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Abstract

journal in terms of H-index.

Climate change is an ever-present issue, which has a vast variety of potential solutions, one of which being carbon
capture. This paper aims to use bibliometric analysis techniques to find trends in carbon capture within the technolo-
gies of adsorption, absorption, membranes, and hybrid technologies. The Web of Science core collection database
performed bibliometric searches, with the ‘Bibliometrix’ plug-in for R software, performing the bibliometric analysis.
Bibliometric data spanned across 1997-2020 and the investigation found that adsorption technologies dominated
this period in terms of citations and articles, with hybrid technologies being the least produced but rising in scientific
productivity and citations. The Analysis found China and the United States of America to be the dominant produc-
ers of articles, with global collaboration being central to carbon capture. The ‘International Journal of Greenhouse
Gas Control'ranked as the top producer of articles however, the 'ACS Applied Materials & Interfaces'was the leading
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1 Introduction
Natural disasters such as hurricanes, algal outbreaks,
wildfires, droughts, and floods have become the norm
devastating millions of people every year. Changes
in our climate cause these events [23]. Year on year
record-breaking storms, record-breaking temperatures,
and extreme weather events cause devastating dam-
age [22, 35, 37, 47]. These events are not random acts
of nature, and we know the cause to be climate change,
global warming. Climate change is an ever-increasing
concern for current and future generations. Global
temperatures have been on the rise since the industrial
revolution. Below Fig. 1 shows the average yearly rise in
global surface temperature since 1880 and, as shown in
this graph, there has been an alarming increase in tem-
peratures since 1980.

These temperatures are rising because of the green-
house effect [18]. The greenhouse effect occurs when
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molecules of Greenhouse Gases (GHGs) such as methane
and carbon dioxide (CO,) absorb infrared (IR) radiation
emitted by the Earth’s surface. The IR radiation originates
from the sun and should bounce off the Earth and exit our
atmosphere, returning to the voids of space. But, when
these GHGs absorb the IR radiation, it becomes trapped
in our atmosphere and redirects back to the Earth’s sur-
face, causing a net heating effect. Our current society and
economy relies on burning fossil fuels, burning these fuels
creates CO, and is thus a cause of climate change [11, 20].

Governmental policies often drive research focus. One
such example is the Paris Agreement, which aims to limit
global temperature rise to 2.0°C above pre-industrial
times with the aim to limit temperature rise to 1.5°C [49]
This Paris Agreement led to scientific research aiming to
solve our climate crisis. Researchers have developed solu-
tions to this global crisis [6]. One such solution is carbon
capture [40]. Carbon capture involves the removal of CO,
from the atmosphere or preventing it from entering the
atmosphere. Carbon capture methods may be natural, or
technological, with the goal of minimizing the negative
effects of climate change [13, 40, 44].
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Fig. 1 Average temperature rise since 1880 [33]

Technological carbon capture comprises three groups:
pre-combustion, post-combustion, and Direct Air Cap-
ture (DAC). Pre combustion technologies refer to sys-
tems which change the feed conditions of industrial
combustion systems to either limit CO, emissions or
increase the purity of CO, exiting, allowing the exhaust
gas to go straight to storage with close to pure CO, [48].
Post-combustion technologies focus on purifying CO,
exiting industrial based exhaust systems [53]. DAC tech-
nologies aim to remove CO, from the atmosphere and do
not rely on a combustion process [45].

The most common technologies used in these groups
of carbon capture include absorption, adsorption, mem-
branes, or hybrid processes, which combine two or more
technologies [44]. Oxyfuel combustion and cryogenic
distillation are other categories of carbon capture tech-
nologies. However, these are energy intensive processes

and are not the most practical for industrial use [40].
Oxyfuel combustion is a process which fuels combust
with pure oxygen instead of air to limit the quantity of
CO, produced in the combustion process [55]. This pro-
cess requires copious quantities of oxygen, which can be
energy intensive to produce. Cryogenic distillation as a
process cools the feed gas mixture to low temperatures
and raises it to high pressures, using phase changes to
separate CO, from other gases. Researchers recommend
cryogenic distillation for high CO, concentrations [15].
Membrane technologies use porous or nonporous
materials to separate gas flow into two streams, referred
to as the permeate (stream that permeates through the
membrane) and the retentate (stream that does not per-
meate through the membrane), one CO, rich and the
other Nitrogen (N,) rich [41]. Membranes have several
transport methods depending on molecule interactions
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with the membrane and operating conditions. These
transport methods include simple diffusion, active dif-
fusion, and active transport [10, 30]. Membranes have
the potential ability to do DAC [8] and have shown
exceptional performance in post-combustion processes
[21, 30]. Modifications to membranes such as adding
amine functional groups can lead to an increase in the
capture performance of the membrane [2, 19, 46].

Carbon capture by adsorption is a process in which
CO, adsorbs onto solid sorbents and a change in operat-
ing conditions (temperature or pressure) desorbs the CO,
from the adsorbent. Adsorption is the adhesion of atoms,
ions, or molecules onto the surface of another material.
These atoms, ions, or molecules remove from the surface
that they adhered to, via a change in conditions, such as
pressure or temperature [42]. The atoms, ions, or mol-
ecules that adsorb onto the surface are adsorbates and
the surface on which they adhere are the adsorbents.
Adsorbents come from a variety of materials and each
poses benefits and downsides [31]. Silica is a common
adsorbent material and, like membranes, adsorbents can
undergo functionalization to increase their carbon cap-
ture performance [3, 14, 50].

Absorption is the most common carbon capture tech-
nology. Carbon capture via absorption is a two-step pro-
cess involving an absorber and a stripper. CO, absorbs
to liquid solvents in the absorber, creating a CO, rich
stream which flows to the stripper where the CO, des-
orbs using heat, creating a CO, lean solvent stream (recy-
cled back to absorber) and a pure CO, gas stream [38].
Absorbents come in a variety of forms with various char-
acteristics desired for effective absorbents such as good

Table 1 Search criteria
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reactivity and absorptivity with CO,, great stability below
elevated thermal and fixed chemical exposure, moderate
vapour pressure, suitable renewability, low environmen-
tal impact, and cost effectiveness [40].

Hybrid capture involves two or more technologies to
capture CO,. These hybrid systems need to increase the
capture efficiency and capacity compared to a singular
capture system because of the increased complexity of
the systems. Hybrid systems are less researched com-
pared to other technologies, as they need two developed
carbon capture technologies. Adsorption and membrane
processes can work in a hybrid system, such as [29, 54].
Idryma Technologias Kai Erevnas [27] have shown a
large-scale hybrid technology project and the potential
they have.

A Bibliometric analysis is an effective method to find
trends in specific research fields [32, 39, 52]. This paper
aims to use bibliometric analysis techniques to show
trends and current areas of interest in carbon capture.
This paper is based on bibliometric data from searches
performed on the Web of Sciences, thus is not a complete
representation of current trends (articles may not be on
that system). Naseer et al. [36] and Omoregbe false [39]
conducted similar reviews. These reviews focused on car-
bon capture as a whole [36] and a comparison between
pre-combustion, post-combustion, and oxyfuel combus-
tion [39]. The aim of this analysis is to outline the trends
within popular capture technologies.

This paper aims to identify if specific technologies are
changing in popularity from the Web of Sciences bib-
liometric data. This paper does not distinguish between
pre-combustion or post-combustion technologies as the

Technology Search

Absorption

(KP=("carbon capture” OR"CO2 capture” OR “‘carbon-capture” OR “CO2-capture”) AND KP = (“absorption” OR “absorbent” OR “absorb”))

OR (Tl =("carbon capture” OR“CO2 capture” OR “‘carbon-capture” OR “CO2-capture”) AND Tl = (“absorption” OR “absorbent” OR
"absorb”)) OR (AK=("carbon capture”OR“CO2 capture” OR “carbon-capture” OR “CO2-capture”) AND AK=(“absorption” OR “absorbent”

OR"absorb”))
Adsorption

(KP=("carbon capture” OR"CO2 capture” OR “‘carbon-capture” OR “CO2-capture”) AND KP = (“adsorption” OR “adsorbent” OR “adsorb”))

OR (Tl = ("carbon capture” OR “CO2 capture” OR “‘carbon-capture” OR “CO2-capture”) AND Tl = (“adsorption” OR “adsorbent” OR
"adsorb”)) OR (AK=("carbon capture”OR “CO2 capture” OR “carbon-capture” OR “CO2-capture”) AND AK=("adsorption” OR “adsorbent”

OR"adsorb"))
Membrane

(KP = ("carbon capture” OR“CO2 capture” OR “carbon-capture” OR “CO2-capture”) AND KP = (“membrane”)) OR (Tl = (‘carbon capture”

OR"CO2 capture” OR “carbon-capture” OR “CO2-capture”) AND Tl= (‘membrane”)) OR (AK= ("carbon capture”OR “CO2 capture” OR
“carbon-capture” OR“CO2-capture”) AND AK=(‘membrane”))

Hybrid Processes

(KP = ("carbon capture” OR “CO2 capture” OR “carbon-capture” OR “CO2-capture”) AND KP = (("hybrid") OR ((“absorption” OR “absor-

bent” OR “absorb”) AND (“membrane”)) OR ((“absorption” OR "absorbent” OR “absorb”) AND (“adsorption” OR “adsorbent” OR "adsorb”))
OR (("adsorption” OR “adsorbent” OR “adsorb”) AND (“membrane”)))) OR

(TI=("carbon capture”OR"CO2 capture” OR “carbon-capture” OR “CO2-capture”) AND TI= (("hybrid") OR (("absorption” OR “absorbent”
OR“absorb”) AND (“membrane”)) OR ((“absorption” OR “absorbent” OR “absorb”) AND (“adsorption” OR “adsorbent” OR “adsorb”)) OR
(("adsorption” OR “adsorbent” OR “adsorb”) AND (“membrane”)))) OR

(AK=("carbon capture” OR “CO2 capture”OR “‘carbon-capture” OR “CO2-capture”) AND AK= (("hybrid") OR ((“absorption” OR “absor-
bent” OR “absorb”) AND (“membrane”)) OR ((“absorption” OR "absorbent” OR “absorb”) AND (“adsorption” OR “adsorbent” OR "adsorb”))
OR (("adsorption” OR “adsorbent” OR “adsorb”) AND (“membrane”))))
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technologies (pre or post combustion) themselves are not
the focus of this quantitative based paper.

2 Materials and methods

Adsorption, absorption, membranes, and hybrid tech-
nologies are promising technologies for carbon capture
[38, 40, 44]. This study split the bibliometric searches
into these four categories (adsorption, absorption, mem-
branes, and hybrid technologies) with a fifth, ‘combined’
category representing the four data sets combined. Over-
all trends in carbon capture are the goal of this combined
category.

The “Web of Sciences’ search engine performed this
analysis, using the ‘“Web of Science Core Collection
Table 1 shows the different searches performed by the
advance search feature with analysis limited to ‘articles’
and ‘proceedings papers. The data sets have only English
language documents, and searches spanned across the
oldest documents within the system to 2020 while limited
to ‘Science Citation Index Expanded (SCI-Expanded).
Within the searches on the web of sciences, the field tags
KP, TI and AK represented ‘Keyword Plus;, “Title’ and
‘Author Keywords'

The logic operators AND’ and ‘OR’ within the search
criteria aided in focusing the searches. Parenthesis with
these logic operators ensured the correct logical for-
mulas for the searches. Quotation marks (“”) within
the searches ensured exact word and phrase search,
to limit non-relevant results. Within the ‘Hybrid Pro-
cesses’ technology searches, titles or keywords of the
scientific papers may not contain the word ‘hybrid’ but
could contain the words of two other technologies such
as adsorption and absorption, so searches comprised
these combinations as seen in Table 1. The ‘combined’
bibliometric data set combined the other four data sets
into one.

Using data from the Web of Sciences, the Bibliometrix
plug-in for R software performed the bibliometric analy-
sis. The Biblioshiny web app associated with the Biblio-
metrix plug-in aided in this analysis [5].

This research aims to review each of the four categories
of capture technologies and the fifth ‘combined’ category
in terms of scientific productivity, journal sources, key-
words and originating country.

The general trends analysis aims to summarize the data
in terms of keyword and key phrase trends.

The scientific productivity analysis aims to uncover
the scientific productivity trends within this hot topic
using article outputs and citations as a measure of quan-
tity. This analysis includes examining the scientific pro-
duction (number of articles/year), cumulative citations
and citations per citable years, each a factor of scientific
productivity.
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The journal analysis section includes an analysis of
the H-index, G-index, M-index, Total Citations (TC)
and Number of Publications (NP). H-index is a meas-
ure in terms of article productivity and citation impact,
where there has been at least h number of articles with h
number of citations [24]. G-index measures the distribu-
tive citations received, where articles rank in decreasing
order of the number of citations received. The G-index
is the largest number that the top g articles received
(together) at least g? citations [12]. M-index is a measure
of the H-index over the number of years since the first
publication [24].

To understand the publication frequency trends, the
data underwent a Lotka’s law assessment. The law states
that the number of authors making x contributions is a
fraction of the number of authors contributing one arti-
cle [34]. This law can infer the number of authors con-
tributing x articles by knowing the number of authors
contributing one article [17].

The country analysis section aims to show the top pro-
ducing countries of carbon capture related scientific arti-
cles and the top collaborating countries.

3 Results and discussion

The below sections display the results from using the
methods explained. Key phrases, author countries, scien-
tific productivity, and journal sources derive the analysis.
The Biblioshiny web-app from the bibliometrix R plug [5]
and Microsoft Excel created visualizations of the biblio-
metric data.

3.1 Overview of information
Below, Table 2 displays general information from the
bibliometric data in a tabular format. This table has a
‘sources’ row referring to the journal sources of the arti-
cles produced and thus the quantity in the ‘combined’
category may be less than that of the sum of the four
categories. As shown in Table 2, ‘Absorbent’ based tech-
nologies were the first researched technologies with an
article from 1997, given the bibliometric sample. The
category of technology with the greatest scientific pro-
duction is adsorbents. These adsorbent articles have the
greatest average citations per document and average cita-
tion per year per document, shows quality and longev-
ity within this technology research field. The category of
hybrid technologies has the greatest number of Keyword
Plus per Document, these systems use greater than one
technology (membrane and adsorbent etc. the author
refers to both technologies as keywords), and this was the
expectation.

In terms of citations per document, hybrid technologies
performances are good compared to the singular base
technologies while considering the scope that singular
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Table 2 Summary of the main information about the technologies
MAIN INFORMATION ABOUT DATA
Adsorption Absorption Membrane Hybrid Processes Combined

Timespan 2002:2020 1997:2020 2003:2020 2004:2020 1997:2020
Sources (Journals, Books, etc) 313 215 145 141 433
Documents 1877 1227 680 396 4180
Average years from publication 4.58 4.89 5.14 4.71 4.77
Average citations per documents 34.71 24.6 28.5 26.65 29.97
Average citations per year per document 543 3.798 4.35 437 4.672
References 42,743 25,827 17,528 13,942 75,300
DOCUMENT TYPES

article 1825 1159 652 377 4013

article; proceedings paper 52 68 28 19 167
DOCUMENT CONTENTS

Keywords Plus (ID) 3125 2038 1501 1222 5084

Author’s Keywords (DE) 3142 2493 1612 1047 6216

Keywords Plus per Document 1.66 1.66 2.21 3.09 122
AUTHORS

Authors 4941 3091 1897 1327 8409

Author Appearances 9086 5452 3109 1765 19,412

Authors of single-authored documents 13 17 10 11 33

Authors of multi-authored documents 4928 3074 1887 1316 8376
AUTHORS COLLABORATION

Single-authored documents 16 23 12 13 64

Documents per Author 0.38 038 0.36 0.30 0.50

Authors per Document 263 2.52 2.79 3.35 2.01

Co-Authors per Documents 4.84 444 4.57 446 4.64

Collaboration Index 2.65 2.55 2.82 344 203

A

Fig. 2 Articles by technology

= Adsorbent = Absorbent = Membrane

= Hybrid

Fig.

= Adsorbent = Absorbent =Membrane = Hybrid
3 (Citations by technology
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technology articles have for other disciplines (referenced
because of similar system set up, or materials used). Arti-
cles may reference articles of the same category within
the data, the small number of hybrid technology articles,
limits this impact for this category. Hybrid technologies
having two or more technologies lead to references of
both singular technologies increasing their citations.

Figures 2 and 3 display the articles and citations by
technology in a pie chart format. These figures show that
both hybrid and membrane technologies have a larger
share of citations than articles (as percentages) sug-
gesting that these technologies publish more relevant
material.

Table 2 shows that hybrid technologies rank the high-
est in the collaboration index (calculated by the total
authors of multi-authored articles divided by the total
multi authored articles), highlighting the cooperation
within this category of technology. They have the lowest
rank in documents per author, which shows that an array
of researchers study this specific category of technology.

3.2 General trends

This paper examined the trends in key terms results from
the ‘combined’ data set. Below Fig. 4 displays a basic
graphic of key term trends spanning from 2008 to 2020.
The criteria for this graphic involved the top key terms
each year, with at least five occurrences spanning multi-
ple years (two or more) (25 results, with 2008 being the

first year that terms met the criteria, spanning back to
1997). This search returns top key terms spanning con-
secutive years.

Noteworthy phrases seen within this analy-
sis includes ‘absorption;, ‘permeability, ‘adsorption,
‘expanded mesoporous silica, ‘mcm-41" (mesoporous
silica), ‘high capacity), ‘psa process) ‘lithium zirconate,
these phrases are indicators of the trends in carbon
capture research. ‘Lithium zirconate’ is the key term
that kept the described criteria for the longest dura-
tion, lithium zirconate is a common material used
is absorption carbon capture process [26]. ‘psa pro-
cess’ being a Pressure Swig Adsorption (PSA), a com-
mon adsorption method used to capture CO, [42].
Permeability here suggests a trend in membranes,
as permeability is a membrane performance indica-
tor [10]. The way the bibliometric analyses software
works makes this graphic not completely exact. Take
‘expanded mesoporous silica, mesoporous silica is
a well-researched material for carbon capture tech-
nologies [14]. But, because of the way the software
works, it picked up ‘expanded mesoporous silica’ as a
key term which seen in Fig. 4 is not as popular. ‘mcm-
41; another silica which can undergo modifications to
increase capture performance as shown by [56]. ‘of-
the-art’ trending from 2018 to 2020 suggests novel
technologies being researched, as this would have
likely been with state-of-the-art, implying novelty and
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newness. Trends of ‘cycles’ from 2012 to 2018 hints at
adsorption processes trending as ‘cycles’ are a crucial
part of swing adsorption systems [43].

To get a more in-depth understanding of keyword
trends, this study analyzed trends of the top twenty

keywords, omitting the following ‘CO2 CAPTURE;
‘SEPARATION’, ‘CARBON-DIOXIDE, ‘CAPTURE,
‘CARBON-DIOXIDE CAPTURE, ‘REMOVAL, ‘GAS;
‘STORAGE, ‘CO2’ and ‘DIOXIDE: These keywords omit-
ted as they are common across each technology category
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as the top results. This data created two graphics, Fig. 5
which shows the cumulative growth of these keywords
and Fig. 6, the actual number of occurrences of the key
terms each year.

Figure 5 shows the most trending terms from the
keyword plus section of the bibliometric data to be
‘ADSORPTION;, ‘ABSORPTION;, ‘PERFORMANCE’
and ‘FLUE-GAS. PERFORMANCE’ being a trending
word showing that articles focused on the operational
performance of carbon capture equipment, i.e., per-
formance of the equipment used, or increasing per-
formance in various carbon capture technologies, i.e.,
performance comparison articles or statements such as
‘increased performance, ‘performance improvement.
Conversely, it could indicate competitiveness in the
field, leaving one to believe in a performance standard
researchers aim to achieve.

(Mean total Citations per Article) * (Number of Articles)

slight dip followed by a two-year growth in popularity
which if this trend is to continue then 2021 could be a
popular year for adsorption-based carbon capture arti-
cles. There were no other key trends identified in Figs. 5
and 6. The graphs represent this sample with no guar-
antee that trends will continue.

3.3 Scientific productivity

The bibliometric data underwent scientific productivity
examinations. Each data set underwent individual exami-
nation and as a collective group too as shown in (Figs. 7,
8,9, 10, and 11). These graphs include scientific produc-
tion (Number of Articles/year.), cumulative citations (the
sum of the citations per citable year accumulated up to
the year in question) and citations per citable year (see

eq. 1).

(1)

Citations per Citable Year =

Citable Years

Figure 6 below shows a plateau in ‘absorption’ occur-
rences since 2018. ‘adsorption’ follows a trend of a

As seen from Figs. 7, 8, 9 and 10, there has been a steady
increase in article production and cumulative citations
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per year in each category of carbon capture technology
investigated. Figure 11, a graphical representation of the
combined bibliometric data set confirms this trend. The
figures show that carbon capture research is on the rise.
As seen from the above figures, adsorbent technolo-
gies (Fig. 7) have the highest productivity rates of the
selected technologies with hybrid (Fig. 10) and mem-
brane (Fig. 9) technologies being lowest and second
lowest, suggesting these are under published areas.
This is a quantitative analysis, one can draw no conclu-
sion whether these are under published areas because
they are upcoming technologies or whether they are
not showing promise. Hybrid technologies’ scientific
production may be low because of the processes includ-
ing two or more technologies. Citations show the same

Table 3 Top three journal sources for each category
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trend, with adsorption showing the highest quantities of
citations largely because of the quantity of articles pro-
duced, again with membrane and hybrid ranking lowest.

These figures show that interest in the areas of
adsorption (Fig. 7) and hybrid technologies (Fig. 10)
are on the rise with the increase in the quantity of cita-
tions per citable year (grey line on the graphs). They
have positive trend lines in terms of citations per cit-
able year, which suggests production of quality work
interesting other researchers. While the main source of
citations for these documents may be other articles on
carbon capture, the possibility that other sources cited
these articles is present, e.g. articles considering alter-
native uses of the capture system materials, or the same
process used in a different application.

Journal Source

Sources Num-
ber of
Articles
Adsorption CHEMICAL ENGINEERING JOURNAL 113
INDUSTRIAL \& ENGINEERING CHEMISTRY RESEARCH 101
MICROPOROUS AND MESOPOROUS MATERIALS 65
Absorption INTERNATIONAL JOURNAL OF GREENHOUSE GAS CONTROL 194
APPLIED ENERGY 71
INDUSTRIAL \& ENGINEERING CHEMISTRY RESEARCH 71
Membranes JOURNAL OF MEMBRANE SCIENCE 129
INTERNATIONAL JOURNAL OF GREENHOUSE GAS CONTROL 54
SEPARATION AND PURIFICATION TECHNOLOGY 42
Hybrid Processes INTERNATIONAL JOURNAL OF GREENHOUSE GAS CONTROL 22
APPLIED ENERGY 20
ENERGY 18

INDUSTRIAL \& ENGINEERING CHEMISTRY RESEARCH
CHEMICAL ENGINEERING JOURNAL

JOURNAL OF MEMBRANE SCIENCE

APPLIED ENERGY
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Journal Source H_index G_index M_index TC NP
Adsorption ACS APPLIED MATERIALS \& INTERFACES 27 51 2.70 2706 60
ADSORPTION-JOURNAL OF THE INTERNATIONAL 16 36 1.14 1334 49
ADSORPTION SOCIETY
AICHE JOURNAL 16 22 1.07 932 22
Absorption APPLIED ENERGY 29 43 2.64 2135 71
APPLIED THERMAL ENGINEERING 11 17 1.10 290 17
ACS SUSTAINABLE CHEMISTRY \& ENGINEERING 8 12 1.60 177 12
Membrane ACS APPLIED MATERIALS \& INTERFACES 11 15 1.10 482 15
APPLIED ENERGY 10 14 091 535 14
AICHE JOURNAL 7 Il 047 207 M
Hybrid Technologies APPLIED ENERGY 13 20 1.30 620 20
ACS APPLIED MATERIALS \& INTERFACES 8 10 0.80 313 10
APPLIED THERMAL ENGINEERING 5 6 031 111 6
Table 5 Combined, journal source indices
Journal Source H_index G_index M_index TC NP
ACS APPLIED MATERIALS \& INTERFACES 31 58 3.1 3689 92
ADSORPTION-JOURNAL OF THE INTERNATIONAL ADSORP- 17 36 1.21 1371 52
TION SOCIETY
ACS SUSTAINABLE CHEMISTRY \& ENGINEERING 17 26 243 813 43
ADVANCED FUNCTIONAL MATERIALS 9 10 082 618 10
ACS OMEGA 7 13 117 179 13

3.4 Journal analysis

This paper analyzed journal sources to find the top pro-
ducing journals of the articles within the bibliometric
data. The top-ranking journals may aid in understanding
the focus of the published articles, by using the themes of
the journals, i.e., material production or process optimi-
zation, etc. Table 3 shows the top three journal sources of
the individual technologies in a tabular format, with the
combined category in a graphical format in Fig. 12.

As seen from Fig. 12 (combined basis) the journal with
the most publications is the ‘International Journal of
Greenhouse Gas Control’ [28]) a peer-reviewed journal
that has one of its focuses areas as Carbon Capture, Trans-
port, and Storage, this suggests a vast array of topics dis-
cussed within these articles. The second most researched
journal, ‘Industrial and Engineering Chemistry Research’
[25] has an emphasis on experimental and computational/
theoretical papers but has a particular interest in papers
that have a mix of both, which suggests that many articles
submitted here may include scale-up/simulation processes
along with experimental data. The ‘Chemical Engineering
Journal’ [9] completes the top three which again is an engi-
neering paper which focus on environmental engineer-
ing and novel materials, this journal could have produced

articles based on new materials or on engineering solu-
tions to improve developed technologies.

Table 4 below displays the top-ranking journals in terms
of their H-index, G-index, M-index, TC, and NP for each
individual technology category. Table 5 displays the same
information for the combined top five overall journals. As
seen from Table 5 ‘ACS Applied Materials & Interfaces’
[4] ranked first across the H-index [24], the G-index [12]
and the M- [24]. This shows that articles published in this
journal are high-quality and relevant articles. An M-index
of one or greater shows high-quality research, and every
journal in Table 5 met this criterion. The journal Applied
Materials and Interfaces [4] (the top-ranking in qual-
ity indicators) ranked ninth in the quantity of articles
produced, which suggests that higher quantities do not
lead to the higher-quality publications. This journal is an
inter-disciplinary journal focusing on new materials and
interfacial processes, a possible explanation of its H-index
performance as if the journal focuses on novel materi-
als, other researchers may use the same materials in their
research or may compare their own results to the results
from the original author, leading to more citations. The
second ranking journal, ‘Adsorption Journal of the Interna-
tional Adsorption Society’ [1]) a journal aiming to supply
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authoritative information on adsorption and allied field to
scientists, engineers, and technologists. This journal rank-
ing high suggests progress in adsorption-based carbon
capture technologies and suggests that adsorption tech-
niques yield desirable carbon capture results.

3.5 Lotka’s law

Lotka’s law describes the frequency of publication by authors
in each field, it says that the number of authors making x
contributions is a fraction of the number of authors contrib-
uting one article [34]. Figures 13, 14, 15, and 16 graphically
show the Lotkas law assessment for each individual technol-
ogy. Figure 17, the combined bibliometric data set follows

Lotka’s Law. This implies that the publications follow the
expected trend in author publication frequency.

3.6 Country analysis

Analysis of the bibliometric data found the top contribut-
ing countries to each category of technology. Figures 18,
19, 20, 21, and 22 displays graphs of this data.

Figure 22 depicts the top ten producing countries,
and it shows that China is the biggest contributor of
articles on both Single Country Publications (SCP) and
Multi Country Publications (MCP). China has been the
top producer for each subcategory of technologies too
(adsorbent, absorbent, membrane, and Hybrid). As seen
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in Figs. 18, 19, 20 and 21, these statistics show China is
the leading country in terms of carbon capture research.
The United States of America (USA) came second in
each table, with the remaining eight places in the top
ten varying across various technologies. Figure 23
highlights this dominance from China, showing they
account for 30% of the articles with the USA accounting
for 13% leaving both combining for 43%, a sizable part.
While China and the USA both dominated produc-
tion of articles, they dominated in the total number of
citations received for the articles produced with China
being on top with the USA second, for each technology

category assessed as seen in (Figs. 24, 25, 26,27, and 28).
The remaining eight out of the top tens were a mix of
other countries. One interesting fact to note here is that
Ireland and Singapore are the only countries that had
not featured in the top ten of any productivity figures,
but they made it into the top ten of the most cited mem-
brane and hybrid countries Figs. 26 and 27, showing the
quality of research stemming from these countries.
Global collaboration has a significant role in carbon
capture technologies, as shown in Fig. 38. This interna-
tional unity highlights the size of the issue, ie., climate
change, and it shows a global cooperation to find solutions
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to this global crisis. Figures 29, 30, 31, 32, and 33 estab-
lishes country partnership networks based on the singu-
lar technologies and the combined data set. These images
illustrate China’s centrality to collaboration across each
technology category. These figures depict the cross func-
tional nature of carbon capture researchers. The cross con-
tinental cooperation shown in (Figs. 34, 35, 36, 37, and 38)
highlights the magnitude of climate change and the tech-
nologies available to researchers to communicate and col-
laborate in this manner. Figure 39 shows the collaborative
world of carbon capture, which shows that 26% of articles
were multiple nationality authors.

3.7 Keyword/phrase analysis

Key phrase occurrences analysis employed two tech-
niques, the first being single word occurrences from ‘Key-
word Plus’ section of the article (Figs. 40, 41, 42, 43 and
44) and the second being groups of three words from the
abstract (Figs. 45, 46, 47, 48 and 49) of the article.

For the first test (single word) each data sets returned
similar words, e.g., ‘capture, ‘separation, ‘carbon’ etc.
leading to no significant findings as seen in Fig. 40
through to Fig. 44. The paper used a second technique
of using a trio of words for the abstract to further iden-
tify any trends in key phrases. This analysis shows that
adsorption documents focused on both Temperature
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Fig. 40 Adsorbent, top keywords (keyword Plus)
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Swing Adsorption (TSA) and PSA systems, as shown
in Fig. 45. This suggests that many studies used this
technique while conducting their research. For absorp-
tion, the most common key phrase from Fig. 46 ‘mass
transfer coefficient) suggests publications of theoretical
based articles, or authors supplying calculations within
their articles. ‘Tonic liquids, another common absorp-
tion key phase, highlights the extensive research per-
formed with these promising liquid solvent absorbents
[38]. For the membranes, ‘hollow fiber membrane) the
most common key phrase, suggests this type of mem-
brane is a promising configuration for membrane per-
formance [44]. Within this category, ‘mixed matrix
membrane’ proved to be common, an emerging tech-
nology within membrane carbon capture, which modi-
fies membranes to increase the capture performance
[10, 46]. For the hybrid technology keywords in Fig. 48
‘hollow fiber membrane, the most common show-
ing that many hybrid systems employed a membrane
as one technology within the system, other common
key phrases included ionic liquids which suggests that
absorption systems have been a part of hybrid technol-
ogies, as they are common absorbents. Freeman et al.
[16] and Bhattachatyya [7] have shown the effective-
ness of hybrid systems employing hybrid membranes-
absorption systems. ‘Scanning electron microscopy,
another key phrase is a common way to analyze and
characterize materials hinting at novel materials within
the hybrid technology [51].

3.7.1 Keyword co-occurrence
To find any other significant findings within the key-
words, this study created a keyword co-occurrence

Page 29 of 36
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network for each technology and the combined biblio-
metric data, shown in Figs. 50, 51, 52, 53 and 54.

As seen below Figs. 50, 51, 52 and 53 the most domi-
nant keywords for each technology were ‘CO2 Cap-
ture’ and a word associated with the technology, e.g.
‘adsorption’ or ‘absorption’ etc. Figure 53 is the most
significant figure being the co-occurrence network
of the hybrid carbon capture articles. As seen here,
‘absorption’ and ‘adsorption’ appear the most linked
keywords, no other technology-based keywords were
significant, suggesting that absorption and adsorp-
tion systems dominate hybrid separation systems.
‘flue-gas’ is another common co-occurrence seen
in Fig. 53, which shows that hybrid systems work on
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post combustion technologies. ‘Performance’ was a
prominent keyword within the combined keyword co-
occurrence network as shown in Fig. 54, ‘separation’
was another dominant word here showing that many
papers may have focused on separation performance of
equipment/processes, again highlighting that results in
this field are quantifiable.

4 Conclusion

There is a large quantity of research conducted sur-
rounding carbon capture, as shown from the produc-
tivity graphs developed with adsorbent technologies
leading the way in terms of quantity, in both articles
and citations. This high productivity includes high-
quality papers with the top five overall journals display-
ing high H-index, G-index, and M-index, each category
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scoring over one highlighting successful research. High
quantities of citations, again, show the high-quality
articles published within the bibliometric data.

China is the leading country in terms of scientific pro-
duction and citations received. China is the top producer
of articles, but global collaboration within the field shows
the danger of the issue at hand and the need for solutions.

Within hybrid capture systems, both adsorption and
absorption were common keywords. However, there were

indications of membranes in these systems, with ‘hollow
fiber membrane’ being the most common key phrase for
the hybrid data. This specific category of technologies
has the lowest documents per author, which highlight the
number of researchers investigating hybrid systems.

This paper highlights bibliometric analysis’s utility,
highlighting the ease of performing a quantitative analy-
sis of a specific research field and, in this case, giving an
insight into the field of carbon capture.
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4.1 Future prospects

The removal of CO, from our atmosphere is a key task
in our fight against climate change. This article quanti-
tatively assessed carbon capture technologies based on
research article production using a bibliometric analy-
sis. Future developments in this area could include
continual research and funding into this hot topic and

the development of a database to perform a qualita-
tive analysis of the topic. Quantitatively, hybrid cap-
ture systems appear to be trending and investments in
these technologies may aid in our climate change strug-
gles. Research into the individual technologies is also
required to allow more developed and mature technol-
ogies be employed in the hybrid systems.
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