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Abstract: Polyaniline (PANI), which is a member of the family of electrically conducting polymers,
has been widely discussed as a potential membrane for wastewater treatment. Although a steady
growth in PANI literature was observed, analyzing PANI literature quantitatively is still a novelty.
The main aim of this study is to unearth the current research status, global trends, and evolution
of PANI membranes literature and their use in water treatment applications over time. For this
purpose, a scientometric study was performed consisting of bibliometric and bibliographic analysis.
A total of 613 entities were extracted from Web of Science published during the last 50 years and
were analyzed to map trends based on leading peer-reviewed journals, publication records, leading
research disciplines, countries, and organizations. The study shows that the number of annual
publications increased exponentially from 2005 to 2020 and is expected to keep increasing in the
current decade. The Journal of Membrane Science published the highest number of articles and was
identified as the most-cited journal in the field. China, India, and the USA were observed as the top
three research hubs. The top-ranked authors in the field were Wang, Jixiao, and Wang, Zhi. To find
research trends, four different clusters of keywords were generated and analyzed. The top five most
frequent keywords turn out to be polyaniline, water, performance, membranes, and nanoparticles.
The analysis suggests that the application of nanotechnology for modifying PANI membranes (using
nanoparticles, nanotubes, and graphene specifically) is the future of this field. This study elucidates
the research streamline of the field that may serve as a quick reference for early career researchers
and industries exploring this field.

Keywords: polyaniline; membranes; water treatment; bibliometric analysis; bibliographic analysis

1. Introduction

Ever since its discovery, polyaniline (PANI) has proven to be an exceptionally useful
polymer that has found wide applications in diverse fields, such as corrosion-resistant coat-
ings [1], tissue engineering [2], electron conductive catalyst supports [3], proton conductive
as well as separation membranes [4,5], sensors [6], etc. The use of PANI as a component
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of membranes for water treatment application has been widely explored recently, as ev-
ident from the discussions in the later sections of this article. In such membranes, PANI
functions mainly as a pore regulating entity. In addition, its charged nature and surface
wettability help in selectively restricting the passage of certain moieties, while allowing
others to pass through easily. In addition, the unique nature of PANI as a material, due
to the ability to tune its pore size and surface wettability by varying the electrical field [7],
as well as the charge by modulating the pH (i.e., by acid doping/base de-doping) [8], has
provided the impetus to employ it in the fabrication of stimuli-responsive membranes for
water treatment applications [9]. The use of PANI as a component in water filtration and
treatment membranes has been completed either in the form of blends/composites with
one or more components (mainly polymers) or as coating/laminates on a base polymeric
membrane [4]. When acting as a cation-exchanger, the extent of doping of PANI and
the feasibility of the interfacial transfer of charge between PANI and a second compo-
nent is of extreme importance, and the latter is governed by the area of contact and the
interaction between the two phases [10]. In this regard, coating/lamination provides a
better scenario as it results in higher surface coverage of PANI, often with high interfacial
strength, and the coating/laminating layer of PANI acts as a physical barrier to facilitate
restrictive movement of moieties across the membrane [11]. On the other hand, in the
case of blend/composite membranes, modulation of the membrane pore size can be better
achieved; however, interfacial strength gets often compromised leading to phase separation.
In addition, the ability to reversibly modulate the surface wettability and /or charge of PANI
by external stimuli, such as electric field and pH, helps in circumventing the fouling issue of
PANI-based membranes, and this self-cleaning attribute can be better realized in the case of
PANI-coated /laminated membranes [8,12,13]. In effect, polyaniline-based membranes can
serve as smart membranes with antifouling and self-cleaning properties, with the exhibition
of pore modulation, surface wettability reversal, and charge reversal attributes, resulting in
significant flux, flux recovery ability, and satisfactory rate and efficiency of foulant rejection
and contaminant removal.

At this juncture, it was felt necessary to sketch an overview of the recent research
trends in the use of PANI membranes for water treatment applications. It must be noted
here that despite its high value in understanding its research directions, such a study has
not been reported so far in the available publications. Keeping this in mind, this article
aims at providing quantitative mapping of the field of PANI membranes, in terms of water
treatment, by using bibliometric and bibliographic analysis.

Bibliometric analysis is a widely used research tool for exploring and analyzing
the literature published on a specific topic or a field to map research evolution while
endeavoring emerging topics of a field [14]. This technique of quantitative analysis was
introduced in 1969 [15], and since then it has been applied in a wide range of disciplines
from cancer [16], and cloud computing [17] to microbial fuel cells [18]. The bibliographic
analysis is another important technique that uses the method of data mining and finds out
different keywords used in a field. Using this technique, the most frequent keywords can
be portrayed quantitatively and their relation to other keywords or important concepts
can also be studied. In addition, the timeline of the emergence of these keywords can
also be analyzed [18]. Historically, these techniques were limited by the data availability;
however, the establishment of databases, such as Web of Science (WoS), has broadened
the scope of these techniques [19]. In this study, for data collection, the Core Collection of
Clarivate Analytics, and Web of Science were used. WoS is one of the oldest international
databases, which is considered a widely acceptable and authoritative source of literature
search, citation analysis, and indexing of journals [20-22].

2. Research Methodology

About 21,100 peer-reviewed journals are currently indexed in this database which
provides access to about 53 million publications along with 1.18 billion cited references [18].
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The literature related to PANI membranes was searched in 2021-Q4 by using the advanced
search option with the following text format:

((((((TS = (aniline black*)) OR TS = (polyaniline*)) OR TS = (PANI*)) OR TS = (poly-aniline*)) AND TS =

(membrane*)) AND TS = (water*))

where TS stands for topic search which implies looking for searched terms or schemes in
the title, abstract, author keywords, and keywords plus.

The year of publication was set to 1971-2020, and all the articles published in languages
other than English were excluded from the analysis. Data were exported as plain text files:
each containing 500 entities. This data included a full record of publication, including
the type of article and page numbers along with cited references. For visualizing and
analyzing data, VOSviewer [23], and Origin Pro software were used. Mainly, VOSviewer
was used for mapping and creating neural networks. In addition, different analyses such
as keyword analysis, organization analysis, country analysis, and authorship analysis were
also performed using VOSviewer. In all the analyses, redundant terms were excluded. The
complete step-by-step procedure followed to perform the research is shown in Figure 1.

Identification of Field of Research and
Time Period of Publications

l

© Clarivate Selection of
Web of Science” ’ International Research Database
. =

l

Development of Command Text Format
Containing Key Words for Data Retrieval

l

Scientometric Data

\

— ]

" Authors Demography |

Publication Count

l

l = " Countries and Organizations |

| Publication Types and Modes Bibliometric Data Bibliographic Data —

Citation Count

I ' | Journals and Disciplines |

l

" Keyword Reoccurrence |

Data Analysis Tools

. VOSviewer

€ ORIGINPRO

Future Research Trends in PANIT

Membranes

Conclusions and Recommendations

h

A

/ Critical Review of Analysis Results /

/ and Discussions

Figure 1. Research methodology followed for the study.

3. Results and Discussion

On searching the Core Collection of WoS, a total of 613 entities were found related
to PANI during the span of 50 years from 1971 to 2020. The scientometric analysis and
discussion on the results obtained are being produced as follows.
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3.1. Publication Count

Although the authors searched the Core Collection of WoS for the last fifty years,
the very first article discussing PANI membranes in the context of water was spotted in
1995 [24]. In this article, Schmidt et al. [24] developed a PANI membrane by depositing a
homogeneous layer of PANI, formed by polymerization of aniline, on a porous platinum
electrode. This pervaporation membrane was tested for the transport of protons and water
through it [24]. However, the first article that introduced conducting polymer membranes
dates back to 1976 [25]; while, the first patent [26] explaining the method to produce PANI
membranes dates back to 1993. In this patent [26], only the methodology for fabricating
membranes of PANI was disclosed, and the application of those membranes concerning
water treatment was not discussed. In the next year (i.e., 1994), PANI membranes were
patented for gas separation [27], but water treatment using PANI remained unpatented
till 1998. In this 1998 patent, Kenichi [28], for the first time, discussed that PANI in the
form of membrane, powder, or palate can be used for water treatment. In addition, the
concept of electrolyzing water using PANI as the cathodic material was also introduced by
Kenichi [28].

The last 25 years of research progress in PANI membranes for wastewater treatment
can be classified into two periods: the explorative period and the developmental period.
The explorative period is the time when the conceptual basis of the topic was being built
and the development period is the time when the topic started getting matured and
received a lot of attention from the research community. For the present case, 1995-2004
was the explorative period for PANI membranes. On average, one or two new publications
were introduced each year during this era. Following the first publication [24] related to
PANI, in 1995, as membranes for water treatment, the effect of various parameters such as
temperature, doping, and blending on the permeability of PANI membrane was discussed
in 1997 [29,30]. It was revealed that doped PANI membranes exhibit better performance
in water separation from carboxylic acid as compared to un-doped membranes [29]. The
second important concept introduced in 1997 was that blending improves the thermal
stability of PANI membranes [30]. These studies [29,30] became the base of almost all
studies that were published in the explorative area. In the next 6 years, no new concept
was introduced; however, different scientists verified the effect of doping/blending on the
performance of PANI membranes. For instance, in 1998, no new concept was introduced;
rather, two studies [31,32] were published in which researchers compared the performance
of doped and un-doped PANI membranes, and validated the fact that it increases the
performance of the membrane. New water supply pipe materials have also been tested for
quality [27]. Pervaporation of isopropanol from water [33], ceramic PANI membranes [34],
and pervaporation of ethanol from water were discussed in 1999 [35]. Over the next
4 years of the explorative era, the focus was still on comparing doped and un-doped
membranes [36-38]; however, in 2004, the concept of electrodialysis [38] was coupled with
PANI membranes that opened a new research streamline.

The number of articles published annually showing the research growth in the subject
under study is plotted on a chart along with the cumulative number of publications starting
from 1995 to 2020 as shown in Figure 2.
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Figure 2. Research growth in PANI membranes for water treatment applications.

After performing the statistical analysis of the data of the publications, it is concluded
that the cumulative number of publications shows a regular exponential trend with the

following equation.
£0.0898Y

T 9%x107 )

where Py, is the projected number of cumulative publications in a specific year Y. Using
Equation (1), the total number of publications that are expected to be published by 2030
is estimated as 1425, which is nearly three times the cumulative number of publications
in 2020.

In the development era starting in 2005, steady growth was observed in PANI mem-
brane literature focusing on water treatment. A wide range of studies was performed
during this period and various technologies were integrated with it, as discussed in
Sections 3.7 and 4.

Py

3.2. Publication Types and Modes

The entities obtained from the database were distributed in six categories: research
articles, proceeding papers, review articles, book chapters, meeting abstracts, and early
access. The majority of the entities belong to research articles (93.96%), proceeding papers
(7.01%), and review articles (2.28%), whereas the contribution of the remaining categories
is marginally insignificant, i.e., 0.98%. Only 12.56% of the total entities were published
as open access articles, while the remaining 87.43% were accessible with a subscription.
Concerning the language of publication, 98.37% were published in the English language,
followed by Chinese, Portuguese, and Polish, which contributed 1.14%, 0.32%, and 0.16%,
respectively. Articles published in languages other than English were not included in
the analysis.

3.3. Citation Count

The citation analysis showed that all entities related to PANI were cited 15,059 times
with each paper cited by 24.97 times on average. Overall, the h-index of this topic was 60.
Most cited articles of a field provide valuable information about the important concepts or
ideas of that field. In the case of PANI membranes for water treatment, a list of most cited
articles has been presented in Table 1. The most cited article [39] in this field is related to
the application of nanocomposites and nanoparticles, along with PANI, for heavy metal
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removal from wastewater. These key terms were also observed in Section 3.7, denoting
frequent keywords used by authors, which implies that the findings are in coordination.

Table 1. Most cited articles related to PANI membranes.

Rank Title Citations Avg. Citation per Year Ref.
Novel polyethersulfone nanocomposite membrane prepared
1 by PANI/Fe3;0, nanoparticles with enhanced performance 202 20.2 [39]
for Cu(Il) removal from water
2 Performance improvement of polysulfone ultrafiltration 158 13 [40]
membrane by blending with polyaniline nanofibers ’
3 Sulfonated poly (ether ether ketone)/polyaniline composite 134 838 [41]
proton-exchange membrane
Novel dense poly (vinyl alcohol)-TiO, mixed matrix
4 membranes for pervaporation separation of 122 7.63 [42]
water-isopropanol mixtures at 30 °C
Ions and solvent transport across conducting polymers
5 investigated by AC electrogravimetry. Application 108 491 [43]
to polyaniline
Pore-structure, hydrophilicity, and particle filtration
6 characteristics of polyaniline-polysulfone 86 7.17 [44]
ultrafiltration membranes
Pervaporation separation of water plus isopropanol
7 mixtures using novel nanocomposite membranes of poly 84 4.94 [45]
(vinyl alcohol) and polyaniline
Removal of aqueous Hg(II) and Cr(VI) using phytic acid
8 . ‘ 83 10.4 [46]
doped polyaniline/cellulose acetate composite membrane
9 Hierarchical Composite Polyaniline-(Electrospun 81 116 [47]
Polystyrene) Fibers Applied to Heavy Metal Remediation ’
10 Electric Field Induced Switchable Wettability to Water on the 79 132 7]

Polyaniline Membrane and Oil/Water Separation

3.4. Author Demography

In author analysis, it was realized that there are about 2551 authors who have con-
tributed to research on PANI membranes for water treatment. A list of the top 10 authors
is presented in Table 2. The main research area of the majority of the leading authors is
chemical engineering. Out of the top ten authors, four of them belong to China, which is
spotted as the leading research country in Figure 3. Moreover, Tianjin University has the
highest number of researchers in the list of leading authors in PANI membrane research
that validates the findings of Figure 4.
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Table 2. Leading authors of research on PANI membranes for water treatment.

Name

Organization

Research Area

Wang, Jixiao

Tianjin University

Chemical engineering, polymers

Wang, Zhi Tianjin University Chemical engineering
Kononenko, Natalia A Kuban State University Physical chemistry
Zhao, Song Tianjin University Modeling and simulation
Wang, Shi-Chang Tianjin University Chemical engineering, membrane science
Huang, Shin-Chin National University Kaohsiung Chemical engineering, membrane science
Kaner, Rb University of California LA Material science

Ball, I. Joseph

University of California LA

Chemical engineering, material science

Berezina, Ninel P.

Kuban State University

Physical chemistry

Van Der Bruggen, Bart

Tshwane University of Technology

Chemical engineering
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Figure 3. Leading countries and their collaborative network in research on PANI membranes.
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Figure 4. Leading organizations in PANI membranes for water treatment applications.
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3.5. Countries and Organizations

In total, about 63 countries have been involved in PANI research over the last 50 years.
To spot out leading countries, only those were selected who have a minimum of seven
publications and ten citations on their credit. Twenty-six countries were filtered out and
are mapped in Figure 3. The size of the circle denotes the contribution of that country and
the line joining two countries shows their collaboration.

It is clear from Figure 3 that there are six main clusters denoting leaders and collabora-
tors in each cluster: cluster 1 is led by Russia with Brazil, Canada, France, Germany, Japan,
and Spain as contributors; cluster 2 is led by China with India, Egypt, Finland, Malaysia,
and Saudi Arabia as collaborators; cluster 3 is led by the USA with Australia, South Korea,
Taiwan, and Turkey as collaborators; cluster 4 is led by Iran with Pakistan, Belgium, South
Africa as collaborators; cluster 5 is led by England with Italy and Romania as collaborators,
and cluster 6 is led by Poland.

The top 10 countries involved in PANI research contributed 71.39% in publications and
71.37% in citations as shown in Table 3. Overall, China leads the PANI membrane research
in terms of both the number of publications and the number of citations. India is the second
most contributing country in terms of publications followed by the USA; however, in terms
of the number of citations, the USA leads India. Moreover, the normalized contribution
was also calculated, which is the ratio of the number of publications to the population. In
this analysis, China leads in terms of normalized contribution, followed by Australia, Saudi
Arabia, Malaysia, and Iran.

Table 3. Leading countries in research on PANI membranes for water treatment.

Rank Country Publi.catif)n Cité.ltiOI.l Norn}aliz'ed

Contribution Contribution Contribution

1 China 23.41% 22.98% 1.28 x 1077
2 India 12.74% 11.91% 7.1 x 1078
3 USA 9.10% 13.23% 212 x 1077
4 Iran 6.11% 5.62% 5.6 x 1077
5 Russia 5.59% 3.08% 2.95 x 1077
6 South Korea 3.51% 3.12% 521 x 1077
7 Saudi Arabia 3.12% 1.46% 6.89 x 1077
8 Brazil 2.73% 4.29% 9.88 x 1078
9 Malaysia 2.73% 2.86% 6.49 x 1077
10 Australia 2.34% 2.83% 7.01 x 10~7

The leading organizations in PANI membrane research are depicted in Figure 4.
Overall, the Chinese Academy of Sciences (CAS) holds the leading position, followed by
Kuban State University and Tianjin University. It should be noted here that CAS is a group
of Chinese research institutes that includes researchers from almost all over China. Tianjin
University also comes under the shadow of CAS. A list of the top 10 organizations, ranked
based on their contribution, is listed in Table 4.
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Table 4. Leading organizations in research on PANI membranes for water treatment applications.

Rank Organization County  Coniibation  Contribution
1 Chinese Academy of Sciences China 8.51% 10.18%
2 Kuban State University Russia 7.09% 3.64%
3 Tianjin University China 4.96% 9.72%
4 University of California LA USA 4.96% 6.66%
5 Politechnica University Romania 426% 1.53%

of Bucharest
6 Aligarh Muslim University India 3.19% 3.89%
7 Karnatak University India 3.19% 7.61%
8 King Saud University Saudi Arabia 3.19% 1.43%
9 Russian Academy of Sciences Russia 3.19% 2.02%
10 Universiti Teknologi Malaysia Malaysia 3.19% 2.58%

3.6. Journals and Disciplines

This analysis shows that the literature related to PANI membranes for water treat-
ment was published in a total of 276 journals, out of which 26 have published at least
5 articles and have received at least 50 citations as shown in Figure 5. The top 10 journals
contributed 59.25% in documents and 65.42% in citations listed in Table 5. Overall, the
Journal of Membrane Science is the leading journal in this field, followed by Desalination and
RCS Advances.

desalinatigp and wat

journal ofjphysical

$ sensors apd actuator
industrial enginee journal owmbr“"e -«

joufnal @ coloid 3 internatig@hal journa

internati@pal journa
&

\an,m3 rsc a”nces <

electrochimica acta

chemicalig@pgineering fussian jdnal o
separatiofggnd purif

%, VOSviewer

Figure 5. Leading journals in publishing research on PANI membranes for water treatment.

Among the top 10 journals in the field, the majority of the journals are focused on the
chemistry or chemical aspects of PANI membranes, followed by the materials’ application.
Different categories involved in studying the chemical aspects of PANI membranes are
electrochemistry, analytical chemistry, physical chemistry, and multidisciplinary chemistry.
All these categories cover different aspects of chemistry. For example, electrochemistry deals
with the relationship between chemical changes with electricity. Generation of electricity as
a result of chemical reactions, and chemical changes as a result of electricity production,
are the main topics covered by electrochemistry. Analytical chemistry sheds light on the
analytical techniques that generate any type of information about chemical systems, such
as separation techniques, pyrolysis, and thermal analysis. Physical chemistry includes
resources on photochemistry, solid-state chemistry, kinetics, catalysis, quantum chemistry,
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surface chemistry, electrochemistry, chemical thermodynamics, thermophysics, colloids,
fullerenes, and zeolites. Multidisciplinary chemistry is concerned with the interdisciplinary
approaches applied to chemical systems [48].

Table 5. Leading journals in publishing research on PANI membranes for water treatment.

Document Citation
Rank Journal Name Impact Factor Contribution Contribution Category
Journal of o o Polymer science
! Membrane Science 8.74 11.85% 21.91% Engineering, chemical
2 Desalination 9.5 7.41% 7.01% Water resources
Engineering, chemical
3 RSC Advances 3.36 7.04% 5.24% Chemistry, multidisciplinary
4 Journal of AP plied 3.13 6.30% 3.43% Polymer science
Polymer Science
5 . Chemlcal 133 5199% 3.41% Engmefermg, env1r0nmental
Engineering Journal engineering, chemical
Sensors and Chemistry, analytical
6 . 7.46 5.19% 7.21% electrochemistry instruments
Actuators B-Chemical . .
and instrumentation
. . Materials science,
7 ACS Applied Materials 9.23 4.81% 7.26% multidisciplinary nanoscience
& Interfaces
and nanotechnology
Separation and o o . . .
8 Purification Technology 7.31 4.07% 3.74% Engineering, chemical
9 Electrochimica Acta 6.9 3.70% 2.62% Electrochemistry
. Materials science,
10 Journal of Materials 12.7 3.70% 3.60% multidisciplinary chemistry,

Chemistry A

physical Energy and fuels

The engineering perspectives of PANI membranes are discussed under chemical
engineering which deals with the conversion of raw materials to useful products. The next
research category most popular among the top 10 journals is related to materials including
polymer science and multidisciplinary materials science. Polymer science includes all
resources dealing with the study, production, and technology of natural or synthetic
polymers; whereas, multidisciplinary materials science covers resources having a general
or multidisciplinary approach to the study of the nature, behavior, and use of materials [48].

Major research disciplines within PANI research are depicted in Figure 6. Chemistry
is the leading discipline, followed by engineering, materials science, and polymer science.
The findings of this section reflect the findings listed in Table 5.

3.7. Keyword Reoccurrence

Opverall, the most frequently used keywords are listed in Table 6, and these keywords
contribute about 57.33% of all keywords. The analysis shows that the main concern
of the research community has been to improve the performance of PANI membranes
and to introduce improved fabrication processes. The applications of nanoparticles and
nanocomposites are also prominent.
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Figure 6. Major research disciplines in PANI membranes for water treatment.

Table 6. Most frequent keywords used in PANI for water treatment research.

Rank Keywords % Age Occurrence
1 Polyaniline 16.73
2 Water 6.52
3 Performance 4.79
4 Membranes 4.00
5 Nanoparticles 3.10
6 Fabrication 3.05
7 Separation 2.68
8 Films 2.63
9 Removal 2.37
10 Adsorption 231
11 Transport properties 2.10
12 Polymerization 1.84
13 Morphology 1.79
14 Nanocomposite 1.79
15 Conductivity 1.63

In addition, information related to the evolution of the field can also be extracted from
content analysis as shown in Figure 7. In the early years of this decade, the main focus of
researchers was to develop membranes by electro-polymerization and to study the effect of
temperature, diffusion, and blending of membranes. The most famous technique of this
era was dehydration and pervaporation. Following this initial phase, the attention slowly
shifted towards performance optimization; as a result, nanoparticles and carbon nanotubes
were introduced. In the last few years of this decade, desalination captured the attention.
Other hot topics of this time include applications of graphene oxide and electrospinning,
and the introduction of new adsorbents.
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4. Future Research Trends of PANI Membranes in Water Treatment

The content analysis technique was used to find out the main research streams of the
field. A total of 3215 keywords were extracted from the analysis and a filter was applied
to map frequent keywords. Only those keywords sorted out have a minimum frequency
of occurrence of 10, and these are presented in Figure 8. The radius of the circle shows
the frequency of occurrence, while the line joining two circles shows the co-occurrence of
keywords. A larger circle or thicker line implies a higher frequency of occurrence. There
are four different colors used in Figure 8, each denoting a cluster.
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Cluster 1 (red) relates carbon nanotubes to PANI membranes and water treatment. A
strong linkage was observed between PANI membranes and carbon nanotubes reflecting
the fact that it is a common practice in the literature to reinforce, template, or blend carbon
nanotubes with PANI [49-52]. In blending, the amount of nanofiber is considered to be a
crucial factor because it determines the characteristics of the membrane, such as thermal
stability, chemical structure, hydrophilicity, and porosity [49]. Therefore, carbon nanotubes
are mapped to nanofibers as shown in Figure 6. Moreover, cluster 1 highlights the fact
that polymerization, electrospinning, and electro-polymerization are among some famous
methods used in the preparation, synthesis, and characterization of PANI membranes.
Another important piece of information extracted from cluster 1 is that the application of
graphene has been promising in this field, with its strong correlation with the performance,
stability, and degradation of PANI membranes. Studies show that graphene-based PANI
membranes exhibit improved structure and electrochemical performance [53-56].

Cluster 2 (green) portrays methods used for the removal or reduction of pollutants
from wastewater using PANI membranes. Mostly discussed methods/techniques in this re-
gard are adsorption, ultrafiltration, and nanofiltration. In addition, cluster 2 also highlights
that electrical conductivity and wettability play vital roles in determining water treatment
efficiency. Cluster 3 (blue) sheds light on the different techniques used to improve the
efficiency or performance of PANI membranes. The study of morphological characteristics,
surface modification, and transport properties of PANI membranes has been promising
and mostly discussed by the research community. Cluster 4 (yellow) also highlights some
common practices used in coordination with PANI membranes for water purification.
Dehydration and pervaporation of water-miscible compounds such as tetrahydrofuran,
as well as separation and pervaporation of gasses and liquids, are found to be some most
prominent practices. Moreover, hydrophilicity retention of PANI membranes due to chi-
tosan, along with the effect of temperature and permeability of membranes are spotted as
some highly discussed topics.

5. Key Challenges and Way Forward

PANI membranes have great potential as an alternative to traditional oxidants for
oxidation of organic compounds in wastewater treatment. PANI membranes can be ap-
plied at higher pH values than other available oxidants, and it also has advantages such
as fast redox reaction kinetics and low cost. These advantages have led to the use of
PANI-based technologies for removal of organic compounds from aqueous solutions. The
main applications are in dyeing, food and beverage, pulp and paper, textile, chemical,
petrochemical, and pharmaceutical industries. However, there are a few challenges to using
PANI membranes for the treatment of wastewaters as discussed below.

Despite the great potential of PANI membranes, the use of PANI membranes for
wastewater treatment is limited due to the challenges associated with their application.
The main challenge is the reduction of the lifetime of the membrane by the oxidation of the
PANI. The use of antioxidants is another challenge, and the feed solution may be limited
in the number of antioxidants available. The PANI is a semiconductor and is sensitive to
electromagnetic fields (EMFs). This makes the PANI membranes prone to breakdown when
the membranes are subjected to EMFs. Although the PANI membranes have great potential,
their application in wastewater treatment is still in its infancy. Some key challenges of
using PANI membranes for the treatment of wastewaters are discussed below.

5.1. Poor Durability and Stability of PANI Membranes

The main factors affecting the PANI membrane durability are the chemical nature of
the species transported, the pH of the solution, and the redox potential of the membrane.
These factors lead to PANI degradation, which includes loss of electrochemical activity
followed by a decrease in the crosslinking density and PANI content in the membrane. The
main mechanisms of PANI degradation are reduction in functional groups, oxidation of the
aromatic rings, and possible chain scission. The reduction in functional groups by water-



Membranes 2022, 12, 777

14 of 17

soluble species can be prevented by keeping the pH low. Oxidation of the aromatic rings
can be prevented by adding antioxidants such as phenol, hydroquinone, and thiabendazole.
Further, it can also be controlled by reducing the pH of the solution. Lastly, PANI chain
scission can be controlled by low pH values, but is a very slow process. The chain scission
leads to the formation of highly branched PANI polymers and poor water permeability.
When these branched polymers react with other oxidants, the membrane loses its ability to
remove organic impurities.

Owing to this degradation, the life span and durability of PANI membranes become a
challenge. Therefore, there is a dire need to develop new functional groups and aromatic
rings that could help in increasing PANI membrane stability.

5.2. Lack of Reliable Techniques to Determine PANI Concentration

Due to the high pH and conductivity of the feed solution, the selection of an appropri-
ate electrochemical technique to determine PANI concentration becomes a challenge.

The PANI content in the membrane can be quantified by UV-Vis spectroscopy for the
UV-Vis region of the spectrum. However, this technique does not provide information
about the amount of PANI degraded in the membrane. To overcome these limitations,
Fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy
(XPS) have been used to some extent. However, these techniques are time-consuming and
expensive. In addition, they do not provide precise information about PANI degradation.

5.3. PANI Degradation and Regeneration

The oxidation of the PANI in the membrane leads to the formation of PANI rad-
icals, which react with water to form hydroxyl radicals which reduce the lifetime of
the membrane.

The regeneration of the PANI membranes is an important issue. The main regeneration
methods are air oxidation, UV oxidation, and chemical oxidation. Air oxidation is a viable
method to regenerate the PANI membranes. However, it is not advisable for wastewater
treatment applications due to the high pH value of the feed solution. UV oxidation is
the common method used for the regeneration of the PANI membranes. It is a simple
method, but it requires a high UV intensity and is not suitable for large-scale applications.
Low-pressure chemical oxidation is a promising method for the regeneration of PANI
membranes. This method is based on the oxidation of phenol by ozone in water to generate
HO radicals, which react with the PANI to form phenol and regenerate the PANI. However,
requiring low pressure is a key limitation of this process.

5.4. Adverse Environmental Conditions in Wastewater Treatment

For industrial applications, PANI membranes should have the potential to deal with
wastewater of diverse contamination levels and conditions. The adverse environmental
conditions found in wastewater treatment are biological activity, high pH values, tem-
perature, and pressure. The biological activity can be controlled by using antibiotics and
biocides, which are not suitable to be used with PANI membranes. The pH of the feed
solution is difficult to be controlled due to the chemical reactions and microbial activity.
The temperature and pressure can be controlled by using jacketed reactors, but they are
also challenging factors.

Further, PANI membranes have limitations when the feed water is highly saline and
has high pH values. In the presence of seawater in the feed solution, the membrane is less
stable due to the presence of NaCl, which can interact with the PANI in the membrane and
form NaPANI The high pH feed solution leads to the formation of hydroxide ions, which
can react with the PANI and form water-soluble PANI species with anions such as chloride.
This results in the formation of pores in the membrane and membrane fouling.
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6. Conclusions

This study reports a scientometric analysis of the literature, related to the application
of PANI membranes for water treatment and published during the last 50 years. A total of
613 entities were extracted from the Web of Science and were analyzed using bibliometric
and bibliographic analysis techniques. The key findings of this study are as follows:

e  The research growth in the application of PANI membranes for water treatment is
highlighted. The analysis reveals that the concept of using PANI membranes for
water treatment application was introduced during the 1990s. The era of 1995-2005
was an explorative period in which conceptual basics were developed, such as PANI
membrane doping and blending, whereas, after 2005, the development era started in
which this topic received steady attention.

e A total of 276 journals have published research related to this topic out of which
Journal of Membrane Sciences, Desalination, and RSC Advances are the leading journals.
The majority of the top journals in this field were focused on chemical aspects of
membranes followed by material applications in PANI membranes.

e A total of 63 countries were found active in PANI membrane research with China,
India, and the USA as top players in terms of citations and number of publications.
Nevertheless, concerning the number of publications per population, China and
Australia were spotted as the leaders.

e  Concerning research trends, performance optimization of PANI membranes for water
treatment was observed as the most discussed topic in the literature. For performance
enhancement, the immensely used techniques include the use of nanoparticles and
nanocomposites, modification in fabrication techniques, and the use of films.

e Using nanoparticles, carbon nanotubes, and graphene oxides; employing electrospin-
ning, and introducing new adsorbents are hot topics in the field.

Author Contributions: Conceptualization, M.N.N.; data curation, M.N.N., K.D. and A.A.Z.; formal
analysis, M.N.N., K.D. and A.A.Z.; funding acquisition, A.A., N.A.A. and S.H.A.; investigation,
MN.N,, K.D., A AZ. and M.A.; Methodology, K.D.; Project administration, M.N.N., A.A.Z., M.A.,
N.A.A.,,S.H.A. and ] .J.; resources, M.N.N., K.D., M.A., A.A.,, N.A.A,, R].,SH.A. and ] J; software,
M.N.N,, N.A A, R]. and S.H.A ; supervision, K.D., A A.Z,M.A,, A A. and ] .J.; validation, M.N.N.,
A.AZ.,N.AA. and R, visualization, M.N.N., K.D., M.A., A.A,, R]. and ].].; writing—original draft,
M.N.N.; writing—review and editing, K.D., A.A.Z., A A, N.A.A,, R]. and ].]. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated and analyzed during the research are available
with the corresponding author and can be furnished upon request.

Conflicts of Interest: There is no conflict of interest to declare.

References

1. Shah, A.-U.A,; Kamran, M,; Bilal, S.; Ullah, R. Cost effective chemical oxidative synthesis of soluble and electroactive polyaniline
salt and its application as anticorrosive agent for steel. Materials 2019, 12, 1527. [CrossRef] [PubMed]

2. Pramanik, N.; Dutta, K.; Basu, R K.; Kundu, P.P. Aromatic 7-conjugated curcumin on surface modified polyaniline/polyhydroxyalkanoate
based 3D porous scaffolds for tissue engineering applications. ACS Biomater. Sci. Eng. 2016, 2, 2365-2377. [CrossRef]

3. Das,S.; Dutta, K.; Kundu, P.P. Nickel nanocatalysts supported on sulfonated polyaniline: Potential toward methanol oxidation
and as anode materials for DMFCs. J. Mater. Chem. A 2015, 3, 11349-11357. [CrossRef]

4. Dutta, K; De, S. Aromatic conjugated polymers for removal of heavy metal ions from wastewater: A short review. Environ. Sci.
Water Res. Technol. 2017, 3, 793-805. [CrossRef]

5. Dutta, K,; Das, S.; Kundu, P.P. Highly methanol resistant and selective ternary blend membrane composed of sulfonated PV d
F-co-HFP, sulfonated polyaniline and nafion. J. Appl. Polym. Sci. 2016, 133, 43294. [CrossRef]

6. Huang, J.; Virji, S.; Weiller, B.H.; Kaner, R.B. Polyaniline nanofibers: Facile synthesis and chemical sensors. |. Am. Chem. Soc. 2003,

125, 314-315. [CrossRef]


http://doi.org/10.3390/ma12091527
http://www.ncbi.nlm.nih.gov/pubmed/31083292
http://doi.org/10.1021/acsbiomaterials.6b00595
http://doi.org/10.1039/C5TA01837D
http://doi.org/10.1039/C7EW00154A
http://doi.org/10.1002/app.43294
http://doi.org/10.1021/ja028371y

Membranes 2022, 12, 777 16 of 17

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

Zheng, X.; Guo, Z.; Tian, D.; Zhang, X.; Jiang, L. Electric field induced switchable wettability to water on the polyaniline
membrane and oil/water separation. Adv. Mater. Interfaces 2016, 3, 1600461. [CrossRef]

Kurada, K.V,; De, S. Polyaniline doped ultrafiltration membranes: Mechanism of membrane formation and pH response
characteristics. Polymer 2018, 153, 201-213. [CrossRef]

Xu, L.; Shahid, S.; Holda, A K.; Emanuelsson, E.A.C.; Patterson, D. Stimuli responsive conductive polyaniline membrane:
In-filtration electrical tuneability of flux and MWCO. J. Membr. Sci. 2018, 552, 153-166. [CrossRef]

Fazullin, D.D.; Mavrin, G.V.; Sokolov, M.P. Cation-exchange membranes with polyaniline surface layer for water treatment. Am. J.
Environ. Sci. 2014, 10, 424-430. [CrossRef]

Liu, M,; Li, J.; Guo, Z. Polyaniline coated membranes for effective separation of oil-in-water emulsions. J. Colloid Interface Sci.
2016, 467, 261-270. [CrossRef]

Wang, K.; Xu, L.; Li, K;; Liu, L.; Zhang, Y.; Wang, J. Development of polyaniline conductive membrane for electrically enhanced
membrane fouling mitigation. J. Membr. Sci. 2019, 570, 371-379. [CrossRef]

Lin, C.-W,; Xue, S.; Ji, C.; Huang, S.-C.; Tung, V.; Kaner, R.B. Conducting polyaniline for antifouling ultrafiltration membranes:
Solutions and challenges. Nano Lett. 2021, 21, 3699-3707. [CrossRef] [PubMed]

Donthu, N.; Kumar, S.; Mukherjee, D.; Pandey, N.; Lim, WM. How to conduct a bibliometric analysis: An overview and
guidelines. J. Bus. Res. 2021, 133, 285-296. [CrossRef]

Pritchard, A. Statistical bibliography or bibliometrics. J. Doc. 1969, 25, 348-349.

He, L.; Fang, H.; Chen, C.; Wu, Y,; Wang, Y.; Ge, H.; Wang, L.; Wan, Y.; He, H. Metastatic castration-resistant prostate cancer:
Academic insights and perspectives through bibliometric analysis. Medicine 2020, 99, €19760. [CrossRef] [PubMed]

Yu, J; Yang, Z.; Zhu, S.; Xu, B.; Li, S.; Zhang, M. A bibliometric analysis of cloud computing technology research. In Proceedings
of the 2018 IEEE 3rd Advanced Information Technology, Electronic and Automation Control Conference (IAEAC), Chonggqing,
China, 12-14 October 2018.

Naseer, M.N.; Zaidi, A.A.; Khan, H.; Kumar, S.; bin Owais, M. T.; Jaafar, J.; Suhaimin, N.S.; Wahab, Y.A.; Dutta, K.; Asif, M.; et al.
Mapping the field of microbial fuel cell: A quantitative literature review (1970-2020). Energy Rep. 2021, 7, 4126-4138. [CrossRef]
Youngblood, M.; Lahti, D. A bibliometric analysis of the interdisciplinary field of cultural evolution. Palgrave Commun. 2018, 4, 120.
[CrossRef]

Wu, H.; Tong, L.; Wang, Y.; Yan, H.; Sun, Z. Bibliometric analysis of global research trends on ultrasound microbubble: A quickly
developing field. Front. Pharmacol. 2021, 12, 646626. [CrossRef]

Birkle, C.; Pendlebury, D.A.; Schnell, J.; Adams, ]. Web of Science as a data source for research on scientific and scholarly activity.
Quant. Sci. Stud. 2020, 1, 363-376. [CrossRef]

Chen, Y,; Li, Y.; Guo, L.; Hong, ].; Zhao, W.; Hu, X.; Chang, C.; Liu, W.; Xiong, K. Bibliometric analysis of the inflammasome and
pyroptosis in brain. Front. Pharmacol. 2020, 11, 626502. [CrossRef]

Van Eck, N.J.; Waltman, L. VOSviewer Manual; Univeristeit Leiden: Leiden, The Netherlands, 2013; Volume 1, pp. 1-53.
Schmidt, V.; Tegtmeyer, D.; Heitbaum, J. Transport of protons and water through polyaniline membranes studied with on-line
mass spectrometry. J. Electroanal. Chem. 1995, 385, 149-155. [CrossRef]

Messina, R.; Sarazin, C.; Yu, L.T.; Buvet, R. Propriétés de membranes constituées de polymeres semi-conducteurs échangeurs
redox polyaniline et polypyrrole. . Chim. Phys. 1976, 73, 919-921. [CrossRef]

Gan, L.-M.; Chan, H.S5.0.; Chew, C.-H.; Ma, L. Method of Producing Conductive Polymers in Microemulsions. U.S. Patent
5256730A, 26 October 1993.

Hisao, H.; Kenji, M.; Tomoumi, O. Anisotropic Membrane for Gas Separation Consisting of Polyaniline and Its Production.
JPHO06238138A, 17 February 1993.

Kenichi, M. Production of Functional Water with Low Surface Tension. JPH10139403A, 5 November 1996.

Ball, L].; Huang, S.-C.; Su, T.M.; Kaner, R.B. Permselectivity and temperature-dependent permeability of polyaniline membranes.
Synth. Met. 1997, 84, 799-800. [CrossRef]

Su, TM,; Ball, L.].; Conklin, J.A.; Huang, S.-C.; Larson, R.K.; Nguyen, S.L.; Lew, B.M.; Kaner, R.B. Polyaniline/polyimide blends
for pervaporation and gas separation studies. Synth. Met. 1997, 84, 801-802. [CrossRef]

Huang, S.-C.; Ball, L].; Kaner, R.B. Polyaniline membranes for pervaporation of carboxylic acids and water. Macromolecules 1998,
31, 5456-5464. [CrossRef]

Ball, I; Huang, S.-C.; Kaner, R. Polyaniline Membranes for Liquid Separations. In Technical Papers of the Annual Technical
Conference-Society of Plastics Engineers Incorporated; Society of Plastics Engineers Inc.: Danbury, CT, USA, 1998.

Lee, YM.; Nam, S.Y.; Ha, S.Y. Pervaporation of water/isopropanol mixtures through polyaniline membranes doped with poly
(acrylic acid). J. Membr. Sci. 1999, 159, 41-46.

Huang, S.-C.; Huang, C.-T.; Lu, S.-Y.; Chou, K.-S. Ceramic/polyaniline composite porous membranes. J. Porous Mater. 1999, 6,
153-159. [CrossRef]

Ball, L]J.; Huang, S.-C.; Miller, K.J.; Wolf, R.A.; Shimano, ].Y.; Kaner, R.B. The pervaporation of ethanol/water feeds with
polyaniline membranes and blends. Synth. Met. 1999, 102, 1311-1312. [CrossRef]

Ball, LJ.; Huang, S.; Wolf, R.A.; Shimano, J.Y.; Kaner, R.B. Pervaporation studies with polyaniline membranes and blends.
J. Membr. Sci. 2000, 174, 161-176. [CrossRef]


http://doi.org/10.1002/admi.201600461
http://doi.org/10.1016/j.polymer.2018.08.032
http://doi.org/10.1016/j.memsci.2018.01.070
http://doi.org/10.3844/ajessp.2014.424.430
http://doi.org/10.1016/j.jcis.2016.01.024
http://doi.org/10.1016/j.memsci.2018.10.050
http://doi.org/10.1021/acs.nanolett.1c00968
http://www.ncbi.nlm.nih.gov/pubmed/33886345
http://doi.org/10.1016/j.jbusres.2021.04.070
http://doi.org/10.1097/MD.0000000000019760
http://www.ncbi.nlm.nih.gov/pubmed/32282738
http://doi.org/10.1016/j.egyr.2021.06.082
http://doi.org/10.1057/s41599-018-0175-8
http://doi.org/10.3389/fphar.2021.646626
http://doi.org/10.1162/qss_a_00018
http://doi.org/10.3389/fphar.2020.626502
http://doi.org/10.1016/0022-0728(94)03752-O
http://doi.org/10.1051/jcp/1976730919
http://doi.org/10.1016/S0379-6779(96)04152-5
http://doi.org/10.1016/S0379-6779(96)04153-7
http://doi.org/10.1021/ma971418t
http://doi.org/10.1023/A:1009687523387
http://doi.org/10.1016/S0379-6779(98)01004-2
http://doi.org/10.1016/S0376-7388(00)00387-2

Membranes 2022, 12, 777 17 of 17

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Wang, P; Tan, K.L; Kang, E.T.; Neoh, K.G. Preparation and characterization of semi-conductive poly (vinylidene fluo-
ride)/polyaniline blends and membranes. Appl. Surf. Sci. 2002, 193, 36-45. [CrossRef]

Amado, FD.; Gondran, E.; Ferreira, J.Z.; Rodrigues, M.A.; Ferreira, C.A. Synthesis and characterisation of high impact
polystyrene/polyaniline composite membranes for electrodialysis. ]. Membr. Sci. 2004, 234, 139-145. [CrossRef]

Daraei, P.; Madaeni, S.S.; Ghaemi, N.; Salehi, E.; Khadivi, M.A.; Moradian, R.; Astinchap, B. Novel polyethersulfone nanocompos-
ite membrane prepared by PANI/Fe304 nanoparticles with enhanced performance for Cu (II) removal from water. J. Membr. Sci.
2012, 415, 250-259. [CrossRef]

Fan, Z.; Wang, Z.; Sun, N.; Wang, J.; Wang, S. Performance improvement of polysulfone ultrafiltration membrane by blending
with polyaniline nanofibers. ]. Membr. Sci. 2008, 320, 363-371. [CrossRef]

Nagarale, R.; Gohil, G.; Shahi, V.K. Sulfonated poly (ether ether ketone)/polyaniline composite proton-exchange membrane. J.
Membr. Sci. 2006, 280, 389-396. [CrossRef]

Sairam, M.; Patil, M.B.; Veerapur, R.S.; Patil, S.A.; Aminabhavi, T.M. Novel dense poly (vinyl alcohol)-TiO, mixed matrix
membranes for pervaporation separation of water—-isopropanol mixtures at 30 °C. J. Membr. Sci. 2006, 281, 95-102. [CrossRef]
Gabrielli, C.; Keddam, M.; Nadi, N.; Perrot, H. Ions and solvent transport across conducting polymers investigated by ac
electrogravimetry. Application to polyaniline. J. Electroanal. Chem. 2000, 485, 101-113. [CrossRef]

Guillen, G.R.; Farrell, T.P; Kaner, R.B.; Hoek, E.M.V. Pore-structure, hydrophilicity, and particle filtration characteristics of
polyaniline—polysulfone ultrafiltration membranes. J. Mater. Chem. 2010, 20, 4621-4628. [CrossRef]

Naidu, B.V.K,; Sairam, M.; Raju, K.V.5S.N.; Aminabhavi, T.M. Pervaporation separation of water plus isopropanol mixtures using
novel nanocomposite membranes of poly (vinyl alcohol) and polyaniline. J. Membr. Sci. 2005, 260, 142-155.

Li, R; Liu, L.; Yang, F. Removal of aqueous Hg (II) and Cr (VI) using phytic acid doped polyaniline/cellulose acetate composite
membrane. J. Hazard. Mater. 2014, 280, 20-30. [CrossRef]

Alcaraz-Espinoza, ].J.; Chavez-Guajardo, A.E.; Medina-Llamas, ].C.; Andrade, C.A.S.; de Melo, C.P. Hierarchical composite
polyaniline—(electrospun polystyrene) fibers applied to heavy metal remediation. ACS Appl. Mater. Interfaces 2015, 7, 7231-7240.
[CrossRef] [PubMed]

Web of Science. Categories & Collections (Scope Notes) 2021. Available online: https:/ /mijl.clarivate.com/help-center (accessed
on 12 September 2021).

Liao, Y;; Li, X.-G.; Hoek, EIM.V.; Kaner, R.B. Carbon nanotube/polyaniline nanofiber ultrafiltration membranes. |. Mater. Chem. A
2013, 1, 15390-15396. [CrossRef]

Liao, Y,; Yu, D.-G.; Wang, X.; Chain, W.; Li, X.-G.; Hoek, E.M.V,; Kaner, R.B. Carbon nanotube-templated polyaniline nanofibers:
Synthesis, flash welding and ultrafiltration membranes. Nanoscale 2013, 5, 3856-3862. [CrossRef] [PubMed]

Shawky, H.A.; Chae, S.-R.; Lin, S.; Wiesner, M.R. Synthesis and characterization of a carbon nanotube/polymer nanocomposite
membrane for water treatment. Desalination 2011, 272, 46-50. [CrossRef]

Chajanovsky, I.; Suckeveriene, R.Y. Suckeveriene, Preparation of Hybrid Polyaniline/Nanoparticle Membranes for Water
Treatment Using an Inverse Emulsion Polymerization Technique under Sonication. Processes 2020, 8, 1503. [CrossRef]

Wang, D.-W.; Li, E; Zhao, J.; Ren, W.; Chen, Z.-G.; Tan, J.; Wu, Z.-S.; Gentle, I.; Lu, G.Q.; Cheng, H.-M. Fabrication of
graphene/polyaniline composite paper via in situ anodic electropolymerization for high-performance flexible electrode. ACS
Nano 2009, 3, 1745-1752. [CrossRef]

Mao, L.; Zhang, K.; Chan, H.5.0.; W, J. Surfactant-stabilized graphene/polyaniline nanofiber composites for high performance
supercapacitor electrode. . Mater. Chem. 2012, 22, 80-85. [CrossRef]

Wang, T.; Sun, H.; Peng, T.; Liu, B.; Hou, Y.; Lei, B. Preparation and characterization of polyaniline/p-phenylenediamine grafted
graphene oxide composites for supercapacitors. . Mol. Struct. 2020, 1221, 128835. [CrossRef]

Zhang, K.; Zhang, L.L.; Zhao, X.S.; Wu, J. Graphene/polyaniline nanofiber composites as supercapacitor electrodes. Chem. Mater.
2010, 22, 1392-1401. [CrossRef]


http://doi.org/10.1016/S0169-4332(01)01031-5
http://doi.org/10.1016/j.memsci.2004.01.017
http://doi.org/10.1016/j.memsci.2012.05.007
http://doi.org/10.1016/j.memsci.2008.04.019
http://doi.org/10.1016/j.memsci.2006.01.043
http://doi.org/10.1016/j.memsci.2006.03.022
http://doi.org/10.1016/S0022-0728(00)00093-0
http://doi.org/10.1039/b925269j
http://doi.org/10.1016/j.jhazmat.2014.07.052
http://doi.org/10.1021/acsami.5b00326
http://www.ncbi.nlm.nih.gov/pubmed/25761543
https://mjl.clarivate.com/help-center
http://doi.org/10.1039/c3ta13902f
http://doi.org/10.1039/c3nr00441d
http://www.ncbi.nlm.nih.gov/pubmed/23525119
http://doi.org/10.1016/j.desal.2010.12.051
http://doi.org/10.3390/pr8111503
http://doi.org/10.1021/nn900297m
http://doi.org/10.1039/C1JM12869H
http://doi.org/10.1016/j.molstruc.2020.128835
http://doi.org/10.1021/cm902876u

	Introduction 
	Research Methodology 
	Results and Discussion 
	Publication Count 
	Publication Types and Modes 
	Citation Count 
	Author Demography 
	Countries and Organizations 
	Journals and Disciplines 
	Keyword Reoccurrence 

	Future Research Trends of PANI Membranes in Water Treatment 
	Key Challenges and Way Forward 
	Poor Durability and Stability of PANI Membranes 
	Lack of Reliable Techniques to Determine PANI Concentration 
	PANI Degradation and Regeneration 
	Adverse Environmental Conditions in Wastewater Treatment 

	Conclusions 
	References

