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biodiesel research. However, in order for biodiesel to meet the
prescribed standards, it must first fulfil the proportion of fatty acid
methyl esters (FAME) in its composition. Among several possible
methods for the determination of FAME, the standard prescribes
the use of gas chromatography (GC). The aim of this study was to
provide an overview of the international literature dealing with
this topic over the last five years. To achieve this goal, a search of
the Web of Science database (WoS) was carried out, followed by
a bibliometric analysis in the VOSviewer software. The analysis
included 99 studies published over the last five years. The main
authors, countries, institutions, journals and keywords were
identified to highlight important contributions in the field. The
scientific mapping revealed collaborative networks and research
focus areas such as analysis, catalysts, conversion, yield, biomass,
but also biodiesel production itself. The review showed that this
research is carried out by scientists from different scientific
categories linked by this highly topical issue in total link strength
of 273.

KEY CONTRIBUTION

Biodiesel is the first alternative fuel whose
physicochemical characteristics are governed by
suitable standards. Minimum percentage of fatty
acid methyl esters in biodiesel needs to be 96.5%
according to EN 14214 standard. The method
prescribed by the standard for the fatty acid
methyl analysis is gas chromatography. This study
provides the first bibliometric overview of the use
of gas chromatography analysis in the field of fatty
acid methyl esters from biodiesel based on
literature data from the WoS CC database
published from 2019 to 2023.
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Introduction

Fossil fuels have been the primary source of energy since their discovery, and energy is regarded as one
of the most crucial resources for maintaining a nation's economic prosperity. Researchers are searching
for alternative, affordable, sustainable, renewable, and efficient energy sources as a result of
environmental issues brought on by fuel burning, price increases, and the depletion of natural energy
sources like fuel reserves (Mathew et al., 2021; Ragonese et al., 2009). Biodiesel is one of the most
significant substitutes for fossil fuels. It is the first alternative fuel whose physicochemical characteristics
are governed by suitable standards, specifically American ASTM D 6751 and European EN 14214
(EN 14214, 2019; Ostojcic et al., 2020). Biodiesel is a mixture of fatty acid methyl (FAME) or ethyl esters
(FAEE) and is produced from biological materials such as vegetable oils (soybean, rapeseed, sunflower,
palm and coconut oil), waste cooking oils, non-edible oils, animal fats, microalgae as well as plant and
waste products (Adewale et al., 2015; Gopinath et al., 2015; Gupta et al., 2016; Kim et al., 2022; Ramos
etal., 2019; Suzihaque et al., 2022; Toldra-Reig et al., 2020). Minimum percentage of FAME in biodiesel
needs to be 96.5% according to EN 14214 standard (EN 14214, 2019). Additionally, figuring out FAME in
biodiesel is crucial for the production and blending process as well as for quality assurance in distribution
operations (Sitko et al., 2011). Although FAME can be determined by different methods such as X-ray
(Sitko et al., 2011), nuclear magnetic resonance (Knothe and Kenar, 2004; Mello et al., 2008) or FTIR
spectroscopy (Oyerinde and Bello, 2016; Rabelo et al., 2015; Torres et al., 2020), as well as by
radiocarbon analyses (Norton et al., 2012) and from dynamic viscosity measurements (Borges et al.,
2011), the most commonly used, but also the method prescribed by the standard, is gas chromatography
(GC). Modern GC, first developed by Martin and James in 1952, has since evolved into one of the most
essential and widely used analytical methods in contemporary chemistry (Bartle and Myers, 2002). GC
is an analytical technique for the separation and analysis of volatile compounds that is commonly applied
in chemical analysis, quality control, and research, playing a crucial role in various industries such as
pharmaceuticals, petrochemicals, and forensics (Fauzi et al., 2017; Kaur and Sharma, 2018; Maji et al.,
2023). The aim of this study was to carry out bibliometric analysis for exploring the application of GCin
biodiesel analysis. Bibliometric analysis is implemented due to the several key considerations. First, it
facilitates a systematic exploration of scientific literature, providing quantitative insights into research
trends, key topics, and leading authors in the field. This is particularly significant for biodiesel analysis,
where GC plays a central role, yet a comprehensive overview of existing research remains lacking.
Second, this method enables the identification of research gaps and emerging directions, which is
especially important given the dynamic advancements in technologies for biodiesel analysis and the
growing demand for sustainable fuels. Finally, bibliometric analysis offers an objective foundation for
evaluating the impact of GC within this interdisciplinary field. As such, this approach not only delivers a
holistic overview of existing knowledge, but also serves as a guide for future research.

To achieve this goal, a search of the Web of Science Core Collection (WoS CC) and study selection was
first carried out, followed by a bibliometric analysis in VOSviewer. The analysis focused on last five years,
highly cited papers, prominent journals and authors, as well as relevant research areas.

Data sources and research methodology

Data sources
The data were sourced from the WoS CC. In the WoS CC database, a search was conducted using subject
terms with the time frame set from 2019 to 2023. The search formula employed was through Topic filed
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using the BOOLEAN expression (keywords “Gas chromatography” OR “Gas-chromatography” OR GC for
studies that also include keywords “Fatty Acid Methyl Esters” OR FAME). This search yielded a total of
124 studies. The search was further refined by limiting the source type to Article, Review Article,
Proceeding Paper, Data Paper or Book Chapter. After a subsequent screening process, 99 studies were
identified as eligible for bibliometric analysis. In this screening process, the abstracts of the papers were
reviewed, and only those relevant to this research were selected.

Research methodology

The articles obtained from WoS CC were imported into VOSviewer (1.6.19) to apply the bibliometric
analysis. Since VOSviewer focuses on the analysis of keywords and citations, it is suitable for determining
the intellectual structure of a subject area and important research topics (Pratama et al., 2024).
Bibliometric is the study and analysis of published scientific literature or related data, as well as the
statistics and description of the relationships between published studies. The bibliometric software
VosViewer, which was used in this study, is ideally suited for the creation and visualization of
bibliometric maps. These maps can be created to visualize author or journal networks based on
co-citation data or keyword networks based on coincidence data. This program enables the creation of
comprehensive bibliometric maps down to the smallest detail. First, the number of studies in the
encompassed period was analyzed, then the type of the studies and the category they cover. Then an
analysis of the author's review of scientific collaboration was carried out by country, institution, journal
and, finally, by keywords. It was examined how the application of GC in the research of biodiesel (FAME)
has connected scientists from different fields and different institutions in different countries over the
last five years and what has been the focus of this research.

Results and discussion

Analysis of publication outcome: study trends and publication types

Data on published scientific studies by year are crucial for tracking the development of biodiesel
research, identifying emerging topics in biofuel production, and evaluating the impact and quality of
publications in this field. These data enable the analysis of progress trends in biodiesel technologies,
facilitate comparisons across different subfields of bioenergy, and provide insights into the evolution of
research methodologies. Furthermore, they support strategic decision-making related to funding
allocations and guide the direction of future biodiesel-related research. According to Sales et al. (2022)
there has been a discernible increase in the number of publications on the production of biodiesel, with
a notable increase in the number of publications pertaining to feedstocks for biodiesel production in
2021 compared to prior years. In this study, there were 99 relevant studies related to the analysis of
FAME with GC in the last five years. These studies were included in the bibliometric analysis. Figure 1
shows the number of published studies per year, revealing that in years 2019 and 2020 the most studies
were published, 24 and 23, respectively. The figure shows a slight decline after two years, and the same
was reported by Pratama et al. (2024), explaining this as presumably due to the indirect impact of the
Covid-19 pandemic. After 2020, a slight decline is seen in the publications on this topic, with the fewest
of 12 studies published in the last year examined, 2023.

After reviewing the publication of studies by year, the aim was to analyse the types of studies. Data on
the types of published studies over a specific period are important because they allow for the analysis
of research trends and focuses within particular disciplines. Different types of papers, such as original
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research, reviews, methodological articles, or reports, can indicate specific directions in the scientific
community.

Number of studies
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2023 I 12

2022 I 20

Year

2021 1 120
2020 23

2019 —— 24

Figure 1. Number of published studies per year.

These data also help assess the quality of research, as different paper types have varying levels of impact
and expertise. According to Figure 2, out of the 99 published studies that were analysed, 95% are articles,
3% are proceeding papers and 1% are book chapters and data papers. According to the literature, some
other bibliometric analyses related to biodiesel also had the most original scientific papers in their
structure (Kusuma et al., 2024; Rajeswari et al., 2023). An increase in the number of original research
papers on FAME over a specific period may indicate a growing emphasis on practical innovations, new
experimental approaches, or the exploration of under-researched areas within the field. This trend often
reflects an active and dynamic research environment where scientists are extending the boundaries of
existing knowledge by introducing novel contributions. Such a rise in original research can also signal
important advancements in biodiesel production technologies, feedstock utilization, and sustainability,
and it highlights a shift toward addressing real-world challenges in biofuel development.

Article
95%

Proceeding
Paper

Figure 2. Study types.

The number of scientific fields, that a particular topic covers, provides valuable insight into its
interdisciplinary nature and potential for broader impact. When a topic spans multiple area, it often
reflects complex, multifaceted research that draws on diverse methodologies and expertise. This can
drive innovation by integrating knowledge from various disciplines, leading to novel solutions and
insights that may not emerge within a single field. Here, the 99 published studies covered as many as
24 WoS categories/areas, showing that research on the application of GC in FAME analysis is conducted
by scientists from different fields that are interconnected. Figure 3 shows the WoS categories and the

51



Croat. J. Food Sci. Technol. (2025) 17 (1) 48 - 62

representation of the analysed studies in each of them. Some publications are due to their
interdisciplinary approach listed in more than one category. It can be seen that most articles were
published in the area of energy fuels, followed by engineering chemicals and environmental sciences.
These scientific fields have proven to be the most significant in other bibliometric analyses of biodiesel
(Biberci, 2023; Pratama et al., 2024; Sales et al., 2022). Interdisciplinary research in the analysis of FAME
is often associated with higher citation rates, because it draws attention from a wider academic
audience. Topics that span multiple scientific areas, such as chemistry, environmental science, and
engineering, foster collaborations and increase visibility across various research communities. These
collaborations often lead to breakthroughs that would be difficult to achieve within the confines of a
single discipline. In the context of FAME analysis, such interdisciplinary efforts are essential for
advancing both theoretical knowledge and practical applications, such as the improvement of biodiesel
production, analysis of, processes and the enhancement of sustainability practices. The range of
scientific fields involved is an indicator of the complexity, innovation potential, and cross-disciplinary
relevance of the research, which plays a crucial role in driving progress in biofuel technology and its
broader applications in energy and environmental sectors.
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Figure 3. Distribution of studies by Web of Science categories.

Science mapping: social cooperation

Collaboration between researchers from different organizations and countries is essential for biodiesel
research due to the interdisciplinary nature of the field. It brings together diverse expertise in areas like
chemistry, environmental science, and policy, leading to solutions that are more comprehensive.
Additionally, access to varied resources such as raw materials, technologies, and research facilities
enhances the quality and scope of the research. Global collaboration also ensures that research
considers regional differences in feedstocks, production processes, and regulatory frameworks,
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accelerating innovation and ensuring sustainability across different contexts. A relevant research paper
that supports the importance of international collaboration in biodiesel research is published by Sales
et al. (2022). This study highlights the global engagement in biodiesel research, emphasizing the
contributions of key countries such as China, Malaysia, and India. It also notes how collaboration across
borders enhances the development of biodiesel technologies by pooling resources, expertise, and
knowledge from diverse regions to address challenges such as feedstock sustainability and production
efficiency. In bibliometric analysis, the collaboration between authors can be represented through
co-authorship networks, where authors are connected based on joint publications. The frequency of
citations between authors also indicates intellectual collaboration, as it shows how often they refer to
each other's work. Additionally, the analysis of institutional and international collaboration, through
mapping authors' affiliations, highlights cross-institutional and global research partnerships. Keyword
and subject overlap also illustrate collaboration in specific research domains. These relationships can be
visualized in network maps, revealing the strength and breadth of author collaboration.

Authors

By visualizing author collaboration, the ten most significant authors were filtered out, with the number
of published studies and total link strength shown in Table 1. It was found that Ahmad Mushtaq and
Zafar Muhammad play the leading role in this research with 6 and 5 published studies respectively. The
other authors had four or less published studies.

Table 1. List of ten most significant authors in the examined research area.

Author Number of publications Total link strength
Ahmad, Mushtaq 6 47
Zafar, Muhammad 5 36

Show, Pau Loke 4 33
Rozina 4 28
Sultana, Shazia 3 29
Munir, Mamoona 3 31
Asif, Saira 2 23
Bokhari, Awais 2 23
Saeed, Muhammad 2 19
Waseem, Amir 2 19

Out of 99 studies analysed, there were 466 authors with at least one published study. These 466 authors
were divided into six clusters with 229 links and a total link strength of 273. The visualization shows over
40 authors that have achieved the greatest collaboration (Figure 4).

Countries

International collaboration among countries and institutions with varying agricultural and technological
capabilities brings unique perspectives. This helps them to overcome challenges such as feedstock
scarcity, technological limitations, and regulatory barriers (Sales et al., 2022). Sharing knowledge and
best practices across borders fosters global innovation, speeds up the research process, and enhances
the transition to more sustainable biodiesel production. Out of the 99 studies analysed, 37 countries
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were visualized with at least one study per country. These countries are divided into seven clusters
(Figure 5) with 64 links and a total link strength of 95.
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Figure 4. Co-authorship analysis with authors as the units of analysis.
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Figure 5. Cooperation analysis with country as the unit of analysis.

Figure 6 shows the number of studies published for each country, where some studies are connected to
several countries, because the authors of the same study are from different countries. According to
Figures 6 and 7, the leading country was India with 26 publications in the analysed period, followed by
Malaysia, Pakistan and China with 11 publications, and Saudi Arabia and USA with 10. Other countries
had six or less publications. The largest number of countries, 15 of them, had only one publication each.
As already mentioned, the global engagement in biodiesel research emphasized the contributions of key
countries such as China, Malaysia, and India (Sales et al., 2022). These countries are also mentioned in
other bibliometric analyses of biodiesel, but in a different order. So Sales et al. (2022) highlighted the
four most prolific countries in the area of feedstocks for biodiesel production as follows: China, Malaysia,
India, USA. On the other hand, Pratama et al. (2024) in green diesel production for energy sustainability
showed a somewhat different sequence: USA, China, Malaysia, India. All this shows that these countries
are real leaders in biodiesel topic, it just depends on which aspect of biodiesel the publications look at
(Biberci, 2023; Kombe, 2023; Rajeswari et al., 2023). According to Figures 5 and 6, it is evident that India
had the greatest significance in the examined research according to the number of publications. India
has a prominent presence in biodiesel research due to several factors, including its large agricultural
sector, significant feedstock availability, and a national focus on energy sustainability (Kumaretal., 2021;
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Kumar. J and Majid, 2020; Rahul and Anil P., 2016). The country's vast agricultural industry generates
substantial crop residues that are a key resource for biodiesel production, particularly through
non-edible oils like jatropha and animal fats (Borugadda and Goud, 2012; Jain and Sharma, 2010; Kumar
and Sharma, 2011).
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Figure 6. Distribution of studies per country.

hazajgg univ

imam mohammadiin saud islamic univ
king abd@laziz univ

agr res serv o :
quald liazam univ
asia-pacifie unl\.hn& innovat univ nottingham malaysia mahi® univ

comsats uniwislamabad

kipg saud umiv

Figure 7. Cooperation analysis with organizations as the units of analysis.

Moreover, India has taken active policy measures, such as the Biofuel Policy and targets for biodiesel
blending, to reduce its dependency on imported fossil fuels (Das, 2020; Saravanan et al., 2018).
Additionally, India's growing interest in alternative energy sources, including biodiesel, is driven by
environmental goals to reduce greenhouse gas emissions and enhance domestic energy security. The
country's large-scale initiatives and research efforts aim to address challenges like feedstock availability
and emission reductions, further boosting the number of research papers published on biodiesel.
However, Pakistan and Saudi Arabia (red cluster) showed a higher connection strength (25), i.e., they
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achieve greater collaboration despite a lower number of publications, namely, 11 and 10 respectively.
This is exactly what can be seen from the red lines intersecting with the largest number of different
countries. Biodiesel research in Pakistan and Saudi Arabia is driven by their need for sustainable energy
solutions and the reduction of reliance on fossil fuels. Both countries have focus on utilizing local
feedstocks like waste oils for biodiesel production, reflecting both countries' goals of diversifying energy
sources and reducing environmental pollution (Chakrabarti et al., 2012; Khan et al., 2021; Rehan et al.,
2018). As for Croatia, this topic has not been widely covered in the last five years. The only paper that
covered the topic was that of our research group (Ostojcic et al., 2021).

Organizations

The involvement of different organizations and universities in biodiesel research is essential for several
reasons. First, it enables interdisciplinary collaboration, where various areas of expertise—ranging from
engineering to environmental science—can be integrated to address complex challenges such as
feedstock optimization, production efficiency, and sustainability (Sales et al., 2022). Universities play a
crucial role in advancing fundamental research and developing new technologies, while organizations,
particularly industry players, offer practical insights and scalable solutions. These collaborations
accelerate innovations and bridge the gap between research and real-world application. A total of
99 studies analysed resulted in 205 organizations from 37 countries. These 205 organizations are
visualized through seven clusters with 120 connecting lines and a total link strength of 199. Figure 7
shows the organizations with the greatest collaboration, where it is evident that cluster 1 (purple)
achieves the greatest cooperation. Quaid-i-Azam University from Islamabad, Pakistan, is the leading
organization with six publications and a total link strength of 37. It is not surprising that the
aforementioned most significant author from this topic, Ahmad Mustaq, comes from this university. The
other organizations each had three or less, but mostly one, publication. Here Asia Pacific University and
Portal Rasmi Universiti Malaysia Terengganu from Malaysia, Brno University of Technology from the
Czech Republic, Pir Mehr Ali Shah Arid Agriculture University and Rawalpindi Women University from
Pakistan, and Wenzhou University from China should be singled out. These organizations/ universities,
with only two publications each, created total link strengths of 22. It is evident from the above
mentioned that scientists in this field do not collaborate only within one specific environment, but rather
with scientists from different organizations in different countries.

Journals

Regarding the scientific journals in which this topic was published, it is clear that these are the journals
that support the found 24 WoS scientific categories shown in Figure 3. The 99 analysed studies were
published in 63 different journals, 55 of which are interconnected. These 55 journals were divided into
seven clusters with 359 links and a total link strength of 853, and are shown in Figure 8. The most
important journal was Fuel with 11 publications and a total link strength of 212, followed by
Chemosphere with 4 publications and a total link strength of 85. In all other journals, three or less
publications were published. This is not surprising since journals Fuel and Chemosphere are both
excellent choices for publishing biodiesel research, each offering distinct advantages. Fuel has a 2023
Impact Factor of 6.7 and is well-regarded for its focus on energy-related topics, including sustainable
fuels and advanced analytical methods like GC, making it highly suitable for biodiesel studies.
Chemosphere, with an even higher 2023 Impact Factor of 8.1, emphasizes environmental chemistry and
technology, aligning with biodiesel's role in renewable energy and pollution reduction. Both journals
provide rigorous peer-review processes, international readerships, and high citation potential, ensuring
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broad visibility and significant impact for published work. In the other bibliometric analysis of biodiesel,
Fuel journal also ranks first (Chen et al., 2021; Pratama et al., 2024), second (Biberci, 2023; Kombe,
2023), or fifth (Kusuma et al., 2024; Sales et al., 2022).
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Figure 8. Bibliographic coupling with journals as the units of analysis.

Research focus: keywords

Keyword analysis in bibliometric studies is crucial as it helps to identify the main themes, trends, and
research priorities in a particular field. By analysing the frequency and co-occurrence of keywords in
academic papers, researchers can uncover emerging areas of interest, pinpoint gaps in existing research,
and track how certain topics evolve over time. Keyword analysis provides insights into the
interdisciplinary nature of a research area. It reveals how topics from different fields are connected,
highlighting collaborations between various disciplines. This can foster new directions for research by
identifying unexplored or underexplored connections between concepts. Keywords are vital for
mapping the research landscape, allowing researchers and policymakers to allocate resources
effectively, design targeted interventions, and set future research agendas.

Following the research focus, 3176 terms were found from the analysed 99 studies, while 199 terms that
appear at least five times were included in the further analysis. Out of these 199 terms, general words
such as units of measurement, parameters, and abbreviations that seemed unknown, were excluded.
After this, 116 terms were obtained that were included in the visualization. The visualization showed
the connection of these terms through six thematically related clusters. The first, largest cluster (red),
contained 30 related keywords, where the common topic of research is the analysis of FAME on GC. The
second cluster (green) consisted of 24 interrelated keywords linked in the thematic research of biodiesel
synthesis. The third cluster (blue) connected 22 keywords with a focus on biodiesel research as a fuel
and therefore its blends, but also diesel engines and the impact of biodiesel on the environment. The
fourth cluster (yellow) connected 21 keywords with the research topic of biodiesel itself, the raw
materials used for its production, primarily lipids, waste oils, but also microalgae. The fifth cluster
(purple) contained 11 keywords where the emphasis is on biodiesel as a final product, that is, on FAME
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and yield. Finally, the last, sixth cluster (light blue) connected only eight keywords, where the focus is on
the synthesis of biodiesel. This cluster actually connects everything important into one whole, from the
production and catalysis to the properties of biodiesel, where it also touches on the prescribed standard.
With the last cluster, the whole story about biodiesel is actually completed. In this research, biodiesel
was, as expected, the most frequently used word, which was found 171 times in these 99 studies, and,
as it can be seen in Figure 9, it extends through all, and also connects all clusters. The keywords found
in this analysis, as expected, also appear in all other bibliometric analyses related to biodiesel (Biberci,
2023; Chen et al., 2021; Kombe, 2023; Pratama et al., 2024; Rajeswari et al., 2023; Sales et al., 2022).
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Figure 9. Co-occurrence analysis with author keywords as the units of analysis.

Conclusions

This study provides the first bibliometric overview of the use of GC analysis in the field of FAME from
biodiesel. The overview is based on literature data from the WoS CC database published from 2019 to
2023 using the bibliometric method and the VOSviewer software tool. The 99 publications analysed gave
an overview of the research trend, the success of authors from different organizations and different
countries on the topic of research related to the analysis of biodiesel. The results showed that the
number of articles changed during the research period, i.e., it was the highest in 2019 and 2021, and
included 466 authors from 205 organizations from 37 countries with publications in 63 scientific
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journals. India, Malaysia, Pakistan and China were the leading countries that contributed the most
published papers to this study. In addition, the main keywords of the study were summarized. Studies
related to biodiesel production, the raw materials used as well as catalysts, diesel engines and biodiesel
yield analysis were current research topics. The analysis has shown that this topic is very interesting as
it brings together scientists from different scientific categories, which leads to interdisciplinarity and
enables higher quality publications.
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