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Abstract There is an increased interest in the use of

cellulose nanocrystal (CNC) films and coatings for a

range of functional applications in the fields of

material science, biomedical engineering, and phar-

maceutical sciences. Most of these applications have

been demonstrated on films and coatings produced

using laboratory-scale batch processes, such as solvent

casting, dip coating, or spin coating. For successful

coating application of CNC suspensions using a high

throughput process, several challenges need to be

addressed: relatively high viscosity at low solids

content, coating brittleness, and potentially poor

adhesion to the substrate. This work aims to address

these problems. The impact of plasticizer on suspen-

sion rheology, coating adhesion, and barrier properties

was quantified, and the effect of different pre-coatings

on the wettability and adhesion of CNC coatings to

paperboard substrates was explored. CNC suspensions

were coated onto pre-coated paperboard in a roll-to-

roll process using a custom-built slot die. The addition

of sorbitol reduced the brittleness of the CNC coatings,

and a thin cationic starch pre-coating improved their

adhesion to the paperboard. The final coat weight, dry

coating thickness, and coating line speed were varied

between 1–11 g/m2, 900 nm–7 lm, and 2.5–10 m/

min, respectively. The barrier properties, adhesive

strength, coating coverage, and smoothness of the

CNC coatings were characterized. SEM images show

full coating coverage at coat weights as low as 1.5 g/

m2. With sorbitol as plasticizer and at coat weights

above 3.5 g/m2, heptane vapor and water vapor

transmission rates were reduced by as much as 99%

and 75% respectively. Compared to other film casting

techniques, the process employed in this work deposits

a relatively thick coating in significantly less time, and

may therefore pave the way toward various functional

applications based on CNCs.
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Introduction

Over the last decade, the interest in nanocellulose has

increased exponentially and the list of its applications

continues to grow at an accelerated pace. Nanocellu-

lose can broadly be divided into three basic types,

depending on its source, processing technique, mor-

phology and properties: cellulose nanofibrils (CNFs),

cellulose nanocrystals (CNCs), and bacterial nanocel-

lulose (BNC) (Abitbol et al. 2016; Dufresne 2013).

Many comprehensive reviews have described funda-

mental aspects of different types of nanocelluloses,

their properties, processing methods, and applications

(Abitbol et al. 2016; Brodin et al. 2014; Dufresne

2013; Eichhorn et al. 2010; Hamad 2017; Hubbe et al.

2017; Isogai 2013; Klemm et al. 2011; Lavoine et al.

2012; Lindström et al. 2015; Mariano et al. 2014;

Moon et al. 2016; Osong et al. 2016; Plackett et al.

2014; Samyn et al. 2018; Habibi et al. 2010).

Generally, CNCs are produced by strong acid

hydrolysis of wood cellulose pulp, with sulfuric,

hydrochloric and phosphoric acids being the most

commonly used acids (Nelson et al. 2016). The strong

acid preferentially degrades the amorphous regions of

cellulose microfibrils leaving behind crystalline cel-

lulose nanoparticles called CNCs. The resulting CNC

suspension is neutralized and any free acid molecules

left in the suspension are removed by washing with

water followed by successive centrifugations or by

dialysis (Dufresne 2013). The morphology and

crystallinity of CNC is highly influenced by the source

of the raw material. Wood pulp based CNCs have

widths between 5 and 20 nm, lengths between 100 and

500 nm and can reach crystallinity close to 90%

(Elazzouzi-Hafraoui et al. 2007; Pan et al. 2013),

while bacterial based CNCs tend to be narrower and

have lengths reaching 1 lm (Feng et al. 2015).

The relatively large specific surface area together

with the abundance of surface hydroxyl groups of

CNCs opens up many exciting applications. CNC

films and coatings provide barrier against oxygen

(Feng et al. 2015; Fortunati et al. 2012; Li et al. 2013)

and grease (Gicquel et al. 2017). Cellulose-based

materials in general exhibit poor barrier against water

vapor. Recently, Herrera et al. (2017) have shown that

by adding sorbitol as a plasticizer and a citric acid

cross-linker, the water vapor permeability of the

resulting coatings is significantly reduced. Several

research groups have also demonstrated an improve-

ment in water vapor barrier for CNC-based composite

films (Abdollahi et al. 2013; Bayati et al. 2014; Pereira

et al. 2014). These results are promising and may

potentially lead to replacement of the plastic layer in

food and liquid packaging, making these products

more environmentally friendly. Meng and Manas-

Zloczower (2015) studied the conductive properties of

CNC/CNT (carbon nanotubes) composite films and

found that the surface electrical resistivity of the films

could be varied between 102 and 1011 X/sq by

varying the CNT weight fraction, depending on end

use. Similarly, films composed of CNC and graphene

oxide exhibited improved conductivities (Valentini

et al. 2013). These conductive films are potentially

useful as electrodes for batteries, super capacitors,

solar cells, and other flexible electronic devices.

Another interesting application for CNCs is in the
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pharmaceutical industry. It has been demonstrated that

CNCs could be utilized as drug delivery excipients to

facilitate the controlled release of drugs (Carlsson

et al. 2013; Jackson et al. 2011; Plackett et al. 2014).

The list of applications based on CNC containing films

and coatings continues to grow across various disci-

plines ranging from food packaging, flexible electron-

ics and energy storage, photonics, pharmacy,

biomedical sciences, and tissue engineering (Abitbol

et al. 2016; Hamad 2017; Hubbe et al. 2017).

Most of the applications demonstrated in the

literature are produced using laboratory scale batch

processes such as solvent casting, layer-by-layer

deposition, filtration, and draw-down coating, often

followed by slow drying at ambient conditions or in an

oven. In order to make these applications commer-

cially viable, it is important to understand the

requirements that enable efficient fabrication tech-

niques. Research groups have demonstrated applica-

tions using extrusion coating (Ambrosio-Martı́n et al.

2015; Fortunati et al. 2014) and foam coating (Kin-

nunen-Raudaskoski et al. 2014). Although both these

methods are continuous processes, they have certain

limitations. Extrusion coating is suitable with CNC as

filler in a polymer matrix and is not practical as the

concentration of CNC increases. Foam coating

requires creation of a stable foam with air content

approaching 90% (Kinnunen-Raudaskoski et al. 2014)

and adds additional process steps. Roll-to-roll coating

of CNFs on a paper-based substrate has been demon-

strated by Kumar et al. (2016a). The role of CNF type,

suspension rheology, and substrate properties on the

coating process were also studied (Kumar et al.

2016b, 2017a, 2017b; Kumar 2018). Chowdhury

et al. (2018) recently demonstrated roll-to-roll coating

of CNC suspensions on a flexible plastic (polyethylene

terephthalate) substrate using reverse-gravure meter-

ing. The maximum coating line speed achieved was

1.2 m/min but the main drawback of the reverse-

gravure process is that coating thickness is inversely

proportional to the line speed. To the best of our

knowledge, continuous, roll-to-roll coating of CNC

suspension as a thick layer on a paper-based substrate

at speeds higher than 1.2 m/min is yet to be reported in

the literature.

CNCs, owing to their high degree of crystallinity

and relatively high viscosity even at low solids, pose

certain challenges for roll-to-roll high-throughput

processes. For example, the CNC films are brittle

because of their high crystallinity and strong intra-

molecular hydrogen bonds. The latter can also cause

inadequate adhesion to various substrates. The high

water content of CNC suspensions presents its own

challenges for continuous drying of the relatively thick

wet coated layers. The objective of this work was to

address these challenges by providing an understand-

ing of the processability of CNC suspensions in a

continuous process onto paperboard and to character-

ize the resulting coating quality in terms of surface,

barrier, and substrate adhesion properties.

Experimental section

Materials

CNCs were obtained from Melodea Ltd. as a 3 wt%

aqueous suspension at pH 4. Dissolving pulp was used

as the source for CNCs, and sulfuric acid for the

hydrolysis step. Figure 1 shows TEM images of the

cellulose nanocrystals. Stability was assessed by zeta

potential (0.1 wt%, 10 mM NaCl) and dynamic light

scattering measurements (0.01 wt%, 10 mM NaCl).

The zeta potential of the CNCs was approximately

- 40 mV, and the z-average dynamic light scattering

size was 132 nm (Polydispersity index\ 0.3). Sor-

bitol (D-sorbitol, 99%, Sigma-Aldrich) was used as a

plasticizer to reduce the brittleness of the coatings

(refer to supporting information). A commercial

pigment coated paperboard, TrayformaTM Special

(Stora Enso) was used as a substrate for all the

coatings in this work. The basis weight and thickness

of the paperboard were 204 ± 2 g/m2 and

270 ± 2 lm, respectively. This paperboard is referred

to as ‘‘baseboard’’. Pigment coated board was chosen

as the base substrate because of its higher surface

smoothness and lower pore size compared to an

uncoated board, which would result in improved

coverage and retention of the CNC coating on the

surface.

The baseboard was initially pre-coated with differ-

ent primers (see Table 1) in order to improve the

adhesion of CNC coatings to the baseboard. The

choice of primers was based on our previous experi-

ence of coating micro-fibrillated cellulose on paper-

board (Kumar et al. 2017a, b). A benchtop metered rod

coater (K202 control coater, RK print-coat instru-

ments Ltd.) was used to coat the primers onto the
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baseboard at wet thicknesses of 25 lm. A 3 wt% CNC

suspension was applied at 500 lm wet thickness on

these primer-coated baseboards using the same bench-

top coater. A tape test (Standard: IPC-TM-650) was

used as a qualitative measure of coating adhesion.

Additional characterization of the primer coatings was

done by measuring their air permeability (ABB

Lorentzen & Wettre) and time-dependent water con-

tact angles (CAM 200, KSV NIMA, Biolin Scientific

Oy). Based on the findings from the above measure-

ments (discussed below), cationic starch was chosen

as the main primer for roll-to-roll coating of CNC

suspensions.

Rheology

Rheology measurements of the CNC suspensions,

both with and without sorbitol were carried out using a

Paar Physica MCR300 rheometer (Anton Paar

GmbH). A Couette geometry (radii of bob and cup

are 13.3 and 14.5 mm respectively, vertical gap

between bob and cup was kept at 5.7 mm) was used

and all the measurements were done according to the

standards specified in DIN 53019-1. Shear flow

measurements were performed with a shear rate ramp

of 0.1–1000 s-1 with 20 s per data point. Thixotropic

behavior was measured by shearing the sample at

0.1 s-1 for 600 s, then at 1000 s-1 for 30 s and finally

at 0.1 s-1 for 300 s. All samples were pre-sheared at

100 s-1 for 60 s and then left to equilibrate for 120 s

before starting the measurements.

Roll-to-roll coating process

The baseboard was first pre-coated with a 0.3 wt%

cationic starch solution using a Rotary Koater (RK

PrintCoat Instruments Ltd.), which is a laboratory

scale roll-to-roll pilot coating machine with operating

speeds between 1 and 50 m/min, and depending on the

requirement, it can be fitted with various coating/

printing heads. It was equipped with a 5 kW infrared

drying unit and two 10 kW hot-air dryers with

adjustable airflows and temperatures reaching

200 �C. The starch solution was applied using a

Fig. 1 TEM images of CNCs, a low resolution—scale bar: 500 nm and b high resolution—scale bar: 100 nm

Table 1 Primers used for pre-coating baseboard

Primer Description Supplier

FINNFIX� 10 Carboxymethyl cellulose (CMC), 5% solids CP Kelco Oy

Omyajet

5010FL

Cationically dispersed CaCO3 ? 5 parts per hundred (pph) CMC ? 5 pph latex binder,

30% solids

Omya International

AG

Superfloc

C-592

PolyDADMAC (Polydiallyldimethylammonium chloride—cationic polymer), 1% solids Kemira Oyj

Raisimyl� 135 Cationic starch, 0.3% solids Chemigate Oy
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reverse gravure coating unit. The gravure roll has a

surface volume of 78.5 cm3/m2 (70 lpi 9 127 lm)

and applies a wet thickness of 16–25 lm (transfer

fraction of 0.32). It is difficult to accurately determine

the dry thickness of the starch layer applied to the

baseboard due to the low solids content of the starch

solution. Therefore, we assumed that the dry weight of

the starch coating was less than 1 g/m2. This starch-

coated baseboard was subsequently coated with CNC

suspensions using the same Rotary Koater but with a

few modifications done in-house to coat nanocellulose

suspensions. The setup is similar to the one used to

coat micro-fibrillated cellulose by Kumar et al.

(2017a, b). Analogous to micro/nano-fibrillated cellu-

lose suspensions, CNC suspensions also have high

viscosity and yield stress at low solids content and

exhibit highly shear-thinning behavior (Kumar et al.

2016a, b; Nazari et al. 2016; Shafiei-Sabet et al. 2012).

High shear rates can be achieved in a pressure driven

flow when the suspension is passed through a narrow

slot, causing a reduction in its apparent viscosity. The

low viscosity suspension thus exiting the slot can then

be transferred immediately to the substrate to form a

uniform film. CNC suspension was fed into a custom-

built slot-die (length 34 mm, width 74 mm, slot gap

500 lm, and distribution channel diameter 16 mm)

from an air-pressurized feed vessel. The slot-die was

installed at a 3 o’clock position relative to a backing

roll and was used as both coating applicator and

metering device. Figure 2 shows the schematic of the

roll-to-roll coating setup, the positioning of the slot-

die applicator, and an inside view of the slot-die. The

pressure drop in the slot was controlled by adjusting

the air pressure to the feed vessel. The wet coating

thickness was controlled by precisely adjusting the

gap between the substrate and the slot lips, and the

excess coating was metered off and collected into the

tray below. Four additional infrared dryers (2 kW

each) and four hot air dryers (2 kW each) were

installed on the machine to help with the drying

process. Two different CNC suspensions, one with

sorbitol (3.8 wt% CNC ? 20 pph (parts per hundred,

with respect to dry CNC) sorbitol) as plasticizer and

the other without sorbitol (3 wt% CNC) were coated at

different wet thicknesses and the coatings thus

produced were characterized after conditioning them

at 23 �C and 50% RH for at least 24 h.

Characterization of CNC coated samples

Cross section images of the coatings were obtained

using a Scanning Electron Microscope (SEM) (Q250

FEG, FEI). These images were used to determine the

corresponding coating thicknesses. Due to the base-

board’s variation in basis weight compared to the CNC

coatings, traditional gravimetric methods do not give

accurate values for the coat weights. Therefore, they

were calculated from the coating thicknesses acquired

through SEM. The density of CNCs was taken as

1.55 g/cm3 (Dufresne 2013).

Surface roughness of the coatings were measured

using Parker Print-Surf (PPS) smoothness tester (PPS

ME-90, Messmer Büchel BV). Average roughness of

five parallel measurements is reported in micrometers

(lm). A stylus profilometer (DektakXT�, Bruker) was

also used to measure the surface roughness of the

coatings. The measurement area was 1 9 1 mm2 and

the corresponding average roughness (Ra) is reported

in micrometers. PPS and stylus profilometer differ in

their measurement technique. The former measures

the air leak rate from the surface against a rubber

backing to simulate the conditions experienced during

printing processes; while the latter measures the

average deflection of a stylus moving along the

surface. Stylus profilometer is similar to AFM

(Atomic Force Microscopy) measurement technique

except, the length scales are larger. AFM roughness

(MultiMode, Bruker, PeakForce Tapping mode) was

also measured for the coatings and the average value at

500 nm length scales is reported. Air permeability of

the coatings is reported in lm/Pa s as average value of

five measurements.

Adhesion of the CNC coating layer to the baseboard

was quantified by measuring the force required to peel

off the coating from the baseboard using an IMASS

SP-2000 peel tester. A tape (TZe-C51, Brother UK

Ltd.) was attached to the surface of the substrate at one

edge while the opposite edge was attached to a clamp,

which in turn was attached to a 2 kg load cell. The tape

was pulled over a length of 33 mm at a speed of

54 mm/s and the force required to peel the tape was

measured by the load cell. The average force value of

five measurements is reported.

Water vapor transmission rate (WVTR) was mea-

sured for the coated samples according to the ASTM

standard, E96/E96 M-05. The desiccant method was

used for the tests where a fixed amount of anhydrous
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CaCl2 (Honeywell FlukaTM) was placed in a dish

covered with the test specimen and the edges sealed

with molten wax. This assembly was placed in a

climate-controlled chamber (23 �C, 50% RH) for

24 h. Water vapor transmission rate (WVTR) through

the specimen into the desiccant was calculated by

measuring the increase in the weight of the cup over

the duration of the experiment. The average value of

three parallel measurements is reported in g/m2 day. A

similar method was used to determine heptane vapor

transmission rate (HVTR) (Miettinen et al. 2015). In

this method, the salt was replaced with 10–15 ml of

n-heptane (Sigma Aldrich) and test cups with rubber

gaskets and screwable tops were used to get a better

seal. A sponge was placed inside the cup in order to

achieve rapid liquid/gas saturation. The entire assem-

bly was again placed in a climate-controlled chamber

(23 �C, 50% RH) for 24 h and the reduction of weight

due to evaporation of heptane through the sample was

used to calculate HVTR. The average value of three

measurements is reported in g/m2 day.

Results and discussion

Rheology

Rheology of the CNC suspensions plays an important

role in the coating process. Similar to micro- and nano-

fibrillated cellulose suspensions, CNC suspensions

Fig. 2 a Schematic of the roll-to-roll coating setup; b positioning of the slot die applicator; c inside view of the slot die
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used in this work (see Fig. 3a) also exhibit very high

viscosity and yield stress at a low solids content of just

3%, and are highly shear thinning. This shear-thinning

behavior is in fact utilized in the slot coating process to

coat a uniform CNC film onto the substrate. When the

CNC suspension is passed through a narrow slot, its

shear rate increases and the corresponding viscosity

drops. The resulting low viscosity suspension is

transferred immediately to the substrate and applied

as a uniform wet-film. Compared to traditional coating

processes such as blade or rod coating, slot coating has

the advantage that the shear rate is independent of line

speed. Desired shear rates can be achieved by

adjusting the pressure drop across the slot gap and

its dimensions, which in turn change the correspond-

ing flow rate. The excess flow is metered off by the

slot’s top lip. As the suspension exits the slot lip, there

is a sudden drop in shear rate and it takes a certain time

for the suspension to recover its viscosity. The

recovery rate depends on a number of factors such

as, total solids content of the suspension, plasticizer

type and amount, and difference in the shear rates

before and after leaving the slot lip. In order to form a

uniform film on the substrate, the suspension should

stay fluidized (low viscosity region) while it is being

applied onto the surface, i.e., the time spent by the

suspension after it exits the slot and while being

metered by the slot’s top lip. Figure 3b shows the time

dependent viscosity behavior of the CNC suspensions

at different solids concentrations, when the shear rate

was increased from 0.1 to 1000 s-1 and then reduced

to 0.1 s-1. Viscosity vs. shear rates for these suspen-

sions are also shown in Fig. 3.

It is seen from the above figure that sorbitol does

not play a major role in the rheological behavior of the

suspensions, probably due to its low molecular weight.

The rheology of the suspension, is therefore, largely

controlled by the concentration of CNC. The power

law index for all of the suspensions is approximately

0.2, thus confirming their high shear thinning behav-

ior. With increasing CNC concentration, the viscosity

recovers faster as the shear rate goes from high to low.

Table 2 shows the time taken by each suspension to

regain to 50, 75 and 100% of their corresponding

maximum viscosities when the shear rate goes down

from 1000 to 0.1 s-1.

The shear rates in the slot used herein are typically

between 10,000 and 60,000 s-1 depending on the

pressure drop and flow rate. The shear rates between

the slot lip and the substrate during metering are

between 100 and 3200 s-1 depending on the line

speed and the gap between the slot and the substrate

(called slot-web gap—SWG). The time the suspension

spends being metered after exiting the slot is a function

of line speed. For example, at a SWG of 400 lm and a

line speed of 2.5 m/min, the metering time is about

0.12 s and the corresponding shear rate is 105 s-1.

Similarly, at a SWG of 50 lm and a line speed of

10 m/min, the metering time is 0.03 s and the

corresponding shear rate is 3200 s-1. Therefore, by

extrapolating the findings from Table 2, it is assumed

that the suspension remains fluidized during metering,

thus enabling uniform film formation.

Fig. 3 a Viscosity versus shear rate for CNC suspensions at different solids concentration; b Thixotropic behavior for CNC

suspensions when sheared at, 0.1 s-1 for 600 s, 1000 s-1 for 30 s and 0.1 s-1 for 300 s
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Pre-coating

As the wet film dries on the surface of the baseboard,

strong CNC-CNC interactions may result in poor

adhesion to various substrates. Hydrophilic substrates,

for example, the recycled fiber linerboard used by

Kumar et al. (2016a, b) are an exception because of the

cellulose-cellulose interactions between CNCs and the

substrate. However, uncoated paperboards require a

certain minimum coat weight to achieve full coverage.

This can be as high as 5 g/m2 depending on the

substrate’s surface roughness (Kumar et al. 2016a, b).

Commercially produced coated paperboards on the

other hand have typically poor adhesion to CNCs;

however, they have relatively smoother surfaces and

enable full coverage at low coat weights. Considering

the high production costs of CNCs, it is desirable to

utilize the least amount of material to reach the

required target properties. Less coated material also

translates to savings in drying costs. Therefore, several

primers were explored to improve the adhesion of

CNCs to the baseboard (pigment-coated paperboard).

All the four primers: CMC, CaCO3, polyDADMAC

and cationic starch, when coated on the baseboard,

reduced its water contact angle (see Table 3). CaCO3

pre-coating resulted in the lowest water contact angle

because in addition to providing a more hydrophilic

surface, it also created a porous structure that facili-

tates the spreading of the water droplet on the surface.

Baseboards coated with CMC and polyDADMAC

reached similar contact angle values after 1 s of

spreading and cationic starch coated board showed the

highest contact angles of the primers. This might be

due to the low solids content of the cationic starch

solution (0.3%) and the resulting lower dry coat

weight, potentially providing incomplete coverage.

CNC suspension spreads uniformly on all the pre-

coated baseboards due to their lowered contact angles.

Tape tests were performed to assess the adhesion of

CNC coatings to the pre-coated baseboards (see

supporting information). For CaCO3 coated base-

board, the failure was at the interface between the

baseboard and the primer coating, indicating poor

adhesion between the two. The CNC coating was easy

to peel off for polyDADMAC-coated baseboard.

Although, few pigment particles from the baseboard

were visible, the tape required considerably lower

force to peel off and since polyDADMAC forms a

transparent layer, it was difficult to verify where the

failure occurred. CNC coatings showed strong adhe-

sion to CMC and starch coated baseboards. In both

these cases, either the failure was at the baseboard’s

pigment coated layer or there was no failure at all, in

which case the tape came off clean with CNC coating

still intact on the baseboard. This indicates that CNCs

form strong bonds with CMC and cationic starch,

which in turn adhere strongly to the baseboard. The

cationic charge in the starch coating might be playing

a major role in improving the adhesion of the anionic

CNCs. Similar experiments with anionic starch were

performed and they resulted in poor adhesion of CNCs

to the substrate. Cationic starch was preferred as a

primer for roll-to-roll coatings because it provided

higher air permeability (Table 3) compared to CMC

coated baseboard. Higher air permeability indicates a

more open structure, which aids in faster drying of the

Table 2 Time (tR) in seconds required for CNC suspensions

to recover 50, 75, and 100% of their corresponding maximum

viscosities when the shear rate is decreased from 1000 to

0.1 s-1

Suspension tR (50%) tR (75%) tR (100%)

3% CNC 5 7 31

3% CNC ? 20 pph Sorb 6 10 42

2.5% CNC ? 20 pph Sorb 18 38 82

3.8% CNC ? 20 pph Sorb N/A* 1 6

*Below the instrument’s detection limit

Table 3 Air permeability

and contact angles for

different pre-coated

baseboards

*N/A not analyzed, below

the instrument’s detection

limit

Air permeability (lm/Pa s) Contact angle (�) evolution in time

0.1 s 0.5 s 1 s

Baseboard 9 9 10-3 ± 0.7 9 10-3 86 ± 3 78 ± 2 72 ± 1

CMC N/A* 33 ± 3 32 ± 3 32 ± 3

CaCO3 17 9 10-3 ± 0.4 9 10-3 33 ± 1 22 ± 1 20 ± 1

PolyDADMAC 24 9 10-3 ± 1.2 9 10-3 52 ± 1 34 ± 2 29 ± 1

Cationic starch 16 9 10-3 ± 0.9 9 10-3 64 ± 3 61 ± 1 58 ± 1
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CNC coatings. The fact that pre-coated baseboard had

higher air permeability than the baseboard, suggests

fiber swelling of the baseboard during the pre-coating.

Characterization of CNC coated board

CNC suspensions, with and without sorbitol, were

coated on the pre-coated (cationic starch) baseboard

using the roll-to-roll slot coating process. CNC

coatings with several different coat weights were

produced and characterized for their coating unifor-

mity, adhesion, and barrier properties. Two CNC

suspensions were used for the coatings, one was a

3 wt% CNC suspension without sorbitol and the other

a 3.8 wt% CNC suspension with 20 pph sorbitol. Coat

weights of the applied CNC suspension were varied by

changing the SWG, which is set by moving the slot

perpendicular to the backing roll’s axis of rotation and

a gauge is used for the fine adjustment. The actual

thickness of the wet coating applied is lower than the

SWG due to factors such as, swelling of the substrate,

slot die geometry and position (Ding et al. 2016).

Table 4 lists the thicknesses of the dry CNC coatings

obtained from SEM cross-section images, their corre-

sponding line speeds, and calculated coat weights and

wet film thicknesses. Since the drying capacity on the

coater is limited, line speeds for each coat weight were

adjusted to enable continuous coating and drying.

Higher coat weights demand larger drying capacity,

hence the lower line speed and vice versa.

The coating thicknesses vary from 0.9 to 7.2 lm

and their corresponding coat weights range from 1.4 to

11 g/m2 respectively. Higher coat weights were not

possible due to limitations in the machine’s drying

capacity but can be achieved either by using suspen-

sions with higher solids content or by multi-layer

coatings. The current setup for slot die coating is

limited to a minimum wet thickness of 15 lm due to

practical restrictions in accurately setting the SWG

(Ding et al. 2016). Therefore, coatings lower than

1.4 g/m2 (20 lm wet thickness) were not possible with

the CNC concentrations that were used. Coat weights

measured by gravimetric method are also reported in

Table 4. They show higher values and larger varia-

tions compared to the coat weights calculated from

SEM thicknesses and they do not follow any clear

trend in relation to the set SWG. This could be

attributed to the baseboard’s variation in basis weight

on the measurements. Therefore, coat weights deter-

mined through SEM cross-sections were used for the

rest of the work. SEM cross-section images (see

Fig. 4) and AFM surface images (see Fig. 5) indicate

full and uniform coverage of CNC coatings on the

baseboard. Both the coatings with and without sorbitol

look similar in the cross-section images.

The surface roughness values from both PPS and

stylus profilometer show an increasing trend with

increasing coat weights (see Table 5). Calendering

reduces the roughness of the coatings to the same

value, thus, the increase in the roughness can be

attributed to swelling of fibers in the baseboard.

Higher coat weights apply larger amounts of water,

which results in increased fiber swelling and thus, a

roughness increase. Differences between the rough-

ness values for PPS and stylus profilometer are due to

their different measurement techniques but with a

Table 4 Coating line speeds, thicknesses, coat weights and wet film thicknesses for the different CNC coatings

Line speed

(m/min)

Coating thickness

(lm)—SEM

Coat weight (g/

m2)—SEM*

Coat weight (g/m2)—

gravimetric

Wet film

thickness (lm)*

3 wt% CNC 3 4.9 ± 0.1 7.6 ± 0.1 13.3 ± 3.3 160

3 2.8 ± 0.1 4.3 ± 0.2 7.9 ± 0.8 90

4 2.1 ± 0.1 3.3 ± 0.2 6.1 ± 1.4 70

3.8 wt% CNC ? 20

pph sorbitol

2.5 7.2 ± 0.7 11.2 ± 1.1 9.7 ± 1.2 200

3 4.3 ± 0.4 6.7 ± 0.6 2.0 ± 0.9 120

4 2.3 ± 0.1 3.5 ± 0.2 6.1 ± 0.7 50

4 0.9 ± 0.1 1.4 ± 0.1 1.7 ± 0.5 20

10 1.3 ± 0.1 2.0 ± 0.2 6.2 ± 0.5 30

*Calculated from thickness obtained through SEM
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reasonable agreement in between. While both PPS and

stylus profilometer values are influenced heavily by

the baseboard’s roughness, the AFM roughness on the

other hand is measured at smaller length scales

(500 nm) and is not influenced by the baseboard’s

large-scale roughness. All the CNC coatings showed

similar AFM roughness values of approximately 4 nm

(see Table 5), which is smaller than the width of the

CNCs, therefore, indicating uniform distribution of the

CNCs without large aggregates. CNC coatings, in

general, have been reported to show reduced air

permeabilities due to their ability to form a closed

Fig. 4 SEM cross-sections. a, b Baseboard; c, d 3 wt% CNC coating (4.3 g/m2); e, f 3.8 wt% CNC ? 20 pph sorbitol coating (2 g/

m2)
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network structure (Gicquel et al. 2017). The air

permeabilities for all the coatings produced herein

fall below the instrument’s detection limit, thus,

indicating full coating coverage. Such low values for

air permeability for a CNC coated paperboard at coat

weights as low as 1.4 g/m2, have not been reported in

the literature before. Pigment coated boards in general

have very low air permeabilities and the use of such a

substrate as a base for CNC coatings certainly plays a

role with the improved performance.

Adhesion of the CNC coating layer to the baseboard

was quantified by measuring the force required to peel

off the coating from the baseboard. As the tape is

peeled off at a constant speed, a load cell measures the

corresponding force and plots it as function of time.

There is an initial peak in the force when the coating

layer fails and starts coming off with the tape after

which the force plateaus at a lower value as the failed

interface is peeled off (see Supporting Information for

an example of force vs. time curve). Therefore, the

maximum and the average force values can be utilized

to quantify the adhesion strength of the coatings. The

maximum force is similar for all the coatings and is

identical to the maximum force required to cause

failure between the pigment-coating layer and the

baseboard (see Table 6). This indicates that all the

CNC layers adhere to the pigment-coating layer as

strongly as the pigment-coating layer adheres to the

fibers in the baseboard. Examining the failed surface

and its corresponding peeled tape (see Supporting

Fig. 5 AFM surface images. a 3.8 wt% CNC ? 20 pph sorbitol coating (2 g/m2); b 3 wt% CNC coating (3.3 g/m2)

Table 5 Roughness values from PPS, stylus profilometer and AFM topography

Coat weight (g/m2) PPS roughness (lm) Stylus profilometer—Ra (lm) AFM roughness (nm)

Base board – 1.50 ± 0.03 1.22 –

3 wt% CNC 7.6 3.46 ± 0.15 1.71 3.1 ± 0.2

4.3 3.22 ± 0.04 1.47 5.6 ± 3.8

3.3 3.04 ± 0.06 1.56 3.8 ± 0.4

3.8 wt% CNC?20 pph sorbitol 11.2 4.03 ± 0.07 2.2 4.0 ± 0.3

6.7 3.32 ± 0.15 1.34 3.6 ± 0.5

3.5 2.90 ± 0.08 1.23 3.7 ± 0.5

2.0 2.55 ± 0.09 0.96 4.4 ± 0.5

1.4 2.42 ± 0.04 0.96 4.9 ± 1.4
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Information) showed pigment-coating and CNC-coat-

ing fragments on both the surfaces thus, suggesting

that the failure is a combination of adhesive (interface

between CNC coating and baseboard) and cohesive

(within pigment-coating layer and CNC-coating layer)

failures. The average force indicates the force required

to peel the already failed layer, hence, its lower value

compared to the corresponding maximum force. It is

seen from Table 6 that the average force for CNC

coatings without sorbitol reduced as the coat weight

increased, while the average force for CNC coatings

containing sorbitol remained the same irrespective of

the coat weights studied, and that it is close to the

baseboard’s value. This indicates that in addition to

cationic starch, sorbitol also plays a role in improving

CNC coating’s adhesion to the baseboard. Sorbitol has

all the hydroxyl groups easily accessible to potentially

interact with both cellulose nanocrystals and starch,

thus, further improving adhesion. CNC coatings

without sorbitol lack this added advantage and as the

coat weight increases, cationic starch is not sufficient

to create resistance to the peeling force.

Majority of the applications based on CNCs require

barrier against a variety of liquids and gases depending

on the end use application. Therefore, the CNC

coatings were further characterized for their barrier

against mineral oil and water vapor. Heptane vapor

transmission rate (HVTR) can be a reliable indicator

for barrier against mineral oils because heptane is a

relatively small molecule compared to mineral oil

components. If the coatings provide barrier against

heptane they would certainly provide barrier against

larger molecular weight oil components. It is seen

from Table 7 that HVTR values for CNC coatings are

significantly reduced compared to those for baseboard.

All the coatings show a reduction of over 90% and for

coat weights above 3.5 g/m2, the reduction is almost

99%. HVTR values are sensitive to coating defects in

the sample, hence, the reason for the higher standard

deviation. Therefore, it is difficult to make compar-

isons between various coat weights especially when

differences in HVTR are not large. CNC coatings

containing sorbitol reduced the water vapor transmis-

sion rate (WVTR) by more than 50% while those

without sorbitol did not have considerable impact (see

Table 6 Peel test force

values for the CNC coatings
Coat weight (g/m2) Max force (N) Average force (N)

Baseboard – 6.6 ± 0.8 5.3 ± 2.5

3 wt% CNC 7.6 6.4 ± 1.4 2.5 ± 1.6

4.3 7.4 ± 1.9 4.4 ± 3.6

3.3 8.0 ± 1.5 6.2 ± 0.8

3.8 wt% CNC ? 20 pph sorbitol 11.2 8.0 ± 0.6 6.4 ± 1.0

6.7 8.3 ± 0.5 6.3 ± 0.8

3.5 7.9 ± 0.7 5.6 ± 1.6

2.0 8.2 ± 2.0 6.0 ± 1.8

1.4 7.0 ± 2.0 5.9 ± 1.4

Table 7 Barrier properties

for heptane (HVTR) and

water vapor (WVTR) for

the CNC coatings

Coat weight (g/m2) HVTR (g/m2 day) WVTR (g/m2 day)

Base board 1710 ± 78 174 ± 5

3 wt% CNC 7.6 24 ± 9 138 ± 17

4.3 13 ± 4 148 ± 20

3.3 127 ± 24 146 ± 33

3.8 wt% CNC ? 20 pph sorbitol 11.2 29 ± 16 41 ± 3

6.7 18 ± 11 59 ± 3

3.5 21 ± 13 85 ± 4

2.0 187 ± 38 90 ± 2

1.4 131 ± 35 89 ± 8

123

6066 Cellulose (2018) 25:6055–6069



Table 7). These findings are similar to results reported

in other, but related, systems (Herrera et al. 2017). The

small molecular weight of sorbitol together with its

abundance of hydroxyl groups forms strong hydrogen

bonds with cellulose nanocrystals thus, creating a

stronger and more closed coating structure. This slows

down the movement of water molecules resulting in

lower WVTR values. However, it has to be kept in

mind that WVTRs typically increase sharply as the

relative humidity increases and the barrier is not

sufficient for applications where there is contact with

liquid water. CNC based films and coatings have also

been reported to provide barrier against oxygen (Li

et al. 2013) and grease (Gicquel et al. 2017). Although

these measurements have not been performed on the

CNC coatings produced in this work, they can be

expected to give promising results and this could be

the focus for future work on CNC based coatings.

Conclusions

High-throughput roll-to-roll coating of CNC suspen-

sions on paperboard was successfully demonstrated

for the first time, and coating speeds as high as 10 m/

min have been achieved. Various challenges related to

processing of CNC suspensions into coatings, such as

high viscosity and yield stress at low solids content,

brittleness of CNC films and poor adhesion of CNC

coatings to commercial paperboard were addressed.

Rheological properties of CNC suspensions at differ-

ent solids concentrations were studied and their

inherent shear-thinning behavior was utilized by

passing them through a narrow slot gap. The low

viscosity suspension thus exiting the slot was applied

as a uniform coating onto paperboard. Using a smooth

substrate, such as a commercial pigment-coated

paperboard ensured full coverage and high peel

adhesion forces even at coat weights as low as 1.4 g/

m2 and resulted in smoother coatings. Adhesion of

CNC coatings to the pigment-coated paperboard was

improved by applying a thin layer (less than 1 g/m2) of

cationic starch as primer coating. SEM cross-sections

showed uniform CNC coatings with thicknesses

ranging from 0.9 to 7 lm and their corresponding

calculated coat weights varying from 1.4 to 11 g/m2.

Adding sorbitol as a plasticizer made CNC coatings

flexible and less brittle, and had a positive impact on

adhesion and barrier properties of the resulting

coatings. There was a significant reduction in heptane

vapor and water vapor transmission rates. For coat

weights above 3.5 g/m2, HVTR values were reduced

by up to 99% and WVTRs by up to 75%.
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