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In this work, we studied the properties of printed paperboard samples coated with 
biodegradable PCL polymer, which was considered to overcome the disadvantages (bar-
rier properties) of a paper-based material. Additionally, the samples were coated with 
PCL modified with SiO2 and Al2O3 nanoparticles. The characterization of the coated pa-
perboard (with print) samples was made by determination of water vapor transmission 
rate (WVTR), contact angle of water and its evolution over time, and mechanical and 
visual properties. The samples were also examined by SEM microscopy. The results 
show that PCL and PCL coatings modified with SiO2 and Al2O3 nanoparticles slow down 
the water vapor transmission rate when compared to the paperboard without coatings. 
The water contact angle measurements show an increase in hydrophobicity in paperboard 
coated with PCL-SiO2, while PCL-Al2O3 shows a decrease when compared to neat pa-
perboard and paperboard coated with neat PCL. The studied coated samples also im-
prove mechanical properties of paperboard while preserving the visual properties of 
print.
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Introduction

Paper-based packaging materials have a major 
share in the packaging industry, as well as the use 
of synthetic polymers. Due to some weaker proper-
ties of paperboard, synthetic polymers have grown 
and continue to grow in packaging production1. The 
main disadvantages of synthetic polymer packaging 
materials are recyclability and stability to biodegra-
dation.

Paper-based packaging materials are environ-
mentally friendly due to recyclable and compostable 
properties, but are often not suitable as a packaging 
material since they have poor barrier properties, for 
example, against moisture. When stored under high 
humidity conditions or when in contact with 
high-moisture materials, they tend to absorb water 
vapour from the environment due to cellulose com-
position resulting in their reduced physical and me-
chanical strength2. The design of water-repellent 
barrier layers is essential for packaging materials 

made from porous and absorbent textiles, paper or 
paperboard3. Low barrier abilities against water va-
por and gases are the main problems in food pack-
aging. In order to extend the product’s shelf life, it 
is essential to modify and improve these properties.

The surface of a paper can be coated with thin 
polymer layer that contains required properties: 
physical strength, oil/grease resistance, wettability, 
smoothness and/or good optical properties.

Recently, biodegradable polymers are increas-
ingly applied as coating materials. The surface 
properties and wettability of those substrates can be 
influenced by physical (drying, calendaring) and 
chemical (impregnation, coating) treatments, form-
ing a first barrier against water adsorption. Hydro-
phobic barrier coatings are most likely applied by 
means of extrusion, lamination or dispersion coat-
ing3. Many biopolymers are hygroscopic materials 
and can lose their barrier properties at high relative 
humidity (RH) due to water absorption4. PCL is a 
biopolymer with low water vapor transmission rate 
and has been used as a film on different materials5, 
Barrier properties can be additionally improved 
with the usage of different inorganic nanofillers for 
reinforcement, such as SiO2, Al2O3, ZnO, TiO2, etc. 
Besides the barrier properties, these inorganic nano-
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fillers can affect mechanical properties as well. 
Physical properties are largely dependent on the de-
gree of nanoparticles dispersion in polymer matri-
ces, mainly mechanical and rheological properties. 
Depending on the polymer matrix and used nano-
fillers, nanocomposites may display different prop-
erties. The addition of nanoparticles in matrix most-
ly affects thermal stability, elastic modules, tensile 
and yield strength, melting temperature and degree 
of crystallinity6–9. The absence of chemical bonding 
between the polymer and the particle can influence 
the mechanical properties of composites because a 
strong interfacial bonding can effectively transfer 
the load from the matrix to the reinforcement. Be-
sides mechanical properties, biodegradation study 
of PCL/silica nanocomposite showed that biodegra-
dation rates have been enhanced in the PCL/silica 
nanocomposites compared to neat PCL6.

Modification of optical and radiative properties 
of composites with the use of “classic” nano-oxide 
particles (silica, alumina, zirconia) appears promis-
ing for the reinforcement of transparent polymers. 
In general, these are quasi-spherical nanoparticles 
used in transparent materials to prevent the diffu-
sion phenomena10. Aluminium oxide coatings on 
polymers are widely used to improve the gas barrier 
properties of polymers in the packaging4. Alumina 
particles are used as fillers in a wide range of sizes, 
from 20 nm to micrometric sizes. They are fre-
quently used as inert fillers in polymers, but high-
light catalytic properties in some conditions10.

Silica nanoparticles have many advantages, in-
cluding high mechanical strength, permeability, 
thermal and chemical stability, a relatively low re-
fractive index and high surface area. Their incorpo-
ration into polymer films is also known to enhance 
the film mechanical properties and reduce its ther-
mal degradation at high temperature, as well as in-
crease the barrier properties to solvents and volatile 
products11. Silica nanofiller incorporated in polymer 
composites can be used for enhancement of viscos-
ity in paints, adhesives, etc12. It is important to men-
tion that high content of nanofillers can result in 
high density and poor mechanical properties of 
polymers13. The addition of 0.05 wt% of silica 
nanofillers improved mechanical properties due to 
their good dispersion in PLA matrix. With increas-
ing silica content, the tensile strength and elonga-
tion at break were decreased14.

The aim of this study was to decrease permea-
bility and increase mechanical properties of paper-
board using PCL polymer modified with SiO2 and 
Al2O3 nanoparticles while keeping its biodegrad-
ability. Also, the effects of the nanocomposite coat-
ings were analyzed to ensure the color change is 
acceptable for use after print.

Materials and methods

Materials

Being a common material in the packaging in-
dustry, Umka color® 230 g m–2 GD2 paperboard 
(K/0) was used and cut into 30 cm x 35 cm sheets 
samples. Offset printed with CMYK colors Novavit® 
F 918 SUPREME BIO, light fastness C-8, M-5, 
Y-5, K-8. The coating was prepared from poly-
caprolactone (PCL) biopolymer (molecular mass: 
Mn ~80,000) Aldrich®. Hydrophobic fumed silica, 
mean primary particle size 5 to 50 nm, SiO2 content 
> 99.8 %, specific surface area (BET) 220 ± 25  
m2 g–1, and aluminum oxide (AEROXIDE® Alu C), 
nanopowder, 13 nm primary particle size (TEM), 
Al2O3 content > 99.8 % specific surface area (BET) 
100 ± 15 m2 g–1, were used as the nanofillers. The 
ethyl-acetate solvent (C4H8O2) (99.5 %) (T.T.T. 
d.o.o.®) was used for the coating preparation.

Print sample preparation

The examined colors were basic colors of sub-
tractive color synthesis and key black (CMYK). 
Color test card was prepared via X-rite Color Port® 
software and exported as a TIFF file (Fig. 1). Pre-
press was sent to be printed with implemented Pro-
cess Standard Offset printing developed by Fogra® 
(ISO 12647-2) to ensure good print quality using 
CMYK ink Novavit® F 918 SUPREME BIO.

 
 

F i g .  1  – Color test card

Coating preparation

The coating was prepared by dissolving 10 g of 
PCL polymer granulates in 90 g of ethyl-acetate 
solvent. The solution was then heated at 40 °C and 
stirred 30 min to obtain a homogeneous 10 % solu-
tion. The coatings on the printed color test card 
samples from PCL polymer solution were prepared 
by varying the concentrations of silica nanoparti-
cles. Four different coatings were prepared, neat 
PCL (K/P) and by adding 2 wt.% SiO2 (K/P/2Si), 1 
wt.% Al2O3 (K/P/1Al) and 2 wt.% SiO2 with 0.5 
wt.% (K/P/2Si/05Al); dispersing them with a ho-
mogenizer for 8 min at 15000 rpm. Unwanted sol-
vent evaporation was controlled by sealing the con-
tainer using paraffin strips, and the mass of the 
solu  tion was compared before and after the procedure.

Coating application

The coating was applied using the K202 Con-
trol Coater in controlled conditions defined by the 
ISO 187:1990 standard. The wet coating thickness 
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was defined with the standard coating bars to 24 μm 
(dry coating ~ 6 μm). All coatings were applied on 
the printed side of the paperboard, and designated 
according to Table 1.

Ta b l e  1  – Composition of PCL nanocomposites (wt.%) and 
designation

Sample E-A P Al Si

K/0 – – – –
K/P 90 10 – –
K/P/1Al 89 10 1 –
K/P/2Si 88 10 – 2
K/P/2Si/05Al 87.5 10 0.5 2

K – paperboard, E-A – ethyl acetate, P – PCL, Al – Al2O3,  
Si – SiO2

Methods

Scanning electron microscopy

The surface of a paperboard coated with PCL 
nanocomposites was observed with a SEM micro-
scope (Tescan VEGA 3) 20 kV. Before examining, 
the samples were sputter coated with a thin layer of 
Pt/Pd.

Water vapor transmission rate

The water vapor transmission rate (WVTR) of 
a paperboard coated with PCL and PCL nanocom-
posites was carried out on the Herfeld’s appliance. 
Herfeld’s device consists of a glass container with a 
metal lid containing a circular hole of 36 mm in 
diameter. Fifty milliliters of water was poured into 
the glass vessel. The studied material pattern was 
placed (face down) on the cover of the vessel of 
circular diameter of 55 mm and the lid was closed 
and tightened. The device was placed in a desicca-
tor with 97 % of sulphuric acid. The weight of the 
apparatus with the specimen and the water was de-
termined at the beginning and after the given time 
interval of 24 and 48 h using equation 1. The results 
are presented as a mean ±SD of 5 measurements per 
sample.

Water vapor transmission (WVTR) was deter-
mined according to equation 1:
 WVTR= m0 – (m2 – m3)/2 (1)
m0 – mass of the device with water and specimen at 
the beginning (g); m2 – mass of the device with wa-
ter and a test tube after 24 h (g); m3 – mass of the 
device with water and a test tube after 48 h (g).

Contact angle and water wettability

Contact angle of neat paperboards and paper-
boards coated with PCL nanocomposite were car-
ried out using contact angle method on Data Phys-

ics OCA 20 Instrument. The contact angles of water 
(as the test liquid) on the coated paperboards was 
measured at 23 °C ± 0.2 and humidity of 60 % RH, 
and the drop volume was 2 μL and measured over a 
time-span of 6 s. The drop shapes were geometri-
cally determined from Laplace–Young fitting inte-
grated into the software (SCA20, version 2.01). The 
examined contact angles are presented as a mean of 
10 measurements per sample type.

Bursting strength

Bursting strength (P) was measured using Lo-
rentzen & WETTRE Bursting Strength Tester (ISO 
2758:2001), to determine the strength of paperboard 
samples. Dimensions of the tested paperboard spec-
imen were d = 100 mm, measuring range d = 50 
mm, and the device diaphragm had a diameter d = 
33.1 mm. The number of samples were determined 
according to ISO 2758:2001.

Colorimetry

The Color test on the printed color test card 
samples was carried out by spectrophotometric soft-
ware, the X-Rite i1 Pro2® spectrophotometer. The 
results of printed paperboard test card were mea-
sured before and after coating. The averages of ten 
measurements per sample are presented in the re-
sults. The spectrometric values were converted to 
the CIE Lab color space and the color change was 
expressed using ΔE00 formula, which has been re-
viewed by several authors and confirmed as the one 
to be used when selecting a conventional color dif-
ference formula for predicting color difference in-
volving different magnitudes15.

Color difference (ΔE00) was determined ac-
cording to equation 2:

ΔE*
00 = [(ΔL*/kLSL)

2 + (ΔC*/kCSC)2 + (ΔH*/kHSH) +  
+RT (ΔC*/kCSC) (ΔH*/kHSH)]1/2

Δa*= a1
*– a2

*

Δb*= b1
*– b2

*  

(2)

ΔCab= [(a2 – a1)
2 + (b2 – b1)

2]1/2 = C1
*– C2

*

ΔH*= (Δa*2 + Δb*2 – ΔC*
ab

2)1/2

ΔL*=L2
*– L1

*

L – CIELab color space coordinate value (lightness 
value); a, b – CIELab color space coordinates; RT – 
A hue rotation term to deal with the problematic 
blue region (hue angles in the neighborhood of 
275°) Compensation for neutral colors (the primed 
values in the L*C*h differences); SL – compensation 
for lightness = 1; SC – compensation for chroma = 
1+ K1 C1

*; SH – compensation for hue = 1+ K2 C1
*; 

K1 – graphic arts = 0.045; K2 – graphic arts = 0.015.
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Results and discussion

Contact angles analysis

Contact angles of water on paperboard and 
PCL coated paperboards surfaces were used to de-
termine wetting and water absorbency during time 
evolution. The static contact angles on paperboard 
coated with modified PCL coating are presented in 
Fig. 2, measured over sampling time of 6 s. The 
higher contact angles are seen in polar liquids and 
hydrophobic surfaces and vice versa. Both samples 
which contain SiO2 nanoparticles showed hydro-
phobic properties, while Al2O3 showed much lower 
contact angles (72°). The highest hydrophobicity 
was obtained for the PCL coating modified with a 
combination of SiO2 and Al2O3 nanoparticles (91º), 
followed by SiO2 (89°). PCL samples showed simi-
lar contact angle of water as neat GD2 paperboard. 
The obtained results of contact angles during time 
of 6 s clearly indicate the difference in initial con-
tact angle of water on each coated paperboard sam-
ple and the difference in the degree of decrease in 
contact angle with time. For uncoated paperboard, 
the water contact angle decreased by 18 %. That 
was the highest variation compared to other coated 
paperboard samples and was caused by the water 
absorption of the paperboard. Paperboard coated 
with unmodified PCL showed decrease in water 
contact angle by 6.6 %. When it comes to PCL 
modified with nanoparticles, the highest decrease 
was observed in PCL coating modified with a com-
bination of SiO2 and Al2O3 (7.1 %), followed by 
Al2O3 (5.6 %). The smallest change in water contact 
angle was observed for paperboard coated with 
SiO2 (4.4 %). Even though the highest initial degree 
of water contact angle was observed for PCL modi-
fied with combination of SiO2 and Al2O3 nanoparti-
cles, the changes in degree over time are greater 
when compared to other samples. This can be ex-
plained by the nanoparticles agglomeration and in-
crease in the surface roughness, which can be seen 

on the SEM micrograph (Fig. 3). The change in 
contact angle with time can be used as an indication 
of the water absorption rate by the paperboards.

F i g .  2  – Static water contact angles measured over time evo-
lution of 6 s

F i g .  3  – SEM micrographs of paperboard samples coated 
with PCL and modified with SiO2 and Al2O3 nanoparticles

a) K/P

b) K/P/1Al

c) K/P/2Si

d) K/P/2Si/05Al
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SEM analysis

The morphology of PCL nanocomposite coat-
ings were analyzed with SEM micrographs and are 
presented in Fig. 3. PCL coating in Fig. 3(a) shows 
some holes approx. 2 mm in size, which can indi-
cate porosity. This is explained by a lack of interac-
tion between PCL and printed paperboard. On the 
other hand, morphology of the PCL nanocomposite 
coatings significanly differs by exhibiting more uni-
form coatings. PCL modified with Al2O3 nanoparti-
cles seen in Fig. 3(b) shows no aggregations or 
holes even with 6000x magnification. Fig. 3(c) 
shows a very homogeneous dispersion of SiO2 with 
some aggregates observed in higher magnification, 
presented as bright circles. The good dispersion of 
individual Al2O3 nanoparticles can be explained due 
to its polarity. PCL and Al2O3 are polar compounds, 
and this results in a fully homogeneous coating. 
Samples that were prepared with the combination of 
Al2O3 and SiO2 nanoparticles result in a significant-
ly higher aggregation due to their immiscibility, as 
shown in Fig. 2(d). The sizes of aggregated nanopar-
ticles were measured up to 5 mm. It can be conclud-
ed that the nanoparticles in the PCL polymer were 
not dispersed on a nano-scale. The intersurface in-
teractions between the PCL polymer and nanoparti-
cles, and also between the paperboard and nanopar-
ticles are responsible for such variations in 
morphology. Because Al2O3 nanoparticles are not 
visible on the surface of the coating (Fig. 2(b)), it 
can be assumed that they form higher interactions 
with paperboard than with PCL, which results in the 
presented morphology. All changes in the PCL 
nanocomposite coatings morphology can reflect in 
the properties of the coated paperboard packaging, 
like mechanical properties, barrier properties, and 
changes in the print color, but despite such aggrega-
tion and due to the low concentration, this type of 
dispersion can still contribute to the enhancement of 
barrier and mechanical properties16.

Water permeability

PCL is known for good water vapor proper-
ties5,17 but PCL paperboard coating modified with 
Al2O3 and SiO2 nanoparticles is not widely investi-
gated. The percentage results of the WVTR in rela-
tion to the control (K/0 – neat paperboard) are pre-
sented in Fig. 4. The WVTR results of the control 
sample were defined as 100 % and the other sam-
ples are presented in relation to those values. The 
results show that the PCL coating has a decrease in 
permeability (15 %). The sample with PCL-Al2O3 
(K/P/1Al) coating also has a similar (14 %) de-
crease in water vapor transmission and does not 
show a higher decrease in permeability, even though 
Al2O3 is known for its ability to improve barrier 

performance of polymers18. PCL coating with SiO2 
nanoparticles (K/P/2Si) shows a better improve-
ment in permeability (decrease by 19 %) after 48 h 
WVTR test. The SiO2 nanoparticles with dissocia-
tive mechanism of water vapor adsorption usually 
first form Si–OH bonds creating a layer that slows 
down the process of permeability19. Also, polymer/
layered silicate nanocomposites are characterized 
by very strong enhancements of polymer barrier 
properties. This can be explained by the concept of 
tortuous paths. When impermeable nanoparticles 
are incorporated into a polymer, the permeating 
molecules are forced to wiggle around them in a 
random walk, and hence diffuse by a tortuous path-
way. Rigid fillers are naturally resistant to straining 
due to their high moduli. Thus, when a softer matrix 
is reinforced with such fillers, the polymer becomes 
highly restrained mechanically. From this mecha-
nism, it is evident that the larger the surface of the 
filler in contact with the polymer, the greater the 
reinforcing effect will be20. The lowest decrease in 
permeability is seen in samples with the combina-
tion of SiO2 and Al2O3. The obvious cause is the 
aggregation, seen in the SEM results, which is 
caused by the hydrophilic properties of Al2O3 and 
hydrophobic properties of SiO2. Nanoparticles tend 
to aggregate due to the van der Waals forces when 
they are forming large fractal structures in tens or 
hundreds of microns in size. Hence, such materials 
lack the potential advantages that nanocomposites 
can offer21.

Colorimetry

To validate the color changes, the spectral re-
flectance of full tones of cyan, magenta, yellow and 
black were measured for each sample and converted 
to CIELab color space. The obtained Lab values be-
fore and after applying the coating were implement-
ed in ΔE00 (2) and the results are presented in Fig. 5. 

F i g .  4  – Water vapor transmission rates of PCL and PCL 
nanocomposite coated paperboards
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The greatest color difference appears in magenta 
tone for all coating samples, while the least color 
change is visible in yellow. Cyan and black tones 
have similar color differences. These values differ 
from the analysis of the spectral reflectance results22 
because CIELab space and the ΔE00 compensate the 
color change perceivable by humans. This change 
and the Lab values indicate that the PCL coating 
mostly influences the color lightness because the 
magenta color is the darkest when compared to 
cyan and yellow. Black is excluded because it is an 
achromatic color and has a different effect on hu-
man perception. This change in lightness is com-
mon for varnish type coatings23–26 especially when 
they have a mat and not glossy finish. The hue and 
chroma do not significantly differ.

Neat PCL coating results in a color change be-
tween 1.2 and 1.82 ΔE00 which is also the highest of 
all tested samples. Humans usually perceive color 
change above 3 ΔE00

27 but this is a good indicator of 
the visual properties of coating samples and the ef-
fect of nanoparticles on PCL coatings. The samples 
with nanoparticles show a decrease in color differ-
ence approx. 50 % and more, except PCL-Al2O3 
sample for magenta tone. The decrease in color dif-
ference can be explained by the improvement of the 
refractive index of the PCL polymer after adding 
nanoparticles28. The least color change surprisingly 
appears in the PCL coating that is modified with the 
combination of nanoparticles. This is probably due 
to the synergistic effect that improves the refractive 
index of the coating despite the previously observed 
agglomerations.

Mechanical properties

One of the most representative tests for me-
chanical properties of paperboard is burst strength. 
It is determined by measuring the maximum pres-
sure (kPa) developed by the test device before tear 
occurrence in the paperboard sample. The burst 

strength results of the tested PCL coated paperboard 
samples are presented in Fig. 6. They show a small 
increase (4.6 kPa) in burst strength for samples with 
pure PCL coating, while a better increase in burst-
ing strength is visible for K/P/1Al (12.4 kPa) and 
K/P/2Si (12.8 kPa). The higher values of bursting 
strength show improvement of mechanical proper-
ties of the coated paperboard. Even though the 
thickness of the coated film is small in relation to 
paperboard (2.1 %), enhancements of mechanical 
properties are evident. This is due to implementa-
tion of Al2O3 and SiO2 nanoparticles, which im-
prove toughness, mechanical strength and stiffness 
of a nanocomposite29. The sample with the combi-
nation of nanoparticles (SiO2/Al2O3) shows results 
(245.8 kPa) in-between neat PCL coated paperboard 
samples and samples with just one type of nanopar-
ticles.

Fine particles tend to combine and form strong-
ly bonded aggregates, which may further produce 
larger structures, agglomerates resulting in a non- 
homogeneous surface. Another parameter that can 
affect the mechanical properties is the amount and 
nanoparticle shape of filler. For every filled poly-
mer system there is a maximum volume fraction of 
particles that can be incorporated into the polymer 
matrix. Otherwise, it results in stress concentration 
points giving rise to a more brittle material with a 
lower ultimate tensile strength. The interfacial 
strength between filler and polymer is a very im-
portant factor, because lack of adhesion between the 
two phases will result in early failure. Other physi-
cal properties such as optical, magnetic, electronic, 
thermal, wear resistance, barrier to diffusion, water 
resistance or flame retardancy can be strongly af-
fected by nanoparticle dispersion in polymer matri-
ces. Regarding the biocomposites, nanoscale-orga-
nized composite with perfect dispersion provides a 

F i g .  5 	–	 Color	difference	ΔE00 of cyan, magenta, yellow and 
black after PCL and PCL coating modified with 
SiO2 and Al2O3 nanoparticles

F i g .  6  – Burst strength of paperboard, PCL and PCL nano-
composite coated paperboards
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better substrate condition for cellular interaction, 
particularly in the cell adhesion and proliferation 
state, when compared with the conventional com-
posite30.

Conclusions

From the results presented in this paper, it can 
be concluded that:

– PCL coating decreases permeability of pa-
perboard by 15 %, similar to PCL coating modified 
with 1 wt.% Al2O3, while 2 wt.% SiO2 in PCL coat-
ing improves WVTR by 19 %.

– Combination of SiO2 and Al2O3 in PCL coat-
ing causes agglomeration of nanoparticles and does 
not significantly decrease paperboard permeability.

– PCL coatings modified with SiO2 nanoparti-
cles increase hydrophobic properties of GD2 paper-
board.

– Water contact angle evolution over time in-
dicates that PCL and PCL nanocomposite coatings 
reduce the absorption of water, hence reducing its 
wettability.

– Despite the high film to paperboard thick-
ness ratio, PCL modified with 1 wt.% Al2O3 or 2 
wt.% SiO2 slightly improves the burst strength 
properties of paperboard.

– When applying PCL and PCL (Al2O3 and 
SiO2) nanocomposite coatings, most color differ-
ences appear in magenta colors.

– PCL modified with 2 wt.% SiO2 and 0.5 
wt.% Al2O3 cause the least amount of color differ-
ence for full tones of primary offset colors.

An overall conclusion is that PCL polymer 
coating modified with Al2O3 and SiO2 nanoparticles 
can decrease paperboard permeability and improve 
mechanical properties of paperboard. Furthermore, 
implementation of nanoparticles improves the trans-
parency (refractive index) of PCL coatings, which 
results in truer (more precise) color reproduction.
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