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HIGHLIGHTS

e GPTMS/TEOS sol-gel is compatible with the heterogenous composition of biomass pellets.
o The coating offers a sealing function reducing the mean apparent depth of the cracks.

e After 1 month of storage, the coated pellets retained their hydrophobic behavior.

ARTICLE INFO ABSTRACT
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Long transport distances and extended storage of biomass pellets especially in humid environments provide a
suitable setting for enhanced degradation in the form of moisture sorption, cracking and attrition. We developed
an optically transparent, low-cost and environmentally friendly coating to reduce moisture sorption and storage
degradation of pellets. The developed coating is a hybrid sol-gel, based on tetraethoxysilane (TEOS) and 3-gly-
cidoxypropyl-trimethoxysilane (GPTMS) precursors. We coated two types of untreated and one type of torrefied

wood pellets and stored them in a climate chamber during 1 month simulating a ship’s hold, at a constant
condition of 40 °C and 85% relative humidity. After 1 month of storage, the mean water contact angle increased
by a factor of two compared to the uncoated ones. The lower wettability of the sol-gel coated untreated pellets
compared to the non-coated torrefied pellets might provide an alternative to torrefaction.

1. Introduction

The current biomass demand, promoted by climate targets and sus-
tainable development goals, has exposed the weaknesses of local
biomass supply chains, boosting the international trade of pellets [1].
One third of the global consumption of pellets in 2018 required tran-
shipment, from the Americas to Europe and Asia [1]. Thus, depending
on the transportation distance and type, pellet storage can range from
days to months [2,3]. During transport, handling and storage, pellets
face fluctuating environmental conditions such as high temperatures
and high relative humidity which most often results in moisture sorption
leading to cracking, (increased) bacterial and/or fungal activity and
particle breakage, referred to as storage degradation [3,4]. The combi-
nation of these degradative phenomena results in reduced mechanical
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durability, reduced heating value, self-heating and spontaneous com-
bustion of pellets [3,5-8]. Storage degradation in the form of pellet
breakage also generates dust particles which can lead to equipment
fouling and risks to workers’ health from exposure to dust [5,7,9]. The
transition from fossil to renewable resources will demand more atten-
tion and regulation in the quality of these products.

Various approaches have been developed to improve the resistance
of pellets to storage degradation such as inorganic/organic based addi-
tives or coatings [10-12] and thermal pre-treatments [13]. Yet, even the
most recent thermal pretreatments such as torrefaction, have not
addressed storage degradation effectively [4,14,15]. Although protec-
tion of materials is an ancient topic, it wasn’t until the Industrial Rev-
olution that this topic experienced a substantial change into a highly
advanced and technological field [16]. As industrial sectors matured,
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their quest for high quality products made them research and develop
the first generation of protective coatings [16]. Coatings nowadays are
extensively used in the automotive and aircraft industry, among others
[17,18]. Thus, we foresee that as other sectors have incorporated pro-
tective coatings to preserve the quality of their products and comply
with stricter regulation, the bioenergy sector will follow the same path.
Few developments are found in literature regarding coatings to mini-
mize moisture sorption or to lower the rate of storage degradation of
biomass pellets. The most recent studies include the use of mineral and
vegetable oil-based coatings [19] or commercial coating agents dis-
solved in isopropyl alcohol [20] to improve the hydrophobicity of pellets
at ambient temperature with RH < 60%. The findings of these studies
highlight the benefits of using coatings to produce moisture resistant
biomass pellets. Nonetheless, one of the weaknesses of additives such as
isopropyl alcohol is that this evaporates at ambient temperature [20],
which could represent a risk in enclosed storage due to increased con-
centration of this gas. Furthermore, questions regarding the sustain-
ability of these coatings and their tolerance to high humidity
environments during extended storage remain unanswered. The closest
application regarding the use of coatings to protect organic materials is
found in wood surfaces. Coatings have been extensively researched with
the aim of improving the properties of wood surfaces exposed to humid
conditions, yielding efficient protection [21,22]. Among them, hybrid
sol-gel coatings are promising materials to decrease the rate of moisture
uptake, enhance fire-resistance properties and mitigate discoloration of
wood [23-26]. They are also known for their cost affordability [27,28],
facile application, controlled porosity and hydrophobicity [29,30]. They
are synthetized by the sol-gel process, which is classified as a “green”
technology since it uses compounds that do not introduce impurities into
the end product, is waste-free, excludes the stage of washing and re-
quires low processing temperature, providing substantial energy savings
[31]. Another advantage of the sol-gel process is that in some applica-
tions, the sol-gel process is now more economically viable than other
coating techniques thanks to recent improvements in its economics [28].
For instance, compared to other coating techniques, the sol-gel process
often uses low-cost precursors [32] and low-to-moderate cost equipment
for deposition of the coating compared to conventional methods [33].
Furthermore, sol-gel coatings can be used in thin layers, which saves
material costs [34]. Moreover, sol-gel coatings have great adhesion and
toughness, which can result in coatings that last longer over time and
require less care [34]. Although sol-gel coatings are effective on wood
surfaces [35], it is known that biomass pellets have different physico-
chemical properties and morphological features. For example, wood
surfaces are known to have a uniform surface [36] and a more homo-
geneous composition compared to biomass pellets, which are known to
have a highly heterogeneous composition, high fibrous nature, surface
cracks, inorganic-based inclusions and regions with fiber ends [4]. The
differences between these two material types are significant. Thus, in the
present work, we aim to study the compatibility of a hybrid-sol gel with
biomass pellets to reduce moisture sorption and withstand long term
storage.

The basic principle of the hybrid sol-gel process usually involves
polycondensation reactions between inorganic metal alkoxides (M
(OR)4) and organic alkoxides (M(OR)3R’)), where M represents a metal,
R an alkyl group and R’ an organic functional group, such as meth-
acryloyl, epoxy or styryl [37,38].

Among the inorganic alkoxides, alkoxysilanes (e.g., tetraethox-
ysilane - TEOS) are the most widely used for sol-gel applications
[39-42]. When reacting with wood, alkoxysilanes can easily penetrate
the middle lamellae and interior of wood cells because of wood’s
porosity. Part of the alkoxysilanes that penetrates the wood cells pre-
cipitates as silica polymers, which act as fillers that enhance the physical
and mechanical properties of the wood matrix [30]. The other part of
alkoxysilanes undergo two different chemical reactions when in contact
with wood [43,44] due to the presence of hydroxyl groups in wood. The
first reaction binds the alkoxide hydroxyl groups to the free hydroxyl
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groups of wood via hydrogen bonds. The second reaction is the
condensation between silanol and the hydroxyl groups of wood, which
connects the wood and silica via Si-O-C bonding structures [45,46].

When the goal is to increase wettability, alkoxysilanes are rarely
used on their own. This is due to the hydroxyl groups (Si(OH)4) in
alkoxysilanes resulting from the hydrolysis process provide coatings
with a hydrophilic nature. Thus, hybrid sol-gel coatings are typically
mixed with organic alkoxysilane precursors [28,38,47-49] such as
3-glycidoxypropyltrimethoxysilane (GPTMS). When in contact with
wood, the epoxy ring of GPTMS reacts with the hydroxyl groups of the
cellulose fibre and graft on the fibre surface [50,51], increasing the
hydrophobicity of wood [30,38].

In order to understand the hydrophobic behavior of hybrid sol-gels
when deposited on biomass, we coated two types of untreated and one
type of torrefied wood pellets with a hybrid sol-gel based on TEOS/
GPTMS precursors. This type of coating is one among the realm of hybrid
sol-gel coatings but as far as the authors are aware, this is the first-time a
GPTMS/TEOS hybrid sol-gel coating is applied to biomass pellets. Our
coating is applied using a dip-coating technique, which is a low-cost and
high-efficiency method, widely applied in industry [34]. Furthermore,
to test the resistance of the coating to storage degradation we stored the
coated pellets in a climate chamber during a period of 1 month at a
constant temperature of 40 °C and relative humidity of 85%. We char-
acterized the uncoated and coated pellets before and after storage, using
the following techniques: gravimetric analysis (weight-loss-test), digital
microscopy, scanning electron microscopy equipped with energy
dispersive X-ray spectroscopy (SEM-EDS), thermogravimetric analysis
(TGA), Fourier-transform infrared spectroscopy (FTIR) and water con-
tact angles measurements (optical tensiometer). The combination of
these techniques provides a more comprehensive understanding of the
effectiveness of the GPTMS/TEOS hybrid sol-gel coating in protecting
pellets from moisture and storage degradation. Our method offers a new
approach towards the development of sustainable and cost-competitive
coatings to preserve the quality of biomass pellets. These advantages
may result in lower transportation, storage, and product loss during
handling.

2. Materials and methods
2.1. Materials

We monitored two types of untreated commercial white wood pel-
lets, wood pellet type I (wpl) and wood pellet type II (wp2), and one
type of torrefied pellets (tor). On average, the studied pellets measure 6
mm in diameter and 3 cm in length [7]. The elemental analysis of the
samples is provided in the E-supplementary data. Wood pellets were
made from sawdust and purchased from local stores in the Netherlands.
No information was available regarding the manufacturing process. The
torrefied pellets were obtained from a pilot plant in the UK and no in-
formation was provided about the origin of the pellets and production
process.

2.2. Sol-gel synthesis and preparation of coated pellets

The hybrid sol-gel was prepared by mixing TEOS (Aldrich, 99%),
GPTMS (ABCR, 98%) and colloidal silica SiO5 (Ludox-4S, Aldrich,
aqueous suspension 40 wt%). SiO, nanoparticles were added to the
formulation to decrease the porosity of the coating and increase its
thickness [52]. After 30 min of stirring, 0.6 mL of concentrated HNO3
(VWR, 65%) was added as a catalyst for polycondensation. Finally, ab-
solute ethanol (EtOH, Panreac, 99.8%) was added as a solvent. The
molar ratio of the hybrid sol-gel (SG) was TEOS/GPTMS/SiO; =
0.40/0.46/0.14. SG was deposited on wpl, wp2 and tor using a
dip-coating technique, with a withdrawal rate of 30 cm/min. This
withdrawal rate has proved to deliver a homogeneous coating using a
dip-coating technique on different types of surfaces [53,54]. Coated
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samples were thermally treated in an oven (Binder 2.0) for 1 h at 120 °C
to complete the polymerization between SG and pellet. The oven tem-
perature was programmed from room temperature to 120 °C using a
heating rate of 5 °C/min.

2.3. Storage conditions

Uncoated and coated pellets were stored in a climate chamber
(C+10/600 Climate Test Chamber) with a volume of 600 L for a period
of 1 month at a constant temperature of 40 °C and 85% RH. These
conditions represent typical conditions of a ship’s hold during a trans-
atlantic journey [7,55,56]. During the storage period, we examined the
pellets at three sample dates: day 0, after 10 days and after 1 month. To
rule out any possible interaction between the biomass components and
the coating, we tested the reduction of the coating layer separately by
storing the hybrid sol-gel coating under the same conditions (40 °C and
85% RH).

2.4. Characterization techniques

Weight and diameter of pellets: The pellet weight and diameter of
the uncoated pellets were characterized according to EN standard
16127. The weight of the coating and coated pellets was measured using
an electronic balance (Sartorius Practum 124-1S analytical). The
diameter of the coated samples was measured crosswise with a Kunzer
7EMSO01 digital caliper 150 mm with an accuracy of 0.01 mm. The
changes in diameter and weight (Ax) are calculated based on Eq. (1):

X2 — Xy

Ax (€H)

X1

Where x; and x3 is the weight/diameter of the samples before and after
storage, respectively. The weight change represented by Eq. (1) is also
known as the equilibrium moisture content (EMC).

Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) of sol-gel: A thermogravimetric analyser (TGA,
Thermal Advantage SDT Q600) was used to measure the combustion
behavior of the sol-gel solution. The samples (initial weight =~ 17 mg)
were placed in an alumina cup and heated from room temperature to
1000 °C at a heating rate of 10 °C/min under an air flow of 50 mL/min.

Fourier-transform infrared spectroscopy (FTIR) of sol-gel: The
functional groups in the GPTMS/TEOS hybrid sol-gel solution were
identified by FTIR. The FTIR spectrum of a droplet of sol-gel solution
was recorded between 4000 cm ™! and 700 cm ™, using a PerkinElmer
Spectrum 100 spectrometer in attenuated total reflectance (ATR) oper-
ation mode. The spectrum is presented as absorbance [%].

Digital microscopy: We used digital microscopy to examine the
penetration of the coating into the pellet and to monitor any potential
coating degradation during storage. The penetration of the coating is
assumed to be related with the apparent crack depth at the surface of the
pellet. The apparent depth of surface cracks was determined using a
built-in tool in the microscope software to create a 3D profile mea-
surement of the side of the pellet facing the microscope objective [57]. A
3D profile is created by drawing a line along the longest axis of the front
face of the sample. The profile represents the depth distribution along
the surface line, where the central region of the crack is identified by a
peak compared to the flat non-cracked surface. A total of 6 samples (i.e.,
two samples per type of pellet) were analysed before coating and after
coating using a digital microscope Keyence VHX-5000 series, ocular
VH-Z100 R/W/T. To ensure repeatability, we drew three 3D profile lines
along the front face of each sample. The apparent depth of each type of
pellet (tor, wpl and wp2) is reported as the average of the two samples.

Wettability: The wettability of the pellets was defined by the contact
angle between a water droplet and the pellet’s surface. We measured the
water contact angle of 6 samples (i.e., two samples per type of pellet)
before coating and after coating, at the three sample dates using an Easy
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Drop Standard system Kruss DSA 100 equipment. Six measurements
were performed on different areas of each sample. The mean water
contact angle of each type of pellet (tor, wpl and wp2) is reported as the
average of the two samples.

Scanning electron microscopy and Energy dispersive spectroscopy
(SEM-EDS): The morphology and elemental composition of the coated
pellets’ surfaces were analysed using SEM-EDS across the three sample
dates. SEM analysis was performed on a JEOL IT100 microscope using a
backscattered electron detector, coupled with an energy dispersive
spectrometer. EDS measurements were carried out at low-vacuum due to
the non-conductivity of the samples. SEM images were recorded in a
compositional mode using an accelerated voltage of 10 kV and probe
current of 65 pA. We analysed one sample per each type of pellet. Each
pellet was glued to the sample holder using double-sided sticky tape.
SEM-EDS analysis was carried out at 2 different regions of interest (ROI)
per sample. EDS mapping was performed at each ROI and in average, we
selected 4 points per each ROI for scanning. All samples were returned to
the climate chamber once the SEM-EDS analysis was performed. The
data was processed using the InTouchScope™ software. Detailed infor-
mation on the morphology of the uncoated pellets can be found in
Ref. [4].

3. Results and discussion
3.1. Weight and diameter change

The changes in diameter and EMC of the uncoated and coated pellets
after 1 month of storage are presented in Fig. 1. These two variables are
an indicator of the resistance of the coating and hydrophobicity of pel-
lets. Higher diameter change (%) means increased swelling of the pellet
and reduced protection by the coating, while a higher EMC suggests
reduction of the coating layer and increased hygroscopicity of the coated
pellets. Data for the uncoated pellets (Fig. 1) after 1 month of storage
was extracted from Ref. [4].

After 1 month of storage, the coating reduced the swelling of the
pellets compared to the uncoated ones, especially for wp2. The wpl
pellet is the most porous one and is thus more prone to adsorb moisture
from the environment compared to tor and wp2. This has been
confirmed by micro-CT measurements reported in our previous study on
pellet degradation [4]. As can be seen from Fig. 1, the EMC of the un-
coated torrefied pellets after 1 month of storage is comparable to the
values obtained for the uncoated wpl and wp2. Nonetheless, depending
on the type of biomass and operational conditions, torrefaction is known
to significantly increase the hydrophobic behavior of pellets compared
to raw untreated biomass [58,59]. Zhang et al. [59] observed that tor-
refied pine wood pellets stored in a controlled environment (22—23 °C
and 48—52% RH) for up to 18h decreased the EMC by 70% compared to
raw untreated biomass. Meanwhile, our results indicate that the coated
pellets, untreated or torrefied, lost weight gradually (Fig. 1) during 1
month of storage, which indicates no sign of moisture sorption and
suggest degradation of the coating via evaporation. This is backed up by
measurements of the weight of the coating alone after 1 month of
storage, which indicate that the average weight of the coating alone
decreased by 0.7% compared to the initial weight prior to storage. Thus,
it appears that the reduced EMC is related to the composition of the
GPTMS/TEOS hybrid sol-gel and stability of the coating at high storage
temperatures (40 °C) and high relative humidity (85% RH). Meanwhile
the swelling of the pellets is related to moisture sorption and off-gassing
[60]. Thus, our findings suggest that there is a competition between
coating stability and moisture sorption which will govern the rate of
pellet degradation.

3.2. TGA analysis

Fig. 2 presents the TGA and DSC thermograms of the sol-gel. The sol-
gel was thermally degraded between room temperature (17 °C) and
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Fig. 1. Changes in diameter and weight of coated biomass pellets and coating after 1 month after storage. Data for the uncoated pellets after 1 month of storage was

extracted from Ref. [4].
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Fig. 2. TGA and DSC curves of the GPTMS/TEOS hybrid sol-gel. The blue-green
line represents weight [%] and red-magenta line indicates the DSC curve [mW/
mg]. The first inflection point (53 °C, black dashed line) was determined by
calculating the maximum gradient of the TGA curve. The lime-green dashed
line indicates 100 °C. The second inflection point (400 °C, black dashed line)
was obtained from the peak of the DSC curve. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version
of this article.)

1000 °C. These results provide preliminary information on the stability
of the sol-gel coating during subsequent thermochemical conversion or
combustion.

The decomposition of the sol-gel mass takes place in three-stages.
The first stage, from 17 °C to 53 °C, where the evaporation of water
and solvent leads to a significant weight loss in sol-gel. The second stage
is characterized by two exothermic peaks between 53 °C and 400 °C. The
first exothermic peak starts at 208 °C and finishes at 241 °C. This peak is
assigned to the initial combustion of the organic components, mainly
residual epoxy rings [61]. The second exothermic peak at 400 °C rep-
resents the maximum thermal degradation of sol-gel and corresponds to
the degradation of organic chains such as propyl groups [62]. These
findings are in line with previous observations on hybrid sol-gels
[63-65]. In the third stage (>400 °C), a broad exothermic peak is
observed with a weight loss of 66% of the initial weight. This might be
the result of the structural decomposition of organic components, which
leads to a glass-like material similar to fused silica (SiO2) [66]. At
790 °C, the weight of sol-gel stabilized at 26%. The low thermal stability
of the sol-gel seems beneficial for combustion processes by not affecting
the heat transfer to the pellet significantly.

3.3. Characterization of coating by FTIR spectroscopy

The chemical structure of TEOS/GPTMS sol-gel was identified by
FTIR spectroscopy. The FTIR spectrum is presented in Fig. 3, where the
black stars indicate the position of peaks in the spectrum.

Si-O-Si
1043
*

Absorbance [arbit. uni]

Ll T T T
1400 1200 1000 800
Wavenumbers [1/cm]

T
1800 1600

Fig. 3. FTIR spectrum of the GPTMS/TEOS hybrid sol-gel. The blue-green line
represents the absorbance spectrum and the stars indicate the position of peaks
in the spectrum. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

The weak absorption peaks near 1635 and 957 cm ™! indicate the
presence of Si-OH bonds. The peaks at 881, 1043 and 1083 cm ' are
attributed to the stretching vibration of Si-O-Si bonds [67-69]. The
presence of these peaks confirms the polycondensation between TEOS
and GPTMS in the coating [70]. The weak peaks at 910 cem ! and 1278
cm ! show the presence of the epoxy ring from GPTMS [71-73], which
indicates that a part of the epoxy ring was still available for further
hydrolysis/polymerization [74]. The weak and broad peak at 795 cm ™
corresponds to the Si-C bonds of the CH3SiO3 groups on the surface of
silica particles. This is caused by the condensation between Si-OH and
GPTMS, which explains the increased hydrophobicity of the coating
[25].

3.4. Surface morphology and composition

We used SEM-EDS analysis to investigate the effect of storage on the
microstructure and composition of the pellets coated with sol-gel. Fig. 4
presents SEM images of each type of coated pellet before and after 1
month of storage with the corresponding EDS maps (square areas a-f)
and locations (numbers 1-3). Table 1 presents the elemental composi-
tion obtained at the first ROI on each type of pellet. Detailed SEM-EDS
analysis for the second ROI of the studied samples is provided in E-
supplementary data.

The transparent nature of the sol-gel coating allows the observation
of the uneven and cracked surface of the pellet prior storage (Fig. 4).
Pellets are known to have pre-existing cracks resulting from the pellet-
ization process or due to damage during transport, handling and storage
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Fig. 4. SEM images of the coated pellets before and
after 1 month of storage. a, b, tor pellet before (a) and
after 1-month storage (b). ¢, d, wpl pellet before (c)
: o : and after 1-month storage (d). e, f, wp2 pellet before
2. 7 i : - ; (e) and after 1-month storage (f). The numbers denote
3 locations where EDS analysis was carried out
(Table 1). Areas are denoted by yellow squares and
points are denoted by yellow numbers. (For inter-
pretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)

Table 1
Concentrations of elements obtained by EDS analysis at different locations on the surface of the coated pellets shown in Fig. 4, before and after storage.
Location C o Si N Mg S P Cl K Ca Mn Fe Cu Zn
[at. [at. [at. [at. [at. [at. [at. [at. [at. [at. [at. [at. [at. [at.
%] %] %] %] %] %] %] %] %] %] %] %] %] %]
Fig. 4-a tor-0 day Area 52.7 38.3 5.6 0.5 0.1 - - 0.1 0.1 0.2 1.2 1.2 - -
1 42.1 43.5 11.1 0.9 - - - - - 0.1 1.2 1 - 0.1
2 61.6 31.2 2.8 0.7 - 0.1 - - 0.2 0.4 1.5 1.5 - -
3 48.8 35.1 5.5 0.7 0.1 - - 0.1 0.1 0.5 1.4 7.7 - -
Fig. 4-b tor-1 month Area 48.1 42.4 7.4 0.3 0.1 - - 0.2 - 0.3 0.4 0.7 0.1 -
1 39.1 47.7 11.5 0.3 - - - 0.3 - - 0.5 0.5 0.1 -
2 29.6 44.4 20 0.3 - - - - - 1.1 2.8 1.8 - -
3 63.1 32.3 2.1 1.1 - 0.1 - - 0.1 0.4 - 0.7 0.1 -
Fig. 4-c wpl-0 day Area 56.6 379 3.6 - 0.1 - - 0.1 0.1 - 1.5 0.1 - -
1 46.3 42.3 7.5 0.2 - - - - - - 1.7 1.1 - -
2 61.9 32.6 2.8 0.3 0.7 - - - - - 1.1 0.7 - -
3 65.2 30.9 1.9 - 0.1 - - - - 0.1 1 0.6 0.1 0.1
Fig. 4-d wpl-1 month  Area 59.8 39.7 0.2 - 0.1 - - - - 0.1 - - 0.1 -
1 67.3 32.5 0.1 - - - - - - 0.1 - - - -
2 42.8 49.3 0.8 - - - - - - 6.9 - 0.1 - 0.1
3 66.6 33.2 - - - - - 0.1 0.1 - - - - -
Fig. 4-e wp2-0 day Area 51.7 38.4 7.6 - 0.1 0.1 - 0.1 - 0.1 0.9 0.9 0.1 -
1 43.7 42.5 11.8 - - - - - - - 1.4 0.6 - -
2 64.6 30.4 2.6 0.3 0.2 - 0.1 - - - 1.2 0.6 - -
3 45.3 48.2 3 1 - - - - - - 0.7 - 0.5 1.3
Fig. 4-f wp2-1 month Area 49.5 38.9 6.2 - - - - - - - 3.2 2.2 - -
1 41.9 45.9 10.9 - - - - 0.1 - - 0.7 0.5 - -
2 65 314 2.7 - - - 0.1 - - - 0.5 0.3 - -
3 53.8 40.3 5.4 - - - - - - 0.2 - - 0.2 0.1
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[75]. Surface cracks allow media such as moisture to enter into the pellet
resulting in reduced structural strength [6]. As can be seen from Fig. 4,
the deposition of the coating is more efficient on tor and wp2, which are
characterized by a skin-like pattern, compared to wpl pellets. The
skin-like pattern is characterized by light gray areas enriched with Si and
O (Table 1), confirming the presence of the coating. On the other hand,
dark gray areas indicate that sol-gel was deposited but not homoge-
neously absorbed by the surface of the pellets. This is supported by EDS
experiments reported in our previous research [4], which show that the
Si content at the surface of uncoated tor, wpl and wp2 is 0.48 at %, 0.02
at % and 0.05 at %, respectively. Meanwhile, the darker areas identified
on the surface of the coated samples (Fig. 4) have at least one order of
magnitude more Si than the uncoated pellets reported in Ref. [4]. The
presence of these darker areas has been previously reported when using
alkoxysilane-based sol-gel coatings on wood specimens [35].

Furthermore, darker areas with uneven sol-gel absorption rates,
especially in wpl, might translate into reduced thickness of the coating
layer and less sealing function. This phenomenon is supported by the
high visual roughness observed in wpl (Fig. 4d) and a drop in the Si
content after storage compared to before storage conditions (Table 1). In
the case of wpl, higher absorption of the coating is expected since this is
the most porous pellet of the studied samples with a porosity of 3.6%
before coating, as reported in our previous study [4]. These results
highlight potential routes for future optimization regarding coating
preparation and deposition. Sol-gel should be tailored to the specific
physicochemical properties of pellets (elemental composition, porosity
and inclusion-to-pellet volume ratio) to prevent deficient deposition or
uneven penetration of the coating. Similar phenomena have been
observed in coatings used for timber-concrete-composite structures
[76].

SEM images also show the presence of inclusions (Fig. 4, bright
discernible amorphous particles), mostly at these dark areas, inside or at
the border of cracks, where sol-gel was not homogenously absorbed and
might lead to higher degradation rates [4].

After 1 month of storage, in general, it is observed that the coating
degraded and cracked on all samples due to storage conditions (40 °C
and 85% RH) and prolonged storage. The fracture of the coating due to
the influence of temperature is in agreement with previous observations
using similar coatings over Ca(OH); pellets [77]. Yet, the transparency
of our coating remained visually unaffected, especially for tor and wp2,
which exhibit a protective shield effect after 1 month of storage. These
findings are confirmed by EDS analysis, where the concentration of Si on
tor (Table 1 b, area, location 1) and wp2 (Table 1 f, area, location 1)
remained unchanged after storage compared to before storage condi-
tions (Table 1 a, area, location 1; Table 1 e, area, location 1). With
respect to wpl, the concentration of Si before storage is 7.7 at. %
(Table 1 ¢, area, location 1), while 1 month after storage, the Si content
decreased to less than 0.2 at. % (Table 1 d, area, location 1). This effect is
attributed to the strong bond between the polysiloxane network formed
during the sol-gel process and the wood cell wall [23].

Results from the EDS maps (Fig. 4, square yellow areas) suggest that
the degradation of the coating might be the result of an oxidation pro-
cess occurring during storage. After 1 month storage, the concentration
of oxygen increased in all pellets (Table 1 b, area; d, area and f, area).
Oxidation of the coating layer might also be one of the reasons for
coating cracking after 1 month storage [78]. In humid environments, the
cracks in the coating facilitate the diffusion of moisture and oxygen
inward the pellet and conversely diffuse the gases from pellet off-gassing
[60] outwards through the cracks in the coating. Similar phenomena
have been observed in SiC-protected carbon/carbon materials [78].

To evaluate the penetration of the coating, we extracted a 3D profile
of the surface of the pellets using digital microscopy. Herein, we used the
apparent depth of the cracks as a measure of coating penetration. Pellets
with deeper cracks indicate poor sealing protection by the coating, while
pellets with small shallow cracks indicate the coating provided an
enhanced sealing functionality. Fig. 5 provides the mean apparent depth
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Fig. 5. The mean apparent depth of the cracks observed at the surface of
biomass pellets tor, wpl and wp2 before coating and after coating 0 days, after
10 days and after 1 month of storage. The error bars represent the stan-
dard deviation.

of the cracks obtained at the surface of each type of pellet before storage,
10 days after storage and 1 month after storage. Penetration of the
coating into the structure of biomass depends on diffusion mechanisms
which are strongly related to the surface microstructure and composi-
tion of the cell wall [79]. The mean apparent depth of the cracks ob-
tained for all studied samples is given in E-supplementary data.

In general, all uncoated pellets have pre-existing cracks before
coating and storage, especially the torrefied ones (Fig. 5, No coating).
For example, in some uncoated torrefied samples, cracks extended up to
2.5 mm depth from the surface of the pellets, equivalent to around 40%
of the diameter of the pellet. After the pellets were coated and prior
storage (Fig. 5, Coating — 0 days), we observed less apparent crack
depth, indicating good deposition and penetration of sol-gel coating.

After 10 days of storage, we observed an increase in the apparent
crack depth (Fig. 5). This increase is attributed to the degradation of the
sol-gel (oxidation) and absorption of sol-gel by the microstructure of
biomass [4,80]. This phenomenon is governed by a diffusion process
where sol-gel is absorbed by the biomass fibrous structure, allowing the
light from the microscope to penetrate into the cracks [4]. After 1 month
of storage, the mean apparent crack depth was reduced for all type of
pellets compared to 10-days before storage. This is attributed to the
extended storage at high humidity which induces plasticization of
amorphous polysaccharides in biomass, also referred as softening [79,
81]. The softening facilitates the transport of moisture and minerals
through the biomass cell walls leading to swelling and inclusion growth
[4,79]. The swelling after 1 month storage is confirmed by diameter
measurements (Fig. 1) and findings reported in our previous study [4]
for the same type of pellets. After 1 month of storage, coated tor 1 and
coated wp2 show major resistance to storage degradation in the form of
reduced apparent crack depth compared to conditions prior storage. The
mean apparent crack depth in coated tor, coated wpl and coated wp2
pellets was reduced by 85%, 30% and 46% compared to uncoated
conditions.

3.5. Wettability

The wettability of each type of pellet was determined by measuring
the water contact angles of the coated pellets after different periods of
storage (Fig. 6). If the contact angle is smaller than 90°, the surface is
hydrophilic and the wettability of the solid is high, while for contact
angles larger than 90°, the surface is hydrophobic and the wettability is
considered poor [82]. Values of the water contact angle obtained for all
studied samples are given in E-supplementary data.

Mean water contact angles for all uncoated pellets are below 44°,
which define their hydrophilic character [82]. This is due to biomass



L. Cutz et al.

140
— I No coating
2 120 | mmm Coating - 0 days
% Coating - 10 days
% 100 Coating - 1 month
; I
Ew| al || [
s
© 60
2
g 40
3
)
< 20
0
tor wp1 wp2

Fig. 6. Mean water contact angles observed at the surface of tor, wpl and wp2
pellets before coating and after coating at O days, 10 days and 1 month after
storage. The error bars represent the standard deviation.

pellets have a high concentration of hemicellulose, which is the
component of biomass with the highest capacity to adsorb water [83],
especially in the untreated ones [7]. We observed large variability in the
water contact angle of the torrefied pellets. Results indicate that some
uncoated torrefied pellets (tor) have lower wettability than
uncoated-untreated pellets. This is mainly because during torrefaction,
volatilization and carbonization processes diminish the hemicellulose
content of biomass, which makes it less prone to moisture sorption [59,
84].

From Fig. 6 (legend: Coating — 0 days) it is observed that the sol-gel
coating decreases substantially the wettability of all coated pellets
compared to uncoated ones, regardless of their composition. Thus, these
findings represent a pivotal step towards increasing the hydrophobic
behavior of biomass pellets. The minimum mean water contact angle
(highest wettability) was obtained for coated tor, 74° + 6°. The
increased hydrophobicity observed in all coated pellets prior storage is
due to successful polymerization between silane precursors within the
sol-gel coating. This hypothesis is confirmed by FTIR analysis (Fig. 3).

In extended periods of storage (>10 days) there seems to be an in-
crease in the interaction between the functional hydroxyl groups of the
coating (Fig. 3) and the surrounding moisture [21], which eventually
leads to a minor reduction of the coating functionality as shown in SEM
images (Fig. 4b, d and f). Nevertheless, the coated pellets remained
highly hydrophobic compared to the uncoated ones. This is attributed to
the alkoxysilanes in sol-gel, which are known to be hydrophobic and
prevent the formation of hydrogen bonds between the coated pellet’s
surface and moisture [36].

The contact angles for all samples increased proportionally to the
storage time. After 1 month of storage, we obtained the highest hydro-
phobic response for all the samples and experimental conditions. This
might be attributed to a swelling mechanism (Figs. 1 and 5) which leads
to fewer cracks at the pellet’s surface, which in turn results in less media
penetrating the pellet and decreased wettability [4,30]. It is known that
the wettability of solid surfaces is highly influenced by the microstruc-
ture topography, where higher surface roughness usually leads to higher
contact angle [21]. Evidence provided by Ref. [21] using atomic force
microscopy indicates that sol-gel coatings applied to solid surfaces tend
to produce “islands/patches” with increased height at the coating sur-
face, leading to high water contact angles. The increased contact angles
after 1 month storage confirm the positive effect of our sol-gel as a
protection for pellets to endure indoor storage degradation and likely to
resist outdoor storage.
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4. Conclusions

We show that using a GPTMS/TEOS hybrid sol-gel as a surface
treatment can result in durable biomass pellets that can tolerate storage
degradation even at relatively high ambient temperature and humidity
conditions. After 1 month storage, the coating decreased the wettability
of all pellets by 103% on average when compared to the uncoated ones.
The important finding from this work is related to torrefied pellets. After
sol-gel deposition, coated untreated pellets have lower wettability than
non-coated torrefied pellets, which for some applications might provide
a cost-competitive alternative to torrefaction. Especially for applications
that can counterweigh the increased grindability and energy density of
the torrefied material with more durable coated untreated pellets.

E-supplementary data of this work can be found in the online version
of the paper.
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