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Owing to the toxic nature of petroleum-based resources as well as the waste 

accumulation, long degradation time, usage of harsh chemicals associated with these 

resources, and limited availability, there is a great demand for suitable ecofriendly 

alternatives. Research on the development of new composite materials using 

biorenewable and sustainable resources has garnered profound interest because of 

their low carbon footprint, ecofriendliness, biodegradability, biocompatibility, and 

green and sustainable nature. The academic and industrial sectors have already 

started exploring biorenewable materials and nanotechnology to meet the 17 

sustainability goals set by the United Nations. Composite materials comprise a 

mixture of polymer matrices and reinforcement materials. Because of their ease of 

fabrication, mechanical strength, thermal stability, antifouling properties, 

hydrophilicity, and porosity, composite materials have been explored in the 

development of new techniques and materials. Nanocomposites are widely used to 

enhance the hydrophilicity, surface charges, and antiadhesive, antifouling, and 

separation performances of the nanocomposite membranes. However, the lack of a 

homogeneous dispersion and compatibility with the polymer matrix during synthesis 

appear to hinder their effective fabrication, thereby limiting the potential of 

nanocomposite materials in the separation performance of nanocomposite 

membranes. To alleviate such shortcomings, several routes have been employed for 

fabricating nanocomposite membranes, which are explained in this book. 

Furthermore, to understand the performance of nanocomposite membranes, we 
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reviewed the related chemistry, new applications, and developments with respect to 

the separation performance of biorenewable nanocomposite membranes. 

1. Introduction 

Petroleum-based polymers have been widely used for membrane development owing to their 

ease of manufacturing, economic favorability, mass production suitability, chemical tenability, and 

capability to withstand harsh conditions such as oxidative and corrosive environments. Commonly 

used petroleum-based polymers include polyvinyldenfluoride (PVDF), polyacrylonitrile (PAN), 

polyvinyl chloride, polypropylene (PP), and polyethylene. However, academic institutes and industries 

have focused on biorenewable materials and nanotechnology owing to the implementation of 

increasing environmental regulations, public awareness, and governmental incentives to meet the 

sustainable development goals set by the United Nations.1,2 Nanotechnology is considered a 

revolutionary technology of the 21st century to achieve sustainability by minimizing the usage of raw 

materials, energy consumption, emissions, and waste from production processes. It has attracted 

considerable attention from academic institutes and industries as well as policy makers to contribute 

toward sustainable development.3 Nanocomposites are used in many fields, including membranes, 

energy storage, food, packaging, sensors and optics, drug delivery, and tissue engineering. 

Membrane technology has been used mainly in the context of environmental remediation and is 

considered a sustainable replacement for various conventional separation technologies. Because of 

this, membranes must be environmentally friendly while exhibiting a high separation performance. 

Nanotechnology and membrane technology can be thoroughly combined to synthesize 

nanocomposite membranes with advanced separation properties using biorenewable materials. 

Although the term “nanocomposites” has been used freely, nanocomposites can be described as tiny 

materials or fillers with sizes of less than 100 nm dispersed in the polymer matrix, facilitating a 

multiphase system with remarkable reinforcement owing to their high surface-to-volume ratio.4 

Nanocomposites can be classified into (1) metal-based, (2) ceramic-based, and (3) polymer-based 

nanocomposites. Based on their dimensions, nanocomposites are categorized into zero-dimensional, 

one-dimensional, and two-dimensional (2D) layered nanocomposites as well as spherical 

nanocomposites.5 

Nanocomposites have been employed to minimize the phase separation between inorganic and 

organic phases (i.e., nanocomposite and polymer matrix, respectively) by increasing the surface area 

per unit volume, thus decreasing gravity separation. However, nanocomposites require long 

decomposition periods in the environment, increasing the amount of solid waste in landfills. 

Developing nanocomposites using biorenewable resources could alleviate this problem, facilitating 

biodegradable and sustainable nanocomposite membranes. 

Various methods have been developed for incorporating nanocomposites into the polymeric 

matrix, similar to the method used for preparing petroleum-based nanocomposites such as solution 

mixing, in situ polymerization, melt blending polymerization, template synthesis, and the sol–gel 

process (Figure 1). Additionally, electrospinning has been used to prepare nanocomposites and 

adsorptive membranes with improved control of their structural architecture.6,7 The state-of-the-art 

nanocomposite membranes include polysaccharides, such as cellulose and starch nanocrystals, 

carbohydrate polymers, and biodegradable materials based on synthetic polymers, such as 

poly(butylene succinate), poly(caprolactone), and poly(vinyl alcohol) (PVA). Nanocomposites 
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prepared using lignocellulosic biomass, or agricultural waste, enable low production costs owing to its 

abundant nature and are a sustainable source for producing materials for different fields of 

applications.8 

 

Figure 1. Different types of biorenewable nanocomposites (a, b, c, and d) prepared using various 

techniques. Adapted and reprinted with permission from ref 4. Copyright 2020 by the American 

Chemical Society. 

2. Nanocomposite Materials from Renewable Resources 

In the field of polymeric membrane science, there is a profound interest in polymer materials that 

are chemically and mechanically stable, efficient, reliable, easy to synthesize, economical, and easy to 

functionalize and exhibit excellent performance in membrane separation applications. However, a 

pure polymeric membrane does not meet all the crucial requirements for separation applications. This 

has led to tremendous development in material technology, particularly toward developing materials 
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with multifunctional features that meet the requirements for their wide application. In this aspect, 

composite materials that combine many essential features of different components in a single matrix 

have emerged.9 Composite materials fabricated using conventional technologies often comprise two 

phases, a continuous polymeric phase and a supplementary material (filler) phase, to enhance the 

material performance. 

Because it is cost effective, scalable, and processable and requires minimum energy, membrane 

technology has been successfully applied in desalination, separation, dialysis, and so forth. Based on 

the pore size, membrane applications are classified as reverse osmosis (RO), forward osmosis, organic 

solvent nanofiltration (OSN), ultrafiltration (UF), microfiltration, pervaporation (PV), distillation, 

electrodialysis, and so forth. Although several methods have been developed for preparing 

nanocomposite membranes (see Section 3 of this chapter), the resulting membranes obtained using 

most of these methods afford moderate permeability and limited selectivity. Moreover, the interfacial 

polymerization (IP) method is simple and eloquent for the rapid synthesis of polymeric membranes. 

Because of this, the IP method has emerged as an efficient potential method for synthesizing highly 

permeable and selective membranes. 

Note that the inherent tradeoff between selectivity and permeability is a bottleneck for the 

separation performance, which limits the potential of membranes in separation applications. 

Importantly, the replacement of conventional polymers with biorenewable polymers will rejuvenate 

the membrane separation, making it an ecofriendly and sustainable process. In this context, the 

foremost challenge is developing a biorenewable membrane while retaining both the permeability 

and selectivity without deteriorating the overall membrane performance compared with their 

analogous polymeric membranes. 

Composites can be classified into three forms based on the filler size: macrocomposites, 

microcomposites, and nanocomposites. 

Nanocomposite materials have been identified as promising candidates to alleviate the 

shortcomings of microcomposite and macrocomposite materials.10,11 Tailoring the membrane 

structure by incorporating nanocomposites, also known as the nanofillers, in the polymer matrix has 

been vastly reinvigorated. Such membranes are known as nanocomposite membranes. 

The separation performance of the nanocomposite membranes could be enhanced considerably 

by altering the structure and composition of the incorporated nanofillers, even by slightly modifying 

the nanofiller design and composition. For example, by tuning the pore design and diameter, the 

incorporated nanofillers can be used to alter the hydrophobicity or hydrophilicity, surface charge, 

roughness, and thickness of the membrane, ultimately contributing to the enhancement of the 

separation abilities of the resulting membrane. However, information related to the rational selection 

of nanofillers for enhancing the membrane performance is not well explored, which we consider in 

this work. Moreover, we explore the influence of the structural composition of different types of 

nanofillers on the overall membrane performance. In particular, we examine the replacement of 

conventional polymers with biodegradable polymers for synthesizing biodegradable nanocomposite 

membranes. 

First, we describe different types of nanofillers, including their structure and composition, 

developed to enhance the separation abilities of nanocomposite membranes. Second, we investigate 

the criteria for selecting nanofillers for potential applications, including gas separation, PV, and OSN. 

Third, we explore different biopolymers used in the preparation of nanocomposite membranes and 
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their applications. Last, we discuss the development of biorenewable nanocomposite membranes and 

their potential applications. 

2.1. Nanofillers or Nanocomposites 

With advances in nanoscience, several nanomaterials have been identified as promising 

candidates for nanofillers in the preparation of nanocomposite membranes. Owing to the structure–

function relationships, numerous nanofillers, such as metal–organic frameworks (MOFs) or 2D 

nanomaterials, CNTs, zeolites, SiO2 nanoparticles, and graphene oxide (GO), have been investigated 

to enhance the membrane performance (Figure 2).12 Moreover, a detailed insight into the structure–

function relationship of polymer structures/performance with the consideration of the nanofiller 

design and composition is crucial. 

 

Figure 2. Different porous materials used as nanofillers. Nanofillers can be classified into three 

categories: inorganic, organic, and composite. 

2.1.1. Inorganic Nanofillers 

Several inorganic nanomaterials have been considered potential nanofillers in the early stage of 

nanocomposite membrane development. For example, a zeolite–polyamide (PA) nanocomposite 

membrane was developed using the IP method for the first time by incorporating SiO2-based NaA 

zeolites as nanofillers.13 The preparation of nanocomposite membranes involves the dispersion of 

nanofillers in the organic phase to prepare a casting solution. The resulting membrane shows excellent 

permeability and interfacial characteristics compared with its analogous pure PA membrane. The 

strong hydrophilic nature of the nanofiller pores result in a short and preferential passage for the flow 

of water molecules. Moreover, the rejection performance of the solute is comparable to that of its 

analogous pure PA membrane. 

In addition to zeolites, other nanofillers, such as CO2-selective SiO2 nanoparticles, have been 

investigated to achieve enhanced reactivity, solubility, and selectivity of CO2 molecules.14 Compared 

with other gases, an excellent improvement in the gas separation performance of the resulting 

nanocomposite membrane was observed. Metal and metal oxides are also suitable as nanofillers to 

enhance the antifouling properties of nanocomposite membranes.15,16 Such inorganic nanofillers help 

enhance the hydrophilicity and antifouling properties of nanocomposite membranes. However, the 

fabrication of nanocomposite membranes has two major limitations: inhibition of nanofiller 

agglomeration, and compatibility between polymer nanofillers. 

Based on previous studies,17,18 the abovementioned limitations can be effectively alleviated using 

nanofiller chemical modifications. Notably, the domain size and shape of nanofillers are essential 
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parameters, which must be considered when preparing defect-free membranes, particularly when the 

thickness of the membrane is at the submicron level.19,20 Using 2D materials, such as GOs, as 

nanofillers could be the key to addressing such limitations. GOs possess 2D stacked or slipped sheet 

structures, making them dimensionally compatible for incorporation into nanocomposite membranes. 

GO materials present high mechanical strength and thermal stability compared with other carbon-

based nanofillers, such as graphene and CNTs.21 GOs efficiently function as nanofillers even at a low 

loading amount in the polymer matrix. Additionally, the adequacy of functional groups, such as 

hydroxyl, carboxyl, and epoxy groups, at the surface of GOs improves the dispersion and compatibility 

of nanofillers with polymers. Properties such as permeability, antioxidation, antiswelling, antifouling, 

and mechanical strength are enhanced remarkably with the incorporation of such functionalized 

inorganic nanofillers.22 Alternatively, CNTs are unlikely hydrophobic and should be functionalized 

before their incorporation into the polymer matrix for improved separation performance. 

Other forms of carbon-based nanofillers, such as GO quantum dots (QDs) and graphene QDs 

(approximately <20 nm), exhibit good chemical stability, porosity, and electrical conductivity.23,24 In 

terms of dispersion and hydrophilicity, carbon-based QDs have garnered profound interest as 

nanofillers. The major advantage of QDs is that their incorporation improves the performance as well 

as refines the solvent resistance and antifouling and antioxidation properties of the resulting 

nanocomposite membranes.25–28 Clays, such as bentonite, montmorillonite, and perovskite, have also 

been investigated for their use as nanofillers in the preparation of nanocomposite membranes.29,30 

Moreover, 2D materials, such as carbon nitrides, boron nitrides, and metal disulfides, have been 

investigated as nanofillers.31,32 Hydrophilicity and surface charge exhibited by nanofillers endow the 

resulting nanocomposite membranes with high permeability, selectivity, and antifouling properties. 

Similarly, owing to their chemical stability, hydrophilicity, negative charge, and bactericidal properties, 

MXenes are considered another class of potential inorganic nanofillers to achieve enhanced 

separation performance and antifouling properties of nanocomposite membranes.33,34 

2.1.2. Organic Nanofillers 

Organic composition, pliable design, and pure organic composition are some crucial features 

lucrative for enhancing membrane performance, which makes organic nanofillers superior to 

inorganic and composite nanofillers. Covalent organic frameworks (COFs) are highly crystalline and 

porous materials.35 Owing to their ordered framework structure, good periodicity, high crystallinity, 

engineered pore design, huge library of organic precursors, high porosity, and good chemical and 

thermal stabilities, COFs are widely employed as organic nanofillers. COFs often comprise organic 

linkers covalently bonded to each other. The pure organic origin of components and the presence of 

a surface-active functional group in COFs corroborate good dispersion in the polymer matrix for the 

fabrication of nanocomposite membranes.36 For example, SNW-1 comprises amine functional groups 

that impart high hydrophilicity to the membrane, ultimately enhancing the permeability of the 

resulting nanocomposite membranes because the free amine functional group present in SNW-1 can 

easily interact with the –COCl group of a trimesoyl chloride (TMC) precursor to form a strong 

carboxamide bond. The resulting nanocomposite membranes show enhanced interface compatibility, 

improved surface hydrophilicity, and stability in long-term separations performance.37 

Unlike COFs, porous organic polymers (POPs) are amorphous. In POPs, organic units are covalently 

bonded to each other.38 POPs often present broad-range pore size distributions complemented with 

easily accessible surface-active functional groups and good hydrophilicity. Owing to their organic 



7 

 

composition, POPs exhibit good compatibility with the polymer phase and are quite suitable as 

nanofillers for synthesizing high-performance nanocomposite membranes.39 

Zwitterionic materials are interesting materials with both anionic and cationic functional groups 

within the same molecular skeleton. Such ionic materials are promising candidates to achieve 

enhanced membrane separation performance. The ionic nature of zwitterionic materials facilitates a 

high binding affinity with water molecules as well as enhances the antifouling properties of the 

resulting material.40 The incorporation of zwitterionic materials as nanofillers in the polymer matrix 

will be beneficial in terms of enhanced water permeation and antifouling performance of the resulting 

nanocomposite membranes. For example, nanocomposite membranes prepared by loading 

zwitterionic polyelectrolyte nanoparticles inside the polymer matrix show low surface roughness, high 

surface hydrophilicity, and enhanced electronegativity, yielding refined permeability, selectivity, and 

antifouling properties of the resulting nanocomposite membranes. 

Cellulose nanocrystals (CNCs) are easy to synthesize, economically viable, ecofriendly, and 

renewable.41 The presence of hydroxyl and carboxyl groups provides a hydrophilic and negatively 

charged surface, beneficial for enhancing the permeability and antifouling properties of CNC-based 

nanocomposite membranes. 

2.1.3. Composite Nanofillers 

Compared to the abovementioned nanofillers, composite nanofillers form a different but efficient 

class of nanofillers. With dynamic blends of a possible unique composition, composite nanofillers can 

alleviate the tradeoff between permeability and selectivity, have a low antifouling capacity, and can 

improve the membrane performance. Composite nanofillers often consist of different components. 

The individual functions of each component can be retained in such nanofillers. Furthermore, the 

synergy between different components can be maintained, which is quite impossible in the case of 

single-component inorganic nanofillers.42 During membrane preparation, nanoparticle agglomeration 

is often inevitable; however, incorporating granular nanofillers between GO nanosheets by 

hydrothermal growth can mitigate the agglomeration phenomenon.43 The distance between GO 

interlayers can be effectively altered by the incorporation of nanoparticles. Increased distances 

between adjacent GO layers provide a short transport pathway and alter the surface charge, which is 

a desirable condition for increasing the permeability and selectivity of the membrane. For example, 

the introduction of exfoliated hydrotalcites into GO nanosheets in nanocomposite membranes can 

provide superior solvent flux and rejection performance in desalination applications compared with 

membranes incorporated with only GO nanosheets.44 TiOX–SiO2 core–shell nanofiller-based 

membranes outperform the single component–based membranes in terms of hydrophilicity, 

agglomeration, and variable composition.45 

Despite the tradeoff relationship between permeability and selectivity, inorganic nanofillers are 

often limited by their poor compatibility with the polymer matrix, likely attributed to the weak 

bonding between the polymer structure and inorganic nanofillers.46 Such a limitation leads to defects 

and the formation of dense barrier layers, eventually decreasing the rejection performance of the 

membrane. The postsynthetic functionalization of organic linkers or functional groups present in 

nanofillers is commonly adopted to enhance their compatibility with the polymer phase.47,48 For 

example, tannic acid possesses several phenolic groups, which can act as radical scavengers. The 

introduction of a tannic acid–based compound as the nanofiller will improve dispersion in the aqueous 

phase as well as revamp its compatibility with the polymer matrix.49 When treated with TMC, the 
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phenolic group will form a polyester bond. Importantly, owing to the inherited radical scavenging 

properties, the membrane’s antioxidation properties can be improved. 

MOFs belong to a class of highly crystalline and porous materials. Owing to their ordered periodic 

arrangement, high crystallinity, high porosity, and well-defined composition, MOFs are widely used 

nanofillers in the preparation of nanocomposite membranes. MOFs show better compatibility with 

organic polymers than other inorganic nanofillers.46 Furthermore, organic linkers and inorganic metal 

ion components endow MOFs with bioactivity. Based on the chemical stability, hydrophilicity, and 

ionic nature of MOFs, employing them as nanofillers can improve the permeance and antifouling 

properties of the resulting nanocomposite membranes. Because MOFs present high porosity, 

crystallinity, and functionalization properties, their incorporation in nanocomposite membranes can 

enhance the membrane separation performance via molecular sieving, adsorption, and catalytic 

degradation.50 The pore interior of MOFs can be easily altered using a presynthetic/postsynthetic 

modification approach. Based on the adsorption capacity and selective gas permeability of different 

gases, such as H2, CH4, CO2, and N2, the incorporation of MOFs as nanofillers can efficiently improve 

the gas separation performance of the resulting nanocomposite membranes.51 Similar to composite 

nanofillers, composite MOFs have been synthesized by the incorporation of other nanomaterials in 

MOF pores for enhanced performance.26,52 

Incorporating dangling polymeric chains or chemical groups in the pore interior of MOFs has been 

adopted as another stratergy.53 In this direction, chemical etching using tannic acid or polydopamine 

has been employed to prepare MOF derivatives.54,55 Compared with the analogous pristine MOFs, the 

resulting MOF derivatives achieve high hydrophilicity, surface charge, and periodicity, which are highly 

desirable for the high permeability and stability of nanocomposite membranes.56 

In summary, the precise incorporation of different substances, inhibition of agglomeration, and 

compatibility between nanofillers and polymer matrices are crucial for the tradeoff relationship 

between permeability and selectivity, and stability of the resulting nanocomposite membranes to 

achieve long-term separation performance.57 Moreover, incorporating different nanofillers into the 

polymer matrix improves the permeability of the membrane as well as enhances the antifouling and 

antiadhesive properties, hydrophilicity, and chemical stability of the resulting material. 

In the next section, we investigate the effect of the structure or morphology of nanofillers on 

improving performance of nanocomposite membranes. 

2.2. Properties of Nanofillers 

The morphology of nanofillers is another key aspect for enhancing the separation performance of 

nanocomposite membranes. In terms of morphology, nanofillers can be classified as follows: stable, 

porous, laminated, and synthetic nanofillers. 

2.2.1. Stable Nanofillers 

Polymeric membranes are often limited by their low stability during long-term separation 

performance, likely attributed to the weak integrated structure and loose packing of polymers. By 

introducing nanofillers with a highly integrated structure and dense packing in the polymer matrix, 

this limitation can be easily alleviated. Further, adding such nanofillers eliminates or reduces 

unwanted defects usually responsible for the poor performance of the resulting nanocomposite 
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membranes. For example, Yang et al.58 amended the surface of nanocomposite membranes via the in 

situ reduction of Ag nanoparticles without affecting the integral components of the cross-linked 

structure of the polymer. This resulted in the uniform dispersion of the Ag nanoparticles in the 

polymer matrix and prevented surface defects in the polymer matrix. Consequently, the resulting 

nanocomposite membrane showed high salt rejection as well as improved antibacterial and 

antiadhesive properties compared with the analogous polymeric membrane.59 

2.2.2. Porous Nanofillers 

Generally, the polymeric part of a nanocomposite membrane is densely packed, which often 

makes the polymeric structure less permeable. An introduction of the free-space volume in the form 

of nanofillers can promote a short flow pathway and less resistance to the feed solution, yielding 

improved permeability of the polymeric structure of the nanocomposite membranes. Materials such 

as zeolites, MOFs, COFs, and POPs are well-known for their porous and well-defined crystalline 

structures, except POPs, which are amorphous. Because these porous materials present an ordered 

structure and distinct pores and channels, their addition as nanofillers in nanocomposite materials 

can easily offer the free-space volume to the densely packed polymeric structure. Accordingly, the 

least solvent-resistance pathway and an increased mass transfer rate can be easily achieved in the 

separation performance of the resulting nanocomposite membranes. For example, pore-filled and 

pore-opened zeolite-loaded–modified nanocomposite membranes have been investigated for 

improved permeability performance.13 The nanocomposite membranes comprising pore-opened 

nanofillers were more efficient and achieved higher permeability than those comprising pore-filled 

zeolite nanofillers. Because of this, in addition to the hydrophilicity and surface charge, the porous 

nature of nanofiller materials plays a critical role in the permeability performance of the resulting 

nanocomposite membranes. 

Pore architecture is another essential factor for enhancing membrane permeability. For example, 

nanofillers with a one-dimensional structure, such as CNTs and carbon-based materials, often provide 

straight transport channels and short transfer pathways. However, owing to the random orientation 

of such nanofillers in the polymer matrix, the pores are not well interconnected in the membrane. 

Consequently, a restricted transfer pathway is created, which can compromise membrane selectivity. 

Moreover, porous materials, such as MOFs, COFs, zeolites, POPs, and polymers of intrinsic 

microporosity (PIMs), present well-defined pores and interconnected channels. Gas molecules or ions 

can easily pass through short transfer pathways created by the interconnected pore channels of such 

nanofillers.60,61 

Pore size is another key characteristic in tailoring the permeability of nanocomposite membranes. 

Depending on the pore diameter, the free-space volume provided by nanofillers to the polymer matrix 

can be modified. In particular, nanofillers with a large pore size facilitate faster mass transfer than 

densely packed polymer layers.62 Most porous materials, such as MOFs and zeolites, afford 

microporous and mesoporous structures. Microporous MOFs are more interesting than mesoporous 

MOFs because the small micropores generate a pathway highly suitable for steric exclusions (i.e., 

selective solute rejection from the feed solution). For example, the pore diameter of UiO-66 is 

approximately 0.61 nm, greater than the diameter of water molecules (~0.28 nm), which leads to high 

water permeability through the nanofillers. Alternatively, the larger diameter of hydrated metal ions, 

such as Mg2+ (0.86 nm), SO4
2− (0.76 nm), and Ca2+ (0.82 nm), than the MOF pore width facilitate better 

salt rejection of the resulting nanocomposite membranes. 
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MOFs and zeolites are often hindered by their poor dispersion and interfacial defects when mixed 

in polymer matrices. Consequently, the resulting nanocomposite membranes present poor separation 

performance. Porous metal–organic molecular cages are interesting porous materials that can 

alleviate such limitations owing to their good dispersion and integrity in polymer matrices.63,64 For 

example, Zhang et al.64 introduced an Fe cage in a PA matrix. The resulting nanocomposite membrane 

showed water flux three times higher than that achieved by the pristine PA membrane. Further, an 

improvement in the membrane antifouling property was observed owing to the high hydrophilicity 

and smooth surface morphology imparted by the Fe cage to the membrane surface. 

2.2.3. Laminated Nanofillers 

Laminated nanofillers are 2D in nature, with a well-defined distance between two adjacent layers 

of the materials. The interlayers often stack over each other in a slipped or eclipsed conformation. 

Among them, carbon-based nanofillers (e.g., GOs and CNTs) are widely used. With an interlayer 

distance of 0.86 nm, water molecules easily slide through stacked layers with low resistance offered 

by the nanofiller multilayer structure.65 The interlayer distance can be regulated by incorporating 

guest ions or external stimuli, highly desirable for potential membrane separation applications.66 

To serve as nanofillers, MXene nanosheets with a rigid double-layered structure are preferred 

over GO-based materials. MXenes possess high chemical stability, indicating a robust and regular 

interlayer channel structure. Because of this, MXene nanofiller-based nanocomposite membranes 

exhibit high water separation permeability, competitively better than those of other types of lamellar 

membranes (e.g., GO, WS2, and MOS2),67,68 highlighting the importance of regular and well-oriented 

transport channels for improved separation performance of nanocomposite membranes. Other types 

of laminated materials, such as clays, graphite-like C3N4, 2D MOFs, and COFs, used as nanofillers show 

considerable improvement in membrane separation performance.31 In particular, the pore design 

engineering of MOF and COF nanosheets facilitates a rapid mass transfer pathway while maintaining 

the selectivity of the nanocomposite membranes.35,69 

2.2.4. Natural and Synthetic Nanofillers 

Aquaporins (AQPs) belong to the family of intrinsic membrane proteins that selectively allow the 

movement of water with the selective rejection of ions, leading to high permeability across cell 

membranes. Tang et al.70 introduced AQPs as nanofillers in a polymer matrix of biomimetic 

nanocomposite membranes for the first time. The nanocomposite membranes exhibited excellent salt 

rejection with approximately 40% higher permeability than other commercial BW30 and SW30HR 

membranes in RO membrane separation performance. Subsequently, artificial water channels 

(AWCs), an artificial analog of AQPs, were developed to mimic the separation performance. Some 

advantages of AWCs are stability, bulk synthesis, and high functional density when molded in 2D 

membrane forms.71 The rational incorporation of AWCs as nanofillers in polymer matrices in the 

presence of hexylureido-ethyl-imidazole facilitated the formation of sponge-like superstructures.72 

Under RO desalination investigations, the prepared AWC-based nanocomposite materials achieved 

>99% salt rejection with high water flux, 75% higher than those achieved by other commercial 

membranes. 
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2.3. Nanocomposite Compatibility 

Owing to the high surface-to-volume ratio of nanocomposites, they have become the first choice 

as nanofillers in the preparation of high-performance nanocomposite membranes. This is likely 

attributed to the high chemical and mechanical stabilities during long-running separation, 

prefunctionalization, and postfunctionalization of nanofillers for structure modification, enhancing 

antifouling and antiadhesive properties, increasing the mass transfer rate, and facilitating short 

transfer pathways. Advancing the compatibility of nanofillers for their integration in polymer matrices 

helps improve the permeability and ion rejection performance of nanocomposite membranes. 

Petroleum-based polymers are used in almost every aspect of our daily life. PP, polyethylene, and 

polystyrene are common synthetic polymers encountered in day-to-day life. They originate from 

petroleum-based resources and are well-known for their distinct features, such as good chemical 

stability, high strength, low-cost production, high tensile strength, and good foldability. Despite their 

usefulness, synthetic polymers are limited by their low biodegradability, high toxicity, low recyclability, 

and low reusability. Synthetic polymers have been widely used in the fabrication of nanocomposites. 

However, the rapid advancement of nanocomposite materials has resulted in various issues. For 

example, owing to nonrenewable petroleum-based origin, the decomposition process of petroleum-

based nanocomposites is time consuming, which is a severe environmental issue that must be 

overcome. Accordingly, bio-based, cost-effective, ecofriendly, and sustainable alternatives are being 

sought. An immediate solution to this problem is to prepare nanocomposite constituents using 

biorenewable resources. By doing this, the nanocomposite materials can be developed in an 

ecofriendly and sustainable manner. However, there are some risks associated with the release of 

nanocomposites to the environment during production, use, and discarding. By making 

nanocomposites sustainable in nature, a negative impact of such materials on the natural 

environment can be effectively alleviated.73 The potentials of the resulting nanocomposites can be 

explored in various applications, such as separation, sensing, optics, and storage. Research on the 

synthesis of nanocomposite materials using biorenewable resources has gained tremendous progress 

owing to their ecofriendliness, bio-based origin, nontoxicity, stability, and biodegradability. 

Natural biopolymers, such as starch, chitosan, cellulose, lignin, natural rubber, cyclodextrin (CD), 

vegetable oils, and polysaccharides, are biodegradable, biorenewable, ecofriendly, compostable, and 

biocompatible, making them highly suitable as sources of biorenewable nanocomposite materials.74 

However, these biopolymers are unexplored owing to their limitations of poor durability, mechanical 

and thermal stabilities, and low chemical stability in long-run experiments, ultimately restricting their 

wide applications. To mitigate such limitations, various techniques have been developed to enhance 

mechanical features, such as tensile strength, flexibility, and stability, while preparing biorenewable 

nanocomposites. In this direction, blending nanocomposites with natural and artificial polymers is a 

widely adopted approach for prepared bio-based nanocomposites (nanobiocomposites). 

Chitosan and cellulose are the two most suitable potential natural polymers for use as a matrix in 

the fabrication of nanocomposites.75 For example, Baytekin et al. demonstrated a sustainable in situ 

generated radials-mediated preparation of sustainable cellulose-metal nanoparticle–based 

nanocomposites for improved electrical surface conductivity.76 The replacement of petroleum-based 

materials with biorenewable nanocomposite materials is highly demanded. From the application 

perspective, biorenewable nanocomposites have wide usage prospects in various industrial 

applications (e.g., drug delivery, energy storage, electronics, food packaging, and biomedical 

treatment). 
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2.4. Biorenewable Resources 

The biorenewable nanocomposites can be classified into three categories: renewal additive-

based, biopolymer matrix-based, and renewal additive and biopolymer matrix containing 

nanocomposites. 

Cellulose, starch, hyaluronic acid, beta CDs (β-CDs), chitosan, collagen proteins, and lignin are 

examples of biorenewable resources highly suitable for nanocomposite synthesis.  

Cellulose is the major constituent of lignocelluloses. The cellulose structure contains D-

glucopyranose units interlinked via glycosidic bonds. The presence of the hydroxyl group governs the 

hydrogen-bonding interactions essential for the molecular packing of a crystalline form. Cellulose is 

susceptible to acid hydrolysis. Cellulose can be easily decomposed into nanoparticles/fibers via a 

chemical/mechanical exfoliation method.77 Cellulose can be transformed into microfibrils via repeated 

multiple mechanical shearing processes. Microfibrillated cellulose is a relevant material from the 

perspective of altering the performance of the material and can function as a precursor in the 

fabrication of other valuable products. 

Starch is a plant-originated natural biopolymer mainly extracted from potatoes, corn, and other 

cereal plants. Amylose and amylopectin are the main polymeric constituents of starch. The chemical 

structure of starch comprises two phases: an amorphous phase, created by the amylose chain and 

amylopectin branching nodes, and a semicrystalline phase, consisting of amylopectin side chains. 

Owing to the existence of extended intermolecular hydrogen-bonding interactions between the 

amylopectin side chains, the structure is densely packed, affording a high melting point and thermal 

stability. The level of water content in starch affects the properties of starch derivatives. The presence 

of a high water content in starch can disintegrate its structure on a large scale.78 As such, the 

preparation of nanocomposites from starch occasionally requires structural modification. Low-volatile 

plasticizers, such as glycerol or sorbitol, are often introduced to alter the chemical structure of starch. 

Owing to their low molecular weight, they can easily penetrate the amylopectin structure and enhance 

the structure’s free volume content in a more controlled manner.79 Starch has gained enormous 

interest because of its economic, abundant, biodegradable, biocompatible, ecofriendly, and bio-based 

nature.80 Different strategies, such as acid hydrolysis, regeneration, and precipitation, have been 

employed to prepare starch nanoparticles with high crystallinity and different shapes.80,81 Most starch-

based nanocomposites are related to cellulose and involve the use of glycerol as a plasticizer.82 Starch 

is generally used as a matrix in the preparation of composite materials. 

Chitosan is a natural polysaccharide derived from chitin. Chitin is found in abundance in shells of 

invertebrate organisms (e.g., mollusks, crabs, and shrimp). The chemical structure of chitosan contains 

free amine groups; these amine groups can be easily functionalized with suitable functional moieties 

to provide access to alter the characteristic properties in the resulting polymer structure. Unlike chitin, 

chitosan is highly soluble in water and acidic media. Both chitin and chitosan are nontoxic, 

biodegradable, ecofriendly, as well as chemically and mechanically stable. Additionally, chitosan has 

other biological properties, including antibacterial, antifungal, and analgesic properties, suggesting its 

potential in biomedical applications. Chitosan has been widely employed in the biomedical field, 

including drug delivery, sensing, wound covering, and tissue engineering. In tissue regeneration, new 

tissues implanted in the body are highly susceptible to infection, indicating susceptibility to tissue 

damage. Owing to the antimicrobial or antifungal properties of chitosan, chitin-based nanocomposites 

can effectively eliminate any possible tissue damage during tissue regeneration. 
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Vegetable oils are cheap sources widely used in the preparation of nanocomposites. Composites 

and polymers are prepared using either unsaturated oils or fatty acids. The level of unsaturated double 

bonds in the vegetable oil sources is crucial for preparing composites and polymers. The polymers 

synthesized from oils often involve the epoxidation or acylation of the double bond present in the 

structure. The epoxidation of olefins can be performed in a greener way through using sustainable 

and ecofriendly heterogeneous catalysts.83 Composites of several polyesters, polyurethanes (PUs), 

polyolefins, or resins produced from vegetable oils are widely employed in many applications. 

Alginate is a biocompatible water-soluble polysaccharide extracted from brown seaweed. The 

main components of alginate are 1β-d-mannuronic acid (M) and α-l-guluronic acid (G). The 

characteristic properties of the material vary based on the M and G units. Owing to the hydrophilic 

nature of alginate, it easily forms hydrogels in the presence of divalent ions (e.g., Ca2+ ions), so it can 

entrap large amounts of water. Alginate fibers can be transformed into different products, such as 

woven and nonwoven fabrics. Because of their water retention capacity and porous structure, 

alginates have been widely employed in biomedical applications, such as wound dressing. Alginate is 

rarely used for preparing nanocomposites; however, the preparation of nanosized alginate gels using 

aqueous polymer dispersion has been reported.84 

2.5. Processing Methods 

Various industries engaged in the production of polymers often consume large amounts of energy, 

generate waste and toxic waste, and add to accumulation in landfills. In such scenario it is highly 

recommended to introduce awareness of green chemistry in industrial processes. Fortunately, many 

polymer industries have already designed and transformed the industrial process into safer and 

cleaner green processes using green engineering technology.85 Different synthetic methods for 

preparing common nanocomposites using petroleum-based sources are equally effective in the 

preparation of nanocomposites using biorenewable resources. Several new methods, such as fiber 

electrospinning and nanofiber dispersion, have been proposed for nanocomposite synthesis using 

biorenewable resources. Early methods developed for preparing nanocomposites using biorenewable 

resources, such as chitosan, starch, and cellulose, are based on the alteration of the chemical 

structures for the nanocomposite compatibility with the polymer matrix. Thus, fundamental 

properties, such as biodegradability, biocompatibility, and ease of processing, related to these 

biopolymers are inherited by the prepared nanocomposites. In this section, we discuss different 

processing methods for preparing nanocomposites using biorenewable resources. 

2.5.1. Direct Mixing 

Direct mixing is a simple and cost-effective method for synthesizing nanocomposites on a bulk 

scale. In this method, already prepared polymers and nanomaterials are directly mixed using different 

processes. For example, a magnetic chitosan/GO nanocomposite was fabricated by direct mixing, and 

the resulting nanocomposite was stable and showed excellent adsorption of lead ions.86 

The quality of the prepared nanocomposite is governed by the behavior of the nanoparticles. 

When mixing the nanoparticles in the polymer matrix, nanoparticles show a high tendency to form 

aggregates, which could lead to a nonhomogeneous dispersion of nanofillers inside the polymer 

matrix. The agglomeration of nanoparticles can be prevented using three techniques87: 

1. Surface functionalization/chemical treatment of polymers or nanomaterials; 
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2. Modification of reaction parameters, such as temperature, time, mixing parameters, and 

reactor configuration; and 

3. Use of a dispersant or compatibilizer as an additive in the polymer matrix. 

Nanofillers can be directly mixed in the polymer matrix using different techniques, as explained 

hereafter. 

Thermal blending is a solvent-free mixing method, where the polymers and nanomaterials are 

blended by heating. The obtained composite is then subjected to molding, and additives are 

introduced only in the molten state, leading to a thermal motion in the polymer matrix, which 

transforms the molten liquid into a layered material. The layered material is an intercalated or 

exfoliated polymer nanocomposite. Bao et al.88 prepared graphene using graphite by oxidation and 

reduction under pressure and then dispersed the graphene into a biorenewable poly(lactic acid) (PLA) 

using a thermal blending process (Figure 3). The obtained nanocomposite exhibited high crystallinity, 

mechanical strength, and conductive and fire-resistant properties. However, owing to the sheet 

morphology of graphene, fewer chemical interactions were observed in the polymer matrix. 

Consequently, the mechanical strength of the obtained nanocomposite was unsatisfactory. 

 

Figure 3. Schematic of the preparation of graphene using graphite and PLA/graphene 

nanocomposites using a thermal combination process.88 Adapted and reprinted with permission from 

ref 88. Copyright 2012 by The Royal Society of Chemistry. 

Owing to solvent-free mixing, this method is cost effective and highly compatible with industrial 

processes, such as extrusion and injection molding. However, the major concern associated with this 

method is the disintegration of the nanocomposite structure under high temperatures.89 

2.5.2. Solution Processing 

The solution processing method involves the mixing of constituents at the molecular level and is 

widely used in nanocomposite preparations.89 It involves the dispersion of nanomaterials and the 

dissolution of the polymer matrix in the same solvent system. The solvent facilitates polymer chains 

to gain access to spaces between the nanomaterial sheets for intercalation. For nanocomposite 

preparations, first, the nanomaterial is dispersed in the solvent; then, the polymer dissolved in the 

same solvent system is blended with this dispersive solution. Thereafter, the solvent is evaporated to 

form the nanocomposite. For example, Ni/Fe nanoparticles were dispersed in an ethanol/acetone 

solvent system.90 This dispersion was then blended using a cellulose acetate (CA) solution prepared in 

the acetone solvent. Next, the mixture was cast into a nanocomposite membrane, which was further 
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employed for eliminating trichloroethylene contaminants from a water sample. Interestingly, the 

polymer chains that intercalated between the nanomaterial sheets remained intact. 

This method is suitable for water-soluble polymers. However, owing to the use of a large quantity 

of toxic organic solvents for synthesis, this process is expensive and less ecofriendly. 

2.5.3. Sol–Gel Process 

The sol–gel process is a well-known method employed in the preparation of ceramic materials and 

inorganic compounds. Mild reaction conditions, such as low temperatures and pressures, are used in 

this method. In this method, functionalized polymers are used to enhance their bonding with the 

ceramic phase to produce high-performance nanocomposites.91 The process is often performed in two 

steps; the first step involves the hydrolysis of a metal oxide, and the second step involves the 

polycondensation reaction. SiO2, TiO2, and ZnO are examples of metal oxide nanoparticles commonly 

used as additives in the preparation of nanocomposites using renewable resources. The moisture 

resistance and high cost requirements of metal alkoxides are some reasons for the limited applicability 

of this method. 

2.5.4. Template Synthesis 

In template synthesis, inorganic materials are prepared in either an aqueous solution or a gel 

phase. After mixing, the polymer chains intercalate between inorganic nanomaterial sheets to form 

nanocomposite polymers. This method is highly suitable for synthesizing double-layered 

nanocomposites. Iketani et al.92 prepared photocatalytic TiO2/poly(dimethylsiloxane) nanocomposite 

films using the template synthesis method. First, a TiO2/poly(dimethylsiloxane) solution was prepared. 

Next, the solution was spin coated on a poly(methylmethacrylate) substrate. The resulting 

nanocomposite was investigated for the photocatalytic activity of the decay of methylene blue (MB) 

and acetaldehyde. As mentioned before, high-temperature conditions often induce the agglomeration 

of nanoparticles, deteriorating the polymer structure, making this method unsuitable for preparing 

polymer nanocomposites. 

2.5.5. Electrospinning 

Electrospinning is a very simple, easy-to-process, efficient, reliable, economic, rapid, and versatile 

method for forming nanofibers of different polymers.93,94 The nanofibrous composites afford a high 

aspect ratio, surface area/volume ratio, pore size distribution, and flexibility. Because of such 

distinctive features, the nanocomposite fibers have found potential applications in drug delivery, 

separation, OSN, wound dressings, and so forth. The diameter of the electrospun nanocomposite 

fibers may vary, ranging from micrometers to nanometers, and can be easily controlled. 

The electrospinning assembly of nanocomposite fibers comprises three parts: a high-voltage 

source, an injector, and a collector (Figure 4). First, a composite polymer solution is prepared by 

blending a polymer solution and a composite dispersed in the same solvent system. To eliminate 

defect formation during electrospinning, the solution is either sonicated or stirred to remove the air 

bubbles in the matrix. Then, the solution is transferred into the injector syringe. An application of high 

voltage at one end connected to the syringe results in the generation of an electrically charged jet of 

the composite solution. The collector connected to the other end of the voltage supply forms a closed 
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circuit. Owing to high-voltage applications, an electric field is generated between the syringe and 

collector. Consequently, the surface of the droplets formed by the voltage gradient is charged. 

Thereafter, these charged droplets are ejected from the syringe and collected at the other end. After 

ejection, the solvent evaporates, which forms fibers at the collector end. 

The surface morphology of the nanocomposite fibers can be controlled using the following 

parameters: 

1. Solution properties, such as viscosity, surface tension, and concentration; 

2. Polymer properties, such as the conformation of side chains;  

3. Voltage value; and 

4. Separation of the spinneret and collector. 

Fibers fabricated via electrospinning have been used in separation and adsorption applications. In 

this context, PAN/ polyethylene terephthalate nanocomposite fibers are spun and used for filtration 

application. The prepared fibers show higher solvent flux than commercially available materials and 

are effective in eliminating bacterial and microsized particles.95 

 

Figure 4. Illustration of electrospinning fibers of intrinsically microporous polyimides.94 Adapted and 

reprinted with permission from ref 94. Copyright 2020 by The Royal Society of Chemistry. 

2.5.6. In Situ Polymerization 

In situ polymerization is based on the polymerization of monomers in the presence of additives 

dispersed in the polymer matrix. Cellulose, starch, chitin, and lignin are examples of common 

biopolymers introduced as renewable additives for the polymerization reaction of organic monomers. 

This process can be transformed into an ecofriendly and sustainable technique by employing 

biomonomers for the polymerization reaction. For example, carbon-based nanomaterials, such as 

CNTs, GOs, and clays, can be introduced as additives in the polymerization of terpenes and terpenoids 

to form biorenewable nanocomposites. Another method for the preparation of biorenewable 

nanocomposites is the functionalization of the olefinic bond of vegetable oils in the presence of 
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common additives. During in situ polymerization, the agglomeration of nanofillers is maintained at a 

low level, which is an advantage of this technique. 

2.5.7. Extruder Mixing 

This technique is widely used in the preparation of nanocomposites using thermoplastic polymers, 

which are difficult to prepare using in situ polymerization or solution casting techniques. In this 

technique, the raw material is first melted at a high temperature, followed by the addition of 

nanofillers. Then, the molten mass is subjected to pass through a dual-screw or multiscrew extruder 

pathway for homogeneous mixing and finally allowed to pass through the outlet. The injection 

molding process is another form of extruder mixing for preparing nanocomposites. For example, 

Paglicawan et al.96 prepared an abaca fiber–PP nanocomposite. In the process, the abaca fibers were 

first mixed with PP in a high-speed mixer and then dried at a high temperature. The obtained material 

was then heated to approximately the melting temperature of PP. Next, the formed agglomerates 

were cooled to room temperature using cold water and then dried at 80 °C in an oven. For 

nanocomposite preparation, the agglomerates were again heated to 150–180 °C and subjected to 

injection molding at a certain pressure. Unsaturated polyesters, PPs, polyvinylesters, resins, and some 

other polymers are often used for the nanocomposite preparation. Among the merits of this 

technique, it is highly suitable for large-scale nanocomposite fabrication. 

2.5.8. Hand Lay-Up Technique 

The hand lay-up technique is a conventional method for preparing nanocomposites using 

renewable resources (Figure 5a). It is a simple, cost-effective, and common technique for 

manufacturing nanocomposites on a large scale (e.g., boat bodies). It is widely used for preparing 

reinforcement fiberglass nanocomposites containing fiberglass blended with the polyester matrix.97,98  

 

Figure 5. Illustration of (a) hand lay-up and (b) spray-up techniques for nanocomposite preparation. 

For preparing nanocomposites, a preformed mold is first coated with an antiadhesive gel to 

prevent the adhesion of the nanocomposite material when applied to the mold surface. Next, a 

mixture of liquid matrix resins containing a catalyst and reinforcement fibers is applied to the mold. 

Thereafter, the mixture is uniformly distributed on the mold surface to form a nanocomposite layer 

using a roller or brush. The thickness of the nanocomposite layer can be easily controlled by regulating 

the number of reinforcement fiber layers applied during the process. The next step involves curing the 

prepared nanocomposite, which is usually performed at room temperature. In this method, 

nanocomposites can be prepared using biorenewable resources with 30% additive loadings. However, 

air bubbles are usually trapped inside the polymer matrix during the casting process. This technique 

is limited by low additive loadings and defect formations. 
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2.5.9. Spray-Up Technique 

The spray-up technique is similar to the hand lay-up technique (Figure 5b). In the first step, an 

antiadhesive gel is applied to the mold surface for the easy removal of nanocomposites from the mold. 

Thin polymer sheets are used to achieve a good surface finish. Using a pressurized spray gun, a mixture 

of resin, catalyst, and reinforcement fibers is uniformly applied on the mold surface. Further, a 

nanocomposite-coated surface is rolled using a roller. In this way, the air bubbles trapped inside the 

polymer matrix are eliminated. Then, the nanocomposite is cured at room temperature. Finally, after 

curing, the nanocomposite material is manually removed from the mold, ready for further use. 

For preparing ecofriendly and sustainable nanocomposites, conventional synthetic resins can be 

replaced with resins fabricated using biorenewable resources, such as lignins and vegetable oils, 

where fibers, nanoparticles, nanosheets, or fabrics can be used as reinforcement materials. 

2.5.10. Resin Grafting 

In resin grafting, the mold surface is first covered with a nonstick material for the easy removal of 

the final nanocomposite materials.99 Next, a reinforcement fiber mat or sheet is used to form a layer 

over the mold surface. Then, the mold is closed. Thereafter, a molten mass of resins loaded with a 

catalyst is used to fill the mold under pressure. After performing curing at room temperature, the 

mold is opened and the final nanocomposite material is manually removed from the surface. Some 

merits of this technique are high productivity, improved material quality and consistency because of 

good process control, and improved dimensional tolerance. 

3. Fabrication Methods of Conventional Nanocomposite Membranes 

The preparation of biorenewable nanocomposite membranes has received tremendous attention. 

Nanocomposite membranes are typically prepared by incorporating nanofillers in a polymer matrix to 

impart them with a good separation performance, enhanced physicochemical properties, such as 

mechanical and chemical stabilities, an antifouling tendency, hydrophobicity, and porosity. 

Biorenewable nanocomposite membranes can be prepared using the conventional method used for 

preparing nanocomposite membranes, such as phase inversion (PI), electrospinning, IP and dip-

coating, self-assembly, layer-by-layer (LbL) assembly, and chemical grafting (Figure 6).100–102 The 

selection of these methods depends on the type of polymer and the desired membrane structure. The 

PI and electrospinning methods are commonly used for preparing conventional nanocomposite 

membranes composed of a single polymer in which the nanoparticles are dispersed. Moreover, thin-

film nanocomposite (TFN) membranes, which typically comprise a thin top layer and a porous sublayer 

of two different polymers, can be prepared using in situ IP and dip-coating methods. The self-

assembly, LbL assembly, and chemical grafting methods are typically used for attaching nanofillers on 

the top surface of membranes to produce surface-located nanocomposite membranes. 
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Figure 6. Common methods for fabricating nanocomposite membranes. 

3.1. Phase Inversion 

Phase inversion has been widely used for synthesizing polymeric membranes because it is simple 

and cost-effective and can be easily scaled up. In this method, a membrane is prepared using the 

demixing process of a homogeneous dope solution of the polymer matrix and the nanofiller.103,104 

During the demixing process, the homogeneous dope solution becomes thermodynamically unstable 

and is separated into two phases: the polymer/filler-rich and polymer/filler-lean phases. In the 

polymer/filler-rich phase, the polymer nuclei start to form and grow (containing the nanofiller), 

resulting in the formation of the nanocomposite membrane.104,105 Based on the demixing technique, 

this method can be classified into thermally, evaporation-, vapor-, and nonsolvent-induced phase 

inversion techniques. The nonsolvent-induced phase inversion (immersion precipitation) is the most 

widely used technique for preparing polymeric nanocomposite membranes.100,104 In this technique, 

the homogeneous dope solution of the polymer matrix and nanofiller is prepared using one of the 

following methods (Figure 7): 

1. Addition of a polymer to a uniform nanofiller suspension prepared by the dispersion and mixing 

of the nanofillers in a suitable polymer solvent (Figure 7a); 
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2. Addition of the nanofillers to a homogeneous polymer solution prepared by dissolving the 

polymer in a suitable solvent (Figure 7b); or 

3. Mixing of a uniform suspension of nanofillers with a homogeneous polymer solution, which is 

prepared separately (Figure 7c). 

The first and third methods are more common because they minimize the agglomeration of the 

nanofillers with high surface energy and ensure their uniform distribution in the dope solution owing 

to the low viscosity of the nanofiller suspension.46,106 Agglomeration of the nanofillers is considered 

one of the main challenges during membrane preparation, which could result in defect formations 

and affect the resulting membrane performance. Agglomeration typically occurs because of the 

sedimentation of the nanofiller particles owing to their high density compared with that of the 

polymer, which is very common in the case of a high nanofiller loading. 

In the nonsolvent-induced phase inversion, the homogeneous dope solution is cast using a doctor 

blade on a porous support to impart the membrane with mechanical stability (Figure 8). The 

membrane is soaked in a coagulation bath containing the nonsolvent. After soaking, a simultaneous 

mutual diffusion between the solvent and nonsolvent occurs, resulting in the demixing process; hence, 

the polymer is solidified and the membrane is formed. The membrane formed using this process 

shows an asymmetric structure with a dense top layer on a porous sublayer. The thickness of the top 

layer depends on the pre-evaporation time before the film is immersed in the coagulation bath. The 

porous structure of the sublayer is considerably influenced by the mutual interaction between the 

solvent and nonsolvent. When the affinity is high between the solvent and nonsolvent, a finger-like 

structure is observed, whereas a sponge-like structure is obtained when the affinity between the 

solvent and nonsolvent is low. 
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Figure 7. Different methods for preparing a polymer/nanofiller dope solution.101 Adapted and 

reprinted with permission from ref 101. Copyright 2018 by Elsevier.  
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Figure 8. Principle of the phase inversion method for preparing flat-sheet and hollow-fiber 

nanocomposite membranes.   

Several studies have reported the use of phase inversion for fabricating nanocomposite 

membranes.107 Arockiasamy et al.108 prepared a hollow-fiber nanocomposite membrane using the 

phase inversion method by incorporating TiO2 in a sulfonated polyphenylsulfone polymer solution. 

The resulting membrane showed enhanced mechanical and thermal stabilities as well as improved 

water permeability. Similar results were observed by Ebert et al.109 during the preparation of 

nanocomposite membranes by adding titanium dioxide nanoparticles in a PVDF casting solution. 

Kamtsikakis et al.110 prepared cellulose nanofibers (CNFs) with polystyrene-block-polybutadiene-

block-polystyrene membranes using the evaporation-induced phase inversion method. The addition 

of CNFs enhanced the mechanical properties of the nanocomposite membrane and increased its water 

permeability and sorption; however, the separation factor of the ethanol/water mixture in the PV 

process deteriorated. Li et al.111 prepared high flux nanocomposite membranes using the nonsolvent-

induced phase inversion method by introducing CNFs into the CA polymer matrix. In another study, 

Yan et al.112 prepared nanocomposite membranes using the phase inversion method by introducing 

alumina nanoparticles in a PDVF dope solution. The addition of alumina resulted in improved water 

permeability, hydrophobicity, and mechanical properties as well as reduced fouling tendency. 

Worthley et al.113 incorporated polyhedral oligomeric silsesquioxane into a 25 wt % CA solution to 

prepare nanocomposite membranes using the nonsolvent induced phase separation (NIPS), yielding 

improved membrane hydrophobicity, mechanical stability, and water flux. Furthermore, Zinadini et 

al.114 fabricated GO-incorporated polyethersulfone (PES) nanocomposite membranes using the phase 

inversion method induced by immersion precipitation. The prepared membrane exhibited improved 

water flux, rejection, and hydrophobicity. A similar study was conducted by Zhao et al.115 to prepare 

polysulfone (PSF) nanocomposite UF membranes embedded with isocyanate-treated GO using the 

classical phase inversion method. The addition of isocyanate-treated GO improved the antifouling 

property and hydrophobicity of the membranes. Majeed et al.116 prepared nanocomposite UF 

membranes using the NIPS from a PAN polymer solution blended with hydroxyl functionalized 

multiwalled CNTs (MWCNTs). The hydrophobicity, water flux, and compaction resistance of the 

fabricated membranes improved after the addition of MWCNTs. Liu et al.117 fabricated nanocomposite 

membranes using the evaporation-induced phase inversion method by incorporating CNFs and SiO2 
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nanoparticles (NPs) into carboxymethyl cellulose. The as-prepared nanocomposite membranes 

showed excellent thermal stability and flame-retardant properties. Kim et al.118 prepared 

nanocomposite membranes by incorporating acid-treated MWCNTs into PSF using the phase inversion 

method. The resulting membranes showed improved hydrophobicity, rejection of hydrophobic 

molecules, water flux, and fouling resistance. 

3.2. Electrospinning 

Electrospinning is a versatile membrane fabrication technique commonly used for preparing 

porous membranes for various applications, such as water treatment and desalination.119,120 This 

method involves the application of a high voltage between the homogeneous polymer/nanofiller dope 

solution, which is prepared using one of the aforementioned methods (Section 2.5.5) and a ground 

collector.121 After supplying high-voltage power, the polymer dope solution becomes charged and 

ejected from the spinneret in the form of an ultrathin liquid jet, which is deposited on the ground 

collector as fibers with diameters ranging between 100 nm and a few micrometers (Figure 9). 

Compared with other fabrication techniques, electrospinning is characterized by its relatively low 

production cost, simplicity, efficiency, adaptability, and controlled membrane porosity by varying the 

fiber diameter.120,122,123 Several factors influence the electrospinning process, including the physical 

properties of the polymer solution (viscosity, conductivity, elasticity, surface tension, and dielectric 

constant), environmental conditions (humidity, temperature, and air velocity), concentration and flow 

rate of the polymer solution, voltage intensity, geometry and diameter of the spinneret tip, and 

distance between the spinneret tip and ground electrode.120,124,125 

Several studies have reported the use of electrospinning for synthesizing nanocomposite 

membranes.126–131 Chou et al.132 prepared asymmetric CA hollow-fiber nanocomposite membranes 

loaded with silver nanoparticles by electrospinning. The membrane showed high antibacterial 

activities against Escherichia coli and Staphylococcus aureus. Elmarghany et al.133 prepared triple-layer 

nanocomposite membranes via electrospinning by incorporating CNTs into PES and polyvinylidene 

fluoride-co-hexafluoro propylene. The PES/CNTs formed the middle bulk layer of the membrane, 

whereas polyvinylidene fluoride-co-hexafluoro propylene/CNTs were coated on the outer and inner 

membrane surfaces. Hota et al.134 prepared electrospun fiber membranes of nylon-6 and 

poly(caprolactone) impregnated with boehmite nanoparticles. The membranes were tested in a Cd 

aqueous solution, showing an outstanding capacity of Cd ions. In a similar study, Pant et al.135 

successfully prepared electrospun nanocomposite membranes by incorporating titania nanoparticles 

into a nylon-6 polymer solution. The addition of titania nanoparticles improved the mechanical, 

antifouling, antimicrobial, and UV-blocking capabilities of the nanocomposite membranes. Prince et 

al.136 introduced clay nanoparticles in electrospun PVDF nanofiber membranes, achieving improved 

hydrophobicity and increased melting point of the membranes, which presents a potential for direct 

contact membrane distillation applications. Moreover, Liao et al.126 fabricated bioinspired electrospun 

PVDF nanocomposite membranes by incorporating superhydrophobic SiO2 nanoparticles for direct 

contact membrane distillation. Homaeigohar et al.127 introduced zirconia nanoparticles into 

electrospun fibrous PES membranes to improve their mechanical and chemical properties. The 

prepared nanocomposite membranes showed improved water permeability and retention efficiency. 

Dasari et al.128 impregnated functionalized sepiolite nanoparticles into electrospun fibrous PLA 

membranes to enhance their antifouling properties. 
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Figure 9. Principle of electrospinning technique.137 Adapted and reprinted with permission from ref 

137. Copyright 2019 by Elsevier. 

3.3. Fabrication Methods of Thin-Film Nanocomposite Membranes 

3.3.1. Interfacial Polymerization 

IP is a widely used technique for fabricating thin-film composite (TFC) membranes. TFC 

membranes prepared using IP have been widely used for water desalination and wastewater 

treatment. Typically, TFC membranes comprise a very thin selective PA or polyester layer on the top 

of a porous support layer, which imparts the membrane with mechanical stability. The formation of 

this thin layer occurs by the instantaneous polycondensation reaction at the interface between two 

immiscible solvents, in which monomers are dissolved.138,139 Polyfunctional acyl chlorides, such as TMC 

and terephthaloyl chloride, are commonly used monomers dissolved in an organic phase, such as n-

hexane and n-heptane.140–145 Aqueous-phase monomers include polyamines and polyphenols, which 

are used to produce PA and polyester films.146–149 In this method, a porous support membrane is 

typically exposed to the aqueous solution containing the dissolved polyamine or polyphenol 

monomers to fill its pores. After a certain time, the excess solution and liquid droplets on the support 

surface are removed. Then, the support membrane saturated with the aqueous monomer is exposed 

to the nonaqueous solution containing the polyfunctional acyl chloride to initiate the polymerization 

reaction, which forms a thin selective layer (Figure 10). The formation of this thin film will hinder 

further diffusion of the monomers, which limits the polymerization reaction and selective film 

thickness.150 Several factors influence the quality and thickness of the film produced using IP, such as 

the reaction time, number of reactive functional groups in each monomer, and concentration of the 

monomers in the organic and aqueous phases.100 
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Figure 10. Principle of IP for fabricating TFN membranes. 

Several approaches have been proposed to improve the separation performance of TFC 

membranes. One of these approaches, which was triggered by the outstanding properties of 

conventional nanocomposite membranes and the development of novel nanoparticles, is the 

incorporation of nanofillers into the ultrathin film of the conventional TFC membranes to fabricate 

TFN membranes. TFN membranes are fabricated using the conventional IP method with the dispersion 

of nanofillers into either the organic or aqueous phase before starting the reaction (Figure 10). The 

fabrication of TFN membranes using IP has been reported in several studies. Cruz-Silva et al.151 

fabricated TFN PA membranes incorporated with CNFs using the IP of m-phenylenediamine and TMC. 

The CNF-PA nanocomposite membranes showed enhanced antifouling performance and improved 

chlorine resistance. Using IP, Kim et al.152 fabricated TFN membranes with a top film of PA 

incorporated with silver nanoparticles on a porous support of MWCNT-incorporated PSF prepared 

using the PI method. The nanocomposite membranes showed enhanced water permeability and 

hydrophilicity. Pendergast et al.153 incorporated zeolite nanoparticles into PA thin films synthesized 

via IP on top of a PSF/zeolite porous nanocomposite membrane. The addition of zeolite into the 

membrane increased the membrane hydrophilicity, water permeability, salt rejection, and 

compaction resistance. In a similar work, Lind et al.154 prepared a zeolite-incorporated PA TFN 

membrane via IP on the top of a PSF porous membrane. They found that small zeolite particles 

resulted in a considerable improvement in the membrane permeability, whereas larger particles 

enhanced the membrane surface properties. Wu et al.155 developed an improved IP process for 

preparing MWCNT-incorporated polyester nanocomposite membranes. The addition of MWCNTs 

imparted the membrane with high permeability and excellent selectivity. Park et al.156 improved the 

chlorine resistance of a PA RO membrane by incorporating MWCNTs into a PA layer prepared using 

IP. A similar study was conducted by Zhao et al.157 by incorporating carboxylic functionalized MWCNTs 

into a PA thin film via IP. 
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3.3.2. Dip-Coating 

Dip-coating is a simple and inexpensive method used for fabricating TFN membranes. The method 

involves dipping a support membrane into a polymer solution containing nanofillers prepared using 

the aforementioned methods (Figure 11). The film quality and thickness depend on many factors, 

including the solution viscosity as well as the direction, speed, and frequency of dipping the support 

membrane into the solution. Notably, one face of the support membrane is usually exposed to the 

polymer solution during the dipping process, whereas the other surface is covered. The use of the dip-

coating method for preparing TFN membranes is widely reported in the literature.158–161  

 

Figure 11. Principle of the dip-coating method for preparing TFN membranes.101 Adapted and 

reprinted with permission from ref 101. Copyright 2018 by Elsevier. 

3.4. Fabrication Methods of Surface-Located Nanocomposite Membranes 

3.4.1. Self-Assembly 

The self-assembly technique is a spontaneous process in which molecules and nanofillers 

rearrange themselves to form structured patterns and networks, induced by electrostatic and surface 

forces as well as chemical interactions between nanofillers and polymeric molecules.162,163 This 

method can also be used to incorporate nanofillers into the membrane matrix. It is widely used for 

incorporating inorganic nanofillers, such as TiO2,109 ZnO,164 and graphene, into nanocomposite 

membranes.165 

3.4.2. Layer-by-layer Assembly 

LbL assembly is a common method used for forming dense and compact thin layers using various 

organic and polymeric materials (Figure 12). In this process, organic and inorganic ultrathin film layers 

can be formed on various substrates via the physical/chemical complementary interactions of 

adsorbing species.166 These complementary interactions include electrostatic interactions, hydrogen 

bonding, covalent bonding, and charge transfer interactions.101 This method allows a rigorous control 

of the composition and thickness of the layers without altering the original membrane properties. The 

preparation of nanocomposite membranes using the LbL assembly method has been reported in 

several studies.167–169 Park et al.170 fabricated polyelectrolyte nanocomposite membranes 



27 

 

incorporated with MWCNT for water desalination using the LbL assembly method. The membranes 

showed improved mechanical strength and chlorine resistance. 

 

Figure 12. Preparation of surface-located nanocomposite membranes using the LbL assembly 

method, MPD is m-phenylenediamine.171 Adapted and reprinted with permission from ref 171. 

Copyright 2015 by the American Chemical Society. 

3.4.3. Chemical Grafting 

Chemical grafting is a process in which nanofillers are transformed into a continuous material by 

the chemical modification of the membrane surface using grafting agents with reactive end groups 

and compatibilizing long tails (Figure 13).172,173 Liang et al.174 grafted PVDF membranes with 

polymethyl methacrylate via plasma-induced graft copolymerization to provide sufficient hydroxyl 

groups to bind with amine-terminated SiO2 nanoparticles. The nanocomposite membranes showed 

improved wettability and antifouling performance. 
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Figure 13. Preparation of surface-located nanocomposite membranes via chemical grafting.174 MAA 

is methylacrylic acid. Adapted and reprinted with permission from ref 174. Copyright 2013 by the 

American Chemical Society. 

4. Separation Applications of Nanocomposite-Based Membranes from Biorenewable 

Resources 

Clean water is becoming more valuable with time, considering the increased population, 

economic boom, and climate change–imposed events, such as floods and wildfire, resulting in a lack 

of sanitation for more than 30% of the world’s population.175 Nanocomposites show remarkable 

physicochemical properties, such as antifouling properties, antibacterial properties, mechanical 

reinforcement, photodegradation, and flame retardancy, which can be exploited for developing 

membranes with advanced separation performance.176 For example, nanomaterials show a high 

surface-area-to-volume ratio, which increases the interactions between the nanomaterials and the 

polymer matrix, thereby affecting polymer chain packing, resulting in high permeance and excellent 

mechanical properties for the resulting membranes.  

Nanofibrous β-CDs have gained attention; these natural cyclic oligosaccharides show a unique 

corn shape with a hybrid feature of a hydrophilic exterior and a hydrophobic interior and exhibit the 

advantage of nanomaterials, such as a high surface-area-to-volume ratio. Topuz et al.177 developed a 

complex nanofibrous β-CD structure that is used for scavenging polycyclic aromatic hydrocarbons and 

textile dyes from wastewater with excellent reusability (Figure 14). Grafting β-CD and poly(acrylic acid) 

into GO nanocomposites improved the adsorption capacity for MB and safranine T, showing the 

potential to be used for developing nanocomposite membranes for textile dye removal.178 Ji et al.179 

and Cova et al.180 summarized studies on macrocycle-containing covalent polymer networks, including 
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CDs, for organic micropollutant removal in aqueous media. Furthermore, protein-based 

nanomaterials exhibit remarkable binding properties for removing heavy metals and radioactive 

materials; an example of these materials includes amyloid fibrils, which can be produced from whey 

(a byproduct obtained from the dairy industry). Zhang et al.181 developed carbon hybrid membranes 

comprising amyloid fibrils and ZrO2 nanomaterials (i.e., sizes of <10 nm) for removing fluoride (F−) from 

polluted water, which outperformed commercial activated carbon membranes. 

 

Figure 14. Illustration of the method for preparing hyper-cross-linked CD networks using a graphitic 

acid linker to scavenge polycyclic aromatic hydrocarbons and textile dyes from wastewater.177 

Adapted and reprinted with permission from ref 177. Copyright 2021 by Elsevier. 

Cellulose-based nanocomposite membranes have been researched vastly for water purification 

and environmental remediation applications (e.g., insecticides, pesticides, heavy metals, and dyes); 

owing to their hydrophilicity, polar functional groups, and a tailored surface area, they interact with 

contaminants and show high accessibility to the cellulose structure.182 CNCs have been identified using 

many terminologies depending on their morphology and structure, such as CNFs and bacterial 

cellulose.182 Further, lignin nanoparticles have been widely studied because of their inherent 

characteristics, such as thermal stability, wetting properties, and antibacterial and antifouling 

properties, as well as natural UV protection, depending on the source type and processing fabrication 

route. Cusola et al.183 developed renewable nanocomposite membranes by combining lignin particles 

and CNFs (Figure 15). The low loading of CNFs could hold the network structure and acted as an 

adhesive agent while preserving the raw properties of lignin. The prepared membranes were flexible 

with adequate mechanical properties and microfiltration performance. Moreover, nanocomposite 

membranes comprising lignin nanoparticles doped in cellulose triacetate were prepared using a vapor-

induced phase separation approach. The prepared membranes were successfully employed for 

groundwater treatment using real samples from Chihuahua in Mexico, which contained high 

concentrations of fluoride, arsenic, monovalent, and divalent ions (i.e., up to 35 and 54% rejection of 

anions and cations, respectively).184 Szekely et al. prepared sustainable nanocomposite hydrogels 
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from PIM-1, GO, and CA in green solvents.185 The nanocomposite hydrogels were demonstrated to 

efficiently remove neonicotinoid from contaminated groundwater and sustainable hydrogel 

regeneration via ultrasound maintaining high adsorption capacity. 

Cellulose and starch are suitable for developing nanocomposite membranes for wastewater 

purification with high dye removal efficiency (i.e., MB).186 Other types of carbon-based nanomaterials 

include carbon dots, which are carbon materials with a quasispherical shape and a size of 10 nm, such 

as carbonized polymer dots, carbon QDs, graphene QDs, and graphene oxide QDs.187 

 

Figure 15. Schematic of lignin particle–based membranes using CNFs as adhesive agents to maintain 

the superior inherent properties of lignin as well as achieve the flexibility to be molded into various 

shapes.183 Adapted and reprinted with permission from ref 183. Copyright 2019 by the American 

Chemical Society. 

Comparable to water purification, reducing greenhouse gases is crucial, particularly for the 

removal of CO2 and CH4 using membrane technology. CO2 capture using nanocomposites has shown 

promising high CO2/CH4 selectivity using nanocomposite membranes. Incorporating exfoliated porous 

silicate using a high-shear mixer (≤6 wt %) improves molecular sieving for gas separation by creating 

a highly tortuous transport path for large gas molecules (Figure 16). The prepared SiO2/CA 

nanocomposite membranes showed improved CO2 permeability while maintaining the CO2/CH4 

selectivity.188 Naghsh et al.189 showed improved gas separation performance of olefins and paraffins 

(i.e., ethane/ethylene and propane/propylene) by incorporating SiO2 nanoparticles into the CA 

polymer matrix. Moreover, CNCs increased CO2 permeability when added to the PVA polymer matrix; 

the resulting nanocomposite membranes achieved higher CO2/N2 selectivity than the pristine 

membrane. The separation performance achieved by the PVA/CNC membrane was comparable to 

those achieved by the PVA/CNT membranes, with the advantage of being biodegradable. The authors 

highlighted that the membrane separation performance depends on the size, uniformity of 

distribution, and surface charge of the nanocomposites.190 

Other niche applications have demonstrated great potential for the application of renewable 

nanocomposite membranes. For example, artificial photosynthesis is an emerging field for 

nanocomposite-based membranes for hydrogen production based on splitting of water into hydrogen 

and oxygen. Replacing petroleum-based polyols in PU using vegetable oil–based polyols is attractive 

owing to the vast applications of PU. Incorporated flame-retardant lignin-based polyols were 

investigated by Gao et al.191 to prepare rigid PU nanocomposites with flame-retardant and mechanical 

stabilities and free from halogen. 
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Figure 16. Schematic of improved molecular sieving of conventional nanocomposite membranes (a) 

by incorporating high aspect-ratio materials to prepare (b) a highly tortuous transport path of the 

specific gas molecule.188 Adapted and reprinted with permission from ref 188. Copyright 2013 by 

Elsevier. 

However, agglomeration is a serious challenge in the development of nanocomposite membranes 

because it can create stress concentration and defects, which negatively affect the properties of the 

nanocomposite membrane. Zare et al.192 suggested that incorporating a low content of nanomaterials 

and increasing their size afforded a uniform distribution in the polymer matrix. Functionalization is 

another technique to improve the compatibility between the nanomaterials and the polymer matrix, 

yielding a uniform distribution.193 El Badawi et al.194 reported the uniform distribution of CNTs in the 

CA matrix by incorporating a low loading of the functionalized CNTs (i.e., <0.01 wt%), achieving an 

increased permeance of 54% with a minimal decline in salt rejection. The core–shell approach 

(inspired by the plant cell-wall structure) was more effective in dispersing the CNF and branched 

amylopectin component of starch than conventional mixing and dissolving in the polymer matrix.195 

The improved dispersion contributed to better mechanical properties and moisture stability compared 

to the CNF/starch nanocomposites for developing renewable polysaccharide-based nanocomposite 

membranes. 
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5. Conclusions, Future Outlook, and Perspective 

Waste products generated from nonrenewable petroleum-based resources are toxic and exhibit 

low degradability and usually get accumulated in landfills. The elimination of these waste products 

has become the biggest environmental concern today. It is essential to develop new biorenewable 

resource–based materials to provide alternatives for these nonrenewable resource–based materials. 

To ensure long-term sustainability, the materials should be biodegradable, biocompatible, and 

ecofriendly as well as exhibit a low carbon footprint. However, not all bio-based polymers are suitable, 

but bio-derived ones are. For example, nonbiodegradable bio-derived polyethylene terephthalate–

based membranes can be used for water treatment, whereby biodegradable polymer–based 

membranes do not fit perfectly for the same application. Liu et al. have suggested several ways to 

develop a next generation of sustainable polymer membranes following the green chemistry 

principles.196 

Reducing the size of the particle (or fiber) from microdimensions to nanodimensions has been 

found to drastically change the properties of the resulting nanomaterials. In this direction, 

nanoscience and nanotechnology have attracted enormous attention toward developing 

nanocomposite materials, which are a synergistic combination of mechanical strength, thermal 

stability, antifouling property, selectivity, ecofriendliness, biodegradability, biocompatibility, and 

renewability. Natural resources, such as cellulose, starch, alginate, vegetable oils, CD, natural fibers, 

and terpineol, are identified as the sources of biorenewable materials. Nanocomposite materials 

generated from biorenewable resources have potential applications in biological/injectable scaffolds, 

tissue engineering, biomimetics, drug delivery, biosensing, separation, energy storage, fuel cell, 

optoelectronics, flame-retardant applications, and so forth. 

The academic and industrial sectors have targeted developing new techniques to transform the 

synthesis of nanocomposites from biorenewable resources to more effective and economical ones. 

The biorenewable polymers often have limitations (e.g., microplastic formation similar to those often 

observed using petroleum-based resources). These microplastics are no different and show low 

degradability when exposed to sunlight or air. This issue can be easily mitigated by reducing the 

microplastic formation and simultaneously enhancing the biodegradability of the prepared 

nanocomposites. 

Another major challenge in the development of biorenewable nanocomposite materials is that 

their robustness and durability still do not match those of petroleum-based nanocomposites. Ates et 

al.4 recommended that nanoprocessing or nanomanufacturing could bridge this gap and enhance the 

mechanical characteristics and biodegradability process of biorenewable nanocomposites. In this 

aspect, incorporating nanofillers with high mechanical strength, chemical stability, antifouling and 

flame-retardant properties, and selectivity into the biopolymer matrix to prepare nanocomposite 

membranes would be beneficial to improve the membrane performance. Owing to the unique 

properties of nanocomposites prepared from biorenewable resources, research should focus on 

developing ecofriendly and sustainable chemistry to prepare nanocomposites with improved 

biodegradability, biocompatibility, as well as thermal and mechanical strength. 



33 

 

6. References 

(1)  Gross, R. A.; Kalra, B. Biodegradable Polymers for the Environment. Science. 2002, pp 803–807. 

https://doi.org/10.1126/science.297.5582.803. 

(2)  Nunes, S. P.; Culfaz-Emecen, P. Z.; Ramon, G. Z.; Visser, T.; Koops, G. H.; Jin, W.; Ulbricht, M. 

Thinking the Future of Membranes: Perspectives for Advanced and New Membrane Materials and 

Manufacturing Processes. J. Membr. Sci. 2020, 598, 117761. 

https://doi.org/10.1016/j.memsci.2019.117761. 

(3)  Wennersten, R.; Fidler, J.; Spitsyna, A. Nanotechnology: A New Technological Revolution in the 

21st Century. In: Misra, K. B. (eds) Handbook of Performability Engineering; Springer, London, 

2008; pp 943–952. https://doi.org/10.1007/978-1-84800-131-2_57. 

(4)  Ates, B.; Koytepe, S.; Ulu, A.; Gurses, C.; Thakur, V. K. Chemistry, Structures, and Advanced 

Applications of Nanocomposites from Biorenewable Resources. Chem. Rev. 2020, pp 9304–9362. 

https://doi.org/10.1021/acs.chemrev.9b00553. 

(5)  Fu, S.; Sun, Z.; Huang, P.; Li, Y.; Hu, N. Some Basic Aspects of Polymer Nanocomposites: A Critical 

Review. Nano Mater. Sci. 2019, 1 (1), 2–30. https://doi.org/10.1016/j.nanoms.2019.02.006. 

(6)  He, X.; Xiao, Q.; Lu, C.; Wang, Y.; Zhang, X.; Zhao, J.; Zhang, W.; Zhang, X.; Deng, Y. Uniaxially 

Aligned Electrospun All-Cellulose Nanocomposite Nanofibers Reinforced with Cellulose 

Nanocrystals: Scaffold for Tissue Engineering. Biomacromolecules 2014, 15 (2), 618–627. 

https://doi.org/10.1021/bm401656a. 

(7)  Cseri, L.; Topuz, F.; Abdulhamid, M. A.; Alammar, A.; Budd, P. M.; Szekely, G. Electrospun 

Adsorptive Nanofibrous Membranes from Ion Exchange Polymers to Snare Textile Dyes from 

Wastewater. Adv. Mater. Technol. 2021, 2000955. https://doi.org/10.1002/admt.202000955. 

(8)  Zhang, Y.; Xu, W.; Wang, X.; Ni, S.; Rosqvist, E.; Smått, J. H.; Peltonen, J.; Hou, Q.; Qin, M.; Willför, 

S.; Xu, C. From Biomass to Nanomaterials: A Green Procedure for Preparation of Holistic Bamboo 

Multifunctional Nanocomposites Based on Formic Acid Rapid Fractionation. ACS Sustain. Chem. 

Eng. 2019, 7 (7), 6592–6600. https://doi.org/10.1021/acssuschemeng.8b05502. 

(9)  Ates, B.; Koytepe, S.; Balcioglu, S.; Ulu, A.; Gurses, C. Hybrid Polymer Composite Materials; 12 - 

Biomedical Applications of Hybrid Polymer Composite Materials; Thakur, V. K., Thakur, M. K., 

Pappu, A. B. T.-H. P. C. M., Eds.; Woodhead Publishing, 2017; pp 343–408. 

https://doi.org/10.1016/B978-0-08-100785-3.00012-7. 

(10)  Paul, D. R.; Robeson, L. M. Polymer Nanotechnology: Nanocomposites. Polymer (Guildf). 2008, 

49 (15), 3187–3204. https://doi.org/10.1016/j.polymer.2008.04.017. 

(11)  Camargo, P. H. C., Satyanarayana, K. G. and Wypych, F. Nanocomposites: Synthesis, Structure, 

Properties and New Application Opportunities. Mater. Res. 2009, 12 (1), 1–39. 

https://doi.org/10.1590/S1516-14392009000100002. 

(12)  Ji, Y.-L.; Zhao, Q.; An, Q.-F.; Shao, L.-L.; Lee, K.-R.; Xu, Z.-K.; Gao, C.-J. Novel Separation 

Membranes Based on Zwitterionic Colloid Particles: Tunable Selectivity and Enhanced Antifouling 

Property. J. Mater. Chem. A 2013, 1 (39), 12213–12220. https://doi.org/10.1039/C3TA12230A. 



34 

 

(13)  Jeong, B.-H.; Hoek, E. M. V; Yan, Y.; Subramani, A.; Huang, X.; Hurwitz, G.; Ghosh, A. K.; Jawor, 

A. Interfacial Polymerization of Thin Film Nanocomposites: A New Concept for Reverse Osmosis 

Membranes. J. Membr. Sci. 2007, 294 (1), 1–7. https://doi.org/10.1016/j.memsci.2007.02.025. 

(14)  Yu, X.; Wang, Z.; Zhao, J.; Yuan, F.; Li, S.; Wang, J.; Wang, S. An Effective Method to Improve 

the Performance of Fixed Carrier Membrane via Incorporation of CO2-Selective Adsorptive Silica 

Nanoparticles. Chinese J. Chem. Eng. 2011, 19 (5), 821–832. https://doi.org/10.1016/S1004-

9541(11)60062-1. 

(15)  Zhang, A.; Zhang, Y.; Pan, G.; Xu, J.; Yan, H.; Liu, Y. In Situ Formation of Copper Nanoparticles 

in Carboxylated Chitosan Layer: Preparation and Characterization of Surface Modified TFC 

Membrane with Protein Fouling Resistance and Long-Lasting Antibacterial Properties. Sep. Purif. 

Technol. 2017, 176, 164–172. https://doi.org/10.1016/j.seppur.2016.12.006. 

(16)  Wang, Y.; Gao, B.; Li, S.; Jin, B.; Yue, Q.; Wang, Z. Cerium Oxide Doped Nanocomposite 

Membranes for Reverse Osmosis Desalination. Chemosphere 2019, 218, 974–983. 

https://doi.org/10.1016/j.chemosphere.2018.11.207. 

(17)  Wu, H.; Li, X.; Li, Y.; Wang, S.; Guo, R.; Jiang, Z.; Wu, C.; Xin, Q.; Lu, X. Facilitated Transport 

Mixed Matrix Membranes Incorporated with Amine Functionalized MCM-41 for Enhanced Gas 

Separation Properties. J. Membr. Sci. 2014, 465, 78–90. 

https://doi.org/10.1016/j.memsci.2014.04.023. 

(18)  Guo, X.; Huang, H.; Ban, Y.; Yang, Q.; Xiao, Y.; Li, Y.; Yang, W.; Zhong, C. Mixed Matrix 

Membranes Incorporated with Amine-Functionalized Titanium-Based Metal-Organic Framework 

for CO2/CH4 Separation. J. Membr. Sci. 2015, 478, 130–139. 

https://doi.org/10.1016/j.memsci.2015.01.007. 

(19)  Wong, K. C.; Goh, P. S.; Ng, B. C.; Ismail, A. F. Thin Film Nanocomposite Embedded with 

Polymethyl Methacrylate Modified Multi-Walled Carbon Nanotubes for CO2 Removal. RSC Adv. 

2015, 5 (40), 31683–31690. https://doi.org/10.1039/C5RA00039D. 

(20)  Wong, K. C.; Goh, P. S.; Ismail, A. F. Gas Separation Performance of Thin Film Nanocomposite 

Membranes Incorporated with Polymethyl Methacrylate Grafted Multi-Walled Carbon 

Nanotubes. Int. Biodeterior. Biodegrad. 2015, 102, 339–345. 

https://doi.org/10.1016/j.ibiod.2015.02.007. 

(21)  Zhou, T.; Liu, F.; Suganuma, K.; Nagao, S. Use of Graphene Oxide in Achieving High Overall 

Thermal Properties of Polymer for Printed Electronics. RSC Adv. 2016, 6 (25), 20621–20628. 

https://doi.org/10.1039/C5RA24669E. 

(22)  Yazici, E.; Yanik, S.; Yilmaz, M. B. Graphene Oxide Nano-Domain Formation via Wet Chemical 

Oxidation of Graphene. Carbon 2017, 111, 822–827. 

https://doi.org/10.1016/j.carbon.2016.10.062. 

(23)  Koulivand, H.; Shahbazi, A.; Vatanpour, V.; Rahmandoust, M. Development of Carbon Dot-

Modified Polyethersulfone Membranes for Enhancement of Nanofiltration, Permeation and 

Antifouling Performance. Sep. Purif. Technol. 2020, 230, 115895. 

https://doi.org/10.1016/j.seppur.2019.115895. 

(24)  Zhang, C.; Wei, K.; Zhang, W.; Bai, Y.; Sun, Y.; Gu, J. Graphene Oxide Quantum Dots 

Incorporated into a Thin Film Nanocomposite Membrane with High Flux and Antifouling 



35 

 

Properties for Low-Pressure Nanofiltration. ACS Appl. Mater. Interfaces 2017, 9 (12), 11082–

11094. https://doi.org/10.1021/acsami.6b12826. 

(25)  Bi, R.; Zhang, R.; Shen, J.; Liu, Y.; He, M.; You, X.; Su, Y.; Jiang, Z. Graphene Quantum Dots 

Engineered Nanofiltration Membrane for Ultrafast Molecular Separation. J. Membr. Sci. 2019, 

572, 504–511. https://doi.org/10.1016/j.memsci.2018.11.044. 

(26)  Wang, F.; Zheng, T.; Xiong, R.; Wang, P.; Ma, J. CDs@ZIF-8 Modified Thin Film Polyamide 

Nanocomposite Membrane for Simultaneous Enhancement of Chlorine-Resistance and 

Disinfection Byproducts Removal in Drinking Water. ACS Appl. Mater. Interfaces 2019, 11 (36), 

33033–33042. https://doi.org/10.1021/acsami.9b11006. 

(27)  Song, X.; Zhou, Q.; Zhang, T.; Xu, H.; Wang, Z. Pressure-Assisted Preparation of Graphene 

Oxide Quantum Dot-Incorporated Reverse Osmosis Membranes: Antifouling and Chlorine 

Resistance Potentials. J. Mater. Chem. A 2016, 4 (43), 16896–16905. 

https://doi.org/10.1039/C6TA06636D. 

(28)  Li, S.; Li, C.; Su, B.; Hu, M. Z.; Gao, X.; Gao, C. Amino-Functionalized Graphene Quantum Dots 

(AGQDs)-Embedded Thin Film Nanocomposites for Solvent Resistant Nanofiltration (SRNF) 

Membranes Based on Covalence Interactions. J. Membr. Sci. 2019, 588, 117212. 

https://doi.org/10.1016/j.memsci.2019.117212. 

(29)  Mutharasi, Y.; Zhang, Y.; Weber, M.; Maletzko, C.; Chung, T.-S. Novel Reverse Osmosis 

Membranes Incorporated with Co-Al Layered Double Hydroxide (LDH) with Enhanced 

Performance for Brackish Water Desalination. Desalination 2021, 498, 114740. 

https://doi.org/10.1016/j.desal.2020.114740. 

(30)  Lu, P.; Li, W.; Yang, S.; Liu, Y.; Wang, Q.; Li, Y. Layered Double Hydroxide-Modified Thin–Film 

Composite Membranes with Remarkably Enhanced Chlorine Resistance and Anti-Fouling Capacity. 

Sep. Purif. Technol. 2019, 220, 231–237. https://doi.org/10.1016/j.seppur.2019.03.039. 

(31)  Ye, W.; Liu, H.; Lin, F.; Lin, J.; Zhao, S.; Yang, S.; Hou, J.; Zhou, S.; Van der Bruggen, B. High-Flux 

Nanofiltration Membranes Tailored by Bio-Inspired Co-Deposition of Hydrophilic g-C3N4 

Nanosheets for Enhanced Selectivity towards Organics and Salts. Environ. Sci. Nano 2019, 6 (10), 

2958–2967. https://doi.org/10.1039/C9EN00692C. 

(32)  Lei, W.; Portehault, D.; Liu, D.; Qin, S.; Chen, Y. Porous Boron Nitride Nanosheets for Effective 

Water Cleaning. Nat. Commun. 2013, 4 (1), 1777. https://doi.org/10.1038/ncomms2818. 

(33)  Li, J.; Li, X.; Van der Bruggen, B. An MXene-Based Membrane for Molecular Separation. 

Environ. Sci. Nano 2020, 7 (5), 1289–1304. https://doi.org/10.1039/C9EN01478K. 

(34)  Peng, Q.; Guo, J.; Zhang, Q.; Xiang, J.; Liu, B.; Zhou, A.; Liu, R.; Tian, Y. Unique Lead Adsorption 

Behavior of Activated Hydroxyl Group in Two-Dimensional Titanium Carbide. J. Am. Chem. Soc. 

2014, 136 (11), 4113–4116. https://doi.org/10.1021/ja500506k. 

(35)  Yuan, S.; Li, X.; Zhu, J.; Zhang, G.; Van Puyvelde, P.; Van der Bruggen, B. Covalent Organic 

Frameworks for Membrane Separation. Chem. Soc. Rev. 2019, 48 (10), 2665–2681. 

https://doi.org/10.1039/C8CS00919H. 

(36)  Xu, L.; Shan, B.; Gao, C.; Xu, J. Multifunctional Thin-Film Nanocomposite Membranes 

Comprising Covalent Organic Nanosheets with High Crystallinity for Efficient Reverse Osmosis 

Desalination. J. Membr. Sci. 2020, 593, 117398. https://doi.org/10.1016/j.memsci.2019.117398. 



36 

 

(37)  Wang, C.; Li, Z.; Chen, J.; Li, Z.; Yin, Y.; Cao, L.; Zhong, Y.; Wu, H. Covalent Organic Framework 

Modified Polyamide Nanofiltration Membrane with Enhanced Performance for Desalination. J. 

Memb. Sci. 2017, 523, 273–281. https://doi.org/10.1016/j.memsci.2016.09.055. 

(38)  Tan, L.; Tan, B. Hypercrosslinked Porous Polymer Materials: Design, Synthesis, and 

Applications. Chem. Soc. Rev. 2017, 46 (11), 3322–3356. https://doi.org/10.1039/C6CS00851H. 

(39)  Liu, Y.; Zhu, J.; Zheng, J.; Gao, X.; Tian, M.; Wang, X.; Xie, Y. F.; Zhang, Y.; Volodin, A.; Van der 

Bruggen, B. Porous Organic Polymer Embedded Thin-Film Nanocomposite Membranes for 

Enhanced Nanofiltration Performance. J. Membr. Sci. 2020, 602, 117982. 

https://doi.org/10.1016/j.memsci.2020.117982. 

(40)  Ji, Y.-L.; An, Q.-F.; Guo, Y.-S.; Hung, W.-S.; Lee, K.-R.; Gao, C.-J. Bio-Inspired Fabrication of High 

Perm-Selectivity and Anti-Fouling Membranes Based on Zwitterionic Polyelectrolyte 

Nanoparticles. J. Mater. Chem. A 2016, 4 (11), 4224–4231. https://doi.org/10.1039/C6TA00005C. 

(41)  Bai, L.; Liu, Y.; Bossa, N.; Ding, A.; Ren, N.; Li, G.; Liang, H.; Wiesner, M. R. Incorporation of 

Cellulose Nanocrystals (CNCs) into the Polyamide Layer of Thin-Film Composite (TFC) 

Nanofiltration Membranes for Enhanced Separation Performance and Antifouling Properties. 

Environ. Sci. Technol. 2018, 52 (19), 11178–11187. https://doi.org/10.1021/acs.est.8b04102. 

(42)  Firouzjaei, M. D.; Shamsabadi, A. A.; Aktij, S. A.; Seyedpour, S. F.; Sharifian Gh., M.; Rahimpour, 

A.; Esfahani, M. R.; Ulbricht, M.; Soroush, M. Exploiting Synergetic Effects of Graphene Oxide and 

a Silver-Based Metal–Organic Framework To Enhance Antifouling and Anti-Biofouling Properties 

of Thin-Film Nanocomposite Membranes. ACS Appl. Mater. Interfaces 2018, 10 (49), 42967–

42978. https://doi.org/10.1021/acsami.8b12714. 

(43)  Wang, J.; Wang, Y.; Zhu, J.; Zhang, Y.; Liu, J.; Van der Bruggen, B. Construction of 

TiO2@graphene Oxide Incorporated Antifouling Nanofiltration Membrane with Elevated Filtration 

Performance. J. Membr. Sci. 2017, 533, 279–288. https://doi.org/10.1016/j.memsci.2017.03.040. 

(44)  Wang, X.; Wang, H.; Wang, Y.; Gao, J.; Liu, J.; Zhang, Y. Hydrotalcite/Graphene Oxide Hybrid 

Nanosheets Functionalized Nanofiltration Membrane for Desalination. Desalination 2019, 451, 

209–218. https://doi.org/10.1016/j.desal.2017.05.012. 

(45)  Dalvi, V.; Tang, Y. P.; Staudt, C.; Chung, T. S. Influential Effects of Nanoparticles, Solvent and 

Surfactant Treatments on Thin Film Nanocomposite (TFN) Membranes for Seawater Desalination. 

Desalination 2017, 420, 216–225. https://doi.org/10.1016/j.desal.2017.07.016. 

(46)  Lin, R.; Villacorta Hernandez, B.; Ge, L.; Zhu, Z. Metal Organic Framework Based Mixed Matrix 

Membranes: An Overview on Filler/Polymer Interfaces. J. Mater. Chem. A 2018, 6 (2), 293–312. 

https://doi.org/10.1039/C7TA07294E. 

(47)  Wu, H.; Tang, B.; Wu, P. Optimizing Polyamide Thin Film Composite Membrane Covalently 

Bonded with Modified Mesoporous Silica Nanoparticles. J. Membr. Sci. 2013, 428, 341–348. 

https://doi.org/10.1016/j.memsci.2012.10.053. 

(48)  Zhao, F.-Y.; Ji, Y.-L.; Weng, X.-D.; Mi, Y.-F.; Ye, C.-C.; An, Q.-F.; Gao, C.-J. High-Flux Positively 

Charged Nanocomposite Nanofiltration Membranes Filled with Poly(Dopamine) Modified 

Multiwall Carbon Nanotubes. ACS Appl. Mater. Interfaces 2016, 8 (10), 6693–6700. 

https://doi.org/10.1021/acsami.6b00394. 



37 

 

(49)  Wu, H.; Sun, H.; Hong, W.; Mao, L.; Liu, Y. Improvement of Polyamide Thin Film 

Nanocomposite Membrane Assisted by Tannic Acid–FeIII Functionalized Multiwall Carbon 

Nanotubes. ACS Appl. Mater. Interfaces 2017, 9 (37), 32255–32263. 

https://doi.org/10.1021/acsami.7b09680. 

(50)  Liu, L.; Xie, X.; Qi, S.; Li, R.; Zhang, X.; Song, X.; Gao, C. Thin Film Nanocomposite Reverse 

Osmosis Membrane Incorporated with UiO-66 Nanoparticles for Enhanced Boron Removal. J. 

Membr. Sci. 2019, 580, 101–109. https://doi.org/10.1016/j.memsci.2019.02.072. 

(51)  Wu, W.; Li, Z.; Chen, Y.; Li, W. Polydopamine-Modified Metal–Organic Framework Membrane 

with Enhanced Selectivity for Carbon Capture. Environ. Sci. Technol. 2019, 53 (7), 3764–3772. 

https://doi.org/10.1021/acs.est.9b00408. 

(52)  Wang, J.; Wang, Y.; Zhang, Y.; Uliana, A.; Zhu, J.; Liu, J.; Van der Bruggen, B. Zeolitic Imidazolate 

Framework/Graphene Oxide Hybrid Nanosheets Functionalized Thin Film Nanocomposite 

Membrane for Enhanced Antimicrobial Performance. ACS Appl. Mater. Interfaces 2016, 8 (38), 

25508–25519. https://doi.org/10.1021/acsami.6b06992. 

(53)  Wang, H.; He, S.; Qin, X.; Li, C.; Li, T. Interfacial Engineering in Metal–Organic Framework-

Based Mixed Matrix Membranes Using Covalently Grafted Polyimide Brushes. J. Am. Chem. Soc. 

2018, 140 (49), 17203–17210. https://doi.org/10.1021/jacs.8b10138. 

(54)  Zhang, W.; Jiang, X.; Zhao, Y.; Carné-Sánchez, A.; Malgras, V.; Kim, J.; Kim, J. H.; Wang, S.; Liu, 

J.; Jiang, J.-S.; Yamauchi, Y.; Hu, M. Hollow Carbon Nanobubbles: Monocrystalline MOF 

Nanobubbles and Their Pyrolysis. Chem. Sci. 2017, 8 (5), 3538–3546. 

https://doi.org/10.1039/C6SC04903F. 

(55)  Ran, J.; Xiao, L.; Wu, W.; Liu, Y.; Qiu, W.; Wu, J. Zeolitic Imidazolate Framework-8 (ZIF-8) as a 

Sacrificial Template: One-Pot Synthesis of Hollow Poly(Dopamine) Nanocapsules and Yolk-

Structured Poly(Dopamine) Nanocomposites. Nanotechnology 2016, 28 (5), 55604. 

https://doi.org/10.1088/1361-6528/28/5/055604. 

(56)  Zhang, G.; Zhang, J.; Lv, P.; Sun, J.; Zhao, P.; Yang, L. Modifying Thin Film Composite Membrane 

with Zeolitic Imidazolate Framework-8@polydopamine for Enhanced Antifouling Property. 

Chemosphere 2020, 248, 125956. https://doi.org/10.1016/j.chemosphere.2020.125956. 

(57)  Werber, J. R.; Deshmukh, A.; Elimelech, M. The Critical Need for Increased Selectivity, Not 

Increased Water Permeability, for Desalination Membranes. Environ. Sci. Technol. Lett. 2016, 3 

(4), 112–120. https://doi.org/10.1021/acs.estlett.6b00050. 

(58)  Yang, Z.; Wu, Y.; Wang, J.; Cao, B.; Tang, C. Y. In Situ Reduction of Silver by Polydopamine: A 

Novel Antimicrobial Modification of a Thin-Film Composite Polyamide Membrane. Environ. Sci. 

Technol. 2016, 50 (17), 9543–9550. https://doi.org/10.1021/acs.est.6b01867. 

(59)  Jeon, S.; Lee, J.-H. Rationally Designed In-Situ Fabrication of Thin Film Nanocomposite 

Membranes with Enhanced Desalination and Anti-Biofouling Performance. J. Membr. Sci. 2020, 

615, 118542. https://doi.org/10.1016/j.memsci.2020.118542. 

(60)  Jun, B.-M.; Al-Hamadani, Y. A. J.; Son, A.; Park, C. M.; Jang, M.; Jang, A.; Kim, N. C.; Yoon, Y. 

Applications of Metal-Organic Framework Based Membranes in Water Purification: A Review. Sep. 

Purif. Technol. 2020, 247, 116947. https://doi.org/10.1016/j.seppur.2020.116947. 



38 

 

(61)  Wang, Z.; Guo, S.; Zhang, B.; Zhu, L. Hydrophilic Polymers of Intrinsic Microporosity as Water 

Transport Nanochannels of Highly Permeable Thin-Film Nanocomposite Membranes Used for 

Antibiotic Desalination. J. Membr. Sci. 2019, 592, 117375. 

https://doi.org/10.1016/j.memsci.2019.117375. 

(62)  Song, X.; Wang, Y.; Jiao, C.; Huang, M.; Wang, G.-H.; Jiang, H. Microstructure Regulation of 

Polyamide Nanocomposite Membrane by Functional Mesoporous Polymer for High-Efficiency 

Desalination. J. Membr. Sci. 2020, 597, 117783. https://doi.org/10.1016/j.memsci.2019.117783. 

(63)  Liu, G.; Zhang, X.; Di Yuan, Y.; Yuan, H.; Li, N.; Ying, Y.; Peh, S. B.; Wang, Y.; Cheng, Y.; Cai, Y.; 

Gu, Z.; Cai, H.; Zhao, D. Thin-Film Nanocomposite Membranes Containing Water-Stable Zirconium 

Metal–Organic Cages for Desalination. ACS Mater. Lett. 2021, 3 (3), 268–274. 

https://doi.org/10.1021/acsmaterialslett.0c00511. 

(64)  Zhang, C.; Si, X.; Zhang, S.; Pei, B.; Gu, J.; Bai, Y. Porous Metal–Organic Molecular Cage: A 

Promising Candidate to Highly Improve the Nanofiltration Performance of Thin Film 

Nanocomposite Membranes. New J. Chem. 2019, 43 (4), 1699–1709. 

https://doi.org/10.1039/C8NJ04603D. 

(65)  Yin, J.; Zhu, G.; Deng, B. Graphene Oxide (GO) Enhanced Polyamide (PA) Thin-Film 

Nanocomposite (TFN) Membrane for Water Purification. Desalination 2016, 379, 93–101. 

https://doi.org/10.1016/j.desal.2015.11.001. 

(66)  Li, W.; Wu, W.; Li, Z. Controlling Interlayer Spacing of Graphene Oxide Membranes by External 

Pressure Regulation. ACS Nano 2018, 12 (9), 9309–9317. 

https://doi.org/10.1021/acsnano.8b04187. 

(67)  Wang, J.; Chen, P.; Shi, B.; Guo, W.; Jaroniec, M.; Qiao, S.-Z. A Regularly Channeled Lamellar 

Membrane for Unparalleled Water and Organics Permeation. Angew. Chem. Int. Ed. 2018, 57 (23), 

6814–6818. https://doi.org/10.1002/anie.201801094. 

(68)  Sun, L.; Ying, Y.; Huang, H.; Song, Z.; Mao, Y.; Xu, Z.; Peng, X. Ultrafast Molecule Separation 

through Layered WS2 Nanosheet Membranes. ACS Nano 2014, 8 (6), 6304–6311. 

https://doi.org/10.1021/nn501786m. 

(69)  Rodenas, T.; Luz, I.; Prieto, G.; Seoane, B.; Miro, H.; Corma, A.; Kapteijn, F.; Llabrés i Xamena, 

F. X.; Gascon, J. Metal–Organic Framework Nanosheets in Polymer Composite Materials for Gas 

Separation. Nat. Mater. 2015, 14 (1), 48–55. https://doi.org/10.1038/nmat4113. 

(70)  Zhao, Y.; Qiu, C.; Li, X.; Vararattanavech, A.; Shen, W.; Torres, J.; Hélix-Nielsen, C.; Wang, R.; 

Hu, X.; Fane, A. G.; Tang, C. Y. Synthesis of Robust and High-Performance Aquaporin-Based 

Biomimetic Membranes by Interfacial Polymerization-Membrane Preparation and RO 

Performance Characterization. J. Membr. Sci. 2012, 423–424, 422–428. 

https://doi.org/10.1016/j.memsci.2012.08.039. 

(71)  Goel, G.; Hélix-Nielsen, C.; Upadhyaya, H. M.; Goel, S. A Bibliometric Study on Biomimetic and 

Bioinspired Membranes for Water Filtration. npj Clean Water 2021, 4 (1), 41. 

https://doi.org/10.1038/s41545-021-00131-4. 

(72)  Di Vincenzo, M.; Tiraferri, A.; Musteata, V.-E.; Chisca, S.; Sougrat, R.; Huang, L.-B.; Nunes, S. 

P.; Barboiu, M. Biomimetic Artificial Water Channel Membranes for Enhanced Desalination. Nat. 

Nanotechnol. 2021, 16 (2), 190–196. https://doi.org/10.1038/s41565-020-00796-x. 



39 

 

(73)  Livingston, A.; Trout, B. L.; Horvath, I. T.; Johnson, M. D.; Vaccaro, L.; Coronas, J.; Babbitt, C. 

W.; Zhang, X.; Pradeep, T.; Drioli, E.; Hayler, J. D.; Tam, K. C.; Kappe, C. O.; Fane, A. G.; Szekely, G. 

Chapter 1 - Challenges and Directions for Green Chemical Engineering—Role of Nanoscale 

Materials; Szekely, G., Livingston, A. B. T.-S. N. E., Eds.; Elsevier, 2020; pp 1–18. 

https://doi.org/10.1016/B978-0-12-814681-1.00001-1. 

(74)  Vieira, M. G. A.; da Silva, M. A.; dos Santos, L. O.; Beppu, M. M. Natural-Based Plasticizers and 

Biopolymer Films: A Review. Eur. Polym. J. 2011, 47 (3), 254–263. 

https://doi.org/10.1016/j.eurpolymj.2010.12.011. 

(75)  Murugesan, S.; Scheibel, T. Chitosan-Based Nanocomposites for Medical Applications. J. 

Polym. Sci. 2021, 59 (15), 1610–1642. https://doi.org/10.1002/pol.20210251. 

(76)  Kwiczak-Yiğitbaşı, J.; Laçin, Ö.; Demir, M.; Ahan, R. E.; Şeker, U. Ö. Ş.; Baytekin, B. A Sustainable 

Preparation of Catalytically Active and Antibacterial Cellulose Metal Nanocomposites via Ball 

Milling of Cellulose. Green Chem. 2020, 22 (2), 455–464. https://doi.org/10.1039/C9GC02781E. 

(77)  Li, Q.; Zhou, J.; Zhang, L. Structure and Properties of the Nanocomposite Films of Chitosan 

Reinforced with Cellulose Whiskers. J. Polym. Sci. Part B Polym. Phys. 2009, 47 (11), 1069–1077. 

https://doi.org/10.1002/polb.21711. 

(78)  Shogren, R. L. Effect of Moisture Content on the Melting and Subsequent Physical Aging of 

Cornstarch. Carbohydr. Polym. 1992, 19 (2), 83–90. https://doi.org/10.1016/0144-

8617(92)90117-9. 

(79)  Mathew, A. P.; Dufresne, A. Plasticized Waxy Maize Starch: Effect of Polyols and Relative 

Humidity on Material Properties. Biomacromolecules 2002, 3 (5), 1101–1108. 

https://doi.org/10.1021/bm020065p. 

(80)  Le Corre, D.; Bras, J.; Dufresne, A. Starch Nanoparticles: A Review. Biomacromolecules 2010, 

11 (5), 1139–1153. https://doi.org/10.1021/bm901428y. 

(81)  Angellier, H.; Choisnard, L.; Molina-Boisseau, S.; Ozil, P.; Dufresne, A. Optimization of the 

Preparation of Aqueous Suspensions of Waxy Maize Starch Nanocrystals Using a Response Surface 

Methodology. Biomacromolecules 2004, 5 (4), 1545–1551. https://doi.org/10.1021/bm049914u. 

(82)  Dufresne, A.; Castaño, J. Polysaccharide Nanomaterial Reinforced Starch Nanocomposites: A 

Review. Starch - Stärke 2017, 69 (1–2), 1500307. https://doi.org/10.1002/star.201500307. 

(83)  Sharma, A. S.; Sharma, V. S.; Kaur, H.; Varma, R. S. Supported Heterogeneous Nanocatalysts 

in Sustainable, Selective and Eco-Friendly Epoxidation of Olefins. Green Chem. 2020, 22 (18), 

5902–5936. https://doi.org/10.1039/D0GC01927E. 

(84)  Chae, T.; Yang, H.; Moon, H.; Troczynski, T.; Ko, F. K. Biomimetically Mineralized Alginate 

Nanocomposite Fibers for Bone Tissue Engineering: Mechanical Properties and in Vitro Cellular 

Interactions. ACS Appl. Bio Mater. 2020, 3 (10), 6746–6755. 

https://doi.org/10.1021/acsabm.0c00692. 

(85)  Keçili, R.; Yılmaz, E.; Ersöz, A.; Say, R. Chapter 12 - Imprinted Materials: From Green Chemistry 

to Sustainable Engineering; Szekely, G., Livingston, A. B. T.-S. N. E., Eds.; Elsevier, 2020; pp 317–

350. https://doi.org/10.1016/B978-0-12-814681-1.00012-6. 



40 

 

(86)  Fan, L.; Luo, C.; Sun, M.; Li, X.; Qiu, H. Highly Selective Adsorption of Lead Ions by Water-

Dispersible Magnetic Chitosan/Graphene Oxide Composites. Colloids Surfaces B Biointerfaces 

2013, 103, 523–529. https://doi.org/10.1016/j.colsurfb.2012.11.006. 

(87)  Zhao, X.; Lv, L.; Pan, B.; Zhang, W.; Zhang, S.; Zhang, Q. Polymer-Supported Nanocomposites 

for Environmental Application: A Review. Chem. Eng. J. 2011, 170 (2), 381–394. 

https://doi.org/10.1016/j.cej.2011.02.071. 

(88)  Bao, C.; Song, L.; Xing, W.; Yuan, B.; Wilkie, C. A.; Huang, J.; Guo, Y.; Hu, Y. Preparation of 

Graphene by Pressurized Oxidation and Multiplex Reduction and Its Polymer Nanocomposites by 

Masterbatch-Based Melt Blending. J. Mater. Chem. 2012, 22 (13), 6088–6096. 

https://doi.org/10.1039/C2JM16203B. 

(89)  Rane, A. V.; Kanny, K.; Abitha, V. K.; Thomas, S. Chapter 5 - Methods for Synthesis of 

Nanoparticles and Fabrication of Nanocomposites. In Micro and Nano Technologies; Mohan 

Bhagyaraj, S., Oluwafemi, O. S., Kalarikkal, N., Thomas, S. B. T.-S. of I. N., Eds.; Woodhead 

Publishing, 2018; pp 121–139. https://doi.org/10.1016/B978-0-08-101975-7.00005-1. 

(90)  Wu, L.; Ritchie, S. M. C. Removal of Trichloroethylene from Water by Cellulose Acetate 

Supported Bimetallic Ni/Fe Nanoparticles. Chemosphere 2006, 63 (2), 285–292. 

https://doi.org/10.1016/j.chemosphere.2005.07.021. 

(91)  Zou, H.; Wu, S.; Shen, J. Polymer/Silica Nanocomposites: Preparation, Characterization, 

Properties, and Applications. Chem. Rev. 2008, 108 (9), 3893–3957. 

https://doi.org/10.1021/cr068035q. 

(92)  Iketani, K.; Sun, R.-D.; Toki, M.; Hirota, K.; Yamaguchi, O. Sol–Gel-Derived 

TiO2/Poly(Dimethylsiloxane) Hybrid Films and Their Photocatalytic Activities. J. Phys. Chem. Solids 

2003, 64 (3), 507–513. https://doi.org/10.1016/S0022-3697(02)00357-8. 

(93)  Topuz, F.; Uyar, T. Electrospinning of Nanocomposite Nanofibers from Cyclodextrin and 

Laponite. Compos. Commun. 2019, 12, 33–38. https://doi.org/10.1016/j.coco.2018.12.002. 

(94)  Topuz, F.; Abdulhamid, M. A.; Nunes, S. P.; Szekely, G. Hierarchically Porous Electrospun 

Nanofibrous Mats Produced from Intrinsically Microporous Fluorinated Polyimide for the Removal 

of Oils and Non-Polar Solvents. Environ. Sci. Nano 2020, 7 (5), 1365–1372. 

https://doi.org/10.1039/D0EN00084A. 

(95)  Wang, R.; Liu, Y.; Li, B.; Hsiao, B. S.; Chu, B. Electrospun Nanofibrous Membranes for High Flux 

Microfiltration. J. Membr. Sci. 2012, 392–393, 167–174. 

https://doi.org/10.1016/j.memsci.2011.12.019. 

(96)  Paglicawan, M. A.; Rodriguez, M. P.; Celorico, J. R. Thermomechanical Properties of Woven 

Abaca Fiber-Reinforced Nanocomposites. Polym. Compos. 2020, 41 (5), 1763–1773. 

https://doi.org/10.1002/pc.25495. 

(97)  Asim, M.; Jawaid, M.; Saba, N.; Ramengmawii; Nasir, M.; Sultan, M. T. H. 1 - Processing of 

Hybrid Polymer Composites—a Review; Thakur, V. K., Thakur, M. K., Gupta, R. K. B. T.-H. P. C. M., 

Eds.; Woodhead Publishing, 2017; pp 1–22. https://doi.org/10.1016/B978-0-08-100789-1.00001-

0. 



41 

 

(98)  Goh, G. D.; Yap, Y. L.; Agarwala, S.; Yeong, W. Y. Recent Progress in Additive Manufacturing of 

Fiber Reinforced Polymer Composite. Adv. Mater. Technol. 2019, 4 (1), 1800271. 

https://doi.org/10.1002/admt.201800271. 

(99)  Sekhavat Pour, Z.; Ghaemy, M. Polymer Grafted Graphene Oxide: For Improved Dispersion in 

Epoxy Resin and Enhancement of Mechanical Properties of Nanocomposite. Compos. Sci. Technol. 

2016, 136, 145–157. https://doi.org/10.1016/j.compscitech.2016.10.014. 

(100)  Nasir, A.; Masood, F.; Yasin, T.; Hameed, A. Progress in Polymeric Nanocomposite Membranes 

for Wastewater Treatment: Preparation, Properties and Applications. J. Ind. Eng. Chem. 2019, 79, 

29–40. https://doi.org/10.1016/j.jiec.2019.06.052. 

(101)  Esfahani, M. R.; Aktij, S. A.; Dabaghian, Z.; Firouzjaei, M. D.; Rahimpour, A.; Eke, J.; Escobar, I. 

C.; Abolhassani, M.; Greenlee, L. F.; Esfahani, A. R.; Sadmani, A.; Koutahzadeh, N. Nanocomposite 

Membranes for Water Separation and Purification: Fabrication, Modification, and Applications. 

Sep. Purif. Technol. 2019, 213, 465–499. https://doi.org/10.1016/j.seppur.2018.12.050. 

(102)  Li, Y.; He, G.; Wang, S.; Yu, S.; Pan, F.; Wu, H.; Jiang, Z. Recent Advances in the Fabrication of 

Advanced Composite Membranes. J. Mater. Chem. A 2013, 1 (35), 10058–10077. 

https://doi.org/10.1039/C3TA01652H. 

(103)  van de Witte, P.; Dijkstra, P. J.; van den Berg, J. W. A.; Feijen, J. Phase Separation Processes in 

Polymer Solutions in Relation to Membrane Formation. J. Membr. Sci. 1996, 117 (1), 1–31. 

https://doi.org/10.1016/0376-7388(96)00088-9. 

(104)  Mulder, M. Basic Principles of Membrane Technology; Springer Science & Business Media: 

Dordrecht, The Netherlands, 1996. 

(105)  Peng, N.; Widjojo, N.; Sukitpaneenit, P.; Teoh, M. M.; Lipscomb, G. G.; Chung, T. S.; Lai, J. Y. 

Evolution of Polymeric Hollow Fibers as Sustainable Technologies: Past, Present, and Future. Prog. 

Polym. Sci. 2012, 37 (10), 1401–1424. https://doi.org/10.1016/j.progpolymsci.2012.01.001. 

(106)  Cong, H.; Radosz, M.; Towler, B. F.; Shen, Y. Polymer–Inorganic Nanocomposite Membranes 

for Gas Separation. Sep. Purif. Technol. 2007, 55 (3), 281–291. 

https://doi.org/10.1016/j.seppur.2006.12.017. 

(107)  María Arsuaga, J.; Sotto, A.; del Rosario, G.; Martínez, A.; Molina, S.; Teli, S. B.; de Abajo, J. 

Influence of the Type, Size, and Distribution of Metal Oxide Particles on the Properties of 

Nanocomposite Ultrafiltration Membranes. J. Membr. Sci. 2013, 428, 131–141. 

https://doi.org/10.1016/j.memsci.2012.11.008. 

(108)  Arockiasamy, D. L.; Alhoshan, M.; Alam, J.; Muthumareeswaran, M. R.; Figoli, A.; Arun Kumar, 

S. Separation of Proteins and Antifouling Properties of Polyphenylsulfone Based Mixed Matrix 

Hollow Fiber Membranes. Sep. Purif. Technol. 2017, 174, 529–543. 

https://doi.org/10.1016/j.seppur.2016.10.040. 

(109)  Ebert, K.; Fritsch, D.; Koll, J.; Tjahjawiguna, C. Influence of Inorganic Fillers on the Compaction 

Behaviour of Porous Polymer Based Membranes. J. Membr. Sci. 2004, 233 (1), 71–78. 

https://doi.org/10.1016/j.memsci.2003.12.012. 

(110)  Kamtsikakis, A.; McBride, S.; Zoppe, J. O.; Weder, C. Cellulose Nanofiber Nanocomposite 

Pervaporation Membranes for Ethanol Recovery. ACS Appl. Nano Mater. 2021, 4 (1), 568–579. 

https://doi.org/10.1021/acsanm.0c02881. 



42 

 

(111)  Li, N.; Zheng, J.; Hadi, P.; Yang, M.; Huang, X.; Ma, H.; Walker, H. W.; Hsiao, B. S. Synthesis and 

Characterization of a High Flux Nanocellulose–Cellulose Acetate Nanocomposite Membrane. 

Membranes (Basel). 2019, 9 (6), 70. https://doi.org/10.3390/membranes9060070. 

(112)  Yan, L.; Li, Y. S.; Xiang, C. B. Preparation of Poly(Vinylidene Fluoride)(Pvdf) Ultrafiltration 

Membrane Modified by Nano-Sized Alumina (Al2O3) and Its Antifouling Research. Polymer (Guildf). 

2005, 46 (18), 7701–7706. https://doi.org/10.1016/j.polymer.2005.05.155. 

(113)  Worthley, C. H.; Constantopoulos, K. T.; Ginic-Markovic, M.; Markovic, E.; Clarke, S. A Study 

into the Effect of POSS Nanoparticles on Cellulose Acetate Membranes. J. Membr. Sci. 2013, 431, 

62–71. https://doi.org/10.1016/j.memsci.2012.12.025. 

(114)  Zinadini, S.; Zinatizadeh, A. A.; Rahimi, M.; Vatanpour, V.; Zangeneh, H. Preparation of a Novel 

Antifouling Mixed Matrix PES Membrane by Embedding Graphene Oxide Nanoplates. J. Membr. 

Sci. 2014, 453, 292–301. https://doi.org/10.1016/j.memsci.2013.10.070. 

(115)  Zhao, H.; Wu, L.; Zhou, Z.; Zhang, L.; Chen, H. Improving the Antifouling Property of 

Polysulfone Ultrafiltration Membrane by Incorporation of Isocyanate-Treated Graphene Oxide. 

Phys. Chem. Chem. Phys. 2013, 15 (23), 9084–9092. https://doi.org/10.1039/C3CP50955A. 

(116)  Majeed, S.; Fierro, D.; Buhr, K.; Wind, J.; Du, B.; Boschetti-de-Fierro, A.; Abetz, V. Multi-Walled 

Carbon Nanotubes (MWCNTs) Mixed Polyacrylonitrile (PAN) Ultrafiltration Membranes. J. Membr. 

Sci. 2012, 403–404, 101–109. https://doi.org/10.1016/j.memsci.2012.02.029. 

(117)  Liu, J.; Chen, P.; Qin, D.; Jia, S.; Jia, C.; Li, L.; Bian, H.; Wei, J.; Shao, Z. Nanocomposites 

Membranes from Cellulose Nanofibers, SiO2 and Carboxymethyl Cellulose with Improved 

Properties. Carbohydr. Polym. 2020, 233, 115818. 

https://doi.org/10.1016/j.carbpol.2019.115818. 

(118)  Kim, E.-S.; Liu, Y.; Gamal El-Din, M. An In-Situ Integrated System of Carbon Nanotubes 

Nanocomposite Membrane for Oil Sands Process-Affected Water Treatment. J. Membr. Sci. 2013, 

429, 418–427. https://doi.org/10.1016/j.memsci.2012.11.077. 

(119)  Gopal, R.; Kaur, S.; Ma, Z.; Chan, C.; Ramakrishna, S.; Matsuura, T. Electrospun Nanofibrous 

Filtration Membrane. J. Membr. Sci. 2006, 281 (1), 581–586. 

https://doi.org/10.1016/j.memsci.2006.04.026. 

(120)  Frenot, A.; Chronakis, I. S. Polymer Nanofibers Assembled by Electrospinning. Curr. Opin. 

Colloid Interface Sci. 2003, 8 (1), 64–75. https://doi.org/10.1016/S1359-0294(03)00004-9. 

(121)  Tijing, L. D.; Woo, Y. C.; Yao, M.; Ren, J.; Shon, H. K. 1.16 Electrospinning for Membrane 

Fabrication: Strategies and Applications. In Comprehensive Membrane Science and Engineering 

(Second Edition); Drioli, E., Giorno, L., Fontananova, E., Eds.; Elsevier: Oxford, 2017; pp 418–444. 

(122)  Lin, J.; Wang, X.; Ding, B.; Yu, J.; Sun, G.; Wang, M. Biomimicry via Electrospinning. Crit. Rev. 

Solid State Mater. Sci. 2012, 37 (2), 94–114. https://doi.org/10.1080/10408436.2011.627096. 

(123)  Supaphol, P.; Suwantong, O.; Sangsanoh, P.; Srinivasan, S.; Jayakumar, R.; Nair, S. V. 

Electrospinning of Biocompatible Polymers and Their Potentials in Biomedical Applications. In 

Biomedical Applications of Polymeric Nanofibers; Jayakumar, R., Nair, S., Eds.; Advances in 

Polymer Science; Springer: Berlin, Heidelberg, 2012; pp 213–239. 



43 

 

(124)  Jose Varghese, R.; Sakho, E. hadji M.; Parani, S.; Thomas, S.; Oluwafemi, O. S.; Wu, J. Chapter 

3 - Introduction to Nanomaterials: Synthesis and Applications. In Nanomaterials for Solar Cell 

Applications; Thomas, S., Sakho, E. H. M., Kalarikkal, N., Oluwafemi, S. O., Wu, J., Eds.; Elsevier, 

2019; pp 75–95. 

(125)  Deitzel, J. M.; Kleinmeyer, J.; Harris, D.; Beck Tan, N. C. The Effect of Processing Variables on 

the Morphology of Electrospun Nanofibers and Textiles. Polymer (Guildf). 2001, 42 (1), 261–272. 

https://doi.org/10.1016/S0032-3861(00)00250-0. 

(126)  Liao, Y.; Wang, R.; Fane, A. G. Fabrication of Bioinspired Composite Nanofiber Membranes 

with Robust Superhydrophobicity for Direct Contact Membrane Distillation. Environ. Sci. Technol. 

2014, 48 (11), 6335–6341. https://doi.org/10.1021/es405795s. 

(127)  Homaeigohar, S. S.; Elbahri, M. Novel Compaction Resistant and Ductile Nanocomposite 

Nanofibrous Microfiltration Membranes. J. Colloid Interface Sci. 2012, 372 (1), 6–15. 

https://doi.org/10.1016/j.jcis.2012.01.012. 

(128)  Dasari, A.; Quirós, J.; Herrero, B.; Boltes, K.; García-Calvo, E.; Rosal, R. Antifouling Membranes 

Prepared by Electrospinning Polylactic Acid Containing Biocidal Nanoparticles. J. Membr. Sci. 2012, 

405–406, 134–140. https://doi.org/10.1016/j.memsci.2012.02.060. 

(129)  Tijing, L. D.; Ruelo, M. T. G.; Amarjargal, A.; Pant, H. R.; Park, C.-H.; Kim, D. W.; Kim, C. S. 

Antibacterial and Superhydrophilic Electrospun Polyurethane Nanocomposite Fibers Containing 

Tourmaline Nanoparticles. Chem. Eng. J. 2012, 197, 41–48. 

https://doi.org/10.1016/j.cej.2012.05.005. 

(130)  Lala, N. L.; Ramaseshan, R.; Bojun, L.; Sundarrajan, S.; Barhate, R. S.; Ying-jun, L.; Ramakrishna, 

S. Fabrication of Nanofibers with Antimicrobial Functionality Used as Filters: Protection against 

Bacterial Contaminants. Biotechnol. Bioeng. 2007, 97 (6), 1357–1365. 

https://doi.org/10.1002/bit.21351. 

(131)  Park, S.-W.; Bae, H.-S.; Xing, Z.-C.; Kwon, O. H.; Huh, M.-W.; Kang, I.-K. Preparation and 

Properties of Silver-Containing Nylon 6 Nanofibers Formed by Electrospinning. J. Appl. Polym. Sci. 

2009, 112 (4), 2320–2326. https://doi.org/10.1002/app.29520. 

(132)  Chou, W.-L.; Yu, D.-G.; Yang, M.-C. The Preparation and Characterization of Silver-Loading 

Cellulose Acetate Hollow Fiber Membrane for Water Treatment. Polym. Adv. Technol. 2005, 16 

(8), 600–607. https://doi.org/10.1002/pat.630. 

(133)  Elmarghany, M. R.; H. El-Shazly, A.; Rajabzadeh, S.; S. Salem, M.; A. Shouman, M.; Nabil Sabry, 

M.; Matsuyama, H.; Nady, N. Triple-Layer Nanocomposite Membrane Prepared by Electrospinning 

Based on Modified PES with Carbon Nanotubes for Membrane Distillation Applications. 

Membranes (Basel). 2020, 10 (1), 15. https://doi.org/10.3390/membranes10010015. 

(134)  Hota, G.; Kumar, B. R.; Ng, W. J.; Ramakrishna, S. Fabrication and Characterization of a 

Boehmite Nanoparticle Impregnated Electrospun Fiber Membrane for Removal of Metal Ions. J. 

Mater. Sci. 2008, 43 (1), 212–217. https://doi.org/10.1007/s10853-007-2142-4. 

(135)  Pant, H. R.; Bajgai, M. P.; Nam, K. T.; Seo, Y. A.; Pandeya, D. R.; Hong, S. T.; Kim, H. Y. 

Electrospun Nylon-6 Spider-Net like Nanofiber Mat Containing TiO2 Nanoparticles: A 

Multifunctional Nanocomposite Textile Material. J. Hazard. Mater. 2011, 185 (1), 124–130. 

https://doi.org/10.1016/j.jhazmat.2010.09.006. 



44 

 

(136)  Prince, J. A.; Singh, G.; Rana, D.; Matsuura, T.; Anbharasi, V.; Shanmugasundaram, T. S. 

Preparation and Characterization of Highly Hydrophobic Poly(Vinylidene Fluoride) – Clay 

Nanocomposite Nanofiber Membranes (PVDF–Clay NNMs) for Desalination Using Direct Contact 

Membrane Distillation. J. Membr. Sci. 2012, 397–398, 80–86. 

https://doi.org/10.1016/j.memsci.2012.01.012. 

(137)  Zheng, Y. 3 - Fabrication on Bioinspired Surfaces. In Bioinspired Design of Materials Surfaces; 

Zheng, Y., Ed.; Materials Today; Elsevier, 2019; pp 99–146. 

(138)  Morgan, P. W. Interfacial Polymerization. Encyclopedia of Polymer Science and Technology. 

June 15, 2011. https://doi.org/10.1002/0471440264.pst168. 

(139)  Morgan, P. W.; Kwolek, S. L. Interfacial Polycondensation. II. Fundamentals of Polymer 

Formation at Liquid Interfaces. J. Polym. Sci. Part A Polym. Chem. 1996, 34 (4), 531–559. 

https://doi.org/10.1002/pola.1996.816. 

(140)  Abdellah, M. H.; Scholes, C. A.; Liu, L.; Kentish, S. E. Efficient Degumming of Crude Canola Oil 

Using Ultrafiltration Membranes and Bio-Derived Solvents. Innov. Food Sci. Emerg. Technol. 2020, 

59, 102274(1-9). https://doi.org/10.1016/j.ifset.2019.102274. 

(141)  Abdellah, M. H.; Pérez-Manríquez, L.; Puspasari, T.; Scholes, C. A.; Kentish, S. E.; Peinemann, 

K. V. A Catechin/Cellulose Composite Membrane for Organic Solvent Nanofiltration. J. Membr. Sci. 

2018, 567 (September), 139–145. https://doi.org/10.1016/j.memsci.2018.09.042. 

(142)  Santanu, K.; Zhiwei, J.; G., L. A. Sub–10 nm Polyamide Nanofilms with Ultrafast Solvent 

Transport for Molecular Separation. Science. 2015, 348 (6241), 1347–1351. 

https://doi.org/10.1126/science.aaa5058. 

(143)  Pérez-Manríquez, L.; Behzad, A. R.; Peinemann, K.-V. Sub-6 nm Thin Cross-Linked Dopamine 

Films with High Pressure Stability for Organic Solvent Nanofiltration. Macromol. Mater. Eng. 2016, 

301 (12), 1437–1442. https://doi.org/10.1002/mame.201600107. 

(144)  Pérez-Manríquez, L.; Neelakanda, P.; Peinemann, K.-V. Morin-Based Nanofiltration 

Membranes for Organic Solvent Separation Processes. J. Membr. Sci. 2018, 554, 1–5. 

https://doi.org/10.1016/j.memsci.2018.02.055. 

(145)  Park, S.-J.; Choi, W.; Nam, S.-E.; Hong, S.; Lee, J. S.; Lee, J.-H. Fabrication of Polyamide Thin 

Film Composite Reverse Osmosis Membranes via Support-Free Interfacial Polymerization. J. 

Membr. Sci. 2017, 526, 52–59. https://doi.org/10.1016/j.memsci.2016.12.027. 

(146)  Pérez-Manríquez, L.; Neelakanda, P.; Peinemann, K.-V. Tannin-Based Thin-Film Composite 

Membranes for Solvent Nanofiltration. J. Membr. Sci. 2017, 541, 137–142. 

https://doi.org/10.1016/j.memsci.2017.06.078. 

(147)  Jimenez Solomon, M. F.; Bhole, Y.; Livingston, A. G. High Flux Membranes for Organic Solvent 

Nanofiltration (OSN)—Interfacial Polymerization with Solvent Activation. J. Membr. Sci. 2012, 

423–424, 371–382. https://doi.org/10.1016/j.memsci.2012.08.030. 

(148)  Zhang, A.; Ma, R.; Xie, Y.; Xu, B.; Xia, S.; Gao, N. Preparation Polyamide Nanofiltration 

Membrane by Interfacial Polymerization. Desalin. Water Treat. 2012, 37 (1–3), 238–243. 

https://doi.org/10.1080/19443994.2012.661278. 



45 

 

(149)  Jimenez Solomon, M. F.; Bhole, Y.; Livingston, A. G. High Flux Hydrophobic Membranes for 

Organic Solvent Nanofiltration (OSN)—Interfacial Polymerization, Surface Modification and 

Solvent Activation. J. Membr. Sci. 2013, 434, 193–203. 

https://doi.org/10.1016/j.memsci.2013.01.055. 

(150)  Kim, E.-S.; Deng, B. Fabrication of Polyamide Thin-Film Nano-Composite (PA-TFN) Membrane 

with Hydrophilized Ordered Mesoporous Carbon (H-OMC) for Water Purifications. J. Membr. Sci. 

2011, 375 (1), 46–54. https://doi.org/10.1016/j.memsci.2011.01.041. 

(151)  Cruz-Silva, R.; Izu, K.; Maeda, J.; Saito, S.; Morelos-Gomez, A.; Aguilar, C.; Takizawa, Y.; 

Yamanaka, A.; Tejiima, S.; Fujisawa, K.; Takeuchi, K.; Hayashi, T.; Noguchi, T.; Isogai, A.; Endo, M. 

Nanocomposite Desalination Membranes Made of Aromatic Polyamide with Cellulose Nanofibers: 

Synthesis, Performance, and Water Diffusion Study. Nanoscale 2020, 12 (38), 19628–19637. 

https://doi.org/10.1039/D0NR02915G. 

(152)  Kim, E.-S.; Hwang, G.; Gamal El-Din, M.; Liu, Y. Development of Nanosilver and Multi-Walled 

Carbon Nanotubes Thin-Film Nanocomposite Membrane for Enhanced Water Treatment. J. 

Membr. Sci. 2012, 394–395, 37–48. https://doi.org/10.1016/j.memsci.2011.11.041. 

(153)  Pendergast, M. M.; Ghosh, A. K.; Hoek, E. M. V. Separation Performance and Interfacial 

Properties of Nanocomposite Reverse Osmosis Membranes. Desalination 2013, 308, 180–185. 

https://doi.org/10.1016/j.desal.2011.05.005. 

(154)  Lind, M. L.; Ghosh, A. K.; Jawor, A.; Huang, X.; Hou, W.; Yang, Y.; Hoek, E. M. V. Influence of 

Zeolite Crystal Size on Zeolite-Polyamide Thin Film Nanocomposite Membranes. Langmuir 2009, 

25 (17), 10139–10145. https://doi.org/10.1021/la900938x. 

(155)  Wu, H.; Tang, B.; Wu, P. MWNTs/Polyester Thin Film Nanocomposite Membrane: An Approach 

To Overcome the Trade-Off Effect between Permeability and Selectivity. J. Phys. Chem. C 2010, 

114 (39), 16395–16400. https://doi.org/10.1021/jp107280m. 

(156)  Park, J.; Choi, W.; Kim, S. H.; Chun, B. H.; Bang, J.; Lee, K. B. Enhancement of Chlorine 

Resistance in Carbon Nanotube Based Nanocomposite Reverse Osmosis Membranes. Desalin. 

Water Treat. 2010, 15 (1–3), 198–204. https://doi.org/10.5004/dwt.2010.1686. 

(157)  Zhao, H.; Qiu, S.; Wu, L.; Zhang, L.; Chen, H.; Gao, C. Improving the Performance of Polyamide 

Reverse Osmosis Membrane by Incorporation of Modified Multi-Walled Carbon Nanotubes. J. 

Membr. Sci. 2014, 450, 249–256. https://doi.org/10.1016/j.memsci.2013.09.014. 

(158)  Lee, J.; Boo, C.; Ryu, W.-H.; Taylor, A. D.; Elimelech, M. Development of Omniphobic 

Desalination Membranes Using a Charged Electrospun Nanofiber Scaffold. ACS Appl. Mater. 

Interfaces 2016, 8 (17), 11154–11161. https://doi.org/10.1021/acsami.6b02419. 

(159)  Pourjafar, S.; Rahimpour, A.; Jahanshahi, M. Synthesis and Characterization of PVA/PES Thin 

Film Composite Nanofiltration Membrane Modified with TiO2 Nanoparticles for Better 

Performance and Surface Properties. J. Ind. Eng. Chem. 2012, 18 (4), 1398–1405. 

https://doi.org/10.1016/j.jiec.2012.01.041. 

(160)  Jahanshahi, M.; Rahimpour, A.; Peyravi, M. Developing Thin Film Composite Poly(Piperazine-

Amide) and Poly(Vinyl-Alcohol) Nanofiltration Membranes. Desalination 2010, 257 (1), 129–136. 

https://doi.org/10.1016/j.desal.2010.02.034. 



46 

 

(161)  Yu, S.; Chen, Z.; Cheng, Q.; Lü, Z.; Liu, M.; Gao, C. Application of Thin-Film Composite Hollow 

Fiber Membrane to Submerged Nanofiltration of Anionic Dye Aqueous Solutions. Sep. Purif. 

Technol. 2012, 88, 121–129. https://doi.org/10.1016/j.seppur.2011.12.024. 

(162)  Huie, J. C. Guided Molecular Self-Assembly: A Review of Recent Efforts. Smart Mater. Struct. 

2003, 12 (2), 264–271. https://doi.org/10.1088/0964-1726/12/2/315. 

(163)  Zhou, M.; Nemade, P. R.; Lu, X.; Zeng, X.; Hatakeyama, E. S.; Noble, R. D.; Gin, D. L. New Type 

of Membrane Material for Water Desalination Based on a Cross-Linked Bicontinuous Cubic 

Lyotropic Liquid Crystal Assembly. J. Am. Chem. Soc. 2007, 129 (31), 9574–9575. 

https://doi.org/10.1021/ja073067w. 

(164)  Jo, Y. J.; Choi, E. Y.; Kim, S. W.; Kim, C. K. Fabrication and Characterization of a Novel 

Polyethersulfone/Aminated Polyethersulfone Ultrafiltration Membrane Assembled with Zinc 

Oxide Nanoparticles. Polymer (Guildf). 2016, 87, 290–299. 

https://doi.org/10.1016/j.polymer.2016.02.017. 

(165)  Zhuang, X.; Mai, Y.; Wu, D.; Zhang, F.; Feng, X. Two-Dimensional Soft Nanomaterials: A 

Fascinating World of Materials. Adv. Mater. 2015, 27 (3), 403–427. 

https://doi.org/https://doi.org/10.1002/adma.201401857. 

(166)  O’Neal, J. T.; Bolen, M. J.; Dai, E. Y.; Lutkenhaus, J. L. Hydrogen-Bonded Polymer 

Nanocomposites Containing Discrete Layers of Gold Nanoparticles. J. Colloid Interface Sci. 2017, 

485, 260–268. https://doi.org/10.1016/j.jcis.2016.09.044. 

(167)  Hu, M.; Mi, B. Enabling Graphene Oxide Nanosheets as Water Separation Membranes. 

Environ. Sci. Technol. 2013, 47 (8), 3715–3723. https://doi.org/10.1021/es400571g. 

(168)  Choi, W.; Choi, J.; Bang, J.; Lee, J.-H. Layer-by-Layer Assembly of Graphene Oxide Nanosheets 

on Polyamide Membranes for Durable Reverse-Osmosis Applications. ACS Appl. Mater. Interfaces 

2013, 5 (23), 12510–12519. https://doi.org/10.1021/am403790s. 

(169)  Tiraferri, A.; Vecitis, C. D.; Elimelech, M. Covalent Binding of Single-Walled Carbon Nanotubes 

to Polyamide Membranes for Antimicrobial Surface Properties. ACS Appl. Mater. Interfaces 2011, 

3 (8), 2869–2877. https://doi.org/10.1021/am200536p. 

(170)  Park, J.; Choi, W.; Cho, J.; Chun, B. H.; Kim, S. H.; Lee, K. B.; Bang, J. Carbon Nanotube-Based 

Nanocomposite Desalination Membranes from Layer-by-Layer Assembly. Desalin. Water Treat. 

2010, 15 (1–3), 76–83. https://doi.org/10.5004/dwt.2010.1670. 

(171)  Wang, L.; Fang, M.; Liu, J.; He, J.; Li, J.; Lei, J. Layer-by-Layer Fabrication of High-Performance 

Polyamide/ZIF-8 Nanocomposite Membrane for Nanofiltration Applications. ACS Appl. Mater. 

Interfaces 2015, 7 (43), 24082–24093. https://doi.org/10.1021/acsami.5b07128. 

(172)  Habibi, Y.; Dufresne, A. Highly Filled Bionanocomposites from Functionalized Polysaccharide 

Nanocrystals. Biomacromolecules 2008, 9 (7), 1974–1980. https://doi.org/10.1021/bm8001717. 

(173)  Yu, J.; Liu, Y.; Liu, X.; Wang, C.; Wang, J.; Chu, F.; Tang, C. Integration of Renewable Cellulose 

and Rosin towards Sustainable Copolymers by “Grafting from” ATRP. Green Chem. 2014, 16 (4), 

1854–1864. https://doi.org/10.1039/C3GC41550C. 

(174)  Liang, S.; Kang, Y.; Tiraferri, A.; Giannelis, E. P.; Huang, X.; Elimelech, M. Highly Hydrophilic 

Polyvinylidene Fluoride (PVDF) Ultrafiltration Membranes via Postfabrication Grafting of Surface-



47 

 

Tailored Silica Nanoparticles. ACS Appl. Mater. Interfaces 2013, 5 (14), 6694–6703. 

https://doi.org/10.1021/am401462e. 

(175)  Boretti, A.; Rosa, L. Reassessing the Projections of the World Water Development Report. npj 

Clean Water 2019, 2 (1), 15. https://doi.org/10.1038/s41545-019-0039-9. 

(176)  Ying, Y.; Ying, W.; Li, Q.; Meng, D.; Ren, G.; Yan, R.; Peng, X. Recent Advances of Nanomaterial-

Based Membrane for Water Purification. Appl. Mater. Today 2017, 7, 144–158. 

https://doi.org/10.1016/j.apmt.2017.02.010. 

(177)  Topuz, F.; Holtzl, T.; Szekely, G. Scavenging Organic Micropollutants from Water with 

Nanofibrous Hypercrosslinked Cyclodextrin Membranes Derived from Green Resources. Chem. 

Eng. J. 2021, 419, 129443. https://doi.org/10.1016/j.cej.2021.129443. 

(178)  Liu, J.; Liu, G.; Liu, W. Preparation of Water-Soluble β-Cyclodextrin/Poly(Acrylic 

Acid)/Graphene Oxide Nanocomposites as New Adsorbents to Remove Cationic Dyes from 

Aqueous Solutions. Chem. Eng. J. 2014, 257, 299–308. https://doi.org/10.1016/j.cej.2014.07.021. 

(179)  Ji, X.; Wang, H.; Wang, H.; Zhao, T.; Page, Z. A.; Khashab, N. M.; Sessler, J. L. Removal of Organic 

Micropollutants from Water by Macrocycle-Containing Covalent Polymer Networks. Angew. 

Chem. Int. Ed. 2020. https://doi.org/10.1002/anie.202009113. 

(180)  Cova, T. F.; Murtinho, D.; Aguado, R.; Pais, A. A. C. C.; Valente, A. J. M. Cyclodextrin Polymers 

and Cyclodextrin-Containing Polysaccharides for Water Remediation. Polysaccharides 2021, 2 (1), 

16–38. https://doi.org/10.3390/polysaccharides2010002. 

(181)  Zhang, Q.; Bolisetty, S.; Cao, Y.; Handschin, S.; Adamcik, J.; Peng, Q.; Mezzenga, R. Selective 

and Efficient Removal of Fluoride from Water: In Situ Engineered Amyloid Fibril/ZrO2 Hybrid 

Membranes. Angew. Chem. Int. Ed. 2019, 58 (18), 6012–6016. 

https://doi.org/10.1002/anie.201901596. 

(182)  Khairnar, Y.; Hansora, D.; Hazra, C.; Kundu, D.; Tayde, S.; Tonde, S.; Naik, J.; Chatterjee, A. 

Cellulose Bionanocomposites for Sustainable Planet and People: A Global Snapshot of 

Preparation, Properties, and Applications. Carbohydr. Polym. Technol. Appl. 2021, 2, 100065. 

https://doi.org/10.1016/j.carpta.2021.100065. 

(183)  Cusola, O.; Rojas, O. J.; Roncero, M. B. Lignin Particles for Multifunctional Membranes, 

Antioxidative Microfiltration, Patterning, and 3D Structuring. ACS Appl. Mater. Interfaces 2019, 11 

(48), 45226–45236. https://doi.org/10.1021/acsami.9b16931. 

(184)  Nevárez, L. M.; Casarrubias, L. B.; Canto, O. S.; Celzard, A.; Fierro, V.; Gómez, R. I.; Sánchez, G. 

G. Biopolymers-Based Nanocomposites: Membranes from Propionated Lignin and Cellulose for 

Water Purification. Carbohydr. Polym. 2011, 86 (2), 732–741. 

https://doi.org/10.1016/j.carbpol.2011.05.014. 

(185)  Alammar, A.; Park, S.-H.; Ibrahim, I.; Arun, D.; Holtzl, T.; Dumée, L. F.; Lim, H. N.; Szekely, G. 

Architecting Neonicotinoid-Scavenging Nanocomposite Hydrogels for Environmental 

Remediation. Appl. Mater. Today 2020, 21, 100878. https://doi.org/10.1016/j.apmt.2020.100878. 

(186)  Gomes, R. F.; de Azevedo, A. C. N.; Pereira, A. G. B.; Muniz, E. C.; Fajardo, A. R.; Rodrigues, F. 

H. A. Fast Dye Removal from Water by Starch-Based Nanocomposites. J. Colloid Interface Sci. 2015, 

454, 200–209. https://doi.org/10.1016/j.jcis.2015.05.026. 



48 

 

(187)  Feng, Z.; Adolfsson, K. H.; Xu, Y.; Fang, H.; Hakkarainen, M.; Wu, M. Carbon Dot/Polymer 

Nanocomposites: From Green Synthesis to Energy, Environmental and Biomedical Applications. 

Sustain. Mater. Technol. 2021, 29, e00304. https://doi.org/10.1016/j.susmat.2021.e00304. 

(188)  Kim, W.; Lee, J. S.; Bucknall, D. G.; Koros, W. J.; Nair, S. Nanoporous Layered Silicate AMH-

3/Cellulose Acetate Nanocomposite Membranes for Gas Separations. J. Membr. Sci. 2013, 441, 

129–136. https://doi.org/10.1016/j.memsci.2013.03.044. 

(189)  Naghsh, M.; Sadeghi, M.; Moheb, A.; Chenar, M. P.; Mohagheghian, M. Separation of 

Ethylene/Ethane and Propylene/Propane by Cellulose Acetate-Silica Nanocomposite Membranes. 

J. Membr. Sci. 2012, 423–424, 97–106. https://doi.org/10.1016/j.memsci.2012.07.032. 

(190)  Torstensen, J.; Helberg, R. M. L.; Deng, L.; Gregersen, Ø. W.; Syverud, K. PVA/Nanocellulose 

Nanocomposite Membranes for CO2 Separation from Flue Gas. Int. J. Greenh. Gas Control 2019, 

81, 93–102. https://doi.org/10.1016/j.ijggc.2018.10.007. 

(191)  Gao, L.; Zheng, G.; Zhou, Y.; Hu, L.; Feng, G. Improved Mechanical Property, Thermal 

Performance, Flame Retardancy and Fire Behavior of Lignin-Based Rigid Polyurethane Foam 

Nanocomposite. J. Therm. Anal. Calorim. 2015, 120 (2), 1311–1325. 

https://doi.org/10.1007/s10973-015-4434-2. 

(192)  Zare, Y. Study of Nanoparticles Aggregation/Agglomeration in Polymer Particulate 

Nanocomposites by Mechanical Properties. Compos. Part A Appl. Sci. Manuf. 2016, 84, 158–164. 

https://doi.org/10.1016/j.compositesa.2016.01.020. 

(193)  Wen, Y.; Yuan, J.; Ma, X.; Wang, S.; Liu, Y. Polymeric Nanocomposite Membranes for Water 

Treatment: A Review. Environmen. Chem. Lett. 2019, pp 1539–1551. 

https://doi.org/10.1007/s10311-019-00895-9. 

(194)  El Badawi, N.; Ramadan, A. R.; Esawi, A. M. K.; El-Morsi, M. Novel Carbon Nanotube-Cellulose 

Acetate Nanocomposite Membranes for Water Filtration Applications. Desalination 2014, 344, 

79–85. https://doi.org/10.1016/j.desal.2014.03.005. 

(195)  Prakobna, K.; Galland, S.; Berglund, L. A. High-Performance and Moisture-Stable Cellulose-

Starch Nanocomposites Based on Bioinspired Core-Shell Nanofibers. Biomacromolecules 2015, 16 

(3), 904–912. https://doi.org/10.1021/bm5018194. 

(196)  Xie, W.; Li, T.; Tiraferri, A.; Drioli, E.; Figoli, A.; Crittenden, J. C.; Liu, B. Toward the Next 

Generation of Sustainable Membranes from Green Chemistry Principles. ACS Sustain. Chem. Eng. 

2021, 9 (1), 50–75. https://doi.org/10.1021/acssuschemeng.0c07119. 

 


