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ABSTRACT  To better  reserve food from the interaction with oxygen, 
moisture, and (light) ultraviolet (UV) radiation, ty ical  olymer flm 
 ackaging is  roduced as o aque or metalized sheets. There is increasing 
consumer demand for multifunctional trans arent  ackaging or a trans-
 arent window to allow viewing of food before consumer  urchase. 
Cellulose nanocrystals (CNCs), as a ty e of sustainable and biodegradable 
material, show great  otential for trans arent food  ackaging by  roviding 
good oxygen  ermeation resistance. However, CNCs are  oor in  reventing 
UV light transmission, sensitive to water, and too brittle to make fexible 
flms. This work aimed to  roduce high-quality CNC flms with 
multifunctional  ro erties using a facile  rocessing method. CNC 
sus ensions were modifed with diferent concentrations of trivalent metal ions (Al3+ and Fe3+). Homogeneous, trans arent, and 
fexible CNC flms were  re ared by solvent casting. CNC flms underwent cross-linking between metal ions and sulfate half-ester 
grou s of the CNCs, leading to high UV absor tion  ro erties. In addition, the water va or and oxygen transmission rates of the 
cross-linked flms were decreased, and the durability of flms in water was im roved. The CNC flms dis layed excellent oil/grease 
resistance and fre self-extinguishment. 
KEYWORDS  cellulose  a ocrystals (CNCs), packagi g, barrier properties, trivale t metal io s 

■ INTRODUCTION 

Food  ackaging  rovides means to mitigate food s oilage 
caused by microbes and environmental ex osure, as well as 
 rolonging the shelf life of food  roducts in a cost-efective 
manner that industry and consumers desire while minimizing 
environmental im act.1 A variety of materials have been used 
in the food  ackaging feld, for exam le, glass, metal,  a er, 
and  lastic (Figure 1). Therein,  lastic materials derived from 

 etroleum com rise a large  ro ortion of food  ackaging 
a  lications because of their strength, fexibility, lightweight, 
low-cost, and good  rocessability advantages.2,3 According to 
recent re orts, 368 million metric tons of  lastic materials were 
 roduced for the global market in 2019, of which 
a  roximately 40% went to  ackaging uses.4 Packaging 
 roduction will continue to grow,  rojected to exceed 250 
million metric tons by 2050.5 For conventional  lastics, 
 olyethylene (PE),  oly ro ylene (PP), and  olyethylene 
tere hthalate are the most common ty es of  olymers that are 
used in  ackaging a  lications. However, these unsustainable, 
nonrenewable, and nondegradable  ackaging materials can 
accumulate and cause serious and irreversible  ollution to 
oceans and landflls and even to human health via micro lastic 
 article release.6 Taking the above issues into consideration, 
bio-based and biodegradable materials are desirable to address 
the end-of-life issues for  ackaging (Figure 1). 
Polylactic acid (PLA),  olyhydroxyalkanoates, and  oly-

butylene succinate are synthesized from bio-based sources and 
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Figure 1. Diferent materials and required characteristics for food 
 ackaging and the great  otential of CNCs. 
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are  roduced on an industrial scale currently.7 The majority of 
current bio-based  olymer materials are neither biodegradable 
nor home-com ostable. They can only decom ose under 
s ecifc tem erature and humidity conditions in industrial 
com osting systems.8 Other kinds of bio-based materials, such 
as  roteins (soy, whey, gluten, and collagen) and  oly-
saccharides (starch, chitosan, and alginate), are also being 
researched for biodegradable food  ackaging materials.9 While 
most of the food-based materials are also indis ensable sources 
for human consum tion, excessive use in materials  roduction 
could lead to undesirable com etition in their utilization. This 
is  roblematic, es ecially in many regions of the world that are 
facing food shortages. 
Consequently, wood-based biomaterials could be regarded 

as  ros ective food  ackaging materials. Cellulose nanoma-
terials (CNMs), such as cellulose nanofbrils (CNFs) and 
cellulose nanocrystals (CNCs), are being investigated widely 
and have tremendous  otential in the  ackaging feld as a 
natural material.10−14 CNFs are mainly obtained through 
mechanical shear refnement with >1 μm length and a 10−100 
as ect ratio (s aghetti-like structure). For  ackaging a  lica-
tions, CNF flms are usually  re ared via a fltration or casting 
method, exhibiting great mechanical  ro erties (around 110 
MPa tensile strength) and barrier  ro erties.15−17 Never-
theless, some chemical modifcations, such as 2,2,6,6-
tetramethyl i eridine-1-oxyl radical (TEMPO)-mediated oxi-
dation18−20 and hot- ress treatments, are usually conducted in 
CNF flm fabrication to further im rove their  ro erties.21 The 
high-energy-consuming  rocedures and o acity of the resulting 
CNF flms also limit their wide a  lication. CNCs are 
 roduced by acid hydrolysis of  urifed cellulose, where the 
amor hous regions are degraded, leaving behind the cellulose 
crystal regions.22−24 CNCs dis lay excellent  erformance, like 
high s ecifc surface area, low density, high mechanical 
strength arising from their nanoscale dimension,12 and 
outstanding trans arency. CNCs are mainly considered as a 
reinforcement fller or com onents mixed with other matrices 
to  re are nanocom osite flms or coatings on substrates for 
food  ackaging a  lications. CNCs have been re orted to be 
mixed with guar gum,  ectin, carrageenan, or PLA to  re are 
flms with great mechanical and barrier  ro erties for food 
 ackaging25−28 and blended with  olyvinyl alcohol for coating 
 rocesses.29,30 Only very few studies have demonstrated free-
standing CNC flms for food  ackaging.16 However, CNC 

flms are extremely sensitive to moisture or water, and they 
start to disintegrate immediately when in contact with water. 
Moreover, a suitable food  ackaging material should fulfll 
other requirements, and therefore, moisture or oxygen barrier 
 ro erties, oil/grease resistance, ultraviolet (UV)  rotection, 
and fame retardance should be considered as well (Figure 1). 
Therefore, a  ro riate and facile chemical modifcations or 
additives are usually introduced into the CNM flm to 
overcome the above shortcomings. According to  revious 
research, multivalent metal ions as counterions mixed with 
TEMPO-CNF have been widely demonstrated for versatile 
a  lications. Multivalent cations could  romote the formation 
of cross-links among CNFs because the carboxylate grou s of 
TEMPO-CNF have afnity to metal ions, leading to metal− 
carboxylate com lexes.20,31−33 The counterion on the surface 
of CNMs can act as an active site and be designed to  roduce 
s ecifc material  ro erties. Thus, multivalent metal ions could 
be introduced into a CNC system without further modifcation 
since ionic sulfate half-ester grou s are  roduced by sulfuric 
acid hydrolysis during CNC  re aration. Some studies have 
re orted that multivalent cations could afect the colloidal 
stabilization of CNCs by clustering or cross-linking.34−36 

Meanwhile, CNCs show economic advantages com ared to 
TEMPO-CNF.37 

In this study, we develo ed a facile and efective a  roach to 
 re are free-standing CNC flms with excellent material 
 ro erties. There are sulfate half-easter grou s formed on 
the CNC surface during sulfuric acid hydrolysis and Na+ 

introduced by sodium hydroxide neutralization. The CNC 
flms were  roduced by trivalent metal ion-exchanged Na+ 

modifcation accom anied by cross-linking between the metal 
cations and sulfate grou s on the CNC surfaces (Figure 2). 
Before flm casting, CNC sus ensions were characterized by 
transmission electron microsco y (TEM) and rheometry. As 
for the ion-exchanged CNC flms, the  hysical  ro erties, 
mor hology, UV absor tion, barrier, mechanical  ro erties, 
and fre self-extinguishment were fully described. We believe 
that this facile, economic, and environmentally friendly 
a  roach to  roducing CNC flms creates the  otential for 
the next generation of materials for  ackaging a  lications. 

■ MATERIALS AND METHODS 
Mat rials. Aluminum chloride (AlCl3), ferric chloride (FeCl3), 

and D-sorbitol (>98%) were  urchased from Sigma-Aldrich. CNCs in 
sus ension with 10.3 wt% solid content were  rovided by the USDA 

Figure 2. Hy othesized mechanism of ion-exchanged flm formation. CNCs are cross-linked by trivalent metal ions. 
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Forest Products Laboratory (Madison, Wisconsin, USA) and were 
 roduced through the sulfuric acid hydrolysis method followed by 
sodium hydroxide neutralization.38 Distilled water was used for 
 roducing CNC sus ensions for flm  roduction.
Ion-Exchang d CNC Susp nsions and Film Pr paration. 

CNC Suspension Modifc tion. Three molar ratios of trivalent ions to 
sulfate ions were  re ared according to Table 1. The amount of AlCl3 

or FeCl3 for a s ecifc amount of CNCs can be calculated based on 
the stoichiometric ratio of the sulfate half-ester grou  to the metal ion. 
S ecifcally, the sus ensions containing 29.64 g of CNC sus ension 
were diluted with distilled water to 2 wt% and then mixed with 5, 15, 
or 45 mM concentrations of aluminum chloride (AlCl3) or ferric 
chloride (FeCl3) under magnetic stirring for 2 h, res ectively, forming 
new sus ensions with M3+/OSO3 

− at 1:3, 1:1, and 3:1, res ectively. 
The sam les were denoted as CNC-M-C (where M denotes the metal 
cation ty e, and C denotes the ratio of the treatment metal ion to 
sulfate: L (low)-1:3, M (medium)-1:1, and H (high)-3:1. 
CNC Suspension Ch r cteriz tion. The cross-linked CNCs were 

examined by TEM at an accelerating voltage of 100 kV (Phili s 
CM10). Ion-exchanged or control CNC sus ensions were diluted to 
around 0.1 wt% and dro  ed on carbon-coated grids, followed by 
uranyl acetate solution staining. The excess liquid was removed using 
flter  a er, and the sam les were dried using a lam  before 
 erforming TEM analyses. 

Viscosity tests were carried out using a Bohlin Gemini  arallel  late 
(25 mm) rheometer (Malvern Instruments, UK) to measure the 
cross-linking interactions between sulfate ions and metal ions. The 
steady-state shear viscosity was measured under a shear ram  mode 
with shear rates ranging from 0.01 to 100 s−1 at 25 C. 
Sulfur Content Determin tion. The sulfur and sodium ion 

contents of the CNCs were determined by inductively cou led 
 lasma-o tical emission s ectrometry (ICP-OES) (iCAP 6300, 
Thermo Fisher Scientifc, USA) according to EPA Method 3050b. 
The sulfur content associated with the sulfate half-ester grou  (−O− 
SO3 

−) was 355 mmol/kg. The sodium and trivalent ion contents of 
ion-exchanged CNC sam les were also detected by ICP-OES and are 
listed in Table 1. More details are described in the Su  orting 
Information. 
Ion-Exch nged CNC Film Prep r tion. After 2 h of magnetic 

stirring, ion-exchanged CNC sus ensions were centrifuged at 5000 
r m and 25 C for 10 min (Thermo Electron Sorvall RC-6Plus, 
Waltham, MA, USA). The solids were isolated, washed, and 
centrifuged three times to remove excess metal ions and chloride 
ions. The moisture content of the sediments after the third 
centrifugation was determined with a moisture analyzer (Ohaus 
MB45, USA). The sediments were diluted to 2 wt%, and a total of 
15% D-sorbitol based on the CNC solid weight was added. The CNC 
sus ensions were evenly mixed, cast into 100 mm  olystyrene Petri 
dishes, and dried in a fume hood. Eventually, flms with a nominal 
casting weight of 40 g/m2 were obtained. Before testing, flms were 
conditioned in a conditioning room at 50% relative humidity (RH) 
and 23 C for at least 24 h. 
Prop rti s and Charact rizations of Films. Optic l Properties 

of Films. Color values of the CNC flms were measured by color 
s ectro hotometry (Technidyne ColorTouchX, New Albany, IN, 
USA) with fve re lications for each sam le. Gra hs were  re ared in 
OriginPro software 2020 (Chromaticity Diagram a  ). 

Trans arency and UV absor tion of flms were measured using a 
UV−vis s ectrometer (Ocean O tics USB2000+, Orlando, FL, USA) 
with a deuterium and tungsten halogen light source (DH-2000). The 
transmittance and absorbance signals were traced under 190−800 nm 
s ectra, and the medium of air was chosen as a reference background. 

The orientation of the CNC  articles in the flms before and after 
ion-exchange modifcation was investigated with a  olarized light 
microsco e (PLM) (AmSco e ME520TA, Irvine, CA, USA). A 
lambda (full wave) flter (530 nm), as a retardation  late to enhance 
the birefringence, was added between the halogen bulb and the 
sam le. Images of −45 and +45 angles under the  olarized light were 
collected and  rocessed by ImageJ to extract the values from the blue 
channel of the RGB images. The birefringence orientation index 
(BOI) is calculated according to the following equation:39 

b b
b b

BOI 45 45

45 45
=

+
° + °

° + ° (1) 

where b−45 and b+45 are the values of the blue channel for a  air of 
 ixels in each image corres onding to the same voxel of the imaged 
material. Blue channel intensity could be selected for orientation 
because CNMs dis lay birefringence color changing from blueish to 
yellowish between the two angles with retardation. BOI ranges from 
−1 to +1 where zero re resents no orientation, while the +1 value 
re resents the CNCs aligned in the reference direction and −1 means 
alignment in the  er endicular direction. 
Sc nning Electron Microscopy. The mor hology of CNC flms 

was evaluated with a feld-emission scanning electron microsco e 
(FE-SEM). Before imaging, flms were adhered to the stub via 
conductive ta e and s utter-coated with a 2−3 nm thin layers of 
gold/ alladium. FE-SEM was  erformed at a 4.0 mm working 
distance and 2.0 kV accelerating voltages (Zeiss NVision 40, Jena, 
Germany). Elemental distribution in the flms was detected by using 
energy-dis ersive X-ray s ectrosco y (IXRF EDS, Austin, TX, USA). 
Cross sections of CNC flms were fractured after soaking in liquid 
nitrogen. 
B rrier Properties of Films. The water va or transmission rates 

(WVTRs) of flms were measured and calculated according to the 
ASTM E96/E96M-16 standard. Around 7 cm diameter circles were 
obtained by cutting the edges from the conditioned flms. A circular 
sam le was  laced on to  of a Mason jar with 50 g of distilled water 
inside and sealed tightly with a silicone rubber gasket and a metal 
screw ca . The amount of water in the jar gave a distance of 19 mm 
between the surface and the sam le. The jars were  laced in a 
conditioning room (23 C and 50% RH), and weight changes were 
recorded on 1, 2, 3, 5, and 7 days to calculate WVTRs using the 
following equation: 

G tAWVTR /= (2) 

where G is the weight change (g), t is the time (day), A is the test area 
of the flm (m2), and (G/t) is the slo e of the straight line of the 
weight change against time. Three flm re licates were tested. 

The oxygen barrier  ro erties of CNC flms were evaluated by 
measuring oxygen transmission rate (OTR) values. An oxygen 
 ermeation analyzer (MOCON OX-TRAN 2/22, Minnea olis, MN, 
USA) was used for OTR measurement based on the ASTM F1927 
standard. Sam les were stored under the same condition with the 
testing (23 C, 50, or 85% RH) until reaching the equilibrium state 

Table 1. CNC Suspensions Modifed with AlCl3 and FeCl3 Solutions 

item molar ratio M3+/OSO3 
− Na+ (mmol/kg) Fe3+ (mmol/kg) Al3+ (mmol/kg) 

Na+ original 387 
Fe3+-L 1:3 402 117 
Fe3+-M 1:1 76 244 
Fe3+-H 3:1 53 366 
Al3+-L 1:3 356 123 
Al3+-M 1:1 77 175 
Al3+-H 3:1 44 273 
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Figure 3. (a) Photogra hs and (b) viscosity behavior of CNC 
sus ensions before and after ion-exchange modifcation. 
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before the measurement. Within testing, at least 5 testing cycles were 
run and testing was terminated when the variation between two 
consecutive measurements was smaller than 1%. 

Oil barrier  ro erty is another im ortant factor of flms that needs 
to be evaluated for food  ackaging a  lication, which could be 
determined by an oil resistance test. The testing  rocedure was 
according to the TAPPI T559  m-96 standard. A series of reagents 
mixed by diferent ratios of castor oil, toluene, and  -he tane (Kit No. 
1-12) were dro  ed on the flm surface from 13 mm height and 
removed after 15 s. The highest kit No. without darkening the test 
s ecimen was re orted as the oil/grease  erformance test result. 
Fl me Ret rd ncy of CNC Films. A  roximately 3 × 1 cm2 

rectangular sha e flms were cut for fammability testing. The 
s ecimens were held vertically with a tweezer and ex osed to a 
fame. After ignition, the fame was removed from flms immediately, 
and the combustion images and time were recorded. The fammability 
test was o erated according to the method used by Sakuma et al.40 

Mech nic l Properties of CNC Films. The tensile strengths, elastic 
moduli, and elongation at break of CNC flms were determined using 
an Instron 5966 (Instron, Norwood, MA, USA) with 500 N load 
ca acity. Dog-bone sha e s ecimens with 10 mm width in the middle 
 art were cut from flms and conditioned at 23 °C and 50% RH 
before testing. The crosshead s eed was 1 mm/min, and at least six 
re licates were run for average result calculation. 

The test results were statistically analyzed with an IBM SPSS V28 
(IBM Cor ., Armonk, NY, USA). The diferences among the grou  
means were determined by one-way analysis of variance (ANOVA), 
and the means were statistically grou ed via Duncan’s multi le-range 
test based on a 95% confdence level. 

■ RESULTS AND DISCUSSION 

Charact rization of CNC Susp nsions. It was observed 
that hydrogels formed ra idly when the metal cations were 
added and difused into the CNC sus ensions, which is similar 
to what was re orted in  revious studies with TEMPO-CNF 
treatment by metal ions.41,42 However, the  ur ose of adding 
metal cation solutions into CNC sus ensions in this study was 
to ion-exchange the Na+ on the CNC surface not to maintain 
the hydrogel state; in order to  romote trivalent ion 
attachment with the sulfate half-ester grou s on the CNC 
surface and re lace the Na+ ion, the hydrogels were stirred 
continuously for 2 h and formed a viscous liquid. Figure 3a 
shows the CNC sus ensions with Fe3+ and Al3+ exchange 
visually. The Fe3+-exchanged sus ensions were yellow, and the 
Al3+ exchange led to a milky white color. CNC sus ensions 
treated with low concentrations of Fe3+ or Al3+ dis layed 

lighter color and lower turbidity or even a semitrans arent 
state for Fe3+ com ared with medium and high ion 
concentrations. However, there was no signifcant color 
diference of CNC sus ensions observed between medium 
and high ion strength modifcation. 
This is consistent with steady-state shear viscosity  erform-

ance (Figure 3b). The initial viscosity of the original CNC 
sus ension (Na+) was around 10 Pa·s, and CNCs with low-
concentration Fe3+ treatment  roduced similar viscosity data. 
Other ion-exchanged CNC sus ensions showed higher initial 
viscosity, around 100 Pa·s, which indicates more than a factor 
of 10 increase. All sus ensions exhibited a ty ical shear 
thinning behavior, but these fve grou s could still have a 
viscosity of about 0.1 Pa·s at a 100 s−1 shear rate; however, the 
viscosity of CNC-Na and CNC-Fe-L was signifcantly reduced 
to about 0.01 Pa·s only at 4 s−1. From the ICP results (Table 
1), it was observed that the Na+ content decreased from 387 
mmol kg−1 to 77 and 76 mmol kg−1, res ectively, after Fe-M or 
Al-M treatment and to 53 and 44 mmol kg−1, res ectively, with 
Fe-H or Al-H modifcation. This result suggests a successful 
ion-exchange  rocess, most Na+ could be re laced by trivalent 
ions, and medium-concentration modifcation was more 
efcient. Meanwhile, the signifcant changes in the turbidity 
and viscosity of ion-exchanged CNC sus ensions indicated 
that cross-linking among CNCs was formed by trivalent metal 
ions interacting with hydroxyl grou s by the ligand43 or sulfate 
half-ester grou s on the CNC surface, while monovalent 
sodium ions are usually dissociated with sulfate grou s and 
hydrated in water. Moreover, the CNC  articles with low-
concentration Fe3+ treatment could not be  reci itated by 
5000 r m and 10 min centrifugation (Figure S1). The 
diference in sus ension  erformance between Fe-L- and Al-
L-modifed CNCs after centrifugal washing shows that Al3+ 

had a better ca ability in creating ionic cross-linking than Fe3+ 

at low ionic concentrations. This is  robably because the ion 
radius of Al3+ is smaller than that of Fe3+, resulting in a strong 
and stable interaction.44 Meanwhile, the high metal ion 
concentration at a metal ion to sulfate ratio of 3:1 did not 
induce further viscosity increases than the medium metal ion 
concentration because the content of sulfate ions on the CNC 
surface was limited (387 mmol kg−1). Namely, a medium metal 
cation concentration  robably consumed most of the available 
sulfate. 
TEM images (Figure 4a,b) clearly show CNC mor hology 

after negative staining similar to those re orted in  revious 
studies.13,45 Although hydroxyl grou s on the CNC surface led 
to hydrogen bonding and resulted in several CNCs aligning 
together, the re ulsive force among Cell-OSO3 

− and Na+ 

contributes to the uniform and random distribution of the 
CNCs in general. In contrast, trivalent metal cations, Fe3+ and 
Al3+, resulted in a cross-linked CNC structure, exce t for Fe-L-
modifed CNCs. As shown in Figure 4d−h, CNC  articles 
were not se arated alone; instead, they showed a strong 
association with each other. Besides, the interconnection 
between metal ions and the CNCs was slightly enhanced under 
higher concentrations from the ion-exchange treatment but not 
signifcantly. This  erformance is consistent with the above 
visual characterization and viscosity tendency. 
Here, the efect of the trivalent ions Fe3+and Al3+ on sulfate 

anions on the CNC was observed as shown in Figure 4: sulfate 
anions on cellulose (Cell-OSO3 

−) interact with the metal ions, 
leading to the change of the structure of the sus ension from 
the colloid (Figure 4a,c) to gel (Figure 4e,f) to loose 

https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.2c01805/suppl_file/sc2c01805_si_001.pdf
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Figure 5. (a) Photo of CNC flms and their (b) chromaticity diagram. University of Maine and Advanced Structures and Com osites Center grant 
 ermission to use the logos in this fgure. 
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Figure 4. TEM images of the (a,b) original CNCs and ion exchange with (c) Fe-L, (d) Fe-M, (e) Fe-H, (f) Al-L, (g) Al-M, and (h) Al-H. 

agglomerates (Figure 4g,h) to a degree de ending on both the 
concentration and com lexing ca ability of metal ions. The 
viscosity of the sus ension would increase from the colloidal to 
gel state but would decrease after further agglomeration and 
consolidation. The viscosity data as shown in Figure 3b are 
well in agreement with the state of crosslinks as shown in 
Figure 4. It is s eculated that the com lexing ca ability of Fe3+ 

is lower than that of Al3+. Within the investigated 
concentrations of Fe3+, the viscosity increases with the Fe3+ 

concentration. However, with a stronger ca ability, a low 
concentration of Al3+ achieves a similar efect to a high 
concentration of Fe3+, resulting in the highest viscosity, and the 
higher concentrations of Al3+ result in agglomeration and 
consolidation decreasing the viscosity. 
Physic l Properties of the CNC Films. The CNC flm 

without any  lasticizer was too brittle to be  eeled of from the 
Petri dish after casting (Figure S3a), and the mechanical 
 ro erties could not be tested. However, fexible flms could be 
easily obtained by adding 15 wt% sorbitol to the CNC (Figure 
S3b−d), which is the o timal amount for CNC flm fabrication 

according to the mechanical  ro erties.46 Meanwhile, high-
 erformance and free-standing CNC flms with Fe3+ and Al3+ 

ion-exchange treatments by diferent cation concentrations 
were  re ared. As shown in Figure 5a, the logos (Advanced 
Structures and Com osites Center at the University of Maine) 
under the flms are very clear, which refects the high o tical 
trans arency with all formulation treatments. The quantitative 
color value of the flms was evaluated using a chromaticity 
diagram (Figure 5b). The CNC-Na flm is trans arent with 
just a hint of light blue color. The rod-sha ed chiral nematic 
crystal structures with a left-handed helical orientation of 
CNCs in aqueous sus ensions were  reserved in the flm when 
water was eva orated com letely.47 An iridescent color 
a  eared in the CNC flm mainly owing to certain wavelengths 
of visible light being refected from the helical  itch structure.48 

Blue color is always associated with a narrow  itch,49,50 which 
was verifed from the denser flms that were fabricated (Figure 
S2). CNC-Fe flms exhibited a yellow color attributed to Fe3+ 

and became darker with higher ion exchange modifcation. The 
color of CNC-Al flms was close to white, and there was no 
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drastic diference among the three cation concentrations 
evaluated. 
The thickness of the CNC-Na flms was 32 μm (Figure S2) 

at a target weight of 40 g/m2 . The other CNC-Fe and CNC-Al 
flms were  re ared according to the recalculated solids’ weight 
content after the ion-exchange  rocess and washing. Although 
they showed minor deviations of the thickness, varying from 33 
to 36 μm, there was no signifcant statistical diference among 
them or com ared with the CNC-Na flm. For the density, 
CNC-Na flms had similar results (1.6 g/m3) to the  revious 
studies,16 and medium- and high-concentration Fe3+ and Al3+ 

ion-exchanged flms did not exhibit signifcant decreases. 
However, neither low-concentration Fe3+ nor Al3+ ion 
modifcation reduced the density of CNC flms to 1.45 g/m3 

(density of the self-organized CNC flm re orted by Shrestha 
et al.51). It was demonstrated that metal ions changed the 

CNC  articles aligned way from the chiral nematic structure to 
the cross-linked structure during flm  roduction, but the flms 
would retain their density as long as reaching a certain ion 
concentration, which is im ortant for the  ro erties of CNC 
flms. 
CNCs can s ontaneously organize into a chiral nematic 

structure with left-handed helical orientation above the critical 
concentration. Such fascinating character is  reserved in solid 
flms after water eva oration as mentioned earlier.48,50,52 In 
this study, metal ions can  romote crosslinking, which could 
 robably change the ty ical structure of CNC flms. Thus, 
PLM as a facile method to identify the orientation of 
birefringent materials with the assistance of a lambda 
flter39,52,53 was used for refecting the structure diference 
between CNC-Na and ion-exchanged flms. CNMs show dark 
and bright areas under PLM and shift to blue and yellow color 

Figure 6. Images obtained at −45 (1) and +45 (2) angles by PLM, BOI ImageJ images (3), and BOI distribution (4) of (a) CNC-Na+, (b) Fe3+
M, and (c) Al3+-M flms. 

Figure 7. Surface mor hology and elemental distribution of the CNC flms: (a) Fe3+-L, (b) Fe3+-M, (c) Fe3+-H, (d) Al3+-L, (e) Al3+-M, (f) Al3+-H, 
and (g) Na+, with the 500 nm scale bar for all images; (h) higher magnifcation images for the flm surface, with the 200 nm scale bar for the three 
images. 
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Figure 9. (a) WVTR of CNC flms after 7-day equilibration and OTR 
value at 23 C and (b) 50% and (c) 85% RH. The (d) diagram of O2 
transmission through CNC-Na, and CNC-Fe flms under diferent 
RH. 
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with a retardation  late. This bluish and yellowish 
birefringence color changed when rotating the sam les.39,54 

This is  resented in Figure 6a1‑2; the blue and yellow color 
areas com letely reverse in the −45° and +45° images for 
CNC-Na flms. However, the ion-exchanged flms resulted in a 
diferent orientation structure. Large areas of blue and yellow 
color intermixed together in the CNC-Na flm, but one color is 
dominant in the Fe3+ and Al3+ ion-modifed flms. This could 
be described quantitatively by BOI, and results are shown in 
Figure 6a4−c4. For the original CNC-Na flm, the average 
orientation BOI value was 0.23, between the 0 of  erfect 
isotro ic materials and 0.5 of CNF flms.39 Rather, the BOI 
value of CNC-Fe and -Al flms increased to 0.43 and 0.66, 
res ectively. This demonstrates that exchanging monovalent 
ions with trivalent ions into CNCs changed the chiral nematic 
behavior of CNC flms and led nanocrystals to a higher extent 
of orientation. In addition, the modifcation efcacy of Al3+ was 
better than that of Fe3+. The more detailed structure of flms 
will be shown in SEM images. 
The out-of-order CNC sus ensions formed dense and high-

quality CNC flms by casting fabrication (Figure S4). The 
mor hology of CNC flm surfaces was drastically changed by 
diferent concentrations of Fe3+ and Al3+ modifcation, which is 
evident in the FE-SEM images (Figure 7). Cellulose crystals in 
the CNC-Na flm dis layed chiral nematic alignment arrange-
ment (Figure S4b), while the metal cations caused them to 
reassemble and led to form a circle-sha ed arrangement by ion 
cross-linking efect (Figures 7a−f and S5). Theoretically, one 
highly charged metal cation (Fe3+ or Al3+) should connect with 
three sulfate half-ester grou s on diferent CNC rods (Figure 
2); namely, cross-linking reaction among cellulose crystals 
occurred in sus ension, accom anied by a circle-sha ed 
structure observed on flms after water eva oration. Addition-
ally, all images were collected under the same magnifcation, 
but cellulose crystals in the ion-exchanged flms were clearer 
and easier to observe com ared to the CNC-Na flm. This 
 henomenon is related to a larger size formation, which could 
further verify CNC cross-linking and recombination after metal 
ion modifcation. The mor hology changes could also be 
observed from cross-sectional SEM images (Figure S6), and 
the ty ical chiral nematic arrangement of the CNC structure 
with a clear  itch length disa  eared in the Fe3+ and Al3+ ion-
exchanged flms. 
Sodium (Figure 7g), ferric (Figure 7a−c), or aluminum 

(Figure 7d−f) ion distribution ma s were obtained by SEM-
EDS. Each ty e of ion in the flms showed uniform distribution 
by fuorescence color dots dis layed on the black background. 
The Fe3+ and Al3+ distribution status was similar to that of Na+ 

in the CNC flms before ion-exchange treatment, which 
demonstrated that the metal cations were added to the CNCs 
successfully by the ion-exchange method. 
UV-Shielding Properties of CNC Films. UV light is 

com osed of UV-A (320−400 nm), UV-B (280−320 nm), 
and UV-C (200−280 nm),55 which are common wavelengths 
 roduced by sunlight. Overex osure to UV radiation can 
accelerate the deterioration of organic  ackaging materials56 

and  ackaged food. Therefore, trans arent flms with a UV 
 rotection function for  ackaging a  lications are necessary. 
The UV shielding  ro erties of the ion-treated CNC flms 
were assessed with a UV−vis s ectrometer. The transmittance 
and absorbance s ectra of flms in the region of 200−800 nm 
wavelength were collected (Figure 8). The CNC flms 
exhibited sufcient UV-shielding  erformance with Fe3+ 

Figure 8. (a) UV−vis transmittance and (b) absorbance s ectra of 
CNC flms. 

addition, where Fe-M ion-exchanged sam les showed the 
highest UVA, UVB, and  artially UVC absor tion intensity 
(Figure 8b), almost three times higher than that of the 
unmodifed flm. In the transmittance curves, this was revealed 
by excellent UV shielding with a fairly low transmittance signal 
recorded in the region of 260−400 nm (Figure 8a). The UV 
absor tion ability of Fe3+ is similar to that of the TEMPO-
CNF flms modifed with Fe3+, which dis layed UV-absorbing 
ability.32,33 Transmittance data could also be used to estimate 
the trans arency of the CNC flms under visible light 
wavelengths. The transmittance of all CNC flms was higher 
than 95% at 600 nm exce t for Al-M and Al-H (89%). The 
slightly lower transmittance is  robably attributed to the cross-
linking and light scattering efects from the ions. However, 
generally, all flms exhibited excellent trans arency, which is 
consistent with the o tical results in Figure 5a. In summary, 
CNC-Fe flms achieved high visible light trans arency with 
efcient UV blocking  ro erties, simultaneously.
Barri r Prop rti s of Films. For most  ackaging 

a  lications, the water va or  ermeation  ro erty is an 
im ortant index. The desirable WVTR value varies a few 
tenths to several thousand g m−2 day−1, de ending on the 
requirements of s ecifc objects being  ackaged. Ty ically, the 
ty e of material,  re aration method, and thickness of flms are 
factors that infuence WVTRs. In this research, the WVTR of 
the CNC-Na flm was 557 g m−2 day−1 (Figure 9a), which is 
similar to results of Wang et al..16 With the introduction of 
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metal cations, the WVTR of CNC flms was reduced to 
between 500 and 547 g m−2 day−1 . Wherein, Fe3+ at a medium 
concentration  roduced flms with the best moisture barrier 
 erformance (500 g m−2 day−1), followed by Al3+ at high-
concentration ion-exchange treatment (509 g m−2 day−1). 
There are large amounts of hydroxyl grou s on the CNC 
surface, and the flm is formed through hydrogen bonding; 
however, hydrogen bonding is easily destroyed by water and 
more water molecules  ass through. This situation could be 
 artially im roved by introducing metal cations into the CNC 
system because cross-linking still exists between the cation and 
sulfate half-easter grou  on the CNC when hydrogen bonding 
is destroyed. Therefore, they showed better moisture barrier 
 ro erties. 
Besides moisture, oxygen is directly related to food decay 

and s oilage caused by microorganisms. Thus, the oxygen 
barrier  ro erty is one of the essential requirements for 
adequate food  ackaging. All CNC flms exhibited excellent 
oxygen barrier  ro erties with only about 1.5 cm3 m−2 day−1 

OTR value at medium RH (50%). The high O2-barrier 
 erformance of CNC flms originates from the o  osite 
 olarity between hydroxyl grou s on cellulose and oxygen 
molecules, strong hydrogen bonding among hydroxyls, and 
high flm crystallinity16 (Figure 9d). However, the barrier 
 erformance decreased dramatically with increasing RH above 
50%. The OTR of the CNC-Na flm increased to 88 cm3 m−2 

day−1 at 85% RH (Figure 9c), which can be classifed as a 
“medium” grade oxygen barrier material. A slight increase in 
OTR was discovered after ion exchange with low-concen-
tration metal cations. The low-dosage ion cross-linking 
occurring afected the original CNC self-assembly behavior 
and changed their microsco ic mor hology structure; namely, 
the CNC was not aligned as a chiral nematic structure, which 
was shown in the dense CNC flm, but the cross-linking 
networks among CNCs formed by low concentration ions 
were not strong enough to  revent gas molecule transmission. 
In addition, low-concentration treatment led to lower density 
CNC flms as well (Figure S2). When the ion concentration 
was increased to the medium level, the OTR of the CNC-Fe 
flm decreased to 41 cm3 m−2 day−1 , which is half the OTR of 
unmodifed CNC flms. The cross-linking among CNCs and 
ions ensured that certain barrier  ro erties would be 
maintained after hydrogen bonding was disru ted by water 

molecules. With the increasing concentration, the advantage of 
cross-linking could not com ensate for the adverse infuence 
from structural changes on the OTR. Therefore, the medium 
ion-exchanged concentration is o timal, which can balance the 
efect from structural changes and cross-linking. 
The oil/grease resistance results are dis layed in Figure S7. 

The reagents (Kit No. 1-12) were  re ared with various ratios 
of castor oil, toluene, and  -he tane to obtain diferent 
viscosities and surface tensions. The higher the kit no. 
measured from reagent testing, the better the oil barrier 
 ro erty the CNC flm  ossesses. All CNC flms (modifed 
and unmodifed sam les) scored No.12 and showed excellent 
oil/grease resistance. In Figure S7, the reagents  enetrated 
through the  a er sam le and left a stained area. As for the 
CNC flms, the No. 12 reagent did not  enetrate the flm but 
rather stayed on the flm surface, which remained clean after 
wi ing of the reagent. High cohesive energy density,57 a dense 
structure (low  orosity), and im ermeability against oil of 
crystalline are the  rimary reasons why CNC flms have 
excellent oil barrier  ro erties.17,58,59 Interestingly, flms with 
excellent oxygen barriers are usually accom anied by oil and 
grease hold-out.60 

Wat r R sistanc . In Figure 10, the CNC-Na flm began 
to disintegrate immediately when  ut in water and entirely 
disintegrated within 5−10 min. The low-concentration-ion-
treated flms  erformed worse among the modifed flms, 
starting to lose integrity at 3 h and com letely disintegrated in 
1 day. The CNC flms with medium- and high-concentration 
Fe3+ and Al3+ treatments exhibited durability after soaking in 
water where they retained a stable sha e after 1 day. The water 
soaking ex eriment indicated that the CNC flms with  ro er 
trivalent-ion-exchanged modifcation could im rove the water 
durability signifcantly, which could be benefcial in wet 
 ackaging a  lications. 
Flammability T sts. When a stri  of the CNC-Na flm was 

ignited from one end, the fame s read stably toward the other 
end until the stri  burned out in 6 s (Figure 11). The trivalent-
ion-modifed flms exhibited better self-extinguishing ca a-
bilities than the CNC-Na flms whose extent de ended on ion 
s ecies and concentrations. The CNC-Fe flms showed 
im roved fame retardancy with the increasing concentration 
of Fe3+ (Figure 11). The CNC-Al flms  erformed better than 
the CNC-Fe flms in fame retardancy. The low-concentration 

Figure 10. CNC flms soaked in distilled water after (a) 0 min, (b) 5 min, (c) 1 h, (d) 3 h, and (e) 1 day. 
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Al3+ flm extinguished the fre in 2 s, while the medium- and 
high-concentration flms did it in less than 1 s and remained 
almost intact. The flms after fammability testing are exhibited 
in Figure 11a, and Al3+ ion-exchanged flms almost remained 
intact (3 cm of original sam le size). The im roved fame 
retardant  ro erty is  robably attributable to the formation of 
hydrolyzed  roducts of trivalent cations. The heat absor tion 
lowers the tem erature; the water va or dilutes the 
combustible gases; the oxide forms a barrier layer. The 
combining efect of these three factors su  resses the burning 
of sam les.40,61,62 

T nsil  Prop rti s of CNC Films. As  reviously 
re orted,63,64 although neat CNC sus ensions could form 
dense flms after solvent eva oration, the flms are too brittle to 
handle, and the same situation occurred here (Figure S3a). A 
limited amount of  lasticizers, such as sorbitol, glycerol, or 
 oly (vinyl alcohol), are usually introduced to address this 
shortcoming as demonstration.46,64,65 Accordingly, CNC flms 
were  re ared with 15 wt% sorbitol content and showed 
fexible (Figure S3b−d) and better folding  erformance 
(Figure S8). The investigation of mechanical  ro erties was 
also carried out. The tensile strength, Young’s modulus, and 
elongation at break of the sam les are shown in Figures 12 and 
S9, res ectively. The original CNC-Na flm had the best tested 
tensile  ro erties with 48.9 MPa in strength, 8.1 GPa in 
Young’s modulus, and 1.23% in elongation at break, which is 
much higher than those of  reviously re orted  ure CNC flms 
without  lasticizers with a tensile strength below 10 MPa, 0.9% 
in elongation at break, and 1.92 GPa in modulus.66−68 After 
undergoing ion exchange via Fe3+ and Al3+, there was a gradual 
decrease in tensile strength and elongation at break with an 
increase in ion concentration. This indicated that the tensile 

strength of the new mor hological structures formed by 
trivalent ion cross-linking was not as high as the initial chiral 
nematic structure of the CNC-Na flms. Des ite this, all flms 
showed excellent tensile  ro erties with tensile strength and 
moduli above 38.9 MPa and 6.2 GPa, res ectively. These 
tensile  ro erties of CNC flms are better than those of most 
nature-based flms and com arable to those of some 
commercial  lastic flms, such as PE (7−31 MPa), PP (27− 
98 MPa), PS (31−49 MPa),69 etc. 

■ CONCLUSIONS 
In this work, high-quality (fexible, free-standing, and high 
visible light trans arency) CNC flms were fabricated via metal 
cation ion-exchange treatment, followed by a solution casting 
method. AlCl3 and FeCl3 solutions with three diferent 
concentrations were used to evaluate the efect on the 
 ro erties of CNC sus ensions and flms. The viscosity and 
turbidity of the CNC sus ensions increased with ion addition, 
attributed to the successful cross-linking between ions and 
−O−SO3− grou s on the CNC surface. The incor oration 
changed the a  earance of CNC sus ensions and flms. For 
exam le, Fe3+ led to a yellow color. Meanwhile, Fe3+ 

contributed to the excellent UV-shielding  erformance of the 
flms, where no signifcant diference between medium and 
high ion strength modifcation flms was discovered. In 
addition, Fe3+ or Al3+ im roved the moisture and oxygen 
barrier  ro erties of the CNC flms and im arted CNC flms 
with durability in water. Moreover, the ion-exchanged flms 
exhibited excellent fre self-extinguishment. The high trans-
 arency of the CNC flms with multifunctional  ro erties 
suggests great  otential for next-generation  ackaging 
a  lications. 
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