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Delignified and densified wood is a mechanically strong and minimally corrosive
material. Yu et al. report that delignification raises the pH value of wood and
minimizes further acidic products even at elevated temperatures. Densification is
effective in reducing ion transport. These two factors effectively suppress
corrosion of galvanized steel, despite being in a hydrophilic material.
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SUMMARY

While densified wood emerges as a promising candidate to replace
metals in structural applications, joining densified wood is critical to
extend its size and shape for practical applications. Here, we inves-
tigate the roles of chemical composition and material microstruc-
ture in determining corrosion rates by studying the behavior of
galvanized low-carbon steel embedded in three wood materials:
natural basswood, delignified wood, and densified wood. Delignifi-
cation selectively reduces acidic precursors, hemicelluloses and
lignin, in wood and increases its pH value, which is also more stable
at elevated temperatures. Though delignification causes densified
wood to be more hydrophilic, the highly dense structure signifi-
cantly reduces ion diffusion in wood. Both delignification and densi-
fication lead to exceptionally low corrosion rates for metal
embedded within densified wood. This work sheds light on new ap-
proaches to corrosion resistance that can be applied to a broad
range of uses for engineered wood.

INTRODUCTION

Engineered wood is an emerging structural material."™ It is light, strong, and sus-
tainable. Treatment of natural wood with an alkaline solution followed by compres-
sion yields densified wood with a mechanical strength that rivals those of structural
metals.” Chemical process partially removes lignin and hemicelluloses from wood so
that compression can enable the complete collapse of the porous structure in the
wood and the formation of strong hydrogen bonding between the remaining
cellulose fibers. Engineered wood opens new application potentials in a range of
technology areas, from vehicles and buildings to thermal insulation and light
management.®"'® Wide adoption of engineered wood will have a profound impact
on sustainability, since most structural materials (e.g., metals, polymer fiber compos-
ites, and concrete) are produced with a large carbon footprint. For use of engineer-
ing wood in integrated structures, integration with metals is often needed to form
extended structures or complex three-dimensional (3D) shapes. To maintain the
high mechanical strength of the integrated structure, the metal/wood joint strength
needs to remain unchanged over the service lifetime of the structure.''"° However,
metal corrosion in wood structures is a well-known phenomenon.'*""” In the timber
industry, moisture and acetic acid are the biggest threats to metal being used
with timber.'® Densified delignified wood (densified wood) is known to be more
hydrophilic after the chemical treatment, which may accelerate galvanic corrosion
of the metal.>'* However, no studies have been done on the corrosion behavior
of metals embedded in densified wood.

In this report, we investigate the corrosion of galvanized low-carbon steel (GCS) in
engineered wood. Specifically, we compare the corrosion rates in natural wood
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Figure 1. Completely derived from natural wood, densified wood with a weak alkaline environment and low-porosity structure can be used as a low-
corrosivity structural timber

(A) Schematics of the metal corrosion embedded in natural wood, delignified wood, and densified wood, respectively.

(B) Performance comparison of densified wood, natural wood, and cement. All woods mentioned here are basswood.

(basswood), delignified wood after a chemical treatment, and densified wood after a
delignification and compression process (Figure 1A). In studying these three mate-
rials, we decouple the roles of chemical composition and material microstructure in
determining corrosion rates. Chemical treatment changes the pH value of wood
from slightly acidic to slightly basic as measured by the wood extract (pH of ~4.7 in-
creases to ~8.1 after treatment). Densification is expected to reduce the transport
rates of water and dissolved metal ions.

We have found that both reducing acidity and densification are beneficial in
reducing the corrosion rates of GCS embedded in wood. Our findings are important
for future engineered-wood designs. Their low corrosivity, coupled with high
strength, light weight, and sustainable production, makes engineered wood highly
desirable over typical structural materials like concrete (Figure 1B)."”"'?-?* The densi-
fied wood also overcomes the corrosive nature suffered by basswood itself. Further,
our work points to new directions of a low-corrosivity wood-structure design.
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Figure 2. Characterizations of natural wood, delignified wood, and densified wood

(A-F) Digital photograph (A-C) and SEM images (D-F) of natural wood, delignified wood, and densified wood. The scale bars in (A-C) are 1 cm and in
(D-F) are 200 um.

(G) Composition analysis (normalized by natural wood).

(H and 1) IR spectra (H) and pH evaluations (I) of natural wood and delignified wood at 80°C, 90°C, and 95°C (left to right). The error bars describe the
ranges of three repeated data points.

Common strategies on corrosion prevention focus on the use of preservatives and
thermal treatment to reduce hygroscopicity of the structure since minimizing water
is expected to reduce ion transport and interfacial reaction rates.'"”"?* In contrast,
our work shows that elimination of acidity and porosity are highly effective methods
for reducing corrosion.

RESULTS AND DISCUSSION

Fabrication of densified wood

We employ a two-step approach for the fabrication of a weakly alkaline, dense, and
mechanically strong material by a direct chemical treatment of natural wood fol-
lowed by hot pressing, which is referred to as “densified wood” (Figures 1A and
2A-2C; see Experimental procedures). The default time of chemical treatment (de-
lignification) is 8 h unless otherwise noted. The combined delignification-compres-
sion process reduces the thickness of natural wood to about 20% of its original value
and forms a dense, low-porosity structure (Figures 2D-2F). Natural wood has a high
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porosity and many intrinsic tubular channels (lumina, 20-80 pm in diameter), which
are essential to the fast transmission of nutrients and moisture in the wood (Fig-
ure 2D).?* The presence of lignin and hemicelluloses within the cellulosic fiber wall
imparts strength and rigidity to trees.”” A direct hot pressing of natural wood without
chemical treatment leaves many gaps in between collapsed cell walls (Figure S1). In
contrast, delignification reduces the amount of lignin and hemicellulose in the cellu-
losic fiber wall leading to a softer structure while not changing the thickness (no
collapse of pores; Figure 2E). When hot pressed at 100°C perpendicular to the
growth direction of the delignified wood, the tubular channels and the porous
wood walls completely collapse, resulting in both the thickness and porosity of
the wood being reduced to about 20% (Figures 2C, 2F, and S1). Quantitative values
are provided in Table S1 based on density measurement rather than N-adsorption
measurements, which did not yield appreciable adsorption (Figure S2).

While chemical treatment can partially remove lignin/hemicellulose from the wood
cell walls, there is much less cellulose loss because of the different stabilities of these
three components in the NaOH/Na,SOj3 solution (Figure 2G). The method of wood
composition analysis is shown in the Experimental procedures. Meanwhile, most
acidic functional groups in the rest of lignin/hemicellulose are removed, as shown
by Fourier-transform infrared (FTIR) analysis (Figures 2H and S3). Peaks at 1,537,
1,369, and 1,232 cm™ are associated with lignin. The 1,736 cm™ peak represents
carbonyl groups in lignin and acetyl groups in hemicelluloses, with the latter being
the source of acetic acid.”*™*® These peaks disappear after the chemical treatment.
Therefore, the delignified wood becomes a weak alkaline material with better ther-
mal stability impeding acidification even at elevated temperatures (Figures 2| and
S3). Dispersion of natural wood particles in water yields a pH of 4.70. Heating to
80°C and holding for 96 h results in a pH of 4.19. In contrast, the pH of deligni-
fied-wood samples only decreases from 8.10 to 7.25 even after 96 h at 95°C. Ideally,
the pH of delignified wood should be ~7 instead of ~8.1. The actual source of the
additional alkalinity is mostly likely due to residues of hydroxides and/or sulfite in
wood; however, the amount of these residues is very limited as there is no obvious
pH increase under evaluation at elevated temperatures over four days (Figure S4).

Influence of chemical delignification on corrosion behavior

We evaluated the influence of chemical delignification on the corrosion behavior of
GCS in a wood extract'® or directly embedded in the solid wood structure (Figure 3;
see Experimental procedures). The surface of the GCS is covered with a zinc coating.
In the wood extract, the rate of metal corrosion is purely determined by the chemical
properties of wood. Compared with the natural-wood extract, GCS in the deligni-
fied-wood extract exhibits a more positive corrosion potential and an order-of-
magnitude decrease in corrosion current (Figure 3B). For the corrosion curve, the
left branch corresponds to oxygen reduction and/or hydrogen evolution (cathodic
reaction), and the right branch represents metal oxidation (anodic reaction).?”° A
shift of pH changes the corrosion potential to a more positive value. Based on the
Pourbaix diagram, zinc corrosion products in natural-wood extract are soluble
(Zn?*, pH = 4.7) but precipitate as Zn(OH), at a pH of 8.1, the condition formed
by delignified wood.?" X-ray photoelectron spectroscopy (XPS) indeed showed
the presence of Zn-OH on the surface of corroded GCS in densified delignified
wood (Figure S5), which confirmed the formation of Zn(OH),. The zinc hydroxide
passive layer possibly impedes the process of both cathodic and anodic
reactions.’”*? The corrosion rate is determined by the charge-transfer process.
Electrochemical impedance spectroscopy (EIS) results (Figure S6) indeed show
that the values of charge-transfer resistance (R.) of two GCS electrodes in the
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Figure 3. The chemical influence on corrosion rate

(A) Schematics of the GCS soaked in natural-wood extract and delignified-wood extract, respectively.

(B) Potentiodynamic polarization curves for GCS in natural-wood extract and delignified-wood extract, respectively, at scan rate 10 mV min™' and at
298 K.

(C) Schematics of the GCS embedded in natural wood and delignified wood.

(D) Potentiodynamic polarization curves for GCS in natural wood and delignified wood at a scan rate 10 mV min~' and at 298 K.

(E) A summary of corrosion rates of GCS in extract and non-densified wood with different delignification times. The error bars describe the ranges of
three repeated data points.

delignified-wood extract are at least one order-of-magnitude larger than in the nat-
ural-wood extract.

We also evaluated the corrosion rates when GCS is embedded in the natural- and

delignified-wood samples (Figure 3C). In this test, the wood structure with the
embedded metal is soaked in a wood extract and serves as the working electrode.
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Both natural wood and delignified wood have high porosities and many micro-level
tubular channels. The porosity of natural wood is 73%. The porosities of delignified
wood with different delignification times are 78.7% (4 h), 80% (8 h), and 81.3% (12 h)
(Figure S3C). As a result, mass transport of water and ions is not expected to be
impeded, and the corrosion rates should be largely determined by pH. Indeed,
Figure 3D shows that delignified wood exhibited a more positive corrosion potential
and a decrease in corrosion rate. Finally, we also investigated the effect of
delignification time (from 4 to 12 h). The longer delignification time did not reduce
corrosion rates further (Figure 3E). This observation is consistent with the similar
chemical compositions in delignified-wood samples (Figure S3).

Structural factors influence on corrosion behavior

We next evaluate the structural influence (porosity of wood) on the corrosion
behavior of GCS embedded in wood. In porous wood (Figure 4A), ions and water
move freely as in bulk solution. When densified (Figure 4B), the structure of wood
substrates is expected to reduce the free-water content and impede the diffusion
of chemicals. As a result, the concentration of the zinc ion, c(Zn?*), a corrosion
product, is expected to be higher at the metal/wood interface (Figure 4B).°"
Thermodynamically, the c(Zn?*) at the zinc surface has a strong impact on the corro-
sion rate (i) and corrosion potential (E.) (Figure S7). An increase of c(Zn®*) will lead to
a decrease in the corrosion rate and a positive shift in the corrosion potential. Kinet-
ically, the transport of ions is slower when the wood is densified. EIS results
(Figures S8 and S9) indeed show that the ionic resistance (Rionic) of densified wood
is one order-of-magnitude larger than the wood extract or the non-densified
wood. It is worth mentioning that the ionic conductivity of wood is influenced
by both delignification and densification. Delignification makes the wood more
hydrophilic and promotes ion conduction. Densification for a given material always
reduces ion conduction. These two factors combined led to the observed higher
conductivity for densified delignified wood than that of the densified natural bass-
wood. The lower rate of ionic transport impedes the anodic and cathodic reactions
during metal corrosion leading to a lower corrosion rate. The lower corrosion rates
after densification of either natural wood or those after different degrees of deligni-
fication are consistent with these explanations (Figures 4D and 4E). Furthermore, the
long-term corrosion rates of GCS in natural wood and densified wood are evaluated
by storing metal-wood samples under a relative humidity of 100% over 1 year (Fig-
ure S10; see Experimental procedures). The corrosion rate of GCS in natural wood is
0.86 + 0.27 pA/cm2. In contrast, the corrosion rate of GCS in densified wood is
0.22 + 0.02 pA/cm™2. The long-term corrosion rates show the same trend as those
observed in electrochemical tests. Densified wood exhibits a much lower corrosivity
than natural wood.

We have observed the influence of both chemical and microstructure on the corro-
sion rate, imeasured- 10 quantitatively understand the corrosion rate (Figures 3 and 4;
Table S1), we adopt a recently published quantitative model for metal corrosion in
concrete to describe the effect of the porosity of the wood:*

1 P P,
imeasured = imax X1+ S — (Equation 1)

2 k+ (P — Po)?

where iy represents the maximum corrosion rate of a metal in a completely open
system (i.e., a solution or a highly porous structure) without any constraint of diffu-
sion rates imposed by the substrate. p is the porosity of the substrate. P is defined
as the transition point between a condition of the system behaving as in a bulk
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Figure 4. The structural influence on corrosion rate

(A and B) Schematics of the metal corrosion embedded in (A) high-porosity wood and (B) low-porosity wood.

(C) Potentiodynamic polarization curves for GCS embedded in natural wood and densified wood in corresponding extracts at a scan rate of 10 mV min”'
and at 298 K.

(D) Potentiodynamic polarization curves for GCS embedded in delignified wood and densified wood in corresponding extracts at a scan rate 10 mV min”’
and at 298 K.

(E) A summary of corrosion rates of GCS in non-densified wood and densified wood with different delignification times. The error bars describe the
ranges of three repeated data points.
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Figure 5. Mathematical model of corrosion rate of metal as a function of the porosity of substrate

(A) Relationship between the corrosion rate of embedded GCS and the porosity of densified-wood substrate. Dots represent the average experimental
value for a given sample, while the solid line is the result of fitting per Equation 1 (imax = 0.7 pA ecm?, P.ir = 0.46, and k = 0.05).
(B) Schematic diagram exhibits the relationship between the corrosion rate of embedded metal and the porosity of wood-like substrates.

solution and one where the ion transport is controlled by the pore structure. The con-
stant k describes the effect of total porosity on the probability of change of pore
interconnectivity.®

Fitting results based on this model unveil how the microstructure influences corrosion
rates (Figure 5A). At high porosities, the system behaves as in a bulk solution. Reducing
the porosity of substrate (wood) has no significant influence on ion/water diffusion and
the corrosion rate of 0.7 pA cm?, the fitting results of i,ay, until p approaches P (0.46).
Atthis point, a small decrease in porosity causes a steep reduction in corrosion rate. The
slope of this transition region between p of 0.46 to 0.2 depends on the k constant, which
is a measure of the degree of pore interconnectivity. Here, the k value is equal to 0.05.
We have found that data obtained from wood samples fabricated from different deligni-
fication times can all be fitted with this model, which is reasonable since all of the wood
samples have similar physical structures.

It is informative to compare our results with those reported for metal in cement,
which have a k value of ~0.001 and a P, of 0.185.%° The values of kand P, depend
on the microstructure (Figure 5B). Cement has an isotropic structure. Though the P,
of cement is lower than wood, decreasing porosity near P rapidly reduces ionic
transport since the probability of pore interconnectivity decreases quickly (formation
of dead ends or closed pores), which corresponds to a small k value. In
contrast, wood has an anisotropic structure where the ionic transport is fastest along
the wood-growth direction. Decreasing porosity near P has a lesser effect on
corrosion current since the pore interconnectivity is better maintained: a single

8 Cell Reports Physical Science 3, 100921, June 15, 2022
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passage between two parallel channels will maintain connectivity. In addition, the
hydrophilic pore walls themselves may also contribute to ion conduction. This is
consistent with previous reports that dense but highly aligned and hydrophilic struc-
ture tubular channels still provide good ionic diffusivity.'%** Hence, wood exhibits a
large k value. On the other hand, the higher P.,;; of densified wood means that the
anisotropic structure experiences the onset of ion transport limitation sooner than
the isotropic structure of cement. Compression is very effective in continuously
reducing the size of tubular channels.

We have thus shown that densified wood is a mechanically strong and minimally
corrosive material. Delignification raises the pH value of the wood and minimizes further
production of acids even at elevated temperatures. Densification is very effective in
reducing ion transport. These two factors effectively suppress corrosion of galvanized
steel despite being in a hydrophilic material. This work demonstrates the potential
use of densified wood in metal-wood integrated structures for sustainable, weight-sen-
sitive structures. Our work has mainly evaluated the embedded corrosion of metal in
fixed-thickness (porosity) timbers with saturated moisture levels. Further work is needed
to consider other conditions, such as the effect of temperature, salt, and moisture levels.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for the resources are available from the lead con-
tact, Ping Liu (piliu@eng.ucsd.edu).

Materials availability
The delignified wood and densified wood generated in this study are available from
the lead contact upon reasonable request.

Data and code availability
The data that support the findings of this study are available from the lead contact
upon reasonable request.

Materials and chemicals

All basswood samples were purchased from Midwest Products. Sodium hydroxide
(>97%, Sigma-Aldrich) and sodium sulfite (>98%, Sigma-Aldrich) and deionized
(Dl) water were used for wood processing.

Preparation of delignified wood

First, natural-wood blocks (typical sample dimension: 8 x 3 x 0.375 inches) were
immersed in a boiling aqueous solution of mixed 2.5 M NaOH and 0.4 M Na,SO3
for 4 to 12 h, followed by immersion for several times in boiling DI water to remove
the chemicals. Next, the wood blocks were cut to a suitable size (3 x 1 x 0.375 in-
ches) for the corrosion test. The first described dimension is the length along the
direction of wood growth.

Wood-composition analysis

The lignin content was measured based on Technical Association of Pulp and Paper
Industry Standard Method T 222-om-83. Specifically, 1.0000 g dry wood (m0) was
extracted with ethanol for 4 h to remove resin, fat, and wax. The extracted wood
powder was then treated with cold H,SO,4 (72%, 15 mL) for 2 h at 20°C. Then, the
mixtures were transferred to a beaker, diluted to 3 wt % H,SO, by adding 560 mL
of DI water, and boiled for 4 h. Finally, they were filtered and washed with DI water.
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The insoluble materials were dried and weighed (m1). The lignin content is calcu-
lated as: (m1/m0) x 100%.

The cellulose content was measured by the following method. First, 1.0000 g dry
wood (m0) and 25 mL nitric acid-alcohol mixture (the volume ratio of concentrated
nitric acid to ethanol is 1:4) was added into a 250 mL flask, then the mixture was re-
fluxed for 1 h in a boiling-water bath. This operation was repeated several times until
the fiber became completely white. Finally, the residue in the flask was transferred
into a sand core funnel with a known weight of m1, washed with DI water to
neutrality, dried in an oven at 105°C to a constant weight, and weighed (m2). The
cellulose content is calculated as: (m2 - m1)/m0 x 100%.

Holocellulose refers to the cellulose and hemicellulose in the raw materials of plants.
To determine the content of hemicellulose, we first measured the holocellulose
content. 2.000 g dry wood (m0) was extracted with a benzene/ethanol solution
(the volume ratio of benzene to ethanol [95% in water] is 2:1) for 6 h and then air
dried. The wood sample, 0.6 g of sodium chlorite, 0.5 mL of glacial acetic acid,
and 65 mL of distilled water were added into a 250 mL Erlenmeyer flask, which
was covered with a 25 mL small Erlenmeyer flask and heated in a water bath at
75°C for 1 h. Then, 0.6 g of sodium chlorite and 0.5 mL of glacial acetic acid was
added into the Erlenmeyer flask and heated at 75°C for another 1 h. This operation
was repeated several times until the fiber became completely white. Finally, the res-
idue in the flask was transferred into a sand core funnel with a known weight of m1,
washed with DI water to neutrality, dried in an oven at 105°C to a constant weight,
and weighed (m2). The holocellulose content is calculated as: (m2-m1)/m0 x 100%.
The hemicellulose content is equal to the holocellulose content minus the cellulose
content.

Preparation of wood extract

This method was reported by Zelinka et al.’® For the preparation of wood extract,
sawdust was added to DI water at a weight ratio of 1:10. The mixtures were sealed
in 120 mL glass vials and stored for 1 week at room temperature. After the extraction
period, the sawdust was separated out, and the clear solution was employed in the
experiment, referred to as wood extract.

Preparation of metal-wood couple

All wood samples were pre-soaked in boiling water for 1 h and cooled down to room
temperature by washing with DI water. GCS sheets (1.25 X 0.25 x 0.026 inches)
were ultrasonically cleaned with a soap solution, rinsed with DI water, further
degreased by acetone, rinsed again with DI water, and then inserted into wood
samples (1 x 0.375 inches) with pre-drilled holes (1 inch in depth). The pre-drilled
holes (1 x 0.25 x 0.026 inches) were in turn created by driving a piece of GCS sheet
into the wood. For densified wood, metal-wood couples were compressed under a
pressure of about 5 MPa at 100°C for about 1 day to obtain the densified wood
(3 X 1 x ~0.08 inches). As densified wood in the extract solution has swelling issues,
we employed two plates to fix the thickness of densified wood during the corrosion
evaluations. In Figure 5, we controlled the distance between the plates to let densi-
fied wood swell to “partially densified” states (0.1 and 0.12 inches thick, respectively)
in the extract solution.

Electrochemical tests

Corrosion evaluations were carried out using a three-electrode cell set up controlled
by a CHI660E potentiostat. The working electrode is a GCS sheet
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(0.25 x 1.25 x 0.026 inches). For the metal in wood-extract experiments, a 0.5 inch?
region of the sheet was immersed in the extract solution. For the metal in wood sam-
ples, they were pre-soaked in extract for 3 days. Pre-soaking the sample in the
extract helps to ensure the interface between metal and wood is fully wet. We use
the extract solution in order to minimize the change in the wood composition, which
includes the leaching of ions if water is used. We also think that the extract solution is
preferred over a neutral salt electrolyte, which might still change the solution
composition at the wood/metal interface. Platinum wire and Ag/AgCl electrode
(pre-soaked in potassium chloride solution) served as the counter and reference
electrodes, respectively. Potentiodynamic polarization curves were obtained by
scanning from a potential from -250 to +250 mV versus open-circuit potential
(OCP) at a scan rate of 10 mV min™".

The EIS measurements were carried out using a two-electrode configuration
controlled by a Biologic electrochemical system (VSP-300). Two GCS sheets were
used as the electrodes (1 cm? in active area). The frequency range was 7 MHz to
0.1 Hz. For experiments performed in the extract solution, two electrodes were
positioned 1 inch apart in parallel. For experiments performed in the wood samples,
non-densified wood (1 x 0.25 X 0.25 inches) and densified wood (1 x 0.25 x ~0.05
inches) were pre-soaked in extract for 3 days. The wood sample was then sand-
wiched between two electrodes along the wood-growth direction. Meanwhile,
two insulated plates were employed to fix the thickness of wood during the test.
All experiments were conducted under ambient conditions at room temperature.
For each condition, three repeated data points were obtained.

Long-term corrosion test

Clean GCS sheets (1 x 0.25 x 0.026 inches) were fully inserted into wood samples with
pre-drilled holes. For natural wood, the metal-wood couples were dried at 60 °C in the
vacuum oven for about 1 day. For densified wood, metal-wood couples were dried and
compressed under a pressure of about 5 MPa at 100°C for about 1 day. Then, metal-
wood couples were stored in lab-made humidity boxes. The relative humidity in the
box is 100%, balanced by DI-water (stored in one beaker inside the box). Every month
during the long-term corrosion test, we opened the humidity box to refill DI water and
then sealed it again. The corrosion rate of metal in wood was determined by the weight
loss after removing corrosion products. The weight of fresh metal is designated as m0.
After 1 year of corrosion tests, we excavated the metal from the wood and carefully
removed the corrosion products with a steel blade. After this process, the weight of
metal is designated as m1. The corrosion rate of metal in wood is calculated as (mO -
m1)/(area X time). For each condition, three samples were tested.

pH test

Sawdust was added to DI water at a weight ratio of 1:10. For room-temperature
evaluation, the pH of the extract was measured after 1 week of storage. For
elevated-temperature evaluation (80°C, 90°C, and 95°C), the pH of the extract
was measured after designated time: 0, 1, 2, and 4 days. During the extraction
period, mixtures were sealed in 25 mL glass vials. All pH values were measured by
a Multi-Parameter Smart Tester (LLC-AI3719 PC60-Z, Apera Instruments). Each
condition contains three repeated data points.

Structural characterizations

A scanning electron microscope (SEM; Hitachi SU-70) was used to characterize
the morphology of the wood samples. Infrared spectra were obtained on a
ThermoScientific Nicolet 6,700 system.
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