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CONTEXT &SCALE Sawdust is a major lignocellulosic by-product of the wood-processing industry, and mil-
lions of tons of it get downcycled by incineration every year. This study investigates the upcycling of soft-
wood sawdust by means of struvite, resulting in inorganically bound hybrid materials with functional proper-
ties. The use of ureolytic protein bodies extracted from watermelon seeds, an agricultural by-product, allows
for control of struvite crystallization, forming large crystals. As a result, the sawdust is efficiently consolidated
even at a low struvite-to-sawdust ratio of 0.65 by weight. The struvite crystals conform to the rough surface
topography of the sawdust and grow into accessible lumina (pores in the wood structure), leading to strong
mechanical interlocking. The resulting composites are mechanically robust with a compressive strength of
~4.5 MPa at ~780 kg m 2 independent of the sawdust particle size. Struvite is an active inorganic flame retar-
dant, and its homogeneous distribution in the hybrid composite confers outstanding flame-retardant
behavior to the material and a fire-shielding ability as a result of efficient char-layer formation. The material
could find application in internal walls because of its excellent fire protection and, after use, could be re-used
for soil remediation given that struvite acts as a slow-release fertilizer. Alternatively, the struvite binder can be
fully recycled under mild aqueous conditions while retaining its mechanical performance, marking a signifi-
cant step toward a circular materials economy. The recovered sawdust could then be burned for energy gen-
eration (as it was originally destined) or potentially used for the fabrication of new composites. The mild con-
ditions required for the binder recovery make the recycling of spent composites feasible and facilitate the use
of alternative struvite sources, such as precipitates from wastewater facilities, as precursor materials.

SUMMARY

The wood industry produces enormous quantities of lignocellulosic by-products, such as sawdust, and their
incineration for energy recovery results in substantial carbon emissions and the loss of valuable raw mate-
rials. Here, we introduce struvite as a fully recyclable inorganic binder for the consolidation of sawdust
into high-performance hybrid materials. The mineral binder is produced in situ by an enzymatically induced
solution-mediated phase transformation driven by ureolytic protein bodies extracted from watermelon
seeds. The resulting material exhibits excellent fire resistance with a long time to ignition (51 + 1 s), low
peak heat release (118 + 2 kW m~2), and fast flame self-extinction due to efficient char-layer formation. More-
over, it displays high compressive strength (4.71 + 0.37 MPa). Crucially for sustainability, the struvite binder
can be recovered under mild aqueous conditions without loss of performance, offering a valid path toward a
circular materials economy.
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INTRODUCTION

Wood is a versatile and abundant construction material
combining a high inherent strength-to-weight ratio with high
local availability. However, its conventional industrial processing
produces substantial quantities of by-products.’ Although some
of these can be used for further processing, such as in the pulp
and paper or particle board industry, a considerable portion,
notably sawdust, is often burned as fuel.>® To avoid its downcy-
cling, sustainable strategies must integrate sawdust into the
materials stream, for example, by consolidating it into high-per-
formance composites. However, the binders used for consoli-
dating low-grade wood by-products can introduce significant
environmental burdens. Traditional polymeric binders, such as
formaldehyde-based resins, polyolefins, and polyvinyl chloride,
are generally derived from finite fossil resources and are not suit-
able for recycling. Consequently, if they end up in landfills, they
can pose a long-term pollution risk as a result of the formation
of microplastics or harmful degradation products, affecting
both terrestrial and aquatic ecosystems.*® In addition, fire
safety remains a major concern for wood-based composites.”
Compared with polymeric ones, inorganic binders can offer
great advantages in terms of resistance to fire.>'" However,
the production of inorganic precursors is most often energy
intensive because of the high temperatures required, e.g., during
calcination, and most mineral binders are non-recyclable.'?
Hence, it is necessary to find novel mineral-based binding stra-
tegies that prioritize sustainability, fire safety, and robustness.

The use of struvite (MgNH4PO,4-6H.0) as a fire-retardant mineral
phase for the functionalization of bulk wood was previously inves-
tigated by Guo et al.,”*'* who demonstrated its promise as an
alternative to toxic boron-based and water-soluble ammonium-
phosphate-based fire retardants. Upon heating, struvite decom-
poses endothermically under the release of water vapor and
ammonia, forming mesoporous magnesium phosphate.'® Differ-
ential thermogravimetric analysis (DTGA) showed that the major
mass-loss peaks depend strongly on the heating rate and are
104°C and 190°C for heating rates of 1°C and 20°C min~ ", respec-
tively.'® This endothermic process lowers the surface temperature
of the material and leads to a blanketing and dilution effect as a
result of the volatiles released. Compared with those of unmodified
spruce, the pyrolysis products of struvite-mineralized spruce
showed a drastically lower total abundance in evolved volatiles
and an increase in evolved levoglucosenone, promoting char for-
mation.'* The most important metric in the assessment of flame-
retardant building materials is the heat release rate (HRR),"” which
measures the heat released by the material as it undergoes (forced)
combustion. In materials research, the HRR, alongside the time to
ignition (TTI) and the smoke production rate,'® is assessed by
forced-combustion tests using a cone calorimeter (which mea-
sures the reaction of the material to an external heat source), and
these conditions are widely used as a standardized proxy for
early-stage fire exposure.'® In addition to the calorimetric assay,
more qualitative flammability tests can evaluate a sample’s reac-
tion to direct flame exposure.

Here, we introduce struvite as a recyclable mineral
binder for consolidating sawdust into robust and highly flame-
retardant composites through an innovative processing approach
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(Figure 1). Conventional precipitation methods result in uncon-
trolled struvite nucleation, leading to the formation of small
crystallites.?>?" This results in mechanically weak composites,
especially with lignocellulosic substrates, given that the materials
must be able to accommodate significant stresses resulting from
the dimensional changes caused by varying moisture content,
both upon drying after composite formation and from changes in
relative humidity (RH). By contrast, we use an enzymatically
induced solution-mediated phase transformation (SMPT) to syn-
thesize struvite under confinement. Ureolytic protein bodies
(UPBs), extracted from watermelon seeds, hydrolyze urea in the
presence of sodium sulfate, allowing control of the crystallization
process and resulting in large struvite crystals that intimately tem-
plate the sawdust surface. This strong mechanical interlocking of
the wood-mineral interface allows the formation of robust com-
posites with a struvite-to-sawdust ratio of 0.65 (by weight) regard-
less of the size of the sawdust particles used. Unidirectional
compaction during fabrication induces a preferential alignment
of sawdust particles perpendicular to the direction of compaction,
leading to an anisotropy in mechanical properties. This anisotropy
was assessed under different loading directions and found to
correlate with particle orientation quantified by X-ray microtomog-
raphy, as evidenced by a ~50% increase in compressive strength
in the direction of compaction (~4.5 vs. ~3.0 MPa). Furthermore,
the composites show excellent flame-retardant properties. Finally,
we demonstrate that the struvite binder can be recycled under very
mild conditions and that the composites made with the reclaimed
binder show properties comparable to those of native ones. Our
process has the potential to be integrated directly into a circular
economic framework.

RESULTS AND DISCUSSION

Solution-mediated phase transformation
Wood-mineral hybrid composites combine organic lignocellulosic
materials with inorganic mineral phases to form enhanced, multi-
functional materials. Producing composites with low overall min-
eral content requires strategies that ensure uniform mineral phase
deposition within the wood matrix while minimizing water usage.
Effective sawdust consolidation relies on bringing particles into
close proximity and using small volumes of highly concentrated
precursor solutions to achieve sufficient mineral loading. However,
direct precipitation from aqueous solution is limited by the
low solubility of magnesium phosphates, including struvite
(MgNH4PO,-6H,0) and newberyite (MgHPO,4-3H,0).?* To circum-
vent this issue, we exploited the property of newberyite to undergo
a SMPT into struvite. This process relies on shifting the equilibrium
of anewberyite suspension toward struvite formation by increasing
both pH and ammonium ion concentration.?® Upon the addition of
NH,* at elevated pH, newberyite undergoes gradual dissolution
while struvite simultaneously crystallizes. This approach of intro-
ducing the mineral precursor as a suspension rather than as a so-
lution allowed us to significantly increase the precursor concentra-
tion, enabling higher sawdust loadings and ensuring sufficient
mineral-phase formation for robust consolidation.

The direct addition of ammonium carbonate to rapidly in-
crease both pH and ammonium ion concentration resulted in un-
controlled, fast struvite nucleation, yielding smaller crystallites
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Figure 1. Sawdust consolidation by controlled enzyme-mediated struvite crystallization
The mineralization of struvite under confinement can be controlled by the urease-catalyzed hydrolysis of urea combined with the retardation of the crystallization
by Na* and SO,2~ ions, resulting in the formation of large struvite crystallites templated by sawdust. The resulting hybrid composites are recyclable, exhibit low

propensity to either start or propagate a fire, and are mechanically robust.

that failed to effectively consolidate sawdust (Figures 1 and S1).
This uncontrolled nucleation led to a dispersed mineral phase
lacking the interparticle bridging necessary for the formation of
strong composites. To achieve controlled struvite crystallization
within the confined sawdust matrix, we implemented an enzy-
matic approach. This method uses the urease-catalyzed hydro-
lysis of urea to obtain a gradual release of ammonium ions and a
controlled pH increase. UPBs extracted from watermelon seeds
provided a stable, readily available source of urease.

Extraction of UPBs

Urease constitutes approximately 0.5 wt % of watermelon
seeds,’* alongside oil (~50 wt %), other proteins (~36 wt %),
and fiber (~5 wt %).?° UPBs (membrane-lined organelles) were ex-
tracted from ground watermelon seeds with acetone, separated

from husk residues, and dried, resulting in a free-flowing powder
(Figure 2A). This powder was obtained with a yield of ~25% and
consisted of spherical particles up to ~5 pm (Figure 2B). Isolated
urease undergoes a drastic reduction in enzymatic activity as a
result of the harsh conditions required for sawdust consolidation
with struvite (high urea concentration, leading to substrate inhibi-
tion® and high ionic strength®’). By contrast, UPBs maintain their
enzymatic activity not only during material formation but also dur-
ing prolonged storage under ambient conditions.?® As such, they
provide an ideal, stable source of urease for material synthesis.>**°

Enzymatic struvite precipitation

The enzymatic precipitation of struvite under the conditions
used for the consolidation of sawdust—i.e., under confinement,
at high precursor concentrations, and at room temperature
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Figure 2. Synthesis of struvite-bonded sawdust composites
(A) Free-flowing powder of UPBs extracted from watermelon seeds.

(B) A secondary electron micrograph of UPBs shows spherical particles up to ~5 pm in size. Scale bar: 5 pm.

(C) Backscattered electron micrograph of the newberyite precursor with crystallite sizes < 10 pm. Scale bar: 30 pm.

(D) Schematic representation of the enzymatically induced SMPT from newberyite to struvite under confinement.

(E) Photomicrograph of the struvite-bonded sawdust composites. Scale bar: 500 pm.

(F) A backscattered electron micrograph of a fracture surface shows a large struvite crystal templated by a sawdust particle. Scale bar: 150 um.

(G) Higher-magnification micrograph of a struvite crystal that displays templating by bordered pits of Norway spruce. Remnants of the cell wall indicate partial
cohesive failure. The bright, small (<2 pm) particles represent Na,SO, (thénardite). The fractured appearance of struvite crystals is due to their decomposition
under imaging conditions (high vacuum and electron-beam irradiation) into mesoporous magnesium phosphate.'® Scale bar: 20 pm.

(RT)—relies on a gradual dissolution of newberyite. In our sys-
tem, the kinetics of struvite precipitation are primarily controlled
by the NH,* liberated by the enzymatic hydrolysis of urea and the
dissolution rate of newberyite. We found that commercial new-
beryite contained large crystallites (up to ~200 pm), some of
which remained in the final composite (Figure S2A). To facilitate
newberyite dissolution, we synthesized a precursor suspension
containing only small crystallites (<10 pm) (Figures 2C and
S2B). As a result, only minor amounts of newberyite were left
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in the final composite (Figure S3A). During composite formation,
the Mg®* and HPO,>~ ions from the dissolution of newberyite
and the ammonia liberated from the enzymatic hydrolysis of
urea by UPBs formed struvite in the newly established basic
environment (Figure 2D). The crystallite size of struvite strongly
depends on the presence of additional ions during crystalliza-
tion. It is noteworthy that the presence of Na* and SO, ions
retards the induction time of struvite precipitation.®'-** Tests per-
formed with various concentrations of Na,SQO, in the precursor
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suspension showed that the crystallite size of struvite increased
as the Na,SO,4 concentration increased (Figures S2C-S2F). For
the synthesis of the sawdust-struvite composites, we used an
equimolar concentration of Na,SO, ([SO,%7] = [PO,37)) to bal-
ance the amount of soluble components remaining in the final
composite while improving struvite crystallization.

Microstructure of the composites

In the formed composite, the mineral phase surrounded
the sawdust particles (Figure 2E). Fracture surfaces of the
composites revealed large struvite crystallites of several hundred
micrometers, alongside small thénardite (Na,SO,) crystallites
(Figure 2F). Interestingly, the controlled crystallization under
confinement allowed the struvite crystals to conform to the sub-
strate, effectively using the sawdust surface as a template. More-
over, this templating replicated not only large-scale features, such
as cell walls and lumina, but also more delicate features, such as
cell-wall openings (bordered pits) (Figure 2G). Analysis of fracture
surfaces showed remnants of the cell wall adhering to the struvite
crystallites, suggesting good adherence of the mineral phase to
the wood substrate, which leads to partial cohesive failure. The
sawing of wood leads to ruptured and torn cell walls, effectively
increasing the surface area of the sawdust particles. When com-
bined with a mineral binder able to conform to the topography of
the substrate, this leads to strong mechanical interlocking.

As a result of the unidirectional compaction during composite
formation, a preferential orientation of the highly anisotropic
sawdust particles was evident. To investigate this preferential
orientation as well as the distribution of the mineral phase, we
performed microtomography on composites formed with either
<4 or >4 mm sawdust fractions. The mineral phase was isolated
from both the sawdust and the voids on the basis of their X-ray
attenuation. As shown in Figures 3A and 3D, the mineral binder
(blue) was homogeneously distributed throughout the composite
regardless of the sawdust fraction used. Microtomography per-
formed at higher resolution (Figure S4) revealed that the mineral
phase encapsulates the sawdust particles and bridges between
them. Although the lumina in the bulk of the sawdust particles
were predominantly free of mineral binder, struvite did crystallize
into accessible lumina at the surface of the sawdust particles,
further increasing the mechanical interlocking (Figure S5). The
composites showed a low porosity of ~2% (Figure S4G), which
can be attributed to the small amount of water used for their
preparation and the ability of sawdust to adsorb said water.

We define the long axis of the composites as the parallel direc-
tion, denoted as [||], and the short axis parallel to the direction of
compaction as the perpendicular direction, denoted as [L].
Whereas directions are denoted with square brackets, planes
are denoted with parentheses, i.e., planes normal to [L] are
denoted as (L) (see Figures 3G and S4H). Analysis of the
microtomography data showed that the sawdust particles aligned
preferentially in (L) for composites formed with sawdust
fractions < 4 mm (Figures 3B and 3C) and > 4 mm (Figures 3E
and 3F). We determined the orientation of the sawdust particles
in the composites as the direction of their major inertia axis.
Figures 3H and 3l show the distribution of polar angles of sawdust
particles with a volume > 2 mm? for the <4 and >4 mm sawdust
fractions, respectively, where 90° corresponds to an alignment in
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(L), perpendicular to the direction of compaction. In both cases,
the sawdust particles showed a strong tendency to preferentially
orient during compaction; ~%; of the particles showed a polar
angle > 75°. As will be shown in the following section, this preferred
orientation markedly affected the mechanical properties of the
composites.

Mechanical properties

The mechanical properties of the formed composites were tested
in tension (as a measure of the wood-mineral interface), in
compression, and in three-point bending. Three different sawdust
fractions (<4 mm, >4 mm, and a 1:1 mixture thereof; Figures 4A and
S3B) and the influence of packing density (low density: ~480 kg
m~23; high density: ~780 kg m~3; Figure S3C) were investigated.

Tensile tests performed on high-density composites with a
<4 mm sawdust fraction were conducted in [||]] and [ L]. As shown
in Figure 4B, the transverse tensile strength in [ L] was ~3.5 times
lower than that in [||]. We attribute the comparatively low trans-
verse tensile strength in [ L] of 0.179 + 0.015 MPa to failure of
the wood-mineral interface under tension given that the sawdust
particles were predominantly oriented in the fracture plane
(Figure S6A). Conversely, the comparatively high transverse ten-
sile strength in [||] of 0.673 + 0.042 MPa can be attributed to the
failure of the wood-mineral interface under shear given that the
sawdust particles were predominantly oriented perpendicularly
to the fracture plane (Figure S6A).

The mechanical properties of the composites strongly depend
on their densities. The strength values of the high-density
composites tend to be about three to four times higher than
those of their low-density analogs, both under compression
(Figure 4C) and under bending (Figure 4D), and are essentially in-
dependent of the sawdust fraction used. The strong depen-
dence on density can be attributed to the larger void space for
the low-density composites, which promotes the formation of
large struvite crystallites that do not sufficiently bridge adjacent
sawdust particles. Increasing the confinement leads to the for-
mation of struvite crystallites that bridge sawdust particles, lead-
ing to effective consolidation. The mechanical performance of
the composites was found to be largely independent of the
size of the sawdust fraction, most likely because of a balance
of opposing effects: smaller particles increase the interfacial
area, potentially reducing stress concentrations at the wood-
mineral interface, while larger particles might help arrest crack
propagation through more effective deflection pathways.

Under compression in [||], the high-density composites reached
a compressive strength (o¢ ) of ~3 MPa, compared with a ¢, | of
~4.5 MPain [1]. As for the tensile tests, this can be attributed to a
different loading mode of the wood-mineral interface and hence
drastically different failure modes. During compression in [||], a
complex anisotropic stress state arose as a result of the preferen-
tial orientation of the sawdust particles in planes parallel to the
load. The wood-mineral interface of particles oriented in (L) expe-
rienced not only loading under shear but also loading under ten-
sion as a result of a pronounced transverse deformation due to
the Poisson effect, leading to failure in [ L] (Figure S6B). Compres-
sion in [1] led to significantly different behavior given that the
sawdust particles were aligned perpendicularly to the load and
the composite underwent densification (Figure S6C), analogously
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Figure 3. Microtomography of composites with a density of ~780 kg m3 (“high-density composites”) for texture analysis

(A-C) Composite with <4 mm sawdust fraction.
(D-F) Composite with >4 mm sawdust fraction.

(A and D) 3D reconstruction (35 x 35 x 35 mm?®) of the microtomography data; the inorganics are colored in blue.

(B and E) The sawdust particles are randomly oriented in (). Scale bars: 10 mm.

(C and F) In (|]), the texture of the sawdust particles is visible. Scale bars: 10 mm.

(G) Schematic representation of the orientation of (A) and (B). (L) is shown in blue, and (||) is shown in yellow.

(H and ) Quantification of the texture present in the composites for <4 mm (H) and >4 mm () sawdust fractions. As a cutoff, a particle volume of 2 mm® was chosen
in both instances. The particles are preferentially aligned in (L), and ~2/3 of particles show a polar angle of the long axis of >75°, where 90° corresponds to

alignment in (L).
See also Figure S4.

to native bulk wood compressed in the transverse directions.
When loaded under compression in [ L], the sawdust bricks ex-
ceeded the compressive strength of bulk Norway spruce in the
transverse directions of ~4.2 MPa.* As in other unidirectionally
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compressed chip-based composites, the moduli of elasticity in
the two directions differed strongly®* with an Eg | of ~300 MPa
and an E¢ , of ~40 MPa (Figures 4E and 4F) for the high-density
composites. For the low-density composites, the elastic moduli
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(A) Struvite-bonded sawdust composites with <4 mm (left), mixed (middle), and >4 mm (right) sawdust fractions. The size of the specimens is 160 x 40 x 40 mm?.
(B) The transverse tensile strength for the composite with <4 mm sawdust fraction in [ L] was ~3.5x lower than in [|[].

(C) Comparison of the compressive strengths for low-density (~480 kg m~3; light green, pink, and light brown) and high-density (~780 kg m~3; dark green, red,
and dark brown) composites for the different sawdust fractions in [||] and [ L]. The compressive strength depends predominantly on the density of the composites,

and the difference between sawdust fractions is statistically insignificant.

(D) The trends seen during compression tests also apply to three-point bending tests.
(E) Elastic properties for the compression tests show strong anisotropy as a result of preferential particle alignment during unidirectional compaction.

(F) Comparison of the elastic moduli during the bending tests.

All values given are the mean of ten specimens; error bars denote one standard deviation.

for the mixed sawdust fraction exceeded those of the fractioned
sawdust specimens in all tests conducted. This might be attrib-
uted to the more efficient space filling of multimodal particle-
size distributions. In three-point bending, the high-density com-
posites exhibited a modulus of rupture of ~2.4 MPa and a
modulus of elasticity of ~45 MPa.

Flame-retardant properties
The flame-retardant performance of the prepared composites
was investigated in terms of their reaction to fire (flammability

and forced-combustion tests) and their resistance to fire
(flame-penetration test).

Flammability tests evaluate samples’ reactions to direct flame
exposure (Figure 5A). When a flame is applied to either the edge
or the surface of the composite, charring occurs within the area
of contact (Figures 5B, 5C, S7A, and S7B). We observed no
flame propagation either during flame application or upon
its removal, thus indicating an overall non-igniting behavior
where the majority of the sample remained undamaged (mass
loss < 1%). This result suggests an extremely limited propensity
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Figure 5. Flame-retardant properties of sawdust-struvite composites

(A) Struvite-bonded sawdust composite (200 x 200 x 30 mm?®) during exposure to a 50 kW flame after 30 s.
(B) Specimen at the beginning of the flammability test according to ISO 11925-2:2020.

(C) Specimen showing minimal surface charring after the flammability test.

(D-G) Specimen undergoing forced combustion under a heat flux of 50 kW m~2 during the induction period (D), after ignition (E), just before flameout (F), and

during solid-state oxidation (G).
(H) Heat release rate (HRR) during forced combustion measurement.

(I) Residue showing a passivating char layer on the exposed surface after forced combustion.

(J) Temperature profiles during the flame-penetration test.
See also Figure S7.

of the prepared composite to start a fire. During forced-combus-
tion tests (Figures 5D-5I), the sample was exposed to a 50 kW
m~2 heat flux, simulating a fire in its early stage.'® This triggered
the release of flammable volatiles that, upon reaching the lower
flammability limit, ignited and led to the flaming combustion of
the sample. The prepared composite panels ignited after an
average induction period (pre-ignition phase) of 51 + 1 s (TTI)
and reached a peak HRR (pkHRR) of 118 + 2 kW m~2. During
combustion, extensive charring occurred on the surface of the
samples, building up a barrier capable of both slowing down
the release of volatiles from the sample and limiting heat transfer
from the flame. This gradually reduced the HRR values until
flameout occurred, signaling the end of active combustion. After
flameout, a low HRR signal of ~20 kW m~2 remained as a result
of the solid-state oxidation of the char in close proximity to the
surface. As far as smoke is concerned, the prepared composites
yielded an extremely low total smoke release (TSR) rate
(Figure S7C) of 74 + 4 m?® m~2, Both the HRR and TSR rate repre-
sent important fire-hazard parameters in many application
fields."”'® Therefore, the low heat and smoke-release values
measured for the prepared composites confirm their excellent
flame-retardant properties. After the test, the specimens

8 Chem Circularity 7, 100004

showed a charred surface with nearly undamaged edges and
backs, suggesting that only the upper portion of the sample
and a small volume underneath the exposed surface were
involved in the combustion. This was further supported by the
high residual weight (88 + 4 wt %). The fire resistance of the com-
posites was also evaluated by means of a lab-scale flame-pene-
tration test (Figure 5J). During this test, the surface of the sample
was continuously exposed to a butane flame so that the surface
reached ~900°C (Figure S7D). This promoted the formation of a
thermally stable char layer that successfully insulated the back
side of the sample (Figures S7E and S7F), where the temperature
remained below 30°C for the entire duration of the test, i.e., over
5 min. The stability of the char layer was further confirmed by a
high residual weight of 93 + 1 wt %.

Although the performed forced-combustion tests are not
directly comparable to the required calorimetric test for classifica-
tion according to the Euroclass system (EN 13501), multivariate
discriminant analysis on wood-based materials,*®> which aims to
correlate cone calorimetry data to the Euroclass system, predicts
that the presented material would most likely fall in Euroclass B.
According to the performed flammability tests, which would also
be conducted as part of the Euroclass classification, our material
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(C) Precipitated newberyite from the recovered binder shows crystallite sizes < 10 pm. Scale bar: 30 pm.
(D) The mechanical properties of composites made from recycled newberyite show no statistically significant difference from those of the original composites.
Values given are the mean of ten specimens; error bars denote one standard deviation.

See also Figure S8.

fulfills the requirements for a B rating. Indeed, from the flame-
retardant characterization, it can be concluded that the prepared
composites would not only have a limited propensity to either start
or propagate a fire but also display a notable fire-shielding ability.
Such behavior can be ascribed to the homogeneous distribution
of struvite in the composite.

Recycling of the mineral binder

Because struvite can be used as a slow-release N/P fertilizer,>**°
spent composites have the potential to be used for soil amend-
ment or remediation by acting as a source of carbon, nitrogen,
and phosphorus. However, the SMPT used for sawdust consoli-
dation also allows for the mineral phase to be recycled under
mild conditions. The recycling process involves the thermal
decomposition and mechanical separation of struvite followed
by dissolution using sulfuric acid and precipitation of newberyite
via controlled pH titration (Figure 6A). We broke apart spent spec-
imens from mechanical testing by using a disk mill and decom-
posed them at 103°C, forming amorphous magnesium phos-
phate'® and leaving thénardite as the only crystalline inorganic
phase (Figure S8E). This step is crucial because struvite preferen-
tially precipitates over newberyite from equimolar concentrated

solutions, and the large newberyite crystallites (>100 pm) formed
by direct SMPT are unsuitable for sawdust consolidation.?*”
After thermal decomposition, we mechanically separated the
inorganic phases from the sawdust (Figures 6B and S8A-S8D), dis-
solved the inorganic material in H,SO,4, and removed the remaining
wood fibers by filtration. We titrated the filtrate with NaOH to pH 7,
precipitating newberyite crystallites of <10 pm (Figures 6C and
S8F), which we used to form recycled composites. We collected
the precipitated newberyite before quantitative phosphate recov-
ery to avoid contamination with other phases. The remaining phos-
phate in solution was recovered and added to subsequent
recycling runs. Recycled high-density composites with a <4 mm
sawdust fraction exhibited a o ; of 4.45 + 0.30 MPa, comparable
to those of the original composites (4.71 + 0.37 MPa; Figure 6D).
The mild conditions used for newberyite recovery not only make
the recycling of spent composites feasible but also facilitate the
use of alternative struvite sources, such as precipitates from waste-
water facilities, as a sustainable precursor for this process.***°

Conclusion
This study demonstrates a green chemical approach for
consolidating wood by-products, specifically sawdust, into
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high-performance composites by using struvite as a mineral
binder. An enzymatically induced SMPT from newberyite to stru-
vite allowed controlled crystallization under confinement. The
gradual release of ammonium ions via the urease-catalyzed hy-
drolysis of urea, with UPBs extracted from watermelon seeds,
proved crucial for achieving large, well-defined struvite crystals
that intimately template the sawdust surface. This templating,
extending to microscopic anatomical features, resulted in
exceptional mechanical interlocking and thus strong composites
at a low binder-to-sawdust ratio. The observed anisotropy in me-
chanical properties results from the preferential orientation of
sawdust particles induced during unidirectional compaction.
Indeed, microtomography confirmed the presence of a strong
preferential particle orientation perpendicular to the direction of
compaction. The homogeneous distribution of the mineral phase
and its ability to conform to the complex topography of sawdust
particles contribute to the enhanced mechanical and flame-
retardant performance.

The demonstrated recyclability of the struvite binder repre-
sents a significant advancement toward the implementation of
circular economy principles for building materials. The ability to
recover and reuse struvite and the potential to upcycle struvite
precipitates from wastewater facilities further emphasize the
sustainability of this approach. The recycled composites exhibit
mechanical strength comparable to that of the originals. Thus,
our sawdust-struvite composites offer a viable, eco-friendly
choice for applications in the building sector, which requires
highly flame-retardant materials.

METHODS

Materials and chemicals

Watermelon seeds (Citrullus lanatus) of the variety “Crimson
Sweet” were obtained from RB Sementi. Softwood sawdust
was obtained from a local sawmill (Blumer Lehmann) and condi-
tioned at 20°C and 65% RH (moisture content of ~12%). The
sawdust consisted primarily of Norway spruce (Picea abies) but
could have contained other native softwood species, such as Eu-
ropean silver fir (Abies alba) and pine (Pinus spp.). The sawdust
was fractioned with a 4 mm analytical sieve. Di-basic sodium
phosphate dihydrate (Na,HPO,4-2H,O, AnalaR NORMAPUR),
urea (ACS reagent, 99.0%-100.5%), and sulfuric acid (H>SOg,,
95%) were purchased from VWR Chemicals. Magnesium sulfate
(MgSOQ4, >99.5%), ammonium carbonate ((NH,),CO3, ACS re-
agent, >30% NH3 basis), sodium sulfate (Na,SO,4, ACS reagent,
>99.0%), sodium hydroxide (NaOH, ACS reagent, >98.0%), and
acetone (ACS reagent, >99.5%) were purchased from Sigma-
Aldrich.

Extraction of UPBs

Watermelon seeds were ground with a high-speed grinder
(25,000 rpm). Stirring the ground material in acetone for 1 h
released the protein bodies, which were separated from shell par-
ticles with a 125 um sieve and collected via vacuum filtration. The
UPBs were stirred in acetone overnight, collected via vacuum
filtration, and dried in a vacuum desiccator at RT, ensuring homo-
geneous distribution in the composite. The acetone was recovered
via vacuum distillation and used for subsequent extractions.
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Preparation of precursor suspension

Na,HPQO4-2H,O was dissolved in H,O (105 mL per specimen)
under gentle heating to ~40°C. Under vigorous stirring in a
planetary mixer, 1 equiv of MgSO, was added and stirred for 1 h
at ~40°C. (The exothermic addition of MgSO, can lead to the for-
mation of a stiff gel if not stirred sufficiently.) The formation of a gel
did not negatively affect the crystallite size of the newly formed
newberyite, and a suspension could still be obtained via sufficient
stirring after gelation. Finally, 1.25 equiv urea was added and
stirred for 15 min. The precursor concentrations were chosen
such that mstruvite/msawdust =0.65 (2-65 mmo'struvite g;alvdust)‘

For the preparation of composites with varying amounts of
Na,SO,4, the newberyite precursor (prior to the addition of urea)
was washed twice with H,O, isolated by vacuum filtration, and
dried under vacuum at RT.

For the preparation of composites with varying amounts of
Na,S0O4 (0, 0.1, 0.5, and 1 equiv), commercial newberyite (1 equiv
Na,SO,), or reclaimed newberyite (1 equiv Na,SO,), the
newberyite powder was suspended in H,O and stirred with
Na,SO, at 40°C for 1 h prior to the addition of urea.

Preparation of composites

65 and 105 g sawdust was mixed with 370 and 600 mg UPBs,
respectively, for the low- and high-density composites, respec-
tively. To this, the precursor suspension was added and mixed
untilahomogeneous mixture was obtained. The sawdust mixture
was added to the mold and compacted to 160 x 40 x 40 mm?®
(~2 MPa for the high-density composite). The specimens were
demolded after 48 h and conditioned at 20°C + 2°C and 65% =+
5% RH until the mass loss over a 24 h period was less than
0.1%. For flammability, forced-combustion, and flame-penetra-
tion tests, 230 x 230 x 30 mm? plates were prepared accordingly
and cut to size with a circular saw (Figure S3D).

Recovery of newberyite precursor

Spent specimens from mechanical testing were broken apart ina
disk mill (FRITSCH Pulverisette 13) and decomposed at 103°C
for 1 day in a ventilated convection oven. Separation of the inor-
ganic material was performed in a vibratory sieving tower
(FRITSCH Analysette). After an initial separation step, the
>125 pm fractions were passed through the disk mill again and
sieved. The <125 pm fraction was decomposed for another
day at 103°C until the complete decomposition of struvite. A
25 wt % suspension in H,O was dissolved by the addition of
H>SO4 to pH 3 and filtered through Celite Hyflo Super Cel with
a ROBU porosity 4 sintered glass frit for the removal of
residual wood fibers. The filtrate was titrated to pH 5 with 2 M
NaOH, and stirring for 30 min induced nucleation. The suspen-
sion was then gradually titrated to pH 7 via the addition of
0.2 M NaOH and stirred for another 15 min. Finally, the newbery-
ite precursor was collected by vacuum filtration, washed, and
dried at RT. The remaining phosphate in the filtrate was precip-
itated by titration to pH 10, collected by vacuum filtration, dried,
and added to subsequent recycling runs.

Characterization
Three-point bending tests were performed on a Zwick Roell
Z010 universal testing machine using a 100 mm support span
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length and a constant rate of 1 mm min~—" on 40 x 40 x 160 mm®
specimens. Compression tests were performed on a Zwick Roell
Z010 or Z100 universal testing machine on 40 x 40 x 40 mm?®
specimens at a constant rate of 1.5 mm min~". The modulus of
elasticity and compressive strength were evaluated according
to EN 408. Perpendicular tensile tests were performed on
40 x 40 x 40 mm?® specimens mounted with high-viscosity
epoxy resin on hardwood-plywood yokes at a constant rate of
0.5 mm min~" on the basis of EN 319. For all mechanical tests,
the values given are the mean of ten specimens, and error bars
denote one standard deviation. All specimens were conditioned
at20°C + 2°C and 65% =+ 5% RH until the relative mass loss over
a 24 h period was less than 0.1%.

Scanning electron microscopy was performed on a Hitachi
SU5000. Energy-dispersive X-ray spectroscopy (EDS) was per-
formed with two large-area window (100 mm?) Oxford Ultim
Max 100 EDS detectors. Optical microscopy was performed
on a Keyence VHX 6000 digital light microscope.

X-ray diffraction was performed on a PANalytical X’Pert PRO
MPD diffractometer in Bragg-Brentano geometry with mono-
chromatic Cu K4 radiation (40 kV, 45 mA, germanium mono-
chromator). The diffractograms were obtained with a step size
of 0.0167° and a scan speed of 0.00833° s~' under continuous
spinning at 15 min~! with an X-ray footprint of 10 x 10 mm?.
Analyses were performed with HighScore Plus.*’ The corre-
sponding Inorganic Crystal Structure Database (ICSD)*
collection codes are ICSD-750 for struvite,*® ICSD-8228 for
newberyite,”* and ICSD-2895 for thénardite.*®

The X-ray microtomographic studies were conducted with an
EasyTom XL Ultra 230-160 micro/nano-CT scanner (RX Solu-
tions). Micro-computed tomography (CT) analysis was per-
formed on two different specimen sizes: 40 x 40 x 160 mm?
for texture analysis and 10 x 10 x 20 mm? for high-resolution im-
aging. The operating voltage and current of the scanner were set
to 70 kV and 120 pA, respectively. The samples underwent a full
360° continuous rotation with a total of 1,440 projections, a
frame averaging of 10, and a frame rate of 6.00. The nominal res-
olution was set to either a 35 or 12 um voxel size, depending on
the size of the sample, to ensure increasingly higher resolution
for the analysis of the sawdust particles. All CT datasets were re-
constructed with the filtered back-projection algorithm with a
small ring artifact reduction and an 80% Hann window function
on RXAct software (RX Solutions). The reconstructed datasets
were then resliced with the open-source image-processing soft-
ware Fiji*® so the sample volume could be examined from
various angles and orientations. The generated CT datasets
were processed and analyzed with Fiji*® and the software appli-
cation Avizo (Thermo Fisher Scientific). We calculated the min-
eral, sawdust, and porosity volume fraction of the samples,
along with their distribution, by applying a global threshold to
the tomographic cross-sections and determining the proportion
of the single features relative to the total volume of the sample.
The orientation of each sawdust particle was calculated with
Avizo. Specifically, the orientation was determined in the trans-
verse plane (represented as ¢°) and relative to the longitudinal
axis (0°) of both the major and minor inertia axes of each single
3D particle. Specifically, the orientation analysis was based
on the calculation of the covariance matrix and moments of
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inertia. This matrix provides the eigenvectors and eigenvalues
necessary for orientation determination. The eigenvector
corresponding to the largest eigenvalue defines the direction of
the major inertia axis, whereas the eigenvector corresponding
to the smallest eigenvalue defines the direction of the minor
inertia axis.

The reaction to direct flame application was tested by flamma-
bility tests following the ISO 11925-2:2020 standard for what
concerns flame characteristics (time, size, and orientation) and
sample exposure to flame (edge and surface). During the test,
a blue methane flame (2 cm) was applied for 30 s with the burner
tilted at 45° to either the bottom edge or surface of specimens
with dimensions of 100 x 50 x 30 mm?®. The behavior of the sam-
ples during flame application and upon flame removal and the
final residue at the end of the tests were evaluated. Forced-com-
bustion tests were performed on a cone calorimeter (Noselab-
ATS) according to the ISO 5660 standard. Square samples
(100 x 100 x 30 mm®) were exposed in horizontal configuration
to a 50 kW m~2 heat flux. During the test, the TTI (s), the average
HRR (@HRR; kW m™2) and its peak (pkHRR, kW m~2), the total
heat release (THR; MJ m~2), the TSR (m? m~2), and the final
residue (wt %) were evaluated. Flame-penetration tests were
performed for assessing the resistance of the composites to
penetration of a 150 W flame generated from a butane flame
torch according to a previously developed setup.®” A square
specimen (100 x 100 x 30 mm®) was positioned in a metallic
frame, leaving an exposed area of 80 x 80 mm?, and held in a
vertical configuration. A flame torch, positioned at a 50 mm
distance from the surface of the specimen, was then applied
continuously for 5 min. During the test, the temperature profiles
on the exposed front side surface and on the unexposed back
side of the specimen were measured by two thermocouples
(stainless-steel sheathed K-type, 1 mm diameter). The two ther-
mocouples were fixed in contact with the sample to prevent
displacement during the test. The average temperature profiles
were calculated from two specimens. Before flammability,
cone-calorimetry, and flame-penetration tests, the test speci-
mens previously conditioned at 20°C and 65% RH were condi-
tioned in a climatic chamber at 23°C and 50% RH for 48 h.
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Figure S1. Control experiment with ammonium carbonate. (A) The use of ammonium carbonate as
a source of NH4* ions and to increase pH does not lead to consolidated sawdust-struvite composites.
(B)&(C) Backscattered electron micrographs showed that struvite is precipitated in small (< 15 ym)
crystallites.
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Figure S2. Influence of sodium sulfate concentration and size of newberyite on struvite
crystallization. (A) Backscattered electron micrograph of the composite synthesized with commercial
newberyite showed remaining newberyite due to the large (> 200 um) crystallite sizes present. (B) The
X-ray diffractogram of the synthesized precursor (black) showed that it is comprised of highly pure
newberyite (orange, ICSD collection code 8228'"). (C)-(F) Control experiments with various sodium
sulfate concentrations showed an increase in the crystallite size of struvite with increasing sodium
sulfate concentration.
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Figure S3. Macroscopic properties. (A) The diffractogram on 2 mm slices of the composite shows
struvite (red, ICSD collection code 7502) and thénardite (green, ICSD collection code 2895%) to be the
predominant inorganic phases. In addition, the reflections of the cellulose fibrils, and small amounts of
unreacted newberyite (denoted ‘N’) are present. (B) Granulometry of the <4 mm sawdust fraction
showed the majority of particles to be in the range of 0.5 — 2 mm. Most particles exhibited a high aspect
ratio, some exceeding 10 mm in length. The > 4 mm sawdust fraction passed an 8 mm screen but was
retained by a 4 mm screen. (C) The density of the composites is highly uniform across different sawdust
fractions. (D) Photograph showing the as-synthesized and saw-cut surfaces. The composites were cut
on a circular table saw with a carbide-tipped sawblade.



Fraction / %
(2] for]
GRAE

N
o

N
bl

Mineral

o
I

Figure S4. High resolution microtomography of high-density composites. Using specimens of ~12
mm edge length, a higher resolution with voxel size of 12 ym was achieved. (A)-(C) High density
composite with <4 mm sawdust fraction. (D)-(F) High density composite with > 4 mm sawdust fraction.
(A)&(D) 3D reconstruction of the microtomography data with the inorganics colored in blue. (B)&(E) The
sawdust particles are randomly oriented in (L). (C)&(F) In (ll), the texture of the sawdust particles is
visible. (G) The higher mineral content and lower sawdust content of the composite with <4 mm sawdust
fraction can be attributed to the higher intermixing of mineral and sawdust resulting from the presence
of fine wood particles. (H) Schematic representation of the convention used in this work. [1] is the

direction of compaction during synthesis, [II] denotes the long axis of the composites. (1) and () denote
planes normal to [L] and [ll], respectively.



Figure S5. Microstructure and elemental analysis. Backscattered electron micrograph and elemental
distribution maps for carbon, phosphorus, oxygen, and magnesium. The sample was polished using SiC
abrasive media, which results in filled lumina of the cross section (lower middle) with sanding residue.
The micrograph shows three sawdust particles of different orientation which are bonded by struvite.
Noteworthy is that the struvite crystal grew into the accessible lumina of the sawdust particle in the upper
right, leading to strong mechanical interlocking
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Figure S6. Fracture behavior during mechanical tests. (A) Specimens after tensile tests in [ll] (left)
and [1] (right). Specimens loaded in [lI] show a significantly higher roughness due to the orientation of
the sawdust particles in direction of the load. Specimens loaded in [L] show a comparatively smooth
fracture surface since the sawdust particles are oriented normal to the applied load. (B) Specimen after
compression test in [|l]. The specimen experiences high normal forces and failure predominantly occurs
in [L]. (C) Characteristic stress-strain-curve for specimens compressed in [L]. The specimen is in a
pseudo-elastic regime until ~8% strain, where it transitions into a second quasi-linear regime due to
collapse of the sawdust fraction in the transversal directions, since Norway spruce has a compressive
strength of ~4.2 MPa in the transversal directions*. At high strains > 30%, the composites undergo
densification similar to native spruce. The inset shows the plastic deformation of the composites after
compression to strains of 0.2 (left), 0.3 (middle), and 0.5 (right).
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Figure S7. Flame retardant performance. (A) Specimen at the beginning of the flammability test with
application of the flame on the surface of the specimen. (B) Specimen after the flammability test. (C)
Smoke production rate during forced combustion measurement. (D) Front of the specimen during flame

penetration test. (E) Back of the specimen after flame penetration test. (F) Front of the specimen after
flame penetration test.
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Figure S8. Recovery of mineral binder. (A)-(D) sawdust fraction after mechanical separation of
inorganic material. (E) Diffractogram of thermally-decomposed inorganic binder (black) showing
thénardite as the only crystalline phase remaining (green, ICSD collection code 28958). (F) The X-ray
diffractogram of the recovered newberyite (black) confirmed that it is of high purity (newberyite reference
in orange, ICSD collection code 8228").
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