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Abstract Needs for biodegradable packaging mate-

rials are growing to reduce the negative environmental

impact of petroleum-based polymer packaging. Bar-

rier paper packaging is in demand as environmentally-

friendly barrier coating materials to improve

biodegradability and recyclability. Cellulose nanofib-

ril (CNF) is considered an alternative to conventional

polymers for barrier coatings due to the barrier

properties of its films. In this work, various types of

CNFs were prepared and coated on linerboard and

wood-free paper to evaluate the barrier properties of

these papers against air, liquid water, water vapor,

oxygen, and grease, and themajor factors of the barrier

performance of the CNFs-based coatings were inves-

tigated. A coat weight of at least 10 g/m2 was desirable

to impart efficient the barrier properties to papers. The

average fibril size and hydrophobicity were strongly

related to the barrier properties. CNFs with smaller

fibril sizes are beneficial for enhancing barrier prop-

erties, and hydrophobization improves the water

resistance. Hydrophobic functional groups with suffi-

cient chain lengths decreased the water vapor barrier

properties. The average fibril diameter of CNFs may

be related to the air resistance, oxygen barrier

properties, and grease resistance.
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Introduction

Although paper is one of the most versatile materials

for the packaging industry, paper cannot be used as a

material for barrier packaging without special treat-

ments, including extrusion or dispersion coating, and

wax immersion. Barrier packaging materials need to

resist permeation of substances such as water or gases

from outside, which protects goods from deterioration.

Most paper grades do not have sufficient barrier

properties to preserve goods from decay and deteri-

oration by preventing water or oxygen transmission

because of the high porosity and hydrophilicity of

papers. Hence, laminating polymers such as poly-

ethylene (PE), polypropylene (PP), and ethylene vinyl

alcohol (EVOH) are used to reduce the transmission of

water vapor and oxygen gases in paper-based pack-

aging, for example, food containers or cups (Riley

2012). That is, most barrier packaging papers contain

plastic materials.

Plastics are a growing issue as an environmental

hazard in recent years because most petroleum-based

plastics are non-biodegradable (Leja and Lewandow-

icz 2010), non-renewable, and have low-recyclability.

Discarded plastics have accumulated in the oceans

(Efferth and Paul 2017), and microplastics threaten

human health via the food chain (Smith et al. 2018).

Therefore, the needs for biodegradable and renewable

materials are increasing in all industrial sectors

including packaging materials.

Cellulose nanomaterials (CNMs), natural

biodegradable polymers, can be applied as barrier

materials in the form of films (Lavoine et al. 2012;

Hubbe et al. 2017;Wang et al 2018). Therefore, CNMs

have been studied as an alternative for barrier

packaging films because of their high barrier proper-

ties against oxygen. It is known that cellulose

nanofibril (CNF) films are more beneficial than a

cellulose nanocrystal (CNC) films for barrier proper-

ties because of the larger aspect ratio of CNFs

(Belbekhouche et al. 2011). CNF coatings on paper

have been studied as eco-friendly barrier packaging

papers as well as CNF films. In previous studies, CNF

coatings showed low permeability against air, grease,

and oxygen, which can be advantageous as a barrier

layer. It was reported that a higher coat weight of the

CNF coating provides air resistance and grease

resistance (Aulin et al. 2010; Kumar et al. 2016).

The oxygen permeability of CNF film is one hundred

times lower than that of polyethylene film (Lavoine

et al. 2012; Wang et al. 2018). The oxygen transmis-

sion rate also decreases when the grammage of the

CNF film increases (Aulin et al. 2010), and a

microfibrillated cellulose (MFC) coating can decrease

the oxygen transmission rate (Hult et al. 2010).

However, a CNF coating cannot sufficiently decrease

the water vapor transmission and wettability of paper.

It was reported that a CNF coating provides water

resistance, but CNF-coated papers are more absorptive

than PE-laminated paper (Lavoine et al. 2014;

Mousavi et al. 2018). As previous studies mentioned,

water vapor barrier properties can be increased by
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CNF coating, but the CNF coating has a limit to

enhancing water vapor barrier properties. (Ferrer et al.

2017; Hubbe et al. 2017). Previous studies on CNF

coatings as a barrier coating agent on paper have

revealed the barrier and mechanical properties of

CNF-coated papers; however, they did not investigate

systematically the effects of various types of CNFs on

the barrier properties. CNF properties can be varied by

pretreatments, post-treatment, or selection of different

types of raw materials.

Chemical pretreatment or lignin containing feed-

stock not only reduces the production cost of CNFs but

also enhances the barrier properties of its films.

Pretreatments, for example, carboxymethylation and

TEMPO-oxidation, are conducted to reduce the

nanofibrillation energy by inducing electrostatic

repulsive forces between cellulose (Saito et al. 2006;

Wågberg et al. 2008; Im et al. 2018). Carboxymethy-

lated CNFs or TEMPO-oxidized CNFs can produce

self-standing films or be coated on polymer films,

which show higher barrier properties than CNF films

from untreated pulps (Fukuzumi et al. 2009, 2013;

Hubbe et al. 2017). Lignocellulosic nanofibrils

(LCNFs), which are usually prepared from unbleached

pulp, are applied to make barrier films. The presence

of lignin suggests that lignocellulosic nanofibrils films

can resist wetting (Rojo et al. 2015; Herrera et al.

2018).

CNF film or CNF-coated paper needs to overcome

challenges such as water vapor barrier performance.

Water molecules easily transmit through or are

absorbed on hydrophilic cellulose films (Ferrer et al.

2017; Hubbe et al. 2017). To improve water vapor

barrier property of CNF-based substances, incorpora-

tion of inorganic fillers or cross-linking agents and

chemical modification of CNF have been introduced.

Inorganic fillers or cross-linking could be added to

enhance water vapor barrier performance of CNF films

because these fillers give more tortuosity to CNF

matrix (Spence et al. 2011; Tayeb and Tajvidi 2019).

As water sorption behavior affects water vapor

permeability of cellulose materials (Belbekhouche

et al. 2011; Bedane et al. 2015), chemical modification

for the hydrophobization of cellulose was also applied

to prepare the barrier CNF films (Rodionova et al.

2011; Peresin et al. 2017; Solala et al. 2018). However,

most hydrophobization processes require solvent

exchange, which is an expensive, environmentally-

unfriendly and time-consuming procedure. In recent

studies, hydrophobization in an aqueous system was

proposed to solve the problems of solvent exchange.

Silylation in an aqueous system was applied to prepare

hydrophobic CNF aerogels, and the modified aerogels

can absorb grease (Zhang et al. 2015; Zanini et al.

2017). AKD, which is a neutral sizing agent, can also

modify CNF films with water repellent surfaces (Yang

et al. 2014; Tarres et al. 2016; Goo et al. 2018).

In this study, we investigated the effects of the coat

weight and the characteristics of the CNFs on the

barrier properties of CNF-coated papers. Untreated

CNFs produced from bleached kraft pulp were chosen

as the control. Lignocellulosic nanofibrils were

obtained from unbleached kraft pulp, and modified

CNFs were prepared via carboxymethylation pretreat-

ment and hydrophobization post-treatment. CNF and

modified CNF coatings were conducted, and their

barrier properties against air, liquid water, water

vapor, oxygen, and grease were analyzed. We tried

to clarify the major factors of the barrier coating using

CNFs for accomplishing efficient barrier properties,

and we aimed to suggest how to make an eco-friendly

paper packaging material with high barrier

performance.

Materials and methods

Materials

Never-dried hardwood bleached kraft pulp (Hw-BKP)

and never-dried hardwood unbleached kraft pulp (Hw-

UKP), which were supplied from Moorim P&P

(Korea), were used for preparation of the CNF and

LCNF. Monochloroacetic acid, isopropanol,

hydrochloric acid, and sodium hydroxide were pur-

chased as lab grade. Methyltrimethoxysilane (MTMS)

was purchased from Sigma Aldrich, and an alkyl

ketene dimer (AKD) emulsion was supplied by

Taegwang Chemicals (Korea) for post-treatment with

CNFs. Two different types of base paper, commer-

cially produced linerboard (Taelim Paper, Korea) and

wood-free base paper (Moorim Paper, Korea), were

used for CNF coating. Table 1 shows the properties of

the base papers.
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Preparation and characterization of CNFs

To investigate how pretreatment or post-treatment of

cellulose nanofibrils affects the barrier properties of

the coated papers, five kinds of cellulose nanofibrils,

untreated cellulose nanofibril (CNF), lignocellulose

nanofibril (LCNF), carboxymethylated cellulose

nanofibril (CM-CNF), silylated cellulose nanofibril

(S-CNF) and AKD-added CNF (AKD-CNF), were

prepared. CNF was prepared from Hw-BKP. A 2%

Hw-BKP suspension was passed through a grinder

(Masuko Sangyo, Japan) 20 times. The gap size

was - 80 lm, and the rotor speed was 1,500 rpm.

LCNF was prepared by grinding the Hw-UKP sus-

pension in the same manner as the preparation of CNF.

For the preparation of CM-CNF, Hw-BKP was first

carboxymethylated according to the previously

described method (Im et al. 2018). Carboxymethy-

lated Hw-BKPwas ground under the condition of CNF

grinding, but the carboxymethylated pulp suspension

was passed through the grinder 7 times. To improve

the resistances against wetting and water vapor

transmission, hydrophobization was performed as

post-treatment using organosilane and AKD. S-CNF

was prepared by adding hydrolyzed organosilane to a

CNF suspension, which was adopted from Zhang‘s

report (Zhang et al. 2015). MTMS was prehydrolyzed

under acidic aqueous condition at pH 4, and then,

prehydrolyzed MTMS was added to the CNF suspen-

sion at pH 4. The weight ratio of MTMS to CNF was

1:1. AKD-CNF was prepared by adding an AKD

emulsion to a CNF suspension. The addition level of

AKDwas 3 to 5 wt% based on the oven dried weight of

the CNFs. Figure 1 shows a scheme for preparing the

different types of CNF suspensions for coating. The

morphology of the CNFs was examined using field

emission scanning electron microscopy (FE-SEM,

Supra 55VP, Carl Zeiss, Germany), and the average

width of the CNFs was determined by measuring the

widths of a hundred fibrils in SEM images.

CNF coating on papers and characterization

of the coating layer

CNF, LCNF, CM-CNF, S-CNF, and AKD-CNF

suspensions were coated on the base papers using a

laboratory coater (AB3120, TQC, Netherland) at a

coating speed of 70 mm/s. The consistency of the

CNF, LCNF, and AKD-CNF suspensions was

adjusted to 1.5%. In the case of CM-CNF suspension,

the consistency was adjusted to 1% to reduce the

viscosity for even coating. The consistency of the

S-CNF suspension was adjusted to 2%. Coat weights

were controlled by a four-sided applicator with

different gap sizes. Coated paper was dried in a hot

air dryer at 120 �C and then passed through a drum

dryer once. Coat weight was calculated by measuring

the dried weights of the papers before and after

coating. The morphology and hydrophobicity of the

coating layer were investigated to examine the rela-

tionship between the barrier properties and the prop-

erties of coating layer. Surfaces and cross-sections of

the coated papers were examined using FE-SEM. The

hydrophobicity of five kinds of CNF-coated papers

was evaluated by water contact angle (WCA) mea-

surements. The water contact angle was measured in

triplicate by DSA 100 (Krüss GmbH, Germany).

Evaluation of barrier properties

Barrier properties against air, water, water vapor,

oxygen and grease were evaluated to investigate the

effects of the CNF coating. Air resistance was

measured by Gurley air permeability in accordance

with TAPPI method T460. The amount of time

required for 100 cc of air to permeate was measured.

The upper limit of the instrument was 100,000 s/

100 cc. Water resistance was evaluated by the Cobb

test, which was performed in accordance with TAPPI

method T441. A preconditioned specimen cut to

12.5 cm 9 12.5 cm was fasten inside the Cobb tester.

One hundred milliliters of deionized water was placed

Table 1 Properties of the

base papers
Linerboard Wood-free base paper

Basis weight (g/m2) 180 ± 1 215 ± 1

Apparent density (g/cm3) 0.79 0.81

Gurley air permeability (s/100 cc) 40.4 ± 1.7 45.7 ± 2.6

Water contact angle (�) 21.5 67.9
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inside the test ring. After 60 s of absorption, water was

removed from the test equipment, and the remaining

water was removed by blotting papers. The Cobb

value was reported as the mass of absorbed water

divided by the area of the circular ring. The water

vapor transmission rate (WVTR) was evaluated in

duplicate by TAPPI method T448. A specially

designed cup containing oven-dried silica gel was

sealed with the coated papers and sealants, and the

assembled cup was then exposed for 24 h at 23 �C and

50% RH. The WVTR was calculated from the

difference in weight before and after exposure for

24 h. The oxygen transmission rate (OTR) was

determined with Illinois 8003 (Systech, USA) at 23�
C and 0% RH, and the area of the measurement was at

least 169 cm2. Grease resistance was measured by a kit

test in accordance with TAPPI method T 559. Kit

solutions were made by mixing n-heptane, toluene,

and castor oil, and then, the kit solutions were dropped

on preconditioned specimens. If the solution darkened

the coated paper, then a lower grade of kit solution was

dropped until the solution did not stain the coated

paper. The kit rating value was determined by the

grade of the kit solution that did not penetrate the

coated paper, and the average kit number of five

measurements was recorded.

Results and discussion

SEM observation of CNF-coated papers

Figure 2 shows the surface of the CNF-coated papers

depending on the coat weight. Microscale pores were

observed in uncoated paper, as shown in Fig. 2a.

When the coat weight was 6 g/m2, pores between pulp

fibers were filled with CNFs, but the CNF coating was

insufficient to cover the fibers completely because the

appearance of fibers was noticeable on the surface.

When the coat weight was approximately 10 g/m2, the

CNF coating layer covered the surface of the base

papers completely, as shown in Fig. 2c. Figure 3

shows the cross-section images of the CNF-coated

papers. Unlike the base paper, a CNF layer was formed

on the surface of the papers in Fig. 3b, c, which is

similar to those of the previous studies (Kumar et al.

Fig. 1 A scheme for the preparation of different types of CNFs
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2016, 2017; Mousavi et al. 2018). When the coat

weight increased, the thickness of the coating layer

increased. The CNF coating layer on the paper coated

at high coat weight would be helpful for increasing

barrier properties.

Figure 4 shows the surface images of the base

paper, CNF-, LCNF-, CM-CNF-, S-CNF-, and AKD-

CNF-coated papers with coat weights of approxi-

mately 10 g/m2. CNFs formed a network by aggrega-

tion and entanglement, and the CNF layer totally

covered the pores of the base papers. Compared to the

CNF and LCNF coatings, the CM-CNF coating

appeared to have denser coating layers with smaller

pores. In the case of S-CNF and AKD-CNF, they were

similar to CNF because silylation and AKD cannot

change the structures of CNFs. The surface porosity of

the coated papers was affected by the CNF morphol-

ogy. Table 2 represents the average diameter of the

various types of CNFs in this study. LCNF had the

largest diameter among CNF types because lignin

interfered with the nanofibrillation of unbleached

pulps for the same number of grinding passes. The

diameter of CM-CNF was the smallest due to the

effect of carboxymethylation, which facilitates

nanofibrillation by imparting electrostatic repulsive

forces between cellulose fibrils. In the case of S-CNF

and AKD-CNF, their diameters were not significantly

different from that of the untreated CNF, because post-

treatments such as silylation or AKD addition did not

affect the morphology. That is, chemical pretreatment

of CNFs resulted in different morphologies and

chemical properties of the untreated CNF, whereas

post-treatment mainly affected the chemical proper-

ties of the CNFs. The difference in fibril morphology

including diameter, length and aspect ratio may affect

the structure of the CNF coating layer. A smaller CNF

diameter can be advantageous for forming a denser

coating layer, and CNFs with higher aspect ratio

(smaller diameter and longer length) can improve

barrier properties against air and oxygen because of

increased tortuosity.

Air resistance

Figure 5a shows the Gurley air permeability of the

CNF-coated wood-free paper with coat weight. Gurley

air permeability exponentially increased with increas-

ing coat weight for all types of CNF coatings. The

Fig. 2 Surface images of the CNF-coated wood-free paper with different coat weights (a: base paper, b: CNF at 6 g/m2, c: CNF at 10 g/

m2)

Fig. 3 Cross sectional images of the CNF-coated wood-free papers with different coat weights (a: base paper, b: CNF at 6 g/m2, c:
CNF at 10 g/m2)
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Fig. 4 SEM images of surface-coated wood-free paper with different types of CNFs at 10 g/m2 (a: base paper, b: CNF, c: L-CNF, d:
CM-CNF, e: S-CNF, f: AKD-CNF)

Table 2 Average diameter of the CNFs

Type CNF LCNF CM-CNF S-CNF AKD-CNF

Average diameter (nm) (SD) 46 (17) 68 (20) 15 (3) 55 (11) 35 (18)
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Gurley air permeability of the base papers was

approximately 40 s/100 cc, but it reached approxi-

mately 700 s/100 cc at the coat weight of 4.5 g/m2 and

exceeded the upper limit of the measurement at a coat

weight of 10 g/m2. Figure 5b shows the Gurley air

permeability of the papers coated with different types

of CNFs. Base paper, linerboard, had very low air

permeation resistance, but the Gurley air permeability

of the CNF-coated paper increased by 17 times that of

the base paper, even at a coat weight of 6 g/m2. The

LCNF coating had lower Gurley air permeability than

any other CNF coatings, whereas the CM-CNF

coating exhibited the highest air permeation resis-

tance, which was 147 times higher than that of the

CNF coating. The S-CNF and AKD-CNF coatings had

similar air permeation to the CNF coating. Several

studies have reported that the coat weight significantly

affects barrier properties because the coating layer is

more uniform and thicker at high coat weights than at

low coat weights (Aulin et al. 2010; Lavoine et al.

2014; Kumar et al. 2016). When comparing the results

of LCNF- and CM-CNF-coated paper, fibrils with

smaller diameters were helpful in preventing air

permeation because they can form denser networks

and decrease the pore size, which inhibits passage of

substances such as air molecules (Spence et al. 2011).

Post-treatments in this research did not affect the

diameter of the CNFs significantly, so the S-CNF and

AKD-CNF coatings resulted in Gurley permeability

values similar to CNF.

Water contact angle and Cobb value

Wettability is closely related to the surface chemical

properties of a substance such as paper and CNF films

(Washburn 1921). Table 3 shows the water contact

angles of diverse types of CNF-coated papers at 1 s.

Unlike the base paper, the WCA of the CNF-coated

paper was approximately 40� due to the presence of

the hydrophilic hydroxyl groups of cellulose. CM-

CNF had a slightly higher WCA than CNF, but the

CM-CNF coating was hydrophilic because car-

boxymethyl groups are ionic functional groups. The

WCA of LCNF indicated that the coating layer was

more hydrophobic than the CNF- and CM-CNF-

coated papers due to the presence of lignin. However,

the WCA of LCNF was smaller than 90� because of

the hydrophilic groups that formed during the kraft

pulping process (Ferrer et al. 2012). S-CNF and AKD-

CNF had hydrophobic surfaces with WCAs over 90�.
This means that silylation and AKD addition changed

the surface chemical properties of CNFs from

hydrophilic to hydrophobic by the introduction of

hydrophobic functional groups to cellulose.

A high coat weight reduced the Cobb values of the

coated papers, similar to the Gurley air permeability.

Figure 6 shows the Cobb value of the coated liner-

board and wood-free papers. When the coat weight

increased, the Cobb value decreased rapidly. The

reduction rate is dependent on the type of CNF. When

the coat weight reached approximately 10 g/m2, the

Cobb value dropped by 75% in both the linerboard and

wood-free paper, except for the LCNF coating. A high

coat weight reduced the penetration of liquid water by

Fig. 5 Gurley air permeability of the coated linerboard papers depending on a coat weight and b various types of CNFs
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eliminating pores and densely packed coating layers

(Lavoine et al. 2014). In contrast, the low coat weight

of CNF cannot ensure a barrier to water absorption

though hydrophobized CNFs were applied on the

paper. This was likely because the coverage or

thickness of the CNF coating layer was not sufficient

as shown Fig. 2.

The pre- or post-treatment of CNFs resulted in

different Cobb value curves. The LCNF coating

absorbed more water than any other CNF coating at

similar coat weights, but S-CNF and AKD-CNF had

lower Cobb values than the other CNF coatings at

similar coat weights. The CM-CNF coating did not

have a significant difference from the CNF coating in

the case of the Cobb values. In short, hydrophobized

S-CNF and AKD-CNF had better water resistances

than CNF, and the LCNF coating had the highest

wettability.

The effects of hydrophobization and fibril size

caused the differences in the wettability of the coating

layers. As shown in Table 3, hydrophobicity is one of

the major factors determining the wettability of the

coating layer. S-CNF and AKD-CNF were resistant to

water absorption when the coat weight was approxi-

mately 5 g/m2. When CNFs were hydrophobized by

silylation (Zhang et al. 2015; Zanini et al. 2017) or

AKD addition (Yang et al. 2014; Goo et al. 2018), this

interfered with water absorption. However, the wider

diameter of LCNFs was adverse for preventing the

absorption of liquid water, although the hydrophobic-

ity of the LCNF was generally higher than that of the

cellulose nanofibrils from the bleached pulp (Abe et al.

2009; Chinga-Carrasco et al. 2012; Herrera et al.

2018). This can be explained by the fact that the size of

the voids also increases when the average width of the

fibrils increases (Spence et al. 2011). Hence, liquid

water can penetrate the coating layer due to the larger

size of the pores. Despite the narrow diameter of CM-

CNF, CM-CNF has a hydrophilic nature due to the

presence of carboxymethyl groups attracting water

molecules. Therefore, CM-CNF is not effective in

preventing wetting and penetration unlike S-CNF or

AKD-CNF.

Table 3 Water contact angles of CNF coated papers

Type Base paper CNF LCNF CM-CNF S-CNF AKD-CNF

Average WCA at 1 s (�) 68 41 72 61 110 113

Fig. 6 Cobb values of the coated papers with different types of CNFs (a: linerboard, b: wood-free paper)
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WVTR

Chemical modification of CNFs affected the water

vapor transmission rate of the coated papers at similar

coat weights. Figure 7 depicts theWVTR values of the

coated papers against the coat weight. The coat weight

also affects the WVTR of the coated papers, such as

the air permeability and water absorption. When the

coat weight was approximately 10 g/m2, the differen-

tial of the WVTR curves was close to zero. The

hydrophobization method of CNFs clearly affected

water vapor transportation in the coating layer on both

linerboard and wood-free base paper. The CNF,

LCNF, and CM-CNF coatings had similar values,

and the S-CNF-coated paper had a higher WVTR than

the CNF- coated paper. AKD-CNF exhibited a low

WVTRwhen the coat weight increased. TheWVTR of

the CNF-coated paper was approximately 300 g/m2

�day which was about 55% reduction compared to base

paper, whereas the AKD-CNF-coated paper exhibited

approximately 100 g/m2 �day at 10 g/m2 coat weight.

In summary, a coat weight of 10 g/m2 decreased the

WVTR, and AKD-CNF effectively decreased the

WVTR among the examined CNFs in this study. It is

difficult to compare our result with others in the

literature because the type of base paper, CNF

properties, and coating method are different. Accord-

ing to previous studies, CNF-coated papers have the

WVTR ranging from 100 to 450 g/m2 �day. Mousavi

et al. (2017) reported the gCNF-coated paper had

390 g/m2 �day at a coat weight of 4.4 g/m2. When

carboxymethylcellulose (CMC) was added to CNF

suspension, the coat weight increased but the WVTR

of the gCNF/CMC-coated paper was not significantly

improved. Kumar et al. (2016) reported the WVTR of

approximately 100 g/m2 �day by coating CNF/CMC

suspension at 9 g/m2 on linerboard using a roll-to-roll

coater.

The effect of chemical modification can be

explained by the mechanism of water vapor trans-

portation via cellulose materials. Water vapor also

passes through cellulose by successive sorption

(Okubayashi et al. 2004), so the diffusion coefficient

of CNF films is strongly related to the solubility of the

surface (Belbekhouche et al. 2011). CNFs without

chemical pretreatment have abundant hydroxyl

groups, and CM-CNF had hydrophilic carboxyl

groups with unreacted hydroxyl groups. Therefore,

in the CNF and CM-CNF coatings, it was hard to

reduce the solubility of water vapor even though CM-

CNF formed denser films. Therefore, an increase in

the coat weight can reduce the WVTR to a certain

extent, but this is not a desirable solution to decrease

water vapor sorption through a hydrophilic CNF

coating layer. After all, a hydrophobic polymer or an

inorganic filler can be a way to increase the water

vapor barrier properties.

LCNF originated from lignin-rich unbleached

pulps, and hydrophobic lignin may help interfere with

Fig. 7 Water vapor transmission rate of CNF coated papers with different types of CNFs (a: linerboard, b: wood-free paper)
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the sorption of water vapor on the LCNF coating.

Despite the presence of lignin, the LCNF coating had a

similar WVTR to CNF because the hydrophobicity of

lignin was not enough to decrease the sorption of water

vapor. Both S-CNF and AKD-CNF were hydropho-

bized CNFs, which was confirmed by their WCA

values. However, theWVTR values of the S-CNF- and

AKD-CNF-coated papers were surprisingly different.

The chemical structure of MTMS and AKD may

induce differences in water vapor sorption. MTMS

was hydrolyzed in water, and bonded with other

MTMS or hydroxyl groups of cellulose (Zhang et al.

2015). Therefore, S-CNF had silanol groups and short

alkyl groups from MTMS. Otherwise, AKD had long

alkyl groups and bound with CNFs by b–keto ester

bonds. As shown in Fig. 8, hydrophobic groups in

S-CNF might not prevent effective transportation of

water vapor because of the short length of the

hydrophobic alkyl groups. Hydrophobic chains from

AKD may effectively interrupt the sorption of water

vapors. In short, a long chain length is advantageous

for the prevention of water vapor transmission.

OTR

Oxygen transmission also decreased with the coat

weight and modification of CNFs. Figure 9 shows the

OTR values of the coated papers, and the upper limit

of the OTR measurement instrument was 400,000

cm3/m2�day. A coat weight under a certain value did

not show detectable oxygen barrier properties. For

instance, the OTR of the CNF coating at 5 g/m2 was at

the upper limit, which indicates no barrier to oxygen.

Modification of CNFs may also affect the OTR values

at a high coat weight. CM-CNF had a lower OTR

value than the CNF coating. In contrast, the LCNF

coating was permeable against oxygen regardless of

the coat weight. Only the LCNF coating on linerboard

at 10 g/m2 reduced the OTR values. S-CNF and AKD-

CNF also did not have barrier properties at coat

weights lower than 9 g/m2, and the reduction rate of

S-CNF was smaller than that of CNF. In the case of

AKD-CNF coating, the coated papers had a lower

oxygen transmission rate than the CNF coating.

These results revealed that the morphological and

chemical characteristics of CNFs might affect the

oxygen barrier properties. In the literature, CNF films

or CNF coatings on polylactic acid films showed low

OTR and oxygen permeability, for example,

0.5–1.0 cc�lm/m2�day�kPa (Ferrer et al. 2017; Roilo

et al. 2017), because of the dense packing structure of

the CNF film (Aulin et al. 2010; Lavoine et al. 2012;

Hubbe et al. 2017). Smaller diameter fibrils can reduce

the average size of pores and increase the contour

length of the pathway, according to the literature

(Ottesen et al. 2017). This clue is one of the reasons

why fibrils with smaller diameters are more advanta-

geous for decreasing the OTR. In the case of S-CNF

and AKD-CNF, the fibril diameter did not affect the

diffusion of oxygen. Nonpolar gases, such as oxygen,

are difficult to solubilize on cellulose (Belbekhouche

et al. 2011), so low diffusivity is the main barrier

mechanism of oxygen transmission in cellulose

nanofibrils films (Fukuzumi et al. 2013). In the case

Fig. 8 A scheme of the chemical reaction of S-CNF- and AKD-CNF-coated papers
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of untreated CNF, it is proposed that interactions

between fibrils contribute to the interference with the

diffusion of oxygen (Hubbe et al. 2017). If CNFs are

functionalized toward nonpolar surfaces via

hydrophobization, oxygen can be transmitted via

substituted functional groups (Peresin et al. 2017).

MTMSwas added as 100% of the oven dried weight of

CNFs in S-CNF, so substituted areas would be a

pathway for oxygen transmission. Otherwise, when

AKD was added as 3% of the oven dried weight of the

CNFs in AKD-CNF, hydroxyl groups may remain

unreacted. Unreacted hydroxyl groups may be avail-

able to form networks that interfere with oxygen

transmission. Hence, the fibril width and chemical

properties affect the oxygen permeability of the CNF

coating layer. However, the OTR values were too high

for use as barrier packaging paper, and should be

improved by developing an effective coating structure

or incorporating other coating materials.

Grease resistance

The grease resistance of the coated papers evaluated

by the kit test method is plotted in Fig. 10. In the kit

test method, when the kit number is close to 12, the

grease resistance of the specimen is high. The 0 kit

number means that a specimen does not have grease

resistance. The graph shows that a higher coat weight

of CNF enhanced the grease resistance of the coated

papers, similar to other barrier properties. For

example, a 4 g/m2 CNF coating showed kit number

of 1.5, whereas 9 g/m2 CNF coating exhibited a more

impenetrable surface, with a 12 kit number. LCNF

more rapidly absorbed grease than CNF at a similar

coat weight, so the kit number of LCNF was lower

than other CNFs. Conversely, CM-CNF had higher kit

values than CNF. For example, the CM-CNF coating

was 9.7 kit number, while the CNF coating was 1.5 kit

number. S-CNF andAKD-CNF had a similar tendency

to CNF, but the hydrophobized CNFs had a lower kit

number than the CNF coating.

Fig. 9 Oxygen transmission rate of the coated papers (a: linerboard, b: wood-free paper)

Fig. 10 Grease resistance (kit number) of the coated wood-free

papers
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The greater grease resistance of the coated papers

depended on the diameter of the CNFs, such as the

Gurley air permeability, which could be found in the

literature. According to Mousavi et al. (2018), gCNF-

coated paperboard showed approximately 9 kit num-

ber at a coat weight of 9 g/m2, and rCNF exhibited

lower kit value than 2 at 8 g/m2 coat weight. The most

fibrils of gCNF have a diameter between 20 and

40 nm, whereas most of rCNF fibrils are larger than

100 nm. It also indicates that the diameter of CNFs

affects grease resistance. The grease resistance of

CNF-coated papers showed a relationship with the air

resistance of the coated papers, as mentioned previ-

ously (Aulin et al. 2010; Kumar et al. 2016; Mousavi

et al. 2017). In the literature, smaller pores interrupted

the penetration of grease and air by extending the path

(Aulin et al. 2010). Hence, CM-CNF had a higher

resistance than other CNF coatings. However, CNF

coatings with small diameters are needed to obtain a

high grease resistance. Hydrophobization of CNFs

means that some hydroxyl groups are substituted by

hydrophobic chains, such as aliphatic carbon chain.

The intrinsic hydrophilicity and hydrogen bonds of

CNFs have been suggested to provide the grease

barrier properties of CNF coatings in previous studies

(Aulin et al. 2012; Kumar et al. 2014; Hubbe et al.

2017). The presence of siloxane and long alkyl groups

may cause a loosening effect in the hydrogen bonds

between CNFs. Therefore, the S-CNF coating and

AKD-CNF coating exhibited a lightly lower grease

resistance than the CNF coating.

Conclusions

Various types of CNFs were investigated as barrier

coating materials to produce eco-friendly packaging

with improved barrier properties. Five different types

of cellulose nanofibrils, CNF, LCNF, CM-CNF,

S-CNF, and AKD-CNF, were prepared by grinding

BKP and UKP and pre- and post-treatment steps. The

materials were coated on linerboard and wood-free

papers with different coat weights. The barrier prop-

erties against air, liquid water, water vapor, oxygen,

and grease were examined depending on the coat

weight and CNF type. The coat weight of the CNFs

had a strong impact on the barrier performance, and

the coat weight for effective barrier properties was

10 g/m2. The LCNF-coated paper was the most

permeable in this study. The CM-CNF coating exhib-

ited better barrier properties than the CNF coating.

Both organosilane and AKD made hydrophobic

coating layers, so the S-CNF- and AKD-CNF-coatings

increased the water resistance. However, only the

AKD-CNF coating enhanced the water vapor barrier

properties due to the presence of long alkyl chains.

Based on these results, it was found that the coat

weight must reach a certain level to show barrier

properties. A low coat weight cannot provide barrier

properties due to insufficient coverage and thickness.

In this study, 10 g/m2 is a suitable coat weight for

noticeable barrier performance against air, liquid

water, water vapor, and grease. Second, a smaller

CNF diameter is advantageous for reducing the

permeation of substances such as water vapor and

oxygen. Finally, hydrophobization of CNFs is bene-

ficial to enhance water-related barrier properties, and

the functional group of the hydrophobic chemical

affects water vapor transmission. Modified CNF

coatings decreased wettability, but the difference in

functional groups induced a discrepancy in the barrier

properties against water vapor and oxygen. Air

resistance, oxygen barrier properties and grease resis-

tance were mainly related to the average fibril

diameter, and the fibril diameter should be narrow at

a certain value. Further study on a strategy for CNF

coating to remarkably improve barrier properties

against water vapor and oxygen is needed.
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