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There is currently great interest in photocatalytic degradation technologies of pollutants in industrial effluents. This is due to the need to reduce the environmental pollution generated by the textile industry’s high demand of clothing for fast fashion; in addition to severe environmental problems, this also generates social problems. Since the catalysts of this type of processes are usually nanoparticles of metal oxides such as zinc and titanium, it is necessary to promote research into the synthesis and evaluation of photocatalysts. Therefore, this article describes three free basic access tools for the academic analysis of nanoparticles, from experimental design to representation, using the study of kinetics and particle size analysis. After pre-selecting easily accessible software, it was found that RStudio, J-Image, and Vesta are very useful programs for the analysis of nanoparticles in the respective areas of statistical processing, image analysis, and three-dimensional representation.
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INTRODUCTION
Research into micro- and nanoparticles of metal oxides has increased rapidly in recent years (Ciambelli et al., 2020). In the synthesis and evaluation of photocatalytic capacity, numerous methods have been proposed for the synthesis of these important catalysts, including but not limited to solvothermal synthesis, sol-gel, green synthesis, and chemical vapor deposition (Garcia-Contreras et al., 2016).
With each process used, different particle sizes, photocatalytic capabilities, and energy consumptions are obtained (Nunes et al., 2019), opening a large field for experimentation in laboratories and molecular simulation. Variations in pressure, temperature, acidity, reaction time, precursors, and types of method are responsible for the various characteristics obtained (Gadea et al., 2018).
Therefore, it is common practice to vary the conditions for obtaining various micro or nanoparticles for their subsequent evaluation, which typically consists of determining particle size, crystal structure, and kinetic constant (Ono et al., 2012).
The method of experimental design is typically based on software, although the software license used in many universities generates a significant cost for the research project; in less ideal cases, software is misused to evade the payment of licenses and thus compromises research ethics.
There are several techniques for analyzing particle size and characterization, including X-ray diffraction and scanning electron microscopy; the first is a useful tool for structural analysis, and the second is useful for the visualization and better conceptualization of the product obtained. Once data and images have been obtained, manual processing can be performed, counting particles of a certain characteristic, and then statistical processing; however, the development of artificial intelligence, as well as computer image processing, has facilitated the automation of the process using currently free software such as Image-J.
On the other hand, the representation and three-dimensional analysis of crystal structures is important because it allows a theoretical understanding of several important properties of the crystals that form the nanoparticles, such as the bond distances, angles, and orientation of the crystal lattice.
The importance of free software goes beyond the reduction of costs in research processes: it allows greater transparency in the results obtained and encourages international collaboration in the generation of knowledge, reducing ethical issues that arise when there are specific interests on the part of commercial software development companies. This does not mean that license software is not suitable: it simply means that there is a reliable alternative to these.
Research into the micro- and nanoparticles of metal oxides has significantly grown in recent years (Ciambelli et al., 2020). One prominent area of investigation focuses on the synthesis and evaluation of their photocatalytic capacity. Various methods of synthesis, including solvothermal synthesis, sol-gel, green synthesis, and chemical vapor deposition, have been proposed for producing these crucial catalysts (Garcia-Contreras et al., 2016).
These different synthesis processes yield particles with distinct characteristics, such as particle size, photocatalytic capability, and energy consumption (Nunes et al., 2019). Consequently, a vast experimental landscape has emerged in laboratories and in molecular simulations. The manipulation of factors like pressure, temperature, acidity, reaction time, precursors, and the choice of method has led to the acquisition of various characteristics (Gadea et al., 2018).
One key aspect that plays a vital role throughout the different stages of such research is the utilization of software tools. The need for software arises in several phases, including experimental design (Peer, 2023), data analysis (Gomez-Flores et al., 2023), and visualization (Ono et al., 2012). Efficient software solutions not only streamline these processes but also enhance the accuracy and reproducibility of the research outcomes.
In the realm of open-access software, three essential tools have gained significant prominence for the analysis of photocatalytic particles: RStudio, ImageJ, and Vesta. RStudio, an integrated development environment (IDE) for the R programming language, offers a comprehensive suite of statistical and graphical techniques. Researchers can leverage its capabilities to design experiments, conduct data analysis, and generate visual representations of the results (Siegel and Wagner, 2022; Shedlock and Stumpo, 2022).
ImageJ, another powerful open-source software tool, is widely used for image processing and analysis. Its extensive range of plugins and algorithms enables researchers to extract valuable information from microscopy and imaging data. In the context of particle analysis, ImageJ facilitates particle counting, size measurement, and other morphological assessments (Fritz et al., 2022; Frei and Kruis, 2020).
Vesta, an analysis and visualization software application, plays a crucial role in representing and analyzing crystal structures (Zheng et al., 2021). With its three-dimensional analytical capabilities, researchers can explore bond distances, angles, and the orientation of the crystal lattice, with the possibility of simulating the nanoparticle’s structure (Banerjee et al., 2022). Such insights contribute to a deeper understanding of the properties and behavior of nanoparticles.
The reliance on open-access software offers numerous advantages. First, it significantly reduces the financial burden associated with licensed software, making research more accessible and affordable. Second, open-source software promotes transparency and reproducibility as the code and algorithms are openly available for scrutiny. This fosters collaboration and knowledge sharing within the scientific community, thus facilitating advances in the field.
Therefore, as research in the field of micro- and nanoparticles of metal oxides continues to expand, the role of software tools becomes increasingly vital. The use of open-source software such as RStudio, ImageJ, and Vesta addresses the need for efficient and accessible solutions throughout different stages of the research process. By leveraging these software tools, researchers can enhance experimental design, data analysis, and visualization, thus contributing to the progress and advancement of this exciting field of study.
Recommended tools
In the following sections, we will provide detailed descriptions of three recommended tools for data processing related to the analysis of micro and nanoparticles. These tools are not only valuable for the analysis of metal oxides but also for any synthesis and experimental evaluation process.
RStudio
R® software and its graphical environment, RStudio®, stand out as some of the most powerful tools for statistical analysis. This software offers an extensive collection of built-in statistical functions, providing researchers with a wide range of analytical capabilities. Moreover, R® enables the importation of numerous specialized libraries, allowing users to leverage a vast array of additional functionalities. Furthermore, researchers have the flexibility to program their own custom functions for tailored analysis within the R® environment (Kruschke).
Although RStudio may initially require some user familiarization, it offers a user-friendly interface and intuitive logic that simplifies the process of learning the syntax and swiftly processing results. Once users begin to explore RStudio, they can quickly grasp its functionalities and effectively utilize its vast range of statistical functions and libraries. The software’s intuitive nature facilitates a seamless transition for researchers, making it a valuable tool for statistical analysis.
To illustrate the user-friendly nature of this program, a simple example is shown. The experimental design for a solvothermal synthesis involving three catalyst types, two synthesis times, and four temperature levels—outlined in Table 1—can be efficiently coded and visualized in just a few lines of code.
TABLE 1 | Example of data for a full factorial design.
[image: Table 1]The code using the base program, as well as a library, in which case the experiment is coded, is presented in Table 2.
TABLE 2 | RStudio code for full factorial design (Base and AlgDesign library).
[image: Table 2]Figure 1 shows the first 10 elements of the design and its binary plot.
[image: Figure 1]FIGURE 1 | Head of full factorial design for solvothermal synthesis.
As a second example, the data analysis of particle size versus additive, catalyst type, synthesis time, and temperature is presented using a neural network.
The following table shows the code for data capture, basic plotting, and both artificial neural network and linear regression analysis.
Figure 2 shows a very basic example of a graph in RStudio, which has four input neurons, two hidden layers, and a single output neuron.
[image: Figure 2]FIGURE 2 | Example of neural network for size prediction.
Figure 3 shows a summary of the linear regression, which confirms first-order behavior by Pearson’s coefficient of 99.34%.
[image: Figure 3]FIGURE 3 | Results for data regression.
The software application has countless applications, which can help generate graphs that facilitate the analysis of the kinetics of the decomposition reaction of contaminants. This is exemplified in Figure 4, which summarizes the behavior of zero-order kinetics for particles synthesized at different temperatures, clearly showing that those synthesized at temperatures above 180°C do not conform to these kinetics; consequently, they possess photocatalytic activity.
[image: Figure 4]FIGURE 4 | Example of kinetic analysis for nanoparticles.
The software package has many applications; however, it is not the purpose of this article to perform an exhaustive review but to show the benefits of the program.
ImageJ
ImageJ is a software application developed by the US Institute of Health which allows the processing of images of not only microparticles but also of images in general, having great application in the analysis of microorganisms, metallurgical analysis, and even space photography (Crawford and Mortensen, 2009).
As far as nanoparticle analysis is concerned, ImageJ finds great acceptance in the measurement of individual particles, as well as in the generation of histograms of this parameter for a region in general.
The operation of this software is intuitive, and, in the following paragraphs, some images of its application are shown.
Figure 5 shows the stage at which the measurement scale is set, the distance at which this graphic scale is selected, and the selection of “Analyze” and “Set-Scale”.
[image: Figure 5]FIGURE 5 | Setting scale in ImageJ.
One of the advantages of this software is that it allows image transformations, such as changing it to 8 and 16 bits, vertical and horizontal rotation, and establishing detection thresholds. Figure 6 shows a 16-bit transformation, threshold setting, and particle size analysis screen, while Table 3 shows the results of the first 10 measurements.
[image: Figure 6]FIGURE 6 | Analyzing particles in ImageJ.
TABLE 3 | First 10 data used for a particle size predictive model.
[image: Table 3]As can be seen, this free access software is also very useful in particle size analysis and has many more applications.
Vesta
The Vesta software application was developed by JP-Minerals and is extremely practical for visualizing the structure of crystals that make up micro- and nanoparticles (Dubbeldam et al., 2019).
Open data can be queried on the Crystallography Open Database page for later viewing in Vesta and can also be obtained from image analysis and checked in this software.
Figure 7 shows the three-dimensional representation of titanium oxide crystal lattices.
[image: Figure 7]FIGURE 7 | Polyhedral and space-filling representations of TiO2 crystal.
Vesta, an essential software tool for the analysis of crystal structures, is widely recommended for several compelling reasons. Although its visualization capabilities are noteworthy, Vesta offers a range of other powerful features that contribute to its broad recommendation for the field.
One of the key strengths of Vesta lies in its ability to provide accurate and detailed representations of crystal structures in three dimensions. By visualizing bond distances, angles, and the orientation of crystal lattices, researchers gain valuable insights into the properties and behavior of nanoparticles (Tripathi et al., 2021). This deep understanding of crystal structures allows for theoretical analysis and assists the interpretation of experimental results.
Moreover, this software provides advanced analysis tools that go beyond visualization. Researchers can perform crystallographic calculations such as symmetry analysis, coordination environments, and structural fingerprinting (Tripathi et al., 2021). These capabilities enable a comprehensive exploration and characterization of crystal structures and thus facilitate the investigation of crucial properties and phenomena.
The extensive range of features and functionalities offered by Vesta, combined with its user-friendly interface, has made it a widely recommended software tool in the scientific community. Researchers can rely on Vesta to not only visualize crystal structures effectively but also conduct in-depth analysis and derive meaningful insights from their data.
CONCLUSION
The reliability and accessibility of software play a crucial role in scientific and research advancements. Therefore, it is imperative to promote software tools that not only enjoy high prestige within the scientific community but are also freely available for use.
The universality of the three programs discussed in this paper is notable as they are compatible with operating systems such as Windows, Linux, and MacOS. This compatibility ensures that researchers and practitioners across different platforms can benefit from their functionalities.
Familiarity with the functionalities offered by RStudio, ImageJ, and Vesta is essential for students pursuing engineering careers, as well as for teachers and researchers involved in knowledge generation projects. From initial conceptualization to the subsequent analysis phase, these software tools provide indispensable support, empowering users to efficiently process and analyze data.
By promoting the utilization of these open-access software tools, we can foster collaboration, transparency, and international cooperation in research endeavors. The availability of reliable and free software solutions enables researchers to overcome financial barriers and facilitates the dissemination of knowledge, contributing to the advancement of scientific understanding.
In conclusion, in recognizing the importance of software in scientific endeavors, it is imperative to embrace and utilize renowned, freely accessible tools like RStudio, ImageJ, and Vesta. These tools empower researchers, educators, and students alike, enabling them to navigate the entire research process with enhanced efficiency and reliability (Tables 4, 5).
TABLE 4 | RStudio code for neural network and linear regression.
[image: Table 4]TABLE 5 | Results for particle analysis.
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Base Repetitions<-3 # Number of repetitions
Additive<- c("A1","A2") # Types A1 and A2

Catalyst<-c("

","C") # Types A, B and C
SynTime<-c(6,8) # Synthesis times

Temperature<-seq(300,450,50) # From 300 to 450 each 50 design<-expand.grid(1:Repetitions, Additive,Catalyst,
SynTime, Temperature)

design

Library AlgDesign  library(AlgDesign)

design<-gen factorial(levels=c(3,2,3,2),

varNames=c("Repetition’,'Additive’,"Catalyst','SynTime", Temperature"))

design
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Parameter Levels

Additive Al and A2
Catalyst ABand C

Synthesis time 6and 8h

Temperature 300 K, 350 K, 400 K, and 450 K
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Neural network having 2 by 2 hidden layers library(neuralnet)
predictivenn<-neuralnet(Size~.,data = design, hidden = c(3,3))

plot(predictivenn)

Linear regression linmodel<-m(Size~., data = design)

summary(modelo)
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Data Catalyst Temperature [K] Average size
1 Al A 573.15 19.358
2 Al A 57315 20234
3 Al A 57315 20355
4 A2 A 57315 24503
5 A2 A 57315 24.306
6 A2 A 573.15 24.439
7 Al B 57315 19.900
8 Al B 57315 19968
9 Al B 57315 19.801
10 A2 B 57315 23,653
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