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A B S T R A C T

Research on new conservation treatments for historical wood requires considerable amounts of appropriate wood 
material, which is hard to acquire. Thus, we produced biologically and chemically degraded model wood that 
could be used as a representative material in future research on consolidating agents. Using chemical compo
sition determinations, we found that fungal decay targeted mainly polysaccharides, while alkaline treatment 
mostly reduced hemicelluloses and lignin content. X-ray and neutron scattering showed that all decayed samples 
had increased disorder in microfibril alignment and larger elementary fibril cross-sections, and alkaline-treated 
samples had much larger elementary fibril spacing compared to those decayed by fungi. These nanoscale and 
chemical differences correlate with physical property changes. For example, decreased cellulose crystallinity and 
increased disorder of the microfibrils in degraded cell walls likely contribute to the lower elastic moduli 
measured for these cell walls. The obtained data improves understanding of how degradation alters wood 
structures and properties across length scales and will be valuable for future studies focusing on archeological 
wood. Moreover, it leads to the conclusion that it is more appropriate to develop treatments that consider not 
only spatial variability and degree of wood degradation but also the corresponding molecular and nanoscale 
changes in the cell walls.

1. Introduction

Wood degradation is essential to global carbon cycling. It is caused 
mainly by fungal decay, but several other abiotic and biotic factors also 
play an important role, including UV radiation, precipitation, temper
ature changes, mechanical forces (wind), and microbial or insect activity 
(Arpaci et al., 2021; Brischke & Alfredsen, 2020). The weathering of 
wood limits its broader use, particularly in outdoor applications. 
Therefore, significant effort has been invested in improving wood per
formance using various treatments and design solutions (Hill et al., 
2022; Sandberg et al., 2017; Spear et al., 2021).

While degradation processes are harmful to wood in service, they 
also affect valuable historical wooden artifacts excavated from wet soil 

or water bodies, necessitating a search for effective and reliable con
servation methods to preserve what has been left and prevent further 
degradation (Aluri et al., 2020; Broda & Hill, 2021; Monaco et al., 2018; 
Zisi, 2021). However, extensive research on new conservation agents 
requires large amounts of material. Moreover, studying the properties of 
historical wood often employs destructive analytical techniques, which 
leads to the loss of the examined material. Therefore, to avoid the un
acceptable loss of priceless wooden objects for these purposes, re
searchers can use artificial degradation processes to produce model 
material that can mimic naturally decayed historical wood (Albelda 
Berenguer et al., 2019; Broda & Plaza, 2023; Franceschi et al., 2008; 
Kennedy & Pennington, 2014; Liu et al., 2019; Tahira et al., 2017; 
Wakefield et al., 2020).
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Existing conservation methods for waterlogged archeological wood 
are not entirely reliable or efficient (Broda & Hill, 2021). To address this, 
we are researching organosilicon compounds as a potential alternative 
to the currently used conservation methods (Broda, Mazela, & Dutkie
wicz, 2019; Broda, Mazela, & Radka, 2019). However, the research re
quires large quantities of similar wood samples to test the effectiveness 
of different organosilicon compound conservation treatments. Since 
obtaining enough amounts of naturally and evenly degraded water
logged archeological wood material for the study was difficult, we 
decided to produce degraded model wood samples employing biotic 
decay by the brown-rot fungus Coniophora puteana (Shum.: Fr.) P. Karst 
and chemical degradation using an alkaline treatment with 50 % NaOH 
(Broda, Popescu, et al., 2022).

Biotic wood degradation is a natural process that depends on oxygen 
availability, moisture content, and temperature. In terrestrial environ
ments, it is primarily caused by brown-, white- and soft-rot wood- 
decaying fungi that decompose mainly wood polysaccharides but can 
also degrade (white-rot) or modify (brown-rot) lignin (Goodell et al., 
2008; Pournou, 2020b). In aquatic environments, wood degradation by 
soft-rot and anaerobic or facultative anaerobic bacteria predominate, 
depriving the cell wall of carbohydrates and partially lignin (tunneling 
bacteria) (Blanchette, 2000; Pournou, 2020a). The choice of using 
C. puteana for the degradation of model wood was dictated by its high 
effectiveness in decaying softwood (pine was chosen as a model mate
rial), easiness in cultivation under laboratory conditions, commonality 
in use in wood mycological tests, and the fact that it degrades mainly cell 
wall polysaccharides, similarly to microorganisms that decompose wood 
under waterlogged/saturated conditions (Bagley & Richter, 2002; 
Brischke et al., 2020).

Alkaline hydrolysis is used to delignify wood and other lignocellu
losic biomass in pulp and paper production, modify the surface, and 
enhance the tensile strength of natural fibers (Cai et al., 2015; Crawshaw 
et al., 2002; Dai & Fan, 2014; Larocque & Maass, 1941; Raia et al., 2021; 
Wei et al., 2018). NaOH solution can effectively degrade lignin, even up 
to 95 % of its content in wood. However, the process is not fully selective 
and also leads to the decomposition of hemicelluloses. Higher sodium 
hydroxide concentrations may even cause the cellulose to transform 
from the native type I to type II (Bakri et al., 2016; Nishiyama et al., 
2000; Raia et al., 2021; E. Xu et al., 2020). Wood degraded with an alkali 
solution has already been used as a model material in several studies on 
new conservation treatments (Kennedy & Pennington, 2014; Liu et al., 
2019; Tahira et al., 2017), hence the idea to employ this method in our 
research, too. Moreover, since chemically degraded wood is abundant 
with cellulose, the nutrient source for fungi, this model wood should also 
be a good material for studying the potential antifungal effectiveness of 
the organosilicon treatment, which is an important subsidiary role of an 
effective wood consolidation agent.

Although there are several studies on changes in the wood chemical 
composition, structure, and properties due to fungal decay (Bagley & 
Richter, 2002; Bari et al., 2020; Brischke et al., 2019; Curling et al., 
2002; Goodell et al., 2020; Pandey & Pitman, 2003; Zabel & Morrell, 
2020; Zhu et al., 2020) and alkaline hydrolysis (Bakri et al., 2016; S. Y. 
Chen et al., 2018; Ishikura et al., 2010; Ishikura & Nakano, 2005, 2007; 
Saiful Islam et al., 2012; E. Xu et al., 2020), the effects of degradation on 
the cell wall nanostructure are still not entirely recognized. Further
more, we know that some organosilicon molecules we plan to use as 
wood consolidants in future research are in the nano-size, and they can 
infiltrate and alter the cell wall structure (Broda et al., 2023, 2024). 
Therefore, we decided to use experimental techniques that can provide 
more insights into structural changes over the 0.1–100 nm range, 
namely, small-angle neutron scattering (SANS) as well as small- and 
wide-angle X-ray scattering (SAXS and WAXS). SANS, SAXS, and WAXS 
have proven to be particularly useful for research on the hierarchical 
structure of plant cell walls on the nanoscale (Martínez-Sanz et al., 2015; 
Penttilä, Altgen, Awais, et al., 2020), interactions of water with the 
nanoscale components of the wood cell wall and the resulting moisture- 

induced structural changes (Penttilä et al., 2021; Penttilä, Altgen, Carl, 
et al., 2020; Plaza et al., 2016; Plaza et al., 2018; Zitting et al., 2021), 
and the effect of various wood modifications and treatments on the cell 
wall nanostructure (P. Chen et al., 2021; Guo et al., 2016; Ibach et al., 
2022; Plaza et al., 2022; Toba et al., 2013). Thus, here, we used both X- 
ray and neutron techniques to elucidate different structural aspects of 
wood. The enhanced contrast achieved with neutrons allowed us to 
measure changes in the elementary fibril spacing, while X-rays, in this 
case, were more sensitive to the cellulose crystalline structure and 
microfibril alignment in the cell walls. Here, cellulose elementary fibrils 
are a universal structural unit of cellulose, whose cross-section is about 
2–3 nm (Fernando et al., 2023; Jakob et al., 1995; P. Xu et al., 2007; 
Zhang et al., 1997), and aggregate into bundles called microfibrils 
(Heyn, 1969). By combining the neutron and X-ray scattering results 
with previously acquired data on the structural, moisture, and me
chanical properties of model degraded wood, we have obtained a more 
complete view of how nanoscale changes are correlated with wood's 
structural integrity and strength, which might be affected much more 
rapidly by degradation, even before a considerable weight loss is 
observed. This knowledge is crucial for developing and improving 
methods to conserve historical wooden artifacts and better protect wood 
in service.

1.1. Hypothesis

Biologically and chemically degraded wood has different chemical 
composition and nanostructure, particularly at the elementary fibril 
level, compared to intact wood, which are contributing factors to their 
modified mechanical and moisture properties.

2. Materials and methods

2.1. Specimen preparation

Scots pine (Pinus sylvestris L.) wood purchased from commercial 
timber merchants in the Wielkopolska Region, Poland, was used in this 
research. Straight-grained, knot- and defect-free small blocks 20 mm 
(radial) x 20 mm (tangential) x 10 mm (longitudinal) in size were pre
pared from a single plank of sawn timber. To mimic degraded archeo
logical wood, some samples were degraded chemically by soaking in 50 
% NaOH for 3 weeks at room temperature, while others were degraded 
biologically by exposing for 8 weeks to the common wood-decaying 
brown-rot fungus Coniophora puteana (Shum.: Fr.) P. Karst BAM 112 
(BAM Ebw. 15). Further details about the culture and method details can 
be found in (Broda, Popescu, et al., 2022)). After chemical and biological 
degradation, the average mass loss of samples was 17 ± 1 % and 39 ± 5 
%, respectively. The degraded specimens were air-dried at 20 ± 3 ◦C and 
relative humidity of 45 ± 5 % and subjected to further testing. Sound 
Scots pine wood was used as a reference.

2.2. Wood chemical composition

A quantitative analysis of wood to measure total lignin and carbo
hydrate content was performed according to the NREL procedure 
(Sluiter et al., 2008). This method allows for fractionating wooden 
biomass into simpler forms that are easier to quantify. The measured 
components include acid-soluble lignin (measured by UV–Vis spec
trometry), acid-insoluble lignin (that may include ash, measured 
gravimetrically), and hydrolyzed, soluble monomeric forms of wood 
carbohydrates measured using Ion chromatography. Approximately 40 
mg of the sample was used for the measurement, and samples were 
analyzed in duplicate. For sugar analysis, a Dionex ICS 3000 HPLC 
system equipped with a pulsed amperometric detector configured to be 
sensitive to carbohydrates was used along with the Dionex CarboPac 
PA1 (4 × 250 mm) column. The mobile phase was water; additionally, 
200 mM NaOH solution was added post-column to ionize the sugars and 

M. Broda et al.                                                                                                                                                                                                                                  Carbohydrate Polymers 347 (2025) 122733 

2 



increase detection sensitivity.

2.3. Small-angle neutron scattering (SANS)

Wood blocks were soaked in water and then cut perpendicularly 
against the growth rings to reveal a smooth radial-longitudinal surface. 
Then, sections approximately 0.7 mm thick were cut from the exposed 
surface. These sections were air-dried at room temperature under a fume 
hood for over 24 h prior to the experiments. The thin specimens were 
soaked in D2O overnight and then placed inside titanium holders with a 
1 mm spacer. Air bubbles were removed, and the cells were re-filled with 
D2O as needed. SANS measurements were performed with the Bio-SANS 
instrument at the High Flux Isotope Reactor facility at the Oak Ridge 
National Laboratory (Heller et al., 2014). To achieve a broad dynamic 
range (0.003 < q < 0.85 Å− 1), we used an incident wavelength of 6 Å 
and a dual-detector configuration consisting of the main detector at 
15.5 m and a curved wing detector fixed at 1.13 m from the sample and 
rotated at 1.4◦. Two-dimensional detector patterns were corrected for 
background, pixel sensitivity, dark current, and solid angle and 
normalized by monitor counts. To measure the average wood nano
structure, a large spot size (14 mm) was used to probe many wood cells 
simultaneously.

Data was anisotropically reduced using a reduction package devel
oped by ORNL (Heller et al., 2022). The equatorial scattering data I(q) 
was modeled in IRENA (Ilavsky & Jemian, 2009) using the following 
equation: 

I(q) = B1q− P1 +B2q− P2 +Ae
(q− q0)

2

w2 +B3 (1) 

where P1 and P2 are the power law exponents, B1 and B2 are the power 
law prefactors, and B3 is the background. The third term corresponds to 
the Gaussian diffraction peak described in terms of its amplitude A, peak 
position (q0), and width (w). Then, the distance between the elementary 
fibrils (EFs) was determined from the peak position as follows: EFs = 2π/ 
q0. Initially, all parameters were allowed to vary, and then the low-q 
power law exponent (P1) was fixed to four since it was similar for all 
samples. So, there were a total of seven free parameters (B1, P2, B2, A, w, 
q0, and B3) in the final fit. Additionally, we evaluated the relationship 
between the determined peak position and the peak width (w) by fixing 
the peak width to three different values and calculating the corre
sponding EFs from the fitted peak position.

2.4. Wide-angle X-ray scattering and small-angle X-ray scattering 
(WAXS/SAXS)

Thin specimens (~0.7 mm thick) were prepared following the same 
procedure outlined previously for SANS. Structural characterization 
spanning from 0.0035 to 3.4 Å− 1 was conducted using a Xeuss 3.0 by 
Xenocs (Grenoble, France) X-ray scattering system equipped with a Ga 
metal jet source (9.2 keV) and an Eiger Dectris 2D detector array. The 
transmission geometry was used for all samples with a sample-to- 
detector distance of 900 mm and 55 mm for SAXS and WAXS mea
surements, respectively. All samples were taped onto a flat plate holder, 
and each sample was exposed for 300 s using a 0.5 mm spot size so that 
the scattering volume being probed included many wood cells. All 
measurements were performed under a vacuum to reduce air scattering 
contributions. The data was both anisotropically and azimuthally inte
grated using NIKA (Ilavsky, 2012) and a custom Python script using the 
Fabio library (Knudsen et al., 2013). The scattering profiles were cor
rected for background contributions, and the equatorial data was fitted.

The SAXS data was fitted to the WoodSAS model (Penttilä et al., 
2019) simultaneously with meridionally subtracted SANS data to 
determine if observed trends are affected by variations in the analysis 
approach. 

I(q) = Cq− 4 +Bexp
(

−
q2

2σ2

)

+DIcyl(q,R,ΔR = 0.2,a,Δa = 0.35) (2) 

Here, C, B, and D, are scalars. The first term describes the low-q power 
law scattering with an exponent of four, the second term is a broad 
Gaussian peak centered at q = 0, and its width (σ) has been used to 

calculate the microfibril bundle width (Bw) as follows: Bw =
2√2

σ 
(Penttilä, Altgen, Awais, et al., 2020). The third term (Icyl function) 
describes the high-q as the scattering from an array of infinitely long 
cylinders whose radius follow a Gaussian distribution with mean R and 
standard deviation ΔR, and are arranged in a hexagonal lattice with a 
spacing (a) and paracrystalline distortion (Δa). To improve the fit and 
reduce the number of free parameters, the polydispersity parameters 
were fixed during the fitting to ΔR = 0.2 and Δa = 0.35, and R was 
constrained to be the same for SAXS/SANS curves. Considering that 
SANS and SAXS yield different radii as discussed in the supplementary 
section in Chen et al., 2021 (P. Chen et al., 2021), and that the fit results 
are more weighted to the SANS data, the obtained R would correspond 
to the crystalline region of the elementary fibril cross-section and this 
value will be smaller than the real elementary fibril radius. Parameters 
were fit sequentially (a then R), and only allowed to vary within reason 
due to the known overlap in the form factor and structure factor con
tributions, also described in the supplementary information section of 
Chen et al., 2021 (P. Chen et al., 2021).

The WAXS data was modeled using a Pseudo-Voigt peak for each 
diffraction typically observed for cellulose Iβ, namely, the 200, the 004, 
the doublets (110 and 1–10). The 020 peak was also included to improve 
the overall fit. Additionally, the azimuthal spread from the SAXS and 
WAXS datasets was evaluated to determine the degradation effects on 
the microfibril angle (MFA). To obtain the MFA, the azimuthal scat
tering profiles were fitted following Lichtenegger et al. (H. C. Lichte
negger et al., 2001) with one or three Gaussian peaks for the intact and 
chemically degraded samples and two Gaussian peaks for the biologi
cally degraded sample due to the splitting observed in the azimuthal 
profile.

2.5. Microscopy

Microscopy was used to examine the cross-sectional shape of tra
cheids and the integrity of wood cell walls. The microscopy was ob
tained from wood surfaces prepared for nanoindentation using a 
diamond knife, as previously described (Broda et al., 2024). Optical 
microscopy images were collected using the optical microscope incor
porated into the Bruker-Hysitron (Minneapolis, Minnesota, USA) Tri
boIndenter. The scanning probe microscopy (SPM) images were 
obtained using the TriboIndenter by raster scanning a Berkovich probe 
over the cell walls.

3. Results

To understand the effects of two different degradation processes on 
the nanostructure of the pinewood cell wall, we analyzed the chemical 
composition of the cell walls and investigated the effect of the degra
dation on the nanostructure with neutron and X-ray scattering 
techniques.

The chemical composition of degraded pinewood differed from the 
intact one (Table 1). Fungal exposure to C. puteana (BP) reduced the 
xylan and mannan contents by 33 % and 48 %, respectively. BP had 
approximately 13 % less holocellulose and more lignin than intact wood 
(CP). Extensive loss of hemicelluloses, the most accessible nutrient 
source in wood cell walls (Ringman et al., 2014; Rowell et al., 2009), 
was also evident by the concurrent decrease in pentosane content (37 % 
less) and relative increase in the Glu/Xyl and Glu/Man ratios observed 
in BP. These changes in cell wall chemical composition are characteristic 
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of wood degradation by brown-rot fungi (Li et al., 2011; Pandey & 
Pitman, 2003). Treatment with sodium hydroxide (ChP) also removed 
some hemicelluloses but to a lesser extent, as evidenced by the increased 
Glu/Xyl and 27 % lower pentosane content. Despite having similar 
lignin and holocellulose content to undegraded pine, ChP had approxi
mately 20 % less acid-soluble lignin and 22 % less xylan. These results 
indicate that the treatment removed and/or degraded some lignin and 
hemicelluloses, which is characteristic of alkaline hydrolysis with NaOH 
solutions (Bakri et al., 2016; Raia et al., 2021; E. Xu et al., 2020).

The effects of different types of degradation on small-angle neutron 
scattering (SANS) from pine immersed in heavy water are shown in 
Fig. 1. Here, the contrast between water-accessible regions and non- 
water-accessible regions within the cell wall can allow us to detect 
nanoscale changes in wood nanostructure. CP samples showed strong 
anisotropic scattering, and the long-range order of the cellulose 
elementary fibrils resulted in a diffraction peak observed both in the 2D 
pattern (Fig. 1 d) and the equatorial scattering profile in Fig. 1g. For 
degraded samples, scattering patterns were still anisotropic but more 
diffuse, and the diffraction peaks were not as pronounced. For the wet 
BP sample, the diffraction peak had decreased height, was broader, and 
the position shifted from 0.146 to 0.129 Å− 1. This indicates that the 
long-range order was reduced, and the distance between the cellulose 
elementary fibrils was larger and more polydisperse. For the wet ChP 
sample, the diffraction peak was broader and shifted to considerably 
lower q (0.076 Å− 1 compared to 0.146 Å− 1 for CP). This indicates that 
the spacing between the cellulose elementary fibrils was not only more 
polydisperse but also larger in the ChP sample compared to the other 
samples.

By fitting the equatorial scattering to an empirical model (Eq. 1), we 
were able to quantify changes caused by degradation in terms of the 
following parameters: mid-q power law slope (P2), prefactor (B2), the 
cellulose elementary fibril spacing (EFs) and amplitude of the small 
angle diffraction peak (A) (Table 2).

The EFs is the center-to-center distance between neighboring cellu
lose elementary fibrils. In the low regime (q < 0.01 Å− 1), the scattering 
was dominated by larger structures, and we observed power law scat
tering with an exponent of 4 for all samples, which was then fixed during 
subsequent fitting. Scattering from all wood polymers can contribute to 
the mid-q region, as well as some minor contributions from the tails of 
the high and low q scattering regions; thus, determining what gives rise to 
the scattering in this region can be difficult. For the intact sample, P2 was 
1 (which corresponds to scattering from rod-like structures); during the 
uncertainty analysis, this value was fixed to reduce the number of free 
parameters. Both types of degradation had a slight increase in P2 
compared to CP, and the exponents obtained were similar to those 
observed for wood treated with low levels of alkylene oxides (Ibach 
et al., 2022). In the high-q, the elementary fibril spacing (EFs) increased 
most significantly for the chemically degraded sample. Conversely, for 
the BP sample, the high-q peak was less intense, and the corresponding 
EFs had a slightly higher value but also higher uncertainty than CP.

Degraded samples had less intense and broader small-angle diffrac
tion peaks. Hence, the fitted peak position varied depending on the peak 
width (Table 3). In general, we observed that increasing the peak width 
led to higher spacings with larger uncertainties, which was most 
noticeable in the degraded samples. Nevertheless, EFs was always 3–6 
nm higher for ChP than CP or BP samples.

The effects of degradation on the X-ray scattering data for dry samples 
measured in vacuum were less pronounced (Fig. 2) compared to the 
SANS data. However, by comparing the equatorial scattering patterns, 
we observed that the most pronounced differences were visible in the 
SAXS regime (q < 0.5 Å− 1). In the WAXS region (q > 0.5 Å− 1), the 
differences between samples were more subtle, and the cellulose Iβ 
characteristic diffraction peaks were still present in all samples. This 
suggests that while much of the cellulose crystalline structure is unal
tered, the long-range order and aggregation of the cellulose elementary 
fibrils were affected by the degradation mechanisms. In general, the Ta
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SAXS shoulder shifted from ~0.15 Å− 1 to ~0.08 Å− 1 in the degraded 
samples, especially for the ChP sample, which is consistent with the 
SANS data.

Results obtained from fitting the SAXS and SANS data using the 
WoodSAS model (Eq. 2) are listed in Table 4. Overall trends in the 
elementary fibril spacing agree with the SANS analysis using eq. 1, and 
all degraded samples had larger spacings (a) in wet conditions. BP only 
had increased spacing when wet, meaning that this type of degradation 
allowed the microfibrils to swell more than CP. ChP had a higher 

elementary fibril spacing than CP in both dry and wet conditions, 
meaning that this type of degradation, which also had the largest EFdia, 
increased both the cross-section of the elementary fibrils and the 
microfibril swelling compared to CP.

Though the mid-q bundle width has been previously attributed to 
microfibrils (typically between 10 and 20 nm for unmodified softwoods 
(Donaldson, 2007; Fahlén & Salmén, 2003; Penttilä, Altgen, Awais, 
et al., 2020), the values obtained are much smaller than expected 
(particularly for SAXS). This is likely indicating that retrieving the 
microfibril size from scattering data alone is not possible given the poor 
contrast between microfibrils, the lack of uniformity in the microfibril 
size (there is a large number of microfibrils that only have 3 to 4 
elementary fibrils (Addison et al., 2024; Fernando et al., 2023; Kirui 
et al., 2022; P. Xu et al., 2007), and the large contribution of highly 
correlated elementary fibrils.

As expected, fitting the WAXS data revealed only minor variations in 
the spacing between the cellulose Iβ diffraction planes (Table 5). Over
all, the spacing between the planes increased, which is consistent with 
previous observations attributed to the mercerization of cellulose and 
the formation of Na-cellulose IV (Nishimura et al., 1991), as well as the 
degradation of cellulose by brown rot (Goodell et al., 2017). These 
trends agree with the observed increases in the EFdia. The largest 
changes were observed for the ChP sample, particularly in the doublet 
region (i.e., 110). It should be noted that for this sample, we also 
observed larger spacings between elementary fibrils in both dry and 
fully immersed conditions.

We also observed changes in the anisotropy of the scattering patterns 
between the different degradation processes (Fig. 3).

The anisotropic scattering features become less pronounced for both 
degradation methods. Given the orientation of the samples, we 
compared the azimuthal profiles to calculate the microfibril angle (MFA) 
of the cellulose microfibrils in the wood cell walls. Typically, for intact 
wood, this can be measured with either SAXS or WAXS. However, here, 
for the ChP sample, the microfibril angle measured from SAXS is larger 

Fig. 1. Effects on degradation on SANS data from pine samples immersed in heavy water. (a-c) Small angle and (d-f) wide angle detector data for pine. Data from (a, 
d) intact pine (CP), (b, e) biologically degraded pine (BP), and (c, f) chemically degraded pine (ChP). (g) Integrated scattering profiles from the equatorial sectors 
(strongly aligned scattering regions). Meridional scattering profiles are shown in the inset. Overlaid lines correspond to fits to the scattering data. All degraded 
samples show a clear shift in the peak towards lower q, which indicates that the elementary fibril spacing is increasing.

Table 2 
Effects of the degradation process on the SANS scattering parameters from eq. 1
for undegraded (CP), biologically degraded (BP), and chemically degraded 
(ChP) pine wood. Uncertainties are included in parenthesis. Parameters marked 
with an asterisk (*) were held fixed during the uncertainty analysis. The low-q 
power law exponent was fixed at 4 and the high-q peak width (w) was fixed at 
0.06 Å− 1 for all.

Sample ID Mid-q (0.01 Å− 1 < q < ~0.1 Å− 1) High-q (q > ~0.1 Å− 1)

B2 P EFs (nm) A

CP 0.006 (0.003) 1* 4.3 (0.2) 0.22 (0.03)
BP 0.006 (0.003) 1.2 (0.1) 4.9 (0.5) 0.13 (0.03)
ChP 0.0084 (0.004) 1.2 (0.1) 8.3 (0.4) 1.4 (0.1)

Table 3 
Dependence of the elementary fibril spacing (EFs) on the fixed peak width (w) 
for undegraded (CP), biologically degraded (BP), and chemically degraded 
(ChP) pine wood samples. Fit uncertainties are included in parenthesis.

EFs (nm)

Sample ID 0.06 (Å− 1) 0.07 (Å− 1) 0.08 (Å− 1)

CP 4.3 (0.2) 4.4 (0.2) 4.7 (0.3)
BP 4.9 (0.5) 5.0 (0.5) 5.5 (0.6)
ChP 8.3 (0.4) 8.7 (0.4) 10.7 (0.5)
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than the one measured from WAXS, even though the scattering volume 
being probed is the same (Table 6).

This difference suggests that chemically degrading the samples in
troduces distortions and leads to a mismatch between the measured 
orientation of the semi-crystalline cellulose via WAXS and the larger 
length scales accessible via SAXS. It is also possible that there are some 

nanoscale features formed due to the degradation process that 
contribute to the SAXS regime, such as residues or pores (Broda, 
Popescu, et al., 2022). Such features would probably be isotropic and 
mostly contribute to the background of the SAXS signal. Further 
research on this area could help explain the observed differences. The 
splitting of the peak observed in the BP sample was accounted for in the 
determination of the MFA, and it is likely caused by the orientation of 
the cell walls with respect to the beam. Similar results have been 
observed previously when the perpendicular plane of the irradiated 
wood cell walls has some rotation with respect to the radial plane 
(Entwistle et al., 2005; H. Lichtenegger et al., 1999). It should be noted 
that MFA can vary considerably even for normal wood, and in this study, 
the MFA of the individual sapwood blocks was not measured prior to the 
artificial degradation. Nevertheless, degraded samples had a larger MFA 
compared to the intact wood (Table 6), which is consistent with previous 
observations of increased MFA in fungal-decayed historic sapwood 
(Hudson-McAulay et al., 2018) via x-ray diffraction.

From scanning probe microscopy images and optical microscopy images 
of prepared nanoindentation surfaces (Figs. 4A and B), the difference in the 
shape of cell lumina between ChP and the rest of the examined wood 
types can be seen. The lumina in ChP are misshapen, smaller, and often 
diamond-shaped (ChP in Fig. 4B), as if the cell walls of ChP were pushed 
into the lumina. It may be caused by swelling forces during treatment, 
which possibly have arisen from the increase in spacing of the cellulose 
lattice caused by Na ions (Cai et al., 2015; Nishiyama et al., 2000; Raia 
et al., 2021). The literature data suggest that the alkaline treatment 
leads to breaking and re-arranging hydrogen bonds, which results in 
fiber swell and fibrillation that increases the effective surface area and 
the number of free hydroxy groups available for interactions with water 
(Broda, Popescu, et al., 2022; Cai et al., 2015; Dai & Fan, 2014). Despite 
the changes caused by alkaline treatment, the S2 layers in the ChP 
samples retained integrity similarly to CP and BP samples, as can be seen 
in the scanning probe microscopy images (ChP in Fig. 4A vs. CP and BP 
in Fig. 4A).

Fig. 2. Effects of degradation on x-ray scattering data from dry pine samples including intact pine (CP), biologically degraded pine (BP), and chemically degraded 
pine (ChP). All samples were measured under a vacuum to reduce air scattering. SAXS data (a-c) was obtained with a detector distance of 900 mm, and WAXS data (d- 
f) was obtained at 55 mm. (g) Equatorial scattering profiles showing both SAXS and WAXS regimes. The clear changes in the SAXS region are evidence of elementary 
fibrils that are more disordered and spaced further apart, especially for ChP, despite still having the characteristic cellulose Iβ diffraction peaks in the WAXS region 
(shown in the inset).

Table 4 
Parameters obtained by fitting the SAXS equatorial data to the WoodSAS 
(Penttilä et al., 2019) model, where a is the spacing between elementary fibrils 
arranged in a hexagonal array. The elementary fibril size polydispersity was 
fixed (ΔR =0.2), and the lattice distortion parameter was fixed (Δa = 0.35) for 
undegraded (CP), biologically degraded (BP) and chemically degraded (ChP) 
pine wood samples. Uncertainties included in parenthesis correspond to values 
from the fitting algorithm in SASVIEW. ** This value corresponds to the 
maximum limit allowed in the fitting routine.

Sample 
ID

Mid-q Bundle width (nm) High-q

a (nm) EFdia (nm)

Dry (SAXS) Wet (SANS) Dry 
(SAXS)

Wet 
(SANS)

SAXS/ 
SANS

CP 3.39 (0.006) 28.3** 3.17 (0.3) 3.75 (0.2) 1.90 (0.03)
BP 4.1 (0.004) 7.0 (0.010) 3.15 (0.1) 4.30 (0.3) 1.97 (0.03)
ChP 5.8 (0.002) 28.3** 3.98 (0.2) 6.95 (0.2) 2.5 (0.07)

Table 5 
Effects of degradation process on the WAXS diffraction peak positions for intact 
(CP), biologically degraded (BP), and chemically degraded (ChP) pine wood 
samples. Fit uncertainties are included in parenthesis.

Sample 
ID

d200 (Å) d110 (Å) d1–10 (Å) d020 (Å) d004 (Å)

CP 3.97 (0.03) 6.03 (0.05) 5.31 (0.06) 4.25 (0.03) 2.55 (0.02)
BP 4.03 (0.02) 6.04 (0.01) 5.20 (0.09) 4.44 (0.03) 2.56 (0.09)
ChP 4.05 (0.05) 6.36 (0.12) 5.31 (0.08) 4.58 (0.12) 2.58 (0.03)
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4. Discussion and conclusions

The results obtained in the study show differences in wood degraded 
by brown-rot fungus and alkaline treatment, starting from chemical 
composition through nanostructure to the macro-scale of the cell wall. 
By combining our results with previous data on the physical properties 
of the cell walls, it is evident that the nanoscale changes, particularly at 

the elementary fibril level, can help understand the differences observed 
in the moisture and mechanical properties of degraded wood.

The results of the wood chemical analysis obtained in the present 
research align with the data from our previous FT-IR analysis (Broda, 
Popescu, et al., 2022) and provide additional support for interpreting 
nanoscale data. Considering them together with the data from X-ray 
diffraction (Broda, Popescu, et al., 2022), we can conclude that the 
decay by C. puteana caused loss of cellulose and hemicelluloses (i.e., 
xylans and mannans) and a decrease in cellulose crystallinity when 
compared to undegraded wood. Alkaline treatment reduced xylans and 
soluble lignin content. While NaOH treatment may transform some 
cellulose I to cellulose II or Na-cellulose, no distinct diffraction peaks 
from either one of these polymorphs were present in the WAXS data in 
this study.

The differences observed in the nanostructure due to the degradation 
methods likely arise from changes imparted to the spatial architecture of 
the wood polymers in the cell walls, particularly regarding the compo
sition of the cellulose microfibrils and their moisture-accessibility. While 
the detailed structure of the microfibril is still an active area of research, 
there is increasing evidence in the literature describing the molecular 
scale interactions between the wood polymers. Some hemicelluloses 
have been shown to be in close contact with cellulose (Terrett et al., 
2019) and can even occupy some spaces between the elementary fibrils 
(Thomas et al., 2020). Xylan can also be closely associated with lignin 
(Kang et al., 2019) and plays a role in microfibril formation and align
ment (Crowe et al., 2021). Lignin is generally thought to be part of the 
microfibril matrix, though there is increasing microscopy-based evi
dence showing that lignin is required to form microfibrils (Lyczakowski 
et al., 2019), and it is often found surrounding microfibrils whose size 
ranges from 5 nm (Kesari et al., 2021) to about 20 to 30 nm (Adobes- 
Vidal et al., 2020). Hence, microfibrils can be described as a bundle of 
cellulose elementary fibrils that contain some hemicelluloses (both in
side and outside the bundle) and some lignin that is outside this bundle. 
The differences observed in this study in the elementary fibril spacing 
indicate that the degradation methods removed wood polymers from the 
microfibrils and thus affected their moisture-induced swelling. For the 
chemically degraded sample, we observed the highest increase in 
elementary fibril spacing both in dry and wet conditions. Previous 
studies on delignified wood have also shown increased spacing between 
elementary fibrils (Zhu et al., 2020). The swelling at the elementary 
fibril level translated to the expansion of the cell wall into the lumen and 

Fig. 3. Effects of the degradation on the microfibril angle distribution. (a) Azimuthal profile from the 200-diffraction peak from the WAXS data. (b) Azimuthal profile 
from the SAXS data.

Table 6 
MFA values obtained from fitting the azimuthal WAXS and SAXS profiles shown 
in Fig. 3 for intact (CP), biologically degraded (BP) and chemically degraded 
(ChP) pine wood samples. Values in parentheses correspond to fit uncertainties.

Sample ID WAXS SAXS

MFA (◦) FWHM (◦) MFA (◦) FWHM (◦)

CP 7.2 (0.01) 8.3 (0.03) 7.9 (0.2) 8.35 (0.05)
BP 10.4 (2.4) 14.1 (1.3) 9.5 (0.5) 14.5 (0.13)
ChP 8.4 (2.6) 10.3 (1.9) 18.7 (2.7) 22.8 (1.9)

Fig. 4. A - Scanning probe microscopy images of example cross-section mor
phologies of undegraded (CP), biologically (BP), and chemically (ChP) 
degraded pinewood after indentation visualizing the thickness of the cell walls; 
the size of the single image window was 20 × 20 μm; B – microscopy images of 
undegraded (CP), biologically (BP), and chemically (ChP) degraded pinewood 
sections prepared for nanoindentation measurements.

M. Broda et al.                                                                                                                                                                                                                                  Carbohydrate Polymers 347 (2025) 122733 

7 



the creation of misshapen lumina visible in optical microscopy images of 
the nanoindentation surface (ChP in Fig. 4B). The increased elementary 
fibril spacing suggests that as the sample is chemically degraded, there 
are elementary fibrils that are increasing in size due to the changes in the 
cellulose crystal lattice by the NaOH treatment, while others may be 
coalescing due to the extraction of the acid-soluble lignin and/or xylans 
from the matrix (Table 1). It is also possible that some of the swelling 
restrictions caused by the presence of lignin/hemicellulose matrix have 
been released by the treatment. These combined changes give rise to an 
increased disorder in the microfibril angle of the cellulose microfibrils in 
the chemically degraded sample compared to the undegraded one.

Exposure to brown rot (G. trabeum) has been shown to decrease 
cellulose crystallinity, as well as increase the size of the elementary fi
brils and the spacing between them to allow for further enzymatic 
degradation (Floudas et al., 2022; Goodell et al., 2017; Plaza et al., 2022; 
Zhu et al., 2020). For the biologically degraded sample, wood exposure 
to C. puteana targeted both celluloses and hemicelluloses, which led to a 
slight increase in the elementary fibril cross-section and an increase in 
the elementary fibril spacing. This latter increase was most noticeable in 
the wet state, which would indicate that the extensive depletion of 
hemicelluloses increased the moisture-accessibility of the microfibrils, 
albeit to a lesser extent compared to the removal of xylan and acid- 
soluble lignin caused by the chemical treatment (Table 1). It is also 
possible that the chemical degradation process imparts changes in the 
cellulose surface and, hence, modifies its interaction with water. Fungal 
exposure and/or removal of the hemicelluloses can also increase disor
der in the arrangement of cellulose microfibrils (Crowe et al., 2021) and 
lead to higher MFAs (Hudson-McAulay et al., 2018), which is consistent 
with the higher MFA and less pronounced SANS peak observed for the 
BP samples. These changes are consistent with a fungal degradation 
mechanism that lowers the cellulose crystallinity but does not result in 
“thinning” of the cellulose elementary fibrils, which was previously 
observed in filter paper degraded by G. trabeum (Floudas et al., 2022).

Comparing the nanoscale changes observed in this study to previ
ously measured macroscale physical properties can help us deduce what 
properties are influenced by the nanostructural changes. From our 
previous studies on the structure and properties of the degraded wood 
(Table 7) (Broda et al., 2024; Broda, Popescu, et al., 2022; Broda, Spear, 
et al., 2022), we know that both degradation processes effectively 
reduced wood mass loss (the 39 ± 5 % reduction by fungal decay (BP) 
and 17 ± 1 % by chemical treatment (ChP), and the degraded wood 
shrunk after air-drying (22.3 % shrinkage for BP and 25.1 % for ChP 
with regard to undegraded wood (CP)). Despite the degree of degrada
tion, the air-drying caused densification of the decomposed wood so that 
the final density of BP was similar to CP (0.44 g cm-3), and for ChP, it 
was even higher (0.65 g cm− 3). The changes in the density of the 
degraded cell walls follow the same trend as the EFs observed via SANS.

The changes in the chemical composition of wood polymers affected 
the cell wall microstructure, increasing total pore volume, which is the 
total volume of pores with diameters from 4 nm to 73 nm measured by 
nitrogen absorption, and surface area, wherein NaOH treatment pro
duced a greater number of smaller mesopores (with diameters ranging 
from 4 nm to 11 nm) than fungal decay (Broda, Popescu, et al., 2022). 
They also affected wood moisture properties – fungal decay reduced the 
maximum equilibrium moisture content (EMC) measured at about 94 % 
air relative humidity (RH) from 20.3 % to 17.7 % and did not alter the 
number of free hydroxy groups compared to undegraded wood while 
chemical degradation increased the wood maximum EMC to 24.6 % and 
increased the number of free hydroxy groups from 7.9 mmol g− 1 to 11.3 
mmol g− 1. Changes in the EMC of the samples agree with the nanoscale 
moisture-induced swelling measured via SANS. BP had similar EFs to 
undegraded wood but with a lower contrast due to its lower EMC, 
whereas ChP had both increased EFs and EMC. Dynamic Mechanical 
Analysis (DMA) on bulk wood samples revealed a reduction in the loss 
modulus (E") and storage modulus (E') at the temperature of 25 ◦C for BP 
compared to CP, while for ChP, the values were more similar to CP. Both 

degradation methods increased the damping properties of wood 
compared to undegraded samples. However, the DMA results were 
encumbered with errors due to the small internal cracks that occurred in 
degraded wood samples (hence the higher standard deviation values for 
those specimens) (Broda, Spear, et al., 2022). Therefore, measurements 
on the cell wall level were necessary to obtain more precise information 
about the mechanical properties of the degraded cell walls. For this 
purpose, we used a nanoindentation technique, which enables 
measuring the micromechanical properties of the cell walls in sound and 
degraded wood (Jakes & Stone, 2021; Wimmer et al., 1997).

The results obtained from nanoindentation measurements show how 
the changes in chemistry and nanostructure of the cell walls affect their 
mechanical properties (Broda et al., 2024). Nanoindentation was used to 
measure the elastic modulus and hardness of the latewood S2 secondary 
cell wall in the longitudinal direction. Elastic modulus is a metric of the 
cell wall's resistance to elastic (recoverable) deformations caused by 
applied stress. Hardness quantifies the cell wall's resistance to plastic 
(permanent) deformations. In the longitudinal direction, the elastic 
modulus will be dominated by the orientation and integrity of the cel
lulose fibrils (Jäger et al., 2011), whereas hardness is understood to be 
controlled by yielding in the matrix polymers (Gindl et al., 2004), which 
consist of lignin, hemicelluloses, and amorphous cellulose. It has been 
suggested that lignin is the matrix polymer controlling the hardness 
(Hofstetter et al., 2008). The nanoindentation results (Table 7) and 
images of prepared surfaces (Fig. 4) provide some additional insights 
into how the cell walls were degraded. Despite the relatively large mass 
losses of 17 % and 39 % for ChP and BP, respectively, the changes in 
measured cell wall properties were modest. Compared to CP, the BP 
elastic modulus only decreased by 7 %, and the hardness increased by 2 
%. For ChP, the elastic modulus decreased by 16 %, and the hardness 
decreased by 8 %. Furthermore, the integrity of the prepared surfaces 

Table 7 
Physical, moisture, and mechanical properties of undegraded (CP), biologically 
(BP), and chemically (ChP) degraded pinewood. Nanoindentation properties are 
of the S2 secondary cell wall layer tested on the transverse plane. ± standard 
deviation.

Property CP BP ChP Reference

Mass loss (%) – 38.5 ±
4.7

16.8 ±
1.4

(Broda, 
Popescu, et al., 
2022)

Moisture content during 
DMA test (%)

6.3 ±
0.1

6.2 ±
0.2

6.9 ±
0.1

(Broda, Spear, 
et al., 2022)

Shrinkage (%) – 22.3 ±
4.6

25.1 ±
4.2

(Broda, 
Popescu, et al., 
2022)

Surface area (m2 g− 1) 0.36 ±
0.02

0.70 ±
0.06

0.79 ±
0.03

(Broda, 
Popescu, et al., 
2022)

Total pore volume (cm3 

g− 1)
0.0007 0.0015 0.0012 (Broda, 

Popescu, et al., 
2022)

Cell wall density (g cm-3) 1.51 ±
0.002

1.54 ±
0.002

1.57 ±
0.002

(Broda, 
Popescu, et al., 
2022)

Bulk density (g cm− 3) 0.44 ±
0.02

0.44 ±
0.03

0.65 ±
0.02

(Broda, 
Popescu, et al., 
2022)

Cellulose crystallinity 
degree (%)

55.9 50.1 52.7 (Broda, 
Popescu, et al., 
2022)

EMC at 94 % RH (%) 19.9 17.1 24.2 (Broda, Spear, 
et al., 2022)

Hydroxy groups number 
(mmol g− 1)

7.90 ±
0.14

8.04 ±
0.99

11.32 ±
0.34

(Broda, Spear, 
et al., 2022)

DMA E' at 25◦ (MPa) 95.4 ±
14.1

52.3 ±
10.8

90.8 ±
17.0

(Broda, Spear, 
et al., 2022)

Nanoindentation elastic 
modulus (GPa)

16.4 ±
1.8

15.3 ±
1.5

13.8 ±
2.8

(Broda et al., 
2024)

Nanoindentation 
hardness (MPa)

389 ±
26

395 ±
27

358 ±
44

(Broda et al., 
2024)
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looks similar for CP, BP, and ChP (Fig. 4A). These modest changes in 
mechanical properties and surface observations could suggest that 
degradations are not creating large void volumes in the tested cell walls, 
but rather, the mass loss is likely occurring by the removal of individual 
polymers, and after removal, the remaining wood polymers are coa
lescing to reform a structurally sound S2 layer. These ideas are also 
supported by the increase in elementary fibril spacings shown via SAXS 
and SANS. The increased cell wall density of the ChP and BP (Table 7) 
also supports that voids are not being formed in the cell walls and that 
coalescence of the remaining wood polymers is likely occurring during 
drying after degradation. It is worth noting that for ChP samples, the 
standard deviations for the elastic modulus and hardness values were 
higher than for BP and CP, suggesting a more uneven degradation of this 
model wood (Broda et al., 2024). Additionally, the BP nanoindentation 
elastic modulus did not have the drastic decrease like in the storage 
modulus obtained via DMA (DMA E'). In damaged thin wood sections, 
Broda et al. observed that BP had much weaker interfaces between the 
secondary cell walls and middle lamella than in the CP or ChP (Broda 
et al., 2024). It is likely that the decrease in bulk wood DMA E' arose 
from this weakened interface rather than a drastic weakening in the cell 
wall material itself.

There are multiple potential explanations for the differences in 
nanoindentation properties between CP, BP, and ChP. Elastic modulus 
and hardness are very sensitive to changes in moisture content, with 
both hardness and elastic modulus decreasing with increasing moisture 
(Yu et al., 2011). As previously reported, ChP had a higher max EMC 
than CP and BP. All nanoindentation experiments were performed under 
50 % RH conditions (Broda et al., 2024), where, as reported before 
(Broda, Spear, et al., 2022), the moisture content (MC) of CP and BP was 
about 7.5 %, and that of ChP was 10 %. A higher moisture content of ChP 
can partially explain the lower ChP elastic modulus and hardness. 
Similarly, BP had the lowest max EMC and moisture content during 
testing, which likely caused increases in elastic modulus and hardness. 
Also, given the current understanding that lignin controls hardness 
(Hofstetter et al., 2008), the degraded lignin in ChP is likely contributing 
to the lower hardness as compared to CP and BP. Finally, the decreased 
cellulose crystallinity and increased disorder of the microfibril observed 
with SANS and SAXS also likely contributed to the lower elastic moduli 
for ChP and BP as compared to the CP. These results are consistent with 
previous reports showing that the tensile stiffness of isolated wood fibers 
was greatly reduced with increasing moisture content as well as 
increasing MFA (Horbelt et al., 2021).

The results presented herein helped to better understand the struc
ture and properties of model degraded wood material. Applying the two 
degradation processes caused mass loss, affected the chemical compo
sition, altered the nanostructure, and resulted in modified mechanical 
properties. Hence, a holistic approach that considers not only the pattern 
and degree of degradation but also nanoscale changes in the cell wall is 
crucial from the conservation perspective. By using two different model 
wood materials for research on new conservation agents, different ef
fects on the wood's dimensional stability can be observed, and a more 
complete understanding of how new conservation agents interact or 
restore the cell wall nanostructure can be achieved. While developing a 
universal conservation agent capable of addressing all types and degrees 
of wood degradation seems like an extremely challenging task, a better 
understanding of how the wood structures and properties are affected by 
degradation can rather help develop treatments tailored to the indi
vidual needs of degraded objects.
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