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López, Reyes, Antonio and Caballero seek to explain the main encryption techniques currently 

used, the fundamental basis of their encryption process, the importance of the most known standards in 

the computer era, the difference between symmetric and asymmetric encryption, when it can be 

considered hybrid encryption and where they are commonly used. 

 

Reyes, Sanchéz, López and Antonio, divide this project into two phases: the first is to determine 

the performance of the algorithm for a small sample of images and video analysis, and the second is to 

extend the data corpus for automatic analysis of new samples. It is worth mentioning that this work 

focuses on the development of the first phase, which is based on the development and training of the 

algorithm based on Convolutional Neural Networks using MobileNet for the correct identification and 

classification of the cob. 

 

Bernal, Sanchez and Salazar, evaluate the Diagnosis of Urban Solid Waste (USW) in the State 

of Mexico, through the sustainability framework. Urban areas represent a focus of attention for local 

administrations since they represent spaces of economic importance in the Gross Domestic Product. 

 

Oguri, Escobar, Pretel and García, present the partial results of a research project whose 

objective is to develop an innovative solution for gypsum boards with plastic aggregates such as pet and 

natural Ixtle fibers. 

 

Soriano, Lopez, Cayetano and Castrejon study the spinodal decomposition during aging of Fe-

Cr alloys by numerical solution of the linear and nonlinear partial differential Cahn-Hilliard equations 

using the explicit finite difference method. 

 

Caballero, Muñoz, Ramos and López refer to a literature review of the research carried out on the 

development of proposals to identify fire situations in natural ecosystems. The presence of fire is 

identified by means of computational systems that combine computer vision, artificial intelligence and 

sophisticated monitoring variables that can indicate the presence of fire in a natural area. 



 

Vargas & Rodriguez present an empirical analysis to observe the influence of industrial property, 

measured as Patents, on the Gross Domestic Product (GDP) of two Latin American countries: Mexico - 

Brazil in the period 2000 - 2015 as a phase I study on patents and their effects A unit root test is applied. 

The results show the existence of a positive relationship between the level of innovation and GDP. 

 

Salazar, Pichardo, Sanchez and Pichardo present the basic techniques for the preparation of 

specimens to be evaluated metallographically, addressing the following topics: Generalities, Atomic 

structure: Nucleation and atoms, Crystalline structure: Perfect crystals and crystals with imperfections. 

Substructure: Subgrains and other cellular structures, Microstructure: Grains of single metallic phases 

and arrangements of the configuration of alloys with multiple phase systems, Texture. Macrostructure. 

and Metallographic practice applicable to all metals. It is concluded that this study lays the foundation 

for further and specific metallographic studies of ferrous and non-ferrous alloys.  

 

Mastache, López, Vigueras and Hermenegildo show the results of experiments related to the 

obtaining of zinc (Zn) nanoparticles, on glass or alumina substrates by the thermal evaporation process 

in a high temperature tubular furnace at 800°C, with a flow of 400 sccm of inert gas (Argon) used as 

carrier gas, to deposit the metallic Zn particles in the cold zone of the furnace. 

 

Sanchez, Bernal, and Salazar simulated a sustainable process for the production of ethanol from 

the monosaccharide glucose. The thermodynamic model used for the process was NRTL-RK (based on 

activity coefficients) due to the polar nature and non-ideal behavior of the species involved. The process 

was carried out in three steps. First, glucose in aqueous solution was subjected to a fermentation process 

using a stoichiometric reactor. The second stage consisted of carbon dioxide degassing using two flash 

tank systems. In the third stage, a RadFrac distillation column was used to facilitate the separation of 

ethanol and water.  
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Abstract 

 

Virtual work, e-commerce, digital health, distance, or virtual education grew exponentially thanks to the 

confinement due to the Covid-19 pandemic. As a result, the same happened with attacks and security 

incidents, caused by various circumstances.  Personal data is generally the main target of hackers, this 

includes financial institutions. In 2020 alone, 12 known cybersecurity events occurred in Mexico that 

included institutions such as Condusef, SAT, Banxico, the secretary of public function, among others, in 

the last one personal data of public officials were violated and exposed(Riquelme, 2021). 

 

With the evolution of technology, attacks become increasingly sophisticated. However, one of 

the most used and effective systems to protect data is encryption that is related to computer security 

offers solutions to this problem since it is a discipline that addresses various techniques, applications and 

devices responsible for ensuring the integrity and privacy of the information of both the computer system 

and its users.  This work seeks to explain the main encryption techniques currently used, the fundamental 

basis of its encryption process, the importance of the best-known standards in the computer age, the 

difference between symmetric encryption and asymmetric encryption, when it can be considered hybrid 

encryption and where they are commonly used.  

 

Asymmetric, Encrypted, Symmetric, Systems, Integrity 

 

Resumen 

 

El trabajo virtual, comercio electrónico, la salud digital, la educación a distancia o virtual, crecieron 

exponencialmente gracias al confinamiento por la pandemia de Covid-19. Como consecuencia lo mismo 

sucedió con los ataques e incidentes de seguridad, provocados por diversas circunstancias. Los datos 

personales generalmente son el principal objetivo de los hackers, esto incluye a las entidades financieras. 

Tan sólo en el año 2020 ocurrieron 12 eventos de ciberseguridad conocidos en México que incluía a 

instituciones como Condusef, SAT, Banxico, La secretaria de función pública, entre otras, en la última 

se vulneraron y expusieron datos personales de los funcionarios públicos (Riquelme, 2021). 

 

Con la evolución de la tecnología, los ataques se vuelven cada vez más sofisticados. Sin embrago, 

uno de los sistemas más usados y efectivos para proteger los datos es el encriptado que se relaciona con 

la seguridad informática ofrece soluciones a esta problemática ya que es una disciplina que aborda 

diversas técnicas, aplicaciones y dispositivos encargados de asegurar la integridad y privacidad de la 

información tanto del sistema informático y sus usuarios. Este trabajo busca explicar las principales 

técnicas de cifrado utilizadas actualmente, la base fundamental de su proceso de cifrado, la importancia 

que tienen en la era informática los estándares más conocidos, la diferencia entre el cifrado simétrico y 

el cifrado asimétrico, en qué momento puede considerarse cifrado híbrido y dónde comúnmente son 

empleados. 

 

Asimétrico, Cifrado, Simétrico, Sistemas, Integridad 

 

1. Introduction 

 

Various public and private institutions have suffered attacks and security incidents, putting the 

information of hundreds of thousands of people at risk and/or vulnerability (Gil Vera, 2017). Where those 

affected by the personal data breach can do little to protect their information. 

 

Therefore, security strategies applied at the national level must be sought, as mentioned by 

Romero, there are different attacks that are perpetrated directly or indirectly in the financial sector, in 

public or private institutions by organized crime organizations, this makes it important to increase 

security in the various sectors of the country to avoid risks (Romero, 2018),  especially economic that 

can cause a high impact, this is a task that not only concerns the ICT infrastructures that support the 

different business processes. It is an activity that involves everyone, including industrial control systems. 

Therefore, it must seek to address threats to national, local and personal security that guarantee the 

stability, integrity, availability and control of information. 
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The study of security depends on the origins or sources of threats to systems. (Haro, 2011) In the 

field of logical  security, information is protected within its own environment with the use of security 

tools, and can be defined as a set of operations and techniques aimed at protecting information against 

destruction, modification, improper disclosure. gives or simply delays in its gestation; That is, it applies 

barriers and procedures that safeguard access to data and only access them, the people authorized to do 

so.  Depending on the application required for the processing of information or the means by which it is 

transmitted, so will be the services to be covered and/or the objectives of all security services. 

 

The goals of logical security are to restrict access to data, programs, or files, to ensure that users 

can work with confidence that they won't modify information or resources that don't belong to them. 

Ensure the correct use of information resources with the appropriate procedures and if the information is 

transmitted it is received guaranteeing security.  Some of the objectives of security are to guarantee some 

services, table 1. 

 

Table 1 Security Objectives 

 
Objective Service 

Keep information secret, for everyone except those who have 

access authorization. 

Confidentiality 

Ensure that the data has not been altered in any way, and if it was 

correctly altered by the right person 

Integrity 

Have the information at the required and authorized time Availability 

Check the source of the message. Authentication  

Verify the identity of a participating entity. Identification 

Be able to relate a message to an entity. Company digital 

Approval of certain information by a trusted entity. Certificate 

Prevent the denial of previous agreements or actions.  Not being 

able to deny actions 

Non-repudiation 

Being able to hide the identity of an entity involved in some 

process 

Anonymity 

 

Source: Own Work 

 

One of the sciences responsible for safeguarding security is cryptology whose main objective is 

to offer security to data, hiding information, using different techniques. This is derived from 

cryptography, which is responsible for studying the algorithms, protocols and systems that are used to 

protect information and provide security to communications and entities that need it.  Currently, 

cryptography is the only method capable of ensuring the correct use and protection of data, guaranteeing 

confidentiality, availability, integrity and authentication of data.  Therefore, it is important to know the 

operation of the various encryption systems that will be described below. 

 

2. Basis of encryption systems  

 

2.1 Replacement 

 

The substitution technique is used as a base process in various systems of cryptography, where its main 

objective is only to replace an occupied character, by another, it is often done by a character that belongs 

to the same system used; either numeric or alphanumeric, depending on the encryption system, however 

it takes different variants, currently it is used by standards such as DES, AES.  

 

An example of the operation of substitution encryption can be seen in Figure 1 that describes one 

of the oldest forms of cipher and consists of replacing one character with another of the alphabet 

considering a number as a key (k), this key will indicate how many characters will have to be advanced 

in the previously ordered alphabet. In this example, the key k is 3 so for each letter of the message will 

advance 3 positions of the alphabet, finding a different character from the original. If the  word "hello"  

is considered taken from the alphabet that already has a defined order as shown in figure 1 shaded part, 

the letter h is replaced by the d, having traveled the 3 positions indicated by the key; for example, the 

letter o  is replaced  by the r, the  letter l by the letter  o  , and a  for d;  thus having a surrogate encrypted 

message; Then the word hello of the original message is replaced  by the letters krod which would be the 

encrypted message by substitution, as marked in Figure 1. 
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In the example of figure 1, the decryption will consist of placing the encrypted message and now 

instead of advancing the 3 positions of the value of k (key), in the array of the alphabet, those same 

positions will be regressed, in such a way that the original characters of the message are located, if the 

value of k is not correct the original message can not be deciphered.  

 

Figure 1 Substitution Encryption 

 

Original message h o l a 

Encrypted message k r  o d 

 
a b c d e f g h i j k l m n o p . . . z 

                    

a b c d e f g h i j k l m n o p q r . z 

 

Source: Own Work 

 

It is important to mention that cipher systems occupy this principle, but considering other 

elements or characteristics, for example, with bits, or hexadecimal numbers and will be described later 

with encryption standards. 

 

2.2 Transposition  

 

Transposition encryption consists of hiding the original message, but placing the characters in different 

positions or order, there are different techniques and ways to perform it, usually a key is used, for 

example, the transposition by columns with key works as shown in table 2. This technique basically 

consists of choosing a word that will be the key to encrypt the message, in the example the key is "secret", 

and of course the message, which in this case is "hello as you are today".  The operation is described in 

the following steps: 

 

1. First it will be necessary to place in an array the keyword "secret", considering a character by 

position of the array, as shown in Table 2, 

2. The letters of the key are numbered according to the order in which they appear in the alphabet. 

In case a letter is repeated, it will be assigned the number following the first, as is the case with 

the letter e in the example. 

3. Once the key values have been assigned, the message to be encrypted is written by placing letter 

by letter at the same height of the calve occupying one cell at a time and according to the length 

of the key, if the message is long it will continue in the next row, until all the columns are 

completed (according to the key) and finish writing the message.   

4. If the characters in the message are not enough, some other character known as "*" is added. 

5. To obtain the encrypted message, the letters will be written considering the columns according to 

the consecutive order of numbers, that is, first all the characters that seem in the column numbered 

with 1, then those of column 2, and so on, you have to obtain the encrypted message, as seen in 

the example, table2.    In this case column 1 corresponds to the letter a  and is marked with red, 

column 2 is c, etc. So the encrypted message is "oa*l hoo syaeohmsct*". 
 

Table 2 Substitution encryption 

 
Key  s e c r  e t a 

Position and/or order 6 3 2 5 4 7 1 

Original message 

h o l a  c o 

m o  e s t a 

s  h o y *  *  

Encrypted message oa*l hoo  syaeohmsct*  

 

Source: Own Work 
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The decryption process is reversed, that is, it is necessary to know the key and having the length 

of the encrypted message you can know the appropriate rows to the table to build the array. Starting by 

placing the characters in the column with the number 1, the same for the 2, so on, until you get all the 

columns and find the original message, which will be read by rows  

 

3. Symmetric encryption 

 

This symmetric encryption uses a key to encrypt and with the same key the original message is decrypted, 

normally it works in blocks of data, binary or hexadecimal. Generally, in the encryption algorithm, does 

divide the clear text into blocks of equal length, operating on each of these considered as a unit, as can 

be seen in figure 2. It is important to consider that the encryption process, like the decryption process, is 

the same. The block length is preset by the encryption algorithm such as the DES or IDEA standard. 

 

Figure 2 Block Cipher 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

Source: Own Work 

 

3.1 DES Y Triple DES 

 

DES (Data Encryption Standard), is the most studied and widely used data encryption standard, 

developed by Horst Feistel of IBM, published in March 1975 (Hernández Díaz, 2016). This algorithm 

works with 64-bit blocks and keys of the same length, described in the following steps, which are also 

shown in Figure 3: 

 

Data processing 

 

1. To develop the standard encryption process, this is made up of 19 stages, in the first and last, 

processes called transposition known as initial permutation (IP) and inverse permutation (IP-1) 

respectively, which are observed in the table 3. This is that the bits are reordered considering the 

positions marked by each table. 

 

Table 3 Initial permutation (IP) Reverse permutation (IP-1) 

 
58  50  42  34  26  18  10 2  40 8 48 16 56 24 64 32 

60 52 44 36 28 20 12 4  39 7 47 15 55 23 63 31 

62 54 46 28 30 22 14 6  39 6 46 14 54 22 62 30 

64 56 48 40 32 24 16 8  37 5 45 13 53 21 61 29 

57 49 41 33 25 17 9 1  36 4 44 12 52 20 60 28 

59 51 43 35 27 19 11 3  35 3 43 11 51 19 59 27 

61 53 45 37 29 21 13 5  34 2 42 10 50 18 58 26 

63 55 47 39 31 23 15 7  33 1 41 9 49 17 57 25 

 

Source: Own Work 

Block cipher unit 

Clear Text 

        

 

        

Ciphertext 

 

Key  

Block cipher unit 

Ciphertext 

        

 

        

Clear Text 
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2. Subsequently, the information is processed in 64-bit blocks, which will be subdivided into 2 32-

bit blocks, so that one 32-bit block will take the left part (I) and the other, the right part (R) . This 

process will be carried out in 16 intermediate stages, considering for the first stage of the 16 the 

first data right block to which the party function is applied, figure 3, which is used in the 16 

stages. 

 

3. The Fiestel function figure 3, expands and reduces the processed data block (right), all this based 

on permutation tables and substitution boxes, that is, it is composed of an expansion permutation 

(E), which converts the right block of 32 bits into one of 48 bits and is observed in table 4. For 

the expansion it is necessary, as indicated in the standard table, to repeat 16 bits, which are already 

marked in it. Subsequently, an exclusive-or is performed with the data block and the subkey 

block, the respective Ki value. The result will be a 48-bit data block; then it is necessary to reduce 

the result of the x-o again to a 32-bit block, eight 6x4-bit boxes are used (S-Box established by 

the standard). For this, groups of 6 bits must be condensed, the 1st and 6th bits of the block are 

taken and they form a 2-bit number called m. This value will indicate the row in the corresponding 

substitution table S (j), with the 2nd to 5th bits another number called n is formed, with four bits 

that will indicate the column of S (j) so that the intersection between these two numbers in the S 

boxes they will indicate the number by which the previous group of 6 bits will be replaced in bits, 

thus reducing the value of the bits, which is observed in Table 5. Considering that the maximum 

value for the rows is a binary number of 2 digits, where the largest value would be 3, and the 

maximum number for the columns would be a binary number of 4 that  would be represented as 

greater than 15. This intermediate phase is completed with a permutation (P) that is shown in the 

second part of table 4 (Publication F. I., 1999), obtaining a processed right block that for the next 

round will take the place of the left. The resulting 32-bit blocks will swap positions until the 

required 16 rounds are obtained. As indicated in the general figure 4. 

 

Figure 3 Fiestel function 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

Source: Own Work 

 

 

 

48-bit Expansion (E-

permutation) 

Subllave 48bits (Ki) 

S1 S2 S3 S4 S5 S6 S7 S8 

Permutation (P) 32 bits 

Di-1 text block 32bits Ii -1 32bit text 

block 

Ii -1 32bits 
Di-1 32bits 
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Table 4 Expansion Function (E) and Permutation Function (P)  

 
32 1 2 3 4 5 4 5  16 7 20 21 29 12 28 17 

6 7 8 9 8 9 10 11  1 15 23 26 5 18 31 10 

12 13 12 13 14 15 16 17  2 8 24 14 32 27 3 9 

16 17 18 19 20 21 20 21  19 13 30 6 22 11 4 25 

22 23 24 25 24 25 26 27          

28 29 28 29 30 31 32 1          

 

Source: Own Work 

 

Table 5 Replacement boxes S 

 
Row Column S-boxes 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

0 14 4 13 1 2 15 11 8 3 10 6 12 5 9 0 7 S1 

1 0 15 7 4 14 2 13 1 10 6 12 11 9 5 3 8 

2 4 1 14 8 13 6 2 11 15 12 9 7 3 10 5 0 

3 15 12 8 2 4 9 1 7 5 11 3 14 10 0 6 13 

0 15 1 8 14 6 11 3 4 9 7 2 13 12 0 5 10 S2 

1 3 13 4 7 15 2 8 14 12 0 1 10 6 9 11 5 

2 0 14 7 11 10 4 13 1 5 8 12 6 9 3 2 15 

3 13 8 10 1 3 15 4 2 11 6 7 12 0 5 14 9 

0 10 0 9 14 6 3 15 5 1 13 12 7 11 4 2 8 S3 

1 13 7 0 9 3 4 6 10 2 8 5 14 12 11 15 1 

2 13 6 4 9 8 15 3 0 11 1 2 12 5 10 14 7 

3 1 10 13 0 6 9 8 7 4 15 14 3 11 5 2 12 

0 7 13 14 3 0 6 9 10 1 2 8 5 11 12 4 15 S4 

1 13 8 11 5  6  15  0 3 4 7 2 12 1 10 14 9 

2 10 6 9 0 12 11 7 12 15 1 3 14 5 2 8 4 

3 3 15 0 6 10 1 13 8 9 4 5 11 12 7 2 14 

0 2 12 4 1 7 10 11 6 8 5 3 15 13 0 14 9 S5 

1 14 11 2 12 4 7 13 1 5 0 15 10 3 9 8 6 

2 4 2 1 11 10 13 7 8 15 9 12 5 6 3 0 14 

3 11 8 12 7 1 14 2 13 6 15 0 9 10 4 5 3 

0 12 1 10 15 9 2 6 8 0 13 3 4 14 7 5 11 S6 

1 10 15 4 2 7 12 9 5 6 1 13 14 0 11 3 8 

2 9 14 15 5 2 8 12 3 7 0 4 10 1 13 11 6 

3 4 3 2 12 9 5 15 10 11 14 1 7 6 0 8 13 

0 4 11 2 14 15 0 8 13 3 12 9 7 5 10 6 1 S7 

1 13 0 11 7 4 9 1 10 14 3 5 12 2 15 8 6 

2 1 4 11 13 12 3 7 14 10 15 6 8 0 5 9 2 

3 6 11 13 8 1 4 10 7 9 5 0 15 14 2 3 12 

0 13 2 8 4 6 15 11 1 10 9 3 14 5 0 12 7 S8 

1 1 15 13 8 10 3 7 4 12 5 6 11 0 14 9 2 

2 7 11 4 1 9 12 14 2 0 6 10 13 15 3 5 8 

3 2 1 14 7 4 10 8 13 15 12 9 0 3 5 6 11 

 

Source: Eown Work 

 

4. In the penultimate stage, the exchange of left and right blocks of 32 bits each is carried out, as 

shown on the left of figure 4. 

 

Working  the keys 

 

1. First for key processing: initially the key block is 64 bits, however, it is reduced in the process to 

56 bits that guarantee the effectiveness of encryption, that is, the least significant bits of each byte 

are eliminated. 

2. 16 different subkeys of 48 bits each, obtained from the original 56-bit key, are processed. To 

obtain the first subkey, an initial permutation (PC-1) is performed, which is shown in Table 6 

First Part 

3. The subkey is divided into 28-bit blocks which are rotated to the left a certain number of bits 

depending on the round, for this a table of shift bits provided by the standard is used, table 7. 
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4. Subsequently, the permuted choice is made (PC-2) as a reference to table 6 part 2, of the two 

halves already rotated; the process is cycled from the rotation of bits to obtain the 16 necessary 

subkeys, (Sánchez Arriazu, 1999). 

 

Figure 4 DES encryption diagram 

 

 
 

Source: Own work 

 
 

Plain text 64-bit data block 

I0 D0 

64-bit key 

56 reais 

f 

I1 D1 

Initial permutation (IP) blocks I 0 and 

D0 

Permutation 1 (Permutation Choice 1, 

PC-1, 56 bits)  

C0  28b D0 28b  

Left rotation Left rotation 

Ci  28b Dand 28b  

Left rotation Left rotation 

Pc-2 

K1 48b 

Dand I in i 

Round 1 

Round n 

Ci  28b Dand 28b  

Left rotation 

Left rotation 

Pc-2 Kn 48b 

Dand I in i 

Round 16 

Ci  28b Dand 28b  

Left rotation Left rotation 

Pc-2 K16 48b 

PI-1 reverse permutation 

Text Encryption 64-bit data block 
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Table 6 Permutation (PC-1) and Permutation (PC-2)  

 
57 49 41 33 25 17 9 1  14 17 11 24 1 5 3 28 

28 50 42 34 26 18 10 2  15 6 21 10 23 19 12 4 

29 51 43 35 27 19 11 3  26 8 16 7 27 20 13 2 

60 52 44 36 63 55 47 39  41 52 31 37 47 55 30 40 

31 23 15 7 62 54 46 38  51 45 33 48 44 49 39 56 

30 22 14 6 61 53 45 37  34 53 46 42 50 36 29 32 

29 21 13 5 28 20 12 4          

 

Source: Own Work 
 

Table 7 Offset bits according to round 
 

Round  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Bits  1 1 2 2 2 2 2 2 1 2 2 2 2 2 2 1 
 

Source: Own Work 

 

The decryption process uses the same algorithm that is used to encrypt, only the keys are used in 

the reverse order, although this standard has already been violated by brute force, it is still used in its 

Triple DES version. 

 

The Triple DES algorithm consists of applying, as its name indicates, 3 DES cycles. To encrypt, 

use the CDC process (Encrypt-Decrypt-Encrypt) and to decrypt DCD (Decrypt-Encrypt-Decrypt). There 

is another less used variant which consists of CCC (Encrypt-Encrypt-Encrypt) for encryption and DDD 

(Decrypt-Decrypt-Decrypt) for decryption. In the algorithm described in the standard (Publication, 1999) 

3 different keys are used (k1-k2-k3), which means that an effective 168-bit key called 3DDEA is used. 

You can also use 2 different keys (k1-k2), where the key effectiveness would be 112 known as 2TDEA. 

The technique known as 3TDEA can be seen in Figure 5, where you can see from the first to the last 

stage described in the previous DES. 

 

Figure 5 Encryption and decryption Tiple DES 

 

 

 
 

Source: Own Work 

 

3.2 Advanced Encryption Standard (AES) 

 

The Advanced Encryption Standard officially adopted by the United States National Institute of 

Standards and Technology (NIST) in October 2000, also known as Rijnda, an acronym formed by the 

surnames of its authors Joan Deamen and Vincent Rijmen (Diaz, 2012). This encryption system works 

on data blocks in a 4x4 arrangement with 128 bits in hexadecimal notation, the keys can be 128, 192 and 

256. The higher the key, the more secure it will be. Figure 6 shows an example of how the data is stored 

on the left and the key on the right of the aforementioned image, both represented by tables. 

 

 

IP 

First cycle-Cipher (k1) 

Second cycle-Descrifar (k2) 

Third cycle-Cipher (k3) 

IP-1 

IP 

First cycle-Decrypt (k3) 

Second cycle-Crifar (k2) 

Third cycle-Decrypt (k1) 

IP-1 
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Figure 6 AES Data Block 
 

 
Source: Own Work 

 

AES works with substitution and permutation processes in 4 transformation operations called: 

SubBytes, ShiftRows, MixColumns, and AddRoundKey, applied in 10 rounds, for data encryption shown 

in Figure 9, general diagram of AES.   

 

The first operation that is applied in AES,  is SubBytes which consists of replacing each byte with 

another according to the S-Box box (provided  by the standard) considering row by column, example 

shown in table 8, where the unit  of the  hexadecimal number will determine the column and the ten of 

the hexadecimal number   determine the row, being that the intersection of both numbers will be the one 

taken in the new data set, example for  the number 52 of the plain text of figure 6, this would be replaced 

by 00. 

 

  Table 8 Substitution table SubBytes 

 
HEX 0 1 2 3 4 5 6 7 8 9 A B C D E F 

0 63 7C 77 7B F2 6B 6F C5 30 01 67 2B FE D7 AB 76 

1 CA 82 C9 7D FA 59 47 F0 TO D4 A2 OF 9C A4 72 C0 

2 B7 FD 93 26 36 3F F7 CC 34 A5 E5 F1 71 D8 31 15 

3 04 C7 23 C3 18 96 05 9A 07 12 80 E2 EB 27 B2 75 

4 09 83 2C 1A 1B 6E 5A A0 52 3B D6 B3 29 E3 2F 84 

5 53 D1 00 ED 20 FC B1 5B 6A CB BE 39 4A 4C 58 CF 

6 D0 IF AA FB 43 4D 33 85 45 F9 02 7F 50 3C 9F A8 

7 51 A3 40 8F 92 9D 38 F5 BC B6 DA 21 10 FF F3 D2 

8 CD 0C 13 EC 5F 97 44 17 C4 A7 7E 3D 64 5D 19 73 

9 60 81 4F DC 22 2A 90 88 46 EE B8 14 DE 5E 0B DB 

A E0 32 3A 0A 49 06 24 5C C2 D3 AC 62 91 95 E4 79 

B E7 C8 37 6D 8D D5 4E A9 6C 56 F4 EA 65 7A AE 08 

C BA 78 25 2E 1C A6 B4 C6 E8 DD 74 1F 4B BD 8B 8A 

D 70 3E B5 66 48 03 F6 0E 61 35 57 B9 86 C1 1D 9E 

E E1 F8 98 11 69 D9 8E 94 9B 1E 87 E9 CE 55 28 DF 

F 8C A1 89 0D BF E6 42 68 41 99 2D 0F B0 54 BB 16 

 

Source: Own Work 

 

In ShiftRows one byte is rotated to the left according to the row of the array, where row 0 has no 

rotation, row 1 rotates 1 byte, row 2 rotates two bytes and the third row 3 bytes to the left, figure 7.   

 

Figure 7 AES ShiftRows 

 
DATA to process ShiftRows  DATA processed ShiftRows 

66 32 45 23  66 32 45 23 

04 If  89 Of  If  89 Of 04 

E5 DC 5F DF  5F DF E5 DC 

81 A1 FD FC  FC 81 A1 FD 

 

Source: Own Work 

 

Flat text 

52 78 A1 11 

89 B2 C3 33 

22  34 67 F1 

D2 55 9B 1C 

 

Hexadecimal notation 

Example 0101 0010 

                          

                  5hex 2hex 

Encryption key 

21 56 89 C2 

41 87 34 F3 

59  E4 6D 1C 

44 6A 2B 11 
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MixColumns will multiply the 4 bytes of each column by a given matrix, using a linear 

transformation, obtaining new data for the matrix. 

 

While AddRoundKey does an x-or with column0 of the datablock and column0 of the key, 

column1 of the datablock with column1 of the key and so on with the 3 columns, figure 8. 

 

These four operations are carried out in the 9 intermediate rounds, while for the last one only 

SubBytes, ShiftRows and AddRoundKey will be used, an encryption process consulted in the official 

publication ( (Publication F. I., 2001)). 

 

Figure 8 AES AddRoundKey 

 
66  Ago  9C 

04 x-or A0 = A4 

E5  17  F2 

81  FE  7F 

 
DATA (column1-3)  KEY  (column1-3) 

32 45 23  47 8F AA 

If  89 Of  5F DC Ff 

DC 5F DF  E2 A1 D9 

A1 FD FC  D6 C7 E3 

 

Source: Own Work 

 

For the generation of subkeys in AES, the original key block is considered and the fourth column 

from the left or the first from the right, marked in the key table of figure 6, is processed. This consists of 

rotating the first byte downwards, with the rotated bit.  

 

The SubBytes The transformation function (Boxes-S, table 8) is applied to the entire column, that 

is, new data will be obtained, according to the substitution of table S. Subsequently, a logical operation 

is performed on this column x-or with column 1 from the left of the original key, in the same way another 

x-or will be applied with the first column of a constant matrix (Rcon of the standard), assigned one for 

each subkey, in this way the first column is processed. 

 

The complete key is made up of a 4x4 matrix. In the previous iteration, only the first column of 

the subkey was worked. For the second column of the subkey, an X-OR will be applied with the second 

column of the previous key and the first column of the already processed subkey.  

 

Then, for the third column, the third column of the previous key will be taken with the second 

column of the subkey already processed, performing an X-OR. Finally the fourth column of the subkey 

will be obtained from the X-OR operation of the fourth column of the previous key and the third column 

of the subkey already preceded of course. The iterations from the generation of the first column are 

repetitive, which allows generating the necessary 10 subkeys in AES. 
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Figure 9 AES cipher diagram 

 

 
 

Source: Own Work 

 

4. Asymmetric encryption 

 

This type of encryption works using a key to encrypt and another key to decrypt, generally each user 

who wishes to work with this technique must have two keys one that is public, and that any other user 

can use to transmit a message; and a private one that is only known by the owner and is used to recover 

the original encrypted messages, by asymmetric encryption 

 

4.1 RSA 

 

In 1978, Ronald Rivest, Len Adleman and Adi Shamir proposed the first (probably the best known) 

public-key cryptographic system.  RSA, whose name derives from the initials of each of the authors.  It 

is a cryptographic system that complies with the DiffieïHellman conditions. Its security is based on the 

factorization of composite numbers as a product of primes.  It also allows the exchange of secret keys 

and mathematically signing. 

 

RSA work with modular arithmetic using the notation "mod" where the number you want to 

rescue is the residue of a division. The public key (n) equation 1, is obtained by multiplying 2 prime 

numbers large enough to guarantee its security, named p and q, it is convenient to clarify that p and   q 

are not public. An F-value, equation 2, is also obtained.  From F, a number e is selected, where e and F 

are relative primes, that is, they have no divisors in common and that their greatest common divisor is 

one. Finally, a number d that satisfies equation 3 and that is the inverse (multiplicative) of e modulo F, 

(R. Rivest, 1978). 

 

 

4x4 matrix data block  

    

    

    

    

21 56 89 C2 

41 87 34 F3 

59  E4 6D 1C 

44 6A 2B 11 

 

                                                                      

                                                             

 

                                                             Key 0                                     

21 56 89 C2 

41 87 34 F3 

59  E4 6D 1C 

44 6A 2B 11 

 

                                                  

                                                   

                                                  Key 10 

21 56 89 C2 

41 87 34 F3 

59  E4 6D 1C 

44 6A 2B 11 

 

4x4 Matrix Ciphertext 

AddRoundKe Opening 

round 

4-AddRoundKey    

1-SubBytes    

2-ShiftRows 

3-MixColumns    
9 

rounds  

Final 

round  

AddRoundKey    

SubBytes    

ShiftRows 

Initial key 
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Î Ðz Ñ                                                                                                                                                           (1) 

 

Ὂ ὴ ρᶻή ρ                                                                                                                                  (2) 

 

Åz Ä ÍÏÄ & ρ                                                                                                                                           (3) 

 

To encrypt, s emust use e and n, considering the plaintext M equation 3. 

 

ὅ  ὓ  άέὨ ὲ                                                                                                                                        (4) 

 

To decrypt, consider the value d, the ciphertext value and use equation 5. 

 

ὓ ὅ  άέὨ ὲ                                                                                                                                        (5) 

 

To better observe this process of encryption with RSA, Figure 8 exemplifies encryption, using 

the equations. 

 

Figure 8 RSA Encryption Process 
 

 
Source: Own Work 

 

5. Other forms of encryption 

 

5.1 Hybrid encryption 

 

A hybrid cipher uses both symmetric encryption and asymmetric encryption.  That is, a hybrid encryption 

scheme, an encryption mechanism that can be built from a key encryption scheme or KEM (Key 

Encapsulation Mechanism) based on a public key scheme, i.e. asymmetric encryption is used to encrypt 

the key available to encrypt the data in a data encryption scheme or DEM (Data   Encapsulation 

Mechanism) based on a private key scheme. 

 

5.2 Quantum cryptography  

 

"Quantum cryptography solves the problems of encrypting messages to hide information, as well 

as key distribution, where each bit can be in a discrete and alternate state at the same time; The 

fundamental unit of storage is the quantum bit, each of which can have multiple states simultaneously at 

a given instant, reducing the execution time of some algorithms from thousands of OS to just seconds. 

Quantum cryptography is based on the interactions of the sub-atomic world, and has elements such as 

the quantum bit, quantum gates, confusing states, quantum teleportation, quantum parallelism, and 

quantum computing (Molina Vilchis, Silva Ortigoza, & Bracho Molina, 2007)." 

 

Therefore, we must consider that this is a paradigm that must be studied in depth because the 

most recognized research centers already have and/or are working on quantum computers, hence the 

weakness of the numbers used in the encryption processes, meaning that in order to crack a key used to 

encrypt data, less time and effort will be spent with quantum computers, so it is important to start working 

on quantum encryption and cryptography. 

 

183 against 253 = 13  
Flat text 18 

3             253 

Public key 

Ciphertext 

Ciphertext 13 
13147 against 253 = 18 

147             253 

Private key 

Decrypted text 
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6. Discussion 

 

It is clear that there are many symmetric encryption algorithms, such as: DES, 3DES, AES, IDEA, RC4, 

among others. Currently several institutions use AES combined with other ciphers. Also, in asymmetric 

cryptography there is variety such as: Diffie-Hellman, RSA, ElGamal Cipher, Elliptic curve 

cryptography, Merkle-Hellman cryptosystem, which can also be combined with symmetric encryption 

to ensure security or privacy. Table 9 describes some advantages and disadvantages of the systems. 
 

Table 9 Comparison of encryption systems 

 
Systems by type 

Type of encryption Advantages Disadvantages 

Symmetric 

encryption 
- Fast encryption 

- Easy to set up 

- Easy to understand 

- Suitable for encrypting big data 

- Only one key is memorized 

- Same key to encrypt as to decrypt 

- Key exchange is not secure 

- If the key is shared several times, non-

repudiation is not guaranteed 

Asymmetric 

encryption 
- No keys are shared 

- Keys must be larger than symmetric keys 

- Support digital signatures 

- Ensures recipient authentication 

- Must have experience with encryption 

- If the private key is lost, it will never be 

recovered 

- Time consuming  

Analyzed encryption systems 

Some -  Security of 264 - Obsolete 

- Shared key 

Triple DES - Security of 2128 and 2 192 since it accepts 2 

keys of 64 or 3 also of 64 

- May become sluggish 

- Shared key 

AES - Accepts 128, 192, 256-bit keys, minimum 

security of2,128 

- Shared key 

- Relatively fast 

RSA - Can be combined with asymmetric and forms 

a hybrid cipher 

- Slow 

- Using a random number system for 

encryption 

 

Source: Own Work 

 

Now, it is important to consider that encryption systems are not only used to protect information. 

There are also forms of attack such as ransomware, which is a type of cyberattack through malicious 

software that encrypts files preventing the legitimate user from accessing them, generating a kind of 

computer hijacking. This type of attack is very common and has great effects, as Ruiz and Jairo comment. 

Therefore, it is important to document yourself and know both the advantages and risks of encryption 

systems (Pinzón Ruiz, 2021). 

 

7. Conclusions 

 

Encryption is intended to hide information using cryptographic techniques to prevent it from 

being readable by those who are not authorized to see it. Encryption is a solution for storing and 

transmitting sensitive information, since it allows you to control access to information; Restricts 

unauthorized dissemination in case of loss or theft. 

 

We recommend that you use symmetric encryption when you want to send a fast encrypted 

message. Asymmetric encryption can be used when you have the public key verified, which complies 

with a security standard such as OpenPGP of your recipient. It is often complemented by digital 

signatures to avoid taking risks.  

 

Asymmetric encryption is considered to be more secure since there is no sharing of keys, the 

public key is already publicly available. With symmetrical encryption, you have to share the password 

in one way or another, so there is a risk of leakage and you can potentially compromise the encrypted 

message. In addition to this, the decryption key must be strong enough to prevent unauthorized access to 

the information that is protected; if this key is lost the information will not be accessible; in the event of 

a failure of the physical storage device, the information may not be recovered, even if it is encrypted or 

not.  
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Finally, it is concluded that symmetric, asymmetric or hybrid data encryption is used depending 

on the needs of the computer system, the objective is to comply with the characteristics of computer 

security, which includes protecting the integrity and privacy of the information stored, in process or 

transaction.  Unquestionably, cryptography and the various encryption systems complement computer 

security and are a preventive measure for data processing and information protection. 
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Abstract 

 

The aim of this study is to analyze an algorithm capable of classifying mature corn cobs for the detection 

of diseases, including Aspergillus, Gibberella and Fusarium fungi, in addition to the common charcoal 

that these elements may have. The process was carried out through a Convolutional Neural Network 

associated to a classification algorithm, based on deep learning techniques using MobileNet. This work 

is divided into two phases, the first one is to determine the performance of the algorithm for a small 

sample of images and videos analysis and the second one is the extension of the data corpus for the 

automatic analysis of new samples. It is necessary to mention that this work focuses on the development 

of the first phase, in which the identification and classification of the cob has had promising results. 

 

Convolutional Neural Network, MobileNet, Classification Mature corn cob  

 

Resumen 

 

En el presente trabajo se genera un algoritmo con la capacidad de clasificar mazorca de maíz maduro 

para la detección de enfermedades, entre los cuales se encuentran Aspergillus, Gibberella, Fusarium y 

Carbón común que pudieran tener dichos elementos, este proceso se hará mediante una Red Neuronal 

Convolucional asociada a un algoritmo de clasificación, basadas en técnicas de aprendizaje profundo. 

Este trabajo se divide en dos fases la primera es determinar el funcionamiento del algoritmo para una 

muestra pequeña de imágenes y análisis mediante video y la segunda la ampliación del corpus de datos 

para análisis automático de nuevas muestras. Es preciso mencionar que este trabajo se enfoca en el 

desarrollo de la primera fase, la cual se basa en el desarrollo y entrenamiento del algoritmo basado en 

Redes Neuronales Convolucionales haciendo uso de MobileNet para la correcta identificación y 

clasificación de la mazorca. 

 

Red Neuronal Convolucional, MobileNet, Clasificación de mazorca de maíz maduro 

 

1. Introduction  

 

Image classification in the field of artificial intelligence (AI) is considered by many as one of the most 

outstanding for the progressive development of this science (Ponce Cruz, P, 2011).  The classification 

techniques of products, species, objects among others have had a great acceptance and more and more 

research is being done around these case studies, having as main objectives, solve a problem, provide 

knowledge and tools to different fields of study, as well as provide technological assistance to anyone 

looking for some kind of solution to a specific task. 

  

In this work, a solution of classification of mature corn cobs is presented to determine the class 

to which it belongs, these results can be: healthy corn, or diseased corn containing the fungi Aspergillus, 

Gibberella, Fusarium and Common Charcoal. The classification results will be obtained through the 

application of Convolutional Neural Networks, in order to make the grouping process more efficient and 

will be useful to farmers in the northern region of the State of Mexico. It is worth mentioning that 

currently the classification is carried out by people who know about the identification of corn diseases, 

and who are usually people over 50 years old, while the younger population does not know how to 

determine the type of disease and its spread. It should be noted that the state of the art does not mention 

that there are works fully identified in the analysis of diseased corn and that use artificial intelligence 

algorithms, since the literature mentions applications that have been used more in the study of fruits, 

plants, objects and people, so the scope is new in this field. 

 

Regarding the detection and classification of diseases in different plants and fruits (Mora, E. A. 

H., Huitrón, V. G., Rangel, H. R., & Sosa, L. E. A., 2021), present a work where pests are detected 

through transfer learning with fine tuning, using the Plant Village dataset, which contains 38 classes, 

including diseased and healthy leaves. The measures to evaluate the models were precision, sensitivity, 

F-Score and accuracy, where the results obtained by the VGG16 technique were 90% sensitivity and 

accuracy.  While (Ferreira, U. E. C., & Camacho, J. M. G., 2021), implement a machine learning model 

with a database of digital images of fruits collected in the field, through the creation of a convolutional 

neural network (CNN) classifier, training and validating it to identify healthy avocado fruits and fruits 

infected with scab, this was trained through a hold-out of 80% and validated with the remaining 20%, 

finally obtaining an accuracy of 87% correct classification. 
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Likewise (Arévalo, M. D., Ayala, J., & RUIZ CASTILLA, J. S., 2007), they applied a 

convolutional neural network programmed in Python, using Keras and TensorFlow to classify peaches, 

obtaining an accuracy of 95.31% in the classification between ripe and immature, when classifying 

between healthy and damaged, 92.18% was obtained, while when classifying the three categories 

(damaged, immature and mature), 83.33% accuracy was obtained. On the other hand (Salazar Campos, 

J. O., 2020), they implement a parameterized model where a correct identification of Hass avocado 

images was achieved with an accuracy of 87.5%. 

 

There are also applications of the deep learning algorithm in the recognition of people, for 

example, (Araujo, A., Pérez, J., & Rodríguez, W., 2018), presents a work where, through voice 

spectrograms analyzed by a Convolutional Neural Network recognizes a person with an accuracy of 93%. 

On the other hand, a broader application is presented in (Aramendiz, C., et al., 2020), where the 

development of a mobile application that supports people with visual disabilities is proposed. This 

application will have the ability to recognize objects from a mobile camera and will provide this 

information to the person audibly, the information used for recognition is provided to a YOLO 

convolutional network to have prior knowledge of the objects and capture them in real time. In the same 

way, the use of convolutional neural networks has been extended to the analysis of sign language, where 

(Ortiz García, C. D., 2021), where they apply the ResNet50 model for the interpretation and translation 

of the sign through a webcam. 

 

This work is organized into 5 sections, where the points related to the research topic are treated, 

organized as follows:  

 

Section 1.  Introduction, the focus of the work is presented, and an analysis is made on the fields that 

have been covered with Convolutional Networks.  

 

Section 2.  Theoretical basis, here are presented the fundamental concepts of classification by 

Convolutional Neural Networks and the development algorithm as well as its architecture. 

 

Section 3.  Development, this section shows the steps to follow to carry out the classification of ripe corn 

cobs.  

 

Section 4.  Results, the results obtained based on the experimentation carried out are shown.  

 

Section 5.  Conclusions, the conclusion reached based on the results obtained is presented and the future 

work that is planned to be carried out is shown. 

  

2. Theoretical bases 

 

2.1. Convolutional neural networks 

 

Currently the use of Convolutional Neural Networks (CNN) has practical applications in any field, it is 

considered as a variation of the Multilayer Perceptron that works with flat or one-dimensional data, while 

CNN works with two-dimensional data, such is the case of images, voice and video signals mainly. 

 

A convolutional neural network is a network architecture for deep learning that learns directly 

from data, without the need to extract functions manually. That is, the network takes as input the pixels 

of an image (Lugo Sanchez, Omar E., et al, 2020). For example, if you have an image of 50×50 pixels in 

height and width, that is equivalent to 2500 neurons, considering a single color (grayscale), if on the 

other hand you have a color image, you will need 3 channels (red, green and blue) and then you would 

have 50x50x3 = 7500 input neurons. 

 

The use of CNNs is highly recognized for three main factors (Convolutional Neutral Networks, 

2022): 

 

- They learn features directly without having to extract them manually. 

- They generate highly accurate recognition results. 
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- They can retrain themselves for new recognition tasks, allowing them to leverage pre-existing 

networks. 

 

One of the first works where a CNN is used to classify images of handwritten postal digits is in 

(LeCun, Y., et al, 1989), obtaining a 99.3% correct classification, but it is not until later years that in 

2012 the power of CNNs for image analysis was demonstrated. 

 

The CNN structure is basically composed of 3 different layers, the first is one or more 

convolutional layers, the second is the clustering layer and the classifier layer, as shown in figure 1. 

(CNN-RNA Convolutional, 2022). 

 

Figure 1 Layers of a CNN 

 

 
 

2.1.1. Convolution layer 

 

Here the first convolution layer is not connected to all the pixels of the input image, only to those 

belonging to its receiving area, in the second layer the neurons are connected to the neurons of the area 

of the first layer and so on. The purpose of this layer is to extract the features of each image by 

compressing it to reduce the initial image size.  

 

This layer takes a group of pixels from the input image and makes a scalar product with a kernel, 

the kernel is the filter responsible for extracting the most important features from the image. The kernel 

will go through all the inputs and get a new matrix, which will be one of the hidden layers. In case the 

image is colored, there will be 3 kernels of the same size that will be added to obtain an output figure 2. 

 

Figure 2 Convolution layer 

 

 
 

2.1.2 Grouping-pooling layer  

 

This layer is responsible for subsampling the image to reduce the number of parameters and memory 

usage, in this layer like the previous one the connections are only made to a certain number of neurons 

of the previous layer, its objective is to obtain the maximum and average values of the sampling window. 

The pooling layers in a convolutional neural network are used to reduce the size of the activation maps 

that are being worked on, there are two types of pooling layers in a convolutional neural network which 

are (Arroyo, D. E., 2019): 

 

 

Convolution+Relu Grouping           Convolution+Relu                MLP  Softmax Output 

Learning Classification 

Feature map Fully connected layers 

Scenery 

Building 

Vehicle 

Human 

        Image      Kernel            Kernel Convolution       Relu 
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- Max-pooling: it is the most common and is responsible for calculating the maximum of the 

elements. On the other hand, we must bear in mind that this is done for each map of activations 

of our volume, that is, the depth dimension does not intervene at all in the calculations.  As shown 

in Figure 3. 

-  

Figure 3 Max-pooling 

 

 
 

- Average-pooling: It is responsible for calculating the average of the elements that are being 

studied in a certain image.  As shown in Figure 4. 

 

Figure 4 Average-pooling 

 

 
 

 

2.1.3. Sorting layer 

 

It combines the features found by the previous layers to classify the image. In this case, unlike the 

previous layers, the neurons of the previous layer are fully connected to the next layer. It is based on a 

deep neural network, these have several hidden layers with millions of artificial neurons connected to 

each other. A number, called a weight, represents the connections between one node and another. The 

weight is a positive number if one node stimulates another, or negative if one node suppresses another. 

Nodes with higher weight values have a greater influence on other nodes. 

 

In theory, deep neural networks can map any type of input to any type of output. However, they 

also need much more training compared to other machine learning methods. They need millions of 

examples of training data instead of the hundreds or thousands they might need in a simpler network. 
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Figure 5 Deep Neural Network 

 

 
 

2.2. MobileNet 

 

MobileNet is a CNN capable of classifying images, detecting objects and extracting features, based on 

an architecture of separable elements in depth with factored convolutions that are by dimensions 1 X 1 

to optimize latency performances. The factorization of convolutions is called point convolution. 

 

A standard convolutional layer takes as input to feature map Ὀ  Ὀ  ὓF and produces a 

feature map GὈ  Ὀ  ὔ where  is the  width and spatial height of a square input feature map ╓╕ 
M  is the input number channels (input depth  ) N is the channel output number (output depth).   The map 

of output characteristics for standard convolution assuming stride one and the fill is calculated as 

(Howard, A. G., et al., 2017): 

 

Ὃȟȟ  В ╚ȟȟȟȟȟ  Ͻ  ╕  ȟ    ȟ   

 

The mobileNet architecture is based on factoring traditional convolutions into 2 types of layers, 

a first convolutional layer "depthwise" and a convolutional layer 1x1 "pointwise". This division allows 

to reduce the computational cost and the size of the model. 

 

Standard convolutional layers have a computational costbetween 8 and 9 times higher than the 

computational cost of both "depthwise" and "poinwise" layers. In addition, 2 parameters are added to 

reduce the size and speed of the neural network.  Both parameters allow to reduce even more the size 

and response time of the neural network: 

 

- The Ŭ parameter is a factor that reduces the number of filters/channels applied to each layer by 

multiplying them Ŭ Ů ₄0.1₅.  

 

- The ɓ parameter is a factor that reduces the size of the inputs by multiplying it by  ɴ₄0.1₅. 

 

The MobileNet architecture is shown below: 
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Figure 6A) General MobileNet architecture (B) detailed DS explanation obtained from 

(Phiphitphatphaisit, Sirawan & Surinta, Olarik. 2020) 

 

 
 

2.3. KðNN algorithm 

 

One of the algorithms for the classification of large amounts of data is K-NN (k- Nearest Neighbors) or 

k ï close neighbors, conceived by (Fix, E., & Hodges, J. L., 1989), this algorithm is based on the 

fundamental concepts of deep learning, such as the dataset and the model.  These two fields are within 

the learning stages, where: the model is built from a set of examples or data already classified, the model 

obtained is represented as a set of classification rules, decision trees, mathematical formula, etc.  And in 

the validation: the estimation of the precision of the model, the model is tested with a set of examples 

different from the one used for the construction of the model. For each example, its real class is compared 

with the class predicted by the classifier, the accuracy ratio is the percentage of examples that the model 

correctly classifies (Berastegui, A. G., & Galar, I. M., 2018). 
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KNN is more of a predictive method than a classification technique, which is relevant, because 

in order for the algorithm to classify, the most general neighborhood classification rule is based on the 

assumption that the nearest prototypes have a similar a posteriori probability. 

 

If K_i (X) is the number of samples of the class present in the k closest neighbors to X, this rule 

can be expressed as: 

 

Ὠὢ ύ ίὭ ὑ ὢ  άὥὼᴼὑ ὑ   

 

The general model of representation of the algorithm is shown in the following figure:  

 

Figure 7 K-NN algorithm obtained from (What is the nearest neighbors k algorithm? | IBM., 2022) 

 

 
 

2.4. KDD (Knowledge Discovery in Databases) 

 

The process that is followed to obtain knowledge of a database through the application of data mining 

algorithms is shown in figure 8, this process is known as KDD for its acronym in English (Knowledge 

Discovery in Databases), refers to the analysis of large databases through different algorithms to obtain 

useful information for the organization (Tangarife Morales,  2016).  

 

Figure 8 Stages of the KDD process obtained from (Timarán-Pereira, S. R., et al, 2016) 
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The description of the stages of the knowledge extraction process according to (Timarán-Pereira, 

S. R., et al, 2016) are:  

 

- Selection: once the relevant and priority knowledge has been identified and the goals of the kdd 

process defined, from the point of view of the end user, an objective data set is created, selecting 

the entire dataset or a representative sample of it, on which the discovery process is carried out. 

 

- Pre-processing: data quality is analyzed, basic operations such as noisy data removal are applied, 

strategies are selected for the handling of unknown data (missing and empty), null data, duplicate 

data and statistical techniques for its replacement. 

 

- Transformation: useful characteristics are sought to represent the data depending on the goal of 

the process. Dimension reduction or transformation methods are used to decrease the effective 

number of variables under consideration or to find invariant representations of the data. 

 

- Data mining: is the search and discovery of unsuspected patterns and interest, applying discovery 

tasks as classification. 

 

- Interpretation: the discovered patterns are interpreted and the classification is made.  

 

3. Development 

 

In this stage, the application of the KDD process is presented to analyze and classify the cobs by video 

in real time, considering the training stage of the algorithm based on a deep neural network. 

 

3.1. Selection and pre-processing of data. 

 

In the first instance for this work, it consisted of looking for specimens that will meet the characteristics 

of a healthy ripe corn cob, in this work only ears with white grain (figure 9) and elements that had an 

impact on diseases (figure 10, 11, 12, and 13) on the cob were considered, such as:  Aspergillus, 

Gibberella, Fusarium and Common Charcoal, respectively. 

 

To determine to which class the cob belongs, the following aspects should be considered 

according to (Taba, S., 2004 and Varón de Agudelo, F., & Sarria Villa, G. A., 2007):   

 

- Healthy: does not change the color of the grains and the corn is in good condition.  (Figure 9). 

 

- Aspergillus: occurs when infected earswith high moisture content are stored, may contain yellow-

green, ivy green or black masses on the grain or on the olote.  (Figure 10). 

 

- Gibberella: is more common in cold and humid areas. The first signs of infection are the formation 

of white mycelia, which descend from the tip of the cob and give a reddish and pink coloration 

to the infected grains, this type of infection can be poisonous to some species of animals, (see 

figure 11). 

 

- Fusarium: is the most common disease, causes infected grains to developcottony mold and can 

be toxic to animals, (see fugure 12). 

 

- Common Charcoal: this disease can be detected in the young plant since the corn is germinating 

when it is produced in mushroom "huitlacoche" consumed by some people, when it reaches the 

state of maturation it produces a black color similar to the coal polvo hence its name, (figure 13). 
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Figure 9 Healthy cob 

 

 
 

Figure 10 Cob with Aspergillus 

 

 
 

Figure 11 Cob with Gribbrella 

 

 
 

Figure 12 Cob with Fusarium 
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Figure 13 Cob with common charcoal 

 

 
 

3.2 Algorithm transformation and implementation 

 

The transformation of the data is carried out once it has been defined how the classifier will operate, for 

this it has been contemplated that the functions of the classifier both for training and for the evaluation 

phase are in real time. Since in this way you can take full advantage of the capabilities of Mobile Net.  

 

 The CreateCaptutre method, is created to make use of the webcam, this will be the way for the 

classifier to receive the data in real time and thus can also transform them from their original input, and 

store these elements, in a general basis for knowledge. A white filter (Threshold) will be applied, this is 

to lighten the information of the images that are being sent to CNN. 

 

Image 14 Transformation using threshould 

 

 
 

All the information obtained from the training will be contained in a file called Base_MEC.json, 

this file will host the transformed data, in a JSON format, which is the way in which ML5 supplies the 

information to Mobile Net. What Base_MEC.json stores is basically the data set or corpus, which is 

composed of a valid format for CNN, where it contains the value of the images. 

 

Figure 15 Preview transformed data 

 

 
 

3.3 Evaluation of the algorithm  

 

The implementation of a KNN classification algorithm provided by ML5, which is stored in the KNN 

classifier, will help to form a prediction about the classification processes with the information contained 

in the data set, to obtain the final results. 
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Figure 16 Optimal parameters of CNN 

 

 
 

For the training of the algorithm it is necessary that for each specimen of cob is shown in different 

positions the button of Train, placed on the text box, the label with which the specimen shown will be 

designated, repeating this process in all healthy corn cobs and the ears of corn with disease are obtained 

and the following count that can be visualized in the browser console as shown in the following image. 

 

Figure 17 Classifier interface 

 

 
 

In this way, the network training process is carried out in real time and continues to learn from 

the new samples that are introduced, since the generated data is stored in a database in the MobileNet 

reading format for the subsequent classification of the new cobs. 

 

4. Results 

 

Based on the implementation and analysis of the results obtained by measuring the accuracy of the 

algorithm to correctly or incorrectly classify the species introduced in the training and validation of the 

algorithm, the following table shows two columns, the first corresponds to the analyzed specimen and its 

white filter and the second corresponds to the labeling assigned to the cob and the level of confidence 

obtained by the algorithm used. 
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Specimens analyzed Results 

 

Figure 18 Specimen 1 

 

 
 

Result: cob 4 healthy creole 

Confidence: 100% 

 

Figure 19 Specimen 2 

 

 
 

Result: cob 2 healthy creole 

Confidence: 80% 

 

Figure 20 Specimen 3 

 

 
 

Result: cob with Gibberella 

Confidence: 100% 

 

Figure 201 Specimen 4 

 

 
 
 

Result: cob with Fusarium 

Confidence: 100% 
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Figure 212 Specimen 5 

 

 
 

Result: cob with common 

charcoal 

Confidence: 100% 

 

Figure 223 Specimen 6 

 

 
 

Result: cob with Gibberella 

Confidence: 100% 

 

The results obtained, show that the classification is done correctly with the specimens shown, 

however, the problems presented in the analysis must be taken into account, such as the quality of the 

camera of which it was used, a more controlled environment to manipulate the levels of luminosity, 

position of the camera and distance when taking the images in real time, which can affect image quality. 

 

This  work  has  been  funded  by  Tecnológico de Estudios Superiores de Jocotitlán. 

 

5. Conclusions 

  

With the analysis of the ripe corn cobs it was determined that the accuracy of the algorithm is 100% in 

most cases, however, there are deficiencies in the classification of some specimens, derived from issues 

of luminosity and the analysis environment, in addition the number of classified images is low, so it is 

considered to work in a second stage where the number of images is greater to make a More extensive 

training of the classifier and a greater number of samples are taken for sorting. 

  

zThe process of classification in the ear of mature corn, is an activity with great antecedents, 

which until recently was done in light or large amounts of elements, manually. To which opens a 

possibility of extending this work, implementing the same classification system presented, to a device 

that has the necessary actuators to optimize in its entirety the classification of the ear of mature corn in 

the area from where the specimens were obtained. Having as consideration and recommendations the 

following: 

 

- Extend the dataset: Generate a much larger dataset with more instances by varying the 

characteristics. 

 

- Have better control of environmental variables: contemplate a camera of higher resolution in the 

quality of the image and take into account variations in luminosity. 
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Abstract  

 

The purpose of this paper is to evaluate the diagnosis of urban solid waste (USW) in the State of Mexico, 

through the framework of sustainability. Urban areas represent a focus of attention for local 

administrations since they represent spaces of economic importance in the Gross Domestic Product. At 

the same time, these areas favor the concentration of population and air, water and soil pollution in these 

areas. The analysis included documentary review and diagnosis of urban solid waste (USW) in the State 

of Mexico, for which it is necessary to investigate different aspects of utmost importance, as well as some 

background information that involves not only the state, since in order to compare it is necessary to know 

the management of USW in Mexico at a national level first and then focus on the State of Mexico. As 

we know, MSW has increased over time due to the demographic and industrial growth of the country, 

the change in consumption habits of the population, the increase in welfare levels, and the tendency to 

abandon rural areas to concentrate in urban centers. This has substantially modified the quantity and 

composition of MSW. 

 

Urban, Sustainability, Demographic analysis, Composition, Tendency 

 

Resumen 

 

Este trabajo tiene el propósito de evaluar el Diagnóstico de los residuos sólidos urbanos (RSU) en el 

Estado de México, a través del marco de la sustentabilidad. Las áreas urbanas representan un foco de 

atención para las administraciones locales ya que representan espacios de importancia económica en el 

Producto Interno Bruto. Al mismo tiempo, en estas áreas se favorece la concentración de población y la 

contaminación del aire, agua y suelo en estas áreas. El análisis comprendió revisión documental y 

diagnóstico de los residuos sólidos urbanos (RSU) en el Estado de México, para lo cual es necesario 

investigar diferentes aspectos de suma importancia, así como algunos antecedentes que involucran no 

solo al estado, ya que para poder comparar es necesario conocer la gestión de RSU en México a nivel 

nacional primero para posteriormente enfocarnos en el Estado de México. Como sabemos, los RSU han 

aumentado con el paso del tiempo debido al crecimiento demográfico e industrial del país, al cambio de 

hábitos de consumo de la población, la elevación de los niveles de bienestar, y la tendencia a abandonar 

las zonas rurales para concentrarse en los centros urbanos. Lo anterior ha modificado de manera 

sustancial la cantidad y composición de los RSU. 

 

Urbano, Sustentabilidad, Análisis demográfico, Composición, Tendencia 

 

1. Introduction  

 

At present, most of the world's inhabitants are focused on urban regions, presenting increasingly greater 

challenges to solve urban-environmental and governance problems, this is due to  a hurried urbanization 

initiated since the mid-twentieth century, which formed localities that were not prepared for the requests 

of their inhabitants and its increase acquired a disorderly character , a problem that is causing a social, 

economic and environmental imbalance is the issue of urban solid waste that constitutes one of the 

greatest concerns of contemporary communities and a global challenge for public administration,  and 

this problem is expressed as a global trend in the generation of urban solid waste, where the highest levels 

correspond to nations with economic incomes  Such is the situation of the territory of North America, 

consisting of the USA, Canada and Mexico.  

 

According to a study in the 2010 population census (INEGI 2010), it is suggested that 72% of the 

population of the territory inhabits more than 15,000 inhabitants. Recent projections of the urban 

phenomenon in Mexico, estimate that the population will reach 121 million individuals in the next 18 

years, who will live in metropolises of more than one million inhabitants in 2030, growth and 

concentration will demand various inputs for its sustenance such as water, energy and materials, as well 

as the adequate disposal of waste discharged into water,  air and soil, where inadequate dumping of solid 

waste alters the quality of these three resources, as well as their impact on human health and ecosystems. 

In Mexico, the transition from rural to urban changed the consumption patterns of a society that produced 

mostly organic waste, to one that generates primarily inorganic waste derived from the usual 

consumption patterns of urban industrial communities (SEDESOL, 2011) and in 2010 alone, the territory 

generated 109,750 tons of solid waste daily, of which 64% were deposited in landfills, 9% in controlled 

landfills, and the remaining 27% was disposed of in uncontrolled sites. 
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The management of municipal solid waste in most developing nations rests with local authorities, 

such as China, Turkey, India, Ethiopia, Uganda, Greece and Spain among others, (Kanat, 2010; Lohri et 

al., 2017; Okot-Okumo and Nyenje, 2011; Papachristou et al., 2009) where the situation in Mexico does 

not flee to this condition, the "Political Constitution of the United Mexican States" points out that it is 

the responsibility of the municipal authorities to collect and operate it, since, although there are different 

policies, laws and programs aimed at providing a convenient operation, the lack of tools for its proper 

use and administration has made it possible to these programs are political-environmental  discourses, 

where society is a scarcely participating observer. In this research, in order to know the administration 

of Urban Solid Waste (MSW) in the State of Mexico in conjunction with the Ministry of Environment 

and Natural Resources, SEMARNAT, information collection tools were used, such as observation, 

qualitative and quantitative research, focused on detecting the specific reasons for the incongruity 

between the formal and hence this chapter is divided into the following sections:  

 

Section 1.1: Waste Management 

Section 1.2: General Law for the Prevention and Integral Management of Waste (LGPGIR) 

Section 1.3: Municipal Solid Waste (MSW) 

Section 1.4: Management of municipal solid waste (MSW), special handling waste (SHW) and hazardous 

waste (HW) in Mexico. 

 

Likewise, in section 2, the methodology is mentioned and in section 3 the results obtained during 

the research are presented. 

 

1.1 Waste Management  

 

The management of solid waste in Mexico goes through three moments in its history: it begins in 1964 

under a predominant approach of sanitary regulation, in 1988 from the creation of national environmental 

legislation a step is taken towards the basic management of waste and in 2003   the creation of the General 

Law for the Prevention and Integral Management of Waste (DOF,  2003), by incorporating some aspects 

of sustainable management of municipal solid waste, in Table 1.1. The different approaches established 

in Mexican legislation are shown. 

 

Table 1.1.  Enghouse established in Mexican legislation: sanitary regulation, basic management and 

integral management of MSW, with respect to the conceptual framework of sustainable management. 

 
Conceptual 

framework: sustainable 

MSW management 

Waste sanitary 

regulation 

(1964 -1987) 

Basic waste management 

(1988 -2002) 

Comprehensive MSW 

MAnagement (lowercase m) 

(2003-2012) 

Production of goods and 

environment 

Environment and 

development 

The environmental issue is 

involved in the production of 

goods and services 

Environmental responsibility is 

involved 

Urban metabolism Linear metabolism Circular metabolism Circular metabolism 

 

Material Recovery 
 

Recovery 

Diversity 

of recovered by-products 

Highlights the hierarchical 

management of waste through 

reduction, reuse and recycling 

 

Infrastructure 

Scarce physical and 

human resources 

Scarce resources, with 

deployments for recovery 

Scarce resources, with 

improvements in material 

collection 

Legal framework General legal 

framework for health 

management 

Environmental legal 

framework for operational 

management 

Sectoral legal framework for 

operational management 

 

Public policies 

 Short-term operational 

actions 

 Operational and short-term 

public policies 

Operational public policies for 

short-term pollution prevention 

 

Innovation and research 

Research is minimal 

and health-oriented 

Preparation of technical 

studies, in accordance with 

official standards 

Preparation of technical studies, 

and audits 

 

Education and training 

Educational axes if 

Environmental content 

and minimum training 

Education activities 

Formal informal environment 

budding training 

The contents are extended in the 

Basic educational axes and 

localized training 

 
Source: Diagnosis of Urban Solid Waste Management in the Municipality of Mexicali, Mexico. Challenges for the 

Achievement of Sustainable Planning. 
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Consequently, the sanitary regulation considered solid waste as an urban sanitation problem that 

was in charge of the public health authorities, its operation was specified in the collection and removal 

of waste from urban centers for disposal in rural areas with the traditional management of burning,  on 

the other hand, the period of sanitary regulation includes from the appearance of the first federal rules of 

operation by the Ministry of Health and Assistance (SSA) in 1964, until the assignment of functions to 

public services in the municipalities in 1985, and that is modified with the publication of the General 

Law of Ecological Balance and Environmental Protection in 1988 (DOF,  1988), when establishing the 

official Mexican standards for final disposal sites.   

 

In such a way that the basic annex assumes not only an operational policy of collection and final 

disposal, but also tasks of prevention of pollution by MSW, with the publication of the Law of Ecological 

Balance and Environmental Protection, in 1988, the first type of waste was built and rum was distributed.  

competences for the three levels of government, ratifying the formulation of environmental policy, the 

provision of the service of collection and management of MSW, to the municipalities, to itself also, 

appears the  Official Mexican Standard specific in 1996 the sites of final disposal, and the construction 

of infrastructure by the federal government is accentuated, by manifesting the budgetary limitations that 

the municipalities had to build this type  of infrastructure, the  validity of this approach extends until 

before the publication of the first federal sectoral law (Gil, 2009).   

 

Finally, the integral management of Urban Solid Waste is an approach that  presents a  

comprehensive vision through the publication of the General Law for the Prevention and Integral 

Management of Waste (DOF, 2003), has a categorization into three groups of waste: municipal solid 

waste (MSW) of municipal competence, special handling waste (SHW) of state competence and  

hazardous waste (HW) of federal competence, based on this categorization local governments assume 

responsibility for municipal management, management that requires coordination and concurrence with 

other levels of government for pollution control under the signing of agreements. Thus, the integral 

management considers, attend the waste management system that includes the generation, storage, 

sweeping, collection, transfer, treatment, use of materials and final disposal, as well as include regulatory 

actions for the issuance of cleaning regulations, incentives for the reduction of garbage, the promotion 

of collection centers, management of resources and support, training, as well as impact assessments on 

the natural and social environment. 

 

The State of Mexico ranks first nationally, by the number of its inhabitants 15,175,862, according 

to the 2010 population census, also has 13.5% of the national industry, highlighting the production of 

food, beverages, tobacco, among others, coupled with it social and commercial activities have increased; 

thereby generating a considerable increase in waste generation,  A situation that is complicated by 

inadequate practices during the collection, separation and lack of use of recoverable materials that can 

be reincorporated into the production chain and used as raw material in production processes, a situation 

that is neglected by the high costs they require for their treatment, derived from the poor conditions in 

which they are found. (SEMARNAT, General Directorate of Solid Waste Management).  

 

Similarly, the State of Mexico is the most populous entity in Mexico, with 16,187,608 inhabitants 

(INEGI, 2015), it is the territory with the highest generation of MSW in the country, around 10% of the 

total, its production is 1,046kg / inhabitant / day, above the national average of 0.852 kg (GEM, 2009).  

In addition, due to its geographical location, it experiences a variability of climates with strong variations 

in temperature and precipitation, which affect the processes of decomposition of organic matter, as well 

as the diffusion of water-soluble substances, which when available on slopes or landfills in the "open 

sky" are typical to spread the contamination of the same,  These data show the magnitude of the problem, 

by dimensioning that each person produces about  1kg of waste, the excessive consumption of products 

is inferred or that they contain waste materials in excess, any of the cases speak of an irrational behavior 

before consumption. 

  

1.2 General Law for the Prevention and Integral Management of Waste (LGPGIR) 

 

The LGPGIR, defines MSW as those generated in dwelling homes, resulting from the elimination of 

materials used in their domestic activities, the products they consume and their containers, packaging 

and packaging; waste that comes from any other activity within establishments or on public roads and 

those resulting from the cleaning of roads and public places (LGPGIR, Article 5, section XXXIII).   
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On the other hand, the activities associated with the solid waste management process, from the 

point of generation to the final disposal, have been grouped into six functional elements Tchobanoglous 

(1997): a) Waste generation, b) Handling and separation of waste, storage and processing at source, c) 

Collection, d)   Separation, processing and processing of solid waste; (e) Transfer and transport and (f) 

Emptying. 

 

The Integrated Management of Municipal Solid Waste can be defined as the selection and 

application of techniques, technologies and management programs suitable to achieve specific waste 

management goals and objectives. The problems associated with MSW management in today's society 

are complex due to the amount and diverse nature of waste, the development of dispersed urban areas, 

the limitations of funds for the provision of the municipal public cleaning service, as well as the impacts 

of technology and emerging limitations of energy and raw materials (Tchobanoglous, 1997). 

 

Consequently, the Integral Management of MSW must be carried out in an effective and orderly 

manner, identifying the relationships and the fundamental aspects involved, to obtain information with 

uniform data to support the design of both federal and state and municipal programs, in order to optimize 

resources, staff training, restructuring of operational and administrative methods and procedures,  

environmental awareness to achieve the committed participation of the population and the establishment 

of mechanisms to give continuity to projects and programs through institutional changes in the current 

municipal administration in the context of Integral MSW Management. Integrated MSW Management 

has to be considered as an integral part of Environmental Management.  

 

The steps of this management are: reduction in the source, reuse, recycling, sweeping, storage, 

collection, transfer, treatment and final disposal. Within its local scope, this management must include 

all administrative, financial, legal, planning and engineering functions (technical aspects) involved in 

solving all problems associated with inadequate management. 

 

1.3 Municipal Solid Waste (MSW) 

 

Urban solid waste (MSW) is those that are produced in homes, whether houses, offices or small 

businesses, as well as those that come from any other activity that is carried out in establishments or on 

public roads, with domiciliary characteristics and those that occur in public places, provided that they 

are not considered as waste of another nature (DOF, 2003). 

 

In Mexico, according to the most recent figures, published in 2017, MSW generation reached 

44.6 million tons, which represented an increase of 35.6% compared to 2003 (11.73 million tons more 

generated in that period). If expressed per inhabitant, it reached 0.98 kilograms on average daily in the 

same year (Presidency of the Republic, 2017). 

 

The amount of municipal solid waste generated can be explained as a result of multiple factors, 

recognizing among the most important urban growth, industrial development, technological 

modifications and changes in the consumption patterns of the population, among others. 

 

In Mexico, as in the case of many other countries, the growth of MSW generation goes hand in 

hand with private final consumption expenditure and national, this relationship, which has also been 

observed in other regions of the world, means that, with higher incomes, the level of consumption 

increases and, as a result, a greater volume of waste is produced. 

 

The generation of waste is also closely linked to the urbanization process, and it is generally 

recognized that this is accompanied by a greater increase in the purchasing power of the population, 

which leads to living standards with high levels of consumption of goods and services, which produces 

a greater volume of waste. By contrast, in small or rural communities, inhabitants base their consumption 

mainly on less manufactured products that generally lack materials that end up as waste. 

 

Using the size of the population and the characteristics of the localities, the states that would be 

generating the most MSW would be the state of Mexico (6.98 million t; 15.7% of the national total), 

Mexico City (3.98 million t; 9%), Jalisco (3.2 million t; 7.1%) and Veracruz (2.4 million) Colima (241 

955 t; 0.5%), Baja California Sur (301 640 thousand t; 0.7%), Tlaxcala (301 759 t; 0.7%) and Campeche 

(313 317 t; 0.7%). 
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1.4 Management of municipal solid waste (MSW), special handling waste (SHW) and hazardous 

waste (HW) in Mexico  

 

In Mexico there are legal instruments that regulate the integral management of waste and that involve 

generators, those who transport them and those who process them, or not of these legal instruments is 

the General Law for the Prevention and Integral Management of Waste (LGPGIR; DOF, 2003), the 

National Program for the Prevention and Integral Management of Waste and the state and municipal 

programs for Prevention and Integral Management of Waste, however in the case of hazardous waste or 

another type of instruments to manage waste are inventories, which provide information for decision-

making , in addition to collecting and integrating information on the sites where this type of material is 

collected, including those that no longer operate or are even clandestine, nevertheless solid waste 

management plans, through which generators (whether in the public, private or social sector) must adopt 

measures to reduce the generation of MSW,  SHW and HW, take advantage of those susceptible to reuse, 

recycling or energy production, or to treat or confine those that cannot be recovered. Several instances 

are involved in waste management, see Table 1.2.  

 

Table 1.2 Waste management according to the instance involved. 

 
Instance Responsibilities and roles 

Secretary of Environment and Natural 

Resources (SEMARNAT)  

Develop policies and strategies for environmental control. 

Regulate and supervise the environmental regulatory framework. 

Coordinate national programs for environmental management. 

Promote the creation of infrastructure (in collaboration with Sedatu). 

 Secretary of Health (SSA) Develop policies and strategies for health control. 

Regulate and supervise health. 

Develop plans for the prevention of occupational risks and risks to public 

health in the different stages of MSW management. 

Coordinate national programs for environmental sanitation. 

Secretary of Agrarian, Territorial and 

Urban Development (Sedatu) 

Promote the creation of infrastructure (in collaboration with Semarnat). 

Other secretaries  Support the management of MSW in their respective areas (tourism, industry, 

fisheries, energy and mines, transport, housing, others). 

Regulation of MSW management in their respective areas of intervention. 

Municipal governments  MSW management: sweeping, collection and final disposal. 

Formulation of the local regulatory framework. 

Application of penalties for non-compliance in the handling of MSW. 

Formulation and implementation of mandatory fees for the services provided. 

 
Source: Report on the Situation of the Environment in Mexico 

 

2.  Methodology to be developed  

 

2.1 Sustainable MSW planning 

 

The proposal in general is built from the circular approach for solid waste that integrates compatible 

forms of production and consumption that consider the flows of matter and energy in the system, which 

refers to the use of waste via the reduction in consumption, reuse and recycling (Dálisa et al., 2012; 

Marshall and Farahbakhsh, 2013; Pires et al., 2011; Seadon, 2010). 

  

2.2 MSW management in the State of Mexico  

 

Currently, most rural municipalities limit the management of their solid waste to basic elements, so the 

generation, collection and final disposal should be monitored; in some cases, manual sweeping is also 

carried out in streets of the municipal capital, in Figure 2.1, the diagram of the management of the general 

MSW is observed.  
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Figure 2.1 General diagram of MSW management 

 

 
 

 
 

Source: Program for the prevention and Integral Management of MSW and 

Special management of the State of Mexico 

 

 

2.3 Types of MSW Treatment 

 

In this section, the identification of the different types of treatment of MSW in the State of Mexico was 

carried out, with respect to current regulations. 

 

2.4 MSW generation in the State of Mexico 

 

Based on the documentary research, the total amount of waste generated in the State of Mexico tons / 

month was estimated. 

 

2.5 Regulations applied to MSW in the State of Mexico  

 

The regulations covered by MSW within the State of Mexico, on which this study was based, are:   

 

- Regulation of book 4 of the code for biodiversity of the state of Mexico. 

- General Law of Ecological Balance and Environmental Protection 

- General Law of Ecological Balance and Environmental Protection 

- Code of Administrative Procedures of the State of Mexico 

- Administrative Code of the State of Mexico 

- Code for Biodiversity of the State of Mexico 

- Rules of Procedure of PROPAEM. 

 

3.  Results 

 

3.1 Sustainable MSW planning 

 

The planning of MSW contemplates environmental restoration that involves the integration of  new 

administrative and regulatory forms, the  reengineering of public policies; the incorporation of 

technological innovation and the development of research, the promotion of educational and training 

cycles, the formation of market circuits, the formation of clusters, the participation of private initiative,  

the management and promotion of finances to the sector, investment funds; public participation; as well 

as the implementation of monitoring and evaluation (ICLEI, 2005, AUMA, 2006; Centro Complutense 

de Studioôs e Information Ambiental, 2009), which implies analyzing the forms  of management that 

have been carried out in Mexico, an example is the study carried out  in the municipality of Mexicali, in  

Figure 3.1, the elements that form the framework for the planning of Urban Solid Waste from the 

approach of sustainability are  presented. 

 

 

 

 

 

Generation Harvest Final disposition

Swept
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Figure 3.1 Diagram of the framework for planning Municipal Solid Waste from the approach of 

sustainability  

 

 
 

Source of Consultation: Own Elaboration 

 

According to the previous diagram, the   competences and attributions of the orders of the 

government in the sector are described, referencing the federal, state and municipal regulatory structure; 

Institutional framework, presents the policies and actions concerning plans and programmers carried out 

by the council through the units related to the subject; Participation, integrates the different forms of 

participation in planning and management activities carried out by the actors, as well as the rights they 

have of access to information and mechanisms for disseminating actions for monitoring and evaluating 

the performance that should be carried out by the assembly, on the other hand, the   groups involved in 

waste management, this analysis facilitates the identification of diverse profiles and opinions on the 

management system in which they participate: responsible, groups and organizations of the public, 

private and social sectors linked to the subject; Integrated MSW Management, provides basic information 

on generation, transfer and disposition; Infrastructure, reports the material resources and facilities 

available to carry out the work of waste management by the council;  interactions, shows the actions of 

concurrence that  the conjuncture has with the other levels of government, the waste of special handling 

and dangerous; Finance, provides the budgetary information for the operation of the service by the 

council;  economy, considers the opportunities of new market niches for the use of solid waste by-

products and of the economic and financial instruments available to enterprises. 

 

 The information systems creates databases associated with the planning and management of solid 

waste for better decision-making and actions for evaluation and monitoring of its performance and 

communication to society; Research  and development, incorporates scientific and technological 

contributions aimed at the sustainable management of solid waste, as well as considers environmental 

education as the basis of cultural changes, such as the importance of the dissemination and 

communication of actions to society and the feedback they make to management and; Education and 

training, provides non-formal environmental education, trains its staff and implements technological 

innovation actions in the management of MSW. 

 

3.2 MSW management in the State of Mexico  

 

Currently, a large part of rural municipalities limits the management of their solid waste to the basic 

elements: generation, collection and final disposal; In some cases, manual sweeping is also carried out 

in the streets of the municipal capital. 

 

 

 

Sustainable 
MSW 

management

Legal 
framework

Participation

Integrated MSW 
Management

Economy markets and by-
products of MSW

Information systems

Research and 
technological 
development
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a) Generation: The generation of waste is directly associated with the amount of population and the 

economic dynamics that characterize a community, municipality or region. According to INEGI, 

in 2010, the State of Mexico had a total population of 15,175,862 inhabitants, contributing 13.5% 

to the national total. As for the distribution of the population in the state, 87% is located in urban 

areas and 13% in rural areas. As a result of the amount of population accumulated by the State of 

Mexico and the diversity of economic activities, the demand for goods and services is very high, 

which leads to the generation and management of large amounts of urban solid waste. On the 

other hand, the INEGI, 2010. The State of Mexico generates approximately 6,798,100 tons of 

municipal solid waste per year, which represents 16% of the total waste generated nationwide. 

 

b) Collection: Of all the processes that make up the Integrated Management of Urban Solid Waste 

collection regularly is the one that generates the highest costs and depends, to a large extent, on 

the type of collection that is carried out (mixed or separated waste) since this determines the type 

of subsequent treatment. Obviously, the collection of separated waste reduces costs.  In Table 

3.1, the municipalities that provided information have high percentages of waste collection in 

their localities. 

 

Table 3.1 Collection in municipalities of the State of Mexico 

 
Municipalities  Localities by municipality  Locations with Collection % 

Temascalcingo 66 91 

San Felipe del Progreso 105 Sd 

Acambay, Ruíz Castañeda 103 85 

Municipalities  Localities by municipality Locations with collection service % 

Aculco 67 61.19 

Atlacomulco 66 90 

Jilotepec 66 63.63 

San Jose del Rincon 139 86.33 

Timilpan 27 70 

Gold 44 93 

Ixtlahuaca 64 85 

Jocotitlan 60 Sd 

Total 807 80.57% 

 

c) Transfer: When the final disposal sites are located at very long distances from the collection areas, 

transfer plants are installed. The complexity of the plants depends on where it is located, since it 

is necessary to comply with the sanitary rules, as well as with the NTEA-010-SMA-RS-2008. 

The use of transfer centers is low in the region that integrates the program, since most 

municipalities have a final disposal site and in which they dispose of their waste without the need 

to make use of a transfer center 

 

d) Separation of by-products for recycling: The separation of waste into by-products, for treatment, 

protects the environment since the number of tons of waste for final disposal is reduced. In 

addition, the sale of recyclable waste can help municipalities economically, however, the industry 

is usually interested in large volumes, which small municipalities cannot meet, so the creation of 

an intermunicipal system is recommended. The General Law for the Prevention and Integral 

Management of Waste provides for at least two types of separations, primary and secondary, the 

first is to separate organic waste from inorganic waste and secondary refers to separate from 

inorganic waste those that are likely to be recycled.  In some municipalities, with regard to the 

separation of by-products for recycling, there is a "Program municipal are la prevention and 

gestion integral of MSW and special handling", within which it is known that: "the municipality 

during the work of collection of urban solid waste, the recovery of certain by-products with 

commercial value is practiced by the operators of the service within collection vehicles, being the 

materials with greater demand the PET, glass, metals and cardboard. Once these materials are 

separated, operators go to collection centers for direct sale. 
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e) Final disposal: at this stage the waste would be deposited or permanently  confined  in sites and 

facilities whose characteristics allow preventing its release into the environment and the 

consequent effects on the health of the population and ecosystems and their elements, it is 

important to mention that the  Official Mexican Standard NOM-083-SEMARNAT-2003, 

establishes the terms to which the location of the sites, the design, construction and operation of 

the facilities destined to the final disposal of urban solid waste and special handling, in landfills 

or in controlled confinements, must be subject, in this way the  LGPGIR, points out that 

municipalities must regulate land uses in accordance with ecological planning and urban 

development programs, in which the areas in which the final disposal sites of urban solid waste 

and special management will be established will be considered. The landfill is the main option 

for the final  disposal of waste used in the State of Mexico, and which consists  of an infrastructure 

work that limits the impacts caused to the environment due to poor waste disposal, also  in the 

State of Mexico according to the information obtained in the Consultation Portal of the Integral 

Waste System of the State of Mexico,  the disposal of this waste is carried out both in landfills 

and in integral waste centers, each of these places depends on the municipality, in Table 3.2  they 

mention the municipalities that have a sanitary landfill and those that have an integral waste center 

are shown in  Table 3.3,  which would be the most prominent in the State of Mexico. 

 

Table 3.2 Municipalities of the State of Mexico that have a landfill. 

 
Name or business name Municipality  

Tecnosilicatos de México S.A. de C.V. Ixtapaluca 

Mexican waste concentrator S.A. de C.V. Ixtapaluca 

Constructora y operadora de rellenos sanitarios, S.A. de C.V. Tenango del Valle 

Chicoloapan landfill Chicoloapan 

Grupo contadero, S.A. de C.V. (Xonacatlán) Xonacatlán 

Tersa del golfo, S. de R.L. de C.V Cuautitlan izcalli 

Vigue relleno sanitario, S.A. de C.V San Antonio de la Isla 

RS Wast, S.A. de C.V. Tecámac 

MA. Carolina Villalobos Hernandez Zumpango 

Environmental Maintenance and Services, S.A de C.V. Zinacantepec 

Esmenra, S.A. de C.V. Teoloyucán 

Pro-faj hidrolimpieza, S.A. de C.V Naucalpan de Juarez 

H. city council of Tlalnepantla de Baz Tlalnepantla de Baz 

H. Atlacomulco city council Atlacomulco 

 

Table 3.3 Municipalities of the State of Mexico that have a comprehensive waste center 

 
Name or business name Municipality  

Tecnosilicatos de México S.A. de C.V. Ixtapaluca 

RS wast, S.A. de c.v. Tecámac 

 

The final disposal of MSW in region II of the State of Mexico, there are final disposal sites, 

however, not all municipalities control the disposal.   

 

3.3 Types of treatment  

 

The treatments used in the State of Mexico are: 

 

Biological treatment: This type of treatment is used for the elimination of gas and bad odor in the final 

disposal sites that is originated by organic waste, they are based on the degradation of organic matter 

present in the waste by the action of microorganisms, altering the molecular structure of the compounds 

eliminating toxic and dangerous compounds. 

 

Other treatments currently used are the following: 

 

a) Composted: This type of treatment according to the information obtained in, has only been 

reported by the municipality of Atlacomulco, however, it is not followed to the letter according 

to the stipulations of current regulations mainly consist of 20% waste by pruning, 60% organic 

waste and 20% manure. 
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b) Methanization: there is a biogas plant in the municipality of Atlacomulco that aims to provide 

municipal authorities with a tool to dispose of their urban solid waste in a sustainable ecological 

way, and thus also obtain economic benefit with the sale of the products obtained in this process. 

Fresh organic waste and municipal wastewater are treated which, through anaerobic fermentation, 

will produce biol (liquid fertilizer) biosolid (solid fertilizer) and biogas as a product. 

 

c) Mechanical-biological treatment: it is a treatment that improves the properties of the waste that 

you want to deposit to reduce environmental impacts. It is a process that converts waste into semi-

inert material through a broad stabilization phase, before final disposal, consists of two treatment 

stages: mechanic, to condition the MSW to its subsequent treatment and biological, through 

controlled fermentation or aerobic digestion.  

 

There are also other types of treatment that are applied in many regions of the world, however, in 

Mexico there is little application mainly due to the high costs associated with these technologies. It refers 

to the chemical degradation of waste due to the increase in temperature caused by the combustion of 

most materials. 

 

In the State of Mexico there are no plants of this type, due to the high cost of their installation and 

operation. Some of the heat treatments used in Mexico are: 

 

1. Drying: it is the decrease in the weight of the waste, s and increases the temperature so that the 

water evaporates and thus reduces up to 50% the weight of the waste, s however, by increasing 

the temperature the volatile compounds are released causing an impact on the environment. 

 

2. Incineration: process to reduce the volume and decompose or change the physical, chemical or 

biological composition of a solid, liquid or gaseous waste, by thermal oxidation, in which all 

combustion factors can be controlled. The incineration of MSW can reduce the volume by 70 to 

90%. 

 

3. Pyrolysis: thermal decomposition of a material in the absence of oxygen or any other reactant. 

This decomposition occurs through a complex series of chemical reactions and processes of 

transfer of matter and heat. 

 

4. Gasification: optimized pyrolytic process, by which a solid or liquid substance with high carbon 

content, is transformed into a gaseous mixture of fuel, by partial oxidation with application of 

heat, process technology designed to obtain a synthesis gas; that is, a product that can be used to 

produce fuels, chemicals or energy. 

 

5. Biomass reforming: heat treatment process, which with the help of a catalyst produces a 

hydrogen-rich gas from organic matter. 

 

3.4 MSW generation in the State of Mexico 

 

Table 3.4 shows the total amount of waste generated in the State of Mexico. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



43 

 

Table 3.4 Waste generated: Integral Waste System of the State of Mexico (SIREM). 

 
Waste Management Destination 

Description of the Waste Quantity 

generated 

(Ton/Month)  

Use Treatment Gathering Final Provision 

Ton/ 

Month  

% Ton/ 

Month  

% Ton/ 

Month  

% Ton/ 

Month  

% 

MSW-1 Solid organic 

waste (from food and 

gardening) 

712.675 68.315 9.586 3.608 0.506 8.582 1.204 632.170 88.704 

MSW-2 Recyclable 

solid waste, 

specify with form to 

classification 

180.249 5.583 3.097 1.371 0.761 4.120 2.286 169.175 93.856 

MSW-3 Medical waste 477.580 4.259 0.892 2.985 0.625 15.601 3.267 454.735 95.217 

MSW-4 Other / specify 104.931 3.966 3.780 1.380 1.315 0.000 0.000 99.585 94.905 

RME-1 Waste from 

health services 

generated by a large 

generator in 

Medical-assistance 

centers 

86.292 7.241 8.391 0.054 0.063 0.269 0.312 78.728 91.234 

RME-2 Agroplastic 

waste generated by 

intensive 

agricultural/forestry and 

forestry activities 

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

RME-3 Organic residues 

from intensive 

agricultural/poultry 

activities 

/ Livestock and fishing 

67.892 14.400 21.210 0.000 0.000 0.000 0.000 53.492 78.790 

RME-4 Waste from 

federal transport 

activities, which 

includes services in 

ports, airports, bus 

stations and motor 

transport stations and 

those of public transport, 

which includes service 

providers that have 

terminals, workshops or 

stations, which are 

included in 

The following list 

42.166 0.000 0.000 0.000 0.000 0.000 0.000 42.166 100.000 

RME-5 Sludge from 

wastewater treatment 

with the exception of 

those indicated in the 

NOM- 

052-SEMARNAT-2005 

2,989.014 703.289 23.529 805.645 26.954 35.184 1.177 1,444.896 48.340 

RME-6 Waste from 

department stores or 

shopping centers, 

including self-service 

stores, supply centers, 

public markets and 

Travelling. 

10,905.351 8,842.732 81.086 50.000 0.458 0.000 0.000 2,012.619 18.455 

RME-7 Construction 

waste / maintenance and 

demolition in general 

that is generated in a 

work in a 

quantity greater than 80 

m3 

418.839 44.767 10.688 0.000 0.000 0.000 0.000 374.072 89.312 

RME-8 Products that at 

the end of them 

Shelf life are discarded 

17,923.980 6,822.301 38.062 1,000.403 5.581 4,553.970 25.407 5,547.306 30.949 

RME-9 Others 

established in the 

General Law for 

Prevention and 

Management 

Integral Waste and 

Regulation 

14.464 0.000 .000 0.000 0.000 0.000 0.000 14.464 100.000 

RME-10 Other 10,594.455 1,987.168 18.757 2,125.346 20.061 44.332 0.418 6,437.609 60.764 

Total 44,517.888 18,504.021 41.565 3,990.792 8.964 4,662.058 10.472 17,361.017 38.998 

 
Source: Integral Waste System of the State of Mexico (SIREM) 
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With the data obtained previously, the result of the generation of MSW in the State of Mexico is 

6,798,100 tons per year of municipal solid waste, representing 16% of the total waste generated 

nationwide with a population of 15,175,862. In Edo. Mexico has a population of approximately 16.99 

million people, so it is estimated that, in 2021, there will be an increase in MSW generation of 7611,835 

tons per year.  

 

In this way it can be established that residue growth exists exponentially, given by the following 

formula: P (t) = (P0) ert, where the growth rate is: 

 

Starting amount (P0): 15,175,862 people 

Time (t): 10 years 

Final quantity (P(t)):169,924,18 

Growth rate: 0.0113061105282= 1.13061105282% 

 

Therefore, using the same formula, with respect to waste generation and growth rate, the final 

amount generated per year is sought: 

 

Initial amount (P0): 6798,100 tons per year 

Time (t): 10 years 

T growth rate: 0.0113061105282= 1.13061105282% 

Final quantity (P (t)): 7611.835 Ton per year 

 

In this way, the proposals in sustainable planning seek to reduce a large percentage in waste 

generation, so that together with the organizations and institutions responsible for the environment, 

greater impact must be generated to apply the management and regulations in force. 

  

3.5 Proposal to improve MSW in the state of Mexico  

 

In the country of Sweden, whose population is one of the largest in the Nordic countries, it is an 

exemplary country in the recovery of energy from waste, and this energy recovery is mainly based on 

the incineration of its waste, from which energy is provided for district heating of 20% of the country 

and for the electricity of some 250,000 families. Waste management in this country has become an 

industry and source of employment (Cali.gov.co, 2012). 

 

However, the trend in Mexico is to increase the generation of waste, as well as its deficient final 

disposal, coupled with a lack of environmental culture and the clear devaluation that the majority of 

society gives to waste. On the other hand, the anaerobic conversion method is an environmentally safe 

option. 

 

Likewise, the implementation of MSW treatment policies is a necessary alternative and 

improvement as an infrastructure for both society and the environment.  The growing demand for MSW 

collection service requires an increase in the infrastructure with which it is able to properly handle MSW. 

However, with the passage of time, the location of the required infrastructure tends to move away from 

urban centers, so it is convenient to carry out comprehensive regional planning with long-term 

perspectives that allows the strengthening of the infrastructure for the management of MSW. 

 

Comprehensive systems require collection and transportation systems, as well as infrastructure 

for waste treatment and separation. Currently, separation and treatment plants for MSW are becoming a 

necessary installation in large cities. In Mexico, growth rates are below expectations, as only 10% of the 

total MSW generated is recycled. 

 

The capture of biogas is done through the biological conversion of organic waste by which 

different bacterial groups use this material to feed. This process of decomposition of matter generates a 

significant amount of methane gas, carbon dioxide, some nitrogen, hydrogen and hydrogen sulfide. The 

gas generated, biogas, can be used for heating or in electric generators. Through this process it is 

estimated that for each ton of organic waste, up to 175kWh can be generated, enough energy to power a 

standard refrigerator for two months (SENER, 2014). 
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At the global level, Germany and Sweden have set an example on this issue. In Germany there 

are more than 5,000 biogas plants throughout the country. In 2010 alone, these plants generated more 

than 13 TWh (billion kilowatt hours), representing approximately 2% of all renewable energy generated 

in the country. (IMCO, 2012). 

 

On the other hand, the digested residue can also be very useful as a biofertilizer, since it has no 

odor and has characteristics similar to humus, favors the fixation of carbon in soils, and can improve the 

capacity of water absorption. Therefore, it is proposed to install an integrated MSW treatment plant with 

the capacity to capture biogas and biofertilizer production through anaerobic conversion. This treatment 

method favors the recycling and recovery of the materials that make up the MSW throughout the process: 

in the separation stage, inorganic waste is recovered to be recycled, which reduces the pressure on natural 

resources (extraction, production and transport of new products) and reintroduces these materials into 

the production system; In the stage of anaerobic digestion of the organic fraction, in addition to producing 

biofertilizer, methane emissions are reduced.  Figure 3.2 shows a diagram of the conversion process of 

MSW to biofertilizer and biogas.  Thus, from the primary products obtained with this waste treatment 

technology, a recovery of products or energy can be made at a later stage, and in this way a direct impact 

is achieved in the reduction of greenhouse gas emissions. 

  

Figure 3.2.  Process of conversion of MSW to biofertilizer and biogas 

 

 
Source of Consultation: Own Elaboration 
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Conclusions 

 

The generation of MSW in Mexico and in particular the State of Mexico, highlighting the different 

processes that are applied for the reduction of these through different processes by previously defined 

category are important for an improvement of life not only municipal, state and national.  
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Carrying out this research is a reflection and is an awareness to reduce individually the garbage 

generated day by day, since, according to the statistics published by the government, the numbers are 

really high and although it seems that we have the opportunity and the obligation to create solutions to 

these problems, A high potential is really needed, since controlling waste generation is an unstable 

parameter at this time.  The purpose is that the proposal of a turn of change in people so that they can 

and know what to do with waste. 

 

The generation of Urban Solid Waste (MSW) is already becoming a serious problem for society, 

the environment for example in the pollution of seas, rivers and mainly in the quality of drinking water.  

According to the diagnosis made to the MSW generated in the State of Mexico, data is obtained where 

it has not been intended to reduce it, although there are laws and institutions, the legal framework in 

charge of applying is not reflected 100% for various reasons (politics, corruption, bad habits, lack of 

responsibility, etc.), this can be clearly observed in the final disposal sites since of the few sites that exist 

in the State of Mexico these do not comply with the stipulations of the rules, that is, they are not 

controlled, it was also realized that the treatments that must be  used in the different types  of waste, as 

mentioned  in the document, are not used in most cases, and the only municipality that has reported the 

use of one of them,  is the treatment by composting  in the municipality of  Atlacomulco,  Edo. of Mexico, 

so it is really necessary to look for alternatives that can be used effectively and thus reduce the generation 

of waste in the State of Mexico, which surprisingly is the state with the highest generation of MSW in 

Mexico and    is something really worrying.  It is important to mention that it is everyone's task from the 

municipalities where planning should be applied mainly, to the citizens. 
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Abstract 

 

Today, there is a growing need for alternative construction technologies that allow, among other things, 

to reduce of plastic waste and energy consumption during the life cycle of buildings. In this context, this 

article presents the partial results of a research project whose objective is to develop an innovative 

solution for plasterboard with plastic aggregates such as pet and Ixtle natural fibers. This solution is based 

on a plasterboard made with a mixture of eco-efficient composite materials. The composite material used 

in the production of the plates or panels results from the combination of two industrial by-products: 

commercial plaster; crushed or laminated pet, and natural ñixtleò textile fibers resulting from the 

ñcarvingò process of the maguey leaves. In addition to the raw materials, the innovation of the solution 

also results from new future proposals for experimentation with different recycling materials. In this 

work, details of the process of elaboration of the plates and both the optimization of the composition of 

the material and the construction technology are provided, within the long strategies, the tests and 

validation of the mixtures will be carried out for the elaboration of plates from the point of view of 

mechanical, thermal and acoustic behavior, which from the results obtained can be concluded in the 

feasibility that meets all the structural stability requirements suitable for this type of construction element. 

 

Panel Ixtle, Innovation, Experimentation 

 

Resumen 

 

Hoy en día, existe una creciente necesidad de tecnologías de construcción alternativas que permitan, 

entre otras cosas, reducir los residuos plásticos y el consumo de energía durante el ciclo de vida de los 

edificios. En este contexto, este artículo presenta los resultados parciales de un proyecto de investigación 

cuyo objetivo es desarrollar una solución innovadora para placas de yeso con agregados plásticos como 

el pet y las fibras naturales de Ixtle. Esta solución se basa en una placa de yeso realizada con una mezcla 

de materiales compuestos ecoeficientes. El material compuesto utilizado en la producción de las placas 

o paneles resulta de la combinación de dos subproductos industriales: el yeso comercial; pet triturado o 

laminado, y fibras textiles naturales de ñixtleò resultantes del proceso de ñtalladoò de las hojas de maguey. 

Además de las materias primas, la innovación de la solución también resulta de nuevas propuestas de 

futuro para la experimentación con diferentes materiales de reciclaje. En este trabajo se brindan detalles 

del proceso de elaboración de las placas y tanto de la optimización de la composición del material como 

de la tecnología constructiva, dentro de las estrategias largas se realizarán las pruebas y validación de las 

mezclas para la elaboración de placas desde el punto de vista del comportamiento mecánico, térmico y 

acústico, lo que de los resultados obtenidos se puede concluir en la viabilidad que cumple con todos los 

requisitos de estabilidad estructural adecuados para este tipo de elemento constructivo. 

 

Panel Ixtle, Innovación, Experimentación  

 

1. Introduction  
 

Betting on new construction materials that are friendly to the environment has led higher-level 

educational institutions, whether universities or technology, the construction industry, and all those actors 

involved in architecture to encourage students and researchers to reflect on the architecture commitment. 

And the impact of its architectural work on the natural or artificial context that surrounds it, as well as 

its influence on one of the most critical problems of humanity such as the climate crisis which includes 

climate change, the deterioration of farmland, the expansion of the urban sprawl, pollution and loss of 

biodiversity, it is necessary to understand and measure the responsibility of all these actors. That is, why 

it is essential to promote, analyze, innovate and experiment with new products for this great industry that 

is construction, but above all to look for new strategies for teaching architecture to make future architects 

aware of this great crisis, but above all as an agent generator of well-being with responsibility and social 

commitment. (see figure 1) 
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Figure 1 The Great Crash 

 

 
 

Source (De la Madrid & Landeros, 2020) 

  

One of the great concerns is the impact generated by these current construction products produced 

with renewable and non-renewable materials, their management and final disposal is a critical situation, 

which worsens as cities grow. 

 

This article invites reflection and presents a research project developed from the classrooms of 

the degree in Architecture, which is mainly based on the elaboration of an ecological panel based on 

plaster and aggregates such as PET and ixtle as a constructive element. , with the use of natural materials 

such as maguey with its Ixtle fibers typical of the northern region of the state of Mexico, one of the 

objectives of the project is to verify its feasibility and effectiveness and thus be able to use them in 

construction as another alternative construction element, friendly to the environment and the use of this 

natural fiber and the recycling of PET. 

 

Gypsum panels or commonly called in Mexico Tablaroca are generally composed of a center of 

plaster gypsum, cellulose and confined under pressure between two sheets of recycled paper, in Mexico 

there are in the current market, brands such as Tablaroca, Panel Rey, and Plaka Comex, among others, 

which within their characteristics have a good ecological balance due to their efficient use of raw 

materials, such as plaster and cellulose in the production process, within the construction sector they are 

commonly used for their excellent, acoustic and thermal insulation properties and its resistance to fire, 

in addition to its easy handling and flexibility. 

 

However, although gypsum and cellulose are the natural raw material that is found in abundance, 

they must be treated as non-renewable materials to be aware of their care, which is why this proposal to 

make the prototype of the panel of plaster, is from the analysis of conventional or commercial plaster 

panels which the elaboration of the panel will be carried out a controlled production process from the 

selection of the material and the processing of the material such as Ixtle and PET, and thus by uniting 

these two elements to obtain a more environmentally friendly and sustainable product, an element with 

these characteristics will allow the construction sector to reduce the rate of pollution released during its 

practice, it will be a resistant and light element, which will serve within the design and construction of 

the interior space. 

 

That is, why the reason for this research, it is of the utmost importance to be aware of the 

architectural work and one of them is the interest in creating innovative projects, benefiting a large part 

of society, based on the above, it was decided to propose the project called "Ecological plasterboard 

based on PET plastic aggregate and ixtle", to generate a sustainable ecological material using materials 

that reduce the impact on the environment, and have benefits such as fire resistance, acoustic insulation, 

thermal resistance to humidity, at a low cost in its production and thereby contribute to reducing 

pollution, global warming, and environmental impact. (Acosta, 2009) 
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Under this perspective, it is evident that the architect's profession, originally so linked to the land, 

has been modified in recent times due to social, political, economic, and educational changes, the 

introduction of new materials and new practices, today, it is done It is necessary to propose awareness 

programs aimed at architecture students where they reflect on priority issues such as in this case, the 

shared responsibility with the great environmental problems, and as far as possible, the social co-

responsibility that joint participation requires, coordinated and differentiated from producers, 

distributors, consumers, users of by-products, and from the three levels of government as appropriate, 

under a scheme of market feasibility and environmental, technological, economic, and social efficiency. 

 

2. Developing 

 

The consumption of plastic materials has increased notably in recent years worldwide, specifically PET 

(Polyethylene Terephthalate) due to the proliferation of containers of this material in the food industry. 

PET containers have added to the changing consumption habits of the population such as consuming 

more and more bottled water and carbonated drinks, which leads to producing more waste because the 

container has no useful value for the consumer. and that is why what continues to contribute to the 

contamination of the soil and water is discarded. (Cristian, et al 2003) 

 

When PET is discarded, its disintegration effect is for a long time. According to calculations, it 

can take between 500 and 1000 years to decompose. And even if it stops being seen, it will have released 

thousands of micro PET fragments that are even more polluting. Currently, there must be sustainable 

materials that help minimize pollution on the planet, especially those materials that are used in the field 

of construction. (Hernández, 2008) 

 

Innovation in new materials provides construction with the fluidity to build, in addition to the fact 

that architecture itself is increasingly focused on the use of sustainable materials that have a favorable 

impact on the environment and the economy of consumers. Such is the case of gypsum boards or panels 

that minimize time and costs when building and designing exterior and interior spaces, where the general 

purpose of companies is to seek short-term alternatives to increase their productivity. 

 

However, it can be counterproductive when it comes to being transported and manageable for 

assembly since they can become heavy and fragile. These panels are mainly made up of plaster, cellulose, 

water, and cardboard. Gypsum is a natural and universal raw material that is found in abundance in nature 

and its residues are biodegradable, however, care must be taken for it. For this reason, it is proposed to 

make a plaster panel mixed with PET grinding, this is one of the most common wastes currently causing 

a notable acceleration of global warming and great pollution in rivers, seas, oceans, forests, etc. 

 

PET offers high resistance, a good barrier to CO2 and humidity, is compatibility with other 

materials, is recyclable, low weight, and waterproof. That is, why it has been chosen as one of the 

materials that will be most present in the elaboration of the panel. In addition, it is decided to add a 

vegetable fiber (Ixtle) obtained from the maguey that will allow a panel with greater resistance, since this 

fiber is placed on the lateral faces of the panel providing greater rigidity. (Alesmar et al, 2001) 

 

The composition of the chosen materials allows us to achieve a sustainable element that will be 

used to create interior spaces seen mainly in walls, ceilings, ceiling. 

 

The research topic called "Ecological plasterboard based on PET plastic aggregate and ixtle" was 

selected according to the current problem of environmental pollution where plastic is one of the main 

wastes found in large volumes in different places. That is, why it is decided to reuse I, so that the pollution 

it generates by having a late degradation process in the environment can be avoided. Being thus an idea 

of innovation that seeks for our current quality of life and that of future generations. 

 

The panel is made with plaster, recycled PET plastic, and ixtle, which includes the grinding of 

PET, this being a process that will convert the bottles into smaller particles until reaching the 

granulometry required for our product. Elaborating an element with these characteristics will allow the 

construction to reduce the rate of contamination that it releases during its practice, it will be a resistant 

and light element, in addition to having an accessible price for the public that will serve the interior 

design of spaces where it is necessary to divide or build a space in creatively ways with the best finish. 
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For this, the appropriate execution of recycling and the implementation of concrete actions that 

benefit ecological, economic, and accessible aspects to a large part of humanity is essential. 

 

The composition of the mixture of these materials proposes to obtain a sustainable element that 

guarantees the reduction of pollution and has unique characteristics of resistance and durability as an 

alternative to be used in the construction of interior spaces in dividing and decorative walls, false ceilings, 

and furniture, among others, other uses, depending on the required need of the project to be implemented. 

  

The materials that make up the innovative product are: plaster, grinding of PET plastic, ixtle, 

cellulose, and recycled cardboard. Gypsum is usually white, with a fine texture and low hardness. It is 

composed of crystallized calcium sulfate with two water molecules; It is obtained by calcination of 

hydrated calcium sulfate. Gypsum by itself does not have direct applications, however, it is a binder that 

hardens quickly. Its elasticity allows us to easily model various ornamental elements at a low cost. 

(Mayor, 1977) 

 

Plastic grinding has properties that make it transparent, shiny, resistant to wear, has a good slip 

coefficient, is a good thermal barrier, against gases and moisture, etc. Its advantages include 

transformation through extrusion, injection, and perform blow molding, and thermoforming processes. 

(Cosmos O., 2021). 

 

Recycled paper is a raw material that has a lower impact on the environment since its production 

represents a reduction of up to 60% in carbon dioxide emissions compared to other materials. It is 

cellulose, its decomposition time is short, in addition to the fact that, after recycling, recycled cardboard 

or paper does not lose quality or properties and is also cheaper. (London T., 2011). 

 

And finally, the lechuguilla fiber (Ixtle) or Tampico fiber, as it is known internationally, has 

excellent quality due to its hardness, high strength, and durability given its high-water absorption 

capacity (65%) and its resistance to solvents, chemicals, heat, diluted and concentrated acids, abrasive 

products, petroleum distillates, alcohols, and vegetable oils. (Castillo et al, 2013) 

 

3. Methodology 

 

The research method is quasi-experimental, it is shown through the management of unproven 

experimental variables, in relatively controlled conditions, since being an experimental work where the 

participation of students is included to promote research, creativity, and innovation, but above all, raise 

awareness of major issues such as sustainability. Likewise, it is proposed to manage this research in three 

stages in the short, medium, and long term so that there is continuity both in the work and in the 

participating students during these periods. 

 

The objective of this research is to study the feasibility of the module or construction element 

from something already created such as the plaster panel and its incorporation of PET and Ixtle fibers, 

which these elements will first undergo various tests, elementary physical in this way to know and 

demonstrate its physical properties, in addition, its comparison with similar elements, which will enable 

the detection of virtues or defects of the element, as well as the exploration of new forms of construction 

to detect its advantages in use, functionality, and sustainability within drywall standards. 

 

Within the research strategies: 

 

Short term 

 

- Documentary and field research stage. 

- Analyze information collected both bibliographic and field. 

- Analyze and characterize existing and/or commercial prototypes. 
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Medium term 

 

- Select plastic materials especially PET and recycled paper 

- Select the plants for the elaboration of the Ixtle. 

- Execute the experimentation of the materials to be used, as well as define the samples and the 

proportions with the plaster, PET, and ixtle. 

- Submit to non-specialized conventional tests of the materials and the construction element 

(prototype), 

- Analysis of results. 

 

Long-term 

 

- Determine the construction processes. 

- Real-scale prototyping 

- Submit the prototypes to specialized laboratory tests in terms of resistance and compression 

- Compare the costs of the product in the current market. 

- Analyze the function, resistance, and durability of the prototype. 

- Identify the benefits of manufacturing ecological panels such as cost reduction and their 

functions. 

- Integrate the ecological gypsum panel into the construction market, to achieve national 

recognition of the product. 

 

4. Results and discussion 

 

Experimental part 

 

Next, part of the research strategies in its medium-term stage consists of the process for the preparation 

of the panel is described. 

 

- The selection of plastic materials, especially PET, plaster, ixtle, and recycled paper 

- Raw material manufacturing process. 

- Execute the experimentation of the materials to be used, as well as define the samples and the 

proportions with the plaster, PET, and ixtle. 

 

Materials 

 

For the elaboration of the panel, a controlled production process will be carried out from the selection of 

the material and the processing of the materials. 

 

PET plastic (polyethylene terephthalate, polyethylene terephthalate, polyethylene terephthalate, or 

polyethylene terephthalate), was chosen because we consider it the most common waste recorded daily.  

 

In general, this material is characterized by its properties such as purity, high resistance, and 

toughness, it also has properties of transparency and chemical resistance; It is light, with high rigidity 

and hardness, as well as being recyclable. Through this last property of "recycling", we obtain the 

grinding through a process of cleaning and selecting the plastic so that it passes through a plastic materials 

mill where particles of between 4-10 mm are obtained.  

 

This material will be used as mentioned before to obtain a granulometry or laminar product 

according to its properties, in order to integration with the plaster feasible, and ixtle to make the mixtures 

and able to form panels of 0.60 x 0.60 m and 12mm in diameter. Thickness according to NMX-C168-

1977 "gypsum boards or blocks for interior walls" in section 5.4. 
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Figure 2 Pet 

 

 
 

Source (Authors, 2022) 

 

Gypsum (calcium sulfate hemihydrate) is originally a mineral called gypsum or gypsum stone. This rock 

is mainly made up of calcium sulfate with two water molecules (CaSO42H2O), called calcium sulfate 

dehydrate. From this mineral, you can obtain a product called calcium sulfate hemihydrate (CaSO4 

1/2H2O), also known as construction plaster. In this form it acquires the ability to set in the air, it has 

properties such as malleability, hygroscopic, and favorable thermal conditions for construction (Mayor, 

1977). 

 

The ixtle, a material that is obtained through the "carving" of the maguey leaves (Salmiana), the 

integration of this natural material, arises by offering more resistance to the panel, forming a protective 

mesh on its lateral faces as it is a plant predominant succulent in several areas of the State of Mexico, it 

will allow us to access with greater accessibility and make use of the plant, manually obtaining the ixtle 

according to the ancestral technique to take advantage of this natural fiber. (Castillo et al, 2013) 

 

Figure 3 Maguey Salmiana 

 

 
 

Source (Authors, 2022) 
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Recycled paper 

 

Recycled paper, also called post-consumer waste, carries a process to obtain cellulose, which is a pulp 

extracted from wood from chopping until it is transformed into a paste or pulp, which is subjected to 

chemical processes where cellulose is Obtained pure cellulose fibers, the Kraft paper process is based on 

a solution of sodium sulfide and sodium hydroxide in a 1:3 ratio for 2 to 6 hours at a temperature of 160 

to 170 °C at the boiling point and that subsequently the sodium sulfide is eliminated (Budjiashvil, 2019) 

 

The use of Kraft Paper has been considered since it is very resistant, and the paper guarantees 

stability between the composition of the materials that are part of the core of the panel. It can be said that 

this type of paper is integrated to give life to some multilayer materials since it is feasible to be combined 

with other diverse materials. 

 

For the selection of these materials, it was possible to identify advantages and disadvantages of 

the requirements that could meet the technical properties, such as resistance, wear, absorption, and 

resistance, to be used in the panels, properties that would make it possible to build a panel with ecological 

characteristics and constructive. 

 

Experimental part 

 

The raw material manufacturing process 

 

Obtaining PET plastic milling 

 

a. PET collection (figure 4). It is the most conventional type of plastic in our daily lives, so it is very 

easy to get it, you must ensure that the material is free of impurities or dirt. 

 

Figure 4 Plastic bottles 

 

 
 

Source (Authors, 2022) 

 

b. Cleaning of the collected PET material, in order to obtain a clean grinding of dirt that may affect 

the elaboration of the panel. If necessary, the PET will have to be washed to remove any type of 

contaminant. Here are the labels, caps, and mouth of the bottles that have been collected are also 

removed as seen in figure 5. 
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Figure 5 Removal of labels and caps from the collected bottles 

 

 
 

Source (Authors, 2022) 

 

c. Reduction of the size of the plastic through a mill where particles between 4 mm and 10 mm will 

be obtained. Figure 6 shows how the plastic bottles enter the plastic materials mill. And figure 7 

shows the expulsion through the output chamber of ground plastic. 

 

Figure 6 Entry of bottles to the hopper of the plastic materials mill 

 

 
 

Source (Authors, 2022) 
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Figure 7 Expulsion through the output chamber of ground plastic 

 

 
 

Source (authors, 2022) 

 

d. A series of factors must be considered to obtain the grinding of plastic for verification of the 

desirable granulometry, once it is subjected to the grinding process, sieves must be used which 

will allow classifying the different sizes of plastics that were obtained, or, where appropriate, 

repeat the grinding process to obtain the appropriate granulometry for mixing with the materials 

used in the panel. (see figure 8) 

 

Figure 8 Obtaining plastic milling for panel use 

 

 
 

Source (authors, 2022) 

 

Ixtle extraction  

 

a. The process for obtaining the ixtle is described below, first, a maguey stalk is cut, using a saw 

bow and gloves, since care must be taken because the sap causes an allergic reaction on contact 

with the skin such as itching, or redness. (see fig.9). 
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Figure 9 Cutting of the maguey stem to obtain the ixtle 

 

 
 

Source (Authors, 2022) 

 

Subsequently, the sap is removed from the maguey fiber with the help of a stick or wooden trunk 

to obtain the ixtle, as shown in figure 7. 

 

Figures 10, 11, and 12. The sap is removed to see the vegetable fiber, which is what is wanted. 

 

 
 

Source (Authors, 2022) 

 

Once the sap has been removed from the fiber, as shown in figure 13, all the fiber obtained from 

the maguey is left to dry in the sun for a period of approximately 3 to 4 days. 
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Figure 13 The ixtle is dried in the sun 

 

 
 

Source (Authors, 2022) 

 

Finally, when the maguey or ixtle fiber dries (figure 14,15), it can be used to make the panel. 

 

Figures 14, 15. Ixtle fibers 

 

 
 

Source (Authors, 2022) 

 

Preparation of mixtures 

 

The experimentation of the first mixtures was carried out to analyze the behavior of the materials among 

themselves and a 60 x 60 cm mold built with plywood and ¾ x ½ "wood strips was taken as a base, for 

the emptying of the mixtures. 

 

Which were the following: 
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Table 1 mixture dosages 

 
Materiales Unidades Mezcla 1 Mezcla 2 Mezcla 3 

Water mililitros 500 750 1000 

Gypsum gramos 500 750 1000 

PET gramos 250 300 500 

Ixtle Metros .50 2 4 

 
Source (Authors, 2022) 

 

Mix 1   
 

A mixture of 500 milliliters of water, 500 g of white plaster, ½ meter of ixtle fiber, and 250 g of plastic 

grinding was made, then they were spread over the mold. Analyzing this test, it was observed that the 

proportion of water, plaster, and plastic grinding should not be the same since the materials absorb water 

and the plaster dries quickly without achieving adequate accommodation of the material inside the mold. 

While the plaster was being mixed, it dried in less than a minute, so when it was poured into the mold it 

did not have a good consistency, as illustrated in figure 17. 

 

Figure 17 The first test result of the panel 

 

 
 

Source (Authors, 2022) 

 

Mix 2   
 

According to what was analyzed in the previous test, a release agent was applied to the wood to get the 

panel to unmold and the amount of water was increased to 750 milliliters that were added to the mixture 

made up of plaster 750 g was, 300 g plastic grinding and on this occasion we added 2 meters of ixtle with 

the intention of giving the panel greater resistance and drilling was done to observe a better homogeneity 

between the materials, the mixture was more manageable and allowed adequate accommodation inside 

the mold, The result of this test is displayed in Figure 18. 
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Figure 18 Placement of the Ixtle fibers in the pouring of the mixture on the wooden mold 

 

 
 

Source (Authors, 2022) 

 

Mix 3  
 

A third test was carried out to improve the techniques or methods used in the previous tests, the 

dimensions are 60 × 60 cm with a thickness of 1.2 cm, the proportion of the materials is made up of 1000 

ml of water, 1000 g of plaster, 500 g of plastic grinding, 4 m of ixtle, before this test an improvement 

was observed in the result of uniformity in the panel, the materials integrate better, and it looks more 

aesthetically pleasing and thanks to the release agent we were allowed to remove the panel without any 

complications. The results of this test can be seen in Figure 19. 

 

Figure 19 Third test result 

 

 
 

Source (Authors, 2022) 
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6. Conclusions 

 

According to the test tests presented above and the panel manufacturing process of the materials and 

methods, it was found that mixture 3 is the most viable for the manufacturing of the ecological gypsum 

panel prototype. 

 

However, it was realized that the amount of plastic and plaster depend a lot on their proportions 

for the malleability of the mixture and adherence. The setting time is very susceptible to climate changes; 

however, a favorable result was obtained since the materials reacted adequately when mixed. 
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The ecological plasterboard based on plastic aggregate and ixtle is a solution to current problems 

of contamination with PET since plastic is increasing day by day and the environmental impact causes 

serious damage to the lives of all living beings on the planet. The inclusion of plastic in a granulometry 

state, with the plaster, the ixtle and the recycled paper in the panel was finally a good compositional 

result in the panel as established in the general objective. 

 

It was found that the project can be a sustainable construction element that replaces the current 

existing panels to raise awareness about caring for the environment and reduce pollution in the 

construction industry. 

 

During the development of the investigation, no material similar to that of this proposal was 

found, which is why it has been considered to be an idea of product innovation since there are only 

conventional drywall panels and recycled paper without the use of plastic waste or any other type of 

waste that allows recycling. The materials we use in the panel make it a unique product, making use of 

natural raw materials from the State of Mexico, in addition to seeing PET recycling as the best alternative 

to reduce environmental impact. 

 

Knowing the properties of each material used will allow us to investigate more about the results 

that we could obtain since each characteristic positively contributed to the panel benefits of stability, 

lightness, and aesthetics. This panel is based on the NMX-C-059-ONNCCE-2013 standard. And based 

on said standard, tests will be carried out with conventional materials, to observe the behavior of the 

material during its setting process, it is important to mention that resistance, humidity, and fire tests will 

be carried out by the standards to specify the functioning test methods. Made for panels which said 

samples will be tested according to the following standards: 

 

ASTM C-367, Standard Test Methods for Strength Properties of Precast Architectural Acoustical 

Tiles or Overlay Ceiling Panels, describes the method for establishing the strength properties of 

acoustical ceiling tiles and panels. 

  

ASTM E-413, Standard Classification for Rating Acoustic Insulation, provides criteria for 

establishing the ceiling sound transmission (CAC) rating of an acoustical ceiling, similar to the STC 

ratings for walls. 

ASTM C-423, Standard Test Method for Sound Absorption and Sound Absorption Coefficients by the 

Reverberation Room Method, describes the method for establishing sound absorption coefficient (NRC) 

values. 

 

ASTM C-635, Standard Specification for the Manufacture, Performance, and Testing of Metal 

Suspension Systems for Acoustical Tile Ceilings and Overlay Panels, provides classification criteria for 

load capacity, along with manufacturing tolerance, coatings, and inspection criteria for suspension 

systems. 

 

Likewise, it is important to mention that the project can be feasible and viable in the field of 

construction, a sustainable construction element as an alternative to the current existing panels to raise 

awareness about caring for the environment and reduce the environmental impacts that the construction 

industry generates, nowadays. Therefore, the regulations were met in the tests carried out. 

 

This panel is a product with radical innovation since there are only conventional plasterboard and 

cardboard panels without the use of plastic waste or any other type of waste that allows recycling. The 

materials that were used in the panel of this research make it a unique product, in addition to seeing the 

recycling of PET as the best alternative to reduce the environmental impact. It is important to mention 

that innovation allows the generation of new knowledge and proposes solutions to problems that can be 

related to multiple aspects, which, in the medium and long term, can mean economic growth, 

improvement in productivity, and the social development of a nation. 
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Abstract 
 

Spinodal decomposition was studied during aging of Fe-Cr alloys by means of the numerical solution of 

the linear and nonlinear Cahn-Hilliard differential partial equations using the explicit finite difference 

method. Results of the numerical simulation permitted to describe appropriately the mechanism, 

microstructure, and kinetics of phase decomposition during the isothermal aging of these Fe-Cr alloys. 

The growth kinetics of phase transition was observed to occur very slowly during the early stages of 

aging, and it increased considerably as the aging progressed. The nonlinear equation was observed to be 

more suitable for describing the early stages of spinodal decomposition than the linear one. 

 

Fe-Cr alloy, Spinodal insufficiency, Cahn-Hill iard equivalence, Thermal aging 

 

Resumen 

 

Se estudió la descomposición espinodal durante el envejecimiento de aleaciones de Fe-Cr mediante la 

solución numérica de las ecuaciones parciales diferenciales lineales y no lineales de Cahn-Hilliard 

utilizando el método explícito de diferencias finitas. Los resultados de la simulación numérica 

permitieron describir adecuadamente el mecanismo, morfología y cinética de descomposición de fase 

durante el envejecimiento isotérmico de estas aleaciones. Se observó que la cinética de crecimiento de la 

descomposición de fase se producía muy lentamente durante las primeras etapas del envejecimiento y 

aumentaba considerablemente a medida que avanzaba el envejecimiento. Se observó que la ecuación no 

lineal era más adecuada para describir las primeras etapas de la descomposición espinodal que la lineal. 

 

Aleación Fe-Cr, Descomposición espinodal, Ecuación Cahn-Hilliard, E nvejecido térmico 
 

1. Introduction  

 

1.1 Phase Decomposition in the Fe-Cr Alloy System 

 

Figure 1 illustrates the equilibrium diagram for the Fe-Cr alloy system, and it is characterized by an 

immiscibility gap above which there is a disordered solid solution and below which the solid solution 

decomposes into Fe-rich clusters and rich in Cr. The dome of the immiscibility gap is between 540 and 

630º C. The Fe-Cr system is important in engineering materials, such as in the chemical and nuclear 

industries, where it is of perpetual interest by becoming brittle when aged at 475 ºC (Weng et al. 2003). 

Zhu et al. 1986 were the first to suggest that the spinodal reaction occurs within the immiscibility gap at 

low temperatures. The morphology of the spinodal decomposition has been difficult to observe in its 

early stages of transformation, since due to the small elastic deformation between phases and the 

similarity of the atomic dispersion factors and lattice parameter between Fe and Cr. 

 

Figure 1 Phase diagram of the Fe-Cr system 

 

 
 

Source (Baker, 2000) 
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Therefore, the Fe-Cr system is considered as an ideal model system for the study of spinodal 

decomposition. However, the decomposition kinetics process of these alloys thermodynamically 

considers other decomposition mechanisms. For example, the decomposition of the alloy (Ustinovshikov 

et al. 2002): 

 

- Fe-20 at 50% at. Cr at 475 ºC is carried out by the spinodal decomposition mechanism, while at 

550 ºC by nucleation and growth. 

- Fe-24% at. Cr aged at 475ºC proceeds by nucleation and growth. 

- Fe-60% at. Cr aged at 475 º C proceeds by spinodal decomposition. 

 

Hyde et al. 1995 carried out the analysis of spinodal decomposition in Fe-Cr alloys (see figure 

2). The study has three parts: the first details the experimental techniques by ion microscopy, making a 

three-dimensional reconstruction of the atomic structure of a series of aging treatments at 500°C in Fe-

24, 32 and 45% Cr alloys. The second part describes the interconnected microstructure resulting from 

the spinodal decomposition in a series of aging for the Fe-Cr system whose size and amplitude in 

composition are analyzed. The third, computer simulation using the Monte Carlo method and a numerical 

solution based on the Cahn-Hilliard-Cook theory. 

 

Figure 2. Ion microscope micrographs of Fe-Cr alloys aged for 500h at 500°C as a function of Cr 

content ï(a) 19% Cr, (b) 24% Cr, (c) 32% Cr and (d) 45% Cr. The bright regions are enriched in Cr and 

the dark regions lacking Cr (Miller et al. 1995) 

 

 
 

Source (Miller et al. 1995) 

 

Miller et al. 1995 studied the phase decomposition at aging temperatures of 400 and 500 °C in 

Fe-45% Cr alloys. The examined microstructure turned out to be formed by spinodal decomposition. It 

was found that, at the aging temperature of 500 °C, the activation energy for diffusion was approximately 

2.3 eV. However, a similar comparison could not be made for heat treatments of 400 °C, since the 

transformation kinetics is much slower; but the simulation predicts that the size depends on time, 

exhibiting a law of behavior with an exponent of time, 0.25. 

 

Ustinovshikov et al. 1996 analyzed the formation of phase separation in solid solutions of Fe-Cr 

alloys. Using transmission electron microscopy and selected area electron diffraction patterns of Fe-(10; 

20; 30; 40; 47) wt% Cr alloys treated isothermally at 500 °C (see Figure 3). The solubilized treatments 

were carried out at a temperature of 1200 °C. They reported some of the structural features, which are 

not considered for the phase diagram of the Fe-Cr system. These characteristics are the following: 
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Figure 3 (a) Fe-20%Cr alloy treated at 1200 °C for 1 h and quenched in water. Ion microscopy image 

showing Cr-rich clusters. (b) Fe-30% Cr alloy thermally treated at 1200°C for 1 h and quenched in 

water; the sequence of heat treatment at 550°C for 8 h; microstructure separation at low temperature. 

 

 
 

Source (Ustinovshikov et al. 2005) 

 

(A) Many researchers believe that the high-temperature region (1200-1400 ºC) of the Fe-Cr 

diagram is a region of disordered solid solution. However, thermodynamic studies performed at high 

temperatures (1040-1400 ºC) showed that the solid solution has a positive deviation from Raoult's law in 

all study compositions. Therefore, they exhibit a tendency to break down. The different types of 

microstructures formed under the phase decomposition showed Cr-enriched clusters located in a Cr-

depleted matrix. These clusters are of different morphology depending on the thermal treatment and 

composition. For the 20% Cr and 30% Cr compositions, the embryos have a periodic distribution in the 

form called ñmicrostructure clustersò oriented along the directions of smooth deformation of the matrix. 

 

(B) When Fe-(30-47) wt% Cr alloys are heat treated in the high temperature region (1200-

1400°C) and quenched in water, and subsequently aged in the region of phase formation ů at 600-830º 

C for different times, the two types of high temperature microstructural separation: Ŭ1+Ŭ2 and phase J 

dissolve completely. 

 

In summary, it can be said that the analysis of spinodal decomposition experimentally has been 

difficult to perform in the early stages of aging for Fe-Cr alloys. Likewise, the comparison with 

simulation results has not been an easy task to carry out. 

 

1.2 Phase Field Model 

 

The phase field model was originally developed to study the phenomenon of solidification and other 

growth processes (Koyama et al., 2006). Unlike the other approaches, the phase field model describes a 

microstructure by means of a group of field variables from which the spatial distribution of the grains or 

domains of the different phases and the limits between them can be analyzed. Typical examples of field 

variables are concentration and the long-range order parameter, which characterize compositional and 

structural heterogeneities, respectively. To overcome the problems inherent to a moving boundary, the 

phase field model uses the approximation of a diffuse interface for microstructural evolution (Bhadeshia, 

2000). 

  

Three simple examples are presented in Figures 4(a-c) to illustrate the use of field variables that 

describe different morphologies. In the upper and lower part of the figure, the different morphologies 

and their corresponding field variable are presented. For example, figure 4(a) to a homogeneous 

disordered phase with field variable co. Figure 4 (b) shows a mixture of two structurally sized phases 

described by a non-homogeneous composition field C. Finally, there is a monophase with antiphase 

domain boundaries characterized by a long-range order parameter h (r). The variables C and h  are 

continuous through the interface between phases or domains. 
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In the kinetic field model of phases with diffuse interface, the microstructural evolution is 

described by the spatial and temporal evolution of the field variables moving toward thermodynamic 

equilibrium, governed by the nonlinear diffusion equation of Cahn and Hilliard and the equation of Allen 

and Cahn (Cahn et al., 1971, Allen et al., 1979): 
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Figure 4 Schematic representation of different morphologies and their corresponding field variables 

 

 
 

Source (Melo, 2006) 

 

where Lpq and M are kinetic coefficients. F is the free energy function in terms of the field 

variables. The solutions of these equations provide the morphology as well as the kinetic characteristics 

of the microstructural evolution for a given alloy system. The interfacial boundaries do not need to be 

specified in advance, but rather emerge with part of the numerical solution. Therefore, the fuzzy interface 

model offers the flexibility and generality to favorably solve the difficulties faced by the definite interface 

approach. In the Cahn and Hilliard theory, the interfacial energy is introduced through energy terms due 

to the compositional gradient. The total free energy F of the inhomogeneous system is given as: 
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where ¥ (c) is the local energy density and k is the gradient energy coefficient, which can be related to 

the atomic interaction parameters. The derivative of F with respect to C is as follows: 
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Substituting equation (4) into equation (1), the nonlinear Cahn and Hilliard equation is obtained: 
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this equation can be solved by finite differences. 
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 Spinodal decomposition in Fe-Cr alloys was studied in Fe-24, 32 and 45% at alloys. Cr, 

performed by computer simulation by Monte Carlo algorithm methods and by a numerical solution of 

the Cahn-Hilliard-Cook theory analyzed by Hyde and collaborators (Ustinovshikov et al., 1995). The 

problem with the Monte Carlo method lies in the ambiguity of time and size measurement. This is a 

limiting factor in phase decomposition kinetic studies. 

 

 Honjo et al., 2000 used a numerical model based on the Cahn and Hilliard linear equation for 

multicomponent systems that was applied to the prediction of microstructural evolution and phase 

decomposition in Fe-Cr and Fe-Cr-Mo systems. Figure 5(a) shows the microstructural evolution based 

on Cr concentration in a Fe-40% at binary alloy. Cr aged at 527°C. The formation of Cr-rich regions by 

phase decomposition is clearly seen. Their size and interdistance increased with aging time. The Cr 

concentration profile is shown in Fig. 18(b). The peak amplitudes are equivalent to the Cr equilibrium 

concentration at 527°C, which was evaluated by Thermo-Calc. 

 

 In this study, a numerical simulation model based on the linear, nonlinear, and modified Cahn 

and Hilliard strain energy equations for the Fe-Cr alloy system at different compositions and 

temperatures is proposed. 

 

Figure 5 a) Microstructural evolution in a binary alloy Fe-40 % at. Cr aged at 527°C. b) Variation of 

the Cr concentration profile over time in the Fe-40% at binary alloy. Cr aged at 527°C 

 

 
 

Source (Honjo et al., 2000) 

 

2. Methodology 

 

2.1 Numerical Modeling 

 

In the kinetic field model of phases with diffuse interface, the microstructural evolution is described by 

the spatial and temporal evolution of the field variables moving towards thermodynamic equilibrium, 

governed by the Cahn and Hilliard nonlinear diffusion equation in one dimension is the following (Honjo 

et al., 2000): 
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 where c is the atomic concentration as a function of position x, f is the local free energy, k is the 

energy coefficient of the compositional gradient, and M is the atomic mobility. This nonlinear equation 

has been widely used to simulate microstructural evolution in spinodally decomposing alloy systems 

such as Fe-Cr and Fe-Cr-Mo (Honjo et al., 2000). However, this study does not present the comparison 

of simulated results with experimental ones. 
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 The Cahn and Hilliard theory for spinodal decomposition is based on the analytical solution of 

the linear Cahn and Hilliard equation (Cahn et al., 1971): 
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 where ɖ is a measure of the mismatch in the lattice parameter a of the decomposed phases and Y 

is a parameter involving the elastic constants. This linear equation has also been used to follow 

microstructural evolution and is considered very useful for analyzing the early stages of spinodal 

decomposition. 

 

 For the numerical simulation, the free energy of the Fe-Cr alloy was determined using the model 

for a regular solution (Honjo et al., 2000): 

 

[ ]FeFeCrCrFeCrCrFeFeFeCrCr ccccRTcccfcff lnln ++W++=
-

                                                             (8) 

 

where fCr, and f Fe, cCr and cFe are the free energies in the pure state and the mole fraction of Cr 

and Fe, respectively. T is the temperature and R is the gas constant. WFe-Cr is the interaction parameter. 

Table 1 presents the value of the interaction parameter W as a function of T. 

 

Table 1. Values of the lattice, diffusion, thermodynamic and elastic constants 

 
Constants Fe-Cr  

Parameter lattice (nm) a = 0.2866 

Diffusion Coeficient  (cm2 s-1) DFe = 1.2 exp (-294000 Jmol-1)/RT [63] 

DCr = 0.2 exp (-308000 Jmol-1)/RT [63] 

ɋFe-Cr  (J mol-1) (18600.0+0.1T)   [9] 

cij (J m-3) 

Fe/Cr 

c11=23.10x1010     

c12=13.54x1010 

c44=11.78x1010 

c11=35.00x1010 [64] 

c12=67.80x1010  

c44= 10.08x1010 

ɖ 0.00614  [63] 

 
Source: Own Elaboration 

 

Atomic mobility M was evaluated according to the following equation (Honjo et al., 2000): 
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where the interdiffusion coefficient 
-

D  was defined as (Cahn et al., 1971): 

 

( )CrCrCrFe DccDD -+=
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 The values of the diffusion coefficient DFe and DCr are also presented in table 1. 

 

On the other hand, the energy coefficient due to the compositional gradient is defined in the 

spinodal decomposition theory of Cahn and Hilliard (Cahn et al., 1971) as: 
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where M

0.5h  is the enthalpy of mixing at c = 0.5 and r0 is the nearest neighbor distance and is 

defined as a function of the lattice parameter (a) shown in Table 1. 

The elastic strain energy fel was defined, according to the spinodal decomposition theory (Cahn 

et al., 1971), as follows: 
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where A is the cross-sectional area corresponding to atomic flow, Y is an elastic constant defined 

by the elastic stiffness constants, c11, c12 and c44 for the phases rich in Cr and Fe, shown in Table 1. As 

the difference between the lattice parameters of Fe and Cr is small (a = (aCr-aFe)/aFe= 0.00614), the elastic 

strain energy is small and can be approximated to that of an isotropic phase decomposition for which Y 

was defined (Ustinovshikov et al., 1998) as: 

 

ö
ö
÷

õ
æ
æ
ç

å
-+=

11

2

12
1211 2

c

c
ccY                                                                                                                               (13) 

 

The elastic constants, cij , were defined as follows: 
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The partial differential equation (14) was solved using the explicit finite difference method 

(Ustinovshikov et al., 1998) using a computer program in FORTRAN 95 language. A 101 x 101 mesh 

with a spacing of 0.25 nm was used. The time increment was 10 seconds. The composition of the alloy 

was Fe-32% at. Cr and that of Fe-40% at. Cr, the aging temperature was 500°C for periods of time in the 

range of 0 to 1000 h. 

 

Figure 6 shows the diagram of the numerical model of the spinodal decomposition. The data input 

is the composition of the alloy (conditional on not leaving the miscibility zone characteristic of spinodal 

decomposition), temperature in Kelvin (K) and time in seconds (s) of the aging treatment. Next, the 

program calculates the initial solute distribution with the help of a random number generator that allowed 

obtaining a solute distribution closer to the one that occurs in an alloy in the solubilized and tempered 

state. 

 

Subsequently, the free energy was calculated based on a regular solution model and with the 

supplied thermodynamic data. Including the diffusion data, it solves the Cahn and Hilliard linear and 

nonlinear equation in two dimensions by means of the finite difference method, using a FORTRAN 

computer program. The data output is the distribution of solute in spatial and temporal form, which 

allowed obtaining one-dimensional graphs of concentration and precipitation profiles after making two-

dimensional graphs of the concentration profiles. 

 

Figure 6 Numerical modeling diagram of the spinodal decomposition 

 

 
 

Source: Own Elaboration 
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3. Results 

 

3.1. Simulation with the Cahn and Hilliard Nonlinear Equation 

 

3.1.1 Concentration Profiles 

 

Figures 7 and 8 show the graphs obtained from the simulation using the nonlinear Cahn-Hilliard equation 

for Cr concentration vs. distance (concentration profiles) for Fe-32% at alloys. Cr and Fe-40% at. Cr at 

temperatures of 477, 500 and 527°C for different times, respectively. 

 

The profiles for the time of 0 h correspond to the supersaturated solid solution; that is, the alloy 

in the solution quenched state. A slight fluctuation in the composition for this solubilized condition is 

observed in the concentration profiles. As the aging time progresses, the increase in the amplitude of the 

modulation in composition is detected. This behavior clearly indicates that the formation of the phases 

was carried out by the spinodal decomposition mechanism. Likewise, it can be concluded that the phase 

decomposition was carried out according to the following reaction: 

 

Ŭsss ­ Ŭ1 (rich Fe)  +  Ŭ2 (rich Cr)                                                                                                         (15) 

 

That is, the supersaturated solid solution Ŭsss decomposes spinodally into a mixture of Ŭ1 Fe-rich 

and Ŭ2 Cr-rich phases, as predicted by the Fe-Cr equilibrium diagram (Ustinovshikov et al., 1998). 

 

Figure 7 shows the Cr concentration profiles in the Fe-32% at alloy. Cr in this graph is observed 

for the time of 750 h (figure 7a) a maximum amplitude of the modulation, equilibrium composition. For 

the concentration profile of the temperature of 500°C (figure 7b) the maximum of the amplitude is 

observed after 500 h of aging. For the case of the temperature of 527°C (figure 7c), the composition of 

Fe-32% at. Cr is at the end of the immiscibility gap and is known as an asymmetric alloy. The fluctuation 

for the solubilized alloy (0 h) decreases with aging time. This suggests that phase decomposition is not 

taking place, but that there is a homogenization of the composition, since the overall composition of the 

alloy is outside the spinodal curve for this temperature. 

 

Figure 8 shows the Cr concentration profiles in the Fe-40% at alloy. Cr aged at 477°C, 500° and 

527°C for different times. It is observed that there is a maximum amplitude of fluctuation after 750 hours 

of aging. That is, it approaches the equilibrium composition. For this case, at a temperature of 500°C 

(figure 8a), the maximum amplitude is observed to occur after 150 h of aging. Likewise, it is observed 

that the width of the maximum amplitude begins to increase after 500 h. This suggests that the thickening 

stage of the decomposed phases begins. Figure 8b shows the concentration profiles for the temperature 

of 527°C, which presents the maximum of the amplitude after 150 h of aging, equilibrium composition. 

There is still no broadening of amplitude, which indicates that the thickening stage has not yet occurred. 

It is also presented for the temperature of 500°C.  

 

Figure 7 Cr concentration profiles calculated for the Fe-32%at alloy. Cr aged at 477, 500 and 527ºC 

for different times 

 

 
 

Source: Own Elaboration 
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Figure 8 Cr concentration profiles calculated for the Fe-40% at alloy. Cr aged at 477, 500 and 527ºC 

for different times 

 

 
 

Source: Own Elaboration 

 

3.1.2 Microstructural Evolution 

 

Figures 9 to 14 (a-f) show the simulated microstructural evolution, based on Cr concentration, for the Fe-

32% at alloys. Cr and Fe-40% at. Cr aged at 477, 500 and 527 ºC, respectively, for different times using 

the nonlinear equation of Cahn and Hilliard. The dark zones correspond to the phase rich in Cr and the 

clear ones to the phase rich in Fe. For the Fe-32% at. Cr aged at 477°C for 10 h, figures 9 (a) and (b), it 

is observed that the phase rich in Cr shows an interconnected morphology (percolation). As the aging 

continues, it is observed that the volumetric fraction and size of the phase rich in Cr increase and the 

morphology changes to rounded or ellipsoidal, figures 9 (c) and (f). 

 

Figures 10 (a-f) show the microstructural evolution of the Cr concentration in the Fe-32% at 

binary alloy. Cr aged at 500ºC for different times. Phase separation in the early stages shows the 

formation of isolated Cr-enriched islands; Figures 10 (a) and (b). Subsequently, a spheroidal shape is 

observed, figures 10 (c-f), for the final stages. 

 

Figure 11 shows the microstructural evolution of the Fe-32% at binary alloy. Cr aged at 527ºC 

for different times. Phase separation for the initial stages shows the formation of isolated islands enriched 

for Cr concentration; figure 11 (a), later the growth and coalescence of the phase enriched in Cr is 

observed, in the subsequent times (figure 11 (b-f)). Furthermore, the particles do not exhibit a preferential 

alignment. 

 

Figure 9 Simulated microstructural evolution for the Fe-32% at binary alloy. Cr aged at 477°C for (a) 

10h, (b)50h, (c) 150h, (d) 250h, (e) 500h and (f) 750h 

 

 
 

Source: Own Elaboration 
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Figura 10. Evolución microestructural simulada para la aleación Fe-32% at. Cr envejecida a 500ºC por 

(a) 10 h, (b) 50 h, (c) 150 h., (d) 250 h, (e) 500 h y (f) 750 h 
 

 
 

Source: Own Elaboration 

 

Figure 11. Simulated microstructural evolution for the Fe-32% at alloy. Cr aged at 527°C for (a) 10h, 

(b) 50h, (c) 150h, (d) 250h, (e) 500h and (f) 750h 

 

 
 

Source: Own Elaboration 

 

Figure 12 shows the microstructural evolution for the Fe-40% at alloy. Cr aged at 477°C for 

different times. In the alloy aged for 10, 50 and 150 h, figures 12 (a-c), it is observed that the morphology 

of the phase rich in Cr shows an interconnected morphology (percolation). As aging continues, it is 

observed that the volume fraction and size of the Cr-rich phase increase, and the Cr-rich phase changes 

morphology to round or ellipsoidal, Figures 12 (d-f). 

 

Figure 13 shows the microstructural evolution of the Cr concentration in the Fe-40% at binary 

alloy. Cr aged at 500 ºC for different times. The phase separation in the initial stages presents a 

morphology of isolated islands enriched in Cr concentration, Figure 13 (a) and (b). Subsequently, a 

change in morphology to rounded or ellipsoid is observed in the final stages. Also, an increase in the 

volumetric fraction and in the size of the phase rich in Cr is observed. 
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Figures 14 (a-f) show the microstructural evolution of the Fe-40% at alloy. Cr aged at 527 ºC for 

different times. The phase decomposition in the initial stage, figure 14 (a), shows an interconnected 

morphology of the phase enriched in Cr, later to intermediate stages, figure 14 (b-d), the morphology is 

rounded or ellipsoidal, and in the final stages, Figures 14 (e) and (f)), a spheroidal structure is observed. 

Also, a decrease in the volumetric fraction is observed, and an increase in the size of the phase rich in 

Cr. 

 

Figure 12 Simulated microstructural evolution for the Fe-40% at alloy. Cr aged at 477°C for (a) 10h, 

(b)50h, (c) 150h, (d) 250h, (e) 500h and (f) 750h 

 

 
 

Source: Own Elaboration 

 

Figure 13 Simulated microstructural evolution for the Fe-40% at alloy. Cr aged at 500°C for (a) 10h, 

(b) 50h, (c) 150h, (d) 250h, (e) 500h and (f) 750h 

 

 
 

Source: Own Elaboration 
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