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Abstract: For preserving food packed in environmentally friendly and recyclable paperboard pack-
ages, it is important to have sufficient gas barrier performance of the paperboard container. Paper-
board has poor intrinsic barrier properties and to overcome this deficiency, so a barrier coating is
needed that does not hinder the recycling of the paperboard substrate. However, the gas barrier
properties and the recyclability of such coatings have been rarely studied. Here, both the gas barrier
performance and the removal of an alkali-soluble resin (ASR)-stabilized waterborne barrier coatings
from paperboard are investigated. For barriers for gases, such as nitrogen, carbon dioxide, and
oxygen, defect-free coatings are needed which is achieved by applying three coating layers. The
oxygen transmission rate (OTR) of the three-layered coating on paperboard was 920 cm3/(m2·day).
For water vapor barriers, two coating layers already show a strong improvement, as water follows
a different penetration mechanism than the other tested gases. The water vapor transmission rate
WVTR of double coated paperboard was 240 g/(m2·day). Preliminary results show that the coating is
removed by immersion of the coated paperboard in an aqueous alkaline solution at room temperature.
This causes de-protonation of the carboxylic acids of the ASR and subsequent re-dispersion of the
coating in water. Removing double-layer coatings from the paperboard is more challenging, possibly
due to the coating/coating interface between the two coating layers and enhanced adhesion between
coating and paperboard.

Keywords: waterborne coating; paperboard; gas barrier; alkali-soluble resin; recycle; aqueous
dispersion

1. Introduction

Food packaging is used to contain and protect food from environmental influences like
oxygen (O2) and water (H2O). Oxygen has a negative effect on packed food by promoting
the growth of microorganisms, causing stale odor, loss of vitamin C, and loss of aroma
due to oxidation [1,2]. Therefore, it is important to prevent oxygen from permeating from
the environment into the package. Dry and crispy food, like cereals, loses its crunchiness
with increasing moisture content [3]. For packed beverages, on the other hand, water must
be contained inside the package. Hence, a barrier is needed for both water vapor and
liquid water. Another approach to increase the shelf-life of food is by packing the food
in a modified atmosphere. The gaseous atmosphere inside the package is changed to an
atmosphere that promotes the preservation of food. The main gases used in modified
atmospheres are nitrogen (N2) and carbon dioxide (CO2) [4,5]. For this reason, these gases
need to be contained inside the food container. Moderate vacuum packaging is a packaging
technique that is used to reduce the air pressure inside the container and slow down the
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metabolism and growth of microorganisms [4]. In this case, the atmospheric gases need to
be prevented from entering the reduced-pressure food packaging.

Paperboard is a bio-based and environmentally friendly food packaging material, and
for this reason is the most used material, responsible for 40% to 50% of the packaging
market [6–8]. Paperboard alone has insufficient barrier properties, so barrier coatings are
necessary. The barrier layer must be impermeable to migrants, such as water (vapor),
oil and oxygen [9,10]. This layer should not hinder the recycling of paperboard, as more
than 80% of paper food packaging waste is recycled in the EU [11]. Recycling of paper
starts with pulping, where paper is separated into fibers and the ink is detached from the
fibers [12–14]. The main challenge of paper recycling is the removal of non-paper materials,
including coatings, adhesives, and inks from the paper. If there is incomplete removal, these
contaminations may end up in the recycled paper food packaging and possibly migrate into
the food itself, which can be hazardous. With increased recycling cycles, these pollutions
will accumulate in the recycled paper, resulting in lower paper quality [15–17].

A highly hydrophilic barrier layer is preferred against oxygen, for example, coatings
based on cellulose or starch [18–21]. The disadvantage of using these materials is, however,
that the oxygen barrier performance is sensitive to high humidity. Water acts as a plasticizer
when it is absorbed by the polymer coating, which increases the intermolecular distance
of the polymer chains. This causes an increase in the mobility of the polymer chains
and a concomitant higher diffusion rate of gases through the coating which reduces its
barrier performance [20,22,23]. Hydrophobic coatings, such as waterborne coatings based
on polystyrene and/or polyacrylates, have the benefit of imparting water resistance and
reducing humidity sensitivity [24–27]. Optimal gas barrier coatings for both oxygen and
water vapor can be obtained when the hydrophobicity and hydrophilicity of such coatings
are well balanced [18,28,29]. A commonly used paper-based food packaging that has
excellent barrier performance against multiple migrants is a composite consisting of paper,
polyethylene, and aluminum. Separating and recycling the individual layers is, however,
very challenging and only possible with extensive chemical treatments [30,31]. A water-
soluble release layer between the barrier coating and paperboard can be helpful to easily
separate the coating from the paperboard so that it does not hinder recyclability of the
paperboard; for example, a polyvinyl alcohol coating on paperboard [32].

Alkali-soluble resin-stabilized (ASR) waterborne coatings are interesting as liquid
water and oil barrier coatings on paperboard, as shown in our previous work [33,34]. This
ASR consists of both hydrophilic and hydrophobic moieties, acrylic acid, and styrene
, which are favorable for potential gas barrier performance against both oxygen and
water vapor. An ASR-stabilized polymer dispersion was synthesized using emulsion
copolymerization of styrene and n-butyl acrylate in presence of an alkaline aqueous ASR
solution [35]. The resulting dispersion was conveniently applied on untreated paperboard
by bar-coating, and during drying both water and base evaporate, causing the protonation
of the carboxylic acids in the ASR, resulting in a water-insoluble coating [36–40]. The
barrier penetration mechanism of these waterborne coatings is different for liquid water
and oils: water is absorbed by the coating and the water barrier properties are influenced
by the carboxylate concentrations in the coating, while oil penetrates via the defects in the
coating [33]. These ASR-stabilized waterborne coatings can in principle be removed from
the substrate by immersion in alkaline aqueous solution since that leads to deprotonation of
the carboxylic acids in the ASR and subsequent dissolution in the alkaline water phase [41].
However, the gas barrier properties and recyclability of ASR-stabilized waterborne coatings
have been rarely studied.

Herein, the gas barrier performance of ASR-stabilized waterborne coatings on paper-
board for N2, CO2, O2, and H2O vapor is investigated. Insight is given into the different
permeation mechanisms for the various gasses. Also, preliminary results attempting to
remove the ASR-stabilized waterborne coating from paperboard are reported.
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2. Experimental Section
2.1. Materials

The monomers styrene (S, ≥99%) and n-butyl acrylate (BA, ≥99%) were purchased
from Sigma Aldrich, Amsterdam, The Netherlands, and both were used as supplied. The
thermal initiator, ammonium persulfate, and the dissolved alkali-soluble resin (ASR) were
used as received from BASF, Heerenveen, The Netherlands. Details about the ASR were
previously described [34]. Isopropanol (IPA, ≥99.5%) was purchased from Sigma-Aldrich.
Sodium hydroxide (NaOH, 98.5%) salt is obtained from Acros Organics, Geel, Belgium.
All chemicals were used as supplied. Demineralized water was used throughout this
research. The paperboard substrate was kindly provided by Storaenso, Amsterdam, The
Netherlands, type ‘Ensocard’. This is an uncoated bleached board having a thickness of
215 µm (170 g/m2).

2.2. Coating Prepration

The polymer dispersion of styrene and n-butyl acrylate stabilized by the ASR was
prepared via a semi-batch emulsion polymerization, and described in detail in our previous
work [34]. For the coatings used in the gas barrier measurement, the as-prepared dispersion
was added to the isopropanol (IPA, 5 wt%) and mixed by hand. Subsequently, the coatings
were prepared by applying ca. 1.5 mL of the polymer dispersion on a paperboard substrate
(18 × 30 cm) and making a ‘draw-down’ using a bar-coater (RK control coaster, speed level
8, 12 or 24 µm wet deposit wire bar). The coatings were dried at 60 ◦C for 1 h in a ventilated
oven. This process was repeated for the double and triple coating layers, i.e., the next layer
was applied after drying the previous layer at 60 ◦C for 1 h. After drying, the coatings were
stored under ambient conditions for further characterization.

2.3. Coating Characterization

Scanning electron microscopy (SEM) images were taken off the surface and cross-
section of the coatings applied on paperboard. The cross-section was prepared by cryogenic
breaking of the sample in liquid nitrogen. All samples were covered with a conducting
layer by sputter coating with gold (30 s at 30 mA), and images were taken with SEM
(JEOL 7800F, Nieuw-Vennep, The Netherlands) in secondary electron mode. The thickness
of the coating layer was estimated by analyzing the cross-sections of the samples in the
SEM images.

Attenuated total reflection Fourier-transform infrared spectroscopy (ATR-FTIR, Varian-
Cary, Varian 670 IR equipped with a golden gate setup and Ge crystal, Vlissingen, The
Netherlands) was measured from the samples. For easy comparison, the spectra were cor-
rected with a simple baseline correction and normalized at the vibration peak at 2930 cm−1

using the program SpectraGryph 1.2.
The particle size was determined by dynamic light scattering (DLS, Zetasizer Nano

Series, Malvern Instruments, Eindhoven, The Netherlands) to obtain the particle diameter.
Dispersions were diluted with demineralized water or 0.1 M NaOH solution and filtered
(GE healthcare, glass microfiber filter with polypropylene housing, pore size of 2 µm)
before measuring.

2.4. Single Gas Barrier Performance

Gas permeation measurements of the single gasses He, N2 and CO2 were performed
in a stainless-steel cell with an area of 2.1 cm2. The coated paperboard samples were placed
in the cell and equilibrated overnight under He feed pressure of 2 bar and vacuum at the
permeate side. All samples were measured at 20 ◦C. The permeate pressure increase was
measured over time for each gas. Using the ideal gas law in Equation (1), where ∆n [mol]
is the amount of gas, ∆P [Pa] is the increase in permeate pressure, Vc [m3] is calibrated per-
meate volume, R [J/K·mol] is the gas constant and T [K] permeate temperature, and molar
volume Vm [cm3/mol], the permeate volume Vpermeate [cm3] was calculated (Equation (2)).
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The permeability was determined using Equation (3), where Pi [cm3/(m2day)], A [m2] is
the measured area, and t [day] is the time.

∆n =
∆P × Vc

R × T
(1)

Vpermeate =
∆n
Vm

(2)

Pi

[
cm3

m2 × day

]
=

Vpermeate

A × t
(3)

2.5. Water Vapor Transmission Rate (WVTR)

A cup was filled with dry silica gel (orange color) up to ca. 0.5 cm under the edge of
the cup. The coatings were cut to round samples with an area of 29.2 cm2 and were then
placed on top of the cup with the coated side facing the silica. The sample was sealed by
closing the lid and placed in a climate chamber of 85% RH and 23 ◦C for seven days. The
WVTR-values were determined gravimetrically and expressed in [g/(m2·day)]. The liquid
water barrier performance was using the gravimetrical Cobb method, which was described
previously [34].

2.6. Oxygen Transmission Rate (OTR)

The coating substrates were cut to round samples having an area of 100 cm2 and were
placed on top of the permeation cell (V = 100 cm3) with the coated side facing inwards. The
edges of the cell were greased to ensure airtight closure. The inside of the cell was flushed
with nitrogen to remove all oxygen. The sample was then exposed to environmental air for
24 h, and the oxygen concentration inside the cell was monitored over time. The data were
converted to a dynamic accumulation plot of which the slope was multiplied by the cell
volume and subsequently divided by the substrate surface to give the OTR (mL/(m2·day)).

2.7. Coating Removal

The coating applied on paperboard was removed by adding 0.1 M NaOH (aq) solution
on top of the paperboard after 5 min, after which the paperboard was rinsed with deminer-
alized water. For immersion, coated paperboard was immersed for 5 min in 0.1 M NaOH
solution followed by rinsing with demineralized water. In both cases, the paperboard was
dried under vacuum overnight before characterization.

3. Results and Discussion
3.1. Gas Barrier Performance
3.1.1. Characterization of the Waterborne Coating on Paperboard

The ASR-stabilized dispersion was prepared by emulsion polymerization of styrene
and n-butyl acrylate monomers and thermally initiated with ammonium persulfate as
previously reported [34]. Our previous work showed that addition of 5 wt% isopropanol
(IPA) to the polymer dispersion was beneficial for the oil barrier performance of the applied
coating on paperboard as it improved the spreading of the dispersion on the paperboard
and reduced the number of defects in the coating [33]. The dispersion with 5 wt% IPA was
applied on the untreated paperboard by bar-coating and dried at 60 ◦C for 1 h. The second
and third coating layers were applied via the same method taking an hour of drying time
in-between layers into account (Figure 1A,B). The gas barrier performance was evaluated
for coatings consisting of one, two, or three coating layers.
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Figure 1. (A) SEM image and (B) photograph of the surface of the triple-layer coating on paperboard.
SEM images of the cross-section of coated paperboard with corresponding coating thickness of
(C) one, (D) two and (E) three coating layers. The waterborne coatings are obtained by applying an
ASR-stabilized dispersion containing 5 wt% isopropanol on paperboard.

The coatings on paperboard were further analyzed by scanning electron microscopy
(SEM). The thickness of the coatings was determined from the SEM images in Figure 1. The
coatings formed a continuous and smooth layer on top of the porous and fibrous structure
of the untreated paperboard. The thickness of a single-layer coating was 5 µm (Figure 1C),
and applying a second layer on top increased the thickness to 8 µm (Figure 1D). The
thickness increase of the third coating layer was less compared to the double-layer coating,
giving an overall final thickness of 10 µm (Figure 1E). The first coating layer was applied on
untreated, porous and rough paperboard. Likely, more material was applied by bar-coating
to fill the pores of the paperboard compared to the second and third coating layers. Possibly,
another effect also plays a role in the varying thicknesses for the first and following coating
layers. During application of the first coating layer, water is immediately absorbed by the
paperboard, causing a slight increase in the dry solid content. For the second and third
coating layers, the first coating layer hinders water absorption by the paperboard, therefore,
less polymer material was deposited for the second or third coating layers.

3.1.2. Oxygen and Water Vapor Barrier Properties

The effect of the number of coating layers on the gas barrier performance was first
evaluated by measuring the permeation of oxygen and water vapor. The oxygen transmis-
sion rate (OTR) was determined by measuring the oxygen concentration increase inside a
nitrogen-filled cell sealed by the coated paperboard when exposed to air. Air is a mixture
of N2 (78.08%), O2 (20.95%), Argon (0.9%), CO2 (0.04%) and other small traces of gases [42].
Importantly, the air had a relative humidity (RH) of 50% to 60%, thus water vapor also
is present in air. The OTR of a single-layer coating, shown in Figure 2A was very high
(6.2 × 104 cm3/(m2·day)), and applying a second coating layer reduced the OTR by a factor
of 3 to 2.3 × 104 cm3/(m2·day). Applying the second coating layer reduced the number of
coating defects, which is beneficial for lowering gas permeation. The oxygen barrier was



Coatings 2022, 12, 1841 6 of 16

significantly improved by applying a third coating layer, as evidenced by a twenty-fivefold
decrease of the OTR value to 9.2 × 102 cm3/(m2·day) compared to double-layer coatings.
This large improvement in barrier performance is remarkable, since with applying the
third coating layer, only 2 extra µm is added to the total thickness. This third coating layer
was applied on an even smoother surface than the second layer, and during drying the
overall polymer coating was exposed to 60 ◦C for two additional hours which, might have
improved the barrier performance [43–46]. Reference values for maximum accepted per-
meabilities are challenging to find and depend on the type of packed food. A value found
in literature is that the OTR should be lower than 15 cm3/(m2·day) to become interesting
for the food packaging application [47], however, it should be highlighted that a direct
comparison is not possible due to differences in layer thickness. In fact, the large majority
of the literature reported OTR values do not specify the thickness of the layers used to
determine those values, which, in our view, should be reported. Hence, we report the
thickness of our coating layers but to avoid confusion, do not include it in the OTR and
WVTR calculated values.

Figure 2. Barrier performance of (A) oxygen (OTR), (B) water vapor (WVTR) and (C) liquid water
(Cobb) of coated paperboard with one, two or three coating layers.

Both the barrier performances against water vapor and liquid water were also de-
termined (Figure 2B,C). Both vapor and gas are in the gas phase, but for a vapor, the
species can also occur as a liquid or solid at a specific temperature, while a gas can only
exist as such at the specific temperature. The water vapor transmission rate (WVTR) was
determined by sealing a cup filled with anhydrous silica with the coated paperboard. The
cup is exposed to 23 ◦C and 85% RH. The mass increase by water absorption of the silica is
measured over time. The single layer coating showed a WVTR of 430 g/(m2·day) and this
value was almost halved to 240 g/(m2·day) for the double-layer coating. Applying a third
coating layer gave a value of 200 g/(m2·day). Also, for the WVTR applies that comparing
our value to a reference value is challenging due to differences in thickness of the tested
layers. In addition, the substate can also have a huge impact. According to the literature,
the WVTR should be lower than 10 g/(m2·day) to be considered as a high barrier coating
for food packaging [47]. The water vapor barrier improvement by applying more layers is
less pronounced compared with the oxygen barrier results. Most likely, this effect can be
explained by the difference in barrier mechanism. From our previous work, it is known
that the amount of water vapor absorbed by the coating is RH dependent [34]. The higher
the RH, the more water is absorbed by the coating. Since applying the third coating layer
did not improve the water vapor barrier performance significantly, this is an indication that
the water vapor barrier is less dependent on the number of defects in the coating.

The liquid water barrier performance (Figure 2C) was measured using the gravimet-
rical Cobb method, i.e., the difference in mass before and after 10 min of water exposure.
Cobb value of 13.5 g/m2 for single-coated paperboard was found. This value was decreased
enormously to 1.1 g/m2 by applying a second coating layer. A smaller improvement was
observed when the third coating layer was applied (0.7 g/m2) compared to double-layer
coatings. The strong improvement in water barrier performance when applying the second
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coating layer is explained by filling and covering the large surface defects present in the first
coating layer with the second coating layer. There are hardly any large defects present in the
second coating layer. Additionally, the barrier performance for liquid water is dependent
on coating thickness as thicker coatings slow down the diffusion.

3.1.3. Carbon Dioxide and Nitrogen Barrier Properties

Apart from looking at the above-discussed barrier properties against oxygen and water
(vapor), also barrier performance towards helium (He), N2, and CO2 was investigated.
N2 and CO2 are interesting for modified atmosphere packaging, and He is measured as a
reference. The effect of the number of coating layers on the gas barrier performance was
first evaluated by measuring the permeation of anhydrous pure He, CO2 and N2 gases. For
safety reasons, it was not possible to measure pure oxygen permeation in the same way as
the other gases. The permeation of He, CO2, and N2 was measured using a stainless-steel
cell having a pressure of two bars of the pure gas at the feed side and vacuum at the
permeate side. This is the lowest pressure difference possible to measure with the used
setup. However, in food packaging, the permeation is usually concentration driven and
not pressure driven, except for vacuum-packed food. The gas permeation of He, CO2, and
N2 for barrier coatings is rarely reported in literature, but the used measuring method has
been reported for liquid crystalline polymer films [48].

The gas permeation of He, CO2, and N2 in Figure 3A showed two trends; first the
permeation for all three gases decreased with increasing number of coating layers, and
second for all samples, helium had the highest permeation compared to CO2 and N2.
The single-layer coating has high permeabilities for He (2.7 × 107 cm3/(m2·day)), CO2
(1.2 × 107 cm3/(m2·day)), and N2 (1.5 × 107 cm3/(m2·day)). Applying a second coat-
ing layer lowers the permeation with a factor of approximately 3 for all three gases
to permeabilities of 1.0 × 107 cm3/(m2·day) for He, 4.2 × 106 cm3/(m2·day) for CO2
and 4.0 × 106 cm3/(m2·day) for N2. Surprisingly, applying a third coating layer dra-
matically decreased the permeation for all gasses with an additional factor of 100 to
permeabilities of 7.6 × 104 cm3/(m2·day) for He, 4.3 × 104 cm3/(m2·day) for CO2 and
3.9 × 104 cm3/(m2·day) for N2 (Figure 3B) compared to the double-layer coatings. A
similar trend was found for the oxygen permeation (vide supra).

Figure 3. (A) Single gas permeability (He, CO2 and N2) of ASR-stabilized waterborne coatings on
paperboard having one, two or three coating layers. (B) Zoom in on the triple-coated paperboard.
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Helium has the highest permeation through the polymer coatings independent of the
number of layers compared to CO2 and N2. The permeability (P) of dense coatings depends
on the diffusion (D) and solubility (S) of the gas species as described in Equation (4) [49].

P = D × S (4)

The diffusion and solubility depend on the kinetic diameter and the critical tempera-
ture of the gas species, respectively [50]. The kinetic diameter is a measure of the diameter
of the gas, which depends on mean free path and number of molecules per unit volume [49].
Helium has the smallest kinetic diameter, followed by CO2 then N2 (Table 1. Thus, based
on the kinetic diameter, the diffusion is expected to be the highest for He, followed by CO2
then N2. The solubility of a gas into the polymer coating mainly depends on the condens-
ability of a gas. The critical temperature of a gas is directly related to the condensability
of a gas in a material and usually increases with increasing temperature, resulting in an
increased solubility of the gas species in the polymer coating [51]. Helium has the lowest
critical temperature, followed by N2 then CO2 (Table 1), indicating that helium has the
lowest solubility, followed by N2 then CO2. However, it should be noted that not only the
critical temperature but also the chemical affinity between gas and polymer matrix will
influence the solubility.

Table 1. Kinetic diameter and critical temperature of the various investigated gases. Data retrieved
from ref. [49].

Gas Kinetic Diameter (nm) Critical Temperature (◦C)

He 0.26 −268
CO2 0.33 31
O2 0.35 −119
N2 0.36 −147

Helium has the highest permeability for all coatings with one, two, or three coating
layers because helium has the smallest kinetic diameter, resulting in the highest diffusion
through the dense polymer coating. The permeation of N2 and CO2 are comparable for
the coatings with two or three coating layers, which indicates that the difference between
diffusion and solubility does not play a dominant role in the permeability of N2 or CO2
through the polymer coating. The permeability of O2 should be similar to CO2 and N2 as
the diffusion and solubility of O2 are comparable with CO2 and N2. The diffusion depends
on the kinetic diameter and the kinetic diameter of O2 has a value between the kinetic
diameters of CO2 and N2. The solubility depends on the critical temperature and the critical
temperature of O2 is slightly lower than N2 (Table 1). However, the previously discussed
OTR values were forty times lower compared with the permeation of He, CO2, and N2 for
the three-layer coatings. This difference might be attributed to the use of a different setup
for the OTR-measurement, where the concentration difference was the driving force for the
permeation.

3.2. Recyclability of Coated Paperboard
3.2.1. Influence of Individual Base Treatments on Paperboard and Coating Material

From a sustainability point of view, paperboard food packaging should be recyclable.
Therefore, it was explored whether the ASR-stabilized waterborne barrier coating can be
conveniently removed from the paperboard. The single-layer waterborne coatings were
formed by applying the ASR-based polymer dispersion on paperboard by bar-coating
and drying in a ventilated oven at 60 ◦C for 1 h. During drying, water and volatile base
(ammonia) are evaporated, resulting in the protonation of the carboxylates in the ASR to
form the carboxylic acids. The hypothesis is that the coating can be removed from the
paperboard by treating the coating with 0.1 M NaOH (aq) (pH = 13) (Figure 4A). During
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this base treatment, it is expected that the carboxylic acids of the ASR deprotonate, resulting
in a water dispersible coating while the paperboard itself remains unaffected (Figure 4B).

Figure 4. (A) Schematic representation of the base treatment of the waterborne coating. (B) Schematic
depiction of the influence of base (0.1 M NaOH) on the carboxylic acids of the ASR causing
deprotonation.

First, it was investigated how the two components of the system, the paperboard
and coating material, were individually affected by the base treatment. The uncoated
paperboard substrate was tested by depositing a drop of 0.1 M NaOH (aq) on top of the
surface. After 5 min, the base was removed by extensively rinsing the paperboard with
water and subsequently drying it in vacuum overnight before characterization. The paper-
board was not affected by the base treatment, as Figure 5A–C shows identical SEM images
and overlapping FTIR spectra of virgin and base-treated paperboard. The SEM images
both show the fibrous structure of the surface of the paperboard. The FTIR spectra show
several characteristic vibration peaks, namely at 3320 cm−1 (OH stretching), 2890 cm−1

(CH stretching), 1635 cm−1 (OH bending of absorbed water), and 1430–900 cm−1 (primarily,
C-C stretching and COH and CCH deformation) [52,53].

Figure 5. SEM images of the (A) virgin and (B) base-treated (0.1 M NaOH (aq) for 5 min) uncoated
paperboard with (C) corresponding FTIR spectra. (D) Photograph of free-standing film (in black
circle) immersed in demineralized water (pH = 7). (E) Photograph of free-standing film of the coating
dispersed in pH = 13, followed by lowering the pH to 3 causing sedimentation of the polymers.
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Next, a free-standing film of the dried ASR-stabilized dispersion was treated with
a 0.1 M NaOH solution (pH = 13) to test if the ASR-stabilized waterborne coating could
be re-dispersed in the alkaline solution; the treatment resulted in a homogenous milky
liquid (Figure 5E), indicating that the alkaline solution can potentially be used for removing
the coating from the paperboard (vide infra). As a reference, the free-standing film was
immersed in demineralized water (pH = 7) which showed that under neutral condition, the
film remained intact and became white (Figure 5D). This data shows that the paperboard is
unaffected upon contact with alkaline water, and that the waterborne coating re-disperses
in alkaline water during the base treatment.

Interestingly, lowering the pH to acidic conditions (pH = 3) causes the polymer phase
to sediment as shown in Figure 5E. In this acidic environment, the carboxylates of the ASR
protonate to carboxylic acids which are no longer able to electrostatically stabilize the poly
(styrene/butyl acrylate) particles as the ASR becomes water-insoluble. This results in an
unstable polymer dispersion where the polymers precipitate under acidic conditions. This
precipitate can subsequently be separated from the aqueous phase by filtration.

3.2.2. Influence of Base Treatment of Coated Paperboard

Having determined the effect of the base on the individual components, the next
step was to investigate if a coating applied on paperboard can be removed upon 0.1 M
NaOH (aq) base treatment. The ASR-stabilized dispersion was applied on paperboard by
bar-coating and dried at 60 ◦C for 1 h. The porous and fibrous surface of the paperboard
was effectively covered with waterborne coating as shown by the SEM image in Figure 6A.
A droplet of 0.1 M NaOH (aq) was then placed on top of the coated paperboard for 5 min,
followed by an extensive rinsing step with demineralized water. The treated paperboard
was dried under vacuum overnight before further characterization. Then the surface
was analyzed using SEM and FTIR (Figure 6B,C). The SEM image shows the fibrous
structure of the paperboard; however, some residues of the coating were observed when
compared to the surface of virgin paperboard. The corresponding FTIR spectra show
that after base treatment the surface of the treated paperboard strongly overlaps with
the untreated paperboard with almost no trace of the coating. The vibration peaks at
1730 and 700 cm−1 differ from the spectrum of pure paperboard and correspond to the
C=O stretching vibration of the n-butyl acrylate and the mono-substituted aromatic group
in styrene of the poly(styrene/butyl acrylate) core, respectively. Thus, base treatment of
coated paperboard removed the ASR-stabilized single-layer waterborne coating to a large
extent, while traces of the poly(styrene/butylacrylate core remained.

3.2.3. Re-Using Paperboard

After the above discussed initial studies on individual components and dropwise
application of the NaOH solution, the base treatment was changed to a more industrial
relevant process. Rather than placing a drop of alkaline solution on top of the coating, the
coated paperboard was immersed in 0.1 M NaOH solution for 5 min to remove the water-
borne coating from paperboard (Figure 7A). During the immersion step, the base is also
absorbed by the paperboard. Thus, the base penetrates from two sides, via the coating/air
and coating/paperboard interfaces. After immersion, the treated paperboard was rinsed
with water, and the treated samples were dried under vacuum before characterization.
After drying, the treated paperboard was deformed (Figure 7B). In Figure 7C the SEM
image shows less coating residues on the fibrous surface of the immersed paperboard than
paperboard treated with a single droplet.
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Figure 6. SEM images of the (A) initial coating on paperboard and (B) base-treated coating (0.1 M
NaOH (aq) for 5 min) on paperboard. (C) Corresponding FTIR spectra of paperboard, coating and
base-treated coating.

Figure 7. (A) Schematic representation of the base treatment by immersing the coated paperboard in
0.1 M NaOH for 5 min and subsequently extensive rinsing with demineralized water. After drying the
treated paperboard under vacuum overnight, a new coating layer was re-applied on the paperboard.
(B) Photograph and (C) SEM image of the coated paperboard was immersed in 0.1 M NaOH solution
for 5 min and dried in vacuum overnight. Subsequently, (D) SEM image after applying a new coating
layer on the base-treated paperboard.

To investigate if the ‘recycled, cleaned’ paperboard could be re-used as a substrate
for subsequent barrier coatings, a new coating layer was applied by bar-coating. This
new coating layer covered the paper fibers, but surface defects were observed (Figure 7D).
These surface defects are also present in the initially coated paperboard, which are formed
during drying as described in our previous work [33]. The water barrier performance of the
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coating was then re-determined by the gravimetrical Cobb method. A value of 13.5 g/m2

was measured for the initially applied coating on paperboard and after coating removal and
re-application, a value of 330 g/m2 was found. The water barrier performance decreased
enormously, which might be caused by the deformation and curling of the treated and
dried paperboard compared to virgin paperboard. Probably, the coating is also too thin to
form a sufficient water barrier.

3.2.4. Multilayer Barrier Coatings

In Section 2.1, we described that the best gas barrier properties were obtained for
multilayer coatings. Therefore, the effect of the base treatment on a double-layer coating
was also investigated. When a droplet of 0.1 M NaOH solution was placed on top of the
double-coated paperboard, after 30 s the surface was affected by the base as can be seen in
Figure 8A. After 5 min of base treatment, cracks were observed in the coating layer and
some of the paper fibers were visible in the SEM images (Figure 8B). The FTIR spectra in
Figure 8D show that after 30 s of base treatment, the coating vibration peaks were more
intense than the paperboard vibration peaks. Increasing the base treatment time to 5 min,
the paperboard vibration peaks became stronger compared to the coating vibration peaks.
This indicates that with increasing base-treatment time, more coating was removed from
the paperboard.

Figure 8. SEM images of the base-treated double-coated paperboard by placing a droplet of 0.1 M
NaOH (aq) on top for (A) 30 s and (B) 5 min. Additionally, (C) the double-coated paperboard was
immersed in 0.1 M NaOH solution for 5 min. (D) Corresponding FTIR spectra of the uncoated,
double-coated paperboard and base-treated coating.

It was more difficult to remove the double layer coating from the paperboard than a
single layer coating. The second coating layer dried differently compared to the first coating
layer. During drying of the first coating layer, water is evaporated from the coating/air
interface and water is absorbed by the paperboard. During drying of the second coating
layer, water can only evaporate via the air/coating interface as the first coating layer
hinders the water uptake by the paperboard. Additionally, the double layer coating has an
interface between the two coating layers, and it could be that due to this coating/coating
interface, removal of the coating by the drop method is hindered by the poor penetration
of the droplet into the double-layer coating.
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In contrast, when a double coated paperboard is immersed in a 0.1 M NaOH (aq)
solution for 5 min, the alkaline solution can affect the coating from both air/coating and
paperboard/coating interfaces as the base is absorbed by the paperboard. The SEM image
in Figure 8C shows a combination of small coating residues and paper fibers. Based on the
SEM image and FTIR spectra, it appears that immersion was more effective in removing
the coating from the paperboard than only applying the base to the top of the coating.

To investigate why the double layer coatings are more challenging to remove, also
a thick single layer coating was applied on paperboard and treated with 0.1 M NaOH
solution. When the alkaline droplet was placed on top of the thick single layer coating, after
30 s small cracks were formed in the coating surface (Figure 9A). After 5 min, the fibers were
visible with minor coatings residue over a large fraction of the surface (Figure 9B). Upon
immersion of the thick single-coated paperboard in alkaline solution, almost all the polymer
coating was removed from the paperboard (Figure 9C). These results indicate that 5 min of
base treatment was sufficient to remove a thick single coating layer from the paperboard.
When a double layer is applied, 5 min is insufficient to remove the coating. These results
clearly indicate that the difference between the double coatings and single thick coating,
the additional interface between the two coating layers for the double coatings, can be the
reason for the lower efficiency in removing the double layer coating, as it hinders or slows
down the base penetration throughout the polymer layer towards the substrate interface.

Figure 9. SEM images of the single thick coating on paperboard treated with 0.1 M NaOH (aq) by
placing a droplet on top of the coated paperboard for (A) 30 s and (B) 5 min. Additionally, (C) the
single thick coated paperboard was immersed in 0.1 M NaOH solution for 5 min.

4. Conclusions

ASR-stabilized waterborne coatings with varying number of coating layers were ap-
plied on paperboard by bar coating. Barrier properties of these ASR-stabilized waterborne
coating are dependent on relative humidity, since absorbed water acts as a plasticizer
and leads to decreased barrier performance [20,22]. The permeation of CO2, N2, and O2
decreased with an increasing number of coating layers. Applying a second coating layer
covers the surface defects of the first coating layer, thereby improving the barrier perfor-
mance. Surprisingly, applying a third coating layer dramatically reduced the permeability
even though the coating thickness only increased by 2 µm. Water vapor has a different
permeation mechanism compared to the permeation mechanism of the other investigated
gases because water is absorbed by the polymer coating. The water vapor barrier perfor-
mance showed the largest improvement when a second coating layer was applied because
this layer reduces the defects of the first layer, and increased the thickness significantly.

Interestingly, the ASR-stabilized waterborne coating can be removed from the pa-
perboard substrate under alkaline aqueous conditions at room temperature. During base
treatment, the carboxylic acids in the ASR deprotonate which results in dissolution of the
ASR. As a result of this conversion, the coating was able to re-disperse in alkaline water.
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The re-dispersed polymers can subsequently be precipitated by lowering the pH of the
solution to acidic conditions. The paperboard was not affected by the base treatment. The
single layer coating was almost fully removed upon base treatment. Removing double
layer coatings from the paperboard was more challenging.

Overall, our results will help to understand and improve gas barrier properties and
recyclability of polymer-coated paperboard for more sustainable packaging applications.
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