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 Cellulose is a well-known and important structure for various applications in the
society, including energy, chemicals and materials. Representative applications include
ethanol production after cellulose hydrolysis and fermentation, pulp and paper
production after kraft pulping of wood and regenerated cellulose from dissolving pulps.

 Recently cellulose has been highlighted for further development due to its abundance,
renewability, sustainability and biocompatibility; these qualities are in high demand by
consumers, industry and government.

 The applications of nanocellulose materials would include barrier films, antimicrobial
films, transparent films, flexible displays, reinforcing fillers for different polymers,
biomedical implants, pharmaceuticals, drug delivery, fibers and textiles, templates for
electronic components, separation membranes, batteries, supercapacitors, electroactive
polymers and others.



 Cellulose is the most abundant biopolymer on earth. For different purposes, it has been

isolated most commonly from wood, followed by other plants, algae, and bacteria. In

fact, tunicate, which is widely distributed worldwide, is to our knowledge the only

animal resource for cellulose.



 The name ‘Tunicata’ is derived from its unique integumentary tissue called the ‘tunic’,
which covers the entire epidermis of the animal. The tunic is created to perform various
biological functions, such as phagocytosis, impulse conduction, tunic contractility,
bioluminescence, photosynthetic symbiosis and allorecognition.

 The cellulose acts as a skeletal structure in the tunic tissues. Cellulose-synthesizing
enzyme complexes have been found in the plasma membrane of their epidermal cells
and are responsible for cellulose synthesis.

 However, tunicate cellulose (TC) is generally a highly crystalline and high aspect ratio
cellulose. Typically, it is composed of nearly pure cellulose Iβ allomorph.



A hierarchical tree diagram for the taxonomic classification of the tunicates used in this study





Outward appearance of the whole animal and the tunic and produced cellulose morphologies of different 
tunicates observed by SEM





Scheme of the tunicate cellulose preparation from Halocynthia roretzi (HR)





Cellulose nanofibers (CNF) from softwood, hardwood and 

tunicate: preparation-structure-film performance 

interrelation
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 In wood, cellulose is present in a mixture together with hemicelluloses, lignin, pectin
and other substances, so the isolation is conducted by chemical pulping processes, such
as kraft pulping, in order to remove mainly lignin.

 In tunicates cellulose is present as a composite of cellulose-protein fibrils cemented by
sulfated mucopolysaccharides or sulfated glycans and lipids. This composite structure
exists as a cover layer over the entire epidermis of individual animal body, termed
“tunic”.



 The isolated celluloses have different structures depending on the sources and
preparation processes. Both softwood and hardwood celluloses have a glucose chain
length between 300 and 1700 units. However, no matter what processes and reaction
parameters are followed in the isolation, there are certain amounts of lignin and
hemicelluloses remained in the isolated celluloses. The native hemicellulose and lignin
structures vary between softwood and hardwood species. In the former, mannose is the
most common hemicellulosic monomer presenting as Oacetyl-galactoglucomannan. In
the latter, xylose is most abundant occurring predominately as Oacetyl-4-O-
methyglucuronoxylan.

 Meanwhile, the isolated cellulose from tunicate has a chain length ranging from 800 to
10,000 units with a purity of > 99%.

 However, irrespective of the sources, all isolated celluloses have many common or
inherent characteristics, such as large specific surface area, high crystallinity, good
thermal stability and excellent mechanical properties.



 Due to the resource abundance and inherent renewability, sustainability and
biocompatibility as well as excellent chemical and physical properties, the isolated
celluloses have today become highlighted as a potential candidate for advanced bio-
based material development, especially for films or composites.

 However, their poor dissolution and suspension properties in water limit their wider
applications. To overcome this drawback, individualization of the fibrils into size-
reduced cellulosic materials having at least one dimension in the nanometer range,
termed nanocellulose, has been intensively investigated.

 With or without an introduction of surface charge during the preparation, the
nanocellulose can be suspended in aqueous solution, improving its processability. Films
and composites from nanocellulose have been shown to have improved mechanical,
thermal, barrier and other physiochemical properties compared to macroscopic
cellulose fibers.



 Generally, more structural differences among different prepared nanocelluloses will be
resulted from the processing of the celluloses. Chemically, the nanocellulose
preparation is generally a hydrolysis process where chemical and mechanical methods
are most commonly used.

 In the former, nanocellulose is generated by liberation of crystalline regions from the
cellulose fibrils by hydrolysis of amorphous regions commonly using hydrochloric acid
or sulfuric acid, and the obtained nanocellulose is termed cellulose nanocrystals (CNC).

 In the latter, the preparation is a process of mechanical defibrillation, including refining,
homogenization and grinding, and the obtained nanocellulose is termed cellulose
nanofibers(CNF). However, high energy consumption is the main drawback of CNF
preparation.



 In order to reduce energy consumption, several cellulose pretreatments have been
extensively investigated prior to the CNF preparations, especially for the wood
celluloses. One is enzymatic hydrolysis using e.g. a monocomponent endoglucanase to
facilitate the defibrillation via specific hydrolysis of the glucosidic bonds along the
cellulose chain, primarily in less crystalline regions.

 Another is 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) mediated oxidation, which
introduce anionically charged carboxyl groups not only causing electrostatic repulsion
between each other and thus easing the defibrillation but also influencing the
applications of the obtained CNF.







XRD spectra of softwood, hardwood and tunicate CNF



AFM and SEM observations of softwood, hardwood and tunicate CNF



Width and length 
distributions of 

softwood, hardwood 
and tunicate CNF



SEM images of softwood, hardwood and tunicate CNF films



Digital photos of softwood, hardwood and tunicate CNF films placed partly above a logo of
the Royal Institute of Technology, KTH. The logotype is used under a formal permission
form the Royal Institute of Technology, KTH.





Facile fabrication of superhydrophilic membranes 
consisted of fibrous tunicate cellulose nanocrystals

for highly efficient oil/water separation
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 With the rapid economic growth and social development, large amounts of oily
wastewater are produced in many industrial processes and human daily life, which has
become a leading global risk factor for environment and human health. The separation
of oil from industrial water, polluted oceanic waters, and oil-spill mixtures, especially
those stabilized by surfactants, is a worldwide challenge.

 Traditional technologies including oil skimmer, gravity separation, air flotation,
flocculation, and coagulation, are useful to treat the phase separated oil/water
contaminant, but not effective for emulsified oil/water mixtures because of the small
droplet size of microemulsions or nanoemulsions ( < 20 μm). So efficient and broadly
applicable strategies for separation of various emulsions with oil droplets of nanometer-
scale are highly desired.

 Membrane technology is considered as the most useful method for oily water treatment
because of its high separation efficiency and relatively simple operational process.



 Recently, a myriad of filtration membranes with superwetting properties have been
developed for oil/water separation, which includes ceramic filtration membranes,
polymer-based filtration membranes, and nanomaterial dominated membranes.

 The advanced performance of nanomaterial-based filtration membranes also
accompanied by the high cost of raw materials such as graphene oxide and carbon
nanotubes, and complicated preparation process. Therefore, a simple, low cost method
to develop filtration membrane with high liquid flux, high rejection, and high cycling
performance is critical need.



 The nanocellulose as a sustainable replacement for carbon nanotube in water treatment
technologies has attracted much attentions. It is worth noting that tunicate cellulose
nanocrystals (TCNCs), isolated from the mantles of sessile sea creatures known as
tunicates, are comprised by more stable cellulose Iβ form, and exhibit higher aspect
ratio and Young modulus, compared with the cellulose nanocrystals from other
bioresources.

 Moreover, different from carbon nanotubes, TCNCs might be superhydrophilic and
underwater superoleophobic properties without any further modification, according to
the wettability of cellulose based materials which has large amounts of hydroxyl groups
on their surface.



 Importantly, the fiber-like TCNCs can self-assemble to form chiral nematic membrane
after removal of water from their suspensions. The cholesteric or chiral nematic liquid
crystal consist of stacked planes of rod-like unit aligned along a direction, with the
orientation of each director rotated about the perpendicular axis from one plane to the
next.

 The unique structure inspired us to establish hierarchical porous material. It is not hard
to imagine that the TCNC membranes directly constructed by the physical crosslinking
of fibrous TCNCs would possess homogeneous small pore size and no pore wall, which
was beneficial to the permeation of water.



Appearance and photograph under crossed polarizers of the TCNC membrane at dry state (a), POM image of the
fibrous TCNCs suspension (b), SEM image of the TCNC membrane with TCNCs usage of 0.73 g m−2 (c), TEM
image of fibrous TCNCs (d), and a scheme to describe the cholesteric structure of TCNCs solution and the porous
TCNC membranes fabricated with fibrous TCNCs by vacuum-assisted filtration (e).



(a) Statistical curve of the thickness
and water flux of filter membranes
with different usage of TCNCs. (b) The
water flux as a function of 1/thickness.
(c) Effective pore size of filter
membranes for different usage of
TCNCs determined by the rejection ( >
90%) of polyethylene oxide (PEO)
with different molecular weight (100
kDa, 300 kDa, and 600 kDa). (d)
Pore size distribution of TCNC
membranes determined by N2 gas
adsorption.



Photographs of a water droplet on the TCNC
membrane in air (a) and under oil (d), and an
oil (isooctane) droplet on the TCNC
membrane in air (b) and underwater (c).
Dynamic approach-compress-detach oil-
adhesion (chloroform) test of TCNC
membrane (e). The influence of surface
architecture on the wettability of membranes:
oil (chloroform) droplet underwater (f) and
water droplet under oil (chloroform) (g). The
dosage of TCNCs for a-e was 0.73 g m−2,
and that for f and g were 0, 0.0011, 0.11, and
0.73 g m−2, respectively (from left to right).



Emulsions separated by TCNC
membranes: (a) photographs and
microscope images of isooctane-in-water
microemulsion before and after filtration,
(b) photographs and microscope images
of water-in-isooctane emulsion, and (c)
photographs and size distribution of
isooctane-in-water nanoemulsion.



(a) Water flux and oil rejection of TCNC
membranes in separation of various
nanoemulsions. (b) Photographs of filtration
system and TCNC membranes before and
after separating chloroform-in-water
nanoemulsion. Chloroform was dyed by oil
red. (c) Cycling performance of TCNC
membranes. (d) Stress-strain curve for the
dried TCNC membranes
with thickness of 10 μm.



Dual Physically Crosslinked Nanocomposite
Hydrogels Reinforced by Tunicate Cellulose 

Nanocrystals with High Toughness and Good 
Self-recoverability

ACS Applied Materials & Interfaces, 2017



 Hydrogels, as a kind of soft wet materials, are comprised of crosslinked hydrophilic
polymers, which can be widely used in sensing, actuation, tissue engineering and drug
delivery, due to their high swelling ratio, biocompatibilities, and stimuli-responsive
properties.

 Owing to the poor mechanical properties of hydrogels which limit their practical application,
a great deal of strategies have been established to develop tough hydrogels by forming ideal
hydrogel networks, such as topological hydrogels, nanocomposite hydrogels, and double
network hydrogels.

 In the nanocomposite hydrogels, nanoparticles participated in the formation of strong
networks as multifunctional crosslinking agents. Various forms of nanoparticles, including
silica nanoparticles, montmorillonite, graphene oxide, and titanate nanosheet, have been
employed to fabricate nanocomposite hydrogels.



Schematic illustrations for the preparation of dual crosslinked hydrogels: (a) In situ polymerization of AA and
AM monomers in the presence of Q-TCNCs to form mono crosslinked hydrogel (m-Gel) networks; (b) Fe3+

interacted with –COO- groups in the m-Gel to get dual crosslinked hydrogel (d-Gel) networks, and (c)
Reorganization of ionic coordination after removal of excess and unstable Fe3+ to obtain final hydrogel (D-
Gel).



Photographs of hydrogels PAAAM gel (a), m-Gel (b), and D-Gel (c, d, and e).



SEM and TEM images of hydrogel samples: SEM images of PAAAM gel (a), m-Gel (b), 
and D-Gel (c), and TEM image of D-Gel (d).



Stress-strain curves (a, c), elastic modulus and toughness (b, d) of m-Gels: (a, b)
Effects of TCNC contents and (c, d) effects of AA/AM molar ratio.



Stress-strain curves (a, c), elastic modulus, and toughness (b, d) of dual crosslinked
hydrogels: Effect of Fe3+ concentration before and after rinse with water.



Self-recovery of dual crosslinked hydrogels: (a, b) d-Gel and (c, d) D-Gel. Loading-
unloading curves of dual crosslinked hydrogels at different recovery times (a, c) and the
time-dependent recovery of hysteresis loop (b, d).
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