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Abstract In this work a multilayer barrier paper-
board was produced in a roll-to-roll process by slot-
die coating of nanocellulose (microfibrillated cel-
lulose or carboxymethylated cellulose nanofibrils) 
followed by extrusion coating of biodegradable ther-
moplastics (polylactic acid, polybutylene adipate tere-
phthalate and polybutylene succinate). Hyperplaty 
kaolin pigments were blended in different ratios into 
nanocellulose to tailor the barrier properties of the 
multilayer structure and to study their influence on 
adhesion to the thermoplastic top layer. Influence of a 
plasticizer (glycerol) on flexibility and barrier perfor-
mance of the multilayer structure was also examined. 
Water vapor permeance for the multilayer paperboard 

was below that of control single-layer thermoplastic 
materials, and oxygen permeance of the coated struc-
ture was similar or lower than that of pure nanocel-
lulose films. Glycerol as a plasticizer further lowered 
the oxygen permeance and kaolin addition improved 
the adhesion at the nanocellulose/thermoplastic inter-
face. The results provide insight into the role played 
by nanocelluloses, thermoplastics, pigments, and 
plasticizers on the barrier properties when these ele-
ments are processed together into multilayer struc-
tures, and paves the way for industrial production of 
sustainable packaging.
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Introduction

The global packaging market in 2021 was estimated 
to be approximately 1  trillion USD, and food pack-
aging makes up about 30–35 % of the total packag-
ing market (Future Market Insights 2021). Paper/
paperboard, plastics, glass, wood, and metal are the 
most common materials used for food packaging, 
with paper/paperboard and plastics taking the larg-
est share (Torres-Giner et al. 2021). Most often, food 
packaging is a multilayer structure comprising of 
paper/paperboard (for stiffness and rigidity) and one 
or several layers of plastics as functional layers for 
sealability and barrier properties against, e.g., water 
vapor, oxygen, grease, and mineral oils (Kaiser et al. 
2017; Bauer et  al. 2021). For demanding applica-
tions requiring long shelf-life and high oxygen-gas 
barrier, a metallized plastic layer is also used (Mor-
ris 2017a). While it is easier to recover and recycle 
mono-component packaging, it is very challenging 
to recycle the multilayer structures due to difficulty 
in separating the packaging into individual layers 
(Ragaert et al. 2017). In addition, the plastics used in 
multilayer packaging are often fossil-fuel based and 
are not biodegradable [for example, low/high density 
polyethylene (L/HDPE), polyethylene terephthalate 
(PET), polystyrene (PS), polypropylene (PP), poly-
vinyl chloride (PVC), ethylene-vinyl acetate (EVA), 
ethylene-vinyl alcohol (EVOH), and polyvinylidene 
chloride (PVDC)] (Morris 2017b). Therefore, most 
of the multilayer packaging ends up in landfills or is 
incinerated, which puts a considerable strain on natu-
ral resources and energy use (Kaiser et al. 2017; Stark 
and Matuana 2021).

Many countries around the world are introduc-
ing policy changes that are aimed at restricting the 
use of fossil-fuel-based plastics and encouraging the 
use of bio-based and biodegradable alternatives for 
packaging applications (Haider et  al. 2019). Euro-
pean Union(EU)’s circular economy action plan 
adopted in March 2020 (Commission and for Com-
munication 2020) and Ellen MacArthur Founda-
tion’s New Plastics Economy Global Commitment 
launched in October 2018 (in collaboration with the 
United Nations Environment Program) (Foundation 

2021) are examples of such initiatives. In addition, 
recent years have seen a shift in consumer prefer-
ences towards more bio-based products (Gaffey et al. 
2021; Delioglamnis et al. 2018). All this has resulted 
in an increased interest from academia and industry 
towards finding sustainable barrier packaging solu-
tions (Tyagi et al. 2021).

Nanocellulose (or cellulose nano fibers—CNFs) 
is a cellulose-based natural polymer that has gained 
considerable interest in recent years due to its out-
standing barrier against oxygen, grease, and min-
eral oils (Abitbol et  al. 2016; Thomas et  al. 2018; 
Ahankari et al. 2021; Wang et al. 2018). Nanocellu-
lose is both bio-based and biodegradable, and there-
fore, nanocellulose-based coatings and films are 
being considered as a potential replacement to non-
biodegradable plastics and metallic aluminum layers 
in food packaging applications (Tyagi et  al. 2021; 
Cherian et al. 2022). Several companies have already 
started producing nanocellulose at pilot or commer-
cial-scale to be used primarily for barrier applications 
(FutureMarkets 2021), with many research groups 
including the authors of this work demonstrating 
roll-to-roll (R2R) coating of nanocellulose on paper/
paperboard using slot-die (Kumar et al. 2016; Kopp-
olu et al. 2018, 2019, 2022; Jung et al. 2022), gravure 
(Chowdhury et al. 2018), spray coating (Shanmugam 
2022; Satam et al. 2018; Beneventi et al. 2014, 2015), 
and wet lamination (Guerin et al. 2020) methods.

Despite their barrier against oxygen and greases, 
nanocellulose-based coatings suffer from poor water 
vapor barrier due to hygroscopic nature of cellulose 
(Spence et al. 2011). This issue can be addressed by 
having a moisture barrier coating on top of the nano-
cellulose layer to protect the latter from humidity 
(Koppolu et al. 2019; Tyagi et al. 2021; Cherian et al. 
2022). This multilayer structure can be made sustain-
able by choosing a moisture-barrier coating material 
that is bio-based and biodegradable (Vartiainen et al. 
2016). Several research articles have demonstrated 
such multilayer barrier structures by utilizing various 
biodegradable polymers such as guar gum (Dai et al. 
2017), alginate (Zhao et al. 2020), alkyd resins (Aulin 
and Strö 2013), polyglycolic acid (Vilarinho et  al. 
2018), polyhydroxy alkanoates (PHAs) (Cherpinski 
et al. 2018), shellac (Hult et al. 2010), chitin (Satam 
et  al. 2018), and polylactic acid (PLA) (Aulin et  al. 
2013; Koppolu et al. 2019).
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Mineral pigments such as kaolins and talc are 
frequently employed as fillers in the polymer phase 
of water-based barrier dispersions (Martinez-Her-
mosilla et al. 2015; Zhu et al. 2019). This is because 
they increase the tortuosity of the permeant through 
the coating structure, thereby enhancing the barrier 
properties of the material (Bollström et al. 2013; Sun 
et al. 2007). Additionally, the use of mineral pigments 
is cost-effective since they can replace some of the 
more expensive polymers in the dispersion (Zhu et al. 
2019). Several researchers have investigated the effect 
of blending different types of kaolinite or montmoril-
lonite into nanocellulose and have reported improve-
ments in barrier properties (Al-Gharrawi et al. 2022; 
Aulin et  al. 2012; Alves et  al. 2019). Plasticizers 
are also frequently employed in barrier coatings to 
enhance the flexibility of the barrier layer (Vieira 
et al. 2011; Lin and Krochta 2003). Commonly used 
plasticizers include polyethylene glycol, monosac-
charides (glucose, fructose), glycerol, sorbitol, and 
polyvinyl alcohol (PVOH) (Sothornvit and Krochta 
2005). The impact of plasticizer addition on the bar-
rier properties of nanocellulose has also been investi-
gated in the scientific literature (Herrera et al. 2017; 
Fernandez-Santos et al. 2021).

In our previous work (Koppolu et  al. 2019), we 
demonstrated a multilayer barrier paperboard pro-
duced by slot-die coating of microfibrillated cellulose 
(MFC) or cellulose nanocrystals (CNCs), followed by 
extrusion coating of PLA. The resulting paperboard 
showed promising barrier against oxygen, grease, 
mineral oil, and water vapor. However, a few chal-
lenges were identified such as, poor adhesion at nano-
cellulose-extrusion polymer interface and, poor flex-
ibility of CNC-coated paperboard due to brittle nature 
of CNC coatings (especially at higher humidity). The 
current work aims to address the above-mentioned 
issues, and to further understand and optimize the 
performance of nanocellulose-based multilayer bar-
rier paperboard. CNF produced via carboxymethyla-
tion pretreatment (Naderi et al. 2015; Wågberg et al. 
2008) was used in place of CNCs, and polymers with 
higher biodegradability such as, polybutylene adipate 
terephthalate (PBAT) and polybutylene succinate 
(PBS) were used for extrusion coating. Hyperplaty 
kaolin pigments were blended in different ratios into 
nanocellulose to tailor the barrier properties of the 
multilayer structure and to study their influence on 
adhesion with thermoplastic top layer. Influence of 

plasticizers on flexibility and barrier performance 
of roll-to-roll coated nanocellulose layer was also 
examined.

Materials and methods

Materials

MFC was supplied as a 20% w/w cake by The Process 
Development Center of University of Maine (USA) 
and was diluted to 2.5% for R2R coating. Carboxym-
ethylated-CNF was supplied as a 2 % w/w suspension 
by RISE Research Institutes of Sweden (Sweden) 
and used without dilution. Brief descriptions of the 
production processes for both nanocellulose grades 
is given in the supporting information. Carboxym-
ethyl cellulose (CMC, Finnfix® 4000  G, CP Kelco, 
Finland) was added as rheology modifier at 5 % w/w 
(with respect to dry nanocellulose) to both the sus-
pensions. The description of rheology measurements 
and influence of CMC addition on MFC and CNF 
suspensions’ yield stress are given in the supporting 
information. A more detailed discussion on the role 
of rheology during continuous coating of nanocellu-
lose can be found in Koppolu et al. (2022).

Hyperplaty kaolin ( BarrisurfTM HX, Imerys U.K) 
[aspect ratio 100:1] was blended into MFC to study 
the influence of pigment addition on barrier proper-
ties of nanocellulose-coated paperboard, and adhe-
sion at nanocellulose/thermoplastic interface. MFC-
kaolin composite films (thickness − 20  μ m) with 
varying kaolin ratios (10, 20, 40, and 50% ) were first 
prepared by casting 0.5% MFC-kaolin suspension in 
petri dishes and evaporated at 23  ◦ C and 50% rela-
tive humidity (RH). Mineral-oil barrier test (Heptane 
vapor transmission rate—HVTR) for the composite 
films indicated a significant loss of barrier at kaolin 
addition levels higher than 20% by dry weight (see 
supporting information for description of the test pro-
cedure and HVTR of MFC-kaolin composite films). 
Therefore, 10 and 40% kaolin addition levels were 
chosen for R2R coatings to represent both ends of the 
barrier spectrum (see Table 1 for information on R2R 
coated trial points).

Three different plasticizers, viz., CMC (Finn-
fix® 4000  G, CP Kelco, Finland), polyvinyl alco-
hol—PVOH (Mowiol® 23-98, Kuraray, Finland), 
and glycerol (>99.5% , Sigma Aldrich, Finland) 
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were added to CNF to study their influence on flex-
ibility and barrier performance of the CNF-coated 
layer. CNF films (thickness − 20 μ m) with varying 
plasticizer ratios (2, 5, and 10% w/w added with 
respect to dry CNF) were first prepared by casting 
0.5% CNF-plasticizer suspensions in petri dishes 
and evaporated at 23 ◦ C and 50% RH. The mechani-
cal properties of these films, evaluated using a Uni-
versal Testing Machine 8872 (Instron, Germany), 
showed that glycerol containing CNF films had the 
highest elongation at break compared to CMC and 
PVOH as plasticizers (detailed information on elon-
gation at break for CNF films is given in supporting 
information). Therefore, 2 and 10% w/w glycerol 
was added to CNF for R2R coatings (see Table 1 for 
information on R2R coated trial points).

A pigment-coated paperboard ( TrayformaTM 
Special, Stora Enso, Finland, 205 ±  1.5 g.m−2 and 

270± 1.5 μm), referred to as “baseboard”, was used 
as a base substrate for all of the coatings described 
in this work. The baseboard was pre-coated with a 
0.3% w/w cationic starch (Raisamyl® 135, Chemi-
gate, Finland) solution to improve adhesion at the 
nanocellulose/paperboard interface (Koppolu et  al. 
2018). The nanocellulose-coated paperboard was 
further coated with three different types of ther-
moplastics viz., LDPE (Borealis), ecovio® [PBAT, 
PLA blend] (BASF), and PBS ( BioPBSTM , PTT 
MCC Biochem) to provide moisture barrier. LDPE 
was used as a reference, while ecovio and PBS were 
chosen as biodegradable thermoplastics (Siegent-
haler et  al. 2011; Aliotta et  al. 2022; Zhao et  al. 
2005).

Table 1  List of different nanocellulose and thermoplastic-based coatings produced in this work

aMFC and CNF have 5% CMC added with respect to dry nanocellulose; MFC and Kaolin are blended in the ratios mentioned; Glyc-
erol is added with respect to dry CNF
bFor all MFC suspensions, MFC to water ratio was kept constant at 2.4% (see supporting information for influence of MFC to water 
ratio on viscosity of MFC-kaolin suspensions
cWet thickness is the set value between slot-die’s top lip and paper substrate
dCNF-layers were double coated
eDry thickness is measured value from SEM cross-sections. Coat weights are calculated assuming densities of 1.55, 2.65, 0.94, 1.36, 
1.26 g.cc−1 for nanocellulose, kaolin, LDPE, ecovio®, and PBS respectively
fFew meters of MFC containing coatings were coated with LDPE on the backside of paperboard (in addition to top side coating)

Coating layera Coating 
method

Suspension solids contentb 
(%)

Coating speed 
(m.min−1)

Wet thicknessc,d 
( μm)

Dry thicknesse 
( μm)

Coated 
length (m)

MFC Slot-die 2.5 2.5 400 8 ± 2
(≈ 12 g.m−2)

37

90%MFC+ 10%Kaolin Slot-die 2.8 2.5 400 10 ± 2
(≈ 16 g.m−2)

34

60%MFC+ 40%Kaolin Slot-die 4.0 3 400 8 ± 1
(≈ 15 g.m−2)

37

CNF Slot-die 2 6 250 × 2 5 ± 1
(≈ 7 g.m−2)

33

CNF+2% Glycerol Slot-die 2 6 250 × 2 5 ± 1
(≈ 8 g.m−2)

22

CNF+10% Glycerol Slot-die 2 6 250 × 2 4 ± 1
(≈ 7 g.m−2)

10

LDPE Hot-melt 
extrusion

– 70 – 18 ± 1
(≈ 17 g.m−2)

51 + (9)f

ecovio® Hot-melt 
extrusion

– 70 – 28 ± 2
(≈ 38 g.m−2)

51

PBS Hot-melt 
extrusion

– 70 – 17 ± 1
(≈ 22 g.m−2)

51
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Coating process

The cationic starch primer-coating was first applied 
onto the baseboard using a laboratory-scale roll-to-
roll reverse gravure coater (Rotary Koater, RK Print-
Coat Instruments, U.K) [gravure roll: 70 lpi × 127 μ m 
with a surface volume of 78.5  cm3.m−2 ; dry coat 
weight < 1 g.m−2 ]. MFC and CNF suspensions were 
then coated on top of the starch-coated baseboard 
using the same R2R coater fitted with a slot-die appli-
cator. A detailed description of the working principles 
of slot-die coating of nanocellulose suspensions is 
provided in our previous work (Koppolu et al. 2018, 
2019, 2022), and is briefly discussed in the supporting 
information of the current work. Table 1 lists the dif-
ferent nanocellulose coatings done in this work along 
with their respective wet thicknesses (set value), 
line speeds, and dry-coating thicknesses (measured 
value). All nanocellulose-coated paperboards were 
then calendered at 100  kN.m−1 and 60  ◦ C using a 
laboratory-scale soft nip calender (DT Paper Science, 
Finland).

The nanocellulose-coated paperboards were finally 
coated with the above-mentioned thermoplastics 
(LDPE, ecovio®, and PBS) using a pilot-scale extru-
sion coater at Tampere University (Finland). Prior to 
extrusion coating, all the samples were corona treated 
(inline) to improve the adhesion between nanocellu-
lose and thermoplastic layers. Coating speed was set 
at 70 m.min−1 and the coating thickness for each pol-
ymer was chosen according to the supplier’s recom-
mendation (Table 1).

Characterization of coated samples

Transmission electron microscope (TEM) images of 
the nanocellulose suspensions were obtained using 
JEOL JEM-1400 Plus (JEOL, Japan) at 80 kV accel-
eration voltage. All the coated samples were condi-
tioned at 23 ◦ C and 50 % RH for at least 24 h before 
characterization and unless specifically stated, all 
measurements were done under these conditions. 
Cross-section images for the coated samples were 
obtained using a field-emission scanning electron 
microscope (FE-SEM) [LEO Gemini 1530, Carl 
Zeiss, Germany]. Coating thicknesses for each layer 
was measured from cross-section images and the 
corresponding coat weights were calculated using 

respective layer’s density (assuming a densely packed 
structure for each layer) [see Table 1].

Adhesion at the nanocellulose/thermoplastic inter-
face was determined by measuring the force required 
to peel off a tape (TZe-C51, Brother, UK) attached to 
the paperboard’s surface using an IMASS SP-2000 
(USA) peel tester. One edge of the tape was attached 
to the surface of the substrate, while the opposite edge 
was clamped to a 50 N load cell. The tape was pulled 
at an angle of 180◦ over a length of 26 mm at a speed 
of 5 mm.s−1 , and the force required to peel the tape 
was measured as a function of peeling distance. There 
is an initial force peak as the coated layer fractures at 
the weaker interface, after which the force plateaus to 
a lower value as the fractured-layer is peeled off. The 
average peak force from five parallel measurements is 
reported. An example of the peel force versus peeled 
length is given in supporting information.

Attenuated total reflectance—Fourier transform 
infrared spectroscopy (ATR-FTIR) was used to deter-
mine the orientation of kaolin-pigment particles in 
both MFC-kaolin composite films and R2R coated 
samples according to the method described by Elton 
et  al. (1999) and Bollström et  al. (2013).  NicoletTM 
iS50 FTIR Spectrometer (Thermo Scientific, USA) 
with a diamond KRS5 ATR crystal and an inci-
dence angle of 45◦ was used for ATR-FTIR measure-
ments. The particle alignment factor ( k = I3695∕I3620 ) 
of kaolin pigments on the surfaces of the films and 
coated samples was determined by comparing the 
–OH absorption peaks of kaolin above 3500  cm−1 . 
The peak at 3695 cm−1 ( I3695 ) shows the –OH group 
that is perpendicular to kaolin surface; and the peak 
at 3620 cm−1 ( I3620 ) shows the –OH group that is at 
a shallow angle to the kaolin’s surface. A low value 
of k indicates higher alignment to the surface and 
vice-versa.

Water vapor permeance (WVP) was determined 
according to ASTM E96/E96M-05 at two different 
conditions, 23 ◦C/50% RH and 38 ◦C/90% RH, and an 
average from three parallel measurements is reported 
as gm−2 day−1 kPa−1 . Oxygen permeance (OP) was 
measured according to ASTM F1927-07 (coulomet-
ric method) [Ox-Tran 2/21 MH/SS, Mocon, U.S.A] 
or ASTM F3136-15 (dynamic accumulation method) 
[OpTech-O2 Model P, Mocon, U.S.A] at 23 ◦C/50% 
RH. A few LDPE-coated samples were also meas-
ured at 25 ◦C/75% RH and 38 ◦C/90% RH. F3136 is a 
relatively fast method to determine oxygen barrier for 
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medium to low barrier materials, and was first used 
to screen out low oxygen-barrier samples. F1927 is 
more sensitive to defects and is used for high oxygen-
barrier materials. OP from two parallel measurements 
is reported as cc.m−2.day−1.bar−1 . Grease barrier was 
evaluated according to ASTM F119-82 using olive 
oil at 40 ◦ C, and the average value from three paral-
lel measurements is reported in hours (in the inter-
est of time, the test was stopped after 500 h). HVTR 
(mineral oil barrier) for the coated samples was deter-
mined according to the method suggested by Miet-
tinen et al. (2015), and the average value from three 
parallel measurements is reported as g.m−2.day−1 . 
Detailed test procedures for grease and mineral oil 
barrier is given in the supporting information.

Results and discussion

Nanocellulose structure

TEM images show coarser fibrils for MFC and a finer 
structure for CNF (Fig. 1), mainly due to the latter’s 
chemical pre-treatment and fiber delamination pro-
cess (high-pressure homogenization). Although MFC 
is coarser, it has enough nano material to form tightly 
packed structures, and is expected to give similar bar-
rier properties as CNF. However, CNF could achieve 
the required barrier properties at a lower coat weight. 
On the other hand, CNF has a higher viscosity (com-
pared to MFC) due its finer structure and higher 
charge (from carboxymethylation pre-treatment), and 
therefore the solids content used for coating is kept 
lower than that of MFC. Ultimately, the choice of 
nanocellulose depends on the end user’s requirements 
viz., cost, barrier performance, application method, 
drying capacity, and make-up of the barrier structure.

Coating structure

Figure  2 shows SEM cross-section images for the 
multilayer-coated paperboards produced in this work, 
where, both nanocellulose and thermoplastic layers 
are clearly visible. It can be noticed from Fig. 2d–f, 
that the adhesion at nanocellulose/thermoplastic 
(ecovio® and PBS) interface is poor and there is 
clear delamination between the layers. The delamina-
tion is more pronounced for CNF-coated paperboard. 
Although Fig.  2a–c, do not show any delamination, 
the adhesion between nanocellulose and thermoplas-
tic (LDPE) is still low (see Fig. 3a), and may cause 
serious problems during converting operations, 
including creasing, folding, and sealing. This poor 
adhesion occurs despite corona pre-treatment, and 
could be attributed to the incompatibility between 
polar and non-polar groups of nanocellulose and ther-
moplastics, respectively.

Adhesion

Insufficient adhesion between dissimilar layers is 
a common problem in multilayer packaging struc-
tures. The adhesion can be improved either by using 
tie-layers (functionalized polyolefins, such as maleic 
anhydride-modified Linear-LDPE) or by promoting 
mechanical interlocking by, e.g., increasing the sur-
face roughness (Morris 2017b). Figure 2g and h show 
SEM cross-sections of multilayer-coatings containing 
PBS and kaolin-blended MFC (SEM cross-sections 
of LDPE and ecovio® coatings on kaolin-blended 
MFC are given in supporting information). Com-
pared to Fig. 2e, an improvement in adhesion at the 
MFC/PBS interface is clearly visible. A tape test was 
done to quantify adhesion at the thermoplastic/MFC 
interface by measuring the peak peel force required 
to fracture the interface (Fig. 3a). Peel force reduced 

Fig. 1  TEM images of a 
MFC, b CNF
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Fig. 2  SEM cross-sections for the multilayer-coated samples: 
a MFC + LDPE; b CNF + LDPE; c MFC + ecovio®; d CNF 
+ ecovio® [ecovio® layer is completely separated—shown 
between the dashed lines]; e MFC + PBS; f CNF + PBS [PBS 
layer is completely separated—shown between the dashed 

lines]; g MFC+10%kaolin + PBS; h MFC+40%kaolin + PBS. 
Note Base layer for all coatings is pigment coated paperboard 
with cationic starch pre-coating; starch layer not visible in the 
SEM cross-sections due to its low coat weight (<1 g.m−2)
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significantly when thermoplastics were coated on 
pure MFC, compared to the corresponding single-
layer thermoplastic coating on paperboard. As the 
kaolin content in MFC increased, the peel force and 
therefore, adhesion between MFC and thermoplastic 
layers improved. For Ecovio and PBS, the peak peel 
force increased by 2-fold when the kaolin content 
reached 40%, compared to the coatings on pure MFC.

Figure  3b shows the kaolin alignment factor (k) 
determined from ATR-FTIR measurements for MFC-
kaolin composite petri-dish films and R2R coated 
samples. A lower value of ‘k’ indicates higher par-
ticle alignment with respect to the surface plane 
(Elton et  al. 1999; Bollström et  al. 2013). It can be 
seen from the figure that the kaolin pigments have 
higher alignment in petri-dish films compared to the 
R2R coated samples. During petri-dish film prepara-
tion, the suspension’s solids content is initially very 
low (ca. 0.5%), which allows the platy-pigment par-
ticles to align more easily as there is less crowding 
of MFC around the pigment particles. Also, the slow 
drying conditions during petri-dish film preparation 
provides more time for the platy particles to orient 
along the surface due to the surface tension forces in 
the contracting layer. In contrast, during R2R coating, 
the solids content of the MFC suspensions is much 
higher (ca. 3–4%) and the drying process is faster, 
which makes it harder for the kaolin pigments to align 
in the direction of the flow (or along the surface). 
This increases the surface roughness of the coated 
MFC-layer (see supporting information for SEM 
surface images of MFC-kaolin coated paperboard), 
which then leads to higher mechanical interlocking 
of the thermoplastic layer and therefore an improved 
adhesion. It is to be noted that blending pigments into 
MFC may disturb the closely packed microstructure 

of the nanocellulose-layer and therefore can result in 
reduced barrier performance as will be discussed in 
the next subsections.

Oxygen barrier

Petri dish films versus roll‑to‑roll coated samples

Nanocellulose films prepared using laboratory-scale 
batch processes exhibit excellent barrier against oxy-
gen, and are comparable to the values obtained by 
PVDC, EVOH, and metallized PET, which are com-
monly used oxygen barrier materials in packaging 
applications (Ahankari et  al. 2021; Lindström and 
Österberg 2020; An et al. 2018). Figure 4a shows the 
oxygen permeance values for MFC and CNF petri-
dish films and R2R coated samples at 23 ◦C/50 % RH. 
OP of the petri-dish films is normalized to the same 
thickness as that of the R2R coated nanocellulose 
layer for better comparison. The oxygen barrier of 
the R2R coated nanocellulose is poor, with an OP 
(ca. 5000  cc.m−2.day−1.bar−1 ) that is approximately 
500 times higher than that of pure petri dish films (ca. 
10 cc.m−2.day−1.bar−1 ). During R2R coating, the wet 
nanocellulose layer is dried very quickly (less than 
2  min.) under harsh conditions where temperatures 
in the dryers can reach 200 ◦ C. This leads to cracks/
defects in the dried nanocellulose layer and therefore, 
results in a poor oxygen barrier. In contrast, the slow 
drying and mild self-assembly conditions used to 
make petri dish films result in a uniform and dense 
nanocellulose network required for oxygen barrier.

Thermoplastics such as LDPE, PLA, PBAT, and 
PBS show poor oxygen barrier as oxygen molecules 
easily diffuse through these materials (Wu et  al. 

Fig. 3  a Peak peel force 
for multilayer coatings as a 
function of kaolin addition 
level; b Kaolin alignment 
factor ( k = I

3695
∕I

3620
 ) for 

petri dish films and R2R 
coated samples
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2021) (Fig.  4b). Interestingly, extrusion coating of 
thermoplastics onto nanocellulose-coated paperboard, 
restores the latter’s OP to the same level as that of 
their corresponding pure petri-dish films (Fig.  4b). 
These findings are consistent with the observations 
made in our previous work (Koppolu et al. 2019). An 
explanation for the improved OP of multilayer paper-
board might be that the extrusion-coated polymer fills 
up/seals any cracks or pinholes in the nanocellulose 
layer, and since the relative area of these pinholes or 
cracks is very small, just sealing them can be suffi-
cient to restore the oxygen barrier. Nevertheless, it 
is promising that R2R produced multilayer paper-
board containing nanocellulose and thermoplastics 
can achieve similar OP values as that of pure films of 
equivalent thickness.

Pigment and plasticizer addition

As discussed in the above “Adhesion” section, add-
ing pigments into nanocellulose helps improve the 
adhesion at the nanocellulose/thermoplastic inter-
face. However, this might negatively affect the bar-
rier properties of nanocellulose layer as the pigment 
particles may interfere with the closely packed micro-
structure of nanocellulose. Figure 4c shows the OP of 
MFC-containing multilayer paperboard with varying 
kaolin ratios. As expected, OP increases with higher 
kaolin levels, and at 40% kaolin, the oxygen perme-
ance is 1–2 orders of magnitude higher than that of 
a pure MFC layer. However, at a low kaolin ratio 
of 10%, the OP is quite similar to that of pure MFC 
coating and therefore may be suitable for applications 

Fig. 4  Oxygen permeance at 23 ◦C/50% RH for, a Nanocel-
lulose films and R2R coatings of similar thicknesses; b Mul-
tilayer coated paperboards and corresponding reference single 

layer thermoplastic coatings; c influence of blending Kaolin 
into MFC; d influence of glycerol addition to CNF
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with medium oxygen barrier requirements, as long 
as sufficient adhesion with the thermoplastic layer 
is maintained. Therefore, by optimizing the pig-
ment addition level, it is possible to tailor the multi-
layer structure to achieve the desired oxygen barrier 
and inter-layer adhesion, while using less (and more 
expensive) nanocellulose. For demanding oxygen 
barrier applications, one can also coat a separate thin 
kaolin (or pigment) layer on top of nanocellulose to 
aid in the adhesion with the thermoplastic top layer.

Plasticizers such as glycerol improve the flexibil-
ity of nanocellulose films significantly. For exam-
ple, 2 and 10% glycerol addition increases the strain 
at break of 20  μ m thick CNF-based films from 
2.1% to 5.4 and 14.8%, respectively (see support-
ing information for more details on the influence 
of CMC, PVOH, and glycerol plasticizers on the 
mechanical properties of CNF films). The increased 
flexibility reduces the probability of crack forma-
tion during R2R coating. It is evident from Fig. 4d 
that with the addition of glycerol, OP of CNF-
containing multilayer paperboard further decreases 
from ca. 7.5 cc.m−2.day−1.bar−1 to a lowest value of 
2.5 cc.m−2.day−1.bar−1 for 10% glycerol addition at 
23 ◦C/50% RH. Surprisingly, this OP value is simi-
lar to that of pure CNF film of equivalent thickness 
at 0% RH! (The OP of a 5 μ m CNF film at 0% RH 
is 3.1 cc.m−2.day−1.bar−1 ). Barrier packaging paper-
board is usually formed into different shapes by 
creasing or folding according to the end use, and 
plasticizers could play a vital role in preserving the 
barrier properties during the converting operations. 
Therefore, future work should clarify the role of 
plasticizers on barrier properties after such convert-
ing processes.

Influence of moisture and temperature on oxygen 
barrier properties

Nanocellulose swells at high humidity and as a 
result, its dense microstructure loosens as the humid-
ity increases. This lowers the barrier performance 
of nanocellulose coatings, and higher temperatures 
(high vapor pressure) accelerate it even more. Oxygen 
permeance of MFC+LDPE coated paperboard was 
further measured at two additional conditions, 25  ◦

C/75% RH and 38 ◦C/90% RH (Fig. 5a). As the tem-
perature and humidity increase, OP of the multilayer 
structure also increases. Although LDPE coating pro-
tects MFC from moisture, water vapor can still dif-
fuse through the backside of the paperboard and swell 
the MFC layer. To counter this, an additional layer of 
LDPE was coated on the backside of the paperboard 
and the resulting OP values are shown in Fig.  5a. 
Backside LDPE coating reduced OP of the MFC con-
taining multilayer paperboard at 38 ◦C/90% RH from 
1305 to 411  cc.m−2.day−1.bar−1 , but it is still quite 
high for most applications. The reason for the high 
OP values may be that the water vapor is diffusing 
in through the paperboard’s cross-section. The influ-
ence of humidity can potentially be further reduced 
by sandwiching the nanocellulose coating in-between 
two thermoplastic layers, thereby reducing the cross-
sectional area that is exposed to the environment. 
However, this requires some optimization of the dry-
ing section and inter-layer adhesion, which we plan to 
address in a future work.

Water vapor barrier

Figure  5b shows the water vapor permeance at two 
different test conditions for single-layer nanocellulose 
and thermoplastic-coated paperboard. As expected, 
both MFC and CNF coated paperboards do not show 

Fig. 5  a Oxygen perme-
ance at different test condi-
tions for MFC/LDPE and 
LDPE/MFC/LDPE multi-
layer coatings; b WVTR 
at different test conditions 
for single layer coatings on 
paperboard
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any barrier against water vapor. Thermoplastics on 
the other hand, show a significant reduction in WVP 
with LDPE showing the highest reduction of over 
95%, and ecovio® and PBS showing a reduction of 
>  72%. Most biodegradable thermoplastics are sus-
ceptible to hydrolysis (Rudnik 2013), especially at 
higher temperatures and humidities, and therefore 
show higher WVP than LDPE. Multilayer-coated 
paperboards show the same WVP as that of the cor-
responding top layer thermoplastic coating.

Grease and mineral-oil barrier

Figure 6a shows the grease barrier for the single-layer 
coated samples produced in this work. The starting 
point of the bar indicates failure of the first sample 
and the end indicates failure of the last sample. Simi-
lar to OP values, both MFC and CNF single-layer 
coatings show a wide variation in the grease barrier 
due to pinholes or cracks present in the dried coating 
structure. MFC and CNF-coated paperboards have 
grease barrier in the range of 90–270 and 50–450 h, 
respectively. Blending kaolin into MFC lowered the 
grease barrier, while glycerol addition showed less of 
an impact. Analogously to the oxygen barrier, when 
coated with a thermoplastic layer on top, the grease 
barrier improves, showing no failures during the test 
period of 500 h.

Both MFC and CNF-coated paperboards show 
excellent barrier against mineral oils, with no n-hep-
tane vapors escaping through the structure during the 
test period. Ecovio® and PBS coated paperboards 
also show similar barrier against n-heptane. LDPE 
as such has poor mineral oil barrier with a HVTR 
value of ca. 640  g.m−2.day−1 , but when coated on 
top of MFC shows zero HVTR. Figure 6b shows the 
HVTR of a single layer MFC coating and a multilayer 

with LDPE plotted as a function of kaolin content. 
At 10% kaolin ratio, the HVTR is still below the reli-
able detection limit and increases with higher kaolin 
ratios. This aligns with the observations made in the 
discussion of the grease and oxygen barrier perfor-
mance, specifically that a small amount of pigment 
can be blended into nanocellulose without unduly 
compromising barrier properties.

Conclusion

Two different grades of nanocelluloses, MFC (pure 
mechanical defibrillation) and CNF (carboxymeth-
ylation pre-treatment followed by microfluidization) 
were roll-to-roll coated using a slot-die applicator on 
paperboard. To protect nanocellulose from moisture, 
thermoplastics such as LDPE (non-biodegradable 
reference), ecovio® (PLA, PBAT-based biodegrad-
able polymer), and PBS (biodegradable polymer) 
were extrusion coated on top of the nanocellulose to 
obtain a multilayer structure. Blending pigments such 
as kaolin into MFC improves the adhesion at nano-
cellulose-thermoplastic interface. Water vapor barrier 
of the multilayer-coated samples remained below the 
control single-layer thermoplastic materials. Extru-
sion coating also helped plug any defects or pinholes 
in the nanocellulose layer, thereby improving the oxy-
gen and grease barriers, with OP values similar to 
those of pure nanocellulose films of equivalent thick-
nesses. Kaolin addition to MFC increases the OP, 
but the ratio of kaolin could be controlled to tailor 
the oxygen barrier according to end use application. 
Plasticizers such as glycerol increase the flexibility 
of nanocellulose layer, thereby reducing the coating 
defects, and further bringing down the OP values. 
Having a moisture-barrier coating on the backside of 

Fig. 6  a Grease barrier for 
single-layer R2R coated 
samples [starting of bar 
indicates failure of first 
sample and ending point 
indicates failure of last 
sample]; b HVTR versus 
kaolin addition level for 
single layer MFC and 
MFC+LDPE multilayer 
coated samples
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the paperboard protects nanocellulose from moisture 
at high humidities, however, the oxygen permeance 
is likely still high due to moisture seeping in through 
the paperboard’s cross-section. Sandwiching nano-
cellulose in-between two moisture barrier materials 
could potentially further protect nanocellulose from 
the effects of humidity.

This approach of processing nanocellulose and 
biodegradable thermoplastics together into a mul-
tilayer structure complements the shortcomings of 
each distinct component, enabling the production of a 
bio-based and biodegradable paperboard with excel-
lent oxygen, water vapor, grease, and mineral oil bar-
riers. Moreover, by controlling the type and amount 
of nanocelluloses, thermoplastics, pigments, plasti-
cizers, and rheology modifiers, the barrier properties 
of the final multilayer structure can be tailored to suit 
specific end use applications.
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