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engineering. 
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Abstract 
 

Metals suffer corrosion due to the presence of different corrosive media. One way to prevent corrosion is to develop and use 

corrosion inhibitors that are effective and environmentally friendly. Plant extracts are good candidates because they do not 

contain toxic substances. In the present work, extracts of Morinda citrifolia leaves were obtained and characterized in acetone 

and ethyl acetate. The extracts were obtained by maceration for 72 hours. Subsequently, they were characterized by 

spectroscopic and phytochemical techniques. The spectroscopic techniques showed the presence of anthocyanins and phenolic 

compounds and aromatic compounds. The phytochemical tests showed flavones, saponins and tannins. Studies showed that 

acetone and ethyl acetate extracts of Morinda Citrifolia leaves contain a mixture of organic compounds and their extraction 

depends on the solvent used.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Spectroscopy, Phytochemical Test, Morinda citrifolia 

 

Resumen                                                                       
 

Los metales sufren corrosión debido a la presencia de diferentes medios corrosivos. Una forma de prevenirla es desarrollando 

y empleando inhibidores de corrosión que sean eficaces y amigables con el mediante ambiente. Los extractos de plantas son 

buenos candidatos debido a que no contiene sustancias tóxicas. En presente trabajo se obtienen y caracterizan extractos de 

hojas de la Morinda citrifolia en acetona y acetato de etilo. La obtención de los extractos se realizó mediante el proceso de 

maceración durante 72 horas. Posteriormente, se caracterizaron mediante técnicas espectroscópicas y fitoquímicas. Las 

técnicas espectroscópicas mostraron la presencia de antocianinas y compuestos fenólicos y compuestos aromáticos. Las 

pruebas fitoquímicas flavonas, saponinas y taninos. Los estudios realizados mostraron que los extractos de acetona y acetato 

de etilo de las hojas de Morinda citrifolia contienen una mezcla de compuestos orgánicos y su extracción depende de 

disolvente empleado.  
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Introduction 

 

Corrosion is one of the main problems affecting various industries, due to the use of metallic materials 

and alloys exposed to different aggressive media such as: acids (H2SO4), basic (CaCO3, NaOH, NaHCO3), 

gases (NH4, H2S, CH2O), salts (NaCl) and chemicals. To mitigate this phenomenon, different methods 

have been developed, including protective coatings, cathodic and anodic protection, as well as corrosion 

inhibitors. The latter are a key alternative, as they can act through different mechanisms such as 

passivation, film formation and adsorption. However, the main problem with these inhibitors is that they 

have a high content of heavy metals and are therefore polluting and hazardous. Therefore, plants (leaf, 

stem, root, fruit) with high phytochemical content have started to be studied, which makes them 

promising candidates for the development of green corrosion inhibitors. 

 

In southeastern Mexico, there is a great diversity of flora. In particular, the Morinda citrifolia tree 

, commonly known as Noni, belongs to the Rubiaceae family. This tree can reach a height of 5 m and its 

leaves are over 30 cm long, elliptical, large and shiny. In addition, it contains various organic compounds 

such as iridoids, terpenes, triterpenes, sterols, flavonoids, lignans, steroids, fatty acid esters with sugar, 

vitamins and minerals. The authors Franco and Ulloa have reported the use of this plant in the medical 

area. In addition, the fruit is consumed in the form of juice, the leaves are used in the form of tea for 

different ailments. Considering that Morinda citrifolia has antioxidant properties, it is a good candidate 

to be studied as a green corrosion inhibitor. For this reason, it is of interest to obtain and characterise the 

organic compounds present in the extracts of its leaves, using solvents such as acetone and ethyl acetate 

in the extraction process.  

 

Methodology 

 

Preparation and obtaining the extracts 

 

The leaves of Morinda citrifolia were collected at the main campus of the Universidad Autónoma del 

Carmen (see Figure 1). They were then rinsed with tap water, distilled water and drained for 1 hour. The 

leaves were then dried in a Hamilton Beach dehydrator at 60°C for 12 hr. At the end of this time, they 

were crushed in a Y series mill and sieved with an ELE International No. 60 sieve. 

 

Box 1 
 

 
 

Figure 1 

Morinda citrifolia tree located on the main campus of the Universidad Autónoma del Carmen 

Source: Own elaboration 

 

Morinda citrifolia leaf extract was obtained by the maceration process. Acetone and ethyl acetate 

were used as solvent. Twenty-five g of leaf powder was used in 250 mL of solvent and the solution was 

left to stir for 72 hours. Subsequently, the extract was filtered and taken to the rotary evaporator at 60°C 

and 40 RPM. The concentrate obtained was placed in a convection oven at 60°C for 72 hours and finally 

the standard solution was prepared in 250 mL (see Figure 2). 
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Box 2 
 

 
 

Figure 2 

Obtaining and preparing Morinda citrifolia leaf extract 

Source: Own elaboration 

 

Characterisation of plant leaf extracts 

 

The following techniques were used to identify the compounds contained in the Morinda citrifolia leaf 

extracts: 

 

- Spectroscopic Techniques: The extracts were diluted in 10% water for subsequent measurement in 

UV-Vis spectrophotometer (HACH brand, model DR500). Measurements were made in the range 

of 200 to 800 nm. The samples were also measured in the FTIR spectrophotometer (Tensor II, 

Bruker brand) at a resolution of 4 cm-1, 32 scans in the range 4000 to 500 cm-1 using a diamond-

tipped ATR. 

 

- Phytochemical tests: The methodologies proposed by the authors were used to identify flavonoids, 

saponins and tannins present in the extract. The phytochemical tests used were: Shinoda reaction 

and reaction with 10% NaOH (flavonoids), reaction with ferric chloride, reaction with grenetin and 

lead acetate reaction (tannins) and the foam test (saponins). Figure 3 shows some images obtained 

from the phytochemical tests performed on the extracts. 

 

Box 3 

 

 
 

Figure 3 

Images of phytochemical tests 

Source: Own elaboration 

 

Results 

 

In order to know the extraction percentage of the organic compounds contained in the leaves of the 

Morinda citrifolia plant, the yield (% R) of the extract with acetone and ethyl acetate was calculated 

using the following equation:  

 

 [1] 

 

 

 

Where: 𝑃𝑠 is the weight of dry extract of Morinda citrifolia leaves (g) and is the initial weight of 

leaves (g). 

% 𝑅 =
𝑃 𝑠

𝑃 𝑖
× 100 



5 

 

Table 1 shows the yields obtained with the two extracts. The extract with acetone had the 

highest yield. This means that the acetone extract was more efficient in extracting the compounds from 

the leaves of Morinda Citrifolia citrifolia. 

 

Box 4 
 

Table 1  

Percentage yield values of Morinda citrifolia leaf extracts obtained with different solvents 

 

Solvents Dry extract (g) % Performance 

Acetone 3.60 14.4 

Ethyl acetate 1.56 6.24 

Source: own elaboration 

 

 Figure 4 shows the UV-VIS spectra obtained from the extract with acetone and ethyl acetate in 

the range from 200 to 800 nm. The spectrum corresponding to the extract with acetone presents two 

maximum peaks, the first at 236 nm which corresponds to flavonoids, since in this absorbance range 

the aromatic compounds are present and flavonoids belong to this group of chemical compounds. The 

peak at 420 nm and 674 nm is associated with anthocyanins, which belong to the group of flavonoids 

and provide the pigment (chlorophyll) to the leaves, flowers or fruits of plants. On the other hand, the 

response of the extract with ethyl acetate does not show the formation of a maximum peak. As can be 

seen, the solvent used in the extraction process has an effect on obtaining the components from the 

plant leaves.  

 

Box 5 
 

 
 

Figure 4 

UV-Vis spectra obtained from (a) acetone and (b) ethyl acetate extract of Morinda citrifolia leaves 

 

Source: Own elaboration 

 

To identify the presence of organic compounds (secondary metabolites) in the extracts, the FTIR 

spectroscopy technique was used. Figure 4 shows the FTIR spectra obtained from Morinda Citrifolia 

leaf extracts with different solvents in the range of 4000 to 500 cm-1. In both cases, different adsorption 

peaks are observed. An adsorption peak is observed at 3325-3320 cm-1 and 1638 cm-1, which can be 

associated with the O-H and C-H bond of the phenolic group. The stretching vibration of the C=O bond 

is also observed at 1613 cm-1. In addition, the stretching peak at 1044-1019 cm-1 associated with the C-O 

bond is described 
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Box 6 
 

 
 

Figure 4 

FTIR spectra obtained from (a) acetone and (b) ethyl acetate extract of Morinda citrifolia leaves 

 

Source: Own elaboration 

 

Table 2 shows the results obtained from the phytochemical tests used for the two extracts. It 

can be observed in both extracts the presence of tannins, saponins and flavonas.  

 

Box 7 
 

Table 2  

Results of phytochemical tests obtained with extracts of Morinda citrifolia leaves with different solvents 

 

Phytochemicals/solvents Colouring Acetone Ethyl acetate 

Flavonoids Yellow precipitate - - 

Tannins Light yellow + + 

Saponins N/A + + 

Flavones Light green + + 

Tannins Catechol Dark green - - 

 

Source: own elaboration 

 

Conclusions 

 

Acetone is widely recognised as an effective solvent for extracting phytochemicals from plant materials, 

and offers several advantages as well as certain disadvantages. Its ability to produce high concentrations 

of bioactive compounds makes it a popular choice in phytochemical research. The acetonitrile extract is 

a better candidate for use as a corrosion inhibitor, because a greater variety of phytochemicals were 

identified compared to the other extracts. The absorbance of these extracts is higher because it contains 

more compounds absorbing in the UV-Vis spectrum (420 nm and 674 nm), although the phytochemical 

tests showed the same results compared to the ethyl acetate inhibitor, its UV-Vis spectrum showed more 

peaks. 
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Abstract 

 

Fullerenes are symmetrical carbon nanostructures zero dimensional with hybridation sp2-bondend 

carbon atoms (with four valence electrons) arranged in pentagonal and hexagonal rings that form a 

hollow closed-cage structure. Fullerene C30 is not symmetrical, specifically has 12 pentagonal and 5 

hexagonal rings that form a barrel-like shape where the 5 hexagons form the body of the barrel, and the 

12 pentagons are located in the bases of the barrel. Doped fullerenes were built by placing a heteroatom 

(as a boron or a nitrogen atom, with three or five valence electrons, respectively) at different doping sites. 

Doped fullerenes were optimized in presence of CO2 using density functional theory (DFT) through PBE 

functional and 6-31G(d,p) basis set. The CO2 adsorption energy on doped fullerenes were determined.                                                                   

 

 
 

 

Fullerene doped, Carbon nanostructure, Absorption energy 

 

Resumen  

 

Los fullerenos son nanoestructuras de carbono simétricas de dimensión cero con átomos de carbono de 

enlace sp2 de hibridación (con cuatro electrones de valencia) dispuestos en anillos pentagonales y 

hexagonales que forman una estructura hueca de jaula cerrada. El fullereno C30 no es específicamente 

simétrico tiene 12 anillos pentagonales y 5 hexagonales que forman una forma parecida a un barril donde 

los 5 hexágonos son el cuerpo del barril y los 12 pentágonos están situados en las bases del barril. Los 

fullerenos dopados se construyeron colocando un heteroátomo (como un átomo de boro o de nitrógeno, 

con tres o cinco electrones de valencia, respectivamente) en diferentes sitios de dopaje. Los fullerenos 

dopados se optimizaron en presencia de CO2 utilizando la teoría funcional de la densidad (DFT) mediante 

el funcional PBE y el conjunto de bases 6-31G(d,p). Se determinó la energía de adsorción de CO2 en los 

fullerenos dopados.                                                               

 

 
 

Fullereno dopado, Nanoestructura de carbono, Energía de adsorción 
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Introduction 

 

One of the materials that is of considerable interest at present is buckminsterfuller or better known as 

fullerene. C₆₀ (fullerene) is a mainstay of research due to its physicochemical properties, making it the 

most studied fullerene. These characteristics make it particularly suitable for exploration in the fields of 

materials science and engineering. 

 

In fullerenes there are 𝜎 bonds, formed by overlapping, where the electron density is concentrated 

between the nuclei of the atoms, and 𝜋 bonds, resulting from the lateral overlapping of the orbitals, with 

the electron density distributed above and below the plane of the nuclei linked at the front of the orbitals. 

For this reason, fullerenes have a spherical shape called Bucky sphere (Tománek David, 2014). There is 

a greater diversity of fullerene structures, but not all of them have a spherical structure, such as C30, which 

is smaller in size (Tománek David, 2014). (ver fig. 1). 

 

Box 1 
 

 
 

Figure 1 

Modelling of the structure of C30 fullerene which is made up of 12 pentagons and 5 hexagons 

Source: Own elaboration 

 

Smaller fullerenes currently have more impact in the scientific literature due to their high potential 

in the development of advanced applications in key areas of nanotechnology and theoretical chemistry, 

and are an area of interest for the study of their properties and possible applications. 

 

 

On the other hand,CO2 adsorptionon fullerenes is a very important area of study at present. 

Previously, adsorption of toxic gases has been studied with carbon nanostructures; nanotubes, graphene 

etc.  

 

Most of the work reported in the scientific literature on doped fullerenes uses Density Functional 

Theory (DFT). DFT is a theory widely used to study molecular systems, nanostructures, solids and 

surfaces by solving approximate versions of the Schrödinger equation. Its origin dates back to an article 

by Hohenberg and Kohn in 1964 in Physical Review, entitled ‘Inhomogeneous Electron Gas’. Its 

methodology is used in a variety of fields and problems, with the study of electronic structure in the 

ground state being one of the most common. In this work,CO2 adsorption on C30 and C29X (X= B, N) 

fullerenes at different doping sites was studied to obtain its adsorption energy (EAd), including the basis 

set error correction (BSSE). 

 

Methodology 

 

Design and construction of the different molecular structures 

 

The fullerene structures were designed by constructing a barrel composed of carbon atoms, with single 

and double bonds. Unlike a common fullerene which has a spherical shape, C30 is composed of 12 

pentagons and 5 hexagons.  
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The design has been made by forming the C30 fullerene structures, then replacing a carbon atom 

at different doping sites (see fig. 2) with Boron and Nitrogen to form the C29B and C29N structure. TheCO2 

molecule was also constructed and each of them was optimised with the PBE functional, with the 6-

31G(d,p) basis set. 

 

Box 2 

 

 

Figure 2 

Doping sites. Element X is: (a) surrounded by 2 hexagonal rings and a pentagonal ring (PHH), (b) surrounded by three 

pentagonal rings (PPP) and (c) surrounded by 2 pentagonal rings and a hexagonal ring (PPH) 

Source: Own elaboration 

 

Optimisation of the structures in the presence of CO2 by applying DFT. 

 

The calculations were performed using ORCA 4.2.1 (Neese, F. 2022), as a first step the optimisation of 

the designed structures of C30 and C29X (X= B, N) was performed to determine the minimum energy of 

the most stable geometries, then the minimum energy of the interaction of the fullerenes withCO2 was 

calculated, finally the adsorption energy was calculated. Figure 3 shows the optimised structure and the 

optimised structure with 

 CO2. 

 

Box 3 
 

 
 

Figure 3 

Optimised structure of boron-doped C30 fullerene (a) 

Optimised structure of CO2-doped C29B (b) 

Source: Own elaboration 

 

The adsorption energies are calculated with the following equation. (Kahn, Ahmad, et al., 2021) 

 

𝑬𝑨𝒅 = 𝑬𝒔𝒊𝒔𝒕𝒆𝒎𝒂 − (𝑬𝒂𝒅𝒔𝒐𝒓𝒃𝒆𝒏𝒕𝒆 + 𝑬𝒂𝒅𝒔𝒐𝒓𝒃𝒂𝒕𝒐) + 𝑩𝑺𝑺𝑬                 [1] 

 

(a) (b) (c) 
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Where (𝐸𝑠𝑖𝑠𝑡𝑒𝑚𝑎) is the system energy of the system corresponding to the minimum energy of the 

interaction of the C30 ó C29X (X=B, N) With the CO2, (𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡𝑒)) is the adsorbent energy which 

corresponds to the basal state energy of the adsorbent.  C30 y C29X (X= B, N), (𝐸𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑜)  is the 

minimum energy of the molecule of the CO2.  

 

The term BSSE is the basis set superposition error, this calculation arises from molecular 

interactions. The calculation of the BSSE is of utmost importance because during the molecular 

interaction there are variations in the energy of each molecule due to the superposition of the wave 

functions of each molecule (Boys & Bernardi, 1970). We used the BSSE calculation methodology 

implemented in the ORCA software to calculate the interaction energy of C30, C29X (X=B, N) and CO2 

which is obtained by the following equation: 

 

𝑩𝑺𝑺𝑬 = [𝑬𝑪𝟑𝟎

𝑪𝟑𝟎−𝑪𝑶𝟐(𝑪𝟑𝟎) + 𝑬𝑪𝑶𝟐

𝑪𝟑𝟎−𝑪𝑶𝟐(𝑪𝑶𝟐)] − [𝑬𝑪𝟑𝟎

𝑪𝟑𝟎−𝑪𝑶𝟐(𝑪𝟑𝟎 − 𝑪𝑶𝟐) + 𝑬𝑪𝑶𝟐

𝑪𝟑𝟎−𝑪𝑶𝟐(𝑪𝟑𝟎−𝑪𝑶𝟐)]      [2] 

 

Where, 𝐸𝐶30

𝐶30−𝐶𝑂2(𝐶30) is the energy of the C30, obtained from the geometrical optimisation of 

the system C30-CO2 calculated on the basis of C30, 𝐸𝐶𝑂2

𝐶30−𝐶𝑂2(𝐶𝑂2) is the energy of the CO2, obtained 

from the geometrical optimisation of the system C30-CO2, calculated on the basis of CO2, 

𝐸𝐶30

𝐶30−𝐶𝑂2(𝐶30 − 𝐶𝑂2) is the energy of the CO2 obtained from the geometrical optimisation of the 

system C30-CO2 y 𝐸𝐶𝑂2

𝐶30−𝐶𝑂2(𝐶30−𝐶𝑂2) is the energy of the CO2 calculated from the optimisation of 

the system C30-CO2 obtained from the base of C30-CO2. Similarly, the basis set superposition error 

(BSSE) is computed for C29B-CO2 and C29N-CO2 

 

Finally, the band gap energy is calculated from the energy of the highest occupied molecular 

orbital (HOMO) and the energy of the lowest unoccupied molecular orbital (LUMO). 

 

Results 

 

Minimum energies of C30, C29X (X=B, N) interacting with CO2 

 

Table | shows the minimum energies of each of the C30, C29X (X=B, N) structures interacting withCO2 at 

different doping sites. Observing that the minimum energies at the different doping sites vary for each 

structure. 

 

Box 4 
 

Table 1 

Doping sites and minimum energy of each of the systems C30 y C29X (X=B, N) 

 

DOPING SITES C29X-CO2 SYSTEM ENERGY (eV)  

PHH 

C30-CO2 -1329.69006 

C29B-CO2 -1316.562063 

C29N-CO2 -1346.407651 

PPH 

C30-CO2 -1329.690815 

C29B-CO2 -1316.584383 

C29N-CO2 -1346.427076 

PPP 

C30-CO2 -1329.689821 

C29B-CO2 -1316.584383 

C29N-CO2 -1346.432648 
 

Source: Own elaboration 

 

System C30-CO2  

 

The energy of the C₃₀-CO₀-CO₂ system was calculated after optimisation. Figure 4 shows its adsorption 

energy at the doping sites from lowest to highest; two pentagonal rings and one hexagonal ring (PPH), 

two hexagonal rings and one pentagonal ring (PHH), three pentagonal rings (PPP). Observing that as the 

adsorption energy becomes more negative, the distance to theCO2 molecule becomes shorter. This 

behaviour has an impact on the doping site. 
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Box 5 
 

 
 

Figure 4 

System C30-CO2: Adsorption energy (a), Ratio of adsorption energy to distance (b) 

Source: Own elaboration 

 

Table 2 presents the adsorption energy (EAd), the BSSE superposition error, the HOMO energy, 

the LUMO energy and the energy of the forbidden band (EGap). 

 

Box 6 
  

Table 2 

system variables C30-CO2  

 

DOPING SITES C29X-CO2 (eV) EAd TOTAL (eV) BSSE (eV) 
HOMO 

(eV) 

LUMO 

(eV) 

Egap 

(eV) 

PPH C30-CO2 -0.003159 0.002494 -4.669 -4.236 0.433 

PHH C30-CO2 -0.002664 0.002234 -4.673 -4.244 0.429 

PPP C30-CO2 -0.0025384 0.002121 -4686 -4.244 0.442 
 

Source: Own elaboration 

 

In the fullerene C₃₀, Carbon atoms have sp² hybridisation, which allows the formation of 

molecular orbitals that are distributed throughout the structure. According to band theory, the electrons 

in these orbitals move freely within bands formed by the overlap of these orbitals. The bonding molecular 

orbitals contribute to the formation of the conduction band. In materials such as metals, the valence band 

and conduction band can overlap, facilitating electrical conduction. In other materials, the separation 

between these bands is marked by a band gap, which limits electrical conductivity. 

 

Figure 5 shows the optimised HOMO and LUMO boundary orbitals for the C30-CO2 system, which 

is related to Fukui's theory, plays a fundamental role in determining the chemical reactivity of a molecule 

in interaction with other molecules. The energy difference between the HOMO and LUMO, known as 

the HOMO-LUMO gap, corresponds to the lowest excitation energy. In the boundary orbitals, two 

regions with opposite signs are displayed in the wave function: a positive phase (shown in blue) and a 

negative phase (shown in red). These phases correspond to the electron density distribution in the 

molecules, where the colours indicate the alternating signs of the wave function. 
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Box 7 
 

 
 

Figure 5 

HOMO and LUMO boundary orbitals of the C30-CO2 system at different doping sites 

Source: Own elaboration 

 

System C29B-CO2 and C29N-CO2 

 

The system was calculated C29B-CO2 and C29N-CO2 after optimisation. In figure 3.3, it shows the 

adsorption energy of C29BandCO2, reflecting a lower to higher adsorption energy with respect to the doping 

sites; double pentagon ring and a hexagon ring (PPH), triple pentagon ring (PPP), double hexagon ring 

and a pentagonal ring (PHH). The relationship between distance and adsorption energy of the C29B-CO2 

system. A carbon bond of theCO2-doped fullerene structure is observed at the PPH doping site.  

 

Box 8 
 

 
 

Figure 6 

System C29B-CO2: Adsorption energy (a), Adsorption energy and distance ratio (b). 

System C29N-CO2: Adsorption energy (c), Adsorption energy and distance ratio (d). 

Source: Own elaboration 
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In the C29N-CO2 system, the interaction of C29N andCO2is shown, reflecting a lower to higher 

adsorption energy with respect to the doping sites; triple pentagon ring (PPH), triple pentago ring (PPP), 

double hexagonal ring and a pentagonal ring (PHH). (see figure 6). The relationship between distance 

interaction and adsorption energy of the C₂₉N and CO₂ system decreases, but at different doping site 

compared to the C29B-CO2 system in figure 3.3 (see figure 6). Table 3 presents the results obtained for the 

C29B-CO2 and C29N-CO2 systems: Adsorption Energy, HOMO, LUMO and EGap (energy gap 

between HOMO and LUMO). These variables have been calculated for the optimised systems at their 

different doping sites. 

 

Box 9 
 

Table 3.3 

System variables C29B-CO2 y C29N-CO2  

 
DOPING SITES C29X-CO2 EAd TOTAL (eV) BSSE (eV) HOMO (eV) LUMO (eV) Egap (eV) 

PHH C29B-CO2 -0.003060846 0.002283154 -0.584 -0.083 0.501 

C29N-CO2 -0.004128 0.002689 -0.594 -0.112 0.482 

PPH C29B-CO2 -0.013416 0.007284 -1.374 -0.887 0.487 

C29N-CO2 -0.004601 0.003458 -0.626 -0.081 0.545 

PPP C29B-CO2 -0.004862 0.003166 -0.593 -0.096 0.497 

C29N-CO2 -0.009413 0.003001 -0.568 -0.109 0.459 

 

Source: Own elaboration 

 

Figure 7 shows the optimised geometry of each of the systems, showing the distributions of the 

HOMO and LUMO orbitals corresponding to each doped structure.  

 

Box 10 
 

 

Figure 7 

HOMO and LUMO boundary orbitals of the C29B-CO2 system at different doping sites (1) 

HOMO and LUMO boundary orbitals of the C29N-CO2 system at different doping sites (2) 

 

Source: Own elaboration 

 

Conclusions 

 

The results obtained for the adsorption energy of C30 and C29X (X=B, N) in the presence ofCO2 indicate that 

the doping site with some element has an impact on the optimisation process. However, it was observed 

that depending on the family group to which the element belongs, the doping site and its properties will 

not always be in the same order for all of them. These are due to the electronegativity, atomic size and 

orbital properties of the elements, which affect both the polarity and charge distribution in the system, 

thus modifying theCO2 adsorption capacity in the molecular structure. 

 

 

 

 

 

 

(1) (2) 
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Abstract  
 

A microstructural analysis was conducted to investigate the formation mechanism of carbon 

nanostructures produced through mechanical milling crystalline and amorphous graphite, followed by 

thermal treatments at various temperatures. A unidirectional ball mill operating at 1700 rpm was 

employed for the synthesis. Different milling times (3, 6, and 12 hours) and heat treatments were used at 

200 °C, 300 °C, and 450 °C. Results obtained by X-ray diffraction, Raman spectroscopy, and high-

resolution transmission electron microscopy revealed the formation of curved concentric nuclei 

composed of carbon layers for milling times of 6 and 12 hours. The thermal treatment at 450°C promoted 

the growth and definition of carbon nano-onions. 

 

 
 

Microstructural, nanostructures, synthesis 

 

Resumen 

 

Se realizó el análisis microestructural del mecanismo de formación de nanoestructuras de carbono 

obtenidas por molienda mecánica de grafito cristalino y amorfo, las cuales fueron crecidas por 

tratamiento térmico a diferentes temperaturas. Para la síntesis de nanoestructuras de carbono se empleó 

un molino mecánico unidireccional que oscila a 1700 rpm. Las variables de experimentación fueron los 

diferentes tiempos de molienda (3, 6 y 12 h) y los tratamientos térmicos a 200 °C, 300 °C y 450 °C. Las 

técnicas de caracterización de difracción de rayos X, espectroscopía Raman y la microscopía electrónica 

de transmisión de alta resolución indican la formación de núcleos concéntricos curveados de láminas de 

carbono para tiempos de molienda de 6 y 12 h. Con el tratamiento térmico a 450 o C se apreció un 

crecimiento y definición de nano-onions de carbono (nanocebollas). 
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Introduction 

 

Since the discoveries of fullerenes, carbon nanotubes, graphene and other allotropic forms of carbon, the 

search for an increasingly simple and economically viable process has been a challenge for science today. 

The synthesis of carbon nanostructures by mechanical methods has been novel in recent years because 

of its versatility and ease of designing mechanical mills at different speeds. High-energy ball milling 

(spex milling) of graphite in an air atmosphere leads to forming time-dependent carbon nanostructures 

through mechanical deformation (Patiño et al. 2020). Mechanical crushing facilitates the synthesis of 

carbon nanostructures and inducing high temperatures with controlled atmospheres enables gas-phase 

reactions that produce unique shapes such as carbon nanotubes and carbon nanobeads. (Satoshi et al. 

2011). 

 

Heat treatment significantly influences the properties and performance of carbon nanostructures, 

improving their properties. Several studies show that heat treatment can improve the structural uniformity 

and overall performance of carbon nanomaterials (Carneiro and Simões, 2021; Villacorta et al. 2013; 

Srikanth et al. 2016). 

 

Therefore, in this research the formation of carbon nanostructures from the mechanical milling of 

crystalline and amorphous graphite is exposed, employing a unidirectional mill where, subsequently, 

from this process, a heat treatment is applied. 

 

Methodology 

 

Hexagonal and amorphous graphite powders were subjected to mechanical deformation by high energy 

mechanical milling. The mill comprises a one-way oscillating mechanical system connected to a Siemens 

electric motor (1750 rpm at a speed of 5 m/s). The operation varies according to the time and ratio 

between the balls and the sample's weights, as shown in table 1. 

 

Box 1 
 

Table 1 

Ratio of media weight to sample weight, varying the grinding time 

 
 Graph 
 Crystalline Amorphous 

Ratio 20:1 8:1 16:1 

Milling hours 3 3 3 

6 6 6 

12 12  

 

Source: Own elaboration 

 

Martínez González (2018) employed a hexagonal graphite together with quasicrystalline 

icosahedral Al-Cu-Fe particles for their synthesis by milling at a weight ratio of 20:1 for the milling times 

of 3, 6 and 12 hours. While Valladares Gómez (2018), an amorphous graphite with ratios of 8:1 for 3, 6 

and 12 hours of milling; and another ratio of 16:1, for 3 and 6 hours of milling. The heat treatment 

included placing the previously ground powders in hardened steel crucibles. They were then placed in a 

muffle-type electric furnace in an air atmosphere at temperatures, as shown in table 2, with an exposure 

time of 5-6 hours, after which they were allowed to cool to room temperature. 

 

Box 2 
 

Table 2 

Heat treatment temperatures of the samples in an air atmosphere 

 

Graph Temperatures (º C) 

Crystalline (6 h of HT) 200 350 450 

Amorphous (5 h of TT) 250 300 450 

 

Source: Own elaboration 
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To determine the main characteristics of the formation and growth of carbon nanostructures in 

each process, the samples were characterised using X-ray diffraction (XRD), Raman spectroscopy, and 

transmission electron microscopy (TEM). 

 

Results 

 

Figure 1a shows the X-ray diffraction patterns of the samples subjected to 0, 3 and 6 h of mechanical 

milling of crystalline graphite (C) with the quasicrystalline phase i-Al-Cu-Fe (both i+C phases) at a 20:1 

ball to sample weight ratio. Pattern 1a) shows the mixing of the powders (0 hours) where the typical 

quasicrystalline i-phase with the hexagonal graphite (C) phase can be seen. A very intense peak located 

around 2θ ≈ 26.55° is observed, which corresponds to the crystallographic plane (002) of the hexagonal 

graphite, a weaker peak is also observed at 2θ ≈ 54.68° corresponding to the plane (004). In the 

diffractograms corresponding to (b) and (c) with milling times 3 and 6 hours, respectively, a decrease in 

intensity and broadening of the main graphite peak (002) can be seen, thus indicating a significant 

decrease in crystal size. From this result, it can be deduced that the graphite is being crushed to smaller 

and smaller crystal dimensions as a function of milling time. Figure 1b) shows a 2θ magnification of the 

main peak (002) to observe a shift to the left as a function of milling time. This result shows a growth in 

the interplanar distance of the graphite, so it is deduced that the material tends to have a distortion of the 

structural conforms to it. Thus, these results of decreasing crystal size and distortion of the graphitic 

planes suggest the formation of new distorted carbon structures. On the other hand, the quasicrystal i 

remains stable, indicating that it functions as a cutting medium. 

 

Box 3 
 

 
 

Figure 1 

XRD patterns of crystalline graphite C samples with i-phase subjected to different mechanical milling times, a) with a 

20:1 ratio, b) enlargement of the 2θ region from 26 to 28 degrees 

Source: Own elaboration 

 

Figure 2 shows the XRD patterns of amorphous graphite samples subjected to different grinding 

times with a ball to sample weight ratio of 16:1 and 8:1. For both ball to sample weight ratios, the position 

of 2θ ≈ 24º of the main peak of the hexagonal graphite (002) of the initial amorphous graphite samples 

can be seen. It is important to mention that graphite has a tiny particle size and a distortion of its structure, 

as explained above. For the 3 and 6 hours milled samples with a 16:1 ratio, a thinning of the peaks can 

be observed (002), thus inferring that the mechanical milling promotes the formation or growth of the 

graphitic planes. However, for the 8:1 ratio, a widening of the peaks occurs, indicating a more significant 

decrease in crystal size and a shift of the peaks to the right, indicating a slight decrease in the interplanar 

distance. From these results it can be deduced that mechanical grinding promotes the formation and 

growth of distorted graphitic planes. 
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Box 4 
 

 
 

Figure 2 

XRD patterns of amorphous graphite samples subjected to different mechanical grinding times with a) 16:1 and b) 8:1 

ball to sample weight ratio 

Source: Own elaboration 

 

The D and G bands are characteristic in graphite and carbon nanostructures for Raman 

spectroscopy. The D band arises due to defects and disorder in sp2 carbon hybridization and breathing-

type vibrational modes of aromatic ring structures. It is located in the range of 1250 cm-1 to 1450 cm-1. 

G originates from the stretching vibrations of the C-C bonds corresponding to the sp2 hybridization 

typical of hexagonal graphite, located between 1500 cm-1 and 1600 cm-1. Figure 3 shows the Raman 

spectra of the samples subjected to mechanical milling, which correspond to a) crystalline graphite milled 

at a ratio of 20:1, b) amorphous graphite milled at a ratio of 16:1 and c) amorphous graphite milled at a 

ratio of 8:1. In the spectra a) it can be seen the growth in intensity of the D-band as a function of the 

milling time, associated with a distortion of the graphitic planes according to the X-ray diffraction results 

(fig. 1). For the amorphous graphite milling shown in spectra b) and c), a weak growth in intensity of the 

D-band can be appreciated, however, for the 16:1 milled samples its growth is higher concerning the 8:1. 

In these results it can be deduced that the quasicrystals together with the balls acted as crushers of the 

crystalline graphite promoting distortion of the D band, while for the grinding of the amorphous graphite 

changes are slightly not so noticeable with this technique.  

 

Box 5 
 

 
 

Figure 3 

Raman spectra of graphites at different mechanical milling times: a) crystalline + quasicrystalline graphite with a 20:1 

ratio, b) amorphous graphite with a 16:1 ratio, and c) amorphous graphite with an 8:1 ratio 

Source: Own elaboration 

 

Different thermal treatments were carried out to analyse the growth of these nanostructures, using 

the sample ground for 3 hours of crystalline graphite (20:1 ratio) and amorphous graphite (8:1 ratio). 

Figure 4 shows the results of each of the spectra and shows an increase in the intensities and a broadening 

of the D and G bands in the first treated samples. However, when reaching the annealing temperatures 

of 450 °C, the intensities of the Raman profiles tend to decrease for crystalline graphite since an annealing 

time of 6 hours has been used while that of amorphous graphite was used for 5 hours.  
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In both spectra, the growth of the D-band can be significantly noticed, indicating the growth and 

definition of the carbon nanostructures promoted by the mechanical milling. 

 

Box 6 
 

 
 

Figure 4 

Raman spectra of graphite samples at 3 hours of mechanical milling subjected to different heat treatment temperatures: a) 

crystalline graphite + i-phase with a 20:1 ratio, b) amorphous graphite with an 8:1 ratio 

Source: Own elaboration 

 

Table 1 shows the calculated crystal size measurements using the Debye Scherrer formula and 

the experimental parameters of the XRD profiles. A drastic decrease in the crystal size of the mechanical 

milling of crystalline graphite can be noticed, thus inferring once again that the milling with the 

quasicrystalline i-phase has the function of a milling medium. Also, in this table, it is possible to 

appreciate the effect of the thermal treatment for the milled samples of amorphous and heat treated 

graphite, where it is possible to find that the thermal treatment temperature of 300 °C has the highest 

growth percentages and that the samples milled for six h (8:1) and three h (16.1) heat treated at 300 °C 

achieve 29 and 24 % growth respectively. 

 

Box 7 
 

Table 3 

Crystal size according to the Debye-Scherrer formula 

 

Crystalline graphite Amorphous graphite 

Samples Crystal sizes 

(nm) a MM 

Samples Crystal sizes 

(nm) a MM 

Crystal sizes 

(nm) a HT 

300 oC 

% growth Crystal sizes 

(nm) a HT 

400 oC 

% growth 

0h 40.84 0h 0.892 NA NA NA NA 

3h, 20:1 11.84 3 h, 8:1 1.039 1.21187 16 1.21648 17 

6h, 20:1 11.03 6 h, 8:1 0.9806 1.26601 29 1.14433 16 

NA NA 12 h, 8:1 1.0531 1.2111 15 1.17832 11 

NA NA 3 h, 16:1 0.9838 1.22927 24 1.13429 15 

NA NA 6 h, 16:1 1.275 1.20558 3 1.20924 3 
 

 

Source: Own elaboration 

High-resolution transmission electron microscopy has been used to analyse the dimensions and 

shapes of these nanostructures (figure 5). In these images, it is possible to observe the initial formation 

of curved nanostructures with a certain degree of distortion, shown in figure 5a), which corresponds to 

the amorphous graphite sample with an 8:1 ratio and 12 hours of milling. Figure 5b) shows the sample 

heat-treated at 450 °C, where the formation of well-defined nano-blades with sizes around 20 nm can be 

observed. In the same way, the crystalline graphite samples with the i-phase milled for 3 hours are 

presented, where distorted and curved graphitic planes are formed. However, with the heat treatment at 

200 °C, the growth of elongated nanostructures in the form of rollers is observed.  
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Box 8 
 

 
 

Figure 5 

HRTEM of: (a) 12 hours grinding at an 8:1 ratio, (b) 12 hours grinding at an 8:1 ratio and heat treatment at 450 °C, (c) 12 

hours grinding at a 20:1 ratio, and (d) 3 hours grinding at a 20:1 ratio and heat treatment at 200 °C 

Source: Own elaboration 

Conclusions 

 

Carbon nanostructures have been formed using a mechanical mill that oscillates in one direction, 

achieving the formation of carbon nanostructures from crystalline and amorphous graphite. 

 

Mechanical milling under these conditions for crystalline graphite tends to reduce its particle size 

to nanometric orders, and mechanical milling of amorphous graphite promotes the formation of small 

curved shapes, giving rise to nanoballs smaller than 10 nm. 

 

The grinding time and the ball weight ratio to sample weight are determining factors in forming 

carbon nanostructures. This is because, as the duration of the process increases, more nanostructures are 

generated and tend to adopt a single morphology. 

 

The quasicrystal remained stable and acted as a further milling medium, accelerating crystalline 

graphite's crystal size reduction process. 

 

The heat treatments could define the nanostructures better, and the optimum temperatures ranged 

around 300 °C under an air atmosphere. 
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Abstract  
 

Micro-Raman spectroscopy is an innovative technique for the characterization of hydrocarbon source 

rocks, specifically in the analysis of core samples in thin sections. This methodology employs an infrared 

laser that interacts with the molecules of minerals and organic matter, allowing for simultaneous optical 

imaging with the petrographic microscope and Raman spectrum. In this work, preliminary results of 

Raman spectra recorded along a line drawn on a thin sheet of a channel sample are presented, using a 

QE65000-Ocean Optics spectrometer with a spectral resolution of 4 cm⁻¹ and a 785 nm laser as the 

excitation source. To prepare the thin section, the sample is immersed in epoxy resin, cured, and polished 

in a specialized laboratory until a thickness of 30 µm is reached, where the Raman spectra of the G, D 

bands, and a carbon double bond, which is related to the organic matter and the resin of the thin section, 

were analyzed. 

 

 
 

Raman Spectroscopy, Petrographic microscope, Thin section 

 

Resumen 

 

La espectroscopía micro-Raman es una técnica innovadora para la caracterización de rocas generadoras 

de hidrocarburos, específicamente en el análisis de muestras de canal en láminas delgadas. Esta 

metodología emplea un láser infrarrojo que interactúa con las moléculas de minerales y materia orgánica, 

permitiendo obtener imagen óptica con el microscopio petrográfico y espectro Raman de manera 

simultánea. En este trabajo se presentan resultados preliminares de espectros Raman registrados a lo 

largo de una línea trazada sobre una lámina delgada de una muestra de canal, utilizando un espectrómetro 

QE65000-Ocean Optics con una resolución espectral de 4 cm⁻¹ y un láser de 785 nm como fuente de 

excitación. Para preparar la lámina delgada, la muestra es inmersa en resina epóxica, fraguada y 

desbastada en un laboratorio especializado hasta alcanzar un espesor de 30 µm, en donde se analizaron 

los espectros Raman de las bandas G, D y un doble enlace C=C el cual está relaciona con la materia 

orgánica y la resina de la lámina delgada. 

 

 
 

Espectroscopía Raman, Microscopio Petrográfico, Lámina delgada 

 

 

 



29 

 

Introduction 

 

The characterisation of hydrocarbon-bearing rocks requires advanced techniques to study their 

composition and structure at micrometric scales. In this context, the use of thin films in petrographic 

microscopy is a traditional technique used in the oil industry to identify the type of lithology and to 

analyse the chronostratigraphic age through microfossils. Raman spectroscopy instead provides an 

alternative to obtain detailed information on the mineral components and organic matter present in these 

rocks. Channel samples, especially prepared in thin films, allow the textures and mineralogical phases of 

the rocks to be observed under a petrographic microscope, which is crucial for identifying petrographic 

features that influence their hydrocarbon generation and retention capacity (Fries, M., & Steele, A., 

2010). 

 

Raman spectroscopy complements this characterisation by providing accurate chemical and 

structural analysis at the micrometre level. Using a laser that interacts with the molecules of the materials 

present, this technique detects specific vibrations that reveal the composition and internal organisation 

of minerals and organic matter (Ferrari & Robertson, 2000). Raman spectroscopy is a useful tool for the 

identification of minerals and the study of carbonaceous material, which is difficult to characterise with 

optical microscopy and electron beam techniques. For example, it allows differentiation between 

carbonaceous matter present in primary fluid inclusions, which formed when a rock first cooled from its 

parent material, and other carbonaceous matter located in late-phase alteration veins within the same rock 

(Figure 1). 

 

Box 1 
 

 
 

Figure 1 

Simplified diagram showing the general positions of prominent Raman peaks for a variety of common rock-forming 

minerals and compounds 

Source: [Fries, M., & Steele, A., 2010] 

 

In this study, both microscopic techniques are combined to analyse channel samples prepared in 

thin films, assessing both their petrographic characteristics using a petrographic microscope and their 

molecular composition using a laser Raman microscopy system design. This integrated approach 

facilitates the analysis of hydrocarbon source rocks, providing essential information for understanding 

their reservoir potential and key geological properties (Marshall et al., 2007). The results obtained will 

contribute to a better understanding of the composition and structure of these complex geological 

systems, enhancing their analysis and evaluation in the context of hydrocarbon exploration and 

production. 

 

Thin films 

 

Thin sections or thin sections are rock samples used in petrography to study the optical properties of 

minerals. They are made in such a way that they are polished on both sides to allow light to pass through 

to observe the optical characteristics of the minerals. The film is fixed to a glass slide. According to Fries, 

M., & Steele, A., 2010, surface irregularities on thin sections and contamination, such as polymer 

mounting particles, can interfere with Raman analyses.  
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Surface imperfections, caused by minerals such as pyroxenes or clays, can scatter the laser 

excitation beam, and the materials used to create the slices can be confused with materials in the rock or 

sediment. To avoid this, it is recommended to examine the thin section in reflected light prior to analysis. 

In addition, the mounting polymer, especially in brittle materials, can be trapped in the cracks, which can 

make it difficult to interpret the spectra, although it can be differentiated by its spectral signature in the 

C-H stretching region. 

 

Raman spectroscopy 

 

Raman spectroscopy is a non-destructive analytical technique that provides information about the 

molecular structure and internal vibrations of the bonds of a material, whether liquid, solid or gas, by 

inelastic light scattering (Smith & Dent, 2004). When monochromatic radiation of minimum frequency 

passes through a transparent medium, most of it is transmitted, a fraction is absorbed and a small amount 

is scattered (less than 10-⁵ of the intensity of the exciting source). Most of the scattered light maintains 

the same frequency as the incident radiation (known as elastic or Rayleigh scattering), while a very small 

amount (on the order of 10-³ to 10-⁴ of the Rayleigh intensity) is scattered at a frequency slightly higher 

or lower than the incident radiation. This inelastic scattering is called Raman scattering (Jawhari, 2012). 

 

Optical imaging with microscopy and Raman spectra 

 

Mineralogy and petrography techniques have traditionally relied on thin-sheet optical microscopy to 

identify minerals and study their arrangement, which allows interpretation of the formation and alteration 

of these minerals and the source rock. This helps to understand the evolution of geological formations 

and their relationship to larger units, even inferring events such as the movement of continents. Raman 

spectroscopy is a useful tool in these analyses, especially for identifying minerals and studying 

carbonaceous matter, which is difficult to characterise with optical microscopy and electron beam 

techniques with SEM or EDX (Fries, M., & Steele, A., 2010). 

 

Methodology 

 

The methodology is presented in two parts, the first part covers the creation of the thin film at the Centro 

Regional de Estudios de Laboratorio Cd del Carmen of Pemex Exploración y Producción KM 4+500. 

And the second part is the analysis by Raman spectroscopy coupled to a Best Scope BS-5070TTR 

petrographic microscope adapting the Raman probe to measure the thin film of the channel sample. 

 

Thin film of source rock 

 

The channel sample or drill cuttings are subjected to a cleaning process in the laboratory, as they may 

contain water, drilling mud and/or plugs. A sample is selected at a stratigraphic level from an exploration 

well. For channel samples, the following steps are performed (Figure 2): 

 

1. A representative sample of hydrocarbon-bearing rock is selected, washed until any drilling mud 

and pluggers it may contain are removed, oven dried at a temperature of less than 80ºC. 

 

2. It is then sieved with a 40 and 10 mesh to obtain a homogeneous granulometry. 

 

3. It is agglutinated in an epoxy resin to facilitate its handling. The mixing ratio of the resin and 

catalyst must comply with the standards to guarantee the preservation of the characteristics of the 

sample (3:1 ratio), it is left to set until the following day. 

 

4. Once the resin has set, the sample is cut into a rectangular shape with a diamond saw to obtain a 

preliminary sheet, ensuring that the surface is flat and suitable for polishing. 

 

5. The roughened sample is adhered to a glass slide using an adhesive that reacts with UV light. This 

ensures that it is firmly adhered (Solis Correa, 2023). 

 

6. To reduce the thickness of the sample and approach the final thickness (30 µm), different grains of 

silicon carbide paper, usually 120, 220 and 400, are used, wetting the surface to avoid excessive 

heat and maintain the integrity of the sample (Casique et al., 2018). 
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7. For final polishing, a 600 grit aluminium oxide or silicon carbide powder is used to obtain a 

thickness of 30µm, ensuring optimal light transmission through the thin film during petrographic 

observation. 

 

8. Finally, the thickness of the foil is checked with the BestScope BS -5070TTR petrographic 

microscope to ensure that it meets the 30 µm standard required for petrographic analysis (Casique 

et al., 2018). 

 

Box 2 
 

 
 

Figure 2 

Methodology for the creation of a 30µm thick, thin film: Washing and drying of the sample. Sieved and impregnated in 

epoxy resin. Cut and mounted on slides. Deburring with SiC (Silicon Carbide) paper 120, 220 and 400 grit; final polishing 

with 600 grit Silicon Carbide powder 

 Source: [Own elaboration] 

 

Design of the laser Raman microscopy system 

 

The Raman equipment was mounted on the BestScope BS petrographic microscope of the UNACAR 

Optics Laboratory, as shown in Figure 3. The optical system consists of a 785 nm infrared laser module, 

connected to a bifurcated optical fibre, coupled to the laser and the spectrograph. 

 

A path was delimited on the Y axis of the sample surface and the Raman spectrum was measured 

every 1 mm, obtaining a total of 43 spectra, the purpose of adapting the HD camera is to observe that the 

laser does not hit the epoxy resin. The signal is captured with the Ocean Optics QE 65000 spectrometer. 

The data is captured with SpectraSuite software for Windows operating systems, then the data is saved 

in .txt format for graphing in Matlab. 

 

The processing was done by trimming the spectral band selection from 400 to 2000 cm-1, for all 

the spectra obtained. A surface plot was made in Matlab to evaluate the maximum peaks using a colour 

scale. 
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Box 3 
 

 
 

Figure 3 

Adaptation of the QE65000 spectrograph to the Best Scope BS-5070TTR petrographic microscope, using a 785 nm infrared 

laser module with 20x objective as excitation source, and an HD camera with 4x objective to verify the laser path 

Source: [Own elaboration] 

 

Results 

 

Raman spectra of a thin-film scan of the sample 

 

The optical Raman microscopy system was developed for the simultaneous acquisition of images with 

the petrographic microscope and the Raman probe, which allows the reading of the data where there is 

no presence of epoxy resin. The data presented are from a single run of the sample, since, having a 

heterogeneous sample, the data are shown with high fluorescence. It is known that when analysing low 

concentration materials (below 1%) and materials that fluoresce or samples with fluorescent impurities, 

they raise the fluorescence background and interfere considerably with the Raman signal (Jawhari, 2012). 

This phenomenon commonly occurs in organic materials and certain compounds. 

 

The Raman bands identified were as follows: 

 

Quartz: ~450- 462cm-1 (Rutt, H. N., & Nicola, J. H., 1974), (Ostroumov et al., 2002). 

 

Carbonate: ~1415-1437cm-1 (Band C) (Hernando Alonso et al., 1937). 

 

Carbon: ~1350(Band D) and ~1600 cm-1 (Band G) (Myers, G. A., Kehoe, K. K., & Hackley, P., 2017), 

(Lambrecht et al. 2021). 

 

Silicon: 520.4 cm-1 (S-band) (Myers, G. A., Kehoe, K. K., & Hackley, P., 2017). 

 

Carbon-carbon double bonds: 1540cm-1, 1500 cm-1 (La Rosa-Toro Gómez, A., & D'Arrigo, D. V., 2022), 

(Fries, M., & Steele, A., 2010). 

 

It is important to mention that carbon is a relevant material in the area of materials and energy 

engineering, for example graphene is also characterised by its D and G bands, since due to its two-

dimensional structure and its high thermal and electrical conductivity, they are key in technological 

innovation (Madrigal Rodríguez, 2024), (Vargas Henao, 2024). 
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Box 4 
 

 
Figure 4 

Shown are 43 Raman spectra of a Y-path of a thin film of channel sample, Raman shift from 400 to 2000 cm-1 

Source: [Own elaboration] 

 

Surface map of Raman spectra 

 

A graph is presented in figure 5, as a start for the creation of a Raman image for a channel sample. For a 

qualitative analysis it is important to identify the bands of higher intensity (warm colours) with a colour 

map that allows to delimit the regions with presence of organic matter, or with presence of carbon double 

bonds. 

 

Box 5 
 

 
 

Figure 5 

Surface map of 43 spectra on a y-axis path of a thin sheet of channel sample. The warmer colours are seen for high 

intensities and cooler colours for low intensities 

Source: [Own elaboration] 
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Conclusion 

 

In conclusion, the simultaneous use of petrographic microscopy and Raman spectroscopy allowed us to 

obtain detailed spectra of the channel sample. The spectra obtained from the thin film channel sample 

show the presence of minerals such as quartz, carbon and silicon, among others that are yet to be 

identified; in addition to other bands such as those associated with polymers with the carbon double bond. 

The bands D 1360 cm-1 and G 1600 cm-1 of carbon structures were identified, as well as the band 

associated with carbonate 1450 cm-1. The analysis revealed a high fluorescence in the spectra, due to the 

heterogeneity of the sample and the presence of organic matter associated with rock with high clay 

content. 
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Abstract 
 

Population growth and the demand for habitable spaces have turned construction into a critical challenge for environmental 

sustainability. This industry, characterized by its high dependence on raw materials, not only depletes natural resources but 

also leads to ecosystem degradation and pollutant emissions. Therefore, it is essential to research new materials that not only 

comply with industry regulations but also reduce environmental impact and promote more sustainable practices. Currently, 

eco-blocks are emerging as a viable alternative with significant environmental benefits. This work establishes the 

methodology for manufacturing an ecological block using natural fibers considered as waste as aggregate and determines its 

mechanical properties. Additionally, the compressive strength obtained is compared with other materials available on the 

market and those reported in the literature to assess its potential. 

 

 
 

Mechanical properties, natural fibers, eco-blocks 
 

Resumen 
 

El crecimiento de la población y la demanda de espacios habitables han convertido la construcción en un 

desafío crítico para la sostenibilidad ambiental. Esta industria, marcada por su elevada dependencia de materias primas, no 

solo agota los recursos naturales, sino que también provoca la degradación de los ecosistemas y emisiones contaminantes. Por 

ello, es fundamental investigar nuevos materiales que no solo cumplan con las normativas del sector, sino que también 

disminuyan el impacto ambiental y fomenten prácticas más sostenibles. Actualmente, los eco-bloques se presentan como una 

alternativa viable con significativos beneficios medioambientales. En este trabajo, se establece la metodología para la 

fabricación de un bloque ecológico empleando fibras naturales consideradas desecho como agregado y se determinan sus 

propiedades mecánicas. Además, se comparan fuerza de compresión obtenida con otros materiales disponibles en el mercado 

y aquellos reportados en la literatura, con el fin de identificar su potencialidad. 

 

 
 

Propiedades mecánicas, Fibras naturales, Eco-bloques 
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Introduction 

 

The environmental impact of the construction industry is alarming, as it originates mainly from the 

massive extraction of natural materials, greenhouse gas emissions, excessive primary energy 

consumption and the production of unmanaged waste (Aghimien et al., 2019). This sector is a major 

source of greenhouse gas emissions, mainly due to the industrial processes required for the production 

of cement and other building materials. These processes, which include extraction, transportation and 

manufacturing, generate a significant amount of emissions, and, perhaps most critically, waste generation 

(López Ruiz et al., 2020). 

 

Cement is used to make concrete and mortar, and is the second most consumed compound on the 

planet (Scrivener et al., 2018). Concrete is used to build homes, schools, hospitals, workplaces and 

infrastructure for human development. The raw materials used in the manufacture of cement are obtained 

mainly through quarrying for the extraction of hard rocks such as limestone, slate and certain shales. In 

some cases, the deposits are exploited by underground methods (International Energy Agency, 2018; 

Scrivener et al., 2018). 

 

The process of making cement is well established and has hardly changed since it was first 

developed almost 200 years ago (Hart, 2022). The process is shown in Figure 1 and consists of three 

stages: the first is extraction of raw materials and their preparation, the second stage can be defined as 

hot cycle or Clinker production and finally cold cycle, where Clinker is mixed with other components 

such as gypsum for cement production (Hart, 2022). Clinker is normally a mixture of limestone (calcium 

carbonate) and siliceous materials (clays) which are heated in a kiln to temperatures of around 1450 °C, 

this phase releases directCO2 emissions. Between 30% and 40% of emissions are produced by burning 

fuels and 60-70% come from chemical reactions (Fayomi et al., 2019). 

 

Box 
 

 
 

Figure 1 

Cement production process and chemical reaction 

Source: Own elaboration 

 

The cement sector is the third largest energy consumer in the industry, more than 90% of the 

energy required for cement manufacturing is obtained from fossil fuels, while the remaining 10% is 

obtained from electricity (Aghimien et al., 2019). The industry's energy consumption is accounting for 

7% of global energy consumption, equivalent to 10.7 exajoules (1EJ=1018 J). The concern for energy 

alternatives and more efficient production processes stems from the fact that 30% to 40% of total 

emissions come from fuel combustion (International Energy Agency, 2018). The most commonly used 

fuels in the cement industry were coal, coke or heavy oils (Müller et al., 2008). 

 

Global population growth and urbanisation patterns, together with increasing demand for 

infrastructure, will drive an increase in demand for cement and concrete. Currently, the production of 

one tonne of cement generates between 0.65 and 0.95 tonnes ofCO2, depending on the efficiency of the 

process (Müller et al., 2008). By 2050, global cement production is estimated to increase by 12-23% 

from the current level (International Energy Agency, 2018).  
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The global cement industry faces the challenge of ensuring its commercial viability while 

reducing its carbon intensity. This requires transformations in production processes, optimising fuel use 

and developing new materials that minimise environmental impact. 

 

Actions taken in the building industry can have an immediate impact on global climate change, 

as well as on energy consumption and economic and social consequences (Chen et al., 2024; Oberle et 

al., 2019). While these strategies can help the building sector move towards sustainability by promoting 

innovative solutions that integrate environmental awareness, such as smart concrete, it is critical to 

recognise that emissions are linked to the production process (Tian et al., 2024). Advances in materials 

can be integrated with innovative production methods and technologies as well as old construction 

methods that often offer environmental benefits. 

 

The incorporation of sustainable building materials in projects worldwide aims not only to combat 

climate change, but also to promote awareness in construction. It can also generate significant economic 

savings by improving the methodology and application of life cycle costing (LCC), particularly in the 

construction, maintenance and operation sections (Liu et al., 2022). 

 

Until the mid-19th century, buildings were mainly constructed with natural materials such as 

wood, adobe, earth and local fibres. Subsoil construction is one of the oldest techniques, being the basis 

of early dwellings and cities, which used raw earth to create simple shelters from easily accessible 

materials (Touré et al., 2017). Even today, in many parts of the world, earthen buildings can still be 

found, often combining this material with other materials to improve their resistance (Jesudass et al., 

2020; Pacheco-Torgal & Jalali, 2012). Natural fibres, in particular, offer great potential in the field of 

civil construction, as they can contribute to more sustainable architecture in the future (Balasubramanian 

et al., 2024). This would not only allow for a greater diversity of building materials, but also encourage 

design innovation and the improvement of conventional materials (Steffens et al., 2017). Fibres act as 

mechanical reinforcement, especially in terms of tensile and flexural strength in concrete (Hamada et al., 

2023). 

 

Methodology 

 

In Figure 2, the three stages that make up the research methodology applied in this study are illustrated 

in detail. Each stage reflects a key step in the fabrication, characterisation, analysis and interpretation of 

data, ensuring that the results obtained are relevant and reliable for the context of the study. 

 

Box 2 
 

 

 

Figure 2 

Methodology applied 

Source: Own elaboration 
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Stage 1 Selection of materials 

 

Choice of soil 

 

Sahcab or saskab was used as a base material, which is considered an abundant limestone soil in the 

Yucatan peninsula, and is one of the most widely used materials in construction. This soil can be in the 

form of gravel or silty sand, it is of sedimentary origin and its chemical composition consists mainly of 

calcium carbonate (Alonzo et al., 2006). The material was sieved on a #14 stainless steel mesh with an 

aperture of 1.40mm (0.0555"). 

 

Choice of aggregate 

 

Parmentiera aculeata, also known as cuajilote or tree cucumber, was used as an aggregate for the 

ecological block. This species is widely distributed in southern Mexico and is found in Chiapas, Tabasco 

and Campeche. The ‘cuajilote’ tree can produce more than 600 fruits in a single year (Hellmuth, 2023). 

The cuajilote produces fibrous fruits with a high content of lignocellulosic compounds, based on the 

‘Study of the cellular architecture and micromechanical properties of cuajilote fruits. Using different 

microscopy techniques’, where the micromechanical properties of the fruit were analysed, demonstrating 

that the orientation of the fibrils can help to improve mechanical properties for future applications 

(Vicente et al., 2021). Previously dried and separated into strands ≤30cm. 

 

Stage 2. Sample fabrication 

 

The design of the block was stipulated under the standard N-CMT-2-01-001/02, which defines the 

standardised parameters for working the sample. This standard contains the quality requirements for 

bricks and ceramic blocks that are used in ceramic bricks and blocks used in masonry structural elements. 

Table 1 presents the specifications applicable in this research. 

 

Box  3 
Table 1 

Applicable block specifications under N-CMT-2-01-001/02- Standard N-CMT-2-01-001/02- Standard N-CMT-2-01-001/02- 

Standard N-CMT-2-01-001/02 

 

R
a
n

k
in

g
 

Manufacturing by hand 

 

Subtypes Massifs: Usually do not develop ceramic bonds 

and are only massive.. 

Quality grades E 

D
im

en

si
o
n

s 

 

Length 28-18 

Width 13.5 - 18.5 

Perch height 6 - 8.5 

U
se

 

Structural requirements 

[1]. 

Suitable for simple or reinforced non-supporting 

masonry with low axial compressive loads. 

Climatological 

requirements 

Suitable only for mild climates with low rainfall 

Functional requirements Not acceptable for externally visible walls 

without cladding. 

P
h

y
si

ca
l 

ch
a

ra
ct

er
is

ti
cs

 

 

Simple compressive 

strength; MPa, minimum 

 

2 

Adhesion; MPa, minimum  

0.15 

Water absorption %, 

maximum 

24 

 

 

 

 

For the execution of the mixture it will be manually weighed, with a proportion in percentage of 

2.5% of fibre, with 30% of water, placed in a steel mould of 8x14x22 cm and subjected to pressure by 

means of a hydraulic press. It was demoulded and dried in the ambient conditions of the laboratory. 
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Stage 3. Mechanical test 

 

This test was stipulated under the NMX-C-404-ONNCCE-2012 standard and was complemented with 

the Mexican standard NMX-C-036-ONNCCE which establishes the test method for the determination of 

compressive strength, which is based on the ASTM C-140-75 standard. 

 

Sample analysis 

 

The sample or specimen is tested in a universal testing machine (Figure 3), which must have sufficient 

capacity to operate at the specified loading rate without impact or loss of load. One of the blocks of the 

machine should have a hemispherical seat resting on the top of the specimen, while the other block should 

be rigid and provide a stable base for the specimen. It is essential to incorporate clamping or compression 

fittings that are rigid and correctly aligned. The centre of the sphere must coincide with the centre of the 

bearing surface with an appropriate tolerance to the radius of the sphere. The compression surfaces of 

the specimens must be flat, complying with a tolerance of 0,05 mm over a length of 150 mm taken in 

two orthogonal directions. 

 

Box 4 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 

Compression test preparation Source: Own elaboration 

 

Calculations 

 

𝑅 =
𝐹

𝐴
                                                                                           [1] 

 

Where: 

 

R     Is the compressive strength in MPa (Kgf/cm2 ) 

 

F is the maximum load in N (Kgf) 

 

A Is the cross-sectional area of the specimen (cm2) 
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Distribution 
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Machine 
loading plate 

Projection of 
the sample 

LONGITUDINAL SECTION 

PLANT 

>160mm 

t 

Thickness of the plates : t>d/3 ≥13mm 
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Results 

 

XRD soil characterisation 

 

Figure 4 presents the characterisation of the soil carried out by means of an X-Ray Diffraction (XRD) 

equipment using a copper X-ray source (Cu-Kα), with an energy of 8.04 keV and an X-ray wavelength 

of 1.5406 Å. This technique allows detailed information to be obtained on the crystalline structure, 

composition and various physical properties of the analysed soil. In this case, the data obtained in the 

analysis show a 99% agreement with the CaCO3 reference standard, which confirms that the sample is 

mainly calcium carbonate. This result indicates that the Ca2+ and CO3
2- ions are in a 1:1 ratio, linked by an 

ionic interaction. From the database, it indicates that its crystalline structure is hexagonal, whose plane 

with the highest intensity corresponds to the 10 

 

Box 5 
 

 
 

Figure 4 

Characterisation by XRD 

Source: Own elaboration 

 

Sample 

 

Prior to the mechanical compression test, the samples with 2.5% curd fibre content (figure 5) were analysed 

after 28 days, obtaining data such as: length, width, height and dry weight (table 2). The Mexican standard 

NMX-C-038- ONNCCE was used to obtain specific data for the block. 

 

Box 6 
 

 
 

Figure 5 

Sample with 2.5% fibre 

Source: Own elaboration 
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In table 2 we present the data of the analysed blocks, categorised as BASE, block or blank whose 

fibre percentage is equal to zero, while F1B1 2.5% refers to the block whose base is the sahcab and B1 

the curd fibre, with 2.5% we refer to the percentage of aggregate. The pieces called F1B1 2.5% A, B, C, 

D are the sectioned pieces of a block. 

 

Box 7 
 

Table 2 

Data obtained from samples under the NMX-C-038-ONNCCE standard 

 

DATES BASE F1B1 2.5% F1B1 2.5% A F1B1 2.5% B F1B1 2.5% C F1B1 2.5% D 

Length: 21.4cm 21.3cm 5.87cm 8.75cm 5.71cm 5.5cm 

Width: 7.5cm 7.4cm 5.5cm 4.16cm 4.27cm 4.32cm 

Height: 13.62 13.62 4.09 5.32 4.71cm 4.82cm 

Weight: 3.950 kg 3.4 kg .205 kg .295 kg .175 kg .180 kg 
 

 

Mechanical compression test 

 

The samples are subjected to compression analysis in a universal machine, where the strength of the 

blocks is evaluated when they are compressed under a load. Because of the dimensions, the BASE and 

F1B1 2.5% samples are subjected to the preparation shown in figure 3, while the F1B1 2.5% A, B, C and 

D samples are tested directly from the spherical bearing plate. It is important to note that specimens A 

and B will be tested under the force of one direction of compression, while specimens C and D under 

another direction. 

 

Box 8 
 

 
 

Figure 4 

Mechanical compression test 

Source: Own elaboration 

 

In table 3, we obtain the capacity of the blocks to withstand the compressive forces, the gross area 

was obtained from the data obtained in table 2, and the maximum load is the data obtained from the 

universal machine, which gives us a detailed report. With equation 1, we obtain the data on the 

compressive strength of the samples. 
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Box 9 
 

Table 3 

Data obtained from the mechanical test 

 

Sample Long (mm) Width (mm) Gross area (cm²) Carga Max. (Kg) Kgf/cm2 

BASE 214 75 160.5 3070.91 19.1 

F1B1 2.5% 213 74 157.6 2183.35 13.9 

F1B1 2.5% A 58.7 55 32.3 360 11.1 

F1B1 2.5% B 87.5 41.6 36.4 426.57 11.7 

F1B1 2.5% C 57.1 42.7 24.38 396 16.2 

F1B1 2.5% D 55 43.2 23.76 445.395 18.74 
 

 

It is important to understand that each specimen was loaded to failure and showed unique 

behaviour during the test (figure 6). For example, sample BASE shows medium-sized cracks distributed 

throughout the block; as it does not contain fibre as an aggregate, the piece tends to fragment. In contrast, 

sample F1B1 with 2.5% fibre presents cracks in several parts of the block, but thanks to the addition of 

fibre, the block maintains its cohesion, avoiding a total detachment of the parts. In samples A, B, C and 

D, the cracks are larger; however, the fibre present in the mix prevents the sections from detaching, which 

reinforces the integrity of the material even after the appearance of cracks. 

 

Box 10 
 

 
 

Figure 6 

Samples after the failure 

Source: Own elaboration 

 

Conclusions 

 

In conclusion, the results of this investigation and the data obtained from the compression tests reveal 

that the samples evaluated do not reach the minimum simple compressive strength parameter stipulated 

at 2 MPa (equivalent to 20.39 kg/cm2). The samples with a fibre content of 2.5% have a compressive 

strength range of 11.1 to 18.74 kg/cm2, lower than the minimum required. In comparison, the base 

sample, without fibre content, achieves a slightly higher compressive strength of 19.01 kg/cm2. 

 

The compression test also reveals that the addition of fibre in the samples improves the cohesion 

of the material and its resistance to splitting, even after the appearance of cracks. This suggests that the 

use of fibre not only contributes to controlling the size and distribution of cracks, but also strengthens 

the material's ability to withstand loads and resist crumbling, holding together structurally in the face of 

failure. 

 

The weight difference between the BASE specimen and the F1B1 specimen with 2.5% fibre is 

approximately 13.92%. This indicates that the incorporation of fibre at this rate contributes to a small 

reduction in raw material usage. These results suggest the addition of a percentage of cement for future 

research to meet the parameters set by the standard. 
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Statements 

 

This chapter focuses on the manufacture and mechanical characterisation of the ecoblock, in compliance 

with the applicable national regulations. This research represents a key step towards reducing the 

environmental impact generated by the construction industry. The adoption of eco-friendly materials in 

this sector poses a significant challenge, as it requires the integration of technical, regulatory and 

scientific expertise to ensure their performance. 
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Abstract 
 

The study of biomarkers is a line of study that allows the early detection of abnormal biochemical processes, focusing on 

chronic human diseases such as diabetes, obesity, cancer, among others. Raman spectroscopy (RS) technology allows 

obtaining intrinsic data from a sample at the molecular level. RS allows studying biomarkers in biological samples in vivo, 

without contact, without pain, and in real time. This design for assembling a Confocal RS is presented, with a Raman laser 

equipment at 785 nm, a spectrometer  QE65000 from Ocean-Optics, a microscope-type mount, and an optical fiber as a pin-

hole. To validate the design, Raman bands of melanin, lipids and proteins are identified in spectral sampling at different 

depths, 1000 µm, in the fingerprint and index fingernail of a human volunteer. The design promises to obtain deconvolution 

spectra directly from the measurement in real time, without the need to apply numerical fitting methods in data processing. 

 

 
 
Raman Spectroscopy, biomarcadores, Dedo índice, Muestras in-vivo 

 

Resumen  
 

Los biomarcadores son una línea de investigación, sobre la detección temprana de procesos bioquímicos anormales, enfocado 

a las enfermedades humanas crónicas, como la diabetes, la obesidad, el cáncer, entre otras. La Tecnología de espectroscopía 

Raman (ER) permite obtener datos intrínsecos de una muestra, al nivel molecular. La ER permite estudiar biomarcadores en 

muestras biológicas in-vivo, sin contacto, sin dolor, y en tiempo real. Se presenta un diseño para ensamble de un ER Confocal, 

con un equipo láser Raman a 785 nm, un espectrómetro QE65000 de Ocean-Optics, una montura tipo microscopio, y una 

fibra óptica como pin-hole. Para validar el diseño, se identifican las bandas Raman de melanina, lípidos y proteínas en el 

muestreo espectral a diferentes profundidades, hasta 1000 µm, en la huella y uña del dedo índice de un voluntario humano. 

El diseño promete obtener espectros en deconvolución directamente de la medición en tiempo real, sin aplicar métodos de 

ajuste numérico en el procesamiento de los datos. 
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Introduction 

 

The study of public health problems is important for the Mexican society, especially for people who have 

problems in their quality of life. Considering the number of sick people and the number of chronic 

diseases registered, problems are generated in the socio-cultural and socio-economic development of the 

country. For example, Diabetes (NOM-015-SSA2-2010), Obesity, Cancer, which are known to have a 

great impact and generate social welfare problems (INEGI Communicated 2023). Chronic diseases such 

as cardiovascular diseases, hypertension, cancer, diabetes and also new conditions generated by the 

pandemic such as COVID-19. Each of these conditions represents a field of study for health science 

researchers in terms of prevention, diagnosis and treatment (INSP. 2023). 

 

Raman spectroscopy (RS) has been used as a non-invasive method to study skin diseases and 

glucose between the Raman bands 1060 cm-1 and 1125 cm-1 (Flores A. et al. 2015), as well as haemoglobin 

1549 cm-1 (Gonzales-Viveros et al. 2022). The methodology may be feasible for the study of blood glucose 

in vivo, for in vitro cases (N. Gonzales-Viveros et al. 2021). Likewise, with Raman equipment systems 

coupled to confocal microscopes (Shao. J et al. 2012), frequencies between 1168, 1531, 1463, 1021 cm-1 

are also reported for diabetic blood samples (Firdous s. et al 2012) and studies in type 2 diabetes in blood 

samples (Gonzales-Solís et al 2018), under the condition of the American standard (ANSI) for type II 

lasers, which indicates that lasers with power lower than 100 mW on skin in humans should be used in 

experiments (American National Standards Institute 1993). 

 

Raman spectroscopy (RS) is a technique that allows molecular information to be obtained from a 

material, in solid, liquid or gas state, whether organic or inorganic. Performing an ER analysis means 

shining a monochromatic beam of light on a sample and collecting the scattered light with a spectrograph. 

The light beam interacts with the molecular structure constituting the sample, causing changes in the 

vibrational state leading to changes in the frequency of the scattered light. The section of the scattered 

beam that contains the Raman information is known as inelastic scattering. The importance for analysing 

materials or substances is that the small frequency changes are specific and individual to each material 

(Smith, E. et al. 2005). With the proposed system and methodology it is expected to obtain detailed 

spectra on the molecular structures found on the skin of the fingerprint and the nail of the index finger. 

 

Raman spectroscopy 

 

The monochromatic light beam is incident on the sample, depending on the state of the sample there can 

be reflection, transmission, absorption and scattering. The scattering can be elastic or inelastic. It is the 

inelastic scattering that contains the information for ER. See Figure 1. 

 

Box 1 
 

 
 

Figure 1 

Incidence of a monochromatic light beam on a sample 

Source: [Own elaboration] 

 

A beam of light is a collection of photons, photons have energy according to the value of their 

frequency (where h is Plank's constant), photons interact with the molecular structure of the sample 

causing vibrational changes, the energy of an absorbed photon supplies that energy to move to a higher 

energy level which is called excitation. Upon loss of excitation, the molecule gives off a photon with a 

relatively different frequency from the incident beam (Drake G. et al. 2006). 
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While a molecule is in its ground state, a photon strikes and is absorbed, which inelastically 

excites the molecule to a higher virtual energy level. It then recoils to an energy level between the virtual 

level and the ground state, known as Raman Stokes, releasing a photon with a slightly different frequency 

and energy from the incident beam. If it returns from the virtual level to the ground state, this is called 

Rayleigh scattering. On the other hand, if the molecule is not initially in the ground state, when it moves 

to the excited state and returns to the ground state, it is called Anti-stokes scattering (Toporski, J. et al, 

2018). 

 

Raman changes depend on the natural frequency of vibration. The frequency depends on the mass 

of the molecule. For heavy molecule, it has long wavelength, low frequency and energy. For a light 

molecule, it has short wavelength, high frequency and energy. Complex molecules have a greater number 

of vibrational modes. Each molecule has its own natural frequency. The Raman spectrum is a fingerprint 

of molecules (Smith, E. et al. 2005). 

 

Nail and skin anatomy 

 

The spectra are sampled on the fingerprint and on the nail of the index finger. The epidermis is a compact 

cellular layer measuring 120-200 µm, with regional differences according to skin function. The dermis 

is 15-40 times thicker than the epidermis. The nail is 500-600 µm thick. In the present work, readings 

are being taken from the surface up to 10 internal steps of 127 µm, i.e. up to 1270 µm inside the footprint 

and nail (Conejo-Mir, J. et al. 2018). See figure 2 and 3. 

 

Box 2 
 

 
 

Figure 2 

Anatomy of the skin 

Source [Manual of Dermatology, ISBN: 978-84-7885-627-5] 

 

Box 3 
 

 
Figure 3 

Anatomy of the nail 

Source [Manual of Dermatology, ISBN: 978-84-7885-627-5] 
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Results 

 

Confocal optical system development 

 

In the present work, a unidirectional optical system was assembled to take Raman readings of the 

fingerprint of the index finger and the fingernail, in a first stage of healthy volunteers. Although it is 

worth commenting that this system could well be included in a CNC machine, such as the one used for 

industrial systems (Antonio, V. E., et. al 2023), as in the case of laser welding in the automotive industry 

(Yepes Mayoral, E. (2024), Thesis). But in our case, we need to take measurements at different depths 

inside the index finger, either at the front of the finger, or through the fingernail. 

 

The optical system consists of the laser module at 785 nm, connected to a bifurcated optical fibre, 

with a 100-micron multimode fibre core, coupled to the laser, and a 200-micron multimode fibre coupled 

to the spectrometer, called a Raman probe whose tip has a focal length of 0.7 cm. The Raman signal is 

captured with the QE65000 spectrometer through the same probe. The 785 nm laser module is modulable 

in power, from 1 to 400 mW, and 50 mW was used for this project. The spectrometer allows Raman 

signals to be recorded in the spectral window of 400 - 2000 cm-1, with a resolution of 4 cm-1. The optical 

system also consists of an intermediate microscope lens between the probe and the sample, as well as a 

50 micron fibre between the 200 µm fibre and the spectrometer. These two complements increase the 

resolution and reduce the laser spot, which reduces the power required. See Figures 4 and 5. 

 

Principle of operation of the optical system 

 

Figure 5: A schematic of how the focal plane shifts in a sample as it approaches the Raman probe is 

shown. An ER reading is taken for each displacement which is 127 µm. 

 

Box 4 
 

 
 

Figure 4 

Raman spectroscopy system assembly 

Source: [Own elaboration] 

 

Sampling methodology 

 

Activate the optical system, which are: Laser, spectrograph and computer equipment. 

 

Set the software parameters, acquisition time in 5 s, 5 s average scanning time and level 3 filtering. 

 

Clean the volunteer's index finger with alcohol to remove moisture and other impurities. 

 

Place the area of the index finger, fingerprint or fingernail. 

 

Locate the focal point on the surface of the area. 
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Collect the spectrum of the surface. 

 

Reduce the distance of the moving base every 0.127 µm to collect spectra for each displacement, up to a 

total of 11 spectra. 

 

Save the data obtained in SpectraSuit software. 

 

Box 5 
 

 
 

Figure 5 

Raman spectroscopy system assembly 

Source: [Own elaboration] 

 

Processing of Raman spectra 

 

The spectra obtained by the optical system are captured in digital form in a data file with the SpectraSuite 

software. The set of spectra is saved in a *.txt text file. The file name has the format 

date_time_name_region_notes. A comprehensive Matlab code was developed to automate the processing 

of the set of spectra to generate individual files and graphs in the format required for the comprehensive 

analysis. In general, the steps that the Matlab code executes are to trim the spectra in the range of 400 to 

1800 cm-1. The next step is to generate the attenuation plots, for each band specified in the code, and to 

perform the flat fitting of the spectra. The output files are, attenuation plot sorted by volunteer name with 

respect to sampling dates, flat-fit plot of the bands specified in the code, to perform deconvolution band 

analysis. The qualitative analysis of the bands of the set of Raman spectra is to determine differences in 

intensity, width, areas, shifts and deconvolution, which are significant for correlation with the inner layers 

being studied, of the volunteer's footprint and fingernail, see figure 6. 

 

Box 6 
 

 
 

Figure 6 

Flat-fit plot of a full spectral set of the nail. 

Source: [Own elaboration] 

 

The reliability of the spectral set obtained is qualitatively verified with the surface type graph, see 

figure 7. With which it is possible to visualise the exponential attenuation, as the focal point moves in 

the inner layers of the skin. 
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Box 7 
 

 
 

Figure 7 

Surface type plot of the attenuation of the spectral array versus focal spot depth 

Source: [Own elaboration] 

 

In the spectral range from 1550 to 1750 cm-1 it is possible to visualise deconvolution peaks that 

have been obtained using the proposed methodology. The highest intensity peak measured at shallow 

levels, which is in the range of 1630 to 1700 cm-1, is interpreted as the sum of the lower intensity peaks 

obtained at deep levels, which are the peaks at 1650 cm-1, 1675 cm-1, and the peak at 1700 cm-1. See 

figure 8. This interval corresponds to the vibrations associated with melanin, the molecule that provides 

skin colouring (Wu et al., 2023). 

 

This is the most substantial advance of the project since we have identified molecular 

components, it is necessary to continue with the interpretations of the spectral ranges for other species of 

molecules that are present in human skin.  

 

Box 7 
 

 
 

Figure 8 

Flat-fit plot of a segment of the nail spectral array, from the range 1550-1750 cm-1 

Source: [Own elaboration] 

 

Conclusions 

 

The design of the confocal Raman system allows Raman spectra of the human index finger to be taken 

from different inner layers of the skin at different depths. This allows the following to be found: 

 

- The integration time and power through the confocal system is reduced compared to standard 

Raman spectroscopy systems. This allows powers well below the ANSI international standard (100 

mW). In our case, with a power of 25 mW and integration times of 25 seconds, spectra of good 

spectral quality are obtained. 
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- Systematic recording of Raman spectra of the skin, surface and internal, is possible. With 

displacements of 127 µm, reaching a depth of 1200 µm. 

 

- The Raman spectra of fingerprint and fingernail show qualitative differences, i.e. there is no 

coincidence of Raman bands in both parts of the index finger, which implies studies of different 

molecular components (biomarkers) of the human. 

 

- It was found that the intensity of the main Raman bands decay exponentially with depth, and that 

these bands actually deconvolute with sub-bands that may well be associated with biomarkers. 

 

- The confocal system allows deconvolution of the spectra obtained for different depths. 

 

- Deconvolution can allow the analysis of biomarkers that are not observable by standard Raman 

spectroscopy. 

 

- The set of Raman spectra obtained are consistent, reproducible and intrinsic. Therefore, it is 

feasible to obtain correlations of the diversity of molecular components (biomarkers) with human 

physiological and pathological conditions. 
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Abstract  
 

This paper presents the results of a study carried out in a civil work located in a port of Ciudad del Carmen, Campeche, to 

detect the formation of sinkholes and quantify their dimensions using high-resolution aerial digital images acquired with an 

unmanned aerial vehicle at 60 m elevation and using 20 control points on site. Digital images were analyzed with ImageJ 

software to quantify and characterize the shape of the sinkholes in the civil work. Descriptive statistics were performed on the 

dimensions of the sinkhole structures identified, both in the field and in the digital images, to later compare the results obtained 

and evaluate the validity of the dimensions obtained from them. Likewise, a calculation of the percentage of damage in the 

perimeter was performed. The mean square and percentage errors were 0.03 m2 and 13%, respectively, which can be attributed 

to climatic factors during the acquisition of the images and the inherent limitations of the technique. 99 sinkholes were detected 

in the perimeter of the civil works, whose morphology and distribution suggest an origin related to an inadequate structural 

design of the retaining wall, aggravated by natural factors such as erosion and marine currents, as well as by anthropogenic 

activities such as heavy vehicle traffic. This research highlights the importance of implementing long-term monitoring 

programs based on remote sensing techniques. 

 

 
 

Structure, Anthropogenic, Morphology 

 

Resumen  
 

En este trabajo se presentan los resultados de un estudio realizado en una obra civil ubicada en el Puerto Pesquero de Ciudad 

del Carmen, Campeche, con la finalidad de detectar la formación de socavones y cuantificar sus dimensiones utilizando 

imágenes digitales aéreas de alta resolución adquiridas con un vehículo aéreo no tripulado a 60 m de elevación y utilizando 

20 puntos de control en el sitio. Las imágenes digitales fueron analizadas con el software ImageJ para cuantificar y caracterizar 

la forma de los socavones en la obra civil. Se realizó la estadística descriptiva de las dimensiones de las estructuras de daño 

identificadas, tanto en campo como en las imágenes digitales, para posteriormente realizar la comparación entre los resultados 

obtenidos y evaluar la validez de las dimensiones obtenidas a partir de estas. De igual forma, se realizó el cálculo de porcentaje 

de daño en el perímetro. Los errores cuadrático medio y porcentual fueron de 0.03 m2 y 13%, respectivamente, que pueden 

atribuirse a factores climáticos durante la adquisición de las imágenes y las limitaciones inherentes de la técnica. Se detectaron 

99 socavones en el perímetro de la obra civil, cuya morfología y distribución sugieren un origen relacionado con un diseño 

estructural inadecuado del muro de contención, agravado por factores naturales como la erosión y las corrientes marinas, así 

como por actividades antrópicas como el tránsito de vehículos pesados. Esta investigación destaca la importancia de 

implementar programas de monitoreo a largo plazo basados en técnicas de teledetección.  
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Introduction 

 

Sinkholes are geological depressions that occur when cavities in the subsoil collapse and can range in 

size from small cracks to large craters, and usually occur suddenly. They can arise from both natural 

processes and anthropogenic activities, including pipeline leaks, urban development, mining, among 

others. 

 

The formation of sinkholes in karst environments is common and their origin is due to the 

dissolution of limestone rocks by seepage of fresh water or sewage (. Other natural causes of sinkhole 

formation are related to tectonic factors, such as fault displacements, fractures and vibrations produced 

by earthquakes. 

 

The formation of sinkholes in urban areas and the involvement of civil works will depend on the 

natural and anthropogenic factors that are present, as well as the particular characteristics of the physical 

infrastructure affected. Sinkholes have been found to be closely related to groundwater overexploitation 

because the lowering of the water table creates a cone of depression that causes changes in the fluid 

pressure in the subsoil, leading to elastic and inelastic compaction, the latter causing the formation of 

voids. 

 

In coastal areas, sinkholes can additionally be formed by the dynamics of sea currents and 

groundwater, as well as by extreme events such as storm surges, among others, causing damage to civil 

structures. However, the causes of damage to coastal civil works can also be associated with inadequate 

design. describes the occurrence of a sinkhole in a harbour due to poor design of the perimeter walls, 

where a section was shortened to relocate electricity supply cables. 

 

The study of the physical integrity of civil works can be carried out using different techniques. 

They can be invasive (boreholes, borings, drilling, pitting, trenching, sampling and testing) and non-

invasive (geophysical, aerial or satellite remote sensing), the latter being very useful in complex and 

difficult to access environments. In the context of sinkhole formation, the use of remotely sensed imagery 

and digital aerial imagery is restricted by its dimensions, making scale a critical factor; the resolution 

required for the detection of relatively small subsidence features (1.5 ± 3.0 m wide) comes from aerial 

imagery with scales between 1: 25,000 and 1: 10,000, although digital imagery from unmanned aerial 

vehicles now achieves high resolutions, making it possible to identify centimetre-sized objects. 

 

In addition, recent studies are using interferometric synthetic aperture radar (InSAR) and 

photogrammetry for more precise measurements of sinkholes. To study these images, it is possible to use 

complex algorithms such as convolutional neural networks, including U-net , or more affordable 

techniques such as image analysis with ImageJ. 

 

This paper analyses the formation of sinkholes in a civil engineering site in the port area of Ciudad 

del Carmen, Campeche (Figure 1), which represents a particular risk to infrastructure and economic 

activities in the region. Understanding the formation of sinkholes and their risks is crucial for urban 

planning and infrastructure safety. 
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Box 1 
 

 
 

Figure 1 

Formation of a sinkhole with collapsed asphalt layer in a port civil works, Ciudad del Carmen, Campeche 

Source [Own elaboration] 

 

Furthermore, the study of sinkholes in urban contexts is fundamental in the identification of 

vulnerable areas and the implementation of preventive measures to protect not only infrastructure but 

also human lives, contributing to urban planning, land management and avoiding urban development in 

risk areas. Furthermore, sinkhole research is crucial to understand the natural and anthropogenic 

processes that trigger their formation and to develop accurate models for the prediction of their 

occurrence. 

 

The added value of the present research lies in the combination of innovative, easily accessible 

and lower cost techniques (drones and specialised software) compared to traditional methods, to obtain 

a detailed characterisation of sinkholes and identify areas of higher risk. This information is essential for 

informed decision making in terms of management and mitigation of the problem. 

 

Specifically, the study carried out in a dock of the fishing port of Ciudad del Carmen, Campeche, 

has employed a methodology that combines remote sensing techniques with an unmanned aerial vehicle 

for the capture of high-resolution digital images and statistical analysis, with the aim of characterising 

and quantifying the sinkholes present in the area. The results obtained have made it possible to identify 

critical areas with a higher frequency of sinkhole formation, and although further research is required to 

establish causality with greater certainty, it is possible to suggest some relevant factors in their formation, 

both natural and anthropogenic, which have been added to the high traffic and manoeuvres within the 

civil works. The study also lays the groundwork for more detailed future research, which should include 

geophysical analysis, numerical modelling and long-term monitoring, with the aim of understanding the 

mechanisms of sinkhole formation and developing effective mitigation strategies. 

 

Methodology 

 

During May and June 2023, two visits were made to the civil works under study. During the first visit, 

an inspection of the civil works site was carried out to identify the areas with the greatest presence of 

sinkholes, as well as to collect information on the dimensions of 20 randomly distributed sinkholes 

around the perimeter. The first visit mentioned that the shape of the sinkholes is usually conical, where 

the wide end opens at the surface, and is of variable shape, while the narrow end is located at the bottom 

(Figure 2). The depth of sinkholes can range from a few centimetres to more than several metres deep, 

and this parameter is measured from the ground surface, regardless of whether the cover is natural or 

artificial. In the present study, the dimensions of the selected control points were quantified by 

approximating an ellipse on the surface, with a major axis (parallel to the perimeter of the civil structure) 

and a minor axis (perpendicular to the major axis).  
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Although some voids were similar in shape to those described by the author, for practical 

purposes, the depth was not estimated in this study due to the variability of this parameter in the same 

void. 

 

Box 2 

 

 
 

Figure 2 

Measurement of the dimensions of an undercut 

Source: [Modified from Essa Al-Ansari et al. (2023) 

 

In the second visit to the study site, the acquisition of digital aerial images was carried out, 

focusing the investigation on the perimeter of the dock due to the initial identification of a greater 

presence of sinkholes in this area compared to the central area. The acquisition of the digital images was 

carried out with a DJI Mini 2 commercial drone, without vehicle movement in each shot and at a height 

of 60 m, taking into consideration that the sinkholes could be identified in at least two different images. 

The drone's camera has a resolution of 12 megapixels, focal length of 4.49 mm, sensor size 1/2.3 inches 

and in all shots it was positioned vertically. In addition, the acquisition of the digital images was 

performed around noon, with moderate cloud conditions and winds reported for the locality between 5.6 

and 13 km/h. 

 

The analysis of the undercuts was developed by processing the aerial digital images in ImageJ 

software (Schneider et al., 2012), with the aim of 1) mapping the totality of the surface exposed 

structures, 2) identifying the areas with the highest number of undercuts and 3) digitally quantifying the 

surface dimensions of the undercuts and their dimensions were estimated through the approximation of 

a surface ellipse, extracting the lengths of the major and minor axes of the same structure in two different 

shots and calculating their average. 

 

In order to carry out a quality control of the measurements obtained in the images, the mean 

square error and the percentage error were estimated, taking as a reference the measurements obtained 

from the 20 undercuts of the reconnaissance visit to the site.  

 

On the other hand, the calculation of the eccentricity of the cross-sectional areas of the undercuts 

and the percentage of structures with eccentricities above different thresholds was carried out. 
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Subsequently, descriptive statistics of the dimensions of the undercuts were developed and 

frequency histograms were elaborated. Similarly, the percentage of damage to the perimeter of the study 

site was estimated, considering the length of the major axis of the structures as the damaged perimeter, 

given that most of the undercuts are oriented with this axis parallel to the perimeter. In addition, the count 

of sinkholes per perimeter line (Figure 3) and the assignment of the orientation of the axis that is parallel 

to the perimeter was carried out, to finally determine the percentage of damage in each line of the 

perimeter in order to detect areas with greater damage. 

 

Box 3 
 

 
 

Figure 3 

Location of the perimeter lines of the civil works. 

Source [own elaboration] 

Results 

 

The results of the comparison between the dimensions of the undercuts obtained in situ and in the aerial 

images indicate a mean square error of 0.03m2 and a percentage error of 12.67%, both errors are 

considered low given the average size of the major axis of the characterised structures. The errors can be 

associated to different causes, mainly to the resolution of the acquired aerial images, which is related to 

the flight altitude and weather conditions during the acquisition, which makes it difficult to achieve a 

correct stability and positioning of the camera, resulting in complications when identifying the edges of 

the structures to be characterised in some images. 

 

Box 4 
 

 
 

Figure 4 

Location of the sinkholes on the perimeter of the dock under study 

Source [Own elaboration] 
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The analysis of the digital images identified 99 shallowly exposed sinkholes (Figure 4), whose 

dimensions for the major axis range from 0.23 to 10.50 m, with an average of 2.56 m and a standard 

deviation of 1.97 m, while the minor axis measurements show an average of 1.31 m and a standard 

deviation of 0.70 m (Table 1). 

 

Box 5 

 

Table 1 

Descriptive statistics on the dimensions of undercuts 

 

 Minimum Maximum Medium Average Standard deviation 

Major axis (m) 0.23 10.50 2.10 2.56 1.97 

Minor axis (m) 0.23 3.68 1.18 1.31 0.70 

Surface area (m2) 0.04 20.62 2.11 3.11 3.42 

Eccentricity (A) 0 0.99 0.82 0.75 0.24 

 

Source [Own elaboration] 

 

Likewise, it is identified that the highest frequency of occurrence for the length of the major axis 

is found in the interval from 1.26 to 3.31 m, with 53% of the total number of sinkholes within this size 

(Figure 5), and for the length of the minor axis, the most frequent classes are found in the intervals 

between 0.23 and 1.96 m, grouping 83% of the total number of sinkholes in this range (Figure 6). The 

areas of the undercuts are in the range of 0.04 and 20.62 m2, with an average of 3.11 m2 and with a 

higher occurrence of those with areas smaller than 4.16 m2 (79%, Figure 7). 

 

Box 6 

 
 

Figure 5 

Histogram of absolute frequency of major axis of sinkholes identified in the basin under study 

Source [own elaboration] 

 

Box 7 

 
 

 

Figure 6 

Histogram of absolute frequency of minor axis of sinkholes identified in the basin under study 

Source [own elaboration] 
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Box 8 

 
 

Figure 7 

Absolute frequency histogram of the surface area of sinkholes identified in the basin under study 

Source [own elaboration] 

 

 

On the other hand, the analysis of the eccentricities of the surface areas of the undercuts indicates 

that most of them have highly eccentric shapes. The average for this parameter is 0.75 with a standard 

deviation of 0.24. In addition, 87% of them were identified as having values equal to or greater than 0.5 

and 58% with values greater than 0.7 (Table 2). Similarly, of all the undercuts, 80% are found with the 

major axis oriented parallel to the perimeter, 9% with the minor axis parallel to the perimeter and 11% 

have similar lengths between the major and minor axes. 

 

Box 9 
 

Table 2 

Percentage of undercuts with eccentricities greater than one value 

 

 Minimum Maximum Medium Average Standard deviation 

Major axis (m) 0.23 10.50 2.10 2.56 1.97 

Minor axis (m) 0.23 3.68 1.18 1.31 0.70 

Surface area (m2) 0.04 20.62 2.11 3.11 3.42 

Eccentricity (A) 0 0.99 0.82 0.75 0.24 

 

Source [own elaboration] 

 

The analysis of perimeter damage due to the formation of sinkholes indicates that 27.72% of the 

perimeter was affected. In addition, the analysis of the percentage of damage in each line of the perimeter 

shows that this is greater in line 1 and 2, with 48.87% and 37.62%, respectively, and with a greater 

average shaft size than the global average (Table 3). 

 

Box 10 
 

Table 3 

Analysis of damage caused by sinkholes in the perimeter of the study basin 

 

Perimeter 

line no. 

Longitud 

(m) 

Rumbo No. of 

sinkholes 

Average length 

of major axis 

Standard 

deviation 

Percentage of 

perimeter with 

damage (%) 

1 106.32 N68.4ºE 10 5.20 2.82 48.87 

2 435.45 N33.6ºW 59 2.78 1.69 37.62 

3 198.67 N36.7ºE 23 1.29 0.62 14.94 

4 177 N52.4ºW 7 1.10 1.18 4.34 

 

Source [own elaboration] 

 

The causes of the formation of the sinkholes and the damage identified at the site can be associated 

with various natural and anthropic factors, such as coastal erosion, sea currents and vibrations produced 

by waves, maritime traffic, heavy machinery and other factors inherent to the structures. At the same 

time, it is important to point out that the damage to the perimeter of the dock may be aggravated by the 

high traffic of heavy vehicles and machinery that carry out loading and unloading manoeuvres, together 

with the vehicles that pass through on a daily basis due to the activities inherent to the port. 
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The results of the characterisation of the sinkholes, i.e. their size, shape, location, orientation and 

frequency of occurrence, suggest that the main control of their formation is related to the inadequate 

design of the civil works, particularly the perimeter retaining wall, and the damage is increased by the 

natural and anthropic factors to which it is exposed. In this regard, a study of sea currents is recommended 

in the design of this type of civil structures, in order to estimate the maximum stresses to which they will 

be subjected, as well as to consider future scenarios of rising sea levels and other effects associated with 

climate change, given that a rising sea level implies an increase in the magnitude of the stresses on the 

retaining walls. Similarly, a monitoring of environmental vibrations would provide relevant information 

for the rethinking of port manoeuvres and activities, in order to avoid further damage to the structure, 

giving a guideline to carry out the necessary actions to solve the problem of damage faced by the 

perimeter of the dock. 

 

On the other hand, the high eccentricities found in the shape of the sinkholes indicate that 

immediate attention is required in terms of the operability of the basin, as there are important implications 

for the stability of the terrain. Sinkholes with cross-sectional areas with low eccentricity values will allow 

stresses on the surrounding ground to be more evenly distributed around the cavity, which may suggest 

greater stability, while those with more eccentric shapes will concentrate stresses at the narrower ends, 

decreasing stability and increasing the risk of collapse. 

 

Complementary studies are necessary for the identification of unexposed voids, particularly with 

geophysical methods since, during the reconnaissance visit, voids were identified adjacent to the exposed 

voids on the surface but still covered by the asphalt layer. In addition, geophysical surveys would provide 

relevant information on the formation process of the sinkholes. Continuous monitoring of the civil 

structure, particularly the retaining wall, is also recommended in order to detect any signs of deterioration 

and take corrective measures in time. 

 

Finally, it should be noted that given the dimension of the problem at the site at the time of the 

study, the sinkholes were constantly filled with granular materials of different sizes and the most affected 

perimeter has been delimited to avoid overloading the civil structure. 

 

Conclusions 

 

99 sinkholes of varying dimensions were identified with the analysis of digital images obtained with an 

unmanned aerial vehicle and validated with 20 control points. 

 

A mean square error of 0.03m2 and a percentage error of 12.67% were obtained between the 

control points and the dimensions extracted from the digital images, associated with the non-ideal 

environmental conditions during the acquisition. This error can be reduced by performing the digital 

image acquisition under more appropriate environmental conditions, particularly with lower wind speeds. 

 

Statistical analysis of the surface morphology of the sinkholes, as well as their location and 

frequency of occurrence, suggest that the origin of their formation is related to the inappropriate design 

of the wall on the perimeter of the dock, the damage being increased by the natural and anthropic factors 

to which it is exposed, particularly on the perimeter lines that have a greater activity of manoeuvres and 

traffic of vehicles and heavy machinery. 

 

It is necessary to carry out complementary studies using geophysical methods to identify 

unexposed sinkholes and the physical characteristics of the subsoil at depth, as well as marine currents 

and groundwater, in order to provide more information on the causes of their formation. 

 

Regular monitoring of the civil structure with the implementation of automated techniques for 

damage detection is also recommended. 
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Abstract  
 

This study aimed to inhibit both the precipitation of CaSO4 and the corrosion of carbon steel by applying polyelectrolytes 

(PEs). A homopolymer of itaconic acid (HP_ITA) and a copolymer of itaconic acid and sodium vinyl sulfonate (HP_ITA-

VS) were synthesized. In addition, static precipitation methods were used to induce the formation of CaSO4 and evaluate the 

inhibition capacity of the PEs. Also, electrochemical techniques were used to analyze the corrosion processes and evaluate 

the effectiveness of the PEs. The results showed that the PEs inhibit the precipitation of CaSO4 by up to 80% at low 

concentrations. On the other hand, it was found that the PEs inhibit the corrosion of carbon steel, generating efficiencies 

higher than 58%. In conclusion, the efficiency in inhibiting corrosion was found to be influenced by the specific functional 

groups present in the PEs. 
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• Static precipitation test 
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• Electrochemical measures 

Polyelectrolytes inhibit 
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CaSO4 precipitation 
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Resumen                                                                          
 

El objetivo de este trabajo es inhibir la precipitación del CaSO4 y la corrosión del acero al carbono mediante la aplicación de 

polielectrolitos (PEs). Se sintetizo un homopolímero de ácido itacónico (HP_ITA) y un copolímero de ácido itacónico y vinil 

sulfonato de sodio (HP_ITA-VS). Además, se utilizaron métodos de precipitación estática para inducir la formación de CaSO4 

y evaluar la capacidad de inhibición de los PEs. También, se utilizaron técnicas electroquímicas para analizar los procesos de 

corrosión y evaluar la efectividad de los PEs. Los resultados mostraron que los PEs inhiben en un 80% la precipitación del 

CaSO4 cuando se adicionan en bajas concentraciones. Por otra parte, se encontró que los PEs inhiben la corrosión del acero 

al carbono, generando eficiencias superiores al 58%. En conclusión, se tiene que la eficiencia en la inhibición de la corrosión 

es influenciada por los grupos funcionales que conforman a los PEs evaluados.    
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Introduction 

 

Corrosion and mineral scaling are common issues in the oil industry, especially in processes or operations 

involving the handling of water streams with high ionic content (Olajire, 2015). Mineral scales are 

typically composed of calcium carbonate (CaCO₃), calcium sulfate (CaSO₄), barium sulfate (BaSO₄), 

strontium sulfate (SrSO₄), calcium phosphate (Ca₃(PO₄)₂), or aluminosilicates. In some cases, scale 

deposits hinder oil and gas extraction operations by obstructing the pores that make up the formation. 

This issue is known as "formation damage" and arises from the incompatibility of waters within the 

formation (Peretomode et al., 2022). Additionally, mineral scaling can damage surface equipment 

(pipelines, boilers, pumps, heat exchangers, cooling towers, etc.), leading to production shutdowns or 

economic costs (Visser & Jeurnink, 1997; Walker et al., 2012). 

 

Scale inhibitors are chemical substances that prevent the formation of mineral scales (Kamal et 

al., 2018). Ethylenediamine tetra(methylenephosphonate) (EDTMP), butylenediamine 

tetra(methylenephosphonate) (BDTMP), pentylenediamine tetra(methylenephosphonate) (PDTMP), 

hexamethylenediamine tetra(methylenephosphonate) (HDTMP), and ethylenediaminetetraacetic acid 

(EDTA) are examples of substances used as scale inhibitors (Mpelwa & Tang, 2019). However, it has 

been shown that these substances inhibit scaling only when used at high concentrations and generally 

precipitate or degrade under high-temperature or highly acidic conditions (Martinod et al., 2008). 

Additionally, there are reports indicating that phosphate-based inhibitors can cause eutrophication 

problems when discharged into water bodies (Nowack, 2003). 

 

Polyelectrolytes are polymeric macromolecules that contain ionic groups in their structures 

(carboxylates, sulfonates, phosphates, etc.). They are used in water purification and treatment for the 

flotation of solid particles (Bolto & Gregory, 2007). The ionic groups in polyelectrolytes interact with 

charged particles and can form stable complexes to prevent the sedimentation of minerals (Meka et al., 

2017). Additionally, they are used at low concentrations, and some are biodegradable. Polyelectrolytes 

can be a good option to prevent scale formation, and their ionic groups can also interact with charged 

surfaces to prevent the corrosion of metallic materials (Chen et al., 2019). 

 

The objective of this work is to synthesize polyelectrolytes derived from itaconic acid and sodium 

vinyl sulfonate to analyze their effect on the inhibition of corrosion and the precipitation of CaSO₄. 

Additionally, it aims to determine the appropriate inhibitor concentration and analyze the effect of 

chemical structure on the inhibition percentage 

 

Methodology 

 

Polyelectrolyte synthesis 

  

In this study, poly(itaconic acid) (HP_ITA) and poly(itaconic acid-co-sodium vinyl sulfonate) 

(CP_ITAC-VS) were synthesized. The synthesis of the inhibitors was based on the procedure described 

in patent US 11046605 B2. Subsequently, Fourier Transform Infrared Spectroscopy (FTIR) analyses 

were conducted to determine the functionality of the synthesized polyelectrolytes (Gao et al., 2015). 

 

Precipitation test 

 

The NACE-TM0374 methodology was used to analyze the effect of polyelectrolytes on the precipitation 

of CaSO₄ (Sanni et al., 2019). The test involves mixing (1:1) two brines (one containing calcium ions 

(Ca²⁺) and the other containing sulfate ions (SO₄²⁻)) in different vials and adding a specific amount of 

polyelectrolyte (0, 50, 100, 150, and 200 ppm) to the mixture. The mixtures (brine + polyelectrolyte) are 

then heated to 80°C for 6 hours. After the heating period, the contents of each vial are filtered, and the 

amount of dissolved Ca²⁺ is determined. To evaluate the efficiency of CaSO₄ precipitation inhibition, the 

initial and final Ca²⁺ concentrations are compared using Equation 1. 

 

%𝐸𝐼𝑃 =
𝐶𝐴 − 𝐶𝐵

𝐶𝐶 − 𝐶𝐵
 [1] 
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Where CA is the amount of Ca²⁺ in the solutions prepared with polyelectrolyte after heating, CB 

is the amount of Ca²⁺ in the reference solution (without polyelectrolyte) after heating, and CC is the 

amount of Ca²⁺ in the reference solution before heating. 

 

Electrochemical measures  

 

Electrochemical tests were conducted to analyze the effect of polyelectrolytes on the corrosion of AISI-

1018 steel (Zou et al., 2011). For each experiment, fresh electrolyte solutions were prepared using 

analytical-grade reagents and deionized water. The corrosive medium consisted of a 0.01 M H₂SO₄ + 1.0 

M NaCl solution. Additionally, to promote the formation of mineral scales, the corrosive solution also 

contained 0.01 M CaCl₂•2H₂O. Measurements were performed at various polyelectrolyte concentrations 

(0, 100, 120, 150, 180, 200 ppm) to determine the optimal inhibitor concentration. 

 

The electrochemical tests were conducted in a 250 mL glass cell under static conditions, atmospheric 

pressure, and a constant temperature of 40°C. The cell contained three electrodes: a piece of AISI-1018 

steel coated with epoxy resin (0.71 cm² exposed area) as the working electrode (WE), a graphite rod as 

the counter electrode (CE), and a saturated calomel electrode (SCE) placed in a Luggin capillary as the 

reference electrode (RE). Potentiodynamic scans were performed to determine the corrosion rate. The 

WE was polarized in the cathodic direction to -300 mV vs OCP, followed by polarization in the anodic 

direction to +200 mV vs OCP. 

 

Results 

 

Spectroscopic analysis 

 

Figure 1 shows the FTIR spectra of HP_ITA and CP_ITA-VS. In both spectra, a broad band is observed 

in the 3750−3400 cm⁻¹ region, representing the stretching of the O−H bond. Additionally, broad 

adsorption bands are seen in the 3400−3250 cm⁻¹ region, indicating the stretching of the −CH₂− bonds 

due to the vibration of the bonds linking the repeating units, and a band in the 1410−1380 cm⁻¹ interval 

indicating the bending of the O−H bond. Specifically, in the HP_ITA spectrum, a band at 1701 cm⁻¹ 

corresponds to the stretching of the C=O bond, and the band at 1176 cm⁻¹ represents the stretching of the 

C−O bond. On the other hand, in the CP_ITA-VS spectrum, a band at 1713 cm⁻¹ corresponds to the 

stretching of the C=O bond, and two adsorption bands at 1153 cm⁻¹ and 1036 cm⁻¹ indicate the 

asymmetric and symmetric stretching of the S=O bonds (Laschewsky, 2012). 
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Figure 1  

Infrared spectra of the synthesized polyelectrolytes 

Source: Own construction 
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Inhibition of CaSO4 precipitation 

 

The results indicate that the polyelectrolytes can inhibit the precipitation of CaSO₄ at different 

concentrations. These polyelectrolytes have the ability to form stable complexes with the ionic species. 

Therefore, the inhibition can be attributed to the interaction of Ca²⁺ with the functional groups of the 

polyelectrolytes (Bisatto et al., 2022). Table 1 shows the results of the static precipitation tests. The 

synthesized polyelectrolytes exhibit high efficiency in inhibiting precipitation (EIP), with values greater 

than 80%. Additionally, it was found that the percentage of efficiency in inhibiting precipitation (EIP) 

increases as the concentration of polyelectrolytes increases. 

 

Box 2 
 

Table 1 

The results of static precipitation tests at different polyelectrolyte concentrations 

 

Concentration Efficiency in inhibiting precipitation 

(ppm) HP_ITA HP_ITA 

50 80.7 % 83.9% 

100 89.1% 90.6% 

150 97.8% 98.9% 

200 >99% >99% 

 

Source: Own construction 

Corrosion inhibition 

 

Figure 2 shows the potentiodynamic scans of the working electrode (WE) in the presence and absence of 

HP_ITA. In the absence of polyelectrolyte (reference), the anodic current density (ACD) increases as the 

potential becomes more positive, indicating that anodic polarization promotes the corrosion of the metal 

surface. On the other hand, the cathodic current density (CCD) increases as the potential becomes more 

negative, indicating that cathodic polarization promotes the reduction of acidic species on the metal 

surface (Ramírez-Estrada et al., 2020). 
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Figure 2  

Potentiodynamic scans of AISI-1018 steel at different concentrations of HP_ITA 

Source: Own construction 

 

The ACD and CCD obtained in the presence of HP_ITA are lower than the current densities of 

the reference. The decrease in ACD in the presence of HP_ITA represents less corrosion of the material 

and suggests the formation of a protective film on the electrode surface (Tlili et al., 2008).  
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On the other hand, the decrease in CCD in the presence of HP_ITA indicates that there are fewer 

active sites on the metal surface for the reduction of acidic species. This behavior can be attributed to the 

adsorption of HP_ITA molecules on the surface of the working electrode (Morizot et al., 1999). 

 

Box 4 
 

Table 2 

Electrochemical parameters obtained from the potentiodynamic scans of AISI-1018 steel at different concentrations of 

HP_ITA 

 

Concentration Ecorr 𝒊𝒄𝒐𝒓𝒓 βa -βc CIE 

(ppm) (Volts) (A•cm-2) (mV•dec-1) (%) 

Reference -0.564 7.95 X 10-3 68 70 ─ 

100 -0.570 2.83 X 10-3 40 80 64.4 

120 -0.565 2.17 X 10-3 75 80 72.7 

150 -0.560 2.48 X 10-3 75 75 68.8 

180 -0.560 2.91 X 10-3 80 75 63.4 

200 -0.560 3.28 X 10-3 60 50 58.7 

Ecorr = corrosion potential; icorr = current density of corrosion; βa = anodic Tafel slope; βc = cathodic Tafel slope; ICE 

= corrosion inhibition efficiency. 

 

Source: Own construction 

 

The electrochemical parameters from the potentiodynamic sweeps (Figure 2) are presented in 

Table 2. The results indicate that the corrosion inhibition efficiency (CIE) is greater than 58% and that 

at 120 ppm the efficiency is 72.7%. Additionally, it was found that the CIE decreases as the HP_ITA 

concentration increases (>120 ppm). PEs are soluble species that interact with ionic species and water 

molecules present on the metal surface. As the concentration of HP_ITA increases, more water molecules 

are attracted to the surface of the electrode (ET), which leads to an increase in the current density of 

corrosion (icorr) and a decrease in the CIE. The appearance of the electrodes (images not shown) matches 

with the results of the electrochemical tests. In the absence of PEs (reference), the accumulation of CaSO4 

crystals on the electrode surface is observed. At low concentrations of HP_ITA (<180 ppm), the DCA 

values are lower than the reference, and the amount of scale deposits decreases. With 150 ppm of 

HP_ITA, very small crystals are observed on the electrode surface. However, at high concentrations 

(>150 ppm), the CIE values decrease, indicating an increase in the corrosion of the material. The images 

obtained at 180 ppm and 200 ppm show an increase in the number of crystals, indicating a rise in the 

corrosion of the metal surface. 
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Figure 3  

Potentiodynamic scans of AISI-1018 steel at different concentrations of CP_ITA-VS 

Source: Own construction 
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Figure 3 shows the potentiodynamic sweeps of the WE in the presence and absence of CP_ITA-

VS. The DCA and DCC obtained in the presence of CP_ITA-VS are lower than the current densities of 

the reference (Rehim et al., 2008). The decrease in the DCA by CP_ITA-VS represents less corrosion of 

the material and suggests the formation of a protective film on the electrode surface. Additionally, no 

changes are observed in the shape of the anodic curves when different concentrations of CP_ITA-VS are 

used, indicating that increasing the concentration does not alter the kinetics of the anodic reaction. 

 

Box 6 
 

Table 3 

Electrochemical parameters obtained from the potentiodynamic scans of AISI-1018 steel at different concentrations of 

CP_ITA-VS 

 

Concentration Ecorr 𝑖𝑐𝑜𝑟𝑟  βa -βc CIE 

(ppm) (Volts) (A•cm-2) (mV•dec-1) (%) 

Reference -0.564 7.95 X 10-3 68 70 ─ 

100 -0.560 3.14 X 10-3 75 85 60.5 

120 -0.550 2.51 X 10-3 70 80 68.4 

150 -0.571 2.31 X 10-3 40 60 70.9 

180 -0.570 2.68 X 10-3 65 55 66.3 

200 -0.550 2.81 X 10-3 55 50 64.7 

Ecorr = corrosion potential; icorr = current density of corrosion; βa = anodic Tafel slope; βc = cathodic Tafel slope; ICE 

= corrosion inhibition efficiency 

 

Source: Own construction 

 

The electrochemical parameters from the potentiodynamic sweeps (Figure 3) are presented in 

Table 3. The results indicate that at 150 ppm of CP_ITA-VS, the efficiency is 70.9%. However, it was 

found that as the concentration increases (>150 ppm), the corrosion inhibition efficiency (CIE) decreases. 

This behavior can be attributed to the increase in water molecules on the electrode surface; as the 

concentration of CP_ITA-VS increases, more water molecules are attracted to the electrode surface, 

which results in an increase in the corrosion current (icorr) and a decrease in the CIE. 

 

When comparing the results from Tables 2 and 3, it is found that the polyelectrolyte HP_ITA is 

more effective than CP_ITA-VS in corrosion inhibition. The CIE of HP_ITA is 72.7% at 120 ppm, while 

the CIE of CP_ITA-VS is 70.9% at 150 ppm. The difference in performance can be attributed to the 

functional groups that make up each polyelectrolyte (Saleh & Atia, 2006). The HP_ITA compound is 

composed solely of carboxyl groups, whereas the CP_ITA-VS compound contains both carboxyl and 

sulfonate groups. 

 

Conclusions  

 

The results showed that the PEs inhibit 80% of CaSO4 precipitation when added at low concentrations. 

It was also found that the synthesized PEs inhibit carbon steel corrosion, achieving efficiencies greater 

than 60%. The HP_ITA compound was more effective in corrosion inhibition; the CIE of HP_ITA is 

72.7% at 120 ppm, while the CIE of CP_ITA-VS is 70.9% at 150 ppm. Therefore, the sulfonate groups 

reduce the inhibition capacity of CP_ITA-VS. 
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Abstract  
 

The effect of unconventional heat treatment and electrochemical behavior on API 5L X60 steel is evaluated by electrochemical processes/mechanisms 
associated with corrosion. The susceptibility to hydrogen absorption in soil solutions representative of the State of Campeche, Mexico, was evaluated. In the 

energy, chemical, metallurgical/mechanical, and petrochemical industries, API 5L X60 steel is used for storage tanks and pipelines for the transportation and 

transmission of oil and gas. These steels are in contact with different aggressive environments and are therefore subject to different degrees of corrosion and 
even cracking. The determination of the absorbed atomic hydrogen makes it possible to assess the susceptibility to hydrogen damage through the outer layers 

of the pipes. To study the influence of microstructure on the susceptibility to hydrogen absorption in API 5L X60 steel with and without heat treatment at 

1050 °C for 30 minutes, the material was characterized by Scanning Electron Microscopy (SEM) and the electrochemical behavior of the metal under 
simulated CAM conditions, using Potentiodynamic Polarization Curves (PPC) and Oxidation and Hydrogenation Tests. The results indicated a change in the 

microstructure presenting polygonal grains of β (ferrite), α (perlite) and non-metallic inclusions in the matrix, which generates a significant influence on its 

ability to absorb atomic hydrogen in the subsurface layers. The kinetics revealed variability in the corrosion potential and passivity mechanism related to the 
interaction of the microstructure of the material and the chemistry of the solution. In short and intermediate periods of electrochemical charge, a higher 

corrosion rate is exhibited. 

 

Objetive Methodology Contributions 
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Resumen                                                                          
 

El efecto del tratamiento térmico no convencional y el comportamiento electroquímico en el acero API 5L X60 se evalúa mediante procesos/mecanismos 
electroquímicos asociados con la corrosión. Se evaluó la susceptibilidad a la absorción de hidrógeno en soluciones de suelo representativas del Estado de 

Campeche, México. En las industrias energética, química, metalúrgica/mecánica y petroquímica, el acero API 5L X60 se utiliza para tanques de 

almacenamiento y tuberías para el transporte y la transmisión de petróleo y gas. Estos aceros están en contacto con diferentes ambientes agresivos y, por lo 
tanto, están sujetos a diferentes grados de corrosión e incluso a agrietamiento. La determinación del hidrógeno atómico absorbido permite evaluar la 

susceptibilidad al daño del hidrógeno a través de las capas externas de las tuberías. Para estudiar la influencia de la microestructura en la susceptibilidad a la 

absorción de hidrógeno en acero API 5L X60 con y sin tratamiento térmico a 1050 °C durante 30 minutos, se caracterizó el material por Microscopía 
Electrónica de Barrido (MEB), el comportamiento electroquímico del metal en condiciones CAM simuladas, con Curvas de Polarización Potenciodinámicas 

(CPP) y Ensayos de Oxidación e Hidrogenación. Los resultados indicaron un cambio en la microestructura presentando granos poligonales de β (ferrita), α 

(perlita) e inclusiones no metálicas en la matriz, lo que genera una influencia significativa en su capacidad para absorber hidrógeno atómico en las capas 
subsuperficiales. La cinética reveló variabilidad en el potencial de corrosión y el mecanismo de pasividad relacionado con la interacción de la microestructura 

del material y la química de la solución. En períodos cortos e intermedios de carga electroquímica se exhibe una mayor tasa de corrosión. 

 

Efecto de los cambios microestructurales asociados al daño por hidrógeno en aceros API 5L X60 
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Introduction 

 

API 5L X60 steels have high corrosion resistance and optimal mechanical properties in different 

environments. This is due to the thermo-mechanical treatment carried out in its manufacturing process. 

These steels are used as automotive parts, in the manufacture of storage tanks, in the metal-mechanical 

industry, and in the transportation and conduction of fossil fuels.  

 

Among the main weaknesses of this type of steel is that they are susceptible to hydrogen 

absorption, a phenomenon that can significantly compromise their structural integrity and cause adverse 

failures. The effect of absorbed hydrogen on the mechanical properties of steels involves phenomena 

such as embrittlement, stress corrosion, blistering, delamination or exfoliation1,2. It is common practice 

in industry to minimise the absorption of hydrogen from the environment during this type of process, to 

avoid its embrittlement that occurs due to a process of absorption and diffusion of hydrogen, when it is 

incorporated into the crystal lattice permanently or temporarily3. The mechanism of hydrogen absorption 

is shown in Figure 1. 

 

Box 1 
 

 
 

Figure 1 

Mechanism of hydrogen absorption4         

Source: Own elaboration 

 

According to the theory the mechanisms that explain the interaction of hydrogen with iron is 

manifested by cathodically polarizing and evolving atomic hydrogen from the electrochemical reaction 

of hydrogen ions or water molecules, these are absorbed through the surface of the material as described 

in the following reactions5. 

 

 𝐻3𝑂+ + 𝑒− ↔  𝐻𝑎𝑑 + 𝐻2𝑂                                                                                                                           (1)  

 

𝐻2𝑂 + 𝑒− ↔ 𝐻𝑎𝑑 + 𝑂𝐻−                                                                                                                        (2) 

 

In equation (1), the hydronium ion (𝐻3𝑂+) gain an electron (𝑒−) resulting in an adsorbed 

hydrogen atom (𝐻𝑎𝑑) on the surface of the material and at the same time releasing a molecule of water 

(𝐻2𝑂). In equation (2), a molecule of water (𝐻2𝑂) gain an electron (𝑒−) The extra electron binds to a 

hydrogen atom in the water, forming a hydride ion (𝐻−), at the same time a hydroxide ion is released 

(𝑂𝐻−). Depending on the reaction conditions, the hydrogen atom adsorbed on the surface of the material 

(3) can be absorbed or de-absorbed according to the Tafel reaction (4), as observed in the reaction (4).  

𝐻𝑎𝑑 ↔ 𝐻𝑎𝑏                                                                                                                                               (3) 

2𝐻𝑎𝑑 ↔ (𝐻2)𝑎𝑑                                                                                                                                       (4) 

In this reaction (4), two hydrogen atoms (2𝐻𝑎𝑑) adsorbed hydrogen molecules combine to form 

an adsorbed hydrogen molecule (𝐻2). Another possibility of desorption is the Heyrovsky mechanism4 

which also leads to a recombination with hydrogen according to the reaction (5).  

 

𝐻𝑎𝑑 + 𝐻3𝑂+ + 𝑒− ↔ 𝐻2 + 𝐻2𝑂                                                                                                             (5) 

The reaction (5) describes a reduction process in which the hydronium ion (𝐻₃𝑂⁺) reduces one 

electron (𝑒−) and form water (𝐻2𝑂). At the same time, the adsorbed hydrogen atom (𝐻𝑎𝑑) combines 

with other hydrogen to form the molecule of (𝐻₂). The interaction between atomic hydrogen and metals 

has been extensively researched due to its impact on the properties of materials.  
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The small dimensión of the hydrogen atom facilitates its penetration and diffusion into metals, 

especially when combined with the presence of carbon dioxide (𝐶𝑂2), which accelerates corrosion and 

degrades protective layers6.   

 

Experimental Methodology   

 

Materials & Heat Treatment 

  

API 5L X60 steel was used (See Figure 2), with the chemical composition shown in Table 1. Steel was 

evaluated in arrival condition (MCLMB) and subjected to a heat quenching treatment (MCLTT). 

 

Box 2 

 
 

Figure 2 

Material Steel API 5L X60  

Source: Own elaboration 

 

Box 3 
 

Table 1  

Chemical composition of API 5L X60 Steel 

 

C Mn Si Al Nb Cu Cr Ni Ti Co 

0.067 1.381 0.206 0.023 0.038 0.022 0.016 0.023 0.0094 0.0055 

 

Source: Own elaboration 

 

The analyzed samples were subjected to unconventional quenching, which began with a gradual 

heating until permanence 1050°C, and for 30 minutes they were kept like this until they were finally 

quenching in water at room temperature7,8. The heat treatment design is shown in Figure 3. 

 

Box 4 
 

 
 

 

Figure 3 

Heat treatment design 

Source: Own elaboration 
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Electrochemical Testing 

 

Electrolyte 

 

For the electrochemical tests, the CAM solution was used, which simulates the composition of a soil 

characteristic of the state of Campeche. The chemical composition of the CAM solution is shown in 

Table 39. 

 

Box 5 
 

Table 2  

Chemical Composition of CAM Solution (g/l) 

 

MgSO4*7H2O CaCl2*H2O KNO3 CaCO3 NaHCO3 

0.0251 0.0215 0.050 0.202 0.823 

 

Source: Own elaboration 

 

The composition of the CAM solution shows the main constituents and has a pH of 8.1. 

Characterization of the electrochemical behavior of the steels tested 

The characterization of the electrochemical behavior of MCLMB and MCLTT in CAM solution was 

carried out by means of potentiodynamic polarization curves (PPC) and susceptibility to hydrogen 

damage by means of hydrogenation and oxidation assays. All tests were performed in a conventional 

three electrode electrochemical cell, MCLMB and MCLTT steels were the working electrodes, a 

saturated calomel electrode (SCE), as a reference and a graphite bar as an auxiliary electrode. The 

solution used as an electrolytic medium is representative of the Yucatan Peninsula, Mexico.  

 

Other solutions with alkaline pH have been used to test steels10,11 but are representative of other 

locations. To characterize the electrochemical behavior using CPPs, polarization was polarized from -

300 mV to 600 mV with respect to the open-circuit potential (OCP), at a speed of 10 mV/min. From 

these CPP graphs, the aggressiveness of the electrolytic medium and the corrosion rate of MCLMB and 

MCLTT are determined. All measurements were carried out on a Solartron Potentiostat/Galvanostat. The 

total amount of hydrogen evolved can be calculated by12:  

 

𝑄𝐻
𝑒𝑣 ∫ 𝐼𝑐𝑎𝑡ℎ𝑜𝑑𝑖𝑐

𝜏𝑒𝑥𝑝

0
(𝜏)𝑑𝜏                                          𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑖𝑐 = 𝑐𝑜𝑛𝑠𝑡                                                                     [6] 

 

Hydrogenation was performed at constant cathode potential (-200 mV vs Ecorr), at different times 

and in the absence of oxygen. Hydrogen oxidation was performed by the method described by Yan, M., 

et al.11. The total amount of hydrogen absorbed sub-superficially by the metal can be defined through 

equation8:  

 

𝑄𝐻
𝑎𝑏𝑠 = ∫ [𝐼𝐻(𝜏) − 𝐼𝑟𝑒𝑓(𝜏)]𝑑𝜏  

𝜏𝑑𝑒𝑠

0
                         𝐸𝑎𝑛𝑜𝑑𝑖𝑐 = 𝑐𝑜𝑛𝑠𝑡                                                                       [7] 

 

Where 𝐼𝐻(𝜏) is the anodic bias current for the sample charged with hydrogen and 𝐼𝑟𝑒𝑓(𝜏) is the 

anodic bias current for the sample without hydrogenation. For the quantification of absorbed hydrogen 

(𝐻𝑎𝑏𝑠), Equation 8 was used for the samples tested. 

 

𝐶𝐻 =  
𝑄𝐻

𝑎𝑏𝑠

𝑧𝐹𝑣
                                                                                                                                                               [8] 

Where, z is the number of electrons participating in the reaction, F is Faraday's constant, and v is 

the effective volume of the sample. 
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Results 

 

Microstructural characterization of the steels tested 

 

Figure 4 shows a micrograph of MCLMB, the main phases that were identified were polygonal ferrite 

(α) and perlite (β), characteristics of API 5L X60 steels. Non-metallic inclusions were also randomly 

found in the steel matrix, ranging in size from 3 to 50 µm. In recent research, Velázquez et al. revealed 

that non-metallic inclusions have a role in pitting corrosion directly, causing defects in the microstructure. 

Inclusions with smaller areas were observed that tend to be more prone to corrosion than larger 

inclusions. However, it seems that elongated inclusions are more active than circular inclusions because 

the proportion of inclusions to active starts is higher than that of circular ones13.  

 

Box 6 
 

 
Figure 4 

MCLMB Steel Microstructure 

Source: Own elaboration 

 

The inclusions identified in MCLMB steel are rich in silicon (Si), Aluminium (Al), Magnesium 

(Mg) and Calcium (Ca), although they may be present as complexes of O-Al-Mg-Ca13. Inclusions consist 

of one or several deformed or non-deformed thin parts, deformed thin parts are mainly low-melting 

calcium aluminates, while non-deformed particles contain more CaS o CaO y Al2O3 high melting point14. 

The main elements that exist in inclusions are Al, O, Ca, Mg, Mn y C, as well as complexes or mixes Al-

Mg-Ca-O. The interfaces of non-metallic and precipitated inclusions are considered strongly irreversible 

traps for hydrogen at normal temperatures and conditions14.The microstructure of MCLTT steel is 

characterized phases of bainite and ferrite. The microstructure of MCLTT steel increases the mechanical 

properties with more diverse phases in the matriz. 

 

Electrochemical behavior of MCLMB and MCLTT steel, in CAM solution 

 

Figure 5 shows the CPPs of MCLMB and MCLTT steels in CAM solution. In PPCs, it is observed that 

MCLMB steel exhibits a more negative corrosion potential, and a higher corrosion current density 

compared to MCLTT15. However, MCLMB steel is more susceptible to corrosion, due to the formation 

of corrosion products and the dissolution of the phases present by the chemistry of the solution13. The two 

metallurgical conditions tested show a controlled process by charge transfer, indicating that they are 

susceptible to corrosion in CAM solution. MCLTT steel revealed greater corrosion resistance, with a 

nobler corrosion potential and lower current densities15. The corrosion rates for MCLMB and MCLTT 

specimens are 2.42 mm/year and 1.9 mm/year, respectively. This behavior can be attributed to the fact 

that heat treatment can produce a protective effect against grain regrouping corrosion in steel16.  
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Box 7 
 

 
 

Figure 5 

CPP of MCLMB (a) and MCLTT (b) steel, in CAM solution  

Source: Own elaboration 

 

Behavior of the cathodic and anodic current density associated with hydrogen 

 

The current time series associated with the evolution of atomic hydrogen can be statistically analyzed to 

give us information on the behavior of the hydrogen-metal interaction. Electrochemical noise is defined 

as low-frequency (<10 Hz) and low-amplitude potential or current fluctuations, originating from natural 

electrochemical variations of corrosive kinetics. Electrochemical noise under potentiostatic and 

galvanostatic control17 has been used to interpret corrosive processes in stainless steels18, processes 

associated with the evolution of hydrogen19,20. 

 

Figure 6 shows the behavior of the average current density of the MCLMB and MCLTT. The 

MCLMB sample shows an overall increase in cathodic current density over time, although with some 

fluctuations. This suggests that the rate of the reduction reaction increases over time. On the other hand, 

it was observed that MCLTT steel also shows an overall increase in current density, but with a slightly 

lower slope than MCLMB. In addition, it has a more marked fluctuation around 10 hours.  The 

differences in the behavior of the two metallurgical conditions are attributed to different electrochemical 

processes that occur on the surface of each of the steels tested. These processes may include the 

adsorption of chemical species, the formation of passive films, or more complex reactions19. 

 

Box 8 
 

 
Figure 6 

Behavior of the average current density of MCLMB and MCLTT in CAM solution. 

Source: Own elaboration 

 

On the other hand, heat treatment generates different phases, among which are: bainite, acicular 

ferrite, globular ferrite, Widmanstatten ferrite.  
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On the contrary, the base metal has ferrite and perlite as its main phases, in these phases the 

average cathodic current density tends to decrease with increasing assay time, this is in accordance with 

the cathodic protection mechanism, since the entire surface inhibits the anode and cathode sites that could 

cause the average current density to vary widely,  this is due to the cathodic potential applied. Figure 7 

shows the concentration of atomic hydrogen (AC) and the permeation coefficient of the steels in CAM 

solution. 

 

Box 9 
 

 
Figure 7 

Hydrogen concentration in MCLMB (a) and MCLTT (b) steels 

Source: Own elaboration 

 

MCLMB steel shows a higher susceptibility to sup-surface atomic hydrogen adsorption compared 

to MCLTT steel in the first hours of electrochemical charge, although it always tends to increase with 

longer test times. In the 48 hours of electrochemical charge MCLMB steel almost equals the 

concentration of adsorbed atomic hydrogen as MCLTT steel, this behavior may be due to a slower 

process kinetics in MCLTT steel. The higher absorption capacity of atomic hydrogen in MCLMB steel 

is mainly due to the microstructure constituted by ferrite-perlite interfaces, grain boundaries and non-

metallic inclusions20. Unlike MCLTT steel which absorbs less atomic hydrogen compared to non-heat-

treated steel according to the concentration of absorbed hydrogen (Ha).  

 

Previous research by Park, G. T.21, has shown that the presence of an acicular bainite-ferrite 

structure, mainly associated with Acicular Ferrite, is characterized by randomly oriented grain 

boundaries and a high density of dislocations. Due to the complex and entangled network of dislocations, 

atomic hydrogen is trapped in reversible traps (dislocations), decreasing absorption and consequent 

diffusion into the volume of the steel. It was observed that MCLTT steel has a lower concentration of 

hydrogen compared to MCLTT steel. This suggests that heat treatment is more effective in reducing 

hydrogen diffusion. The difference in hydrogen concentration between heat-treated and non-heat-treated 

steels becomes more apparent at longer exposure times. 

 

Figure 8 shows the behavior of the permeation coefficient of MCLMB and MCLTT steels, this 

parameter does not indicate the sup-surface absorption efficiency of the steels tested19. Initially, MCLMB 

steel has a permeation coefficient higher than X60MCLTT. However, over time, this difference narrows. 

This indicates that heat treatment could give the steel a lower initial permeability to hydrogen, but in the 

long term, both alloys tend to behave similarly.  

 

It was observed that, during the first hours of exposure, a maximum was reached for MCLMB 

steel and in the four-hour test for MCLTT steel. Subsequently, both types of steel show an overall 

decrease in the permeation coefficient as exposure time increases. This suggests that, over time, steel 

become less permeable to hydrogen, this may be due to atomic hydrogen saturation in the subsurface 

film of the steels21. 

 

 

 

 

 

 



86 

 

Box 10 

 
 

Figure 8 

Permeation coefficient behavior in MCLMB and MCLTT steels. 

Source: Own elaboration 

 

Hydrogen saturation on the metal surface, which exceeds its solubility limit, is the main cause of 

the decrease in the K-coefficient as the hydrogenation process progresses. This coefficient, which 

initially reaches high values, reflects the intense electrochemical activity that occurs in the early stages19.  

 

Conclusiones  

 

MCLMB and MCLTT steel showed susceptibility to subsurface hydrogen absorption in the CAM 

solution. At short and medium electrochemical charge times it shows aggressiveness and tends to 

increase the concentration of hydrogen. This indicates the need for longer hydrogenation times to be able 

to observe behavior comparable to real operating situations.  

 

The microstructure has a significant influence on the susceptibility to subsurface absorption of 

atomic hydrogen, since in the two solutions tested it tends to absorb less hydrogen, although a more in-

depth study and analysis of the influence of heat treatment is necessary.  
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Abstract  
 

Hydrogen permeation tests were carried out on API 5L X60 steel specimens under three conditions: base material and heat-

treated specimens at 1050 °C for 15 and 20 minutes, then quenched in water. These specimens were subjected to hydrogen 

permeation tests in CAM soil solution, representative of the state of Campeche. The heat treatment modified the 

microstructure present in the steel and therefore the behavior of the hydrogen permeation curves. The bainite and acicular 

ferrite phases present in the heat-treated steel acted as reversible traps, due to their large number of dislocations. The diffusion 

coefficient and the number of reversible traps present in the volume of the steel were determined. 

 

Objetive Methodology Contributions 

 

 

 

 

 

 
Determine the influence of 

microstructure on hydrogen 

permeation, in conditions 

representative of the state of 

Campeche, Mexico. 
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Resumen                                                                          
 

Se realizaron pruebas de permeación de hidrógeno en probetas de acero API 5L X60 bajo tres condiciones: material base y 

probetas tratadas térmicamente a 1050 °C durante 15 y 20 minutos, posteriormente templadas en agua. Estas probetas fueron 

sometidas a pruebas de permeación de hidrógeno en solución de suelo CAM, representativa del estado de Campeche. El 

tratamiento térmico modificó la microestructura presente en el acero y por ende el comportamiento de las curvas de 

permeación de hidrógeno.Las fases bainita y ferrita acicular presentes en el acero tratado térmicamente actuaron como trampas 

reversibles, debido a su gran número de dislocaciones. Se determinó el coeficiente de difusión y el número de trampas 

reversibles presentes en el volumen del acero. 

 

Objetivo Metodología Contribuciones 

 

 

 

 

 

 
Determinar la influencia de la 

microestructura en la permeación del 

hidrógeno en condiciones 

representativas del estado de 

Campeche, México. 
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Sample preparation and 

heat treatment.  

 

Characterization 

Microstructure and 

electrochemistry  

 

Results 

Understanding 

the influence of 

microstructure 

on hydrogen 

permeation. 

Simulating soil 

conditions 

allows this 

absorption 

phenomenon to 

be studied more 

realistically.  

Preparación de 

muestras y 

tratamiento térmico 

Caracterización 

Microestructural y 

Electroquímica 

Resultados 

Entendimiento de la 

influencia de la 

microestructura 

sobre la permeación 

del hidrógeno 

 La simulación 

de las 

condiciones del 

suelo permite 

estudiar este 

fenómeno de 

absorción de 

forma más 

realista.  
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Introduction 

 

Low-strength alloy steels (HSLA) are good mechanical properties of strength, toughness and weldability 

due to the thermo-mechanical work performed during manufacture and their low carbon content. The 

different environments to which these steels are subjected range from acidic (swamp) and basic (soil) 

media, these hinder the prolonged use of HSLA steels due to susceptibility to corrosion and hydrogen 

damage. 

 

One of the methods that minimize the loss of material by corrosion is cathodic protection, this 

has the indirect effect of evolving hydrogen on the surface of steel, a part of the evolved hydrogen enters 

inside as an atom, hydrogen is stored in reversible and irreversible traps. 

 

Reversible traps are sites where the energy needed to bond is small this facilitates the entry and 

exit of hydrogen atoms, on the contrary, irreversible traps have a high binding energy this makes their 

exit from the inside metal difficult.  The presence of hydrogen affects the mechanical properties of 

strength and toughness. The formation and presence of microstructural defects accelerates the effects of 

hydrogen damage.  

 

Heat treatments are an effective method to improve mechanical properties and corrosion 

resistance. HSLA steels with low carbon (C) and Niobium (Nb), can be heat treated by hardening, the 

low carbon quantity minimizes the formation of martensite and the presence of Nb does not allow a large 

increase in average grain size.   

 

This work studies the influence of microstructure and the effect of heat treatment on API 5L X60 

micro-alloy steels on hydrogen diffusion. In addition to the effect of the constant cathodic potential on 

the evolutionary dynamics of atomic hydrogen in steels with and without heat treatment. The diffusion 

coefficient of the untreated and heat-treated steels was determined. 

 

Methodology   

 

API 5L X60 steel with ferrite as the main constituent was used, in addition to perlite bands (MCLMB). 

This steel was cut into strips of 150 mm x 20 mm x 11 mm, then subjected to 1050 °C for 15 (MCLTT15) 

and 30 (MCLTT30) minutes, immediately quenched in water. 

 

The microstructure of the heat-treated test pieces was bainite and acicular ferrite, the latter being 

highly sub-structured and equiaxiated which is formed in continuous cooling by mixing diffusion and 

stresses which give the steels a high tenacity1,2. 

 

For the hydrogen permeation tests, steel with and without heat treatment was milled to 1 mm in 

thickness, with an effective working area of 1 cm2. The input side of the hydrogen was sanded with 

silicon carbide (CS) paper from #100 to #1200 and the output side was sanded with CS from #100 to 

#2000, then polished with 1 μm diamond paste, this was electrochemically coated with palladium in 

order to minimize the base hydrogen permeation current density. 

 

Permeation tests were carried out in a double cell, one for the generation or electrochemical 

charge of hydrogen and the other for the oxidation of hydrogen. The solution used for the electrochemical 

charge was CAMP (pH=8.1), the chemical composition of the soil-simulating solution is shown in Table 

1. 

 

Box 1 

 

Table 1  

Chemical composition of the CAM solution 

 

Compound MgSO4*7H2O CaCl2*H2O KNO3 CaCO3 NaHCO3 

Quantity (g/l) 0.0251 0.0215 0.050 0.202 0.823 
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The CAM solution is representative of the soil in the state of Campeche. A constant cathode 

potential of -950 mV vs SCE was applied to the input side allowing hydrogen generation and diffusion 

within the test pieces. On the output side, 0.2 molar solution of NaOH was used at a constant anode 

potential of 170 mV vs SCE, this potential was sufficient for the formation of a stable passive layer. Prior 

to permeation tests, high purity argon was bubbled to remove dissolved oxygen from the solution in order 

to prevent surface oxidation. The permeation current was recorded by means of a Solartron 

Potentiostat/Galvanostat and the reduction current was recorded with a Uicorr Potentiostat. All tests were 

conducted at 25°C 1. 

 

Analysis of the permeation current 

 

In Figure 1, the characteristic parameters that can be obtained from the hydrogen permeation curve are 

shown. 

 

Box 2 
 

 
 

Figure 1 

Variation in the anode current over time for a membrane with a constant flow on the electrochemical charge side 

Source: 3, 10, 11. 

 

The flow of hydrogen 𝐽𝐻 (
𝑚𝑜𝑙𝐻

𝑚2𝑠
), through the steel was measured by the steady-state permeation 

current density (
𝑖𝑝
∞

𝑛𝐹
) 3, 10,11: 

 

𝐽𝐻 =
𝑖𝑝

∞

𝑛𝐹
                                                                                    [1]  

 

Where n is the number of electrons transferred and F is the Faraday constant. The rate of hydrogen 

permeation (
𝑚𝑜𝑙𝐻

𝑚2𝑠
), is defined by3, 10,11:  

𝐽𝐻𝐿 =
𝑖𝑝
∞

𝑛𝐹
                                                                                  [2] 

 

Where L is the thickness of the test piece. The effective diffusivity of hydrogen 𝐷𝑒𝑓𝑓, can be 

calculated by3, 10,11: 

 

𝐷𝑒𝑓𝑓 =
𝐿2

6𝑡𝐿
                                                                            [3] 

 

Where the time of backtracking 𝑡𝐿, is the point on the hydrogen permeation curve where 𝑖𝑡 =
0.63𝑖𝑝

∞. If the surface hydrogen is in thermodynamic equilibrium with the sub-surface hydrogen, the 

apparent hydrogen solubility (𝐶𝑎𝑝𝑝), is 3, 10,11:  

 

𝐶𝑎𝑝𝑝 =
𝐽𝐻𝐿

𝐷𝑒𝑓𝑓
                                                                    [4] 
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In addition, the density of hydrogen traps can be estimated according to the following equation:  

 

𝑁𝑇 =
𝐶0

3
(

𝐷1

𝐷𝑒𝑓𝑓
− 1)                                                               [5] 

 

Where NT is the number of hydrogen trap sites per unit volume and D1 is the diffusion coefficient 

in the crystal lattice for α-Fe is 1.28 x 10-4 cm2s-14,5. 

 

Results 

 

Analysis of the cathode current associated with the hydrogen evolution process 

 

Figure 2 shows the Icath of MCLMB, MCLTT15 and MCLTT30 in CAMP solution at potential -950 mV 

vs SCE. 

 

At a cathodic potential of -950 mV vs SCE, the Volmer reaction is favored: 

 

𝐻2𝑂 + 𝑒− ↔ 𝐻𝑎𝑑 + 𝑂𝐻−                                                                            [6] 

 

Had atoms can be absorbed by steel: 

 

Had ↔ Hab                                                                                         [7] 

 

This input mechanism is given with water molecules and proceed in alkaline and neutral media6,7. 

Curve 1 has the lowest Icath values compared to heat-treated steels. In general, the Icath values tend to 

increase from 45 μAcm-2 to 12 μAcm-2, the Icath values are similar to those obtained by the test pieces in 

NS4 solution. For hardened and tempered steels, the stress corrosion mechanism appears to be dominated 

by hydrogen embrittlement8,9. 

 

Box 3 
 

 
 

Figure 2 

Cathode current density in 1-MCLMB, 2-MCLTT15 and 3-MCLTT30 steels in CAM solution 

Source [Own elaboration] 

 

Analysis of hydrogen permeation stream in CAM solution 

 

Figure 3 shows the hydrogen permeation curves of API 5L X60 steel specimens with and without non-

conventional heat treatment at cathodic potential (170 mV vs SCE), in standard CAM solution. Curves 

1, 2 and 3 are MCLMB, MCLTT30 and MCLTT15 respectively.  
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Box 4 
 

 
 

Figura 3 

Hydrogen permeation curve of the test pieces with and without non-conventional heat treatment in CAM solution  

Source [Own elaboration 

 

Liang, O. et al.,10, 11 13 tells us that in solutions simulating deoxygenated soil with alkaline pH 

there is an electrical reduction of the solution itself, as well as a drop in ohmic potential, which brings 

more negative potentials during hydrogen reduction. 

 

The permeation current density of steel with and without unconventional heat treatment shows a 

great similarity for the three tested conditions.  

 

La 𝑖∞, gradually increases to a constant average value of 0.826 μAcm-2, 0.672 μAcm-2 and 0.817 

μAcm-2 for the MCLMB, MCLTT15 and MCLTT30 test pieces in CAM solution. The results show that 

the 𝑖∞, of 8.27 x 10-7 was the highest and is for the MCLMB test piece. The stationary current densities 

of MCLTT15 and MCLTT30 were 6.73 x 10-7 and 8.17 x 10-7, respectively. 

 

Box 5 
 

Table 2 

Parameters associated with hydrogen permeation in steel with and without non-conventional heat treatment in CAM 

solution 

 

Solution CAM 𝑖∞ 

(𝜇𝐴𝑐𝑚−2) 

𝑡𝐿 

(𝑠𝑒𝑔) 

𝐽∞ 

(𝑚𝑜𝑙𝑐𝑚2𝑠−1) 

𝐷𝑒𝑓𝑓  

(𝑐𝑚2𝑠−1) 

𝐶0 

(𝑚𝑜𝑙𝑐𝑚−3) 

𝑁𝑇 

(𝑐𝑚3) 

       

 

MCLMB 

 

8.26e-7 

 

3977 

 

8.52e-12 

 

5.69e-9 

 

1.74e-5 

 

7.95e22 

 

MCLTT15 

 

6.73e-7 

 

12887 

 

6.97e-12 

 

1.63e-9 

 

5.73e-5 

 

1.32e24 

 

MCLTT30 

 

8.17e-7 

 

8959 

 

8.47e-12 

 

2.16e-9 

 

5.13e-5 

 

1.17e24 

       
 

 

Table 2 presents the main average parameters associated with the hydrogen permeation curves in 

CAM solution at 170 mV vs SCE. The highest value of the Deff is given in the MCLTTMB test piece, 

followed by the MCLTT30 test piece and finally the MCLTT15 test piece. This shows that 

microstructural changes due to unconventional heat treatment have no great influence on the behavior of 

hydrogen permeation12 in CAM solution.   
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Conclusions 

 

Heat treatment of tempering modifies the microstructure generating bainite and acicular ferrite from 

ferrite and perlite. The phases present after heat treatment increase the properties of the material in arrival 

condition. The microstructure favors the formation of reversible traps (dislocations mainly), which 

modify the behavior in hydrogen diffusion. 
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