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Abstract: Research Highlights: Polyesterification of wood with sorbitol and citric acid (SCA) increases
decay resistance against brown-rot and white-rot fungi without reducing cell wall moisture content
but the SCA polymer is susceptible to hydrolysis. Background and Objectives: SCA polyesterification
is a low-cost, bio-based chemical wood modification system with potential for commercialisation.
Materials and Methods: This study investigates moisture-related properties and decay resistance
in SCA-modified wood. Scots pine sapwood was polyesterified at 140 ◦C with various SCA
solution concentrations ranging from 14–56% w/w. Dimensional stability was assessed and leachates
were analysed with high-performance liquid chromatography (HPLC). Chemical changes were
characterized with attenuated total reflection Fourier-transform infrared spectroscopy (ATR-FTIR)
and spectra were quantitatively compared with peak ratios. Low-field nuclear magnetic resonance
(LFNMR) relaxometry was used to assess water saturated samples and decay resistance was
determined with a modified EN113 test. Results: Anti-swelling efficiency (ASE) ranged from 23–43%
and decreased at higher weight percentage gains (WPG). Reduced ASE at higher WPG resulted from
increased water saturated volumes for higher treatment levels. HPLC analysis of leachates showed
detectable citric acid levels even after an EN84 leaching procedure. ATR-FTIR analysis indicated
increased ester content in the SCA-modified samples and decreased hydroxyl content compared
to controls. Cell wall water assessed by non-freezing moisture content determined with LFNMR
was found to increase because of the modification. SCA-modified samples resisted brown-rot and
white-rot decay, with a potential decay threshold of 50% WPG. Sterile reference samples incubated
without fungi revealed substantial mass loss due to leaching of the samples in a high humidity
environment. The susceptibility of the SCA polymer to hydrolysis was confirmed by analysing
the sorption behaviour of the pure polymer in a dynamic vapour sorption apparatus. Conclusions:
SCA wood modification is an effective means for imparting decay resistance but, using the curing
parameters in the current study, prolonged low-level leaching due to hydrolysis of the SCA polymer
remains a problem.

Keywords: ATR-FTIR; chemical wood modification; citric acid; decay resistance; leaching; LFNMR
relaxometry; polyesterification; sorbitol; wood-water relationships

1. Introduction

Susceptibility of wood to fungal degradation shortens service life and is one of the primary factors
limiting the use of wood in constructions today. Traditionally, biodegradation has been mitigated by
treatments with biocides, but the use of these chemicals is increasingly restricted due to environmental
and health concerns [1]. Alternatively, resistance to fungal decay can be improved by chemical wood
modification, which by definition is a wood protection system using a nontoxic mode of action [2].
Although commercial chemical modification processes such as thermal modification, acetylation
and furfurylation are gaining market share [3,4], growth is constrained by higher production costs
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compared to traditional wood preservation methods. Thus, a low-cost wood protection system with a
non-toxic mode of action is needed.

Polyesterification of bio-based chemicals in wood as an impregnation chemical modification
technique is a field which has been gaining research attention over the past decade [5–13]. One promising
method utilising relatively low-cost chemicals is polyesterification using sorbitol and citric acid
(SCA) [14,15]. The uncatalyzed reaction of citric acid with alcohols or polyols is thought to proceed
through a cyclic anhydride intermediate formed by dehydration of the citric acid (Figure 1a,b) which
then reacts with a hydroxyl group in the alcohol/polyol (Figure 1c) to form an ester (Figure 1d) [16].
Doll et al. [17] proposed that the polymerization reaction for citric acid and sorbitol continues by
further condensation reactions in the initial ester to form an additional cyclic anhydride (Figure 1e)
and/or anhydrosorbitol ring (Figure 1f) and then further condensation reactions with hydroxyl groups
form a polyester. Centolella and Razor [18] demonstrated the formation of a polyester from citric
acid and sorbitol for use as an additive in food products. SCA polyesters have also been explored
for application as controlled release hydrogels [19], biomedical tissue scaffolds [20], antiscalants in
detergents [21] and surface coatings [22].
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Figure 1. Reaction scheme for polymerisation of citric acid (a) and sorbitol (c) through a cyclic anhydride
intermediate (b) to form an ester (d). Further condensation reactions can lead to the formation of
another cyclic anhydride (e) and/or anhydrosorbitol ring (f) which undergo further reactions to form a
polymerized material. Adapted from Doll et al. [17].

Research into the use of SCA polyesters for impregnation chemical wood modification is more
limited. Kiljunen et al. [23] mention the combination of citric acid and sorbitol, along with many other
water soluble reagents, in their patent on wood impregnation with polyols and crosslinking agents
containing carboxyl groups. They used a curing temperature of 120 ◦C and sodium hypophosphite as
a catalyst to obtain SCA-modified wood with weight percentage gains (WPG) in the range of 9–18%
after leaching. Recently, Larnøy et al. [14] used higher solution concentrations without a catalyst and
showed that SCA-modified Scots pine cured at 140 ◦C was resistant to leaching of reactant chemicals
and hindered fungal growth from brown-rot, white-rot and mould fungi. Mubarok et al. [15] tested
two curing temperatures, 140 and 160 ◦C, and various SCA solution concentrations for the modification
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of European beech wood. They also demonstrated increased decay resistance of the modified wood
and showed that SCA modification lowered thermal decomposition temperature, suggesting the
modified wood has fire retardant properties. Furthermore, they showed that the treatment solution
was stable up to four months, indicating the impregnation solution would be reusable in an industrial
application. These properties make SCA wood modification an attractive technique for upscaling
and commercialisation.

Like other wood modification techniques, the non-toxic decay resistance imparted by SCA
modification is likely linked to wood moisture content reduction. In order to metabolise wood, decay
fungi require cell wall moisture to function as a transport medium for secreted compounds/enzymes
and as a reactant in hydrolytic saccharification [24,25]. Although the exact mechanism behind
enhanced decay resistance in modified wood remains unclear, it is generally acknowledged that
a critical contributing factor is exclusion of water from the wood cell wall [26–29]. Thermal
modification reduces water uptake by degrading hydrophilic hemicellulose [30] and crosslinking
wood polymers, preventing them from expanding to accommodate water molecules [31]. Bulking cell
wall modifications, like acetylation, reduce cell wall moisture content by replacing hydroxyl groups
with less hydrophilic acetyl groups [32–34] and filling the cell wall with physically larger chemical
groups [35,36]. Impregnation chemical modifications, like furfurylation, polymerise chemicals within
the cell wall where they block space available for water molecules [37,38]. This same space-filling
mechanism should also reduce cell wall moisture content in SCA-modified wood. However, in addition
to bulking the cell wall, the SCA polymer will also introduce unreacted hydroxyl groups which
can serve as additional sorption sites for water molecules (Figure 1). This is like the situation for
wood modified with 1,3-dimethylol-4,5-dihydroxyethyleneurea (DMDHEU) which bulks the cell wall
and crosslinks the wood polymers but also adds hydroxyl groups in the crosslinking agent [39–41].
This interplay between cell wall bulking and addition of hydroxyl groups in the modification polymer
makes SCA-modified wood an interesting material for exploring wood–water interactions and their
relevance for fungal decay.

The goal of this study is to investigate the leachability and decay resistance of SCA-modified wood.
Scots pine sapwood is SCA modified at 140 ◦C and dimensional stability is determined. Leachates are
analysed with HPLC and the effect of leaching on chemical composition is assessed with attenuated
total reflectance Fourier transform infrared spectroscopy (ATR-FTIR). Water-saturated samples are
characterised with low-field nuclear magnetic resonance (LFNMR) and finally decay resistance against
brown-rot and white-rot fungi is demonstrated.

2. Materials and Methods

2.1. Sample Preparation and Treatment

Defect-free Scots pine (Pinus sylvestris) sapwood was conditioned at 20 ◦C/65% relative humidity
(RH) and cut to dimensions specified in Table 1 for the various analyses. The samples were treated
using different concentrations of a sorbitol and citric acid stock solution. The stock solution (pH 2,
density = 1.28 g/cm−3) was prepared from powdered citric acid (VWR Chemicals, CAS 77-92-9) and
D-Sorbitol (Ecogreen Oleochemicals GmbH, CAS 50-70-4) in a 3:1 molar ratio of citric acid to sorbitol.
The solids were dissolved in deionised water at room temperature to make a stock solution of 56% w/w
concentration. The stock solution was then diluted to the concentrations listed in Table 1. Only 31%
and 39% solution concentrations were chosen for ATR-FTIR, LFNMR and leachate analysis because
preliminary decay trials indicated the limit for protection was in this range.
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Table 1. Sorbitol citric acid treatment, weight percentage gain, sample dimensions and number of
replicates used for the various analyses. Standard deviation in parentheses.

Analysis
Concentration of

Treatment
Solution (%)

Weight Percentage
Gain (%) *

Dimensions L × T
× R (mm)

Number of
Replicates

Dimensions analysis 0 −1.0 (0.1) 15 × 25 × 25 12
Dimensions analysis 14 16.4 (0.7) 15 × 25 × 25 12
Dimensions analysis 22 28.2 (1.0) 15 × 25 × 25 12
Dimensions analysis 31 38.7 (1.9) 15 × 25 × 25 12
Dimensions analysis 39 50.6 (1.8) 15 × 25 × 25 12
Dimensions analysis 47 60.2 (2.9) 15 × 25 × 25 12
Dimensions analysis 56 72.0 (2.3) 15 × 25 × 25 12

ATR-FTIR 0 −1.49 (0.44) 10 × 5 × 5 9
ATR-FTIR 31 49.8 (3.2) 10 × 5 × 5 9
ATR-FTIR 39 64.5 (4.5) 10 × 5 × 5 9

LFNMR/HPLC leachate 0 −2.6 (0.2) 10 × 5 × 5 4
LFNMR/HPLC leachate 31 47.6 (3.5) 10 × 5 × 5 4
LFNMR/HPLC leachate 39 62.5 (4.7) 10 × 5 × 5 4

Decay test 0 0 † 30 × 5 × 10 8 ‡

Decay test 14 20.4 (2.2) 30 × 5 × 10 8 ‡

Decay test 22 34.1 (5.0) 30 × 5 × 10 8 ‡

Decay test 31 46.4 (6.3) 30 × 5 × 10 8 ‡

Decay test 39 62.5 (6.0) 30 × 5 × 10 8 ‡

Decay test 47 76.0 (11.9) 30 × 5 × 10 8 ‡

Decay test 56 87.2 (15.4) 30 × 5 × 10 8 ‡

* After leaching according to EN 84 for dimensional stability and decay test samples. An 11th leachate was included
for ATR-FTIR samples and a 12th for LFNMR/HPLC samples (Table 2). † Control decay samples were not heat
treated at 140 ◦C, as were other controls. ‡ 8 replicates per fungus.

Table 2. Sorbitol and citric acid concentrations of leachates measured with HPLC. Standard deviation
of four replicates in parentheses.

Leachate
Number

Time in
Leachate

(days)

Sorbitol
Concentration

SCA31 (g/L)

Sorbitol
Concentration

SCA39 (g/L)

Citric Acid
Concentration

SCA31 (g/L)

Citric Acid
Concentration

SCA39 (g/L)

2 1 0.009 (0.006) 0.011 (0.002) 0.32 (0.11) 0.32 (0.06)
3 1 0 0 0.12 (0.05) 0.15 (0.01)
4 1 0 0 0.07 (0.02) 0.08 (0.01)
5 1 0 0 0.05 (0.00) 0.06 (0.01)

10 1 0 0 0.03 (0.00) 0.04 (0.00)
11 7 0 0 0.12 (0.01) 0.15 (0.00)
12 21 0 0 0.27 (0.02) 0.28 (0.04)

For treatment, the samples were impregnated with the specified concentration of solution by
performing a 30-min pre-vacuum of 40 mbar followed by a 2-h pressure phase at 8 bars. The samples
were then cured for 18 h at 140 ◦C and leached according to EN 84 [42]. Control samples were
impregnated with water and subjected to the same curing procedure as the treated samples, except for
control samples for the decay tests which received no treatment.

2.2. Dimensions Analysis

Samples for dimensional measurements were oven dried at 103 ◦C for 18 h then stored in a
desiccator for half an hour before they were weighed on a Mettler Toledo scale ME303 (1 mg accuracy)
and all three dimensions were measured using a MITOTOYO Absolute 543-460B digimatic indicator
(0.001 mm accuracy). The samples were marked such that the same spot would be used for measuring
dimensions throughout the experiment. The samples were then treated as described above and leached
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according to EN 84. The samples were then submerged in deionised water, held down under weights
and a 2 kPa vacuum was applied for 1 h. The vacuum was removed, and the samples were left for 24 h
before their weights and dimensions were obtained in the water saturated state. Lastly, the samples
were dried again at 103 ◦C for 18 h and dimensions and weights were obtained.

The bulking coefficients (BC) and anti-swelling efficiencies (ASE) of the modified samples were
calculated as follows:

BC =
Vm,d −Vu,d

Vu,d
∗ 100% (1)

ASE =
Vu,w/Vu,d − Vm,w/Vm,d

Vu,w/Vu,d
∗ 100% (2)

where V represents volume and the indices m, u, d and w represent modified, unmodified, dry and
wet, respectively.

2.3. Analysis of Leachate

Leachates from the EN 84 procedure were analysed for the 10 × 5 × 5 mm samples used for
ATR-FTIR and LFNMR analysis. The samples were leached individually in 2 mL Eppendorf tubes in
five times the wood volume of deionised water, i.e., 1.25 mL [42]. The wood samples were removed
and moved to new Eppendorf tubes between water changes to minimize water loss. The procedure
specifies 10 water changes over the course of 14 days, the first 2 h after vacuum impregnation, the
second and third after 24 and 48 h, respectively, and thereafter seven more changes not less than one
day and not more than three days apart. To simplify comparison, only leachates in which the wood
sample had been submerged for one day were analysed with HPLC. Additionally, an 11th leachate in
which the samples had been submerged seven days and a 12th leachate of 21 days were included.

Leachates were analysed on an Agilent 1260 Infinity II LC with IR detector and variable wavelength
UV detector (Agilent Technologies, Palo Alto, CA, USA). A mobile phase of 5 mM sulfuric acid was
used with a 0.6 mL min−1 flow rate. An Aminex HPX-87H column (Bio-Rad, Hercules, CA, USA) was
used at 50 ◦C and the injection volume was 20 µL per sample. Calibration curves were generated for
both citric acid and sorbitol using six standard solutions of known concentration.

2.4. Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) Spectroscopy

To reduce the impact of oven drying on sample chemistry, dry weights for the samples used for
ATR-FTIR and LFNMR analysis were obtained by vacuum drying at 60 ◦C with a 2 kPa vacuum for
36 h. These samples were measured with ATR-FTIR after treatment, prior to leaching and again after
leaching according to EN 84 with an additional 11th leaching of seven days. The samples were vacuum
dried and placed over molecular sieves for 30 min before the analysis. Samples were measured on
the tangential face at the same position for both measurements before and after leaching. In addition
to the wood samples, pure SCA polymer was measured. The stock solution was cured at 140 ◦C for
18 h and then pulverized with a mortar and pestle. The powder was vacuum dried under the same
conditions as the wood samples and measured on the ATR-FTIR after 30 min over molecular sieves.

ATR-FTIR measurements were performed using a Bruker Tensor 27 FTIR with platinum ATR
accessory (Bruker, Billerica, MA, USA). Spectra were obtained for each specimen with a spectral range
from 4000 to 600 cm−1 using a resolution of 4 cm−1 and 64 scans (128 scans for background). To view the
spectra, they were baseline corrected using the OPUS 7.5 software (Bruker, Billerica, MA, USA). First,
junk data between 2500 and 1900 cm−1 was replaced with a straight line. Then concave rubberband
correction was performed with 64 baseline points and 10 iterations, excluding CO2 bands. Each
baseline-corrected spectra were then normalized to its standard deviation.

Three characteristic absorbance peaks were chosen for peak ratio analysis. The peak at 1508 cm−1 is
attributed to aromatic skeletal vibrations in lignin [43–45]. The proposed mechanism for polymerisation
of sorbitol and citric acid (Figure 1) does not include the formation aromatic structures and the reaction
is unlikely to affect the aromaticity of lignin. Thus, this peak was used as a reference to which two
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other peaks affected by polyesterification were compared—the peak at 1730 cm−1, assigned to C=O
stretch in ester groups [43–45] and the broad peak from 3400 to 3250 cm−1 assigned to hydroxyl
group vibrations [43–45]. For peak ratio analysis, unmanipulated spectra (no baseline correction) were
imported into R Studio (R Studio, Inc., Boston, MA, USA) and the areas for the three peaks of interest
were calculated by trapezoidal integration using an individual linear baseline for each peak.

2.5. Low-Field Nuclear Magnetic Resonance Relaxometry

LFNMR is a rapid, non-destructive technique that can characterise moisture in wood. Hydrogen
nuclei in water molecules are excited by a radio frequency pulse and their relaxation time, i.e., the time
it takes them to return to their ground state, is measured. In porous media, the relaxation time of water
molecules depends on both the size of the pores containing the water and the chemical interaction
between the water and the pore wall [46]. In a Carr–Purcell Meiboom–Gill (CPMG) experiment, T2

relaxation time is measured and water saturated wood samples exhibit 3–4 water populations with
distinct T2 values [47–52]. One population is attributed to water within the cell wall and the 2–3 other
populations arise from free water within the wood void structure. When the decay signal from the
CPMG experiment is transformed into a continuous distribution of T2 relaxation times, these various
water populations are represented as peaks.

The four samples used for leachate analysis were also measured with LFNMR using a Bruker
mq20 minispec with 0.47 T permanent magnet (Bruker, Billerica, MA, USA). The water saturated
samples were removed from the 12th leachate and dabbed on a dry paper towel to remove surface
water. They were then placed in pre-weighed glass NMR tubes and the wet mass of the sample was
recorded. A Teflon rod with dimensions that filled the remaining air space in the tube was inserted to
reduce evaporation of water from the samples over the course of the measurement. The temperature
of the probe region was stabilised at 22 ◦C using a BVT 3000 nitrogen temperature control unit (Bruker,
Billerica, MA, USA). A CPMG pulse sequence [53,54] was used to measure the spin–spin relaxation
time (T2) of the samples with a pulse separation (τ) of 0.04 ms, 500 echoes, 32 scans and a recycle delay
of 10 s. The gain was tuned individually for each sample. The first 200 echoes were spaced with a
separation of 2τ. The last 300 were spaced in a geometric progression with first term 2τ and 1.02 as the
common ratio. After the room temperature measurement was finished, the samples were removed from
the instrument in their glass tubes and immediately placed in a freezer at −22 ◦C. The samples were
equilibrated at −22 ◦C for 18 h and then measured again in the LFNMR. The instrument temperature
was set to −22 ◦C and the samples were allowed 5 min to equilibrate in the probe region before starting
the measurement. The pulse separation was again 0.04 ms and 32 scans were used. The recycle delay
was increased to 30 s and only 200 echoes (2τ separation) were used to minimize heat accumulation
over the course of the measurement. However, the measurement still captured the full relaxation of all
components due to the freezing of water with longer relaxation times. The gain used for each sample
was the same as the gain for the room temperature measurement.

Because of slight misalignment in the 180◦ pulse [55], the first ten odd-numbered echoes were
removed from the decay curve datasets before transforming the data. The curves were then transformed
into a continuous distribution of relaxation components by continuous non-negative least squares
(NNLS) fitting [56,57] using MATLAB code provided by Prof. P. Callaghan. The minimum and
maximum values for the distribution were set to 0.08 and 1500 ms, respectively, and 189 data points
were determined. The smoothing parameter, α, was set to 109. Peak area and T2 values corresponding
to maximum peak intensity were determined for each peak using R Studio code.

The non-freezing moisture content was calculated using the area of the frozen peak relative to the
total area of all the room temperature peaks [48]. At −22 ◦C, free water in the samples will be frozen
and, thus, relaxes too quickly to be detected with the CPMG measurement. Therefore, the −22 ◦C signal
arises only from water which is bound to wood polymers, the modification polymer or is physically
constrained in pores small enough to prevent it from freezing. The magnitude of NMR signal intensity
is inversely proportional to temperature. Therefore, to compare the room temperature and frozen
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measurements, the frozen signal was scaled by a factor of Tfz/Trt, where T is the temperature in Kelvin
and the indices rt and fz represent room temperature and freezing temperature, respectively [49].
The non-freezing moisture content (MCnf) was then calculated relative to the unreacted wood mass
as follows:

MCn f = MCtot


Stot, f z

(
T f z
Trt

)
Stot,rt

 (3)

where MCtot is total moisture content obtained gravimetrically on an unreacted wood mass basis, Stot,fz
is the total frozen peak area (au), Tfz/Trt is the temperature scaling factor mentioned previously and
Stot,rt is the total peak area measured at room temperature (au).

2.6. Decay Test

A modified EN113 [58] fungal decay test was performed as in Larnøy et al. [14]. The leached
samples were exposed to the brown-rot fungus Rhodonia placenta strain FPRL 280 and the white-rot
fungus Trametes versicolor strain CTB 863 A. Deviations from the EN113 standard included smaller
sample dimensions (Table 1) modelled after the Bravery mini block test [59] and a shorter incubation
time of 8 instead of 16 weeks. The samples were autoclaved for 20 min at 121 ◦C for sterilisation and
placed on sterile plastic netting in petri dishes over 4% (w/v) malt agar, two wood specimens of the
same treatment per dish. The middle of each dish was inoculated with a malt agar plug of actively
growing mycelia. The petri dishes were then incubated in a sterile climate chamber at 70 ± 5% RH
and 22 ± 2 ◦C. In addition to the samples exposed to fungi, four samples of each treatment level were
placed in sterile petri dishes over malt agar without fungal inoculum. The mean percentage mass loss
of these samples after eight weeks was used as a correction value and subtracted from mass loss of the
corresponding treatment level to obtain mass loss due to fungal degradation.

2.7. Preliminary Sorption Experiments

An attempt was made to determine the hydroxyl accessibility of SCA-modified wood by
gravimetric deuterium exchange [60,61]. This method involves conditioning a hygroscopic sample
in deuterium oxide (D2O). Hydroxyl groups in the sample which interact with the D2O vapour will
exchange their hydrogen with heavier deuterium. By determining the difference in dry mass of the
sample before and after conditioning, one can calculate the moles of accessible hydroxyl groups in the
sample from the difference in the molar mass of hydrogen and deuterium. For untreated, acetylated
and furfurylated wood, a 10-hour D2O conditioning period is sufficient for the samples to reach
equilibrium [32,35,36,38,62]. However, preliminary trials with SCA-modified wood showed sample
mass had not stabilised after 10 h of D2O conditioning. Pure SCA polymer was thus tested to gauge the
necessary conditioning period for the polymer itself. Drying and conditioning periods were increased
to 48 h for the pure SCA sample, but the powder changed phase from solid to liquid in the 95% RH
atmosphere during D2O conditioning. This measurement was performed at 25 ◦C on a dynamic vapour
sorption (DVS) Intrinsic instrument (Surface Measurement Systems Ltd., London, UK). An adsorption
isotherm measurement was also performed with the solid SCA powder using four RH steps (0%, 30%,
60%, and 95%) at 25 ◦C. This measurement was performed on a DVS Advantage (Surface Measurement
Systems Ltd., London, UK).

3. Results

3.1. Dimensions Analysis

Results from the dimension measurements are presented in Figure 2. The bulking coefficients
ranged from 7–14%, showing a positive correlation with WPG (Figure 2a). This suggests higher
WPGs lead to greater penetration of the polymerized chemicals within the wood cell wall which
restrict the cell wall matrix from shrinking to its original volume in the dry state. ASE ranged from
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23–43% and remained stable with increasing WPG until 50% WPG (Figure 2b). WPGs higher than
50% tended to decrease ASE. The ASE is calculated from the ratio of water swollen volume to dry
volume (Equation (2)). A comparison of the water swollen volume of the samples (Figure 2c) shows
that higher WPGs led to greater water swollen volume. Decreased ASE at higher WPG is the result of
this increased water swollen volume.
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3.2. Analysis of Leachate

After the EN84 leaching test with additional 11th leachate, the mass loss values for SCA31 and
SCA39 were 1.7% ± 0.2 and 1.3% ± 0.3, respectively. After the 12th leachate of 21 days, cumulative
mass loss for SCA31 and SCA39 increased to 3.0% ± 0.2 and 2.9% ± 0.1, respectively. No sorbitol or
citric acid was found in the leachate of the control samples. The sorbitol and citric acid concentrations
for the leachates of the SCA-modified samples are summarised in Table 2. The only samples with
detectable amounts of sorbitol were from the 2nd leachate. Thus, all detectable sorbitol was leached
from the samples after only two changes of water. Citric acid was present in all the leachates for both
modifications and the two modifications showed similar values of citric acid concentration for a given
leachate. Higher numbered leachates had lower citric acid concentrations for samples which remained
in the leachate for one day. However, with longer periods in the leachate, levels of citric acid continued
to increase even after 10 changes of water. The 21 day 12th leachate reached citric acid concentrations
similar to those of the 2nd leachate.

Although no sorbitol was detected in leachates after the second water change, the IR
chromatograms showed a large peak with a slightly longer retention time than sorbitol.
The corresponding retention time in the UV chromatogram also gave a large signal, suggesting
the presence of double bonds in the molecule. Thus, this leached molecule may be a product of initial
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SCA polymerisation reactions, such as the ester formed in Figure 1d. However, additional analyses,
such as mass spectrometry, are needed to conclusively identify the molecule.

3.3. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy

ATR-FTIR spectra prior to leaching are shown in Figure 3. The pure SCA polymer spectra contains
a large peak at 1730 cm−1, assigned to C=O stretch in ester groups [43–45]. The same peak is visible in
the SCA31 and SCA39 spectra, indicating the formation of ester bonds in the SCA-modified wood.
The lignin peak at 1508 cm−1 appears to be unchanged by the modification while the broad hydroxyl
peak at 3350 cm−1 is reduced in SCA31 and SCA39 compared to the control samples.
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Figure 3. ATR-FTIR spectra of non-leached control wood samples; samples modified with 31% sorbitol
citric acid, 39% sorbitol citric acid and pure sorbitol citric acid powder. Solid dark lines represent
average spectra for nine replicates for each treatment and lighter shading shows the standard deviation.
Note the broken x-axis.

Peak area ratios were used to quantitatively compare the ATR-FTIR results for control and
modified samples before and after leaching (Figure 4). The plot of ester/lignin peak ratios (Figure 4a)
clearly shows the increase in ester groups in SCA-modified wood compared to controls, both before
and after leaching. However, linear regression models gave poor correlations between WPG and
ester/lignin ratio (non-leached R2 = 0.60, leached R2 = 0.81). Furthermore, a paired t-test between
ester/lignin values before and after leaching for SCA31- and SCA39-modified samples showed an
insignificant effect of leaching (p > 0.05). Although leaching led to 1.7% ± 0.2 and 1.3% ± 0.3 mass loss
for SCA31 and SCA39, respectively, this does not appear to have affected the intensity of the ester peak
in the ATR-FTIR spectrum.
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Figure 4. ATR-FTIR peak ratios of leached (triangles) and non-leached (circles) control; 31% sorbitol
citric acid and 39% sorbitol citric acid modified samples. (a) Ester peak (1730 cm−1) relative to lignin
peak (1508 cm−1); (b) Hydroxyl peak (3325 cm−1) relative to lignin peak (1508 cm−1).

SCA modification reduced the hydroxyl/lignin peak ratio compared to control samples (Figure 4b).
Furthermore, the modification reduced the spread in hydroxyl/lignin ratio values. In contrast
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to the ester/lignin ratio, the effect of leaching on the hydroxyl/lignin ratio in SCA-modified
samples was significant, with paired t-tests for SCA31 and SCA39 giving p-values of 0.02 and
0.03, respectively. Leaching significantly increased the hydroxyl content measure by ATR-FTIR peak
ratios in modified samples.

3.4. Low-Field Nuclear Magnetic Resonance Relaxometry

Figure 5 shows LFNMR spectra for control, SCA31 and SCA39 samples measured at 22 ◦C
and −22 ◦C. Peak maximum T2 values and relative peak areas for samples measured at 22 ◦C are
summarized in Table 3. Table 4 shows the peak maximum T2 values and non-freezing moisture content
relative to unreacted wood mass for samples measured at −22 ◦C.
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Figure 5. Low-field nuclear magnetic resonance T2 relaxation time distributions of control, 31%
sorbitol citric acid and 39% sorbitol citric acid modified samples. Solid dark lines represent average
distributions for four replicates for each treatment and lighter shading shows the standard deviation.
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Table 3. Relative peak areas and peak maximum T2 values for control, 31% sorbitol citric acid and
39% sorbitol citric acid modified samples measured at 22 ◦C. Standard deviation of four replicates
in parentheses.

Treatment
Peak 1 Peak 1.5 Peak 2 Peak 3

Area (%) T2 (ms) Area (%) T2 (ms) Area (%) T2 (ms) Area (%) T2 (ms)

Control 21.7 (1.8) 1.1 (0.03) 0.5 (0.4) 5.1 (0.8) 11.8 (0.4) 19.0 (1.4) 66.0 (2.1) 82.6 (7.2)
SCA31 24.8 (1.6) 0.8 (0.02) 2.1 (0.6) 3.0 (0.6) 7.9 (0.4) 33.1 (0.9) 65.3 (1.5) 166.5 (8.4)
SCA39 27.2 (0.8) 0.8 (0.02) 2.4 (0.6) 3.2 (0.2) 6.9 (0.5) 33.7 (3.2) 63.4 (1.7) 169.0 (10.1)



Forests 2020, 11, 650 11 of 20

Table 4. Peak maximum T2 values and non-freezing moisture content for control, 31% sorbitol citric
acid and 39% sorbitol citric acid modified samples measured at −22 ◦C. Standard deviation of four
replicates in parentheses.

Treatment Peak 1 T2 (ms) Non-Freezing Moisture Content (%) *

Control 1.05 (0.03) 28.0 (0.3)
SCA31 0.38 (0.02) 31.6 (0.8)
SCA39 0.37 (0.01) 35.1 (3.0)

* Mass of non-freezing water relative to unmodified wood mass.

Three main peaks (peaks 1, 2 and 3, Figure 5a) were determined during the 22 ◦C LFNMR
measurement. A smaller peak (peak 1.5) appeared in all SCA-modified samples and all but one control.
SCA modification decreased T2 values for peaks 1 and 1.5 but increased T2 values for peaks 2 and 3
(Table 4, Figure 5a). The modified samples showed higher relative peak areas for peaks 1 and 1.5 and
lower relative area for peak 2, while relative peak area for peak 3 was not substantially affected by the
modification (Table 4).

At −22 ◦C peak 1 T2 values for modified samples were reduced more than control samples
compared to the 22 ◦C measurement, resulting in an even greater total difference in T2 values between
modified and control samples at −22 ◦C. Non-freezing moisture content was calculated according
to Equation (3) and expresses the mass of non-freezing water relative to the unreacted wood mass.
SCA modification increased the non-freezing moisture content compared with control samples.

3.5. Decay Test

Resistance to fungal decay as a function of modification intensity is shown in Figure 6. Panels (a)
and (b) show mass loss due to R. placenta and T. versicolor degradation, respectively. Green circles show
values which have been corrected by reducing the mass loss by the average mass loss during sterile
incubation without fungi for the corresponding treatment level (Figure 6c) [58]. Red Xs represent mass
loss values with no correction. The large difference between the corrected and uncorrected values for
higher levels of modification results from the larger correction values for these treatments (Figure 6c).
For brown-rot by R. placenta, there appears to be a protection threshold around 50% WPG at which
point mass loss due to fungal degradation is reduced to zero. Although no mass loss (accounting for
correction values) was observed for the highest treatment levels, droplets of yellow liquid formed in
the petri dishes for the R. placenta samples incubated with the SCA47- and SCA56-modified wood
(Figure 7). The white-rot T. versicolor seems to be more aggressive towards the SCA-modified wood and
even at the highest WPG levels some mass loss is observed, though values are much lower compared
to unmodified samples.
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Figure 6. Mass loss of sorbitol citric acid modified wood as a function of weight percentage gain
after eight weeks of exposure in modified EN 113 experiment. (a) Incubation with Rhodonia placenta;
(b) Incubation with Trametes versicolor; (c) Sterile samples incubated without fungus used as correction
values. Corrected mass loss values in (a,b) are shown with circles while uncorrected values are shown
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3.6. Preliminary Sorption Experiments

The initial trials to determine hydroxyl accessibility of SCA-modified wood with deuterium
exchange failed because the SCA-modified samples did not reach equilibrium during the drying
and conditioning steps. The sorption behaviour of the pure SCA polymer was also investigated and
results are shown in Figure 8. During both experiments the solid powder had changed phase into a
viscous liquid during the 95% RH conditioning step. After the second drying period in the deuterium
exchange experiment, the sample re-solidified into a sticky plastic material. Hydroxyl accessibility was
calculated using the mass change before and after conditioning and the difference in the molar mass of
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hydrogen and deuterium [63]. This yielded a hydroxyl accessibility of 83.4 mmol/g for the polymer.
From the four-step adsorption isotherm, it can be seen that the sample mass increases substantially
between the 60% and 95% RH steps (Figure 8b). This suggests that the phase change of the polymer
may take place between these humidity levels.
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4. Discussion

The dimensions analysis results reported here (Figure 2) are in agreement with previous work on
SCA-modified wood. In this study, the average bulking coefficient for SCA56 was 13.6% ± 0.5. With
the same treatment concentration and curing temperature, Larnøy et al. [14] and Mubarok et al. [15]
reported bulking coefficients of 11% and 15%, respectively. Mubarok et al. [15] modified European
beech wood, so slightly higher values in their study may be explained by the difference in wood
species. The bulking coefficient values indicate that the SCA polymerisation has occurred within the
wood cell wall and the presence of the SCA polymer restricts the cell wall matrix from shrinking to its
original volume in the dry state.

The ASE values in this study ranged from 23–43% (Figure 2b) which is much lower than values
reported for other chemical wood modifications, such as acetylation and furfurylation, which generally
range from 60–80% at effective treatment levels [26]. Mubarok et al. [15] also reported lower ASE
values for SCA-modified wood compared to other wood modifications. They suggested a lower
reactivity with wood hydroxyl groups for SCA polymerisation compared to acetylation as a possible
justification. However, they did not report the water swollen volume of their samples. As shown in
Figure 2c, SCA modification causes super swelling and increases total water swollen volume which
reduces ASE. This provides an alternate explanation for lower ASE compared to other modifications.
Mubarok et al. [15] also showed that, for samples cured at 140 ◦C, modification with a solution
concentration greater than 30% SCA led to a decrease in ASE, similar to the trend reported here.
The decrease in ASE at higher WPG can also be explained by the increased effect of super swelling.
The reason for the super swelling is likely related to the acidity of the treatment solution, since
increased acidity increases swelling in the wood [64]. Because the polymerisation takes place under
super-swollen acidic conditions, it is possible that, once cured, the SCA polymer can force the cell wall
matrix to expand beyond its original volume again when saturated with water since the SCA polymer
itself is hygroscopic (Figure 8). Alternatively, if the polymer is hydrolysed by water and the hydrolysis
products increase acidity or if there is unreacted residual citric acid this could be responsible for the
super swelling.

HPLC analysis revealed the presence of citric acid in the leachate of SCA-modified samples.
This contradicts results reported in Larnøy et al. [14] where EN84 leachates of SCA-modified wood had
negligible citric acid concentration. They used the same wood species, curing temperature and curing
time but had a higher SCA solution concentration than the concentrations for samples analysed here.
Why a higher SCA solution concentration should lead to less leaching of citric acid is not clear. Perhaps
smaller sample dimensions in the current study may explain the higher citric acid concentrations in
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leachates. Mubarok et al. [15] assessed the pH of leachates and found increased acidity in SCA-modified
samples compared to controls. They also demonstrated that samples continued to lose mass due to
leaching after an EN84 leaching procedure, as shown in the current study with the 11th and 12th
leachates. The slow release of citric acid from the samples may indicate that the SCA polymer is
susceptible to hydrolysis. As reported here, the presence of an unknown compound with similar
retention time in HPLC analysis to that of sorbitol which also gives signal in UV chromatogram further
supports this hypothesis since it is a likely hydrolysis product. Additional chemical characterisation
analyses, such as mass spectrometry, are needed to identify this and other compounds in the leachates.

The chemical composition of the SCA-modified wood and polymer were assessed with ATR-FTIR
spectroscopy. The pure polymer spectra were similar to those reported in Doll et al. [17], showing
strong absorbance at 1730 and 1188 cm−1, attributed to C=O stretching [43–45] and C-O stretching [65],
respectively. Spectra of SCA-modified wood samples resembled those reported in Mubarok et al. [15],
showing increased absorbance at 1730 cm−1 and decreased absorbance between 3000–3500 cm−1.
The 1730-cm−1 increase is attributed to the formation of ester bonds and the 3000–3500-cm−1 decrease
indicates a decrease in the hydroxyl content of the modified wood. Comparing the ratio of absorbance
band intensities is a useful way to quantitively characterise FTIR spectra. The technique has been
used to assess chemical changes in wood resulting from modifications such as biological degradation
and photodegradation [66–70]. The increase in ester content and decrease in hydroxyl content of
SCA-modified samples compared to controls were quantitatively confirmed using the respective peak
ratios relative to the lignin peak (Figure 4). Although SCA modification increased the ester/lignin peak
ratio of modified samples compared to controls, there was a poor correlation between ester/lignin peak
ratio and WPG. A possible explanation may be that the ATR-FTIR measurement only analysed the
sample surface whereas WPG represents the bulk material. At the levels assessed here, higher WPGs
may not affect the degree of modification on the surface of the sample. In future work, alternative FTIR
methods could be used which characterise the bulk material. Pulverizing the modified wood and then
using ATR-FTIR to measure the resulting power [70] or using the powder to form a KBr pellet [67,68]
are two methods which would represent the bulk material. However, ball milling has been shown to
affect sample chemistry [45,71] and these methods are destructive so repeated measurements before
and after leaching would not be possible.

The effect of leaching on the modified material was also assessed with ATR-FTIR peak ratios.
The hydroxyl content of the SCA-modified samples was significantly higher after leaching which may
indicate hydrolysis of the SCA polymer. However, there was no significant effect of leaching on ester
content. If hydrolysis leads to a breaking of ester bonds to form hydroxyl groups, the significant
increase in hydroxyl content should be accompanied by a decrease in ester content. The absence of this
corresponding decrease in ester content suggests the hydroxyl increase is caused by something other
than hydrolysis of ester bonds. Perhaps the difference in hydroxyl content for leached and non-leached
samples is only due to a difference in moisture content at the time of the ATR-FTIR measurement.

The water-saturated samples were characterised with LFNMR and showed four peaks in the T2

relaxation spectrum. For unmodified wood samples, typically only three peaks are determined which
arise from water within the wood structure—one peak with the shortest relaxation time attributed
to bound water within the cell wall, another smaller peak attributed to free water in small voids of
the wood anatomy (e.g., bordered bits and ray lumina) and a large peak for free water in tracheid
lumina [50–52,70]. The small fourth peak determined for control samples in the current study (peak 1.5,
Figure 5a, Table 3) may be due to the 18 h 140 ◦C thermal treatment that these samples received, since
thermal treatment can cause microcracking within the cell wall [72,73]. Peak 1.5 for the SCA-modified
samples is much larger than the control samples with a lower relaxation time. For the SCA-modified
samples, this peak may be due to the presence of citric acid or other soluble compound in the free
water in the sample (Table 2), since peak areas for free water peaks 2 and 3 were slightly reduced
in SCA-modified samples compared to controls (Table 3) and soluble chemicals in water, such as
monosaccharides, has been shown to decrease T2 values [74]. Furthermore, this peak disappears in the
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−22 ◦C measurement (Figure 5b), supporting the theory that peak 1.5 is associated with free water
in SCA-modified samples. Alternatively, peak 1.5 could arise from cell wall cracking, similar to the
heat-treated control samples. It seems likely that the stress of bulking and super swelling the cell
wall could cause crack formation. In future work, it would be interesting to see the how peak 1.5
develops throughout a leaching procedure and to correlate the peak area with solute concentrations in
the leachate. A correlation between peak 1.5 area and leachate concentration would suggest the peak
arises from the presence of soluble compounds, whereas a lack of correlation would indicate peak 1.5
should be attributed to cell wall cracking.

SCA modification increased the T2 values for free water in peaks 2 and 3. A similar effect is
observed in LFNMR analysis of water saturated acetylated wood [50,70,75,76], thermally modified
wood [49,77] and furfurylated wood [75]. The effect is thought to be due to the reduced affinity of
water for the modified cell wall surface. Since SCA modification appears to reduce hydroxyl content
compared to control samples (Figure 4b), a reduced hydrophilicity for the SCA-modified cell wall
is also likely. Both the degree of physical confinement and the chemical attraction for the confining
surface will affect T2 relaxation [46]. Whereas chemical interactions with the cell wall surface appears
to dominate the T2 relaxation mechanism for free water in SCA-modified wood leading to increased T2

values for peaks 2 and 3, physical confinement seems to play a greater role for water within the cell
wall (peak 1). SCA modification reduced T2 values for peak 1, indicating greater physical confinement
for water within the cell wall. Along with the bulking coefficients (Figure 2a), this is further evidence
that the SCA polymer penetrates the cell wall matrix and fills cell wall pores.

SCA modification increased the non-freezing moisture content calculated with Equation (3).
Other wood modifications, such as acetylation and thermal modification, have been shown to reduce
non-freezing moisture content determined with LFNMR [49,50,78]. Dieste et al. [40] determined the
non-freezing moisture content of DMDHEU modified wood and found the non-freezing moisture
content was not significantly different from unmodified wood. SCA modification is like DMDHEU in
that both treatments introduce new hydroxyl groups into the wood in addition to replacing hydroxyl
groups when crosslinking the wood polymers. Overall, hydroxyl content appears to be slightly reduced
in SCA-modified wood (Figure 4b), so the increase in non-freezing moisture content seems unusual.
It may be related to the super-swelling effect of the modification (Figure 2c). Although the modification
polymer fills cell wall pores and reduces peak 1 T2 relaxation time, the total amount of water contained
within the cell wall, i.e., non-freezing water, increases. Thus, the super swelling caused by the acidic
conditions during the modification must be great enough such that the cell wall volume occupied by
the SCA polymer is outweighed by the volume added by the effect of the swelling. On the other hand,
it may not be acidic conditions during the polymerisation which are responsible for super swelling,
but rather acidic groups on the polymer itself within the SCA-modified cell wall. The presence of
unreacted carboxylic acid groups on the SCA polyester may drive additional water into the cell wall, as
it has been demonstrated that acid groups led to greater water uptake in lignocellulosic materials [79].

The decay test results determined in this study agree with those reported in the literature.
As in Larnøy et al. [14] and Mubarok et al. [15], SCA modification increased resistance to brown-rot
and white-rot fungi with slightly higher mass losses observed for white-rot compared to brown-rot
(Figure 6a,b). Mubarok et al. [15] found a treatment threshold of 30% SCA solution concentration was
sufficient to provide a “very durable” classification based on EN350. This corresponds well with the
50% WPG protection threshold found in the present study. Neither of these studies report correction
values determined for sterile references, although Larnøy et al. mention that corrected mass loss
values were used. The substantial mass losses shown here for sterile samples incubated without fungi
(Figure 6c) indicate that something leaches from the samples that is not the result of fungal decay.
The environment in the closed petri dish above malt agar may be above the RH level required to
liquify/hydrolyse the SCA polymer (Figure 8). Thus, leached hydrolysis products may account for the
mass loss observed for the correction value samples. For R. placenta incubated with SCA-modified
wood at the highest treatment levels, yellow droplets formed both on the surface of the wood samples
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and further away from the wood (Figure 7). This may indicate that the fungus is able to translocate
hydrolysis products out of the wood sample. Ostrofsky et al. [80] have demonstrated that R. placenta is
able to translocate iron and aluminum cations into wood and synchrotron-based x-ray fluorescence
microscopy results from Zelinka et al. [81] suggest R. placenta can translocate copper ions. Perhaps
the fungus is also able to move the acidic hydrolysis products out of the wood. The presence of acids
in the SCA-modified wood may also play a role in providing decay protection since citric and other
organic acids have been shown to hinder fungal growth [82–85]. However, residual acid in the wood
may present a potential hazard of this technology whereby acidity drives cellulose depolymerisation
over the long term, destroying the mechanical integrity of the wood [86].

5. Conclusions

SCA modification shows promise as a chemical wood modification technique. However, hydrolysis
of the SCA polyester and prolonged leaching of unreacted citric acid and/or hydrolysis products
remains an issue. Low levels of citric acid continued to leach from samples after an EN84 leaching
procedure. Mubarok et al. [15] demonstrated that increasing the curing temperature from 140 to 160 ◦C
will reduce leaching. However, the use of a higher curing temperature would make commercialisation
and industrial application more difficult. The interplay between curing temperature and duration and
their effect on leachability could be explored further in future work. Moreover, the use of catalysts
(such as sulfuric acid) and other reagents (such as polyols other than sorbitol) could be investigated
to increase the stability of the polyester in high humidity. A decay protection threshold is achieved
with SCA modification intensity of 50% WPG, accounting for correction values. However, hydrolysis
products appear to leach from the highly modified samples resulting in up to 9% mass loss in sterile
controls incubated over malt agar. Long-term laboratory decay trials and field tests are necessary to
ensure durability performance over an extended time horizon.

SCA modification stands out among other wood modification techniques in that it super swells
the wood in the water saturated state. Unlike other modifications, it increases the amount of moisture
within the cell wall as determined by LFNMR. Since cell wall moisture content reduction is often cited
as the most critical factor for enhancing decay resistance in chemically modified wood [26–28], further
research into the mechanism of decay protection in SCA-modified wood may shift our understanding
of how chemical wood modification inhibits decay more generally. A recent review by Jakes et al. [87]
highlights the importance of moisture-induced wood polymer plasticity for diffusion within the cell
wall. They propose that water acts a lubricant for the large-scale motion of cell wall polymers which
then allows for the diffusion of chemicals within the cell wall, such as fungal degradation agents.
In this context, the apparent contradiction between increased cell wall moisture content and enhanced
decay resistance in SCA-modified wood may be explained if the combination of the SCA bulking
agent and water still limits polymers in the cell wall from engaging in cooperative motion. Thus,
it would be interesting in future work to also investigate the plasticity of the wood polymers in
SCA-modified wood.
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