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pressure used during the pressing and drying of paper 
and nanopaper influence their tear and tensile—prop-
erties, and that the morphology of the coated nanopa-
per differs significantly from that of the coated paper. 
While the ORMOCER® was impregnated within the 
porous network of the paper, a well-defined two-lay-
ered morphology was obtained with the coated nano-
paper. Further, the biodegradability of the nanopaper 
with and without coating was assessed. The degrada-
tion study demonstrated that both the pressure used 
during the pressing and drying of the nanopaper, and 
the composition of the ORMOCER®, influenced the 
rate of degradation. Taken together, ORMOCER®-
coated paper and nanopaper are promising for the 
preparation of materials that are both water-resistant, 
renewable, and biodegradable.
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Introduction

Littering of the environment with plastics is one of 
the main environmental concerns of the current cen-
tury. Microplastics formed by wear and fragmentation 
of plastic-containing materials have been presented 
as a serious environmental problem, particularly for 
aquatic ecosystems, and potentially for human health 
(Guzzetti et  al. 2018; Laskar and Kumar 2019). 

Abstract Cellulose-based materials represent a 
renewable, biodegradable, and environmentally 
friendly alternative to plastic from fossil resources. 
Nanopaper is a strong and lightweight material 
formed from cellulose nanofibrils (CNFs). Paper 
and nanopaper have been considered as excellent 
alternatives to plastics for use in agriculture and for 
packaging applications. However, common for both 
paper and nanopaper is their hydrophilic character, 
and consequently, poor water-resistance properties. 
ORMOCER®s are a class of inorganic–organic poly-
mers with excellent barrier and protective properties 
used for a range of coating applications. Here we 
present ORMOCER®-coated paper and nanopaper. 
The coated papers and nanopapers are characterized, 
both in terms of their morphology, hydrophobicity, 
and mechanical properties. We demonstrate that the 
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However, owing to the outstanding material proper-
ties of plastics, including high flexibility, ductility, 
and impermeability for water they are ubiquitous 
and can be found, for example, in packaging materi-
als, shopping bags, toys, medicine, cosmetics, and 
pharmaceuticals. However, the majority of plastics 
prepared from fossil resources are not biodegradable, 
and in addition, only a small fraction of the plastics 
used today is recycled (Lindström and Österberg 
2020). In 2019, only 13% of all plastic waste was 
recycled, while 40% was dumped in landfills and 19% 
of the plastic waste ended in unmanaged dumps (Deg-
nan and Shinde 2019). The need for environmentally 
friendly, sustainable materials that can compete with 
the outstanding properties of plastics is both clear and 
pressing.

Bioplastics are more environmentally friendly 
alternatives to plastics. They can be bio-based, bio-
degradable, or both (Rujnic-Sokele and Pilipovic 
2017). Biodegradable bioplastics such as Polylactic 
acid (PLA), Polyhydroxyalkanoates (PHA), starch 
and cellulose are often discussed as potential replace-
ments for plastics from fossil resources (Lörcks 1998; 
Ahmed and Varshney 2011; Asgher et  al. 2020; 
Qasim et al. 2021). Cellulose, which is mostly found 
in the form of fibrils in wood and plant cells, is the 
world most abundant biopolymer. Cellulose is renew-
able, biodegradable, and non-toxic, and therefore, an 
excellent alternative to plastics both when consider-
ing environmental and health aspects (Alexandrescu 
et  al. 2013; Dufresne 2013; Liu et  al. 2016). Owing 
to the high strength and good paper formation proper-
ties of cellulose fibers, cellulose has been extensively 
used for various papermaking applications (Eriksen 
et al. 2008; Larsson et al. 2014; Ottesen et al. 2016). 
Cellulose nanofibrils (CNFs) prepared by mechanical 
fibrillation methods consist predominately of bundles 
of a few elementary fibrils. The fibrils are comprised 
of bundles of cellulose chains bounded together by 
van der Waals forces, and intra- and intermolecu-
lar hydrogen bonds (Jarvis 2003; Purushotham et al. 
2020). The elementary fibrils have both crystalline 
parts and amorphous regions along each fibril (Saïd 
Azizi Samir et  al. 2004). CNFs can be produced by 
mechanical treatment of the cellulose fibers using a 
homogenizer or a microfluidizer which results in 
partial degradation and a significant increase in the 
specific surface area (Sharma et  al. 2019; Turbak 
et  al. 1983). The mechanical treatment can also be 

combined with chemical or enzymatic pretreatments 
to tune the fiber dimensions, reduce the amount of 
energy needed for the mechanical treatment, and 
change the surface chemistry of the fibrils (Lavoine 
et  al. 2012). Micro- and nanosized cellulose have 
shown promising potential for bio-composites, rein-
forcement, and coating applications owing to their 
abundance, low cost, high strength and stiffness, low 
weight, and high aspect ratio (Klemm et  al. 2011; 
Lavoine et  al. 2012; Djafari Petroudy et  al. 2017; 
Qasim et  al. 2021). Furthermore, cellulose-based 
materials are inherently biodegradable and recycla-
ble, making them an excellent material both for sin-
gle-use applications, and for applications where con-
trolled biodegradation is wanted.

Despite the potential advantages of cellulose-
based materials, they often present challenges when 
compared to conventional plastics. They generally 
have poor water resistance properties resulting from 
the hydrophilicity of cellulose fibers, and low duc-
tility. These inherent characteristics limit the ease 
of replacing plastics by cellulose-based materials. 
Different strategies have been used to tune proper-
ties such as hydrophobicity, and rate of degradation. 
These approaches include among others: (1) Chemi-
cal modification of the cellulose fibers, such as esteri-
fication, etherification, or silylation (Sehaqui et  al. 
2013; Lu et  al. 2015; Deng et  al. 2016; Valdebenito 
et  al. 2018; David et  al. 2019; Pang et  al. 2019; Yu 
et al. 2019), (2) physical or physiochemical treatment 
(Rodríguez-Fabià et  al. 2022) such as plasma etch-
ing (Dimitrakellis et  al. 2017), and (3) hydrophobic 
coating (Wu et  al. 2001; Choi et  al. 2002; Rastogi 
and Samyn 2015; Li and Rabnawaz 2018). Notably, 
chemical modifications only result in a thin layer 
of modified cellulose on the surface of the fibers, 
where either small molecules or polymers form an 
upper layer with thickness in the range of angstroms 
to a few nanometers, depending on the exact nature 
of the molecule or polymer grafted. Hence, as com-
pared to surface coating, where an upper layer in the 
micrometer range can be obtained, only a very thin 
modified surface layer can be achieved by chemical 
modifications. Additionally, when considering indus-
trial scaled production, chemical—and physiochemi-
cal treatments are often challenging, time-consuming, 
and expensive. Therefore, surface coating appears to 
be advantageous, both because it allows for control-
ling and varying the thickness of the coating layer, 
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and because it appears to be the economically best 
approach. Different surface coatings available for cel-
lulose are e.g., thin layers of: (1) plastic, for example 
polyethylene (PE) (Choi et  al. 2002), (2) silicone, 
for example polydimethylsiloxane (PDMS) (Li and 
Rabnawaz 2018), (3) latex (Wu et  al. 2001), or pol-
ymer nanoparticles (Samyn et  al. 2010). The water 
barrier properties of the cellulose-based material can 
be significantly improved with such coatings; how-
ever, the biodegradability is lost, and the coated mate-
rial is often difficult to recycle. Thus, a coating which 
allows for improved hydrophobicity as well as tunable 
biodegradability would be ideal. To retain the biodeg-
radability, biopolymers such as PLA, have been tested 
for paper coating applications (Rastogi and Samyn 
2015). However, PLA requires industrial composition 
conditions for degradation, which also presents chal-
lenges for the recycling of PLA coated papers (Li and 
Rabnawaz 2018). At this time, the development of 
biodegradable cellulose-based materials with hydro-
phobic characteristics that can compete with plas-
tics in terms of performance and production costs, 
remains a challenge.

Another approach for hydrophobic surface coat-
ings are inorganic–organic hybrid polymers, such 
as organically modified ceramics (ORMOCER®s, 
registered trademark of Fraunhofer-Gesellschaft zur 
Förderung der angewandten Forschung e. V., Munich, 
Germany), which are a combination of ceramics/glass 
and organic polymers. Organic–inorganic hybrid pol-
ymers are a promising group of materials for coating 
applications due to their good adhesion properties, 
transparency, chemical and mechanical stability, and 
good processability. Additionally, a large variety of 
the physical properties, such as mechanical and bar-
rier properties can be tailored by changing the ratio 
of organic to inorganic constituents or by integrating 
additional functional groups (Haas and Wolter 1999). 
ORMOCER® coatings have previously been used 
to coat polymer films and glasses (Amberg-Schwab 
et al. 1998; Charton et al. 2006; Iotti et al. 2009), and 
it was shown that the barrier properties of polymer 
films could be significantly improved by the coatings 
(Amberg-Schwab et al. 1998; Iotti et al. 2009). Based 
on these promising findings, ORMOCER® was sug-
gested as an excellent alternative for the coating of 
paper and nanopaper to obtain biodegradable materi-
als with desirable properties such as improved hydro-
phobicity. ORMOCER® coated paper and nanopaper 

represent a more sustainable alternative plastics for 
the preparation of functional materials. Moreover, 
the composition of the ORMOCER® can be var-
ied allowing for optimizing the coating composition 
depending on the substate and the specific applica-
tion. For applications where the material would be 
used in the nature, biodegradability is important. In 
the case of ORMOCER®s, the degradation products 
would predominately be  CO2,  H2O, and  SiO2 in addi-
tion to minor products sometimes containing nitrogen 
and sulfur or oxides, which depend on the exact com-
position of the ORMOCER®.

In this paper we present the preparation and mate-
rial properties of paper and nanopaper with and 
without ORMOCER® coating. The coated papers 
and nanopapers were prepared aiming to improve 
their water-repellent properties as a first step towards 
making cellulose-based materials that could poten-
tially replace plastics for some applications. Paper 
and nanopaper were coated with two ORMOCER® 
coatings having different chemical formulations. 
Paper and nanopaper with and without coating with 
ORMOCER® were characterized by mechanical 
tests, contact angle—and Cobb analyses, and by phys-
ical and chemical characterization methods. Surface 
properties were characterized by Fourier-transform 
infrared spectroscopy (FT-IR), as well as with scan-
ning electron microscopy (SEM) and atomic force 
microscopy (AFM). Finally, the biodegradability of 
coated nanopaper was studied, and compared to the 
degradation of uncoated nanopaper. The degradation 
was monitored over a period of 3 months under con-
trolled conditions. We show that the rate of degrada-
tion depends both on the temperature—and pressure 
conditions used during the pressing of the nanopaper, 
and on the composition of the coating, and that for 
certain combinations, the coated nanopaper remains 
intact for up to three months.

Experimental

Never dried pulp from Södra was used as a raw mate-
rial and processed using two different methods for 
paper production. The pulp was grinded in a PFI mill 
(10% suspension, 3000 revolutions), and used to pro-
duce cellulose paper. CNFs were produced by disinte-
gration and homogenization of never dried pulp from 
Södra using a Masuko grinder (Supermasscolloider 
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MKCA6-2, 5 passes at 2500  rpm) and a homog-
enizer (1 pass at 600  bar and 1 pass at 1000  bar). 
The dry content of the resulting CNF suspension was 
0.93%. The CNFs were used to produce the cellulose 
nanopaper.

ORMOCER® CBS 010/30 (hereby referred to 
as ORMOCER® I) and ORMOCER® CBS 121/30 
(referred to as ORMOCER® II) were prepared as pre-
viously and exemplarily described (Vartiainen et  al. 
2019). Essential components of these types of materi-
als are the inorganic Si–O–Si-based networks which 
can be combined with ceramic (such as Al–O–) 
components as in ORMOCER® I and specific 

hydrophobic organic containing functional groups 
as in ORMOCER® II. The former will contribute 
to the high density of the resulting material exhibit-
ing especially the barrier properties, and the latter 
will be responsible for specific hydrophobic surface 
properties.

The chemical compositions of the selected coat-
ings described in the present study are summarized in 
Table 1. The components are presented after hydroly-
sis and condensation reactions as they are incorpo-
rated in the inorganic basic network. Wet coatings 
were applied as described later.

Table 1  The composition 
of ORMOCER® coatings 
(type I and II). 

The inorganic network is indicated by a wavy line ( ), and the arrow ( ) represents the 
organic polymerization

ORMOCER® I

Epoxide group for organic crosslinking
Propyl group for hydrophobizing
Amino group for adhesion
Al-oxide for additional inorganic density
In total only 30 mol% hydrophobic groups, but 

higher amount of inorganic density

Epoxide group for organic crosslinking
Methyl- and Dimethyl group for hydrophobizing
In total 90 mol% of hydrophobic groups and lower 

degree of inorganic density

ORMOCER® II
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Characterization of pulp

The carbohydrate composition was determined by 
acid hydrolysis using sulphuric acid in accordance 
with standard methods (NREL/TP-510-42618, Deter-
mination of Structural Carbohydrates and Lignin in 
Biomass). The carbohydrate composition was ana-
lysed by an Agilent Technologies 1260 Infinity II 
HPLC system equipped with a refractive index detec-
tor. Samples were analysed using a 300 × 7.7  mm 
Hi-Plex Pb analytical column from Agilent Technol-
ogies, using MQ-water as the mobile phase. The car-
boxyl content of the material was determined by con-
ductometric titration as described previously (Saito 
and Isogai 2004).

Paper fabrication

The papers (grammage: 60  g/m2) were formed by 
using a Büchner funnel and a vacuum filtration sys-
tem. Nanopapers (grammage: 60 g/m2) were formed 
using a glass vacuum filtration system. The paper and 
the nanopaper were first formed on filter paper and 
then dried together with filter and blotting paper in 
an automatic sheet former (Rapid Köthen) at 90  °C 
and a maximum pressure of 0.07 kg/cm2 for 20 min 
in accordance with the standard method (ISO 5269). 

The filter paper was afterwards removed from the 
dried papers.

Cellulose paper and nanopaper was also pressed 
and dried using a Labpro 2000 press operating at 
120 °C, and a pressure of 0.35 kg/cm2 for 4 h.

Coating of paper

After the papers were formed, the ORMOCER® (I 
or II) coating was applied. Papers were coated on one 
side with a thin layer of ORMOCER® using a brush. 
Paper and nanopaper samples were coated with 
ORMOCER® I or II, and dried over night at 70  °C 
for curing of the ORMOCER®. The paper and nano-
paper were weighed before and after coating to deter-
mine the amount of ORMOCER® applied. Paper and 
nanopaper were coated on one side, except for the 
nanopaper prepared for subsequent biodegradability 
tests which were coated on both sides.

An overview of the different paper and nanopaper, 
the conditions used for pressing and drying used, and 
the amount of coating applied is shown in Table 2.

Characterization of paper and nanopaper

Material tests were performed for the one-side coated 
papers and the references (paper and nanopaper 

Table 2  Sample overview of paper and nanopaper with and without ORMOCER®-coating, the pressing and drying was either done 
with Rapid Köthen (0.07 kg/cm2, 90 °C, 20 min) or Labpro 2000 (0.35 kg/cm2, 120 °C, 4 h)

Sample name Treatment Amount coating (g/m2)

Nanopaper Pressed and dried with Rapid Köthen –
Nanopaper with ORMOCER® I Pressed and dried with Rapid Köthen, coated with ORMOCER® I 11.6 ± 3.3
Nanopaper with ORMOCER® II Pressed and dried with Rapid Köthen, coated with ORMOCER® II 11.4 ± 2.9
Paper Pressed and dried with Rapid Köthen –
Paper with ORMOCER® I Pressed and dried with Rapid Köthen, coated with ORMOCER® I 13.4 ± 2.5
Paper with ORMOCER® II Pressed and dried with Rapid Köthen, coated with ORMOCER® II 13.0 ± 1.3
Nanopaper Pressed and dried with Labpro 2000 –
Nanopaper with ORMOCER® I Pressed and dried with Labpro 2000, coated with ORMOCER® I 12.9 ± 1.0
Paper Pressed and dried with Labpro 2000 –
Paper with ORMOCER® I Pressed and dried with Labpro 2000, coated with ORMOCER® I 15.6 ± 1.3
Nanopaper Pressed and dried with with Labpro 2000 –
Nanopaper with ORMOCER® I Pressed and dried with Labpro 2000, coated with ORMOCER® I on 

both sides
21.6 ± 0.34

Nanopaper with ORMOCER® I Pressed and dried with Rapid Köthen, coated with ORMOCER® I on 
both sides

23.0 ± 3.3

Nanopaper with ORMOCER® II Pressed and dried with Labpro 2000, coated with ORMOCER® II on 
both sides

31.3 ± 0.1
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before coating) listed in Table  2. The papers were 
tested for their mechanical properties, water resist-
ance, and surface properties. For the mechanical tests, 
the tensile properties (ISO 1924-3), the tearing resist-
ance (ISO 1974) as well as the grammage (ISO 536) 
of the samples were determined. The density was 
determined from the grammage and the thickness 
(ISO 534). Tests were performed under controlled 
conditions in a test room with a relative humidity of 
50% at 23 °C.

Water resistance was tested with the following two 
methods. The water absorptivity of the paper and 
nanopaper with and without coating was tested with 
the Cobb-method (ISO 535:2014). The Cobb-tests 
were performed on non-climatized samples under 
controlled conditions in a test room with a relative 
humidity of 50% and at 23  °C for 60  s. Addition-
ally, measurements were performed after 60  min 
and 180 min (test times exceeding those specified in 
ISO 535:2014). The contact angle and the absorp-
tion speed were measured with a FibroDat (Dynamic 
Absorption Tester). 5 µl water drops were deposited 
on the paper/ nanopaper surface and the contact angle 
was monitored for 60 s.

The surface properties of the samples were ana-
lyzed by FT-IR. The FT-IR measurements (Perki-
nElmer, Spectrum 3 spectrometer) were performed 
for coated and uncoated paper and nanopaper as well 
as for the pure ORMOCER® films.

Cross-sectional scanning electron microscopy 
(SEM) images were obtained as previously described 
(Chinga-Carrasco et  al. 2022). In brief, samples 
were placed in a vacuum chamber, impregnated with 
epoxy, and dried at room temperature for two days. 
After curing, samples were first grounded with an 
abrasive paper (320 grit), before polishing with a 
STRUERS RotoForce-4 in a STRUERS RotoPol-22 
using cloths having 9 and 1  µm diamond particles. 
The samples were polished for 5  min, using a pres-
sure of 5 N, and a speed of 150 rpm. Before analysis, 
samples were coated with a layer of carbon to make 
them conductive for SEM imaging in backscattered 
electron (BEI) mode. Images were obtained with 
a Hitachi scanning electron microscope (SU3500, 
Hitachi High-Tech Corporation, Tokyo, Japan), using 
an acceleration voltage of 5  kV and a working dis-
tance of 5–10 mm.

Additionally, scanning electron microscopy (SEM) 
(SU 3500 Hitachi High-Tech Corporation, Tokyo, 

Japan) and atomic force microscopy (AFM, Veeco 
Multimode 8) were used for surface characteriza-
tion. For the SEM analysis, samples were first coated 
with a layer of gold before using the secondary elec-
tron imaging (SEI) mode. For AFM measurements 
the sample paper was placed on a fresh mica sub-
strate with double-sided tape. Images were recorded 
in tapping mode with a cantilever from Nanosensors 
(Type: PPP-NCH-10). The samples were scanned 
with a scanning rate of 1.2  Hz and image size is 
1.75 µm × 1.75 µm with 512 × 512 px.

Biodegradation

The biodegradation rate of some select nanopaper 
samples was tested in line with EN 13432:2001. 
Nanopaper (pressed and dried with Labpro 2000) 
was tested with and without ORMOCER® I or II 
coating to evaluate the effect of the coating on the 
biodegradation rate. Additionally, nanopaper coated 
with ORMOCER® I pressed and dried with Rapid 
Köthen was included to evaluate the role of the 
pressure used during the pressing and drying of the 
nanopaper. The soil was collected from the test cul-
tivation field of the University of Helsinki, Finland 
(2020). Round-grained beach sand was collected 
from Uusikaarlepyy, Finland, (2020). The sand and 
soil were screened through a coarse 2 mesh sieve 
(7.5  mm × 7.5  mm apertures). The used soil was a 
mixture of 71 w% soil and 29 w% sand. The water 
retention ability of the compost was about 50 w%. 
The test compost was kept at about 30% of the maxi-
mum water retention ability, which corresponds to 
a 25–30% moisture content. Soil pH was 6.2 (aque-
ous cold extract) and ash content 93.8%. The paper 
and film samples were attached to dia-frames for 
the testing. The dia-frames were attached to metal 
frames that were placed at two depths in the compost 
(5–20  cm). Two replicates were assessed for each 
sample: one in the upper level and one in the lower 
level. The composting box covered by a lid was kept 
in a dark room at 23  °C and normal room moisture 
(40–60%RH). Visual inspection of the samples was 
done after 2 weeks, 1, 2 and 3 months. The inspection 
was done by carefully lifting and lightly cleaning one 
frame/composting time from the soil for inspection.
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Results Characterization of cellulose paper and nanopaper

Fig. 1  AFM images of the height (a), and amplitude (b) of the CNF nanopaper before coating

Fig. 2  SEM images of the surface of the paper (a) and CNF nanopaper (b) before coating

Table 3  Mechanical 
properties of paper and 
nanopaper pressed and 
dried with Rapid Köthen 
with and without coating 
with ORMOCER® I or II

Sample Tensile strength 
index (Nm/g)

Elongation (%) Tear resistance 
index  (mNm2/g)

Nanopaper 120.6 ± 11.1 2.9 ± 0.5 2.7 ± 0.2
Nanopaper with ORMOCER® I 115.8 ± 9.1 3.3 ± 0.4 2.4 ± 0.5
Nanopaper with ORMOCER® II 120.4 ± 6.0 3.0 ± 0.5 2.4 ± 0.4
Paper 59.7 ± 5.4 2.1 ± 0.3 16.4 ± 2.0
Paper with ORMOCER® I 67.6 ± 7.0 2.3 ± 0.4 8.8 ± 1.3
Paper with ORMOCER® II 60.5 ± 8.2 2.7 ± 0.4 8.3 ± 2.1
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The surface of the nanopaper was characterized by 
AFM (Fig.  1). The CNFs have diameters close to 

50  nm; characteristic for mechanically produced 
CNFs from wood-based cellulose pulp. SEM was 
used to image the surface of the paper and the nano-
paper (Fig. 2). The paper has a more open fiber struc-
ture (Fig. 2a), as compared to the significantly denser 
structure of the CNF nanopaper (Fig. 2b).

The pulp had a carbohydrate composition (by 
weight) of 85.52% glucose, 10.51% xylose, 5.07% 
mannose, and 0.81% arabinose. The carboxylic acid 
content of the pulp was 64  µmol/g, and the fibers 
had a mean length of 1.978 mm ± 0.005, and a mean 
width of 29.4 µm.

Mechanical properties

Some mechanical properties of paper and nanopa-
per with and without coating could be obtained by a 
series of tensile and tear strength measurements. The 
data are summarized in Table 3, some selected data 
are additionally presented graphically (Fig. 3).

As can be seen from the data (Table 3) the mechan-
ical properties of the paper and the nanopaper are not 
significantly affected by coating with ORMOCER® I 
or II. The tensile strength of the nanopaper is higher 
as compared to the paper, as is expected due to the 
higher bonded surface area and closer proximity of 
the fibers in the nanopaper (González et  al. 2014). 
The tear strength is, however, markedly higher for 
the paper as compared to the nanopaper. In general, 
increased internal bonding of cellulose-based papers 
and films will result in an increase in the tensile 
strength, and a decrease in the tear strength. While 
parameters such as high surface area, low material 
porosity, and a high number of hydrogen bonds are 
key for the excellent tensile properties of CNF nan-
opaper, it also reduces the materials ability to with-
stand tear and cracking (Desmaisons et  al. 2018). 
Djafari Petroudy et al. (2017) showed that while the 
tensile strength of paper increases with increased 
fibrillation, the tear strength decreases. This was 
demonstrated both for mechanical and enzymatic pre-
treatment methods. The findings are also in line with 
the work performed by Hassan et  al. (2011). They 
studied the effects of adding CNFs to pulp in various 
amounts. They found that while the tensile strength 
significantly increases, the tear strength of the paper 
decreased with increasing amounts of CNFs added.

The tear strength of paper is observed to decrease 
after coating. This has previously been reported and 

Fig. 3  The tensile strength index (a), tear index (b), and 
elongation (c) of paper and nanopaper with and without 
ORMOCER® (I or II) coating. Pressed and dried with Rapid 
Köthen
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discussed by Jimenez-Francisco et al. (2020) for kraft 
paper coated with oil-based alkyd, oil-based phe-
nolic, and water-based acrylic coating. The reduc-
tion is likely a consequence of the coating diffusing 
into the porous paper and being distributed within the 
air pockets. Consequently, the coated paper becomes 
more dense and locally less flexible. However, the 
coating only affects the flexibility when force is 
applied locally, as demonstrated by the negligible 
change in the elongation before and after coating. 
Additionally, it should be noted that the tear strength 
is reported per unit mass. Therefore, if paper with and 
without coating is compared, and the coating has no 
contribution to the tear strength, the value obtained 
for the coated paper will be slightly underestimated. 
Both a reduction in local flexibility, and an underesti-
mation of the tear strength of the coated samples, are 
believed to contribute to the trend observed for the 
tear strength of paper (Fig. 3).

The elasticity of cellulose-based materials is gen-
erally challenging, and the values obtained for both 
the paper and the nanopaper are within the expected 
range. The coating does not appear to improve the 
elasticity; however, it should be noted that the amount 
of coating is likely important and dictates to what 

extent the coating affects the mechanical behaviour of 
the coated paper and nanopaper.

Water absorption properties

Ideally, the coated paper and nanopaper should func-
tion as an effective water barrier whilst still being bio-
degradable within a certain time frame. The degrada-
tion of paper can be tuned using several approaches, 
including reducing the amount of water absorbed 
by reducing the pore size, and by applying a hydro-
phobic coating. The optimal degradation profile will 
depend on the type of application. For example, in 
the case of agriculture mulch films degradation after 
two to four months is ideal (Espi et al. 2006). Coating 
with ORMOCER® was performed aiming to increase 
the water repellent character of the paper and nanopa-
per, and as such, not only improve the water barrier, 
but also, delay the rate of degradation. Contact angle 
measurements (Fig.  4) and cobb analyses (Fig.  5) 
were performed to determine the effect of the coating 
on the water absorption properties of the paper and 
nanopaper.

As demonstrated by the contact angle measure-
ments and the Cobb analysis, the hydrophobic-
ity of both the paper and the nanopaper could be 

Fig. 4  Contact angle measurements at different times for paper and nanopaper (pressed and dried with Rapid Köthen) with and 
without coating with ORMOCER® I or II
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significantly increased by coating with ORMOCER® 
I or II. The contact angles obtained are within the 
same range for the coated paper and nanopaper 
(Fig.  4). This is reasonable, as it is the interaction 
between water and the coating, as well as the thick-
ness of the coating layer, that largely determines the 
hydrophobicity of the coated paper and nanopaper 
(Vähä-Nissi et al. 2012).

In the case of paper, the coating diffuses into the 
porous network, forming thin layers rather than a 
well-defined upper layer. As previously described, 
the thickness of the coating is important for the 
hydrophobic character of the paper and nanopaper. 
When the coating layer is thin, the water repel-
lent properties of the coated paper and nanopaper 
may depend on the composition of the coating. 
ORMOCER® II has more hydrophobic groups as 
compared to ORMOCER® I, which may explain 
why higher contact angles are obtained with paper 
and ORMOCER® II as compared to ORMOCER® 
I.

When looking at the Cobb analysis, the amount 
of water able to penetrate both the coated and 
uncoated paper is significantly higher than that 
able to penetrate the nanopaper. This results from 

the more porous structure of the paper, which 
allows for more rapid diffusion of water into the 
paper. Uncoated paper is likely very close to or 
fully saturated after 60 s., and the slight decrease in 
the amount of absorbed water after longer times is 
attributed to larger uncertainties in measurements at 
long times for this type of sample. When paper is 
coated, the coating diffuses into the paper structure, 
and therefore the thickness of the coated layer will 
be thinner when paper is used as the substrate. The 
difference in the porosity, and hence, the distribu-
tion and thickness of the coating, likely explains the 
higher water absorption of coated paper, as com-
pared to coated nanopaper. The difference in the 
porosity of paper and nanopaper could be visualized 
by SEM-images, as presented below.

Characterization of coated paper and nanopaper

The surface of the paper and nanopaper with and 
without coating was characterized by FT-IR (Fig. 6), 
and the cross-section was imaged by SEM (Fig. 7).

From the FT-IR spectra, characteristic peaks could 
be observed both in the case of the nanopaper (a, b) 
and the paper (c, d). Signals corresponding well with 

Fig. 5  Cobb value obtained for paper and nanopaper (pressed and dried with Rapid Köthen) with and without coating with 
ORMOCER® I or II at different contact duration times
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O–H stretching (3400–3300   cm−1), C–H stretching 
(2900–2800  cm−1), and C–O–C pyranose ring vibra-
tions (1080–950  cm−1) could readily be identified for 
both samples (El-Sakhawy et al. 2018).

As seen from the spectra, unique absorption signals 
could also be identified in the case of ORMOCER® I 
and II (Fig. 6a–d). While a sharp peak at 1264  cm−1 
can be observed in the case of ORMOCER® II, only 
peaks of low intensity can be observed in this region 
in the case of ORMOCER® I. The sharp peak at 
1264   cm−1 corresponds well to stretching of an ali-
phatic, asymmetric C–O group, that may be the epox-
ide present in both ORMOCER® I and II.

For the coated nanopaper, signals corresponding 
to both nanopaper and ORMOCER® I and II can 
clearly be identified in the spectra (Fig. 6a, b). How-
ever, in the case of the paper, signals corresponding 

to ORMOCER® can be identified for paper when 
coated with type I (Fig. 6c), but are less prominent 
for coating with type II (Fig. 6d).

Generally, the coated paper and nanopaper 
appear to be held together solely by attractive forces 
as indicated by the absence of new peaks. The for-
mation of new chemical bonds between the coating 
and the paper/nanopaper would likely result in new 
peaks in the spectra after coating. Notably, differ-
ences would only be expected given that new chem-
ical bonds were formed close to the surface.

The paper and nanopaper with and without coat-
ing could further be characterized by cross-sec-
tional SEM (Fig. 7).

From the SEM images, the formation of a lay-
ered structure in the case of coated nanopaper could 
clearly be observed. The fibrous paper structure is 

Fig. 6  FT-IR spectra of nanopaper before and after coating with ORMOCER® I and II (a, b), and paper before and after coating 
with ORMOCER® I and II (c, d). The paper and nanopaper werepressed and died with Rapid Köthen
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more porous, allowing the ORMOCER® to pen-
etrate into air pockets rather than forming a sepa-
rate upper layer. The difference in the porosity of 
the paper and nanopaper could explain why signals 
from ORMOCER® are not as prominent in the 
FT-IR spectra for the paper, as compared to the nan-
opaper (Fig. 6).

When considering the coated paper, the rougher 
surface may indeed explain the variations in the 
contact angles obtained after coating (Fig. 4). How-
ever, the contact angles obtained are close to those 
obtained with the coated nanopaper, and hence, it 
appears that although a less defined upper layer is 
formed, the coating still proves the paper with a 
hydrophobized surface. For applications in a moist 
environment, more water will penetrate the porous 

structure of the paper, as compared to the signifi-
cantly denser nanopaper. This is evident from the 
Cobb measurements (Fig. 5), revealing significantly 
higher water absorption for the paper. Water will 
penetrate the more densely packed nanopaper at 
lower rates, and hence, the lifetime of the nanopa-
per is likely enhanced compared to the paper, both 
with and without coating.

Paper and nanopaper pressed and dried at elevated 
pressure

The temperature and pressure applied during the 
pressing and drying of paper can influence the den-
sity of the paper, which in turn can affect a range of 
material properties. To explore the role of tempera-
ture and pressure, paper and nanopaper were pressed 
and dried using a Labpro 2000 operating at 120 °C, 

Fig. 7  Cross-sectional 
SEM characterization 
of nanopaper before (a) 
and after coating with 
ORMOCER® I (b) or II 
(c), and paper before (d) 
and after coating with 
ORMOCER® I (e) or II 
(f). Paper and nanopaper 
pressed and dried with 
Rapid Köthen
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0.35 kg/cm2. The properties of the paper and nanopa-
per obtained with and without coating were compared 
to those of the paper and nanopaper dried with Rapid 
Köthen (operating at 0.07 kg/cm2, 90 °C) (presented 
above).

The effect of the increased pressure and tem-
perature used during the pressing and drying on the 

hydrophobicity of the paper and nanopaper was first 
studied by contact angle analysis. The hydrophobicity 
of the uncoated paper and nanopaper increased sig-
nificantly when prepared at elevated temperature and 
pressure. The increased hydrophobicity likely results 
from the formation of a flatter surface having a less 
porous structure. Additionally, the high temperature 

Fig. 8  The contact angle of paper and nanopaper with and 
without coating with ORMOCER® I at different times for 
paper and nanopaper pressed and dried with Labpro 2000 

(0.35  kg/cm2, 120  °C, 4  h). The data obtained for paper and 
nanopaper pressed and dried with Rapid Köthen (0.07 kg/cm2, 
90 °C, 20 min) are included for comparison

Table 4  Some mechanical properties of paper and nanopaper pressed and dried with Labpro 2000 (0.35 kg/cm2, 120 °C, 4 h) with 
and without coating with ORMOCER® I 

Data for paper and nanopaper dried with Rapid Köthen (0.07 kg/cm2, 90 °C, 20 min) are included for comparison

Samples Tensile strength index 
(Nm/g)

Elongation (%) Tear resistance index 
 (mNm2/g)

Density (kg/m3)

Labpro 2000
Nanopaper 128 ± 5 2.6 ± 0.2 2.5 ± 0.2 936 ± 50
Nanopaper with ORMOCER® I 115 ± 5 2.9 ± 0.5 2.1 ± 0.2
Paper 76 ± 6 2.3 ± 0.3 9.8 ± 0.6 650 ± 37
Paper with ORMOCER® I 77 ± 6 2.6 ± 0.4 6.7 ± 0.9
Rapid Köthen
Nanopaper 121 ± 11 2.9 ± 0.5 2.7 ± 0.2 972 ± 72
Nanopaper with ORMOCER® I 116 ± 9 3.3 ± 0.4 2.4 ± 0.5
Paper 60 ± 5 2.1 ± 0.3 16.4 ± 2.0 623 ± 84
Paper with ORMOCER® I 68 ± 7 2.3 ± 0.4 8.8 ± 1.3
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could remove more of the water inherently present in 
cellulose-based materials. However, the lacquer for-
mulation predominately dictates the water repellent 
character of the coated paper and nanopaper, explain-
ing their largely unchanged characteristics after coat-
ing (Fig. 8).

Mechanical properties

The mechanical properties of the paper and nanopa-
per pressed and dried at elevated pressure and tem-
perature were characterized as previously described; 

the data are summarized in Table  4. Some selected 
data are presented graphically in Fig. 9.

A small reduction in the tear resistance could be 
observed for samples pressed and dried with Labpro 
2000, the reduction was most prominent for paper 
without coating. The change observed is in line 
with the literature, from where the tear factor (tear 
strength per unit basis weight) is known to decrease 
linearly with increasing pressure applied in wet 
pressing (Rydholm 1965). The reduction in the tear 
strength could result from the formation of a more 
densely packed cellulose structure, with improved 
hydrogen bonding between cellulose fibres / fibrils. 

Fig. 9  The tear index (a), 
and the tensile strength 
index (b) of for nanopaper 
and paper pressed and dried 
with Labpro 2000 (0.35 kg/
cm2, 120 °C, 4 h), with 
and without ORMOCER® 
I coating. Data for paper 
and nanopaper pressed and 
dried with Rapid Köthen 
(0.07 kg/cm2, 90 °C, 
20 min) are included for 
comparison
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Simultaneously, the tighter packing would give a 
paper with reduced tear strength. The density of the 
nanopaper samples were about 300 kg/m3 higher than 

of the paper samples, and this can explain the lower 
tear index for the nanopaper compared to paper.

A slight increase in the tensile strength could 
also be observed for the paper and nanopaper 

Fig. 10  Cross-sectional 
SEM characterization of 
the nanopaper pressed and 
dried with the Labpro 2000 
(0.35 kg/cm2, 120 °C, 4 h) 
before and after coating 
with ORMOCER® I (a and 
b, respectively). Nanopa-
per pressed and dried with 
Rapid Köthen (0.07 kg/cm2, 
90 °C, 20 min) are included 
for comparison

Fig. 11  Cross-sectional 
SEM characterization 
of the paper pressed and 
dried with the Labpro 2000 
(0.35 kg/cm2, 120 °C, 4 h) 
before and after coating 
with ORMOCER® I (a 
and b, respectively). Paper 
pressed and dried with 
Rapid Köthen (0.07 kg/cm2, 
90 °C, 20 min) are included 
for comparison
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pressed and dried with Labpro 2000, as compared 
to pressing and drying with Rapid Köthen. The 
trend is expected given that the higher pressure of 
Labpro 2000 is expected to result in a paper with 
higher density, and the tensile strength of paper is 
known to increase with increased density (Rydholm 
1965). The measured densities were, however, not 
significantly different when comparing paper / nan-
opaper dried at different pressure. Small differences 
could be hidden in the large standard deviation in 
the density assessments. The elongation appeared to 
remain largely unchanged irrespective of the pres-
sure used during the pressing and drying.

The cross-section of the paper and nanopaper 
pressed and dried with Labpro 2000 was character-
ized by cross-sectional SEM both with and without 
coating (Figs. 10, 11).

The nanopapers formed, both with the Labpro 
2000 and Rapid Köthen, have a significantly less 
porous structures compared to the papers. Therefore, 
they are excellent substrates for coating materials, as 
evidenced by the well-defined two-layered structures 
obtained. Moreover, the well-defined coating layers 
obtained with coated nanopaper likely contains fewer 
defects and pinholes, making the coating a more 
effective barrier against small, non-interacting mol-
ecules such as oxygen and grease. Additionally, the 
low porosity will reduce the rate of water penetration, 
as was demonstrated by the Cobb analysis presented 

above (Fig.  5). These properties are all expected to 
significantly affect the biodegradation profile of the 
coated nanopaper.

Biodegradation of nanopaper with and without 
coating

The degradation profile of nanopaper with and with-
out coating was assessed in a compostability study. 
The compost was a mixture of soil (75% weight) and 
sand (25% weight), and the test was performed under 
conditions corresponding to 25–30% moisture con-
tent. The degradation was evaluated as the degree of 
decomposition studied over a three months’ period 
(Fig. 12). The evaluation of the degree of decomposi-
tion was based on visual estimation of the area (%) of 
holes induced in the paper samples at different degra-
dation times.

As can be seen in Fig. 12, the rate of biodegrada-
tion varies significantly when comparing nanopaper 
with and without coating. While nanopaper without 
coating is close to fully degraded (< 5% of the mate-
rial remaining) after two months, coated samples are 
either intact or only partially degraded (< 35%) after 
1  month. After 2  months, the degree of decomposi-
tion varies slightly with coating and paper pressing 
and drying conditions, and only nanopaper coated 
with ORMOCER® I (pressed and dried with Lab-
pro 2000) was intact after 2 months. For this sample, 

Fig. 12  Biodegradation of nanopaper pressed and dried with 
Labpro 2000 (0.35  kg/cm2, 120  °C, 4  h) or Rapid Köthen 
(0.07 kg/cm2, 90 °C, 20 min) with and without coating evalu-
ated as the degree of decomposition studied for three months. 

The evaluation was based on visual estimation of the area (%) 
of holes induced in the samples by the decomposition. The 
degraded area (in %) and the corresponding color is indicated 
in the figure
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we hypothesize that the increased pressure used 
during the pressing and drying reduces the specific 
surface area and the porosity of the nanopaper, and 
that these properties in combination with the hydro-
phobic coating, contributes to the delayed onset of 
biodegradation.

When considering applications as agricultural 
mulch films, the material should ideally remain intact 
for the growth season which generally lasts for two to 
four months (Espi et al. 2006). After the harvest, any 
film left in the soil should degrade as rapidly as pos-
sible. It follows that nanopaper with ORMOCER® I 
(pressed and dried with Labpro 2000) would be best 
suited for protecting crops with a growth period of 
two to three months. However, it should be noted 
that for crops with shorter growth periods, nanopaper 
coated with ORMOCER II ® (pressed and dried with 
Labpro 2000), or nanopaper with ORMOCER® I 
(pressed and dried with Rapid Köthen), could be bet-
ter suited.

Generally, these results show that nanopaper 
coated with organic–inorganic polymer formulations 
such as ORMOCER® are biodegradable, and that 
the onset of biodegradation is affected by the coat-
ing formulation, as well as the conditions used for the 
pressing and drying of the paper. These data can thus 
be used to select materials with desirable properties 
in future studies aiming at developing biodegradable 
materials for use in agriculture, or for other applica-
tions where similar properties are wanted.

Conclusion

ORMOCER®-coated paper and nanopaper with 
improved hydrophobicity have been prepared and 
characterized. The nanopaper is less porous, mechan-
ically more stable, but also more brittle as compared 
to the paper. The denser structure of the nanopaper is 
a good substrate for the coating, and coating results 
in a material with a distinct two-layered structure. 
Furthermore, nanopapers prepared at elevated tem-
perature and pressure prior to coating remained intact 
for two months in a biodegradation study. Taken 
together, the properties of the coated paper and nano-
paper make them interesting for future studies aimed 
at finding good alternatives to plastics for applications 
such as agricultural mulch films and food packaging.
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