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The increasing concerns associated with petroleum-derived polymers motivate 
the development of sustainable, renewably sourced alternatives. In ubiquitous 
applications such as structural materials for infrastructure, the built environment 
as well as packaging, where natural materials such as wood are used, we rely 
on nonrenewable and nondegradable polymers to serve as adhesives. In wood 
panels, such as medium density fiberboards (MDFs), formaldehyde-based resins 
are predominantly used to bond wood fibers and to provide strength to the 
materials. To further mitigate the environmental impact of construction materials, 
more sustainable adhesives need to be investigated. In this article, we introduce 
Ulva seaweed as an adhesive to enable cohesion and strength in hot-pressed 
wood panels. Upon hot-pressing, powdered Ulva flows in between the wood 
particles, generating a matrix, which provides strong binding. We show that the 
flexural strength of Ulva-bonded wood biocomposites increases with increasing 
Ulva concentrations. At an Ulva concentration of 40 wt%, our composites reach an 
average elastic modulus of 6.1 GPa, and flexural strength of 38.2 MPa (compared 
to 4.7 GPa and 22.6 MPa, respectively, for pure wood compressed at the same 
pressing conditions). To highlight the bonding mechanisms, we performed infrared 
and x-ray photoelectron spectroscopy and identified indications of fatty acid 
mobility during hot-pressing. In addition, we demonstrate that the presence of 
Ulva improves other properties of the composites such as water resistance and 
flame retardancy. Ulva is also shown to behave as an excellent adhesive agent 
between two prepressed beams. Finally, we perform an in-depth analysis of the 
environmental impact of wood-Ulva biocomposites.

Impact statement
This research introduces a sustainable alter-
native to petroleum-derived adhesives used 
in wood-based panels, addressing a pressing 
environmental concern in our infrastructure and 
construction materials. Here, we discuss the use 
of Ulva, a green seaweed species, as a renewable 
and biodegradable solution for such adhesives. 
We demonstrate its efficacy as a bonding agent 
in hot-pressed wood panels, offering enhanced 
strength and durability. Moreover, the use of 
Ulva contributes to mitigating the environ-
mental footprint associated with traditional 
materials, aligning with global efforts toward 
sustainability and circular economy principles. 
Through comprehensive spectroscopic analyses 
and mechanical testing, we provide insights into 
the underlying mechanisms of Ulva-based adhe-
sion. Furthermore, we report the water resistance 
and improved flame retardancy of Ulva-bonded 
wood, which are essential for applications in 
infrastructure and construction. Finally, we dis-
cuss environmental and social advantages of 
Ulva-based composites.

Introduction
Wood-based particleboards and fiberboards 
are used extensively for packaging solutions 
and in the construction industry. In 2021, 
the combined production of particle- and 

fiberboards reached 210 million  m3.1 Unlike 
straight wood planks cut out directly from 
timber, reconstituted particle- and fiber-
boards can be molded into custom shapes 
and thicknesses. In industrial production, 

© The Author(s), under exclusive license to the Materials Research Society 2024

doi:10.1557/s43577-024-00734-5

Paul Grandgeorge, Department of Materials Science and Engineering, University of Washington, Seattle, USA
Ian R. Campbell, Department of Materials Science and Engineering, University of Washington, Seattle, USA
Hannah Nguyen, Department of Materials Science and Engineering, University of Washington, Seattle, USA
Rebekah Brain, Department of Materials Science and Engineering, University of Washington, Seattle, USA
Mallory Parker, Department of Materials Science and Engineering, University of Washington, Seattle, USA
Scott Edmundson, Pacific Northwest National Laboratory, Seattle, USA
Deborah Rose, Pacific Northwest National Laboratory, Seattle, USA
Khadijah Homolke, Pacific Northwest National Laboratory, Seattle, USA
Chinmayee Subban, Pacific Northwest National Laboratory, Seattle, USA
Eleftheria Roumeli, Department of Materials Science and Engineering, University of Washington, Seattle, USA; eroumeli@uw.edu
*Corresponding author

http://orcid.org/0000-0002-2828-1428
http://crossmark.crossref.org/dialog/?doi=10.1557/s43577-024-00734-5&domain=pdf


788        MRS BULLETIN •   VOLUME 49 • AUGUST 2024 • mrs.org/bulletin

AdhESiOn in ThErMOMEchAnicALLy prOcESSEd SEAwEEd‑LiGnOcELLULOSic cOMpOSiTE MATEriALS

the necessary adhesion between wood particles/fibers is most 
often achieved using formaldehyde-based synthetic adhesives 
such as, for example, urea formaldehyde or phenol-formalde-
hyde to ensure overall cohesion and strength.1 Although such 
adhesives offer excellent bonding, performance reliability, and 
workability,1 they are generally accepted to be the most costly 
raw material of particleboards.2 Moreover, these petroleum-
derived adhesives significantly limit the recyclability and 
compostability of wood-based boards. Finally, regular formal-
dehyde emissions (FEs) pose another major issue regarding 
health, as the emitted compounds are toxic for humans.3 To 
mitigate toxicity of the adhesives, a common strategy consists 
in incorporating formaldehyde scavengers in the adhesives: a 
chemical that binds to free formaldehyde, thereby reducing 
emissions.4,5 Still, the environmental limitations and health 
issues raised by synthetic adhesives call for research in the 
domain of synthetic free wood particleboards. Emerging solu-
tions consist in leveraging the self-binding of wood particles 
under heat and pressure,6,7 or the usage of bio-based adhesives 
such as lignin-derived phenolics,8 which will fully leverage 
the benefits of wood-based boards.

The self-binding of wood powders under the effect of 
heat, pressure, and moisture was demonstrated in the 1930s 
by Mason.6 This phenomenon provided an attractive avenue 
toward manufacturing of binderless particleboards (i.e., with-
out resorting to synthetic adhesives). The self-binding of 
hot-pressed wood particles can be explained by the pressure-
induced flow of lignin, which is softened by temperature and 
moisture,9 ultimately promoting binding. In addition, the 
hydrolysis of hemicelluloses generates low-molecular-weight 
carbohydrates, which could act as self-binding agents.10,11 The 
beneficial effect of the native presence of lignin on hot-pressed 
sheets was highlighted by Joelsson et al.8 where the authors 
fabricated unbleached kraft fiber sheets using hot-pressing. 
Using this self-binding, several types of binderless boards 
have been fabricated from different lignocellulosic biomass, 
ranging from powderized kenaf core under varying pressing 
conditions by Okuda and Sato,12 to steam exploded oil palm.13 
The morphological and mechanical properties of boards can 
further be drastically improved using fine-tuned preprocessing 
steps on the wood fibers. For example, Yang et al.14 fabricated 
extremely strong holocellulose films, reaching elastic moduli 
of 21 GPa and tensile strengths of 320 MPa. Their approach 
consisted in delignifying and defibrillating wood fibers while 
conserving the native hemicellulose coating cellulose nano- 
fibers. Resorting to less intense preprocessing, another study 
focused on the morphological and mechanical properties of 
wood panels fabricated from lignocellulosic microfibrils and 
wood fibers of wood chips treated by kraft pulping.7 Despite 
the absence of synthetic adhesives, their microfibrillated ligno-
cellulose boards reached attractive mechanical properties, with 
elasticity moduli and strengths reaching 20 GPa and 260 MPa, 
respectively.

Rather than creating binderless wood panels, synthetic 
adhesives, such as phenol-formaldehyde (PF), can be replaced 

with bio-based adhesives.1 For example, lignin and tannin, 
natural polyphenols, have been used to replace varying frac-
tions of synthetic phenol in PF resins.1 The use of these natu-
ral polyphenols not only decreases the consumption of petro-
chemicals, however, depending on the molecular structure and 
preprocessing, can form wood adhesives with better mechani-
cal  performance15 or flame  resistance16 than synthetic alterna-
tives. Lignin and tannin have also been combined with addi-
tional hardeners,17 cross-linking agents,15 and  biopolymers18 
to produce adhesives both, including and excluding formalde-
hyde. Alternatively, proteins extracted from plants (e.g., soy) 
or from animals (e.g., derived from blood or casein) have been 
used as bio-based adhesives up to the 1960s, when they started 
being supplanted by petroleum-based synthetic resins.14 Natu-
ral rubber latex also offers pathways to enable bonding on 
wood-based particleboards.19

Both the binderless (self-binding) or the bio-based adhesive 
approaches require some level of preprocessing, whether it be 
to refine the wood particles mechanically and chemically (e.g., 
micro- or nanofibrillation), or the extraction of specific compo-
nents to isolate useful bio-based adhesives. These approaches 
provide convincing results, but such preprocessing steps are 
energy-intensive and wasteful as only a small fraction of the 
biological source material is used. Recently, a novel strategy 
to take advantage of whole biological materials (biomatter) 
has been proposed in the context of bioplastics (i.e., requiring 
no preliminary extraction step).20–23 For example, Iyer et al.22 
showed that using whole algae organisms, with no extraction 
step and thus no generated waste, hot-pressing induces algae 
to flow and take the target shape imposed by a mold, finally 
providing a dense cohesive bioplastic matrix. The spontane-
ous self-bonding upon host-pressing, forming stiff and strong 
plastics, was attributed to the presence of proteins that create a 
cohesive matrix.24 Using this flowing and self-bonding behav-
ior of algae powders under heat and pressure could provide 
an appealing pathway to bio-based adhesives for wood panels 
with minimal preprocessing and extraction steps.

Ulva is a genus of green macroalgae that is commonly 
found in the rocky intertidal zone worldwide. It can be har-
vested from the ocean or cultivated in tanks for a variety 
of purposes, including for human or animal feed, pharma-
ceuticals, biofuels, fertilizers, and bioremediation.25–28 
More recently, seaweeds like Ulva have been considered 
for materials  applications29–31 and in the context of marine 
carbon dioxide removal.32,33

Here, we take advantage of the self-binding property of 
algae upon hot-pressing to introduce Ulva seaweed as an 
alternative adhesive to existing synthetic or bio-based adhe-
sives for wood particleboards. Importantly, our boards are 
composed only of raw wood flour (local woodshop waste) 
and dried powderized Ulva seaweed. We resort to no addi-
tives or additional mechanical or chemical preprocessing 
steps other than grinding down powders. In Figure 1, we 
detail the processing steps followed to fabricate Ulva-
bonded wood biocomposites using heat and pressure. We 
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will first discuss our mechanical results, showing that the 
introduction of increasing quantities of Ulva increases the 
density, elastic modulus, and strength of our composites 
while lowering the required pressing conditions compared 
to pure wood self-bound boards. We will further demon-
strate that the presence of Ulva increases the resistance to 
water submersion and induces flame retardant properties. 
Then, we will show that under the right pressing conditions, 
Ulva can be used as an alternative adhesive agent to bind 
pieces of wood-Ulva particleboards together. Finally, we 
provide insights into the environmental benefits of using 
Ulva seaweed as a natural adhesive in the wood-Ulva com-
posites, providing an estimate of the carbon dioxide  (CO2) 
removal potential.

Results
Hot‑pressing process optimization
In an effort to fabricate strong biocomposites using optimal 
hot-pressing conditions, we first investigated the effect of hot-
pressing parameters on the mechanical performance of pure 
wood and pure Ulva beams. The hot-pressing parameters are 
defined by temperature of the platens compressing the mold, 
θ (ranging from 80 to 160°C), the pressing force, F (ranging 
from 2 to 50 kN), and the pressing time, t (ranging from 0 s 
to 30 min). More details about the fabrication are provided in 
the “Materials and Methods” section. In Figure 2, we report 
the bending modulus and strength characterized using three-
point bending. Each column corresponds to a fixed pair of 
pressing parameters, and the remaining parameter is set to 
vary. First, we observe that pure Ulva is systematically stiffer 
and stronger than pure wood at given pressing conditions. A 

similar trend in pure Ulva is observed for the modulus and 
strength, across the different varying parameters: increasing 
the intensity of the pressing conditions (by either increasing 
temperature, pressing force, or time) initially induces a stiff-
ening and strengthening effect, up to a maximal modulus and 
strength level, at which the value reaches an apparent pla-
teau. We observe that pure-wood samples reach this plateau at 
higher values of each parameter than pure Ulva. Interestingly, 
increasing the pressing temperature continuously improves the 
strength of pure-wood samples, with no emerging plateau. A 
similar result was reported in Reference 12 where the authors 
showed that hot powderized kenaf core almost doubles in 
strength when pressed at 180°C compared to 140°C. From 
all of our results, the optimal pressing conditions used subse-
quently to press composites were chosen empirically to cor-
respond to the lowest parameter such that pure-wood samples 
had reached their best (plateau) mechanical properties: F = 20 
kN, and t = 5 min. The temperature was chosen at θ = 140°C, 
to keep a relatively low pressing temperature, while ensuring 
that the Ulva matrix would reach its full binding potential in 
composites.

Microstructure and mechanical properties 
of Ulva‑bonded wood composites
Using the optimal pressing conditions determined previ-
ously, next, we investigate the morphological and mechani-
cal properties of wood-Ulva biocomposites. In Figure 3a–c, 
we provide scanning electron microscopy (SEM) images of 
the fracture cross section of hot-pressed samples of pure 
wood (0%), wood-Ulva (40 wt% Ulva content), and pure 
Ulva (100%). The pure-wood sample is heterogeneous, with 

a b c d

Figure 1.  Ulva-bonded wood biocomposites. (a) Respective powders (wood flour and Ulva powder) used throughout this study and their scan-
ning electron microscopy images in (b). (c) The thermomechanical hot-pressing step enables compaction and homogenization of the powders 
into a bulk wood-panel structure presented in (d) at different Ulva concentrations (0% corresponds to pure wood, whereas 100% corresponds 
to pure Ulva).



790        MRS BULLETIN •   VOLUME 49 • AUGUST 2024 • mrs.org/bulletin

AdhESiOn in ThErMOMEchAnicALLy prOcESSEd SEAwEEd‑LiGnOcELLULOSic cOMpOSiTE MATEriALS

gaps between the fibers constituting the wood powder. At 
40% and 100% Ulva concentrations, we no longer observe 
gaps between fibers, suggesting that the Ulva acts as a flow-
ing matrix upon hot-pressing, filling the gaps between wood 
particles in the 40% sample. This hypothesis is further con-
firmed by the characterization of the apparent density of the 
wood-Ulva biocomposites at increasing Ulva concentrations.

In Figure 3d, the experimentally measured apparent den-
sity is compared to the theoretical maximal density, defined 
by the rule of mixtures as the linear combination of the 
respective true densities of both pure-wood and pure-Ulva 
powders (measured independently using a gas pycnometer; 
see the “Materials and Methods” section). The apparent den-
sity of pure-wood samples is significantly lower than the 
true density of its constituting powder (true density of wood 
powder: 1.477 ± 0.001 g/cm3), suggesting the presence of 
gaps in the material. This difference between apparent and 
true density decreases for increasing Ulva concentration, 
indicating again that the Ulva acts as a matrix, flowing 
between and filling the wood-particle gaps upon thermome-
chanical processing. Indeed, similar apparent and true den-
sities indicate the absence of gaps (i.e., a continuous mate-
rial [true density of Ulva powder: 1.661 ± 0.002 g/cm3]). It 

should however be noted that despite being continuous, pure 
Ulva samples are not perfectly homogenous, as highlighted 
by the flaky regions and cracks shown in the SEM micro-
graph in Figure 3c. Despite these nonuniformities, which 
result from the tissue-level structure of Ulva and the fact 
that no severe preprocessing such as sonication was used to 
homogenize the biomass, the increasing degree of continuity 
with the introduction of Ulva suggests increases in overall 
cohesion, thus improving the mechanical properties of the 
resulting composites. The evolution of bending modulus and 
strength as a function of Ulva concentration (0–100% Ulva 
concentration) reported in Figure 3e–f supports this con-
clusion; the gradual increase of Ulva concentration induces 
an improvement of both mechanical properties. While the 
bending modulus seems to increase linearly with Ulva con-
centration, the strength increase shows a plateauing behav-
ior. This nonlinear plateauing increase can be quantified by 
comparing relative increases in strength at different Ulva 
concentrations. The incorporation of 40 wt% Ulva causes 
an increase from 22.6 MPa (pure wood) to 38.2 MPa for the 
40% composite, corresponding to an increase of 0.4 MPa/
wt% Ulva. On the other hand, the strength then increases 
from 38.2 to 48.1 MPa at 100% Ulva (i.e., an increase of 

Figure 2.  Determination of the optimal pressing conditions. Bending modulus and strength of pure-wood and pure-Ulva hot-pressed beams 
at different pressing conditions. In the first column, pressing force and time are fixed, and temperature is gradually increased. Similarly, the 
second and third column show the variation as a function of varying force and time, with the two complementary parameters fixed. Stiffness 
and strength systematically show an increase up to a plateau value for the three investigated parameters. The error bars are based on standard 
deviation of n = 9 measurements for each pressing condition.
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only 0.25 MPa/wt% Ulva). The nonlinear strength increase 
could be linked to the filling behavior of the pressed Ulva 
powder between the gaps of the wood particles. At low 
concentrations, small amounts of Ulva could cause a sig-
nificant improvement because they enable a drastic shift in 
the morphology (from discontinuous to continuous). These 
results show the potential for Ulva to act as a strengthening 
adhesive in wood-particle-based materials.

Spectroscopic analyses of Ulva‑bonded wood 
composites
To gain insights into the bonding changes as a result of the 
processing of our composites, we conducted Fourier transform 
infrared (FTIR) spectroscopy and x-ray photoelectron spec-
troscopy (XPS) studies. Our FTIR measurements focused on 
comparing pressed wood-Ulva biocomposites to pure wood 
and Ulva (Supplementary information [SI] Figure S1). As 
greater concentrations of Ulva are added to pure wood, the 
obtained FTIR spectra appear to change proportionally, and 
exhibit features indicative of the pure Ulva spectrum. The 
gradual transition of the spectral contour between the two pure 
states and the lack of “new” spectral features suggests that 
the biocomposite spectra obey the rule of mixtures and do not 
undergo emergent bond formation. In addition to the evalua-
tion of the biocomposite spectra, in Figure 4a, we also report 
the FTIR spectra of pure wood and pure Ulva both before and 

after hot-pressing (peak assignment for the powders is avail-
able in SI Table I and Table II).

Interestingly, when comparing the powders of pure wood 
and Ulva with their pressed counterparts, we do not observe 
any major differences in the spectra, suggesting that hot-
pressing does not lead to changes in the chemical bonding 
within the samples. It should be noted, however, that both 
in wood and Ulva, the peaks associated with linear C–Hx 
vibrational modes (around 2930  cm−1) become sharper and 
more pronounced after pressing. We observe the presence of 
those distinct peaks in the composites as well. This increased 
intensity could be explained by the melting, phase separa-
tion, and preferential flow of mobile lipids, with aliphatic 
tails, toward the surface of wood and Ulva specimens during 
pressing.34

XPS was also utilized to study bonding interactions dur-
ing hot-pressing and composite fabrication to supplement the 
analysis of FTIR spectra. In Figure 4b, the deconvoluted C1s 
XPS spectra of pure wood and Ulva powder are compared to 
the corresponding hot-pressed materials. The subpeak loca-
tions of the wood spectra (approximately 285.0 eV, 286.5 eV, 
287.9 eV, and 289.0 eV, respectively) agree with previous 
studies of wood and are therefore attributed to C–C/C–H, 
C–O, C=O/O–C–O, and O–C=O bonding.35,36 The Ulva 
C1s spectra feature similar subpeaks associated with bond-
ing in organic materials attributed to C–C/C–H, C–O/C–N, 

a b c

d e f

Figure 3.  Morphological and mechanical properties of wood-Ulva composites. (a–c) Scanning electron microscopy micrographs of the fracture 
surface of pressed pure-wood (0%), wood-Ulva composites (at 40% Ulva concentration), and 100% Ulva. (d) Apparent density and theoreti-
cal maximal density (based on true density of powders) of hot-pressed samples at increasing Ulva concentrations. (e, f) Flexural modulus and 
strength of the corresponding samples; the gray dashed line indicates the industrial requirement for M-S grade particleboards according to the 
standard ANSI A208.1. In panels (d to f), the color gradient of the data points is used as a visual aid to show the change in Ulva concentration 
from 0% (pure wood, orange color), to 100% (pure Ulva, green color).
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and C=O/O–C–O.37 The intensities of the C1s subpeaks of 
the powder and hot-pressed wood and Ulva, as well as the 
40 wt% Ulva biocomposite, are plotted in Figure 4c. We first 
observe that the intensities of the 40 wt% Ulva biocomposite 
subpeaks are similar to those of the hot-pressed wood and 
Ulva. This suggests similar bonding motifs are present in both 

the biocomposites and the hot-pressed wood and Ulva. It is 
also evident that the pressed Ulva and wood samples have 
higher relative quantities of C–C/C–H bonding than the wood 
and Ulva powders. This observation agrees with the increased 
intensity observed at ~2930  cm−1 in the FTIR spectra. Prefer-
ential migration of a mobile lipid phase away from the center 

a

b c

Figure 4.  Analysis of chemical bonding in biocomposites and pure constituents. (a) Fourier transform infrared (FTIR) spectra of pure wood  
and pure Ulva (powder and pressed) between 3600 and 600  cm−1. The inset box emphasizes changes in spectral intensity between 3000  
and 2800  cm−1. (b) The deconvoluted C1s x-ray photoelectron spectroscopy (XPS) spectra of pure wood and pure Ulva (powder and pressed). 
(c) The intensities of the deconvoluted subpeaks of the C1s XPS spectra for pure wood and pure Ulva (powder and pressed) as well as for the 
biocomposite with 40 wt% Ulva.
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of the specimen during hot-pressing would explain these cor-
responding observations.38 However, it is important to note 
that the increase in FTIR and XPS intensity related to C–H 
bonding could also be the result of contamination due to the 
deposition of adventitious carbon on specimen surfaces prior 
to spectral collection.39,40 Overall, we do not observe any 
chemical bonding changes between the mixed components, 
suggesting that physical interactions rather than chemical 
could be the primary cohesion conferring mechanisms.

Water stability
Although a mechanistic understanding of wood-Ulva biocom-
posite micromorphology and adhesion can help to improve 
iterative design of this novel system, it is also useful to evalu-
ate the potential for direct application of Ulva as a particle-
board adhesive. In practical settings, wood boards are often 
exposed to humid or even wet environments. In this section, 
we set out to investigate the effect of water exposure on bend-
ing strength of our wood-Ulva composites. As presented in 
Figure 5a, the pressed beams were first submerged and left to 
soak in a water bath for a defined time, before being mechani-
cally tested. The evolution of the strength of pure wood, pure 
Ulva, and commercial medium density fiberboard (MDF) sam-
ples (serving as a control) is represented in Figure 5b (data 
points). As soaking time is increased, the strengths of pure 
wood and pure Ulva samples first decrease rapidly, before a 
complete loss of structural integrity is observed, where the 
strength drops to zero. At this point of zero strength, the sam-
ples no longer sustain their own weight and crumble apart 
spontaneously when retrieved from the water bath. On the 
other hand, while at first the MDF samples also rapidly lose 
strength for increasing soaking times, they reach a station-
ary nonzero strength after long times (tested up to 1 h). The 
favorable long-term water resistance of MDF can likely be 
attributed to the synthetic adhesives used to bind these boards. 
Although the composition of MDF control boards was not dis-
closed by the vendor, literature reports that urea formaldehyde 
(UF), phenol-formaldehyde (PF), and melamine–formalde-
hyde (MF) are the most common adhesives in MDFs. UF, PF, 
and MF resins, upon curing, create a significant water-resistant 
barrier in wood-based panels.1,41

To characterize the strength evolution more quantitatively, 
the time-dependent strength data were fitted using an expo-
nential decay of the form:

The initial strength, σ0 , corresponds to the dry strength of 
the samples, while σf  is the final strength (stationary strength). 
The value of σf  was forced to be 0 for pure wood and pure 
Ulva samples, as they were observed to reach a zero-strength 
in a finite time. The parameter τ represents the characteristic 
decay time from σ0 to σf  and enables a quantification of the 
speed at which strength is affected by water. Note that the use 

1σ =
(

σf − σ0
)

·

(

1− exp

(

−

√

t

τ

))

+ σ0.

of a square root for inside the exponential term is employed 
to account for the diffusive behavior of water seepage inside 
the tested samples. Although further experiments would be 
necessary to provide additional insights into the strength evo-
lution and enable more precise modeling, the characteristic 
time offered by the proposed model allows for a comparison 
between materials. Pressed wood exhibits a typical strength 
decay time of 16 s, while Ulva samples decay in 27 s. The 
slower time evolution of Ulva deterioration could be attributed 
to the formation of a continuous matrix, and higher appar-
ent density, upon hot-pressing, thereby slowing the diffusion 
of water into the samples. Interestingly, even though MDF 
shows a long-term nonzero strength, the initial strength drop 
happens at a rate only slightly slower than the pure Ulva sam-
ples, with τ = 36 s. This relatively rapid ingress of water can 
be explained by the high porosity of the commercial MDF, 
enhancing the wicking when immersed in water (the appar-
ent density of the MDF was measured to be 0.742 ± 0.031 g/
cm3, corresponding to a porosity of 0.5 if we account for a 
typical true density of wood of 1.477 g/cm3 as we measured 
experimentally).

Finally, to assess the water resistance of wood-Ulva com-
posites, we quantified the time-to-zero-strength of biocom-
posites when immersed in water. Instead of measuring the 
strength at different times as described previously, in this 
experiment, samples were left to soak in a water bath, and 
extracted with tweezers regularly. The time-to-zero-strength 
was defined as the soaking time after which the samples would 
break under their own weight upon extraction from the bath. 
The results are provided in Figure 5c. Strikingly, the compos-
ites perform much better than their pure counterparts. As an 
example, the biocomposite sample with the best water resis- 
tance (containing 80 wt% wood and 20 wt% Ulva) remained 
structurally resistant for 59 min as opposed to 7 min for pure 
wood and 26 min for pure Ulva. Visually, the failure mode of 
pure wood and pure Ulva were slightly different; pure-wood 
samples disaggregated and crumbled apart, while pure Ulva 
samples swelled and displayed a gel-like structure. The non-
linear behavior of time-to-zero-strength as a function of Ulva 
concentration could be attributed to the formation of a dense 
matrix of Ulva in the composites as described previously (see 
Figure 3d). This compact matrix could slow down the diffu-
sion of water inside the samples, thereby temporarily shielding 
the wood particles from exposure to water and delaying their 
disaggregation. To enable load resistance of such composites 
when soaked, further research is still needed.

Flammability
Similar to water resistance, resistance to flammability is an 
essential characteristic of wood panels applied as construc-
tion materials. Synthetic additives are often incorporated in 
wood-based fiberboards to increase the flame resistance, but 
such additives are often unsustainable and can be hazard-
ous to human health.3 To assess the flame retardance of our 
biocomposites, we measured the time to self-extinction of 
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pure wood, pure Ulva, MDF, and wood-Ulva biocomposite 
samples brought in contact with an open flame for 10 s and 
subsequently pulled away. In Figure 5d, we provide chron-
ological images of the flammability experiment for pure 
wood, pure Ulva, and MDF. The times to self-extinction are 
reported in Figure 5e. Two distinct behaviors were observed 
after samples were removed from the flame. The first response 
observed was spontaneous self-extinction before the flame 
had reached the tip of the metallic tweezers holding the 
samples. For example, the time-lapse for pure Ulva in Fig-
ure 5d demonstrates self-extinction shortly after extracting 
the sample from the flame (1 s). This case is represented by 
circular symbols in Figure 5e. In the second scenario, the 
samples were fully consumed and extinguished only when 
the flame had reached the tip of the tweezers. The pure-wood 
sample, for instance, is totally consumed after 50 s of burning 

(Figure 5d). This second case is represented by star-shaped 
symbols in Figure 5e.

The results show an increasing flame-retardant behavior 
for wood-Ulva biocomposites as the concentration of Ulva 
increases. The pure-wood samples (0%) systematically 
underwent complete combustion, thereby corresponding to 
the “fully consumed” category. At 20 wt% Ulva, one sample 
self-extinguished after 11.5 s, and another was fully consumed 
after 69.3 s. At higher Ulva concentrations ( ≥ 40 wt%), sam-
ples are exclusively self-extinguished, with extinction times 
decreasing from 5 s for the 40% sample to 0 s for pure Ulva 
samples, corresponding to an immediate extinction upon 
withdrawal from the flame. The increased resistance to flam-
mability could be explained by differences in the chemical 
composition of wood and Ulva. First, our ash-content meas-
urements (see the “Materials and Methods” section) show 

a b c

d e

Figure 5.  Water resistance and flammability of the wood-Ulva biocomposites. (a) Schematic representation of the immersion experiment.  
(b) Strength evolution of pure wood, pure Ulva, and commercial medium density fiberboard (MDF) samples as a function of soaking time.  
(c) Time-to-zero-strength of the biocomposites as a function of Ulva concentration and photographs taken at 60 min for pure wood, pure Ulva, 
and 40% biocomposites. Pressing conditions of all samples 140°C, 20 kN, 5 min. (d) Chronographs of the horizontal flammability test on pure 
wood, pure Ulva, and MDF. The samples are placed above the flame at time—10 s, then removed at time 0 s, and their extinction time is meas-
ured from this extraction time. (e) Time to extinction as a function of Ulva concentration. Circular symbols represent experiments where self-
extinction took place spontaneously before the sample was fully consumed, whereas star-shaped symbols depict the case where the sample 
was fully consumed and the flame had reached the tip of the tweezers holding the sample (e.g., the wood photograph at 35 s). In panels (c–e), 
the color gradient of the data points is used as a visual aid to show the change in Ulva concentration.
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that Ulva seaweed has a significantly higher concentration of 
inorganic, noncombustible matter than Douglas fir. Indeed, 
as presented in SI Figure S2a, the ash content of our Ulva 
was measured at 34.8 + 0.6 wt% by dry weight (similarly to 
values reported in  literature42), revealing the high content of 
inorganic components such as potassium, sodium, or chloride. 
In comparison, the ash content of the wood was measured 
at only 0.6 + 0.02 wt% by dry weight (comparable to values 
reported in Reference 43) (see SI Figure S2a). This difference 
in ash content alone could explain the difference in flammabil-
ity between wood and Ulva. Differences in flammability could 
also be partially attributed to differences in the concentration 
of protein and phosphorus within the two biomasses.44 As pro-
tein is the major source of nitrogen in most biomass, nitrogen 
and protein contents are often considered interconvertible 
(protein content = N*6.25).45 Using this method, we quanti-
fied the protein content of Ulva to be higher than wood (see 
SI Figure S2b). The amount of phosphorus in two species of 
Ulva (~2500 µg/g)46 is also recorded to be approximately two 
orders of magnitude higher than that of Douglas fir wood (~40 
µg/g).47 The presence of proteins and phosphorus are believed 
to encourage the formation of phosphoric acid and therefore 
accelerate protective charring during combustion. Irrespective 
of the mechanism, the attractive natural flame retardance of 
Ulva biomass encourages its application as an alternative to 
formaldehyde resins for wood panel adhesion.

Ulva powder as an adhesive agent between two 
prepressed beams
The ability to adhere wood panels together (e.g., using glues) 
is an important capability to ensure design flexibility in con-
struction materials. In this section, we consider the use of pure 
Ulva, rather than synthetic glues, to attach two of our beams 
together (respectively using two beams of pure wood and 
wood-Ulva biocomposites of 40 wt% Ulva). The term adhe-
sive agent will be used in this section, not to be confused with 
the adhesives used in wood particleboards to bind the particles 
together and provide cohesion. To quantify the strength of pure 
Ulva powder as an adhesive agent, we hot-pressed a thin layer 
of Ulva powder between two prepressed beams. The fabrica-
tion steps of this “sandwiched” configuration are described in 
Figure 6a and detailed in the “Materials and Methods” sec-
tion. A typical hot-pressed and adhered stack is presented in 
Figure 6b, highlighting the presence of a thin layer of Ulva 
between the two prepressed beams. In order to the quantify the 
binding strength of the hot-pressed Ulva, the shearing strength 
of the adhered stacks was tested using a custom-made grip in 
a mechanical test frame as described in Figure 6c. Shouldered 
grips were used to induce pure shear along the Ulva adhesion 
plane. The corresponding shear stress upon failure (which con-
sistently occurred along the Ulva plane) was recorded and the 
corresponding values are reported in Figure 6d. Both for the 
pure wood and the 40 wt% biocomposite prepressed beams, 
these results are compared to two other methods. First, the 
“Bulk” denomination refers to the baseline shear strength of 

a single thick beam composed entirely of the same material 
(either pure wood, or a 60–40 wt% wood-Ulva composition). 
To ensure comparable results, the thickness of these thick uni-
form beams was chosen to be twice that of the beams com-
posing the stacked configuration. Second, the “Super Glue” 
provides a comparison with another gluing method between 
two prepressed beams using a commercial super glue serving 
as a control.

We first discuss the results corresponding to the pure wood 
beams attached together (left side of Figure 6d). Unsurpris-
ingly, the bulk beam has a shear strength higher than the Ulva- 
and super glue adhered stacks, as the bulk part does not pos-
sess a discontinuous interface. Interestingly, Ulva provides 
significantly stronger adhesion properties than the super glue 
(shear strength of 2.08 ± 0.16 compared to 1.36 ± 0.074 N/
mm2). In the case of the prepressed biocomposite beams (right 
side of Figure 6d), the bulk piece again possesses the highest 
shear strength, while the Ulva and super-glue bound beams 
show statistically similar strengths (2.01 ± 0.22 versus 2.46 
± 0.43 N/mm2).

In conclusion, pure Ulva powder enables the strong adhe-
sion of two of our wood-Ulva biocomposite panels when 
subjected to the right hot-pressing conditions, with strengths 
similar to the ones achieved using a commercial super glue. 
This experiment highlights the flowing behavior of pure Ulva 
upon hot-pressing, leading to a continuous matrix that enables 
the secure attachment of two wood panels together.

Environmental assessment
In addition to the benefits of Ulva adhesive on the materials 
properties of wood composites, there are also environmental 
benefits throughout the life cycle of the product in compari-
son to current market alternatives. The majority of commer-
cial wood particleboards use formaldehyde-based synthetic 
resins as binders.48,49 Formaldehyde is known to be  toxic50 
and as such, there is significant interest in safer, bio-based 
alternatives (e.g., see References 51–56). To be an accept-
able replacement, environmentally friendly alternative bind-
ers must have adequate physical properties, such as strength, 
flame retardancy, and water resistance, as well as economic 
incentives including ease of acquisition, straightforward man-
ufacturing, and competitive pricing.

Life-cycle analysis (LCA) is used to compare environmental 
benefits and detriments across a production life cycle and iden-
tify particular hot spots, or areas for improvement, as well as 
compare similar products or processes.57 The scope of a LCA 
can be cradle-to-gate, ending analysis with a completed product 
to be sold, or cradle-to-grave, which considers the end of life of 
the completed product. For any product claiming a carbon ben-
efit, a cradle-to-grave scope is needed to avoid overestimating 
the benefit of carbon  removed58,59 as well as to consider bio-
degradability or recycling of components. Multiple categories 
are used in LCA to assess different environmental aspects of a 
process, including the resources used, energy consumed, emis-
sions generated (usually reported in terms of global warming 
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potential, GWP, which also usually includes carbon removal), 
and toxicity (to human health or environment). At this time, 
conducting a complete LCA for the development of Ulva-wood 
composites is not warranted as this is a research-scale project, 
without an established manufacturing process. The current scale 
of fabrication makes it infeasible to accurately assess emis-
sions generation, carbon removal, or even cost. As commercial 
pathways are explored, a complete LCA is recommended for 
future work to streamline the process to improve environmental 
aspects as well as provide a standardized assessment to be able 
to compare this product with others on the market and include 
in an Environmental Product Declaration.

Despite this impediment to formal analysis, the inclusion of 
Ulva in wood composites has several environmental impacts 
that are worth discussing. Seaweeds like Ulva can be grown 
naturally or aquacultured and provide habitat to aquatic spe-
cies, regulate the levels of carbon and nutrients, and further 
contribute to the health of the ecosystem in their surround-
ings.32,60–62 Seaweed is also faster growing than wood and 
easier to cultivate. Hot spots in the LCA for other bio-based 
composite materials have been noted for energy consumption 

in the processing phase, including in the drying of the raw 
 material63 as well as for the hot-pressing.52,64 The energy 
required to grind down the biological materials into powders 
can also contribute to the overall  CO2 emissions.65 Other fac-
tors that influence the overall climate impacts of the process 
that would be assessed in a full LCA include the distance sea-
weed and products are transported, established processes for 
reuse or recyclability in a circular economy,66,67 the scale and 
size of construction wood panels and associated manufacturing 
apparatus, and any changes to sourcing of wood or seaweed 
due to increase in operation scale.68 The composite itself is 
also biodegradable, while MDF and particleboard panels are 
extremely challenging to recycle and as a result are most often 
landfilled or burned for heat value after usage.69

CO2 sequestration estimate
Although a formal LCA of our biocomposites cannot yet 
be conducted, a preliminary estimation of the  CO2 seques-
tration potential can be provided. Ulva species have one of 
the highest carbon capture capacities among seaweeds,70,71 
ranging around 14–50 mg C per g of dry Ulva per day, with 

a

b c d

Figure 6.  Ulva as adhesive agent. (a) Fabrication of the hot-pressed stack consisting of a first prepressed beam, a layer of pure Ulva powder, 
and a second prepressed beam. This stack is then hot-pressed under the same conditions as the biocomposite beams (140 C, 42.6 MPa, 
5 min). (b) Photograph of a typical stack of two Ulva-glued biocomposites. (c) Custom-made shear test using shouldered grips. The shear 
strength was determined as the pulling force applied to the grips by the test frame, divided by the surface area of the the bound beams.  
(d) Shear strength of the different tested materials. Bulk refers to a single thick beam (composed of a single powder blend), Ulva to the 
described experiment (pure Ulva powder), and Super Glue is commercial super glue. The symbols * and **, respectively, correspond to  
statistical p-factors of 5% and 1 percent.
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a 23.9 wt% carbon content as measured experimentally (see 
SI Figure S2b and the “Materials and Methods” section for 
carbon and nitrogen characterization). This carbon content 
corresponds to a  CO2 sequestration of raw Ulva of 0.88 kg 
 CO2/kg dry Ulva. This advantageous carbon sequestration is, 
however, reduced by the  CO2 emissions associated with the 
steps necessary to attain the dry Ulva powder used in this 
study. Koesling et al.72 attempted to provide an estimate of 
the  CO2 emissions associated with the cultivation and dry-
ing of another macroalgae, sugar kelp. In their proposed ideal 
scenario relying on hydrothermal electricity from the Norwe-
gian grid, they account for seeding, deployment, harvesting, 
transport and storage, and drying, and report  CO2 emissions 
of 0.41 kg  CO2/kg dry seaweed. Taking the carbon sequestra-
tion into account, this method corresponds to an estimated net 
negative emission of µUlva = −0.47 kg  CO2/kg dry Ulva. On 
the other hand, wood typically has a carbon content of 46.7 
wt%. (see SI Figure S2b), translating into a negative emission 
of µWood = −1.71 kg  CO2/kg dry wood neglecting potential 
 CO2 emissions from the mechanical grinding to reduce particle 
size (note that negative emissions correspond to a sequestra-
tion). We can estimate the  CO2 removal potential of the wood-
Ulva composites using a rule of mixtures:

where the notation µ corresponds to the specific  CO2 emis-
sions of each constituent, and c corresponds to the relative 
weight concentrations of the components. In Table I, we apply 
this formula to calculate the potential for  CO2 sequestration 
for different Ulva concentrations in the biocomposites. For 
example, the 40 wt% Ulva composite would enable a carbon 
sequestration potential of 1.21 kg  CO2/kg composite.

We note that this is merely an estimate that excludes the 
carbon cycling that occurs while the seaweeds are grow-
ing that could potentially export more carbon to permanent 
sinks, as well as ignores the temporal aspect of carbon 
removal that is needed for climate benefits. The permanence 
of carbon removal will ultimately depend of the lifetime of 
the product and carbon cycling in growth,62 and will need to 
be appropriately quantified before claiming or monetizing 
these benefits.58,73 As a means of comparison, the specific 
 CO2 emission of solid urea formaldehyde was quantified 

 2µComposite = cUlva · µUlva + (1− cUlva) · µWood ,

in a LCA performed by Bushi et al.,74 where they reported 
µUF = +1.53 kg  CO2/kg solid UF, a value significantly 
higher than the (negative) value for Ulva. At a typical UF 
concentration for commercial particleboards (comm. PB) 
in the range 7–10 wt%,75 using Equation 2 with our value 
of µwood (and replacing µUlva with µUF  ), we find the typi-
cal  CO2 sequestration: −µ

comm.PB
= [1.39, 1.48] kg  CO2/kg 

comm. PB, in the same range as the sequestration potential 
of the 20% wood-Ulva composite. Note that even though 
the specific  CO2 sequestration potentials are in the same 
order of magnitude between wood-Ulva composites and 
commercial particleboards, the potential for recycling and 
composting makes up for a major advantage for all-bio-
based composites.

Our Ulva-wood composites are to be considered medium-
term carbon sinks, as the carbon could be durably stored in 
the product for tens of years, before likely being released 
during biodegradation. In this product, Ulva most likely 
represents a similar carbon removal potential as pure wood 
materials,68 though the cultivation process is much more 
rapid, weeks as opposed to decades. Compared to other 
macroalgae such as kelp, Ulva has not been documented to 
export carbon to the deep sea for permanent burial (e.g., see 
References 76 and 77), due to its typical growth on rocky 
areas in the intertidal.

Importantly, even if there are no additional carbon 
sequestration benefits to using seaweed instead of pure 
wood, there are additional environmental and social benefits 
that can be achieved. Using seaweed as a binder instead of 
urea formaldehyde greatly reduces the toxicity of the wood 
panels, which is seen as the primary benefit without com-
promising product quality. Ulva cultivation is relatively 
 inexpensive25 and is more accessible to women and gen-
der minorities,78,79 who have typically been excluded from 
industrial timber harvest and processing.80 These benefits, 
while cautiously estimated here, can only be accurately 
assessed as the processing technology transitions from TRL 
0 to pilot scale.

Discussion and conclusion
There is an urgent need to provide alternatives to synthetic 
binders such as formaldehyde-based adhesives to mitigate the 
environmental impact of wood particle- and fiberboards. While 
a wide variety of solutions are proposed and investigated, 
including leveraging self-binding of pure lignocellulosic mate-
rials under heat and pressure, or using bio-based adhesives, the 
success of these methods often relies on significant prepro- 
cessing steps. In this article, we have introduced wood-Ulva 
biocomposites, where the untreated Ulva powder plays the role 
of binding and densifying matrix between the lignocellulosic 
wood particles, enabled by Ulva’s flowing behavior upon hot-
pressing. After determining the optimal pressing parameters 
on pure wood and pure Ulva samples, we have assessed the 
morphological and mechanical properties of biocomposites of 
varying wood-Ulva concentrations. Our results show that the 

Table I.  CO2 sequestration potential of wood-Ulva biocomposites as 
a function of composition.

Ulva Content in Wood-Ulva 
Biocomposite

(wt%)

Potential for  CO2 Sequestration
(kg  CO2/kg composite)

0 1.71

20 1.46

40 1.21

60 0.96

80 0.71

100 0.47
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porosity of our biocomposites rapidly decreases as the Ulva 
concentration increases, concurrently with improving mechan-
ical properties (strength and stiffness). Based on spectroscopy 
methods (FTIR and XPS), we hypothesized that fatty acids 
could migrate upon hot-pressing, as suggested by the higher 
relative quantities of C–C/C-H bonding in pressed samples, 
compared to the unpressed raw powders, while no chemical 
bond changes were observed upon processing.

We further performed experiments to assess the viability 
of our method in the context of applications. We character-
ized our wood-Ulva biocomposites by testing their water and 
flame resistance and assessed the possibility of using pure 
Ulva powder as an alternative to synthetic glues when attach-
ing particleboards together. When submerged in water, the 
samples consistently showed a complete loss of mechanical 
integrity after some time. Interestingly, however, wood-Ulva 
composites showed better water resistance than their pure-
constituent counterparts. For example, the samples with 20 
wt% Ulva concentration remained structurally stable for an 
average of 59 min, compared to 7 and 26 min for pure-wood 
and pure-Ulva samples, respectively. This synergistic behav-
ior could be attributed to the densification of the samples in 
the presence of Ulva, thereby slowing down the diffusion of 
water between the wood particles. Next, the presence of Ulva 
also increases the flame resistance of our biocomposites. A 
beam containing 40 wt% Ulva, after being exposed to an 
open flame for 10 s and then pulled away, self-extinguished 
spontaneously within 5 s on average, whereas, under the 
same conditions, pure-wood samples caught on fire until 
fully consumed (sample charred entirely). In the last experi-
ment, we quantified the adhesion strength between two pre-
pressed beams when bound using either hot-pressed Ulva, or 
commercial super glue. We observed that, on average, Ulva 
provides better binding properties than glue between pure 
wood beams, while similar binding properties were observed 
on the 40 wt% Ulva beams. These results suggest that Ulva 
powder can be used as an adhesive agent and highlight the 
strong bonding between wood and Ulva when subject to heat 
and pressure.

Finally, an environmental assessment of the wood-Ulva 
biocomposites was proposed. Although at this early research 
stage, a full LCA is not warranted as it would lack impor-
tant parameters ground in industrial-scale processes, several 
benefits of using Ulva seaweed in wood-Ulva biocomposites 
were highlighted. In addition to providing a healthy aquatic 
environment by regulating carbon levels and nutrients in its 
ecosystems, Ulva can also act as a carbon sink by capturing 
 CO2 when growing. This  CO2 sequestration potential was 
quantified for different wood-Ulva compositions.

In summary, wood-Ulva biocomposites provide an encour-
aging pathway toward fabricating dense fully bio-based parti-
cle and fiberboards with minimal preprocessing steps. Further 
research should be led to address the rapid water absorption 
and limited water resistance of bio-based wood particle-
boards, for example, by incorporating bio-based hydrophobic 

additives (such as chitosan)81 or cross-linking agents (such as 
glyoxal),82 respectively.

Materials and methods
In this section, we describe the material sourcing, fabrication, 
and testing methods used throughout this report to characterize 
the wood-Ulva biocomposites.

Materials
Ulva
Ulva seaweed was cultivated in natural seawater, harvested, 
and freeze-dried for convenience by the Marine and Coastal 
Research Laboratory of the Pacific Northwest National Lab-
oratory (PNNL) in indoor ponds in Sequim (Wash., USA) 
before being shipped. The Ulva was then ground up using an 
electric coffee grinder (Hamilton Beach Fresh Grind, Southern 
Pines, N.C., USA) in batches of 10± 2 g ground for 1 min 
and subsequently sieved through a 297 µ m mesh to remove 
large particles.

Wood
Untreated wood sawdust (Douglas Fir, Pseudotsuga menziesii) 
was acquired as waste from the wood shop at the University 
of Washington (Seattle, Wash., USA) and sieved through a 
150 µ m mesh to remove large particles.

Commercial MDF
To provide a comparison with our biocomposite samples, a 
commercial MDF of 2-mm-thick boards (6" × 8", purchased 
from Juvale) was also tested in the water stability and flam-
mability experiments. Note that the composition of the MDF 
was not disclosed by the vendor.

True powder density and apparent sample density 
measurements
True density of powder
The true density of powders was measured using the gas pyc-
nometer Ultrapyc 5000 (Anton Paar, Graz, Austria) using 
the 0.25  cm3 cell. The target temperature and pressure were, 
respectively, set at 20℃ and 10 PSI using the “Pulse” prepara-
tion mode. The reported density and uncertainty were meas-
ured as the average and standard deviation of the five last 
measurements before convergence was reached.

Apparent density of samples
The apparent density of pressed samples was characterized 
by the mass of the sample divided by its apparent volume as 
measured using the macroscopic dimensions of the samples 
filed down to a cubic shape. Lengths were measured with a 
digital caliper (0.01-mm precision).
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Sample fabrication
Pressed beams
Blends of controlled proportions of wood and Ulva powder 
were mixed using a planetary speed mixer (SpeedMixer DAC 
330–100 PRO, FlackTek, Landrum, S.C., USA) at 2500 rpm 
for 1 min. The resulting powder was then pressed under heat 
and pressure using a hot-press (TMAX-SYP-600, TMAXCN, 
China) into bars of 1± 0.05 g using stainless-steel custom 
molds. The resulting area of the samples was 60 mm × 8 mm 
with rounded corners (of radius 3.5 mm) with a typical thick-
ness of 1.50 mm. The temperatures for hot-pressing, θ , ranged 
from 80 to 160°C, the pressing force, F  , ranged from 2 to 
35 kN (corresponding to an imposed pressure ranging from 4.3 
to 74.5 MPa; 1 kN corresponds to 2.13 MPa, see SI Table III), 
and the pressing time, t , ranged from 0 to 30 min. A pressing 
time of 0 min was imposed by increasing the pressing force up 
to the target value, and then immediately releasing pressure. 
After pressing, the samples were demolded and cooled down in 
between two aluminum plates to ensure the straightness of the 
sample. Before any further testing, the samples were precondi-
tioned for at least 24 h in a dry environment using desiccators.

Ulva as binding agent between prepressed beams
The shear strength of beams bound together with hot-
pressed Ulva was tested after fabricating samples using 
the following method. First, a short (prepressed) beam of 
determined length was inserted inside the mold that was 
previously used for composite fabrication. A thin layer 
(~0.5 mm) of Ulva powder was then sprinkled on top of 
this part, before an identical beam was stacked on top. The 
adhesive property of Ulva was then enabled by hot-pressing 
the stack at 140℃ for 5 min. The applied pressing force 
was calibrated depending on the surface area of the two 
beams to ensure an equivalent pressure to the one imposed 
during beam hot-pressing (corresponding to a pressure of 
42.6 MPa). The “sandwich” sample was then removed from 
the mold and left to cool down for 10 min before proceed-
ing to the mechanical shear test.

To provide a comparison to a commercial synthetic adhe-
sive agent, the shear strength of two beams bound together 
with super glue was tested. A thin layer (~0.1 mm) of super 
glue (super glue, Gorilla Glue Inc., Ohio, USA) was applied 
onto one prepressed beam and the second beam was then 
pressed on it by hand for 45 s.

Mechanical testing
The mechanical properties of the wood-Ulva biocomposites 
were assessed through flexural three-point bending (3 PB) 
tests on a universal test frame (Autograph AGS-X 10kN, 
Shimadzu Scientific Instruments, Columbia, Md., USA). 
The indentation velocity was adapted to impose a strain rate 
of 0.5%/s in the elongated part of the tested beam. To pro-
vide multiple data points per beam, a first 3 PB test was per-
formed on the entire beam (support length of 40 mm), and the 

two resulting halves were then also tested (support length of 
20 mm), thus providing three measurements per beam. This 
process was repeated for three entire beams to provide nine 
measurements per pressing condition. The force–displace-
ment data provided by the test frame software (Trapezium X) 
were then post-processed in Python to extract the flexural 
modulus, strength, elongation to break, and toughness to frac-
ture. No significant differences were observed between the 
tests of full or half beams.

FTIR
FTIR was performed on the PerkinElmer Frontier (Waltham, 
Mass., USA) in attenuated total reflectance (ATR) mode over 
the wavenumber range 4000–400 cm−1 with a resolution of 
2 cm−1 and 64 repetitions per measurement.

XPS
XPS measurements were performed on an AXIS Ultra DLD 
(Kratos, Trafford Park, Manchester, UK) on pure wood and 
pure Ulva (in the powder and pressed state), and on a wood-
Ulva 60:40 biocomposites (only in the pressed state). This 
machine has a monochromatized Al Kα x-ray and charge neu-
tralization is enabled through a low energy electron flood gun. 
The spot size of the x-ray beam for acquisition was on the 
order of 700 × 300 μm2. During spectral acquisition, the pres-
sure inside the analytical chamber was below 5 ×  10−9 Torr. 
Pass energy for survey and detailed resolution spectra (com-
position) was set to 80 eV. On the other hand, the pass energy 
for the high-resolution spectra was 20 eV. The angle between 
the sample normal and the input axis of the energy analyzer 
(takeoff angle) was 0°. High-resolution spectra were acquired 
in the binding energy regions of C 1 s and O 1 s for each 
sample. Finally,  CasaXPS83 was used to fit the peaks on the 
high-resolution spectra. A Shirley background was used, and 
all binding energies were referenced to the C 1 s C–C bonds 
at 285.0 eV.

Flammability
The flame resistance of our samples was assessed using an 
adapted UL94-HB setup. Half-beams of the pressed sam-
ples were horizontally brought in contact with an open flame 
for 10 s (generated using a lab Bunsen burner) before being 
pulled away from the flame. The time to self-extinction was 
then recorded for each sample. A distinction was made for 
samples that spontaneously self-extinguished, as opposed to 
samples that self-extinguished once the flame had reached 
the tip of the tweezers holding the sample (labeled “fully 
consumed”).

Water absorption
Resistance to water was characterized using an immersion 
experiment. The mass and dimensions of a dry beam were 
measured prior to fully immersing the sample in deionized (DI) 
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water for a controlled duration. After this period, the sample 
was extracted and padded on dry lab wipes to remove excess 
water. Samples were then weighed and measured before being 
tested mechanically using the method described above. Given 
the wide variety of resistance to water of our samples depending 
on composition, the first test consisted in immersing a sample 
(of one composition) in water to regularly probe its resistance 
by hand. A sample was deemed non-testable when it spontane-
ously crumbled under the slight pressure of the tweezers. A zero 
strength was attributed to this time point ( tend ), and the time 
distribution for testing was based on this final time (typically 
5–10 samples were tested from 0 min to tend).

Ash‑content characterization
Homogenized biomass samples were dried in pre-ashed 
and tared aluminum weigh dishes at ca. 100°C overnight to 
remove moisture, cooled in a desiccator, weighed, and then 
ashed at 540°C for 2 h to remove volatile matter. After cool-
ing, the samples were transferred to a desiccator and weighed 
again to determine the nonvolatile (ash) matter remaining. 
Ash content was calculated as a percentage of the total dry 
sample mass.

Total carbon and nitrogen content characterization
Total carbon and nitrogen for wood and Ulva samples on a per-
cent dry weight basis were determined from triplicate, homog-
enized dry samples of 5 mg using an ECS 8020 CHNS-O Ele-
mental Analyzer (Orbit Technologies Pvt. Ltd.) as described in 
Reference 84. Calibration curves were created with acetanilide 
and atropine was used as a check standard every 10 samples.
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