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Abstract: Usually in the manufacture of beer by fermentation of barley, in both industrialized and 
developing countries significant amounts of organic solid waste are produced from barley straw. 
These possibly have an impact on the carbon footprint with an effect on global warming. According 
to this, it is important to reduce environmental impact of these solid residues, and an adequate way 
is the recycling using them as raw material for the elaboration of handmade paper. Therefore, it is 
required to manage this type of waste by analyzing the environmental impact, and thus be able to 
identify sustainable practices for the treatment of this food waste, evaluating its life cycle, which is 
a useful methodology to estimate said environmental impacts. It is because of this work shows the 
main results obtained using the life cycle analysis (LCA) methodology, to evaluate the possible 
environmental impacts during the waste treatment of a brewery located in the state of Hidalgo, 
Mexico. The residues evaluated were barley straw, malt residues and spent grain, and at the end, 
barley straw was selected to determine in detail its environmental impact and its reuse, the sheets 
analyzed presented a grammage that varies from 66 g/m2 and 143 g/m2, resistance to burst was 117 
to 145 kpa, with a crystallinity of 34.4% to 37.1%. 
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1. Introduction 
Actually, technological advance does not go hand in hand with the consumption of 

craft paper. Regarding the craft paper, its consumption is increasing [1]. Today, much of 
the information can be digitized, but the use of paper is still essential. That is why the 
cutting of forest increases; and some figures show that from 2000 to 2012, the planet lost 
2.3 million km2 of forest [1]. For this reason, it is extremely important to seek other 
sources to obtain alternative raw material for the paper industry. 

Some innovative alternatives for this type of industry are the so - called lignocellu-
losic materials, which represent an important source of polymeric materials of industrial 
interest, due to their renewable origin. Some materials of plant origin such as corn stalks, 
pineapple crown, rice husk, flax, rice straw, barley straw, oat straw, and wheat straw, 
have been used as an alternative raw material to wood, for its application in the manu-
facture of paper, achieving favorable results and this gives added value to this type of 
materials [2]. 

 On the other hand, the quality of the paper depends on whether it has the necessary 
properties for its intended use. Which will depend fundamentally on the raw materials 
used; the type of fibers, the crystallinity and the processes to which they are subjected in 
their suitability for the production of paper [3, 4]. 

 In this context, the main objective of this work is to support the use of sustainable 
solutions for the management and reuse of waste from the food industry, making sheets 
of artisan paper innovating the process with the use of different proportions of cellulose 
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obtained from spent barley straw, sheets of recycled paper, and the evaluation of their 
quality through the implementation of different methods. As well as determining the 
industrial viability for the elaboration of artisan paper with the aforementioned materi-
als, since Mexico is currently one of the main beer producers in the world, which means 
that it generates significant amounts of waste materials such as straw. barley that will be 
used for this purpose and makes it so, a suitable raw material that in the end will have 
added value [5]. 

2. Materials and Methods 
To carry out this research work, samples of oat straw, barley, and triticale were used, 

which were produced in the municipality of Apan, belonging to the State of Hidalgo, 
Mexico. 

The straw sampling was of the simple random type, in which the units were chosen indi-
vidually and directly through a random process [6].  
The granulometric analysis was carried out by dry method. Prior to the sieving, a pre-
treatment was carried out that consisted of a reduction in the size of the straw and glume 
(it was crushed for 6 minutes in a blender), later the analysis was carried out with stand-
ard sieves (Tyler MR series), No. 14 , 18, 30, 40, 50. Subsequently, a 20 g sample was 
sieved, and the obtained fractions were weighed. 
During the chemical analysis of the straw, humidity was calculated according to the 
method 925.10 of the Association of Official Analytical Chemists (AOAC), [7]. In which 5 
g of grinded sample were weighted, then sample was heated in a reticulating air oven at 
378 K +/- 3 K during 4 hours. After that time, the trays got cold to room temperature in a 
dissector for to be weighted again. 
Ash determination was carried out using the AOAC method 923.03 [7]. This was done by 
incinerating the straw sample until obtaining a fraction of the sample ashes. It was de-
termined from 2 g of sample using a muffle Fisher Scientific located at the Autonomous 
University of Hidalgo State, working at a temperature of 823 F. The fat analysis was car-
ried out on a LECO model TFE 200 fat extraction equipment, using  supercritical CO2 
with a pressure of 9000 kg/cm2 PSI. For this essay, 0.20 g of dry straw was used. 
The determination of proteins and nitrogen was done using the Dumas method [8], in an 
equipment LECO FP-528. 
The holocellulose content was determined using the Wise method, [9,10]. 5 g of extracta-
bles-free straw were weighed, and the material was placed in an Erlenmeyer flask with a 
solution containing 1.5 g of NaClO2 in 160 ml of water, to which 10 drops of acetic acid 
were previously added, and the samples they were kept in a water bath at a temperature 
of 348 K for one hour. After that time, 1.5g of sodium chlorite (NaClO2) and 10 drops of 
acetic acid were added, it was stirred and left to stand, the previous procedure was re-
peated until 4 hours were completed. Subsequently, it was allowed to warm and filtered, 
washed with hot water and then with acetone, the filtrate was dried at 318 K and the 
holocellulose content was determined. 
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2.1. Lignocellulosic Composition of Straw 

For the determination of -CELLULOSE, Β-CELLULOSE and Γ-CELLULOSE the 

technique [TAPPI 203 om-88] was used; During the procedure, 1.5 g of extractable - free 
straw (subjected to holocellulose determination) were placed in a 250 ml Erlenmeyer 
flask, 75 ml of the 17.5% sodium hydroxide reagent were added, and it was stirred until 
the mixture was completely homogeneous. After a period of 30 minutes, 100 ml of dis-
tilled water at 298 K +/- 2 K was added to the suspension, and it was stirred, left in a water 
bath for another period of 30 minutes and finally filtered. 
For the determination of alpha-cellulose, 10 ml of the filtrate and 20 ml of a 0.5 N potas-
sium dichromate solution were taken and placed in a 250 ml flask. 30 ml of concentrated 
H2SO4 were added, the solution remained hot for 15 minutes, then 50 ml of water were 
added and it was cooled to room temperature, 3 drops of indicator "ferroin 
(C36H24FeN62)" were added and it was titrated with the solution of ferrous ammonium 
sulfate [(NH4) 2Fe (SO4) 2.6H2O] 0.1 N until a purple color is obtained. 
The blank titration was performed by replacing the material filtrate with 5 ml of 17.5% 
NaOH and 5 ml of H2O. 
The determination of beta and gamma-cellulose was carried out by taking 50 ml of the 
filtrate and placing it in a 250 ml flask, adding 50 ml of H2SO4 3N and mixing. The flask 
was heated for 5 minutes by immersing it in a hot water bath, at a temperature between 
343 K and 363 K, to coagulate the beta-cellulose. The precipitate was allowed to settle 
overnight. 
Subsequently, a blank titration was made, replacing the solution with 6.25 ml of 17.5% 
NaOH and 6.25 ml of H2O, to which 20 ml of 3 N H2SO4, 10 ml of 0.5 N potassium di-
chromate and 50 ml were added of H2O. 
Lignin was determined by the Klason method according to the Standard [TAPPI 
T222om-88]. 5 g of straw were used, it was placed in a beaker, adding 15 ml of 72% H2SO4 
to it, and the beaker was covered with a watch glass and kept at 293 K for two hours. The 
mixture was diluted to make up the volume to 575 ml with distilled water, this solution 
was boiled for four hours, keeping the volume constant by adding hot water, it was al-
lowed to warm, it was filtered and the residue was left to dry to constant weight to de-
termine the lignin content. 
 
2.2. Preparation and Evaluation of Handmade Paper Sheets Cooking Process, (Thermal-Alkaline) 
 

According to the methodology of Al Arni et al., [11]. The residues (100 g) were 
suspended in 200 ml of NaOH 2.0 M and placed in an autoclave at 394 K for 60 minutes, 
then they were filtered and washed with water until neutral at pH 7. Once the cellulose 
was obtained, it was ground in an Osterizer blender on the fifth speed for 6 minutes, to 
obtain the cellulose pulp. 
The craft paper sheets were made with cellulose pulp obtained from straw and recycled 
paper, with the proportions shown in table 1. 
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Table 1. Proportions of barley straw (BS), and recycled paper (RP) for making craft paper. 

 

Sheet % BS % RP 

A 0 100 
B 20 80 
C 40 60 
D 50 50 
E 60 40 
F 80 20 
G 100 0 

 
Once the cellulose pulp was obtained from both barley straw and recycled paper, a vol-
ume of 60 ml of pulp was taken for each mixture and added to a wooden sieve, which was 
immersed in water. Subsequently, the pulp was stirred to homogenize it throughout the 
area, and the sieve was removed to drain the water. 
After getting the sheet into the sieve, it was removed and pinch was added; the sieve was 
turned upside down and with the help of a wooden shovel the excess water was removed 
and the bolt removed from the strainer, and a second bolt cap was immediately fitted. 
Once there were 10 sheets, a 10 Kg press was used for pressing, which was carried out for 
30 minutes. Once the sheets were pressed, they were flattened with the help of a wooden 
roller in order to erase the marks resulting from the sieve mesh, then they were allowed to 
air dry for 12 hours, and at the end of that time the pellet was removed. 
The physical properties of the produced paper were obtained, using different standards; 
the determination of grammage or base weight of the paper was carried out based on the 
[NMX-N-001-SCFI-2005] [12] Standard, for thickness, the standard was 
[NMX-N-009-SCFI-2005] [13] and for resistance upon bursting, Standard 
[NMX-N-087-SCFI-2008] [14] was used. 
For the characterization of the different craft papers produced, the following instrumental 
analysis techniques were used: X-ray diffraction, which was carried out in an Inel Dif-
fractometer, model 2000 located at the Autonomous University of the State of Hidalgo 
(UAEH), Mexico . The MATCH database was used to index the spectra obtained in this 
analysis. It was necessary to prepare the sample to 33 µm mesh. The morphology of the 
samples was obtained with the help of a scanning electron microscope (SEM), model 
JEOL JMS 6300 (located in UAEH) with a voltage of 30 keV and equipped with an Energy 
Dispersive X-ray Detector Spectrometer (EDS), for which the samples were dried in an 
oven (Fisher Scientific) at a temperature of 318 K + -2 K for 3 days. 
On the other hand, IR spectrophotometry was performed with a Perkin Elmer Flouries 
equipment (located at UAEH). The thermogravimetric analysis (TGA) was carried out 
under the following conditions: nitrogen flow of 4 cubic cm per minute, temperature of 
323 to 653 K and in duplicate it was carried out with a Mettler Toledo equipment (located 
at UAEH). Differential Scanning Calorimetry (DSC) analysis was carried out with tem-
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perature ranges from 323 to 473 K with a heating rate of 283 K / min, and the analyzes will 
be carried out in duplicate with a Mettler Toledo equipment (located at UAEH). 

3. Results and Discussion  
The results of the granulometric analysis are shown in figure 1, where the average of 

the replications made can be observed, the 3 samples have a similar size distribution 
since all have a greater retention in a size of 600 µm with 26%, between 5-8% for a size of 
1400 µm, 15% for 1000 µm, 25% for 600 µm, 15-18% for 300 µm and the fines with an 
approximate percentage of 30%. 

 
Figure 1. Granulometric distribution of the straws. 

 
 
All figures and tables should be cited in the main text as Figure 1, Table 1, etc. For a similar 
study [15], an interval ranging from 200 µm to 2 mm was used, and Barba [16], in their 
methodology with a range from 320 µm to 2 mm [16]. On the other hand, Pepijn [17] rec-
ommends a size of 2 mm and 1 mm. Reasons why it was established that the particle size 
would be 1.4 mm - 425 ϻm for oat straw, barley and triticale [16]. 
According to the results obtained, the straw that presented a size of 600 µm was taken to 
perform the chemical analyzes, since this is within the parameters reported by different 
authors, and this sieve presented greater retention. In the case of the fines that presented a 
30% retention, these are considered as lost since, due to what was reported by Téllez [18], 
they presented an overcooking. 
The results of humidity, ash, fat, protein and holocellulose for the three samples are ob-
served in table 2, which presented an average humidity of 9.7%. Being oat straw, which 
showed the highest value with 11.9%, followed by triticale straw with 9.1% and finally 
barley straw with 8.1%. A similar percentage is reported by Torres [19], for oat straw with 
8.1%, a percentage that is less than the 11.9% obtained for that same cereal straw. 
Regarding triticale straw, it showed a moisture content of 9.1%, similar to that reported by 
Contreras [20], with 9.5% for barley ears, but higher than the 8% reported by Seoánez et al., 
[21]. Barley straw was the one that obtained the lowest percentage with 8.1%, as reported 
by Yescas [22] for oat straw, similar to the 8% reported by Seoánez et al., [21]. Therefore, the 
low moisture content presented by the samples is favorable [23], since the ranges obtained 
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in this investigation of the raw material are within the specifications for the manufacture of 
paper. 
The results of the ash content are shown in table 2, in which it can be observed that these 
vary from 4 - 6%, being the barley straw the one that showed a higher percentage with 
5.7%, followed by the triticale straw and oat straw with 4.5%. Which agrees with that re-
ported by Tomas [24] and Torres [25], who obtained values of 4.7% and 3.5% respectively, 
and similar to that obtained for oat straw and triticale, even lower than these values. Gon-
záles [26] reports 10.9% for wheat straw, a percentage that is higher than that of the three 
samples analyzed, and the sample that is closest to this percentage is barley straw. Pepijn 
[17] and Barba [16], reported similar results of 6.6% and 6.8% respectively, which are close 
to that obtained for the straw analyzed in this work. 
According to the data obtained, the ash content is less than 6% in all the samples, which is 
good because in this type of compounds the content must range between 1 - 10%. However, 
the values in this type of samples may vary due to various factors such as: the type of irri-
gation either with drinking water or with contaminated water, the application of pesticides, 
the type of soil, the region, and the climate. 
The fat content can be observed in table 2, where it is observed that the equipment did not 
detect it because it was very low, less than 1%, which is acceptable since the percentage of 
fat in this type of samples is of 1% approximately as reported by Seoánez et al., [21]. The 
above, agrees with what was found by Torres [25], who obtained a fat content of 1.0% for 
oat straw, another author who agrees with the previous ones in Gonzales [26] who reports a 
content of 1.11%. 
Due to the type of sample that was analyzed, this result is within the norm, in addition to 
which it is important to highlight that this type of compound intervenes in the elaboration 
of the paper, since they generate imperfections in the form of stains that are perceptible in 
the final product. 
 
Table 2. Chemical composition of the three varieties of straw, expressed as a percentage on a dry basis 

(Standard deviation). 

Straw Humidit
y 

Ash Protein Grease holocellulos
e 

Oat 11.9 (0.4) 4.7 (0.1) 8.6 (0.4) ND 71.5 (0.7) 
Barley 8.1 (0.2) 5.7 (0.05) 10.3 (0.3) ND 70 (0.3) 

Triticale 9.1 (0.2) 4.8 (0.05) 8.9 (0.2) ND 73.4 (0.5) 

 

For protein content, table 2 shows the average of the replications made for oat straw, barley 
and triticale. It can be seen that the three types of straw present a similar protein percentage 
which ranged between 8 - 11%. Barley straw being the sample that presented the highest 
percentage with 10.3%, followed by triticale straw with 8.9%, and finally oat straw with 
8.9%. 
Barley straw had a content greater than 10%, which is close to that reported by Gonzáles 
[26], who obtained 12.16% for wheat straw. 
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On the other hand, Torres [25] reported a protein content of 4.9% for barley straw, a value 
that is below that obtained for that cereal straw in the present work, which is 8.6%. Barta-
buru [27], reports that the protein content in cereal straw is 4 - 5%, and specifically for rice 
straw it is 3.2 - 4.6%, a percentage that is below that obtained for oat straw, barley and trit-
icale. 
The low protein content in the samples is a good factor, since this type of compound is not 
of interest in the paper industry, since these are eliminated during the process of obtaining 
cellulose and paper. 
On the other hand, the holocellulose content, which is the largest constituent of the straw of 
these cereals, since this represents the total of carbohydrates, cellulose and hemicelluloses, 
present in a lignocellulosic material [9, 28]. 
Table 2 shows the percentage of holocellulose for the analyzed samples, in which it is ob-
served that triticale straw presents the highest percentage of holocellulose with 73.4%, fol-
lowed by oat straw with 71.5% and finally the barley straw with 70%. 
As can be seen, the results obtained in this analysis are very promising since all the samples 
present a percentage higher than 70%, the sample that obtained the highest percentage of 
holocellulose was the triticale straw with 73% which is very close to what Jiménez [29] re-
ports for wheat straw being 72.6%. Also, it is similar to some woods that Jaucida [30] such 
as oak and chestnut with 74.9% and 71.3% respectively. 
With regard to Oat straw, this has a percentage of 71.5%, and barley straw is the one with 
the lowest content of holocellulose with 70% which is similar to the 68.8% present in cy-
press wood, according to Jaucida [30]. According to what was reported by Pepjin [17], for 
wheat straw with a percentage of 67% the results obtained are above this value, for this 
reason it is a good result. 
This data is of great importance since the results are close to those found in some woods, 
these being the main raw material in the production of paper, which gives us an idea of the 
possible cellulose yield that will be obtained. 
 
3.1. Lignocellulosic Composition of Cereal Straw 
 

The results obtained from the analyzes carried out on the straw samples are shown in ta-
ble 3, as observed in said table, oat straw has the highest alpha-cellulose content with 
49.0%, while barley straw presents an alpha cellulose content of 46.4% and finally the triti-
cale straw presented the lowest content with 32.1%. A similar percentage reported Pepijn 
[17], with an alpha-cellulose content of 55.6% for wheat straw, which is close to that ob-
tained for oat straw, which has the highest percentage of alpha-cellulose with 50.3%. 
On the other hand, Barba [16] obtained an alpha-cellulose content of 31-37% for oat straw, 
which is below the content obtained in the present work. The second sample with the 
highest percentage was barley straw with 46.4%, which agrees with that reported by Jimé-
nez [23], for wheat straw with 40%, while triticale straw showed the lowest alpha-cellulose 
content with 32%, a percentage that is similar to that mentioned by Cuervo [15] with 30% 
and Gonzáles [26], for rice straw with 35%, and for this reason this sample will have a lower 
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yield compared to the others. 
Likewise, some of the results obtained were above that reported by Hernández [10], for 
wheat straw with 32% and rye straw with 34%, with the exception of triticale straw, which 
contains 30% . 
The results obtained are favorable for the elaboration of artisan paper since the cellulose 
content is greater than 45% [12] in both oat straw and barley straw. 
For this reason, triticale straw, as it has a lower content of cellulose, which is the main 
compound in paper, is less viable for this application. 
Regarding the content of gamma-cellulose, which refers to the content of hemicellulose 
present in MLC, as observed in. 
Table 3, triticale straw, showed the highest gamma-cellulose content with 8.3%. Followed 
by oat straw with 6.8% and finally barley straw presented the lowest hemicellulose content 
with 5.3%. The percentage of cellulose range ranged between 6-9%, being the triticale straw 
the one that presented a higher content of hemicellulose with 8.3% percentage that is close 
to that reported by Gonzáles [26], for rice straw with 12% . 
Likewise, flax contains 12%, according to Marques [31], a value that is close to that obtained 
for the analyzed samples, but well below that reported by Hernández [10], for wheat straw 
and rye the content of hemicellulose is 29 and 28%, respectively. For his part, Quintero [32] 
reports a hemicellulose content of 28% for barley straw, 25% for rice straw and 20-26% for 
wood, all the samples analyzed are below that reported by said author. 
The hemicellulose content in the samples is favorable because its main function is its in-
teraction with cellulose and lignin. How hemicellulose chains associate with cellulose mi-
crofibrils due to their polar character (hydrogen bonds), resulting in visco-elastic behavior, 
important to provide good properties such as degree of swelling, flexibility, rigidity, 
hardness, etc. . during the papermaking process. 
 
Table 3. Lignocellulosic composition of the three straw varieties, in percentage dry base (Standard 

deviation). 

    

Straw %α-cellulose 
% -cellulose 

% Lignin 

Oats 49.0 (0.3) 6.8(0.1) 15.1 (0.4) 

Barley 46.4(1.9) 5.3 (0.1) 12.8 (0.4) 

Triticale 32.9(3.0) 8.3 (0.2) 14.0 (0.3) 

 
As can be seen in table 3, the lignin content present in the oat straw, barley and triticale 
samples ranged between 11 - 15%, and it is the oat straw that shows the highest lignin 
content with 11.5%, while barley straw and triticale showed similar percentages of lignin 
with 13.9% and 14.4% respectively. Something similar mentions Marques [31], who reports 
a lignin content for cereal straw that ranges from 12-21%, an interval in which the results 
obtained for barley straw and triticale enter with 13.9% and 14.4% respectively. The results 
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are similar to that reported by Pepjin [17] for wheat straw with 16%, which is lower than 
that reported by the same author for coniferous wood with 25-33%, for this reason this re-
sult is very favorable. For his part, Jiménez [23] indicates a lignin content for bean straw of 
9%, a value that is below the value obtained for the three samples analyzed.  
According to the results obtained, they are lower than the lignin content in wood, which is 
important because the lignin content affects the color of the cellulose pulp, therefore, the 
higher the lignin content, the greater the expense in the whitening process if applicable. 
  
3.2. Characterization of the Straws by SEM 
 
On the other hand, the results of the characterization of the straws by SEM are presented in 
Figure 2, where the internal microstructures of the different samples analyzed are shown, 
the micrographs (A - C) of oat straw show a transverse shot, in the which shows a set of 
individualized vascular bundles, between the parenchyma tissue, which are well struc-
tured, cylindrical, compact and continuous, in addition to not presenting fissures. 
In the micrographs (D-F) that belongs to the triticale straw, a smooth, cylindrical, compact 
and continuous surface, well structured, is observed. While for barley straw the (G-I), 
shows a horizontal cut, where it can be seen that it presents fibers that tend to be irregular 
in the cuts, for this reason the fibers do not show a uniform cut if not the opposite. How-
ever, it can be seen that the straw has an agglomerate of cellulose fibers due to its circular or 
oval shape. 
 

             
Figure 2. Micro-photographs of straw of Oats (A-C), Barley (D-F) and Triticale (G-I). 

 
On the other hand, the structure of barley straw, being less complex than that of wood 
[23,33], allows chemical reagents to better eliminate the compounds that are desired for the 
paper industry Furthermore, as it has a lower lignin content, this will reduce the bleaching 
process, which is why it was determined that barley straw would be used to make the pa-
per. 
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3.3. Obtaining and Evaluating Sheets of Craft Paper 

7 leaves were made from each of the different proportions of barley straw (BS) and recy-
cled paper (RP), with dimensions of 13 cm wide by 21 cm long, which are shown in table 4.  
 
Table 4. Craft paper sheets made. 

 Sheet % BS  % RP Photo 

 
A 

 
0 

 
100 

 

 
B 

 
20 

 
80 

 
 

C 
 

40 
 

60 

 
 

D 
 

50 
 

50 

 
 

E 
 

60 
 

40 

 

 
F 

 
80 

 
20 

 

 
G 

 
100 

 
0 

 

 
As can be seen in the previous table, the sheets obtained show characteristics typical of ar-
tisan paper, both on the edges, which are not uniform, and in the distribution of the fibers. 
In addition, they have a color that ranges from amber yellow to white. 
 
3.4. Physical properties of the paper produced in this work 
3.4.1. Determination of grammage or basis weight 
 

Table 5 shows the average of the replicas made for each of the leaves with different 
proportions of barley straw and recycled paper, in the same way, the results of sheets of 
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bond paper and amate craft paper are obtained. As can be seen, the sample with a lower 
basis weight was made with 100% barley straw pulp (G), with 66 g/m2, which is closer to 
the weight of a white sheet of commercial bond paper (H ), which should be 75 g/m2. 
Regarding the other sheets analyzed, these presented a grammage greater than 75 g/m2, 
being the commercial amate artisan paper sheet (I), the one that presented the highest 
grammage with 143 g/m2. 
 

                     Table 5. Weight and thickness of the sheets analyzed (Standard deviation). 

 

 
 
 
 

 

Prepared samples C and D show a similar basis weight with 80 and 82 g/m2 respectively. 
While manufactured B and E showed a grammage of 87 g/ m2. According to the Mexican 
Standard for Bond Paper "NMX-AG-001-IMNC-1999"[34], this type of paper must have a 
grammage of 75 g/m2 which has an interval of 70 to 80 g/m2, within which it only classifies 
sample D, while the other samples show variations.  
On the other hand, according to the results obtained, the samples fall into the category of 
papers, of the classification according to weight [35]: Papers (7-150 g/m2), Cardboards 
(140-450g/m2) , Cartons (more than 450 g/m2), which agrees with that reported by Her-
nández [10], for leaves made by hand from pineapple crown, which presented a grammage 
of between 63-66 g/m2, an interval that also falls within of paper sorting. 
According to the weight of the analyzed samples, although it varied from one to another, 
they all fall within the paper classification since they are below the 150 g/m2 mentioned by 
Márquez [35] and the 180 g/m2 established by the UNLP. The variations in the samples are 
due to the fact that the manufacturing process of the sheets is artisanal and is not stand-
ardized, as well as the thickness, this can vary depending on the amount of pulp used when 
forming the sheet. 
On the other hand, the thickness obtained for each sample with its respective standard de-
viation (σ) is observed in the previous table, where the white sheet of commercial bond 
paper showed the lowest thickness of the analyzed samples with 0.09 mm, followed by the 
sheet made 100% with barley straw. 

Sample Weight  
(g/m2) 

Thickness or gauge 
(mm) 

A (0-100%9 93 (3.6) 0.28 (1.8) 
B (20-80%) 87 (3) 0.25 (0.8) 
C (40-60%) 82 (2) 0.23 (2.6) 
D (50-50%) 80 (1.5) 0.22 (0.5) 
E (60-40%) 87 (3) 0.22 (0.5) 
F (80-20%) 96 (2.5) 0.3   (2) 
G (100-0%) 66 (2) 0.19 (0.2) 

Bond Paper Sheet 75 (0.1) 0.09 (0) 
   Amate Artisan 143 (3.5) 0.34 (0.5) 
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The mixtures of D and E, showed a thickness of 0.22 mm, while those of C and B, as well as 
the F and G, presented a thickness of 0.23 mm and 0.25 mm, respectively. The artisan sheet 
of commercial amate paper being the one that showed the greatest thickness with 0.34 mm. 
The thickness of the leaves made with barley straw and recycled paper ranged between 0.19 
- 0.0.3 mm, so when comparing these values reported by Hernández [10], with the excep-
tion of the one made 100% with barley straw with 0.19 mm , goes into printing papers, the 
other sheets fall into the cardboard classification that goes from 0.200 to 1.700 mm. 
On the other hand, a thickness of 0.107-0.130 mm is reported for sheets of artisan paper 
from pineapple crown, an interval that is below that obtained in the present work. The re-
sults obtained are adequate since the paper produced falls within the range of cardboard 
and printing paper, and this property may vary, by increasing or decreasing the pulp con-
tent at the time of sheet formation, so that get to form thinner or thicker papers such as 
cardboard. 
 
3.4.2. Paper Resistance to Bursting (Mullen) 
 

The results obtained for this test are presented in table 6. 
 

Table 6. Pressure obtained for each of the samples in KPa (Standard deviation σ). 

 

Sample RESISTANCE TO BURST 
PRESSURE (KPa) 

A (0-100%) 75.8 (1) 
B (20-80%) 103.4 (1) 
C (40-60%) 68.9 (0.5) 
D (50-50%) 96.5 (1) 
E (60-40%) 79.9 (1.1) 
F (80-20%) 96.5 (2) 
G (100-0%) 89.6 (1) 

Sheet of Bond Paper 117.2 (1) 
Amate Craft Papel 144.8 (1) 

 

Figure 3 shows the results obtained in KPa, it can be seen that the samples with the lowest 
values are those made with BS-RP, with an interval of 68-104 Kpa. 
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                  Figure 3. Burst resistance in craft paper sheets. 

As for the commercial sheets of both bond paper and artisan sheet, they present a greater 
resistance to bursting with 117 - 145 KPa. Close to the Aguilar [36] report, for paper made 
with banana fiber with a range of 96 - 170 KPa, a value that includes the resistance obtained 
for the commercial sheets analyzed in this study, bond paper and artisan sheet. Regarding 
the leaves made with barley straw and recycled paper, the values obtained fall within the 
range mentioned by Aguilar [36], for paper made with Cuban fiber, which is 27-91 KPa. 
According to the Mexican Standard NMX-N-087-SCFI-2008 [14], the analyzed samples have 
a burst resistance similar to that shown by newsprint, and the samples that are closest to the 
value reported for printing paper are the two commercial sheets of both bond paper and 
craft. Therefore, the values obtained in the burst resistance test are low, which is why they 
enter into newspaper and it is necessary to improve the production of sheets to obtain 
greater resistance. 
 
3.5. SEM Analysis 
 
On the other hand, figure 4 shows the photomicrographs of the papers produced, where it 
can be seen that the different morphologies of the fibers present a certain homogeneity 
between them and a cylindrical morphology with an average width ranging between 15 µm 
and 20 µm. Likewise, a low porosity can be observed, which makes this material present 
properties similar to commercial craft paper, which could be further improved by imple-
menting a different treatment. 
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Figure 4. Photomicrographs of the material produced a) Sheet of commercial craft paper, b) sheet of 

recycled paper 0% BS -100% RP, c) 40 BS -60% RP, d) 50 BS -50% RP, e) 60 BS -40% RP, f) 80 BS -20% 

RP, g) ( 100 BS - 0% RP, h) Bond Paper Sheet, Amate Craft Paper. 

 
3.6. Infrared analysis 
 

Figure 5 shows the chemical characterization based on the links of the functional groups 
present in the barley straw sample and the leaf obtained from the treated barley straw be-
tween the wavelength ranges of 424 - 511 cm-1, there are the bands of phosphate groups, in 
594 cm-1 with a stretching band of CH bond, of 700-650 cm-1 and torsion bands of ≡ CH, of 
960-875 cm-1 bands of torsion of carboxylic acids with C = O bonds, in 1033 cm-1 torsion 
band outside the amine plane with NH bond, at 1114 cm-1 there is an amine torsion band 
but now it is not out of plane, in 1152 cm-1 there is an ether stretch band with CO bond, at 
1242cm-1 alcohol stretch band with C-OH bond, at 2667 cm-1 there is a stretch band with 
CH3-C bond, at 1375 cm-1 there is a methyl torsion band with CH bond, at 1454 cm-1 tor-
sion band of a methylene with CH bond, at 1482 there is a fl band connection with CO 
bond, for 1629 there is a terminal vinyl with = CH bond, an aldehyde with stretch band is 
found at 1737 cm-1 with C = O bond, at 1843 cm-1 there is a double carbonyl band with 
symmetric stretching , at 2052 cm-1 terminal acetylene with C≡C bonds and A 2464 cm-1 a 
central acetylene with C≡C bonds, between 2464-2551 there are double bond tension bands 
of C = C, at 2853 cm-1 there are a symmetric stretch band with CH bond, at 2853 cm-1 there 
is an asymmetric stretch band of methylene with CH bond and between 3435-370 cm-1 are 
the bending bands from a hydroxyl group to a polymer, as well we know cellulose is a 
polymer. 
The bands that showed the greatest change, both in band width and intensity are those of 
the hydroxyl groups; In the untreated barley bands the width of the beak is smaller com-
pared to that of the paper made with the treated barley straw, the increase in the intensity 
of the base (width of the beak) is based on the elongation of the hydrogen bonds and the 
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bending of the OH that are attached to the cellulose structure, increasing the absorption of 
water [37]. 
The 1737 cm-1 band corresponds to the stretching vibration of the C = O groups of the res-
idue of acetyl groups and esters of pectin, hemicellulose or of the uronic ester bonds of the 
carboxyl groups in the ferulic and p-coumaric acids of lignin and hemicellulose [38]. As can 
be seen in the image, the band that may correspond to those compounds appears in both, 
but they do not present any greater intensity and the peak maintains the same width.  

      

Figure 5. Infrared spectra of the target (barley straw) and paper made from barley straw with 

treatment. 

In Figure 6, the results of the sheet of paper made with 100% recycled paper, the sheet with 
50% barley straw and 50% recycled paper are shown, and again the sheet of paper with 
100% recycled paper is presented. treated barley straw. Making the comparison in the 
spectrum corresponding to the recycled paper sheet, the bands of 424-511 cm-1 that 
correspond to phosphate groups are not shown, but if they are present in the two 
remaining spectra, this is due to the fact that the mineral substances of Grain cereals 
(without shell) and dressed grain (with shell) are mainly composed of phosphates, sulfates 
of potassium, magnesium and calcium [39]. Another of the most notable differences is that 
the 1737 cm-1 band corresponding to the carbonyl groups is not present in the recycled 
paper sheet and this is due to the fact that it does not contain lignin, hemicellulose and 
pectin. 
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Figure 6. Infrared spectrum of the recycled paper sheet, 50% barley straw and 50% recycled paper 

sheet, and the treated barley straw sheet. 

 

3.7. X-ray diffraction 
 

By means of X-ray diffraction analysis, the spectra of figure 7 were obtained, and table 7 
shows the data of the comparison of the phases, crystal size, interplanar distance and 
family of planes corresponding to lignin and cellulose.  

                          

Figure 7. Diffractograms of the treatments for the elaboration of paper where barley straw (P), recy-

cled paper (R), and native straw (White Ps / t) with lignin phases with angles σ, 18.5 °, 19.9 ° and 25 ° ; 

cellulose with angles σ, 12 °, 35 ° and 46 °. 
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From the diffractograms obtained that correspond to barley straw without any treatment. 
The sheet made with 100% recycled paper, 50% barley straw sheet and 50% recycled paper, 
and the sheet made with 100% barley straw was considered as shown in spectrum 2. 
The diffractograms were analyzed to determine the peaks corresponding to lignin and 
cellulose. Which were indexed using the Match program, obtaining peaks of 18.5 °, 19.9 ° 
and 25.0 ° for lignin, these are in the ranges reported by Viveros [40] that indicates the 
peaks for lignin are between 16 ° and 22.5 °. 
For cellulose, the angles found in the paper sheets made with barley straw with a previous 
treatment for its use and recycled paper varied according to the percentages implemented 
for its elaboration. The peaks corresponding to cellulose of each leaf, in general were found 
between 12 °, 18 °, 35 ° and 46 °, some of these peaks were found among those reported by 
Garcia [41] indicating that there are peaks for cellulose at 12.6 °, 20.6 °, 22.3 ° and 35.3 °. 
From shots of a superficial portion of the paper sample prepared to be analyzed in X-ray 
diffraction; The peaks were measured together with the values of each Kα1 radiation that 
were obtained in the curved detector diffractometer. Later they were calculated and 
analytically solved for the angular values of θ up to 110 degrees; in addition, the 2θ values 
for α were listed; The interplanar distance, lattice parameter, Miller indices, crystallite size, 
and crystallinity of each phase were calculated, and the process was followed to complete 
the X-ray diffraction pattern. 
In Figure 7, you can see the diffractogram of the sample containing the substrate of the 
artisan paper studied. For barley straw (lignin), 5 peaks were identified, and the barley 
straw whose PDF is [96-151-9021 ], and the crystal structure was determined using the 
analytical method for a tetragonal structure [42]. Determining that it presents a crystalline 
structure with d = 2.11, a cell parameter a = 2.109 Å, with a crystallite size of 37 Ả, and the 
Miller indices were calculated to know its crystalline structure, finding the following: 
lignin [2 7 5] tetragonal, with a percentage of crystallinity of 22.8%. 
For P100-R0 (cellulose) barley straw paper 100% - Recycled 0%, 7 peaks were identified, 
and the barley straw whose PDF is [96-721-5922] were indexed, and the crystalline 
structure [42]. Determining that it shows a monoclinic crystal structure with d = 2.7 Å, and 
the Miller indices were calculated to know its crystal structure as follows: [2 1 4] 
monoclinic. 37.1% crystallinity percentage. and crystallite size 15 Å. 
For P50-R50 (50% barley straw paper- 50% recycled), 8 peaks were identified, and the 
barley straw whose PDF is [96-201-9437] were indexed, and the crystalline structure was 
determined using the analytical method. Determining that it presents a monoclinic 
crystalline structure with d = 1.5 Å, Miller indices were calculated to know its crystalline 
structure as follows: [4 1 4] monoclinic. Percentage crystallinity of 31.5%, and crystallite 
size 7.3 Å. 
For P0-R100 (cellulose) 0% barley straw-100% recycled paper, 7 peaks were identified, and 
the barley straw whose PDF is [96-721-0492] were indexed, and the crystalline structure 
was determined orthorhombic with d = 2.1 Å, Miller indices were calculated to determine 
its crystal structure as follows: [0 2 2] orthorhombic. 34.4% crystallinity percentage. and 
crystallite size 21 Å. 
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From the analysis of the diffractograms, it appears that the change of each of the sheets of 
paper made with the different treatments with respect to the barley straw without any 
treatment present Gaussian-type peaks, which indicates that the crystal size is smaller 
although the crystals are more abundant, for each of the peaks and with different 
treatments.  
The crystal size possibly increases with the presence of lignin, and its heat treatment. Said 
crystals presented a modification after the rupture of the lignin molecules, and the 
transformation of the cellulose by means of the alkaline heat treatment carried out to 
obtain the pulp. 
The change presented by the leaves is observed with the displacement of the peaks to the 
right with a lower angle σ and a small increase in the cell, with greater definition of the 
peaks and the appearance of new ones; this indicates an improvement in the percentage of 
crystallinity and a decrease in the crystallite size. 
By contrasting what is observed in the diffractograms of the image with respect to 
resistance to bursting, we find that the leaves with barley straw improve their resistance to 
bursting, which is shown in figure 7, and the percentages of crystallinity of cellulose for 
the leaves considering only the straw without any treatment, the P100-R0, P50-R50, 
P0-R100 leaf. 
It was considered to have as upper limit the sheet made with 100% recycled paper, an 
intermediate of both combinations, and as the lower limit the sheet made with 100% barley 
straw and a blank to observe the change after carrying out the thermal-alkaline treatment. 
As mentioned before, comparing with resistance to bursting, the results obtained indicate 
that the crystallinity is better in the leaves with the highest amount of barley straw, the leaf 
with the highest percentage of crystallinity is the one made with 100% barley straw with a 
percentage of crystallinity of 37.1%, followed by the sheet made with 100% recycled paper 
with a value of 34.4% and finally the combination P50-R50 with a percentage of 31.5%, and 
we know that the treatment worked to increase the crystallinity at a rate that the blank 
presented a percentage of crystallinity of 22.8%.  
Although this was not enough compared to what was reported by García [41] in table 7, 
for paper made from sugar cane straw after obtaining cellulose by a pulping method and a 
homemade method. 
The values obtained from the barley straw leaves and recycled paper are half of those 
obtained by the homemade method for sugar cane straw paper.  
 

Table 7. Characteristics of pulp extracted with the pulping method and home method. 

 

Characteristics Pulping method cellulose Home method cellulose 
FWHM 3.726 3.82 
2-Theta (°) 20.6 20.66 
Crystalline area 629 637 
% of crystallinity 74.78% 64.24% 
Crystal size  22  22  
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4. Conclusions 

After the results obtained, it is observed that the treatment carried out allows the release of 

cellulose through delignification.  

What is observed in the SEM images allows us to infer that the straw has the function of 
supporting the leaves with combinations of barley straw and recycled paper. The result 
of the IR analysis indicates that the leaf with an increase in hydroxyl groups was that of 
barley straw, therefore, the treatment was efficient and among the other leaves analyzed 
it is the one with the highest crystallinity, this result was corroborated by X-ray 
diffraction analysis, in which the percentage of crystallinity of the barley straw paper was 
37.1% exceeding the percentage that the initial barley straw had, which was 22.8%, and in 
the same way with the mixture and with the recycled paper of the treatments for the 
elaboration of the paper where barley straw (P), recycled paper (R), and native straw 
(White Ps / t) with lignin phases of orthorhombic structure with angles σ, 18.5 °, 19.9 ° 
and 25 °; cellulose monoclinic structure with angles σ, 12 °, 35 ° and 46 °.  
 
The results obtained indicate that the crystallinity is better in the leaves with the greatest 
amount of barley straw, the leaf with the highest percentage of crystallinity is the one 
made with 100% barley straw with a percentage of crystallinity of 37.1%, followed by the 
elaborated leaf with 100% recycled paper with a value of 34.4%. Despite the fact that the 
results obtained were good, the crystallinity percentages are half of those reported for 
other types of lignocellulosic materials. For this reason, it would be convenient to carry 
out a different treatment on the same samples and rely on the barley straw leaf to analyze 
whether the characteristics improve or worsen. With this evaluation, it could be 
determined if it is feasible to implement only barley straw or a mixture considering the 
costs and yields of each of them. 
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