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A B S T R A C T

With the rapid advancement of effective photothermal materials, photothermal membrane distillation (P-MD) 
has emerged as a new technology for water treatment using solar energy. This technology captures large amounts 
of solar energy and localizes heating on the membrane-feed water interface using photothermal effects. This 
research analyses P-MD membrane engineering articles from multiple standpoints using machine learning (ML), 
data mining (DM), and bibliometrics. The results show the outlines (number of authors, annual growth rate, 
average citations, etc.) and details (influential authors, countries, articles, social networks, metrics, sentiment, 
emotion, objectivity, similarity, etc.) of 102 articles published between 2017–2024. We find that 385 authors 
contribute to the P-MD membrane engineering field, 44 journals are identified, and the average global citation 
per article is 41.66. Most articles (23) were published in 2022. Based on different metrics, Dr. Li Q. is the leader 
in the field. 5 core clusters were identified in the country analysis. Authors have a positive sentiment about P-MD 
membrane engineering, and their writing language is objective and emotion-free (neutral).

1. Introduction

Membrane distillation (MD) is a non-isothermal separation process 
that involves the separation of volatile compounds from aqueous solu
tions through a vapor pressure gradient across the membrane. While 
often associated with desalination, MD is a versatile technique that also 
finds application in various other areas, including wastewater treatment 
for removal of contaminants and treatment of landfill leachate, the 
concentration of fruit juices and dairy products in the food and beverage 
industry, purification, and concentration for biotechnological and 
chemical processes [1].

In MD, a temperature difference across a porous and typically hy
drophobic membrane causes a vapor pressure difference and induces 
more volatile compounds to vaporize on the hot feed side, be 

transported through the membrane pores and condense on the cooler 
permeate side. There are four main MD configurations, differing in how 
the permeate is condensed and collected: direct contact membrane 
distillation (DCMD), air gap membrane distillation (AGMD), vacuum 
membrane distillation (VMD) and sweeping gas membrane distillation 
(SGMD) [2]. MD offers high rejection rates and operates at moderately 
low operating temperatures of 40 – 80 ◦C [3,4]. In general, MD is a low- 
pressure process and, as such, is less prone to fouling than pressure- 
driven membrane processes such as reverse osmosis (RO) and is also 
suitable for brine treatment as it can handle hypersaline feed solutions. 
In contrast to other thermal desalination methods, MD functions with a 
compact, modular system design with a smaller land footprint [5].

Although it was first patented in the 1960 s, MD still shies from full- 
scale commercial use for desalination due to high energy consumption, 
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low energy efficiency and lack of suitable membranes with stable long- 
term performance [6]. One of the main contributors to energy con
sumption in MD is the thermal energy needed to heat the circulating 
feed. The bulk feed entering the module is heated, but due to the latent 
heat of vaporization, the membrane surface temperature on the feed side 
becomes lower than that of the bulk feed. Similarly, the membrane 
surface temperature on the permeate side is higher than that of the bulk 
permeate. Termed ‘temperature polarization’, this phenomenon reduces 
the effective driving force across the membranes and consequently 
lowers vapor transport [7]. While MD research in the 21st century has 
focused heavily on developing non-wetting, high-performing mem
branes, and improving the energy efficiency of MD systems through 
novel configurations, attention to alternative heating techniques, spe
cifically direct heating of the membrane surface, has only recently 
garnered interest [8]. Such localized heating can reduce temperature 
polarization, improve mass transport, and enable greater recovery rates 
[9]. Direct surface heating techniques investigated in the past decade 
include photothermal, microwave [10], induction [11] and electro
thermal [12–14] mechanisms. Of these, the incorporation of photo
thermal materials to induce localized photothermal surface heating of 
MD membranes has received considerable attention, necessitating a 
thorough survey of existing scientific literature that integrates biblio
metrics, data mining and machine learning.

Photons interacting with bulk materials cause the excitation of 
electrons, and the subsequent release of energy absorbed by these 
electrons is dissipated through conversion processes using various 
activation modes, which include photoconductive, photo
electrochemical, photovoltaic, fluorescence and photothermal [15]. In 
this sense, photothermal materials primarily used in MD (i.e. photo- 
thermal membrane distillation, P-MD) include solar-absorbing inor
ganic semiconductors, plasmonic metallic nanomaterials and carbon- 
based materials [8]. Metallic and semiconductor materials operate 
under surface plasmon resonance (SPR), which indicates the wavelength 
at which collective electron oscillations are excited on the material’s 
surface, transforming incoming light to heat [16]. Carbon-based mate
rials such as carbon black nanoparticles [17], carbon nanotubes (CNTs) 
and activated carbon [18] demonstrate photothermal properties across a 
broad spectrum of light wavelengths with high conversion efficiencies.

The challenge of incorporating photothermal materials in MD 
membranes is to optimize light absorption and photothermal conversion 
efficiency without compromising membrane characteristics. In the case 
of MD, the membrane should be porous with a mean pore size between 
0.1 and 1 µm [19]. MD membranes should either be hydrophobic or, if 
made of as a composite material, at least one layer should be hydro
phobic to prevent wetting of the membrane pores and subsequent 
deterioration of permeate quality. Photothermal membranes should not 
only be cost-effective and easily scalable, but they should also absorb 
light at a broad range of wavelengths (250–2500 µm) [20]. Typically, 
photothermal materials are simply coated onto MD membranes through 
spraying, coating, and filtration techniques. However, considerable 
work still needs to be put into the long-term stability of these coatings 
because of the delamination effect. Additionally, the wettability and 
porosity of the coating layer may impact MD performance. Photo
thermal materials can also be incorporated into the bulk membrane by 
blending prior to phase separation for example, although the limited 
irradiation received might decrease energy efficiency. More work should 
be directed to develop compatible materials and incorporate photo
thermal materials to maximize the effects of integrating these materials 
and retain high salt rejection. An analysis of current literature will help 
determine research trends and directions of future research studies.

The fundamentals of P-MD technology are unique. P-MD is a rela
tively new technique within MD in which light-absorbing photothermal 
materials are incorporated within the membrane to convert light energy 
into heat in order to induce evaporation at the feed/membrane pore 
interface and reverse the temperature polarization effect at the feed 
membrane side [21]. The temperature profile is distinct from that of 

conventional MD as seen in Fig. 1. In P-MD, the feed temperature at the 
surface of the membrane Tf,m is greater than that of the bulk feed tem
perature Tf,b due to localized membrane surface heating, whereas in 
conventional MD heat losses through the membrane and latent heat 
cause Tf,m to be lower than Tf,b. The profile of the permeate temperature 
(i.e., Tp,m and Tp,b, which are surface and bulk temperatures on the 
permeate side, respectively) is maintained the same in both P-MD and 
conventional MD.

Since Otlet introduced in 1934 in his book “Trait’e de Documenta
tion” [22], which was later employed by Alan Pritchard in 1969 in his 
article entitled “Statistical bibliography or bibliometrics” [23], biblio
metric method (or the science of measuring and assessing academic 
literature) has grown considerably [24]. This method is used to study 
scientific publications on a certain topic and evaluates patterns, re
lationships, frequencies, and trends via statistical and mathematical 
approaches [25]. Bibliometrics has been applied in a variety of fields, 
such as patent analysis [26], pedagogy [27], European resuscitation 
congresses [28], olfactory marker protein [29], etc.

Data Mining (DM) is the technique of retrieving meaningful patterns, 
information, and knowledge from big data sets [30]. Because of its 
unique capabilities, DM has gained substantial popularity in the dis
covery of the inherent correlation criteria inside datasets [31]. Using 
data mining to process data and present the results to the audience in a 
visual format is a unique way to provide audiences with useful infor
mation that can be fully utilized to improve the domain of interest [32]. 
DM technique often comprises data processing, data conversion, data 
analysis, and other tasks, with a particular correlation between each to 
produce a full evaluation [33].

Text Mining (TM), also known as Knowledge Discovery from Text 
(KDT), Intelligent Text Analysis (ITA) and Text Data Mining (TDM), 
aims to extract and analyze important insights or patterns from irregular 
and unstructured textual data automatically and effectively. TM in
tersects various fields, including Statistics, Data Mining, Information 
Retrieval, Knowledge Discovery, and Natural Language Processing 
(NLP) [34–36]. Text mining approaches may successfully capture se
mantic characteristics, gather necessary feature information, and 
improve unstructured data extraction capabilities [37].

The sub-discipline of Artificial Intelligence (AI), Natural Language 
Processing, began in the 1940s by creating software models of language 
recognition phrases. NLP algorithms enable computers to understand, 
modify, and comprehend human language and sentences and to analyze 
textual data using sentence modeling. NLP evaluates words extracted 
from qualitative records to create quantitative data. In short, NLP al
gorithms convert text data into small fundamental parts known as to
kens, which include words and punctuation, then attempt to extract 
meaning by analyzing the connections between tokens [38–40].

Machine learning (ML) is the NextGen of computer science and 
programming that depends on training algorithms to learn from data 
[41,42]. ML has found a place on a broad scale in numerous application 
areas, including healthcare, speech analytics, transportation, export 
forecasting, market analysis, land cover modeling, life sciences, and 
others [43–45]. Basically, ML depends on an algorithm that autono
mously extracts general patterns inside the data, which can further be 
used to make predictions about new inputs (data) [46,47]. It has three 
major categories: supervised, unsupervised, and reinforcement learning. 
The most common kind of ML is supervised learning, in which the model 
is built using labeled data that match to predict the label of the new 
inputs. Using unlabeled data, unsupervised learning trains models to 
identify patterns and clusters in an input dataset. The reinforcement 
learning algorithm learns behavior through trial and error, starting with 
simply input data and the goal of optimizing the cumulative reward 
[48]. ML developments have led to the addition of new or hybrid ap
proaches to these three main categories. One of them is weakly super
vised learning. Instead of gathering expensive clean annotations, weakly 
supervised learning employs weak labels from multiple weak labeling 
sources such as heuristic rules, knowledge bases, or quality lower- 
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quality crowdsourcing. These fragile labels are cheap to acquire but are 
frequently noisy and carry biases from their origins [49]. Semi- 
supervised learning is another ML model. The semi-supervised 
learning goal is to train an algorithm on unlabeled data by creating a 
pretext goal that trains an unsupervised learning model to get a general 
or task-oriented data model and then fine-tune it for subsequent actions 
[50]. Another innovative approach is self-supervised learning. The self- 
supervised learning approach seeks to detect supervised indicators in 
data automatically, eliminating the need for manual labeling. Contras
tive and non-contrastive self-supervised learning methods are the two 
classes into which it is divided [51,52]. The combination of NLP and ML 
can expand text-based data processing analysis. Sentiment analysis, 
summarization, text classification, keyword extraction, named entity 
recognition, topic modeling, text clustering, and lemmatization are the 
processes that NLP and/or ML can perform on textual data [40]. Zero- 
shot models of unsupervised learning method, such as zero-shot classi
fication of text/image data, may perform a variety of actions without the 
requirement for labeled data. Zero-shot classification is a text analysis 
technique that labels a textual data point without any prior training 
[53–55].

This work applies bibliometric methods, data analysis tools, and 
machine learning approaches to provide an overview of research in P- 
MD. As such, we aim to assess literature in this area, identify sub-areas of 
research and assess the output of research groups, universities, and 
countries globally. We believe this study will facilitate recognition of 
emerging research areas within P-MD, including membrane materials, 
fabrication techniques and their effect on both photothermal and MD 
characteristics, as well as contribute to future research plans. This study 
strives to bridge research gaps by finding and assessing current research 
on elements impacting P-MD membrane engineering to give a compre
hensive knowledge of the fundamental driving factors. To this end, from 
a wide range of analysis methods (i.e. data mining, machine learning, 
bibliometric and manual) using a combination of different tools (i.e. R- 
Biblioshiny (in Bibliometrix), VOSviewer, Python and Orange Data 
Mining Tool), we try to respond to some questions frequently raised by 
researchers: 

• Is P-MD membrane engineering a trending topic?
• What are the basic statistics of this domain?
• Which journals, countries, authors, or articles have a great impact?
• What is the status of collaboration in P-MD membrane engineering?
• What are the latest trending topics in P-MD?
• What are the dominant words used by researchers in the P-MD field?
• Are researchers optimistic about P-MD membranes?

2. Data and methods

The dataset used in the study was collected on 24th January 2025. 
The database chosen for collecting the dataset was Scopus because this 
database has a broader coverage of articles than other databases, has a 
sophisticated search feature, a list of indexed publishers, and premier 
resources for scholarly research in the sciences [56,57]. As of January 
2025, Scopus contains more than 7 K publishers, more than 28.3 K active 
serial titles, more than 368 K books, 24.6 M open access items, more 
than 97.3 M records, more than 19 M authors, more than 2.4B cited 
references dating back to 1970, more than 2.33 M preprints and more 
than 94 thousand affiliation profiles [58]. The keywords used to gather 
the raw dataset were “membrane distillation – MD – direct contact 
membrane distillation – DCMD – air gap membrane distillation – AGMD 
– sweeping gas membrane distillation – sweep gas membrane distillation 
– SGMD – vacuum membrane distillation – vacuum enhanced membrane 
distillation – VMD – thermostatic sweeping gas membrane distillation – 
TSGMD – conductive gap membrane distillation – CGMD – material gap 
membrane distillation – MGMD – permeate gap membrane distillation – 
PGMD – liquid gap membrane distillation – LGMD and water gap 
membrane distillation – WGMD”. For yearly comparison and ML/NLP 
analysis, other criteria to clear the dataset can be seen in Table 1.

This raw dataset was screened with the following keywords to find 
the membrane-engineered MD articles “engineering – engineered – 
fabrication – fabricated – preparation – prepared – synthesis – tailoring – 
tailored – modifying – modified”. A further search was conducted within 
the membrane-engineered MD articles to find out the photothermal 
membrane engineering MD articles with the following keywords: 
“photothermal – self-heating – P-MD – solar – localized heating – ther
moplasmonic – plasmonic – nanophotonic – photonic”. Finally, a 
manual screening process was conducted to remove irrelevant papers. 
The final dataset covers 102 articles concerning P-MD membrane 
engineering.

To depict bibliometric associations, two scientific mapping applica
tions were used: VOSviewer (version 1.6.20) and Biblioshiny (version 
4.1.4). Biblioshiny (part of the Bibliometrix package) is an innovative 

Fig. 1. Temperature profiles in (a) conventional and (b) P-MD.

Table 1 
Search filters.

Criteria Description

Year Exclude: 2025
Document Type Limit to: Article
Publication Stage Limit to: Final
Source Type Limit to: Journal
Language Limit to: English
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open-source software for undertaking extensive scientific mapping 
analysis [59]. VOSviewer is a publicly accessible tool for creating and 
viewing bibliometric maps that focuses on their graphical depiction 
[60]. The following are the fundamental calculations made in biblio
metric analyses:

Compound Annual Growth Rate (CAnGRC(%)) value of the collection 
is expressed as in Eq. (1) [61], 

CAnGRC(%) =

⎛

⎝

(
ndCl

ndCf

) 1(
yCl − yCf

)

− 1

⎞

⎠× 100 (1) 

where, ni is the total number of articles in the first year, nf is the total 
number of articles in the last year, Yi is the collection’s last year and Yf is 
the collection’s last year.

In Eq. (1), the numbers of articles from the first year of the collection 
are given by ndCf , the number of articles from the final year of the 
collection by ndCl , the first year of the dataset by yCf , and the last year of 
the dataset by yCl .

The collection’s co-authors per document (cApDC) value is expressed 
as in Eq. (2) [62], 

cApDC =
naC

ndC
(2) 

where ndC is the total number of documents in the collection and naC is 
the total number of authors (author’s appearances) in the collection 
(recurring author names are taken into account).

Furthermore, the documents average age value of the dataset 
(DAvAC) or an item (author, country, or journal) (DAvAIt) (indicated as 
average publication year in VOSviewer software) is defined as [63]; 

DAAC =
1

ndC

∑Cn

Ci=1
aCi or DAAIt =

1
ndIt

∑Itn

Iti=1
aIti (3) 

where xi indicates the age of the document i, which can be determined 
via (Yf − Yx) and Yx is the publication year of document i.

In Eq. (3), aCi is the age of document i in the data stack that can be 
calculated by (yC − yi) being yC is the year that the dataset downloaded 
and yi is the document i’s publication year. aIti is the age of a document 
of the item, which can be found (yC − yIti ), being yIti is the publication 
year of the document of the item, and ndIt is the total number of docu
ments of the item.

Global citations (GC) (sometimes referred to Total Citations (TC) in 
Biblioshiny) indicates the total number of times an item (author, paper, 
or journal) has been cited in a bibliographic database [64,65]. Local 
citations (LC) measure the number of citations of other authors for a 
certain article inside the gathered dataset [66].

The average global citations per document value of an item (author, 
country, or journal) (AvGCpDIt) (depicted as average citations per doc in 
Biblioshiny package and average citations in VOSviewer) or the dataset 
(AvGCpDC) can be expressed as in Eq. (4) [67]: 

AvGCpDC =
1

ndC

∑ndC

i=1
GCior AvGCpDIt =

1
ndIt

∑Itn

Iti=1
GCIti (4) 

being GCi the global citations of document i in the collection and GCIti is 
the global citations of document i of an item.

The average global citations per document published in a year y (in 
the corresponding year) metric (AvGCpDCy

) (depicted as mean total ci
tations per article, MeanTCperArt, in Biblioshiny) of the data stack is 
calculated as in Eq. (5) [63]: 

AvGCpDCy =
1

ndCy

∑ndCy

iy=1
GCiy (5) 

where ndCy is the number of articles in the dataset in a year y and GCiy is 
the global citation of a document i in the dataset published in the same 
year.

The AvNGCpDCy value (depicted as mean TC per year, MeanTCper
Year, in Biblioshiny), which is the average normalized global citations 
per document published in the corresponding year is calculated as is 
calculated as in Eq. (6) [68]: 

AvNGCpDCy
=

AvGCpDCy

aCy

(6) 

where aCy represents the age of any document utilized in the AvGCpDCy 

computation.
The global citations per year value of a document (GCpYi) (depicted 

as times cited per year in Biblioshiny tool) value can be calculated as in 
Eq. (7) [69,70]: 

GCpYi =
GCi

aCi

(7) 

where GCi indicates the global citations of the document i.
RCiy , the relative global citations (depicted as normalized TC in 

Biblioshiny tool) of document i published in corresponding year (in year 
y) can be computed as in Eq. (8) [71]: 

RGCiy =
GCiy

∑ndCy
iy=1GCiy/ndCy

(8) 

being, GCiy is the total number of global citations of document i pub
lished in year y.

AvRGCIt is the average relative global citations value (depicted as 
average normalized citations in VOSviewer) of an item can be calculated 
as [72]: 

AvRGCIt =
1

ndIt

∑ndIt

i=1
RGCItiy (9) 

where RGCItiy denoted the relative global citations of document i pub
lished in the corresponding year of an item.

The international co-authorship (IcoA) ratio of the gathered dataset 
is determined as in Eq. (9) [73], 

IcoAC(%) =
MuCP
ndC

x100 (10) 

where MuCP is the multiple country publications in the collection.
The articles fractionalized (AFr) value of an author can be calculated 

as in Eq. (11) [64], 

AFr =
∑m

i=1

1
naai

(11) 

where naai indicates the number of co-authors in the corresponding 
documents and m indicates the number of documents of an author.

Lotka’s law, a reliable indicator of scientific productivity, explains 
the correlation between an author’s number of published publications. 
According to this rule, the fraction of researchers having z publications 
correlates to the quotient 1/z2. Lotka’s Law of scientific productivity 
(frequency) of authors (Y) can be calculated as in Eq. (12) [64], 

Y =
c
nz (12) 

where c and z are the constants calculated for the collection.
The Hirsch index (h-index) was created to quantify both the quality 

and quantity of research and is described as the number of documents 
that have been referenced at least h times [74]. The h-index tends to rise 
with the career duration of an author/journal/country. Comparing 
items’ within the same area but with very different career lengths 
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creates a problem that can be corrected by m-index (also called m- 
quotient). The m-index is determined by dividing an items’ h-index by 
the total number of years from the items’ first publication, as shown in 
Eq. (13) [75]. 

m − index(quotient) =
h − index
yItl − yItf

(13) 

where yItf is the initial year of publication and yItl is the final year of 
publication of the author. But the Biblioshiny package orients yC rather 
than yItl when calculating an item’s m-index.

The g-index is described as the maximum number of publications that 
have achieved at least g2 citations combined or equivalently at least g 
citations on average [76].

For the DM, TM, ML and NLP approaches, Orange Data Mining Tool 
and Python were employed. Word count, word cloud and similarity 
analyses (word similarity, not semantic similarity) of titles/abstracts 
were employed using Orange Data Mining tool. Orange is an open- 
source ML and DM package allowing data analysis using Python 
scripting and visual programming Janez Demšar and Blaž Zupan 
[77,78]. Before applying word cloud and similarity analyzes a pre
processing step was conducted. This preprocessing step includes trans
forming (converting to lowercase, removing URLs and accents and 
parsing html), tokenizing (using regular expressions), normalizing 
(using lemmatization) and filtering (removing stop words, lexicon, 
numbers, and some regular expressions) the corpus. In the similarity 
analysis, after preprocessing the corpus, bag-of-words (BoW) (counting 
the words of data instances to create a word frequency vector) and 
distances (calculating the distances between data instances) steps were 
employed, respectively. BoW method was based on term frequency. In 
this case, a text is represented as a vector, where a word’s frequency is 1 
(or equal to the number of the word frequency) if it appears in all words 
in the corpus and 0 otherwise [79]. Distances were determined first by 
calculating cosine similarity (CS). CS involves calculating the cosine 
value of an angle between two vectors to determine their similarity. 
Cosine similarity ranges between − 1 and 1. The CS value equals − 1 
when two vectors point in opposing directions and 1 when they point in 
the same direction. The CS value between vector AT = {x1, x2,⋯⋯, xn}

and vector BT =
{
y1, y2,⋯⋯, yn

}
can be expressed as in Eq. (14) [80]. 

CS(A,B) =
∑n

i=1xiyi
∑n

i=1xi
2
∑n

i=1yi
2 (14) 

Afterwards, the distances among each data point were determined using 
the cosine distance (CD), which is equal to 1 – CS [80]. This returns a 
number between 0 and 2, representing similarity and dissimilarity, 
respectively.

The sentiment, objectivity and emotion analyzes of abstracts were 
conducted using Python with Facebook’s “bart-large-mnli” (zero-shot 
classification task), Moritz Laurer’s “DeBERTa-v3-base-mnli-fever-anli” 
(zero-shot classification task) and J. Hartmann’s “emotion-english-dis
tilroberta-base” (text classification task) models respectively, from 
Hugging Face Community (https://huggingface.co/). bart-large-mnli is 
an NLP model from Facebook that is the checkpoint for bart-large after 
training on the Multi-Genre Natural Language Inference (MultiNLI) 
dataset. The MultiNLI collection is a crowd-sourced collection of 433 K 
sentence pairs tagged with textual entailment information [81,82]. This 
model classifies a text into 3 sentiments (positive, negative, and neutral). 
DeBERTa-v3-base-mnli-fever-anli model was also trained using the 
MultiNLI, Fever-NLI, and Adversarial-NLI (ANLI) datasets, which 
included 763–913 NLI hypothesis-premise pairings. DeBERTa-v3-base- 
mnli-fever-anli approach segments a text into 2 categories (objective 
and subjective) [83]. Emotion-english-distilroberta-base allows users to 
categorize emotions in English text data. The model represents a fine- 
tuned DistilRoBERTa-based checkpoint and is trained on six different 
datasets. It predicts Ekman’s six primary emotions (surprise, sadness, 

joy, fear, disgust, and anger), plus a neutral class [84]. In these analyses, 
the sum of all scores is equal to one, and the higher the score, the better it 
matches the mood of the expression in a given text. The flowchart 
summarizing the methodology can be seen in Fig. 2.

3. Results and Discussions

3.1. Main information on the P-MD membrane engineering collection

The outputs from our analyses provide a multidimensional outcome 
of P-MD membrane engineering. However, before diving deeper into 
these complex results, a grasp of the basic statistics provides a quick 
overview of the overall state of this domain. Fig. 3 indicates the key 
features of the collection.

In the collection, a total of 102 articles from 44 different journals 
were published between 2017 and 2024. This represents a compound 
annual growth rate of 26.73 % and shows that research activities in this 
area are continuously increasing. The first publications about P-MD 
membrane engineering appeared in 2017; “Thermoplasmonic membrane 
distillation” by Politano et al. [85], “Photothermal nanocomposite mem
branes for direct solar membrane distillation” by Wu et al. [17], “Solar 
desalination of seawater using double-dye-modified PTFE membrane” by 
Fujimara and Kikuchi [86] and “Photothermal membrane distillation for 
seawater desalination” by Politano et al. [87]. On average, there were 
41.66 global citations per document. This shows that other studies 
widely cited the studies in the domain. In total there are 385 different 
authors, with an average of 5.93 authors per document showing that 
research in P-MD membrane engineering is often conducted in collab
oration. In addition, international cooperation is 20.59 %, which shows 
that research is carried out in a global framework. Fig. 4 indicates the 
time series of article publishing, the average citations per article pub
lished in the corresponding year metrics and the normalized average 
citations per article published in the corresponding year.

As can be seen in Fig. 4, the number of articles published annually 
has generally increased. In 2023 there is a slight decline, but in 2024 the 
situation seems to be recovered. From 2017 to 2024, the AvGCpDCy and 
AvNGCpDCy values have decreased. Obviously, the articles published in 
2017 have more impact on the domain, but the articles in recent years 
are less effective. This situation arouses the idea that scientists pro
ducing P-MD membranes should do more groundbreaking and sound 
studies.

Fig. 5 shows the subject of the dataset based on Scopus segmentation. 
Although the main subjects of P-MD membrane engineering seem to be 
chemistry, chemical engineering, and materials science in Fig. 5, the fact 
that the field also touches scientific branches such as biochemistry, ge
netics, molecular biology, energy, physics, and astronomy is an impor
tant indicator of how wide a framework it can reach. Fig. 6 depicts the 
scatter matrix (distributions and correlations) of the number of pages, 
number of references, number of global citations and number of authors 
values of the articles.

In Fig. 6 the bottom triangle displays the scatter plot distribution of 
element pairs, the upper triangle shows the correlation coefficients be
tween element pairs, and the diagonal cells between these two display 
the histogram distribution of each element. First, we can consider the 
distribution of each variable with histograms. On average, a P-MD 
membrane engineering article contains 11 pages. The shortest article 
has 5, while the longest article has 21 pages. About 53 references were 
used on average in the P-MD articles (maximum 98, minimum 12, mode 
42). While the number of global citations ranges widely between 1 and 
419 (~31 on average). This indicates that most articles have low cita
tions. A given P-MD membrane engineering article was written by at 
least 2 and no more than 16 authors. We can gain a better understanding 
of the relationship between pairs of variables by interpreting scatter 
plots (i.e., lower triangle) and correlation coefficient values (i.e., upper 
triangle) together. The correlation coefficient ranges from − 1 to 1 (i.e., 1 
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means a perfect positive correlation, 0 means no correlation between 
variables, and − 1 means a perfect negative correlation). The number of 
pages vs. the number of global citations is found to be − 0.381, indicating 
a weak negative relationship between them (i.e., as the number of pages 

increases, the number of citations tends to decrease slightly). The ob
tained value of the number of pages vs. the number of references is 
0.546. This is evidence of a moderate positive relationship between 
them. As the article length increases, the number of references tends to 

Fig. 2. Flowchart of the method followed.

Fig. 3. Main elements of the P-MD membrane engineering dataset.

Fig. 4. Time series of publishing and citation values.
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increase, too. This is a logical conclusion since the longer the article, the 
more references it includes. The correlation coefficient between the 
number of pages and the number of authors is − 0.0318, indicating a 

very weak negative relationship between them. In other words, there is 
almost no significance between the article length and the number of 
authors. The number of global citations vs. the number of references is 

Fig. 5. Subject areas of the publications.

Fig. 6. Scatter matrix (distributions and correlation) of the number of pages, number of references, number of global citations and number of authors values of 
the articles.
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found to be − 0.263, indicating a weak negative relationship between 
them. This proves that increasing the number of references in a P-MD 
membrane engineering article results in a slight decrease in the number 
of citations. The correlation coefficient between the number of global 
citations and the number of authors is 0.116, showing a weak positive 
relationship. The number of citations increases slightly with the increase 
in the number of authors. This result makes sense, given that more au
thors can provide more visibility and a wider network. The correlation 
coefficient between the number of references and the number of authors 
is 0.244. This weak positive relationship between them means that the 
number of authors tends to increase slightly as the number of references 
increases. It may make sense that more complex or comprehensive 
studies require more authors and references.

Trend topics analysis is an effective way to find out which direction 
P-MD membrane engineering research is heading. From Fig. 7, it is 
noticeable that dispersing blue 14 was the trending topic in 2017. 
Disperse blue 14 is a type of dye that can be used to modify polytetra
fluoroethylene (PTFE) membranes [86]. In 2018, PTFE membrane was 
the trending topic. The choice of using PTFE polymer in membrane 
engineering is evident because the fluorine atom’s high electronega
tivity, low polarizability, tiny van der Waals radius (1.32 Å), and strong 
C-F bond (485 kJ mol− 1) make PTFE a chemically inert, durable, and 
extremely hydrophobic material. PTFE’s exceptional characteristics 
make it appropriate for a multitude of common uses and industrial op
erations [88]. Anti-oil fouling, which is the trending topic of 2019, is a 
property that membrane engineers desire and research has been con
ducted to prepare a host membrane matrix to repel oil-based impurities 
and to eliminate membrane fouling [89]. Localized heating is the 
trending topic for 2020. It refers to the use of solar energy to induce 
water vapor by applying local heating on the photothermal membrane 
interface [90]. This localized heating eliminates the use of feed recir
culation power outside the membrane module and reduces the tem
perature polarization effect by using less energy to attain the same 
temperature close to the membrane than by heating the bulk feed water. 
This technique can be applied to various applications beyond desalina
tion thanks to the localized heating at the feed/membrane interface, 
allowing for use in small, modular designs [91]. The use of the keywords 
solar membrane distillation, membrane distillation and photothermal 
membrane distillation is naturally the main theme of the study and is 
therefore discussed extensively throughout this article. Based on elec
trohydrodynamics, electrospinning is a technique applied to generate 
films from different polymer solutions at the micro and nanoscale [92]. 
Being the trending topic of 2024, electrospinning is a simple, innovative, 
adaptable, and cost-effective technology to produce fibers with high and 
customizable void volume fraction, thickness, and surface area. The 
shape of electrospun nanofibers is greatly influenced by several factors, 

including polymer concentration and its molecular weight, solvent, 
viscosity, electrical conductivity, and surface tension of the polymer 
solution, applied voltage and tip-to-collector distance, among others. 
Controlling these factors allows for easy production of electrospun 
nanofiber scaffolds for suitable purposes, making it an ideal membrane 
preparation technique for P-MD membranes [93].

Word counts of the titles and abstracts of P-MD membrane engi
neering articles were also analyzed (Fig. 8). Note that 1 article does not 
contain an abstract, therefore, abstract analyses are performed on 101 
entries.

Fig. 8(a) represents the histogram of titles. As can be seen, the au
thors use a wide range of number of words for the titles, ranging from 7 
to 18. The shortest title consists of 3 words, while the longest title 
consists of 24 words. Besides, the distribution of the title word counts 
follows a normal distribution. When Fig. 8(b) − word count of abstracts 
− is analyzed, it is seen that the length of abstracts of the authors is 
gathered around 200 words. This is mainly since journals tend to limit 
abstracts to 200 words. The shortest abstract consists of 111 words, and 
the longest of 343 words. Abstract word counts also fits a normal dis
tribution. The word cloud approach visually represents word frequency 
in the constructed text. The more frequently the term appears in the 
analyzed article, the larger it appears in the produced figure [94]. A 
word cloud method was applied to the titles and abstracts of the articles 
in the collection. The results are visualized in Fig. 9.

As can be seen in Fig. 9(a), word cloud of titles, the top 5 most 
frequently used words in the titles of the articles are membrane (148) (or 
membranes before lemmatization process), distillation (80), photo
thermal (59), solar (55), and drive (23) (or driven/driving before lem
matization process). The frequent use of these words reflects the purpose 
and target audience of the researchers. This frequent use of the words 
“membrane” and distillation point toward the core focus on the process 
of MD, while the frequent occurrence of “solar” and “photothermal” 
highlights the integration of solar energy as a critical component in 
advancing photothermal MD. The consistent use of these key terms re
flects the purpose of the studies and their relevance to the broader 
community. It also indicates that the authors wanted to preserve the 
significance or essence of their articles.

Fig. 9(b) depicts the word cloud for article abstracts, and the top 5 
words that appear are membrane (632) (or membranes before lemma
tization process), photothermal (264), solar (252), water (251), and 
energy (203). Again, the frequent mention of “membrane” and “water” 
suggests a strong emphasis on fundamental components and applica
tions of MD, while the prevalence of “solar” and “photothermal” dem
onstrates how the availability of solar energy justifies advancements in 
photothermal MD. The word “energy” further emphasizes the focus on 
efficient energy use within this context. In addition, words such as 

Fig. 7. Trend topics based on the author’s keywords (word minimum frequency = 1, number of words per year = 1).
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“high” (150), and “efficiency” (115) indicate the desire to create high- 
efficiency systems. The use of “flux” (108) indicates a focus on 
enhancing flux, while “surface” (108) suggests efforts in modifying 
membrane surfaces to enhance performance or induce photothermal 
behavior potentially. Interestingly, PVDF (polyvinylidene fluoride) was 
mentioned 94 times, indicating the dominantly used polymer to fabri
cate MD membranes, although polyethylene (PE), polypropylene (PP) 
and polytetrafluoroethylene (PTFE) are also commonly applied [95]. 
Manual searching was conducted to identify MD configurations, pho
tothermal materials, field of applications and host matrix materials 
preferred by scientists interested in photothermal membrane engineer
ing. Manual searching was performed on the titles, abstracts, and author 
keywords of the articles to determine the number of articles pointing to 
the use of above-mentioned applications. Note that some articles refer to 
more than one MD configuration/photothermal material/field of 
application/host matrix material. VMD is the most mentioned configu
ration in the dataset (13 times), followed by DCMD configuration (8 
times). AGMD was mentioned 5 times, while SGMD was only mentioned 
in 1 article. Photothermal materials such as gold (Au), silver (Ag), 
aluminum (Al), carbon black, graphite (graphitic carbon), graphene, 
(reduced) graphene oxide (RGO/GO), multi-walled carbon nanotubes 
(WCNT), polypyrrole (PPy), polyaniline (PANI) nanofiber, Fe3O4 (iron 
(II, III) oxide/black iron oxide), TiN (titanium nitride), MXene, MoS2 
(molybdenum disulfide), nickel chalcogenide, activated carbon, CuO 
(copper (II) oxide/cupric oxide), SnO2 (Tin (IV) oxide/stannic oxide) 
and Ti/MgF2 (Titanium/Magnesium Fluoride) are encountered 5, 12, 2, 
16, 3, 7, 4, 4, 4, 2, 2, 3, 10, 3, 1, 3, 2, 1 and 1 times in the collected 
articles, respectively. Desalination, volatile organic compounds (VOCs) 

removal, oily wastewater treatment, dye removal (textile), heavy metal 
rejection, pharmaceutical wastewater treatment and food industry 
wastewater are the fields of of applications discussed in the collection 
73, 12, 8, 4, 2, 1 and 1 times, respectively. Among the host matrix 
materials, Polytetrafluoroethylene (PTFE) is mentioned in 13 articles, 
Polyvinylidene fluoride/ polyvinylidene fluoride-co- 
hexafluoropropylene (PVDF/PVDF-HFP) is mentioned in 49 articles, 
Polyacrylonitrile (PAN) is mentioned in 3 articles, Polypropylene (PP) is 
mentioned in 3 articles, Polydimethylsiloxane (PMDS) is mentioned in 9 
articles and Bacteria Nanocellulose (BNC) is mentioned in 1 article. For 
photothermal membranes, it was found that the most mentioned tech
niques in the abstracts of the collected dataset are coating (21 articles), 
electrospinning (20 articles) and phase inversion (14 articles). Coating 
the photothermal membrane layer is necessary to carry out P-MD. The 
dope solution is used to prepare the host matrix and the photothermal 
material of the membranes via electrospinning or phase inversion. This 
last technique remains common for the preparation of membranes both 
at laboratory and industrial scales. Vacuum filtration and chemical 
modification have also been considered in 6 and 7 articles, respectively. 
Other techniques used in photothermal membrane engineering include 
electrospraying (3 articles), laser one-step direct writing (2 articles) and 
chemical vapor deposition (CVD) (3 articles).

3.2. Contributing researchers on P-MD membrane engineering

The most relevant authors publishing P-MD membrane engineering 
with their specific metrics (based on their number of publications) and 
the journals in which these authors published are illustrated in Figs. 10 

Fig. 8. Word count densities of (a) titles and (b) abstracts.

Fig. 9. Word cloud of (a) titles and (b) abstracts of the articles.
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and 11, respectively.
As Fig. 10 indicates, Li Q. is the dominant author in terms of most 

articles (9), articles fractionalized value (1.74), which measures an in
dividual author’s contribution to a published collection of articles, h- 
index (8) and g-index (9). As can be seen in Fig. 11, Li Q. publishes in 
various journals, including Separation and Purification Technology, 
Desalination, and the Journal of Membrane Science, among others. The 
foremost scientist with global citations is Politano A. with 713 citations 
in his 8 articles (Fig. 10). When m-index is considered, Wang Y. is the 
first author with a value of 1.4, as indicated in Fig. 10.

Social networks are very important for the scientific community for 
reasons such as scientific communication, visibility, effectiveness, 
research, collaboration, education, and lifelong learning. We used 
VOSviewer to reveal the social networks of authors publishing in the 
field of photothermal membrane engineering of MD, and the results are 
shown in Fig. 12. Note that for the readability of the figure, the mini
mum number of documents of an author was limited to 4.

In Fig. 12 the vertex (node) size is proportional to the number of 
articles of the author. A more prominent node denotes more articles, and 
vice versa. The thickness of the edge "link" indicates the relationship 
"degree of co-authorship" between two nodes. As can be seen in Fig. 12, 
P-MD membrane engineering domain includes 4 social networks "clus
ters". Wang Y. gears the largest cluster with 7 members (cluster 3). 
Cluster 4 has 6 members. Wang Y. has the highest number of links (8 

connections). Fig. 12(a) indicates the average publication year of au
thors. Cluster 2 appears to have the publications with the oldest average 
age (2020,21), whereas cluster 4 has more recent publications with a 
high DAvAIt value (2022.25). Fig. 12(b) shows the authors’ average 
global citations per article value. Despite having recently published on 
P-MD membrane engineering, the authors in cluster 4 have a relatively 
low citation number, which is an expected result. The researchers in 
cluster 2 seem to have high AvGCpDIt values (90.3). Cupolillo A. in 
cluster 1 has the highest AvGCpDIt value (159.50). Furthermore, the 
highest link strength (i.e., the highest number of co-publications) is 
found between Politano A. and Curcio E. among the authors in cluster 1 
with a value of 7. To remove the issue of disparities in citation counts 
owing to a document’s age and to better comprehend a document’s 
influence, the average relative global citations metric, which considers 
the age of the publications, is more descriptive (Fig. 12(c)) [72,96,97]. 
When Fig. 12(c) is examined, it is noticed that cluster 4 reaches an 
AvRGCIt value of 1.48. The top 3 authors with the highest AvRGCIt 
metric are Kang W. (1.96) from the 4th cluster, An A. K. (1.90) from the 
3rd cluster, and Cupolillo A. (1.53) from the 1st cluster. To foster 
knowledge transfer and bridging different areas of expertise, researchers 
should establish more international partnerships and engage in inter
disciplinary projects. In addition, dominant groups and authors in the 
field should collaborate more extensively to bring together different 
perspectives and expertise in favor of P-MD to develop it into a world- 

Fig. 10. Metrics of most relevant authors based on the number of published articles.
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class desalination technology.
Furthermore, to understand the distribution of productivity of au

thors in P-MD membrane engineering domain, Lotka’s law analysis has 
been conducted, and the results can be seen in Table 2.

As can be seen in Table 2, most of the authors (68.6 %) published on 
photothermal MD membrane engineering contribute to only 1 article. 
This situation shows no continuity in researchers working on 

photothermal membrane production. The number of authors who pub
lished 5 or more publications is 2.1 %. This rate is very low. We hope 
that the number of researchers interested in photothermal MD mem
brane engineering will increase for the sake of desalination and mem
brane science.

Fig. 11. Most relevant journals where P-MD articles are published.

Fig. 12. Co-authorship analysis of authors (a) documents average age (average publication year) (DAvAIt), (b) average global citations per document (AvGCpDIt), 
and (c) average relative global citations (AvRGCIt) (weights = documents, min. number of documents of an author = 4, clusters with single item are removed).
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3.3. P-MD membrane engineering research journals

Scientific journals are one of the cornerstones of science and 
academia. These are gates of scientific communication ensuring the 
protection of scientific quality, they are the first places to be consulted as 
scientific resources, and they are very important in distributing and 
disseminating information [98]. For these reasons, in this section, we 
reveal certain metrics of the journals to the readers together with the 
resources to be consulted on P-MD membrane engineering. Fig. 13 il
lustrates the academic performance of the top journals of the collection.

As Fig. 13 indicates, the Journal of Membrane Science is the source 
with the highest metrics in a number of publications (15), h-index (12), 
m-index (1.5) and g-index (15). Desalination has the highest number of 
global citations, with 597. Separation and Purification Technology is the 
journal that occupies the third place in the number of articles published 
(10), h-index (7), and g-index (10); and the second in m-index (1.17). 
This indicates that articles published in this journal have a high impact 

relative to the career span of the authors publishing in this journal.

3.4. Influential articles in P-MD membrane engineering

The top 10 articles of the dataset, depending on the global citations 
and their corresponding other metrics, can be seen in Fig. 14.

According to global citations in Fig. 14, the leading article in terms of 
the number of global citations (477), global citations per year (53) and 
relative global citations (2.75) about P-MD membrane engineering is 
“Photothermal Membrane Distillation for Seawater Desalination” written by 
Politano et al. (2016) [87], highlighting its impact on the early devel
opment of the field. Its influence arises from the introduction of thermo- 
plasmonic effect, a groundbreaking mechanism in which Ag nano
particles embedded in microporous PVDF membranes enhance localized 
heating when exposed to UV irradiation. This breakthrough demon
strated the use of the thermos-plasmonic effect to mitigate the temper
ature polarization phenomenon, a key challenge in MD, enabling high 
permeate flux and thermal efficiency. The experimental validation of 
this effect laid the foundation for further studies in nanomaterial- 
enhanced photothermal membranes. Considering the global citations, 
there are no obvious differences between the second and tenth articles, 
as can be observed in Fig. 14. Ranked second with 165 times globally 
cited is the study of Wu X. et al. (2018) with the title “Localized heating 
with a photothermal polydopamine coating facilitates a novel membrane 
distillation process” [99]. The importance of this paper lies in its 
demonstration of a polydopamine (PDA)-coated PVDF membrane as a 
scalable and efficient approach to solar-driven MD. The paper intro
duced an easily implementable, flexible, and robust coating method that 

Table 2 
Lotka’s Law results of the dataset.

Documents written Number of Authors Proportion of Authors

1 264 0.686
2 70 0.182
3 28 0.073
4 11 0.029
5 8 0.021
7 3 0.008
9 1 0.003

Fig. 13. Metrics of most relevant sources based on the number of published articles.
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exploited PDA’s broad-spectrum light absorption and high photo
thermal conversion to yield superior water flux (0.49 kg m− 2 h− 1) and 
high energy efficiency (45 %) among known P-MD membranes when 
exposed to 0.75 kW m− 2 solar irradiation. The authors applied fluoro- 
silanization to enhance hydrophobicity, which enhanced wetting resis
tance and salt rejection. When local citations are counted, the article 
entitled “Photothermal Nanocomposite Membranes for Direct Solar Mem
brane Distillation” written by Wu et al. (2017) [17] has a value of 61. This 
study pioneered a direct solar membrane distillation approach using 
photothermal nanoparticle coatings. This work also addressed the 
temperature polarization phenomenon by embedding carbon black 
nanoparticles and SiO2/Au nano-shells. Their findings demonstrated 
that solar energy could be directly utilized to drive the MD process 
without needing external heating, increasing therefore the permeate 
flux by up to 33 % under 1 sun irradiation. This innovation established a 
new paradigm in self-sustained solar desalination, influencing subse
quent studies that sought to enhance MD’s energy efficiency.

Beyond these individual contributions, a common theme among the 
most cited papers is their focus on addressing efficiency bottlenecks in P- 
MD through novel material engineering. These studies shifted the field 
from conventional polymeric membranes to multifunctional, 
nanomaterial-integrated membranes that optimize heat localization, 
transmembrane temperature as well as permeate flux and salt rejection. 
As a result, their influence extends beyond citations, serving as key 
references that guide the design principles of next-generation P-MD 
membranes.

3.5. Country involvement in P-MD membrane engineering research

A country’s interest in scientific development in a particular field 
reflects its willingness to seek answers to questions about the nature and 
function of that field and its importance to scientific and technological 
development. In addition, a country’s privileging of a particular branch 
of science often indicates its desire to progress and develop in that field. 
To reveal the P-MD membrane engineering prioritized countries, ana
lyses were conducted, and the results can be seen in Figs. 15 and 16, 
respectively.

China, the USA, and Italy appear to be the leading countries in P-MD 
membrane engineering research with 50, 20 and 12 articles, respectively 
(Fig. 15). Furthermore, China and the USA have the highest number of 
co-publications (4). There are 5 social networks in Fig. 15 and the 
highest number of links belongs to Italy, with 8 countries. The country 
with the most recent articles is Iran, which has a value of 2023.6. 
Australia has the oldest publications, with an average of 2020.50 years. 
Based on DAvAIt metric, cluster 4 comes first with an average document 
age of 2022.66. In Fig. 15(b), the country with the highest average 
global citations per document value is the UAE, with an average of 91.17 
citations for the published 6 articles. Italy achieved an AvGCpDIt value of 
63.92 for 12 published articles. Egypt, on the other hand, has been the 
lagging country in this field, with an average of 2 citations for its 2 ar
ticles on P-MD membrane engineering. Cluster 4 occupies the first place 
with an average of 49.23 average citations per document value. Fig. 15
(c) indicates the average relative global citations of countries. In this 
metric, Hong Kong ranks first with a value of 1.84; Saudi Arabia ranks 
second with an AvRGCIt value of 1.56 and Tunisia the last country with 

Fig. 14. Top 10 articles based on their global citations.
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0.23 average relative citations. When AvRGCIt value is analyzed, cluster 
4 ranks first with a value of 1.20, while cluster 2 ranks second with a 
value of 1.11. International cooperation in the field of P-MD is still 
limited. Researchers should establish more international partnerships 
and engage in interdisciplinary projects to promote knowledge ex
change and convergence of different areas of expertise. In particular, 
projects that bridge the gap between laboratories in developed countries 
and practices in water-scarce regions should be supported.

Fig. 16 illustrates the corresponding author’s country. Since China 
has the highest number of articles (50), it is unsurprising that it also 
ranks first in the corresponding authors’ country value (48 correspon
dence). The interesting situation is that China has international 

partnerships in only 7 articles if the corresponding author is from China. 
41 articles consist only of studies carried out by Chinese scientists of the 
correspondence from China. We believe that China’s further interna
tional cooperation in photothermal MD membrane engineering will be 
instrumental in making membrane distillation one of the world’s leading 
membrane processes. Again, countries such as Hong Kong, France and 
the Republic of Korea are far from international cooperation when the 
corresponding author is in their own country, as can be seen in Fig. 16. 
As both Fig. 15 and Fig. 16 indicate, China has the upper hand in P-MD 
membrane engineering. At the same time, Italy and UAE appear to be 
more willing to work internationally. In this context, it is important to 
examine in more detail the reasons for China’s success in this area. 

Fig. 15. Co-authorship analysis of countries (a) documents average age (average publication year, DAvAIt), (b) average global citations per document (AvGCpDIt), 
and (c) average relative global citations (AvRGCIt) (weights = documents, min. number of documents of a country = 2, clusters with single item are removed).

Fig. 16. Corresponding author’s country.
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China’s rise to the top in terms of number of published papers in 2018 
[100]. Several factors contribute to China’s continued progress in 
research and development (R&D): a large population and human capital 
base, a labor market that favors academic meritocracy, a significant 
diaspora of Chinese-origin scientists, and a centralized government 
ready to invest in science and development [101]. China, one of the 
world’s lowest-income countries at the beginning of the 21st century, 
has transformed itself into a scientific knowledge superpower in less 
than two decades, a unique achievement in scientific history. The way 
China employs its freshly expanded scientific resources will shape the 
future of science and technology, as well as our increasingly knowledge- 
based economy [102]. We believe this will be a significant opportunity 
for the P-MD membrane engineering field.

3.6. Institutional contributions to P-MD membrane engineering research

Affiliations provide the necessary facilities to carry out particular 
scientific research. The institutions involved in P-MD membrane engi
neering are given in Fig. 17. Note that Biblioshiny package counts 
author-wise affiliation (i.e. if 3 authors in an article are from the same 
affiliation, the Biblioshiny package counts this affiliation as 3, not as 1).

The top 3 affiliations more active in the field of P-MD membrane 
engineering shown in Fig. 17 are from USA, Italy, and China. Wash
ington University in St. Louis (USA) tops the list (34 times), followed by 
the University of Calabria (Italy) with 33 times and then Tiangong 
University (China) in third place (32 times). The strong presence of these 
affiliations in the field may be attributed to a combination of funding, 
specialized research facilities, and international collaborations. Wash
ington University in St. Louis (USA) is likely benefiting from its well- 
funded research programs in advanced membrane technologies and 
nanoengineered materials. The university’s partnerships with govern
ment agencies such as the U.S. Department of Energy (DOE) and the 
National Science Foundation (NSF) have supported the development of 
innovative materials for desalination and water purification. Addition
ally, their state-of-the-art laboratories provide a foundation for experi
mental studies in P-MD. The University of Calabria (Italy) has emerged 
as a leading European center for P-MD research. This prominence is 
partly due to its participation in large-scale European research initia
tives, such as Horizon 2020, which funds sustainable water treatment 
technologies. The institution also benefits from strong industry- 
academic partnerships, particularly in developing plasma-enhanced 
and thermos-plasmonic membranes, which have contributed to the 
advancement of solar-driven MD. Tiangong University (TGU, China) is 
one of the first Chinese universities to conduct research on hollow fiber 
membrane science and technology. With the ongoing support of the 
National “Sixth Five-Year” to “Twelfth Five-Year” Science and Tech
nology Plan, the Ministry of Science and Technology and Tianjin 

Municipal Government jointly approved the establishment of the pro
vincial and ministerial key laboratories for membrane separation and 
membrane process in TGU in January 2015. With these advantages, 
these affiliations can help emerging P-MD membrane engineering re
searchers build their careers on a stronger foundation and succeed in the 
research field.

3.7. Machine learning and natural language processing on P-MD 
membrane engineering articles

Fig. 18 shows the analyses of sentiment, emotion, and objectivity 
based on the abstracts of the articles. Please note that because 1 article 
does not contain an abstract, sentiment and subjectivity analyses were 
carried out on 101 abstracts, whereas emotion analysis was done on 100 
entries due to computational difficulties in processing data instances 
larger than 512 tokens. Sentiment analysis is a technique that assesses 
and determines the polarity (positive/optimistic, negative/pessimistic, 
or neutral) expressed in text data [103]. Emotion analysis is the process 
of extracting and assessing user’s emotional states in the text [104]. 
Subjectivity analysis examines textual data to evaluate if it reflects a 
personal opinion (private state) or not [105].

Fig. 18(a) shows the sentiment scores of abstracts. As can be clearly 
seen from this figure, positive sentiment is mostly distributed between 
0.6 and 1.0, which indicates that abstracts carry a general optimism 
about P-MD membrane engineering. Besides it was also observed that 
positive sentiment score was dominant in all 101 abstracts. The positive 
sentiment analysis results reflect the researchers’ confidence in P-MD 
technology. To translate this into concrete outputs, future research 
should be more application-oriented, focusing on developing cost- 
effective and scalable solutions. Experimental studies and pilot-scale 
projects will be key in translating theoretical potential into real-world 
applications. Fig. 18(b) covers the emotion scores. This analysis aims 
to determine whether the authors include expressions of personal feel
ings in the abstracts. It can be seen from Fig. 18(b) that except for neutral 
emotion, the remaining emotions (anger, disgust, fear, joy, sadness, and 
surprise) have scores around 0, which specifies that authors considered 
not reflect personal feelings when writing the abstracts. In 99 abstracts, 
neutral is the dominant emotion, and only 1 abstract has a dominant 
disgust emotion score. Fig. 18(c) indicates the objectivity scores. This 
type of analysis was carried out to assess the objectivity of the abstracts 
by examining whether the language, wording, and arguments in the 
abstracts comply with the principle of impartiality. As can be seen in 
Fig. 18(c), scientists working on P-MD membrane engineering have paid 
attention to objectivity, one of the most important aspects of scientific 
language, when writing abstracts (objectivity scores are mostly around 
0.8 to 1.0). In all 101 abstracts, the dominant value is in favor of 
objectivity.

Fig. 17. Most relevant affiliations.
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Similarity analysis is a part of TM and NLP used to identify similar
ities within a given set of text or documents [106,107]. A similarity 
analysis (word similarity, not semantic similarity) was conducted to find 
the similarity of titles and abstracts of the articles.

Fig. 19(a) shows the similarity of the titles of the studies in the P-MD 
domain. The title of an article is often the first thing readers notice 
before deciding whether to read further. Authors must select a title that 
not only piques researchers’ interest but also accurately conveys the 
work’s substance and encourages additional reading. Besides, reviewers 
and editors of journals may avoid papers with similar titles, even if the 
article’s content differs. Using similar titles might mislead readers about 
the study’s uniqueness [63]. For all these reasons, we conducted a 
similarity analysis on the titles of the articles in the dataset to see the 
outcomes. In the similarity matrix in Fig. 19(a), the closer the cell color 
is to light blue, the more similar the two items are, and the closer to dark 
blue, the more different the two items are. As can be seen from Fig. 19
(a), the color of the cells in the collection is close to dark blue, and the 
average cosine distance value is 0.75. This score reflects the authors’ 
success in finding original names for papers published on P-MD mem
brane engineering. The cosine distance value of the articles with the 
most similar titles was calculated as 0.12. Fig. 19(b) depicts the simi
larity of abstracts. Performing similar analysis in the abstracts of the 
articles will help scientists who want to publish their work to write 

unique abstracts. Editors and reviewers of journals will evaluate the 
submitted manuscripts to examine the distinctive abstracts. In Fig. 19
(b), the two items are more similar, the closer the cell color is to light 
green and the more distinct the two items are when the cell color is close 
to dark green. The average cosine similarity score of Fig. 19(b) is 0.68, 
which can also be confirmed by the color of the figure (close to dark 
green). This result indicates how well the authors can develop distinc
tive abstracts for their publications. The minimum cosine similarity 
score was found out to be about 0.35.

4. Conclusions

P-MD technology is a promising solution to alleviate water scarcity 
on our planet. Without relying on conventional energy sources, localized 
heating at the membrane-feed interface has the potential to reduce 
water costs and improve the sustainability of water production pro
cesses. This technology utilizes available solar energy to localize heating 
on the membrane-feed water interface in MD systems using photo
thermal materials. The growing interest in MD membrane development, 
as reflected in P-MD research over the past decade, underscores the need 
for continued innovation in material engineering. This study examines 
P-MD membrane engineering articles from several perspectives, such as 
machine learning, data mining, bibliometrics, and manual analysis, 

Fig. 18. (a) Sentiment, (b) emotion and (c) subjectivity analyze results on abstracts.

Fig. 19. Similarity matrices of (a) titles and (b) abstracts of the articles.
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shedding light on the domain’s hidden information. The dataset used in 
the research was downloaded on 24th January 2025 from the Scopus 
database and covers 102 articles between 2017–2024. 385 authors 
contributed to the field and articles were published in 44 different 
journals. The average age of the documents is as young as 3.3 years, 
indicating that the field is still in its infancy. Although 2022 reached the 
highest number of articles (23), according to AvGCpDCy and AvNGCpDCy 

values, articles published in 2017 are the most influential articles in P- 
MD membrane engineering (173.75 and 19.31, respectively). An article 
contains 11 pages on average, includes ~53 references on average and is 
cited by ~31 times on average. Electrospinning is a trending topic of 
recent years. The words used by the authors in the titles and abstracts are 
membrane, solar, and photothermal. The most considered configura
tions in P-MD are VMD (13) and DCMD (8), the most mentioned pho
tothermal materials are carbon black (16) and silver (12), the most 
mentioned application is desalination (73), and the most mentioned host 
matrix is the polymer PVDF and the copolymer PVDF-HFP (49). Li Q. is 
the most prolific author, with 9 articles, a fractionalized value of 1.74, 
an h-index of 8, and a g-index of 9. P-MD membrane engineering domain 
includes 4 core working groups of authors. Journal of Membrane Science 
is the source dominating the field based on metrics like the number of 
publications (15), h-index (12), g-index (15) and m-index (1.5). “Pho
tothermal Membrane Distillation for Seawater Desalination” written by 
Politano et al. (2016) [87] is the most influential article in terms of 
number of global citations (477), times cited per year (53) and relative 
GC (2.75) values. China is the leading country in research about P-MD 
membrane engineering, with 50 published articles. Sentiment analysis 
conducted on abstracts indicates that authors are very optimistic about 
the membranes they prepared. The abstracts were written emotion-free 
(neutral). The similarity analysis executed on titles and abstracts has an 
average of 0.75 and 0.68 cosine distance scores, respectively, which 
indicates that authors paid attention to writing uniquely. The insights 
gained from this study are important to enable researchers working in P- 
MD membrane engineering to assess the gaps in the field and guide 
future studies. P-MD technology can significantly contribute to the 
global water problem in areas such as water treatment, desalinization, 
efficient use of water resources, energy efficiency and sustainability. 
Therefore, the increasing number of articles in the field shows the 
growing interest of scientists aware of the P-MD potential and the 
intensive research and development efforts towards this technology. The 
high number of authors show the importance of interdisciplinary col
laborations in the P-MD field. Future research should focus on con
ducting more comprehensive and innovative studies by bringing 
together researchers from different specialties. The relevance of certain 
journals (i.e. Journal of Membrane Science, Desalination and Separation 
and Purification Technology) will help researchers to have information 
about the recent publications. Future studies should reach a wider 
audience by publishing in journals with high-impact factors. The 
increasing demand for high-performance membranes, growing interest 
in nanotechnology, sustainability concerns, increasing research and 
publication activities, and technological advancements have played an 
important role in making electrospinning a trending topic in recent 
years. This technique has become an increasingly popular method for P- 
MD membrane formation. China’s leadership in the number of publi
cations in the P-MD field demonstrates the importance and investments 
made by this country. This is instructive for other scientists conducting 
research in the P-MD field in many ways, such as examining China’s 
research focus, establishing international collaborations, assessing 
strategic priorities, and following emerging technologies. This study 
provides researchers working on P-MD membrane engineering with 
important insights into the field’s current state. However, P-MD re
searchers can still create new research avenues and innovation oppor
tunities for themselves by examining the results of this study in detail to 
gain deeper insights.

5. Key gaps and future direction

Despite significant advancements in P-MD, several challenges must 
be addressed to enhance technological readiness. The scalability of P- 
MD remains a critical issue, as most studies to date have been conducted 
at the laboratory scale, with limited data on long-term performance, as 
well as fouling resistance, and operational stability under real-world 
conditions. Further research should focus on upscaling effects and, if 
possible, operation of pilot plants to assess feasibility for industrial ap
plications. Additionally, while photothermal materials improve local
ized heating, they are one of many contributors to the energy efficiency 
of MD systems. More work is needed to enhance solar absorption effi
ciency and optimize membrane design to minimize energy losses. 
Moreover, PVDF remains the dominant material for the formation of P- 
MD membranes. It is under scrutiny as part of per- and polyfluoroalkyl 
substances (PFAS). It may have limited future application, as environ
mental agencies such as the European Chemical Agency have increas
ingly expressed their resolve to eliminate the use of these substances. 
This highlights the need for novel materials, including biodegradable 
polymers and hybrid composites, combined with continuing to study 
nanostructured coatings. These materials must be optimized for photo
thermal efficiency, wetting resistance, and chemical stability when 
applied in P-MD membrane engineering. Furthermore, there is a lack of 
comprehensive techno-economic assessments that evaluate P-MD tech
nology’s financial and manufacturing feasibility, making collaboration 
with industry stakeholders essential to facilitate commercialization. 
Addressing these challenges through collaborative efforts will be crucial 
in advancing P-MD research from laboratory studies to real-world ap
plications. Additionally, we observed that institutional contributions in 
P-MD membrane engineering remain geographically concentrated, with 
a significant number of publications emerging from a few countries. This 
calls for expanding funding opportunities and collaborative networks to 
involve more institutions to encourage a more globally inclusive 
research environment. By assessing the current research landscape on 
this topic, this study identifies key gaps and areas of improvement, 
serving as a guide to drive this technology towards efficient, cost- 
effective, and sustainable MD systems.
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Using generative artificial intelligence in bibliometric analysis: 10 years of 
research trends from the European Resuscitation Congresses, Resuscitation plus 
18 (2024) 100584, https://doi.org/10.1016/j.resplu.2024.100584.

[29] S. Ab Aziz, M.H. Mohd Nasir, A.R. Jusoh, K.F. Azman, C.A.N. Ismail, A.H. Ahmad, 
Z. Othman, R. Zakaria, Global research Activity on olfactory marker protein 
(OMP): A bibliometric and visualized analysis, Heliyon 10 (2024) e26106, 
https://doi.org/10.1016/j.heliyon.2024.e26106.

[30] Shankar, D.D. Azhakath, A.S. Khalil, N.S. J, M. T, S. K, Data mining for cyber 
biosecurity risk management – a comprehensive review, Comput. Secur. 137 
(2024) 103627, https://doi.org/10.1016/j.cose.2023.103627.

[31] B. Yang, Z. Liu, S. Lacasse, X. Liang, Spatiotemporal deformation characteristics 
of Outang landslide and identification of triggering factors using data mining, 
J. Rock Mech. Geotech. Eng. (2024), https://doi.org/10.1016/j. 
jrmge.2023.09.030.

[32] G. Feng, M. Fan, Research on learning behavior patterns from the perspective of 
educational data mining: evaluation, prediction and visualization, Expert Syst. 
Appl. 237 (2024) 121555, https://doi.org/10.1016/j.eswa.2023.121555.

[33] F. Lu, Z. Jin, X. Zhang, An analysis of data mining techniques in software 
engineering database design, Procedia Comput. Sci. 228 (2023) 47–56, https:// 
doi.org/10.1016/j.procs.2023.11.007.

[34] Z. Wang, F. Zhang, M. Ren, D. Gao, A new multifractal-based deep learning model 
for text mining, Inf. Process. Manage. 61 (2024) 103561, https://doi.org/ 
10.1016/j.ipm.2023.103561.

[35] E. Senave, M.J. Jans, R.P. Srivastava, The application of text mining in 
accounting, Int. J. Account. Inf. Syst. 50 (2023) 100624, https://doi.org/ 
10.1016/j.accinf.2023.100624.

[36] E. Aytaç, M. Khayet, Visual footprint of separation through membrane distillation 
on youtube, Data 10 (2025) 24, https://doi.org/10.3390/data10020024.

[37] M. Xiong, H. Wang, C. Che, M. Sun, Application of text mining and coupling 
theory to depth cognition of aviation safety risk, Reliab. Eng. Syst. Saf. 245 
(2024) 110032, https://doi.org/10.1016/j.ress.2024.110032.
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