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Abstract 8 

The present work provides new insight into the effects of pristine and functionalized carbon 9 

nanotubes (CNT’s) on the mechanical properties of metakaolin-based geopolymer 10 

nanocomposites. Single pristine CNT’s and doped CNT-oxide are added to the geopolymer 11 

paste at concentrations varying from 0 to 8.31 wt % and from 0 to 10 %, respectively. 12 

Reactive molecular dynamics calculations reveal that the mechanical properties of oxide 13 

carbon nanotubes deteriorate since covalent bonds created through C-OH interaction lead to 14 

defects creation converting their surface SP2 hybridation to SP3. However, they make the 15 

structure denser and improve the mobility of CNT’s into the matrix. Results show that the 16 

diffusion coefficient of CNT-oxide in geopolymer matrix is three times the one of pristine 17 

CNT. The tensile tests reveal that the incorporation of a low content of 1.08 wt.% pristine 18 

CNT increases the elastic and the indentation modulus up to 74% and 94%, respectively. 19 

However, for higher concentration, both properties drop with increasing CNT concentration. 20 

The addition of 10% doped CNT-oxide leads to a raise of elastic modulus and bulk density by 21 

165% and 22.5%, respectively.  22 
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1. Introduction 35 

Developing a higher-strength geopolymer material is a great challenge in civil engineering, 36 

offering a new generation of building and construction materials with better mechanical 37 

properties, lower shrinkage and superior durability as well as environmental sustainability. A 38 

promising way to achieve this development is the incorporation of nanomaterials, which 39 

minimizes the air gaps content in the nanostructure and allows for a non-corrosive 40 

reinforcement. The denser microstructure positively affects the physical and mechanical 41 

properties of the novel nanocomposite. Researchers attempt to incorporate different 42 

nanofillers to enhance the performance of geopolymer materials. Xie and Fang1, and Sumesh 43 

et al.2 reviewed the modification of geopolymer composites properties with nanomaterials and 44 

underline that most attention was paid to the influence of nano-SiO2, nano-Al2O3, nano-TiO2, 45 

nano-Fe2O3, and nano-clay. Experimental SEM tests reveal that the addition of 6% of nano- 46 

SiO2 leads to the improvement in compressive, flexural and tensile strength at 28 days under 47 

ambient temperature curing3. The work of Phoo-ngernkham et al.2 shows that the 48 

incorporation of 2% of nano-silica and 1% of nano-alumina cured for 90 days, gives the 49 

compressive strength of 51.8 and 56.4 MPa, respectively4. Of late years, research on the 50 

addition of carbon-based nanomaterials in geopolymers has drawn research attentions5-10. 51 

Particularly, carbon nanotubes (CNT’s) are expected to be excellent candidates and 52 

innovative reinforcements due to their superior mechanical properties11. However, the main 53 

prerequisites that determine the performance of the CNT/geopolymer are the good 54 

dispersion12-15. In fact, due to the highly attractive van der Waals forces, CNT tend to remain 55 

agglomerated, which causes the decrease of the performance of composites16-19. To date, 56 

extensive research is made on the study of the mechanical enhancement of CNT on 57 

geopolymer. Abbasi et al.14 reported that the addition of only 0.5 wt% Multi-Walls CNT 58 

(MWCNT) on fly ash leads an increase of flexural strength and elastic modulus by 128% and 59 

109%, respectively. On the other hand, the experimental work of Saafi et al.19 showed that the 60 

addition of MWCNTs increased the flexural strength, Young’s modulus and flexural 61 

toughness by 160%, 109% and 275%, respectively. It also enhanced the fracture energy and 62 

increased the electrical conductivity by 194%. Luz et al.20 observed that the addition of 0.1 63 

wt% of pristine CNT in metakaolin geopolymer leads improvements of 3.8%, 13.2% and 64 

28.7% in the Young's modulus, compressive and flexural strengths, respectively. 65 

Nevertheless, an increase of about 10.2% in the porosity is obtained when the dosage of CNT 66 

exceeds 0.2 wt% inducing to a decrease of 3.5%, 11.8% and 31.0%, for Young modulus, 67 

compressive and flexural strengths, respectively. Yuan et al.21 reported that 3 wt% of COOH-68 
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multi-walled CNT enhances the flexural strength, the elastic modulus and the fracture 69 

toughness within 42.3%, 29.6% and 38.5%, respectively. Moreover, it is found that the 70 

inclusion of graphene and its derivatives such as graphene oxide and reduced graphene oxide 71 

lead to interesting properties 22. Zhang et al.23 studied the substitutional doping of graphene 72 

with silicon incorporated in metakaolin geopolymer using reactive molecular dynamics 73 

simulations. Their obtained results show that the elastic modulus of 10% Si-74 

graphene/geopolymer is double than graphene/geopolymer matrix. Besides, the dispersion 75 

problem encountered during the CNT reinforcement ad interfacial chemical bonding have 76 

also a great impact on the structure and mechanical properties of the reinforced 77 

nanocomposite, as reported in some works24-25.   78 

Though all research is promising, more efforts are deemed necessary essentially in modeling 79 

and simulation to bridge the gaps with experimental findings. Only two works have been done 80 

on atomistic simulation of the reinforcement of geopolymers through the incorporation of 81 

carbon-based materials23, 26. In these two studies23, 26, authors fixed the concentration of Si-82 

doped graphene and CNT to be around 6 wt%. According to all experimental measurements3-
83 

21 performed in that subject, the dosage of incorporated nanomaterials is of great importance 84 

and affects considerably the mechanical properties of reinforced geopolymers. Therefore the 85 

main novelty of this work compared to previous studies 23,26 is that we consider for the first 86 

time the incorporation of CNT nanofillers with a dosage varying from 0 to 8.31 wt%. We will 87 

focus on elucidating the effect of pristine and covalent functionalized CNT on the mechanical 88 

properties of metakaolin geopolymer. Based on molecular dynamics simulation and using a 89 

reactive force field, we aim mainly to find the optimum dosage for CNT that enhances the 90 

elastic response of CNT/geopolymer nanocomposite. Moreover, the role of functionalized 91 

CNT on the improvement of their mobility and the stability of the nanostructure is also 92 

discussed. 93 

 94 

2.  Molecular modeling and force fields 95 

According to Davidovidts27, 28, creating geopolymer paste requires alumina silicate material 96 

(metakaolin, fly ash, etc.), alkaline reagent (sodium or potassium soluble) and water. In the 97 

first step of polymerization, the dissolution of aluminosilicate source in the alkali solution 98 

leads to the formation of Al-OH and Si-OH bonds29. After the hydrolysis process, Al(OH)4 99 

and Si(OH)4 are released and then polymerized to form aluminosilicate oligomers30-31. Finally 100 

the condensation reactions produce a crosslinked 3D network structure from which we can 101 

class mainly three types of structures depending on Si/Al ratio: sialate  (Si/Al = 1), sialate-102 
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siloxo (Si/Al=2), and sialate-disiloxo (Si/Al = 3). In the present study, we use sialate-disiloxo 103 

oligomers (Si/Al = 3) (NaAlSi3O13) to represent the geopolymer structure. The preparation of 104 

CNT/geopolymer model evolves the following steps: first a supercell with a size of 8x 8 x 8 105 

nm is built where (6,6) CNT molecules with various concentrations (0 – 8.31 wt%) are 106 

dispersed randomly. Then 1601 oligomers are packed into the box within water molecules so 107 

that the water content in the nanostructure is fixed to 7.7 wt.%, as reported in the work of 108 

Zhang et al.32.  The density of the system is equal to 2 g/cm3 leading to a model nanostructure 109 

of 38361 atoms. The chemical composition of metakaolin geopolymer model is presented in 110 

Table 1. A side view the CNT/geopolymer model with 3.73 wt% CNT concentration is 111 

presented in Fig.1. In the present study, pristine and CNT-oxide molecules are used within 112 

various hydroxyl groups attached to randomly carbon atoms, as presented in Fig.2. The CNT-113 

oxide concentrations are equal to 0% (pristine CNT), 2.5%, 5%, 7.5% and 10% (Fig.2b). 114 

In this study, Reactive force filed (ReaxFF), developed by van Duin et al.33 is carried out to 115 

represent the interatomic interactions in the CNT/geopolymer model. It is a bond-order 116 

dependent potential where the atomic charges are calculated from its charge equilibration 117 

nature, which makes it possible to simulate chemical reactions. The bond order is directly 118 

calculated from the instantaneous distances that are updated systematically allowing the 119 

creation and dissociation of bonds during simulation. The total energy (ETot) of a system, as 120 

described in equation (1), is of a sum of several energies: the bond formation energy (�����), 121 

the van der Waals energy (����), the Coulombic contribution (�����), the angular and 122 

torsional energy (����, ����), the lone pair energy (�lp) and finally the energy penalty for 123 

under/over coordination stability of atoms (������, �����): 124 

  125 

�Tot = ����� + ���� + ����� + ���� + ���� + �lp + ������ + �����                          126 

    (1) 127 

  128 

The ReaxFF forcefield has been applied successfully on geopolymer23, calcium silicate 129 

hydrates34, sodium aluminosilicate glass35,36, silica37,38, zeolite39,40 and clay minerals41,42. 130 

 131 

3. Simulation procedure 132 

The CNT/geopolymer model, as presented in section II, is first relaxed based on the conjugate 133 

gradient algorithm with a convergence criterion of 10-12 kcal/mol to optimize the system 134 

geometry. Then molecular dynamics simulations are performed to equilibrate the system 135 

under an NVT ensemble for 100 ps at 300 K using a time step of 0.2 fs. After, a heating is 136 
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applied up to 2000K for 100 ps using a timestep of 0.2fs in NPT ensemble, followed by 137 

quenching to 300K with a cooling rate of 1 K/ps to realize the polymerization of oligomer and 138 

thus produce a cross-linked geopolymer matrix. The obtained structure is then relaxed in the 139 

NPT ensemble for 200 ps at 300K. Periodic boundary conditions are applied to all directions 140 

during the simulation procedure. Further equilibration for 1ns is performed to compute the 141 

trajectory information of atoms in order to study the dynamical properties of the 142 

nanostructure. A constant strain method is employed to calculate the mechanical properties 143 

where a series of expansions at 0.0001/ps are applied to the supercell. 144 

 145 

4. Results and discussion 146 

4. 1. Effect of pristine CNT content on the mechanical properties of geopolymer   147 

        nanocomposite 148 

Since their discovery, carbon nanotubes have aroused the interest of researchers as composite 149 

reinforcements and weight reducers thanks to their high elastic modulus of ~ 1 TPa43. The 150 

main concern of this section is to address the role of pristine CNT in reinforcing the 151 

geopolymer nanostructure. The tensile processes are investigated by using the constant-strain 152 

method to assess the elastic and indentation modulus of the CNT/geopolymer nanocomposites 153 

with various CNT concentrations from 0.0 to 8.31 wt%. First, the obtained elastic modulus for 154 

plain geopolymer model is found to be equal to 46.21 GPa, in agreement with the obtained 155 

values of 45.1 GPa23 and 42 GPa44. Figures 3 and 4 depict the obtained data of the elastic and 156 

the indentation modulus for various CNT concentrations. The data in Fig. 4 are compared to 157 

experimental measurements45 for only low CNT content and seems to be in agreement with 158 

our results. It is noticed for both figures that the highest mechanical improvement is achieved 159 

at CNT concentration of 1.08 wt%, with the elastic and indentation modulus increase of 74% 160 

and 93.4%, respectively. Higher CNT dosage leads to a gradually strength decrease, due to 161 

the highly attractive van der Waals forces between CNT caused by the high specific surface 162 

area of CNT. This phenomenon will lead to the agglomeration of CNT, which makes the 163 

dispersion problematic since it causes and a decrease of bonding between geopolymer and 164 

CNT and hence affects the strength and the mechanical performance of the system. Using a 165 

multi-stage hierarchical micromechanical model Hasanzadeh et al.46 show that the CNT 166 

agglomeration influences and degrades considerably the creep resistance of the CNT-polymer 167 

system. It is also found that the interphase region affects mainly the effective properties of the 168 

piezoelectric hybrid composites 47. 169 
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Besides, it is observed particularly that the addition of 8.31 wt% of CNT results to an elastic 170 

modulus value of 45.59 GPa close to the value for the plain geopolymer (46.21 GPa). Our 171 

results are in agreement with experimental work of Jittabut et al.48 on reinforcing ash fly 172 

geopolymer using CNT dosage from 1 to 5 % by weigth. They found that the optimum of 1 173 

wt% carbon nanotubes addition exhibited the highest strength increase (32%). Saafi et al.19 174 

studied the effect of multiwalled carbon nanotubes (MWCNT) on fly ash geopolymeric 175 

composites with very low concentrations (0.1%, 0.5%, 1%). Their experimental results 176 

showed the enhancement of flexural strength, flexural toughness and Young’s modulus is 177 

128%, 207% and 109%, respectively at 0.5 wt% CNT content. On the other hand, Abbasi et 178 

al.14 found that the addition of 0.5 wt% MWCNT increases the Young modulus and the 179 

flexural strength by 109% and 128%, respectively.  180 

The bulk densities of CNT/geopolymer nanostructure are calculated for various CNT 181 

concentrations, as shown in Fig.5. The results follow the same tendency as for the mechanical 182 

findings since an optimum value of the bulk density is obtained for the sample with 1.08 wt% 183 

of CNT addition. For higher concentrations, the bulk densities values decrease but they 184 

remain higher than the plain geopolymer’s data. The study of the interfacial energy variation 185 

with CNT content, as presented in Fig.6, proves the stability of the nanostructure at 1.08 wt% 186 

concentration since the obtained energy is the lowest one. Therefore, it can be seen that the 187 

incorporation of low content of pristine CNT has a beneficial effect on condensing the 188 

metakaolin geopolymer nanocomposite and enhancing the corresponding mechanical 189 

properties. 190 

 191 

4.2. Effect of functionalized CNT 192 

Our results as well as experimental studies14, 20 show a strength loss when CNT concentration 193 

surpasses an optimum amount. This behavior is due to the agglomeration of CNT leading a 194 

difficulty in uniformly dispersing CNT in geopolymer matrix. Luz et al.20 reported that no 195 

threshold was observed for functionalized CNT compared to pristine CNT. In this section our 196 

aim is to study the variation of structural and elastic properties with covalent functionalized 197 

CNT concentrations. As presented in Fig.2b, CNT-oxide molecules are used within hydroxyl 198 

groups attached to randomly carbon atoms. The CNT-oxide doping concentrations are equal 199 

to 2.5%, 5%, 7.5% and 10%. This functional group improves CNT dispersion and provides a 200 

larger number of active sites for connection with geopolymer matrix. First, we address in Fig. 201 

7 the variation of Elastic modulus of carbon nanotubes with OH concentrations. Compared 202 

with pristine CNT, CNT-oxide has lower elastic modulus since covalent bonds created 203 
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through C-OH interaction lead to defects creation converting their surface SP2 hybridation to 204 

SP3 49-51. At OH concentration of 10%, CNT-oxide loose about 25% in the elastic modulus. 205 

Zhang et al. 23 reported also that the graphene oxide and Si-graphene (doping concentration of 206 

10%,) show losses in the elastic modulus of about 9.9 and 43.3%, respectively. However, as 207 

the elastic properties of Si-graphene and in our case CNT-oxide are much higher than that of 208 

geopolymer structure, they found that such nanofillers possess a great potential to reinforce 209 

geopolymer composite. 210 

In the following, calculations have been carried out in a supercell with a size of 3.5 x 3.5 x 5.5 211 

nm containing one (6,6) CNT-oxide representing 6 wt% of CNT content in the nanostructure 212 

(Fig.8). We have chosen this value in order to compare our results with those of Zhang et al.23 213 

using graphene oxide and Si-doped graphene with a concentration of about 6 wt%. Fig. 9 214 

represents the variation of the mean and the transversal elastic modulus data with OH 215 

concentrations, compared to the reactive molecular dynamics calculations of Zhang et al.23. It 216 

is observed that the mean young modulus increases with increasing C-OH concentration. The 217 

obtained value at 10% C-OH is 2.65 times higher than the one obtained in the case of pristine 218 

CNT due to the chemically bonded interface.  The main enhancement comes from the 219 

transversal elastic response of the nanostructure, as appeared in Fig.9. Moreover, one may 220 

observe that incorporating CNT-oxide (with 10% C-OH concentration) into geopolymer 221 

structure leads to a higher enhancement of the elastic modulus (165%) comparing to 65% in 222 

the case of 10% Si-doping graphene 23. Moreover, it is found that the addition of 10% Si-223 

graphene23, Young’s modulus is enhanced by 64.2%. Fig. 10 illustrates the increase of the 224 

bulk density of CNT-oxide/geopolymer with C-OH concentration. That means that the 225 

nanostructure becomes denser for higher OH concentrations since the obtained raise is of 226 

22.5% at 10% C-OH concentration.   227 

 228 

4.3. Diffusion of CNT in geopolymer nanocomposites 229 

With the aim of understanding the mobility of CNT in geopolymer matrix, we study in this 230 

section the effect of covalent functionalization of CNT (10% C-OH) on the dynamical 231 

properties of the nanostructure. Mean square displacement (MSD) and self-diffusion 232 

coefficient (D) are analyzed for CNT atoms and Na+ cations for comparison, as presented in 233 

the following equations: 234 

 235 

������ =  〈|����� − ���0�|�〉         (2) 236 

 237 
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1
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�
 238 

 239 

where ri (t) is the position of atom i at time t. As shown in Fig.11, MSD of CNT atoms and 240 

Na+ cations are higher in the case of functionalized CNT incorporation. The obtained 241 

diffusion coefficients from the calculated slope according to equation (2) are reported in 242 

Table 2, in comparison with previous theoretical calculations26. The diffusion coefficient of 243 

CNT-oxide is found to be three times higher than the one of pristine CNT. This diffusive 244 

behavior of CNT-oxide is seen clearly in Fig.11a where a higher slope is observed. Besides, 245 

our results show that the mobility of Na+ cations is equal to 0.376 x 10-11m2/s in the case of 246 

the addition of pristine CNT to geopolymer matrix, in agreement with the calculated value of 247 

0.345 10-1 m2/s26. The functionalization of CNT leads to a rise of the diffusion of Na+ cations 248 

by a factor of 3 since the obtained value is equal to 1.113 x 10-11 m2/s. 249 

 250 

5. Conclusion 251 

The present work addresses the subject of the improvement of the mechanical properties of 252 

metakaolin geopolymer structure through the incorporation of CNT nanofillers with a dosage 253 

varying from 0 to 8.31 wt%. By means of reactive molecular dynamics simulation, our results 254 

demonstrates the presence of an optimum amount of pristine CNT (1.08 wt%) that enhance 255 

the elastic and the indentation modulus up to 74% and 94%, respectively. Tensile tests show 256 

that 10% doped CNT-oxide leads to a raise of the elastic modulus by 165% and makes the 257 

structure denser. Finally, it is observed that functionalized CNT improves the mobility of 258 

CNT in the matrix and makes the structure of geopolymer denser. 259 

 260 
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 407 

Tables 408 

Table 1: Chemical composition of metakaolin geopolymer. 409 

 410 

Si/Al ratio SiO2 (wt%) Al2O3 (wt%) Na2O (wt%) H2O (wt%) Density 

(g/cm3) 

3 48.60 27.40 16.30 7.70 2.00 

 411 

 412 

 413 

Table 2: Diffusion coefficients of pristine CNT, CNT-oxide and Na+ cations in  414 

CNT/geopolymer matrix. 415 

 416 

Component Diffusion coefficient 

10-11 (m2/s) 

Other calculations  

10-11 (m2/s) 

Pristine CNT 0.051  

CNT-oxide 0.166  

Na+ 0.376 (pristine CNT) 

1.113 (CNT-oxide)      

0.345 26 

  417 

 418 

 419 

 420 

 421 

 422 

 423 

 424 

 425 

 426 

 427 

 428 

 429 

 430 
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 431 

Figure captions 432 

Figure 1: CNT/geopolymer model. The cyan, blue, green, red, yellow, white and orange 433 

spheres represent Si, Al, Na, O, H and C atoms, respectively. 434 

Figure 2: (a) Atomic structure of Pristine (6,6) carbon nanotube, and (b) 10% doped CNT-435 

oxide. 436 

Figure 3: Variation of elastic modulus of CNT/geopolymer nanostructure with pristine CNT 437 

concentration. 438 

Figure 4: Indentation modulus of CNT/geopolymer versus pristine CNT dosage. 439 

Figure 5: Bulk density of the nanostructure as a function with CNT concentration. 440 

Figure 6: Interfacial energy variation with CNT content. 441 

Figure 7: Young modulus of CNT and CNT-oxide with various doping concentrations. 442 

Figure 8: Unit cell of 10% doped CNT-oxide/geopolymer: (a) side view structure; (b) cross 443 

section structure showing the multiple links between CNT and geopolymer matrix; (c) zoom 444 

in perspective view of the nanostructure, where the C atoms connect with O atoms in the 445 

geopolymer structure (yellow Si, blue Al, green Na, red O, white H, grey-blue C).  446 

Figure 9: Elastic modulus of functionalized CNT/geopolymer as function of doping CNT-447 

oxide concentrations. 448 

Figure 10: Effect of doping CNT-oxide dosage variation on the bulk density of functionalized 449 

CNT/geopolymer. 450 

Figure 11: Mean Square Displacement of (a) pristine and functionalized CNT component and 451 

(b) Na+ cation versus time simulation. 452 

 453 
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