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Cellulose nanofibril (CNF) suspensions are not easily coatable because of 
their excessively high viscosity and yield stress, even at low solids 
concentrations. In addition, CNF suspensions vary widely in their 
properties depending on the production process used, which can affect 
their processability. This work reports roll-to-roll coating of three different 
types of CNF suspensions with a slot-die, and the influence of rheology 
and water retention on coatability is addressed. The impact of CMC 
addition on the high and low shear rate rheology, water retention, 
coatability, and final coating quality of these suspensions is reported. All 
three CNF suspensions were coated successfully using the slot-die 
coating process. CMC addition further improved the coatability by 
positively influencing both the low and high shear rate viscosity and water 
retention of the CNF suspensions. All CNF coatings significantly improved 
the air, heptane vapor, grease and oil barrier, while reducing the water 
vapor transmission rate to some extent. 
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INTRODUCTION 
 

Environmental benefits, such as sustainability, biodegradability, renewability, and 

biocompatibility, have led to a significant interest in bio-based raw materials such as 

cellulose nanomaterials. These, in one form or another, have been tested in a wide spectrum 

of applications in the past decade. Numerous literature reviews, doctoral theses, and book 

chapters have recently covered applications spanning food packaging (Johansson et al. 

2012; Paunonen 2013; Khan et al. 2014; Li et al. 2015; Azeredo et al. 2016; Hubbe et al. 

2017), composites (Siqueira et al. 2010; Spence et al. 2011; Khan et al. 2014; Lee et al. 

2014; Khalil et al. 2016), rheology modification and colloid science (Dimic-Misic 2014; 

Salas et al. 2014), and biomedical uses (Lin and Dufresne 2014; Plackett et al. 2014; Hua 

2015; Jorfi and Foster 2015; Liu et al. 2016) to printed and flexible electronics (Zheng et 

al. 2013; Kim et al. 2015; Hoeng et al. 2016). Based on the production method used, these 

plant-derived cellulose nanomaterials have been classified into two main categories: 

cellulose nanocrystals (CNC) and cellulose nanofibrils (CNF). CNCs are mostly prepared 

by acid hydrolysis of cellulose fibers (Nickerson and Habrle 1947; Rånby 1949; 

Marchessault et al. 1959), and the progress in the production and characterization of CNCs 

has been reviewed recently (Habibi et al. 2010; Ramires and Dufresne 2011; Mariano et 

al. 2014; George and Sabapathi 2015). CNFs, on the other hand, are manufactured by 
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mechanical fibrillation of cellulose fibers using high shear forces (Turbak et al. 1983). 

Enzymatic (Pääkkö et al. 2007) and/or chemical pretreatments, such as TEMPO-mediated 

oxidation (Saito and Isogai 2004; Saito et al. 2006) or carboxymethylation (Wågberg et al. 

2008), have also been applied to reduce the energy consumption and simultaneously 

improve the degree of fibrillation during mechanical processing. A vast amount of 

literature reviews addressing various aspects of CNFs (Eichhorn et al. 2010; Isogai et al. 

2011; Klemm et al. 2011; Moon et al. 2011; Lavoine et al. 2012; Isogai 2013; Brodin et 

al. 2014; Osong et al. 2016; Nechyporchuk et al. 2016a) have been published in a short 

span of time, demonstrating the enormous attention CNFs have gathered from the scientific 

community.   

Rheology and water retention of traditional pigment coating suspensions are some 

of the key parameters controlling their coatability. It is even more important to characterize 

these properties for CNF suspensions due to their complex flow behavior and high water 

content. Rheology of CNF suspensions has been studied in detail by many research groups 

(Pääkkö et al. 2007; Lasseuguette et al. 2008; Agoda-Tandjawa et al. 2010; Iotti et al. 

2011; Mohtaschemi et al. 2014; Nechyporchuk et al. 2014; Naderi and Lindström 2016; 

Nazari et al. 2016; Schenker et al. 2016) over the past decade, and has been critically 

evaluated in a recent book chapter by Naderi and Lindström (Naderi and Lindström 2015) 

and a review by Nechyporchuk et al. (2016b). Most of these studies report rheological 

behavior of CNF suspensions in boundary-driven flow. Pressure-driven flow behavior, 

which is also important for processing purposes, has not received much attention excepting 

some recent studies (Moberg et al. 2014; Haavisto et al. 2015; Kumar et al. 2016b). There 

have been many studies on water retention of CNF suspensions (Turbak et al. 1983; Saito 

et al. 2007; Cheng et al. 2010; Lahtinen et al. 2014), but there is a lack of research work 

on the role of water retention of CNF suspension on its processability into coatings. Dimic-

Misic (2014) and Rantanen et al. (2015) reported improvement in water retention of 

pigment suspensions with CNF addition. Kumar et al. (22016a) and Mousavi et al. (2017) 

recently reported the water retention of mechanically produced pure CNF suspensions and 

its impact on the coating quality obtained. However, there is still a need to understand the 

difference between water retaining abilities of various CNF types and the role it plays in 

their coatability.  

Coating of CNF suspensions has been of high interest to the scientific community 

in the past decade. Syverud and Stenius (2009) and Aulin et al. (2010) were among the 

first to report an improvement in air resistance of paper with microfibrillated cellulose 

(MFC) coating. Kinnunen-Raudaskoski et al. (2014) and Beneventi et al. (2014) used foam 

coating and spray coating techniques, respectively to apply nanocellulose on paper and 

reported a reduction in air permeability. Lavoine et al. (2014a) reported improvement in 

strength properties of cardboard with MFC coating applied using bar coating process. The 

same group (Lavoine et al. 2014b) also reported comparison between two different MFC 

coating application techniques: bar coating and size press. They observed considerable 

improvement in air barrier and bending stiffness of paper coated with MFC using bar 

coating. Afra et al. (2016) showed that CNF coating improves surface smoothness, surface 

strength, tensile strength, stiffness and air resistance of paper. At the same coat weights, a 

double coating layer applied at low solids (1.5 wt%) concentration performed better than a 

single coating layer applied at high solids (3 wt%) concentration. Herrera et al. (2016) 

reported dip and spin coating techniques of nanocellulose on two different porous cellulose 

substrates. They found the dip coating technique to be more suitable for the substrate with 

large pore size because the thick coating applied with this technique delaminated from the 
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substrate with small pores. On the other hand, the spin coating technique was more suitable 

for the substrate with small pore size due to insufficient coverage obtained with spin 

coating in case of the substrate with large pores. They also saw improvement in oxygen 

barrier with nanocellulose coating, but prolonged storage and humidity diminished the 

barrier performance. In a later study, the same group (Herrera et al. 2017) used a dip 

coating technique to apply nanocellulose as thick multilayers on a porous paper, and 

plasticization of nanocellulose coating with sorbitol or cross-linking with citric acid were 

found to improve the water vapor and oxygen barrier. Improvement in anti-bacterial 

functions of substrate with CNF coating was recently reported by Amini et al. (2016), 

where they utilized colloidal silver (Ag) nanoparticles in the coating. Water vapor 

transmission rate, oil resistance, and tensile strength of CNF/Ag coated papers were 

improved as well. Some groups have also reported printability improvements with 

nanocellulose coating on paper (Song et al. 2010), and woven and non-woven fabrics 

(Hamada and Mitsuhashi 2016). In addition, Hamada and Mitsuhashi observed an 

improvement in air resistance and heat retention properties of fabrics with CNF coating. 

Mousavi et al. (2017) recently reported drawdown rod coating of mechanically produced 

CNFs on paperboard to improve air, water, moisture, and grease barrier performance and 

found that CMC used as an additive improved coatability and final coating quality. In 

addition, a higher degree of fibrillation of CNF material led to more uniform coating and 

thus superior barrier performance. Ridgway and Gane (2012) and Kumar et al. (2017) 

reported the impact of substrate properties on coatability of mechanically produced CNF 

suspensions and the final coating quality obtained. Kumar et al. (2017) found a smooth, 

but porous, and highly hydrophilic substrate to be an optimal choice for nanocellulose 

coating application. Ridgway and Gane (2012) investigated coating uniformity and holdout 

of CNF on a base paper and an absorbent pre-coating layer. CNF showed excellent holdout 

on absorbent pre-coating layer contrary to the base paper, leading to a higher improvement 

in paper stiffness and surface properties when applied on the porous pre-coating layer. 

Recently, Hubbe et al. (2017) have provided a thorough review of literature on 

nanocellulose used in coatings.  

Most reports so far have been based on small-scale batch processed coatings. 

Continuous coating of CNF suspensions is of interest for it to be relevant for industrial-

scale production. However, there are various challenges associated with continuous coating 

of CNF suspensions. CNF suspensions are highly viscous and demonstrate yield stress 

behavior, making it difficult to pump them to the coating unit and subsequently form a thin 

wet film. They also contain large amounts of water, usually more than 95 wt%, which 

makes it challenging to dry the coating; paper-based substrates may not withstand such 

large amounts of water, leading to runnability problems such as web breaks. One of the 

recent processes reported by the authors of this work enabled roll-to-roll coating of CNF 

suspension by utilizing its shear thinning behavior (Kumar et al. 2016a; Ottesen et al. 

2017). CNFs can differ considerably in their properties depending on the production 

method used (Syverud et al. 2011; Kumar et al. 2014; Naderi and Lindström 2016). It is 

therefore important to determine how different CNF suspensions behave when coated using 

the said process. In addition, there has been a lack of research work addressing the role of 

rheology, especially at high shear rates, and water retention on the coatability of CNF 

suspensions. An understanding of the rheological and water retention properties of CNF 

suspensions can give insight into their behavior in a coating process. The main objectives 

of this work are therefore as follows: 
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1. To determine the coatability of three different types of CNF suspensions in a roll-to-

roll process and specifically understand the influence of rheology and water retention 

on the same; 

2. To understand the impact of CMC addition on water retention and rheological 

properties of these suspensions, and their relation to coatability; and 

3. To investigate barrier properties to gain insights into the final coating quality achieved. 

The aim of this study is to enrich further the understanding of the coatability of 

different nanocellulose materials for various applications. 

 

 
EXPERIMENTAL 
 

Materials 
Three different types of dilute cellulose nanofibril (CNF) suspensions (0.85% 

solids) were produced using the methods described in Table 1. A Rannie15 type 12.56× 

homogenizer (APV, SPX Flow Technology, Silke-borg, Denmark) was used for 

mechanical fibrillation of the pre-treated samples. In all cases, the first pass through the 

homogenizer was at 600 bar pressure drop, while 1 kbar pressure drop was used for all 

subsequent passes. Each of the three produced CNF types were divided into two separate 

batches after fibrillation. One batch was kept without further modification, while the other 

received an addition of 5 wt% (on total solids) of carboxymethyl cellulose (CMC) 

FINNIFIX® 4000G (CP Kelco, Finland). 

 

Table 1. CNF Types and Their Production Processes 

CNF type Raw material Pre-treatment 
No. of passes through 

the homogenizer 

CNF-M 
Bleached 

softwood Kraft 
pulp 

Beating in Claflin mill (1000 
kWh/ton for 1 h) 

5 

CNF-T 
Bleached 

sulfite pulp 

TEMPO-mediated oxidation (2.35 
mmol ClO- per gram cellulose) 
according to (Saito et al. 2006) 

2 

CNF-C 
Bleached 

sulfite pulp 

Low substituted 
carboxymethylation (10 g 

monochloroacetic acid in 0.5 L 
isopropanol) according to 

(Wågberg et al. 2008) 

3 

 

The substrate used for coating purposes was a recycled fiber linerboard (Dong Il 

Paper, South Korea) with grammage and thickness of 178 ± 4 g/m2 and 190 ± 5 μm, 

respectively. The PPS surface roughness of the linerboard is 7.39 ± 0.51 μm, and it is highly 

water absorbent, with a Cobb-60 value of approximately 250 g/m2. The water contact angle 

for the linerboard is also very low, as it drops below 20° within 10 s. 

 

Characterization of CNFs 
Transmission electron microscopy (TEM) was used to determine the morphology 

of CNFs. For TEM sample preparation, a 0.05 wt% CNF suspension was drop casted on 

formvar/carbon-coated 400-mesh copper grids and negatively stained with 1% (w/v) uranyl 
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acetate in water for 60 s. TEM images were captured with a JEM-1400 Plus TEM (JEOL; 

Tokyo, Japan) using an acceleration voltage of 80 kV. The charge content of the CNFs was 

determined by conductometric titration, as described by Saito and Isogai (2004). 

 

Characterization of CNF Suspensions 
Water retention 

The static gravimetric dewatering of CNF suspensions was measured using the Åbo 

Akademi Gravimetric Water Retention device (ÅA-GWR) (Sandas et al. 1989). For 

measurement, 10 mL of suspension was inserted into the cylindrical vessel placed above a 

5-µm polycarbonate membrane (GE Water & Process Technologies, USA) backed by eight 

absorbent blotter papers. These suspensions had large amounts of water (> 99 wt%); 

therefore, eight instead of the usual two blotter papers were used in each measurement to 

avoid saturation. The pressure used for the measurement was 50 kPa for a 90-s time 

duration. The average of three determinations is reported. The GWR value represents the 

amount of water released by the suspension per unit area, and a higher value suggests lower 

water retaining capability. 

Pressure filtration measurements were performed using the setup shown in Fig.a. 

For measurements, 20 mL of suspension was inserted into the cylindrical filtration chamber 

and subjected to a pressure of 10 bar. A 5-µm polycarbonate membrane (GE Water & 

Process Technologies, USA) was kept over a sturdy wire mesh over which a filter cake 

was formed as water was released under pressure. The amount of filtrate coming out was 

constantly measured over time.  

 
Fig. 1. Schematic of (a) pressure filtration setup and (b) the slot-die 

 

Rheology 

Steady-state viscosity measurements with parallel plate geometry were carried out 

using a Paar Physica Modular Compact Rheometer (MCR) 300 (Anton Paar, Austria) (plate 

diameter: 50 mm, gap: 1 mm). The measurements were performed in a shear rate range of 

0.01 to 1000 s-1 without any pre-shearing protocol. However, the suspension was mixed 

well before carrying out the rheological measurements. 

Pressure-driven flow was characterized using slot-die geometry, shown in Fig.b, as 

described previously (Kumar et al. 2016b). The slot-die consists of a distribution channel 

with a radius of 16 mm, a slot of length 34 mm, and a width of 74 mm. The slot gap is 1000 

µm. The CNF suspension is fed into the slot inlet from an air-pressurized suspension 

container. The flow rate is measured gravimetrically by collecting the outflow during a 
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known time interval after a steady state has been achieved. Kinetic energy corrections were 

applied to the data as described in earlier studies (Kumar et al. 2016b). 

  

Coating Process 
All CNF suspensions, with and without added CMC, were coated onto the 

linerboard using a modified Rotary Koater (RK PrintCoat Instruments Ltd., United 

Kingdom). The coating process has been reported in detail previously (Kumar et al. 2016a). 

Briefly, the custom-built slot-die (Fig. 1b) was used as a coating applicator. The slot-die is 

fitted onto the top of a movable rail at three o’clock position to a backing roll. The distance 

between the slot lips and the substrate can be controlled precisely by moving the rail in the 

horizontal direction, perpendicular to the backing roll. The top lip of the slot acts as a 

metering element, and excess coating material metered off is collected in a tray underneath 

the slot die. A gap of approximately 600 µm was used between the slot lips and substrate 

during coating application, which resulted in an approximate dry coat weight of 5 to 6 g/m2. 

The dry coat weight was calculated from the difference between grammages of the CNF 

coated and uncoated substrate. However, it should be noted that the dry coat weight 

calculation here is not very precise because of the large variations in grammage of the 

substrate itself. The substrate was 12 cm wide, and the width of the coated area was 

approximately 7 cm. The coating speed was 3 m/min. The substrate and CNF-coated 

samples were calendered with a laboratory soft nip calender (DT Paper Science Oy, 

Finland), keeping the back side towards the soft roll, using a line load of 100 kN/m and 

temperature of 60 °C. All samples were then conditioned (23 °C, 50% RH) for at least 24 

h before further testing. 

  

Characterization of Coated Boards 
Scanning electron microscopy (SEM) 

Surface SEM images of coated samples were recorded for a qualitative study of 

different CNF coatings. Samples were sputter coated with a 4-nm-thick PtPd alloy using a 

Cressington 208HR B (Cressington Scientific Instruments, UK) before imaging. Images 

were acquired with a Hitachi SU3500 SEM (Hitachi, Japan) using an acceleration voltage 

of 5 kV and a working distance of 30.5 mm. 

 

Coating quality and barrier tests 

Air permeability of the substrate and coated samples was determined using an 

L&W Air permeability tester SE-166 (Lorentzen & Wettre, Sweden) with a measurement 

range of 0.003 to 100 µm/(Pa·s). The average from five parallel measurements performed 

on different areas of each sample is reported. 

(ASTM E96/E96M-05 2005) was used for measuring the water vapor transmission 

rate (WVTR). A similar procedure was used for determining the heptane vapor 

transmission rate (HVTR) as described earlier (Miettinen et al. 2015). For HVTR 

determination, 20 mL of heptane solvent was used in the cup instead of the CaCl2 salt used 

for WVTR measurements. Heptane was poured onto a sponge to reach liquid/gas 

equilibrium as quickly as possible. The decrease in weight of the cup caused by the 

evaporation of heptane through the test sample was continuously tracked for 2 h. The 

results were then extrapolated to a time period of 24 h. The average of three parallel 

measurements for each sample is reported.  

KIT Test, (TAPPI T 559 pm-96 1996), was used to determine the grease resistance. 

Another supporting test method reported by Vähä-Nissi (2016) was also used. Briefly, 200 
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µL of dyed oil, Oil Red O solution (Sigma Aldrich, USA), was placed underneath a 50-g 

weight on the coated side of the samples, and the back side was scanned at pre-selected 

intervals. This was also performed for 30-µm-thick free-standing CNF films for 

comparison with the CNF coating barrier performance.  

The surface porosity, which can be used as a qualitative measure of coating 

coverage, was determined using print penetration tests. An IGT AIC2-5 tester (IGT Testing 

Systems, The Netherlands) was used according to the standard method (IGT-W24 2006). 

The results are obtained in the form of stain length, and a shorter stain indicates higher 

surface porosity or a more open pore structure at the surface. 

 

 
RESULTS AND DISCUSSION 
 

Properties of CNFs 
TEM images of the various CNFs are shown in  

Fig.Fig. 2a. One can observe that the morphology of CNF-M differed considerably 

from that of chemically pretreated CNFs. CNF-T and CNF-C display similarities in their 

fibril size, with mean diameters of 5.1 nm (CNF-T) and 3.0 nm (CNF-C). However, the 

fiber size distribution seems wider for CNF-M, which has a mean fibril diameter of 10.6 

nm. Note that only individual fibrils were measured; fiber fragments, fibril bundles, and 

fibril clusters were not measured (Ottesen et al. 2017).  

 

 

 
 

Fig. 2. TEM images of (a) the various CNFs and (b) CNF suspensions at 0.85 wt%  
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The charge content values of CNFs in Table 2 also show that CNF-M had a lower 

surface charge compared with the other two, obviously because of the chemical 

pretreatment used in the latter case. The charge content plays a major role in the level of 

fibrillation achieved during homogenization. It must be noted that a higher charge content 

helps reduce the number of homogenization steps required to achieve the same level of 

fibrillation, as is evident from CNF-T. The CNF suspensions shown in Fig. 2b indicate the 

level of fibrillation achieved in the three cases. CNF-M was more liquid-like and opaque 

because of its large fibril size and wider fibril size distribution. CNF-C and CNF-T, on the 

other hand, were gel-like and also more transparent compared with CNF-M. This has to do 

with the smaller fibril diameter and a narrow size distribution in the case of CNF-T and 

CNF-C. Mechanically produced CNF-M tended to flocculate, and it was less water binding 

and swollen than the chemically pre-treated ones, CNF-C and CNF-T. The gel-like and 

liquid-like behavior of CNFs is certainly expected to affect their coatability, which is 

discussed in subsequent sections. 

 

Table 2. Charge Content of CNFs 

Sample Charge content (µmol/g) 

CNF-M 248 ± 7 

CNF-C 476 ± 64 

CNF-T 910 ± 61 

 
Water Retention and Rheology of CNF Suspensions 

Water retention of coating suspensions is an important coating process parameter, 

as it determines the ability of coating material to resist dewatering into the substrate, which 

is particularly important for paper-based substrates. The CNF suspensions contained more 

than 99 wt% water; therefore, it is important to understand and control their water retention 

to coat these materials successfully. A quick release of large amounts of water from coating 

material into a paper-based substrate during coating can cause fiber swelling and de-

bonding and may also lead to runnability problems, such as web breaks. Figure 3 shows 

the water retention properties of CNF suspensions. It should be noted that both dewatering 

evaluation methods, i.e., ÅA-GWR and pressure filtration, yield static water retention 

values, which may differ from the actual dewatering occurring under dynamic shearing 

conditions during coating. However, they are reasonable indicators of how the coating 

material may behave during the coating process under the influence of capillary absorption 

into the base substrate and pressure pulses from the coating apparatus. One can observe 

that CNF-M clearly showed lower water retention capability compared with CNF-C and 

CNF-T. The high charge content and gel structure of CNF-T and CNF-C seem to have 

helped with improving the water retention. CNF-M also had a tendency to phase separate, 

thus leading to poor water retention.  

The addition of CMC had a visible impact on the water retention of CNF 

suspensions. The water retention capability of CNF-M with CMC addition was improved, 

which has been observed earlier for mechanically produced CNFs (Kumar et al. 2016a; 

Mousavi et al. 2017). The long-chain and high-molecular weight CMC used herein may 

help disperse CNF-M better. This could be achieved by mechanical disentanglement and/or 

an overall anionic charge increase in the system. The increased dispersion could be 

explained also by CMC adsorption to CNF, whereby the charge repulsion between the 
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fibrils is increased. The tendency of CNF-M to phase separate is thus reduced, leading to 

higher water retention. CMC could also provide a dispersing effect in the system by 

decreasing the amount of free water (increasing the water phase viscosity) in the 

suspension, as reported in earlier studies (Vesterinen et al. 2010; Kumar et al. 2016a). 

Interestingly, the water retention capability of CNF-T and CNF-C was reduced upon CMC 

addition, as can be seen from Fig. 3a. CMC addition seems to have broken down the gel 

structure in both cases, which could be observed the moment CMC was added to the 

suspension. This effect, observed in the cases of CNF-T and CNF-C, may be explained by 

an increase in salt concentration of the system after CMC addition, whereby the dispersing 

effect may be somewhat diminished because of charge screening, as has been seen earlier 

when electrolytes were added to a CNF suspension (Naderi and Lindström 2014). The 

reduced repulsion between fibrils and thinner bound water layers leads to an increase in 

free water in the suspension. However, the pressure filtration results in Fig. 3b demonstrate 

similar behavior for all CNFs upon CMC addition. This occurs because hydrodynamic 

forces play a major role at higher pressures, rather than the surface chemistry of involved 

components. CMC, a long-chain molecule, hinders the process of dewatering at high 

pressures, potentially by quickly forming an entangled network. Therefore, the initial 

release could be quicker in the cases of CNF-T and CNF-C, but dewatering slows down as 

soon as the filter cake is formed. It should be noted that the solids content of CNF 

suspensions is maintained at 0.85%, even after CMC addition. 

 

 
 

Fig. 3. Water retention of CNF suspensions with (a) ÅA-GWR and (b) pressure filtration. Error 
bars denote standard deviation. 

 

Figures 4 and 5 show the well-known shear thinning rheological behavior of the 

CNF suspensions. The apparent suspension viscosity approached that of water at high shear 

rates, indicating very low flow resistance in slot flow at high flow rates. This highly shear 

thinning behavior could be a result of either the creation of water-rich boundary layers that 

promote apparent slippage, or through dynamic yielding (reduction of effective yield 

stress), which breaks down the suspension microstructure in the slot gap (Kumar et al. 

2016b). CNF-M, with a power law index of 0.15, shows more shear thinning behavior 

compared with CNF-T and CNF-C, with power law indices of 0.27 and 0.26, respectively. 

CNF-M also has a lower viscosity than the other two CNFs, especially at higher shear rates. 

One explanation for this could be the larger fibril sizes and higher phase separating 

tendency of CNF-M compared with CNF-T and CNF-C, which likely leads to quicker and 

thicker water boundary layer formation in CNF-M, thus providing lower flow resistance. 

CMC addition seems to have affected the rheology differently for CNF-M compared with 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Kumar et al. (2017). “Cellulose nanofibril coatabilty,” BioResources 12(4), 7656-7679.  7665 

CNF-T and CNF-C. CMC appears to have increased slightly the flow resistance for CNF-

M, whereas it seems to have reduced the flow resistance of CNF-T and CNF-C, especially 

at low shear rates (up to 1000 s-1 in the MCR). Reduction in viscosity of CNF-T and CNF-

C with CMC addition can be due to reduced flocculation of fibrils, as CMC is well known 

for its dispersing effect on cellulose fibers (Beghello 1998; Yan et al. 2006; Liimatainen et 

al. 2009) and CNF (Ahola et al. 2008). The dispersing effect could be higher for CNF-T 

and CNF-C due to their high initial charge content, which leads to further increased mutual 

repulsion between fibrils upon CMC addition. CMC also leads to increase in water phase 

viscosity, which may be contributing to the slight increase seen in case of CNF-M. 

However, it is difficult to state the exact reason for the opposite effect of CMC addition on 

viscosities of mechanically produced CNF vs. the chemically produced ones.  

 

 
 

Fig. 4. Rheological properties of CNFs at low shear rates in boundary-driven flow 
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Figure 5 shows the high-shear rate rheological behavior of the CNF suspensions. 

The shear thinning behavior seems to extend to high shear rates for CNF-T and CNF-C. 

However, a Newtonian plateau was observed for CNF-M at shear rates beyond 10,000 s-1, 

which could be due to turbulence at high flow rates, as the Reynolds number, calculated 

using water viscosity, was above 2300 when the plateau appeared. As previously (Nikbakht 

et al. 2014; Kumar et al. 2016b), the Reynolds number (Re) for slot has been calculated 

using the equation, 
 

 (Re =  ρvH/μ)         (1) 

 

where ρ is density of fluid, v is flow velocity, H is slot gap, and μ is fluid viscosity (water 

viscosity in this case). The role of turbulence was more pronounced for CNF-M, which can 

be potentially attributed to its larger fibril size and higher tendency to phase-separate 

compared with CNF-C and CNF-T. CMC addition had a similar impact on CNF-M, CNF-

T, and CNF-C rheology at high shear rates as it did at low shear rates. Figure 6 compares 

the results obtained from MCR to those of slot flow. The viscosity values from the two 

instruments seem to be in good agreement, indicating that slot geometry can be positively 

used for understanding the behavior of CNF suspensions at high shear rates. Also, the 

results from slot geometry can help determine the process parameters for coating 

beforehand. 

 

 
 

Fig. 5. Rheological properties of CNFs at high shear rates in pressure-driven flow in slot 

 

 
 

Fig. 6. Comparison of low-shear (MCR) and high-shear rheology (slot) of CNF suspensions 
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Yield Stress 
Yield stress is another important parameter that plays a critical role in coating of 

these types of suspensions, as it specifies the minimum feeding pressures required to pump 

the suspension to the slot-die coating head. It is also highly relevant when designing slot 

die coating heads, as high yield stresses easily lead to undesired stagnation zones. The yield 

stress values for CNF suspensions calculated using the Casson model fitting are shown in 

Table 3. CNF-T and CNF-C demonstrated higher yield stresses compared with CNF-M, 

leading to higher pressures needed for feeding the slot-die. The reduction in yield stress 

with CMC addition indicates lower flow resistance during pumping of the suspensions to 

the slot die. CMC addition is thus helpful for processing purposes. The differences in yield 

stress between MCR and slot arise from the differing natures of the flow, i.e., boundary-

driven vs. pressure-driven, and the different geometry types. 

 

Table 3. Calculated Yield Stress Values from Casson Fits to the Viscosity Data in 
Figs. 4 and 5 

  Yield stress (slot data) (Pa) Yield stress (MCR data) (Pa) 

Yield stress 

CNF-M 7.6 10.3 

CNF-M + CMC 5.2 8.9 

CNF-T 175.2 24.2 

CNF-T + CMC 109.6 17.9 

CNF-C 109.8 16.1 

CNF-C + CMC 74.5 16 

 

Coatability 
It is challenging to coat CNF suspensions because of their excessively high 

viscosity and yield stress at fairly low solids content. However, the highly shear thinning 

behavior of these suspensions can be utilized to coat them successfully, as demonstrated 

earlier by Kumar et al. (2016a) for mechanically produced CNF suspensions. When pushed 

through a narrow gap, the CNF suspensions tend to have low flow resistance, as can be 

seen from the high-shear rheology results in Fig. 5. This makes it possible to work with 

low-effective viscosity material when it has been sheared in the slot gap before coating 

onto the actual substrate. The slot die thus can be used both as a shearing (slot gap) and 

metering element (gap between the slot and substrate). The slot gap shears the material just 

before it enters the gap between the substrate and slot, and the excess material is metered 

off. The metering element works with the low-effective viscosity material, which 

eliminates problems such as those arising from fiber aggregation and fast structure 

recovery.  

The CNFs used in this work seem to work well with the process described above.  

However, the wet film formation for CNF-T and CNF-C seems to be affected by their gel-

like behavior. These materials tend to recover their structure quickly from the high-shear 

rate deformation applied during flow in the slot gap, which is visible from the shark skin 

structure observable in Fig. 7. However, CMC addition seems to break down the gel 

structure and delay the structure recovery, thereby leading to a uniform wet film formation 

during metering.  
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The lowered viscosity after CMC addition, as seen in the rheology results, can also 

play a role. CMC may also help disperse the CNFs better, thus resulting in the observed 

effect on wet film formation. Other researchers have also observed this dispersing effect of 

CMC on pulp fibers (Beghello 1998; Yan et al. 2006; Liimatainen et al. 2009) and CNFs 

(Ahola et al. 2008; Mousavi et al. 2017). Improvement in coating quality of mechanically 

produced CNFs with CMC addition has been observed in previous studies as well (Kumar 

et al. 2016a; Ottesen et al. 2017; Mousavi et al. 2017).   

 

 
 

Fig. 7. CNF film formation during coating application. Shark skin effect on the wet film can be 
seen for CNF-C and CNF-T without CMC addition. 

 

Properties of CNF-Coated Samples 
Coated samples were characterized with respect to their coating coverage and 

barrier properties to understand the final coating quality achieved with different CNFs. 

Coating coverage was qualitatively determined from surface SEM images and print 

penetration tests. Figure 8 shows SEM images of the substrate and coated samples. One 

can clearly observe the closed structure provided by the CNF coating compared with the 

substrate. CNF-C and CNF-T seem to form a more closed surface structure compared with 

CNF-M. The coating also appears uniform, but there were some defects, such as pin holes 

and micro cracks alongside the fibers in the substrate (Ottesen et al. 2017). This is also 

evident from the print penetration test results in Fig. 9, which quantify the surface porosity 

in terms of stain length. A long stain indicates low surface porosity as the drop spreads 

over a large area over the closed surface. It can be established from SEM images and the 

print penetration test results that the reported coating process does provide a uniform 

coating, provided that the pinholes and defects such as cracking caused by brittleness can 

be eliminated.  
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Fig. 8. Surface SEM images of CNF-coated paperboard 

 

Air permeability values for the base substrate and CNF-coated samples are shown 

in Fig. 9a (Ottesen et al. 2017). All CNF coatings reduced the air permeability significantly, 

which is in agreement with previous studies (Syverud and Stenius 2009; Aulin et al. 2010; 
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Kinnunen-Raudaskoski et al. 2014; Beneventi et al. 2014; Lavoine et al. 2014a,b), and 

CNF-T and CNF-C perform better than CNF-M. However, the addition of CMC reduced 

the air permeability of the CNF-M coating. This is attributed to the improved water 

retention, potentially leading to formation of a more uniform film in the case of CNF-M. 

If all the water from the suspension is released instantly into the substrate, then there will 

be less time for uniform film formation on the surface. It is also possible that CMC simply 

fills in pores between the rather coarse CNF-M fibrils and thus improves the air barrier. 

CMC addition does not seem to have influenced the air barrier of CNF-C and CNF-T 

coatings to a large extent. The improvement in air permeability with CNF coating is also 

well-supported by the print penetration test results in Fig. 9 (b and c). The stain length was 

doubled with the CNF coating application, indicating a closed surface structure for the 

coating. However, there were also some dark spots visible on the stains, suggesting the 

presence of some coating defects or pin holes that may lead to poor barrier performance 

(Ottesen et al. 2017). The base substrate roughness could be another reason for the poor 

barrier performance, as the low coat weights might end up filling the surface roughness, 

resulting in a non-uniform surface film. 

 

  
 

Fig. 9. (a) Air permeability (Ottesen et al. 2017) and (b and c) print penetration test stain lengths. 
Error bars denote standard deviation. 

 

The barrier function of CNF-coated paperboards against water vapor and heptane 

vapor was also determined. Figure 10 shows the WVTR and HVTR results for the various 

CNF-coated paperboards. CNF coatings obviously formed a more closed network 

compared with the substrate, thus leading to a reduction in the WVTR (Fig. 10a). However, 

this reduction is not sufficient for moisture barrier applications.  

 

 
Fig. 10. (a) Water vapor and (b) heptane vapor barrier of CNF coatings. Error bars denote 
standard deviation. 
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The food packaging industry constantly faces concerns related to the migration of 

mineral oil from packaging material to food. This mineral oil can come from printing inks 

along with recycled fibers utilized in packaging boards. Heptane is one of the components 

in various mineral oils used in printing inks; therefore, the HVTR can be used as an 

indicator of the mineral oil barrier performance (Miettinen et al. 2015). The HVTR values 

for CNF-coated paperboards are shown in Fig. 10b. CNF coatings reduce the HVTR 

substantially, with CNF-C showing the highest reduction. However, the reduction is lower 

compared with earlier reports (Kumar et al. 2016a). The HVTR results also indicate the 

presence of defects in the CNF coatings. 

 

 
 

Fig. 11. Results from (a) KIT tests and (b) Oil Red O tests for CNF coatings. (c) Oil Red O tests 
for 30-µm-thick free-standing CNF films. Error bars denote standard deviation. 

 

A grease barrier is important for several food packaging applications. Grease 

resistance is usually characterized in the paper and board industry using the KIT test 

method. Figure 11a shows the KIT test results for CNF-coated paperboards. The KIT 

number was improved to some extent by CNF-T and CNF-C coatings. The pure CNF-M 

coating did not seem to have any grease resistance, potentially because of the presence of 

pin holes or a non-uniform coating. However, the addition of CMC to CNF-M improved 

the KIT number, indicating a more uniform and/or denser coating structure. CMC addition 

did not influence the KIT values for CNF-C and CNF-T coatings. Oil Red O test results, 
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shown in Fig. 11b, also support the KIT results. Overall, the CNF coatings did not seem to 

provide an optimal grease barrier, as was provided by 30-µm-thick free-standing films of 

the same materials (Fig. 11c). This indicates that the coating should be improved in terms 

of thickness either by applying multiple layers or applying single layers at higher CNF 

concentrations. Defect-free coating is required to achieve optimal barrier performance.  

In terms of barrier performance, the low coat weight CNF coatings reported here 

significantly improve the barrier against air, heptane vapor, and grease; indicating a closed 

sheet structure obtained with the CNF coating. However, they did not perform well against 

moisture. This is because the water vapor transport happens through a combination of 

adsorption and diffusion, and the cellulosic materials are naturally sensitive to moisture 

and can adsorb and diffuse moisture easily.  

 

 

CONCLUSIONS 
 
1. The water retention of mechanically produced CNF (CNF-M) was the poorest of all, 

likely because of the lower charge content and larger fibril diameter compared with 

carboxymethylated CNF (CNF-C) and TEMPO-oxidized CNF (CNF-T). Although it 

did not affect the coatability of CNF-M as such, the final coating quality obtained was 

slightly inferior compared with the other CNFs. High-shear rate rheology (1000 to 

20000 s-1) of CNF suspensions determined with the slot-die agreed well with the low-

shear rate rheology (0.01 to 1000 s-1) determined with MCR. All CNF suspensions 

showed shear thinning behavior; this behavior for CNF-T and CNF-C continues as 

higher shear rates are applied, but for CNF-M, the viscosity seems to reach a Newtonian 

plateau at approximately 10,000 s-1.  

2. CMC addition improved the water retaining capability of CNF suspensions, albeit to 

varying extents. The water retention of CNF-M was the most affected by CMC 

addition, but there was no visible influence on the coatability of CNF-M. However, the 

final coating quality obtained for CNF-M was improved with CMC addition. The 

coatabilities of CNF-T and CNF-C seemed to improve greatly with CMC addition, but 

the final coating quality obtained was surprisingly similar to or only slightly improved 

from the case without CMC addition. CMC addition influenced the rheology of CNF-

T and CNF-C to a greater extent than that of CNF-M, as it seems to break down the gel 

structure of CNF-T and CNF-C. A reduced process viscosity for CNF-T and CNF-C 

certainly improves their coatability by easier pumping to the slot-die and improved film 

formation. 

3. The chemically pre-treated CNFs were found to provide slightly superior coating in 

terms of barrier function as compared with CNF-M, likely because of their smaller 

fibril diameter and narrower fibril size distribution. However, the coat weights applied 

herein were not found to be sufficient to obtain an optimal barrier for day-to-day 

packaging applications, likely because of the presence of pin holes and cracks in the 

coating caused by high brittleness. Insufficient coating coverage caused by the high 

surface roughness of the base substrate could be another potential reason for the poor 

barrier performance.  

4. The results from these studies indicate that the use of CNFs to create barrier 

performance is an onerous task, compared with the existing approaches, e.g. use of 
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plastics and pigment coating. In addition to drying, the cost of CNF material is a 

significant challenge. Future work will explore the coating possibility at higher CNF 

concentrations and addition of plasticizers to prevent cracks to ensure an optimal 

barrier. 
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