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Abstract. The products of mechanical activation of lignocellulose are subject to the process of 

recrystallization of amorphized cellulose sections in some cases, this process reduces the 

efficiency of subsequent chemical and enzymatic treatment of plant raw materials. The process 
of recrystallization was studied on lignin-containing raw material – wheat straw. The crystal 

structure, particle and crystallite size of wheat straw ware studied by X-ray diffraction and 

granulometric analysis. It was found that the degree of crystallinity of cellulose in the 

composition of wheat straw decreases from 70 to 19 % in the process of mechanical activation 

in an AGO-2 planetary ball mill, the destruction of cellulose chains is observed predominantly 

along the [010] direction. The grinding limit was reached after 10 minutes of activation. 

Thermocycling at the boiling point of liquid nitrogen (-196 °C) and at 180 °C of lignocellulose 

revealed that under these conditions the degree of recrystallization of amorphous regions of 

cellulose is negligible, which can be explained by the presence of lignin and a low water 

content in a material with a material moisture content (about 5.0 wt. %). 

1.  Introduction 

Many researchers note the relationship between the degree of crystallinity decrease in the pretreatment 

process [1-5] and an increase in the reactivity of lignocellulosic materials in subsequent 
biotechnological processes. Mechanical activation of lignocellulosic materials is one of the most 

effective type of pretreatment, designed to enable maximum disordering of crystalline regions of 

cellulose [6]. Also, thermomechanical treatment of plant materials has been widely used for 
delignification of lignocellulose, for example, in the production of biofuel [7-8]. However, in some 

cases, pretreatment can lead to the opposite effect – the recrystallization of cellulose. Amorphized 

cellulose-containing materials partially undergo ordering of amorphous regions of cellulose [9]. The 
degree of recrystallization depends on the initial degree of crystallinity of cellulose, the more 

disordered samples are more susceptible to the action of solvents (for example, water), leading to the 

recrystallization of amorphous regions [10]. Thus, wetting in water of amorphized microcrystalline 

cellulose results in a strong reordering of disordered areas of cellulose [11]. 
However, when comparing the process of recrystallization of pure cellulose and lignin-containing 

materials, it was found that the presence of lignin tends to restrict the recrystallization cellulose I into 

cellulose II [12]. In some works, there is no correlation between the degree of crystallinity of cellulose 
being a constituent of the plant raw material and, for example, the degree of enzymatic hydrolysis [13, 

14]. The aim of the present work was to study the process of thermal recrystallization of amorphized 

lignin-containing plant raw material (wheat straw). We studied the process at a humidity of 5%, but to 
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gaining a complete understanding of the recrystallization process it is necessary to perform a screening 

of more water concentrations (for instance 2.0 %, 10.0 %, and 15.0 wt. %) and show that 

recrystallization increases with increasing water content above 5.0 wt. % loadings. 

2.  Experimental 
We used straw wheat Triticum durum L as a lignin-containing material (it was collected in September, 

2017 in the Iskitim District of the Novosibirsk Region). 

The initial straw wheat was ground in a knife mill to a particle size of less than 500 μm. The 
mechanical activation of wheat straw was carried out in an AGO-2 laboratory planetary ball mill 

(Figure 1) with a rotor speed of 630 rpm (the acceleration of the grinding bodies was 200 m/s
2
) and a 

thermostating system. The grinding body mass (steel balls with a diameter of 5 mm) was 200 g, the 

activated material mass was 10 g; the activation time ranged from 2 min to 20 min. Grinding bodies 
and wheat straw were loaded into the reactor drums. 

a)  b)  c)  

Figure 1. Photo of the planetary ball mill AGO-2 (a); scheme: top view (b), side view (c) [15].  
 

Granulometric analysis of powders was performed on an Analysette-3 Pro vibratory sieve shaker 

equipped with a set of sieves of 20–2000 μm (FRITSCH, Germany), and using a laser particle size 
analyzer Microsizer 201 equipped with an ultrasonic disperser (Russia). 

After mechanical activation for 20 minutes on the planetary ball mill AGO-2, the samples were 

subjected to 10 cycles of thermal cycling at boiling point of liquid nitrogen (-196 °C) in an exsiccator 
and at 180 °C in a laboratory oven with a relaxation time of 60 minutes to room temperature (Figure 2). 

The samples were held at a thermal cycling temperature for 10 minutes.  

 

Figure 2. Scheme of thermocycling of lignocellulose. 
 
X-ray phase analysis was carried out on a D8 Advance powder diffractometer (Bruker, Germany) 

with CuKα radiation in the Bragg-Brentano geometry for reflection. The cellulose crystallite sizes 

were determined by the Scherrer method using the software package Topas 4.2 (Bruker, Germany). 
The instrumental contribution was calculated by the fundamental parameter method [16]. The degree 

of crystallinity of cellulose was determined by the empirical equation proposed by Segal et al [17]. 

3.  Results and discussion 

Wheat straw is widely used for the production of second generation biofuels and components of feed 
additives as a source of cellulose [18]. The used wheat straw is characterized by a high content of 
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cellulose (50 wt. %), hemicellulose (23 wt. %) with a sufficiently high content of polyphenols (22 wt. % 

of lignin) [19]. The moisture content of the samples in the experiments was 5.0 wt. %. 

The average particle size of the initial lignocellulosic material, previously ground in a knife mill, 

was 240 μm. The distribution of the particle size of the activation product over 5 minutes of treatment 
in ball mill is shown in Figure 3. Mechanical activation under these conditions ensures achievement of 

the grinding limit (Figure 3 (a)). The D50 increased from 240 μm to 14.4 μm (Figure 3 (b)). 

a)  

b)  

Figure 3. The average particle size of wheat straw after mechanical activation (a), the particle size 
distribution (b). 

 
The reduction in particle size is one of the indicators of the disordering of the structure of 

lignocellulosic materials, which is responsible for increasing the available surface area of cellulose for 

subsequent conversion to low molecular weight sugars. 
The crystallite sizes in comparison with the degree of crystallinity calculated by the Segal method 

for cellulose being a constituent of the plant raw material activated in the AGO-2 laboratory planetary 

ball mill presented in Table 1. Earlier in our work, a comparison between methods for determining the 

degree of crystallinity of cellulose in powder X-ray diffraction patterns was made, and the Segal 
method was shown to be highly applicable [19]. After 10 minutes mechanical activation, a diffuse 

amorphous halo is observed in the diffraction patterns of the samples, indicating a decrease of 

cellulose crystallite sizes (Figure 4). 
Mechanical activation in the planetary ball mill AGO-2 provides significant disordering of 

cellulose crystallites. Already after 10 minutes of treatment (Table 1), the degree of crystallinity and 

cellulose crystallite sizes change slightly. The degree of amorphization directly depends on the 
mechanical action time on the material. 
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Table 1. Parameters of the crystalline structure of cellulose in the composition of plant raw materials 

depending on of the time of mechanical activation. 

Activation time 

(min) 

Degree of 

crystallinity (%) 

Crystallite size in the crystallographic directions (nm)  

[100] [010] [110] 

Wheat straw initial 70±1 1.1±0.1 2.1±0.2 2.9±0.1 

2 66±3 0.9±0.1 1.9±0.1 2.9±0.1 

5 57±5 0.8±0.1 1.5±0.2 2.6±0.1 

10 24±5 0.8±0.1 0.6±0.1 2.0±0.1 

15 27±5 - - - 

20 19±3 - - - 

 
Cellulose is an oriented polymer (orientation of the chain along the c axis) [20], which provides an 

anisotropy of the structure and, as a result, anisotropy of XRD scattering. The cellulose chains of the 

samples are destroyed under mechanical activation mainly along the [010] direction corresponding to 
the b axis (Table 1). The deep mechanical pretreatment of plant raw materials can lead to an increase 

in the hygroscopicity of the activation products and the reordering of amorphous regions of cellulose. 

 

Figure 4. XRD patterns of the initial, after mechanical activation in the AGO-2 planetary ball 
mill for 20 min and after thermal cycling wheat straw. 

The moisture content of plant raw materials affects many technological processes, including the 

recrystallization of cellulose. Experiments on thermocycling of lignocellulose were carried out 

according to the data obtained earlier on year-round storage of plant raw materials and products of 
mechanical activation [21]. It is shown that the use of rooms with reduced humidity provides a 

moisture content of the material in the range of 4-8%, under these conditions, the physico-chemical 

characteristics of the lignocellulosic material remain.  
The data presented in Table 2 shows a slight change in the degree of recrystallization of 

amorphized wheat straw in the absence of mechanical action at a moisture content of 5.0%. In the 

literature [12], there are data on the recrystallization of cellulose I into cellulose II after milling 

lignocellulosic material. 
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Table 2. The degree of crystallinity of cellulose before and after thermal cycling. 

Pretreatment temperature (°С) Degree of crystallinity (%) 

Lignocellulose initial 70±1 

Amorphized lignocellulose (20 min) 19±3 

After thermocycling (10 cycles) 20±2 

 

Such a low recrystallization effect can be explained by the fact that supramolecular organization of 
cell wall polymers of lignocellulose and a low water content (5 wt.%) make it difficult to recrystallize 

cellulose I into cellulose II. The data mentioned in the literature [9] on the recrystallization of 

mechanically activated cellulose refers to samples with a high-water content. Thus, in order to exclude 
the effect of recrystallization during the mechanical treatment of lignocellulose and the associated 

decrease in reactivity with subsequent chemical and biotechnological processes, the moisture content 

of the raw materials should be less than 5.0 wt. %. 

4.  Conclusions 
Mechanical activation of wheat straw in the planetary ball mill AGO-2 provides a reduction of the 

degree of crystallinity from 70 to 19 % and the achievement of the grinding limit to 14.4 μm. A 

significant decrease in the crystallite sizes from 2.1 to 0.6 nm along the [010] direction is observed. 
When considering the process of thermocycling of lignocellulosic raw materials, it has been 

established that the degree of recrystallization of amorphous regions of cellulose with a material 

moisture content (5.0 wt.%) is negligible. Therefore, when using mechanical treatment to increase the 
reactivity of lignocellulose, the moisture content of the processed materials should not exceed 5.0 

wt.%. 
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