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ABSTRACT

The scarcity of clean water is currently a global
challenge. This situation is exacerbated by increasing
levels of various volatile organic compounds in
surface waters limiting their drinkability, as well as
posing a major health risk to aquatic and human
life. Biosorption is one extensively researched
method with a great potential to remove a variety
of toxic pollutants from contaminated wastewaters.
This biotechnology has been tried, tested and
reported to be more reliable for the removal of
pollutants in industrial wastewaters owing to the
availability of the biomaterials for the technology
and renewability, eco-friendliness and its cost
effectiveness. This review focuses on membrane
technologies and the incorporation of lignin. Lignin
is a biopolymer and by-product of organosolv and
alkali pre-treatments in the pulp industry. The
abundant availability of pure lignin has improved
the performance of membranes for water
treatment. The idea of fabricating or modifying
lignin with composite materials capitalising on the
maximum possible performance of the membranes
without affecting its selectivity has attracted lots
of research interest in recent times. This paper
explores the bulk of literature and discusses the
details of hydrogen bonding responsible for the
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interactions between the lignin and composite
during the membrane fabrication process. This
review found that valuable knowledge is available
and still untapped for particular research and
application interests.
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Introduction

Environmental pollution caused by a wide variety
of pollutants discharged from pharmaceutical and
chemical industries is increasingly recognized as
a threat to ecosystem and human health across
the globe. Residual solvents, often referred to as
volatile organic compounds (VOCs), are often
produced mostly in pharmaceutical and other
chemical industries [1]. The ubiquitousness of
this class of chemicals results from their
continuous usage during manufacturing of active
pharmaceutical ingredients (APIs), drug excipients,
and other drug products [1-3]. Some of these
residual solvents are known to be very toxic to
both humans and aquatic life if they exceed the
maximum permissible limits (MPLs) [4]. Residual
solvents have been classified by the International
Conference of Harmonization (ICH) into three
classes based on their level of toxicity [5]. Class 1
solvents are known to be carcinogenic and their
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use is prohibited unless in cases where their use
could be justifiable. Class 2 solvents can be toxic
if their MPLs are exceeded, while class 3 solvents
are regarded as low toxic and pose very little risk
to human health [1, 6, 7]. It is noteworthy that
there are currently no known reported practical
methods for complete removal of these residual
solvents from pharmaceutical products; therefore,
their presence in finished products and subsequently
in general pharmaceutical wastes is inevitable.

Rapid increase in industrialization in urban areas
has recently been a driving factor in the increased
levels of residual solvents in surface waters and
underground water [8]. Wastewater Treatment
Plants (WWTPs) are at a centre of this mammoth
challenge as they continue to receive huge
volumes of pharmaceutical waste from industrial
waste effluents, domestic sewage, and hospital
waste effluents [9]. Apart from infrastructural
deterioration, most of these WWTPs, particularly
in developing countries, are not adequately
equipped to effectively remove these residual
solvents [10]. As a result, they escape into the
surface waters, thereby, posing a greater risk to
both aquatic life and the humans [10]. According
to Pereira, Calisto, and Santos [11], and Pal and
Thakura, [9] only certain amounts of toxic organic
compounds are partially removed, while a
substantial amount is not removed at all by the
standard treatment process in WWTPs.

Bio-based technologies have been identified as
the most perfect replacement for the costly and
declining fossil-based fuels. Amongst these
technologies is the biosorption process which has
been tried, tested and reported as reliable for the
removal of a variety of toxic pollutants owing to
its cost effectiveness, eco-friendliness, availability
of the bio-materials, and renewability [12, 13].
Although biosorption of toxic pollutants, mainly
heavy metals have been fairly explored, there is
still limited literature on biosorption of residual
solvents and VOCs in general in environmental
matrices like aqueous systems. To provide an
update in the knowledge pool in this area, this
review has surveyed and discusses knowledgeable
information on the topic with focus on the
biosorption of residual solvents using lignin-
fabricated membranes.

Fundamentals of biosorption

Biosorption is a physico-chemical technology
which involves the use of living or dead organisms
for removal of toxic pollutants from aqueous
medium [12, 13]. This biotechnology is based on
the interactions between sorbate (ions, atoms or
molecules) and the active sites of the biomaterial’s
surface in which the targeted ions, atoms, or
molecules occurs as a passive mechanism based
on the chemical properties of the surface’s
biomaterial [14, 15]. This interaction results in
the sorption and the accumulation in the
sorbate-biosorbent interface, thereby, reducing the
concentration of the sorbate [16]. Based on the
literature, it is clear that several mechanisms are
involved during a biosorption process. Some of
the common mechanisms reported in the literature
include: complexion [17], chelation [18], and ion
exchange [19] which are involved mainly in the
biosorption of heavy metals. From the literature,
it is also clear that ion exchange and surface
adsorption are the main mechanism that governs
biosorption of a variety of pollutants [20-22].
More common biosorption mechanisms that
govern cationic and anionic pollutants are
illustrated in Figure 1. Hydrogen bonding and n-n
dispersion interactions with anionic pollutants
such as organic compounds were reported by Liu,
Li and Campos, [23]. Biosorption process is
reported to be highly dependent on the pH of the
solution, and it also governs by the availability
of binding sites [24, 25]. Other parameters that
influence the process includes: temperature (°C),
concentration, contact time, as well as the nature
and surface area of the biomaterial.

Lignin and its extraction methods

A quest for cost-effective, reliable, and
sustainable alternative absorbents with less
environmental impact has attracted strong interest
in recent years due to growing environmental
awareness and shortage of fossil-based fuels [26,
27]. With continuous research focused on new
materials and technologies for the removal of
organic pollutants and heavy metals in aqueous
media, particularly from wastewaters, lignin has
been found to be an ideal biosorbent due to its
high adsorption capacity (effective adsorption
sites in macropores), abundance, environmental
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Figure 1. Common mechanisms involved in the biosorption of heavy metals (modified from Ramirez Calderon,
Abdeldayem, Pugazhendhi, and Rene [16]).
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Figure 2. A summary of some common pre-treatment methods for the extraction of lignin (information collated
from Aftab, Igbal, Riaz, Karadag and Tabatabaei [39], and Collins, Nechifor, Tanasa, Zanoaga, McLoughlin,
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friendliness and biodegradability [28, 29].
Lignin, which is known as a main component of
lignocellulosic biomass, is a polyphenolic polymer
consisting of approximately 15-30% by dry
weight of lignocellulosic biomass [30, 31]. Being
the most abundant natural polymer, lignin can
serve as a potential alternative renewable resource
to fulfil the current demand of biosorbents as it
contains about 60% of carbon (C), higher than
that in cellulose and hemicellulose [32, 33]. The
fractionation of the lignocellulosic biomass into
its major components (hemicellulose, cellulose
and lignin) has drawn strong interest across the
research community since these major components
exhibit unique chemical properties which can be
modified into different products [34]. Therefore,
extraction of biopolymers is essential to overcome,
amongst other crisis, the contamination by VOCs
and heavy metals. According to recent literature,
lignin can be used in a variety of value-added
applications; however, its effective separation
from lignocellulosic biomass is still an ongoing
challenge due to the complex structure [32, 35]. It
is important to note that the type of the source of
lignin and its pre-treatment method will have a
direct influence on the composition and chemical
properties of the lignin [31]. Some of the common
pre-treatment methods reported in the literature
include: ionic liquid [34], deep eutectic solvent
[36], organosolv [37] and alkali pre-treatments
[31, 38]. However, many drawbacks such as
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waste management and high cost amongst others
have resulted in the limited use of some of these
methods such as ionic liquid and acid pre-
treatment [39]. In their research, Brodeur [40] and
co-authors found that many ionic liquids solvents
do not alter the structure of lignin and hemicellulose.
Hence, pretreatments methods such as organosolv
and alkali pretreatments have gained attraction
due to their simplicity, environmental friendliness,
economic feasibility and also due to the large
production amount of pure lignin [31, 32, 41, 42].
Figure 2 presents a summary of chemical and
physicochemical pre-treatment methods for the
extraction of lignin.

Structural characterization of lignin

The chemical structure of lignin and the
functional groups on it will differ based on the
source and extraction of the lignin. Literature
reports that lignin has a high molecular weight
and a surface of approximately 180 m?/g, with
a three-dimensional, and highly cross-linked
macromolecule [44]. Lignin consists of three
primary phenyl propane monomers namely;
4-hydroxy-3-5 dimethoxycinnamyl (sinapyl, S)
alcohol, 4-hydroxycinnamyl (p-coumary, H) alcohol
and 4-hydroxy-3-methoxy cynnamy! (conifenyl, G)
alcohol, (Figure 3), that are connected via carbon-
carbon and ether linkages [45, 46].

The monolignols resulting from the above
dominant precursors are known as syringyl (S),
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Figure 3. Three phenylpropanoid units in lignin structure (information obtained from Wang, and Chen, [45]).
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p-hydroxypheyl (H) and Guaiacyl (G) when
introduced in the lignin polymer and varies
greatly owing to the different source, and
extraction method of the lignin [47]. According to
Yang and Lu [48], lignin is divided into three
different types namely; softwood (gymnosperm),
hardwood (angiosperm dicots) lignin and grass
(angiosperm monocots). The G unit is dominant
in softwood, whereas hardwood consists of an
equal ratio of S and G units. The B-O-4" ether
linkages are responsible for the bonds between
monomers in lignin and are crucial target for
degradation mechanisms of lignin. The presence
of reactive functional groups has been found to
play a vitally important role in the modification of
the lignin [49].

Functional groups endowed on lignin structure

Functional groups present on the surface of a
biosorbent play a vital role during biosorption
process. The surface structure of lignin is
endowed with a variety of special and important
functional groups such as phenolic hydroxyls
(-OH), methoxyl (O-CHj3), carbonyl (C=0) and
carboxyl functional groups (C=0) which interact
with a variety of contaminants during a biosorption
process [50]. These functional groups and their
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distribution relate to the type of lignin in a plant
[51]. The monolignols further contains more
functional groups such as hydroxyl and methoxyl
which also play a role during biosorption process.
However, it is the hydroxyl, carbonyl and carboxyl
groups that are at the centre of biosorption and
dictate which adsorption mechanism takes place.
The content of syringyl (S) and guaiacyl (G) units
in both softwood and hardwood has been
extensively studied by solid-state *C NMR,
FTIR, 3P NMR and Py-GC/MS spectrometry [51-
53]. Figure 4 illustrates the regions of the main
functional groups present in the lignin including
the syringyl and guaiacy! units.

Lignin carbon materials and their modification
for effective adsorption of VOCs

Over the years, endless efforts have been made
into the use of lignin as a high-performance
adsorbent, with more studies focusing more on
increasing the surface area and subsequently its
adsorption efficiency [54]. Due to a growing
interest demand for high capacity, regenerability,
and sustainable energy storage, lignin carbons
have been explored as an alternative. Carbon
materials derived from lignin such as carbon
fibers, carbon catalyst, carbon electrode and
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Figure 4. FTIR spectrum of organosolv lignin (information obtained from De, Mishra, Poonguzhali, Rajesh, and

Tamilarasan, [31]).
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carbon adsorbents can be modified by various
methods to achieve improved mechanical and
thermal stability, pore diameter and surface area
[55]. Lignin-derived activated carbons, which are
mostly common in adsorption applications are
obtained by activation followed by carbonization,
and are regarded as one of the most potential uses
of lignin [56]. With the ongoing research on
modification of lignin carbon adsorbents, different
modification processes such as esterification [57],
and dispersion of carbon nanotubes (CNTs) [58]
have been tried and tested to increase adsorption
capabilities which include thermal stability, pore
diameter, etc. During esterification, functional
groups such as hydroxyl groups present in the
lignin reacts with the dicarboxylic acid anhydrides,
thus, rendering the surface of the lignin carbons
more hydrophobic [57]. This is because during
esterification treatment, the interaction of the
hydroxyl group with the anhydrides results in
reduced hydroxyl groups and increased carbonyl
and carboxyl groups [59]. In a study by
Figueiredo, Lintinen, Hirvonen, Kostiainen, and
Santos, [58], dispersion of carbon nanotubes
(CNTSs) onto carbon fibers resulted in the increase
in pore diameters and thermal stability of the
carbon fibers. Some methods reported in the
literature include combining polymers of
thermoplastic elastomer polyurethane, polyethylene
terephthalate and polylactic acid or introducing a
template agent to fabricate porous carbon [43].
However, this review focuses mainly on the
fabrication using native lignin with composite
membrane to increase adsorption efficiency of the
lignin.

Lignin-based composite membranes

Agricultural residue-based composites are materials
in combination with an agricultural residue
acting as a reinforcement [60]. An excessive
and uncontrollable environmental pollution has
progressively led to the use of biodegradable-
based resources as the central focus of renewable
resources [60]. As much as lignin extensively
exists in nature as part of the plant wood, it is also
plentiful and rich in reserves. Hence, burning it as
cheap fuel does not only waste resources, but also
creates unwanted pollution to the environment
[61, 62]. In order to reduce this wastage, lignin

can be extracted and used as a biosorbent,
stabilizer, an antioxidant, an antimicrobial agent
etc. [34] - its abundance in nature may
counterattack the challenges of rapid exhaustion
of fossil resources. This would mean using lignin
primary properties like, thermal stability, high
carbon content, biodegradability, good stiffness
and antioxidant nature is very beneficial [63].
More so, these lignin properties have been
successfully examined in various biodegradable
products, i.e., fuels, agricultural membranes, water
treatment and food packaging [64].

There is handful literature regarding the
advancement of fabrication of membranes with
lignin in different fields of science where the
focus is particularly on its potential applications in
adsorption of anionic and cationic pollutants [65].
Based on their pore size and pore distribution,
these lignin-based composites can be utilized in
ultrafiltration and microfiltration. The already
prepared membranes or membranes that currently
exist in the market have been proven to exhibit
poor environmental absorbability. The structural
leaching and aging are amongst the major setbacks
associated with these polymeric membranes.
Therefore, in order to mitigate this issue of
increasingly serious environmental pollution and
the shortage of fossil-based polymers, it is vitally
important to consider a renewable natural plant
material such as lignin for the preparation of
membrane materials [66]. The fabrication or
modification of membranes by native lignin is
slowly becoming a central focus in bettering
the performance of membranes. Using natural
additives, such as lignin, has advantages such as
renewability, availability (because they are natural),
and cost-effectiveness. The cost effectiveness is
attributed to the biodegradability of the lignin and
the reduction of membrane fabrication costs as
compared to the synthetic additives [67]. Moreover,
research on the manufacturing of composite
membranes by blending lignin with starch,
cellulose, polypropylene (PP), polyvinyl alcohol
(PVA), chitosan, and other polymeric materials
have also been reported in the literature [68, 69].

Polyether sulfone (PES) polymer has been widely
preferred or used, and it is said to be one of
the most favourable polymeric materials in the
fabrication of ultrafiltration membrane [70].
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This is because of its outstanding chemical and
thermal stability, appropriate mechanical strength,

and film-forming properties [71].

Interactions between the biopolymer and
membrane materials

The extraction of biopolymer such as lignin
from lignocellulosic biomass helps to improve
the fiber-matrix interactions during fabrication
process [72]. During incorporation of lignin into
poly (vinyl alcohol) PVA, Posoknustakul and
co-authors [73], reported that the hydroxyl ion
adsorption on the particle surface in the lignin
dispersion resulted in the negative charge.
Furthermore, since the surface of lignin consists
mainly of hydroxyl groups, which are hydrophilic,
these result in the formation of hydrogen bond
between lignin and membrane hydroxyl groups
(Figure 5). These findings were confirmed by

different studies such as that conducted by Boija
and Johansson [74], as well as that of Esmaeili,
Anugwom, Ménttari,and Kallioinen, [75]. In their
study [75], the FTIR results revealed that the main
interactions between deep eutectic solvents lignin
(DES-lignin) and polyethersulfone (PES) membrane
were due to the hydrogen bonding between the
hydroxyl groups in DES-Lignin and oxygen
atoms of sulfone in PES. The surface charge on
the lignin-modified membrane is negative, which
increases with increasing pH of the solution.

Fabrication and subsequent production of lignin-
composite membranes should aim to overcome
challenges or setbacks such as particle dispersion
and interfacial morphology. According to a study
by Murawski, Diaz, Inglesby, Delabar, and
Quirino [72], the lack of uniformity in fiber length
and most importantly, the orientation in polymer-
modified membranes often results in variation in
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Figure 5. Interaction mechanism between the lignin and a PVA membrane
(modified from Yong, Zhang, Sun, and Liu, [54]).
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physical properties such as thermal and
mechanical. In order to overcome these setbacks,
Ghalia and Abdelrasoul [76] reported that
choosing homogeneous and ultrafine particles can
reduce sedimentation rate, while enhancing gas
separation performance resulting in improved
interfacial morphology.

Effect of DES-Lignin on the antioxidant
activity of fabricated membranes

It is apparent from the study conducted by
Esmaeili, Anugwom, Manttéri, and Kallioinen
[75] that, membranes with less negative charge
and better hydrophilicity were obtained as the
DES-lignin content in the polymer solution was
uniformly added. With the highest dosage, the
incorporation of DES-lignin in the membrane
matrix improved the membrane permeability by
29.4% compared to a bare PES membrane.
Moreover, no leakage of DES-lignin from the
membrane structure was observed. This showed a
good incorporation between DES-lignin and the
PES polymer scaffold [77]. It was also found that
the improvement of both rejection and pure water
flux could be achieved by using a small dosage of
DES-lignin (0.25 wt%) in membrane fabrication.
Table 1 presents the result obtained by Esmaeili,
Anugwom, Ménttari, and Kallioinen [75] in their
studies.

Conclusion and future recommendations

In this review, the fabrication of lignin with a
polymeric membrane for efficient biosorption of
residual solvents was discussed. Findings from
the review indicate that the extraction of lignin
including its wide applications as a natural binder,
dispersant, emulsifier and as precursor in water

treatment has been extensively investigated in
recent years. However, literature on its modification
with polymeric membranes is still limited. This
allows a call in this paper for researchers to
intensify work in this direction to fill in the gap
with literature knowledge on fabrication of
polymeric membranes reinforced with lignin for
biosorptive applications in the removal of residual
solvents. From some of the outstanding literature
reviewed, it is now published knowledge that
interactions between the lignin and polymeric
membrane were found to be governed by
hydrogen bonding between the lignin’s hydroxyl
groups and mostly membrane’s oxygen atoms.
Since lignin is endowed with positive and
negative functional groups, this makes it an ideal
precursor for uptake of both heavy metals and
volatile organic compounds (VOCs). This study
asserts that lignin could be utilized to improve
polymeric membranes for effective removal of
VOCs.

The review found that organosolv is well-known
as the most preferred pretreatment method for
extraction of lignin due to its ability to produce
relatively pure lignin. However, organic acids
used as a mixture in some instances during
extraction are relatively expensive and require
energy to recover; therefore, this could in some
instances affect its large-scale commercialization.
The usage of organic solvents such as ethanol
can help in reducing the cost, as well as health
hazards. Compared to the widely available
literature on the extraction of lignin from the
biomass, the literature on the modification of
lignin materials and composites is still limited
which leaves a gap that still needs to be further
explored.

Table 1. The effect of DES-lignin on the bulk porosity, DPPH and ABTS antioxidant activity of fabricated

membranes [75].

Membrane PES (%) Lignin (%) Bulk(g/(;;osity A[;];i;,)ﬁi%%]; ’ i%rﬁgiz(i;s
#1 20 - 69.3 19.3+£0.03 335+£0.1
#2 20 0.25 715 32.4+£0.06 42.5+0.03
#3 20 0.50 72.5 43.1+£0.1 47.9 £0.06
#4 20 1.00 79.9 70.6 £0.2 71.7+05




Modification of membrane with lignin for removal of residual solvents 9

ACKNOWLEDGEMENTS

The authors are grateful for the financial support
received from the South African Department of
Trade and Industry (DTI)/THRIP (Technology
and Human Resources for Industry) programme
under the TUT-COCA partnership. KC Malematja
wishes to thank the department of Chemistry of
the Tshwane University of Technology (TUT) for
the opportunity given to him to undertake his
postgraduate research work.

CONFLICT OF INTEREST STATEMENT

The authors also declare that there are no conflicts
of interest regarding the publication of this paper.

REFERENCES

1.  Teglia, C. M., Montemurro, M., De Zan, M.
M. and Camara, M. S. 2015, J. Pharm.
Anal., 5, 296-306. doi:10.1016/j.jpha.2015.
02.004.

2. Puranik, S. B., Sanjay Pai, P. N. and Rao, G.
K. 2009, Internet J. Pharmacol.,, 6, 1-9.
doi:10.5580/356.

3. Wang, M., Fang, S. and Liang, X. 2018,
J. Pharm. Biomed. Anal., 158, 262-268.
doi:10.1016/j.jpba.2018.06.002.

4. Heydari, R. 2012, Anal. Lett.,, 45, 1875-
1884. doi:10.1080/00032719.2012.677982.

5. ICH guideline Q3C (R5) on impurities.
2011, 44.

6. Pérez Pavon, J. L., del Nogal Sanchez, M.,
Fernandez Laespada, M. E., Garcia Pinto, C.
and Moreno Cordero, B. 2007, J. Chromatogr.
A., 1141, 123-130. doi:10.1016/j.chroma.
2006.12.046.

7. Singh, P. and Sinha, M. 2013, Am. J.
Pharm. Tech. Res., 3. ISSN: 2249-3387.

8. Luo, L., Wu, X., Li, Z., Zhou, Y., Chen, T.,
Fan, M. and Zhao, W. 2019, R. Soc. Open
Sci., 6, 190523. doi:10.1098/rs0s.190523.

9. Pal, P. and Thakura, R. 2017, Int. J. Eng.
Technol. Sci. Res., 4, 130-155.

10. Bahamon, D., Carro, L., Guri, S. and Vega,
L. F. 2017, J. Colloid Interface Sci., 498,
323-334. doi:10.1016/j.jcis.2017.03.068.

11. Pereira, J. M., dfCalisto, V. and Santos, S.
M. 2019, J. Mol. Liq., 279, 669-676. doi:10.
1016/j.molliq.2019.01.167.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Crini, G., Lichtfouse, E., Wilson, L., Morin-
Crini, N., Crini, G. and Lichtfouse, E. 2019,
HAL Id: hal-02065600 Adsorption-Oriented
Processes Using Conventional and Non-
conventional Adsorbents for Wastewater
Treatment, Vol. 18, ISBN: 9783319921112,
Mo, J., Yang, Q., Zhang, N., Zhang, W.,
Zheng, Y. and Zhang, Z. 2018, J. Environ.
Manage., 227, 395-405. doi:10.1016/j.
jenvman.z2018.08.069.

Oliveira, R. C., Hammer, P., Guibal, E.,
Taulemesse, J. M. and Garcia, O. 2014,
Chem. Eng. J., 239, 381-391. doi:10.1016/
j.cej.2013.11.042.

Tsezos, M., Remoundaki, E. and
Hatzikioseyian, A. 2006, Proc. EU-Asia
Work Clean Prod. Nanotechn., 23-33.
Ramirez Calderén, O. A., Abdeldayem, O.
M., Pugazhendhi, A. and Rene, E. R. 2020,
Curr. Pollut. Reports, 6, 8-27. doi:10.1007/
s40726-020-00135-7.

Zhang, J., Wang, P., Zhang, Z., Xiang, P.
and Xia, S. 2020, Int. J. Environ. Res. Public
Health., 17. doi:10.3390/ijerph17051488.
Cima-Mukul, C. A., Abdellaoui, Y., Abatal,
M., Vargas, J., Santiago, A. A. and Barron-
Zambrano, J. A. 2019, Chem. Appl., 2019,
2814047. doi:10.1155/2019/2814047.

Raize, O., Argaman, Y. and Yannai, S.
2004, Biotechnol. Bioeng., 87, 451-458.
doi:10.1002/bit.20136.

El-Naggar, N. E. A., Hamouda, R. A,
Mousa, |. E., Abdel-Hamid, M. S. and
Rabei, N. H. 2018, Sci. Rep., 8, 1-19.
doi:10.1038/s41598-018-31660-7.

Yunnen, C., Xiaoyan, L., Changshi, X. and
Liming, L. 2015, Environ. Technol. (United
Kingdom), 36, 2349-2356. do0i:10.1080/
21622515.2015.1027285.

Wei, F., Cao, C., Huang, P. and Song, W.
2015, RSC Adv., 5, 13256-13260. doi:10.1039/
c4ral1018h.

Liu, G., Li, X. and Campos, L. C. 2017,
J. Water Supply Res. Technol. — AQUA.,
66, 105-115. doi:10.2166/aqua.2017.047.
Satya, A., Harimawan, A., Haryani, G. S.,
Johir, M. A. H., Vigneswaran, S., Ngo, H.
H. and Setiadi, T. 2020, Water (Switzerland),
12, 1-19. doi:10.3390/w12010264.



10

K. C. Malematja et al.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Plazinski, W. and Rudzinski, W. 2009,
Langmuir.,, 25, 298-304. doi:10.1021/
1a803075k.

Rangabhashiyam, S. and Balasubramanian,
P. 2019, Ind. Crops Prod., 128, 405-423.
doi:10.1016/j.indcrop.2018.11.041.

Thakur, V., Sharma, E., Guleria, A., Sangar,
S. and Singh, K. 2019, Mater. Today Proc.,
32, 608-619. do0i:10.1016/j.matpr.2020.02.
756.

Li, Z., Xiao, D., Ge, Y. and Koehler, S.
2015, ACS Appl. Mater. Interfaces., 7,
15000-15009. doi:10.1021/acsami.5b03994.
Jiang, P., Li, Q., Gao, C., Lu, J,, Cheng, Y.,
Zhai, S., An, Q. and Wang, H. 2019,
Bioresour. Technol., 289, 121640. doi:10.
1016/j.biortech.2019.121640.

aLu, Y., Lu, Y. C., Hu, H. Q., Xie, F. J.,
Wei, X. Y. and Fan, X. 2017, J. Spectrosc.,
2017, 8951658. doi:10.1155/2017/8951658.
De, S., Mishra, S., Poonguzhali, E., Rajesh,
M. and Tamilarasan, K. 2020, Int. J. Biol.
Macromol., 145, 795-803. doi:10.1016/j.
ijbiomac.2019.10.068.

Ramakoti, B., Dhanagopal, H., Deepa,
K., Rajesh, M., Ramaswamy, S. and
Tamilarasan, K. 2019, Bioresour. Technol.
Reports., 7, 100293. doi:10.1016/j.biteb.
2019.100293.

Kim, H., Kim, J. G., Kim, T., Alessi, D. S.
and Baek, K. 2020, Chem. Eng. J., 393,
124687. doi:10.1016/j.cej.2020.124687.
Mohtar, S. S., Tengku Malim Busu, T. N.
Z., Md Noor, A. M., Shaari, N., Yusoff, N.
A., Bustam Khalil, M. A., Abdul Mutalib,
M. |. and Mat, H. B. 2015, Bioresour.
Technol., 192, 212-218. do0i:10.1016/j.
biortech.2015.05.029.

Wang, B., Sun, Y.-C. and Sun, R.-C. 2019,
J. Leather Sci. Eng., 1, 1-25. doi:10.1186/
$42825-019-0003-y.

Satlewal, A., Agrawal, R., Bhagia, S.,
Sangoro, J. and Ragauskas, A. J. 2018,
Biotechnol. Adv., 36, 2032-2050. doi:10.
1016/j.biotechadv.2018.08.0009.

Yu, H. T., Chen, B. Y., Li, B. Y., Tseng, M.
C., Han, C. C. and Shyu, S. G. 2018,
Biofuels 2018, 11, 1-11. doi:10.1186/
s13068-018-1288-4.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

Castiglioni, S., Bagnati, R., Calamari, D.,
Fanelli, R. and Zuccato, E. 2005, J.
Chromatogr. A, 1092, 206-215. doi:10.1016/
j.chroma.2005.07.012.

Aftab, M. N., Igbal, 1., Riaz, F., Karadag, A
and Tabatabaei, M. 1988, Agents Chemother.,
32, 1854-1858. doi:10.1128/AAC.32.12.1854.
Brodeur, G., Yau, E., Badal, K., Collier, J.,
Ramachandran, K. B. and Ramakrishnan, S.
2011, Enzyme Res., 2011, 787532. doi:10.
4061/2011/787532.

Borand, M. N. and Karaosmanoglu, F. 2018,
J. Renew. Sustain. Energy., 10, 033104.
doi:10.1063/1.5025876.

Baruah, J., Nath, B. K., Sharma, R., Kumar,
S., Deka, R. C., Baruah, D. C. and Kalita, E.
2018, Front. Energy Res., 6, 141. doi:10.
3389/fenrg.2018.00141.

Collins, M. N., Nechifor, M., Tanasa, F.,
Zanoaga, M., McLoughlin, A., Strozyk, M.
A., Culebras, M. and Teaci, C. A. 2019, Int.
J. Biol. Macromol., 131, 828-849. doi:10.
1016/j.ijbiomac.2019.03.0609.

Naseer, A., Jamshaid, A., Hamid, A,
Muhammad, N., Ghauri, M., Igbal, J., Rafiq,
S., Khuram, S. and Shah, N. S. 2019,
Zeitschrift fur Phys. Chemie., 233, 315-345.
doi:10.1515/zpch-2018-1209.

Wang, G. and Chen, H. 2013, Sep. Purif.
Technol., 120, 402-409. do0i:10.1016/j.
seppur.2013.10.029.

Boeriu, C. G., Bravo, D., Gosselink, R. J. A.
and Van Dam, J. E. G. 2004, Ind. Crops
Prod., 20, 205-218. doi:10.1016/j.indcrop.
2004.04.022.

Wang, Y., Chantreau, M., Sibout, R. and
Hawkins, S. 2013, Front. Plant Sci., 4, 1-14.
doi:10.3389/fpls.2013.00220.

Yang, C. and LU, X. 2021, Elsevier, ISBN:
9780128188620.

Guo, J., Chen, X., Wang, J., He, Y., Xie, H.
and Zheng, Q. 2020, Polymers (Basel), 12.
doi:10.3390/polym12010056.

Badsha, M. A. H., Khan, M., Wu, B.,
Kumar, A. and Lo, I. M. C. 2021, J. Hazard.
Mater., 408, 124463. doi:10.1016/j.jhazmat.
2020.124463.

Jin, Q., Yan, C., Qiu, J., Zhang, N., Lin, Y.
and Cai, Y. 2013, Sci. Hortic. (Amsterdam).,
155, 123-130. doi:10.1016/j.scienta.2013.
03.020.



Modification of membrane with lignin for removal of residual solvents

11

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Safou-Tchiama, R., Andzi Barhé, T.,
Soulounganga, P., Akagah, A. G. and De
Jeso, B. 2017, J. Mater. Environ. Sci., 8,
2530-2540.

Rashid, T., Gnanasundaram, N., Appusamy,
A., Kait, C. F. and Thanabalan, M. 2018,
Ind. Crops Prod., 116, 122-136. doi:10.
1016/j.indcrop.2018.02.056.

Yong, M., Zhang, Y., Sun, S. and Liu, W.
2019, J. Memb. Sci., 575, 50-59. doi:10.
1016/j.memsci.2019.01.005.
Supanchaiyamat, N., Jetsrisuparb, K.,
Knijnenburg, J. T. N., Tsang, D. C. W. and
Hunt, A. J. 2019, Bioresour. Technol.,
272, 570-581. doi:10.1016/j.biortech.2018.
09.139.

Dong, Z., Liu, Z., Zhang, X., Yang, H., Li,
J., Xia, S., Chen, Y. and Chen, H. 2019,
Fuel, 256, 115890. doi:10.1016/j.fuel.2019.
115890.

Chen, Y., Stark, N. M., Cai, Z., Frihart, C.
R., Lorenz, L. F. and Ibach, R. E. 2014,
BioResources, 9, 5488-5500. doi:10.15376/
biores.9.3.5488-5500.

Figueiredo, P., Lintinen, K., Hirvonen, J. T.,
Kostiainen, M. A. and Santos, H. A. 2018,
Prog. Mater. Sci., 93, 233-269. doi:10.1016/
j-pmatsci.2017.12.001.

An, L., Si, C., Wang, G., Choi, C. S, Yu, Y.
H., Bae, J. H., Lee, S. M. and Kim, Y. S.
2020, BioResources, 15, 89-104. doi:10.
15376/biores.15.1.89-104.

Haque, A., Mondal, D., Khan, 1., Usmani,
M. A., Bhat, A. H. and Gazal, U. 2017,
Elsevier Ltd., ISBN: 9780081009666.
Bajwa, D. S., Pourhashem, G., Ullah, A. H.
and Bajwa, S. G. 2019, Ind. Crops Prod.,
139, 111526. doi:10.1016/j.indcrop.2019.
111526.

Norgren, M. and Edlund, H. 2014, Curr.
Opin. Colloid Interface Sci., 19, 409-416.
doi:10.1016/j.cocis.2014.08.004.

Kijima, M., Hirukawa, T., Hanawa, F. and
Hata, T. 2011, Bioresour. Technol., 102,
6279-6285. d0i:10.1016/j.biortech.2011.03.
023.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

17,

Konduri, M. K., Kong, F. and Fatehi, P.
2015, Eur. Polym. J., 70, 371-383. doi:10.
1016/j.eurpolymj.2015.07.028.

Thakur, S., Govender, P. P.,, Mamo, M. A.,
Tamulevicius, S., Mishra, Y. K. and Thakur,
V. K. 2017, Vacuum, 146, 342-355.
doi:10.1016/j.vacuum.2017.08.011.
Siepmann, F., Siepmann, J., Walther, M.,
MacRae, R. J. and Bodmeier, R. 2008,
J. Control. Release, 125, 1-15. doi:10.1016/
j.jconrel.2007.09.012.

Vilakati, G. D., Hoek, E. M. V. and Mamba,
B. B. 2015, BioResources, 10, 3079-3096.
doi:10.15376/biores.10.2.3079-3096.
Sadrzadeh, M. and Bhattacharjee, S. 2013,
J. Memb. Sci., 441, 31-44. doi:10.1016/j.
memsci.2013.04.009.

Causserand, C., Rouaix, S., Lafaille, J. P.
and Aimar, P. 2008, Chem. Eng. Process.
Process Intensif., 47, 48-56. doi:10.1016/j.
cep.2007.08.013.

Van Der Bruggen, B. 2009, J. Appl. Poly.
Sci., 114, 630. doi:10.1002/app.30578.

Ding, Z., Zhong, L., Wang, X. and Zhang,
L. 2016, Polym., 28, 1192-1200. doi:10.
1177/0954008315621611.

Murawski, A., Diaz, R., Ingleshy, S,
Delabar, K. and Quirino, R. L. 2019, Lect.
Notes Bioeng., 29-55. doi:10.1007/978-3-
030-04741-2_2.
Posoknistakul, P,
Chaosuanphae, P., Deepentham, S,
Techasawong, W., Phonphirunrot, N.,
Bairak, S., Sakdaronnarong, C. and
Laosiripojana, N. 2020, ACS Omega, 5,
20976-20982. doi:10.1021/acsomega.0c02443.
Boija, E. and Johansson, G. 2006, Biochim.
Biophys. Acta - Biomembr., 1758, 620-626.
doi:10.1016/j.bbamem.2006.04.007.
Esmaeili, M., Anugwom, I., Ménttari, M.
and Kallioinen, M. 2018, Membranes (Basel),
8, 1-16. doi:10.3390/membranes8030080.
Ghalia, M. A. and Abdelrasoul, A. 2019,
Elsevier Ltd, ISBN: 9780081024263.
Susanto, H. and Ulbricht, M. 2005,
J. Memb. Sci., 266, 132-142. doi:10.1016/j.
memsci.2005.05.018.

Tangkrakul, C.,



