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A B S T R A C T  

The improved fungal decay resistance exhibited by modified wood has been attributed to inhibited diffusion of 
decay precursors and subsequent degradation products through the wood cell wall. However, data relating the 
effect of modification to diffusion through wood cell walls is lacking. Synchrotron X-ray fluorescence microscopy 
paired with an in situ humidity chamber was used to observe the transport of an implanted model metabolite, 
potassium (K+) ions, in wood cell walls as a function of relative humidity (RH) and extent of the wood mod-
ification acetylation. The RH threshold for K+ transport in wood cell walls increased with increasing levels of 
acetylation between 0 and 20 wt percentage gain (WPG), which clearly indicates that acetylation inhibits ion 
transport in the modified wood cell walls. The reduced equilibrium moisture content (EMCR or moisture based 
on wood polymer mass) thresholds were also calculated, but the trend of EMCR thresholds with WPG was 
inconclusive. Although the results provided support to the proposed mechanism that diffusion inhibition in 
acetylated wood caused decay resistance, the results could not confirm that diffusion inhibition was the most 
important mechanism. The observed inhibition of K+ transport in acetylated wood should motivate additional 
work to understand how chemical modifications affect cell wall diffusion and the implications for producing 
decay-resistant wood. 

1. Introduction 

Wood is a desirable building material because it is economical, it is 
renewable, it typically requires relatively little energy to produce, and 
it sequesters carbon (Bergman et al., 2014; Jakes et al., 2016). One of 
the limitations of wood is that it is subject to decay when exposed to 
high moisture conditions. Wood decay is primarily caused by fila-
mentous fungi, which are characterized as either brown, white, or soft 
rot fungi. Brown rot fungi pose an increased threat to wood and wood-
based materials due to their prevalence on coniferous species, which 
predominate the construction market, and because they rapidly depo-
lymerize all wood polymers, which can lead to rapid structural failure 
(Curling et al., 2002; Martinez et al., 2005; Arantes and Goodell, 2014) 
These fungi have 1–3 μm diameter hyphae that can grow through the 
open micron-scale spaces in the wood cellular structure and adhere to 

interior surfaces. In the initial stages of brown rot, these fungi secrete 
low-molecular-weight reactants or oxidant precursors that diffuse into 
the wood cell wall to oxidize and cleave cell wall polymers (Hammel 
et al., 2002; Arantes and Goodell, 2014). In brown rot, the oxidative 
mechanism is thought to be dominated by the fenton reaction of Fe2+ 

with hydrogen peroxide (H2O2) to create the highly reactive hydroxyl 
radical (Suzuki et al., 2006; Arantes and Goodell, 2014). Therefore 
H2O2 and Fe2+ inside the cell wall must be continually replenished by 
enzymatic action in the lumen. Fungal enzymes make H2O2 directly but 
are thought to reduce Fe via small diffusible reducing agents (Kerem 
et al., 1998; Tanaka et al., 1999; Cohen et al., 2002; Arantes and 
Goodell, 2014). White rot fungi are thought to produce a variety of 
diffusible oxidants including, but not limited to, veratryl alcohol cation 
radical, fatty acid peroxyl radicals, and manganese III chelates (Harvey 
et al., 1986; Popp et al., 1990; Tanaka et al., 1999). All these oxidants, 

Abbreviations: WPG, Weight Percentage Gain; RH, Relative Humidity; EMC, Equilibrium Moisture Content; EMCR, Reduced Equilibrium Moisture Content; XFM, X-
ray Fluorescence Microscopy; ROI, Region of Interest; AMU, Atomic Mass Unit 
∗ Corresponding author. Research Materials Engineer, USDA Forest Service, Forest Products Laboratory, One Gifford Pinchot Drive, Madison, WI, 53726, USA. 
E-mail addresses: cghunt@fs.fed.us (C.G. Hunt), szelinka@fs.fed.us (S.L. Zelinka), cfrhart@fs.fed.us (C.R. Frihart), llorenz@fs.fed.us (L. Lorenz), 

dyelle@fs.fed.us (D. Yelle), sophie-charlotte.august@phys.uni-goettingen.de (S.-C. Gleber), svogt@anl.gov (S. Vogt), jjakes@fs.fed.us (J.E. Jakes). 

https://doi.org/10.1016/j.ibiod.2018.06.014 
Received 22 February 2018; Received in revised form 31 May 2018; Accepted 16 June 2018 
0964-8305/ Published by Elsevier Ltd. 

http://www.sciencedirect.com/science/journal/09648305
https://www.elsevier.com/locate/ibiod
https://doi.org/10.1016/j.ibiod.2018.06.014
https://doi.org/10.1016/j.ibiod.2018.06.014
mailto:cghunt@fs.fed.us
mailto:szelinka@fs.fed.us
mailto:cfrhart@fs.fed.us
mailto:llorenz@fs.fed.us
mailto:dyelle@fs.fed.us
mailto:sophie-charlotte.august@phys.uni-goettingen.de
mailto:svogt@anl.gov
mailto:jjakes@fs.fed.us
https://doi.org/10.1016/j.ibiod.2018.06.014
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ibiod.2018.06.014&domain=pdf


C.G. Hunt et al. International Biodeterioration & Biodegradation 133 (2018) 230–237 

Fig. 1. Acetylation reaction. 

after diffusing into and attacking the cell wall, release soluble sugars 
that then diffuse out of the cell wall and can be taken up as an energy 
source by the fungus (ten Have and Teunissen, 2001; Martinez et al., 
2005; Arantes and Goodell, 2014). To protect wood from decay, copper-
based preservative treatments are often prescribed. However, these 
wood preservatives are registered pesticides and their availability de-
pends on future regulations and maintaining their registration with 
environmental regulators (Lebow, 2004). Nontoxic alternatives to wood 
preservatives are being sought as manufacturers and consumers are 
increasingly demanding decay-resistant wood products with non-
biocidal treatments (Hill, 2011; Mantanis, 2017; Sandberg et al., 2017). 

An alternative to preservative treatments is to make wood resistant 
to decay by modifying wood chemistry. Although numerous wood 
modification methods have been developed and found effective, acet-
ylation is currently the most widely studied and is finding commercial 
success (Hill, 2006; Mantanis, 2017). During acetylation, wood is 
treated with acetic anhydride and the hydroxyl groups on wood poly-
mers are replaced with acetate esters (Fig. 1). The effectiveness of the 
treatment depends on the extent of modification, which can be quan-
tified using weight percentage gain (WPG), defined as the change in 
mass resulting from the modification divided by the original wood 
mass. Mass increases because the acetate ester (59 AMU) is heavier than 
the hydroxyl group (17 AMU) it replaces. Volumetric swelling of the 
wood cell wall is approximately the same as WPG (for example, 12% 
dry volume swelling at 12 WPG) (Hill and Graham, 2004). This irre-
versible swelling from acetylation decreases pore volume and the 
amount of water vapor that is sorbed at a given relative humidity (RH) 
(Stamm and Tarkow, 1947; Hill, 2006; Engelund et al., 2013; Popescu 
et al., 2014). With regards to decay resistance, acetylation to 20 WPG is 
very effective at inhibiting decay, whereas 10 WPG is only mildly in-
hibitory to decay (Stamm and Baechler, 1960; Ibach and Rowell, 2000; 
Larsson Brelid et al., 2000; Hill 2006, 2009). 

Despite the empirically known effectiveness of acetylation, the 
material property changes caused by acetylation that lead to the im-
proved decay resistance are not thoroughly understood and continue to 
be an active topic of research (Rowell et al., 2009; Ringman et al., 2014; 
Alfredsen et al., 2015; Hosseinpourpia and Mai, 2016b; Thybring, 
2017). Proposed mechanisms for how wood modifications, including 
acetylation, inhibit decay, along with supporting references and ana-
lyses of which mechanisms are most likely to contribute, are available 
elsewhere (Ringman et al., 2014; Zelinka et al., 2016). The proposed 
mechanisms for decay resistance of modified wood include (1) acety-
lated hemicelluloses do not serve as a nutrient source for fungi (Rowell 
et al., 2009; Rowell, 2015); (2) fungal degradative enzymes that break 
down modified wood polymers are inhibited (Rowell, 2005; Rowell 
et al., 2009); (3) fungal degradative enzymes are unable to enter cell 
wall because micropores are blocked by the modification (Hill et al., 
2005); and (4) diffusion within the cell wall is inhibited because the 
modification decreases the wood equilibrium moisture content (EMC) 
(Papadopoulos and Hill, 2002; Boonstra et al., 2007; Jakes et al., 2013; 
Xie et al., 2015; Hosseinpourpia and Mai 2016a, 2016b). Of the pro-
posed mechanisms, Ringman and coworkers concluded that (4) is likely 
to be the most important (Ringman et al., 2014; Zelinka et al., 2016). 
Lowered diffusion rates would inhibit fungi by slowing the transport of 
degrading agents into the wood and also by slowing the transport of 
degradation products out of the wood to feed the fungus (Goodell et al., 
2017). 

Inhibiting cell wall diffusion could be an important mechanism by 

which acetylation imparts decay resistance to wood. However, there are 
no studies to our knowledge in which diffusion in untreated and 
acetylated wood has been compared. One study observed that veneers 
acetylated to 18.1 WPG immersed 48 h in a dilute solution of Fe++ 

absorbed approximately 20 times less Fe than control wood 
(Hosseinpourpia and Mai, 2016b). However, because no time course 
data were acquired, we suspect that this study reflects a higher Fe ion 
binding capacity of unmodified wood compared with acetylated wood, 
rather than a higher diffusion rate (Hunt et al., 2017). 

In this study, experiments were performed to test the hypothesis 
that the mechanism by which chemical modifications, such as acet-
ylation, impart decay resistance to wood could be the inhibition of 
diffusion through wood cell walls. We directly observed the moisture-
dependence of potassium ion diffusion in different wood cell walls with 
varying levels of acetylation. . 

2. Materials and methods 

2.1. Wood 

A kiln-dried loblolly pine (Pinus taeda) board (2 by 12 in., 5 by 
30 cm) was obtained from Shuqualak Lumber in Shuqualak, Mississippi, 
USA. A single latewood band without compression wood, approxi-
mately 3 mm thick and located about 30 cm from the pith, was chosen 
and used throughout. Specimens prepared for acetylation treatment 
were typically 3 mm in the radial direction, 5–20 mm in the tangential 
direction, and 25 mm in the longitudinal direction. Samples were ran-
domly assigned to a level of acetylation. 

2.2. Acetylation 

The samples used in this study were from the same batch of acet-
ylation treatments used for a previous study, and full treatment details 
can be found there (Passarini et al., 2017). After immersion in acetic 
anhydride and reaction for various times at 140 °C, samples were re-
moved, washed in water, and dried. Five individual specimens were 
used in this study, including the control and acetylation WPGs of 8.1 
and 8.2 (pooled to get enough mass for sorption isotherm), 10.9, 13.2, 
and 20.3, which will be referred to as 8, 11, 13, and 20 WPG, respec-
tively. 

2.3. X-ray fluorescence microscopy (XFM) 

X-ray fluorescence microscopy (XFM) and an in situ RH chamber 
were used to observe RH-dependent ion diffusion in wood cell walls. 
XFM is a synchrotron-based technique capable of mapping ions in wood 
cell walls with high sensitivity and submicron spatial resolution. In 
previous work on unmodified wood, this technique showed that im-
planted ions (K+, Cl−, Cu2+, Zn2+) in unmodified wood cell walls only 
diffuse above a threshold RH (Zelinka et al., 2014). Because acetylation 
is proposed to inhibit diffusion of all chemical species produced by any 
wood decay organism, any diffusible species would be sufficient to test 
this hypothesis. The K+ ion in K2SO4 is a good model for decay agents 
or released degradation products because smaller species such as K+ 

generally diffuse faster and K+ ions tend not to form complexes (Dean, 
1992). In addition, K2SO4 has a high deliquescence point (96% RH); 
therefore, the solid salt will not liquefy during the experiments. Finally, 
the K signal was strong enough to obtain high quality data. 

Two-μm-thick sections measuring approximately 2 mm in length 
and 0.5 mm wide were cut using a diamond knife fit into a Leica EM 
UC7 ultramicrotome (Wetzlar, Germany). Sections were prepared with 
both transverse and radial–longitudinal orientations. Sample holders 
were made from a piece of 0.13-mm-thick Kapton™ (DuPont, 
Wilmington, Delaware, USA) film with a 1-mm-wide by 5-mm-long slot 
cut in the center. The wood section ends were secured to the Kapton™ 
film using small pieces of Kapton™ tape such that the section freely 
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spanned the 1-mm-wide slot. One sample holder could not hold all the 
sections. Therefore, one holder was prepared with a transverse section 
from each of the five treatments, and another holder was prepared with 
the longitudinal sections. Potassium (K+) ions were implanted into the 
sections using a tiny drop of K2SO4-saturated aqueous solution that was 
deposited manually using a sharpened piece of polystyrene foam under 
a dissecting microscope. The heat from the microscope light caused the 
water in the drop to evaporate in a couple of seconds, which resulted in 
an implanted ion front in the wood cell walls. 

A sample holder was secured inside of the custom-built RH chamber 
constructed of an aluminum frame covered by Kapton™ film (Zelinka 
et al., 2014). The RH was controlled by a HumidiSys™ RH generator 
(Instruquest, Coconut Creek, Florida, USA) supplied with nitrogen gas. 
The RH inside the chamber was monitored by a Sensirion SHT1x sensor 
(Staefa, Switzerland). The RH chamber was placed into beamline 2-ID-E 
at the Advanced Photon Source at Argonne National Laboratory (Ar-
gonne, Illinois, USA) for XFM ion mapping. All XFM mapping was 
performed under dry condition before or after humidity conditioning 
steps. The incident X-ray beam energy was 10.2 keV, and the spot size 
was approximately 0.5 μm diameter. Elemental maps were built in 0.3-
μm steps with 5-ms dwell times at each step. All fluorescing elements 
were mapped, but only relevant elements are discussed. The elemental 
maps were created using the MAPS software package (Vogt, 2003) in  
which full spectra were fit to modified Gaussian peaks, the background 
was iteratively calculated and subtracted, and the results were com-
pared with standard reference materials (RF4-100-S1749, AXO 
DRESDEN GmbH, Heidenau, Germany). 

All longitudinal sections were tested during one run, and the 
transverse sections were tested during another run. At the beginning of 
a run, sections were conditioned under dry nitrogen and an initial 
overview image was collected for each section. From the overview 
image, a region of interest (ROI) with an ion front in a wood cell was 
chosen and imaged at high resolution. Then, the RH was changed in a 
nominal step function to a specified RH. It took about 3 min for the RH 
chamber to reach the target RH, after which it was held for 10 min at 
the target RH. The RH was then returned back to dry conditions, and 
after 10 min of conditioning, each ROI was reimaged. The RH con-
ditioning and imaging steps were repeated using successively higher RH 
until obvious movement in the implanted ion front was observed. The 
RH threshold for diffusion was identified by carefully comparing suc-
cessive images and observing at which RH the ion front changed. 

2.4. Sorption isotherms 

To relate the RH threshold for K movement observed in XFM to 
wood EMC, absorption isotherm data were obtained from specimens 
matching the specimens used to make the sections for XFM. Sorption 
isotherms were taken using a pseudo-dynamic vapor sorption method 
using an RH generator and an analytical balance (Zelinka et al., in 
press). Samples were run in parallel: each RH step was stopped when 
the change in moisture content (of all samples) as a function of time 
was less than 0.1 μg g−1 min−1 for a 24-h period. EMC was then con-
verted to reduced EMC (EMCR) to allow the moisture content to be 
expressed on the basis of original wood mass (Akitsu et al., 1993), using 
the equation. 

EMCR = EMC *(1 - WPG)−1. 

3. Results 

XFM Zn, K, and S maps of a 2-μm-thick wood section containing an 
ion front are shown in Fig. 2. This figure is useful for understanding the 
outputs from the XFM experiment and how the XFM maps were used in 
the determination of the RH threshold for ion movement. The map of 
the native Zn (Fig. 2, Zn) demonstrates the sensitivity of XFM and is also 
useful to help identify the cell wall features. The horizontal line of in-
creased intensity near the top of the Zn map was identified as the 

middle lamella because Zn is often more abundant in the middle la-
mella than the secondary cell walls (Saka and Goring, 1983). The black 
zero intensity region at the bottom was empty space in the lumen. 
Between the middle lamella and the lumen was the secondary cell wall. 
The region of high Zn intensity adjacent to the lumen was probably an 
upturned flap of tissue. The ion front implanted by the drop of K2SO4-
saturated solution was identified by the sharp vertical gradient in in-
tensity on the left side of the K and S maps in Fig. 2 K and S, respec-
tively. The matching shapes and locations of the fronts in both the K 
and S maps confirmed the front was formed by the drop of K2SO4-sa-
turated solution. The high intensity finger of K and S in the top left 
shows where the droplet spread along the S2 layer immediately ad-
jacent to the middle lamella during the drop deposition. The ion front 
appeared to be much sharper in the K maps because signal to noise ratio 
was much better for K than for S. Therefore, only K maps were used 
when determining if ion fronts changed during the RH conditioning 
steps. 

The XFM maps for the experimental run with the longitudinal sec-
tions are shown in Fig. 3 with a column for each of the five sections. In 
the top row of the image (Overview), the largest field of view image of 
the section is displayed. The signal was either the native Zn in the cell 
wall or the total scattering, whichever best showed the features of the 
cell walls. The second row is the same region showing K intensity with a 
yellow rectangle representing the ROI containing the K front that was 
monitored during the RH conditioning steps. The remainder of each 
column shows K maps after exposure to the progressively higher RH 
conditions indicated in the figure. Some maps are missing because the 
wood section moved during the RH conditioning step and the obtained 
XFM map did not encompass the needed ROI. Unfortunately, this mis-
take was not realized until after the next RH conditioning step; there-
fore, it was not possible to obtain the missing maps. In each column, 
two yellow ellipses indicate the RH threshold for K movement. Moving 
downward, the first ellipse was placed in the map with the highest 
humidity and no detected ion movement, and the second ellipse was 
located in the first map with observable ion movement. For the control 
sections, the ellipses were placed in 60% and 67% RH maps, indicating 
that the RH threshold for K movement was identified between 60% and 
67% RH. The 8, 11, and 13 WPG samples all had the same thresholds 
for ion mobility, between 77% and 82% RH. For the 20 WPG sample, 
the ion mobility was detected after exposure to 95% RH; therefore, the 
threshold was between 92% and 95%. For all sections at and just above 
the threshold, the amount of K mobility was small and the determina-
tion of whether or not ions moved was subjective. However, as the RH 
increased, the amount of K movement increased and ion movement 
became very obvious. One strategy used to help determine whether or 
not the subtle ion movement was real was to look at the maps after 
conditioning at higher RH to check that increasing ion movements 
stemmed from the identified areas of initial K movements. 

Fig. 4 shows the XFM maps for the experimental run with transverse 
sections. The 13 WPG section did not have an adequate K front; 
therefore, experiments could not be performed on that section. As in 
Fig. 3, the top two rows contain the overview maps and the yellow 
rectangles in the K maps indicate the ROI presented in successive K 
maps down each column. In the control, the first section that displayed 
movement was after the 75% RH conditioning, especially compared 
with the 60% RH K map. It was inconclusive whether movement also 
occurred after the 65% and 69% RH steps. Therefore the 60%–75% RH 
range was chosen for the transverse control RH threshold. In the re-
maining sections, threshold RH ranges of 75–87%, 65–79%, and 
87–95% were identified for 8, 11, and 20 WPG, respectively. In some of 
the K maps in the 8 and 20 WPG sections, there is an artifact marked 
with a red x. The artifact is a transient bright region visible in the K 
map, which was even stronger in the Ca and P maps (not shown). We 
suspect this artifact was a contaminant of some type that moved with 
the wall of the RH chamber. We excluded from consideration maps with 
K fronts that were affected by the contaminant, such as the 79% RH 
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Fig. 2. Example X-ray fluorescence microscopy 
(XFM) Zn (left), K (center), and S (right) maps of an 
unacetylated longitudinal section with implanted 
ions. The Zn was naturally occurring and useful for 
identifying the wood structure. The K and S maps 
clearly show the K and S implanted with the K2SO4-
saturated aqueous solution. Color intensities are dis-
played in a log scale across the ranges indicated for 
each map. The scale bar is 20 μm. (For interpretation 
of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 3.. X-ray fluorescence microscopy (XFM) maps 
of the experimental run with longitudinal sections. 
The acetylation weight percentage gain (WPG) is 
shown at the top for each column. The “Overview” 
row displays maps of either Zn or total scattering, 
whichever best showed the cellular structure. The “K 
Overview” row is the K map of the same region. The 
yellow rectangles in the overview rows outline the 28 
by 19 μm regions shown below after conditioning at 
the indicated relative humidity (RH). The yellow el-
lipses indicate the RH and locations where movement 
in the K front was first observed. The color intensities 

−2are displayed in a log scale from 0.04 to 10 μg-cm . 

image of the 8 WPG. 
The identified RH thresholds are summarized in Fig. 5a. Following 

the pairs of ellipses in Figs. 3 and 4, the vertical bars extend from the 
highest RH without movement to the lowest RH with movement. For 
the control samples, the K+ RH thresholds agreed with previous work 
using unmodified loblolly pine latewood sections in which K+ was 
implanted with a KCl aqueous solution and the threshold was observed 
to be between 60% and 65% RH in both transverse and longitudinal 
orientations (Zelinka et al., 2014). The RH threshold for K+ movement 
increased with acetylation, and thresholds for transverse and long-
itudinal sections all overlap for a given WPG. The 8, 11, and 13 WPG 
sections all have RH thresholds intermediate to the control and the 20 
WPG section. The trend of increasing RH thresholds with increasing 

WPG in Fig. 5a correlates with the dependency of decay resistance on 
acetylation WPG. As previously stated, acetylation around 10 WPG is 
only mildly inhibitory to decay, whereas acetylation at greater than 16 
WPG is effective at inhibiting decay in lab testing, and 20 WPG is even 
more decay resistant in field tests. This suggests that the onset of K 
diffusion may indicate a relative degree of decay resistance. 

To better understand the role of moisture content on K+ diffusion, 
the RH thresholds were converted to EMC values using the absorption 
isotherms. The EMC thresholds (Fig. 5b) decreased with increasing 
WPG. However, for chemically modified wood, the EMC may not be the 
most appropriate measure of moisture content because even if the 
modified wood holds the same amount of water as unmodified wood, 
the EMC of the modified wood would be lower because the oven-dry 
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Fig. 4. X-ray fluorescence microscopy (XFM) maps of 
the experimental run with transverse sections. The 
acetylation weight percentage gain (WPG) is shown 
at the top for each column. The “Overview” row 
displays maps of either Zn or total scattering, 
whichever best showed the cellular structure. The “K 
Overview” row is the K map of the same region. The 
yellow rectangles in the overview row outline the 40 
by 20 μm regions shown below after conditioning at 
the indicated relative humidity (RH). The yellow el-
lipses indicate the RH and locations where movement 
in the K front was first observed. The red x denotes an 
identified artifact. The color intensities are displayed 

−2in a log scale from 0.04 to 10 μg-cm . 

mass of the modified wood includes the added mass from the mod-
ification (Hill, 2008). The EMCR is therefore considered a better metric 
for chemically modified wood to compare the relative amounts of ab-
sorbed moisture (Thybring, 2013). The calculated EMCR thresholds for 
first ion movement are plotted in Fig. 5c. With the limited amount of 
data available, there does not appear to be a clear trend of threshold 
EMCR with acetylation WPG, although a slight decrease of threshold 
EMCR at high WPG may be evident. If decreasing the bulk wood 
moisture content was the controlling factor for cell wall diffusion in 
acetylated wood, then the threshold for diffusion should occur at the 
same EMCR independent of acetylation WPG. A trend of the EMCR 

threshold with acetylation WPG would mean that another factor is 
probably influencing diffusion. These data, however, are not strong 
enough to make a conclusion either way. 

Qualitative observations about the effect of RH on the rate of ion 
movement can also be made from the K maps that were obtained after 
conditioning at RH above the thresholds in Figs. 3 and 4. It is evident 
that K mobility increased dramatically with RH after it was above the 
movement threshold for both control and acetylated wood. This is 
clearly seen in the control longitudinal section in the first column of 
Fig. 3. The amount of movement that occurred during the 74% RH step, 
which can be observed by visually comparing the K front in the 67% RH 
map to the front in the 74% RH map, is much smaller than the amount 
of K movement that occurred during the 82% RH step. Similarly, in the 

8 WPG transverse section in Fig. 4, the combined amount of K move-
ment that occurred during 69%, 75%, and 79% RH steps was much 
smaller than the amount of movement observed during the 87% RH 
step. Compared with the control sections, large amounts of diffusion 
were not observed in 20 WPG sections even up to 95% RH. These ob-
servations suggest that even if acetylation did not completely stop 
diffusion under the high moisture conditions conducive to decay, 
acetylation may still have slowed diffusion through cell walls enough to 
inhibit decay, especially in the 20 WPG specimen which is expected to 
be very decay resistant. 

4. Discussion 

The objective of this study was to experimentally determine whe-
ther or not diffusion was inhibited in acetylated wood. These XFM ex-
periments conclusively demonstrated that the diffusion of implanted 
K+ ions were inhibited by acetylation, especially as evidenced by the 
increased RH threshold with acetylation WPG in Fig. 5a. This increased 
RH threshold with acetylation WPG was found to be similar to the in-
crease in decay resistance with WPG in acetylated wood, which sup-
ports the proposed mechanism that acetylation inhibits decay by in-
hibiting diffusion through the wood cell walls. However, these results 
do not confirm it as the most important mechanism. Other mechanisms 
for decay resistance were not addressed by these data. It is also possible 
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Fig. 5. Threshold vs. WPG. Observed (a) relative humidity (RH), (b) equili-
brium moisture content (EMC), and (c) reduced equilibrium moisture content 
(EMCR) thresholds for K movement as a function of acetylation. The plotted 
thresholds span from the highest RH without observable K movement to the 
lowest RH where movement was observed, following the ellipses in Fig. 3 and 4. 

that the observed K+ transport behaved differently than the diffusion of 
the chemicals relevant to decay. Although some agents important to 
brown rot, such as Fe3+, are cationic similar to our K+ probe and some 
are neutral (H2O2, dimethoxyhydroquinone-derived radicals, released 
sugars) (Hammel et al., 2002; Arantes and Goodell, 2014), the me-
chanisms subsequently discussed for the restriction of diffusion with 
acetylation are relevant to both ionic and nonionic diffusible species. It 

might also be that the thresholds for K+ transport only happen to 
correlate with decay resistance and another mechanism controls decay 
resistance. 

These results provide strong motivation for additional work 
studying diffusion through chemically modified wood cell walls and its 
potential implications for decay resistance. Particularly, the way che-
micals transport through wood cell walls needs to be better understood. 
A recently proposed model for chemical transport through wood cell 
walls is a useful tool to help identify the potential mechanisms by which 
chemical modifications such as acetylation inhibit diffusion. In the 
model, it was proposed that transport occurs via pathways of a perco-
lated, interconnecting network formed by regions of hemicelluloses and 
amorphous cellulose that have passed through their moisture-induced 
glass transition (Zelinka et al., 2008; Jakes et al., 2013; Plaza et al., 
2016). This model is supported by the observation that the RH 
threshold for ion transport observed with these XFM experiments for 
unmodified wood falls within the 60–80% RH range in which hemi-
celluloses pass through their moisture-induced glass transition. Zelinka 
and coworkers used this model to help identify how chemical mod-
ifications such as acetylation may be inhibiting cell wall diffusion 
(Zelinka et al., 2016). They proposed that a modification may be pre-
venting the hemicelluloses and amorphous cellulose from passing 
through their moisture-induced glass transition or the modification may 
be preventing the softened regions from forming an interconnected 
pathway. Although the current experiments do not distinguish between 
these two proposed mechanisms, they do provide the important in-
formation that indeed diffusion is inhibited in acetylated wood cell 
walls. Therefore, it is worthwhile to put more effort into identifying if 
either of the proposed mechanisms are relevant. If the mechanism is 
identified, it would enable the development and improvement of non-
toxic wood treatments for decay resistance. The next step to identifying 
the mechanism would be to perform experiments, such as mechanical 
spectroscopy, to determine whether or not acetylation affects the 
moisture-induced glass transition of hemicelluloses and amorphous 
cellulose. 

If the hemicelluloses are primarily responsible for diffusion within 
the cell wall, the best measure of acetylation with respect to inhibiting 
decay may not be the WPG. Generally, the rate of hydroxyl groups 
acetylated follows the order lignin > hemicelluloses > cellulose, 
which is proposed to be mostly a function of accessibility to the acetic 
anhydride reagent (Rowell, 1982; Hill, 2006; Sadeghifar et al., 2014). 
Consequentially, at lower WPG, the extent of lignin modification is 
much higher than the hemicelluloses and cellulose. For example, Ro-
well and coworkers estimated that at 8 WPG, about 80% of accessible 
hydroxyl groups on lignin were modified, whereas only 12% were 
modified in the holocellulose (Rowell et al., 1994). At 18% WPG, they 
estimated that nearly all lignin hydroxyl groups were modified and only 
20% of the holocellulose hydroxyl groups were modified. Even though 
the percentage of holocellulose hydroxyl group modification was based 
on the total number of hydroxyl groups present, which included in-
accessible hydroxyl groups inside of the semicrystalline cellulose fibrils, 
the results suggest that substantial acetylation of hemicelluloses did not 
occur until the higher WPGs. This might explain the potential decrease 
of the EMCR threshold with higher WPG in Fig. 5c because acetylation 
occurring at the higher WPG was in the hemicelluloses and more ef-
fective at inhibiting diffusion. If hemicelluloses are responsible for 
diffusion and decay, then the more effective parameter may be the 
degree of modification of hemicelluloses. Furthermore, reaction con-
ditions that favor modification of hemicelluloses relative to lignin 
might result in more diffusion inhibition, and possible better decay 
resistance, for the same extent of reaction. 

It is also possible that the glass transition of hemicelluloses is not 
important to diffusion through wood cell walls or the mechanism of 
decay. Because acetylated wood has a lower moisture content than 
unmodified wood at a given RH, the diffusion of ions might be inhibited 
simply from having less solvation water (Thygesen et al., 2010; Popescu 
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et al., 2014). The water solvates both the diffusing species and the 
polymers; this is sometimes described in terms of a lack of free volume 
inside the cell wall (Papadopoulos and Hill, 2002; Boonstra and 
Tjeerdsma, 2006). Thybring, by analyzing the data of many researchers, 
found that different types of chemical modifications (bulking, grafting, 
and cross-linking) all exhibited a threshold for decay resistance when 
EMC of the modified wood was decreased by approximately 40% 
compared with unmodified wood (Thybring, 2013). This further sup-
ports the idea that simply limiting moisture and the accompanying free 
volume inside the cell wall may be the key to inhibiting diffusion and 
decay. However, with these limited data (Fig. 5c), it was not possible to 
conclude whether or not the observed thresholds for K+ transport were 
being controlled only by the amount of absorbed moisture. 

5. Conclusions 

The experiments show that chemically modifying wood by acet-
ylation increased the RH threshold for diffusion within wood cell walls. 
In addition, the rate of K+ movement at a given RH level appeared to 
decrease as the level of acetylation increased. Both these results are 
consistent with the proposed mechanism that acetylation and other 
chemical modifications inhibit decay by restricting the transport of 
fungal degradation agents and the resulting degradation products 
through the wood cell wall. 
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