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Abstract. In this paper, we present the mechanisms of water droplet absorption into the cellulose-based fabric from a 

molecular viewpoint. A 5×5×5-unit-cells of cellulose I model and a water molecule model have been developed to 

represent fabric and water droplet. The climbing-image nudged elastic band method was used to find the minimum energy 

path and the energy barrier of a water molecule when absorbed into three different cellulose surfaces, i.e. [100], [010], 

and [001] surfaces. The [010] has the lowest calculated energy barrier compared to the other surfaces, thus it is the easiest 

surface to be penetrated by water molecules. The other surfaces have larger energy barrier values due to the temporary 

binding of an oxygen atom of the water molecule on cellulose molecules when the water molecule penetrates the surface. 

For all surfaces, there is not any chemical reaction taking place when the water molecule is adsorbed on the surface or 

when it is absorbed in the subsurface. Thus, the absorption processes observed in this study is physical absorption.  

INTRODUCTION 

One of the efforts to suppress the spread of the Covid-19 virus is the use of face masks. If worn properly, wearing 

a face mask helps prevent droplets that may contain the Covid-19 virus from entering the body through the nose or 

mouth. Wearing a face mask also helps reduce the exposure of the wearer's droplets (from saliva or breath) to other 

people in the vicinity. Non-medical face masks widely used by the public are made of several types of fabrics, such 

as cotton, silk, chiffon, flannel, and their combination. However, the knowledge about the ability of these fabrics to 

inhibit droplet dispersal is sparse. Likewise, there is a lack of reference about the detailed mechanism of how 

droplets are absorbed and penetrate the aforementioned fabrics. An understanding of this mechanism is therefore 

important for the production of new fabric types or mask designs based on existing fabric types. In the end, this 

could increase the efficiency of the face mask to suppress droplet penetration. 

Molecular modelling and simulations have been used to study the adsorption and penetration of oil droplets on 

cellular membranes [1], water droplets falling on a superhydrophobic surface [2], surface wetting of the crystal 

structure of cotton cellulose [3], and dynamics of water in microcrystalline cellulose [4].The same approach is 

employed in this research to investigate the process of absorption of water droplets on cotton-based fabric. Cotton 

fabric is made from the natural fibers of the cotton plant. This cotton fiber is cellulose which has the chemical 

formula (C6H10O5)n. There are four types of cellulose, namely cellulose I, II, III, and IV, of which the most 

common is cellulose I [5]. There are two types of cellulose type I, namely cellulose Iα which is found in metastable 

conditions, and cellulose Iβ which is more stable [6]. Therefore, the cellulose Iβ model will be employed to represent 

the cotton fabric in this study. The droplets will be represented by a water molecule (H2O) model.  
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METHODS 

Modeling 

A 5×5×5-unit-cells of cellulose-based fabric model was created using the Crystalline Cellulose - Atomistic 

Toolkit [7]. The model contains 12810 atoms. The unit cell atomic coordinates of the model are from cellulose I 

which were determined by synchrotron X-ray and neutron diffraction studies [8]. Figure 1 shows, e.g., the [100] 

surface of this cellulose model as visualized using Jmol [9].  

The ReaxFF force field was based on the parameter set developed for glycine conformers and glycine-water 

complexes [10]. The force field has been shown to be able to predict the lattice constants, elastic constants, and 

thermal expansion coefficients of cellulose I with reasonable accuracy [11]. The force field has also been utilized to 

predict the water diffusion coefficient in micro-crystalline cellulose in close agreement with the experimental values 

[4]. 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 1. The [100] surface of the cellulose model. Red = 
oxygen atoms, Grey = carbon atoms, White = hydrogen atoms 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 2. Minimum energy path of a water molecule 
absorption on the [100] surface of the cellulose model.  The 
water molecule is shown inside the dotted circle. 

Simulation 

The Polak-Ribiere version of the conjugate gradient algorithm [12] was used to minimize the energy of the initial 

structure with a periodic boundary condition, using a force stopping criteria of 10- 9. Three models were created 

further for [100], [010], and [001] surfaces respectively, by doubling the original simulation box in the respective. 

The same conjugate gradient algorithm was used to minimize the models with free surfaces. The climbing-image 

nudged elastic band (CI-NEB) method [13] was used to find the minimum energy path and the energy barrier of a 

water molecule when absorbed into the cellulose surface. In the CI-NEB, the fast inertial relaxation engine 

optimization method [14] was used with a force stopping criteria of 1× 10−3. The number of images was 7 and a 

spring constant of 1 was applied in the CI-NEB calculation. The starting configurations were built on the relaxed 

cellulose with free surfaces as described previously. One water molecule model was inserted randomly on the surface 

and below the surface respectively. The energy was then minimized by the same conjugate gradient algorithm. 

Afterwards, system was perturbed further by thermal energy at a temperature of 5 K to find the local minima on the 

surface and below the surface. The resulting configurations were used as the initial and final points of the transition 

path in the CI-NEB calculation. All the calculations and simulations described in this section were performed using 

LAMMPS [15] with periodic boundary conditions. 
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RESULTS AND DISCUSSION 

The minimum energy paths of a water molecule absorption into cellulose surface of [100], [010], and [001] are 

presented in Fig. 2, 3, and 4. The energy barrier for the absorption process is 1.40 eV, 0.49 eV, and 1.44 eV, 

respectively. 

There is not any comparable energy barrier measurement data for the aforementioned surfaces. However, there is 

for energy barrier for water diffusion in microcrystalline cellulose with a water moisture content of 20.5%; it was 

determined to be about 0.32 eV using the nuclear magnetic resonance (NMR) technique [16]. Moreover, for water in 

cellulose gel (synthesized from sodium cellulose xanthate) with a moisture content of 670% (6.70 g water/g dry gel), 

the energy barrier was determined to be 0.24 eV using the NMR technique [17]. In addition to that, the energy barrier 

for water in the cell walls of Sitka spruce (Picea sitchensis) decreases from about 0.47 to 0.27 eV as the moisture 

content increases from 0 to 30%. [18]. 

The calculated energy barrier for the absorption into [010] surface, i.e., 0.49 eV, is close to the available 

experimental data for water diffusion in the dry cell walls of Sitka spruce [18] which is 0.47 eV. This is the lowest 

energy compared to that of other two surfaces. As a consequence, water molecules can penetrate [010] surface much 

easier than [100] and [001] surfaces. 

The locations of the water molecule on the surface of [100], [010], and [001] are presented in Fig. 5, 6, and 7 

respectively. These are the preferred sites of water molecules as they are adsorbed on each surface. This is a 

physisorption or physical adsorption since it does not result in any changes in the chemical bonding structure of 

water and cellulose. There are van der Waals dan hydrogen bonds between the adsorbed water molecule and the 

cellulose molecules on the surface. As can be seen from the distances between the water molecule and its nearest 

hydrogen atoms of the cellulose [19], the hydrogen bonds are strong, moderate, and weak.  

When the water molecule is already absorbed in the subsurface, as presented in Fig. 8, 9, and 10 for the surface of 

[100], [010], and [001] respectively, it does not result in any changes to the chemical bonding structure of water and 

cellulose. There is not any chemical reaction taking place when the water molecule is in the subsurface, thus it is a 

physical absorption. Like those on the surfaces, the hydrogen bonds between the water molecule and cellulose in the 

subsurface are strong, moderate, and weak, as implied from the distances between them [19]. 

The significant discrepancy in the energy barrier between [010] surface and the other two surfaces is due to the 

process when the water molecule penetrates the surface, i.e., at the saddle point of the minimum energy path as 

presented in Fig/ 2, 3, and 4. In the case of [100] and [001] surfaces, one hydrogen of the water molecule is 

temporarily bonded to one oxygen atom of the cellulose at the saddle point. However, at the next reaction co-

ordinate, this bond is broken. In the case of [010] surface, this reaction does not happen.  

FIGURE 3. Minimum energy path of a water molecule 
absorption on the [010] surface of the cellulose model. 
The water molecule is shown inside the dotted circle. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 4. Minimum energy path of a water molecule 
absorption on the [001] surface of the cellulose model. The 
water molecule is shown inside the dotted circle. 
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FIGURE 5. Water molecule on the [100] surface of the 
cellulose (for clarity, only cellulose chains on the surface are 
shown here) with the distances between its oxygen atom and 
the nearest hydrogen atoms of cellulose chains. 

 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 6. Water molecule on the [010] surface of the 
cellulose with the distances between its oxygen atom and the 
nearest hydrogen atoms of cellulose chains.   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE7.  Water molecule on the [001] surface of the 
cellulose with the distances between its oxygen atom and the 

nearest hydrogen atoms of cellulose chains. 

 
 
 
 
 
 
 
 
 
 
 
 
FIGURE8.  Water molecule in the [100] subsurface of the 
cellulose with the distances between its oxygen atom and the 

nearest hydrogen atoms of cellulose chains. 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

FIGURE9. Water molecule in the [010] subsurface of the 
cellulose with the distances between its oxygen atom and the 
nearest hydrogen atoms of cellulose chains. 

 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE10. Water molecule in the [001] subsurface of the 
cellulose with the distances between its oxygen atom and the 
nearest hydrogen atoms of cellulose chains. 
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CONCLUSION 

Water molecules penetrate [100] and [001] surfaces of cellulose much harder than [010] surface. This is due to 

the higher energy barrier of the water absorption into [100] and [001] surfaces compared to [010] surface. There is 

not any chemical reaction taking place when the water molecule is adsorbed on surfaces and absorbed in sub-

surfaces. The significant discrepancy in the energy barrier between surfaces is due to the temporary binding of an 

oxygen atom of the water molecule on cellulose molecule when water molecule penetrates surface in case of [100] 

and [001] surfaces. Such phenomenon is not observed in the case of [010] surface. New fabric can be developed 

using cellulose fibers with substantial [010] and [001] surfaces oriented toward the exterior of the fabric. Face masks 

made using this fabric will have a higher efficiency to prevent droplets’ penetration. 
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