using a MultiFlex diffractometer (Cu-Kα, 40 kV, 40mA) with 1° axial Soller 167 

slits. The instrument operated in step-scan mode, scanning between 5° and 70° (2θ) with 168 

a step size of 0.01° (2θ) for 0.6 seconds per step. Phase identification and quantitative 169 

analysis were performed using the Profex software [29]. The CH content was further 170 

confirmed through TG using a Hitachi TG7000 instrument. Approximately 10 mg of the 171 

powder was placed in a platinum pan and equilibrated at 20°C. The heating rate was set 172 

at 10°C/min from 20 to 1000°C under a nitrogen (N2) gas atmosphere. The CH content 173 

was calculated based on the mass loss in the temperature range between 450°C to 550°C 174 

using the tangent method. Additionally, the CH content was cross-referenced with 175 

anhydrous pastes using loss-on-ignition (LOI) analysis (JIS R 5202), with the detailed 176 

experimental procedures explained in [30,31]. Additionally, in situ, XRD analysis was 177 

conducted to qualitatively analyze the impact of the adsorption behavior on the crystal 178 

structure of portlandite without the influence of hydration stoppage. Similar to the 179 

calorimetric measurements, the samples were manually mixed and transferred to a custom 180 

sample holder with a non-diffracting plate. The sample was covered with a Kapton film 181 

to prevent carbonation and evaporation during the analysis. The in-situ XRD 182 

measurements were carried out using 1/2° axial Soller slits, scanning between 5° and 50° 183 

(2θ) with a step size of 0.01° (2θ) for 0.6 seconds per step. This method allowed for the 184 

real-time observation of any changes in the crystal structure of portlandite during the 185 

experiment. In addition, thermodynamic modeling was employed to verify the degree of 186 

hydration of OPC and the measured CH content. modeling was conducted using GEM-187 

Selektor version 3 [32]  (GEMS) in conjunction with the aqueous species database from 188 

PSI-GEMS and cement minerals included in the cemdata18 [33]. Thermodynamic 189 

modeling of the hydration of OPC followed a method similar to that described in[34]. 190 

2.2.5. Molecular simulations 191 

The role of the intercalated TEA was investigated using molecular simulations to 192 

elucidate the interfacial interaction mechanisms between TEA and OPC components. The 193 



INTERFACE force field (IFF) was used for the inorganic materials, in combination with 194 

the PCFF with the 9-6 form of the LJ potential for the organic molecules and the SPC-195 

like water model. This combination has been previously used in the investigation of 196 

organic and inorganic interactions [35] and has been proven to be suitable for modeling 197 

the interactions of organic modifiers with all major phases in cement [6,25,36]. The 198 

construction of the solid-organic interface followed the methodology of Mishra and Heinz, 199 

where the interaction surfaces of Gypsum [37], C3A [25], C3S [6,38,39], and CH [40] 200 

were selected based on the minimal cleavage energy. Notably, the (040) surface of M3-201 

C3S was selected due to its low cleavage energy, with the [010] direction indicating the 202 

plane orientation [38,39]. The force-field parameters used in this study can be found in 203 

[6,25,35,36]. In all simulations, the surface dimensions were at least 2.4*2.5 nm, and the 204 

slab thickness was > 2 nm. A vacuum slab > 12 nm was set, and assuming a solution 205 

density of 1g/cm3, 4000 water molecules were added to keep the water layer as thick as 206 

possible to avoid any surface-surface interactions due to periodic boundary conditions. 207 

The total height of the simulation boxes was determined by the base height of the solid 208 

component and additive molecular volumes for simulating the high dosage of 8300 ppm 209 

used in the experiment, 4 molecules of TEA were introduced. The simulations were 210 

performed using LAMMPS [41]. The TEA molecules were initially positioned 0.5 nm 211 

near the surface of the minerals. Energy minimization was used to relax the initial 212 

configurations, followed by a 1 ns equilibration of water in the canonical (NVT) ensemble 213 

at a temperature of 298.15 K. Subsequently, molecular dynamics simulations were 214 

conducted using an isothermal isobaric (NPT) ensemble at 101 kPa for 1 ns to optimize 215 

the molecular volumes and maintain an average pressure tensor close to the standard 216 

pressure [42]. The system was further simulated under the NVT ensemble at a temperature 217 

of 298.15 K with a time step of 1 fs, a spherical cutoff for van der Waals interactions of 218 

1.2 nm. The total simulation time was 5 ns, with 4 ns of pre-equilibration and 1 ns for 219 

collecting the thermodynamic data. For each system, three simulations were performed 220 

using independent start structures. 221 

2.2.6. Stability constant of the complex between triethanolamine and metal ions 222 

Density functional theory (DFT) results were obtained through geometry optimization 223 

and frequency analysis using the Gaussian 16. To compare the complexation abilities 224 



between TEA with metal ions (Ca, Mg, Al, and Na) side by side, ωB97XD exchange-225 

correlation functional, in conjunction with 6-311 G** basis set, was selected for geometry 226 

optimization. The solvation effects were accounted for by considering the optimized gas-227 

phase structures in an aqueous medium using a polarizable continuum model (PCM) [43]. 228 

Vibrational frequency calculations were performed on the optimized structures to confirm 229 

their stable configurations, and no negative frequencies were observed. Highly accurate 230 

single-point energies were obtained using the M06-2X functional combined with an all-231 

electron higher-level def2-TZVPP basis set, and the solvation model density (SMD) 232 

(water as the solvent) was used to calculate complex energies based on the optimized 233 

structures [44]. These two functionals are effective for the structural optimization of 234 

systems involving main-group elements [45]. 235 

Free energies were evaluated by summing the electron energies and thermal corrections 236 

to free energy obtained by frequency analysis at ωB97XD/6-311 G** level using the 237 

Shermo 2.6 software [46]. Considering that no scale factor is available for zero-point 238 

energy (ZPE) at this level, a scale factor of 1.028 was determined using a method similar 239 

to that proposed in [47] Details of this method are provided in the supplementary data. 240 

Electronic structure analyses were conducted using the Multiwfn program [48], and 241 

isosurface maps were visualized using the Visual Molecular Dynamics (VMD) software 242 

[49]. 243 

 244 

3. Results and discussion 245 

3.1.Adsorptive properties of triethanolamine on minerals 246 

The adsorption behavior of TEA on different minerals was also investigated. Fig.2 shows 247 

the change in TEA concentration of TEA mixed with various minerals over time. 248 

Concentration changes in the graphs are shown primarily as relative values, that is, the 249 

rate of change in TEA concentration, to minimize errors caused by background changes 250 

during each measurement.  251 

Typically, an increase in the TEA concentration was observed in most minerals at 2 min, 252 

regardless of the dosage. This phenomenon can be partly explained by the initial use of 253 

mill crushing to obtain C3A, C3S, and OPC with the addition of a milling agent. Powder 254 



dispersion and dissolution during initial hydration may have caused some of the agents 255 

to dissolve in the solution [5]. Similar increases in the alkanolamine concentration in 256 

solution during the early stages of hydration have been reported in previous studies 257 

[19,26]. As the specific type of this agent was unknown, the concentration of organic 258 

carbon in the control group was measured over time (Fig.2(c)). However, the change in 259 

this concentration was not constant, preventing it from being directly deduced as the 260 

background. Nevertheless, it was observed that the organic content of the fraction was 261 

consistently in the range of -80 to 150 ppm, which would not significantly affect the 262 

overall trend. 263 

Overall, it can be inferred that the adsorption behavior was not related to the unhydrated 264 

raw OPC, C3S, or C3A, as no decrease in the tendency was observed before 1 h in either 265 

case. The relationship of gypsum and C3A+gypsum with TEA adsorption was not 266 

significant at either dosage. The TEA concentration in the C3A+gypsum binder tended to 267 

increase regardless of the TEA dosage. This phenomenon may be linked to the hydration 268 

of C3A by gypsum, as reported by Quennoz et al. [50]. They noted that a solid solution of 269 

hydroxy-AFm, SO4-AFm, and even hemicarboaluminate (Hc) forms early in hydration 270 

when 20% gypsum is present. The formation of HC could potentially overestimate the 271 

total carbon amount owing to an increase in inorganic carbon. However, notable 272 

correlation occurred between TEA adsorption and CH. When CH contacted TEA, the 273 

TEA concentration in the solution decreased drastically, particularly at 830 ppm, where 274 

nearly all the TEA was adsorbed. At 8300 ppm, although the TEA concentration initially 275 

decreased sharply, the trend stabilized after 3 h, indicating a likely upper limit of CH 276 

adsorption. The adsorption behavior of TEA was also correlated with the hydration of 277 

OPC and C3S. As OPC and C3S were hydrated, the amount of TEA decreased. The 278 

adsorption curves of OPC and C3S exhibit striking similarities at 830 ppm. Initially, there 279 

was an insignificant change in the TEA concentration in the first 3 h, followed by a sharp 280 

decrease. However, at 8300 ppm, the trends differed significantly. Both OPC and C3S 281 

showed insignificant changes in the TEA concentration in the first 3 h. However, after 3 282 

h, the TEA concentration in the C3S solution decreased sharply, whereas in the OPC 283 

solution, it remained unchanged or even increased. Several hypotheses have been 284 

proposed based on the adsorption experiments. 285 



1. The adsorption behavior of TEA in cement materials is strongly related to cement 286 

hydration, particularly the production pathway of CH during early hydration. It indicates 287 

a close relationship between TEA adsorption and C3S hydration. 288 

2. The TEA adsorption behavior closely aligns with the TEA dosage, as evidenced by the 289 

potential upper limit of adsorption at high dosages, which may also impact cement 290 

hydration. 291 

These hypotheses will be further verified in subsequent sections of the study. 292 

 293 
Fig.2. Evolution of TEA adsorption behavior over time at different dosages: (a) 830 ppm, (b) 294 

8300 ppm, and (c) 0 ppm.  295 

3.2.Analysis of the isothermal calorimetric measurements   296 

The effect of TEA on cement hydration kinetics was investigated to further illustrate the 297 

relationship between cement hydration and TEA adsorption behavior. Fig.3 shows the 298 

initial hydration of the cementitious binders with and without TEA. In OPC with 830 ppm 299 

of TEA, the initial hydration was inhibited to some extent (Fig. 3 (a) and (b)), which 300 

aligned with the observed retarding effect in pure C3S (Fig. 3(c) and (d)). However, in the 301 



presence of 8300 ppm TEA, although the hydration of C3S was initially retarded before 302 

6 h, rapid hydration was observed, as shown in Fig. 3(d). Conversely, in OPC, a 303 

pronounced retardation effect on the hydration of C3S was observed, in which the main 304 

reaction of C3S, which was expected to occur in OPC, did not occur during the initial 305 

stages of hydration. While a rapid cumulative heat generation was observed before 8 306 

hours, the sharp exothermic peak corresponded to the initial hydration of C3A [19], and 307 

after 8 hours, it appears that the hydration process came to a standstill. Fig. 3(e) and (f) 308 

also show enhanced C3A reaction with the addition of TEA. This indicates that the 309 

hydration of C3S in OPC systems with high TEA dosages is complex. However, in pure 310 

C3S hydration, TEA may directly retard the hydration of C3S by the formation of the TEA-311 

Ca2+ complex layer [26], and more attention should be paid to the interaction of aluminate 312 

and silicate reactions in OPC systems. For example, Juilland et al. [51] The most 313 

significant difference between these two systems is the presence of rapidly soluble alkali-314 

metal salts. 315 

The influence of TEA on the hydration process was consistent with its adsorption behavior. 316 

First, it can be confirmed that the hydration of C3A shows no significant relationship with 317 

the adsorption of TEA in the C3A+gypsum and OPC systems because the reaction of C3A 318 

was not hindered by the addition of TEA and was even promoted. Accordingly, the 319 

formation of AFm-like phases and AFt also revealed no significant relationship with the 320 

adsorption of TEA. While some previous studies posited that the accelerated aluminate 321 

reaction was caused by the adsorption of TEA-AFt complexes and that the hydration 322 

phase, such as AFm precipitated by the accelerated aluminate reaction, can consume a 323 

large amount of TEA [16,19]. In an investigation conducted by Gartner et al. [52], it was 324 

suggested that TEA may be adsorbed onto the AFm surface during the hydration of C4AF 325 

in the presence of gypsum and portlandite, as evidenced by a decrease in TEA 326 

concentration in lime-gypsum and cement solutions. However, the potential role of CH, 327 

which could be a key factor in this process, may have been overlooked. 328 

The similar hydration tendencies of OPC and C3S with 830ppm TEA exhibit a good 329 

correlation with the adsorption curves. However, in the presence of 8300ppm TEA, with 330 

a lack of hydration of C3S, no adsorption was observed in the OPC system. In pure C3S 331 

systems, delayed hydration corresponds to delayed adsorption phenomenon as well. This 332 

further justifies the assumptions made in Section 3.1. 333 



 334 

3.3.Characterization of solids phase after adsorption 335 

3.3.1. Results of powder XRD  336 

Given that OPC, pure C3S, and CH are significantly related to the adsorption of TEA, the 337 

phase transitions of the binders after adsorption were further investigated using XRD, as 338 

shown in Fig. 4. Notably, the three types of solids exhibited different patterns with 339 

changes in TEA dosage.  340 



The most evident difference was observed in the intensities of the CH diffraction peaks. 341 

For OPC, the intensity of the (001) peak of CH located at approximately 18° gradually 342 

decreased with increasing TEA concentration. In particular, at 8300 ppm, almost no CH 343 

diffraction peak of CH is generated. Conversely, a broad diffraction peak was observed 344 

at approximately 10°, which likely corresponded to the solid solution of HC and 345 

monocarboaluminate [53]  formed during C3A hydration. This observation aligns well 346 

with the calorimetric results depicted in Fig. 3(b), where the sharp exothermic peak at 347 

approximately 5 h indicates rapid C3A hydration [19].  For pure C3S, although the 348 

intensity of the CH diffraction peaks decreased with increasing TEA concentration, the 349 

overall effect was negligible. The most interesting case was observed for pure CH, where 350 

the diffraction peak of CH remained unchanged, even when TEA was completely 351 

adsorbed onto CH. To address concerns regarding the influence of solvent changes on the 352 

crystal structure of CH, the XRD patterns of CH after adsorption using different hydration 353 

stoppage methods were examined, as shown in the supplementary data. The results were 354 

comparable, indicating that the results shown in Fig. 4 are reasonable to some extent.  355 

It is hypothesized that physical adsorption is the primary adsorption method during the 356 

adsorption process because TEA does not alter the crystal structure of CH. It is also 357 

suggested that the structure of CH remains quite stable even in a high-dosage TEA 358 

environment. However, as suggested in previous studies, TEA may influence the 359 

formation and crystallization of CH by forming complexes with CH [11]. Wang et al. 360 

observed that TEA significantly influenced the crystallization process of CH using a 361 

coprecipitation method from an aqueous solution of CaCl2 and NaOH [27]. With the 362 

incorporation of TEA, large amounts of micro- and non-crystalline CH were formed. 363 

Zhang et al. suggested that the complex of TEA and Ca2+ was the decisive factor 364 

controlling the crystallization of CH [26]. A significant difference in the amount of CH 365 

detected by TG and XRD was observed, which was attributed to the production of non-366 

crystalline CH [18]. Notably, some alkanolamines including TEA and EDIPA could 367 

influence the morphology and crystal structure of CH during the co-precipitation process. 368 

However, it should be considered that seeding or co-precipitation processes may not 369 

accurately represent the real precipitation process of CH during OPC hydration due to the 370 

different solubility. One possible reason for the alteration in the CH growth process in the 371 

coprecipitation experiments was the use of CaCl2 [27,54,55]. The high solubility of CaCl2 372 



allows for the easier introduction of additional admixtures into the precipitation process. 373 

Given that both the adsorption process in this study (where CH is already precipitated) 374 

and the coprecipitation process may not fully represent the real precipitation process of 375 

CH during OPC hydration, the primary reason for the nondetected CH in the OPC system 376 

during adsorption should be considered. 377 

 378 

3.3.2. Cross-sectional comparison of the quantified results  379 

To further confirm the presence of the CH, a mutual comparison was conducted. A 380 

comparison of the TG-DTG curves, which is acknowledged as a reliable method for 381 

determining the CH [56] content of OPC and C3S at 1, 3, and 8 h after adsorption, is 382 

depicted in Fig. 5. A clear trend was observed, where more CH was generated with 383 

continued hydration. However, an exception was observed for the OPC with 8300 ppm 384 

TEA. Therefore, from 1 h to 8 h, while few CH molecules were generated at 1 h, the 385 

growth of CH appeared to be halted. These results well align with the XRD results. 386 

Notably, observing phase transformations at the initial stage is quite challenging. A short 387 

hydration period may not be easily observed, and hydration stoppage may not be 388 

sufficient or timely. In some cases, the stoppage method can affect the crystal structure of 389 



the hydration phase [57,58]. Therefore, in situ, XRD was employed to qualitatively 390 

observe the process of phase transformation during the first 104 h, which was selected 391 

based on the results of the heat flow of OPC at a TEA concentration of 8300 ppm. The 392 

results are shown in Fig. 6. Before 8 h, precipitation of the CH phase was not observed, 393 

which is consistent with the QXRD and TG results, as shown in Fig. 4 and 5, respectively. 394 

Subsequently, the formation of CH became pronounced until the end of the measurement, 395 

which verified the accuracy of the QXRD and TG results to some extent.  396 

Therefore, the amount of CH in the OPC system measured by XRD and TG was corrected, 397 

as shown in Fig.7. Notably, the difference between the CH quantified by XRD and TG is 398 

inevitable [59], and because the quantification of the initial hydration is challenging, some 399 

errors may occur. However, the amount of CH measured by XRD was in reasonable 400 

agreement with the TG results. This is in contrast to previous observations, which 401 

suggested that TEA affects the crystal structure of CH [26,60], leading to a large 402 

discrepancy between the quantitative XRD and TGA results for CH.  403 

Additionally, owing to the low hydration rate of C2S in the initial stage, it was assumed 404 

that CH was entirely generated by the hydration of C3S [34]. The relationship between 405 

the quantified C3S consumption and CH generated by XRD is presented in Fig. 7, where 406 

the data fall near the dashed line of equality. Furthermore, thermodynamic modeling 407 

predicted the consumption of C3S and precipitation of CH depending on the hydration 408 

time (Fig. 8). The relationship between the consumption of C3S and precipitation of CH 409 

is fitted by a red line, as shown in the figure. Generally, the XRD data followed a fitted 410 

curve, except for the samples containing 8300 ppm TEA. This may be due to the 411 

inhibition of C3S hydration in the high-dosage TEA environment, resulting in a small 412 

amount of CH being produced and higher errors in the quantitative analysis. Typically, 413 

phases below 0.5 wt% make quantitative analysis by XRD less representative [56]. The 414 

hydration of OPC is controlled by dissolution-precipitation mechanisms [61], whereas 415 

the addition of TEA can significantly alter the dissolution rate of alkali ions, further 416 

influencing the phase transformation. However, in this study, our main aim was to 417 

illustrate that the generated CH is in good agreement with the consumption of C3S, which 418 

suggests that microcrystalline CH cannot be considered. In an actual OPC system, the 419 

adsorption of TEA on the CH surface does not inhibit CH growth in the initial stage. The 420 

low intensity of the (001) peak of CH is caused by the inhibition of C3S hydration.  421 



Additionally, in the experiment by Rodriguez-Navarro et al. [62], although the 422 

morphology of CH changed significantly, no significant changes in the XRD patterns 423 

were observed in the presence of additives. This indicated the complexity of the 424 

nucleation of CH in an environment with additives. The CH microcrystals observed in 425 

previous studies [26,27,63] could not be linked directly to the addition of TEA in this 426 

study. Other factors, such as the influence of the w/b ratio [8] and the interaction between 427 

the availability of gypsum and alumina[64], should be further considered.  428 

 429 



 430 
Fig. 6. Time-resolved XRD pattern of OPC in addition with 8300ppm TEA. 431 

 432 



Fig. 7. Comparison of CH content measured by TG and XRD, and correlation between 433 

hydration degree of C3S and CH content measured by XRD.  434 

 435 
Fig. 8. Mass fraction of C3S and CH in hydrated OPC by thermodynamic modeling, and 436 

correlation of mass fraction of C3S and CH measured by XRD. 437 

3.4.Adsorption energy of TEA on the surface of minerals by MD 438 

Owing to the limitations of the experimental characterization, the underlying mechanism 439 

behind the varying adsorption behaviors of TEA on the surfaces of the four minerals in 440 

this study remains elusive. MD simulations were conducted to gain insight into this 441 

phenomenon. The initial configurations of the interaction model are depicted in Figure 9, 442 

and the details of the simulation box are listed in Table 2.  443 

The mass density profile along the reference direction normal to the surface is shown in 444 

Fig. 10. The calculations highlighted a significant finding: TEA exhibited weak 445 

interaction with the mineral surfaces, regardless of mineral type. This interaction strength 446 

was quantified using adsorption energy, as detailed in [42,65]. 447 

∆𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚+𝑇𝑇𝑇𝑇𝑇𝑇+𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 − 𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚+𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 − 𝐸𝐸𝑇𝑇𝑇𝑇𝑇𝑇+𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 + 𝐸𝐸𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤                     (3) 448 

where ∆𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 is the adsorption energy. 449 

Data sampling and analysis methods for adsorption were conducted to align with Mishra's 450 

[65] approach. The thermodynamic data were sampled using block averages during the 451 



final 1 ns of the equilibrium stage, comprising 10,000 snapshots. Each block comprised 452 

50 snapshots, and the lowest average value was used for calculations. The adsorption 453 

strength decreases in the following order: CH > GP > C3A > C3S (refer to Fig. 11). Notably, 454 

except for CH, the adsorption was unfavorable. Even in the case of CH with an adsorption 455 

energy of -6.83 kcal mol-1, the strength of adsorption was relatively weak.  456 

The obtained adsorption energy differed from that calculated in previous investigations 457 

[6]. This is because a liquid station was used instead of a gas station in this study. These 458 

simulations were performed to achieve a perfect plain surface cleavage. More favorable 459 

adsorption energies can be obtained if defects and dislocations are included because these 460 

undercoordinated sites are preferential adsorption/dissolution sites. The simulation results 461 

were aligned well with the trends observed in the adsorption experiments. Regarding the 462 

adsorption mechanism, Mishra et al. [6] attributed this to hydrogen bonding between the 463 

alcoholic groups of TEA and acceptors from the minerals, along with calcium 464 

complexation with surface ions from the minerals. The hydrogen bonding mechanism is 465 

relatively straightforward to understand as a driving force. However, the proposed 466 

mechanism does not fully explain why TEA tends to be complex with calcium ions rather 467 

than with other ions present in the complex OPC system. OPC is a complex system 468 

containing various alkali metal ions. Even within the single-phase system studied herein, 469 

questions arise as to why TEA primarily forms a complex with calcium ions as the driving 470 

force and not with other ions.  471 



472 
Fig. 9. Interaction surface model constructed with introduced TEA solution. (a) C3A; (b) 473 

C3S; (c) Gypsum; and (d) CH.  474 

Table 2  475 

Parameters of the interface model 476 

Mineral Miller indices Size (Å) 

C3A (010) 30*163*30 

C3S (040) 24*217*25 

Gypsum (010) 34*133*34 

Portlandite (001) 31*32*140 

 477 



 478 
Fig. 10. Density profile along the reference direction of TEA solution with (a) C3A; (b) 479 

C3S; (c) Gypsum; and (d) CH. 480 

 481 

 482 
Fig. 11. Adsorption energy of TEA on the surface of minerals. 483 

3.5.Complexation energy of TEA-metal complexes 484 



To better understand the complexation properties, static and dynamic electronic structure 485 

calculations of the TEA complex with common alkali metal ions were performed using 486 

DFT. Notably, the complexation between Fe and TEA was not calculated. While C4AF 487 

can dissolve rapidly in the first 15 min at high TEA concentrations, as reported by Lu et 488 

al. [19], our measurements in the OPC system revealed only insignificant changes in the 489 

TEA concentration. Additionally, it is crucial to consider that Fe, as a transition metal, is 490 

not ideally suited for the functional group and basis set selected for the main group 491 

elements in DFT calculations. As reported by Naiini et al. [66], most metals from Groups 492 

1 and 2 are unable to form an Atrane-like structure (i.e., the ratio of ligand to receptor 493 

cannot be 1:1) owing to their low oxidation states. The structure of two ligating TEA 494 

molecules complexed to a single ion was also studied. Frontier orbitals of the complexes 495 

and their energy gaps are depicted in Fig. 12. When the ligand-to-metal ratio was 1:1, the 496 

HOMO of TEA was uniformly dispersed throughout the whole structure, excluding 497 

hydrogen atoms, while the LUMO mainly localized around oxygen atoms. This aligns 498 

with the results shown in [67]. After complexing, the HOMO of the metal-TEA complex 499 

remained uniformly dispersed, whereas the LUMO localized predominantly at the metal 500 

sites. The 2TEA-Ca complex exhibited a similar behavior. For complexes involving Na, 501 

Mg, and Al, the HOMO was dispersed through only one TEA ligand. This suggests that 502 

the other TEA ligands contributed less to the overall properties of the complexes because 503 

of the lack of a significant electron cloud. The HOMO–LUMO transition during 504 

excitation can redistribute electron density from metal moieties to TEA, thereby resulting 505 

in effective intramolecular charge transfer in the complex. Additionally, the interaction of 506 

Ca and Na ions with TEA reduces the HOMO-LUMO energy gap, resulting in increased 507 

chemical reactivity.  508 

The free energy of complexation in solution was calculated using the method proposed in 509 

a previous study [43,68]. A schematic of this process is shown in Fig. 13. The first layer 510 

of solvent coordination is the most important factor for calculating the hydration energies 511 

[68]. Therefore, for simplicity, only the first coordination shell with six water molecules 512 

[43] is considered. The free energy changes of complexation in solution (∆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐺𝐺(𝑎𝑎𝑎𝑎) are 513 

calculated as follows: 514 

 515 



∆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐺𝐺(𝑎𝑎𝑎𝑎) = ∆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐺𝐺(𝑔𝑔𝑔𝑔𝑔𝑔) + ∆∆𝑠𝑠𝑠𝑠𝑠𝑠𝐺𝐺                                                                       (4) 516 

∆∆𝑠𝑠𝑠𝑠𝑠𝑠𝐺𝐺 = ∆𝑠𝑠𝑠𝑠𝑠𝑠𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 + 6 × ∆𝑠𝑠𝑠𝑠𝑠𝑠𝐺𝐺(𝐻𝐻2𝑂𝑂) − ∆𝑠𝑠𝑠𝑠𝑠𝑠𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 − ∆𝑠𝑠𝑠𝑠𝑠𝑠𝐺𝐺𝐺𝐺(𝐻𝐻2𝑂𝑂)6                 (5) 517 

 518 

where ∆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐺𝐺(𝑔𝑔𝑔𝑔𝑔𝑔) is free energy changes of complexation in gas, and ∆∆𝑠𝑠𝑠𝑠𝑠𝑠𝐺𝐺 is the 519 

contribution of the solvation effect to the complexation reaction. 520 

The calculated complexation energies are shown in Fig. 14. The stability order for the 521 

complexes with different metal ions was Ca2+ > Na+ > Mg2+, whereas the positive value 522 

of the complexation free energy in the case of Al indicated unfavorable thermodynamics 523 

of the complex formation process. This result could be well explained by MD, where Ca 524 

complexation can be one of the driving forces for adsorption rather than the other 525 

elements. 526 

Additionally, a favorable reaction for the complexation of an ion with two TEA ligands 527 

has been demonstrated. The complexation energy for an ion with two TEA ligands was 528 

significantly lower than that with one TEA ligand. Specifically, the free energy change 529 

for the Ca-2TEA complex was nearly 60 kcal/mol lower than that of the Ca-TEA complex. 530 

This indicates the higher stability of the 1:2 Ca-TEA complex in contrast to the 1:1 531 

complex. 532 



 533 
Fig. 12. Comparison of the highest molecular orbital (HOMO)-lowest unoccupied 534 

molecular orbital (LUMO) energy levels for common elements during the initial 535 

dissolution of OPC at the M06-2X/def2-TZVPP level of theory. Note: Only the structure 536 

optimized in the gas environment is shown. 537 



 538 
Fig. 13. Thermodynamic cycle used to determine the complexation energy in solution. 539 

 540 
Fig. 14. Complex energy between TEA and metal ions in water. 541 

3.6.Binding capacity of CH 542 

It is well known that during the hydration of C3S, both CH and C-S-H, which constitute 543 

the majority of the hydration phases, are generated. Therefore, clarifying the contribution 544 

of C-S-H to the adsorption process was crucial. For simplicity, the potential of C-S-H to 545 

act as an acceptor was determined by the adsorption capacity of CH, which was 546 

determined from the isotherm adsorption curve. According to Fig. 2, it was assumed that 547 

1 d was sufficient for full adsorption. Therefore, pure CH mixed with different dosages 548 

of TEA (830, 1660, 3320, 4980, 6640, and 8300 ppm in theoretical units) was shaken for 549 

1 d, following identical post-processing steps as described in Section 2.2.2. The 550 

adsorption isotherms are shown in Fig. 15. Fig. 15 shows that the adsorbed amount of 551 

TEA increased sharply at low dosages and finally reached a plateau. Errors are inevitable 552 



because of the high dosages tested in this study. This trend shows a good agreement, as 553 

shown in Fig. 2, and explains the assumptions proposed in Section 3.1. 554 

While the TEA concentration in the pore solution can be measured, the free water 555 

decreases during this process because of the continual hydration of the OPC. Therefore, 556 

it is difficult to accurately quantify the amount of TEA adsorbed after hydration. The 557 

amount of free water after adsorption (𝑚𝑚𝑠𝑠𝑠𝑠  was estimated from the LOI, and the 558 

adsorption amount was calculated using the following formula: 559 

𝑚𝑚𝑎𝑎𝑎𝑎 = 𝐶𝐶𝑖𝑖,𝑝𝑝𝑝𝑝𝑝𝑝𝑚𝑚𝑠𝑠𝑠𝑠 − 𝐶𝐶𝑎𝑎,𝑝𝑝𝑝𝑝𝑝𝑝𝑚𝑚𝑠𝑠𝑠𝑠 ∗ (1 − 𝐿𝐿𝐿𝐿𝐿𝐿)                                                                 (6) 560 

where 𝑚𝑚𝑎𝑎𝑎𝑎 (mg) is the amount of adsorbed TEA, 𝐶𝐶𝑖𝑖, 𝑝𝑝𝑝𝑝𝑝𝑝 is the concentration of TEA 561 

before adsorption, 𝑚𝑚𝑤𝑤𝑤𝑤 is the amount of TEA solution before adsorption, and 𝐶𝐶𝑎𝑎,𝑝𝑝𝑝𝑝𝑝𝑝 is 562 

the concentration of TEA after adsorption.  563 

The adsorption limit of CH is estimated by the equation: 564 

𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶 = 𝐵𝐵𝐵𝐵𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ∗ 𝑚𝑚𝑟𝑟𝑟𝑟𝑟𝑟 ∗ 𝜔𝜔𝐶𝐶𝐶𝐶,𝑡𝑡                                                                                     (7) 565 

where 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶 is the adsorption limit of CH (mg), 𝐵𝐵𝐵𝐵𝐶𝐶𝐶𝐶 is the binding capacity of CH in 566 

the pure CH system (mg/g), 𝑚𝑚𝑟𝑟𝑟𝑟𝑟𝑟 is the amount of raw materials used in the adsorption 567 

experiment, and 𝜔𝜔𝐶𝐶𝐶𝐶 is the mass fraction of CH generated in OPC and C3S at a specific 568 

age t measured by TG.  569 

Considering the low adsorption before 3 h, the specific ages at 3 and 8 h were selected 570 

for comparison. The amounts of TEA adsorbed, and the adsorption limits of CH are 571 

compared in Table 3. Owing to the low degree of hydration of OPC with the addition of 572 

8300 ppm TEA, a comparison was not performed in this system. As shown in Table 3, 573 

before 3 h, the adsorbed TEA in the C3S and OPC systems did not exceed the adsorption 574 

limit of CH. This suggests that before or during the initial main hydration of C3S (Fig. 3), 575 

CH primarily acts as the acceptor of TEA. However, by 8 h, the amount of TEA absorbed 576 

in each system had exceeded the upper limit of CH absorption. This indicates that as the 577 

C3S reaction progressed, resulting in the production of large amounts of C-S-H, the 578 

primary acceptor role shifted from CH to C-S-H, although CH continued to play a role as 579 

an acceptor of TEA.  580 

However, as indicated in Sections 3.4 and 3.5, the complex formation mechanism is 581 

mainly driven by hydrogen bonds and Ca complexation. Considering that both CH and 582 



C-S-H provide the necessary factors for complex formation, it is challenging to determine 583 

whether competitive adsorption occurs between CH and C-S-H. In this study, we 584 

simplified the conditions and determined whether C-S-H can act as an acceptor based on 585 

the adsorption limit of CH. Moreover, owing to the uncertainties caused by the high 586 

dosage of TEA, further investigation into the adsorption ability of C-S-H and potential 587 

competitive interactions is imperative for future research. 588 

 589 
Fig. 15. Adsorption isotherms of TEA on the surface of CH. 590 

Table 3 591 

Comparison of the adsorption limit of CH and the adsorbed amount of TEA in OPC and 592 

C3S (mg). 593 

Dosage Period 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶  in OPC 𝑚𝑚𝑎𝑎𝑎𝑎  in OPC 𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶 in C3S 𝑚𝑚𝑎𝑎𝑎𝑎 in C3S 

830 ppm 
3h 0.23 0.21 0.77 0.55 

8h 0.35 2.38 0.35 2.31 

8300 ppm 
3h / / 3.81 1.07 

8h / / 3.36 14.18 

 594 

4. Conclusions 595 



The adsorption of TEA at concentrations of 830 and 8300ppm in OPC, pure C3S, gypsum, 596 
gypsum+C3A, and pure CH was thoroughly investigated using various techniques including TOC, 597 
XRD, TG, isothermal calorimetry, thermodynamic modeling, MD, and DFT. The following 598 
observations were made: 599 

Throughout the adsorption process, it was found that the adsorption of TEA was closely related 600 
to the hydration of C3S. It was observed that TEA did not adsorb directly onto C3S, but rather onto 601 
the hydration products of C3S, that is, CH and C-S-H. In the early stage of the accelerated 602 
hydration of OPC, TEA was mainly adsorbed on CH. The MD calculations supported this 603 
observation, thereby indicating that among C3S, C3A, gypsum, and CH, CH exhibited the lowest 604 
adsorption energy. Furthermore, calculations of the amount of TEA adsorbed and the adsorption 605 
capacity of CH indicated that at a later stage of the accelerated hydration period, the adsorption 606 
significantly exceeded the upper limit of the adsorption capacity of CH. As the hydration of C3S 607 
progresses, the role of the TEA receptor may shift to that of C-S-H. 608 

As suggested by many researchers, TEA inhibits CH growth. Our results reveal that while TEA 609 
can adsorb on the surface of CH, in the initial stage of OPC with a high dosage of TEA, it promotes 610 
the hydration of C3A. However, the hydration of C3S is strongly inhibited, which further impedes 611 
the crystal growth of CH. This is indicated by the persistently high TEA concentration in the 612 
solution. 613 

According to the XRD results, the crystal structure of CH remained unchanged during the 614 
adsorption process in the pure CH mixed with the TEA system. This suggests that TEA was 615 
physically adsorbed on the surface of CH. The MD results further confirmed this, showing that 616 
while the adsorption energy was negative, the value was relatively high, and the density profile 617 
of TEA was higher in the solution than near the surface. This indicates that TEA adsorption was 618 
weak. 619 

In elucidating the adsorption mechanism, it was found that TEA adsorption is primarily driven by 620 
hydrogen bonding and Ca complexation. Density functional theory (DFT) calculations were used 621 
to compute the complexation energies between TEA and various ions (Ca2+, Mg2+, Na+, and Al3+) 622 
at a ligand-to-metal ratio of 1:1. Among these, the TEA-Ca2+ complex exhibited the lowest 623 
complexation energy. Additionally, the complex formed between TEA and Ca2+ in a 2:1 ratio was 624 
found to be more stable. 625 
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Fig. 2. Evolution of TEA adsorption behavior over time at different dosages: (a) 830 ppm, (b) 936 

8300 ppm, and (c) 0 ppm. 937 
Fig. 3. Accumulative heat release and hydration rate with the influence of TEA on (a) and 938 

(b): OPC; (c) and (d): C3S and (e) and (f): C3A+Gypsum. 939 

Fig. 4. Phase assemblage transitions after adsorption. 940 

Fig. 5. TG of phase assemblage transitions after adsorption. 941 

Fig. 6. In-situ XRD of OPC along with 8300ppm TEA. 942 

Fig. 7. Comparison of CH content measured by TG and XRD, and correlation between 943 

hydration rate of C3S and CH content measured by XRD.  944 

Fig. 8. Mass fraction of C3S and CH in hydrated OPC by thermodynamic modeling, and 945 

correlation of mass fraction of C3S and CH measured by XRD. 946 

Fig. 9. Interaction surface model constructed with introduced TEA solution. (a) C3A; (b) 947 

C3S; (c) Gypsum; and (d) CH. 948 

Fig. 10. Density profile along the reference direction of TEA solution with (a) C3A; (b) 949 

C3S; (c) Gypsum; and (d) CH. 950 

Fig. 11. Adsorption energy of TEA on the surface of minerals. 951 

Fig. 12. Comparison of the highest molecular orbital (HOMO)-lowest unoccupied 952 

molecular orbital (LUMO) energy levels for common elements during the initial 953 

dissolution of OPC at the M06-2X/def2-TZVPP level of theory. Note: Only the structure 954 

optimized in the gas environment is shown. 955 

Fig. 13. Thermodynamic cycle used to determine the complexation energy in solution. 956 

Fig. 14. Complex energy between TEA and metal ions in water. 957 

Fig. 15. Adsorption isotherms of TEA on the surface of CH. 958 
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