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Reducing	end	modification	on	cellulose	nanocrystals:	strategy,	characterization,	applications	and	challenges.	Bai	et	al.	F.,	Lona	L.	112,	668–676.	M.,	Nikzad	M.,	Ghoreyshi	A.	Biomacromolecules	20,	635–644.	Cellulose	24,	2499–2510.	More	recently,	Vineeth	et	al.	Chemically	modified	cellulose	filter	paper	for	heavy	metal	remediation	in	water.	27,
1023–1031.	Clean.	It	was	noted	that	nanocelluloses	are	green	alternative	for	the	stabilization	of	fluid	interfaces.	Enhancement	of	the	fermentation	process	and	properties	of	bacterial	cellulose:	a	review.	Formulation	and	stabilization	of	concentrated	edible	oil-in-water	emulsions	based	on	electrostatic	complexes	of	a	food-grade	cationic	surfactant	(ethyl
lauroyl	arginate)	and	cellulose	nanocrystals.	Commercially,	UF	was	synthesized	with	alkaline	catalyst	to	initiate	addition	reaction	and	then	was	converted	to	acid	side	to	promote	the	condensation	reaction	(down	to	pH	4.6)	and	then	normalized	to	pH	8	to	terminate	the	reaction	(Nuryawan	et	al.,	2017).	10.1007/s40725-019-00088-1	[CrossRef]	[Google
Scholar]Dufresne	A.,	Belgacem	M.	Health	A	41,	1529–1542.	Cellulose	nanocrystals:	synthesis,	functional	properties,	and	applications.	ACS	Macro	Lett.	Reinforcing	mechanism	of	cellulose	nanocrystals	in	nanocomposites,	in	Nanocellulose:	From	Fundamentals	to	Advanced	Materials,	eds	Huang	J.,	Dufresne	A.,	Lin	N.	8:16505.	Particle	board	and
oriented	strand	board	prepared	with	nanocellulose-reinforced	adhesive.	38,	1–14.	Cellulose	nanocrystals	(CNCs)	from	corn	stalk:	activation	energy	analysis.	P.,	Bras	J.,	García	A.,	Belgacem	N.,	da	Silva	Curvelo	A.	In	recent	years,	CNC	has	been	widely	used	as	a	novel	matrice	for	the	immobilization	of	enzymes/proteins	(Grishkewich	et	al.,	2017;
Karimian	et	al.,	2019).	It	involves	high	investments	at	the	initial	stages.	It	is	demonstrated	that	the	most	of	the	adsorption	process	involves	interactions	between	the	pollutants	and	the	materials	through	different	mechanisms	such	as	electrostatic	interaction,	van	der	Waals	forces,	hydrogen	bondings,	and	pi-pi	interactions.Recyclable	cellulose
nanocrystal	reinforced	alginate	hydrogels	have	been	reported	by	Mohammed	et	al.	Convers.	Cellulose	26,	5937–5945.	These	nanocomposites	exhibited	numereous	innovative	features	due	to	synergetic	effects,	which	are	unachievable	by	nano-structured	materials	alone	(Zhang	et	al.,	2020).	The	fate	of	cellulose	nanocrystal	stabilised	emulsions	after
simulated	gastrointestinal	digestion	and	exposure	to	intestinal	mucosa.	10.1016/j.ijbiomac.2019.07.189	[PubMed]	[CrossRef]	[Google	Scholar]Liu	Y.,	Nie	Y.,	Lu	X.,	Zhang	X.,	He	H.,	Pan	F.,	et	al.	A.,	Espinosa	E.,	Rosal	A.,	Rodríguez	A.,	Larrañeta	E.,	et	al.	N.,	Carneiro	M.	The	residence	time	varies	between	5	and	30	min.-	Efficient	treatment	for	hardwood
and	herbaceous	plants.-	Recyclable.-	Causes	the	depolymerization	of	lignin	and	cleavage	of	lignin-carbohydrates	linkages.-	Relatively	low	cost	process.-	Less	effective	for	softwoods.BiologicalMicrobial-	Elimination	of	lignin	and	hemicellulose.-	Low	energy	consumption.-	Mild	reaction	conditions-	No	release	of	hazardous	and	harmful	compounds.-
Relatively	time	consuming	processes.-	Some	additional	pre-treatments	may	increase	costs.-	Require	large	space	and	specific	growth	conditions.-	Require	further	research	activities	to	understand	some	important	parameters	such	as	kinetics.Behera	et	al.,	2014;	Singh	R.	137:48544	10.1002/app.48544	[CrossRef]	[Google	Scholar]Gao	A.,	Chen	H.,	Hou
A.,	Xie	K.	10.1016/j.jhazmat.2017.06.005	[PubMed]	[CrossRef]	[Google	Scholar]Xu	Y.,	Atrens	A.,	Stokes	J.	41,	402–412.	25,	933–943.	Extraction	of	cellulose	nanofibers	and	their	eco-friendly	polymer	composites,	in	Sustainable	Polymer	Composites	and	Nanocomposites,	eds	Thomas	S.,	Mishra	R.	T.	Hence,	surface	modifications	via	covalent	binding,
surfactants,	ionic	interactions,	reductive	amination,	physical	adsorption,	and	molecule/polymer	grafting	have	been	demonstrated	as	efficient	approaches	for	enhancing	the	compatibility	between	nanocomposite	components,	thereby	improving	the	dispersion	and	interaction	between	them	(Thakur	et	al.,	2013;	Abitbol	et	al.,	2016;	Younas	et	al.,	2019;
Nigmatullin	et	al.,	2020).	Cellulose	is	basically	constituted	by	repeating	β	(1,4)-bound	D-glucopyranosyl	units	(anhydroglucose	unit,	AGU)	in	the	4C1-chain	configuration,	in	which	every	monomer	unit	is	corkscrewed	at	180°	compared	to	its	neighbors	(Gopi	et	al.,	2019).	I.,	Rubleva	N.	Nanocellulose:	From	Nature	to	High	Performance	Tailored
Materials.	et	al.,	2019).The	preparation	of	nanocellulose	from	cellulose	requires	typically	two	main	stages	(Trache	et	al.,	2017;	Nandi	and	Guha,	2018;	Xie	et	al.,	2018).	B	Enzym.	Have	comprehensively	reviewed	the	nanocellulose	based	composites	reinforced	with	activated	carbon,	carbon	nanotube,	graphene	oxides,	metal,	non-metals,	and	ceramics	as
adsorbents	for	diverse	organic	and	inorganic	contaminants	in	water	(Tshikovhi	et	al.,	2020).	87,	152–165.	ACS	Sustain.	10.1016/j.ijbiomac.2017.01.029	[PubMed]	[CrossRef]	[Google	Scholar]Saelices	C.	Key	vendors	Borregaard	CelluForce	Daicel	NIPPON	PAPER	INDUSTRIES	RISE	SappiOther	prominent	vendors	AmericanProcess	Kruger
MelodeaMarket	driver	Growing	demand	in	packaging	applications	For	a	full,	detailed	list,	view	our	report	Market	challenge	High	cost	of	manufacturing	For	a	full,	detailed	list,	view	our	report	Market	trend	Increasing	use	of	nanocellulose	in	pharmaceutical	industry	For	a	full,	detailed	list,	view	our	report	Key	questions	answered	in	this	report	What
will	the	market	size	be	in	2021	and	what	will	the	growth	rate	be?	10.1021/acssuschemeng.9b02744	[CrossRef]	[Google	Scholar]Sampaio	L.	10,	4652–4662.	Synthesis	of	latex	stabilized	by	unmodified	cellulose	nanocrystals:	the	effect	of	monomers	on	particle	size.	An	oligo-GLy	sequence	was	conjugated	to	CNC	surface,	which	could	be	recognized	and
cleaved	by	sortase	A	to	allow	for	protein	immobilization,	following	the	conversion	of	the	surface	hydroxyl	to	aldehyde	groups	(Uth	et	al.,	2014).	Cellulose	22,	3725–3738.	10.1007/s10570-019-02889-w	[CrossRef]	[Google	Scholar]Montes	F.,	Fu	T.,	Youngblood	J.	376:20170040.	Enhanced	dispersion	and	properties	of	a	two-component	epoxy
nanocomposite	using	surface	modified	cellulose	nanocrystals.	Carbohyd.	Such	kind	of	nanocellulose	is	typically	produced	from	bacteria,	but	its	synthesis	is	seen	extremely	expensive	because	of	the	high	costs	of	synthetic	media	(Trache,	2018).	J.,	Weder	C.	ANC	with	enhanced	properties	such	as	high	accessibility,	improved	sorption,	and	higher
functional	group	amount	can	be	primarily	used	as	thickening	agent	in	aqueous	systems	and	carriers	for	bioactive	substances	(Kargarzadeh	et	al.,	2017;	Ram	and	Chauhan,	2018).	V.,	Voronova	M.	207,	418–427.	42061.4−Barbash	and	Yashchenko,	2020The	study	of	functional	nanoscale	materials	has	emerged	as	an	attractive	field	of	research	since	they
possess	vastly	improved	properties	and	characteristics,	enabling	these	high	value-added	substrates	to	be	applied	in	the	field	of	materials	science.	192,	327–336.	B.,	Bernardes	J.	Chitosan	based	hydrogels	and	their	applications	for	drug	delivery	in	wound	dressings:	a	review.	10.1039/C7PY01203A	[CrossRef]	[Google	Scholar]Werner	A.,	Schmitt	V.,	Sébe
G.,	Hèroguez	V.	Amine-based	nanofibrillated	cellulose	as	adsorbent	for	CO2	capture	from	air.	Specific	surface	area	and	total	pore	volume	can	be	obtained	through	the	characterization	involving	N2	sorption	analysis	(Le	Bras	et	al.,	2015).	C.,	Lacerda	L.	Preparation	and	characterization	of	immobilized	lipase	from	Pseudomonas	cepacia	onto	magnetic
cellulose	nanocrystals.	(2017b).	W.,	Dien	B.,	Thompson	S.,	Condon	B.	They	produced	highly	carboxylated	cellulose	by	introduced	citric	acid	in	the	presence	of	trisodium	citrate	catalysts	and	reacted	dissolved	cellulose	for	2–6	h	at	110–120°C.	To	resolve	this,	efforts	are	being	made	to	seek	for	new	approaches	capable	of	improving	the	existing	processes
or	promoting	large	scale	synthesis.On	the	other	hand,	owing	to	the	surface	characteristics	of	CNCs,	they	can	be	modified	by	oxidation	of	hydroxyl	groups	using	the	TEMPO-oxidation	or	ammonium	persulfate	method	to	produce	multifunctional	hybrid	nanomaterials	coupled	with	metal	or	metal	oxide	nanoparticles	such	as	Ag,	ZnO,	CuO,	and	Fe2O3,	as
recently	described	by	Oun	et	al.	Nanocelluloses:	their	preparation,	properties,	and	applications,	in	ACS	Symposium	Series,	Vol.	10.1007/s10570-015-0747-3	[CrossRef]	[Google	Scholar]Mokhena	T.,	John	M.	10.1016/j.biortech.2015.11.022	[PubMed]	[CrossRef]	[Google	Scholar]Karimian	A.,	Parsian	H.,	Majidinia	M.,	Rahimi	M.,	Mir	M.,	Smadi-Kafil	H.,	et
al..	(2009).	10.1016/j.eurpolymj.2012.08.008	[CrossRef]	[Google	Scholar]Kalashnikova	I.,	Bizot	H.,	Bertoncini	P.,	Cathala	B.,	Capron	I.	Werner	et	al.	This	approach	allowed	obtaining	a	yield	of	91%	of	cefaclor.Despite	interesting	positive	results	and	achievements	on	the	application	of	CNC-based	materials	for	biomedical	uses	have	been	reached,	further
investigations	on	the	long-term	biocompatibility	and	toxicology	should	be	carried	out	in	addition	to	the	implementation	of	the	validation	of	these	CNC-based	biomaterials	using	the	standards	and	methodologies	applied	by	the	competent	authorities.Pickering	emulsions	have	drawn	more	interest	in	recent	two	decades	owing	to	new	developments	and
insights	in	material	science	and	engineering	(Fujisawa	et	al.,	2017).	10.1021/ie201349h	[CrossRef]	[Google	Scholar]Kumar	V.,	Pathak	P.,	Bhardwaj	N.	Modified	tunicate	nanocellulose	liquid	crystalline	fiber	as	closed	loop	for	recycling	platinum-group	metals.	It	is	also	gaining	momentum	in	the	medical	sector.Technavio’s	analysts	forecast	the	global
nanocellulose	market	to	grow	at	a	CAGR	of	29.54%	during	the	period	2017-2021.Covered	in	this	report	The	report	covers	the	present	scenario	and	the	growth	prospects	of	the	global	nanocellulose	market	for	2017-2021.	Polym.	(2019c).	Renew.	C.,	Stark	N.	In	a	separate	research	work,	Gao	et	al.	224:115149	10.1016/j.carbpol.2019.115149	[PubMed]
[CrossRef]	[Google	Scholar]Thakur	V.	10.1007/s11837-016-2018-7	[CrossRef]	[Google	Scholar]Nandi	S.,	Guha	P.	V.,	Silvério	H.	10.1016/j.ijbiomac.2018.10.081	[PubMed]	[CrossRef]	[Google	Scholar]Sharma	A.,	Thakur	M.,	Bhattacharya	M.,	Mandal	T.,	Goswami	S.	9,	5043–5050.	S.,	et	al..	Broadly,	it	is	pointed	out	that	the	incorporation	of	CNCs	into	a
polymeric	matrix	enhances	the	tensile	strength	and	decreases	the	elasticity.	T.,	Chan	C.	The	isolation	method	governs	the	morphology	and	properties	of	nanocellulose	(Yang	et	al.,	2017).	The	opportunity	of	producing	nanocellulose	with	various	features	is	considered	fairly	an	exciting	topic,	which	can	promote	the	exploration	of	unexplored	biomass.
10.1021/cr900339w	[PubMed]	[CrossRef]	[Google	Scholar]Hamed	S.	Cellulose	nanocrystal–alginate	hydrogel	beads	as	novel	adsorbents	for	organic	dyes	in	aqueous	solutions.	Ultrasonic	pretreatment	of	cellulose	in	ionic	liquid	for	efficient	preparation	of	cellulose	nanocrystals.	have	pointed	out	that	the	use	of	modified	CNCs	enables	physical
interlocking	points	in	the	cured	epoxy	matrix	restricting	chain	mobility,	and	the	homogeneity	of	the	dispersion	is	a	key	factor,	which	enhances	the	filler-matrix	dispersion	contributing	to	the	significant	improvement	in	storage	modulus	and	glass	transition	(Yue	et	al.,	2018).	produced	composite	membrane	of	polyacrylonitrile	(PAN)/microscale
polyethylene	terephthalate	(PET)	fibrous	scaffold	with	5	nm	cellulose	nanofibrils	(Wang	et	al.,	2013).	Cellulose-based	nanomaterials	for	energy	applications.	10.1039/C7CS00790F	[PubMed]	[CrossRef]	[Google	Scholar]Chen	Y.,	Gan	L.,	Huang	J.,	Dufresne	A.	Cellulose	nanomaterials:	new	generation	materials	for	solving	global	issues.	Microstructure
and	thermal	and	tensile	properties	of	poly	(vinyl	alcohol)	nanocomposite	films	reinforced	by	polyacrylamide	grafted	cellulose	nanocrystals.	H.,	Lee	D.,	Lee	Y.	60,	88–91.	In	another	work,	Sharma	et	al.	10.1021/la036129e	[PubMed]	[CrossRef]	[Google	Scholar]Tayeb	P.,	Tayeb	A.	This	latter	class	may	find	potential	real	applications	in	the	near	future.
(Hoboken,	NJ:	Scrivener	Publishing	LLC;	),	61–92.	Native	cellulose	is	composed	of	both	ordered	(crystalline)	and	disordered	(amorphous)	domains.	10.1021/acs.langmuir.9b03583	[PubMed]	[CrossRef]	[Google	Scholar]Goi	Y.,	Fujisawa	S.,	Saito	T.,	Yamane	K.,	Kuroda	K.,	Isogai	A.	Cottonseed	protein-based	wood	adhesive	reinforced	with	nanocellulose.
Cellulose	19,	1449–1480.	10.1016/j.jcis.2019.10.084	[PubMed]	[CrossRef]	[Google	Scholar]Habibi	Y.,	Lucia	L.	In	2019,	Lu	and	co-workers	studied	the	interfacial	compatibility	of	hydroxyapatite	modified	nanocellulose	with	polylactic	acid	(PLA)	matrix	to	overcome	PLA's	inherent	hydrophobicity	(Lu	et	al.,	2019).	10.1016/S0143-7496(97)00054-7
[CrossRef]	[Google	Scholar]Errokh	A.,	Magnin	A.,	Putaux	J.L.,	Boufi	S.	10.1016/j.carbpol.2017.04.008	[PubMed]	[CrossRef]	[Google	Scholar]Wei	X.,	Huang	T.,	Nie	J.,	Yang	J.	Le	Bras	and	co-workers	characterized	dielectric	properties	of	nanocellulose	from	wood	(cellulose	nanofibrils)	and	algae	(Cladophora	cellulose)	for	electrical	insulator	applications
(Le	Bras	et	al.,	2015).	et	al.,	2019;	Shojaeiarani	et	al.,	2019;	Mokhena	and	John,	2020;	Moohan	et	al.,	2020).Biocatalysts,	as	biological	substances,	can	be	used	for	the	initiation,	modification,	and	promotion	of	the	chemical	reaction	rates.	The	report	presents	a	detailed	picture	of	the	market	by	way	of	study,	synthesis,	and	summation	of	data	from
multiple	sources.The	market	is	divided	into	the	following	segments	based	on	geography:	APAC	Europe	North	America	ROWTechnavio's	report,	Global	Nanocellulose	Market	2017-2021,	has	been	prepared	based	on	an	in-depth	market	analysis	with	inputs	from	industry	experts.	10.1021/acsami.7b02794	[PubMed]	[CrossRef]	[Google	Scholar]Zhao	C.,
Shao	Q.,	Chundawat	S.	Enzymatic	preparation	of	nanocrystalline	and	microcrystalline	cellulose.	According	to	Robles	et	al.	A.,	Gonçalves	C.,	Tonon	R.	10.1016/j.conbuildmat.2017.05.074	[CrossRef]	[Google	Scholar]Kang	X.,	Kuga	S.,	Wang	C.,	Zhao	Y.,	Wu	M.,	Huang	Y.	Bioresour.	14:1900059.	(2009),	some	critical	parameter	affecting	the	mechanical
performance	of	the	reinforced	wood	adhesive	are	the	quality	of	controlled	fibril	morphology,	the	homogenous	as	well	as	the	comparable	polarity	of	fibrils	and	adhesive.	F.,	Mariano	M.,	da	Silva	I.	The	common	sources	of	CNF	as	well	as	its	top	research	fields	have	been	recently	reviewed	by	Pennells	et	al.	They	confirmed	that	the	incorporation	of	CNCs
improved	the	mechanical	as	well	as	physical	properties	of	scaffolds,	and	cell	adherence	and	proliferation	were	enhanced.	557,	196–206.	7,	44–55.	The	cell	culture	exhibited	that	NIH-3H3	cells	can	attached	to,	grow,	and	proliferate	well	on	the	GA-HA-CNC	hydrogels,	confirming	their	potential	application	in	wound	dressing	field.	Overview	of	cellulose
nanomaterials,	their	capabilities	and	applications.	10.1080/14686996.2017.1401423	[PMC	free	article]	[PubMed]	[CrossRef]	[Google	Scholar]Gan	P.,	Sam	S.,	Abdullah	M.	Preparation,	properties	and	future	perspectives	of	nanocrystals	from	agro-industrial	residues:	a	review	of	recent	research.	Nanocrystalline	cellulose	(NCC):	a	renewable	nano-
material	for	polyvinyl	acetate	(PVA)	adhesive.	10.1021/acs.langmuir.7b04127	[PubMed]	[CrossRef]	[Google	Scholar]Abitbol	T.,	Rivkin	A.,	Cao	Y.,	Nevo	Y.,	Abraham	E.,	Ben-Shalom	T.,	et	al..	Copper	adsorption	on	chitosan–cellulose	hydrogel	beads:	behaviors	and	mechanisms.	However,	the	morphology,	shape,	aspect	ratio,	specific	surface	as	well	as	the
quantity	of	CNCs	involved	may	cover	in	different	ways	the	droplets	and	modify	the	behavior	of	the	emulsion	(Fujisawa	et	al.,	2017;	Capron,	2018).	A.,	Yaschenko	O.	Adv.	216,	247–259.	A.,	Rojas	O.	The	first,	as	summarized	in	Table	2	(See	also	the	above	section:	Structure	and	source	of	cellulose),	focuses	on	the	pretreatments	of	feedstocks	to	obtain
pure	cellulose,	whereas	the	second	stage	is	dedicated	to	the	transformation	of	cellulose	to	nanocellulose.	More	recently,	Wu	et	al.	M.,	Hassan	M.	Thus,	surface	modification	via	grafting	hydrophobic	polymers	onto	nanocelluloses	improve	their	wettability	by	the	oil	phase,	resulting	in	reduced	interfacial	tension.Moreover,	the	use	of	adsorbing
surfactants	(Kaboorani	and	Riedl,	2015)	and	polymer	coatings	(Islam	et	al.,	2013)	have	also	been	employed.Bertsch	and	Fischer	discussed	on	the	adsorption	and	interfacial	structure	of	nanocelluloses	(NC)	at	the	fluid	interface,	where	nanocelluloses	with	their	native	hydrophilic	and	hydrophobized	surfaces	impart	essentially	different	interfacial
structure	and	adsorption	characteristics	(Bertsch	and	Fischer,	2019).	Methods	and	applications	of	nanocellulose	loaded	with	inorganic	nanomaterials:	a	review.	E.,	Hwang	D.	Duxford,	UK:	Woodhead	Publishing.	184,	106292	10.1016/j.petrol.2019.106292	[CrossRef]	[Google	Scholar]Reid	M.	(Heidelberg:	Springer;	),	81–118.	Skin	injuries,	which	happen
in	daily	life,	necessitate	an	efficient	treatment	and	proper	management	to	avoid	severe	illnesses	or	even	mortality	(Du	et	al.,	2019).	Nanocellulose	is	being	developed	for	applications	in	composites,	construction	materials,	porous	materials,	fibre	web	structures	(e.g.	paper	and	board),	coatings,	functional	surfaces	and	functional	additives	(e.g.
rheological	modifiers).	9:86	10.4236/ojpchem.2019.94008	[CrossRef]	[Google	Scholar]Wan	W.,	Ouyang	H.,	Long	W.,	Yan	W.,	He	M.,	Huang	H.,	et	al.	Food	Sci.	Investigation	on	morphology	of	composite	poly	(ethylene	oxide)-cellulose	nanofibers.	TEMPO-oxidized	cellulose	nanofibers.	10.1016/j.carbpol.2013.01.033	[PubMed]	[CrossRef]	[Google
Scholar]Camarero	Espinosa	S.,	Kuhnt	T.,	Foster	E.	10.1016/j.eurpolymj.2014.04.014	[CrossRef]	[Google	Scholar]Singh	R.,	Shukla	A.,	Tiwari	S.,	Srivastava	M.	10.1039/C0NR00583E	[PubMed]	[CrossRef]	[Google	Scholar]Iwamoto	S.,	Endo	T.	10.3390/molecules24203724	[PMC	free	article]	[PubMed]	[CrossRef]	[Google	Scholar]Lin	N.,	Dufresne	A.	The



open	literature	has	revealed	that	several	terminologies	have	been	and	are	currently	used	to	define	nanocellulose	or	cellulose	nanomaterials,	which	unfortunately	lead	to	misunderstanding	and	ambiguities	(Trache	et	al.,	2017;	Hussin	et	al.,	2019).	Polymer	matrices	with	the	incorporation	of	cellulose	nanocrystals	usually	have	a	low	decomposition
temperature	in	comparison	to	nanofibrillated	cellulose	owing	to	the	existence	of	sulfate	groups	on	the	surface	of	cellulose	nanocrystals	because	of	the	use	of	sulfuric	acid	during	the	preparation.	Build.	E.,	Kwiecien	J.	181,	514–527.	Langmuir	36,	796–809.	10.1155/2018/7923068	[CrossRef]	[Google	Scholar]Xu	Q.,	Ji	Y.,	Sun	Q.,	Fu	Y.,	Xu	Y.,	Jin	L.
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in	attaining	polysaccharide	nanocrystals,	most	commonly	in	the	form	of	rod-shaped	cellulose	nanocrystals	(Lin	et	al.,	2012).	48959	10.1002/app.48959	[CrossRef]	[Google	Scholar]Lavoine	N.,	Bergström	L.	have	recently	grafted	some	polymers	such	as	poly(methacrylic	acid)	onto	CNCs	surface	(Tang	et	al.,	2016).	prepared	a	novel	CNC-reinforced
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Scholar]Oksman	K.,	Bismarck	A.	10.1016/j.seppur.2004.08.002	[CrossRef]	[Google	Scholar]Li	W.,	Ju	B.,	Zhang	S.	A.	68,	1193–1204.	10.1016/j.mattod.2018.02.001	[CrossRef]	[Google	Scholar]Kontturi	E.,	Meriluoto	A.,	Penttilä	P.	40042.3–Barbash	et	al.,	2017CornhuskCNCH2SO4	hydrolysis26.9	±	3.35,	short	rod-shaped–83.5351–−34.6	±	2.3Yang	et	al.,
2017CNFTEMPO-mediated	oxidation10.48	±	1.83,	slender	interconnected	webs–72.3279–−69.4	±	1.7CNFHigh-intensity	ultrasonication20.14	±	4.32,	slender	interconnected	webs–53.4348–−24.3	±	2.5Banana	pseudostemCNFHigh-pressure	homogenization30–50,	entangled	network	of	polydisperse	bundles–67.0337––Velásquez-Cock	et	al.,
2016CottonCNCH3PO4	hydrolysis31	±	14,	rod-like	shape–81.0325––Camarero	Espinosa	et	al.,	2013Ushar	(Calotropis	procera)	seed	fiberCNCH2SO4	hydrolysis14–24,	needle	shape–70.0ca.	Molecules	24:3724.	Such	behavior	can	be	assigned	to	the	strong	intermolecular	linkages	such	as	covalent	bonds,	van	der	Waals	forces,	mechanical	interlocking
and	molecular	entanglement	between	CNCs	and	the	polymeric	matrix	(Pires	et	al.,	2019).	10.1016/j.wasman.2019.10.041	[PubMed]	[CrossRef]	[Google	Scholar]Kwon	J.	J.,	Dourado	F.,	et	al..	137:48407	10.1002/app.48407	[CrossRef]	[Google	Scholar]Trache	D.	High	strength	and	toughness	epoxy	nanocomposites	reinforced	with	graphene	oxide-
nanocellulose	micro/nanoscale	structures.	Prod.	The	current	application	of	nanotechnology	in	food	and	agriculture.	10.1016/j.cis.2019.102089	[PubMed]	[CrossRef]	[Google	Scholar]Beyene	D.,	Chae	M.,	Dai	J.,	Danumah	C.,	Tosto	F.,	Demesa	A.	10.1021/acssuschemeng.8b03331	[CrossRef]	[Google	Scholar]Cao	S.	10.1016/j.indcrop.2017.08.032
[CrossRef]	[Google	Scholar]Yanto	D.	Surface-modified	cellulose	nanocrystals	for	biobased	epoxy	nanocomposites.	Beverly,	MA:	John	Wiley	&	Sons;	10.1002/9781118872246	[CrossRef]	[Google	Scholar]Thakur	V.	The	first	category	includes	microcrystalline	cellulose	and	cellulose	microfibrils,	whereas	the	second	one	comprises	cellulose	nanocrystals,
cellulose	nanofibrils,	and	bacterial	cellulose.	Nanocrystalline	cellulose	as	reinforcement	for	polymeric	matrix	nanocomposites	and	its	potential	applications:	a	review.	Removal	of	copper	(II)	from	aqueous	solution	using	nanochitosan/sodium	alginate/microcrystalline	cellulose	beads.	Besides	that,	compared	to	the	conventional	nanofillers	such	as	carbon
black,	mica,	silica,	nanoclay,	and	non-aluminum	oxide,	CNCs	present	lower	health	and	environmental	negative	impacts	(Ng	et	al.,	2017).	10.1016/j.biortech.2018.04.099	[PubMed]	[CrossRef]	[Google	Scholar]He	X.,	Deng	H.,	Hwang	H.	109,	241–247.	Cellulose	characteristics	are	closely	dependent	on	the	degree	of	polymerization	as	well	as	the
polymeric	chain	length.	On	the	other	hand,	CNC-based	hydrogels	present	interesting	bioavailability	and	can	provide	superior	drug	delivery	capacity	due	to	their	high	surface	area	and	open	pore	structure.	Nanocellulose-based	magnetic	hybrid	aerogel	for	adsorption	of	heavy	metal	ions	from	water.	Characterization	of	dielectric	properties	of
nanocellulose	from	wood	and	algae	for	electrical	insulator	applications.	(2015a).	[Epub	ahead	of	print].	10.1016/j.rser.2014.08.050	[CrossRef]	[Google	Scholar]Uth	C.,	Zielonka	S.,	Hörner	S.,	Rasche	N.,	Plog	A.,	Orelma	H.,	et	al..	Thus,	taking	into	account	of	the	benefit	of	the	high	dispersible	CNC	scaffold,	such	approach	can	be	applied	for	several
proteins	and	bioactive	molecules.	10.1002/smll.201906567	[PubMed]	[CrossRef]	[Google	Scholar]Daud	J.	Patents	involving	nanocellulose:	analysis	of	their	evolution	since	2010.	10.1002/pen.25052	[CrossRef]	[Google	Scholar]Coelho	C.	Commonly,	wood	adhesives	can	be	classified	into	two	big	groups,	which	are	soft	and	brittle	adhesive.	The	hot	water
resistance	of	cottonseed	protein	is	also	enhanced.Cheng	et	al.,	2019CNCUp	to	5UFThe	incorporation	of	CNC	in	UF	increased	the	liquid	suspension	viscosity,	and	the	specimens	exhibited	a	higher	mechanical	performance.de	Almeida	Mesquita	et	al.,	2018CNCUp	to	3PVAcModified	PVAc	showed	higher	bond	strength	at	dry	and	wet	observation	and	at
elevated	temperature.Kaboorani	et	al.,	2012TEMPO-CNFUp	to	2UFUF-adhesive	bonds	can	be	significantly	toughened	by	only	small	portion	addition	of	nanocellulose.Veigel	et	al.,	20111MFCUp	to	5UF	at	different	F/U	mol	rationsThe	incorporation	of	MFC	decreased	the	stress	concentrations	along	the	bond	line,	improved	ductility	of	the
adhesive.Ayrilmis	et	al.,	2016MFC0.5	to	5UFThe	fracture	observation	showed	that	the	failure	occurred	in	the	wood	rather	than	in	the	adhesive	indicated	the	strength	of	the	bond	line	by	addition	of	MFC.Kwon	et	al.,	2015MFCUp	to	5UFThe	addition	of	MFC	indicated	lower	thermal	stability	at	different	F/U	mol	ratio	except	the	enhancement	of	thermal
stability	at	low	F/U	mol	ratio	which	is	0.9	(E0).Nuryawan	et	al.,	2017In	addition,	according	to	Richter	et	al.	47,	2837–2872.	T.,	Bee	S.T.,	Tee	T.T.,	Rahmat	A.	A	review	on	cellulose	nanocrystals	as	promising	biocompounds	for	the	synthesis	of	nanocomposite	hydrogels.	This	area	of	research	has	attracted	the	interest	of	a	great	number	of	academicians
and	industrials	as	such	materials	turn	out	to	be	an	alternative	solution	to	the	ever-depleting	non-renewable	sources,	environmental	pollution,	global	warming,	and	energy	crisis.	14,	203–225.	Preparation	and	mechanism	analysis	of	morphology-controlled	cellulose	nanocrystals	via	compound	enzymatic	hydrolysis	of	eucalyptus	pulp.	Macromolecules	51,
6157–6189.	A	number	of	processes	have	been	reported	to	obtain	CNCs,	namely,	improved	chemical	acid	hydrolysis	(Thakur,	2015b;	Du	et	al.,	2016;	Kontturi	et	al.,	2016),	mechanical	treatment	(Pandey	et	al.,	2015),	oxidation	methods	(Sun	et	al.,	2015;	Vazquez	et	al.,	2015),	enzymatic	hydrolysis	(Anderson	et	al.,	2014;	Tong	et	al.,	2020),	ionic	liquid
treatments	(Lazko	et	al.,	2016),	deep	eutectic	solvents	(Sirviö	et	al.,	2016),	subcritical	water	hydrolysis	(Novo	et	al.,	2015,	2016),	and	combined	processes	(Trache	et	al.,	2017,	2020;	Xie	et	al.,	2018).	200,	1008–1018.	et	al.,	2014;	Chen	et	al.,	2017Fungal	speciesEnzymaticConsolidated	bioprocessingCombinedAt	least	two	of	the	above-mentioned	pre-
treatment	processes-	Increase	the	efficiency	of	the	elimination	of	lignin	and	hemicellulose	at	reasonable	time.-	May	enhance	the	operating	cost.-	Require	further	research	work	to	optimize	the	processes.-	Balance	needs	to	be	struck	between	efficiency	improvement	and	cost.Chen	et	al.,	2017;	Liu	et	al.,	2019aDespite	acid	hydrolysis	using	sulfuric	acid	is
the	oldest	process,	it	remains	the	most	common	preparation	method	of	CNCs.	A	typical	approach	starts	with	alkali	and	bleaching	pretreatments	followed	by	acid	hydrolysis.	463,	127–136.	Today	Proc.	B.,	Kumode	M.	10.1016/j.carbpol.2019.115401	[PubMed]	[CrossRef]	[Google	Scholar]Li	Y.,	Cao	L.,	Li	L.,	Yang	C.	They	noted	that	nanocelluloses
possessing	high	surface	charge	density	do	not	effectively	stabilize	Pickering	emulsions,	which	limit	their	application	as	interfacial	stabilizers.	Immobilized	mycelia	Pestalotiopsis	sp	NG007	showed	the	ability	to	grow	and	decolorized	some	reactive	dyes	due	to	the	laccase	enzyme	activities	(Yanto	et	al.,	2014).	It	has	special	characteristics	such	as
lightweight,	high	strength,	and	durability.	223,	115114.	According	to	Markets	and	Markets,	the	nanocellulose	market	is	forecasted	to	achieve	USD	783	Million	by	2025.	E.,	Khiari	R.,	El-Wakil	N.,	Dufresne	A.	Chem.	Nonetheless,	the	utilization	of	alternative	cellulose	sources	to	produce	large-scale	of	CNCs	remains	timid.	229:115401.	Simple	freeze-
drying	procedure	for	producing	nanocellulose	aerogel-containing,	high-performance	air	filters.	13,	35–41.	This	latter	class	seems	to	be	an	interesting	path	since	these	methods	combine	two	or	many	processes,	which	can	overcome	the	shortcomings	of	the	single	approaches	by	improving	the	CNC	properties,	increasing	the	yield	and	reducing	the	cost.
10.1016/j.ijadhadh.2013.03.013	[CrossRef]	[Google	Scholar]Sun	B.,	Hou	Q.,	Liu	Z.,	Ni	Y.	A.,	Baccile	N.,	Malho	J.	have	produced	magnetic	CNC	as	an	enzyme	support	for	immobilization	of	Pseudomanas	cepacialipase	(PCL)	(Cao	et	al.,	2016).	The	authors	pointed	out	that	nanocellulose-reinforced	composites	possess	outstanding	properties	due	to	the
presence	of	nanosize	filler,	which	makes	them	potential	candidates	to	replace	conventional	synthetic	polymer	composites.	The	researchers	revealed	that	as	surfactant-covered	NCs	are	more	hydrophobic,	their	surfaces	impart	lower	surface	tension	and	higher	surface	coverage,	contributing	to	enhanced	electrostatic	stabilization	and	emulsifying
ability.Some	of	the	physical	surface	functionalization	techniques	may	include	electric	discharge	(plasma	treatment),	ultrasonic	treatment,	irradiation,	and	surface	fibrillation	(Islam	et	al.,	2013).	The	study	demonstrated	a	high	crystallinity	for	Cladophora	nanocellulose	and	a	lower	moisture	adsorption	capacity	in	comparison	to	CNF.	Two-phase
emulgels	for	direct	ink	writing	of	skin-bearing	architectures.	A.,	Shankar	S.,	Rhim	J.W.	(2020).	Angew.	Adsorption	and	interfacial	structure	of	nanocelluloses	at	fluid	interfaces.	Since	the	pioneer	work	of	Kramet	et	al.	D.,	Allan	G.	A.,	Manas-Zloczower	I.	10.1016/j.carbpol.2019.115424	[PubMed]	[CrossRef]	[Google	Scholar]Hu	Z.,	Ballinger	S.,	Pelton	R.,
Cranston	E.	S.,	Frissić	T.,	Moores	A.	Moreover,	the	interactions	and	the	complex	mechanisms	between	these	nanomaterials	from	a	fundamental	point	of	view	have	to	be	illucidated.	Heidelberg:	Springer;	10.1007/978-3-642-45232-1	[CrossRef]	[Google	Scholar]Pang	Z.,	Wang	P.,	Dong	C.	Nevertheless,	after	this	second	stage,	further	post-treatments
such	as	solvent	elimination,	neutralization,	washing,	purification,	filtration,	centrifugation,	sonication,	dialysis,	fractionation,	surface	modification,	stabilization,	and	drying	(freeze-drying,	spray-drying)	need	to	be	undertaken	after	the	hydrolysis	process	to	recuperate	CNC	product.The	most	employed	and/or	recently	explored	pre-treatment	processes
of	lignocellulosic	biomass,	their	advantages	and	shortcomings.CategoryPre-treatment	processAdvantagesShortcomingsReferencesChemicalDiluted	acid-	Low	acid	consumption.-	Extensive	hemicellulose	degradation.-	Corrosion	of	the	equipment	but	low	temperature	is	necessitated.-	Degradation	of	cellulose.-	Inhibitor	formation	increases	with	increase
in	temperature.Agbor	et	al.,	2011;	Rabemanolontsoa	and	Saka,	2016;	Bhutto	et	al.,	2017;	Chen	et	al.,	2017;	Hassan	et	al.,	2018;	Satlewal	et	al.,	2018Concentrated	acid-	Extensive	hemicellulose	degradation.-	Corrosion	of	the	equipment,	toxicity	of	the	environment,	requires	high	amount	of	acid,	and	energy	consumption	for	acid	recovery.-	Degradation
of	cellulose.-	Inhibitor	formation	increases	with	increase	in	concentration.Organic	acids-	Avoid	equipment	corrosion,	low	energy	consumption	for	acid	recovery.-	Less	efficient	for	biomass	with	higher	hemicellulose	content.Alkaline-	Disrupts	the	lignin	structure.-	Removes	acetyl	groups	from	hemicellulose.-	Mild	reaction	conditions.-	Long	residence
time.-	Neutralization	issues.Ionic	liquids	(ILs)-	Efficient	lignin	elimination.-	Mild	reaction	conditions.-	Some	of	them	are	reusable.-	Better	thermal	stability.-	Commercial	application	requires	more	implementation	to	overcome	the	scaling	challenges.-	The	challenge	of	polysaccharides	recovery.-	High	price	of	chemical	products.-	Cellulose
degradation.Deep	eutectic	solvents	(DES)-	Easy	to	prepare,	stable,	cost-effective,	and	most	of	them	are	environmental-friendly.-	Mild	reaction	conditions.-	Efficient	dissolution	of	lignin.	H.,	Norgren	S.,	Engstrand	P.	A.,	Lee	B.	Performance	of	cellulose	nanofibrils	in	wood	adhesives,	in	Proceedings	of	the	Swiss	Bonding	(Rapperswil-Jona:	),	239–246.
Biomed.	47,	2609–2679.	The	authors	claimed	that	the	modified	nanoparticles	showed	thermal	and	pH-responsive	features.	10.1007/s10570-015-0802-0	[CrossRef]	[Google	Scholar]Cao	L.,	Huang	J.,	Chen	Y.	Few	years	ago,	the	Technical	Association	of	the	Pulp	and	Paper	Industry	(TAPPI)	has	established	a	Nanotechnology	Division	dedicated	to
standardize	the	nomenclature	of	cellulose	nanomaterials.	151,	716–724.	10.1016/j.cis.2019.102076	[PubMed]	[CrossRef]	[Google	Scholar]Yahya	M.,	Chen	Y.	J.,	Durán	N.	Cellulose	fibers	and	nanocrystals:	preparation,	characterization	and	surface	modification,	in	Functionalized	Nanomaterials	I:	Fabrication,	eds	Kumar	V.,	Guleria	P.,	Dasgupta	N.,
Ranjan	S.	Y.,	Cunningham	M.	10.1016/j.eurpolymj.2012.10.029	[CrossRef]	[Google	Scholar]Park	N.M.,	Choi	S.,	Oh	J.	Food	Hydrocol.	h,	Qi	X.,	Zhou	Z.	The	most	important	procedures	can	be	found	in	several	recent	review	papers	(Behera	et	al.,	2014;	Karimi	and	Taherzadeh,	2016;	Rabemanolontsoa	and	Saka,	2016;	Bhutto	et	al.,	2017;	Hassan	et	al.,
2018).	They	obtained	hydrogels	through	the	formation	of	amide	bond	and	hydrogen	bonding	between	hydrogel	components.	10.1021/acssuschemeng.8b06073	[CrossRef]	[Google	Scholar]Yue	L.,	Maiorana	A.,	Khelifa	F.,	Patel	A.,	Raquez	J.M.,	Bonnaud	L.,	et	al.	98,	820–828.	For	instance,	more	than	950	documents	refereeing	to	CNCs	have	been
published	from	2010	and	2017.	However,	depending	on	the	natural	source,	isolation	procedure,	conditions,	and	pre-post-treatments,	the	characteristics	of	nanocellulose	such	as	crystallinity,	yield,	dimensions	and	morphology,	surface	chemistry,	physicochemical,	and	thermal	properties	can	be	tailored	for	a	specific	use,	opening	an	extensive	range	of
possibilities	to	develop	new	materials	and	devices	(Wang	Z.	An	effective	chemoenzymatic	approach	for	immobilizing	proteins	onto	CNC	scaffolds	has	been	reported	by	Uth	et	al.	A	review	of	nanocellulose	in	the	drug-delivery	system,	in	Materials	for	Biomedical	Engineering:	Nanomaterials-Based	Drug	Delivery,	eds	Holban	A.	They	reported	that	such
biocomposite	exhibited	excellent	drug-controlled	release	behavior	and	can	be	employed	as	prominent	carrier	for	gastric-specific	drug	delivery.	For	instance,	the	use	of	hydrochloric	acid	instead	of	sulfuric	acid	for	cellulose	hydrolysis	will	generate	CNCs	with	better	thermal	stability,	but	the	lack	of	electrostatic	repulsion	force	between	crystals	causes
them	agglomeration	and	less	stable	aqueous	solution	can	be	obtained	(Gopi	et	al.,	2019).	Since	urea-formaldehyde	(UF)	adhesive	is	the	most	common	adhesive	used	in	the	wood-based	composite	industry,	this	section	approaches	to	understand	those	mechanism	in	the	scope	of	UF	adhesive.	Synergistic	stabilization	of	emulsions	and	emulsion	gels	with
water-soluble	polymers	and	cellulose	nanocrystals.	10.1080/02773813.2017.1316741	[CrossRef]	[Google	Scholar]Luo	H.,	Cha	R.,	Li	J.,	Hao	W.,	Zhang	Y.,	Zhou	F.	H.,	Sabar	S.,	Fazita	M.	D.,	Ajdary	R.,	Xiang	W.,	Bai	L.,	Rojas	O.	Materials	10:80.	More	recently,	cellulose	nanoplatelets	(CNP),	which	are	formed	by	entangled	cellulose	nanofibrils	of	3	nm	in
diameter,	have	been	prepared	through	oxidation	under	mild	conditions.	Sono-chemical	synthesis	of	cellulose	nanocrystals	from	wood	sawdust	using	acid	hydrolysis.	These	modifications	lead	to	attaining	desirable	properties,	which,	in	turn,	enhance	their	effectiveness	for	a	given	application	(Lin	et	al.,	2012;	Afrin	and	Karim,	2017;	Liang	et	al.,	2020;
Tao	et	al.,	2020).	J.,	et	al..	The	synthesis	reaction	of	UF	resin	are	possible	to	be	conducted	at	three	condition	alkaline,	weak	acid,	and	strong	acid.	65,	45–55.	52,	791–806.	The	mechanical	features	of	this	kind	of	nanocomposites	are	deeply	affected	by	the	interfacial	adhesion	between	CNCs	and	the	polymer	matrix,	which	can	enhanced	by	caring	out
specific	modifications	on	these	components	(Gopi	et	al.,	2019).	Soft	Matter	9,	952–959.	Lower	temperature	(80–150°C)	was	also	reported.	10.1007/s10570-018-1723-5	[CrossRef]	[Google	Scholar]Karim	Z.,	Afrin	S.,	Husain	Q.,	Danish	R.	Research	progress	of	hydroxyapatite/cellulose	composites	in	bone	tissue	engineering.	H.,	Chia	C.	8,	6064–6072.
Carbon	Resour.	(Radarweg:	Elsevier;	),	131–164.	Preparation	of	high-aspect-ratio	cellulose	nanocrystals	by	solvothermal	synthesis	followed	by	mechanical	exfoliation.	8,	1334–1340.	Critical	insights	into	the	reinforcement	potential	of	cellulose	nanocrystals	in	polymer	nanocomposites.	235:117497	10.1016/j.conbuildmat.2019.117497	[CrossRef]	[Google
Scholar]Moohan	J.,	Stewart	S.	20,	2428–2448.	Moreover,	nanocrystalline	cellulose	suspensions	form	an	ordered	liquid	crystal	state	when	its	concentration	reaches	a	critical	value.	10.1016/j.carbpol.2019.04.033	[PubMed]	[CrossRef]	[Google	Scholar]Singh	A.	10.1039/C6CS00895J	[PubMed]	[CrossRef]	[Google	Scholar]Fujisawa	S.,	Togawa	E.,	Kuroda
K.	Mat.	Who	are	the	key	vendors	in	this	market	space?	The	combination	of	the	(O/W)	and	(O/W)	emulsions	produces	double	emulsions	(W/O/W	or	O/W/O)	via	coupling	of	unmodified	and	modified	CNC	(Kalashnikova	et	al.,	2013;	Hu	et	al.,	2015a).CNC-based	Pickering	emulsions	find	applications	in	various	fields	such	as	food,	sensing,	biomedicine,
pharmaceuticals,	cosmetics,	oil	recovery,	emulsion	polymerization,	and	heterogeneous	catalysis,	to	site	a	few.	Synthesis	of	surfactant-free	micro-and	nanolatexes	from	Pickering	emulsions	stabilized	by	acetylated	cellulose	nanocrystals.	A	review	on	versatile	applications	of	blends	and	composites	of	CNC	with	natural	and	synthetic	polymers	with
mathematical	modeling.	M.,	Chelouche	S.,	Derradji	M.,	Bessa	W.,	et	al.	The	generated	cellobiose	units	are	linked	together	to	produce	a	crystalline	structure	of	cellulose	known	as	elementary	fibrils.	Isolation	of	thermally	stable	cellulose	nanocrystals	by	phosphoric	acid	hydrolysis.	A	review	of	applications	using	mixed	materials	of	cellulose,
nanocellulose	and	carbon	nanotubes.	Figure	5	depicts	a	schematic	diagram	representing	the	most	commonly	used	surface	modification	routes	of	nanocellulose,	while	Table	5	portrays	some	previous	studies	on	surface	modification	of	nanocellulose	substrates	along	with	their	salient	features	and	applications.Previous	studies	on	surface	modification	of
nanocellulose	substrates	along	with	their	salient	features	and	applications.Cellulosic	sourceNanocellulosePreparation	methodSurface	modification	strategySalient	featuresApplicationReferencesEucalyptus	dry	lap	wood	pulpCNCH2SO4	hydrolysisTransesterification	with	canola	oil	fatty	acid	methyl	esterHigher	hydrophobicity	and	thermal
stabilityHydrophobic	coatings	and	reinforcing	agents	to	hydrophobic	polymer	for	nanocompositesWei	et	al.,	2017Blue	agave	(A.	Polym	Plast.	For	instance,	CNC-loaded	with	noble	metal	nanoparticles	found	applications	in	the	field	of	antibacterial,	biomedical,	protein/enzyme	immobilization,	catalysis,	photoelectric	materials,	and	sensing.	Nanoscale	11,
2991–2998.	Nanocellulose-based	conductive	materials	and	their	emerging	applications	in	energy	devices-a	review.	10.1021/acs.biomac.8b00233	[PMC	free	article]	[PubMed]	[CrossRef]	[Google	Scholar]Balea	A.,	Monte	M.	181,	642–649.	132:41719	10.1002/app.41719	[CrossRef]	[Google	Scholar]Kaboorani	A.,	Riedl	B.	(2020).	V.,	Hassan	W.
10.1016/j.jclepro.2018.06.128	[CrossRef]	[Google	Scholar]Stoeckel	F.,	Konnerth	J.,	Gindl-Altmutter	W.	227:115323.	Phys.	Magnetic	nano	carboxymethyl	cellulose-alginate/chitosan	hydrogel	beads	as	biodegradable	devices	for	controlled	drug	delivery.	CNCs	typically	possess	a	high	specific	surface	area	of	around	150	m2·g−1	(Kaboorani	and	Riedl,
2015)	and	Young's	modulus	up	to	170	GPa	attributable	to	high	crystallinity	(typically	around	50–90%)	(Wei	et	al.,	2017).CNFs	possess	a	width	of	3–50	nm	and	a	few	micrometers	of	length,	where	the	dimensions	mainly	depend	on	the	conditions	employed	during	its	preparation	and	chemical	modification	(Lavoine	and	Bergström,	2017).	Review	of
nanocellulose	polymer	composite	characteristics	and	challenges.	Open	J.	10.1016/j.bmcl.2015.12.060	[PubMed]	[CrossRef]	[Google	Scholar]Nuryawan	A.,	Singh	A.	10.1039/C9GC00473D	[CrossRef]	[Google	Scholar]Liu	Y.,	Schütz	C.,	Salazar-Alvarez	G.,	Bergström	L.	J.,	Paula	A.	Those	highly	carboxylated	CNF	were	effectively	integrated	into	paper
filters	for	removal	lead	from	aqueous	solution	or	as	transparent	films	for	advanced	applications.NC-based	materials	as	efficient	adsorbent	and	flexible	membrane	have	been	recently	reviewed	by	Abouzeid	et	al.	This	attention	expresses	itself	by	the	new	International	Organization	for	Standardization	(ISO),	Technical	Association	of	the	Pulp	and	Paper
Industry	(TAPPI),	and	Canadian	Standards	Association	(CSA)	Standards	on	CNCSs	that	are	being	developed	and	published,	highlighting	the	market	interest	(Klemm	et	al.,	2018).	Langmuir	34,	3925–3933.	P.,	Bortner	M.	This	kind	of	nanocomposites	can	be	used	in	several	scientific	area	and	industries	such	as	packaging,	automotive,	aerospace,	paints
and	coatings,	adhesives,	hydrogels,	nanobarriers,	inks	and	printing,	fire	retardants,	cementitious	materials,	and	defense,	to	name	a	few.	Calorim.						(Logo:	)	Despite	being	the	most	available	natural	polymer	on	earth,	it	is	only	recently	that	cellulose	has	gained	prominence	as	a	nanostructured	material,	in	the	form	of	cellulose	nanocrystals	(CNC)	and
micro/nanofibrillar	cellulose	(MFC/NFC).	An	example	of	the	procedure	used	to	prepare	CNCs	form	hardwood	is	depicted	in	Figure	2.In	recent	years,	hydrochloric,	phosphoric,	and	hydrobromic	either	liquid,	solid	or	gaseous	acids,	organic	acids,	or	mixtures	of	inorganic	and	organic	acids	have	been	used	to	produce	CNC	(Trache	et	al.,	2017).
Microcrystalline	cellulose:	isolation,	characterization	and	bio-composites	application–	a	review.	However,	a	number	of	pretreatments	may	negatively	affect	the	process	through	the	generation	of	toxic	and	hazardous	wastes,	imperfect	separation,	degradation,	and	loss	of	cellulose	as	well	as	of	the	high	overall	process	expenses.	As	an	emerging
application,	the	stability	of	CNC-based	Pickering	emulsion	systems	can	be	instantaneously	controlled	via	external	triggers	by	incorporating	stimuli-responsive	features,	which	can	provide	an	appropriate	platform	to	developing	particular	materials	with	outstanding	properties.	G.,	Shoseyov	O.	L.,	Serpa	A.,	et	al.	Nanocellulose-modified	wood	adhesives,
in	Handbook	of	Green	Materials:	Processing	Technologies,	Properties	and	Applications,	eds	Oksman	K.,	Mathew	A.	(2017)	as	distributed	by	creative	common	license	CC	BY	license,	MDPI	publisher.Transmission	electron	microscopy	(TEM)	micrographs	of	CNC	isolated	from:	filter	paper	enzyme-treated	for	(A)	0	h,	(B)	2	h,	and	(C)	10	h	and	wood	pulp
enzyme-treated	for	(D)	0	h,	(E)	2	h,	and	(F)	10	h.	Besides,	based	on	the	presence	of	a	high	density	of	hydroxyl	groups,	BNCs	can	also	be	modified	(Wang	et	al.,	2020).	A	review.	10.1007/s10570-020-03011-1	[CrossRef]	[Google	Scholar]Kramer	F.,	Klemm	D.,	Schumann	D.,	Heßler	N.,	Wesarg	F.,	Fried	W.,	et	al.	Colloid	Interface	Sci.	M.,	Tonelli	A.	While
cellulose	nanocrystals	(CNC)	modified	with	aminopropyltriethoxysilane	(APTES)	lowering	the	surface	energy	of	modified	CNC	by	increased	about	26.4%	on	the	contact	angle	between	CNC	and	UF	resin	adhesive	(Zhang	et	al.,	2013).	%	Sulfuric	acid	hydrolysis	(CNC).Zhang	et	al.,	2013CNCUp	to	10Hydroxypropyl	celluloseThe	employment	of	CNC	is
very	promising	in	consolidation	of	wood	without	negative	effect	on	its	properties	even	after	aging.Hamed	and	Hassan,	2019CNCUp	to	10cottonseed	proteinThe	introduction	of	CNC	improves	strength	by	16%	with	respect	to	pure	protein.	Methylene	blue	(MB)	is	used	as	adsorption-desorption	model	which	the	removal	efficiency	of	MB	remained	at	97%
after	five	time	cycles.	A.,	Visanko	M.,	Liimatainen	H.	(2019b).	However,	it	is	worthy	to	note	that	the	technology	transfer,	i.e.,	scaling-up	form	laboratory	to	bulk-scale	is	one	of	the	major	problem	(Mishra	et	al.,	2019).	Polímeros	23,	277–286.	P.,	Silva	C.	10.3390/nano10020186	[PMC	free	article]	[PubMed]	[CrossRef]	[Google	Scholar]Moberg	T.,	Sahlin
K.,	Yao	K.,	Geng	S.,	Westman	G.,	Zhou	Q.,	et	al.	H.,	Zhang	H.,	Wang	C.,	Tam	K.	71,	44–53.	In	another	research	work,	Jeddi	et	al.	prepared	hydrazone	cross-lined	CNC	aerogels	as	viable	bone	tissue	scaffolds	(Osorio	et	al.,	2019).	In	a	study	carried	out	by	Tang	et	al.	Properties	of	nanocellulose	isolated	from	corncob	residue	using	sulfuric	acid,	formic
acid,	oxidative	and	mechanical	methods.	Drug.	8,	134–149.	An	overview	on	cellulose-based	material	in	tailoring	bio-hybrid	nanostructured	photocatalysts	for	water	treatment	and	renewable	energy	applications.	5	Hackensack,	NJ:	World	Scientific;	10.1142/8975	[CrossRef]	[Google	Scholar]Osong	S.	10.1016/j.carbpol.2018.06.112	[PubMed]	[CrossRef]
[Google	Scholar]Werner	A.,	Schmitt	V.,	Sèbe	G.,	Héroguez	V.	JOM	68,	2383–2394.	Nanotechnol.	The	authors	reveled	that	this	composite	enhanced	granulation	formation,	improved	re-epithelialization,	and	decreased	inflammatory	reaction,	suggesting	that	such	composite	can	be	possibly	used	in	clinical	practice	for	wound	treatment.
10.1016/j.polymer.2017.02.016	[CrossRef]	[Google	Scholar]Pennells	J.,	Godwin	I.	Acid-free	extraction	of	cellulose	type	I	nanocrystals	using	Brønsted	acid-type	ionic	liquids.	The	application	of	CNCs	to	wound	healing	was	recently	reported	is	many	investigations,	and	promising	achievements	have	been	reached	owing	to	their	useful	properties	as	well	as
their	ability	to	be	functionalized	(Bacakova	et	al.,	2019;	Dufresne,	2019;	Kim	D.	(Weinheim:	Wiley;	),	101–122.	[Google	Scholar]Klemm	D.,	Cranston	E.	Reprinted	with	permission	from	Miyashiro	et	al.	10.1039/C4NR03584D	[PubMed]	[CrossRef]	[Google	Scholar]Saba	N.,	Mohammad	F.,	Pervaiz	M.,	Jawaid	M.,	Alothman	O.	Nanocellulose	in	green	food
packaging.	7,	5986–5992.	A.,	Feitosa	J.	Trends	in	the	production	of	cellulose	nanofibers	from	non-wood	sources.	Biomacromolecules	19,	1674–1685.	Materials	11:1272.	have	recently	reported	the	advantages	and	shortcomings	of	some	important	hydrolysis	processes	(Trache	et	al.,	2017,	2020).	Current	characterization	methods	for	cellulose
nanomaterials.	w.,	et	al..	289,	140–148.	Preparation	and	properties	of	cellulose	nanocrystals,	gelatin,	hyaluronic	acid	composite	hydrogel	as	wound	dressing.	5,	7514–7523.	C	104:109963.	Various	sources	(Table	1)	such	as	wood,	herbaceous	plants,	grass,	agricultural	crops	and	their	by-products,	animal,	algae	and	bacterial	sources,	waste	paper,	among
others,	can	be	used	as	raw	material	to	produce	cellulose	(Trache,	2017;	Trache	et	al.,	2017;	Nandi	and	Guha,	2018;	Kumar	V.	M.,	Aziz	N.,	Kufian	M.,	Abdulaziz	A.,	Mamatkarimov	O.	This	biocatalyst	seems	to	be	able	to	effectively	catalyze	the	hydrolysis	of	ketoprofenethyl	ester	with	high	yield.	An	excellent	review	on	UF	adhesive	resins	for	wood	is
reported	in	the	literature	(Dunky,	1998).The	summarize	of	nanocellulose	for	wood	adhesive	applications	reported	in	the	literature.Nanocellulose	formPercentage	cellulose	addition	(wt.	10.1007/s12649-020-00955-0.	7,	19202–19212.	10.1016/j.foodhyd.2016.01.023	[CrossRef]	[Google	Scholar]Sethi	J.,	Oksman	K.,	Illikainen	M.,	Sirviö	J.	Adhes.
Nanocellulose	nanocomposite	hydrogels:	technological	and	environmental	issues.	Mechanical	properties	of	adhesives	for	bonding	wood—a	review.	By	definition,	such	mixture	consists	of	a	homogeneous	matrix	(polymer	or	biopolymer)	constituent	that	is	reinforced	by	a	stiffer,	stronger	component	with	a	small	amount	of	nanosized	of	organic	or	mineral
fillers	of	specific	shape,	size,	and	surface	chemistry	(Abdul	Khalil	et	al.,	2019).	10.3934/matersci.2018.2.201	[CrossRef]	[Google	Scholar]Trache	D.,	Hussin	M.	Different	preparation	methods	and	properties	of	nanostructured	cellulose	from	various	natural	resources	and	residues:	a	review.	The	thickness	of	such	CNP	is	around	80	nm	(Chávez-Guerrero
et	al.,	2018).The	outstanding	properties	of	cellulose	nanofibers	such	as	the	nanometric	scale,	non-toxicity,	high	specific	surface	area,	easy	processing,	high	aspect	ratio	and	stiffness,	interesting	mechanical	characteristics,	and	good	thermal	stability	have	built	up	new	opportunities	for	developing	of	novel	kind	of	nanocellulose-based	systems	(Almeida
et	al.,	2018;	Dufresne,	2019;	Liu	et	al.,	2019b).	M.,	Thakur	V.	Intense	research	works	have	been	recently	performed	as	demonstrated	by	the	recent	published	reviews	(Du	et	al.,	2019;	Shojaeiarani	et	al.,	2019).	10.1016/j.nanoen.2017.04.001	[CrossRef]	[Google	Scholar]Dufresne	A.	Good	bonding	within	lignocellulosic	part	requires	the	understanding	of
complexity	of	wood	polymer	adhesive	bonds	in	terms	of	surface	chemistry,	surface	geometry,	and	adhesive	penetration	which	the	adhesive	have	to	fulfill	the	ability	of	wetting	to	the	wood	surface	in	liquid	state	and	the	possibility	to	construct	adequate	cohesion	within	polymer	during	the	curing	state.	49,	532–537.	C.,	Júnior	E.	Arsenic	removal	from
water	using	lignocellulose	adsorption	medium	(LAM).	(2020)	investigated	the	susceptibility	of	bacterial	nanocellulose	fibers	as	reinforcement	in	cement	composites,	in	which	they	observed	that	BNCs	improved	the	mechanical	properties	of	cement	mortars.	Broadly,	their	isolation	is	time	consuming,	high	energy-demanding	and	requires	more	attention
to	avoid	the	use	of	toxic	chemicals,	which	are	detrimental	to	human	and	the	environment.A	selection	of	recent	CNC	production	methods	from	the	corresponding	natural	source.Natural	sourceMethodologyReferencesFilter	paper	and	microcrystalline	celluloseSolution	plasma-chemical	processing	as	an	oxidation–hydrolysis	strategySurov	et	al.,
2018Cotton	lintersSingle	step	ammonium	persulfate-assisted	swelling,	followed	by	oxidationWang	et	al.,	2019Cellulose	fibersBall	mill	assisted	fully	recyclable	solid	acid	hydrolysisSong	et	al.,	2018Broomcorn	StalksAcid	hydrolysis	followed	by	sonicationLangari	et	al.,	2019Eucalyptus	hardwoodIrradiation	oxidation	and	organosolv	solubilizationZhang
and	Liu,	2018Microcrystalline	celluloseUltrasonic	pretreatment	in	ionic	liquid	followed	by	acid	hydrolysisPang	et	al.,	2018Nata	de	cocoUltrasonic	irradiation	coupled	with	microwave	treatmentWardhono	et	al.,	2018Oil	palmSono-assisted	TEMPO	oxidationRohaizu	and	Wanrosli,	2017Wood	sawdustSono-chemical	synthesis	using	acid	hydrolysisShaheen
and	Emam,	2018Microcrystalline	celluloseRecyclable	citric/hydrochloric	acidsYu	et	al.,	2019Commercial	microcrystalline	celluloseFacile	and	rapid	one-step	hydrolysis	by	H2SO4/HNO3	mixed	acidCheng	et	al.,	2020Blue	agave	leaves	and	bagasse	fibersSonochemical	acid	hydrolysis	enhanced	with	sonicationRobles	et	al.,	2018Eucalyptus	pulpPeriodate
oxidation	route	followed	by	reductive	treatment	with	NaBH4Errokh	et	al.,	2018Cotton	cellulose	powderHigh-pressure	homogenization	controlling	a	process	temperaturePark	et	al.,	2019Commercial	microcrystalline	celluloseA	two-step	collaborative	process	combining	solvothermal	pretreatment	and	mechanical	exfoliationGao	et	al.,	2019Commercial
microcrystalline	celluloseBall	milling	with	water	followed	by	centrifugationKang	et	al.,	2018Lignocellulosic	biomassHydrolysis	by	Ni(II)-transition	metal	salt	followed	by	washing	with	distilled	water,	centrifugation,	sonication	and	dialysisYahya	et	al.,	2018More	recently,	Charreau	et	al.	Nonetheless,	the	presence	of	sulfate	esters	at	the	cellulose	surface
decreases	its	thermal	stability,	but	permits	a	well-dispersion	of	individual	CNC	bundles	in	aqueous	media.	10.1186/s11671-017-2001-4	[PMC	free	article]	[PubMed]	[CrossRef]	[Google	Scholar]Barbash	V.	A	schematic	diagram	of	the	reaction	between	cellulose	and	strong	acid	to	obtain	Nanocellulose	is	shown	in	(B).	Necessity	of	enzymatic	hydrolysis
for	production	and	functionalization	of	nanocelluloses.	This	fascinating	polymer,	seen	as	an	inexhaustive	source	of	raw	materials,	has	potential	to	be	modified	and	functionalized	with	several	available	industrial	uses	and	there	is	still	plenty	to	discover	and	celebrate	in	cellulose	(Mokhena	and	John,	2020;	Moohan	et	al.,	2020;	Trache	et	al.,	2020).
TEMPO	[(2,2,6,6-tetramthylpiperidin-1-yl)oxyl]-mediated	cellulose	oxidation	(TEMPO-CNF),	a	longer	fibrillated	negative	surface	charged	promote	well-dispersion	in	polar	adhesive	(Isogai	et	al.,	2011).	Tang	et	al.	No	wash	stream	in	the	process,	and	no	toxic	chemicals	are	produced	for	downstream	processes.-	Requires	moderate	temperature	(
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