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Abstract: Reactive chemical modifcations have been shown to impart decay resistance to wood. 
These modifcations change hydroxyl availability, water uptake, surface energy, and the nanostructure 
of wood. Because fungal action occurs on the micro and nano scale, further investigation into the 
nanostructure may lead to better strategies to prevent fungal decay. The aim of this article is to 
introduce our fndings using small angle neutron scattering (SANS) to probe the effects of chemical 
modifcations on the nanostructure of wood fbers. Southern pine wood fber samples were chemically 
modifed to various weight percentage gains (WPG) using propylene oxide (PO), butylene oxide 
(BO), or acetic anhydride (AA). After modifcation, the samples were water leached for two weeks to 
remove any unreacted reagents, homopolymers or by-products and then the equilibrium moisture 
content (EMC) was determined. Laboratory soil-block-decay evaluations against the brown rot 
fungus Gloeophyllum trabeum were performed to determine weight loss and decay resistance of the 
modifcations. To assist in understanding the mechanism behind fungal decay resistance, SANS was 
used to study samples that were fully immersed in deuterium oxide (D2O). These measurements 
revealed that modifying the fbers led to differences in the swollen wood nanostructure compared 
to unmodifed wood fbers. Moreover, the modifcations led to differences in the nanoscale features 
observed in samples that were exposed to brown rot fungal attack compared to unmodifed wood Citation: Plaza, N.Z.; Pingali, S.V.; 
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1. Introduction 

Solid wood and products containing wood fbers, like other biological materials, are 
susceptible to deterioration when used outdoors [1]. Covalently attaching compounds 
to the hydroxyl groups in wood (solid or fbers) provides increased protection against 
decay from brown rot, for instance, without leaching out toxic chemicals into the envi-
ronment [2]. The mechanisms by which these chemical modifcations provide improved 
properties, particularly fungal decay resistance, is still an ongoing area of research. Most 
research indicates that lowering the moisture content of the end product is important for 
the decreased susceptibility of modifed wood to wood-decay fungi [3–6]. Moreover, recent 
studies have shown that chemical modifcations can lead to nanostructural changes [7,8] 
and alter the nanoscale moisture distribution inside wood cell walls [9–12], which in turn 
likely has an impact on the susceptibility of wood nanostructure to biodegradation. An 
improved fundamental understanding of how modifcations change the nanostructure of 
solid wood and fbers and how these changes are correlated to the moisture content would 
accelerate the development of new protection treatments. Probing these nanostructural 
changes (ranging from 1 to over 100 nm) can be diffcult due to the inherently low contrast 
between the different lignocellulosic polymers. Small-angle neutron scattering (SANS) is 
uniquely suited to access this information with minimal sample preparation, and contrast 
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can be easily increased by introducing heavy water (D2O) into the wood cells either via 
moisture uptake [13,14] or full sample immersion [7,8,15]. 

While studying the chemical modifcation of wood fbers has the potential of providing 
new insights due to the increased number of surfaces available for modifcation, much 
of the research on chemical modifcation of wood has focused on solid wood. Previous 
studies with modifed solid wood found a correlation between the equilibrium moisture 
content (EMC) and decay resistance for wood modifed with some chemicals [16]. For solid 
wood modifed with butylene oxide (BO) and acetic anhydride (AA), the decay resistance 
increased as the EMC of the wood decreased [17]. By contrast, in PO-modifed wood, the 
decay resistance increased with increasing weight percentage gain (WPG), but the EMC 
did not decrease. More recently, SANS studies have revealed that solid wood chemically 
modifed for decay resistance with high levels of alkylene oxides preserved the microfbril 
structure from fungal decay and reduced the swelling of the microfbrils. [11]. While SANS 
has been used to monitor the nanostructural changes that occur during the dilute acid 
pretreatment of switchgrass [18] and steam-heat treating of aspen wood chips [19], the 
changes caused by modifcation of wood fbers have not been explored yet. 

Here, we studied the effects of modifying wood fbers with three different chemicals— 
two alkylene oxides, BO and PO, and one anhydride, acetic anhydride (AA)—on the fungal 
decay and the equilibrium moisture content of the modifed fbers. Furthermore, using 
SANS we found that different chemicals altered differently the wood fber nanostructure 
(i.e., spatial features within 1 to 100 nm), and that all effective chemical modifcations 
were able to preserve the modifed nanostructure from fungal decay to different extents, 
indicating different nanostructural pathways to achieve fungal decay resistance. 

2. Materials and Methods 

Butylene oxide (BO) and acetic anhydride (AA) were obtained from Eastman Chemical 
Company (Kingsport, TN, USA), while propylene oxide (PO) and triethylamine (TEA) were 
obtained from Sigma-Aldrich Chemical Company (Milwaukee, WI, USA). The southern 
pine wood fber (Pinus spp.) was obtained from Templen Forest Products Corporation 
(Lubbock, TX, USA). The fber was produced using pulp chips from the paper mill that 
were hard cooked in a batch digester for 6 min at 180 psi steam. The heated chips were 
then run through a Bauer Single Refner to produce the fber. 

Chemical modifcations: Southern pine fber was screened with a fne sieve (stainless 
steel mesh of 200 × 200) to remove any fne particles. The fbers were then washed with 
reverse osmosis (RO) water, oven dried at 105 ◦C for 24 h in a forced draft oven and 
weighed prior to reaction with BO, PO, or AA. The reactions between the wood hydroxyl 
groups and PO, BO and AA are described in Equations (1)–(3), respectively: 

PO: Wood-OH + CH3-CH(-O-)CH2→Wood-O-CH2CH(OH)-CH3 (1) 

BO: Wood-OH + CH3-CH2-CH(-O-)CH2→Wood-O-CH2CH(OH)-CH2-CH3 (2) 

AA: Wood-OH + CH3-C(=O)-O-C(=O)-CH3→Wood-O-C(=O)-CH3 + CH3-C(=O)-OH (3) 

BO and PO reactions were performed in a stainless steel reaction vessel (Parr Instru-
ment Company, Moline, IL, USA). The vessel was loaded with fbers (about 30 g), the 
alkylene oxide (either BO or PO) and the catalyst (TEA) (95:5 (v:v)), and then fushed with 
dry nitrogen. The temperature was raised gradually to 110 ◦C or 120 ◦C and then the vessel 
was pressurized to 150 psi and held for various times [20,21]. The reaction times (up to 6 h) 
were measured from the point of reaching the reaction temperature until the vessel was 
put in cold water to stop the reaction. The treating solution was drained off. Chemically 
modifed fbers were air-dried under a fume hood overnight prior to oven drying at 105 ◦C 
for 24 h. This process was repeated several times to produce a total of 120 g of modifed 
fbers of each modifcation level. The weight percent gains (WPG) were calculated from 
the average oven-dried weights of the individual batches (3–4 replicates). For acetylation, 
the fber was dipped in AA for 1 min. Excess solution was drained for 5 min. The fber 
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was placed in a one-liter glass reactor that was heated with an oil bath at 120–125 ◦C from 
22 min up to 240 min. The modifed fber was oven dried at 105 ◦C for 24 h and the WPG 
was calculated. A portion of fbers (about 30 g) from each level of modifcation were water 
leached for 14 days [22] and WPG was calculated. Acetyl content was determined on both 
the leached and unleached unmodifed and acetylated fbers (AF) using anion-exchange, 
high-performance liquid chromatography with suppressed conductivity detection [17]. 

Equilibrium moisture content (EMC): EMC of unmodifed and modifed fber was 
determined by placing 1 g of oven-dried fber in a constant humidity room at 90% relative 
humidity (RH) and 27 ◦C. The fber samples were wrapped in netting material to allow 
even airfow around the samples without loss of fbers (Supplementary Figure S1a). After 
14 days, samples were reweighed until stable, and the EMC was determined. Six replicates 
of each treatment were run and averaged. 

Brown rot fungal exposure: A modifed ASTM D 1413 standard soil block test was per-
formed on fber samples [23] (Supplementary Figure S1b). Five soil bottles each of unmodi-
fed controls and BO, PO, or AA-modifed samples of southern pine fber (0.5 g) samples 
were exposed to the brown rot fungus Gloeophyllum trabeum (Pers (Murril) 1908 MAD 617) 
(USDA-NRS-FMHC, Forest Products Laboratory, Madison, WI, USA) in an environmental 
chamber set at 26.7 ◦C and 70% RH. Two soil bottles each with no fungus were run to 
monitor leaching of any unreacted reagents, homopolymers, or by-products. The fber 
weight loss of the unmodifed controls was monitored weekly. When 50% weight loss was 
reached with the unmodifed fber controls (at 10 weeks), all fber samples were removed 
from the test and transferred to small glass weighing bottles, where the fbers were air dried 
overnight and then oven dried for 24 h. The extent of decay was determined as oven dry 
weight loss (WL). To determine the WL solely caused by the brown rot exposure, the no-
fungus WL was subtracted from all other WL measurements to remove any contributions 
caused by the leaching of any chemicals during the 10-week test. This test was performed 
on unleached and water-leached samples. 

Small angle neutron scattering (SANS): A subset of samples with different WPGs 
and WLs were measured using SANS. Selected WPGs and WLs of the measured fbers 
were comparable to those WPG and WL values of solid wood modifed with PO and BO, 
previously reported by Ibach et al. 2022 [11]. A collection of wood fbers weighing about 
0.03 g total was placed inside the Titanium cells with 1mm path length (Supplementary 
Figure S1c), and the cell was flled with D2O. These fber samples were soaked in D2O 
inside the cell for over 12 h; the cell was re-flled with D2O as needed and any air bubbles 
were removed. All SANS measurements were performed at the Bio-SANS instrument in 
the Cold Guide Hall of the High Flux Isotope Reactor (HFIR) facility of the Oak Ridge 
National Laboratory (ORNL). For these measurements, the neutron incident wavelength 
was 6Å, with a relative wavelength spread of 13.2%. To access a wide dynamic q-range of 
0.003–0.85Å−1, a single dual-detector confguration was used with the main detector at 
15.5 m, and the curved west wing detector (that is fxed at a radius of 1.13 m) was rotated 
to 1.4◦ . The detector patterns were normalized by monitor counts and corrected for dark 
current, pixel sensitivity, solid angle, and background. Then, using the ORNL neutron 
facility developed drt-sans reduction script provided by the instrument scientist, SANS 
data were reduced and azimuthally averaged isotropically to produce 1D SANS profles. 
The isotropic scattering profles were ftted using a Unifed Fit model with three structural 
levels to model changes in the low-q (q < 0.01 Å−1), mid-q (0.01–0.08 Å−1) and high-q 
(0.08–0.5 Å−1) regions as conducted previously for analysis of SANS data from lignocel-
lulosic biomass [18,24]. A power-law exponent, P, and/or a characteristic dimension, Rg, 
were extracted for each structural level [25,26]. A detector artifact was observed around 
q = 0.5 Å−1; thus, data beyond this value were not included in the ftting range. All analysis 
was performed using the Unifed Fit tool in the Irena macro [27] in Igor Pro 8 (Wavemetrics 
Portland, OR, USA). 

https://0.01�0.08
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3. Results 
3.1. Chemical Modifcation, Decay and EMC 

The reaction times of BO were run up to a maximum of 6 h, whereas the reaction times 
of PO were only run to a maximum of 60 min to achieve weight percentage gain (WPG) 
values around 20 and 25 WPG, respectively (Tables 1 and 2). There was only a small amount 
of weight loss after water leaching (less than 2%) compared to a previous study on solid 
wood (between 2 to 8%) [11]. The higher reaction temperature of 120 ◦C provided only 
slightly higher WPG compared to the 110 ◦C samples for both BO and PO. The reaction 
times of AA were run up to 4 h to achieve a maximum of ~15WPG and ~16–17% acetyl 
content (Table 3). After two weeks of water leaching, only negligible weight loss and acetyl 
loss was observed for the AA modifed samples. 

Table 1. Weight percent gain of BO modifed wood fber before and after water leaching. 

Butylene Oxide (5% TEA, 150 psi) 

Reaction Temperature Reaction Time 
(min/h) 

Unleached 
(WPG) 

Water Leached 
(WPG) 

110 ◦C 
110 ◦C 
110 ◦C 
110 ◦C 
110 ◦C 
120 ◦C 

0 min 
20 min 

1 h 
2 h 
4 h 
6 h 

0 
6.5 

11.8 
17.9 
20.7 
20.9 

−3.3 
6.1 

11.1 
17.0 
19.6 
19.5 

Table 2. Weight percent gain of PO modifed wood fber before and after water leaching. 

Propylene Oxide (5% TEA, 150 psi) 

Reaction Temperature Reaction Time 
(min/h) 

Unleached 
(WPG) 

Water Leached 
(WPG) 

110 ◦C 
110 ◦C 
110 ◦C 
110 ◦C 
110 ◦C 
120 ◦C 

0 
5 min 

15 min 
30 min 
60 min 
60 min 

0 
7.5 

15.3 
21.0 
24.9 
25.7 

−2.1 
7.0 

14.2 
19.6 
23.6 
24.1 

Table 3. Weight percent gain and acetyl content of AA modifed wood fber before and after 
water leaching. 

Acetic Anhydride 

Reaction Time Unleached Water Leached 

(min/h) (WPG) Acetyl (%) (WPG) Acetyl (%) 

Fiber 0 0 1.0 −3.9 1.0 
1 min dip 22 min 4.5 7.5 4.1 6.4 

5 min drain 40 min 8.8 11.9 8.6 12.0 
120–125 ◦C 2 h 13.4 15.3 12.8 15.5 

oil bath 4 h 14.8 16.3 14.3 17.0 

When determining the fungal decay resistance of lignocelluloses with the soil block 
test [28], samples with <10% weight loss are considered a success (highly resistant). Weight 
losses in excess of 11% but less than 24% are considered resistant and weight losses between 
25% and 44% are considered moderately resistant. Over 44% weight loss is a failure (not 
resistant). Modifcation with BO was highly resistant (<1% WL) at 18 WPG for both the 
leached and unleached samples. The PO modifed fbers were highly resistant at 15 WPG 
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(3% WL) for the unleached and 21 WPG (1.7% WL) for the leached samples. The AA-
modifed fber was highly resistant in arresting decay at 9% WPG (12% acetyl) for the 
unleached (5.9% WL) and 13% WPG (15.5% acetyl) for the leached (2.7% WL) samples. 

Figure 1 shows the weight loss and the EMC of the water-leached samples for each 
WPG evaluated. All modifcations showed fungal decay resistance with increasing WPG. 
BO and AA showed a correlation between decay weight loss and EMC; in other words, as 
the weight loss from decay decreases, so does the EMC, whereas the PO did not show a 
decrease in EMC as the decay weight loss decreased. 
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Figure 1. Effects of two different alkylene oxides and one anhydride modifcation on the weight loss 
(WL, left-y axis) and equilibrium moisture content (EMC, y-right axis) at 90% RH and 27 ◦C for wood 
fbers modifed with (a) butylene oxide (BOF), and (b) propylene oxide (POF), (c) acetic anhydride 
(AF). EMC measurements were performed with six replicates, WPG were calculated from triplicates, 
and WL measurements had 5 replicates. Data points correspond to the mean values and the error 
bars are the standard deviations. 

To further understand the mechanism of fungal decay resistance in the modifed wood 
fbers, SANS experiments were performed on a subset of wood fbers with and without 
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brown rot exposure. Details with regards to the modifcation and decay levels of these 
samples are listed in Table 4. 

Table 4. Description of samples studied using SANS. 

Modifcation Level 
WPG (%) 

Decay Level 
WL (%) Sample Description 

Unmodifed Wood Fiber (UWF) 0 -
UWF exposed to brown rot exposure (UWF-BRE) 0 54.9 

Wood fber lightly modifed with butylene oxide (BOF7) 6.5 -
Wood fber modifed with butylene oxide (BOF21) 20.9 -

BOF2 exposed to brown rot (BOF21-BRE) 20.9 −0.6 
Wood fber lightly modifed with propylene oxide (POF7) 7.5 -

Wood fber modifed with propylene oxide (POF21) 21.0 -
POF7 exposed to brown rot (POF7-BRE) 7.5 43.5 

POF21 exposed to brown rot (POF21-BRE) 21.0 1.7 
Acetylated wood fber (AF15) 14.8 -

AF exposed to brown rot (AF15-BRE) 14.8 0.4 

3.2. Nanostructure of Chemically Modifed Wood Fibers 

The scattering length density (SLD), which is a measure of how strong neutrons scatter 
by a molecule, of heavy water (D2O) is much larger (6.3 × 10−6 Å−2) than the SLD of 
the wood polymers even after chemical modifcation (1.87 × 10−6Å−2 for cellulose vs. 
1.1–1.6 × 10−6 Å−2 for a modifed wood polymer). Thus, when unmodifed wood fbers 
or modifed fbers are immersed in D2O, the source of contrast giving rise to isotropic 
scattering profles is the same: water-accessible regions vs. non-water-accessible regions 
inside the wood fbers. The scattering profles of all the fbers measured in this study consist 
of three structural levels, namely, the low-q, mid-q, and high-q regions (Figure 2). Scattering 
from smooth surfaces dominates below q = 0.01 Å−1 and are responsible for a sharp increase 
in the power-law exponent of the low-q scattering. Modifying the fbers leads to distinct 
differences in the mid-q (0.01 Å−1 < q <0.08 Å−1) and high−q (q > 0.08 Å−1) regions. The 
size of lignin agglomerates and/or the cross-section of bundles of cellulose elementary 
fbrils (i.e., microfbrils) can contribute to the scattering in the mid-q region, whereas the 
diameter of the individual elementary fbrils contributes more strongly to the high-q region. 
Thus, the similarities between the profles of the heavily modifed fbers indicate that at this 
level the modifcation is altering the wood fber nanostructure similarly. For all modifed 
fbers, we observed an increase in the mid-q region combined with a decrease in the high-q 
region. This indicates that there is less water going inside the cellulose microfbrils, and 
thus the scattering contribution of the individual elementary fbrils is reduced. At the lower 
levels of modifcation, we observe differences between BO- and PO-modifed wood fbers 
that are not noticeable at the higher levels. BOF7 is more closely templating the unmodifed 
wood nanostructure (Figure 2a), whereas the nanostructure of the POF7 is similar to that 
of the POF21 sample (Figure 2b). For the AF15 (Figure 2c), we observe an increase in the 
mid-q scattering region similar to the PO samples, but the scattering of the high-q region is 
not as strongly reduced as in other modifed samples. 

By ftting the SANS data with a Unifed Fit model with three structural levels, we 
can quantify the differences observed in the mid-q and high-q regions in terms of their 
associated power law and/or characteristic dimension Rg, which are listed in Table 5. 
Chemical modifcation did not change the low-q power law scattering exponent, which 
was close to ~4 for all samples, indicating scatterings from relatively smooth surfaces 
of large objects are dominating this region. Thus, the power law exponent was fxed at 
four for subsequent analysis for most samples. In the mid-q region, the cross-section of 
the microfbrils, whose mean diameter is about 20 nm [15,29–31], as well as hydrophobic 
nanodomains in the wood polymer matrix can contribute to the scattering intensity. The 
unmodifed fbers and BO-modifed fbers only showed power law scattering with expo-
nents ranging between ~1 to ~1.5. This behavior is likely caused by the strong contribution 
of the scattering from the long cellulose fbrils. For PO- and AA-modifed fbers, the most 
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pronounced change is the emergence of a new characteristic length scale in the mid-q region 
that is shown as a shoulder around q ~0.025 Å−1 in Figure 2b,c. The size of this feature is 
larger in the AF sample than in the POF samples, and the underlying power law is also 
different between these two modifcations. These differences may be in part attributed to 
the differences observed in the high-q region. For the AF sample, the scattering from the ele-
mentary fbrils is stronger and their Rg is larger than the one observed for unmodifed fber 
(Supplementary Figures S1 and S2). Conversely, for PO fbers, the scattering contribution 
from the elementary fbrils is reduced, which increases the uncertainty in the measured Rg 
value (Supplementary Figure S3). 
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Figure 2. Effects of chemical modifcation on the SANS profles obtained from wood fbers modifed 
with (a) butylene oxide, (b) propylene oxide and (c) acetic anhydride. Data is shown as open symbols, 
and overlaid lines correspond to model fts. The arrows indicate the effects of increasing WPG on the 
mid-q and high-q scattering regions. 
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Table 5. Effects of modifcation on the scattering parameters. Uncertainties for each parameter are 
included in parenthesis. 

Low-q Mid-q High-q 
Sample q < 0.01 Å−1 0.01 Å−1 < q < 0.08 Å−1 q > 0.08 Å−1 

P1 P2 Rg (Å) Rg (Å) 

UWF 4 1.01 (0.02) - 11.5 (1.3) 
BOF7 4 0.95 (0.06) - 11.6 (1.4) 
BOF21 4 1.5 (0.06) - 11.4 (1) 
POF7 3.7 (0.02) 2.1 (0.3) 48.3 (2.9) 9 (4.1) 

POF21 4 2.9 (0.4) 52.2 (2.6) 11.9 (2) 
AF15 4 1.8 (0.7) 65.4 (4.6) 13.6 (2.4) 

3.3. Effects of Brown Rot Exposure on Nanostructure of Chemically Modifed Wood Fibers 

Once the unmodifed wood fbers have been exposed to brown rot fungi for 10 weeks, 
they become discolored and more brittle; however, there are no changes in the nanostruc-
ture due to the exposure, as refected by the almost identical scattering features between 
UWF and UWF-BRE (Figure 3a). The scattering profles from BRE-modifed wood fbers 
show differences in the mid-q and high-q regions compared to the UWF-BRE. These differ-
ences indicate that the brown rot exposure interacted differently with the modifed wood 
polymers and consequently gave rise to different nanostructural features. For instance, 
for BOF21-BRE there is a clear mid-q scattering shoulder that was not observed in the 
BOF21 sample. The presence of a shoulder in the profle indicates that there is a new 
particle/agglomerate with a characteristic length scale contributing to the scattering. The 
increased mid-q scattering shoulder (around q~0.25 Å) has been previously attributed to the 
formation of repolymerized lignin agglomerates in brown-rot-exposed biomass, whereas 
for POF21-BRE, the scattering intensity in the high-q region increases and resembles more 
the scattering from unmodifed wood. For AF15-BRE, the two shoulder features become 
more distinct and both shift towards higher q (Figure 3d). This shift indicates that the 
characteristic length scales associated with the shoulders are smaller for the AF15-BRE 
compared to the AF15 sample. 

The structural parameters obtained from ftting the scattering profles to a Unifed 
Fit model with three structural levels are listed in Table 6. No differences were observed 
at the low q (q < 0.01), and preliminary fts indicated that the low-q power law exponent 
was ~4 for all samples, indicative of scattering from relatively smooth surfaces. Given 
the short range over which the low-q power law dominates and the lack of differences 
between samples, for most samples the power law exponent of this level was fxed at 4 for 
the subsequent uncertainty analysis. All modifed fber samples showed increased power 
law exponents and a shoulder in the mid-q region with an Rg of about 50 Å for all samples, 
regardless of the chemical used. Differences in the mid-q region between UWF-BRE and 
the modifed fbers indicate that the modifcation changes how the brown rot exposure 
affects the wood fbers’ nanostructure. In the high-q region, there was an increase in the 
Rg for unmodifed fbers and fbers modifed with PO compared to samples that had not 
been exposed to brown rot. By contrast, the high-q Rg in BO fbers was unchanged after 
exposure, indicating that the cross-section of the elementary fbrils was protected from 
decay. For the AF15 fbers, the Rg decreased in size post-exposure and became comparable 
to the values observed for UWF. 
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Table 6. Effects of brown rot exposure on the scattering parameters. Uncertainties for each parameter 
are included in parenthesis. 

Sample 
Low-q 

q < 0.01 Å−1 
Mid-q 

0.01 Å−1 < q < 0.08 Å−1 
High-q 

q > 0.08 Å−1 

P1 P2 Rg (Å) Rg (Å) 

UWF-BRE 
BOF21-BRE 
POF7-BRE 
POF21-BRE 
AF15-BRE 

4 
4 (0.07) 
4 (0.05) 

4 
4 

0.95 (0.02) 
3.36 (0.4) 
2.8 (0.1) 
2.2 (0.1) 
3 (0.4) 

-
50.4 (1.5) 
55.8 (2.2) 
50.5 (3.5) 
54.9 (3.4) 

13.5 (0.8) 
11.8 (1.3) 
10.3 (3) 

15.4 (1.6) 
11 (0.6) 

4. Discussion 

Combining SANS with EMC and fungal resistance analysis revealed that effective 
chemical modifcations can arrest decay by imparting different changes to the wood fber 
nanostructure. The differences observed between the different chemical modifcations 
suggest that the chemicals interact with different wood polymers to impart decay resistance, 
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which leads to changes in the effective Rg of the elementary fbrils before and after brown rot 
exposure and new hydrophobic domains whose Rg is in the range of 6–8 nm. Some of these 
nanostructural features are comparable to those previously observed in decay-resistant, 
chemically modifed solid wood [11], despite the fact that the wood fbers modifed in this 
study are likely not representative of those found in unmodifed wood, due to differences 
in their processing history. 

The process used to produce the wood fbers in this study likely led to coalescence of 
individual elementary fbrils, which in turn increased the high-q Rg compared to unmodi-
fed/native wood. Thermal treatments have been shown to increase cellulose crystallite 
size in cellulosic systems [32–34] and even lead to increased Rg, due to the coalescence of 
elementary fbrils in steam-treated aspen [19]. Hydrothermal treatments of aspen have 
even led to the formation of lignin agglomerates; however, in this work we did not observe 
this effect, probably due to the relatively short time of hydrothermal treatment used to 
produce the fbers. Regardless of this pre-modifcation effect, after a 10-week exposure to 
brown rot, the Rg of the elementary fbrils increased from 11.5 to 13.6, which agrees with 
previously reported data showing that as the decay by G. trabeum progresses, the wood 
nanostructure opens up, due to the exposure, and eventually the cellulose amorphous 
surfaces are eroded [24,35,36]. 

Heavily modifying solid wood with over 15WPG of alkylene oxides such as epoxy-
butene, propylene oxide and butylene oxide resulted in similar mid-q shoulder features [11] 
as those observed in PO and AA modifed fbers. For modifed solid wood, this mid-q 
shoulder was previously attributed to scattering from new hydrophobic domains that are 
formed due to the modifcation, which could include: bundles of elementary fbrils that are 
inaccessible to water as well as modifed wood polymer nanodomains in the matrix. The 
similarities between PO-modifed solid wood and fber indicate that the source of scattering 
is similar, regardless of any potential effects of the pre-processing of the fbers. Considering 
that PO and AA have been reported to be more reactive with lignin [21,37], it is likely that 
their interaction with lignin led to the increased mid-q scattering. In the context of the wood 
cell wall nanostructure, this would indicate that both PO and AA are likely interacting with 
the lignin-rich matrix, where the cellulose microfbrils are embedded with different degrees 
of effcacy. For AA, which is also reactive with hemicellulose, the interaction between AA 
and the wood polymers leads to the emergence of a mid-q shoulder while preserving the 
high-q scattering contribution from the elementary fbrils, which is reduced in PO-modifed 
fbers. This would indicate that modifcation with AA keeps water outside the cellulose 
microfbrils, whereas PO does not. For BO fbers, there is no mid-q shoulder observed, 
even though a mid-q feature was observed for BO-solid wood. This would indicate that the 
source of the mid-q shoulder was different between BO and PO. In solid wood, BO lowered 
both the EMC and the microfbril swelling with increasing WPG; thus, it is conceivable that 
the size of the bundles of inaccessible elementary fbrils was contributing strongly to the 
mid-q shoulder, whereas in the BO fbers, this contribution would have been much weaker 
because fber processing likely increased the microfbril size. 

Although all fber modifcations were considered effective at higher WPGs, they 
imparted decay resistance by modifying the nanostructural degradation differently. This 
clearly indicates that there are various pathways to attain fungal decay resistance that are 
likely infuenced by the wood polymers spatial architecture as well as any preferential 
interactions between the chemicals and the wood polymers. While the spatial architecture 
of the wood polymers in the wood cell walls is still being elucidated, most recent evidence 
suggests that hemicelluloses such as xylan and glucomannans are closely interacting with 
the cellulose elementary fbrils [38–40], whereas lignin is mostly found outside the cellulose 
microfbrils, whose cross-section is about 20 nm [15,29–31]. The lignin in the matrix is 
thought to form nanodomains or agglomerates [41,42] with a broad size distribution 
(below 200 nm) that are subject to deformation and can be repolymerized by the brown rot 
exposure [6,43]. The Rg of these lignin agglomerates ranges from 6 nm to over 13 nm, and 
its emergence has been observed due to biorefnery-relevant pre-treatments [19,44,45], BR 
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exposure, and/or treatments meant to mimic biological degradation [24,36]. The formation 
of repolymerized lignin aggregates increases with BR exposure time (from 0 to 42 days), 
and any remaining fungal presence (i.e., enzymes, mycelia, etc.) did not contribute to the 
scattering data [24]. It should be noted that these repolymerized lignin agglomerates may 
not be recognizable as lignin that is initially found in the wood cell walls [46,47]. Since AA 
and BO were both able to protect the individual elementary fbrils from degradation and the 
Rg remained unaltered (compared to UWF) after exposure, this would suggest that these 
chemicals are likely interacting with the hemicelluloses and/or the amorphous celluloses 
between elementary fbrils. On the other hand, PO, which had about 2% WL due to BRE, 
did not protect the elementary fbrils, and the Rg increased following the BR exposure. 
The differences observed between the different chemicals studied suggest that AA and PO 
interact with the lignin-rich matrix and BO does not. The differences in the mid-q power law 
scattering behavior between AA and PO suggest that their interaction with the lignin-rich 
matrix is different. For AA, which lowered the EMC of the samples with increasing WPG, 
the modifcation likely led to acetylated microfbrils that are inaccessible to water and thus 
contribute to the scattering in this region. The modifcation with PO, which did not lower 
the EMC with increasing WPG, seems to have led to modifed nanodomains that are not 
effective at preventing water from entering the microfbrils. Thus, the scattering from these 
modifed nanodomains is likely contributing more strongly to the scattering in this region. 
Our data show that the most decay-resistant modifcations protect the elementary fbrils 
and also lower the moisture content of the modifed fbers much lower than 16% [48–51], 
which has been previously proposed to be necessary to hinder diffusion through the wood 
cell walls and prevent the onset of fungal decay. 

5. Conclusions 

Chemical modifcation of fber is faster and less water leachable than with the solid 
wood, even at the slightly lower reaction temperature. These attributes give it great poten-
tial as a fber source for composite materials that will be exposed to adverse environments. 
Combining SANS with EMC and fungal-resistance analysis revealed common nanostruc-
tural features in decay-resistant wood fbers that are like those previously observed in 
chemically modifed solid wood. Chemical modifcation of fbers with BO and AA showed a 
correlation between the EMC and fungal resistance, which followed the moisture-exclusion 
mechanism. However, SANS revealed that these two modifcations changed the wood 
fber nanostructure differently. AA modifed the wood fber nanostructure similarly to 
PO, which showed no correlation between the EMC and fungal resistance. Moreover, 
while all modifcations were able to arrest decay at high WPGs, SANS revealed differ-
ences in the degradation of the modifed wood nanostructures. BO and AA were effective 
at lowering the MC and protected the elementary fbrils from being depolymerized by 
the BR exposure, whereas PO did not protect the elementary fbrils from degradation by 
G. trabeum even when the modifcation provided suffcient decay resistance. Our fndings 
indicate that there are two different nanoscale mechanisms to impart decay resistance to the 
wood nanostructure: directly protecting the elementary fbrils, which correlates with wood 
fbers’ MC, or modifying the matrix outside the microfbrils, which did not correlate with 
the fbers’ MC. New protection chemistries could be developed by drawing inspiration 
from these mechanisms. Future work using SANS to characterize how different fungi (i.e., 
soft rot, white rot, other brown rots) degrade wood would be valuable. 

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10 
.3390/fb10050040/s1. Figure S1: (a) Pine wood fbers (1g) wrapped in netting material to determine 
the EMC at 90% RH and 27 ◦C. (b) Pine wood fbers (0.5 g) of unmodifed control, acetylated 
unleached (14.8 WPG) and acetylated leached (14.3 WPG) samples during exposure to the brown rot 
fungus G. trabeum in the soil block test. (c) Pine wood fbers inside the titanium cell flled with D2O 
for SANS measurements. Figure S2: SANS profle from unmodifed wood fbers (UWF) showing 
the overall ft (overlaid black line), as well as the individual contributions of the background low-q, 
mid-q, and high-q terms. Figure S3: SANS profle from acetylated wood fbers (AF15) showing the 

https://www.mdpi.com/article/10.3390/fib10050040/s1
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overall ft (overlaid black line), as well as the individual contributions of the background low-q, 
mid-q, and high-q terms. Figure S4: SANS profle from wood fbers modifed with propylene oxide 
(POF21) showing the overall ft (overlaid black line), as well as the individual contributions of the 
background low-q, mid-q, and high-q terms. 
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