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Abstract: Fire safety is a critical concern in various industries necessitating the development of
sustainable and effective fire-resistant materials. Sustainable fire-resistant polysaccharide-based
composite aerogels are regarded as an innovative solution in fire safety applications, and as such,
research in this field has increased consistently over the past few years. Despite the plethora of
literature on this important subject, only a few studies have attempted to map the global research of
sustainable fire-resistant polysaccharide-based composite aerogels to identify the geospatial collabo-
rative network and trend of research. This study utilizes a scientometric review of global trends in
sustainable fire-resistant polysaccharide-based composite aerogels research between 2003 and 2023
using VOSviewer and biblioshiny to analyze co-author, co-word, co-citation, clusters, and geospatial
maps. A total of 234 bibliographic records from the Scopus database were analyzed to generate the
study’s research power networks and geospatial map. The most significant contributions in sus-
tainable fire-resistant polysaccharide-based composite aerogels come from China, the United States,
Australia, Canada, and India with records of 194, 20, 11, 9, and 8, respectively. The top five sources for
articles in this area of research include ACS Applied Materials and Interfaces, Chemical Engineering
Journal, Composite Engineering, ACS Sustainable Chemistry and Engineering, and Carbohydrate
Polymers. The application of sustainable fire-resistant polysaccharide-based composite aerogels
spans the engineering and construction fields. The versatility in the fabrication and customization
allows for seamless integration into diverse applications. The article concludes by emphasizing the
significance of sustainable fire-resistant polysaccharide-based composite aerogels as a promising
advancement in fire safety technology, combining sustainability, fire resistance, versatility, and me-
chanical strength to address critical challenges in the field. This review provides important insight
into the research challenges, trends, and patterns of sustainable fire-resistant polysaccharide-based
composite aerogel research worldwide.

Keywords: polysaccharides; flame retardants; sustainability; aerogels; fire-resistant composites

1. Introduction

Fire safety is a top priority in a variety of sectors and applications, from build-
ing construction to transportation and aircraft [1,2]. Traditional fire-resistants (mostly
halogen-based such as tris(2-chloroethyl) phosphate, tris(1,3-dichloroisopropyl) phosphate,
pentabromobenzyl acrylate, and tris(1-chloro-2-propyl) phosphate) frequently rely on non-
renewable resources and can have negative environmental consequences. More especially,
fire retardant materials derived from petrochemical sources raise significant concerns re-
lated to environmental sustainability, health, and long-term impacts [3,4]. The challenges
associated with the use of these traditional flame retardants have spurred the demand for
sustainable, and eco-friendly alternatives [5,6], and this has driven significant advance-
ment in fire safety technology. One such breakthrough is the development of sustainable
fire-resistant polysaccharide-based composite aerogels. These composite aerogels derived
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from renewable sources such as cellulose, chitosan, starch, or other polysaccharides, offer a
unique combination of fire resistance, sustainability, versatility, and mechanical strength
suitable for various applications. Polysaccharide-based aerogels may not naturally possess
high levels of fire resistance, however, this characteristic can be enhanced because of their
adaptability to changes in the aerogel preparation process. Therefore, numerous strategies
have been used in the preparation of fire-resistant aerogels, including the use of addi-
tives, coatings, insertion of nanoparticles, metal and silicate oxides. Polysaccharide-based
composite aerogels offer an effective and versatile solution for improving fire safety in
various applications, such as building construction, transportation, and electronics [7].
Their ability to withstand high temperatures, slow down the spread of fire, and reduce
smoke production makes them an essential component of modern fire safety strategies [8].

The utilization of polysaccharides in the production of fire-resistant composite aerogels
addresses two critical issues of polymers; environmental sustainability and fire safety [9].
Polysaccharides are abundant in nature and derived from sources such as plants, fungi,
and crustacean shells. By utilizing these naturally occurring materials, the need for non-
renewable resources is reduced, thereby mitigating the environmental impact associated
with conventional fire-resistant materials [10,11]. The potential of polysaccharide-based
aerogels to replace conventional petrochemical-based fire retardants is mainly due to their
environmentally friendly nature and the fact that these polysaccharides are renewable
compared to petrochemical-based flame retardants. More so, the use of such renewable
sources aligns with the global shift towards sustainable practices and the pursuit of a
greener future. The fire-resistant properties of these composite aerogels are exceptional and
surpass most of the conventional alternatives [11-14]. Through careful material design and
composition, these aerogels can exhibit outstanding flame retardancy [15-17], effectively
preventing the spread of fire and reducing the risk of combustion. Most of the composite
aerogels have gone through rigorous testing and evaluation and have demonstrated their
ability to withstand high temperatures and resist ignition, making them ideal for enhancing
fire safety in a wide range of applications [18,19].

Another key advantage of sustainable fire-resistant polysaccharide-based composite
aerogels lies in their lightweight and versatile nature [14]. The unique porous structure of
aerogels, combined with their low density (approximately 0.001 to 0.5 g per cubic centimeter
(g/ cm?) depending on the material), makes them highly efficient thermal insulators [19].
The inimitable nanoporous structure of aerogels, composed of interconnected particles,
creates a sponge-like material with a vast surface area and a high percentage of air-filled
voids. These air-filled pores contribute to the low density, exceptional thermal insulation
properties, and other unique characteristics of aerogels These aerogels can effectively
reduce heat transfer and provide excellent insulation, resulting in energy conservation and
improved overall energy efficiency [20,21]. Their lightweight nature also contributes to their
ease of use, enabling seamless integration into various products, systems, and structures
without compromising performance or adding excessive weight [22,23]. The fabrication
and customization of these composite aerogels are relatively straightforward. They can be
manufactured in different shapes and sizes tailored to specific application requirements.
This adaptability allows for their seamless integration into existing materials or systems, as
well as their incorporation into new construction projects or retrofitting applications. The
versatility of these aerogels extends their potential use across diverse industries, ranging
from building construction to automotive, aerospace, and beyond [24-26].

Furthermore, the improved thermal conductivity (range of 0.015 to 0.035 watts per
meter kelvin (W/m-K) compared to the thermal conductivity of air is around 0.025 W/m-K
at room temperature), the compressive mechanical strength (approximately 10 to 30 MPa
depending on the composite design and reinforcement material) of sustainable fire-resistant
polysaccharide-based composite aerogels has improved over the years and that has helped
extend their durability in some typical applications [27]. They can withstand demanding
environments, maintaining their fire-resistant properties over extended periods. This
reliability and robustness make them suitable for critical applications where safety and



Sustainability 2023, 15, 12185

3o0f34

long-term performance are paramount [28-30]. Sustainable fire-resistant polysaccharide-
based composite aerogels represent a significant advancement in fire safety technology.
Despite the breakthrough in this field, few studies have attempted to map the global
research of sustainable fire-resistant polysaccharide-based composite aerogels.

This scientometric review aims to map the global research of sustainable fire-resistant
polysaccharide-based composite aerogels to provide researchers in this innovative field
with an extensive understanding of the salient research themes, trends, and patterns of
sustainable fire-resistant composite aerogel research worldwide. This research will provide
an in-depth understanding of the field and help researchers harness renewable sources
and combine exceptional fire resistance with sustainability and versatility. Their potential
applications span across industries, making them a promising choice for enhancing fire
safety in diverse settings. As the world embraces sustainable practices, these composite
aerogels serve as a testament to the power of innovation and the quest for safer, greener
solutions in fire safety.

Research Significance

Sustainability is a wide and complex research field with several applications in dif-
ferent disciplines and industries. This scientometric review on sustainable fire-resistant
polysaccharide-based composite aerogels will help consolidate the existing knowledge on
the subject by systematically collecting, organizing, and analyzing the published research.
The article will provide an overview of the research landscape, highlighting key con-
cepts, trends, and knowledge gaps, which can serve as a valuable resource for researchers,
policymakers, and industry professionals working in this field, aiding them in making
informed decisions and advancing the development and applications of these innovative
materials—a gap the current study intends to bridge.

Furthermore, researchers from various geographical areas may profit from the graphi-
cal depiction based on a scientometric evaluation when forging research alliances, develop-
ing joint ventures, and exchanging revolutionary technologies and ideas. The scientometric
analyses use measures such as citation counts and h-index to assess the influence of specific
publications, authors, and organizations. This evaluation can assist in identifying signif-
icant academics, institutions, or research groups in the subject of polysaccharide-based
composite aerogels, as well as providing insights into the most influential papers and their
contributions. By analyzing the publication trends, citation patterns, and collaborations
among researchers, this scientometric review identifies the emerging research trends in
polysaccharide-based composite aerogels. This information is valuable for researchers, pol-
icymakers, and funding agencies to understand the current focus of research and allocate
resources effectively. Furthermore, this study discusses the most active research areas and
sustainability aspects related to polysaccharide-based composite aerogels systems and their
possible commercialization. The study further discusses the challenges associated with
synthesis and the application of polysaccharide-based composite aerogels.

2. Methodology

The bibliometric data on recent advancements in polysaccharide-based composite
aerogels are examined scientometrically in this research. The evidence that subjective
evaluations of engineering studies undertaken by academics are prone to inaccuracy is the
primary reason for designing a scientometric review technique [31]. When employed alone,
scientometrics delivers more reasonable and less biased findings since it is not impacted
by any one person’s point of view [30]. This study provides a quantitative as well as
a qualitative evaluation of the research that has been performed over the previous two
decades by measuring research progress using maps and links between bibliometric data.
In conducting such an important review, selecting the most correct database is crucial
because many papers have been published. Scopus and Web of Science are the two most
efficient, thorough, and objective databases for performing literature searches.



Sustainability 2023, 15, 12185 40f 34

Compared to Web of Science (WoS), Scopus has wider bibliometric coverage and more
recent data [32,33]. For several reasons, Scopus is more effective for carrying out daily
research tasks and assessing research findings. First, Scopus offers more comprehensive
coverage of content. Secondly, Scopus is easier to use because of the availability of per-
sonalized profiles for all authors, institutions, and serial sources as well as the connected
database (DB) interface. Thirdly, the research analysis metrics and impact indicators are
superior to the metrics offered by WoS [34,35], and also less prone to manipulation, and
are accessible for all serial sources across all disciplines [35]. More crucially, Scopus is sub-
scribed as a single DB, removing any ambiguity or extra limitations on the accessibility of
the content [35]. Additionally, Scopus offers free access to authors and source information,
including metrics, and it is more open to society [34,36]. Based on these obvious advan-
tages, Scopus was used to compile bibliometric data for the current analysis of sustainable
fire-resistant polysaccharide-based composite aerogels. The methodology used for this
research is shown in Figure 1. The bibliometric data search in the Scopus database was
conducted in June 2023.

Scientometric Review Methodology

Stage One Stage Two Stage Three Stage Four
Data Search - Data Refinement — Bibliometric — Thematic Review
Strategy Approach Analysis analysis and conclusion
Start  Bibliometric
'Iypg)l}gdocl)l;nent * VOSviewer Cellulose-based
: .  Biblioshiny . flame retardant
(article and reviews) N
A Year of publication E
Keyword search (2003-2023)
Starch-based
flame retardant
aerogel
Sis
Search engine Abstract reading, Chitosan-based
irrelevant documents flame retardant
Scopus removed aerogel
database
l Final no. of -
publications
Total identified for analysis
publications (n=234)
identified.
(n=261)

Figure 1. Research Methodology.

The search string was “flame AND retardant AND aerogel”. The search string resulted
in 261 initial documents and a final 234 documents as shown in Table S1 after applying all
filters. Data refinement options were used to eliminate irrelevant articles. Only “articles”
and “review” were selected from the “document type” drop-down menu. Additionally,
only “journal” was chosen as the “source type”, while “English” was chosen as the “lan-
guage”. This study limited the “publication year” from 2003 to 2023. After applying
these filters, the resulting documents shown in Table S1 were saved and manual screening
of article titles was performed to ensure duplicates were removed. Data were exported
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from Scopus in the Comma Separated Values (CSV) format for analysis using VOSviewer
developed by Nees Jan van Eck and Ludo Waltman [37], and biblioshiny by Massimo
Aria and Corrado Cuccurullo [38] for scientific mapping and visualizations. The free and
open-source visualization tools are used in a wide range of industries and are endorsed
by academic literature [39-41]. With the “type of data” option set to “create a map from
bibliographic data” and the “data source” parameter set to “read data from bibliographic
database files,” the analysis in the VOSviewer was performed. Data was imported into
VOSviewer and biblioshiny, and reliably analyzed while retaining consistency. Regions” in-
volvement, the most popular authors and articles, the most frequently appearing keywords,
and the sources of articles were all examined as part of the science mapping review. Tables
provide a numerical summary of the results, while maps show the different parameter
correlations and co-occurrence.

3. Results and Discussion
3.1. Annual Publication Sources and Impacts

Polysaccharide-based aerogels have emerged as a fascinating class of materials with
unique properties and numerous potential applications. As a result, research in this field
has witnessed a significant surge, leading to a wealth of knowledge being disseminated
through various publication sources by different authors and institutions around the globe.
To understand the trend of publication on this subject and appreciate the contribution
of various institutions and authors, descriptive statistics have been used to determine
the phenomena in terms of the number of articles, the trajectory of their growth, and the
geographical distribution of authors [42]. An analysis of the number of papers produced
per year indicates a notable output of scholarly works, followed by a reasonably steady and
exponential rise over the past 10 years. (Figure 2). The interest in aerogels, derived from
renewable sources such as cellulose, chitosan, starch, or other polysaccharides that have
unique combinations of fire resistance, sustainability, versatility, and mechanical strength
is influenced by the continuous reports on fire safety challenges. The increasing research
interest in this area provides an in-depth understanding of the field and helps researchers
harness renewable sources and combine exceptional fire resistance functionality with
sustainability and versatility. Sustainable fire-resistant polysaccharide-based composite
aerogels usually possess excellent mechanical strength and offer a compelling solution to
address fire safety challenges making them a promising choice for enhancing fire safety in
diverse settings. As the world embraces sustainable practices, these composite aerogels
serve as a testament to the power of innovation and the quest for safer, and greener solutions
in fire safety.

Number of Documents

__..Eﬂiiili

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

Year

Figure 2. Annual publication trends of articles.

As can be seen in Figure 2, the examination of the primary sources reveals that between
2003 and 2016, there were a total of 16 publications, making this time frame suitable for the
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label of an emerging phase. Following that, a gradual rise in the number of publications
was seen from 2017 to 2020 (a total of 86 publications), and this time may be referred to
as the pick-up and tempo phase. Notably, the last three years (2021-2023) have witnessed
an exponential rise of 133 total publications and this can be termed a rapid growth period.
Considering the total number of publications as of June 2023 on the subject, it is anticipated
research in sustainable fire-resistant polysaccharides will increase astronomically in light of
the global shift towards sustainability. It is, therefore, not surprising to see how academics
are increasingly focusing their research on sustainable fire-resistant polysaccharides. The
sharp increase in publications on sustainable fire-resistant polysaccharides can be attributed
to a combination of environmental concerns, advancements in material science, changing
regulations, industry demands, and collaborative efforts. It suffices to indicate that as the
field continues to evolve, the insights gained from these publications are likely to lead to the
development of more effective, eco-friendly, and fire-safe materials in various industries.

Top publication sources were analyzed with the VOSviewer using the bibliometric
data generated from Scopus. A source’s minimum number of documents was set at two,
and 40 of the 103 sources met this condition. Table 1 shows the top 10 primary sources (a
list of the 40 sources can be found in Table S2) that have published at least two papers on
sustainable fire-resistant polysaccharide aerogels, as well as their citation counts and total
link strength.

Table 1. List of the primary sources in the relevant field of study.

S/N Source Documents Citations Total Link Strength
ACS Applied Materials and

1 16 1054 1163
Inter-faces
2 Chemical Engineering Journal 14 614 599
3 Composites Part B: Engineering 10 238 992
4 ACS Sustainak.ﬂe Chemistry and 9 565 817
Engineering
5 Carbohydrate Polymers 9 469 569
6 Composites Part A: Appliied Science - 149 404
and Manufacturing
7 Cellulose 6 74 368
8 Journal of Applied Polymer Science 6 87 180
9 Journal of Hazardous Materials 6 266 332
10 ACS Applied Polymer Materials 5 36 317

The top five sources in terms of published documents are ACS Applied Materials and
Interfaces, Chemical Engineering Journal, Composites Part B: Engineering, ACS Sustainable
Chemistry and Engineering, and Carbohydrate Polymers with respective documents of
16, 14, 10, 9, and 9. However, the top three journals with respect to citation count are
ACS Applied Materials and Interfaces having 1054, Chemical Engineering Journal with
614, and ACS Sustainable Chemistry and Engineering with 565 citations. The network
visualization of journals with at least two articles published is shown in Figure 3. The node
size corresponds to the contribution of the journal’s article count, where a bigger node size
suggests a greater contribution. Typically, ACS Applied Materials and Interfaces has the
bigger node, indicating their higher impact in the research area and connecting the other
sources, with much collaboration with Composites Part B: Engineering. Furthermore, nodes
(sources/journals) of the same color show clusters of connected journals detected using
VOSviewer. Five clusters have been observed shown by red, green, blue, yellow, and purple.
Cluster 1 (red) comprised 14 items, cluster 2 (green) contained 9 items, cluster 3 (blue) has
8 items, cluster 4 (yellow) comprised 6 items and cluster 5 (purple) has 3 items. From the
publication sources visualization, it can be concluded that ACS Applied Materials and
Interfaces, Chemical Engineering Journal, Composites Part B: Engineering, ACS Sustainable
Chemistry and Engineering, and Carbohydrate Polymers published a relatively higher
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number of papers within the analyzed dataset, suggesting their prominence in the field of
sustainable polysaccharide-based flame-retardant composite aerogels.
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Figure 3. Science mapping of the Journals with at least two articles published based on citation.

Additionally, the top contributing authors in sustainable fire-retardant polysaccharide-
base composite aerogels were analyzed as shown in Figure 4. Once again, a document’s
minimum number of citations was set at two, and 180 of the 234 documents met this
condition. Of the 180 cited documents, the largest set of connecting items was 173. The
visualization as presented by the VOSviewer software (version 1.6.19) is grouped into seven
different clusters represented by Figure 4, and made of colors; cluster 1 (red) comprising
of 44 items, cluster 2 (green) contains 35 items, cluster 3 (blue) has 35 items, cluster 4
(yellow) contains 31 items, cluster 5 (purple) has 18 items, cluster 6 (yellow) has 7 items and
cluster 7 (orange) has 3 items. As shown in Figure 4, a bigger node indicates the number of
times a document has been referenced by other scholars in the field. From this translation,
Wicklen B, author of “thermally insulating and fire-retardant lightweight anisotropic foams
based on nanocellulose and graphene oxide (2015) published in the Journal of Nature
Nanotechnology is most influential with 975 citations. It is worth noting and mentioning,
the influence of Wicklen B, concluding from the size of the node, he is the most linked to
numerous other papers. Wicklen B. influenced the direction and advancements of research
in sustainable fire-retardant polysaccharide-based composite aerogels. This phenomenon
suggests that the findings, theories, and methodologies developed by Wicklen B. have
influenced subsequent studies and shaped the scientific discourse in their domains. The top
cited documents are presented in Table S3 with their citation counts and total link strength.
The “total link strength of citations” is the sum of all the weights of the citation links for
a particular document. It indicates the cumulative strength or importance of the citation
connections that a document has with other documents in the network. Liang C. (2020)
and Wang N.-N. (2019) had 299 and 162 citations with total link strengths of 13 and 60,
respectively, indicating that highly cited documents may not be necessarily interrelated
with each other in terms of citation. It is observed that some of the recently published
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articles, for instance, Zuo B. (2021) “Flame-retardant cellulose nanofiber aerogel modified
with graphene oxide and sodium montmorillonite and its fire-alarm application” and
Wang L. (2021) “Metal-graphene-synergized melamine aerogel with robust elasticity and
flame-retardancy for thermal-insulated-packaging industry” had relatively low citations of
23 and 7 but high total link strength of 198 apiece. Compared to other documents published
earlier with relatively higher citations, it suffices to state that these documents possess
significant influence/centrality for some of the most recently published documents within
the citation network. More importantly, the visual closeness of the recently published
documents, with the exception of Wang X. (2016), shows how interrelated these documents
are with each other in terms of citation. It is important to note that while high citation
counts are indicative of research impact and influence, they should not be the sole measure
of an author’s contributions. It is essential to consider other factors such as the quality of
the publications, the breadth and depth of the research portfolio, and the overall impact on
the scientific community.
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Figure 4. Science mapping (network visualization) of the top-cited documents.

To obtain information on the most cited authors and top cited organizations, under the
publication source category, “Bibliographic coupling” was chosen as the “analysis type,”
and “authors” was chosen as the “analysis unit”. A researcher’s influence in an area is
measured by the number of citations according to their names [43]. It has been established
that the knowledge base of a field is the set of articles most cited by current research—
also known as the intellectual base [42]. An author’s minimum number of documents
was set at two, and 270 of the 847 authors met this condition as shown in Figure 5a, in
12 varying clusters. From the analysis, the powerhouse connecting items are Wang X,
Zhang X., Wang ]., and Zhang L., serving as the bridge to the other authors in the research
domain. Being the most cited authors as shown by the size of the node in Figure 5a can
be an indication of several factors, including the quality, originality, and significance of
their research contributions. It suggests that their work has made a notable impact on the
scholarly community and is often considered influential in this field.
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Figure 5. (a) Science mapping (network visualization) of the most cited authors (b) Science mapping
(network visualization) of the top-cited organizations.

A visualization network between organizations was established to provide researchers
in the area the opportunity to visualize the organizations that are committed and spear-
heading the research in sustainable fire-resistant polysaccharide-based aerogels. On the
count of organization, “bibliographic coupling” was chosen as the “analysis type,” and
“organization” was chosen as the “analysis unit”. An organization’s minimum number of
documents was set at two, and 49 of the 510 organizations met this condition. The list of
most active organizations in terms of the number of publications and citations is presented
in Table S4. The total number of documents, citations, and connections demonstrates the
impact of an organization. Out of the total 49 organizations making the list, the largest set of
connecting items was proven to be 48 by transcribes from the software and are summarized
into seven clusters. These clusters are however, elaborated as; cluster 1 (red) consists of
26 items, cluster 2 (green) consists of 2 items, cluster 3 (blue) made of 5 items, cluster 4
(yellow) comprises 4 items, cluster 5 (purple) consists of 4 items, cluster 6 (sea blue) has
2 items and cluster 7 (orange) with 2 items (refer to Figure 5b). Additionally, there exists
much collaboration between the School of Science, Xihua University, Department of Macro-
molecular Science and Engineering, and the Institute of Nuclear Physics and Chemistry,
China. Similarly, constant collaboration between Civil and Infrastructure Engineering and
the School of Resource and Safety is identifiable. Finally, under the last set of criteria for
Bibliographic coupling analysis, the “analysis type,” was set to bibliographic coupling”
and “country” was chosen as the “analysis unit”. The network visualization of VOSviewer
on the citations by country gives an immediate indication of the main national clusters (the
size of a circle and its label is proportional to its weight, the lines between circles represent
their links, and the distance between two circles shows their relatedness) [42].

Geospatial analysis provides useful information relating to leading nations throughout
the years. In this regard, the minimum number of documents for a country was set at
two, and 22 out of 29 countries met the threshold as presented in Table 2. By dividing the
total number of citations by the total number of articles indexed, the mean citation for the
relevant nation can be calculated.
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Table 2. List of top ten influential countries based on the number of documents.
o Mean Total Link
S/IN Country Documents Citations Citations Strength
1 China 194 5932 30.57 16,432
2 United States 20 991 49.55 4596
3 Australia 11 461 419 4177
4 Canada 9 209 23 2329
5 India 8 165 20.62 1166
6 Sweden 8 1520 190 2341
7 Spain 7 542 7742 1972
8 France 6 68 11.3 1674
9 South Korea 6 124 20.6 812
10 Singapore 5 180 36 883

The total number of citations and connections demonstrates the impact of a country
on the present research field, and the total link strength indicates how much a country’s
papers influence other countries in this study field. The links and density of countries
based on citations are shown in Figure 6. The size of the nodes indicates how much a
country has contributed to the field of study. From the analysis, based on citations is a
predominance of China ranking first with 5932, Sweden in second position with 1520,
Germany ranks third with 1215, Italy is in fourth position with 1136, and the United States
fifth with 991, all making it into the top list. As shown in Figure 6, it is evident that China
has been the major contributor to sustainable fire-resistant polysaccharide-based aerogels
and again serves as the powerhouse for collaboration with most significantly, Australia, the
United States, Sweden, Canada, Spain, France, Germany, Italy, Slovenia, United Kingdom,
Switzerland, etc. In the Asia pacific region, the most significant collaboration exists between
China and Singapore, South Korea, India, and Hong Kong. Additionally, outside the
Asia pacific region, a significant link is noticed between Australia and Finland, the USA,
Sweden, France, and Spain. This finding suggests that researchers from these countries have
been actively collaborating on research projects, highlighting the transfer of knowledge
and expertise across borders leading to the exchange of ideas, joint publications, and
mutual acknowledgment of each other’s work. This phenomenon is very important for
advancing the frontiers of knowledge in sustainable fire-resistant polysaccharide-based
composite aerogels.

united kingdom

australia

soutiwkorea switzerland
singapore

canada
finland

czech sepublic
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spain gewny

Figure 6. Network visualization of countries indicating their involvement in the relevant field
of study.
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Keywords are important research metrics because they identify and represent the
research domain’s fundamental field [43]. For this analysis, “co-occurrence” was chosen
as the “kind of analysis,” and “index keywords” was chosen as the “unit of analysis” in
VOSviewer. The minimum number of repetitions for an indexed keyword was set to two,
and 603 of the 1975 keywords met the requirement (see Figure 7a and the top ten indexed
keywords in Table 3). In the case of connecting links to the index keywords, the network
visualization in VOSviewer provided visuals on the interconnectivity (see Figure 7b) of the
used keywords in varying colors grouped into clusters of 14 namely cluster 1 red (77 items),
cluster 2 green (75 items), cluster 3 blue (53 items), cluster 4 yellow (53), cluster 5 (purple)
consists of 51 items, cluster 6 (sea blue) has 48 items, cluster 7 (orange) has 44 items, cluster
8 (wine) has 41 items, cluster 9 (pale purple) has 40 items, cluster 10 (tinted red) has 38
items, cluster 11 (yellow) has 31 items, cluster 12 (light blue) comprises of 25 items, cluster
13 (light yellow) consists of 24 items and cluster 14 (light purple) has 18 items. It is worthy
of mention that on the premise of link strength, it is evident that within the scope of the
study, the emphasis of researchers has been on aerogels and their flame and fire-retardant
abilities. It is not surprising that aerogels, flame retardant, and flame retardancy have
the largest nodes across the last two decades as can be seen from Figure 7a,b. The most
frequently occurring keyword indicates the dominant research theme or topic within the
field and reflects the primary area of interest and focus among researchers in sustainable
fire-resistant polysaccharide-based composite aerogels. This also suggests that the topic
is of significant interest to the scientific community and shows its particular relevance in
these times. The associated big nodes could also indicate an emerging trend within the field
which may reflect new research directions, technologies, or methodologies gaining traction
among researchers. Generally, comparing the most repeated indexed keywords to the
least repeated ones in VOSviewer analysis provides a comprehensive view of the research
landscape. It offers valuable information about the dominant research areas, potential
collaborations, emerging trends, and knowledge gaps, guiding researchers in navigating
the literature and identifying research opportunities within their domain of interest.
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Figure 7. (a) Science mapping of the index author keywords; (b) Science mapping of keywords based
on link strength.
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Table 3. List of the top ten index keywords in the relevant field of study.

S/N Keyword Occurrences Total Link Strength
1 Aerogels 207 3036
2 Thermal Insulation 96 1493

Thermal
3 Conductivity 1 1502
4 Flame Retardants 61 943
5 Cellulose 48 751
Low Thermal
6 Conductivity 36 579
7 Composite Aerogel 33 467
8 Silica 33 487
9 Graphene 31 474
10 Nanofibers 31 460

A researcher’s influence in an area is measured by the number of citations according
to their names [43,44]. To obtain a better-defined picture, the study of the number of
articles per author needs to be integrated with other types of analysis, such as citations,
co-authorship, or network visualization. The research question intends to reveal the
knowledge base of sustainable fire-resistant polysaccharides through the identification
of key authors. The minimum number of documents for an author was set to two and
270 of the 847 total authors met the requirement (see Table 4 for top ten influencers). The
full table can be found in Table S6), with 263 authors largely connected. The connecting
network is between Zhang L., Zang X., and Wang X, bridging all other authors together as
shown in Figure 8a, into fifteen (15) different cluster units. The total number of citations
was divided by each author’s total number of publications (documents) in attaining the
mean citation count per paper. In terms of co-citation, an author’s minimum citation count
was set at 50, and 145 of the 15,276 authors met this requirement (refer to Figure 8b). The
visualization is categorized into four clusters, thus; cluster 1 (red) comprising 70 items,
cluster 2 (green) with 34 items, cluster 3 (blue) has 32 items, and cluster 4 (yellow) also
has 9 items. From the VOSviewer translation, it is apparent that over the last two decades,
co-authors, Schiraldi D.A. have been cited the most with 363 citations, followed by Wang
X. with 345 citations, Zhang X. ranking third with 339 citations to his name, Hu Y. and
Wang Y. ranking fourth and fifth, respectively, with 294 and 280 citations each. These
stronger links indicate a higher level of collaboration and interaction between researchers
within the scientific community as it provides insights into collaborative networks, research
clusters, and research communities within the scientific domain. The stronger links are
an indication of knowledge sharing and accelerated scientific progress, which resulted in
impactful research outcomes. Additionally, collaborative efforts could result in increased
visibility and recognition for individual authors and their institutions.

Table 4. List of the top ten authors with a minimum of two documents.

S/N Author Documents Citations Cil\t/ilet!ia(:lns ];):in[g:;lk
1 Wang X. 18 687 38.16 67
2 Zhang X. 15 442 29.46 42
3 Wang J. 13 239 18.38 60
4 Zhang L. 13 684 52.61 65
5 LiZ. 10 142 14.2 53
6 Wang H. 10 380 38 48
7 Wang Y. 10 137 13.7 38
8 Wang L. 9 177 19.6 29
9 Wang Y.-Z. 9 583 64.7 37
10 HuY. 8 107 13.37 38
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Figure 8. (a) Science mapping of top contributing authors based on citation; (b) Network visualization
of cited co-authors.

Additionally, a second analysis was conducted under the general theme “top cited
co-authors”. Here, the “type of analysis” was set to “co-citation” and the “unit of analysis”
to “cited sources” in the VOSviewer. A source’s minimum citation was set at 50 and 42 of
the total 1901 sources met the criteria. The detailed quantitative data is provided in Table S2
whereas Figure 9 represents a visualization of the discussion in four clusters. Cluster 1 (red)
has 17 items, cluster 2 (green) has 11 items, cluster 3 (blue) has 9 items and cluster 4 (yellow)
has 5 items. The discussion concludes that the top five co-cited sources are ACS Appl. Mater.
Interfaces with 536 citations, Chem. Eng. J. with 330 citations, ACS Nano in third place
with 246 citations, Carbohydr. Polym. in fourth place with 211 citations, and the Journal of
Material Chemistry ranked fifth with 204 citations. In the case of Total Link Strength (TLS),
ACS Applied Material Interfaces ranked first with 13,471, Chemical Engineering Journal
in second position with 7869, ACS Nano in third place with 5829, Journal of Material
Chemistry A in fourth position with 5359, and Carbohydrate Polymers in fifth position
with 5153 total link strength. The presence of certain publications among the top co-cited
sources indicates that they are considered landmark or foundational works in the field.
These publications have significantly influenced subsequent research and are commonly
referenced together. Additionally, the top co-cited sources are likely related to specific
research themes or topics that are of great interest within the field and thus represent core
literature that provides a foundation for ongoing research in those areas. Moreover, the
co-cited sources can reveal clusters of related research papers that are frequently cited
together, which could be an indication of areas of specialization or research subfields within
the broader domain. Lastly, top co-cited sources may be authored by researchers who are
part of intellectual networks, collaborating closely or sharing similar research interests.
These intellectual networks can drive knowledge exchange and mutual influence.
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Figure 9. Network visualization of the top co-cited sources in the relevant field of study.

Globally, many countries have been involved in the studies of sustainable fire-resistant
polysaccharide-based aerogels. Over the last two decades, the following countries (see
Table S5) China, United States, Australia, Canada, India, Sweden, Spain, France, South
Korea, and Singapore spanning four continents have engaged in many publications, with
China recording the highest number of publications and citations. A world collaboration
map analysis (Figure 10 and Table S6) indicates significant collaboration between China
and other countries such as Canada, the United States, Spain, Italy, France, Australia,
Malaysia, Finland, and Sweden, with China serving as the country from which these
collaborations emanate. It is interesting to note the importance of Spain as the mid-point
of the collaboration between European countries and authors in the Asia—Pacific region
although Sweden boasts of significant publication in this field. On the issue of cross-
continent collaborations, key alliances happened between Australia and China and then
Hong Kong (though Hong Kong is considered a Special Administrative Region (SAR) of
China but regarded as a country by the Biblitex software, V4.0). It is worth noting that
Canada collaborates most with the Scandinavian countries (Sweden, Switzerland, and
Finland) than its closest neighbors in this field of research. Additionally, the powerhouse,
China collaborates more with countries such as Australia, the United States, Canada,
and Hong Kong (SAR), with minimal involvement with others such as France, Germany,
Singapore, and Italy, to mention a few.
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Country Collaboration Map
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Figure 10. Biblioshiny country collaboration map.

Interestingly, although the United States of America and Canada are neighboring
countries, there appears to be no collaboration between authors researching sustainable fire-
resistant polysaccharide-based aerogels. Likewise, Russia and China are border countries,
however, there appears to be no collaboration at the moment between these neighboring
countries specifically on sustainable fire-resistant polysaccharide-based aerogels. Similarly,
Australia is quite close to Indonesia but there seems to be no collaboration between authors
of these countries. This phenomenon calls for a close collaboration between authors
of neighboring countries to engage across borders to advance the field of sustainable
fire-resistant polysaccharide-based aerogels. Similarly, in Africa, no country has been
involved in research on sustainable fire-resistant polysaccharide-based aerogels according
to this finding.

The scientific production is based on corresponding authors from diverse countries
regarding publication and multi-country collaboration in research (Figure 11 SCP is the
abbreviation for Single Country Publications and MCP for Multiple Country Publications).
From these results, it is shown that China has the highest list of corresponding authors
in the research domain in both SCP and MCP areas and covers the largest set of analysis
ratios. This is followed by India with moderate involvement on both local and global scales
before South Korea’s fair involvement on the local level and little collaboration globally.
However, some observations can be made regarding the MCP of the USA, decreasing by
an average rate to that of countries such as Spain and France. This highlights Spain’s
fair involvement single-country-wise to that of multi collaborations with other nations.
Meanwhile, countries such as Canada are recognized for their contributions, however, it
cannot boast of any local collaboration that will promote knowledge sharing and expand
the frontiers of sustainable flame-resistant polysaccharide-based aerogels. However, it is
worth mentioning that Canada has significant international collaborations with many coun-
tries on different continents. It is important to state that MCPs often cover diverse research
topics and methodologies and therefore, such collaborations bring together researchers
with complementary expertise, leading to multidisciplinary and cross-disciplinary research
contributions, which is very important for driving research innovations and providing
practical solutions to the issue of fire safety while prioritizing sustainability. Again, the
geographic distribution of countries involved in MCPs revealed patterns of regional col-
laboration on sustainable polysaccharide-based composites showing that neighboring or
geographically close countries are not collaborating more frequently despite the conve-
nience of proximity and possible shared research interests. The pattern of MCPs analysis
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on sustainable polysaccharide-based composites shows that researchers from different
countries need to collaborate effectively by creating future partnership initiatives that will
further expand the frontiers of knowledge on the subject.

Corresponding Author's Countries

Countries
o _

KOREA -

Collaboration
M sce
B e

USA-

SPAIN-

FRANCE -

— — —

0 50 100 150
N. of Documents
SCP: Single Country Pubications, MCP: Multiple Country Publications

Figure 11. Biblioshiny analysis of corresponding authors from various countries. SCP = Single
Country Publications, MCP = Multi Country Publications.

To understand trends in top cited institutions and appreciate the highest contributing
institution to the body of knowledge over the years, biblioshiny was used based on the data
obtained from Scopus. As presented in Figure 12, it is evident that over the past 18 years,
Central South University has been the frontrunner in the relevant field of study, followed
closely by Donghua University, Lanzhou University of Technology, Qingdao University of
Science and Technology, Sichuan University and the University of Science and Technology
of China, all serving as notable institutions in driving forward the future of research in
sustainable polysaccharide-based composites.

Affiliations' Production over Time

Articles

o
\

2013
2014
2015
2016
20171 K
2018
2019
2020
2021
2022
2023

Year

Figure 12. Biblioshiny visualization of Affiliation production over time.

Three-fields plot analysis was conducted using biblioshiny to investigate the inter-
connections between journals, top authors, and countries. The interaction between top
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institutions (left), journals (middle), and countries (right) are illustrated in a three-field plot
(Figure 13). The visualization demonstrates that most publications for aerogels and flame
retardants originate from China and are mostly published in the top four journals in this
field, namely, ACS Applied Materials and Interfaces, Chemical Engineering Journal, ACS
Sustainable Chemistry and Engineering, and Composites Part B: Engineering. Again, the
three top authors in this field are Chen Y., Zhang L., and Liu Y., with the majority of these
publications coming from China, illustrating their lead in this field. The topmost institu-
tions in sustainable fire-retardant polysaccharide-based aerogels are Qingdao University of
Science and Technology, Huazhong University of Science and Technology, and the Wuhan
University of Technology. On the country level, it is obvious that China, Australia, and the
United States of America are the leading countries with a majority of these publications
coming from China. It is fair to conclude that China is the powerhouse of research in Asia
and globally in sustainable fire-resistant polysaccharide-based aerogels.
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Figure 13. The three-fields plot for the study based on institutions (left), journals (middle), and
country (right).

In the keyword thematic map (Figure 14), the keywords “aerogel, thermal insulation,
and thermal conductivity” are placed in the lower-right quadrant representing a basic
theme that has a high centrality and low density and is considered important and not
yet developed for the research field. Similarly, “phase change materials, heat storage,
and phosphorus” are niche themes with high density and low centrality, considered as
well-researched with marginal importance in the study area. In the upper-right quadrant
are the motor themes with high centrality and density, considered well-researched and
important. In this quadrant, are “flame retardant, article, and hydrophobicity” representing
the authors’ attribution and which are believed to have evolved from the basic themes.

Finally, themes emerging in the lower left quadrant are declining or emerging themes
with low centrality and density and are considered not well-developed with marginal
importance and are made of words “electromagnetic interference shielding, electromagnetic
pulse, and electromagnetic shielding”. Based on the importance of the basic theme, the
technological advancements in sustainable fire-resistant polysaccharide-based aerogels
were identified and a comprehensive qualitative review was conducted.
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Figure 14. Biblioshiny visualization of keyword thematic map.

3.2. Technological Advancements in Sustainable Fire-Resistant Polysaccharide-Based Aerogels

The frequent occurrence of fire outbreaks in structures, industries, and other sectors
has sped up the development of creative and strategic management techniques for slowing
or reducing burn rates while maintaining sustainability over the course of their lifecycles.
It is imperative to state that efforts aimed at improving fire resistance will remain palpably
ineffective unless preferences, costs, and environmental impacts are taken into account [45].
The manufacturing of sustainable fire-resistant polysaccharide-based composite aerogels
made from renewable sources, such as cellulose, chitosan, starch, or other polysaccharides,
represent a breakthrough since it combines fire resistance with sustainability, adaptability,
and mechanical strength in a novel way [46,47]. Therefore, the creation of renewable raw
materials for housing and construction is essential for the accomplishment of the twelfth
Sustainable Development Goal (“Ensure sustainable consumption and production pat-
terns”) agreed to by more than 150 UN member states [47]. Aerogel is a unique class of
solid that is synthesized using the sol-gel technique with branching, and porous nanos-
tructures. Aerogel exhibits little shrinking because the liquid-vapor phase is absent and
has an intact structure since there is no surface tension on the gel. The sol-gel process
remains a highly versatile and effective method for synthesizing functional aerogels [48].
This technique enables the production of aerogels with tailored properties, making them
suitable for a wide range of applications. Unlike conventional gels, where the liquid is
evaporated to produce a solid material, aerogels are dried using a unique process called
supercritical drying or freeze-drying. In supercritical drying, the liquid solvent is removed
under carefully controlled conditions, transforming the gel into an aerogel without causing
significant shrinkage or structural collapse [49]. This process preserves the highly porous
structure of the aerogel, ensuring its exceptional properties, such as low density and high
surface area.

Thanks to Steven Kistler’s ingenuity in 1932, composite aerogel was first produced
using the supercritical drying method [50]. These composite materials have outstanding
fire resistance qualities that compare with the traditional flame retardants due to meticulous
material design and composition, which successfully stops the propagation of fire and
lowers the risk of combustion [51]. As observed from the keyword thematic analysis,
“aerogel, thermal insulation, and thermal conductivity” are the basic themes with high
centrality and low density—which are considered important and not yet fully developed for
the research field. Polysaccharide-based aerogel composites under this theme include chitin
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(CT)/chitosan (CS), hyaluronic acid (HA), chondroitin sulfate (CRS), cellulose (Cel), starch
(St), pectin (Pec), pullulan (Pul), dextran (Dex), salecan (SL), and xanthan gum (XG) [52]. It
is important to state that aerogels have not been developed based on all these varieties of
polysaccharides, hence, a brief qualitative study of available polysaccharide-based aerogels
has been reviewed.

Cellulose-based aerogels have been the front-runners in replacing the conventional
petro-polymers in most applications due to their high porosity, wide specific surface area,
low density, high insulation, low thermal conductivity, sustainability, biocompatibility,
biodegradability, and low price [50,53]. As a result, cellulose at the nanoscale level, is a
great option for replacing synthetic materials such as steel, Kevlar, poly (vinyl alcohol)
(PVA), and polyurethane (PU) [53]. These nano cellulose-based aerogel composites are
used in a variety of industries, including aerospace, lightweight construction, automotive
interiors, packaging, insulation, flexible devices, effluent treatment, etc. [46]. The polysac-
charide portion of -D-glucopyranose units, which is connected by -1,4-linkages, constitutes
cellulose’s makeup as shown in Figure 15a. Sugar molecules that are both reducing and
non-reducing stabilize the end terminal of cellulose polymer chains. The cellulose’s C-2,
C-3, and C-6 positions have the -OH active side group, which is responsible for the chemical
alteration and cellulose characteristics with each unit having three hydroxyl groups [53].
However, cellulose also has a limiting oxygen index (LOI) of 18%, making it a combustible
substance [53]. Because of this, efforts to improve the flame retardancy of cellulose aerogels
while preserving their distinctive characteristics have increased over the years.

Mostly, the use of materials such as clay, organic/inorganic materials [46], MOFs, and
nanofiller [53] composites have become the surest way to improve their flame resistance
due to their smoke suppression, sustainability, as well as their structure and chemical
composition. In this regard, the cellulose-aerogel composites with a sandwich-like structure
were fabricated by in situ polymerization of aniline and PDMS/CNT after freeze-drying.
The fire retardancy of the composite aerogel was subjected to an open flame-retardant test
and the results showed outstanding synergistic effects between the PDMS/CNT/PANI
cellulose aerogel with the other flame-retardant properties improving by ca 84% [54].
Similarly, a cellulose-based MgAl-layered double hydroxide (MgAl-LDH) aerogel was
fabricated and freeze-dried as shown in Figure 15b. The flame-retardant properties of the
cellulose-based MgAI-LDH aerogel improved significantly with a reduction in the peak
heat release rate (PHRR) by 50% and total smoke produced by 75% [46]. The composite
aerogel could not be ignited easily, and the burning could not be sustained once it is moved
away from the flame. The excellent flame retardancy of the composite was attributed
principally to the physical barrier and carbonization impact of LDH, or dual gas-phase and
condensed phase flame retardant processes.

Additionally, bacterial cellulose (BC) aerogel flame retardants have become a focus of
research in the search for sustainable flame-retardant options because BC is a type of main-
tainable material that combines the exceptional properties of extremely porous aerogels,
such as being ultralight, having a highly specific surface area, and insulation, low density,
and thermal conductivity, as well as advantages in biodegradability and biocompatibility.
In this regard, Wang and co-workers [55] fabricated a sustainable bacterial cellulose-based
retardant composite aerogel (Figure 15¢) possessing heat-insulating properties by introduc-
ing zinc borate (ZB) particles into BC via an ultrasound-assistant deposition process and
achieved a significant reduction in the heat release capacity (only 8 J-g~! k=), exhibiting
excellent flame retardancy. The plausible mechanism was the dehydration of ZB particles
lowering the surface temperature by releasing the bound water and simultaneously pro-
ducing metallic oxides (ZnO and B,0O3) for retarding the spread of heat and isolating the
flammable fibrils within the combustion area. A list of other cellulose-based flame-retardant
composite aerogels, their fabrication method, and flame-retardant evaluation results are
presented in Table 5.
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Figure 15. (a) Chemical structure of cellulose [53] (b) Schematic illustrations of the fabrication of
flame retardants cellulose/LDH composite aerogel [46] (c) In situ synthesis of the BC/ZB composite
aerogels [55].

Table 5. Summarized cellulose-based composite flame-retardant aerogels.

Type of

R Flame Retardant Fabrication Drying FR PHRR o VBT/HBT
Cell:l;soegflased Additive Method Method Mechanism Reduction (%) LOI (%) Rating Ref.
Ice-induced Gagalz‘l::se
PolyMXene (PCM) Ph“ﬁ;‘:;‘; and asseir:';iltyua“d Freeze-drying  inhibition and - 453 N/A [56]
mineralization Intumescence
effect
MTMS
Cellulose . . Chemo- _
nanofibers/Sepiolite i mechanica reeze-dryin arrier effect e
fibers /Sepioli (MEtth;rr‘Irer;Eth"XYSl hanical  Freeze-drying B ff, N/A N/A s he [50]
clay Sepioli ¢ means B
epiolite nanoclay
I)Cl::;stzﬁ;us_ Gas phase
Cellulose ﬂame—retardgemt Simple Freeze-drying inhibition, 67.8 27 VBT = V-2 [12]
nanofibers modifier esterification intumescence ’
agent (DOPO-IA) effect
ZIF-8@cellulose L . .
composite Zmethylimidazole,  Insitupoly  progse drying  Parrier effect 19.36 19.36 VBT = V-0 [57]
aerogels 4
Cellulose nanofiber . Gas phase
(CNF)/boron Cation- flame
Boron phosphorus induced Freeze-dryin inhibition and 73 23.9 N/A [58]
phosphate (BP) phosp - ymng .
hybrid aerogels gelation intumescent
effect
Melamine
Cellulose For(ﬁ;l)d:ilgde Simple Gag ph:se
nanofibrils ; . crosslinking Freeze-drying A 50.6 37.1 VBT = V-0 [59]
Methyltrimethoxysi- . inhibition and
(CNF) reaction N
lane barrier effect

(MTMS)
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Table 5. Cont.
Cell le pe-t:gf d Flame Retardant Fabrication Drying FR PHRR LOI (%) VBT/HBT Ref
€ Xeorsoegelase Additive Method Method Mechanism Reduction (%) ° Rating et
. Gas phase
. . Divalent
Cellulose Sodium alginate, . . flame v
nanofibrils (CNFs) boric acid crozzsiltilglilin Freeze-drying inhibition and 446 395 VBT =V-1 (601
& barrier effect
Polyvinyl Microencapsulated
alcohol/cellulose ammonium Crosslinking . Intumescent _
nanofibers hybrid polyphosphate reaction Freeze-drying effect 48.48 375 VBT =V-0 (o1l
aerogel (MCAPP)
Magnesium Post- Simple
Alginate-based h gnest crosslinking pe Barrier effect 28.91 60 VBT = V-0 [62]
ydroxide method freeze-drying
Gas phase
Hydrogen flame
Tubular cellulose (NFi4)2HPO4 bonding and Oven drying inhibition and 26.64 43 N/A [63]
aerogels (kapok) and MMT .o .
crosslinking intumescent
effect
1-allyl- .
P . . Barrier effect
e methylimidazole In situ Superecritical
Cellulose-silica chloride (AmimCl), formation CO; drying and gas phase 15.51 34 N/A [13]

silica

inhibition

LOI = Limiting Oxygen Index, VBT = Vertical Burning Test, HBT = Horizontal Burning Test.

Starch is also an interesting material for preparing aerogels because it is biobased and
biodegradable [64,65]. Additionally, it is widely used owing to its excellent mechanical
properties, low density, environmental friendliness, biodegradability, and is abundantly
available from bioresources [53]. Starch is the main storage carbohydrate in higher plants.
Starch contains two D-glucan biopolymers, i.e., amylose, a relatively linear 1,4-«-D-glucan
with a small number of long branches; and amylopectin, mainly a 1,4-«-D-glucan containing
high-density branches (ca. 5% of glycosidic bonds are x-1,6) [66,67] as shown in Figure 16a.

The performance of starch differs greatly depending on the composition of amylose
and amylopectin. Because the heterogeneous structure of pure amylose cannot withstand
the pressure during the freezing process, it cannot form aerogels. However, the inclu-
sion of amylose can enhance the specific surface area of the aerogel while decreasing its
density. Furthermore, the kind of starch and amylose/amylopectin ratio is critical for
the microstructure of aerogels, resulting in varied characteristics. The amylose content of
starch, for example, might influence the mechanical characteristics of aerogels [68]. Starch,
on the other hand, is typically regarded as a naturally flame-retardant substance due to
its good char-forming characteristics, which emits CO,, CO, and creates a carbon layer
upon combustion, hence limiting the spread of heat and oxygen [69]. Despite the outstand-
ing advantages of starch aerogel, there remain some drawbacks, such as low hardness.
However, the mechanical property can be improved through start materials modified in
the preparation process of aerogels [69,70]. Hence, different modification techniques have
been used to alter starch-based products to be good as flame retardant materials. There-
fore, Glenn and Irving [64] reported the preparation of unmodified wheat starch (B28%
amylose and B72% amylopectin), corn starch (B28% amylose and B72% amylopectin), and
high-amylose corn starch (B70% amylose and B30% amylopectin) based aerogels. These
aerogels were conditioned at 50% relative humidity for at least 48 h before analysis. Among
these starch-based aerogels, the corn starch with a high-amylose content aerogel had a
nanostructured morphology, whereas corn starch and wheat starch-based aerogels showed
2D sheet-like morphology with macropores and flame-retardant properties and thermal
insulation properties. In general, starch-based aerogel can be fabricated in two steps, starch-
based hydrogel formation and drying [71]. The supercritical CO, drying-based technique
is commonly used for production [68] similar to the freeze-drying technique. However,
the information regarding the production, processing, properties, and uses of starch-based
aerogels is rather scattered.
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(b)

In a recent study, the use of starch as an intumescent flame-retardant synergist for
replacing petroleum-based char-forming agents through modifications with expandable
graphite (EG) and H3PO; for the preparation of aerogel by hot vacuum drying has been
reported [72]. A portentous decline in peak heat release rate (PHRR) (33.5%) was achieved—
attributable to the conjunct physicochemical action of EG and H3PO, as shown in the
quality of the charring layer in Figure 16b.
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Figure 16. (a) Structure of starch [67] (b) Starch-based synergistic EG and H3PO,4 intumescent flame-
retardant aerogel [72], (c) Porous bio-based flame-retardant coating via esterification from starch
modified with phytic acid (PA) [73].

Similarly, a porous bio-based flame-retardant coating via an esterification interaction
designed from starch modified with phytic acid (PA) (see Figure 16c) for reducing the
flammability of expanded polystyrene aerogel that acts as both a flame retardant and an
adhesive was reported [73]. The resultant FR coated aerogel showed an 83.3% reduction
in peak heat release and smoke production, indicating its excellent fire retardancy. It also
exhibited excellent self-extinguishing behavior in the vertical burning tests with an LOI of
35.5%. Equally, eco-friendly aerogels with high mechanics and fire resistance from naturally
occurring pea starch were used to fabricate composite aerogels via a freeze-drying method
resulting in the formation of a multi-crosslinked hybrid network and the application of
borax and polyvinyl alcohol (PVA) as an additive in enhancing its performance [69]. The
peak heat release rate decreased by 74.5%. Not only did the experiment result in the
formation of borate ester bonds acting as covalent linkages, but also, the multi-crosslinked
hybrid network structure resulted in high mechanics and good thermal insulation. It
is important to indicate that research on starch-based materials for the fabrication of
sustainable fire-resistant aerogel is still in the infant stages and more research will be needed
in this direction to realize the full potential of this important polysaccharide-based resource.

Chitosan-based flame-retardant composite aerogels have emerged as a promising and
innovative fire safety solution at the molecular scale [74]. Chitosan, a biopolymer derived
from chitin found in the exoskeletons of crustaceans and insects, possesses inherent flame-
retardant properties [75]. When combined with other additives and engineered into an
aerogel form, chitosan-based composites exhibit enhanced flame retardancy and mechanical
strength, making them suitable for diverse applications, including thermal insulation,
protective coatings, and fire-resistant barriers [76,77]. This aspect of the review provides
a snippet of the properties, production methods, and applications of chitosan as a great
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promise in mitigating fire hazards and advancing the realm of flame-retardant technology.
Chitin/chitosan is a family of linear polysaccharides made up of different proportions of
N-acetyl-2 amino-2-deoxy-D-glucose (glucosamine, GlcN) and 2-amino-2-deoxy-D-glucose
(N-acetyl-glucosamine, GIcNAc) residues known as chitin and its deacetylated derivative,
chitosan [78-80] (See Figure 17a). Chitosan is soluble in aqueous acidic conditions by
primary amine protonation as well as in several crustacean derivatives.
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Figure 17.

(a) Functional groups in chitosan structure [80] (b) Results of fire-resistance chi-
tosan/montmorillonite/carbon [81] (c) Fabrication of magnesium-coated chitosan aerogel with
HGM component [75] (d) Fabrication process of form-stable phase change material (PCM) composites
(PBPCMs) [58].

Because of the presence of abundant hydroxyl and amino groups, carboxymethyl
chitosan (CCS) is a promising alternative to conventional flame retardants. This gives CCS
aerogel superior charring and thermal insulation properties. Additionally, when exposed
to a flame, CCS can more securely connect with different 2D nanomaterials to create
compact char layers, which will shield the aerogel from burning easily [82]. Biopolymer
aerogels, such as CCS aerogel, are typically more plastically bendable and less brittle than
inorganic aerogels. To achieve this objective, an ultrasensitive fire-warning and high fire-
resistance chitosan/montmorillonite/carbon was fabricated via a freeze-drying method at
a temperature of 45 °C [81]. The PHRR was reduced by ca 73% and a V = 0 rating with the
composite aerogel serving as a heat sink as shown in Figure 17b.

Similarly, Zhu et al. [75] prepared a sustainable novel porous, yet mechanically tough,
vertical directional channel composite aerogel by incorporating Mg (OH), coated hollow
glass microspheres (HGM) into a chitosan (CSA) matrix and crosslinking it with glu-
taraldehyde as shown in Figure 17c. The composite aerogel obtained a V =0 rating with a
substantial reduction in PHRR with the potential for scaling up for large-scale production.
To expand the application possibilities of these sustainable aerogels, Du et al. [58] devel-
oped flame-retardant and form-stable phase change composites based on black phosphorus
nanosheets/cellulose nanofiber aerogels (See Figure 17d) with extremely high energy stor-
age density and superior solar-thermal conversion efficiency. The form-stable phase change
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composites aerogel had extremely high n-alkane loading capacity and thermal storage
density of ca 247.0-251.6 ] g~!. The thermal conductivity and the solar-thermal conversion
and storage efficiency of the composite aerogel increased by 89.0% and 87.6%, respectively,
whereas the PHRR decreased considerably with a marginal improvement in the LOI value.
Further, Yang and co-workers [83] designed and synthesized intrinsic flame-retardant
and thermal-conductive vanillin-based epoxy/graphene aerogel (GA) composites with
excellent flexural strength and modulus in addition to excellent flame retardancy. Table 6
provides summarized works by other scholars on chitosan/chitin-based flame-retardant
composite aerogels.

Table 6. Summarized works by other scholars on chitosan/chitin-based flame-retardant compos-
ite aerogels.

PHRR
Chitosan/Chitin-Based Flame Retardant P . . . LOI UL-94 Rating
Aerogel Additives Fabrication Method Drying Method FR Mechanism Reduction (%) (VBT/HBT)

(%)

o _dryi dF Gas phase flame
Phosphorylatedchitosan (PCS) H3PO4, Chitosan Freeze thawing reeze-drying and Freeze inhibition and 91 80 VBT = V-0 [84]

thawing barrier effect
Sodium alginate chitosan, Sodium Gas phase flame
sodium hypophosphiteAlginate, Post-crosslinking Freeze-drying inhibition and 19.94 37.7 VBT = V-0 [28]
carboxymethylcellulose chitosan barrier effect
Carboxymethylchitosan (CCS) Montmorillonite (MMT), Ionic interaction Freeze-drying Barrier effect - 85 VBT = V-0 [85]
d carbon nanotubes
- . . . A . Barrier effect,
Chitosan nanofiller (CNF) Montmorillonite (MMT) Cheml.caluosshnklfwg via Directional free;lng/ and slightly gas phase ~ 3 N/A 77
powder Schiff base reaction Freeze-drying
phenomenon
Chitosan-aluminum/PVA Aluminum, chitosan Crosslinking and chemical Freeze-drying Gas phase dilution 77.68 41 VBT = V-0 [86]
vapor deposition and barrier effect
Facile water
Chitosan (CS) hydrogels MXene, CS evaporation-induced Freeze-drying Barrier effect 25.6 N/A N/A [871

self-assembly

Biopolymer chitosan (CS) and Gas phase inhibition,

ammonium polyphosphate Boric acid, APP, CS Crosslinking Freeze-drying barrier effect 23.0 N/A VBT = V-0 [88]
(APP’
Chitosan (CS)/APP APP,CS Layer-by-Layer (LbL) Vacuum oven drying Gas phase, barrier 7.6 238 N/A [89]
assembly effect
. UnidirectionalFreeze-

Hydroxyc?pahte (HAP) and HAP Chemical crosslinking drying Barrier effect - - - [90]

chitosan (CS)
methods
APP and Gas phase flame
Chitosan (CS) ° Strong hydrogenbonding Simple drying inhibition, barrier 28.87 327 N/A [91]

polyethyleneimine (BPEI) effect

LOI = Limiting Oxygen Index, VBT = Vertical Burning Test, HBT = Horizontal Burning Test.

3.3. Processing Conditions for Drying of Polysaccharide-Based Composite Aerogels and
Structural Properties

In the fabrication of polysaccharide-based composite aerogels, material drying plays
a crucial role in the achievement of structurally tough and functional composite aerogel.
The wet gel’s solvent is eliminated during the drying phase leaving a highly porous solid
structure with a low-density aerogel behind [92,93]. For the aerogel to stay intact and retain
its desirable qualities, the drying process must be controlled properly [92,94]. Gel formation
is usually obtained through a simple process, but the solvent exchange and drying processes
are more challenging, time-consuming, and can cause structural damage. Typically, the
supercritical CO, drying process requires careful alteration of experimental process to
ensure the aerogels’ rheological behavior can be managed such that the dried aerogel
will be structurally intact [95]. The drying conditions for polysaccharide-based aerogels
must be carefully controlled to minimize structural collapse, cracking, or shrinking due to
sensitivity [96]. Typically, polar solvents with high surface tension are employed to dissolve
polymers; and as a result, direct drying of these solvents results in significant shrinkage
due to capillary pressure during the drying process [97]. The most effective and widely
adopted method for solving this problem is supercritical CO, drying (SCD) [98-100] where
the solvent within the gel is converted into a supercritical fluid by adjusting temperature
and pressure conditions above its critical point. The drawbacks of this process include
expensive prices and potential safety hazards, as well as the need for extremely harsh drying
conditions. The freeze-drying approach is another regularly used method that involves
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freezing a wet gel to create a solid ice matrix and then sublimating that ice directly into
vapor under reduced pressure, by skipping the liquid phase [101,102]. Lyophilization and
pre-freezing are two categories of freeze-drying. The liquid in the wet gel is either swiftly
frozen using liquid at 196 °C for 10 s or slowly frozen over the course of 24 h using a freezer
at 18 °C in the pre-freezing process. The next process is lyophilization, which involves
desorption and reduction in moisture content from 7% to between 0.5 and 2.0%. The
generated aerogels tend to be fragile due to the rearrangement of water molecules during
freeze-drying, and the drying period is typically very long even though the technique
preserves the porous structure of the gel and produces a lightweight aerogel with minimum
shrinkage [101,102]. Vacuum drying (VD) and ambient pressure drying (APD) are the
most practical and economical choices [103,104]. These techniques are difficult to apply
because wet gel pores typically cannot withstand the strong capillary forces created when
solvents are evaporated inside of them. This causes significant shrinkage and the loss of the
porous structure. To lessen the effects of the solid—solvent interaction and meniscus force
of deformation during drying, APD, and VD procedures often rely on surface modification
and/or solvent exchange by a liquid with low surface tension.

Structurally, most aerogels contain 99% air, making them one of the lightest substance
known to man [96,105]. The density of aerogel can be as low as 0.004-0.5 g/cm? with a high
porosity of up to 99.8% and a large specific surface area of 100~1600 m?/g [92]. To view the
network structure and pore morphologies in the aerogel, SEM is mostly utilized. The drying
process and the aerogel component concentrations are two examples of variables that affect
the properties of pore size and distribution. The crucial network structure that connects the
components and creates the porous structure is critically examined [106]. By observing the
evolving morphology across several works, it is possible to determine the effectiveness of
drying during aerogel creation. The morphological structure of most aerogels can be dam-
aged during the drying—adsorption cycle, particularly when the free-drying techniques are
employed, because of the quick transition from liquid to crystal form. Network structural
changes may also result from the addition of additives to the aerogel structure. Lately, a
variety of crosslinking chemicals, including aldehydes, divinylsulfone, cellulose nanofibrils,
borax, CaCl,, and bio-based gelatin, are used to improve the mechanical properties of
polymer aerogels [107]. For instance, Jaafar et al. found that the viscosity of the XG/CNC
colloidal dispersion increased when xyloglucan (XG) was added to a cellulose nanocrystal
(CNC) aerogel, causing the morphology to change from a lamellar to an alveolar form [108].

Common characteristics of flame-retardant polysaccharide composite aerogels are
their enhanced porosity, which is closely related to their morphologies and mechanical
properties, thermal stability, flame retardant performance, dimensional stability, and mois-
ture resistance rate [109]. Hence, the mechanical properties of aerogels are improved using
additives. The compressive stress of ZIF-8@cellulose composite aerogel, showed significant
improvement due to the dense structure of ZIF-8 with NC serving as cellulose skeleton.
The ZIF-8 reinforcement protects the porous structures from collapsing, thereby improv-
ing the mechanical properties [57]. Additionally, the addition of inorganic clay fillers as
additives is claimed to improve aerogel’s compressive modulus and also improves the
FR performance aerogels [63]. A tubular composite aerogel morphology with enhanced
compressive strength, high density, thermal-insulating and flame-retardant properties has
been reported by the incorporation of NC and nanoparticles [64]. Similarly, silica is reported
to significantly improve the compressive strength of aerogels when combined with NC and
other flame-retardant materials [13]. Typically, composite aerogels with high silica content
have outstanding toughness because they can be crushed without rupturing more than
50%. Generally, aerogels with honeycomb-like structure enhance low-frequency sound
absorption capabilities with an anisotropic structure that supports the mechanical, thermal,
and heat-resistant properties of aerogels.
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3.4. Challenges and Opportunities in Sustainable Fire-Resistant Polysaccharide-Based Aerogels

Polysaccharide aerogels made of cellulose, chitosan, and starch have a lot of poten-
tial as environmentally friendly substitutes for fire-resistant materials. These materials
provide several benefits, including their accessibility, biodegradability, and inherent non-
toxicity [110]. However, some obstacles reduce their full potential from being realized as
fire-resistant aerogels for many applications. The poor mechanical strength of polysaccha-
ride aerogels has been identified as one of the main development concerns. These aerogels
frequently show brittleness and fragility when compared to conventional insulation materi-
als [110,111]. Crosslinking and composite creation are two strengthening techniques that
are being investigated and used more frequently to improve materials’ mechanical strength
to make them suitable for real-world applications. Additionally, the extended thermal
stability of polysaccharide aerogels presents a substantial additional obstacle. As a result,
these materials are less useful in fire-resistant applications at extremely high temperatures
due to their susceptibility to thermal degradation. For this reason, material additives found
extensive application in composite aerogel matrixes to help them tolerate extended heat
(temperature) exposure.

Moreover, many polysaccharide aerogels are hygroscopic, making them capable of
absorbing and holding onto moisture from their surroundings, as shown in numerous
research articles [112,113]. Their moisture sensitivity adversely affects their fire-resistance
qualities, causing them to lower their ignition point and hasten to burn. Research must
thus overcome this obstacle by creating moisture-resistant coatings or adding hydrophobic
chemicals to the aerogel matrices. The most often employed compounds for increasing the
hydrophobicity of hydrophilic surfaces are silanes [114].

Large-scale manufacturing of polysaccharide aerogels has proven challenging, despite
the encouraging results of laboratory-scale production. For these materials to be used
commercially, the scalability of manufacturing techniques and the accompanying cost-
effectiveness must be addressed. To make polysaccharide aerogels commercially feasible,
efforts should be directed at streamlining the manufacturing process, lowering the cost of
raw materials, and improving production techniques.

With regards to the opportunities, most polysaccharides are readily accessible renew-
able resources that can be used to meet the demands of sustainability and the public’s
urge to practice climate justice. The abundance of these raw minerals offers a great chance
to lessen reliance on fossil fuels and help create a more sustainable future. By exploiting
leftover biomass or agricultural byproducts for fire-resistant aerogels, one can contribute to
the development of a circular economy. Compared to conventional insulation materials,
polysaccharide aerogels have significant environmental benefits. They are produced us-
ing renewable resources, biodegrade, and do not produce or burn toxic volatile organic
compounds (VOCs). Utilizing polysaccharide aerogels can help foster a greener, more
sustainable construction sector by reducing the environmental effect of insulation mate-
rials [115]. Although polysaccharide aerogels may not naturally have a high level of fire
resistance, this property can be improved due to their versatility of modification. Their
fire-resistant performance can be improved chemically through surface functionalization or
nanoparticle doping. The use of flame-retardant chemicals can also improve the materials’
fire resistance. Beyond insulation and fire resistance, polysaccharide aerogels offer the
potential for multifunctionality that can be of use in a variety of industrial applications
with the proper adjustments. Their adaptability creates a variety of opportunities for many
businesses and enables the creation of effective and sustainable solutions in fire science in
numerous fields.

3.5. Limitations of the Study

Although we (the authors) put in place a mechanism to address the possible limitations
of this sciento-qualitative review, we acknowledge the fact that the literature included in
this work may be subject to publication bias where positive or significant findings related
to the effectiveness or advantages of aerogel-based fire retardants are more likely to be
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published, while negative or inconclusive results may be underrepresented. More so,
assessing the quality and reliability of the included publications was quite challenging
because the review includes articles with varying levels of rigor, such as peer-reviewed
journal papers, conference proceedings, and sometimes gray literature. Additionally, the
use of different terminologies and descriptors across publications made it challenging to ac-
curately capture and analyze the relevant literature. Variations in terminology and indexing
keywords (although rigorous manual screening was performed) could still lead to missed
or duplicated studies, which could affect the completeness and accuracy of the results. The
issue of time lag and knowledge cut-off is acknowledged as a possible limitation because
this sciento-qualitative review was based on existing literature captured from the Scopus
database on 12 June 2023, and there could be a possible time lag between the publication
of research findings and their inclusion in bibliographic databases. Therefore, depend-
ing on the currency of the Scopus database and the knowledge cut-off we chose, recent
publications and emerging trends may not be adequately captured. It is also important to
state that the findings from this sciento-qualitative review may or may not necessarily be
directly applicable or generalizable to real-world situations. This is so because the studies
included in the review may have been conducted under specific conditions or in laboratory
settings, which may not fully represent practical applications of sustainable fire-resistant
polysaccharide-based aerogels in different industries or environments.

4. Conclusions

The development of sustainable, fire-resistant polysaccharide-based composite aero-
gels has attracted increasing interest due to their potential for use in a variety of applications
as observed from the annual publication trends on fire-resistant polysaccharide-based com-
posite aerogels. The increase is attributable to the global shift towards a sustainable world in
addressing environmental issues. A total of 234 articles obtained from the Scopus database
were analyzed scientometrically with the aid of VOSviewer and biblioshiny software to
generate clusters, maps, and research trends after which a mini qualitative review was
performed to provide a complete perspective on the subject. China emerged as the global
powerhouse for research in fire-retardant polysaccharide-based aerogels in terms of the
total number of publications and citations in the field of fire-resistant polysaccharide-based
composite aerogels, followed by the USA, Australia, Canada, India, Sweden, Spain, France,
South Korea, and Singapore.

In terms of institution’s production over the time in review, Central South University
has been the frontrunner in the relevant field of study, followed closely by Donghua Uni-
versity, Lanzhou University of Technology, Qingdao University of Science and Technology,
Sichuan University, and the University of Science and Technology of China, driving the
frontier of knowledge in this field. The basic research theme identified in this study is the
thermal insulation and conductivity of flame-resistant polysaccharide-based aerogels. The
usage of polysaccharides in fire-resistant aerogels has the potential to lower energy usage
and waste creation, which have important environmental implications. The adoption of
environmentally friendly materials in these applications also helps many sectors reduce
their carbon footprints. The significance of interdisciplinary cooperation in the creation of
long-lasting fire-resistant aerogels cannot be overemphasized, and the discovery of new
materials and the optimization of already existing ones may result from the multidisci-
plinary approach necessary to make research discoveries that can more easily be converted
into useful applications with the help of industry—academia collaboration. The investiga-
tion revealed some gaps in the existing body of knowledge on sustainable fire-resistant
polysaccharide-based composite aerogels. These restrictions include a lack of standard-
ization in the manufacture (fabrication) and characterization of these materials, a dearth
of knowledge of the unique mechanisms underlying fire-resistant polysaccharide-based
composite aerogels, and the requirement for more thorough life cycle analyses to assess the
environmental impact of these materials.
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To fully realize the potential of polysaccharide aerogels derived from starch, chitosan,
cellulose, and other auxiliary polysaccharides as sustainable fire-resistant materials, the
issues related to mechanical strength, thermal stability, moisture sensitivity, and cost-
effectiveness must be resolved. However, there are several potentials for the development
of sustainable solutions across numerous industries due to the availability of raw materials,
environmental friendliness, fire resistance, and multi-functionality. Polysaccharide aerogels
can significantly contribute to the development of a safer and more ecologically friendly
future by addressing these difficulties.
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