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Abstract. The present work is aimed to study the microstructural changes that 
occurred during the delignification process of agave fibers using microscopy 
techniques and image analysis (AI). Acetosolv kinetic was followed by chemi-
cal analysis and by light (LM), confocal laser scanning (CLSM), and scanning 
electron (SEM) microscopies, evaluating the micrographs by image analysis 
(IA). Kinetic studies showed that delignification process followed three stages: 
initial, bulk and residual; these stages kept a relation with the microstructural 
changes occurring in the fibers. The data obtained integrate numerical informa-
tion that could be valuable for study of pulping of lignocellulosic materials and 
these techniques can be used as useful non-destructive methods for the evalua-
tion of the delignification process. 

Keywords: Agave atrovirens, microstructure fibers, pulping kinetics,  
Acetosolv. 
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1 Introduction 

The Agave is a plant with about 166 species and Mexico is the most important center 
of biodiversity of these species. During the manufacturing processes of Agave  
beverages, the leaves are discarded in order to reach the plant's “core” or “piña” from 
which Agave plant is used to obtain fermentable sugars [1]. From this process, Agave 
residues could be used to obtain fiber for the production of paper, bioethanol and 
other chemicals. Organosolv processes, usually defined as the delignification methods 
where the reaction system is based on the use of organic acids and different catalyz-
ers. These processes have proven to be promising in achieving a comprehensive utili-
zation of lignocellulosic materials with minimal environmental impact. On the other 
hand, microscopy techniques have been useful to know the morphological characteris-
tics of different lignocellulosic materials and Light (LM), confocal laser scanning 
(CSLM), scanning electron (SEM), transmission electron (TEM) and atomic force 
(AFM) microscopies have frequently been used to characterize the morphology, mi-
crostructure, topography, ultrastructure and microdistribution of lignocellulosic com-
ponents in several plant tissues [2-4]. Nevertheless, these studies have been mainly 
focused to describe the morphology of lignocellulosic materials. On the other hand, 
images analysis of microscopy images could be a useful tool to have a quantitative 
analysis of several biological materials, including the lignocellulosic plants [5-7]. 
Such studies have not been performed to describe the microstructural changes that 
occur during the delignification process. Therefore, the aim of this work was to study 
the microstructural changes involved in the Acetosolv process of agave fibers by 
means of microscopy techniques and image analysis looking for a  a better under-
standing of the process and their effect on the quality of the obtained fibres.  

2 Materials and Methods 

2.1 Delignification Kinetic 

The delignification kinetic of Agave fibers were carried out by applying the Aceto-
solv process [8]. The kinetic of lignin release was followed by chemical analysis 
(Klason lignin, pulp yield and selectivity). The experiment was carried out in tripli-
cates. 

2.2 Microscopy Study of Delignification Kinetic 

Light Microscopy (LM) 
In order to evaluate the changes in the thickness of the fibers during the kinetic at 
least 10 fibers from each reaction time were observed with an optical microscope 
(10x, Nikon, Eclipse 50i, Japan). These micrographs were analyzed by images analy-
sis (ImageJ v.1.42q, software National Institutes Health, Bethesda, MD, USA), con-
verting the RGB images to binary by using the threshold tool in a range of 80-255. 
Fiber thickness was determined from 5 measurements from each image using the 
measurement tool of the software. 
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Confocal Laser Scanning Microscopy (CLSM) 
CLSM allows the simultaneous view of lignin and cellulose due to their native  
fluorescence; Two different laser emission sources producing different wavelengths 
were used for both materials (405 nm, lignin; 480 nm cellulose), In order to evaluate 
quantitatively the CLSM micrographs of the fiber delignification process, an image 
analysis methodology was implemented. Thereby, regions of interest (ROI’s) of 
80x80μm were taken from CLSM RGB images of cellulose and lignin. Subsequently, 
the ROI’s were converted to grayscale. From these ROI’s the average value of grey 
level (GL), using the ImageJ software histogram was extracted and also the image 
entropy was evaluated. In the present work the entropy of images was used as a 
measure of heterogeneity of the fluorescence and the GL value as a measure of the 
fluorescence intensity in the images. Additionally, gray scale images were converted 
to binary format by using threshold tool in a range between 20-255 units. From these 
images total fluorescence area was obtained and expressed as area fraction (AF) 
which represents a relative measure of cellulose content or lignin content in the ROI. 
At least 10 images for each reaction time of delignification process were used for 
extraction of imaging parameters. All steps of image analysis were performed in  
ImageJ. 

Environmental Scanning Electron Microscopy (ESEM) 
The fibers were mounted in an aluminum cylindrical sample holders provided with 
double sided carbon tape. Subsequently, they were coated with gold in an ionizer 
(Desk II, Denton Vacuum, Moorestown, NJ, USA) for 500 s at 100 mTorr and 20 
mA. The samples were observed with an environmental scanning electron microscope 
(XL 30, Philips, USA) at 500x and 25 kV. 

2.3 Linear Prediction Models for Delignification and Statistical Analysis 

Imaging parameters values can be useful for proposing a non-destructive method to 
evaluate the delignification process. For this reason chemical and imaging parameters 
values obtained from pulping kinetics were analyzed by Pearson method to obtain 
linear prediction models. The relationships between kinetic study and image analysis 
results were selected based on the better linear prediction models. The criteria for 
selection of the better relationships was based on the highest correlation (R) and de-
termination (R2) coefficients as obtained from Pearson and linear regression analysis 
(least squares approach) respectively. The statistical analysis was carried out using 
XLSTAT v2009.3.02 software (Addinsoft, 232 USA). Descriptive statistics and linear 
regressions were done for all experiments and for the image analysis results the nor-
mal distribution of the data (Shapiro-Wilk Kolmogorov-Smirnov)  was performed to 
determine using the statistical program Sigmaplot version 12.0 (Systat software Inc., 
USA).  
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of the gray level of the images, [11, 14] can be linked to fluorescence saturation of the 
images, as observed in Figure 5C, where the entropy values for cellulose decreased with 
the reaction time, while entropy values for lignin increased, indicating the elimination of 
lignin and the purification of cellulose on the fibers. This agreed with previous works, 
where has been assumed that the fluorescence of lignified materials is mainly attributa-
ble to the lignin content and its intensity is directly proportional with its concentration 
[3]. Also imaging parameters for cellulose and lignin were consistent with the three 
stages observed in chemical reaction kinetics and they provided quantitative information 
for monitoring of delignification process of agave fibers. 

For identifying the best relationships between chemical and imaging parameters a 
Pearson correlation matrix was carried out (data not shown). Statistical analysis pro-
vides that all variables were significant, except the correlation between LC and entro-
py values for cellulose images. In overall, GL and AF for cellulose showed higher 
correlations (R >0.956) with chemical parameters (AAC, LC and RL). Thereby,  
cellulose images provided the better correlations between imaging and chemical  
parameters. 

A selection of the best relationships is illustrated in Figure 5 D, E and F. For cellu-
lose is clear that when the concentration of acetic acid decreased, GL and AF parame-
ters increased (Figure 5D and E). Also for cellulose, the relationship between residual 
lignin and AF (Figure 5F), shows that as RL in the agave fibers decreased, AF in-
creased. These relationships indicate that it is possible to directly associate the acid 
acetic uptake and the delignification degree of agave fibers with the fluorescence 
intensity (GL parameter) and image saturation (AF). According to the values obtained 
for R2 (Table 2), the better models for prediction of chemical parameters were RL-
AF, AAC-GL and LC-AF. The linear models proposed in the present work could be 
useful for prediction delignification level of agave fibers from CLSM images and by 
using a small quantity of sample.  

Table 1. Selected linear prediction models for delignification degree from imaging parameters. 
AAC: acid acetic concentration, LC: lignin concentration in the liquors; RL: residual lignin; 
GL: grey level and AF: area fraction. 

Correlation Best fit equation R2 

RL-AF 8779.00062.0 +−= AFRL 0.989 

AAC-GL 8836.40106.0 +−= GLAAC 0.981 

LC-AF 2808.02806.2 −= AFLC  0.955 

AAC-AF 0044.50084.0 +−= AFAAC 0.929 

LC-GL 9312.387344.2 += GLLC  0.913 

RL-GL 8438.00108.0 +−= GLRL 0.911 
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4 Conclusions 

The delignification kinetics showed the existence of three periods: initial, bulk and 
residual stage, where a diminishing on the reaction rate was observed. Regarding 
microscopy studies, CLSM and IA allowed a quantitative evaluation of the delignifi-
cation process, showing GL and AF parameters of cellulose a very good correspon-
dence with chemical kinetic studies, resulting in very good linear prediction models. 
The data obtained shows that CLSM and IA can be used as a useful non-destructive 
methodology for the evaluation of the pulping of non-wood materials by using only a 
small quantity of fibers. 
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