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Two hybrid models of cellulose and heat transfer media were designed to 
simulate changes of cellulose and gas during the heat treatment of wood. 
The chosen heat transfer media were air and nitrogen, and the range of 
selected simulation temperature was from 450 to 510 K. The diffusion 
coefficients of air and nitrogen both increased as the temperature 
increased, and the diffusion coefficient and amplification of air were larger 
than that of nitrogen. In addition, the calculation of free volume (fraction) 
confirmed this conclusion. The mechanical parameters of cellulose were 
analyzed in terms of the Young's modulus, Poisson's ratio, and the ratio of 
bulk modulus to shear modulus (K/G), which were affected by the 
temperature and heat transfer medium. Compared with the nitrogen 
model, the cellulose in the air model decreased in the Young's modulus 
and K/G as the temperature increased, while the Poisson's ratio 
increased. Young's modulus and K/G were larger when the heat transfer 
medium was nitrogen, and the Poisson's ratio was superior to nitrogen in 
the air environment. The rate of change of mechanical parameters of 
cellulose in the air system was greater than that of nitrogen, which was 
related to the larger diffusion coefficient of air. 
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INTRODUCTION 
 

Wood heat treatment uses air, inert gas, or steam as a heat transfer agent for a short-

term pyrolysis treatment at high temperatures between 160 to 250 °C. This process plays 

an important role in improving wood utilization and quality. Furthermore, it improves the 

dimensional stability and durability of the wood in wet conditions (Cao et al. 2012; Rowell 

2016). The heat treatment process reduces the water absorption capacity by modifying the 

internal structure and partial components of the wood (Raimo et al. 1996; Gailliot 1998; 

Sun and Li 2010). Heat-treated wood is better in terms of dimensional stability, shrinkage, 

and surface quality compared with untreated wood (Kim 2016). In addition, the mechanical 

properties of cellulose are affected by different heat transfer medium; the properties have 

been found to decrease less in vacuum (Sibel et al. 2006; Shukla and Sharma 2014). The 

selection of different heat transfer media during heat treatments has a major influence on 

the variation of properties. A heat treatment using steam improves the dimensional stability 

and anti-shrink efficiency (Cao et al. 2012). The mechanical properties of wood treated 

with inert gas, similar to nitrogen, are lower graded than those treated under a vacuum 

(Candelier et al. 2013).  

Cellulose is the main component of wood and determines its structure and 

properties. It is a polymeric compound formed by the polymerization of D-glucopyranose, 
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which is composed of crystalline and amorphous regions. Because of its regular 

arrangement structure, crystalline regions have good mechanical properties even at high 

temperatures. Small molecules can hardly break the bond between the cellulose chains and 

do not interact well with crystalline regions (Khazraji and Robert 2013). However, the 

structure of the amorphous region of cellulose is irregular and easily affected by 

temperature and small gas molecules, which further affects the mechanical properties of 

cellulose. In this paper, the amorphous region is chosen as the object to study the wood 

variations during heat treatment. 

The molecular simulation method can be used to construct a model of the 

amorphous region and to study the diffusion of small gas molecules at different conditions 

(Miyamoto et al. 2016; Miyamoto et al. 2017; Song et al. 2017). The phenomenon of 

substance transportation in the system can be called diffusion behavior. It is a spontaneous 

movement from a high to low concentration, which determines the performance changes 

of some materials (Najafi and Khademi-Eslam 2011). It is important and difficult to 

measure the diffusion coefficient of small molecules accurately through experiments. 

However, through the molecular dynamics simulation, not only can the accurate diffusion 

coefficient be obtained, but the diffusion behavior of the molecule can be observed from 

the microscopic level as well. Therefore, the molecular dynamic simulation is considered 

suitable for the study of diffusing phenomena. Previous studies have established that the 

behavior of small molecules plays an important role in the performance of the system. The 

two main diffusion mechanisms of gas in the polymer are the dissolution in polymer phase, 

and the diffusion in the pores. Diffusion is affected by the mechanism of action, molecular 

size, volume and other factors (Paunonen 2013). The variation of self-diffusion and inter-

diffusion coefficients of hydrogen, carbon monoxide, and water in n-alkanes at different 

temperatures and pressure has been studied, and the simulation results were in good 

agreement with the numerical results (Makrodimitri et al. 2011). The size of small 

molecules, fractional free volume of the system, and the diffusion mechanism at a 

microscopic level can be better explained by calculating the interaction energy between 

small molecules and the polymer, which is typically determined by these factors (Hou et 

al. 2016). It is a general research method to analyze the diffusion of small molecules at the 

micro level, but there have been few studies on the diffusion behavior of heat transfer media 

during a wood heat treatment. 

At present, wood heat treatment research is mainly focused on the experimental 

level, and the interaction mechanism between the heat transfer medium and wood has not 

been precisely explained. With the development of heat treatment technology, it is essential 

to study the relationship between a heat transfer medium and temperature to improve the 

quality and availability of wood. In this paper, the effects of air and nitrogen on the 

mechanical properties of cellulose during heat treatment using molecular dynamics 

simulation were studied. The change in macroscopic properties was explained from the 

microscopic level, which provided theoretical support for the wood heat treatment process. 

 
 
EXPERIMENTAL 
 

Methods 
Computational details 

 Simulations were performed using Materials Studio 8.0 software (Accelrys, USA) 

to simulate the change of gas molecules and the amorphous polymer. The amorphous 
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region of cellulose was established by constructing the amorphous polymer (Theodorou 

and Suter 1985). A cellulose chain was created with DP = 20 (Mazeau and Heux 2008). 

The amorphous cell (AC) tools module was used to simulate the change of cellulose in 

nitrogen and air environment. The hybrid models of cellulose and heat transfer medium 

involved polymers and covalent organic small molecules, and the polymer consistent force 

field (PCFF) had been shown to be very suitable for the calculation of organic compounds 

and carbohydrate, so PCFF was chosen as the force field. (Sun 1995; Zhang et al. 2014; 

Wang et al. 2017; Sun et al. 2018). The Ewald method was used as the charge summation 

method, and the Van der Waals sum method was based on the atomic method. Both the 

nitrogen model and the air model were established by setting the target density as 1.5 g/cm3 

(Brandrup and Immergut 1999), which was similar to cellulose. In the nitrogen model, 20 

nitrogen molecules and a cellulose chain with DP = 20 were added. In the air model, 16 

nitrogen molecules, 4 oxygen molecules, and a chain of cellulose with DP = 20 were added. 

The size of this box was 19.6 × 19.6 × 19.6 (A3). 

 

 
(a) Cellulose-air model     (b) Cellulose- nitrogen model 
 
Fig. 1. Cellulose amorphous region model 
 

Dynamic simulation 

 Followed by the model construction, the initial geometric structure was optimized, 

as shown in Fig. 1. This was created through calculations in the Forcite module, which is 

a classical molecular mechanics tool to make geometric optimization, dynamics 

calculation, mechanical properties calculation, etc. This module supports universal, 

Dreiding, PCFF, and other force fields. The PCFF was chosen to study the dynamic process 

as well, and the smart algorithm was selected to calculate 5000 steps during the 

optimization. The free motion of molecules in the mixed system reached the equilibrium 

state and minimized its energy. Then, the initial dynamic relaxation of the model was 

carried out at 300 K in the canonical ensemble (NVT). A random velocity was selected for 

the initial velocity, and integrated the equation of movement with 1 fs step which resulted 

in 1 ns of the total simulation length. The output frame was exported every 5000 steps, and 

the temperature control method was Nose (Shuichi 1991). After relaxation, the initial 

internal stress in the system decreased and the system became gradually stable, which could 

be used as the initial structure of the dynamic simulation (Paajanen and Vaari 2017). The 

temperature of the wood heat treatment was taken in 10 K steps ranging from 450 K to 510 

K to observe the effects of the temperature on the mixed system.  
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The simulation was carried out in the isothermal isobaric ensemble (NPT) with a 

time of 1 ns because it is enough to equilibrate both systems. The pressure was controlled 

by the Berendsen method (Berendsen et al. 1984). 

 

 
RESULTS AND DISCUSSION 
 

Equilibrium of System 
 In a molecular dynamics simulation, temperature and energy can be used as the 

basis for the system’s equilibrium (Allen and Tidesley 1989; Sangiovanni et al. 2016.). 

The system tends to be stable when their values are in the range of 5 to 10% fluctuation. 

Through the molecular dynamics simulation of 1 ns at various temperatures, the energy 

fluctuation of the last 200 ps was stable and the fluctuation value was about 9.1%. 

Therefore, the total energy of this mixed system was considered to be in an equilibrium 

state after the 1 ns molecular dynamics simulation (Fig. 2). 

 
 

Fig. 2. Energy - time variation chart 

 

The accuracy of this simulation process can be expressed as an energy convergence 

parameter (δ E), which is defined in Eq. 1, 

𝜹𝑬 =  
𝟏

𝑵
∑ |

𝑬𝒊− 𝑬𝟎

𝑬𝟎

|𝑵
𝒊=𝟏        (1) 

where N is the total step number of the simulation, E0 represents the initial energy of the 

simulation system, and Ei denotes the energy of system after the simulation steps (i). When 

δE ≤ 0.001 ~ 0.003, the simulation results were reliable. Through the calculation, δE in this 

system was 0.0021, which proved that the energy convergence was reliable. 

Figure 3 shows the temperature-time variation of the cellulose-air system at 450 K. 

As shown, the temperature varied slightly with time and was controlled in the range of ±25 

K, which indicated that the system achieved equilibrium during relaxation. The 

temperature-time curves of this system and nitrogen system at other temperatures were 

similar to this and all of the systems were in equilibrium. 
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Fig. 3. Temperature - time variation chart 
 

Coefficient of Diffusion 
The mean square displacement (MSD) refers to the mean square sum of the position 

vector increments of gas molecules after a period of simulation time in the system. The 

MSD can effectively characterize the migration path and behavior of molecules. It plays 

an important role in understanding the diffusion changes of gas molecules, represented by 

Eq. 2,  

   
2

1

MSD 0
n

i i
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r t r
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where < > denotes the average value, 
   

2

0i ir t r
 denotes the centroid displacement of 

the ith particle and the particle at initial time after a certain simulation time, n is the number 

of diffusion particles, r is the position of gas molecular, and t is the elapsed time.  

The molecular diffusion coefficient D is often used to describe the diffusion 

behavior of small molecules of gas. Its expression is shown in Eq. 3,  
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      (3)  

which can be further simplified in Eq. 4,  

𝐷 = 𝑚/6         (4) 

where m is the slope obtained by fitting the MSD curve with the least square method 

Based on the analysis of the two models in which either air or nitrogen is the heat 

transfer medium, the MSD of the two gases at different temperatures were obtained (Fig. 

4). The MSD increased linearly with time in the simulation time of 0 to 800 ps, which 

indicated that the diffusion coefficient of air and nitrogen was constant at the temperature 

of 450 to 510 K. The slope can be obtained by the origin fitting and then calculated by Eq. 

4 to the get diffusion coefficient D at each temperature. We used Origin 8 software to fit 

the obtained data, and then calculated the goodness of fit by it. (as shown in Table 1). The 

curves in the range of 900 to 1000 ps presented different degrees of deviations because 

statistical errors were included in the calculations. 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Wang et al. (2018). “Air/N2 diffusion in cellulose,” BioResources 13(4), 7900-7910.  7905 

 

 
(a) Air      (b) Nitrogren 

Fig. 4.  MSD of gas molecules at different temperatures 

 

Table 1.  Diffusion Coefficients of Two Models at Different Temperatures 

Model Properties 450K 460K 470K 480K 490K 500K 510K 

Air 

Diffusion 
Coefficient  

(A2 / ps) 
0.0331 0.0352 0.0415 0.0701 0.0789 0.1224 0.3426 

Goodness of Fit 0.9798 0.9893 0.9004 0.9941 0.9673 0.9908 0.9981 

Nitrogen 

Diffusion 
Coefficient   

(A2 / ps) 
0.0195 0.0265 0.0330 0.0335 0.0349 0.0436 0.0543 

Goodness of Fit 0.9245 0.9522 0.9248 0.9890 0.9400 0.9262 0.9315 

 

As shown in Table 1, the goodness of fit was above 0.9, which was reliable. 

Therefore, the obtained diffusion coefficient can be further analyzed. In the temperature 

range of 450 to 510 K, the diffusion coefficient of air was greater than that of nitrogen, and 

both kinds of gas diffusion coefficients increased with a rise of temperature, while the 

diffusion coefficient of air had a larger increase than that of nitrogen. This is because the 

molecular dynamics radius of oxygen in the air was smaller than that of nitrogen and the 

required activation energy was lower. The thermal movement of oxygen was more intense 

with an increase of temperature than that of the nitrogen, thus affecting the change of the 

diffusion coefficient. 

 

Free Volume 
According to the free volume theory, lattice volume consists of polymer occupied 

volume and free volume in the form of a “cavity”. The fractional free volume (FFV) reflects 

the distribution of the free volume. The diffusion coefficient of air and nitrogen in the 

simulation system is closely related to the free volume, which provides necessary space for 

the diffusion of molecules. Therefore, analyzing the size and distribution of free volume at 

the microscopic level is beneficial to understand the difference between the air and nitrogen 

diffusion coefficients. In this paper, the hard sphere probe method (Swol and Petsev 2014) 

was used to calculate the free volume and their fractions of both systems with cellulose and 

the heat transfer medium as air and nitrogen (Fig. 5). The Van der Waals force radius (Rp) 

was set to 1.52 nm for oxygen atoms and 1.57 nm for nitrogen atoms, respectively.  
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(a) Celluose-air system    (b) Cellulose-nitrogen system 

 
Fig. 5. Cellulose–air / nitrogen system free volume 
 

The grey part of Figure 5(a) and (b) is the free volume. As shown, the free volume 

of the air system is larger than for nitrogen. As Fig. 5(a) shows, the free volume of 

cellulose-air system was 670.53 Å3 and its FFV was 8.9%. In the cellulose-nitrogen system 

(b), the value is 427.60 Å3 and 5.7%, respectively. It is indicated that the Rp of different 

gases had an effect on the calculation of free volume, and an increase of the gas’s atomic 

radius led to the decrease of free volume (fraction), which made the diffusion space of the 

gas molecules smaller. The phenomenon that the diffusion coefficient of air in cellulose 

system is larger than that of nitrogen is explained reasonably from the microcosmic point 

of view.  

 

Mechanical Property 
Mechanical parameters characterize the mechanical properties of wood. The 

cellulose kinetic trajectories of cellulose at various temperatures were calculated to 

understand the relationship on the macro and micro level. Because the amorphous region 

of the cellulose could be considered as isotropic, its mechanical properties can be 

calculated by C11 and C12 in the elastic coefficient matrix of cellulose, as shown in Eq. 5,  
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2 0 0 0

0 0 0 0 0

0 0 0 0 0
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 


 
 

     
 
 
 
 

    (5) 

where λ = C12, μ = C11-C12, and λ and μ are called Lame constants. 

Lame constants can be used to calculate mechanical properties such as Young's 

modulus (E), shear modulus (G), bulk modulus (K), and Poisson's ratio (γ). The formulas 

are as follows: 

𝐸 =  
𝜇(3𝜆+2𝜇)

𝜇+ 𝜆
         (6) 

𝐺 =  𝜇          (7) 
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𝐾 =  𝜆 +  
2

3𝜇
         (8) 

𝛾 =  
𝜆

2 (𝜆+ 𝜇)
         (9) 

The parameters of mechanical properties of cellulose-air and nitrogen models at 

different temperatures were calculated by MD, and the mechanical properties were 

obtained by the above formulas (Table 2). Poisson's ratio is the transverse modulus of 

elasticity, which characterizes the plasticity of materials. A greater value resulted in a 

stronger plasticity. The Poisson's ratio of air system at each temperature was higher than 

that of nitrogen. It increased when the temperature rose, and the rate of increase in the air 

and nitrogen was 41.4% and 37.8%, respectively. Young's modulus is the longitudinal 

elastic modulus, which represents the rigidity of the material. A higher value resulted in a 

stronger resistance to deformation. The Young's modulus in the air system was smaller 

than that in the nitrogen system. It decreased when the temperature increased in both the 

air and nitrogen environment. The mechanical strength of the macroscopic wood decreased 

gradually by 20.2% and 16.6%, respectively. The ratio of bulk modulus to shear modulus 

(K/G) reflects the toughness of materials. A higher value resulted in better toughness. 

Obtained data in the table shows that the K/G in the nitrogen environment was higher than 

in the air environment. The K/G value revealed a downward trend with increasing 

temperature, and the rate of change was not substantial as 2.1% and 1.1%, respectively. 

 

Table 2. Mechanical Parameter of Two Models at Different Temperatures 

Temperature 
(K) 

Poisson Ratios 
Young’s Modulus 

(GPa) 
K/G 

Air Nitrogen Air Nitrogen Air Nitrogen 

450 0.3076 0.2507 19.8156 20.9467 2.2306 2.2824 

460 0.3403 0.3024 21.0423 21.6596 2.2821 2.3175 

470 0.3342 0.2767 17.8751 18.3133 2.2546 2.3012 

480 0.4769 0.3280 18.2154 19.9756 2.2201 2.2721 

490 0.4406 0.3935 17.0215 18.0819 2.2312 2.2892 

500 0.4955 0.3756 16.8213 19.0911 2.2014 2.2486 

510 0.5353 0.4034 15.8203 17.4743 2.1832 2.2582 

 

The value of Young's modulus and K/G of cellulose was larger in the nitrogen 

environment while Poisson's ratio was larger in the air environment in the range of heat 

treatment temperature. Therefore, if the plasticity of wood is needed, air could be selected 

as the heat transfer medium. The change of mechanical properties of cellulose in the air 

system was larger than that of nitrogen; this was because air molecules have a higher 

diffusion coefficient, which was influential on the change of mechanical properties. In 

general, the mechanical properties of cellulose are well protected in a nitrogen environment 

during heat treatment. 

 
 
CONCLUSIONS 
 

1. Models of cellulose-air and cellulose-nitrogen were stabled through the MD 

simulations to explore the property evolution during wood heat treatments. 

2. The diffusion coefficient of air and nitrogen in cellulose increased with an increase of 
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temperature, and the diffusion coefficient of air was larger than that of nitrogen. This 

was due to the fact that the Van der Waals force radius of oxygen atom in air is larger 

than that of nitrogen atom, and the activation energy required is lower. High 

temperatures can make oxygen atoms more active in diffusion. The free volume and 

fraction of the cellulose system were affected by different Van der Waals force radius 

of oxygen atom and nitrogen atom in air. Because the kinetic radius of oxygen atom 

was smaller than that of nitrogen atom and the diffusion space was large, the air 

diffusion coefficient was larger than that of nitrogen. 

3. The diffusion behavior of the heat transfer medium was shown to be related to the 

mechanical properties of the cellulose, and the performance of temperature and type of 

medium on the properties were observed. With the increase of temperature, the Young's 

modulus and ratio of bulk modulus to shear modulus (K/G) value of cellulose presented 

an overall downward trend and Poisson's ratio showed an entirely rising tendency. The 

range of mechanical properties varied in different heat transfer media, which was 

caused by their different diffusion behavior. When the heat transfer medium was air, 

the rate of change of mechanical properties was larger than that of nitrogen, and the 

large diffusion coefficient of air had a certain influence on it. When the heat transfer 

medium was nitrogen, the mechanical properties of cellulose were better protected.  
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