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ARTICLE INFO ABSTRACT

Keywords: This study investigates the valorization of fines derived from thermomechanical pulp and made hydrophobic by
Thermo-mechanical pulp enzymatic treatment to fabricate thermo-pressed specimens with reduced surface roughness and enhanced hy-
Laccase drophobicity. Thermomechanical pulp was fractionated into three main fractions: (i) a coarse fraction, average
I;l)t;grllggallate fiber length 2.6 mm and a fines content of 13.8%; (ii) a middle fraction, average fiber length 1 mm and fines
Hydrophobic content of 24.5 %; and (iii) a fines fraction, average fines length 0.3 mm and fines content of 66.5 %. Scanning

electron microscopy of the three fractions revealed various structural components including intact fibers, split
fibers, and fibrillated objects. Chemical composition analysis confirmed differences in lignin content among the
fractions, with the fines fraction exhibiting the highest lignin content (30%). Wet and dry-formed thermopressed
specimens were produced from the coarse and middle fractions, which exhibited notable differences in me-
chanical properties, i.e., tensile strengths between 4 and 20 MPa. Application of the fines fraction as a surface
layer effectively reduced both the porosity and surface roughness of the wet- and dry-formed specimens.
Hydrophobized fines increased the water contact angle of the wet-formed and thermo-pressed specimens to 86.8
+ 5.3° and 99.5 + 1.4°. The deposition of hydrophobized fines (20 wt%) onto dry-formed samples created a
water barrier that lasted for more than 20 min. However, assessment over a period of 4 months showed that the
water barrier was reduced to some 6 min.

Wet-molding
Dry-forming

1. Introduction environment leads to the gradual formation of both microplastics and

nanoplastics (MNPs) which could be involved in serious ecological and

Plastic waste remains one of the most pressing environmental chal-
lenges all over the world. The situation is particularly challenging in the
food packaging industry, a sector which consumes over 40% of the
global industrial packaging with 40% of the packages made from plas-
tics (Semple et al., 2022). Only in Europe, plastic packaging waste
generation was approximately 16 million tons in 2022
(European-commission, 2024). Of this waste stream, about 32% was
recycled, 40% incinerated with energy recovery, and 28% disposed of in
landfills. In other regions, such as Southeast Asia, Africa, or Latin
America, the situation is even more alarming, with thousands of tons of
plastic waste being inadequately processed each year, further exacer-
bating the pollution of both marine and terrestrial ecosystems. The
persistence and partial degradation of plastic materials in the
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human health risks, including endocrine disruption, oxidative stress,
and inflammatory responses (Galloway and Lewis, 2016; Wright and
Kelly, 2017). Moreover, recent studies have confirmed the presence of
MNPs in human kidney, liver and brain tissues (Nihart et al., 2025).
Now, more than ever, a coordinated action involving citizens, public
authorities and the private sector is essential to address the challenges
derived from decades of massive plastic use, especially for food pack-
aging. In response to these challenges, the European Commission has
implemented a range of regulatory measures aimed at curbing plastic
pollution and promoting sustainable packaging alternatives. The Single-
Use Plastics Directive (SUPD), introduced in 2019, for example, man-
dates significant reductions in the consumption of disposable plastics,
thereby  stimulating innovation in  eco-friendly  materials
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(European-commission, 2019). Additionally, the Packaging and Pack-
aging Waste Regulation (Regulation (EU) 2025/40) enforces a reduction
in packaging waste generation and in the use of primary natural re-
sources. These legislative actions, along with the broader objectives of
the European Green Deal and the Circular Economy Action Plan, seeks to
not only reduce plastic waste generation but also enhance recycling and
recovery practices while encouraging the use of biodegradable and
bio-based materials (European-commission, 2023). Parallel to these
governmental initiatives, the private sector has been proactively
developing sustainable packaging solutions. Major companies in in-
dustries such as food and beverage have committed to reducing their use
of conventional plastics by developing alternative materials and
technologies.

Among the most promising developments is the emergence of high-
performing cellulose-based thermoformed products based on two tech-
nologies, wet-molding and dry-forming, which are achieving properties
similar to traditional plastics while largely mitigating their environ-
mental impacts (Semple et al., 2022). Derived from renewable re-
sources, these materials are biodegradable and recyclable, contributing
to both the reduction of plastic waste generation and the decarbon-
ization of the packaging sector.

Despite these advantages, cellulose-based thermoformed products
still present challenges that must be addressed to fully replace plastic
packaging. One of them is their very high sensitivity to moisture and
water, which compromise both their mechanical and barrier properties.
Currently, cellulose is typically combined with other materials, such as
plastic films, aluminum layers, or polymer coatings to reduce its water
sensitivity and enhance its barrier properties, resulting in a multi-
material product. Such combination allows to extend the shelf life of
food and other perishable products but at the same time poses chal-
lenges for recycling (Sahin and Karaboyaci, 2021). Firstly, the separa-
tion of the different layers, especially when plastic films or aluminum
are involved, is technically complex and inefficient separation leads
unavoidably to downcycling, disposal in landfills or incineration
(Tamizhdurai et al., 2024). Secondly, probably the main issue in this
type of cellulose-based multi-material products is the breakdown of
plastic components or polymeric coatings into MNPs during the me-
chanical recycling process (Dube and Okuthe, 2023).

The development of environmentally sustainable solutions, particu-
larly a fully biodegradable one, to improve the barrier properties and
water resistance remains a critical challenge to the deployment of a fully
circular cellulose-based packaging product. With that aim, chemical
modification reactions such as silylation or esterification have been
proposed (Rodriguez-Fabia et al., 2022). However, such chemical
modifications typically rely on, e.g., organic solvents or require harsh
conditions—high temperatures, extended reaction times, toxic reagents,
thereby increasing production costs and environmental impact. Alter-
natively, laccase enzymes can be used to hydrophobize lignocellulosic
fibers by grafting hydrophobic compounds to lignin (Filgueira et al.,
2017). This eco-friendly process significantly reduces the need for
organic solvents and operates under mild conditions, lowering energy
consumption compared to chemical modifications. Additionally, the
oxidative potential of laccase can be enhanced by incorporating a
mediator, which generates reactive radicals capable of reaching sites
that the enzyme alone cannot access (Filgueira et al., 2017). This
approach offers a sustainable and energy-efficient alternative for
improving the water resistance of lignocellulosic materials while
maintaining their structural integrity.

The present study explores a novel approach to improve the water
sensitivity of cellulose based thermoformed products through the valo-
rization of enzymatically hydrophobized fines applied as a top layer.
Generally, the length of those fines lays below 200 pm, with a major
fraction in the 20-100 pm range, and their width below 25 pm. Such
particular morphology could be intrinsically beneficial to reduce the
surface porosity of cellulose packaging. Besides, the disruption of the
middle lamella during refining is expected to confer fines a higher lignin
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content compared to fibers (Kangas and Kleen, 2004), which may also
contribute to reduce their hydrophilicity. Finally, enzymatic modifica-
tion of thermomechanical pulp (TMP) fines would provide an additional
mechanism to enhance the hydrophobic properties of thermoformed
specimens. All these aspects are investigated in this study.

2. Materials and methods
2.1. Materials

The TMP fibres (from Picea abies) were obtained from the reject press
of Norske Skog Saugbrugs. Laccase (NS51003) was provided by Novo-
zymes (Bagsvaerd, Denmark). The laccase activity was assessed by the
2,2" azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) oxidation
assay. One unit of laccase activity was defined as the amount of enzyme
that oxidized 1 pmol of ABTS/min at 25 °C and pH 5 (0.1 M citric acid
buffer). All of the other chemical reagents were purchased from Sigma-
Aldrich (St. Louis, MO, USA) at reagent grade and used without further
purification.

2.2. TMP fractionation

TMP fibers were fractionated using a Bauer McNett fibre classifier,
with 5 tanks with wires: 16-, 30, 50-, 100- and 200-mesh McNett. The
16-mesh McNett fraction corresponds to the coarse fibers, while the 200-
mesh McNett corresponds to the fine materials. The fractions 30-, 50-
and 100-, were considered as one fraction (P16R100). Three fractions
were collected, according to Table 1.

2.3. Chemical and morphological analyses

The carbohydrate composition (cellulose and hemicellulose) was
quantified by NREL/TP-510-42618 “Determination of Structural Car-
bohydrates and Lignin in Biomass”, using high performance liquid
chromatography (HPLC, 1260 Infinity II, Agilent) after hydrolysis of the
pulp. The acid soluble lignin was measured according to TAPPI UM 250
and the acid insoluble lignin was measured following NREL/TP-510-
42618-method.

The Canadian Standard Freeness (CSF) of the pulp fractions was
measured in duplicate according to ISO 5267-2:2001 (Standardization,
2001).

The samples were analyzed with a Lorentzen & Wettre Fiber Tester
Plus in triplicate, considering the following parameters: length (mm),
width (pm), fines (length averaged, %) and fibril area (%).

The pulp was imaged with scanning electron microscopy (SEM,
Hitachi SU3500), in secondary electron imaging mode. The samples
were coated with gold before imaging at various magnifications.

2.4. Hydrophobized fines
The fines fraction (P100R200) was enzymatically hydrophobized

Table 1
Fractionation of TMP fibers.

Pulp code Wire Pulp fraction Description

TMP - - Starting raw pulp
R16 R16 16-mesh Fibers rejected in 16-mesh
McNett
P16R100 P16R30 30-mesh Fibers from the 3 fractions; P16R30,
McNett P30R50 and P50R100
P30R50 50-mesh
McNett
P50R100 100-mesh
McNett
P100R200  P100R200  200-mesh Fines, collected in 200-mesh wire
McNett
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and used as coating to improve the water-resistance of the thermo-
pressed specimens (Fig. 1). For the enzymatic reaction, 1 g of fines
was suspended in 100 mL of citric acid aqueous solution buffer (0.1 M,
pH 5) at 55 °C. After 30 min under constant agitation, 0.5 mL of laccase
enzyme (325 units/mL) and 20 pL of guaiacol (G) were added to the
solution. Guaiacol was selected as mediator based on our previous study,
for details see (Filgueira et al., 2017). Thirty min later, 5 mL of an
acetone solution containing 0.2 g of lauryl gallate (LG) was added. This
ratio (lauryl gallate-acetone) was selected based on previous studies
(Filgueira et al., 2017, 2021). The reaction was conducted for 2 h at
55 °C under permanent agitation. After the enzymatic treatment, the
fines were filtered and washed twice with 100 mL of distilled water/-
acetone solution (50:50 v/v) for 30 min at room temperature. Finally,
the fines were extensively washed with distilled water.

2.5. Forming of wet-molded specimens

Four samples (500 g/m?, 150 mm x 80 mm) were produced for each
treatment in a mini sheet-former equipment. The samples coated with a
fines layer were produced by pre-forming a base sheet (either 490 or
480 g/m?), and then carefully pouring the fines suspension (corre-
spondingly 10 or 20 g/m?) on top (Table 2). The samples were dewa-
tered and pressed in a sheet press (PTI Austria GmbH, Laakirchen,
Austria), for 2 min at 4.1 bar. After forming and dewatering the samples
were dried in a climate room at 23 °C and 50% relative humidity.

2.6. Dry-forming

The fraction P16R100 was selected for further work with air-laid
forming technology, because this pulp provided the strongest samples
in wet-forming, but also the largest decrease of density and mechanical
properties when coated with hydrophobic fines. The dried pulp was
fluffed with a hammermill (at 4500 rpm and 5 mm opening, based on
preliminary internal trials). The fluffed fibers (1g, target grammage 500
g/m?) were inserted into a funnel that was placed over a wire screen and
connected by an outlet to the vacuum. The fluffed fibers formed an air-
laid mat of diameter = 50 mm. The fines were knife-milled using a 10-
mesh screen. 0.1 or 0.2g of fines were deposited on the surface of the
preformed sample, using the same air-laid procedure described above
(Table 3). After forming, the samples were transferred to an aluminum
cylinder (inner diameter = 50 mm) pressed cold to compact the samples
to approximately 1-2 mm.
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Table 2

Composition and structure of wet-molded specimens.
Wet-molded-specimens Pulp Fines layer (P100R200, 10 g/  Structure

m?)
S-TMP TMP Uncoated
S-R16 R16 Uncoated
S-P16R100 P16R100 Uncoated
S-R16, coated w/fines R16 P100R200 Coated
S-P16R100, coated w/ P16R100 P100R200 Coated
fines
Table 3

Samples made by dry-forming using an air-laid set-up.

Dry-formed samples Pulp (g) Hydrophobized fine material (g)
DF-P16R100 1.0 -

DF-P16R100-10F 0.9 0.1

DF-P16R100-20F 0.8 0.2

2.7. Hot-pressing

The wet- and dry-formed samples were hot-pressed between two
metal plates at 200 °C and 10 MPa pressure, during 30 s. Previously it
was reported that these settings (temperature and pressure) provided
adequate tensile strength in wet-molding trials (Pasquier et al., 2023).
The equipment used for hot-pressing was a LabPro 2000 press (Fontijne,
the Netherlands).

2.8. Characterization of thermo-pressed specimens

The surface roughness of wet-molded samples was assessed with a
Lorentzen & Wettre Parker Print Surf (PPS) tester, following the ISO
8791-4 (Standardization, 2021). The thickness and density were
measured following the standard ISO 534 (Standardization, 2011). The
equipment for thickness measurements was a Lorentzen & Wettre
micrometer 51.

The mechanical properties (tensile strength, modulus and elonga-
tion) were assessed with a Zmart.Pro universal material tester (Zwick,
Germany) following the ISO 1924-3 (Standardization, 2005). The
assessed samples were 70 mm x 15 mm. The distance between the
clamps was 40 mm. The samples were conditioned at 23 °C and 50%
relative humidity for at least 24 h before measurements.

The water contact angle (WCA) of wet-molded samples was
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Fig. 1. Schematic representation of the enzymatic hydrophobization of fines, modified from (Filgueira et al., 2017).
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measured with a Dynamic Absorption Tester (DAT 1100).

Digital images of the dry-formed samples were acquired with an
Epson Perfection Scanner in reflection mode at 1200 dpi (Supplemen-
tary information, Fig. S1). Due to the limited size of the dry-formed
samples, it was not possible to quantify the WCA using the DAT 1100.
Therefore, the water barrier of dry-formed samples was assessed with a
tailor-made device that was 3D printed, using an Original Prusa 3D
Printer and white polylactic acid filament (diameter = 1.75 mm). A
syringe (1 ml) was placed on a 3D printed support device to deposit
water droplets (5 droplets, 0.02 ml each) on the dry-formed samples.
Images were acquired for 30 min to follow the water penetration. The
WCA was measured manually after 1 min using the angle tool in the
ImageJ program (version 1.53t). The water penetration was assessed in
duplicates: i) 23 days (at room temperature and humidity conditions)
and 136 days (in climate room, 23° and 50% relative humidity), after
manufacturing the samples. The samples were kept in transparent
plastic bags and partly exposed to sunlight from manufacturing to
assessment. One new sample per series was assessed after 139-144 days
(at varying room temperature (23-24 °C) and humidity conditions (36-
40%)). Five droplets of water were deposited, the water barrier was
assessed, and the sample was allowed to dry for 24 h at room temper-
ature 23-24 °C and 36-40% humidity conditions before performing the
same water drop test on the same sample. The barrier against water was
assessed and is considered in this study as the number of minutes until 3
of 5 deposited droplets were completely absorbed into the sample.

Dry-formed samples (20 x 10 mm) were embedded in epoxy resin,
ground and polished as described by (Chinga et al., 2007). Five images
were acquired in SEM backscatter electron imaging mode from each
dry-formed sample DF-P16R100, DF-P16R100-10F and
DF-P16R100-20F. The images were automatically thresholded and in
cases manually edited to remove remaining noise particles. The
root-mean-square roughness (SEM roughness) and the surface layer
porosity (SEM porosity) were measured (Chinga et al., 2007). The sur-
face layer was considered the upper-most 10% of local thickness and
defined by a rolling ball with diameter of 15 pm as described by (Chinga
et al., 2007).

3. Results and discussion
3.1. Characteristics of pulps samples

SEM revealed the structural components such as intact fibers, split
fibers and fibrillated materials. At low magnification (100 x ), the long
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fibers can be observed as well as the network formed by the fines in
between the fibers (Fig. 2, Upper left). The coarse fibre fraction (R16) is
composed mostly of long and intact fibers, while the middle fibre frac-
tions show an increasing development of well-refined fibrous elements
from P16R30 to PSOR100. The P100R200 fraction forms a relatively
smooth surface (Fig. 2, Lower right).

The qualitative characteristics (SEM analysis) were confirmed by a
fibre dimension assessment using a Fiber Tester device, i.e. the coarsest
fraction (R16) contained longer and wider fibers, and a relatively minor
fraction of fibrils and fines, compared to the TMP and middle fraction
(P16R100) (Table 4). The fines fraction (P100R200) contained the
smallest fibrous objects (length = 0.3 mm and width = 24 ym), and the
highest fibrils and fines content (23% and 67%, respectively).

As expected, the coarsest fibre fraction (R16) provides the highest
freeness (721 mL), i.e., water is able to drain relatively easy due to the
formation of a fibrous network with low tortuosity and high porosity.
The middle fibre fraction (P16R100) has lower freeness compared to the
coarse fibre fraction (R16) due to the larger fraction of fines forming a
denser network that limits the water flow. It can be noted that the TMP
has relatively high freeness (433 mL) compared to highly refined TMP
(<100 mL), as refining disrupts the fibre wall, increasing the fraction of
fines and  decreasing the freeness (Somboon, 2008).
Chemi-thermomechanical pulp (CTMP) is commonly used in
wet-molding products and the freeness of CTMP from spruce has been
reported to be between 420 and 720 ml (Norgren et al., 2018). There-
fore, the TMP used as raw material in this study was collected from the
reject press of an industrial production, i.e., the TMP was not refined as
much as the TMP used for the final application (super-calendered paper)
to limit the fraction of fines and secure an adequate freeness for the
application. It was not possible to measure the freeness of the fines
fraction (P100R200) because the fines material passed freely the wire of
the CSF equipment.

Table 4
Characteristics of TMP fibers and fines.
Pulp code Mean Mean Mean fibril Fines (%) Freeness
length width (pm) area (%) (mL)
(mm)
TMP 1.4+ 0.0 32.8+0.1 11.4 £ 0.4 46.8 + 0.2 433
R16 2.6 £0.0 40.6 £ 0.1 8.2+ 0.6 13.8 £ 0.6 721
P16R100 1.1+ 0.0 31.9+0.1 10.6 £ 0.5 245 +0.1 524
P100R200 0.3 +£0.0 24.3+0.1 23.24+0.1 66.5 + 0.2 -

Fig. 2. SEM image of TMP and the corresponding TMP fractions. All images acquired at 100 x magnification.
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During the TMP manufacturing process, wood chips are heated with
steam or hot water to soften the lignin and then forced to enter the disk
refiner where the fibers are separated from the middle lamella and
individualized. The length of TMP fibers and the fines content can be
adjusted by varying the process conditions. Higher temperature and
pressure generally result in longer fibers and lower fines content,
whereas lower temperatures and pressures lead to shorter fibers and
increased fines content (Petit-Conil et al., 2016). In the pulp & paper
sector, fines play a crucial role in paper properties, improving formation,
strength, opacity, and barrier performance through the filling of voids
and the enhancement of fiber-fiber bonding (Alince et al., 2001). This
crucial role of fines justifies the relatively high fines content (46%) in the
TMP fibers used in this study.

Based on the production process described above, it was expected
that fines would contain a larger fraction of lignin compared to the
coarser fibers. As can be seen in Table 5, the fines fraction (P100R200)
showed the highest lignin content, 22% higher than the coarsest fraction
(R16) and 15% higher than the middle fraction (P16R100). The higher
lignin content in the fines fraction (P100R200, lignin content roughly
30%) can be attributed to its origin from various cellular components,
including the primary cell wall layer, ray cells, or middle lamella, with
the specific source depending on the type of fines in question (fibrillar or
flake-like) (Kangas and Kleen, 2004). Inversely, cellulose content was
lower in the fines fraction compared with the coarsest and middle
fractions. These results are consistent with previous studies focusing on
the characterization of fines from mechanical pulps (Sundberg, 2004).

3.2. Characteristics of thermo-pressed specimens

Thermo-pressed specimens prepared from fibers from the coarsest
fraction (S-R16) and the middle fraction (S-P16R100) were compared
with the TMP fibres. In addition, thermo-pressed specimens coated with
a layer of fines (denoted as “Coated w/fines”) and fines made hydro-
phobic (denoted as “Coated w/hydrophobic fines”) were prepared to
assess the effect of the fines coating and their hydrophobic character-
istics. S-R16 samples showed the highest surface roughness, whereas S-
P16R100 samples showed a surface roughness similar to TMP (Fig. 3).
These results highlight the role of fines on reducing the surface rough-
ness of the thermo-pressed specimens. The coating with fines reduced
significantly the surface roughness of S-R16 samples (from 7.2 to 5.3
pm) yielding thermo-pressed specimens with a surface roughness similar
to both S-P16R100 and TMP. These results were further validated by
SEM images, which confirmed that the fines coating effectively covered
the surface of the fibre web, resulting in improved surface smoothness
(Fig. 4). Coating with hydrophobic fines also reduced the surface
roughness of S-R16 and S-P16R100 samples but to a lesser extent than
untreated fines (Figs. 3 and 4).

In an aqueous suspension, the TMP fines made hydrophobic through
the 12-carbon aliphatic moieties from lauryl gallate, tend to agglom-
erate driven by hydrophobic interactions (Yan et al., 2016). Water
molecules preferentially form hydrogen bonding with other water
molecules, leading to an entropically driven exclusion of the nonpolar
species from the aqueous phase (Widom et al., 2003). As a result, the
hydrophobic species tend to associate, thereby reducing the overall free
energy of the system (Sun, 2022). This process is further stabilized by
van der Waals forces among the long aliphatic chains, promoting close
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packing and minimizing contact with water (Chandler, 2005; van Oss
et al., 1980). Following this mechanism, hydrophobic fines suffered
agglomeration before coating the surface of the samples, reducing their
homogeneous distribution over the surface. This explains the increased
roughness of samples coated with hydrophobic fines compared to un-
treated fines (Fig. 3), and was confirmed by SEM analysis of the surface
of thermo-pressed specimens (Fig. 4), where it was clear that the
hydrophobized fines did not cover the surface as uniformly as the
non-hydrophobized ones.

The thickness of thermo-pressed specimens was higher in S-R16
samples compared to the reference (S-TMP) and S-P16R100 samples
(Fig. 3, right). This difference appears to be due to the higher fines
content in the TMP, which likely compacted the fiber web during for-
mation. Moreover, coating with fines reduced the thickness for both S-
R16 and S-P16R100 samples, further confirming the capability of fines
to compact the fiber web. However, the coating with hydrophobic fines
increased the thickness, suggesting that hydrophobized fines could
behave differently from the original fines fraction.

Fines coating also increased the density of the thermo-pressed
specimens (Fig. 5). During the preparation of the coated samples, part
of the fibers (10 g/m?) was substituted by fines to produce samples with
the same target grammage. Likely, fibers substitution by fines reduced
the final volume of the samples and thereby increased the corresponding
densities. This effect was similar for all the thermo-pressed specimens,
independently of the type of fibers used (i.e., R16 and P16R100). S-R16
but also coated S-R16 showed a lower density than S-TMP and S-
R16P100 specimens due to the lower fines and higher fraction of coarse
fibers which leads to less densified structures. The coating with fines did
not change significantly the mechanical properties for S-R16 and S-
P16R100. S-R16 samples exhibited the lowest mechanical properties
due to their lower fines content compared with TMP and P16R100 pulps.

Among other factors, the fines play a crucial role in improving the
surface contact between the fibers, thus improving the consolidation of
the fibre network, which strengthens the corresponding mechanical
properties (Sirvio and Nurminen, 2004). This effect is especially relevant
when fines are well dispersed in the furnish, where they can accumulate
at fiber crossings and enhance bonding within the fiber network
(Motamedian et al., 2019). It is well established that, in dry paper,
mechanical properties are primarily governed by fiber strength and the
bond strength at fiber crossings (Tejado and van de Ven, 2010). Coating
with non-hydrophobized fines did not affect significantly the mechani-
cal properties of the thermo-pressed specimens. On the other hand,
coating with hydrophobic fines lowered considerably the mechanical
properties of both S-R16 and S-P16R100 samples.

Previously, we have reported that LG-hydrophobized TMP fibers
increased the contact angle to ~100° (Filgueira et al., 2017). The fines
made hydrophobic were also confirmed in this study (Supporting in-
formation, Fig. S2). Fines made hydrophobic have lowered their surface
energy (Primc et al., 2024), thereby restricting their ability to form
hydrogen bonds with the hydroxyl groups of the fibers within the fiber
web. Furthermore, in the preparation of samples coated with fines (both
hydrophobized and non-hydrophobized), a specific amount of fibers was
replaced with an equivalent amount of fines to maintain a consistent
grammage across samples. The partial substitution of fibers, with a high
ability to chemically interact by hydrogen bonding with adjacent fibers,
by hydrophobic fines with a notably lower ability to form hydrogen

Table 5

Chemical composition of TMP fibers and fines.
Pulp code Sugars Lignin

Glucose (%) Xylose (%) Galactose (%) Arabinose (%) Mannose (%) Acid Insoluble (%) Acid soluble (%)

TMP 47.50 + 0.02 5.03 £ 0.28 1.30 + 0.08 0.61 £+ 0.03 12.87 + 0.92 26.13 £ 0.13 0.52 + 0.52
R16 49.63 + 1.00 5.00 £ 0.65 1.25 £ 0.13 0.77 +£ 0.01 12.84 + 0.37 23.97 £ 0.32 0.48 £ 0.03
P16R100 49.21 + 0.32 5.16 £ 0.29 1.40 £ 0.00 0.60 £+ 0.03 11.61 + 0.43 25.37 £ 0.04 0.50 £ 0.01
P100R200 44.64 £ 1.07 5.02 £0.16 1.92 + 0.00 0.83 £ 0.07 10.13 £ 0.14 29.20 £ 0.19 0.57 £ 0.05




G. Chinga-Carrasco et al. Cleaner Engineering and Technology 31 (2026) 101172

= m Uncoated 0 TP gser20 mUncoared
S-TMP: 5.76%0.28 i g0 SR 990 B Coated w/ fines
B Coated w/ fines d w/ hydrophobized fi

_ 8 M Coated w/ hydrophobic fines — 700 W Costed w/ hydrophabized fines
B E
= = 600
2 6 2
¢ g s00
) < 400
3 4 E
P 300
&

) 200

100
0 0
S-R16 S-P16R100 S-R16 S-P16R100

Fig. 3. Surface roughness and thickness of uncoated and coated samples.

Fig. 4. SEM surface analysis of wet-molded samples. First row) S-TMP sample. Second row) Samples S-R16 and S-P16R100. Third row) The corresponding samples
coated with a layer of fines (10 g/m?). Fourth row) Samples coated with hydrophobic fines. Images acquired with 100 x magnification.

bonds with adjacent fibers could also explain the lower mechanical As explained above, hydrophobic species reduce the overall free
properties observed in the thermo-pressed specimens coated with hy- energy of the system (Sun, 2022). Furthermore, the decrease of wetta-
drophobic fines. bility of pulp fibers reduces the tensile strength of paper, and this was
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Fig. 5. Density and mechanical properties (tensile strength, tensile modulus and elongation) of uncoated and coated samples.

attributed to a decrease of the fiber-fiber bond strength (Jin et al., 2022).
Consequently, hydrophobized fines reduced the density and mechanical
properties of both S-R16 and S-P16R100 samples (Fig. 5). The results
suggest that hydrophobized fines may have partially penetrated the fibre
network, especially in S-R16 specimens with a more open structure
(Figs. 3 and 4). In contrast, non-hydrophobized fines slightly increased
density and maintained the mechanical performance. These results
highlight the importance of fines—fibre compatibility and the need to
improve: i) the untreated fines dispersion in the bulk to enhance the
mechanical characteristics of thermo-pressed materials and ii) the
deposition of hydrophobized fines on the surface to render
hydrophobicity.

3.3. Coating with hydrophobized fines fraction

Water contact angle (WCA) measurements confirmed that the non-
hydrophobized fines coating slightly reduced the hydrophilicity of the
thermo-pressed samples (Fig. 6). As previously mentioned, the fines
fraction had a higher lignin content than the R16 and P16R100 frac-
tions. Since lignin, due to its chemical nature, has less affinity to water
than cellulose, coating with fines reduced the exposure of hydroxyl
groups of cellulose fibers to water molecules, thereby improving the
WCA. A surface is classified as hydrophobic if the water contact angle
(WCA) exceeds 90°; the WCA measured on the coated specimens was

120 B Uncoated
S-TMP: 63.4+2.3 B Coated w/ fines
100 M Coated w/ hydrophobized fines
@ 80
Qo
& .
© 60 —_—
2 —
5 % =
© 40
20
0
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Fig. 6. Water contact angle measured on S-TMP, the coarsest fraction (S-R16)
and the middle fraction (S-P16R100), uncoated and coated samples (coating =
10 g/mz) are included.

approximately 60°, showing that the samples did not reach that level.
WCA of 67° and 73° have been previously reported for lignin and TMP
fibers, respectively (Liukkonen, 1997).

The ability of laccase to oxidize phenolic moieties generates phenoxy
radicals that can react among them, facilitating the grafting of phenolic
substrates (Chandra and Ragauskas, 2002). Accordingly, the higher
lignin content of the fines fraction is expected to improve the efficiency
of the enzymatic modification (Kalia et al., 2014). Compared to previous
studies (Widsten and Kandelbauer, 2008), in this study, a highly sus-
tainable process was designed, carrying out the reaction in aqueous
media containing only a minimum amount of an organic solvent (95/5
water/acetone) and under mild reaction conditions (55 °C and pH 5).

WCA measurement confirmed the efficiency of the hydrophobized
fines to improve the hydrophobic properties of the thermo-pressed
specimens (Fig. 6). WCA increased from 55° to 99° for S-R16 and from
65° to 88° from S-P16R100 samples with the coating of 10 g/m? of
hydrophobized fines (Fig. 6). However, SEM inspection revealed the
presence of small pores on the surfaces of the coated thermo-pressed
specimens (Fig. 4, lower panel). These small pores could enhance
capillary action due to stronger capillary forces, thereby improving the
wettability of the samples. The influence of this physical effect could
explain the moderate WCA achieved in this study (86.8 + 5.3° and 99.5
+ 1.4°).

Theoretically, laccase-assisted reaction functionalizes only the
phenolic moieties in TMP which are primarily found in lignin, leaving
cellulose and hemicelluloses unmodified. As a result, the hydroxyl
groups in polysaccharides remain free to absorb water, potentially
reducing the WCA of the pulp. The incorporation of a mediator (i.e.,
guaiacol) increases the oxidation potential of laccase allowing it to
oxidize other chemical structures (Gutiérrez et al., 2007).
Guaiacol-derived radicals can also contribute to the modification of
aliphatic extractives commonly present in TMP fibers. These extractives,
which include fatty acids, waxes, and other hydrophobic aliphatic
compounds, often hinder the accessibility of reactive sites necessary for
efficient covalent grafting. The reactive guaiacol radicals generated
during laccase oxidation could be capable of initiating oxidative trans-
formations that either degrade or functionalize these extractives. This
process reduces their hydrophobic barrier effect and exposes lignin and
other aromatic structures of the fiber surface, creating more favorable
conditions for the covalent attachment of lauryl gallate (Euring et al.,
2011). Thus, guaiacol not only serves as a redox mediator for phenolic
activation but may also play a complementary role in surface cleaning
and activation, enhancing the overall efficiency of the enzymatic
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grafting process.

The enhanced oxidation potential of the laccase-mediator system
does not appear to be sufficient to oxidize the hydroxyl groups in cel-
lulose and hemicelluloses, leaving their hydrophilic nature unchanged.
Additionally, TMP used in paper manufacturing contains a significant
fraction of split fibers (Kure et al., 1999). While these fibers enhance
paper properties by increasing surface area and flexibility in the fibre
web matrix, they may adversely affect the paper hydrophobicity. This is
because larger fragments of the S2 layer, mainly composed of cellulose
and hemicelluloses, are exposed, making the fibre more prone to water
absorption. As an attempt to increase the water barrier properties of the
thermo-pressed specimens, the coating layer was increased from 10 to
20 g/m?. The achieved WCA was 95.7 + 10.1° and 99.5 + 1.4° for the
specimens S-R16 and S-P16R100 respectively. However, the droplet of
water was absorbed rapidly and within 10 s. SEM analysis (Supple-
mentary, Fig. $3) revealed that the surface of the 20 g/m?-coated sam-
ples was porous and confirmed the observations made on the 10 g/m?
samples, i.e., the hydrophobic fines seemed to agglomerate in water,
yielding an inhomogeneous surface coating.

3.4. Fines deposition in a dry-forming process

Previous observations in wet-molding trials indicated two main
limitations: i) hydrophobic fines seemed to lower the ability to form
hydrogen bonds with adjacent fibers thus reducing the mechanical
properties, and ii) the fines agglomerate on the specimen surface thus
reducing the ability to form a homogeneous hydrophobic coating.
Therefore, the performance of hydrophobic fines was assessed in a dry
forming process. The assessment was based on the P16R100 pulp frac-
tion since this provided the best mechanical properties and with
acceptable hydrophobic characteristics, i.e., WCA 86.8 + 5.3° and 99.5
+ 1.4° for the samples coated with 10 and 20 g/m?, respectively.

Dry-forming usually yields lower mechanical properties compared to
wet-molding (Pasquier et al., 2024) and this was confirmed in this study.
Considering similar densities between roughly 750 and 800 kg/m>
(Figs. 5 and 7), the dry formed samples have considerably lower strength
(4-6 MPa, Fig. 7) compared to the wet-molded samples (12-20 MPa,
Fig. 5). The modulus and elongation were also reduced. This is due to the
relatively poor inter-fiber bonding in the absence of water (Hirn and
Schennach, 2015), during dry-forming. On the other hand, and consid-
ering only the dry-forming samples, deposition of hydrophobic fines on
the surface did not affect the mechanical properties negatively. This is
an indication that the hydrophobic fines were deposited primarily on the
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surface of the specimen, i.e., the hydrophobic fines did not penetrate
into the network of pulp fibers as was probably the case during
wet-molding.

SEM revealed that the hydrophobic fines formed a homogeneous
layer on the surface of the specimens (Fig. 8). Note that the surfaces of
the dry-formed samples coated with hydrophobic fines (Fig. 8) appeared
smoother than the surfaces of the coated wet-molded samples (Fig. 4).
The densities of the dry-formed samples increase as the coating increases
(Fig. 7), while the corresponding thicknesses decrease (Supplementary,
Table S1). However, a macro-scale assessment (based on optical images)
demonstrated that the amount of fines also affected the homogeneity.
Compared to the DF-P16R100-20F samples (20% of fines), the DF-
P16R100-10F samples (10% of fines) had some surface spots that were
apparently not covered completely (Supplementary information, Fig. 1).
This difference on the surface coating also determined the water ab-
sorption behavior of the samples.

A water drop test was conducted and the WCA was measured (Sup-
plementary information, Fig. S4). The water penetrated almost imme-
diately into the DF-P16R100. The WCA after 1 min of samples DF-
P16R100-10F and DF-P16R100-20F were 81.3 + 1.8° and 84.1 + 0.7°,
respectively. The highest contact angle obtained for the samples coated
with hydrophobic fines is close to 100° (Fig. 6), which indicates mod-
erate hydrophobicity. When compared to commercial packaging mate-
rials, these values are in the same range as fiber-based food service
products treated with sizing agents such as AKD (alkyl ketene dimer)
and ASA (alkenyl succinic anhydride), which typically exhibit contact
angles between 85° and 105° (Ono and Miyanishi, 2000). This suggests
that the developed coating provides a level of water resistance compa-
rable to widely used fiber-based solutions in the market.

For reference, untreated molded fiber generally shows much lower
contact angles (30°-60°), while PFAS-treated fiber or advanced bio-
based coatings can exceed 110° (Chemistry, 2020). Common plastics
used in food packaging, such as PET (~72-76°), polystyrene (~87°),
and polypropylene (~102°), span a similar or slightly higher range
(Smith, 2023). Therefore, achieving values close to 100° positions the
proposed material as an interesting and competitive alternative to
conventional fiber-based packaging solutions without relying on
fluorochemicals.

Although, the WCA after 1 min was less than 90° (hydrophobic
surface), the modification formed a water barrier that lasted for rela-
tively long periods. The dry-formed samples resisted the water pene-
tration for more than 5 min (Fig. 9 and Supplementary information,
Fig. S4) compared to the wet-molded samples (<10 s). This was
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Fig. 7. Density and mechanical properties of dry-formed samples.
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Fig. 8. Left panel) SEM surface images of dry-formed samples DF-P16R100, DF-P16R100-10F and DF-P16R100-20F. Right panel) The corresponding SEM cross-
sectional images of the coated surface. Lower panel) Roughness and surface layer porosity measured on SEM cross-sectional images.
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probably caused by the larger fraction of fines on the surface of the dry-
formed samples (50-100 g/m?) compared to the wet-molded samples
(10-20 g/m?). Additionally, a higher fines content on the surface
resulted in a greater water barrier effect, i.e., the sample with 100 g/m?
hydrophobized fines resisted the water penetration for some 21 min
compared to the sample with 50 g/m? fines where the water penetrated
before 8 min (Fig. 9 and Supplementary information, Fig. S4).

The water drop test was repeated 136 days after the samples were
manufactured and it was noted a reduction of the water barrier, i.e. the
DF-P16R100-10F and DF-P16R100-20F resisted the water penetration
approximately 1.4 and 6 min, respectively (Fig. 9). The same samples
were allowed to dry for 24 h before assessing the water barrier again.
The humidity and temperature during the assessment are provided in
Supplementary Information Table S2. Although, the water barrier was
reduced from 8.3 and 21.4 min to 1.4 and 6 min for samples DF-
P16R100-10F and DF-P16R100-20F, respectively, the water barrier
was relatively constant during 5 days of assessment. It is speculated that
the reduction of water barrier may be due to a long-term degradation of
the grafted lauryl gallate, due to e.g. oxidation and UV light. It is
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important to emphasize that in most of the cases when barrier against
water is assessed, this is based mostly on initial water contact angles
(~1 s) and assessment over time is omitted (Rodriguez-Fabia et al.,
2022). In the present study, we have assessed lauryl gallate-modified
surfaces, the conferred barrier against water and the long-term (4
months) stability of the surface modification.

In this study, coating with a layer of hydrophobized fines was
selected as the application method to reduce the water wettability of the
thermo-pressed samples. However, as stated above, the fines agglom-
erated during the formation of the wet-formed samples. Dry-forming
seems to be a better alternative in this respect, and an homogeneous
layer was formed. Increasing the fines layer to 50 and 100 g/m? was
beneficial for securing water barrier properties, without significantly
compromising the mechanical properties in dry formed samples.

Finally, it is worth mentioning that the main bottlenecks of the
process are the high costs of the enzyme and lauryl gallate, and the need
for washing steps with acetone. Laccase is already produced at industrial
scale for several applications, including the textile sector, which sug-
gests that enzyme costs could be reduced through scalable process
optimization. Ongoing research is also aimed at lowering the dosage of
lauryl gallate without compromising performance and at replacing
acetone washing with more sustainable alternatives based on e.g. sur-
factants. These strategies aim to make the enzymatic hydrophobization
process more economically viable and environmentally friendly.

4. Conclusion

Cellulose-based materials are among the most promising alternatives
to plastic-derived packaging products. However, their low barrier
properties against oxygen and moisture remain a significant challenge.
Modifying the surface chemical and physical properties of these mate-
rials is essential to enhance their performance and broaden their ap-
plications in packaging, especially for food products. Such modifications
must also be sustainable, minimizing the consumption of oil-derived
products, energy, and water. The present study focuses on valorizing
fines from thermomechanical pulp (TMP) to improve the surface prop-
erties of thermo-pressed specimens. A layer of unmodified fines resulted
in lower surface roughness and porosity, which can enhance barrier
properties, printing quality, and lamination performance.

The relatively high lignin content in fines (lignin content ~30 %)
offers an opportunity to develop laccase-assisted modification, which
activates lignin phenolic groups to graft hydrophobic phenolic com-
pounds. Water contact angle (WCA) measurements confirmed the
grafting of lauryl gallate onto the fines, achieving hydrophobic prop-
erties (WCA >90°) in the coated samples. However, the hydrophobic
fines also reduced the mechanical properties of the wet-molded and
thermo-pressed specimens. On the other hand, deposition of hydro-
phobized fines on dry-formed specimens was successful, and a homo-
geneous layer that covered the surface pores was achieved. Deposition of
fines in a dry-forming process did not affect the mechanical properties
negatively. Additionally, the water barrier was demonstrated and this
was maintained for some 20-30 min. However, long-term assessment (4
months) revealed that the water barrier was reduced from 21.4 to 6 min.
A balance between hydrophobicity, mechanical performance and recy-
clability must be established in future work to further improve the
functional properties of thermo-pressed specimens.
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