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Abstract
Cellulose, hemi-cellulose, lignin are major chemical components in wood paper. Various types of wet and
dry strength additives are used to enhance optical and mechanical properties of recycled paper. One of
possible materials is carbon nanotube. In order to explore probability of use of carbon nanotubes as re-
enforcing materials and to understand how carbon nanotubes affect mechanical properties of paper, a
single walled carbon nanotube is inserted into a Iβ crystalline cellulose solid, its mechanical properties
are studied by using energy minimization and molecular dynamics (MD) simulations. Based on the
method, the crystals are stretched in axial direction at a constant speed and stress and strain are
computed and recorded at atomic level. Our results show that carbon nanotube can signi�cantly enhance
mechanical properties of paper.

1. Introduction
In the paper industry, millions of tons of paper are recycled and reused in a recycling process to save
energy and natural wood resource. One of problems that the paper industry faces today is that
mechanical strength of recycled �bers is greatly weakened by contaminants and by previously intensive
drying process [1, 2].

To improve the mechanical strength of recycled cellulose �bers, various types of drying or wet strength
additives, at nano size scale, are mixed with cellulose �bers in paper making process. These strength
additives include polyacrylamide, polyvinyl, polyamide, polyamide-epichlorohydrin, as well as different
types of �llers. One of possible �llers or re-enforce materials is carbon nanotubes (CNT), which possess
extremely high mechanical strength. It is possible that a small amount of CNT could be mixed with
celluloses to achieve novel properties by combining properties from the two different constituents. In fact,
it was found that the mechanical, chemical, electrical, optical, magnetic and electro- and magneto-optical
properties of the CNTs have extensive applications in many different areas. For example, theoretical and
experimental results reveal that the Youngs' modulus of CNTs could be as high as 1–5 TPa [3] and the
tensile strength could be as high as 200 GPa [4]. Moreover, their aspect ratio is very large and diameter
scale may be comparable with various cellulose chains. Thus, CNTs naturally suggest themselves for use
as one component of composites to enhance the mechanical properties. Indeed, people experimentally
studied the mechanical properties of polyimide/single-wall CNT composites [5]. They found that the
storage modulus increased by 65% upon addition of 1% carbon NTs by volume [6]. Some authors
simulated the stress-strain behavior of polyimide CNT composites by using molecular dynamics (MD)
simulations and found that long carbon CNTs could signi�cantly reinforce mechanical properties [7]. It
suggests that celluloses mixed with carbon nanotubes may result in high mechanical properties.

In this work, atomistic modelling is used to investigate the stress-strain behavior of crystalline cellulose
and its composites with single-walled CNT. We will focus on numerical simulations of the performance of
composites of CNT re-enforced celluloses and on the evaluation of its improvement with respect to
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mechanical properties. A series of MD simulations is conducted to study how CNT in�uence the
mechanical properties of CNT-cellulose composites.

Our results show that CNT can signi�cantly enhance the mechanical properties of cellulosic materials,
which is potentially important for recycled paper.

Next section will brie�y introduce molecular dynamics methods and construction of composite of CNT re-
enforced celluloses. Section 3 presents simulation results of density, energies, and Youngs’ modulus.
Section 4 makes a conclusion.

2. Method

2.1 Crystalline cellulose
Celluloses can be presented in different crystalline phases as Iα, Iβ, II and IIII. Native plant celluloses
are mixture ofIα.and Iβ. Their ratio of Iα to Iβ depends on original �ber sources. In wood �bers, Iβ is a
major component and adapted in this simulation work.

First, Iβ crystalline celluloses are built by using Cellulose Builder developed by Gomes and Skaf [8]. One β
1–4 linked D-glucose unit is shown in Fig. 1.

The simulated cellulose crystal has thirty-two chains, each chain with �ve repeated β 1–4 linked D-
glucose units as shown in Fig. 2. The total atom number in this crystal is 7620, which are located in a
parallelepiped box with a triclinic symmetry. The basis three vectors of the simulation box are a=(x, y, z)=
(31.136, 0, 0), b=( -3.7135, 32.593, 0), and c=(0, 0, 51.90), respectively, where length unit is in Angstrom.
The cellulose chains are along axial c- or z-direction. During simulations, periodical boundary conditions
are imposed in all the three directions.

2.2 Composite of CNT re-enforced cellulose
In order to build a CNT-cellulose composite, one of cellulose chains is removed from the crystalline
cellulose solid as shown in Fig. 3 (a) and replaced by a single walled carbon nanotube with (n1, n2) =
(3,3) structure as shown in Fig. 3 (b). The single walled carbon nanotube, as shown in Fig. 3. (c), has a
diameter of 4.07 Angstrom, which is smaller than the size of space of the removed cellulose chain. The
distance between its neighboring cellulose chains is 7.78 Angstrom. The single walled carbon nanotube
is built by mapping the atoms of a 2D graphite to the surface of a cylinder. (n1, n2) denotes a particular
scheme to build the nanotube from the 2D Bravais lattice of the graphite. The diameter of the carbon
nanotube depends on the integer numbers of n1 and n2. More details can be found in White et. al. work
[9]. Following their work, a carbon nanotube builder software was developed at Western Michigan
University [7].
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2.3 MD simulations
A open software of molecular dynamics simulation package called Lammps [10] is employed to simulate
various physical properties, such as potential energy, total energy, density, hydrogen bond energy etc..

In simulations, the popular Charmm force �elds [11] are adopted for cellulose. In Charmm force �elds,
total energy Etin the cellulose system can be presented by

The �rst term in the right side of the equation represents the bonding energy, the second term is the
energy contribution due to vibration of bonded two atoms (only Charmm force �eld has this term), the
third term is the angular energy between two bonds, the fourth term stands for the dihedral energy, the
�fth term is improper energy, the sixth term is Van der Waal nonbond potential energy, the last term is
electric interaction energy. kb, kUB, ka, kd, ki are the spring coe�cients of corresponding terms; ϵijis the
depth of energy well of Lennard-Jones (LJ) potential; Rmin, ijis its minimum energy position; qi is the
charge of atom i; ϵ0 is di-electrical constant; r0, s0, θ0, ψ0, and ψ0 are corresponding equilibrium
position or angles. Both the LJ and electric Coulombic forces are cut off at 12 Angstrom. From the
gradient of total energy, the forces acting on each atom can be calculated. Then, based on the forces, a
leap-frog algorithm is utilized to update velocities and positions of all atoms.

Carbon nanotubes have stable structure due to sp2hydride bonds, resulting in large mechanical strength.
It is evident that the Tripos 5.2 force �elds [12] are suitable for description of sp2bonds of carbon
nanotube. This was veri�ed by our previous work [7]. The Tripos 5.2 force �elds are employed again for
presenting carbon nanotube motion in this work.

Hydrogen bonds (H-bond) are critically important for stability of cellulose structure. The Dreiding model
[13–14] is selected to track the hydrogen bonds. The distance between donor and acceptor is cut off at
4.5 Angstroms and the angle is cut off at 120 degrees in this three-body H-bond model.
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In MD simulation, �rst, an energy minimization is imposed on all atoms, then they run in a NVT ensemble
for 40000 time steps at a temperature of 298 K0. Next, the system runs at a constant pressure of 1atm
and at the same temperature for additional 260000 time steps, allowing the system to reach an
equilibrium state. During the constant pressure run, 1atm pressure is kept in the x-, y-, and z- directions
and a zero pressure is kept in the xy-, yz-, and xz-directions. The volume or density and different type of
energies can be measured in the NPT time integration via Nose/Hoover algorithm [15–16]. One step time
interval is 0.5 femtoseconds.

2.3 Stress and strain
Finally, the crystalline celluloses are stretched along the axial c- or z-direction of the crystal at the room
temperature while 1 atm pressure is kept in the x- and y-directions. During stretching, one time step is in

0.25 femtosecond and stretching rate is at 
0.000001

femtosecond . Total time steps for stretching are 400000. The

results of stress and strain are computed and recorded. Youngs modulus are evaluated from the slope of
initial linear portion of the stress-strain curve. The same applies to the composite of CNT re-enforced
cellulose.

3. Results

3.1 Density
In the NPT simulations, total number of atoms, temperature, and pressure are kept constants, volume is
varied and computed, and density of the cellulose crystal is predicted. The results of density as a function
of time step are plotted along with temperature in Fig. 4. It shows that after 200000 timesteps, the values
of density and temperature are stable with small �uctuations, indicating that an equilibrium is arrived.

The predicted average density of the cellulose nanocrystal is about 1.63 
g

cm3  in present work.

Experimental results of density of Iβ cellulose nanocrystal is 1.676 
g

cm3  reported by Nishiyama et. al. [17]

and 1.625 
g

cm3  reported by Krassig [18]. Fernando et. al.[19] used a quantum mechanical density function

to theoretically predict the density of 1.61 
g

cm3 . It is clearly demonstrated that our simulation results are in

an excellent agreement with others’ experimental and numerical results. Figure 4 also shows that the
average temperature is well controlled around 298 (K) as expected.

In addition, the results of density and temperature as a function of time step are reported in Fig. 5 for

composite of CNT re-enforced cellulose. It is shown that the density of the composite is about 1.66 
g

cm3 ,

slightly larger than that of pour cellulose. This reasonable result comes from more compacted structure
of CNT, resulting in a denser structure of the composite, which can provide a larger mechanical strength.

3.2 Energies and Hydrogen bonds.
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The simulation results of hydrogen-bond (H-bond), potential, and total energy as a function of time step
are plotted in Fig. 6 for the Iβ cellulose crystal.

All energies are stable in �nal stage of the run. The total hydrogen bond energy is about − 3100 Kcal/mol
and the total potential energy is about − 16750 Kcal/mol. The ratio of the H-bond energy to the total
potential energy is about 18.5%. No doubt, H-bonds cannot be ignored. From an energy point of view, H-
bonds provide a lower energy to stabilize molecular structures, allow cellulose chains binding together,
and devote large mechanical strength to the cellulose crystal.

In order to probe functions of H-bonds, simulations are carried out at the same conditions except that the
H-bonds are removed. The simulation results of potential and total energies are compared between two
cases with and without H-bonds in Fig. 7. It is shown that potential energy is lower in the case with H-
bonds than in the case without H-bonds, so does the total energy.

So far, it is numerically veri�ed that H-bonds can lower energy, allowing cellulose structure more stable. It
is not surprised that the total energy is higher than the potential energy since kinetic energy contributes a
positive energy as temperature.

The results of H-bond, potential and total energy against time steps are graphed in Fig. 8 for the
composite of CNT re-enforced cellulose. It is noted that total H-bond binding energy of 2970 Kcal/mol in
the composite is smaller than that of 3100 Kcal/mol in the pure cellulose crystal in comparison of
reading between Figs. 8 and 6. This is caused by a lack of H-bonds between cellulose chains and CNT
due to its hydrophobic surface. However, strong mechanical strength of CNT itself can offset the
de�cient. In next section, we turn our attention to mechanical properties.

3.3 Youngs’ modulus
The purpose of present work is to use CNT to reinforce the mechanical properties of cellulose. Since the
CNT is lied along the axial- or z-direction of cellulose, the stress σzzand Youngs’ modulus in the re-
enforced z-direction are our focus.

During stretching of crystalline in z- or axial direction, the stress in this direction is calculated and
averaged over all atoms at each time step. The results of stress, averaged over every 100 steps, against
strain are depicted and compared between the normal cellulose crystal and the cellulose crystal without
H-bonds in Fig. 9.

The slopes of stress-strain curves at its initial portion represent the Youngs’ modulus. Our simulation
result of Youngs’ modulus in axial direction is 150 GPa for Iβ cellulose crystal. In literature, experimental
values of Young’s modulus have been determined by using different experimental techniques. For
instance, x-ray diffraction measurements [20–24] of the axial elastic modulus measured along the
longitudinal axis range from 90 to 150 GPa. An axial elastic modulus of 220 ± 50 GPa was also reported
by Diddens et al [25]. Our result well agrees with the experimental values, evidencing that our method and
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results are reliable. Figure 9 also compares the stress-stain curve of cellulose crystal with that of the
cellulose without H-bonds. The slope of the curve is much larger for the cellulose than for the cellulose
with H-bonds removed. The Youngs’ modulus for later is 103 GPa, which is 31% lower than the normal
cellulose. It is obviously illustrated that H-bonds play a critical role in contribution of mechanical strength.

Finally, the result of stress-strain curve is presented for the composite of CNT re-enforced cellulose and
compared with that of cellulose crystal in Fig. 10.

The slopes of initial stress-strain curves are larger for composite of CNT re-enforced cellulose than for the
pure cellulosic solid. The Youngs modulus increases from E = 150 GPa for the pure cellulose crystals to E 
= 195GPa for the composite of CNT re-enforced cellulose. This is a 30% increase by replacing a cellulose
chain with a CNT although the mass weight fraction is only 2.8% increase in the CNT re-enforced
celluloses, demonstrating that carbon nanotube can signi�cantly re-enforce mechanical strength.

4. Conclusion
In this work, molecular dynamics simulation package Lammps is employed to simulate mechanical
properties of Iβ crystalline cellulose in NPT ensembles, where Charmm force �elds are adopted. The
predicted density and Youngs’ modulus of crystalline celluloses from the simulations are in an excellent
agreement with experimental results. Next, the H-bonds are intentionally removed from the same cellulose
crystal, unfortunately, its Youngs’ modulus reduces 31%, evidencing importance of H-bonds.
Subsequently, one cellulose chain is replaced by a single walled carbon nanotube in the crystalline
celluloses, the Youngs modulus increases 30%. It is demonstrated that CNT can dramatically enhance
mechanical properties of the cellulosic system.

It is recommended that carbon nanotube should be modi�ed to be hydrophilic for more H-bonds between
cellulose chains and CNT surface.
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one β 1-4 linked D-glucose unit is shown in a chaired structure. The left and right pictures represent the
view in different directions. Carbon atoms are green-colored, oxygen atoms are red-colored, and hydrogen
atoms are white-colored.

Figure 2

The simulated crystalline celluloses have thirty-two cellulose chains, each with �ve-repeated β 1-4 linked
D-glucose unit. They are viewed in different directions.

Figure 3

a) crystalline celluloses with one chain removed (left); b) a single walled carbon nanotube is inserted into
the crystal (center); c) a (3,3) carbon nanotube (right).
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Figure 4

The simulation results of density and temperature as a function of time step are plotted for Iβ cellulose.



Page 12/17

Figure 5

The simulation results of density and temperature as a function of time step are plotted for composite of
CNT re-enforced cellulose.
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Figure 6

The results of hydrogen bond, potential, and total energies as a function of time step are plotted for
Iβ cellulose.
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Figure 7

The simulation results of potential and total energy are compared between two cases with and without H-
bonds.
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Figure 8

The results of hydrogen bond, potential, and total energies as a function of time step are plotted for
composite of CNT re-enforced cellulose.
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Figure 9

The stresses against strain are compared between the celluloses with and without H-bonds
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Figure 10

The simulation results of stress as a function of strain are plotted for pure cellulose crystal and
composite of CNT re-enforced cellulose.


