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Small Angle Neutron Scattering Reveals Wood Nanostructural Features in Decay Resistant Chemically Modified Wood
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While it is known that modifying the hydroxyls in wood can improve the decay resistance; what is often missing in the literature is whether these modifications alter wood nanostructure, and how these changes correlate to the improved decay resistance. Here, we used small angle neutron scattering (SANS) to probe the effects of alkylene oxide modifications on wood nanostructure. Southern pine wood samples were chemically modified to various weight percentage gains (WPG) using four different alkylene oxides: propylene oxide (PO), butylene oxide (BO), epichlorohydrin (EpH), and epoxybutene (EpB). After modification, the samples were water leached for 2 weeks to remove any unreacted reagents or homopolymers and then equilibrium moisture content (EMC) was determined at 90% relative humidity (RH) and 27°C. Laboratory soil block decay evaluations against the brown rot fungus Gloeophyllum trabeum were performed to determine weight loss and biological efficacy of the modifications. To assist in understanding the mechanism, SANS was used to study samples that were fully immersed in deuterium oxide (D2O). These measurements revealed that the modifications altered the water distribution inside the cell wall, and the most effective modifications reduced the microfibril swelling and preserved the microfibril structure even after being subject to 12 weeks of brown rot exposure.
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INTRODUCTION

Outdoor exposure of non-durable wood species often results in wood decay. Brown rot fungi, in particular, are responsible for a large part of the timber decayed in service and these affect all wood polymers but target primarily the wood carbohydrates (Goodell et al., 2020). While the mechanisms behind brown rot degradation are still being actively investigated, most evidence suggests that reducing the moisture content (MC) of the wood is key to prevent and/or delay the onset of decay (Ringman et al., 2019; Brischke and Alfredsen, 2020). One way to reduce the MC of the wood is to modify it with chemical reagents that can react with the available hydroxyls to form stable, covalent bonds (Rowell, 2013). However, since most chemical modifications have been developed empirically over decades, the development of new chemistries is hindered by an incomplete understanding of the nanoscale interactions that lead to decay resistance.

Modifying solid wood and wood fibers with alkylene oxides such as epoxybutene (EpB), butylene oxide (BO), propylene oxide (PO), and epichlorohydrin (EpH) can prevent weight loss caused by brown rot fungal attack with different degrees of biological efficacy (Rowell and Gutzmer, 1975; Rowell et al., 1979; Rowell and Ellis, 1984; Enoki et al., 1990; Chen, 1994; Ibach and Rowell, 2000; Ibach and Lee, 2002; Ibach and Plaza, 2019). In general, it is thought that alkylene oxides attach to the available wood hydroxyl groups and that this modification makes the modified wood less susceptible to decay (Rowell and Ellis, 1984). EpB, and BO have similar chemistries and have been shown to provide increased protection by lowering the moisture content of the chemically modified wood cell walls (Ibach and Plaza, 2019), but EpB has a C = C that could be used for incorporating new chemistries such as UV protection. Whereas EpH attaches to the wood hydroxyls and provides adequate protection by modifying the lignocellulosic substrate without significantly lowering the sample’s MC (Ibach and Lee, 2002). On the other hand, PO despite being similar to EpH except for the additional Cl molecule only slightly reduces the MC of solid wood and it does not provide significant protection from brown rot (Ibach et al., 2000). Energy-dispersive x-ray analysis (EDXA) has shown that these epoxides are able to infiltrate the cell wall, however, the extent of the infiltration and whether they can modify the nanostructure is still unknown (Ibach and Lee, 2002). The mechanisms behind decay resistance of alkylene oxide modified woods are still unclear, even though this knowledge could inform the development of new wood protection chemistries.

While probing wood nanostructure continues to be difficult, small angle neutron scattering (SANS) has become a valuable tool in lignocellulosic research due to its ability to study wood nanostructure with minimal sample preparation. Using SANS, researchers have measured changes in the average size of the microfibrils (bundles of elementary fibrils) (Penttilä et al., 2020a) and changes in the interfibrillar spacing between cellulose elementary fibrils in unmodified wood (Fernandes et al., 2011; Plaza et al., 2016; Penttilä et al., 2020b; Thomas et al., 2020) and wood modified by different chemicals including phenol-formaldehyde (Plaza et al., 2019), polyethylene-glycol (Penttilä et al., 2020a) and polymethylmethacrylate (Chen et al., 2021). More recently, SANS has also been used to study how the wood nanostructure is degraded by the brown rot fungus Gloeophyllum trabeum (Goodell et al., 2017; Zhu et al., 2020) in terms of changes observed in the microfibril structure and the formation of re-polymerized lignin aggregates. Yet, despite its potential to provide new insights on how wood protection treatments alters the wood nanostructure, the technique is underutilized in this research area.

Here, we use SANS to determine how chemical modifications meant to impart decay resistance modify wood nanostructure, and how these changes affect the nanostructural degradation of the cell wall. Our findings show that those modifications effective at preventing weight loss due to brown rot fungal attack were effective at keeping the moisture outside of the cellulose microfibrils and preserved the wood nanostructural features even after 12 weeks of brown rot exposure.



MATERIALS AND METHODS


Wood Modification With Alkylene Oxides

Kiln dried southern pine (Pinus spp.) sapwood blocks (25.4 mm wide × 25.4 mm long (transverse plane) × 6.4 mm thick along the longitudinal axis) were modified with one of the following alkylene oxides: butylene oxide (BO), propylene oxide (PO), epichlorohydrin (EpH), and epoxybutene (EpB). BO and EpB were from Eastman Chemical Company (Kingsport, TN, United States) and PO, EpH, and triethylamine (the catalyst) were from Aldrich Chemical Company (Milwaukee, WI, United States). All reactions were performed inside a Parr reactor using a mixture consisting of 95% alkylene oxide, 5% triethylamine catalyst under nitrogen. The temperature was raised gradually to 110 or 120°C and 150 psi (Rowell and Gutzmer, 1975; Rowell and Ellis, 1984) to control the exothermic reaction. Blocks were reacted (up to 6 h) to achieve different weight percentage gains (WPG). Specimens were air-dried under a fume hood overnight prior to oven drying at 105°C for 24 h. The samples were then water leached for 2 weeks to remove any unreacted reagents and homopolymers (AWPA, 1999). The average weight gain caused by the chemical modifications was determined from the oven dried weights of the individual blocks.



Equilibrium Moisture Content (EMC)

Equilibrium moisture content of unmodified and chemically modified wood samples was determined by placing weighed, oven dried samples in a constant humidity room conditioned at 90% relative humidity (RH) and 27°C. After 10–14 days samples were reweighed until stable, and the EMC was determined. Six replicates of each treatment were run and averaged.



Brown Rot Fungal Exposure

The ASTM D 1413 standard soil block test was performed on oven dried solid wood southern pine specimens (ASTM, 1999). Five soil bottles each of unmodified controls and modified specimens were exposed to the brown rot fungus Gloeophyllum trabeum (MAD 617) (USDA-NRS-FMHC, Forest Products Laboratory, Madison, WI, United States). Two soil bottles each with no fungus were included to monitor leaching of any unreacted reagents or homopolymers. Specimens were removed from the test following the standard 12 weeks exposure in an environmental chamber set at 26.7°C and 70% RH. After removal, the specimens were brushed free of mycelia, 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 weight loss solely caused by the brown rot exposure, the no-fungus weight loss was subtracted from all other weight loss measurements to remove any contributions caused by the leaching of any chemicals during the 12-week test. This test was performed on unleached and water-leached samples.



Small Angle Neutron Scattering (SANS)

For the SANS measurements, a subset of the wood blocks with different WPGs and WL were selected to determine the effects of alkylene oxide modification and brown rot fungal exposure. To prepare the samples for SANS, all these wood blocks were first soaked in water and then cut across the wood grain to expose long longitudinal surfaces from which thin longitudinal sections (less than 1 mm thick) were obtained. These sections were then air-dried at room temperature under a fume hood over 2 days and inspected for curling prior to being shipped to the Oak Ridge National Laboratory (ORNL) for the SANS remote experiments. A description of all samples tested using SANS is listed in Table 1, including their WPGs and/or WL from decay. Measurements were conducted at the Bio-SANS instrument in the High Flux Isotope Reactor (HFIR) facility of ORNL (Heller et al., 2014). Thin samples were immersed D2O for over 12 h to ensure maximizing filling of all accessible pores with D2O solvent to facilitate maximum exchange of all exchangeable hydrogens to ultimately reduce the amount of incoherent background scattering. Then, the samples were loaded into 1 mm path length titanium cells and filled with D2O to remove any air bubbles. The neutron incident wavelength was 6Å, with a relative wavelength spread of 13.2% for the measurement. A single configuration was employed with the main detector at 15.5 m, and the curved west wing detector fixed at 1.13 m from sample was rotated to 1.4°. This single dual detector configuration accessed a wide dynamic q-range of 0.003–0.85 Å–1. The 2D SANS patterns were normalized by monitor counts and corrected for dark current, pixel sensitivity, solid angle, and background. Then, SANS data were anisotropically reduced and merged using the drt-sans reduction package provided at the beamline. The reduction resulted in two azimuthally averaged sectors, one from the isotropic scattering contributions and one from the strongly aligned scattering features (anisotropic sector). The typical size for the strong anisotropic sectors was 20°. To track the effects of the chemical modification and/or brown rot exposure on the packing of the cellulose elementary fibrils, the datasets from the strong anisotropic sectors were fitted to a model consisting of two power laws and a Gaussian diffraction peak (Eq. 1).
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TABLE 1. Description of samples measured using SANS.
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For some of the more heavily modified samples (such as PO2, EpB2, and BO2), a scattering shoulder feature was detected within the q-range of 0.015–0.035 Å–1, thus, a Guinier feature was added to the model to account for this contribution (Eq. 2) (Beaucage, 1995).
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Scattering from the cellulose microfibrils might become more prominent in this range. This model was also used to fit the scattering from samples that exhibited some weight loss due to the brown rot fungal exposure. For these decayed samples the Guinier feature was necessary to account for the contribution of a mid-q shoulder feature that has been previously attributed to the formation of repolymerized lignin (Goodell et al., 2017; Zhu et al., 2020). All data analyses were performed in IgorPro8 using the Modeling II tools included in the Irena package (Ilavsky and Jemian, 2009). Data beyond 0.5 Å–1 was not included in the fitting range due to an instrument artifact observed in all measurements around q = 0.5 Å–1. Representative datasets fitted with Eqs. 1, 2 are plotted in Supplementary Figures 1, 2, respectively, to highlight the individual contributions of the low-q, mid-q and high-q regions to the overall fit.




RESULTS

For a chemical modification of solid wood to be considered biologically effective the weight loss caused by the 12-week fungal exposure should be less than 5%. Weight losses between 5 to 30% correspond to partially effective modifications and larger than 30% are considered ineffective. Modifying solid wood with the alkylene oxides EpB, EpH, and BO protected the wood from brown rot degradation to different degrees but were all effective at the highest WPGs. PO, on the other hand, did not sufficiently reduce the weight loss caused by brown rot exposure (BRE) to be considered effective. In general, the weight loss (WL) due to the fungal attack was reduced with increasing WPG (Figure 1). EpB and EpH were the most effective at reducing the weight loss, and even at low modification levels (WPG < 14%) the weight loss was reduced to less than 5% compared to the 65% WL observed for the unmodified wood samples. Water leaching the samples removed any water-soluble extractives or unreacted epoxides left from the modification, and as a result both the weight loss and the WPG were lower compared to the unleached samples. This was most evident for the EpH water leached samples, which had much lower weight loss after the 12-week fungal exposure compared to the unleached samples. The EMC of the modified wood decreased with increasing WPG compared to the unmodified wood for BO and EpB modified samples, whereas for PO and EpH the EMC did not change significantly with increasing WPG (Figure 1).
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FIGURE 1. Effect of modification level, in terms of weight percentage gain, on the weight loss caused by brown rot fungal exposure after 12 weeks (left y-axis) and the average EMC at 90% RH and 27°C after modification (right y-axis). Samples were modified with (A) butylene oxide (BO), (B) epoxybutene (EpB), (C) propylene oxide (PO), and (D) epichlorohydrin (EpH). Weight loss was corrected for non-fungal weight loss contributions. Unmodified wood (UW) values are also shown.


Using SANS, we studied a subset of samples with different degrees of modification and decay to further understand the nanostructural origins of the differences observed. Figure 1 shows the average values and standard deviations of all the samples, whereas Table 1 shows the WPG and WL from decay values of the individual samples analyzed with SANS.


Nanostructure of Alkylene Oxide Modified Wood

For unmodified wood (UW) immersed in D2O, the contrast between water-accessible regions and non-water accessible regions inside the wood cell walls gives rise to distinct anisotropic scattering profiles that include power law scattering from the bundles of the cellulose microfibrils as well as other wood polymers, and a characteristic high-q diffraction peak (q∼0.14 Å–1) that is caused by the regular packing of the cellulose elementary fibrils. Modifying the wood with alkylene oxides is expected to reduce the hydrophilic nature of the wood polymers inside the cell wall by grafting an epoxide onto the available hydroxyl groups in the wood polymers (Rowell and Ellis, 1984) without forming any byproducts that could not be water-leached. Thus, there is very little difference between the scattering length density (SLD), which is a measure of neutron sensitivity of the molecule, of the unmodified wood polymers with respect to those modified by the alkylene oxides (SLD of 1.87 × 10–6Å–2 for cellulose vs. 1.1 – 1.6 × 10–6Å–2 for a modified wood polymer). Therefore, when modified or unmodified wood samples are immersed in D2O (SLD of 6.3 × 10–6Å–2) the source of contrast giving rise to the scattering is the same (water-accessible regions vs. non-water accessible). Despite this similarity, we observe some distinct differences in the scattering profiles of the alkylene oxide modified woods with respect to the unmodified wood (Figure 2). For instance, when the sample is modified with EpB, EpH or BO we observe that the diffraction peak (q ∼ 0.14 Å–1 for UW) shifts to higher q (q ∼ 0.18 Å–1), meaning that the cellulose microfibril is swelling less in the modified wood compared to the unmodified one. Whereas for PO the position of the diffraction peak is unaffected by the modification implying wood modified with PO is unable to resist the swelling observed for unmodified wood samples. Moreover, modifying the wood with high levels of EpB, BO or PO gives rise to a weak mid-q shoulder feature (q ∼ 0.03 Å–1) that is not observed in the scattering profile from unmodified wood. Interestingly, the inflection where the shoulder is observed is comparable in size to the diameter of cellulose microfibrils (bundle of elementary fibrils) observed in secondary cell walls from softwoods using scanning electron microscopy (Donaldson, 2007; Lyczakowski et al., 2019), atomic force microscopy (Adobes-Vidal et al., 2020) and SANS (Penttilä et al., 2020b; Zhu et al., 2020). This observation implies D2O solvent is unable to penetrate between some of the elementary fibrils and therefore produce features of the cellulose microfibrils. Conversely, we do not observe this new mid-q shoulder feature in the EpH modified wood, which indicates that this modification is uniformly modifying the wood structure without changing the nanoscale water distribution inside the cell wall even at the highest level of modification studied.
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FIGURE 2. Anisotropic SANS profiles obtained from unmodified wood (UW) and alkylene oxide modified woods immersed in D2O. Woods were modified with (A) Epichlorohydrin (EpH), (B) butylene oxide (BO), (C) epoxybutene (EpB), and (D) propylene oxide (PO). Data corrected for incoherent background are shown via markers, and overlaid lines correspond to model fits.


By fitting each anisotropic profile, we tracked the effects of the chemical modifications on the wood nanostructure. The parameters describing the low-q and mid-q scattering regions are listed in Table 2. Chemically modifying the wood did not considerably change the low-q power law scattering. For most samples, we observed a power law exponent close to ∼4, which indicates that the low-q scattering (q < 0.015 Å–1) is dominated by scattering from relatively smooth surfaces of large-sized structures. The mid-q region is typically the most complex to interpret due to the overlapping contributions of scattering from the wood polymer matrix as well as scattering from the cross-section of the bundles of the cellulose elementary fibrils, which are quite polydisperse in size. However, it is possible that as the relative amount of water outside the microfibrils increases due to the modification, the scattering contribution of the larger sized microfibrils dominates and their scattering contribution becomes more prominent in our scattering data. For most samples, the mid-q power law exponents ranged from 1.4 to 2.3, with the higher exponents being observed for the chemically modified samples. Power law exponents close to 1 correspond to scattering from rod-like particles such as the elementary fibrils in the unmodified wood, and values closer to 2 typically correspond to scattering from flexible polymer conformations. Hence, the increase observed in the mid-q power law exponent (from 1.4 to ∼2) could be attributed to the initial swelling of the wood polymer network caused by the chemical modification since all these chemicals swell wood to different extents (Rowell and Ellis, 1984). Larger power law exponents between 2 and 3 correspond to mass fractal scattering, thus, for the highly modified PO and EpB, the mid-q power law exponent observed could be attributed to scattering from less-water accessible regions inside the cell wall that are formed by the modification. For highly modified PO, BO, and EpB wood, we also observed a broad Guinier region, whose radius of gyration (Rg) ranges between 5 to 10 nm, with the largest Rg being observed for PO (Table 2). The similarities between EpB and BO would suggest that these modifications are interacting similarly with the wood polymers, whereas PO interacts differently. Considering that we observed this contribution in both the anisotropic scattering and the isotropic scattering profiles, it is also possible that the reaction between the wood polymers and these alkylene oxides leads to the formation of some hydrophobic wood polymer aggregates, and thus, their size starts to contribute to the mid-q scattering. However, if this was the sole contributor of the mid-q shoulder feature, one would expect larger differences between EpB2 and BO2 based on their different WPGs (36WPG for EpB2 vs. ∼15WPG for BO2). In the future, contrast variation studies will be pursued to determine the source of the mid-q shoulder feature observed.


TABLE 2. Chemical modifications effects on the low and mid-q range scattering parameters.

[image: Table 2]
The effects of the chemical modification on the packing of the cellulose elementary fibrils are shown in Figure 3. In general, we observe that higher WPGs led to smaller elementary fibril spacings except for PO. At low levels of modification (WPGs < 10%) the spacing between the elementary fibrils was comparable to the unmodified samples, but at higher WPGs less water was able to infiltrate the cellulose microfibrils, and the spacing between the elementary fibrils decreased and became comparable to the packing expected in dry cellulose microfibrils even though the samples were fully immersed in D2O. The relative decrease in deuterated water content inside the cellulose microfibrils led to a decrease in the contrast between the elementary fibril and its surrounding, which consequently, increased the uncertainty in the evaluation of the peak position as evidenced by the larger error bars. Interestingly, if we compare the behavior of the elementary fibril spacing with the EMC at 90% RH as a function of the WPG, we observe that these trends have similar shape for all except PO, where the EMC was relatively constant as a function of WPG but the elementary fibril spacing (EFs) still increased. It is conceivable that some of these alkylene oxides can penetrate the cellulose microfibrils and occupy some of the spaces between the cellulose elementary fibrils and thus, reduce their ability to uptake water and swell even when immersed in D2O. However, in these experiments we do not have enough contrast between the modified wood polymers and the unmodified wood polymers to determine if all alkylene oxides tested can infiltrate the microfibril. The larger more irregular spacing between elementary fibrils observed for PO would suggest that PO had a pre-swelling effect on some of the microfibrils and increased the microfibril initial size but did not prevent sub-sequent swelling and thus the elementary fibril spacing observed for PO samples was larger than the one observed for unmodified wood. However, it is also possible that the increase in elementary fibril spacing occurred due to the coalescence of some elementary fibrils as the PO modified the matrix polymers where the microfibrils are embedded. If the PO is interacting more strongly with the matrix polymers it is conceivable that some aggregate is being formed due to the modification and its size is contributing strongly to the increased mid-q scattering observed.
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FIGURE 3. Effects of alkylene oxide modification on the elementary fibril spacing (EFs). The effects of the chemical modification on the average EMC at 90% RH and 27°C are shown on the right y-axis. Modifications include propylene oxide (PO), butylene oxide (BO), epoxybutene (EpB), and epichlorohydrin (EpH). Values for unmodified wood (UW) are also shown.




Nanostructure of Alkylene Oxide Modified Wood Exposed to Brown Rot Fungus

Once the unmodified wood had been exposed to the brown rot fungus, the structural integrity of the sample was compromised due to degradation, (Figures 4A vs. B); and as a result, the scattering profiles show loss of some of its characteristic diamond-like shape at low q and becomes much more isotropic across all length scales (Figures 4E,I vs. F,J). For alkylene oxide modified samples like PO which became brittle and suffered weight loss after fungal exposure (Figures 4C vs. D), it was difficult to obtain intact sections from brown rot exposed samples, and thus these samples also exhibited less anisotropic patterns (Figures 4G,K vs. H,L). Non-uniform alignment between individual wood sections inside the titanium cell would have also contributed to reduced anisotropic scattering.


[image: image]

FIGURE 4. Combined effects of chemical modification and brown rot fungal exposure (BRE) on the samples and their corresponding main (E–H) and wing (I–L) detector images. Titanium loaded cells with unmodified wood (UW) before (A) and after fungal exposure (B), as well as propylene oxide (PO) modified wood before (C) and after exposure (D). Detector scattering patterns for UW (main: E,F; wing: I,J) and PO (main: G,H; wing: K,L).


By comparing the SANS profiles from the samples before and after exposure to brown rot, we observe that decay resistant modified woods like EpH and EpB and BO, all preserved the high-q diffraction peak (Figure 5) while for PO modified wood this feature was nearly indistinguishable. Also, wood lightly modified with BO was not as effective at preserving the wood nanostructure. The brown-rot exposure led to a mid-q shoulder feature observed in all samples that exhibited some weight loss, making it difficult to determine whether the mid-q shoulder feature observed in the BO2 and PO2 samples was preserved from the fungal attack. For the heavily modified EpB, however, a mid-q shoulder feature is present in the brown-rot exposed sample even though it did not suffer any weight loss indicating that this modification preserved both mid-q and high-q nanostructural features. No mid-q shoulder feature was observed for decay resistant EpH modified wood even after the 12-week exposure. Thus, treatments that were able to considerably reduce the weight loss due to brown rot exposure were also able to protect the wood nanostructural features.
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FIGURE 5. Effects of alkylene oxide modification and brown rot fungal exposure (BRE) on wood nanostructure. Anisotropic scattering profiles (corrected for incoherent background) from unmodified wood (UW) and wood modified with (A) epichlorohydrin (EpH), (B) epoxybutene (EpB), (C) butylene oxide (BO), and (D) propylene oxide (PO). Filled symbols correspond to data from samples that were only chemically modified. Open symbols correspond to samples that were both chemically modified and exposed to brown rot fungi. Model fits are shown as overlaid lines.


The effects of the brown rot exposure on the scattering parameters describing the low-q and mid-q regions of the SANS profiles are shown in Table 3. At the low q, we mostly observed scattering from relatively smooth surfaces that led to a power law exponent of ∼4. The brown rot exposure increased the roughness of these surfaces, and as a result the low-q power law exponent decreased, as observed previously by others (Goodell et al., 2017; Zhu et al., 2020). For samples that were only chemically modified, the scattering contribution from the swollen wood polymer network is the major contributor to the mid-q scattering region. However, once these samples had been exposed to the brown rot fungus, we observed the following changes in the mid-q scattering region: an increase in the power law exponent, and a broad shoulder feature that is not observed in non-BRE samples. These changes indicate that there is a new feature contributing to the mid-q scattering. The mid-q power law exponent ranged between ∼2.2 and ∼2.9, which corresponds to scattering from mass fractals, and the radius of gyration (Rg) ranged between 8 and 10 nm. These mass fractals have been previously attributed to the formation of lignin agglomerates that are caused due to the repolymerization of lignin by the brown rot fungi. Interestingly, the Rg of these agglomerates resulting from the brown-rot exposure did not change significantly between modified samples that suffered weight loss even for the BO2 and PO2 samples, which exhibited a mid-q shoulder feature due to the modification. While it is possible that the mid-q shoulder feature observed in PO2 and BO2 became less pronounced due to the brown rot fungal attack, it is difficult to determine whether this feature was still present in the BRE samples. For the heavily modified EpB, which did not exhibit any weight loss due to the brown rot exposure, the mid-q shoulder feature caused by the modification was still present and the associated Rg was comparable to the one obtained from the unexposed sample, meaning that this feature was preserved from the fungal attack implying EpB was hindering brown rot access to the cellulose microfibril.


TABLE 3. Effects of brown rot fungi exposure on the low and mid-q scattering parameters.
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The combined effects of chemical modification and brown rot fungal exposure on the elementary fibril spacing (EFs) are shown in Figure 6. All modifications reduced the microfibril swelling with increasing WPG, except for PO, which was also the only ineffective modification. After brown rot fungal exposure, for most samples the intensity of the diffraction peak decreased, which increased the uncertainty of the associated peak position in the decayed samples compared to the non-decayed ones. Nevertheless, the EFs were unaffected by brown rot exposure, except for EpH. For heavily modified EpH, the EFs increased after brown rot exposure and became comparable to those measured for the unmodified sample. At lower WPGs (<10%), the differences in the WPG of the individual EpH samples are likely responsible for the differences observed in the EFs.
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FIGURE 6. Combined effects of alkylene oxide modification and brown rot exposure (BRE) on the elementary fibril spacing (EFs). Error bars corresponds to the uncertainty in the diffraction peak position with respect to variations in the fitting parameters, so the peak position of weaker diffraction peaks will have larger error bars. Modifications included: epichlorohydrin (EpH), epoxybutene (EpB), butylene oxide (BO) and propylene oxide (PO). Unmodified wood (UW) values are also shown.





DISCUSSION

Treatments with alkylene oxide altered the moisture-induced swelling of the cellulose microfibrils before and after brown rot exposure differently, suggesting that these chemicals can target different regions in the wood cell walls and thus, there are different nanoscale pathways to achieving biological efficacy. The observed nanostructural changes caused by alkylene oxide modification can be classified as (1) templating of the wood nanostructure combined with a reduction in the microfibril swelling or (2) a change in the nanoscale water distribution inside the wood cell wall that gave rise to a new mid-q shoulder feature that is not typically observed in scattering from unmodified wood.

The first type of nanostructural change was only observed in wood modified with EpH, which templated the wood nanostructure and reduced the microfibril swelling even at low levels of WPG. While all other modifications led to nanostructural changes of the second type. All biologically effective modifications, namely EpB, BO and EpH, reduced the amount of water entering the microfibrils, and hence reduced microfibril swelling. For EpB and BO, which are chemically similar and had nearly identical scattering features, there was also an increase of water outside the microfibrils, as evidenced by the stronger mid-q scattering contributions, which suggests that these two modifications were able to change the hydrophilic nature of the wood polymers where the microfibrils are embedded in a similar way. On the other hand, PO, the least effective treatment has been shown to be more reactive in lignin-rich earlywood compared to latewood (Rowell and Ellis, 1984), so it is possible that PO interacted more with the lignin in the matrix where the cellulose microfibrils are embedded. This interaction could have led to the coalescence of some elementary fibrils and increased their effective interfibrillar spacing. Alternatively, PO could have also infiltrated the microfibrils as well and caused a pre-swelling of the microfibrils that did not protect the microfibrils from brown rot fungal attack or prevented further moisture-induced swelling. Interestingly, the EFs observed in the PO modified wood is comparable to those observed in delignified wood immersed in D2O (Chen et al., 2021). Contrast variation studies will further enable elucidation of the effects of these chemical modifications on the wood polymers. Nonetheless, the differences observed in the EFs strongly suggest that these alkylene oxides are targeting different wood polymers. PO is likely interacting more strongly with the lignin-rich matrix outside the cellulose microfibrils, while BO and EpB are interacting more strongly with the polymers inside the cellulose microfibrils. EpH, on the other hand, is uniformly modifying the wood polymers.

Interestingly, the most biologically effective treatments, namely, EpH and EpB reduced the EMC to below 16% and minimized the spacing between elementary fibrils to values comparable to those expected for a relatively dry microfibril. Previously, it has been proposed that keeping the EMC of wood below 16% is key to impede the softening of the hemicelluloses, which in turn, inhibits cell wall diffusion and decreases the susceptibility to fungal decay (Jakes et al., 2013; Jakes, 2019). Our SANS data shows for the first time that biologically effective modifications exclude moisture from the cellulose microfibrils and that the swelling of the microfibrils is correlated to the decay resistance of the samples. Moreover, our data also suggests that effective modifications can hinder and/or prevent the formation of diffusion channels inside the cellulose microfibrils.



CONCLUSION

By combining SANS with EMC analysis and fungal exposures tests, we discovered that alkylene oxide modifications that impart brown rot decay resistance also minimize the swelling of the cellulose microfibrils and preserve the overall cellulose microfibril nanostructure. These findings show for the first time that the nanoscale moisture distribution inside the cell wall plays a key role in fungal degradation by G. trabeum, and that keeping water from entering the cellulose microfibrils can prevent and/or delay fungal decay by G. trabeum. SANS can provide valuable insights on the nanostructural mechanisms behind the effectiveness of different wood chemical modifications.
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