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Abstract Not surprisingly, cellulose-based agents
for wastewater treatments, and more precisely for
coagulation-flocculation processes, raise growing
interest, boosted not only by the high availability,
functionality, renewability, and biodegradability of
cellulose, but also by the outstanding performance of
their derivatives. The analysis of 460 publications
including review papers, research articles and book
chapters, among others, reveals a multidisciplinary
approach, where the fields Materials Science, Chem-
istry, Chemical Engineering and Environmental
Science play a major role. In terms of institutions,
some of the most relevant contributors are the Wuhan
University, Zhejiang Sci-Tech University, Universi-
dad Complutense de Madrid, to name a few. The

Supplementary Information The online version
contains supplementary material available at
https://doi.org/10.1007/s10570-021-04122-z.

A. Barrero-Fernandez - A. Moral - M. Ballesteros (D<)
Molecular Biology and Biochemical Engineering
Department, Universidad Pablo de Olavide, Ctra. de
Utrera km 1, 41013 Seville, Spain

e-mail: mmbalmar@upo.es

R. Aguado
Department of Chemistry, CQC, Universidade de
Coimbra, Rua Larga, 3004-535 Coimbra, Portugal

C. Brindley

Department of Chemical Engineering, Universidad de
Almeria, La Cafiada de San Urbano s/n, 04120 Almeria,
Spain

Published online: 22 August 2021

most relevant journals were found to be Carbohy-
drate Polymers, International Journal of Applied
Polymer Science and Cellulose. An analysis of 332
keywords allowed us to classify works into three
major clusters (besides two minor ones): one mostly
defined by cellulose and coagulation; a second one
championed by flocculation and cellulose derivatives;
and a third one including wastewater treatment and
polysaccharides. While the evolution of the scientific
production leaves little doubt about it, as depicted in
this bibliometric study, this is the first work providing
an in-depth assessment and classification of the
literature on cellulose for particle aggregation
purposes.

Keywords Bibliometric study - Cellulose -
Coagulation-flocculation - Wastewater treatment

Introduction

Every day, manufacturing industries produce large
volumes of wastewater that, due to the presence of
barely biodegradable and persistent contaminants,
alter the physical, chemical and biological properties
of natural water bodies (Teles et al. 2020). Some of
these contaminants are also harmful to human health
(Kasonga et al. 2021). Remediation techniques,
whose choice depends on the type of wastewater,
include, among others, sedimentation, ionic
exchange, biodegradation, adsorption on activated
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carbon, filtration, and chemical oxidation. Usually,
none of such methods can offer a stand-alone solution
and they need to be continuously revised, comple-
mented and improved to address the new emerging
contaminants (Verma et al. 2012; Teles et al. 2020).

Undoubtedly, coagulation-flocculation is one of
the most widely used wastewater treatment tech-
niques, aiming to reduce turbidity, colour and organic
matter levels by aggregation of small or colloidal
particles (Matilainen et al. 2010). These terms,
coagulation and flocculation are sometimes used
interchangeably and/or ambiguously (Xiao et al.
2015). For the sake of accuracy and in agreement
with other authors (Al-Risheq et al. 2021) we
henceforth define coagulation as the destabilization
of a suspension of particles, whereas flocculation is
the aggregation of destabilized particles. By reducing
the electrostatic repulsion between microparticles,
their size geometrically increases, and thus sediment
with ease or become readily treatable by other kinds
of solid-liquid separation (Matilainen et al. 2010).
Depending on the nature of the agent, this loss of
electrostatic repulsion can be attained by chemical or
organic coagulation. Chemical coagulation, based on
the use of inorganic compounds, strongly depends on
many variables such as the dosing time, the pH, and
the concentration of the inorganic salts (Li et al.
2021). Hence, it is difficult to predict the behaviour of
a certain chemical coagulant in real complex
environments.

Organic flocculation, on the other hand, usually
involves biomolecules of natural origin and attains
denser and bigger flocs, which may imply a more
cost-effective solution (Renault et al. 2009). Besides
improving the coagulation process in itself, some
other advantages include more biodegradability and
less toxicity to the environment (Bolto and Gregory
2007). It is easy to see why, among the biological
macromolecules that can be used as main agents or at
least as adjuvants in coagulation-flocculation pro-
cesses, cellulose derivatives play a major role. Firstly,
cellulose is highly available, being the most abundant
biopolymer on Earth (Peng et al. 2020). Secondly,
like any other hydroxy polymer, it can be chemically
modified towards different functional groups, cationic
or anionic, hydrophilic or hydrophobic, etc. (Moral
et al. 2015; Aguado et al. 2019). Thirdly, their
glycosidic bonds are chemically stable, but cleavable
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by many microorganisms, granting cellulose versa-
tility and biodegradability.

An in-depth bibliometric analysis will allow us to
estimate the extent of interest in cellulose derivatives
in wastewater treatments. This valuable tool, which
has proved its usefulness in the context of coagula-
tion-flocculation  processes and other water
remediation techniques (Zhang et al. 2020; Demir
and Sharma 2021), helps researchers in relating
scientific production and industrial development,
evaluating the main trends in the generation of
knowledge, and identifying the main contributors
(Zhang et al. 2020). While the timely bibliometric
study by Zhang et al. (2020) on agents for sludge
removal mentions polysaccharides such as starch and
chitosan (Zhang et al. 2020), cellulose is left out the
picture and, for that matter, the vast literature on
cellulose-based agents for coagulation-flocculation is
yet to be analysed.

We aim to provide researchers and manufacturers
with a thorough and systematic analysis of the
scientific production on cellulose and its derivatives
in wastewater treatments, particularly for particle
aggregation purposes. In order to show the growing
interest in this topic, trends of cellulosic coagulants,
flocculants and/or adjuvants are analysed. More
specifically, the methodology encompasses Scopus-
indexed publications (studying both journals and
papers therein), books or book chapters and confer-
ences, if they are accessible through the keywords
that define the scope of this article. This paper seeks
to assess the evolution of the scientific production on
the topic, to classify it by type of publication and
subject area, and to identify the main authors and
institutions involved. These tasks manifest the poten-
tial of the knowledge gathered to evaluate and
improve the current industrial processes, their envi-
ronmental impact, and the social perception thereof.

Methodology
Searching process

The strategy chosen to develop this bibliometric
analysis involves the search engine of Elsevier’s
database Scopus, as chosen elsewhere (Mongeon and
Paul-Hus 2016), given that it encompasses more
publications than ISI Web of Knowledge and, at the
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same time, grants the fulfilment of peer review and
all other essential requirements of scientific practice.

Search was limited to dates comprised between
1975 and 2020, using the keyword string TITLE-ABS-
KEY (cellulose AND (coagulant OR flocculant)),
obtaining 460 matches. We excluded non-related
areas, e.g., medicine and odontology, which fall far
from the scope of this work, even though they
fulfilled the search requirements.

Data analysis

Scopus matches were processed to extract the data
that was required to analyse the number of publica-
tions by year, the distribution of publications by
affiliation and country, the universities and funding
institutions accounting for most publications, the
journals containing most publications and related
citations, and the most relevant authors. Furthermore,
the present work particularly emphasised the impor-
tance of the keywords used in the scientific literature.

For the analysis of keywords, we acknowledged
that some terms can be used with the same meaning,
such as bacteria and bacterium. Moreover, terms that
could not contribute to the study were discarded (e.g.,
article). For the same reason, while the use of paper
as material was accepted, the use of paper as
document was obviously rejected. This analysis
encompassed keywords that appeared at least 5 times,
obtaining a map which comprised a total of 332
terms. These terms could be classified into 5 groups
or clusters.

In order to consider an association of institutions
as a scientific community, we inquired whether or not
such association implied a tighter collaboration than
the ones between each of those institutions and the
rest of the research network. Scientific communities,
attending to specific keywords in each case, were
determined by means of two software packages:
VOSviewer (Leiden University and CWTS), which
allows for editing graphs in such a way that links
between institutions or countries are shown as nodes,
meaning tight collaboration. Likewise, the software
OpenRefine (open source) was generally used to
process the raw data provided by the search engine.

Results and discussion
Evolution of scientific production

The number of matches from the search engine, 460,
is deemed suitable for a bibliometric analysis, given
that it belongs to the usual range of results in
bibliometric studies on similar topics (Zhang et al
2020; Malik et al. 2020). The year 1975 is a proper
starting point to assess the progression of the
scientific production, as therefrom publications occur
on a continuous basis. During the two following
decades there are few variations in the publications
(Fig. 1). However, from 1995 onwards a change of
trend can be observed as references gradually
increase, and from 2010 growth is faster, evidencing
the rising interest in research on cellulose applica-
tions as flocculant and coagulant. These publications
are mainly research articles (82%) written in English
(89%), as can be seen in Figs. S1 and S2 (supple-
mentary material).

Analysis by subject area

As can be seen from Fig. 2, the branch of scientific
knowledge accounting for the highest number of
publications is Materials Science (22% of total). Over
80% was published within five subject areas, which,
besides Materials Science, include Chemistry (19%),
Chemical Engineering (16%), Engineering (14%) and
Environmental Sciences (11%).

Figure 2 shows how the study of cellulose-based
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Fig. 2 Subject areas with most articles related to cellulose based flocculants and coagulants

multidisciplinary approach. Strategies often involve
physical combinations with other materials (Lee et al.
2012), chemical modifications of cellulose (Koshani
et al. 2020) and/or both. As an example of hybrid
material, cellulose can be bound to magnetite powder
to obtain a valuable flocculation agent for a palm oil
mill effluent (Mohamed Noor et al. 2018). Likewise,
the presence of Ag,O or TiO, along the cellulose
backbone provides usefulness for simultaneous pho-
todegradation (Koshani et al. 2020). As for chemical
modifications, they include not only the typical
etherifications of hydroxyl groups towards anionic
(carboxymethylation) or cationic (quaternary ammo-
nium moieties) derivatives, but also more inspired
solutions. For instance, seeking the performance of
polyacrylamides, which are poorly biodegradable,
and at the same time the biodegradability of
polysaccharides, acrylamide units can be grafted
onto carboxymethyl cellulose (Miyata et al. 1975).
All things considered, Materials Science and Chem-
istry are mainly found in terms of strategy, while
Environmental Science and Engineering encompass
frequent objectives of coagulation-flocculation,
namely environmental concerns and the need for
treating industrial effluents. We particularly remark
the abundance of reviews within the area of Envi-
ronmental Science. Such reviews mainly study the
application of different wastewater treatments to
grant the safe disposal of effluents or to make water
drinkable, comparing innovative proposals to current
methods (Matilainen et al. 2010; Verma et al. 2012;
Lee et al. 2014; Teh et al. 2016; Wei et al. 2018).
Allegedly, and considering they can be prepared in a
wide variety of ways (powder, suspension, solution,
etc.), cellulose-based agents are compatible with the
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existing wastewater treatment technologies (Oyewo
et al. 2020).

While most research and review papers deal with
flocculation in the context of wastewater treatments,
the importance of cell flocs in microbiological
systems should not be disregarded. It has been
shown, for instance, that the flocculation of cellu-
lose-producing bacteria is enhanced by cellulose
itself, and thus the biotechnologist often needs to
choose an additive, such as carboxymethyl cellulose,
to disperse fibers (Andrade et al. 2019). This kind of
consideration partly explains the contribution of
Biology to the topic.

Ranking of countries, institutions, authors,
and journals by number of publications

As can be seen from Fig. 3, the main contributor to
the scientific production in relation to the use of
cellulose as coagulant and flocculant is China, with
over 100 publications, which accounts for more than
twice the number of publications of the second most
prolific country: Japan. The USA, Canada and India
come next, with over 25 publications each. China is
also the country with the highest number of institu-
tions that carry out research in this area as well as the
biggest funder of this research area, as can be seen in
figures S3 and S4, respectively.

To analyse the main contributors to research on
cellulosic flocculants and coagulants, the ten most
prolific authors in the field have been identified. The
classification of the authors and their most relevant
contributions are listed in Table 1. As can be seen
from Table 1, most of the authors with most
publications are in China, which is to be expected
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Fig. 3 Worldwide distribution of publications on cellulose-based flocculants and coagulants in countries with more than 10
publications

Table 1 Top-10 authors with the highest number of publications (N) on cellulose-based flocculants and coagulants

Author N Institution Country h  Most contributed topics D

Zhang, Lina 14 Wuhan University China 87 Purified Rayon; Cellulose 55917992100
Films

Zhang, Yong 9 Zhejiang Sci-Tech University China 12 Flocculants; Polyacrylic Acid; 57211127995
Sludge Dewatering

Zhou, Jinping 9 Wuhan University China 44 Purified Rayon; Cellulose 35387227300
Films

Negro, Carlos 8 Universidad Complutense de Madrid Spain 32 Nanocellulose; Oxidized 7005434014
Cellulose; Nanowhiskers;
Papermaking

Okajima, Kunihiko 8 Tokusihima Bunri University Japan 26 Cellulose; Membranes; 7202754455
Regenerated Fibers

Yang, Xiaogang 7 Zhejiang Sci-Tech University China 13 Flocculants; Polyacrylic Acid; 56146642400
Sludge Dewatering

Liimatainen, Henrikki 7 Oulun Yliopisto Finland 31 Nanocellulose: Cellulose; 55961077200

Oxidation; Deep Eutectic
Solvents; Water Chemicals

Yao, Juming 6 Zhejiang Sci-Tech University China 33 Nanocellulose; Oxidized 56387954400
Cellulose; Nanowhiskers

Blanco, Angeles 6 Universidad Complutense de Madrid  Spain 17 Nanocellulose; Oxidized 56374315900
Cellulose; Nanowhiskers

Yu, Jianyong 6 Donghua University China 75 Air Filters; Fibrous 35185851400

Membranes; Nanofibers

h: h-index
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seen as China is the country with most publications
and citations. Table 1 comes to show that in China
there are not only many researchers with an interest
in the topic, but also that they have authored many
publications. Among the institutions, the Chinese
universities of Zhejiang Sci-Tech University and
Wuhan University stand out, with several authors on
the list. Japan is also present in the table, and the
presence of Spain and Finland is also noteworthy.
The two latter countries count with some very prolific
authors, suggesting that in these countries publica-
tions originated from a few research groups; the lack
of out-standing authors in the USA or India seems to
suggest the opposite, that is, publications originated
from many disperse research groups.

Figure 4 presents the nine Scopus- and JCR-
indexed journals with most publications in this area
of study. The journals Carbohydrate Polymers,
Journal of Applied Polymer Science and Cellulose
constitute the top three journals with most publica-
tions, with more than 15 each, followed closely by
Journal of Membrane Science, with more than 10
publications. The aforementioned journals belong to
the first quartile of the area of study that encompasses
the publications considered in the year 2019, except
for Journal of Applied Polymer Science, which
belongs to the second quartile, although it maintains
a high h index, over 150 at the end of 2020 (SJR).

25 -
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Polymer Science
20— [
»
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= . Journal of
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Fig. 4 Journals with most publications on the use of cellulose
as coagulant and flocculant, highlighting their impact factor (as
of 2020)
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Fig. 5 Clusters of keywords that appear with a frequencyp
greater than 5 (a), and evolution of such keywords over time in
the period 2005-2020 (b). The color scale indicates the
frequency according to the year of publication. (For interpre-
tation of the references to color in this figure, the reader is
referred to the web version of this article)

Their impact factors cannot be related to the number
of publications, in general terms. In any case, in the
same range of impact factors, the number of publi-
cations is higher for the journal whose scope
addresses the topic more specifically.

Analysis of keywords

A thoughtful evaluation of keywords implied revising
carefully the data, manually discarding vague or
unrelated terms. Likewise, synonyms were removed
or merged. Figure 5 displays a network of the main
keywords in publications dealing with cellulose-
based coagulation and/or flocculation. The resulting
map contains 169 terms, of which the most frequent
are cellulose, flocculation and coagulation. Each node
in Fig. 5 presents a keyword in such way that terms in
bigger rectangles are more frequent than those in
smaller ones. In Fig. 5a, keywords are classified in
groups (or clusters) attending to the relations among
them, which are shown as lines joining terms that
tend to appear in the same work. Broad lines mean a
more frequent coexistence than thin lines. Thence 5
clusters were identified. Furthermore, the evolution of
their relevance over the period of study (2005-2020)
is depicted in Fig. 5b. It is not meaningless that the
term flocculation was found with higher frequency
than coagulation. Although less frequent, water-
soluble polyelectrolytes, including those derived
from biopolymers such as cationic cellulose and
cellulose sulphonate, may be capable of “direct
flocculation” (Chong 2012; Lee et al. 2014), thus
not needing a previous destabilizing step, i.e., not
needing to rely on the coagulation-flocculation
process.

Group 1 (ved cluster): materials and target pollutants
The most remarkable keywords in the red cluster

were cellulose (274 appearances) and coagulation
(127). This is also the cluster in which most terms
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related to Materials Science are included—among
others, tensile strength, cellulose films (24), mem-
branes (33), and fibers. Membranes are significantly
linked with ultrafiltration (18), in which case those
membranes can even discriminate by molecular
weight. Interestingly enough, even the keywords
solutions, aqueous solution and spinning are often
framed in the context of the preparation of different
materials, as can be easily seen from a search with the
string TITLE-ABS-KEY (cellulose AND coagulation
AND (aqueous solution OR solutions OR spinning)).
Some of the most relevant and recent papers match-
ing this requirement report the fabrication of
permeable membranes (Makarov et al. 2021), pro-
tein-repellent coatings (Bradic et al. 2021),
antimicrobial packaging (Oliva et al. 2020), and
composite fibres with great tensile properties (Song
et al. 2018). In these cases, coagulation is not
conceived as a wastewater treatment, but as a step
in the production process of films or other solid
products from aqueous dispersions of cellulose. This
also explains the finding of the name of several
chemicals as keywords. Sodium hydroxide (17) and
urea (22) constitute the most popular system for the
dissolution or amorphization of cellulose in aqueous
media, while sulphuric acid (10) generates nanocel-
lulose dispersions through the hydrolysis of the least
crystalline domains of fibers. Ethanol (10) is the most
widely used anti-solvent in the regeneration of
cellulose from its dispersed or dissolved form.

The publications with environmental aims that fall
into this group, being as valuable as they undoubtedly
are, do not usually address real, complex systems.
Generally speaking, they target individual pollutants
such as methylene blue (Hossain et al. 2021) and
different metallic ions including copper(Il) (Maaloul
et al. 2021), leadI) (Li et al. 2020) and chromium
(VD (Wang et al. 2020). For such purposes, the
contaminant is dissolved in distilled water or in
aqueous buffer solutions. On one hand, this is
necessary to attain a deep understanding of the
physicochemical interaction between pollutants and
cellulose. On the other hand, actual wastewater
samples for any manufacturing industry do not share
this simplicity. Unpredictable interferences come
from the presence of many different compounds,
the competition between the potential targets, and the
difficulties of adjusting factors such as the pH and the
ionic strength. Therefore, we may identify not only a
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knowledge gap, but also an opportunity arising from
the unbalance between the excellent performance
reported for these cellulosic materials, frequently
hydrogels or membranes (Kanmani et al. 2017; Peng
et al. 2020), and the uncertainty of their applicability
in real wastewaters.

In any case, looking at the evolution of these
keywords with time (Fig. 5b), it is clear that research
on most of these topics began before 2010. From this
data, it is reasonable to infer that knowing the
behaviour of cellulose in aqueous dispersions, even if
this knowledge was directed towards sorbents and
films (Syverud and Stenius 2009), boosted the
research onto the synthesis of soluble cellulose
derivatives and their use as flocculants. This concept
is key in Group 2, which generally involves more
recent insights.

Group 2 (green cluster): flocculation using cellulose
derivatives

Whereas in Group 1 coagulation was not framed in
coagulation-flocculation treatments as much as in
procedures to prepare materials, Group 2 encom-
passes publications which include flocculation as an
essential feature. Whereas in Group 1 we remarked
the appearance of solutions and aqueous solution, in
Group 2 we found suspensions. Whereas cellulose
was highlighted as the key material for membranes,
films and other materials, now we must notice the
high frequency of cellulose derivatives (42) since,
when it comes to flocculation, the insertion of
cationic or anionic functional groups is extremely
useful for the aims of charge neutralization, electro-
static patching, and bridging (Koshani et al. 2020).
Furthermore, pH-independent ionization, such as that
achieved with quaternary ammonium groups, broad-
ens the applicability of the potential flocculants.
The appearance of flocculation without coagula-
tion in an article does not necessarily mean that
coagulation was not involved. Generally speaking,
coagulation and flocculation are found simultane-
ously in particle aggregation processes. Often,
coagulation is deemed a constant factor and only
flocculation is evaluated and mentioned, even when
in the case of study there are inorganic species that
act as coagulants. Cellulose derivatives may be used
as flocculants in the presence of inorganic compounds
such as calcium chloride, ferric sulphate or
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aluminium chloride (Liu et al. 2014; Peng et al.
2020), i.e., very well-known destabilizers. Other
works of similar nature actually include coagulation
in the list of keywords, in the abstract or in the title
(Suopajirvi et al. 2013; Liu et al. 2014). Noticeably,
particle aggregation may involve Ostwald ripening
(25) as mechanism.

Dyes (10) are, generally speaking, very popular
pollutants in studies seeking to estimate the perfor-
mance of a flocculation system (Kono and Kusumoto
2015). However, while treating dye containing waters
is necessary, the choice of dye as model pollutant has
more to do with the ease of quantitative analysis, as
its concentration can be simply calculated from the
absorbance at a certain wavelength, than with a social
or scientific demand for those dyehouse waters.
Likewise, the abundance of studies on kaolin (20),
which is not the most common filler in papermaking,
probably arises from its strongly negative zeta
potential, ensuring the successful application of
cationic cellulose derivatives (Bratskaya et al. 2006;
Aguado et al. 2017).

Nevertheless, many articles framed in Group 2 do
not study cellulose-based flocculants for decontami-
nation purposes, but within the scope of the wet end
of a paper machine, as additives to the pulp stock or,
more precisely, retention aids (Li et al. 2015; Aguado
et al. 2017). Thus, papermaking (17), one of the
major keywords, is of utmost importance, and pulp,
additives and retention aids are strongly related to it.
While the main goals of flocculation in wet-end
chemistry are filler retention and drainage rate, it also
has a decisive impact on the composition of the
filtrate or white water. Like any other effluent, this
stream requires treatment before being discarded, but
synthetic flocculants often persist after such
treatment.

While biodegradability is alleged as an advantage
of cellulose-derived flocculants in 16 articles, only
those from the research groups of Yao and Zhang,
working with polyacrylamide-grafted cellulose,
include biodegradability assays in their experimental
section (Zhu et al. 2016; Chen et al. 2020). Most
often, however, the biodegradability of cellulose
derivatives is taken for granted ignoring the fact that
many chemical modifications, such as silanization,
cationization and oxidation, lower the biodegradation
rate or narrow down the range of suitable conditions
for microorganism activity (Kargarzadeh et al. 2017;

Frank et al. 2018). Even in the absence of chemical
modifications, researchers must take into account that
it is the structure, not the origin of the raw material,
what determines biodegradability (Witt et al. 1999).
The isolation of the crystalline domains of cellulose,
as in the production of nanocrystals, hinders
biodegradability in comparison to materials that keep
hemicellulose and amorphous regions, which are
more prone to microbial attack (Barreto et al. 2010).
All things considered, biodegradation studies benefit
from discussion on the supramolecular structure of
the cellulosic product proposed in each time, and
saline, acidic and alkaline media should be consid-
ered. Finally, we suggest assessing not only the
biodegradability of cellulosic flocculants, but also the
toxicity of the products that result from their aerobic
or anaerobic decomposition (Vikman et al. 2015).

Group 3 (blue cluster): parameters of wastewater
treatments

This keyword cluster is mostly characterised by the
occurrence of water treatment (39), turbidity (38),
polymers (33), pH (27), particle size (24), filtration
(23), effluents (19), pollutant removal (16) and
chemical oxygen demand (15), among others. There-
fore, publications falling into this cluster aim at water
decontamination techniques involving the use of
polymers. These polymers include carboxymethyl
cellulose (10) and derivatives thereof, but this
derivatization, once again, often implies the use of
poorly biodegradable polyacrylamides (21) (Feng
et al. 2020). It is worth clarifying, however, that this
term is more commonly found as a conventional
flocculant, chosen for comparison purposes, than as a
derivatizing agent for cellulose (Vuoti et al. 2018). In
fact, charged flocculants outweigh non-ionic floccu-
lants all along this search. Since the most common
cellulose-based agents are carboxymethyl cellulose
(anionic), cationic cellulose, cellulose sulphonate
(anionic) and combinations with acrylamides (anionic
or cationic), it is common to find measurements of
zeta potential (12).

A critical approach to these keywords demands
some discussion on turbidity, the most widely used
parameter to indicate contamination or removal. This
can be explained because the most obvious effect of
particle aggregation, caused either by coagulation-
flocculation or by direct flocculation, is a reduction of
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light scattering, i.e., an increase of transparency of
the liquid phase. Moreover, legislation and standards
on water quality make a prominent use of turbidity as
a key indicator (Boyd 2015). However, the absence of
pathogens is also a legal requirement in drinking
water and, despite the usefulness of flocculation to
generate microbial flocs that could be physically
separated, the extent of disinfection is seldom
reported. In this direction, particle size and chemical
oxygen demand are undoubtedly helpful to monitor
and evaluate the extent of flocculation, but as
unspecific as turbidity. The three of them are
quantitative indicators. Therefore, it is difficult to
judge if cellulose-based flocculation, as a decontam-
ination technique, is successful when it comes to the
removal of emergent pollutants, which are increas-
ingly raising concern among lawmakers. This
bibliometric finding encourages the use of chro-
matography coupled to mass spectrometry (or another
kind of detector for qualitative purposes), which is
available in most laboratories, to track the removal
efficiency for each compound in a real system (Ma
et al. 2021).

Most likely, in the elimination of persistent
contaminants, particle aggregation complements an
advanced technique (Suarez et al. 2009), since
wastewater treatment plants are typically unable to
target such contaminants through filtration, flotation
or sedimentation only. Instead, the pollutant may be
adsorbed onto activated carbon (6), oxidized with
ferric chloride (5), or exchanged with acrylic resins
(7). In those cases, like when working with biological
membranes or ultrafiltration devices, coagulation-
flocculation generally precedes the advanced tech-
nique (Zahrim et al. 2011), freeing those methods
from suspended solids.

Publications included in Group 3 tend to study
more real wastewater streams, frequently industrial
waste (5) or sewage (8), than those in the previous
keyword groups. This is clearer in the most recent
publications (Vuoti et al. 2018). As for the pollutants
targeted, there is a wide variety of them, remarkably
encompassing phenols (5), azo dyes (5) and metal
ions (5), but not addressing pharmaceuticals and
other emerging pollutants (PhEPs) which include
pharmaceutical compounds and their metabolites,
hormones, steroids, personal care products, etc.,
contained in water at concentrations below ppm
level, with harmful effects on human health and, in
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general, for all ecosystems. Further research is
necessary, thus, not only to identify greener alterna-
tives to the functionalization with acrylamides with
no major loss of performance, but also to broaden the
spectrum of contaminants to be efficiently removed.

Group 4 (vellow cluster): biological applications

A relatively low number of publications featuring
cellulose-based flocculation, or even where cellulose
and flocculation are only tangentially related, show
biological or biochemical terms: protein (6), enzyme
(5), metabolism (11), nonhuman (17), human (7),
bacteria (8) and animal (11), along with animal
experiment. Less intuitively, ion-exchange chro-
matography (5) must also be understood in the
frame of biological macromolecules, since it has been
applied as a high-performance separation technique
for protein samples. However, that method is less
commonly used in recent papers (Fig. 5b), giving way
to affinity chromatography as a more selective
technique.

In these cases, a cellulose derivative, such as
cellulose acetate phthalate, is used as microbicide or
as another kind of biological agent for disease
prevention or treatment of animal organs (Otten
et al. 2005). Then, the role of flocculation across this
cluster ranges from recovering an animal protein
from an aqueous suspension (e.g., livestock waters) to
synthesizing bacterial cellulose.

Group 5 (purple cluster): micro- and nano-
technological applications

In what should be labelled as another minor cluster,
many keywords are related to micro- and nanotech-
nology:  microscopy (5), microfiltration (6),
microorganisms (7), nanocrystals (5), nanoparticles
(7). In publications which belong to Group 3,
interestingly, flocculation may be something to be
avoided, rather than promoted. This is the case of Li
et al.’s (2017) cellulose films with silver nanoparti-
cles, whose antimicrobial potential is hindered by
flocculation (Li et al. 2017).

Ultimately, there is a wide variety of applications
fitting this context. Nonetheless, the main one is
harvesting microalgal biomass by means of floccu-
lants, which is indicated by the appearance of
harvesting (7), biofuels (6) and microalgae (6), three
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keywords that are found tightly related. In this case,
those flocculants are cellulose derivatives or even
cellulose nanocrystals (Eyley et al. 2015). It is worth
mentioning that papers on this application are rela-
tively recent, thus showing a current research trend
(Fig. 5b).

Trends and missing keywords

Other than cellulose, coagulation and flocculation, i.
e., the terms of the search string, the nine main
keywords are presented in Fig. 6, showing their key
statistics. Scanning electron microscopy is the most
frequently mentioned technique along the 460 pub-
lications (Fig. 6b) and the most popular method to
analyze morphology and the structure of membranes.
Besides turbidity, which is closely related to solutions
and polymers (Fig. 6¢), the use of light scattering

across particle suspensions is outweighed by direct
imaging.

Figure 6a displays the year of highest occurrence
of each of the main keywords. Interestingly, a shift
from solutions (2006), frequently meaning laborato-
rial aqueous systems, to wastewater (2014) can be
observed. Also, remarkably, even considering the
consistent increase in the number of publications on
the subject, cellulose derivatives were mostly men-
tioned back in 2007. In contrast, current trends and
future research seem to aim more at nanocelluloses,
not necessarily involving chemical modifications,
than at etherification or esterification of anhydroglu-
cose units. These seem to be displaced by
crosslinking and/or grafting of side chains.

Bibliometric studies are effective in identifying
not only the current and past research trends, but also
which keywords do not appear in the literature, and
thus hinting which fields are not being studied and

a ; - c Co-occurrence
‘ 2006 *solutions
& T 15
‘; b odf ‘ +cellulose derivatives; polymers I
1 ‘2009‘ *morphology 12
1 ‘2010 ‘ *scanning electron microscopy 9 s 8 9 o 1
\ 201'2 ‘ *membranes; tensile strength
B 14 WVastewater treatment |
}‘2015’ ‘turbidity
b 31 morphology —I—. @ —
33 membranes ? @
33 polymers @
34 tensile strength @
35 solutions o
38 turbidity .—I
41 wastewater treatment
42 cellulose derivatives
45 scanning electron microscopy ® O O ¢

Occurrence

Fig. 6 Selection of nine major keywords, highlighting the year of highest popularity (a), their individual occurrence (b) and their

most usual combinations (c)
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which ones deserve special attention. For example,
stimuli-responsive polymers or “smart polymers” are
macromolecules that are sensitive to a variety of
signals, including temperature, pH, light, electrical or
magnetic fields, chemicals, etc. In spite of being
widely studied in the last decade, they do not appear
in any of the clusters in Fig. 5. They have been used
in medical applications and they show convincing
potential for flocculation processes (Macczak et al.
2020). Oechsle et al. (2018) prepared a CO,-switch-
able hydrogel from a suspension of cellulose
nanocrystals (CNCs) and its properties make it a
promising candidate to be used as flocculant in water
treatment (Oechsle et al. 2018). However, much
remains to be investigated in this field, which rises as
an alternative way to obtain novel cellulose-derived
bio-flocculants.

Bioflocculants of cellulosic origin have been used
in a wide variety of systems, including turbidity
removal from drinking water and municipal wastew-
ater treatment plants, water decolorization in textile
industry effluent treatment, flocculation in pulp
slurries, treatment of water contaminated by oil
spills, etc. (Madczak et al. 2020). However, in
coagulation-flocculation processes in wastewater,
there is a lack of pilot plant experiments and
techno-economic assessments with coagulants/floc-
culants from cellulose, as evidenced by the absence
of keywords like cost, economic, feasibility or pilot
plant. Those studies are necessary to address the
(sometimes unpredictable) problems associated with
upscaling. In parallel, pilot plant assays allow the
accomplishment of a reliable economic analysis of
the process. In this sense, the authors believe that
future studies should be accompanied by an economic
study on the viability of the process, detailing the cost
of treatment per cubic meter as a function of the
application of the treated water.

Conclusions

The results of this bibliometric study show that
cellulose-based agents for flocculation-coagulation
processes is a research area of growing interest with a
multidisciplinary approach. There is a wide variety of
applications for cellulosic flocculants, but the main
one by use and interest is the treatment of wastewater.
China, Japan, and the US are the most prolific
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countries, although Spanish and Finnish authors also
stand out on the European continent that deserve
special attention when establishing new scientific
collaborations in this area. In this field, high-level
journals stand out, including Carbohydrate Polymers,
Journal of Applied Polymer Science and Cellulose,
which gives an idea of the impact of the research.

The analysis of the keywords establishes several
scientific communities that indicate the main areas of
research being conducted: (1) fabrication of cellu-
lose-based membranes, hydrogels and materials for
decontamination; (2) chemical modification of cellu-
lose towards bioflocculants; (3) control and
monitoring of wastewater treatment. The extraction
of biological macromolecules and applications on
nanotechnology account for minor contributions.
Moreover, this analysis also reflects some gaps that
must be overcome and that can point out for the
scientific community which areas need greater efforts
to be focused on, such as evaluating in each case the
biodegradability of cellulose derivatives instead of
taking it for granted. Also, the high functionality of
cellulose allows for its modification towards promis-
ing, and fortunately trendy as of today, stimuli-
responsive polymers. Despite the usefulness of such
polymers in solid—liquid systems, including floccula-
tion (e.g., for reversible aggregation as a function of
temperature or pH), the lack of those terms shows
that researchers have not taken that opportunity yet.
One opportunity that is being tackled and that will
probably constitute a major research trend in the short
term, is the use of bioflocculants to harvest microal-
gae biomass, particularly as feedstock for biofuel
generation.

Most water treatment documents focus on the
study of environmentally concerning parameters of
quantitative nature, such as chemical oxygen
demand, total suspended solids, turbidity and color.
However, it is necessary to make efforts to study the
effectiveness of this type of compounds in eliminat-
ing PhEPs in order to meet the environmental
legislation before the wastewater is discharged. In
many articles a high-cost effectiveness and low cost
of cellulose derivatives is assumed due to the great
availability of the biopolymer. Nonetheless, there are
no studies detailing the total cost of treatment to
make it comparable with existing data in the literature
on conventional coagulants/flocculants. Although
laboratory-scale studies carried out with cellulosic
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derivatives suggest that this area has great potential,
limitations in terms of applicability in drinking water
or wastewater treatment plant effluents have not yet
been resolved, and extensive research is required to
increase viability of cellulose-based flocculants pro-
duction in a large scale.
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