crystals MBPY

Article
Numerical Simulation of Adsorption of Organic
Inhibitors on C-S-H Gel

Zijian Song ¥, Huanchun Cai !, Qingyang Liu 2*, Xing Liu 3, Qi Pu 4, Yingjie Zang ! and
Na Xu !

1 College of Mechanics and Materials, Hohai University, Xikang Road 1#, Nanjing 210098, China;
songzijian@hhu.edu.cn (Z.S.); 191308070001@hhu.edu.cn (H.C.); zyj062818@hhu.edu.cn (Y.Z.);
181308050003@hhu.edu.cn (N.X.)

State Key Laboratory of Water Resources and Hydropower Engineering Science, Wuhan University,
Donghu South Road 8#, Wuhan 430072, China

State Key Laboratory of Solidification Processing, School of Materials Science and Engineering,
Northwestern Polytechnical University, Youyi West Road 127#, Xian 710072, China; xingliu_Ix@163.com
4 Suzhou Concrete and Cement Products Research Institute Co., Ltd., Sanxiang Road 718#, Suzhou 215000,
China; puqi0512@163.com

Correspondence: liugingyang@whu.edu.cn

check for

Received: 18 July 2020; Accepted: 20 August 2020; Published: 23 August 2020 updates

Abstract: Corrosion inhibitors are one of the most effective anticorrosion techniques in reinforced
concrete structures. Molecule dynamics (MD) was usually utilized to simulate the interaction between
the inhibitor molecules and the surface of Fe to evaluate the inhibition effect, ignoring the influence
of cement hydration products. In this paper, the adsorption characteristics of five types of common
alkanol-amine inhibitors on C-S5-H gel in the alkaline liquid environment were simulated via the MD
and the grand canonical Monte Carlo (GCMC) methods. It is found that, in the MD system, the liquid
phase environment had a certain impact on the adsorption configuration of compounds. According to
the analysis of the energy, the binding ability of MEA on the surface of the C-S-H gel was the strongest.
In the GCMC system, the adsorption of MEA was the largest at the same temperature. Furthermore,
for the competitive adsorption in the GCMC system, the adsorption characteristics of the inhibitors
on the C-S-H gel were to follow the order: MEA > DEA > TEA > NDE > DETA. Both MD and GCMC
simulations confirmed that the C-5-H gel would adsorb the organic inhibitors to a different extent,
which might have a considerable influence on the organic inhibitors to exert their inhibition effects.

Keywords: calcium silicate hydrate; simulation; concrete; corrosion inhibitor; grand canonical Monte
Carlo method; molecular dynamics; adsorption

1. Introduction

Corrosion inhibitors have been regarded as one of the most effective anticorrosion techniques
applied in reinforced concrete structures [1,2]. Due to the relatively low biological toxicity and
carcinogenicity, the organic inhibitors have attracted increasing attention of researchers in recent
decades. However, the practical inhibition effects of many organic inhibitors are still unclear or
disputable. Omellese et al. [3] tested 80 kinds of organic inhibitors and concluded that many amine
inhibitors, e.g., DMEA (dimethylethanolamine), had almost no inhibition effect in concrete while
the amino acid inhibitors had a certain effect, but they still could not meet the needs of industrial
applications. E. Rakanta et al. [4] studied the effect of the organic corrosion inhibitor DMEA on the
corrosion of steel bar in simulated concrete pore (SCP) solution, and pointed out that DMEA showed a
good inhibition effect. Morris et al. [5] studied the inhibition effect of amine inhibitors on the corrosion
of reinforcement in concrete and found that only when the concentration of chloride ions in concrete
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was less than 0.2% (mass fraction), this kind of corrosion inhibitor could exert its effect. Thus, it is still
urgent to properly evaluate the inhibition effect of the organic inhibitors.

In recent years, molecular-scale simulations have been widely used in the field of anticorrosion
towards metals in acid mediums. Many researchers utilized molecular dynamics (MD) methods
to investigate the active sites, chemical reactivity and the interaction between inhibitors and the
metal surface so as to evaluate the inhibition effectiveness [6-9]. Khaled et al. [7] simulated the
adsorption of inhibitor molecules on the Fe (0 0 1) surface in an ideal aqueous liquid to investigate their
anticorrosion behavior towards mild steel. Similarly, Dehghani et al. [8] adopted the ideal aqueous
liquid environment to study the adsorption tendency, energy and affinity of selected inhibitors on
the steel adsorbent (i.e., Fe (1 1 0)). Sulaiman et al. [9] made a further step and started to use an
electrolyte with high ionic strength as a liquid environment to imitate the corrosion process that
occurred in the practical acidic environment. It should be recognized that the simulations in the ideal
aqueous liquid or electrolyte solutions can meet the corrosion situations in acid environments and
possibly satisfy the requirements of the estimation of the inhibition effect. In the reinforced concrete,
however, the corrosion situations largely differ. On the one hand, the exposure surface would be
the passive layer due to the high pH concrete pore solution. On the other hand, the surrounding
cement hydrated productions might also influence the exertion of the inhibition effect [10]. However,
most of the related numerical studies merely considered the adsorption process between inhibitors
and steel reinforcements. For instance, Alibakhshi et al. [11] built a setup to simulate the corrosion
inhibition of mild steel occurred in the presence of solvent molecules. Ormellese et al. [12] studied
the inhibition effect of five kinds of organic compounds on chloride-induced corrosion of concrete
by theoretical methodology to discuss the influence of their interaction with passive film on the
corrosion initiation. In these studies, the researchers usually simulated the adsorption process by
placing inhibitor molecules above the surface of passive film in a water or SCP environment, ignoring
the influence of hydration products in cement. However, the ignorance of the effect of cement hydrated
productions may largely increase the gap between the simulation and practical results.

The hydration products of concrete can adsorb the nitrogen-containing organic inhibitors when
these inhibitors transport in concrete [13]. Among these hydration products, the calcium-silicate-hydrate
(C-S-H) gel was the main hydration product of concrete. Knowing this, this paper intended to adopt
the calcium-silicate-hydrate (C-S5-H) gel to construct the nanopore of concrete as a simulated adsorption
circumstance [14]. Then the behavior and ability of C-S-H gel to adsorb different organic corrosion
inhibitors were simulated by the method of grand canonical Monte Carlo (GCMC) [15,16]. Meanwhile,
the adsorption characteristics of corrosion inhibitors on the C-5-H gel in alkaline liquid environment
were studied by molecular dynamics. This paper aims to promote the understanding of the adsorption
effect of organic inhibitors in cement-hydrated system, so as to make a contribution to the proper
estimation or prediction of the inhibition effects of the common organic inhibitors.

2. Model Constructions and Computational Methods

2.1. Model Constructions

The calcium-silicate-hydrate (C-S-H) gel, the most important component in concrete, accounts for
the largest proportion about 60% of hydration products in cement paste, which also plays a dominate
role in the structural and mechanical properties of concrete [17]. However, C-S-H gel at the nanoscale
level is still not completely understood as it has complex and diverse structures. C-S-H gel is a
non-stoichiometric compound in which CaO-SiO-H;O is represented in different proportions [16].
In recent years, with the development of research technologies, small angle X-ray diffraction (SAXS),
small angle neutron scattering (SANS), inelastic neutron scattering (INS), extended X-ray absorption
microstructural spectroscopy (EXAFS) and atomic force microscopy (AFM) have been applied to the
study of the C-5-H gel and some common characteristics have been identified [18-21]. Based on the
properties of the C-S-H gel obtained by XRD, NMR and SANS [22,23], Pellenq et al. [24] established
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a realistic model of C-S-H gel, which accorded with the true Qn distribution, density, chemical
composition and characteristics similar to the jennite structure.

Based on the model construction procedures proposed by Pellenq [24], the C-5-H model was
constructed by the following steps. Firstly, this paper utilized the tobermorite 11 A structure as the
initial configuration of the C-5-H gel [25-27]. Secondly, an amount of bridging SiO, (/silicate chains)
groups and silicate dimers were removed to satisfy the calcium-to-silicon ratio (C/S) of C-5-H gel and the
Qn, distribution of silicon chains [24,28]. Then the Ca/Si ratio of the configuration reached 1.44 and the
model achieved Qg, Q1 and Q, percentages of 9.7%, 19.3% and 71% respectively, which was consistent
with the test result of NMR and other MD models of the C-5-H gel. In this way, the silicate skeleton
structure in the dry state was obtained. Finally, the GCMC method, which is a simulation method
specially used to study the adsorption, was utilized to make the dry calcium silicate skeleton absorb
water. The simulation process was similar to water adsorption of the microporous structure (such as
zeolite) [29]. The GCMC simulation is a dynamic process including 100,000 circles. The Compass
II force field was chosen, the Ewald addition method was used for electrostatic interaction, and the
atom-based method was used for the van der Waals effect and hydrogen bond interaction [30]. In this
study, the ratios of water molecules exchange, conformation isomerization, rotation, translation
and regeneration were set as 2, 1, 1, 1 and 0.1 respectively. After water absorption, the relaxation
configuration and energy minimization were obtained and the water-to-silicon ratio of C-S-H gel
reached 1.98 while its density reached 2.43 g/cm®. The C-S-H gel model construction process was
shown in Figure 1.

Five types of common alkanol-amine compounds were selected as adsorbates. They all belong
to the amino-alcohol based migrating corrosion inhibitors. The corrosion inhibitors migrate into the
concrete through capillary and microcracks to adsorb and form films on the surface of steel bars so as
to exert their inhibiting effect. Their molecular structures are given in Table 1. In this study, according
to the molecular structure, the material visualizer module was used to draw the compounds and the
compass Il force field was utilized to optimize the geometry.

Table 1. The molecule structures of the compounds.

Name Abbreviation Molecular Formula Molecular Mass Molecular Structure
Ha
HO/C\C/NH2
Ethanolamine MEA C,HNO 61.08 M2
H, H Ha
N N
Diethanolamine DEA C4H11NO;, 105.14 He He
OH
I
CH,
Ha | Hz
o N NN
Triethylolamine TEA Cg¢H15NO;3 149.19 Fe e

N,N-dimethylethanolamine NDE C4H11NO 89.14 f

Diethyleneteiamine DETA C4H13N;3 103.17 He He
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Figure 1. The C-5-H gel model construction process (Red ball: oxygen atom; green ball: calcium

atom; white ball: hydrogen atom; yellow tetrahedral: silicate tetrahedral): (a) initial tobermorite 11 A
structure without water molecules. Cell parameters: a = 18.37 A b=2432A,c=2648A, «, B,v,
equal to 90°; (b) removal of the bridging silicate tetrahedral, where Qy represents n species of silicate
tetrahedral, n corresponds to the number of bridging oxygen atoms (BO) in one silicate tetrahedral;
(c) grand canonical Monte Carlo (GCMC) water adsorption and (d) C-S-H structure finality achieved.

2.2. Surface Adsorption Test

In this study, the adsorption characteristics of the five types of alkanol-amine compounds on
the C-S-H gel in alkaline liquid environment were studied by molecule dynamics. It is known that
the carbonation and calcium leaching are two important processes that would occur on a concrete
surface [31-33]. However, this paper is to study the adoption of organic inhibitors on the C-S-H gel,
which usually occurs on the interface of cement hydration products and pore solution inside the
concrete. Therefore, the effects of the carbonation and dissolution of calcium ions are preliminarily
ignored in this study. Initially, the C-S-H gel was cleaved to show the surface along the (0 0 1) direction
at 24.32 A depth so as to simulate the non-bonded interaction between adsorbates and the surface of
the C-S-H gel. Figure 2 shows the snapshots for the surface adsorption test. As shown in Figure 2,
the lower part of the model consists of a fixed C-S-H gel with a thickness of 24.32 A and 6 adsorbates
were placed on the surface. The GCMC method was used to search for the best adsorption site in
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the range of 10 A on the upper surface [34]. After that, 351 water molecules, 2 Na* and OH" were
added, in order to simulate the concrete pore solution environment with pH 13.5 including 1.0 mol/L
adsorbates. The crystal cell adopted three-dimensional periodic boundary conditions. A vacuum
space thicker than 25 A was laid on the top layers so as to avoid the influence of the periodic cell
above [35]. Finally, the MD simulations were carried out using the compass 1II force field and 20 ps
NVT (isothermal-isasteric ensemble) running for the system.

Figure 2. Snapshots for the surface adsorption test (red ball: oxygen atom; green ball: calcium atom;
white ball: hydrogen atom; yellow tetrahedral: silicate tetrahedral; violet ball: sodium atom; blue ball:
nitrogen atom and grey ball: carbon atom): (a) C-S-H surface. Cell parameters: a = 18.37 A, b = 26.48 A,
c=78.72 A, «, B, v, equal to 90°; (b) GCMC adsorbents placed and (c) final balancing snapshots.

2.3. Pore Adsorption Test

In order to reduce the statistical errors caused by the size effect and make the simulation closer to
the pore structure of concrete, a larger C-S-H gel channel was constructed. As depicted in Figure 3,
under the condition of periodic boundary, the C-S-H pore consisted of two parallel layers of C-S-H gel
with 24.32 A thickness and the surface of C-S-H gel layer was 55.12 A x 52.97 A. The upper and lower gel
surfaces were spaced 35 A for simulating the concrete pore [36]. Subsequently, the GCMC simulations
were applied into the structure and energy analysis [33]. The adsorbates and water molecules were
regarded as stiff small molecules. According to the partial pressure of 1.0 mol/L adsorbate solution,
the two-component adsorption simulations of five types of alkanol-amine compounds were carried
out respectively. In order to observe the competitive strength of different component adsorption
more intuitively, six-component adsorption simulation (H,O 110 kPa + MEA 2 kPa + DEA 2 kPa +
TEA 2 kPa + NDE 2 kPa + DETA 2 kPa) were carried out. The minimum energy structure was output.
In addition, this paper is to fundamentally study the adsorption of organic inhibitor molecules on
C-5-H gel. In MD, we simulated the adsorption behavior of the single organic inhibitor molecule on
C-S-H gel. In contrast, we simulated as many inhibitor molecules as possible to adsorb on the surface
of C-5-H gel in GCMC to study the adsorption characteristics of organic inhibitor molecules.



Crystals 2020, 10, 742 6 of 14

(a) (b)

Figure 3. Snapshots for the pore adsorption test (red ball: oxygen atom; green ball: calcium atom;

white ball: hydrogen atom; yellow ball: silicate atom; violet ball: sodium atom; blue ball: nitrogen
atom; grey ball: carbon atom): (a) C-S-H pore. Cell parameters: a = 18.37 A, b=2648A,c=7872A, «,
B,v, equal to 90°; (b) GCMC adsorption.

3. Simulation Results of Surface Adsorption System

3.1. Adsorption Morphology

The changes of energy with time are shown in Figure 4. It can be seen that the energy of the
system decreased rapidly within 2 ps. Finally, the energy of the system remained basically unchanged,
and the change range of total energy was less than 1%o.. Therefore, it can be considered that the system
had reached the equilibrium state. At the equilibrium state of dynamic simulations, the final interfacial
configuration of the surface adsorbing inhibitor could be obtained. Figure 5 shows the final balancing
snapshots of five types of alkanol-amine compounds after molecular dynamics simulation. As shown
in Figure 5, the five types of inhibitor molecules have parallel adsorption on the surface of C-5-H gel
in the way of flat orientations. It is found that their structures all have deformation phenomenon in
different degrees. Most of the compounds were almost planar and parallel to the C-S-H gel surface.
However, in the liquid phase, the compounds were affected both by the adsorption force of the C-S-H
gel and the solvent. As a result, some compounds did not adhere to the surface of the C-S-H gel.
The final equilibrated mode and the changes of the energy were different from those under vacuum
condition [37], which indicated that the liquid phase environment would have a certain impact on the
adsorption configuration of compounds. Hence, for making a more precise simulation, it is necessary
to construct a solvent environment closer to the pore liquid of concrete.
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Figure 4. The change of energy with time in the molecular dynamics simulation.
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Figure 5. The final equilibrated snapshots (red ball: oxygen atom; green ball: calcium atom; white ball:
hydrogen atom; yellow tetrahedral: silicate tetrahedral; violet ball: sodium atom; blue ball: nitrogen
atom and grey ball: carbon atom): (a) main view of MEA; (b) main view of DEA; (c) main view of TEA;
(d) main view of NDE; (e) main view of DETA; (f) top view of MEA; (g) top view of DEA; (h) top view
of TEA; (i) top view of NDE and (j) top view of DETA.

3.2. Energy Analysis

In order to quantitatively analyze the adsorption of the inhibitor molecules, the adsorption energy
(Eags) is used to characterize the interaction strength between the molecules and the surface of the
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C-S-H gel [6]. While the solvation energy (Eg;) is used to characterize the interaction between molecules
and the concrete pore solution [38]. These three energies can be calculated by the following equations:

Eads = Einnifesh — (Einni + Ecsh) 1)

Esol = Einhi/wuter - (Einhi + Ewater) (2)

where, E;,icsg is the total potential energy of the whole simulated system without aqueous solution,
Eiupi is the internal energy of the inhibitor molecules after adsorption, Ecgy is the surface energy of the
isolated C-S-H gel, Eupjwater is the total potential energy of the whole simulated system without the
C-S-H gel and Eqgter is the energy of the solvent system. The above parameters were calculated by
the first-principles using the Forcite module. The calculated results of the energy at their most stable
conformation are shown in Table 2. From Table 2, it can be seen that the adsorption energy of the five
types of inhibitors was all negative, indicating that the inhibitors could adsorb on the solid surface by
reducing the system energy in order to achieve the maximization of the adsorption energy of system
and the lowest state of the energy of the system [39]. The molecules could be spontaneously adsorbed
on the surface of the solid. The more negative adsorption energy embodied the adsorption between
molecules and the surface of C-S-H gel were more prone to occur and more difficult to be destroyed
after adsorption [40]. The solvation energy of the inhibitors was also negative, which indicated that
the inhibitors tend to dissolve in alkaline aqueous solution. It is noticed that the solvation energy was
obviously more positive than the corresponding adsorption energy, indicating the dissolve process
could not forbid the spontaneous occurrence of the adsorption process [38]. However, the combination
of the inhibitors and the solvent could weaken its binding ability to the C-5-H gel surface. Hence, the
difference between the adsorption energy and solvent energy could represent the binding ability of the
inhibitor molecules and the surface of the C-S-H gel in alkaline concrete pore solution environment. It
is found that, although the adsorption capacity of TEA was the largest, the binding effect of the solvent
was also stronger, which led to the difficulty of the removal of the binding of water molecules. Thus, its
binding ability to the surface of the C-S-H gel was not the strongest under the solvent environment. In
the alkaline concrete pore solution environment, the binding ability between the five types of inhibitor
molecules and the surface of C-S-H gel could be ranged according to the difference as: MEA > DEA
> TEA > NDE > DETA. According to the E 4 value, the trend became TEA > MEA > DEA > DETA
> NDE. Thus, the liquid environment truly impacted the adsorption of inhibitor molecules on the
C-5-H gel.

Table 2. Adsorption and solvation energy of five molecules. (kcal/mol).

Molecule Eaqgs Egor Epgs — Esor
MEA —697.496064 —-92.595926 —604.900138
NDE —629.069637 —143.23066 —485.838977
TEA —756.114049 —199.036085 —557.077964
DEA —-671.377916 —105.307953 —-566.069963
DETA —658.629254 —188.678217 —469.951037

4. The Grant Canonical Monte Carlo System

4.1. Adsorption Quantity Analysis

Mixing different components together for adsorption could make a more intuitive comparison of
the adsorption capacity of different components. Set the partial pressure of each adsorption component
as: H,O 110 kPa, MEA 2 kPa, DEA 2 kPa, TEA 2 kPa, NDE 2 kPa and DETA 2 kPa. At the same time,
in order to test the effect of temperature on adsorption, the set of simulations was carried out every
5 K in the temperature range of 293-318 K. The adsorption capacities of five types of alkanol-amine
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compounds at different temperature are shown in Figure 6. Adsorption selectivity of a to b can be
calculated by the following equations:
5 Xa/Ya
Xp/ Yo
where, S is adsorption selectivity, x, is the concentration of 4 in the adsorbed phase, y, is the partial
pressure of a in the adsorbed phase (2 kPa adopted in this research), x; is the concentration of b in
the adsorbed phase and vy, is the partial pressure of b in the adsorbed phase (2 kPa adopted in this
research) [41]. The calculated results are shown in Table 3. The adsorption selectivity of each inhibitor
molecules to water was greater than 1, indicating that they were easily precipitated from aqueous
solution and adsorbed on the C-S-H gel. At the same temperature, the adsorption of the inhibitor
MEA was the most and more than twice of the other four inhibitors, which indicated the adsorption
of the inhibitor MEA was the largest. With the increase of the temperature, the adsorption of water
molecules increased while that of inhibitor molecules presented decreasing tendency, indicating they
were exothermic physical adsorption process. The five types of the inhibitor molecules placed at further
distances with respect to each other resulting in weaker interactions at a higher temperature [42].
Therefore, if temperature increased from 298 to 333 K, the adsorption effect between the inhibitor
molecules and the surface of the C-5-H gel decreased. It is found that the adsorption processes of five
types of the inhibitor molecules were all spontaneous, which was exothermic at a different temperature,
indicating that a high temperature was not conducive to adsorption.

®)
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Figure 6. Adsorption quantity at a different temperature.

Table 3. Adsorption selectivity of alkanol-amine compounds to H,O at different temperature.

Molecule 293 K 298 K 303 K 308 K 313K 318 K
MEA to H,O 12.93 12.54 12.19 11.68 11.46 11.12
NDE to H,O 4.46 4.03 3.52 3.15 3.11 3.16
TEA to H,O 4.37 4.30 3.79 3.42 3.38 3.34
DEA to H,O 5.01 5.03 4.61 431 4.09 4.02

DETA to H,O 3.64 3.57 2.89 3.06 2.67 2.65
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Figure 6 presents the adsorption quantity at a different temperature. As shown in Figure 6,
when the temperature was 318 K, the adsorption capacity increased slightly, this might be caused
by the increase of the total amount of adsorbed materials. However, if we observe their adsorption
selectivity to water in Table 3, it can be easily found that most of them decreased with the increase
of temperature. According to the competitive adsorption quantity, the binding ability between the
five types of inhibitor molecules and the surface of the C-5-H gel in the alkaline concrete pore fluid
environment were to follow the order: MEA > DEA > TEA > NDE > DETA.

4.2. Energy Analysis

In order to verify the energy change trend in the relatively big system and get close to the structure
of the internal channel in concrete, we used the method of GCMC to simulate the adsorption process in
the larger C-S-H gel channel. Table 4 lists the changes of total energy, van der Waals energy, electrostatic
energy and intramolecular energy before and after adsorption in each adsorbate system under a
different temperature. As clearly shown in Table 4, with the increase of temperature, the absolute values
of electrostatic force showed a downward trend. It also can be seen in the Table 4 that the negative
value of the electrostatic energy is relatively high, which might be able to break the optimum state of the
adsorption caused by the vdW (Van Der Waals) energy and the intramolecular energy. Then the values
of the vdW energy and the intramolecular energy might become a little positive. The electrostatic
energy was negative, which indicated that the adsorption process mainly depended on the electrostatic
force, and the adsorption effect became stronger with the increase of the absolute values. Meanwhile,
the absolute values of the total energies of five types of inhibitor molecules all decreased and the
adsorption function diminished, which indicated the high temperature would restrain the physical
adsorption. When adsorbing a single inhibitor molecule, van der Waals energy mainly came from
dipole—dipole attraction, induction force and dispersion force caused by the reversal of permanent
dipoles [43]. Van der Waals energy of inhibitor molecules MEA and TEA was strong. This might be
because their spatial configurations were more conducive to their combination and adsorption on the
C-5-H gel. For the intramolecular energy, the increase of the intramolecular energy reflected the amount
of adsorption. It can be seen from Table 4 that with the increase of temperature, the intramolecular
energy of each inhibitor molecule did not change much, which also showed that the adsorption of
each inhibitor in Table 3 had little difference with the change of temperature. The magnitude of the
total energy could reflect the level of stability of the equilibrium state of the system. Any system
had a tendency to decrease energy. When the energy was growing smaller, the system became more
stable. Meanwhile, the adsorption of the inhibitor molecules on the C-S-H gel was more likely to occur.
At 298 K, the total energies of five types of inhibitor molecules MEA, NDE, TEA, DEA and DETA
adsorbed by C-S-H gel were —64690.743 kcal-mol~!, —51813.292 kcal-mol~!, —53083.227 kcal-mol~!,
—53338.167 kcal'mol ™! and —53106.886 kcal-mol~! respectively. It is found that the adsorption system
of MEA was the most stable.
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Table 4. Total energy, van der Waals energy, electrostatic energy and intramolecular energy of every
system in different temperatures (kcal/mol).

Molecule Temperature Total Energy  Van Der Waals Energy  Electrostatic Energy Intramolecular Energy

298 K —64690.74324 2951.46269 —78902.78028 11260.57435

MEA 303 K —64530.30697 2898.92290 —78303.21347 11073.98360
308 K —64075.01570 2467.56340 —77464.32230 10921.74313

313K —63639.92284 2366.96724 —76879.99999 10873.10984

298 K —-51813.29218 2257.08450 —65106.40411 11036.02744

NDE 303 K —51011.18774 2247.36929 —63938.87839 11080.32136
308 K —49461.25152 2175.76475 —62563.41327 10926.39701

313K —49008.36233 2068.31950 —61393.39248 10316.71066

298 K —53083.22706 2715.29208 —67080.09967 11281.58053

TEA 303 K —52678.75286 2680.23054 —66935.38242 11206.39902

308 K —52069.37783 2615.87605 —65897.47767 11012.22379

313K —52092.91453 2677.50214 —65938.40445 11067.98778

298 K —53338.16669 2593.65200 —66600.79470 11208.97600

DEA 303 K —-53020.39933 2603.99637 —65289.85228 11065.45658

308 K —52974.72470 2544.07300 —64940.22606 10721.42836

313K —-51087.92460 2507.73629 —64016.20586 10830.54496

298 K —53106.88604 2703.01003 —64217.20122 11448.15528

DETA 303 K —51976.23648 2604.64465 —63585.48501 11004.60387
308 K —508903.83110 2592.05362 —62751.71009 11525.82537

313K —-50057.24012 2562.15990 —61100.04881 11021.49893

5. Conclusions

In this study, the adsorption characteristics of the five alkanol-amine compounds on the C-S-H gel
in the alkaline liquid environment were studied by molecule dynamics and GCMC. Conclusions can
be summarized as follows:

(1) In the MD system, the five types of inhibitor molecules were almost planar and parallel to the
surface of the C-5-H gel. Itis found that their molecular structures all had the deformation phenomenon
in different degrees. In the liquid phase, the compounds were affected both by the adsorption force
of the C-5-H gel and the solvent. The liquid phase environment would have a certain impact on the
adsorption configuration of compounds.

(2) According to the analysis of the energy in the MD system, it can be concluded that the inhibitors
tended to dissolve in the alkaline aqueous solution. The solvation energy was obviously more positive
than the corresponding adsorption energy and the dissolve process could not forbid the spontaneous
occurrence of the adsorption process. In the alkaline concrete pore solution environment, the binding
ability of MEA on the surface of C-5-H gel was the strongest. Considering the effect of the solvent,
the binding ability of TEA on the surface of C-S-H gel was the strongest.

(3) In the GCMC system, it is found that all the five types of inhibitor molecules were easily
precipitated from aqueous solution and adsorbed on the C-S-H gel. At the same temperature,
the adsorption of the inhibitor MEA was the largest and more than twice of the other four inhibitors.
When the temperature increased from 298 to 333 K, the adsorption of water molecules increased while
that of inhibitor molecules presented a decreasing tendency.

(4) For the competitive adsorption of different types of inhibitor molecules in the GCMC system,
the binding ability among the five types of inhibitor molecules on the C-5-H gel were to follow the
order: MEA > DEA > TEA > NDE > DETA.
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