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Abstract

Cellulose nanomaterials are naturally occurring with unique structural, mechanical and optical 

properties. While the paper and packaging, automotive, personal care, construction, and textiles 

industries have recognized cellulose nanomaterials’ potential, we suggest cellulose nanomaterials 

have great untapped potential in water treatment technologies. In this review, we gather evidence 

of cellulose nanomaterials’ beneficial role in environmental remediation and membranes for water 

filtration, including their high surface area-to-volume ratio, low environmental impact, high 

strength, functionalizability, and sustainability. We make direct comparison between cellulose 

nanomaterials and carbon nanotubes (CNTs) in terms of physical and chemical properties, 

production costs, use and disposal in order to show the potential of cellulose nanomaterials as a 

sustainable replacement for CNTs in water treatment technologies. Finally, we comment on the 

need for improved communication and collaboration across the myriad industries invested in 

cellulose nanomaterials production and development to achieve an efficient means to 

commercialization.
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1. INTRODUCTION

Cellulose, the most prevalent natural polymer, has greatly impacted the world and society in 

broad reaching areas. While the ancient Egyptians recognized the utility of cellulose, it was 

only within the last century that advanced processing and analytical instrumentation allowed 

researchers to discover the nanoscale cellulose structures that exhibit extraordinary 

properties.1–4 These nanostructures are naturally occurring and have sizes ranging from a 

few nanometers to microns with high strength properties comparable to Kevlar.5 The 

discovery of these remarkable, naturally occurring nanomaterials has spawned interest from 

broad markets including paper and packaging,6–11 food additives,8,12 personal care 

products,8,13,14 lightweight composites for aerospace and automotive,8,15,16 building and 

construction,8 biomedical8,17–24 and energy.8,25,26 These application areas have been 

reviewed thoroughly and interested readers are directed to the afore-referenced reviews.

Even with these myriad applications, the commercialization of CNs seems to be hindered by 

a lack of valuable end-products for these biobased nanomaterials. Interest in developing CN-

enabled products spans fields as diverse as forestry, engineering, physics and chemistry.27,28 

The forest-product industry is especially interested in harnessing the potential of CN as it 

already has the infrastructure in place for harvesting and transporting the requisite raw 

material. With an ever-expanding number of patents filed each year,2 CNs appear to occupy 

a more prominent position in the patent literature than in the peer-reviewed scientific 

literature, exemplifying the ongoing race to find success with CN-based materials. There has 

been an exponential increase in the number of patents filed that include cellulose 

nanomaterials in a predominant way. To date 475 patents have been filed that include the 

words nanocellulose (112 patents), cellulose nanocrystals (38 patents), microfibrillated 
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cellulose (125 patents), bacterial nanocellullose (5 patents), cellulose nanowhiskers (5 

patents), and cellulose nanofibers (190 patents). One fifth of all the CN patents filed are 

related to environmental applications including membrane technology, with a total of 97 

patents linking the above keywords describing CNs with at least one of the following terms: 

membrane, adsorbent, environment, and filter. The total number of environmentally relevant 

CN patents and the keywords they use in their description (eliminating redundant searches) 

is presented in Figure 1. Patents for CNs have been filed for a wide range of applications. 

Cellulose nanomaterial uses in membranes (35 patents) and filters (39 patents) are primarily 

claimed as additives to mechanically reinforce materials, increase their molecular weight, 

alter their surface chemistry, and act as a binding agent. Patents for CNs in membranes and 

filters are touted for applications in membranes for fuel cells, membranes used as wound 

dressings, membranes used in electrode assemblies, water filtration membranes, gas barrier 

membranes, conductive thin films, paper barriers, and cigarette filters. Interestingly, one of 

the earliest patents filed in 1999 claimed the use of microfibrillated cellulose for applications 

in environmentally benign cigarette filters. Patent claims that include environmental terms 

(20 patents) for CN applications, predominantly mention the environmentally friendly nature 

of CNs and often claim their material is produced in an environmentally friendly manner as 

a result of using CNs. These patent applications include environmental protective coatings. 

Cellulose nanomaterial uses in patents for adsorbents (3 patents) are claimed as 

environmentally friendly carriers for catalysts and various chemicals. To drive the future 

commercialization of CNs, applications that are broadly impactful, easily scalable, and 

result in a needed and valuable end product are necessary.

As shown in patent and literature reviews, the use of CNs in environmental engineering 

applications is much less explored, even though CNs hold great potential.29 Nanomaterials 

in general have recently garnered much attention for remediation of toxic compounds as 

their size, high surface area-to-volume ratio, and functionalizable surfaces allow for high 

reactivity, targeting of species, and sufficient transport for in situ application.30 However, 

environmental concerns necessitate that the nanoremediation scaffold have no negative 

impact of its own. Next generation water filtration membranes require higher strength and 

selectivity, while maintaining water permeability, than current formulations. Cellulose 

nanomaterials’ inherent fibrous nature and remarkable mechanical properties, coupled with 

its low cost, biocompatibility and sustainable source, suggest huge potential as a component 

in water filtration membranes. While other engineering applications of CNs hold great 

potential, such as membranes for air filtration31–33 and as rheological agents in oil recovery 

(i.e., fracking),25,26 we have focused this review specifically on water treatment 

technologies to serve as a guide and inspiration to those considering CN-based materials in 

these areas. We first consider lessons learned from developments in other more mature 

applications, then make comparisons between CNs and other high-aspect ratio high strength 

nanoparticles (i.e., CNTs) previously studied. We compile key results in the areas of 

remediation and water filtration membranes that are promising contributions to developing 

CNs in environmental engineering. Lastly, we comment on the future of CNs in 

environmental applications.
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2. CONSIDERATIONS FOR CELLULOSE NANOMATERIAL-BASED 

DEVELOPMENT IN ENVIRONMENTAL ENGINEERING APPLICATIONS

2.1. Cellulose Nanomaterial Structures and Inconsistencies in Nomenclature

There are numerous types of cellulose nanomaterials isolated through different methods, and 

the disjointed investigation of these materials by varying research disciplines has resulted in 

a lack of consistent nomenclature.34 Thus, when researching literature, one must search 

many different names to gain a full understanding of the state of the art. These names 

include nanocellulose, microcrystalline cellulose, nanocrystalline cellulose, cellulose 

nanocrystals, cellulose nanowhiskers, polysaccharide nanocrystals, Avicel, cellulose 

microfibrils, cellulose nanofibrils, cellulose nanofibers, cellulose microfibers, nanofibrillated 

cellulose, microfibrillated cellulose, bacterial cellulose, and any combination of the above. A 

consortium including the USDA Forest Service, the Technical Association of the Pulp and 

Paper Industry (TAPPI), and interested entities in Canada have proposed that cellulose nano-

objects be categorized into two groups: cellulose nanocrystals (CNC) and cellulose 

nanofibrils (CNF).35 As illustrated in Figure 2, CNFs are isolated either through 

homogenization of cellulose feedstocks or directly produced by bacteria. Only certain types 

of bacteria, mainly Gluconacetobacter xylinus, are known to produce CNFs, which are 

typically characterized by high average molecular weight, higher crystallinity, and different 

surface chemistry than CNFs isolated through homogenization of wood/plant fibers.36,37 

Often, the fibrils produced directly from bacteria have been designated as their own group 

(i.e., bacterial nanocellulose). However, the consortium places all cellulose nanofibrils in 

one category regardless of their production method. CNFs are characterized by diameters 

between 5–60 nm and lengths on the micrometer scale and are comprised of both amorphous 

and crystalline regions of cellulose. Acid hydrolysis of CNFs to remove the amorphous 

regions yields CNCs (Figure 2). The dimensions of CNCs range from 5–70 nm in diameter 

and 100–250 nm in length depending on the source material and isolation method. As the 

name implies, CNCs are highly crystalline, containing fewer amorphous regions compared 

to CNFs. Of note, recent work by Su et al. using small-angle X-ray-scattering suggests that 

CNCs and CNFs exhibit a ribbon-like structure with an oblong cross section, not a circular 

cross-section as is often depicted.38 In this review, we adhere to the naming standards put 

forth by the afore-mentioned consortium. Adherence to a consistent naming system would 

benefit future knowledge transfer, collaboration and more efficient development.

2.2. Comparison to Carbon Nanotubes

The high aspect ratio that accompanies CN’s impressive mechanical properties is 

reminiscent of carbon nanotubes, yet cellulose nanomaterials are an abundant, naturally 

occurring, and renewable resource that is both biocompatible and hydrophilic due to the 

cellulose building blocks. Moreover, CNs can be functionalized extensively with little 

disruption to their unique crystalline properties.15,39,40 These significant advantages suggest 

CNs would be a sustainable replacement for carbon nanotubes (CNTs). Especially given the 

lower EHS concerns regarding CNs vs CNTs, turning from CNTs to CNs for enhancers in 

water filtration membranes is an obvious progression. Table 1 provides a comparison of 

CNs to CNTs in terms of material properties as well as life cycle assessment including 
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manufacturing cost, applications, ecotoxicity and end of life disposal. Depending on the 

preparation (i.e., slurry or dry) CNs range from $1 to $5/g where CNTs can be as low as 

$8/g to as high as $280/g (calculated from suppliers: University of Maine Process 

Development Center, Cheap Tubes Inc., Buckyusa, Carbon Solutions Inc., U.S. Research 

Nanomaterials Inc.). The difference in CN cost is due to the high energy needed to freeze-

dry the slurry material. While the cost of CNs may still be too high for use in some large 

scale applications, such as remediation scaffolds and rheological modifiers for fracking, 

many entities are interested in CNs as they add value to wood products and can replace 

those products produced from coal (i.e., CNTs and activated carbon). Given the numerous 

biodegradation pathways for CNs that exist, the reduced persistence of these materials 

compared with CNTs suggests that these materials will be of less concern in the context of 

long-term environmental exposures, bioaccumulation and trophic transfer.41 Though 

limited, current data suggest that CNs exhibit very good biocompatibility and low 

toxicity.41,42 There are significant differences between CNs and CNTs that limit its 

complete substitution. Unlike CNTs, unmodified CNs are not electrically conductive nor 

photocatalytic. Moreover, while the tensile strength of CNs is elevated, it is more than ten 

times less than that of CNTs.43 Regardless, the replacement of CNTs with CNs will likely 

become more prominent with the development and improvement of modification 

methodologies and CN-based composite design.

2.3. Manufacturing of Cellulose Nanomaterials

Although CNs are naturally occurring, the extraction of CNFs requires large energy 

consumption,6,44 and the chemical processes to obtain CNCs result in large amounts of 

acidic waste.44,45 Thus, significant efforts are focused on engineering more efficient CN 

production and modification methods.6 For example, enzymatic degradation can separate the 

cellulose fibers with a lower energy requirement, but only small enzyme doses can be used 

to ensure that the degree of polymerization of cellulose nanostructures is not compromised.5 

Incorporation of charges into the pulp fibers aids in lowering the energy requirement for 

homogenization as the charge repulsion lowers fiber–fiber friction and decreases 

aggregation that can clog the machinery.5 Even with these advances, the minimum energy 

requirement achieved is still on the order of 500 kWh per ton of cellulose. While this is 

orders of magnitude smaller than the energy requirements for producing CNTs,41 the need 

for environmentally responsible and economically viable CN production strategies remains a 

major goal for the success of CNs.

3. USE OF CELLULOSE NANOMATERIALS IN WATER TREATMENT 

TECHNOLOGIES

3.1. Cellulose Nanomaterials in Nanoremediation Strategies

Nanotechnologies have been touted as having great potential for reducing costs and 

improving efficiency in pollution prevention, treatment and cleanup.30 Two applications for 

CNs in this area that have generated interest are as an active sorbent material for 

contaminants and as a stabilizer for other active particles.
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3.1.1. Cellulose Nanomaterials As Contaminant Adsorbents—Typical strategies 

for removing heavy metal contaminants from the environment include sorption, chemical 

precipitation, membrane separation, and electrochemical treatment. Of these, sorption 

remains one of most effective and efficient processes with activated carbon being the 

mainstay of sorptive media. Cellulose nanomaterials are a promising alternative adsorbent 

due to its high surface area-to-volume ratio, low cost, high natural abundance, and inherent 

environmental inertness. Moreover, CN’s easily functionalizable surface allows for the 

incorporation of chemical moieties that may increase the binding efficiency of pollutants to 

the CN. Carboxylation of CNs is by far the most studied method for increasing their sorptive 

capacity. Yu et al. found that the incorporation of succinic acid groups onto CNCs 

significantly increased the binding efficiency to Pb2+ and Cd2+ from aqueous solutions.46 

The conversion of the carboxylic acid groups to sodiated carboxylates further enhanced their 

ability to remove these toxic metal ions from solution. The advantage of incorporating 

carboxylate groups has also been demonstrated on cellulose CNFs. For example, Srivastava 

et al. exhibited the ability of COO−-modified CNFs to sorb Ni2+ and Cr3+ in addition to 

Cd2+ and Pb2+ with efficiencies 3–10% higher than unmodified CNFs.47 Ma et al. further 

supported the remediative utility of CNFs by illustrating their ability to remove radioactive 

uranylions (UO2
2+) from solution.48 The UO2

2+ ions coordinated to the carboxylate groups 

of TEMPO-oxidized CNFs up to 167 mg/g, which is 2–3 times greater than that achieved 

with traditional adsorbents (i.e., montmorillonite, polymer particles, silica particles, and 

hydrogels). Alternatively, incorporation of cysteine provides thiol groups to bind Cr(VI) and 

Pb(II).49

To target anionic contaminants, CN-based materials can be modified to present positively 

charged functionalities as well. For example, the inclusion of amine groups onto the surface 

of CNCs allowed for up to 98% removal of anionic chromate forms containing Cr(VI) at a 

concentration of 12.5 mg/g.50

Bacteria-derived CNFs have also proven suitable for sorbing heavy metals including Pb2+, 

Mn2+, and Cr3+.51 Of note, the dead cells and cellular debris that remain in the CNF network 

provide extra sites for sorption as they are rich in metal-binding functionalities such as 

carboxyls, phosphoryls, hydroxyls, phosphates, and amines.51

The sorption of organic contaminants has also been demonstrated with modified CN 

matrices. The inherent hydrophilicity of CNs can be reduced to improve the affinity of the 

material for hydrophobic compounds. The manipulation of the surface chemistry of CNs can 

be achieved by inclusion of both organic and inorganic functionalities. For example, 

Kohrhonen et al. achieved this through atomic layer deposition of titanium dioxide (TiO2) 

nanoparticles onto the surface of CN aerogels.52 The TiO2 coating created a low-energy 

surface on the fibers to yield a CN-based material that was both hydrophobic and oleophilic. 

These materials were able to absorb oil and a variety of organic solvents from the surface of 

water at a capacity of 20–40 g/g and 80–90% vol/vol. Jiang and Hseih achieved even greater 

sorption capacities of model organic solvents ranging from 139–345 g/g by vapor depositing 

triethoxyl(octyl)silane onto CNF aerogels.53 The addition of the hydrophobic silanes to the 

CN structure rendered the material oleophilic and water-repellant such that it could remove 

oils that were spread on the surface of water or that were trapped below water. Recently, 
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Zhang et al. demonstrated the ability to silanate CNFs by simply freeze-drying aqueous 

suspensions in the presence of a methyl-trimethoxysilane sol.54 Similar to the 

aforementioned silanated CNFs, these materials were able to efficiently absorb oils and 

organics from the surface of water. Freezing-drying was also used by Wang et al. to prepare 

hydrogels with graphene oxide trapped within the CN matrix.55 Following reduction under 

H2 gas, the graphene oxide-CN composites were capable of sorbing 147 and 164 g/g of 

dimethylformamide and cyclohexane, respectively. While promising on a lab-scale, vapor 

deposition and freeze-drying large quantities required for field-scale remediation may be 

prohibitive. Modifications that are easily scalable would be more valuable.

Promising remediation candidates would also have a mechanism for removing the 

contaminant-loaded CN. For example, the aforementioned UO2
2+-sorbing CNFs formed a 

gel upon binding that facilitates separation of the contaminant-laden CNFs from water.48 

Magnetite nanoparticles can easily be incorporated into the CN structure to allow for 

controlled collection via magnetic separation.56 Zhu et al. fabricated CNFs with magnetic 

particles entrapped within the fibers by including Fe3O4 nanoparticles into the growth media 

of CNF-producing bacteria during the formation of the fibers.51 While this latter method 

represents a low energy pathway for modifying CNs, long growth times and difficulty with 

scale-up may limit commercialization.

Following capture of the contaminant-loaded material, the ability to remove/wash the 

contaminant from the sorbent and reuse the material is also a major goal in designing 

sustainable remediation strategies. Recycleable CN-based adsorbent materials, exhibiting 

80–90% retention of adsorption capacity has been demonstrated with many of the materials 

discussed above.46,47,50–52,56 Mechanisms for regeneration are tailored to the 

functionalization introduced to the CN or the type of contaminant removed. For example, 

removal of sorbed metallic ions was achieved through washing with acid or salt solutions, 

whereas the removal of organic compounds from the TiO2-modified CNFs was achieved by 

submersion in organic solvents or by evaporation. The number of cycles tested typically 

ranges between 3 and 5,46,47,50,51,56 but Korhonen et al. produced a CN-based aerogel that 

maintained >80% recovery after 10 cycles.52

3.1.2. Cellulose Nanomaterials as Scaffolds—Cellulose nanomaterials find 

application in nanoremediation strategies in a passive manner as well where it serves as a 

scaffold or particle-stabilizer for reactive nanoparticles. Nanoparticles are often modified 

with polymers to prevent aggregation and to aid in transport; however, these surface-bound 

stabilizers coat the reactive particle surface and may thereby inhibit the sorption and 

degradation of target compounds. Aggregation issues plague the use of iron oxide 

nanoparticles that can be employed as adsorbent materials for arsenic removal.57 Nata et al. 

designed a simple one-pot solvothermal method for growing aminated iron oxide particles 

onto a CNF matrix for use in arsenic remediation.58 The robust CNF matrix prevented 

particle aggregation and allowed for increased modification of the magnetite particles with 

amines. As a result, these materials exhibited significantly higher arsenic removal (36.49 

mg/g As(V)) than any previously published iron oxide-based adsorbents.
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The growth of reactive nanoparticles for the photocatalytic degradation of contaminants has 

also been demonstrated. Titanium dioxide particles, a popular photocatalytic 

nanoremediation strategy, were grown along CNFs using a controlled surface hydrolysis 

method.59 Near complete UV degradation of methyl orange, a model organic dye for textile 

effluents, was observed after 20 min, which was 20% increased rate compared to TiO2 

alone. Snyder et al. created hybrid Au/TiO2- and Ag/TiO2–CNF composites that removed 

methylene blue, a model for organic contaminants, by 75% and 70%, respectively, after 1 h 

through both adsorption and photocatalytic degradation.60 Of note, the addition of the 

metallic nanoparticles proved to increase the mechanical strength of the CNF films, making 

them more robust and recyclable. Yang et al. prepared another type of photocatalyic CN 

using a hydrothermal reaction to grow cadmium sulfide nanoparticles along CNFs.61 These 

composite materials were capable of 80% methyl orange degradation after 90 min 

irradiation with visible light.

While the aforementioned materials have proven effective at sequestering or reacting a wide 

range of contaminants, the environmental impact of modified CNs must be considered when 

determining their ultimate success. The nontoxic nature and biodegradability of CNs may be 

compromised when chemical modifications are made. Thus, complete studies should also 

include stability experiments and analyses of any new byproducts that might be formed. 

Since most remediation applications are likely to require large quantities of CNs, the cost, 

feasibility, and life cycle considerations of manufacturing these materials on a large scale 

must be considered.62 The current cost of CNs ($1/g) is significantly higher than that of 

activated carbon ($1.65/kg),63 which is often used as a sorbent in remediation. However, CN 

has the environmental advantage over charcoal-derived activated carbon. Biochar is similar 

to activated carbon and derived from plants, but is less functionalizable than CN.63 

Transport studies will reveal whether the higher cost of CN will be offset by lower 

deployment costs.

3.2. Cellulose Nanomaterials in Membranes for Water Filtration

The dimensions of cellulose nano- and microfibers and the strength of the material can be 

exploited in the fabrication of membranes for water treatment. Membranes have been 

formed as pristine CN mats64–68 as well as from CNs incorporated into a multitude of 

polymer matrices including cellulose triacetate,69 poly(vinylidene fluoride) (PVDF),70 

poly(ether sulfone) (PES),71 poly(ethylene oxide) (PEO),72 poly(vinyl alcohol) 

(PVA),68,73,74 poly(acrylonitrile) (PAN),68,75 poly(3-hydroxybutyrate) (PHB),76 and 

polypyrrole (PPy).77 Polymer-CN composite membranes have been conceived in a range of 

membrane processes (i.e., micro-filtration, ultrafiltration, hemodialysis, nanofiltration, 

membrane distillation) and taken together they demonstrate a wide variety of membrane 

characteristics. Much like with the addition of carbon nanotubes, the inclusion of CNs 

within polymer matrices distinctly alters the membrane properties even at very low weight 

percent loadings. The most notable property enhancement is the large increases in 

membrane tensile strength obtained from small weight additions of CNs. Other beneficial 

properties include changes to membrane surface hydrophilicity, greater permeability, greater 

selectivity, and greater resistance to biofouling. Unlike CNTs, however, CN are highly 

biocompatible and environmentally benign, which is of significance to biomedical and 
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environmental applications of such nanocomposite membranes. Each of these enhanced 

membrane-properties is expounded upon in the following sections.

3.2.1. Mechanical Property Enhancement—Membranes can greatly benefit from the 

high tensile strength of CNs. At low loadings of a few weight percent, CNs can increase the 

tensile strength of polymer membranes by up to 50%70,71 and a reduction in strain-at-break. 

While the tensile properties of CNs are orders of magnitude lower than those of CNTs, the 

demonstrated preliminary increases in polymer-CN membrane tensile strength are within the 

same order of magnitude to those achieved with polymer-CNT membranes at similar 

loadings.78,79 The large disparity in tensile properties between CN and those of CNTs on an 

individual basis is not reflected when they are dispersed in bulk polymer matrices.

The increase in polymer-CN membranes’ tensile strength and subsequently, Young’s 

Modulus, does not scale linearly with CN loading. Currently, optimal CN loading is 

achieved at low weight percent, as CN aggregation occurs at higher loadings leading to 

inhomogeneity. The challenges to and limitations of incorporating CNs in membranes are 

discussed in more depth at the end of this section. Despite these limitations, impressive 

tensile enhancements have been achieved with both forms of CN – CNCs and CNFs. In 

most cases, the addition of CNs caused an increase in Young’s Modulus due to an increase 

in maximum tensile stress and a slight reduction in strain-at-break. The greatest increase in 

Young’s Modulus was achieved for PVDF membrane distillation membranes. The addition 

of 2 wt % CNC increased the Young’s Modulus of the PVDF membranes by 45.8%.70 The 

greatest increase in tensile stress was achieved for PES ultrafiltration membranes where the 

addition of 1 wt % CNF increased the tensile stress by 42.4%.71 Details of tensile strength 

and Young’s Modulus for several polymer-CN composites are presented in Table 2.

3.2.2. Hydrophilicity, Permeability, and Separation—In all polymer-CN composite 

membranes, as in polymer-CNT membranes, the addition of CNs caused some 

morphological and structural differences compared with membranes made of the polymer 

alone. At low CN loadings (<4 wt %), membranes show increased porosity, larger pore 

sizes, and greater surface hydrophilicity, all of which lead to greater water permeability, and 

occasionally lead to slightly higher molecular weight cutoffs. Higher CN loadings yield 

smaller membrane pore sizes. Qu et al. formed UF membranes composed of poly- 

(ethersulfone) (PES) blended with CNFs.71 The pure water flux of the membranes increased 

significantly with the addition of 1 wt % CNFs, as did the mean pore size and the porosity. 

With higher CNF loading, the mean pore size dropped from a maximum of 70.9–53 nm. 

This observed increase in surface hydrophilicity and permeability at low loadings and 

subsequently lower permeability at high loadings is very similar to results obtained from 

polymer nanocomposite membrane formed with the addition of functionalized CNTs.78,80,81 

The smaller pore size may be a result of increased solution viscosity, which reduces pore 

size during inversion precipitation.69 Reported morphological effects of CNs on polymer 

membranes are summarized in Table 3.

Cellulose nanomaterial-polymer blends may also be electrospun into fibers. Higher 

concentrations of CNs appear to increase the diameter of electrospun fibers due to increases 

in solution viscosity. These larger diameter fibers result in membrane mats with narrower 
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pore size distributions and overall smaller pore sizes, as was observed with PVDF-HFP 

electrospun fibers modified by CNC.70,71 Similarly, nanopapers produced from pure CNF 

had smaller pores with greater masses of CNs. This was likely caused by partial pore 

blocking from overlapping nanofibers.64

While it is anticipated that CNs should increase the hydrophilicity of many polymers when 

introduced as a composite, there is limited data documenting this effect. In the fabrication of 

UF membranes from PES, Qu et al. determined that membranes containing CNFs had 

contact angles of 45.8° compared to 55.8° for pure PES membranes corresponding to an 

increase in surface energy from 113.7 mN/m2 to 123.5 mN/m2 upon inclusion of CNFs.71

The aforementioned CN-induced increases in membrane pore size directly affected flux as 

well. PES membranes with 1 wt % CNF, for example, showed an elevated pure water flux 

(813.3 L/m2/h) and similar BSA rejection (92%) compared to pure PES membranes (340 

L/m2/h and 94.6%, respectively).71 At a higher cellulose loading of 4 wt %, pure water flux 

was 780 L/m2h, with 94.6% BSA rejection. This last case is revealing in comparison to pure 

PES membranes, as these two membranes had approximately the same pore size and 

identical rejections, but very different values of permeate flux. The inclusion of CNs directly 

resulted in a greater porosity, demonstrating one of the great benefits of including CNs into 

polymer membranes.

The high surface area of the CN structures may yield transient benefits in adsorptive 

removal in addition to size-based separation. For example, microfiltration membranes 

composed of two-layered nanoscale polyacrylonitrile (PAN)/microscale polyethylene 

terephthalate (PET) fibrous scaffold were doped with functional “ultra-fine” CNFs.68,75 

These microfiltration membranes were tested for removal of a wide range of contaminants 

(i.e., E. coli, MS2 viruses, Cr(VI) and Pb(II) heavy metals) using both size exclusion sieving 

for E. coli and charge-mediated adsorption provided by amine functional groups for MS2 

viruses and heavy metals.68 Similar charge-mediated separation and adsorption, supported 

by the high surface area of CNs, was employed by Ferraz et al. and Razzaq et al. in their 

hemodialysis experiments for the separation of uremic toxins and DNA, respectively.65,77

The laboratories of Dr. Hsiao and Dr. Chu at SUNY Stony Brook have done significant 

work developing thin-film nanofibrous composite (TFNC) membranes where CNFs are 

employed as a barrier layer.75,82–87 These asymmetric membrane structures are composed of 

a bottom support layer that is a strong, nonwoven material to provide strength and an upper 

layer(s) with smaller pore sizes and greater functionality to provide selectivity. The use of 

nanofibers in the barrier layer provide control over fine pore structure due to their small 

diameter and high surface area-to-volume ratio, yielding membranes with 10-fold higher 

permeation flux than commercial UF membranes while maintaining >99.5% rejection ratio 

in water/oil emulsion.82 The pore structure can further be controlled by including a cross-

linking polymer within the CNF-based barrier layer.87 Recently, the concept of directed 

water channels is considered to be the key to achieving high water permeability without 

sacrificing rejection. The hypothesis is that interconnected pores in the barrier layer are 

small enough to reject large contaminants, while allowing water to pass through.84 

Numerous candidates have been presented for forming these directed water channels, 
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including CNTs, and they are discussed in detail elsewhere.84 A cheaper, lower 

environmental impact method has been developed by Dr. Hsiao’s and Dr. Chu’s laboratories 

by relying on the small space between the CNFs and the matrix polymer in the barrier layer 

to serve as the interconnected water directing channels. Flux and selectivity can be 

controlled by tuning the gap between the fiber and matrix through physical and chemical 

properties of the two components.84,86,87

Unlike most polymer membranes, mats formed purely from CNs were shown to be highly 

stable under exposure to organic solvents suggesting promising applications in the filtration 

of industrial waste streams. Mautner et al. demonstrated that CNF mats could be used in 

solvent separation with increasing permeability corresponding to increasing hydrophobicity 

of the solvent.64

3.2.3. Antibiofouling and Biocompatibility—Many membrane studies have 

demonstrated that hydrophobic surfaces encourage protein adsorption, which often leads to 

biofouling and membrane inactivation.88,89 The addition of CNs to polymer membranes has 

generally been shown to increase membrane hydrophilicity, and some studies have linked 

the inclusion of CNs in membranes to lower surface protein adsorption. CNF-doped 

cellulose acetate membranes, for example, showed a 30% increase in flux recovery ratio 

following hydraulic washing compared to undoped membranes.69

As CNs are naturally derived, unlike CNTs, it is generally assumed that CNs are 

biocompatible, and several studies have substantiated this assumption. Ferraz et al. 

developed high surface area CNF-polypyrrole (PPy) composites as electro-actively assisted 

hemodialysis membranes.90 In a series of passive ultrafiltration (dialysis) experiments, these 

composites were tested for their biocompatibility. Using complement activation products 

(i.e., model compounds used to evaluate immune response compatibility), composite 

cellulose-PPy membranes were shown to be more biocompatible than reference materials, 

including cellulose acetate, unmodified regenerated cellulose, and polysulfone.

Similarly, PPy was combined with CNFs to form high-capacity conductive paper sheets for 

electrochemically controlled extraction of DNA oligomers.65 Results indicated that this 

composite material could be an inexpensive, efficient, and biocompatible material as an ion-

exchange membrane for the separation of biomolecules.

3.2.4. Current Challenges and Limitations—One of the biggest challenges in working 

with polymer-CN composites, as with CNT-polymer composites,91 is achieving uniform and 

homogeneous dispersion within polymer matrices. Homoaggregation of CNs negatively 

affects both amorphous and semicrystalline polymers by disrupting the homogeneity of the 

polymer solutions. Specifically, homoaggregation causes local inhomogeneity within 

amorphous polymers and disturbs polymer alignment and thus polymer crystallinity in 

semicrystalline polymers. The studies reviewed here tend to indicate diminishing or reduced 

benefits to composite properties at higher CN loadings. For example, the fact that tensile 

strength and Young’s Modulus do not increase monotonically with CN loading in the 

composite may be attributed to agglomeration of the nanocellulose, which caused 

inhomogeneity of the polymer material. Regions of inhomogeneity may be focal points for 
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stress in the composite.70 Further it has been suggested that while CNFs theoretically 

provide better stress support to polymer systems, they are more difficult to disperse than 

CNCs. For example, homogeneously dispersed CNCs in PEO produced membranes with 

higher strain-at-failure than those composed of CNF-doped PEO.72

Of particular pertinence to membranes was the observation that the mechanical properties of 

the CN-polymer composites may be sensitive to changes in humidity. For PEI-CNC films, 

for example, the Young’s Modulus at relative humidity values of 30%, 42%, and 64% was 

found to be 16, 12, and 3.5 GPa, respectively.92 Water sorption starts primarily at the 

hydroxyl groups on the surface of CNs, and therefore reduces some of the cellulose 

properties, including their mechanical properties. If the bulk polymer is highly hydrophilic, 

however, such as starch-based polymers, the CNs have been shown to decrease water vapor 

sorption. CNs may increase the hydrophilicity of the membranes to improve water diffusion, 

but this may reduce their mechanical properties. Using inherently hydrophilic polymers 

prevents the reduction of CN’s mechanical properties, but this may also reduce the water 

diffusion through the membrane. There is a trade-off, therefore, between the increased 

hydrophilicity and increased mechanical strength associated with incorporating CNs into 

polymer membranes.36

More study is needed, using standardized conditions to evaluate membrane mechanical 

properties. Published results on CN-based membranes’ tensile stress are confounded by 

oftentimes-low numbers of repeated tensile stress tests (<5 repeated measurements), 

nonstandardized measurement practices (wet vs dry sample tests), opaque stress–strain curve 

analyses in which distinctions between elastic and inelastic deformation curves are not 

discussed, and a failure to consider the impacts on tensile stress of morphological changes 

(i.e., pore size, void space, porosity) caused by CN inclusion into polymer matrices. 

Standard stress–strain practices must be employed across nanocomposite materials in order 

to easily compare research and advance the development of enhanced polymer-CN 

composite membranes.

While the biodegradability of cellulose nanomaterials is a great advantage in many 

applications, there is some concern that when incorporated into membranes that interact with 

bacteria, they may degrade rapidly. However, CNs used as additives in membranes might 

not degrade if they are stably contained within the bulk of the polymers that compose the 

membranes. The polymers would most likely protect the cellulose from degradation, but this 

hypothesis has yet to be tested and requires further research.

4. SUMMARY AND OUTLOOK

Cellulose nanomaterials represent a new class of sustainable materials with recognized 

potential in improving paper and packaging as well as the automotive, construction, personal 

care and textile industries.8 In this review, we posit that CNs holds great promise in 

environmental engineering applications as well including environmental remediation and 

water filtration membranes. With structure and strength properties reminiscent of CNTs, 

CNs may serve as an inexpensive, renewable and biodegradable alternative to CNTs. While 

isolation and processing of CNs remain costly and energy intensive, the inputs are far below 
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those required for CNT preparation. As more industries realize the potential of CNs and 

invest in their development, new efficient methods of production that increase yield and 

decrease costs will arise. For example, researchers from University of Texas at Austin are 

engineering blue-green algae to synthesize CNCs in order to create a production method that 

does not require energy intensive homogenization or harsh chemicals.93 Still others are 

focused on finding alternative feedstocks for isolating CNs. For example, Blue Goose 

Biorefineries is processing CNs from biomass with high cellulose content, including pulp, 

recycled paper, pulp mill screening rejects, and cotton linters.94 Melodea Ltd. is developing 

a method to extract CNC from the sludge of the paper industry.95 The infrastructure for this 

highly available source material is already in place and would put value to a waste product.

The anticipated success of CNs is evident in the exponential growth in CN-related patents 

published over the last 10 years. However, this rush by many different industries to stake 

claim in the CN market may actually be stunting progress overall. For example, the lack of a 

standardized naming system is a burden on regulatory and commercialization efforts. With 

the great benefits of CNs in the area of environmental engineering and beyond, those 

interested should maintain open and willing communication to secure investment, 

development, and commercialization of this promising material.
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Figure 1. 
Total number of patents filed for environmental applications of cellulose nanomaterials.
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Figure 2. 
Cellulose nanomaterials are obtained through mechanical and chemical processing of 

cellulose feedstocks as well as direct production from living organisms. Acid hydrolysis of 

cellulose nanofibrils (CNFs) to remove amorphous regions yields cellulose nanocrystals 

(CNCs). Reprinted in part with permission from Ref. 37 (Copyright 2011 Cambridge 

University Press) and Ref. 96 (Copyright 2013 Elsevier).
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