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Abstract: Furfurylation can effectively improve the quality of fast-growing wood, but its leachability
is unclear. In this study, fast-growing poplar (Populus sp.) and Chinese fir (Cunninghamia lanceolata
(Lamb.) Hook.) were impregnated with low concentrations of 5%–20% furfuryl alcohol (FA), and the
chemical and microscopic changes during leaching tests were analyzed by UV spectra and confocal
laser scanning microscopy (CLSM). The results show that FA impregnation can regulate the weight
percentage gain, but its effectiveness in regulating the cell wall bulking coefficient decreased as
the impregnation concentration was increased. Impregnation with 15% and 20% FA showed no
significant difference in the effect on volume swelling efficiency. The inverse relationship between the
concentration of FA and the leaching rate was demonstrated by leaching tests, UV spectra, and CLSM.
Notably, the leaching rate of poplar and Chinese fir wood was more than 30% when impregnated with
5% FA. Although the entirety of the furfuryl alcohol was deposited in the cell wall when impregnated
with low concentrations of FA, the binding was not stable. The weight percentage gain of furfurylated
Chinese fir was greater than that of poplar, but its leaching rate was lower, indicating that the cured
furfuryl alcohol resin in poplar was not as stable as that in Chinese fir. Therefore, differences in tree
species should be considered in low-concentration FA impregnation, as the improvement effect of
concentrations below 10% on the properties of fast-growing wood is weak and the leaching rate of
FA is significant.
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1. Introduction

Furfurylation is a common modification method in the field of wood science that
can improve the properties of fast-growing wood species, reducing hygroscopicity and
improving dimensional stability [1–5], decay resistance, subterranean termite resistance,
density, and hardness [6–9]. During the modification process, due to the small molecular
weight of furfuryl alcohol (FA), FA permeates the cell wall and undergoes a cross-linking
reaction in the presence of acidity [10,11], resulting in the permanent expansion of the cell
wall [12–15]. Typically, impregnation with high concentrations of FA results in substantial
deposition within the cell lumen, which does not significantly improve the dimensional sta-
bility [16], whereas low concentrations of FA preferentially deposit within the cell wall [17].
Yu et al. performed FA modification via vapor phase furfurylation and obtained low-
concentration-treated Chinese fir and poplar with weight percentage gains of 12.49% and
10.32%, respectively. They avoided the ineffective deposition of FA in the cell wall, as the
FA-filled cell lumen did not directly affect the cell wall [18]. Therefore, high concentrations
of FA in the cell lumen contributed less to the quality enhancement of furfurylated wood,
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while low concentrations of FA directly and effectively enhanced the properties of the
cell wall.

Numerous scholars also studied the leachability of wood impregnated with FA, demon-
strating that the use of furfurylated (e.g., leaching solution, burning performance) was
environmentally friendly during the full life cycle [19–21]. Lin et al. found that the leachabil-
ity of furfurylated wood with 30% FA was negligible due to the formation of hydrophobic
FA resin, and the addition of FA reduced the leaching rate of fire-retardant additive guanyl-
urea phosphate in modified wood [22,23]. Rahayu et al. found that the leachability of
furfurylated wood with a weight percentage gain of 146.55% was significantly lower than
that of wood modified by the combination of FA and nano-SiO2, suggesting that the reac-
tion between FA and the cell wall components resulted in a lower leachability [24]. Baysal
et al. found that FA significantly inhibited the leaching of borates with the use of FA and
borate modification [25]. Kong et al. concluded that the combination of FA and ammonium
dihydrogen phosphate modification reduced the leaching of ammonium dihydrogen phos-
phate via furfurylation [26]. Morozovs et al. conducted hot-water/freeze-drying cycle tests
on furfurylated wood with a weight percentage gain of 128%. Compared with untreated
wood, the average water absorption rate and swelling of furfurylated wood decreased
by 80% and 40%, respectively, which demonstrated the better modification effect of the
high weight percentage gain. However, no studies have investigated low-concentration
FA-modified cell walls in the optimization of furfurylated wood.

Leachability is a key index of furfurylated fast-growing wood and indicates the effec-
tiveness of FA in the furfurylation of wood. For furfurylated wood, whose main market is
indoor wood products, the advantages and disadvantages of high- and low-concentration
FA impregnation should be integrated and balanced to produce wood with better dimen-
sional stability, less weight percentage gain, moderate color, and lower glossiness. In
addition, there are significant differences in the physicochemical properties of softwood
and hardwood. Therefore, this study intends to use poplar and Chinese fir wood to explore
the leachability of wood impregnated with low concentrations of FA to provide a reference
for FA impregnation treatment parameters.

2. Materials and Methods
2.1. Materials

Poplar (Populus sp.) and Chinese fir (Cunninghamia lanceolata (Lamb.) Hook.) trees
were harvested from Shuyang, Jiangsu Province and Kaihua, Zhejiang Province, respec-
tively. The trees were 20–23 years old, sawed into 3 cm-thick boards, and air-dried to a
moisture content of about 12% in Kunming. The air-dried densities of poplar and fir were
480 kg/m3 and 310 kg/m3, respectively. Each sample was prepared using a sapwood
section with a straight grain and no visible defects. The dimensions (tangential × ra-
dial × longitudinal) of the poplar and Chinese fir specimens were 35 × 15 × 10 mm, and
more than 20 samples were prepared for each group. Furfuryl alcohol (FA), maleic anhy-
dride, and borax were purchased from Tianjin Fengchuan Chemical Reagent Technologies
Co., Ltd. (Tianjin, China), and deionized water was prepared in the laboratory.

FA, maleic anhydride, and borax were prepared at a mass ratio of 1:0.06:0.01, and the
impregnation solvents with FA concentrations of 5%, 10%, 15%, and 20% were prepared
with distilled water as the solvent. The impregnation treatment was as follows:

(1) Extraction: The samples were first subjected to benzyl alcohol extraction with a
benzene:ethanol volume ratio of 1:2. The samples were dried in an oven at 45 ◦C until
reaching a constant weight, placed in a Soxhlet extractor for 48 h, soaked in a water bath at
60 ◦C for 3 h, air dried to a constant weight, and finally placed in an oven at 103 ◦C for 24 h.
The absolute dry mass and dimensions of the samples were measured with an accuracy of
0.0001 g and 0.01 mm, respectively.

(2) Furfuryl alcohol impregnation, curing, and drying: FA impregnation was per-
formed using the full cell method [27]. Afterward, excess impregnation solution on the
sample surfaces was wiped off, and the samples were wrapped with aluminum foil and
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left to diffuse at room temperature for 72 h. The samples were cured in an oven at 103 ◦C
for 6 h and then dried continuously at 50, 70, and 103 ◦C for 24 h.

The weight percentage gain (WPG) and bulking coefficient (BC) were calculated using
the following equations:

WPG = (G1 − G0)/G0 × 100% (1)

BC = (V1 − V0)/V0 × 100% (2)

where G0 and G1 are the oven-dried weights (g) before and after FA treatment, while V0
and V1 are the oven-dried volumes (mm3) before and after treatment, respectively.

The samples were, respectively, denoted as PW9, PW22, PW31, PW40, FW11, FW27,
FW42, and FW54 according to the weight percentage gain of poplar and Chinese fir im-
pregnated with 5%, 10%, 15%, and 20% FA.

2.2. Methods
2.2.1. Leaching Procedure

(1) Water saturation: The wood samples were placed in the chamber, each group of
samples was first treated under vacuum at −0.06 MPa for 30 min, then distilled water was
added. The samples were further treated under pressure at 0.4 MPa for 60 min and finally
treated under vacuum at −0.06 MPa for 30 min. The water uptake of the water-saturated
sample (MC) and volume swelling efficiency (V) were calculated as follows:

MC = (G2 − G1)/G1 × 100% (3)

V = (V2 − V1)/V1 × 100% (4)

where G1 and G2 are the weights before and after water saturation, while V1 and V2 are the
oven-dried volume and the swollen volume after water saturation, respectively.

(2) For the leaching process, the wood samples were placed in beakers containing
distilled water at a volume ratio of 1:5 for 2 weeks of water immersion treatment. During
this period, the water was changed 9 times in total: every 12 h on day 1, every 24 h on
days 2–5, and every 48 h on days 7 to 14, i.e., the water was changed at the beginning of
day 1, after 12 h, and at the beginning of days 2, 3, 4, 5, 7, 9, and 11. Each time the water
was changed, the leaching medium was also collected [28–30]. The water uptake (MCWA)
and volume swelling efficiency (VWA) after leaching tests were calculated as follows:

MCWA = (G3 − G1)/G1 × 100% (5)

VWA = (V3 − V1)/V1 × 100% (6)

where G3 is the weight of the leached sample after 14 days and V3 is the swollen volume
after 14 days.

(3) Leaching rate and shrinkage rate: After the leaching tests, the wood samples were
dried at 50 ◦C for 12 h, 70 ◦C for 12 h, and 103 ◦C for 24 h. The leaching rate (ML) and
shrinkage rate (VL) were then calculated by the following equations:

ML = (G1 − G4)/(G1 − G0) × 100% (7)

VL= (V0 − V3)/V0 × 100% (8)

where G4 is the weight of the leached sample after 14 days, and V3 is the oven-dried volume
after 14 days.

2.2.2. Analysis of Leachates

The analysis of FA in the leaching medium of the water-saturated sample and each
water change was performed using a UV spectrophotometer (UV-2600i, Shimadzu Sci-
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entific Instruments, Columbia, MD, USA): scanning range, 180–500 nm; reference sam-
ple, distilled water; scanning speed, 200 nm/min. All samples were tested under the
same conditions [31,32].

2.2.3. Morphology and Microstructure

The samples were first processed into wooden blocks with dimensions (T × R × L)
of 5 × 5 × 10 mm before and after the leaching tests, which were placed in a desiccator
and evacuated at −0.06 MPa for 15 min, after which they were left to stand in water
for 30 min and then removed immediately. The samples were sliced to a thickness of
10–12 µm along the longitudinal sections using a slicer (Leica SM2000R, Leica company,
Weitzlar, Germany). Finally, the microstructure of furfurylated wood before and after the
leaching tests was observed by confocal laser scanning microscopy (CLSM) under a 63× oil
microscope (SP8, Leica company, Weitzlar, Germany) with 633 nm excitation and a detector
range of 650–700 nm.

2.2.4. Statistical Analysis

Statistical analysis was employed to evaluate the effect of FA concentration on the
modification of the wood cell wall, leaching rate, dry shrinkage, and water uptake during
leaching tests in low-concentration FA-impregnated fast-growing wood. The data in each
group were averaged and the standard deviation and significant differences were analyzed
using SPSS statistics version 23 [33].

3. Results and Discussion
3.1. Analysis of the WPG and BC of Furfurylated Wood

The WPG and BC of the furfurylated wood are listed in Table 1. The WPG was
positively correlated with the concentration of FA, but there was a significant difference
between the WPG of Chinese fir and poplar wood. The 10% furfurylated wood provided a
WPG of ~28% for FW27 and ~22% for PW22. Increasing the concentration to 20% caused
the WPG of FW54 and PW40 to reach ~54% and ~41%, respectively, which indicated that
the WPG of Chinese fir was generally higher than that of poplar. Mulyosari et al. demon-
strated that the WPG of furfurylated wood was related to differences in softwood and
hardwood anatomical structure [34]. It has also been demonstrated that hardwood is easier
to impregnate treatment than softwood [35,36]. Chinese fir has a simpler microstructure
compared to poplar, while poplar is easier to impregnate compared to Chinese fir. However,
the predominantly longitudinal permeability of small-sized wood for FA impregnation
likely resulted in a lower WPG for the more permeable poplar wood.

Table 1. WPG and BC for Chinese fir and poplar with furfurylation (%).

Sample FA Concentration 0% 5% 10% 15% 20%

Chinese fir

abbreviation CTRL FW11 FW27 FW42 FW54

WPG −0.15 e
(0.08)

11.69 d
(0.01)

27.96 c
(0.02)

42.38 b
(0.05)

54.15 a
(0.04)

BC −0.20 e
(0.14)

5.47 d
(0.01)

8.00 c
(0.02)

9.51 b
(0.02)

11.61 a
(0.03)

poplar

abbreviation CTRL PW9 PW22 PW31 PW40

WPG −0.37 e
(0.01)

9.41 d
(0.01)

22.07 c
(0.02)

31.40 b
(0.04)

40.98 a
(0.05)

BC −0.46 d
(0.06)

3.80 c
(0.01)

6.48 b
(0.01)

8.52 a
(0.01)

9.07 a
(0.01)

The standard deviation is given in parentheses; the same letter after the mean indicates no significance at p ≤ 0.05.

The BC of furfurylated poplar and Chinese fir generally increased with the concen-
tration of FA, but this increase was not consistent (Table 1). The large change in BC from
5% to 10% FA impregnation in poplar and Chinese fir indicated that the FA resin was
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mainly deposited in the cell wall, which was significantly enlarged, while Kong et al. also
observed a significant bulking of the cell wall by impregnation treatment with furfuryl
alcohol concentration of more than 30% concentration for the cell wall [26]. However, with
the increase in impregnation concentration, the change in BC gradually became smaller.
The effect of 15% and 20% FA on the BC of poplar wood was not significantly different
(p > 0.05), indicating that when the FA impregnation concentration was increased above
15%, the effect of FA concentration on the filling of the cell wall decreased.

3.2. Analysis of Leachate

Table 2 shows the MC and V of poplar and Chinese fir after water saturation using
the full-cell method. The MC of water-saturated poplar and Chinese fir decreased with the
increase in impregnation concentration, which mainly due to the filling of pores by furfuryl
alcohol, the covering of hydroxyl groups, and the hydrophobicity of the resin [37,38]. The V
of poplar wood and Chinese fir decreased with the increase in impregnation concentration,
which was attributed to the fixation effect of FA resin on the cell wall [39]. However, the
greater the V of furfurylated wood, the greater the amount of FA resin that is lost, as more
of the already cured FA resin is leached out due to dimensional changes. The V values
of PW31 and PW40 were similar, which may be due to the close degree of deposition
and densification of FA resin in the cell wall. The V of Chinese fir wood decreased with
increasing modification concentration, indicating better dimensional stability, while there
was no significant difference between the V values of FW42 and FW54.

Table 2. Full-cell water saturation of Chinese fir and poplar: MC and V before and after furfurylation.

FA Concentration 0% 5% 10% 15% 20%

Chinese fir
MC 294.10 a

(0.24)
225.07 b

(0.13)
150.86 b

(0.20)
105.53 d

(0.13)
85.20 e
(0.13)

V 15.30 a
(0.03)

11.24 b
(0.02)

8.41 b
(0.02)

6.93 d
(0.02)

6.04 d
(0.02)

poplar
MC 196.81 a

(0.24)
167.65 b

(0.11)
141.53 b

(0.10)
115.68 d

(0.10)
100.16 e

(0.09)

V 14.82 a
(0.02)

9.20 b
(0.02)

7.65 b
(0.01)

6.44 d
(0.01)

6.09 d
(0.01)

The standard deviation is given in parentheses; different letters after the two means represent significant differ-
ences at the significance level of p ≤ 0.05.

The MCWA and VWA of the wood samples after 14 days of soaking tests are shown in
Table 3. The MC of the control wood and FW11 after water saturation were lower than those
prepared using the full-cell method, due to the low density of Chinese fir and the weak
fixation effect of 10% FA on the cell wall. However, the MCWA of the other furfurylated
samples increased after water soaking, as more water molecules penetrated the cell wall
with the extension of soaking time. The loss of FA resin in the 14-day water soaking
period increased the number of water molecules in the cell wall. There was no significant
difference in the VWA of Chinese fir furfurylated with 10%, 15%, and 20% FA after 14 days
of soaking tests, indicating that increasing the concentration did not significantly affect
the reduction in VWA in the leaching tests (Table 3). The BC of furfurylated poplar was
not significantly different at FA concentrations of 15% and 20%, which also suggests that
increasing the concentration has less of an effect on the VWA.

Table 4 shows the ML and VL of the furfurylated wood during the leaching tests. The
lower the WPG of the poplar and Chinese fir, the greater the ML, which is consistent with
the color change in the leaching solution (Figure 1). Poplar and Chinese fir had the greatest
ML, with both exceeding 30% at 5% FA concentration, whereas the ML of both decreased
as the concentration was increased to 20%. The WPG of Chinese fir wood was greater
than that of poplar wood, but the ML was greater in poplar wood than in Chinese fir at
all concentrations. This suggests that the FA resin in Chinese fir wood is more resistant
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to leaching and more stable than that in poplar wood. No significant difference in the
ML of softwood and hardwood after FA modification was observed, which may be due
to the selection of higher-concentration FA treatment [40]. Svensson et al. found that the
release of organic compounds from wood in contact with water is related to its species and
anatomical structure [41]. Numerous studies have demonstrated the existence of a chemical
reaction between furfuryl alcohol and lignin [34,42], which leads to a tighter bonding and
enhanced structural stability. Therefore, the differences in the leachability and ML of poplar
and Chinese may be due to the higher pit aspiration and lignin content of Chinese fir wood
cells, which makes FA resin more likely to retain and form macromolecules.

Table 3. MCWA and VWA of furfurylated wood after 14 days of soaking tests.

FA Concentration 0% 5% 10% 15% 20%

Chinese fir
MCWA

243.96 a
(0.34)

201.38 b
(0.14)

179.00 c
(0.11)

164.36 b
(0.12)

138.09 e
(0.08)

VWA
15.55 a
(0.03)

11.15 b
(0.02)

7.76 c
(0.03)

6.90 cd
(0.01)

5.89 d
(0.01)

poplar
MCWA

203.12 a
(0.21)

177.15 b
(0.16)

154.59 c
(0.13)

125.95 d
(0.10)

113.77 e
(0.12)

VWA
14.82 a
(0.02)

10.00 b
(0.02)

7.66 c
(0.01)

6.57 d
(0.01)

6.35 d
(0.01)

The standard deviation is given in parentheses; different letters after the two means represent significant differ-
ences at the significance level of p ≤ 0.05.

Table 4. Leaching and shrinkage rates of furfurylated poplar and Chinese fir (%).

FA Concentration 0% 5% 10% 15% 20%

Chinese fir
ML

0.77 e
(0.02)

31.28 a
(0.05)

12.99 b
(0.11)

8.00 c
(0.11)

4.98 d
(0.05)

VL
2.28 c
(0.01)

4.50 a
(0.02)

3.88 b
(0.02)

3.80 ab
(0.01)

3.52 b
(0.01)

poplar
ML

1.52 ab
(0.01)

37.67 a
(0.05)

16.88 b
(0.02)

12.71 c
(0.02)

8.04 d
(0.01)

VL
2.95 ab
(0.02)

1.68 c
(0.01)

2.41 bc
(0.01)

2.02 a
(0.02)

2.40 b
(0.01)

The standard deviation is given in parentheses; different letters after the two means represent significant differ-
ences at the significance level of p ≤ 0.05.
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Figure 1. Color change in furfurylated wood leaching solutions from water-saturated poplar and
Chinese fir wood.

3.3. Analysis of Leached Water from Furfurylated Wood

FA solution is soluble in water, and the C=C of FA solution can be detected by UV
spectroscopy [32,33]. Impregnated FA cures into an insoluble resin in the cell wall under
acidic conditions. FA that is not fully cured during the modification process can be blistered
out by water. Therefore, the collected water from leaching tests can be examined by UV
spectrophotometry to characterize the leachability of furfurylated wood.
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Figure 2 shows the UV spectra of the leachate of furfurylated wood after water
saturation. It can be seen that the absorption peak near 270 nm is from furfuryl alcohol [32].
The higher the concentration of FA used for the furfurylated wood, the lower the FA content
of the leachate in the water-saturated treatment. The concentration of FA significantly
affected the amount of FA leached out, with ML of FA being most pronounced at 5%
concentration. This finding was consistent with the ML of furfurylated poplar and Chinese
fir with low concentrations of FA.
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Figure 2. UV–vis spectra of saturated treatment leaching solution of poplar and Chinese fir.

The absorbances of FA in the leaching solutions at each water saturation stage of
the leaching tests are shown in Table 5. The absorbances of FA in the leachate of FW11
and PW9 were significantly greater than at other concentrations in the water-saturated
solution and after the first water change. The ML of furfurylated wood with 5% FA was
higher, indicating weaker binding in the cell wall. As the number of water changes in the
leaching tests increased, a higher impregnation concentration was found to result in a lower
absorbance of FA in the leaching solution. Thus, impregnation at high FA concentrations
did not show any significant leaching after soaking over long periods, indicating stronger
bonding of FA impregnated in the cell wall.

Table 5. Furfuryl alcohol UV absorption peak (270 nm) at each stage of Chinese fir and poplar
leaching tests.

Sample
Chinese Fir Poplar

CTRL FW11 FW27 FW42 FW54 CTRL PW9 PW22 PW31 PW40

Water saturation 0.05 3.426 0.800 0.608 0.514 0.240 2.080 1.277 0.773 0.486
12 h 0.305 4.554 1.434 1.060 0.801 0.261 5.652 2.519 1.706 1.218
24 h 0.156 2.393 0.724 0.671 0.510 0.181 2.514 1.673 1.359 0.713
48 h 0.199 2.381 1.295 1.039 0.870 0.061 1.807 0.503 0.923 0.679
72 h 0.124 1.801 1.104 0.939 0.808 0.073 1.370 0.676 0.540 0.513
96 h 0.121 1.485 0.889 0.667 0.693 0.056 1.452 1.016 1.005 0.771

120 h 0.068 1.220 0.760 0.516 0.419 0.031 0.964 0.651 0.574 0.269
168 h 0.085 1.322 1.016 0.707 0.521 0.063 1.248 1.029 0.909 0.636
216 h 0.062 0.915 0.708 0.456 0.348 0.011 1.653 0.887 0.673 0.651
264 h 0.050 0.807 0.642 0.468 0.315 0.028 0.906 0.748 0.989 0.736
312 h 0.071 0.628 0.522 0.498 0.395 0.053 0.989 0.716 0.757 0.595

3.4. Morphology and Microstructure

The distribution of FA resins in wood cell walls can be reflected by the intensity of
their fluorescence under CLSM. Usually, a shorter polymerization length of FA in the cell
wall results in weaker fluorescence in the cell wall than in the cell lumen [17]. Therefore,
CLSM can be used to detect the leachability of furfurylated wood.

Figure 3 shows CLSM images of furfurylated poplar and Chinese fir wood before
and after leaching tests. The fluorescence of PW9 and FW11 impregnated with 5% FA
were mainly distributed in the cell corners, i.e., the compound middle lamella. By contrast,
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the intensity of the cell wall fluorescence was significantly enhanced in FW40 and FW54
modified with 20% FA, indicating an increased amount of FA resin in the cell wall. In
addition, the fluorescence of poplar wood was stronger than that of Chinese fir at the
same concentration.
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Figure 3. Changes in the microstructure of poplar and fir treated with low-concentration FA impreg-
nation before and after leaching tests.

The overall brightness of the cell walls of poplar and Chinese fir wood impregnated
with 5% FA darkened after leaching tests, but the change in the brightness of the cell walls
of furfurylated wood with 20% concentration was not obvious. The modification of the cell
walls with low concentrations of FA led to a higher leaching rate, which is consistent with
the leaching rate, UV spectra, and color of leachate.

4. Conclusions

The WPG of furfurylated Chinese fir wood was greater than that of poplar at various
concentrations. Increasing the impregnation concentration to 15% and 20% caused the
effectiveness of FA concentration in regulating the cell wall bulking coefficient to decrease.
The lower the FA concentration used for treatment, the higher the FA leaching rate. The
leaching rate of poplar and Chinese fir after 5% FA impregnation was over 30%, indicating
that 5% FA was not suitable for binding to the cell wall. The leaching rate of furfurylated
Chinese fir was less than that of poplar, indicating that the cured FA resin in poplar was not
as stable as that in Chinese fir. Thus, the differences in tree species should be considered
for FA impregnation. Therefore, whether it is for indoor wood products or outdoor wood
construction, the FA treatment concentration for furfurylated poplar and Chinese fir should
not be less than 10%, and the minimum impregnation concentration of poplar wood should
be higher than that of Chinese fir wood.
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