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Abstract

Thermogravimetric analysis (TGA) is a characterization technique routinely used in materials science. In this
particular case, TGA determines the variation of weight with temperature. The thermogravimetric analysis of
cellulose acetate (CA) hybrid membranes can provide very similar results, despite their different chemical
composition. The present study uses machine learning algorithms to try to correlate data from thermogravimetric
analyses with variations in chemical composition. Experimental points relating to temperature and weight from
these analyses were treated in different ways and used to estimate the composition of the membranes. The Extra-
Trees Classifier, Random Forest, Decision Tree, and K-Nearest Neighbors (KNN) algorithms were applied to this
data and then evaluated using a confusion and accuracy matrix. The decision tree-based algorithms demonstrated
a superior capacity for estimating the composition, albeit with negligible disparities in the thermogravimetric
profile. The Extra-Trees Classifier algorithm, in particular, stood out for its ability to estimate composition in all
tests, achieving 90% accuracy.
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Resumo

A andlise termogravimétrica (TGA) é uma técnica de caracterizacdo rotineiramente utilizada na ciéncia dos
materiais. Neste caso particular, a TGA determina a variacdo de massa com a temperatura. A anilise
termogravimétrica das membranas hibridas de acetato de celulose (CA) pode fornecer resultados muito
semelhantes, apesar de sua composicio quimica diferente. O presente estudo utiliza algoritmos de aprendizado de
maquina para tentar correlacionar dados de andlises termogravimétricas com variacées na composicdo quimica.
Pontos experimentais relacionados & temperatura e massa dessas andlises foram tratados de diferentes maneiras e
utilizados para estimar a composicio das membranas. Os algoritmos Extra-Trees Classifier, Random Forest, Decision
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Tree e K-Nearest Neighbors (KNN) foram aplicados a esses dados e, em seguida, avaliados usando uma matriz de
confusio e de acuracia. Os algoritmos baseados em drvore de decisdo mostraram habilidade superior na estimativa
da composicdo, com diferencas menores no perfil termogravimétrico. O algoritmo Extra-Trees Classifier, em
particular, destacou-se por sua habilidade em estimar a composicdo em todos os testes, atingindo 90% de acurécia.

Palavras-chave

Membranas hibridas de acetato de celulose e Andlise termogravimétrica (TG) e Aprendizado de maquina

1 Introduction

Materials science is an interdisciplinary field that integrates chemistry, physics, and various fields of engineering.
However, in recent years, a new area of expertise has emerged: machine learning. As a subfield of artificial
intelligence, machine learning aims to equip computers with the ability to learn and solve problems through data
[1]. Researchers have since been exploring the potential of this intersection between materials science and machine
learning, particularly in the development of advanced materials. One parameter that evidences this trend is the
growth in publications linking the two fields in the last decade. From 2014 to 2019, the number of publications per
year increased from fewer than 100 to nearly 700 [2].

Regarding the real impact that machine learning has had on the field of materials science, it has been
instrumental in addressing significant challenges, such as synthesizing and processing unprecedented materials
with innovative properties [2]. With numerous options for compositions and synthesis methods, achieving an
optimized structure has always been a significant challenge. The experimental process of producing a material is
costly, making it impractical to synthesize and characterize it indiscriminately. Finding an optimal composition
and synthesis method to create a material often leads to many unsuccessful attempts, as observed in "The Open
Membrane Database,” which features numerous unsuitable materials for the desired application [3]. However, what
was once a challenge is now accessible and advantageous with the aid of machine learning algorithms.

With the advancement of machine learning in the field of materials science, sophisticated algorithms facilitate
simulations focused on material composition, molecular structure, property prediction, and material
characterization [2]. This possibility has led to a growing number of studies that use machine learning algorithms
to predict the final properties of materials even before their synthesis [4][5][6]. Not only has the process of producing
unprecedented materials benefited from this computational tool, but also the characterization of materials. Morgan
and Jacobs [2] discuss the impact that machine learning has had on traditional characterization techniques such as
scanning electron microscopy (SEM) and X-ray diffraction, assisting in the analysis, processing, and classification
of experimental data. In this context, thermogravimetric analysis (TGA), an extensively employed technique in
material characterization, appears to be underutilized in the literature. TGA is a method of analyzing thermal
degradation curves that relates analysis temperature points and material weight loss, presenting thermal
degradation profiles for different materials.

Cellulose acetate membranes are materials of significant importance in industrial applications and the scientific
community, encompassing various uses, including seawater desalination, wastewater treatment, and the
incorporation of technologies in the pharmaceutical industry. Using cellulose acetate instead of other polymers for
membrane synthesis can bring about improved characteristics in the material, such as low toxicity, low production
cost, and biodegradability. Chemical modifications in cellulose acetate membranes, making them hybrid, have
altered crucial properties such as anti-scaling characteristics and increased permeability, overcoming some of the
challenges encountered in their application [7][8].

This study aims to investigate the data obtained from thermal analyses of hybrid cellulose acetate membranes
synthesized by Ferreira [9] by employing machine learning algorithms. The objective is to develop a classification
model for the thermogravimetric profile of both pure cellulose acetate membranes and their hybrid counterparts,
which exhibit limited differentiation in thermal behavior as a result of variations in the final composition of the
material. This preliminary investigation has significant potential for application in the synthesis of cellulose acetate-
derived materials, as the ability of machine learning algorithms to classify and identify subtle differences in the
thermogravimetric profile of these materials is compared. Random Forest, Extra-Trees Classifier, Decision Tree,
and K-Nearest Neighbor are the algorithms compared in this study, owing to their high capacity for supervised
classification.
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2 Materials and methods

2.1 Experimental data

The experimental data used in this study were obtained from the synthesis and characterization study by Ferreira
[10], which focused on the production of new polymeric structures with a fixed composition of 95% (w/w) cellulose
acetate and 3.5% (w/w) available for chemical modification with organometallic precursors, namely tetraethyl
orthosilicate (TEOS) and 3-aminopropyltriethoxysilane (APTES). The titanium isopropoxide precursor (TiPOT)
was fixed in all hybrid membranes, representing 1.5% (w/w) of the final composition. Table 1 presents a summary
of the chemical composition explored by Ferreira [10], highlighting the percentage variation of the organometallics
TEOS and APTES, which were incorporated into the membrane matrix to produce the silica portion. Details of the
synthesis and characterization protocols can be found in previous works [7, 10]. The membranes were thermally
characterized using thermogravimetric analysis in the temperature range of 30°C to 600°C and a heating rate (3) of
5°C/min. The analysis was performed with a continuous flow of 20 mL/min of nitrogen and an approximate weight
of 6 mg. This technique was carried out in the Biomaterials Laboratory, IPRJ/UERJ, using the Simultaneous
Thermal Analyzer STA 6000, Perkin Elmer. Weight loss-temperature points were generated for each composition.

Table 1: Composition of the evaluated cellulose acetate hybrid membranes

Composition AC-PURO B100/0/30 B75/25/30 B 50/50/30

TEOS (%) 0 100 75 50
APTES (%) 0 0 25 50
TiPOT (%) 0 30 30 30

2.2 Organization of experimental data

To evaluate the effectiveness of machine learning algorithms in identifying subtle differences in the
thermogravimetric profile and classifying them, a total of 5,292 data points were obtained from thermal analysis by
recording the scanning temperature ratio and weight loss for pure cellulose acetate membranes and the new hybrid
membranes, as shown in Table 1. The experimental data were sorted and grouped based on the temperature range
to which each membrane was subjected: 30 to 600 °C, 30 to 450 °C, and 250 to 450 °C.

2.3 Development and comparison of classification models

The Python programming language was used to implement the machine learning algorithms and assess the
experimental data points for the temperature-loss weight relationship for each membrane. For the data analysis,
the following supervised machine learning algorithms were employed:

« Decision Tree, Random Forest, and Extra-Trees Classifier are based on decision tree. The primary differences are
the number of trees generated and the level of randomness in the creation of nodes, which are parameters used to
split and classify objects. In Decision Tree, only one tree is produced, in Random Forest, several trees (with some
degree of randomness in the nodes) are created, and in Extra-Trees Classifier, several trees (with a high degree of
randomness in the nodes) are generated [11][12][13].

» K-Nearest Neighbors (KNN): This model organizes points or objects in a specific space and classifies them based
on their proximity. [14].

The classification models were evaluated based on the determination of accuracy, which is defined by Eq. (1).
The accuracy of the model represents the ratio of the sum of all temperature-weight points classified correctly
(TWPC) to the sum of all temperature-weight points (both correctly (TWPC) and incorrectly (TWPI) classified).
Each of the six hybrid membranes studied has its respective TWPC and TWPI. As this is a multiclass accuracy, the
confusion matrix was used to observe possible influences of specific classes on the final accuracy of the model.

n
S, TWPC
Y, TWPC+ ¥ TWPI

accuracy =

(€]
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The training and performance testing of the models followed the steps outlined below:

(i) Treatment and organization of the experimental data;

(i) Random division of temperature-weight points into training points (70%) and test points (30%);

(iii) Training the models using the training temperature-weight points group;

(iv) Classification of the points reserved for testing their respective membranes;

(v) Evaluation of the models by calculating accuracy, based on the prediction of the classification and the real
classification of the thermogravimetric profile;

(vi) Calculation of the confusion matrix to analyze multiclass classifications.

3 Results and discussion

To identify the unique thermodegradation profiles for each evaluated composition of cellulose acetate hybrid
membranes, machine learning approaches were employed. The dataset of temperature and weight loss values
provided by [9] for each membrane was considered intrinsic characteristics of the respective membranes. This
dataset underwent various treatments and was subsequently organized into three temperature range groups for
evaluation in machine learning algorithms. This section presents the results of the implementation of the
classification models and their respective validation.

The thermogravimetric profile of pure cellulose acetate and hybrid membranes displays a similar and well-
known profile from the literature [9], as depicted in Fig. 1. The thermogravimetry (TG) curve for each studied
membrane shows three characteristic stages of weight loss, with the last one being the most intense, as it is closely
related to the final degradation of the polymer chain. In the first stage, below 100 °C, the loss is related to residual
water or volatiles from the material production process. In the second stage, at approximately 125 to 225 °C, there
is a loss of functional groups and breakage of important bonds for the polymer structure. This temperature range is
the primary degradation stage of the cellulose structure. In the range of 290 °C to 360 °C, there is an intense loss of
compound weight, referred to as the third stage, where the sample is in an advanced degradation state, and most of
the weight loss is attributed to charred fragments of the chain main.

Initially, the experimental data was evaluated without treatment, i.e., all points provided by the thermal analysis
equipment were used (raw data). The points were randomly divided into test data (30%) and training data (70%).
The information from this stage of organization of the experimental data is presented in Fig. 2, where the points
reserved for training and testing are displayed in their respective temperature ranges of analysis of the cellulose
acetate samples.
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Temperature °C

Figure 1: TG curves for the pure cellulose acetate membrane and for the hybrid cellulose acetate membranes.

Vetor, Rio Grande, vol. 33, no. 1, pp. 51-59, 2023 54



Machine Learning — TGA Profile for Hybrid Membranes Santos et al.

5292 =
mmm All points

5000 mmm Reserved points for training
Reserved test points

3705

3183

3000

2229

Number of points

2000 1774
1587

1227

1000 ==t
547

Data 30-600°C Data 30-450 Data 250-450°C

Figure 2: Organization of experimental data according to organized temperature ranges and number of points
reserved for training and testing.

In order to improve data analysis, different treatments were applied to the experimental data. For the first
treatment, all experimental points in the range of 30 to 600 °C were used for all membranes. However, to facilitate
the observation of the most relevant points, an algorithm was used to capture temperature/weight points with a
reduction of at least 1% of the total weight for each sample analyzed. After observing the thermogravimetric profile
of each membrane, the dataset related to the temperature analysis range of 30 to 450 °C was selected. The resulting
data was then divided into training and testing data sets, as shown in Fig. 2.

The third data treatment was performed on the most important degradation range for cellulose acetate
membranes, which occurs between 250 to 450 °C. In this range, the third stage of degradation occurs. The selected
data points for observation of temperature/weight were distributed to facilitate the visualization of important
points. Due to the limited temperature range, a new algorithm was used to select points where the weight variation
is above 0.5%, as demonstrated in Fig. 4. After observing the thermogravimetric profile of each membrane, the
dataset related to the temperature analysis range of 250 to 450 °C was selected and divided into training and testing
data sets, as shown in Fig. 2.
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Figure 3: TG curves for the pure cellulose acetate membrane and for the hybrid cellulose acetate membranes, only
with points with weight loss equal to or greater than 1%, in the temperature range from 30 to 450°C.
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Figure 4: TG curves for pure cellulose acetate membrane and for hybrid cellulose acetate membranes, only with
points with weight loss equal to or greater than 0.5% in the temperature range 250 to 450 °C.

3.1 Application and validation of machine learning algorithms

The machine learning algorithms selected for comparison in this study, namely Random Forest, Extra-Trees
Classifier, Decision Tree, and K-Nearest Neighbor, were applied to the three treated and organized datasets. For
better visualization, the three groups are presented in Figure 5, which highlights the evaluated temperature range.

All temperature-weight points obtained from the equipment for each membrane were considered as intrinsic
features. The points reserved for training were used to adjust the classification model, where the algorithm was
employed to identify patterns related to each thermogravimetric profile of a specific chemical composition.

With the implemented models, the set of points reserved for testing was used to determine the accuracy of each
algorithm in classifying the experimental points (temperature-weight data) from the thermogravimetric analysis of
cellulose acetate membranes. The accuracy of each algorithm was measured by the number of temperature-weight
points that the model correctly related to a membrane composition. Details on prediction errors and correct
predictions are presented in the confusion matrix shown in Figure 6. The Extra-Trees Classifier model is highlighted
due to its superior accuracy in all data groups. The matrix reveals the greatest difficulty in classifying the B 50/50/30
and B 75/25/30 membranes, which can be better understood by evaluating the degradation profile of these
membranes in relation to temperature, where a great similarity in thermal behavior is observed for these two
samples. However, even with a lower classification accuracy, the algorithm correctly classified approximately 80%
of the B 50/50/30 and B 75/25/30 membranes.
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Figure 5: Treatment and organization of experimental data into three groups, according to the temperature range
to which the samples were exposed.
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The percentage of prediction successes and errors were also determined to calculate the accuracy of the
algorithms in classifying the thermal degradation profiles of the membranes. Additionally, the impact of data
treatment on the accuracy of the algorithms was evaluated. The results are presented in Figure 7.

The data points organized in the 250 to 450 °C range obtained the highest accuracy in most tests, making it the
most favorable range for model implementation. The Extra-Trees Classifier algorithm achieved the highest accuracy
in this range, with a precision of 90% after model training. The Random Forest algorithm obtained the second-best
result, with 84% accuracy. The Decision Tree algorithm achieved 84% accuracy, which is its second-best result.

When considering the raw data contained between 30 and 600 °C, it was observed that this range is the second
most efficient for algorithm application. The Extra-Trees Classifier model was the most accurate, with 87% accuracy,
followed by Random Forest, with 83% accuracy. The Decision Tree model obtained its best result in this temperature
range, with 81% accuracy.

Finally, the least efficient range for analyzing and classifying the thermal degradation behavior of the
membranes was found to be the range containing points between 30 to 450 °C. Despite this, the Extra-Trees
Classifier algorithm still delivered the best model, with 84% accuracy, followed by Random Forest (78%) and
Decision Tree (75%).

Real membranes

- 100

Prediction

Figure 6: Confusion matrix showing predictions of the Extra-Trees Classifier model when fed with data treated
between 250 and 450 °C. AC - PURE (0), B 0/100/30 (1), B 25/75/30 (2), B 50/50/30 (3), B 75/25/30 (4), B 100/
0/30 (5).
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Figure 7: Accuracy of machine learning models in classifying temperature/weight points in specific
temperature ranges.
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Comparison of accuracy shows that the Extra-Trees Classifier algorithm was the most efficient in learning
patterns and classifying profiles according to the evaluated composition. This model achieved an accuracy of 90%
when fed with data in the range of 250 to 450 °C. The fact that this treatment achieved the best accuracy may be
related to the associated thermal degradation stage, the third, considered to be the stage with the greatest impact
on weight loss for cellulose acetate-derived compounds. The Random Forest algorithm was the second-best for TG
data analysis of the membranes, achieving its best accuracy when fed with data from 250 to 450 °C. The Decision
Tree algorithm was the third-best, and unlike the Extra-Trees Classifier and Random Forest algorithms, achieved
higher accuracy when fed with raw data (temperature range of 30 to 600 °C). The KNN model, which is capable of
classifying objects according to their location in a space, and which would initially seem interesting for TG points
on a Cartesian plane, did not obtain good accuracy in the classification of hybrid membranes. This is probably due
to different membranes having very similar temperature-weight points, which can cause confusion in the KNN
clustering classification.

Observing the influence of chemical composition on the thermal decomposition profile of synthesized
membranes and especially verifying the effect of the insertion of organometallic compounds in an efficient and
automated way can optimize the synthesis work for new compositions, facilitating the verification of each batch
according to the desired theoretical composition. This preliminary study shows a promising approach for the
application of machine learning methods in the process of classifying cellulose acetate membranes, as well as their
hybrid derivatives, which present an almost indistinguishable thermogravimetric profile.

4 Conclusions

This study applies machine learning approaches to an experimental dataset that investigates the compositional
variation of hybrid cellulose acetate membranes resulting from the incorporation of organometallic compounds,
with a focus on enhancing their physical and chemical properties. By utilizing different algorithms, it becomes
possible to assess and identify the thermogravimetric profile for similar thermogravimetry curves, but with different
compositions. This dataset knowledge enables, particularly for decision tree-based algorithms, a classification
model for this thermal profile in accordance with the intrinsic thermal decomposition curve of the cellulose acetate
membranes, whether pure or hybrid. The decision tree models prove to be highly efficient. With the Decision Tree,
Random Forest, and Extra-Trees Classifier algorithms, the models could accurately classify 84%, 87%, and 90% of
the test points, respectively. Among the explored dataset, the Extra-Trees Classifier model is remarkable,
demonstrating a promising path for evaluating and classifying future thermal analyses, enabling the identification
of compositional variations in a faster and more efficient way.
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