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ABSTRACT  Self-s anding cellulose nanofbril (CNF) flms are regarded 
as one of  he promising al erna ives  o curren  pe roleum-based packaging 
ma erials mos ly due  o  heir abili y  o form dense self-assembled 
s ruc ures exhibi ing high gas barrier proper ies. None heless, one of  he 
major obs acles  o  he commercializa ion of  hese ma erials in packaging 
applica ions is  he high cos  of raw ma erials and produc ion energy. In  his 
s udy, we crea ed self-s anding flms of lignin-con aining cellulose 
nanofbrils (LCNFs) derived from a recycled old corruga ed cardboard 
(OCC) pulp  ha  cos s less  han bleached sof wood Kraf  (BSK) pulp and 
requires half as much energy for refning  o ob ain  he same quali y of 
ma erial. The low ze a po en ial (−3.83 mV) of OCC-derived LCNFs 
(OCC-LCNFs) resul ed in aggrega ion of  he fbrils in aqueous suspension, leading  o considerable unpredic abili y in oxygen 
permeabili y (OP) values (coefcien  of varia ion 36%). The addi ion of 3 w  % (based on  he dry weigh  of LCNFs) carboxyme hyl 
cellulose lowered  he coefcien  of varia ion  o 16% wi h an average OP of 1478 (cc.μm/m2.a m.day) a  80% rela ive humidi y. 
Because  he OP was higher  han  ha  of  he CNF flm made from BSK-derived CNF (BSK-CNFs), we demons ra ed  ha  ionic 
crosslinking wi h  rivalen  aluminum ion or covalen  crosslinking wi h polyamide epichlorohydrin decreased  he OP by 30% a  23 °C 
and 80% rela ive humidi y while also signifcan ly enhancing  he  ensile s reng h and modulus. In addi ion,  he presence of lignin in 
OCC resul ed in a rela ively lower wa er vapor permeabili y value in OCC-LCNF flms compared  o BSK-CNF flms. Moreover, 
OCC-LCNF flms showed comple e UV-shielding (200−400 nm) proper y. Overall,  his work provides a new oppor uni y  o exploi  
a recycled and inexpensive source of CNFs  o produce robus  gas barrier ma erials for packaging applica ions. 
KEYWORDS  cellulose  a ofbrils, crossli ki g, packagi g, gas barrier, UV-blocki g 

■ INT ODUCTION 

High gas barrier proper y is desired for polymeric ma erials in 
 he domain of fexible elec ronics and food packaging.1−3 

Tradi ionally, a  hin layer of  he me al coa ing (usually 
aluminum) on  he polymer flm is commercially used  o impar  
high gas barrier proper ies.4 This approach no  only leaves a 
high carbon foo prin  bu  also makes  he recycling of plas ic 
ma erials difcul  if no  impossible. Pe roleum-sourced 
polymers blended wi h diferen  inorganic nanoclays5 or 2D 
nanoshee s6  o make nanocomposi es ei her in a single layer7 

or in a mul ilayer8 are curren ly researched  o a  ain high gas 
barrier proper ies. However, mul ilayer flms have a serious 
issue wi h end-of-life disposal and recycling as commonly used 
mechanical recycling is no  compa ible wi h  hem, and i  
requires complex solven - arge ed recovery, followed by 
precipi a ion.9 On  he o her hand, research on single-layered 
composi es s ill has compa ibili y issues be ween  he ma rix 
(polymers) and fller (usually inorganic ma erials including 
clay), and mos  of  he fllers are no  commercially viable.10,11 

Above all, mos  polymers are manufac ured from non-
renewable sources and have serious environmen al impac  if 
li  ered. 

Cellulose nanofbrils (CNFs), a form of cellulose nanoma-
 erials (CNMs) wi h a high aspec  ra io (usually >100), have 
gained a considerable amoun  of a  en ion in  he research 
communi y as  hey can form dense self-assembled s ruc ures 
from  heir suspension a  ribu ed  o s rong capillary forces, 
hydrogen bonding, and London dispersion forces, resul ing in 
high gas barrier proper ies as well as mechanical s reng h.12 

The  radi ional CNF produc ion process involves  he chemical 
pulping of sof wood chips followed by a bleaching process  o 
ob ain  he so-called bleached sof wood Kraf  (BSK) pulp and 
subsequen  size reduc ion by mechanical disin egra ion 
 hrough high shear forces.13 BSK-derived CNFs (BSK-
CNFs) are mos ly pure cellulose as nearly all lignin and 
hemicellulose are removed during  he chemical pulping 
process. There are many research ar icles already available on 
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 he high gas barrier applica ion of nea  self-s anding CNF 
flms14 as well as blended15,16 or layered17,18 nanocomposi es 
wi h o her biobased polymers and clay ma erials. Wha ever  he 
case,  he commercializa ion of CNF-based ma erials is s ill a 
big challenge due  o  he high cos  of raw ma erials (e.g., BSK) 
and energy-in ensive produc ion processes (e.g., homogeniza-
 ion, refning, and grinding). Al erna ive non-woody sources 
like bas  fbers,19 frui  s alks,20 and agricul ural residues of 
diferen  crops21,22 are also s udied as inexpensive sources. 
However, all  hose sources are no  s ill commercially available 
on a large scale and require chemical and mechanical 
pre rea men  even before nanofbrilla ion,  hereby increasing 
 he ul ima e cos  of CNF produc ion. 

Paper-based packaging ma erials like old corruga ed con ain-
ers (OCCs) have been recycled for a long  ime  o minimize 
was e genera ion as well as  he produc ion cos  of packaging 
ma erials. Al hough  he consump ion of OCCs in  he Uni ed 
S a es consis en ly increased from 2013 wi h a recen  demand 
hike due  o  he pandemic,  he OCC was e expor  is 
signifcan ly decreased due  o recen  marke  developmen  
and comple e Chinese prohibi ion on solid was e impor .23 As 
a resul , OCC was e recycling and upcycling have become a 
crying need for  he US economy and environmen  and can be 
an excellen  source of CNF produc ion. A recycled OCC is 
almos  10  imes lower in cos   han  he BSK pulp, can be easily 
repulped, and consumes nearly half of  he energy for refning 
compared  o BSK pulp.24 On  he o her hand, an OCC is 
generally produced from recycled fbers  ha  are no  usually 
bleached and goes  hrough  he recycling process mul iple 
 imes, making  he OCC-derived lignocellulosic nanofbrils 
(LCNFs) a more sus ainable op ion.25 Very recen ly, some 
research groups ex rac ed LCNFs from OCCs  hrough 
mechanical defbrilla ion and used in paper, paperboard, and 
flm making applica ions.26−28 All  hose works are based on 
lab-based small-scale fbrilla ion processes. Copenhaver e  al. 
frs  produced LCNFs from recycled OCCs  hrough  he pilo -
scale refner a   he Universi y of Maine and repor ed  he 
energy demand for a diferen  fnes con en  of LCNF.24 They 
also showed  he reinforcemen  proper y of OCC-LCNFs in  he 
polymeric ma rix. While composi e and paperboard applica-
 ions of OCC-LCNFs have been explored,  he gas barrier 
performance of such ma erials is ye   o be unders ood, which is 
cri ically impor an  for  he commercializa ion of  hese 
nanofbrils. Moreover, due  o  he presence of diferen  
addi ives,  he in erfbrillar a  rac ion of fbrils presen  in 
OCC-LCNFs is expec ed  o be in errup ed, and  hus,  he gas 
barrier performance can be los . As a resul , we envisioned  ha  
a crosslinking s ra egy of  he fbrils would improve  he gas 
barrier performance of  he OCC-LCNF flms  o  he level of  he 
gas barrier performance of flms made from BSK-CNFs. 

In  his s udy, we repor   he gas barrier and mechanical 
proper ies of nea  self-s anding flms made from OCC-derived 
LCNFs for  he frs   ime. In  he beginning, we s abilized  he 
colloidally uns able OCC-LCNF suspension  hrough  he 
addi ion of carboxyme hyl cellulose (CMC)  o ob ain 
consis en  oxygen permeabili y (OP) values. Then, we u ilized 
 he chemis ry of an ionic in erac ion by  rivalen  Al3+ ions and 
covalen  bonding by polyamide epichlorohydrin (PAE)  o 
enhance  he fber−fber in erac ion  o improve  he wa er vapor 
and oxygen barrier proper ies a  a high rela ive humidi y (80%) 
and compared  he changes in proper ies be ween  he ionic 
in erac ion and covalen  bonding. We revealed  he chemical 
composi ion and morphological changes induced by  he 

crosslinking and rela ed  hem  o  he proper ies. The  hermal 
s abili y of  he produced flms was also inves iga ed  hrough 
 hermogravime ric analysis. Finally,  he UV-shielding abili y 
and visible ligh   ransmi  ance of  he flms were analyzed and 
repor ed. 

■ MATE IALS AND METHODS 
Materials. Lignin-con aining cellulose nanofbrils (LCNFs) were 

produced from  he recycled pulp sourced from an old corruga ed 
cardboard a   he Process Developmen  Cen er (PDC), Universi y of 
Maine, following  heir pa en ed process for CNF produc ion.29 The 
OCC fbers are sen   hrough a refner wi h specialized pla es  o highly 
fbrilla e  he fbers. They supplied  he LCNFs as 3 w  % solid 
suspensions wi h a fnes con en  of 70%. The fnes con en  is defned 
as  he percen age of par icles wi h a leng h less  han 200 μm as 
measured by a Morf Analyzer (Techpap, France). The LCNFs were 
fur her ground  o 90% fnes con en  using a fne fric ion grinder 
(Super Masscolloider, Model: MKCA6-2, Masuko Sangyo, Kawagu-
chi, Japan) a  2200 rpm, and  he fnal concen ra ion was 2 w  %. The 
clearance be ween  he s a ionary and ro ary grinding discs was se   o 
−20 μm af er de ermining  he zero gap. The 70% LCNF slurry was 
recircula ed  hrough  he sys em, allowing mul iple grinding passes 
un il a fnes con en  of 90% was achieved. The produced LCNFs 
con ained 16.7% residual lignin and 18.1% hemicellulose along wi h 
61.9% cellulose.30 A de ailed morphological analysis of OCC-LCNFs 
from scanning elec ron microscopic images is provided in  he 
Suppor ing Informa ion (Figure S1). The wid h of  he fbrils was 
measured using an image analysis  echnique by ImageJ (NIH, USA) 
sof ware. The wid h of a  leas  50 fbrils was measured  o ob ain  he 
average wid h of  he fbrils from each of  he image. BSK-CNFs were 
also provided from  he PDC in a s andard 3 w  % solid con en  and 
90% fnes con en  form, and  he de ails abou   he morphology of 
 hese fbrils can be found in our previous work.31 CMC sodium sal  
(repea  uni ,   500; sodium con en  7.2%; and e herifca ion value 

0.7) was purchased from Tokyo Chemical Indus ry Co. L d. 
(Tokyo, Japan) in a powder form. PAE (Polycup 9250, solid con en  

20%) was kindly dona ed by Solenis LLC (Wilming on, DE). 
Liquid aluminum sulfa e (Al2(SO4)3), also known as alum in  he 
paper indus ry, was supplied as an aqueous solu ion con aining 48.5% 
Al2(SO4)3.14H2O by Chem rade Logis ics Inc. (On ario, Canada). 

ζ Potential and Shear Flow Measurement. The ζ po en ial of 
all  he suspensions was measured by a Malvern Ze asizer (Malvern 
Panaly ical, UK). The solid con en  of each suspension was very low 
(∼0.01%). The CNF suspension was dilu ed  o 0.01 w  % from i s 
original 3 w  % solid using deionized wa er. From each sample, a  leas  
 hree measuremen s were  aken  o ge  an average ζ po en ial of  he 
overall suspension. The rheological proper ies of all suspensions wi h 
0.5 w  % solid con en  were measured using an oscilla ing Discovery 
HR-2 hybrid rheome er (TA Ins rumen s, DE, USA) wi h a cone 
pla e geome ry (angle: 2 0 29 , diame er: 40 mm) a  23 C. 
Frequency sweep da a a  1% s rain was recorded by  aking 600 μL of 
suspension for each measuremen  and main aining a geome ry gap of 
60 μm. Finally, complex viscosi y was calcula ed using  he ins rumen  
sof ware. 
Film Preparation. The flms were prepared by  he vacuum 

fl ra ion me hod. Firs ,  he OCC-LCNF suspension was dilu ed  o a 
0.5 w  % solid con aining suspension. Then, 3 w  % CMC (based on 
 he dry mass of OCC-LCNFs) was added  o  he suspension and 
sonica ed for 2 min wi h 20% ou pu  power by a Branson 450 Sonifer 
(Ul rasonics Corpora ion, Danbury, CN, USA). The CMC was 
expec ed  o assis  dispersing  o OCC-LCNFs in  he suspension and 
helped form a uniform flm, which will be explained in  he Resul s and 
Discussion sec ion. The suspension was  hen vacuum-fl ered a  a 
suc ion pressure of 254 mm (Hg) on a polyes er fl er wi h an average 
pore size of 41 μm and a diame er of 11 cm un il  he  ime gap 
be ween  wo consecu ive drops from  he funnel was a  leas  20 s. The 
fl ra ion  ime for 3 w  % CMC-added suspension was 15   1 min. 
The we  flm was  hen placed be ween  wo blo  ing paper and cold-
pressed for 10 min  o reduce  he wa er con en   o ∼50%, impregna ed 
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for 10 min in ei her 50 g of alum or PAE ba hs con aining 0.1, 0.3, or 
0.5 w  % for crosslinking, rinsed, and lef  in a dis illed wa er ba h for 
24 h so  ha   he unadsorbed Al3+ or PAE could leach ou . Af er 
washing,  he we  flm was again cold-pressed for 5 min  o reduce  he 
wa er con en  again so  ha  ho -press drying can be performed 
wi hou   he need of any wa er-absorbing subs ra e like paper. For  he 
ho -press drying,  he we  flm was placed be ween  wo s ainless s eel 
pla es and dried for 10 min a  150 C wi hou  impar ing any 
measurable pressure;  ha  is,  he pla ens were jus  in con ac  reading 
zero pressure. Af er ho -press drying,  he flms were fur her ho -
pressed a  high pressure (1.1 MPa) and 150 for 5 min. The reason 
for  his second ho -pressing was  o minimize  he in erlamellar gap in 
flms, which was explained in de ail in our previous work.31 A 
schema ic diagram of  he flm prepara ion process is shown in Scheme 
1. All flms were condi ioned for a  leas  24 h a  23 C and 50% 
rela ive humidi y before any measuremen s. 
Physical and Surface Properties. Density. For densi y measure-

men , all condi ioned flms were cu  in o specifc diame er circles (9 
cm) wi h a circle cu  er, and  he  hickness of each flm was measured 
wi h a microme er (accuracy level 0.001 mm). A  leas  10 
measuremen s were  aken  o ob ain  he average  hickness value. From 
 he  hickness and diame er of each flm,  he volume was calcula ed, 
and  hen  he weigh  of each flm was divided by  he corresponding 
volume  o calcula e  he fnal densi y of each flm. A  leas ,  hree 
densi y da a were recorded for each sample. 
Equilibrium Moisture Content. The equilibrium mois ure con en  

(EMC) a  50% rela ive humidi y and 23 C was measured by using a 
simple gravime ric  echnique  o have a rela ive idea on  he mois ure 
con en  in alum and PAE crosslinked flms. Firs ,  he flms were dried 
in an oven a  120 C for 1 h, and  he dry weigh s (Wdry) were 
recorded. Then,  he dry flms were condi ioned a  23 C and 50% 
rela ive humidi y for 48 h, and  he weigh s (Wmois ) of mois ure-
absorbed flms were recorded. The EMC was calcula ed from eq 1 

W W

W
EMC(%) 100%moist dry

dry
= ×

(1) 

Surf ce Free Energy. A Kruss mobile surface analyzer (Hamburg, 
Germany) was used  o measure  he surface free energy (SFE) of each 
sample using  he double-sessile drop  echnique. In  his  echnique, 1 
μL of liquid wa er (as a polar probe) or diiodome hane (as a non-
polar probe) was dropped on o  he surface of  he flms, and con ac  
angles were measured af er 2 s. From  hese  wo con ac  angles, surface 
free energies were calcula ed using  he Owens, Wend , Rabel, Kaelble 
(OWRK) me hod.31 A  leas  10 measuremen s were  aken from each 
sample  o calcula e an average value of wa er con ac  angle (WCA) 
and SFE. 

Mechanical Testing. Tensile  es ing was performed for all  he 
prepared samples. Each sample was cu  in o 5 cm × 1 cm s rips before 
 es ing. An Ins ron 5942 Universal Mechanical Tes ing Machine 
(Ins ron, MA, USA) was used for  ensile  es ing wi h a 500 N load 
cell. The  es  was performed a  a gauge leng h of 2 cm and a 
displacemen  ra e of 2 mm/min. Curren ly,  here are no s andard  es  
me hods for mechanical charac eriza ion of CNF and LCNF flms, bu  
our  es ing pro ocols are consis en  wi h our previous work and o her 
published da a. The  ensile s reng h,  ensile s rain a  break, and  ensile 
modulus were calcula ed from  he recorded force−displacemen  
curves. For  he we  s reng h measuremen  of flms, similar parame ers 
and s rip size were used. The s rips were soaked in wa er for 1 h, and 
 hen excess wa er was removed wi h blo  ing paper and  hen  es ed 
immedia ely in Ins ron.
Water Vapor Permeability. The wa er vapor  ransmission ra e 

(WVTR) was measured wi h a simple gravime ric  echnique following 
a modifed ASTM E96/E96M-16 procedure. The process involved 
measuring  he weigh  loss of a mason jar wi hin a 24 h  ime diference 
 ha  indica ed  he mois ure loss  hrough  he flm (Δmass). Ini ially, 60 
g of wa er was added  o  he jar, and  he  op of  he jar was covered 
wi h circular flms wi h a diame er of 65 mm (radius, r 32.5 mm). A 
me al cap and a silicone rubber gaske  were used  o lock and seal  he 
flm frmly. Then,  he jar was kep  in a condi ioning chamber wi h 
50% rela ive humidi y a  23 C. The ini ial weigh  of  he jar was  aken 
af er 48 h so  ha   he flms had enough  ime  o reach  he s eady s a e, 
and  he second weigh  was  aken af er 1 day from  he ini ial weighing. 
The WVTR can be calcula ed using eq 2 

r
g

WVTR
. day m day
mass

2 2

i
k
jjjjj

y
{
zzzzz=

· (2) 

The WVTR wa er vapor permeabili y (WVP) was calcula ed from 
WVTR  hrough eq 3 using  he  hickness of  he flm and  he par ial 
pressure diference of wa er vapor across  he flm. 

P
WVP WVTR

thickness 100 g. mm
m day kPasaturated RH%

2

i
k
jjjjj

y
{
zzzzz= × ×

× · · (3) 

where Psa ura ed indica es  he sa ura ed vapor pressure (2.81 kPa) of 
wa er a  23 C and ΔRH% indica es  he diference in rela ive humidi y 
inside (100%) and ou side (50%) of  he jar. The  es  for each sample 
was replica ed wi h  wo diferen  specimens  o ge   he average WVP 
values. 
Oxygen Permeability. The oxygen  ransmission ra e (OTR) of 

 he flms was measured according  o  he ASTM D3985-17 me hod 
wi h a Mocon Ox-Tran 2/22 oxygen permea ion analyzer a  23 and 
80% rela ive humidi y. All flms were condi ioned a  23 C and 80% 

Scheme 1. Schematic Diagram of the OCC-Derived LCNF Films through Crosslinking with PAE or Al3+ 
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rela ive humidi y for 24 h before  es ing. The  es ing process involved 
placing  he circular flms on o a car ridge wi h a  es ing area of 5.64 
cm2 and condi ioning  hem again for 6 h inside  he ins rumen  a  80% 
rela ive humidi y. The analyzer recorded  he OTR values every 15 
min and cleaned  he sensor wi h a gas mix ure of 98% N2 and 2% H2 
for 15 min af er  wo consecu ive values and con inued  es ing un il 
 he diferences among  he las  fve OTR values were less  han 1% 
(convergence me hod). Then,  he OTR values were  hickness-
normalized  o ob ain  he OP values. Three specimens from each  ype 
of flm were  es ed  o ob ain  he average OP values wi h s andard 
devia ion. 
Microscopic Analysis. A scanning elec ron microscope (SEM) 

(NVision 40, Zeiss, Germany) was u ilized  o observe  he microscopic 
s ruc ure of  he flm surfaces and cross-sec ions. All specimens were 
spu  er-coa ed wi h Au/Pd for 4 nm  o avoid charge accumula ion. 
For  he cross-sec ions,  he flms were freeze-frac ured wi h liquid 
ni rogen and  hen spu  er-coa ed. The images were  aken a  various 
magnifca ions wi h a working dis ance ranging from 5  o 8 mm a  3 
kV vol age.
Spectroscopic Analysis. Fourier Tr nsform Infr red. A  enua ed 

 o al refec ion (ATR) infrared (IR) spec roscopy was performed on 
 he flms  o charac erize  he func ional groups presen  in  he flms and 
 he possible changes in  hem af er crosslinking. A PerkinElmer 
Spec rum Two Fourier  ransform infrared (FTIR) spec ropho ome er 
was employed for  he scanning range from 4000  o 450 cm−1 wi h a 

spec ral resolu ion of 4 cm−1 . A  o al of 32 scans were performed on 
each specimen and combined in Spec rum 10 (PerkinElmer) sof ware 
 o ob ain  he average. All  he ob ained spec ra were baseline-correc ed 
and normalized agains   he in ensi y of  he peak a  1024 cm−1 using 
 he same sof ware. 
Ultr violet/Visible. The flms’  ransmi  ance in  he visible region of 

 he spec rum (400−800 nm), as well as  he ul raviole  region (200− 
400 nm), was measured using a Lambda 365 + PerkinElmer double 
beam spec ropho ome er. The machine had an in ernal se up  o hold 
and measure  he  ransparency of flms and did no  require a cuve  e or 
a sample holder for measuremen . 
Statistical Analysis. Analysis of variance (ANOVA) was 

performed  o analyze  he efec  of crosslinker  ype and  he 
concen ra ion of  he crosslinker ba h on  he mechanical and barrier 
proper ies. All  he analysis was performed by  he IBM SPSS 28 (IBM 
Corpora ion, NY) wi h a level of signifcance of 0.05. Duncan’s pos  
hoc analysis was also run by  he same sof ware  o classify  he efec s 
based on  heir group means. 

■  ESULTS AND DISCUSSION 

Addition of CMC to LCNF Suspension. Being a recycled 
ma erial in na ure, OCC-LCNFs con ained a complex 
composi ion of organic and inorganic ma erials.24 Al hough 
 he LCNFs derived from wood pulp were repor ed  o con ain 

Figure 1. (a) OP values of  he pure LCNF flm (* indica es  he values  ha  were under  he de ec ion limi  of  he machine) and CMC- rea ed 
LCNF flms a  diferen  concen ra ions; (b) wi h  he addi ion of CMC ze a po en ial decreased and fl ra ion  ime increased; (c) complex viscosi y 
versus angular frequency graph showing shear  hinning behavior of LCNF suspension wi h and wi hou   he addi ion of CMC; and (d) op ical 
microscopic images of pure LCNFs and 3 w  % CMC-added LCNFs (sLCNF) dried from similar concen ra ions. 
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some surface charge,32 OCC-LCNFs were found  o have a 
small ze a po en ial of −3.83 mV in  his s udy, indica ing a low 
amoun  of surface charge. This low surface charge can be 
a  ribu ed  o  he incorpora ion of diferen  addi ives and 
minerals during  he OCC manufac uring process. Addi ionally, 
 he pulp for LCNFs does no  undergo a bleaching process, 
which reduces  he number of acidic groups on fber surfaces. 
This low surface charge led  o  he agglomera ion of LCNFs, 
resul ing in a huge variabili y in fber dis ribu ion and fnal flm 
proper ies. While  es ing  he OP of nea  LCNF flms, some of 
 he samples randomly failed due  o  he ex remely high oxygen 
 ransmission ra es ( ypically >3000 g/m2 day) and even  hose 
passed exhibi ed a coefcien  of varia ion of 36% (Figure 1a). 
The agglomera ion phenomenon of OCC-LCNFs and huge 
s andard devia ion in  he fnal proper ies of flms were also 
repor ed by o her research groups. Copenhaver e  al. (2021) 
repor ed  he agglomera ed morphology of OCC-LCNFs af er 
spray drying.24 Kelly e  al. (2021) observed  he huge 
randomness in peel s reng h values of OCC-derived LCNF 
applied as an adhesive be ween  wo paper subs ra es.33 These 
repor s and our observa ion led us  o  he conclusion  ha   he 
suspension of LCNFs mus  be s abilized before flm forma ion. 

The adsorp ion of long polymeric chains on  he surface of 
nanopar icles, which can ac  as a barrier be ween nanopar icles, 
is one of  he common s ra egies for s abilizing nanopar icle 
suspensions.34 If  he polymer surface is charged,  ha  is, a 

polyelec roly e,  he repulsion be ween  he polymers can also 
ameliora e  he s abili y of  he whole suspension. This idea 
promp ed us  o incorpora e CMC in o our LCNF suspension 
as CMC can form hydrogen bonding wi h  he cellulose, and 
 he carboxyla e group in CMC can provide nega ive charge. 
Being nearly charge-neu ral, OCC-LCNFs had a grea er 
po en ial of CMC adsorp ion  han charged CNFs as  here 
was no repulsive force be ween LCNFs and CMC chains 
caused by  he same  ype of charge. CMC, on  he o her hand, 
can provide carboxyla e groups  ha  can serve as an ac ive si e 
for crosslinking  ha  is de ailed in  he la  er por ion of  his 
s udy. As we increased  he propor ion of CMC from 1  o 5 w  
% rela ive  o  he mass of LCNFs,  he ze a po en ial of  he 
suspension showed a gradual decrease (Figure 1b)  ha  can be 
rela ed  o  he high s abili y of  he overall suspension. Even 1% 
addi ion of CMC  o LCNF suspension changed  he ze a 
po en ial from −3.83  o −25.50 mV due  o  he high surface 
charge of CMC chains. 

The addi ion of CMC  o LCNF suspension changed  he 
rheology of  he suspension as well. The complex viscosi y 
change over shear ra e is an impor an  parame er  ha  can 
con rol  he processing and fnal flm proper ies. From Figure 
1c, i  was apparen   ha   he complex viscosi y of  he LCNF 
suspension decreased wi h increasing shear ra e, indica ing  he 
shear- hinning charac eris ic of  he LCNF suspension. This 
behavior is a well-s udied phenomenon for CNF-con aining 

Figure 2. Schema ic of one possible  hermally induced crosslinking reac ion be ween CMC and PAE (a) and  he corresponding FTIR spec ra a  
full scale (4000−450 cm−1) (b) and  he scale (c) of in eres  for crosslinking (1800−1000 cm−1) for LCNF, 3 w  % CMC-s abilized LCNFs 
(sLCNFs), and sLCNFs  rea ed in 0.3 w  % alum or 0.3 w  % PAE ba h. 
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suspensions.35 When  here is no shear s ress,  he LCNFs are 
en angled and a  rac ed  o each o her  hrough hydrogen 
bonding and van der Waals force, which even ually disen angle 
and become free  o move a  high shear ra es.36 As expec ed, 
wi h  he addi ion of CMC,  he viscosi y gradually decreased 
due  o  he inhibi ion of par icle aggrega ion, resul ing in a 
gradual increase in fl ra ion  ime wi h  he gradual increase of 
 he CMC percen age (Figure 1b). Therefore,  he benef  of 
CMC addi ion was coun erac ed by  he longer dewa ering  ime 
compelling us  o selec  an op imum amoun  of CMC addi ion. 
In  his s udy, 3 w  % CMC was de ermined as  he mos  
op imum concen ra ion as i  main ained a sufcien  ze a 
po en ial for a s able colloidal suspension (−30 mV) wi h a 
fl ra ion  ime (∼15 min) close  o  ha  of a BSK-CNF 
suspension wi h similar parame ers (∼12 min). In  he 
following par s of  his paper, we used  his 3% CMC-s abilized 
LCNFs, which we referred  o as “sLCNF”. 
Mechanism of Crosslinking and Microstructure 

Analysis of the Films. As men ioned in  he preceding 
sec ion,  he addi ion of 3 w  % CMC  o  he OCC-LCNF 
suspension nei her improved nor de eriora ed  he OP values of 
 he flms. However,  he presence of carboxyla e groups crea ed 
 he oppor uni y  o crosslink  he fbrils ei her by an ionic 
in erac ion or by covalen  bonding  o improve  he gas barrier 
proper ies and mechanical s reng h of  he flms. For  he ionic 
in erac ion, a  rivalen  ion Al3+ (from alum solu ion) was 
u ilized  o replace  he Na+ group in CMC during  he soaking 
process. The presence of a  rivalen  ion in  he we  ma  can 
bring  he fbrils closer  hrough an elec ros a ic in erac ion 
during  he drying process, resul ing in a more compac  
sys em.37 In con ras , PAE is a well-es ablished we  s reng h 
resin used in  he paper indus ry. Oboka a & Isogai (2007) frs  
repor ed  he mechanism by which PAE improved  he we  
s reng h of cellulose shee s.38 In brief,  he PAE chain is 
adsorbed on o  he anionic carboxyla e group of  he cellulose 
fber, and af er  he curing process a  a high  empera ure, a new 
es er bond is formed be ween  he ca ionic aze idinium group 
and  he anionic carboxyla e group of  he cellulose fber (Figure 
2a). In addi ion  o crosslinking wi h cellulose fbers, PAE 
chains can self-crosslink  o some ex en   hrough a similar es er 
linkage as PAE chains con ain carboxylic acid groups a   he end 
of  heir chains. This crosslinking may even happen a  room 

 empera ure, albei  a  a slower ra e.15 Sharma & Deng (2016) 
also repor ed  ha   his crosslinking no  only improved  he we  
s reng h bu  also improved  he dry s reng h of cellulose 
nanofbril flms  hrough a dual mechanism of crosslinking and 
hornifca ion  ha  occurred during  he curing process a  a high 
 empera ure.39 A recen  repor  also described a similar 
crosslinking mechanism be ween  he CMC and PAE chains, 
which is more indica ive of our sys em under s udy.40 

To confrm if a similar es er linkage occurred in our flms, we 
performed FTIR analysis as illus ra ed in Figure 2b,c. However, 
due  o  he presence of lignin and o her addi ive ma erials in 
OCC-LCNFs,  he FTIR spec ra of pris ine LCNF flms 
showed a wide range of func ional groups, including  he 
majori y of  he func ional groups expec ed  o be presen  af er 
crosslinking. As a resul , we had  o normalize all  he spec ra by 
 he invarian  cellulose peak a  1024 cm−1  o a  leas  have a 
rela ive unders anding of  he exis ence of various func ional 
groups. Firs ,  he charac eris ic broad bands of −OH s re ching 
(∼3300 cm−1), −CH s re ching (∼2900 cm−1), and −CO 
s re ching (∼1050 cm−1) for cellulose fbers were observed 
across  he en ire scanning waveleng h (Figure 2b). In addi ion 
 o cellulose peaks,  wo dis inc  peaks were also visible a  1510 
and 1590 cm−1 linked wi h  he C=C s re ching of aroma ic 
rings presen  in lignin.24 As a resul ,  he peak of  he sodium 
carboxyla e group (∼1590 cm−1) af er  he addi ion of 3 w  % 
CMC  o LCNF flm overlapped wi h  he pure LCNF flm a  
 ha  poin . However,  he sligh  increase in rela ive in ensi y is 
visible in Figure 2c. On  he o her hand,  here was no diference 
be ween sLCNF and alum- rea ed flms ( he sLCNF  rea ed in 
0.3 w  % alum or 0.3 w  % PAE ba h was  aken as a 
represen a ive for all alum- rea ed and PAE- rea ed flms, 
respec ively), even af er normalizing  he curves, as an ionic 
in erac ion was no  an icipa ed  o modify or form new 
chemical bonding. The mos  dis inc  curve was demons ra ed 
by  he PAE- rea ed flm. A sharp peak (Figure 2c) wi h a 
grea er rela ive in ensi y a  1740 cm−1 was a clear 
represen a ion of es er linkage in  he flm. In riguingly, a new 
peak a  ∼1710 cm−1 appeared for PAE- rea ed flms, which 
could be associa ed wi h  he carboxylic acid group presen  a  
 he end of some of  he PAE chains.38 The sharp peaks a  1645 
and 1547 cm−1 represen ed  he amide in PAE chains, fur her 
confrming  he presence of PAE in  he sys em. 

Figure 3. SEM images of cross-sec ions (a,b,c) and surfaces (d,e,f) of nea  3% CMC sLCNF flms (a, d) and af er  rea ing a  0.3 w  % alum (b,e) 
and 0.3 w  % PAE solu ion ba hs. 
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Figure 3a−f illus ra es  he morphological changes on  he 
surface and cross-sec ion of  he flms induced by  he ionic 
in erac ion and covalen  bonding using a SEM. From  he cross-
sec ional images (Figure 3a−c),  he lamellar s ruc ure of OCC-
derived LCNF flms was eviden , which is regarded as a 
charac eris ic s ruc ure in  he cross-sec ion of CNF flms and 
has been repor ed by many o her researchers.41,42 Image 
analysis revealed an average sLCNF  hickness of 61   4 μm, 
while  hose of  he flms  rea ed wi h alum or PAE were 44   8 
and 39   5 μm, respec ively. Al hough  he  hickness reduc ion 
of alum- and PAE- rea ed flms could be caused by  he 
enhanced in erac ion by crosslinking,  he soaking of  he we  
ma  in crosslinking ba hs followed by ex ended cold pressing 
could also con ribu e  oward  he ver ical shrinkage. The 
 hickness measuremen  wi h a microme er on  he wider area of 
 he flms also sugges ed a similar  rend as lis ed in Table 1. 
However,  he mos  prominen  fea ures were iden ifed on  he 
surface SEM images (Figure 3d−f). Nanoscale pores wi h an 
average diame er of 372   220 nm were de ec ed on  he 
surface of un rea ed sLCNF flms. A   he same magnifca ion, 
no such pores were visible for alum- rea ed and PAE- rea ed 
flms, leading us  o  he expec a ion of lower oxygen gas 
permeabili y of  hose flms. Moreover, only  he alum- rea ed 
flms showed a unique crys al s ruc ures on  he surface. Tha  
crys al deposi ion is mos  likely caused by  he physically 
en rapped Al3+ ions  ha   urned in o crys als af er  he 
evapora ion of wa er. 
Oxygen and Moisture Barrier Properties of the 

Crosslinked Films. The OP value of  he 3 w  % CMC 
sLCNF flm was found  o be 1478 cc.μm/m2.day.a m a  80% 
rela ive humidi y, which was more  han 2  imes higher  han 

 ha  of  he BSK-CNF flms produced following  he same 
procedure. One poin  wor h men ioning here is  ha  almos  all 
lignocellulosic ma erials have an excellen  oxygen barrier a  low 
rela ive humidi y,43,44 for example, 50%, bu  exponen ially lose 
 his fea ure a  a high rela ive humidi y mo iva ing us  o selec  
80% rela ive humidi y for oxygen  ransmission ra e  es ing. The 
higher OP of sLCNF flms in  his s udy could be a  ribu ed  o 
 he presence of lignin or o her foreign subs ances, including 
dyes, and adhesives, which can considerably disrup   he 
in erfbrillar in erac ion or genera e in erfacial pores  ha  
facili a e  he passage of oxygen. To s reng hen  he in erac ion 
be ween fbrils and reduce  he micropores in flms, we 
in roduced Al3+ (from  he alum solu ion) as an ionic 
in erac ion species wi h nega ively charged carboxyla e groups 
and PAE as a covalen  crosslinking agen . As shown in Figure 
4a, alum and PAE signifcan ly reduced  he OP values. 
However, PAE- rea ed flms showed a considerably lower 
permeabili y  han  he alum- rea ed ones. On average, alum-
 rea ed flms showed 18% less OP  han  he sLCNF flms, 
whereas  he PAE- rea ed ones showed a 40% reduc ion. The 
higher reduc ion by  he PAE can be a  ribu ed  o  he higher 
densi y and less suscep ibili y  o mois ure in PAE- rea ed flms 
as shown in Table 1. PAE- rea ed flms, on average, showed 
16% higher densi y  han  he alum- rea ed ones, leading  o a 
less porous sys em  ha  even ually blocks  he oxygen 
molecules’ movemen   hrough  he flms.45 Moreover, PAE-
 rea ed flms showed 27% lower EMC  han  he alum- rea ed 
samples, resul ing in a more mois ure sorp ion in  he la  er one. 
The higher mois ure sorp ion can cause swelling of  he fbrils 
disrup ing  he chain linkage and working as a medium for 
oxygen dissolu ion, facili a ing  he oxygen  ransfer.46,47 Aside 

Table 1. Density, Thickness, EMC, WCA, and SFE Values of 3 wt % CMC-Stabilized LCNF (sLCNF) Films, as Well as Alum/ 
PAE-Treated sLCNF Films 

0.1 w  % ba h 0.3 w  % ba h 0.5 w  % ba h 

sLCNF alum PAE alum PAE alum PAE 

densi y (g/cc) 0.98 (1.4)a 0.96 (2.6) 1.10 (2.2) 0.96 (1.8) 1.15 (0.9) 0.98 (1.3) 1.12 (5.3) 
 hickness (μm) 70 (2.2) 68 (2.8) 57 (1.3) 68 (1.2) 51 (5.1) 65 (16.5) 58 (10) 
EMC (%) 7.14 (0.3) 7.25 (3.3) 5.8 (0.5) 7.28 (0.1) 5.0 (6.9) 7.33 (0.5) 5.26 (4.3) 
WCA (°) 82.7 (11.3) 91.1 (12.1) 92.7 (15.2) 90.4 (11.4) 96.2 (8.0) 90.3 (14.3) 92.2 (5.4) 
SFE (mN/m) 33.3 (27.6) 32.3 (31.2) 30.6 (33.0) 33.6 (21.0) 29.1 (17.2) 28.8 (47.6) 30.7 (17.8) 

aThe values in paren hesis indica e  he coefcien  of varia ion. 

Figure 4. Changes in oxygen (a) (23 C and 80% rela ive humidi y) and wa er vapor (23 C and 100/50% rela ive humidi y diference) and (b) 
permeabili y values of 3 w  % CMC-con aining LCNF flms (sLCNF) before and af er  rea ing in diferen  concen ra ions of alum and PAE ba h. 

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article 

https://doi.org/10.1021/acssuschemeng.2c06683 
ACS Sust in ble Chem. Eng. 2023, 11, 3720−3731 

3726 

° ° 

https://pubs.acs.org/doi/10.1021/acssuschemeng.2c06683?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c06683?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c06683?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c06683?fig=fig4&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.2c06683?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


from  he crosslinker  ype,  he concen ra ion of  he alum/PAE 
ba h signifcan ly con rolled  he OP values. The concen ra ion 
of  he alum/PAE ba h did no  exhibi  a linear rela ionship wi h 
 he OP values. While  rea ing a  a 0.3 w  % ba h showed  he 
lowes  OP values which were very comparable wi h  he OP 
value of BSK-CNF flms prepared similarly (630 cc μm/ 
m2.day.a m),  he OP values increased again soaking a  0.5 w  % 
ba h for bo h crosslinkers  urning 0.3 w  % as  he mos  
op imum one. The reason for  his increase was no  very clear 
and needs a de ailed s udy. However, one po en ial explana ion 
is  ha  a  0.3 w  %,  he crosslinkers migh  have a maximum 
crosslinking densi y and efciency. Beyond  ha  concen ra ion, 
accumula ion of non-in erac ed alum or unreac ed PAE 
occurred, nega ively afec ing  he overall oxygen barrier sys em. 
The OP of  he flms  rea ed in a 0.3 w  % alum or a 0.3 w  % 
PAE ba h was lower  han mos  of  he pe roleum-based 
packaging ma erials, including polye hylene  ereph hala e, 
polye hylene, and polypropylene.48 

In  erms of wa er vapor barrier proper ies, LCNF flms were 
more advan ageous due  o  he presence of a grea er amoun  of 
lignin  han  he BSK-CNF flms. The vapor sorp ion of cellulose 
nanoma erial flms is, in general, mos ly con rolled by  he 
surface proper ies ra her  han  he core.48 Consequen ly,  he 
presence of lignin in  he surface layer works as a s rong barrier 
 o wa er molecules,  hereby minimizing  he overall absorp ion 
from  he environmen . Even sLCNF flms wi hou  any 
crosslinking showed 10% lower WVP  han  he BSK-CNF 
flms. No ably, alum  rea men   o  he flms did no  appreciably 
al er  he WVP values. Al hough  rea ing a  a 0.1 w  % alum 
ba h sligh ly reduced  he WVP (9%) compared wi h  he 
sLCNF flms,  here was a gradual increase in WVP beyond  ha  
poin . In a previous s udy from our group, i  was shown  ha  
 he addi ion of alum  o  he bulk CNF and LCNF suspension 
can signifcan ly reduce  he liquid wa er permeabili y of  he 
flms.37 In  his s udy,  he liquid WCA values for alum- rea ed 
flms were also higher compared  o sLCNF flms as lis ed in 
Table 1. However,  hey behaved diferen ly for wa er vapor, 
and  he reason for  ha  migh  be associa ed wi h  he in erac ion 
be ween wa er vapor and  he surface alum crys als. On  he 
o her hand, PAE- rea ed flms showed excellen  wa er vapor 
barrier proper ies. On average,  he PAE- rea ed flms showed 
18% lower WVP  han  he sLCNF flms. The reason for  his 
reduc ion can be a  ribu ed  o  he reduced porosi y on  he 

surface,  he loading of  he more hydrophobic por ion from 
PAE  o  he flm, and  he es er linkage i self.15 As cellulose-
based ma erials are inheren ly hydrophilic, i  is a major 
challenge for  he commercializa ion of such ma erials  o have 
low wa er vapor permeabili y. This s udy demons ra es  ha   he 
addi ion of lignin and chemical crosslinking can reduce  he 
wa er vapor permeabili y of flms more efec ively  han BSK-
CNF flms, while main aining a compe i ive oxygen barrier a  
high rela ive humidi y. In Tables S1 and S2,  he OP and wa er 
vapor permeabili y values of  he flms s udied here are 
compared wi h  he values of some o her biobased and 
pe roleum-based packaging ma erials, respec ively.
Mechanical Properties. Along wi h high gas barrier 

proper ies, sufcien  mechanical proper ies are desired for 
packaging flms. Figure 5a−c depic s  he  ensile s reng h, s rain 
a  break, and  ensile modulus of all  he formula ions, 
respec ively. In general,  he high mechanical performance of 
CNF flms origina ed from  he s rong in erfbrillar in erac ion 
caused by  he capillary forces during drying from  he 
hydrocolloid sys em. One in eres ing poin   o be men ioned 
here from a recen  review  ha   he s rong in erfbrillar 
in erac ion in CNF-based ma erials may no  be con rolled by 
 he hydrogen bonding as i  is shor -ranged in na ure, ra her 
con rolled by  he long-range van der Waals force be ween  he 
fbrils.12 The  ensile s reng h and modulus of lignin-con aining 
CNF flms varied considerably in  he li era ure. Rojo e  al. 
(2015) s udied  he efec  of residual lignin on  he mechanical 
proper ies of CNF flms and concluded  ha   he mechanical 
proper ies of CNF flms are insensi ive  o  he residual lignin 
con en  as  he nega ive efec  of hydrogen bonding 
in errup ion was mi iga ed by  he sof ening and binding 
behavior of lignin during high- empera ure ho -pressing.44 On 
 he o her hand, Amini e  al. (2020) repor ed lower s reng h 
and modulus of OCC-LCNF flms compared  o BSK-CNF 
flms, which is more consis en  wi h our sys em.30 In our s udy, 
we found  ha  our sLCNF flms showed 27 and 28% lower 
s reng h and modulus, respec ively,  han  he BSK-CNF flms. 
This lower value of OCC-LCNF flms, opposi e  o virgin 
unbleached sof wood Kraf  pulp LCNF flms, can be caused by 
 he diferen  impuri ies presen  in  he flms, which permanen ly 
in errup ed  he in erfbrillar in erac ion wi hou  impar ing any 
binding proper y as  he residual lignin does  hrough sof ening 
a  a high  empera ure. Moreover, al hough bo h BSK-CNFs 

Figure 5. Tensile s reng h (a), s rain a  break (b), and modulus (c) of 3% CMC-loaded LCNF (sLCNF) flms and corresponding mechanical 
proper ies af er  rea ing a  diferen  concen ra ions of an alum/PAE ba h. The dashed lines indica e  he corresponding values of bleached sof wood 
Kraf  pulp-produced CNF (BSK−CNF) flms. 
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and OCC-LCNFs are prepared a  90% fnes con en ,  he 
morphological proper ies of  he  wo sys ems are essen ially 
diferen , leading  o diferences in mechanical proper ies. 

I  is qui e eviden  from Figure 5a−c and s a is ical analysis 
 ha   he crosslinker  ype signifcan ly infuenced  he mechanical 
proper ies. These diferences exis ed even af er densi y 
normaliza ion of  he s reng h and modulus. Therefore,  he 
changes in proper ies were caused by crosslinking i self. In 
general, alum- rea ed samples did no  show any signifcan  
diferences in  ensile proper ies compared  o sLCNF flms. Li 
e  al. also repor ed  ha   he  ensile s reng h and modulus were 
insensi ive  o  he ionic in erac ion wi h a copper ion (Cu2+).49 

This can be a  ribu ed  o  he reversible and weak na ure of  he 
ionic in erac ion, especially in a sys em where only 3 w  % 
CMC was used as  he anionic si e  o a  rac  ca ionic Al3+ . 
Benef s in mechanical proper ies from  he ionic in erac ion 
can be an icipa ed in a highly charged sys em like 2,2,6,6-
 e rame hylpiperidine-1-oxyl(TEMPO)-oxidized CNF as re-
por ed previously.50 

PAE is one of  he widely used polymers in paper indus ries 
 o improve  he we  s reng h of paper-based ma erials.51 

Therefore, PAE signifcan ly improved  he  ensile s reng h 
and modulus of sLCNF flms, even in a dry s a e. On average, 
PAE- rea ed flms showed 28% higher  ensile s reng h and 68% 
higher modulus  han un rea ed flms. Even  rea ing a  a 0.1 w  
% PAE ba h  urned  he sLCNF flms s ifer  han  he BSK-CNF 
flms prepared similarly. The main driving force for  his 
improvemen  can be a  ribu ed  o  he new covalen  bonds 
crea ed by  he reac ion be ween aze idinium groups and 
carboxyla e groups.39 The o her fac or  ha  can sligh ly 
con ribu e  oward improved s reng h is  he low EMC of 
PAE- rea ed flms  ha  pro ec ed  he compac  hydrogen 
bonding be ween fbers from mois ure. In eres ingly,  he 
increase in  ensile s reng h con inued from  he 0.3 w  % 
PAE ba h  rea men   o  he 0.5 w  % PAE ba h  rea men  as 
opposed  o barrier proper ies, al hough  he densi y decreased 
in  ha  range, indica ing  ha   he unreac ed or self-crosslinked 
PAE chains did no  afec   he  ensile proper ies ra her i  
con ribu ed  oward  he improvemen  of s reng h and modulus. 
Tayeb & Tajvidi (2018) also repor ed a similar observa ion as 
 heir PAE uncured CNF flms showed higher s reng h  han  he 
nea  CNF flms.15 However,  he  rade-of for covalen  
crosslinking was observed in  ensile s rains. Eviden ly,  he 
linkage be ween fbers res ric s  he mobili y of fbers, hence 
diminishing  he fexibili y of  he flms. PAE- rea ed flms, on 
average, showed 33% lower s rain  han  he sLCNF flms, which 
in  urn showed almos  half of  he s rain of BSK-CNF flms 
(11.2%). The we  s reng h measuremen  da a of PAE- and 
alum- rea ed flms (Figure S3) followed an exac ly similar 
 rend for s reng h, s rain, and modulus wi h lower absolu e 
values in s reng h and modulus and higher absolu e values in 
s rain due  o  he efec  of plas iciza ion induced by liquid 
wa er.15 

UV−Vis Transmittance. The presence of phenolic 
s ruc ures in lignin is primarily responsible for  he well-
known UV pro ec iveness of LCNF flms.52 Generally,  he UV 
region (200−400 nm) is divided in o  hree major sub-regions: 
UV-A (320−400 nm), UV-B (280−320 nm), and UV-C 
(200−280 nm). In all previous s udies, lignin-con aining 
cellulose nanofbril flms were repor ed  o block diferen  
regions of UV ligh s depending on  he percen age of lignin and 
lignin  ypes.52,53 In our s udy,  he LCNF flms showed almos  
zero percen   ransmi  ance (Figure 6) in  he en ire UV-A, UV-

B, and UV-C regions,  ha  is, comple e UV-shielding 
performance of  he flms. This comple e blockage of UV 
ligh  can be a  ribu ed  o  he high percen age of residual lignin 
in our LCNF flms (16.7%). Such high UV blocking is 
impor an  for food packaging applica ions  o s op  he 
genera ion of oxygen free radicals and preven   he oxida ion 
of lipids and degrada ion of an ioxidan s and vi amins.54 

As a  rade-of of high lignin con en ,  he visible ligh  
 ransmi  ance of our flms was very low. All flms showed 
 ransmi  ance below 2%. This low  ransmi  ance of visible ligh  
can be a  ribu ed  o  he high con en  of residual lignin  ha  no  
only absorbed ligh  bu  also caused  he sca  ering of ligh  from 
 he par icle surfaces.52 The presence of diferen  foreign 
subs ances can also impac   he absorbance of ligh . Wi hin  his 
2%  ransmi  ance, however,  here was a  rend be ween 
diferen  samples. The increased  ransmi  ance order be ween 
 he samples were sLCNF_0.3% PAE  rea ed > sLCNF_0.3% 
alum  rea ed > sLCNF > LCNF. This  rend is expec ed as i  is 
well aligned wi h  he  hickness reduc ion of flms,  ha  is,  he 
lower  he  hickness,  he higher  he  ransmi  ance. 

■ CONCLUSIONS 
Using an OCC as a s ar ing fber source resul s in a lower cos  
and energy demand  o produce a robus  gas barrier and a UV-
pro ec ive flm based on nanoscale lignocellulose. The OCC-
LCNF suspension was colloidally uns able and caused 
variabili y in OP values. The addi ion of 3 w  % CMC based 
on cellulose  o  he LCNF suspension adequa ely s abilized  he 
OP values. However,  he OP value was considerably grea er 
 han  ha  of  he corresponding BSK-CNF flms a  80% rela ive 
humidi y. Trea ing flms in a 0.3 w  % alum ba h or a 0.3 w  % 
PAE ba h reduced  he OP values  o 894 and 780 cc μm/ 
m2.day.a m, respec ively. In general, covalen  crosslinking was 
more sui able for high gas barriers and mechanical s reng h. 
However,  he drawback of covalen  bonding was  he reduc ion 
in s rain a  break. The  hermal s abili y was decreased by  he 
addi ion of CMC, which was la er improved by  he alum 
 rea men . PAE- rea ed flms were also more prone  o  he 
 hermal degrada ion. All flms s udied here showed comple e 

Figure 6. UV−vis spec ra of nea  LCNF, 3 w .% CMC sLCNF before 
and af er  rea ing in a 0.3 w  % alum and PAE ba h; all  he curves 
overlapped in  he UV region (200−400 nm) appearing as a single 
curve. 
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UV shielding due  o high lignin con en . This work has shown 
 ha  OCC-derived LCNFs can give compe i ive proper ies for 
food packaging compared  o i s BSK pulp-derived coun erpar . 
However, a lo  of unknown foreign subs ances presen  in  he 
OCC-LCNF can cause con amina ion  o food i ems for food 
packaging applica ions. Therefore, fu ure research direc ion 
should involve a  hin coa ing or lamina ion of a very  hin layer 
of pure CNF, LCNF, or any non- oxic biopolymer on  op of 
 he OCC-LCNF flm  o avoid po en ial con amina ion during 
food con ac . 
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