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1. INTRODUCTION 

Looking at the centuries-old history of the science of catalysis, the hope of fully 

recognising and understanding it seems to be slipping away. Despite today’s technological 

tools, which allow a more detailed study of the phenomenon, the infinite pile of 

accumulated data creates confusion in clear vision. However, artificial intelligence has 

opened new horizons on data transformation into information and into knowledge1.  

Catalyst design is an area in which computational chemistry and machine learning 

techniques lead to outstanding results2.  

My doctoral dissertation aims to emphasize the data-driven catalyst design. The 

objective is to elevate the catalyst basic research results to the next level on the path to 

industrial application by using them in a practice-oriented way.  

My research work is based on two pillars, whose database was built from more 

than 15.000 data points published in scientific literature. The first pillar is the 

establishment of MIRA21 (MIskolc RAnking 2021) model, a functional and practical 

mathematical model of catalyst characterization and exact comparison of each other. The 

second pillar of our research is the application of EDA (Exploratory Data Analysis), which 

refers to preliminary work on predicting catalyst composition through machine learning. 

2. OBJECTIVE OF THE DOCTORAL STUDY 

 

Figure 1 From data to knowledge – schematic of PhD study 
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My doctoral thesis summarizes my research in the field of data-based catalyst 

design and contributes to new methods of catalyst research. The goal is to build a 

hierarchy of data-information-knowledge from the data point through various methods 

and achieve catalyst design strategies in advance (Figure 1). The main objective of catalyst 

design is to optimize catalyst composition through analysing literature and experimental 

data, using various mathematical models and computer software to predict and apply 

catalyst composition. 

During literature research, the structure of specialized literature publications, how 

research results are discussed, and the data content of publications became known. It was 

determined which parameters are useful for extracting information from publications and 

which are appropriate for the characterization of catalysts.  

 The literature contains inconsistent data that are difficult to compare each other 

directly. Since data sets are difficult to handle in this way, in collaboration to the University 

of Miskolc Catalyst Group, a database was created and then standardized with the MIRA21 

model into a single quantifiable data per catalyst. The catalysts have thus become rankable 

and classable. In the next step of information collection, data were cleaned up and 

parameters selected, and the correlation between parameters and factors influencing the 

composition of optimal catalysts were investigated. As the process of exploring data 

analysis continued, data appeared to be very well used by artificial intelligence, especially 

in machine learning. Thus, catalyst design guidelines and machine learning data sets were 

created as a result of data analysis processes before machine learning.  

Throughout my doctoral studies, new knowledge was gained in the field of catalysis 

informatics, which helps to promote the use of artificial intelligence in the design of 

catalysts. Given our considerable accumulation of knowledge on the semantic aspects of 

publications based on human learning, this research also forms a solid basis for utilizing 

the potential of semantic searches. 

3. METHODS 

3.1. MIRA model 

The Miskolc Ranking 2021 (MIRA21) methodology is a multi-step process for 

comparing catalysts employed in a specific reaction and identifying new patterns among 

parameters characterizing catalytic processes. This is a systematic approach to create a 
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simple, general parameter from parameter vectors for the comparison and analysis of 

catalysts data. 

The main purpose of the MIRA21 model is to provide a standard for assessing the 

“goodness” of a catalyst with objective numerical data and to compare and classify it 

accordingly. The classification promotes the efficient selection of appropriate links 

relevant to support the design of a new catalyst or improve existing ones. The comparison 

of special catalysts for a reaction allows the monitoring of trends in research and 

development. Standardization of access data in MIRA21 will also promote accurate and 

consistent data in future publications. 

 The application field of the model has been reduced to catalytic reactions, mainly 

heterogeneous catalytic reactions. This methodology was developed using the 

hydrogenation reaction of aromatic nitrogen compounds. 

3.2. Process of EDA in this study 

 

Figure 2 Process of our exploratory data analysis 

The aim of the study is also to investigate how to obtain conscious data analysis 

from the collection of data guided by chemical intuition and to obtain results suitable for 

the construction of machine learning algorithms. 

Exploratory data analysis (EDA) is the application of several statistical techniques 

aimed at investigating, describing, and summarizing the nature of data3. This allows us to 

identify possible errors, reveal the existence of an outlier, check the relationship between 
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variables (correlations) and their possible redundancy, and conduct a descriptive analysis 

of data using graphical representations and summaries of the most important aspects4. 

EDA of previous catalytic data reveals the exploration of correlations between the 

physicochemical properties and performance of catalysts5–11.  

Data analysis can be described in a multi-step process, as a result of which the 

necessary database is prepared for machine learning and a catalyst design strategy can be 

complied (Figure 2). The EDA was carried out in python programming environment by 

using NumPy, Pandas, Seaborn, and Matplotlib  libraries12–15. 

4. NEW SCIENTIFIC RESULTS 

1. A MATHEMATICAL FRAMEWORK WAS DEVELOPED FOR CHARACTERIZING CATALYSTS BY A SINGLE 

QUANTITATIVE DATA. 

 

Figure T 1 Visualization of MIRA21 number 

As a result of the research MIRA (MIskolc RAnking) model was established, which 

can be used to characterize catalysts described in scientific research using a single 

quantitative data. 13 parameters that can be used to characterize catalyst were 

determined. 13-parameter descriptor system was created, each characterized by 

quantifiable data. The parameters are divided into four groups, namely the variables that 

characterize the performance of the catalyst, the parameters that describe the reaction 

conditions, the properties of catalyst and the sustainability parameters. A mathematical 

procedure was developed that allows easy identification and comparison of catalysts. In 

mathematical procedures, parameters are normalized, then weighted by group, and the 

number of MIRAs is generated using mathematical formulas. Catalysts ranked and 

classified become comparative by the number of MIRAs. 
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Figure T 2 Descriptor system of the model 

2. THE DESCRIPTOR SYSTEM AND THE UNIQUE WEIGHT FACTORS HAVE BEEN REVIEWED ON THE BASIS 

OF WHICH A GENERAL WEIGHT FACTOR HAS BEEN PROPOSED, MAKING BOTH THE RANKING AND 

CLASSIFICATION CLEAR. 

During PhD work, the descriptor system was revised by Exploratory Data Analysis. 

Based on the evaluation, version MIRA23 was created by slightly modifying the MIRA21 

model.  The weighting of all parameters was validated.  

The system is suitable for the characterization of catalysts for hydrogenation of 

nitrobenzene, and it can be applied on any catalytic system based on the test16,17. 

3. MIRA21(23) DATA- AND CATALYST RATING SYSTEM, TOGETHER WITH MACHINE LEARNING, CAN 

BE USED TO CREATE NEW CATALYST DESIGN STRATEGIES. 

The steps taken in doctoral thesis provide a new catalyst design strategy. The first step 

is the application of the MIRA model, then the Exploratory Data Analysis and the 

application Machine Learning methods.   
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Figure T 3 Catalyst design strategy 

4. FOR SPECIFIC ACTIVE METALS, IT IS POSSIBLE TO DETERMINE THE CONCENTRATION RANGE TO 

ACHIEVE A CONVERSION LEVEL HIGHER THAN A CERTAIN LEVEL.  

Based on the examination of the parameter system of the developed multivariate 

method, chemical information was produced with the help of Exploratory Data Analysis. 

In the analysis of joint plots, groups of different compositions and performance 

characteristics can be distinguished depending on the composition of the catalyst. Based 

on Figure T4, in case of iron active component, a conversion of more than 70% can be 

achieved at a concentration of 20-22%. 
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Figure T 4 Joint plot of Active component concentration (M12 w/w%) and Conversion classified by catalyst 
active component(M1) 

5. IN CATALYST RESEARCH, SUSTAINABILITY PARAMETERS WERE FIRST DEFINED AS DESCRIPTOR 

INDICATORS OF CATALYSTS USING MATHEMATICAL PROCEDURES. 

Table T 1 Sustainability parameters 
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11. STAB Stability - 

From 0 to n, where 0 is no information about 
stability, 1 means that the stability was 
investigated, 2,3… the number of cycles until 
the conversion remains above 90% 

12. 

G
re

en
n

es
s 

Toxicity - 
Rank of the active component according to 
toxicity18 

Endangered elements - 
Rank of the active component according to 
endangered element scenario18 

Life cycle assessment - 
Rank of the elements according to life cycle 
assessment18 

13. PR Price euro/g 
Price is of 1 gram catalyst according to the 
active component concentration in euro 
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5. SUMMARY 

JOURNEYING FROM TRADITIONAL LITERATURE RESEARCH TO MACHINE LEARNING 

The phrase best summarizes the last four years of my travel during my doctoral 

work. My doctoral research commenced with the development of aromatic nitro 

compounds catalytic hydrogenation processes and the exploration of corresponding 

hydrogenation catalysts. Among the traditional literature research, numerous inquiries 

arose, leading to the initiation of data collection. 

The process of data collection evolved into a comprehensive catalyst database. 

Data comparison transformed into the MIRA (Miskolc Ranking) model, while data analysis 

transitioned an Exploratory Data Analysis. Subsequently, data utilization progressed into 

Machine Learning. 

The catalyst database currently contains over 15,000 data points, inclusive 450 

distinct catalyst combinations and experimental hydrogenation tests on aromatic 

nitrogen compounds. This extensive catalyst library comprises scientific sources and their 

quality, publication dates, the composition of the catalyst, and the parameters that 

characterize the catalyst. 

These parameters, along with the database itself, are the basis of the MIRA model. 

Miskolc Ranking methodology embodies a multi-step approach for identifying novel 

patterns, potentially useful and interpreted in data collected for the selected catalytic 

reaction. This functional and practical mathematical framework aids in precise catalyst 

characterization and comparison. Employing a 15-parameter system, catalysts were 

characterized via model, the data was standardized and weighed, and then created a single 

quantifiable data using mathematical formulas. The catalysts were ranked and classified 

according to the MIRA number obtained so far to facilitate comparison. This model 

extends to catalysts used in hydrogenation reactions of nitrobenzene and dinitrotoluene.  

A comprehensive review of the model was carried out through Exploratory Data 

Analysis. The data set was examined, carried out data cleaning and data filtering. Based 

on correlation analysis, modifications were made to the model, and an expanded database 

was established for validation. Using the MIRA model, best catalyst combinations were 

determined. Exploratory data analysis also produced additional chemical insights, 

revealing patterns within parameters pairs and catalyst compositions. Completed data 



A DATA-DRIVEN MODELLING APPROACH FOR HETEROGENEOUS CATALYSIS RESEARCH     ALEXANDRA JAKAB-NA CSA 

 

9 
 

sets have been transferred to machine learning applications and form training and testing 

sets for various parameter predictions. 

In essence, extracting valuable chemical information from data leads to profound 

acquisition of knowledge. Personally, this journey has provided knowledge of multivariate 

data analysis and promoted understanding of artificial intelligence applications, thus 

enriching my knowledge of catalyst hydrogenation of aromatic nitro compounds.  

Furthermore, my doctoral research has led to fruitful results. The establishment of 

MIRA highlighted the shortcomings of contemporary publishing practices. As a result, 

members of the Institute of Chemistry have aligned themselves with the standard MIRA 

descriptor systems in their publications. 

The MIRA model also extends to a successful method of literature research, 

validated through education implementation. University students use the system t 

identify process weaknesses, which leads to valuable insight into the application of the 

model. Work is currently underway to use this model for the data base of methanol 

production from carbon dioxide.  

Cooperation between the Institute of Chemistry and computer scientists aims to 

exploit artificial intelligence for chemical applications.   I look forward to the continuation 

of this collaborative effort. 

Overall, my work summarizes the latest research findings and introduces novel 

catalyst design approach, based on data-driven research. It also provides tools for the 

development of industrial catalysts, bridges the gap between the results of scientific 

research and the practical application through the MIRA model. The consideration of 

sustainability parameters clearly shifts catalyst qualification towards application. This 

work serves as an example of data analysis and the integration of artificial intelligence to 

optimize industrial processes. 
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tartozom mindaze rt, amit e rtem tettek. Az o  segí tse gu k ne lku l jo val bonyolultabb lett 

volna az utam. 

Ve gu l, de nem utolso sorban, ha la val tartozom a Technolo giai Ta mogata s o sszes 

munkata rsa nak, akik rugalmas egyu ttmu ko de su kkel, ke szse ges segí tse gu kkel e s 

hozza e rte su kkel hozza ja rultak a sikeres eredme nyek ele re se hez.  

Ha la san ko szo no m Purzsa Tama s Vice President U rnak, hogy leheto ve  tette 

sza momra, hogy elkezdhessem Ph.D. ke pze semet munka m mellett.  
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studies. 
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