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Abstract: The combined necessity for sustainable production, a decrease in the human impact on the
environment, the European Union striving to be climate neutral, and the pressure on the food industry
to introduce sustainable technologies and products and reduce emissions into the environment to
the minimum has led to perceiving food industry by-products (FIB) as valuable raw materials rather
than waste. This has driven a constant increase in scientific research regarding the use of FIB. The aim
of this research was to establish focal points and directions of the scientific research regarding FIB.
Descriptive bibliography and visualization using software CiteSpace II were used to analyze research
published in journals indexed in the Web of Science Core Collection and determine and explain
development trends. The results showed a constant growth of the scientific interest for FIB, which
intensified since 2015. Research is being conducted worldwide, with Spain (13%) and Italy (11%) as
leading countries. The results are published in journals with high impact factors and quartiles, using
references published in the same rank.
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1. Introduction

The European agri-food system set in the European Union has become a global
standard of food safety, supply consistency, nutrition, and quality and is becoming a global
standard for the sustainability of the food system, targeting welfare of the environment,
health, and society [1]. Food industry encompasses different cycles: delivery of raw
materials, processing, storage, and distribution all the way to the consumers. In all these
stages, different operations of food handling generate different quantities of organic waste
of different composition. Unprocessed, organic food waste could, over time, lead to large
problems of disposal and pollution. Food technology is constantly growing, producing
significant amounts of by-products (as high as 80%) [2], triggering research focuses on
a sustainable food production and reduction in emissions into the environment. Food
and food management are undoubtedly among the most important issues of human
society. Therefore, the scientific focus on waste management and the use of agri-food
by-products in the production of high-quality products, management, and sustainability
in food production are constantly growing [3,4]. Despite the systematic development,
technology improvements, and increasing research, the valorization of food industry
by-products is still a great challenge for the industry and community. The potential of
by-products is enormous and is being increasingly investigated due to high availability,
large quantities, ease of preparation, and relatively simple modification for use in the food,
cosmetic-, pharmaceutical, and chemical industries [3-6].

Bibliometric research refers to the quantitative research of the process of creation,
transfer, and use of scientific information and bibliometric analyses, on the macro level of
science, depict its important components: structure of scientific activity, scientific produc-
tion, influence of a country or a region on a scientific field, international and interregional
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collaboration, use of formal communication channels, scientific publication, etc. [7]. The
subjects of the research are authors of publications and documents, publications, their
descriptive characteristics, and citation analyses that reveal communication processes in
science. This implies that sources of scientific information for bibliometric research may
include: authors, groups of authors, institutions, countries, regions, journals, articles, and
secondary sources of information [7].

Bibliometric analyses are an excellent ground basis for the improvement of knowledge
and determination of development directions of scientific fields. The systematic literature
review shows an increased trend of bibliometric research of scientific publication regarding
by-products in general (environmental protection, fuels, chemical engineering, pharmacy),
as well as the food industry by-products. This bibliometric research is focused on the
specific research of single by-products, e. g. the process and by-products of water disinfec-
tion [8,9], biomass as source of energy [10], trends in the research of mango by-products [11],
fruits and by-products of Garcinia brasiliensis [12], use of pectin from fruit and vegetable
residues in biorefinery [13], and bioactive components [14,15].

The present research represents a general bibliometric review of the relevant published
scientific achievements regarding food industry by-products to establish current focal
points and trends in this area and the analysis of relationships between authors, journals,
institutions, countries, and references.

2. Data Resources and Methods

The formation of research questions is a key element in the mapping of a research
front. A research front consists of establishing transitory groups of concepts and basic
research questions, based on citation and co-citation imprints in the scientific literature,
thus creating a network developed according to scientific concepts [16]. Mapping relies on
the concept of the knowledge domain and organization structure (institutions, journals,
and scientific articles) [17]. The visualization of information systematically summarizes
and investigates the literature collected from different sources presenting the data in the
form of a knowledge map [18]. The intellectual base, a basis for research, is formed through
the identification of key words in the results.

Citation indices of the Web of Science Core Collection (WoS CC): Science Citation
Index Expanded (SCI-EXPANDED), Social Sciences Citation Index (SSCI), Conference
Proceedings Citation Index- Science (CPCI-S), Conference Proceedings Citation Index-
Social Science and Humanities (CPCI-SSH), and Emerging Sources Citation Index (ESCI)
were used to collect published research. WoS CC is the main source of data, since it covers
different scientific fields. The most relevant research is cited in this database, as scientists
tend to publish their research in WoS indexed journals.

2.1. Collection of Data

A multiple search approach was used to reach a large amount of research regarding
the use of food industry by-products. The research was performed in citation indices of the
Web of Science Core Collection (WoS CC) using key words: “food industry by-product*”;
(“food industry by-product*” OR agro-food), (by-product AND agro-food), (by-product
AND “food industry”); (by-product AND “food processing”); (by-product AND “food
production”); and (by-product AND “nutritional improvement”) appearing in the article
title, abstract, or key words. The term agro-food was included based on preliminary
research, where many articles dealing with by-products were collected using it. The period
19762022 was covered by the search.

In the pre-processing of the results, the following results were eliminated from further
processes: results from 2022 (114 results), early access in 2021 that was published in 2022
(33 articles), book chapters (88 results), editorial materials (17 results), meeting abstracts
(7 results), corrections (2 results), and books (1 result). After this elimination, a total of
2388 results published in the period 1976-2021 indexed in one of the WoS CC indices was
used for bibliometric analyses.
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2.2. Bibliometric Analyses

The descriptive bibliometric method was used to analyze the dynamics of publishing
and contributions of specific authors and journal institutions in the published results.
Scientific mapping and visualization were used to analyze the published research from
multiple sources and to represent data in the form of a knowledge map. CiteSpace II was
used for visualization. It includes two visualization types: cluster and timeline. Cluster
analysis is a technique that enables a search of the inner data structure and timeline
visualization establishes research trends over the years [17].

3. Results and Discussion

A constant increase in research regarding food industry by-products is evident in the
analyzed period. The first article regarding food industry by-products cited in Science
Citation Index Expanded (SCI-EXPANDED) is the article regarding use of apple and beet
pulp in combination with wheat bran as a carrier for Penicillium sp. 7/4BE11, published in
1976 by a Polish author [19]. However, until 2002, the number of articles remained under
15 annually (Figure 1). In the period 1976-2021, 2388 articles indexed in WoS CC were
published. The research boosted in 2010, when 50 articles were published. In 2015, the
expansion of publications started, driven by decisions by and standards from the European
commission for the sustainability of the food system, oriented towards the welfare of the
environment, health, and society, to reach 428 articles in 2021 (Figure 1).
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Figure 1. The number of published articles, indexed in WoS CC, related to food industry by-products.

3.1. Analysis by Country, Institutions, and Subject Categories

Figure 2 shows networks of collaborations in the field of food industry by-products
between authors from different countries. The countries with more than 40 published
papers are marked on the figure. The size of the circle represents the significance of the
country in the research of food industry by-products and the intensity of collaboration is
measured by centrality and represented by the thickness of the lines between the circles (the
thicker the line, the stronger the collaboration). The research regarding the food industry
by-products is conducted in many countries: Spain is a leader with 13%, followed by Italy
(11%), China (9%), Brazil (8%), USA (7%), India (6%), Portugal (6%), Germany, France and
Turkey (each with 4%), Mexico, Poland, Greece, England, Canada, Romania (each with 3%),
and Malesia, Serbia, Australia, Iran, Netherlands, and Croatia (each with 2%). Although
most of the research is performed in Europe, the use of food industry by-products is a field
of interest worldwide.
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Figure 2. Collaboration network of scientists from different countries in the field of food
industry by-products.

The analysis of the scientific collaboration between countries revealed the relationships
and theme focal points. The five clusters depict the most important research themes over
time (Figure 3). The largest collaborations were in the field of food processing by-products,
the food industry, physicochemical properties, food waste, and potential health benefits
(#0 research advance), with the peak in the 1999s, first in the USA then abroad. Cluster 1
(#1 mango peel) shows the research of food industry by-products as functional additives
in food production. This research theme was opened by Polish scientists in 1982 and the
research was intensive worldwide until 2016. The potential application of phenolics and
other bioactive components, circular bioeconomy, and the use of marine by-products were
the research theme clustered in cluster 2 (#2 sacha inchi). The research of these subjects
started back in 1980, although since 2019 the interest is in the decline. The fourth cluster
(#4 using ultrasound) shows the shift of research of bioactive compounds to use of ultra-
sound and hybrid processes in 1990s, which was started by Italian scientists.

Figure 4 shows the institutional collaboration through 11 theme clusters with good
association, quality, and importance. It is evident that each cluster involves scientists not
only from different institutions but different countries as well, revealing the international
character of the research.
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Figure 3. Network of collaborations between the countries on food industry by-product research,
with research clusters.
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Figure 4. Network of institutional collaborations in the field of food industry by-products (articles
published in WoS CC in the period 1976-2021), showing leading institutions, clustered according
to themes.
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Subject Categories

The first 13 subject categories (obtained from WoS CC by CiteSpace) with more than
100 published works used for the analysis of data are represented in Figure 5. The index of
centrality shows high association between the categories. It ranges between 0.723 and 0.946,
showing collaborations between researchers belonging to different scientific fields (food
technology, chemistry, agriculture, engineering, biotechnology, nutrition, environmental
protection, etc.) in the research of food industry by-products. This analysis reveals the
importance of collaboration between different disciplines: food technology, chemistry,
agriculture, engineering, biotechnology, nutrition, environmental protection, etc. with
more than 90% of the research published in the category “Food Science & Technology” and
“Food Science & Technology (SCI-Expanded WoS CC)” (2211 articles) (Figure 6).
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Figure 5. Network of subject categories (as defined by WoS CC) in which journals that publish articles
regarding food industry by-products belong.
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Figure 6. Subject categories with more than 100 articles regarding food industry by-products.
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3.2. Analysis of Journals and Author Citations

The analysis of the number of published articles and citation frequency revealed the
most significant journals linked to the food industry by-products. The journals with 30
or more research works are shown in Table 1. The impact factor of the journals ranges
between 2.190 (Q3) and 16.002 (Q1). The largest number of articles (238) is published in
the Journal of Food Processing and Preservation, which belongs to the third quartile of
the category “Food Science & Technology” for 2021. The other journals are in the first and
second quartile, with 10 journals in the WoS category “Food Science & Technology” and
the journal Molecules, which belongs to categories: “Biochemistry & Molecular Biology”
and “Chemistry, Multidisciplinary”.

Table 1. Journals in which the majority of research regarding the use of food industry by-products
is published.

Nr. Number of Articles Journal Title IF 2021./Q WoS Category
Journal of Food Processing .
1 238 and Preservation 2.609/Q3 Food Science & Technology
2 69 Foods 5.561/Q1 Food Science & Technology
Trends in Food Science .
3 69 & Technology 16.002/Q1 Food Science & Technology
Chemistry, Applied; Food
4 66 Food Chemistry 9.231/Q1 Science & Technology;
Nutrition & Dietetics
LWT—Food Science .
5 51 and Technology 6.056/Q1 Food Science & Technology
Biochemistry & Molecular
6 45 Molecules 4.927/Q2 Biology; Chemistry,
Multidisciplinary
7 43 Food Research International 7.425/Q1 Food Science & Technology
. Agriculture, Multidisciplinary;
8 37 Journal of the Science of Food 4125/Q1; Q2; Q2 Chemistry, Applied; Food
and Agriculture .
Science & Technology
Innovative Food Science & .
9 32 Emerging Technalogies 7.104/Q1 Food Science & Technology
Critical Reviews in Food Science .
10 31 and Nutrition 11.208/Q1 Food Science & Technology
11 31 International Journal of Food 3.612/Q2 Food Science & Technology

Science and Technology

One of the journal quality indicators is citation frequency. The most cited journals in the
articles regarding food industry by-products (Figure 7) are Food Chemistry (1489), Journal
of Agricultural and Food Chemistry (1296), Food Research International (976), LWT—Food
Science and Technology (912), and Journal of the Science of Food and Agriculture (821), in
which the majority of the research is published.

The CiteSpace II report revealed that 107,494 different references were used in the
analyzed articles dealing with food industry by-products, out of which: 81,282 scientific
articles (Article; Article, Book Chapter; Article, Early Access; Article, Proceedings Paper;
Article, Retracted Publication), 92 Notes, 460 Proceedings Papers, 20,102 reviews (Review;
Review; Early Access); 341 references were classified as “anonymous”. The authors with the
highest scores of co-citations are: AOAC; FAO; Singleton, VL; Galanakis, CM; Schieber, A;
Shahidi, F; Chemat, F; Barba; and FJ (Figures 8 and 9) with more than 90 citations, which
indicates their significance in the field.
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Figure 7. Network of scientific journals dealing with food industry by-products in the period
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Top 25 References with the Strongest Citation Bursts
References Year Strength Begin End 1976 - 2021
Balasundram N, 2006, FOOD CHEM, V99, P191, DOI 10.1016/].foodchem.2005.07.042 2006 4.43 2008 2011 T R —
Stojceska V, 2008, ] FOOD ENG, V87, P554, DOI 10.1016/j.jfoodeng.2008.01.009 2008 414 2009 2013 e
Federici F, 2009, ] CHEM TECHNOL BIOT, V84, P895, DOI 10.1002/jctb.2165 2009 545 2012 2014 s
Galanakis CM, 2012, TRENDS FOOD SCI TECH, V26, P68, DOI 10.1016/].tifs. 2012.03.003 2012 13.93 2013 2017 T
Elleuch M, 2011, FOOD CHEM, V124, P411, DOI 10.1016/j.foodchem.2010.06.077 2011 8.18 2013 2016 T
Lin CSK, 2013, ENERG ENVIRON 5CI, V6, P426, DOI 10.1039/c2ee23440h 2013 528 2014 2018 e
Jayathilakan K, 2012, ] FOOD SCI TECH MYS, V49, P278, DOI 10.1007/513197-011-0290-7 2012 491 2014 2017 S
Kalogeropoulos N, 2012, LWT-FOOD SCI TECHNOL, V49, P213, DOI 10.1016/].wt.2011.12.036 2012 491 2014 2017 e
Mirabella N, 2014, ] CLEAN PROD, V65, P28, DOI 10.1016/j.jclepro.2013.10.051 2014 11.84 2015 2019 e
Barba FJ, 2015, FOOD BIOPROCESS TECH, V8, P1139, DOI 10.1007/511947-015-1482-3 2015 4.54 2015 2018 [r——
Teixeira A, 2014, INT J MOL SCI, V15, P15638, DOI 10.3390/ijms150915638 2014 4.12 2015 2018 =
Galanakis CM, 2013, FOOD BIOPROD PROCESS, V91, P575, DOI 10.1016/j.fbp.2013.01.004 2013 8.62 2016 2018 o
Ajila CM, 2013, J FUNCT FOODS, V5, P444, DOI 10.1016/j.jff.2012.11.017 2013 4.07 2016 2018 e —
Rosello-soto E, 2015, TRENDS FOOD SCI TECH, V42, P134, DOI 10.1016/].tifs.2015.01.002 2015 6.31 2017 2019 S L
Azmir J, 2013, ] FOOD ENG, V117, P426, DOI 10.1016/j.jfoodeng.2013.01.014 2013 5.98 2017 2018 TR e %
Baiano A, 2014, MOLECULES, V19, P14821, DOI 10.3390/molecules190914821 2014 473 2017 2019 E———
Barba Fl, 2015, FOOD RES INT, V77, P773, DOI 10.1016/].foodres.2015.09.015 2015 45 2017 2021 e
Ravindran R, 2016, TRENDS BIOTECHNOL, V34, P58, DOI 10.1016/].tibtech.2015.10.008 2016 42 2017 2019 Fpedt el
Rosello-soto E, 2015, TRENDS FOOD SCI TECH, V45, P296, DOI 10.1016/j.tifs.2015.07.003 2015 398 2017 2018 ———
Galanakis CM, 2015, TRENDS FOOD 5CI TECH, V42, P44, DOI 10.1016/j.tifs.2014.11.005 2015 4.74 2018 2021 o —
Banerjee J, 2017, FOOD CHEM, V225, P10, DOI 10.1016/].foodchem.2016.12.093 2017 4.74 2018 2021 A
Martins N, 2017, TRENDS FOOD SCI TECH, V62, P33, DOI 10.1016/].tifs.2017.01.014 2017 4729 2018 2019 S
Chemat F, 2017, ULTRASON SONOCHEM, V34, P540, DOI 10.1016/j.ultsonch.2016.06.035 2017 5.39 2019 2021 ——
Goula AM, 2017, ULTRASON SONOCHEM, V34, P821, DOI 10.1016/].ultsonch.2016.07.022 2017 4.79 2010 2021 i
Maric M, 2018, TRENDS FOOD SCI TECH, V76, P28, DOI 10.1016/].tifs.2018.03.022 2018 42 2019 2021 e

Figure 9. Top 25 references with the strongest citation bursts in the field of food industry by-products
in the period 1976-2021.

The articles were cited in certain periods, intensifying after 2002 and boosting after
2015, supporting the fact that research in the field became stronger in this period. The
modularity within the cluster is 0.8545, showing the strong connection of the documents
within the cluster and the silhouette mean value of 0.8996 proves good cluster separation.

3.3. Themes of Research

The focal points of food industry by-products (Figure 10) were analyzed by cluster
analysis through keywords as knots. CiteSpace uses technique of time separation to build a
time series of network models and syntheses these individual networks to form a network
suitable for a systematic review of the relevant literature [18]. The size of the node depicts
the intensity of the key word in the scientific literature and 14 cluster out of 65 are shown
in Figure 10.

The key words were connected and grouped into 14 clusters and explained through
six theme units (Figure 10). Table 2 reveals the network of key words with the largest
frequency in certain periods. The blue lines mark the period and the red ones are the peak
of frequency. To cause the data to be more presentable, they were divided into periods:
1976-1999, 20002009, 20102015, and 2015-2021.

The first theme is the research of bioactive components (#0, 2, and 6): antioxidant ac-
tivity, phenolic compounds, flavonoids, optimization, and fruit (#0); bioactive compounds,
extraction, supercritical fluid extraction, green extraction, and ultrasound assisted extrac-
tion (#2); and bioactive peptides, purification, collagen, and trypsin, (#6). The second
theme is the research of the influence of food industry by-products on the environment:
circular economy, life-cycle assessment, global warming potential, olive mill wastewater
reuse, facing bricks, anaerobic digestion, waste management, greenhouse gas emissions,
digestive system, and crop residues (#1). The third theme belongs to the research of the
physico-chemical characteristics of food industry by-products: physicochemical property,
functional properties, and quality (#3); adsorption, activated carbon, agroindustrial residue,
and heavy metals (#5); and pH, acid, polyphenols, and antimicrobial activity (#8). The
fourth theme is the use of nutritively valuable components of food industry by-products
in food production: apple pomace, sugar beet pulp, and brewers spent grain (#4); food
industry, bioactive compounds, wheat bread, by-product utilization, pulp, and by-product
valorization (#7); and starch-soluble dietary fiber conjugates, enzymatic hydrolysis, physic-
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ochemical properties, heat-moisture treatment, and by-product valorization (#13). The
nutritional aspects are the fifth theme: absorption, energy assimilation, food consumption,
laziness, and maximum sustained working level (#9); and daily dietary intake, food pro-
cessing, macronutrient influence, olive pomace, and multifunctional powder (#14). The
sixth theme gathers the research of the processing facilities and equipment: pilot plant
apparatus, supercritical fluid fractionation, packed capillary columns, olive by-products,
and electrode phenomena (#11).
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Figure 10. Clusters of knowledge domains regarding food industry by-products in the period
1976-2021.
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Table 2. Network of key words within cited references connected in shown clusters (Source: CiteSpace II).

Period Keyword Strength Beginning End 1972-2021
digestion 1.27 1991 2002 000 —— e —
adsorption 1.48 1993 2004
bacteria 1.3 1994 2006
1976-1999 cultivation 136 1997 2001
cheese whey 1.21 1998 2004 e
energy 1.75 1999 2003 ——
chromatography 1.92 2000 2006
beta carotene 0.92 2001 2009
acceptability 1.19 2004 2013
2000-2009 additive 131 2006 2010
alpha tocopherol 1.54 2007 2012
polysaccharide 3.99 2008 2013
fermentation 3.6 2010 2012
ascorbic acid 3.56 2010 2014
residue 6.03 2012 2016
2010-2015 fractionation 2.83 2014 2016
efficiency 3.09 2015 2017
enzymatic hydrolysis 2.61 2015 2017
response surface methodology 5.45 2016 2018
starch 3.89 2017 2021
pulsed electric field 3.19 2017 2018
2016-2021 whey protein 3.27 2018 2021
sensory property 3.02 2019 2021
antioxidant property 3.64 2020 2021
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4. Conclusions

The scientific interest for food industry by-products has been growing constantly since
1976, with an intensified trend since 2015. Although the research was started by European
scientists, it is not specific to a certain region, country, or institution but is led worldwide
and collaborations between institutions have been intensifying since 2007. The descriptive
bibliometry and visualization in this paper revealed that the Spanish (13%) and Italian
(11%) scientists are the leaders in the publication of the research regarding food industry
by-products; their articles have been published in high-ranked journals, as seen in the
references with high impact factors.

The food industry by-products have drawn much attention throughout the years,
becoming an important part of sustainable production and the reduction in the human
impact on the environment. The research may be systematized in different focal clusters,
differing throughout time. The current focus (2015-2020) is the use of by-products as
sources of bioactive compounds for food production, the use of new extraction techniques,
and the production of biofuels.

Limitation of the Research

The research did not cover articles regarding food industry by-products in which
words: “food industry by-product*”; agro-food; by-product AND “food processing”; by-
product AND “food production”; and by-product AND “nutritional improvement” were
not mentioned.
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