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In spite of some studies about the wood permeability and its improving measures, some progress has been made to study the
diffusion and transmission of preservative solutions in standing trees. In the present study, copper- (Cu-) based preservative with
other reagents is injected into the standing tree Chinese fir using sap-flow method. The chemical compositions of the retreated
woods are analyzedwith Fourier transform infrared spectroscopy (FTIR) andX-ray photoelectron spectroscopy (XPS).The samples
from different height positions are analyzed with scanning electron microscope (SEM) and atomic absorption spectroscopy (AAS)
to obtain microstructures and preservative retention, respectively. The results indicate that the preservative solutions with lower
concentrations are more conducive to diffusion and transmission in the wood. Moreover, the preservative retention at different
height position has a greater concentration gradient for composite preservative solutions than those of the single preservative
solutions. Solidified preservative particles are observed in xylem rays with SEM. The results of the present study provide some
useful information for the functional design of the target wood products.

1. Introduction

Wood is a complex biomass material constituted mainly of
cellulose, hemicelluloses, lignin, and an amount of extrac-
tives. It is widely used in building, furniture, paper pulp
production, and so forth, for its advantages of high strength-
weight ratio, impact resistance, and high process ability and
especially for its sustainable and environmentally friendly
natural properties [1]. Nevertheless, wood is a type of biolog-
ical composite material, which is susceptible to outdoor envi-
ronment. Defects such as decay and worm holes are some of
the problems playing a significant role in efficient utilization
of wood. Numerous attempts have been made to prolong its
service life in previous studies [2–7]. Antiseptic treatment of
wood is an effective method to prolong its service life using
chromated copper arsenate (CCA) and alkaline copper qua-
ternary (ACQ) [8–11]. However, impregnation modification
needs fixed equipment investment, complex processes, high
energy consumption, and environmental pollutions [12–14].

Chinese fir is one of the most important commercial
timber species in China, which accounts for more than 90%
of the amount of deforestation. However, defects such as low
hardness, low density, and easy decay are unfavorable factors
to limit their application outdoors as structural materials.
Therefore, antiseptic treatment is essential to prolong the ser-
vice life and expand the applications scope of the fast-growing
woods.

Stumpage treatment dates back to the study of Iida et al. in
1990s [15], whofirstly dyed the standing tree by using sap-flow
method for effective utilization of lesser-used species. Those
dyeing woods have been shown to grow comparatively large
discoloration in the color. Subsequently, Zhao dyed fifty-eight
species of hardwood and three species of softwood using
the similar injection method [16]. Despite the deficiency of
uneven dyeing, energy consumption is not needed in this
method for the flow of the liquid in the tree by transpiration.

The staining material can be transported from the bot-
tom of the trunk to the top trunk of the standing tree by
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transpiration; inspired by the above ideas, copper- (Cu-)
based preservatives with other reagents are injected into the
Chinese fir using the sap-flow method. The aim of our exper-
iment is (i) to investigate the variation of preservative reten-
tionwith the tree height and (ii) assess the effect of additive on
the transmission and diffusion of the preservatives in the
living trees.

2. Materials and Methods

2.1. Materials. Copper carbonate basic Cu
2
(OH)
2
⋅CO
3
, poly-

ethylene glycol with molecular weight of 400, and ammonia
water were obtained from Sinopharm Chemical Reagent Co.,
China. Double-distilled water was used in the experiments.

2.2. Data Collections. The entire data collection process was
carried out according to themethod ofGB/T 23229-2009 [17].
The mature Chinese fir trees, 20 years old, used for experi-
ments were located at 28.12 degrees north and 113.06 degrees
east. The experimental trees located more than 20 meters
away from the watershed. The tree diameters at breast height
(the height from the ground 1.4m) were 20 cm to 24 cm with
average of 2250 trees per hectare. The average temperature
was 33.6∘C during the experimental period from June to
September.

The copper carbonate basic was dissolved into ammonia
water solution. The concentrations of the copper carbonate
basic solutions were 2wt.%, 4wt.%, and 6wt.%, respectively.
The solutions were divided into two groups: one group was
single preservative solution (Cu-NH) and the other was com-
posite preservative solution via adding the additive, namely,
polyethylene glycol, with its content of 5 wt.% (Cu-NH-PEG).

The stumpage treatment procedures were carried out as
follows. Firstly, two holes with diameter of 10mmwere drilled
using a drill bit on the symmetric position of the trunk.
The holes are 30 cm high above the ground. The holes were
supposed to reach the tree pith. And then, the holes were con-
nected with plastic bottles of preservative solutions using a Y
type plastic pipe.The plastic bottle was kept above 80–100 cm
from the ground. The total injection volume of the preserva-
tive solutions was 30 liters within four weeks.The target trees
were cut down after 4–8 weeks of the treatment to solidify
the preservative solutions. Three parallel experiments were
carried out with the same concentration of the preservative
solutions. The treatment procedures were shown in Figure 1.

2.3. Sample Analysis andCharacterization. In the experimen-
tal tree, sawdust was collected using sampling cone every
two meters. Counting from the tree roots, the samples were
identified as the first, second, third, and fourth part. At the
same saw plane, four samples were collected for analysis
of the preservative retention. The preservative retention
(expressed as CuO) was analyzed according to the method of
GB/T 23229-2009 [17]. The sampling schematic diagram for
detecting preservative retention was shown in Figure 2.

Sawdust was smashed by high speedmill, 100-mesh beads
were used for X-ray diffraction (XRD) analysis by Rigaku
D/max-2000PC, XRD scans operating with a Cu anode at
40 kV and 50mA in the range of 2𝜃 value between 10∘ and 70∘

Figure 1: Illustration of the stumpage modification procedures on
Chinese fir.

with a speed of 8∘/min. The chemical compositions of the
resulting samples were investigated by Nicolet 6700 Fourier
transform infrared spectrometer (FTIR) spectroscopy
(Thermo Scientific).The surface compositions of the samples
were determined byX-ray photoelectron spectroscopy (XPS).
The XPS measurements were performed using an EscaLab
250Xi XPS spectrometer (Thermo-VG Scientific) with an Al
Ka X-ray source (15 kV, 10mA) and an analytical chamber
with a base pressure of 10−6 Pa. All binding energies (Bes)
were referred to the C 1s peak (284.6 eV) arising from surface
hydrocarbons (or adventitious hydrocarbon). The samples
used for SEM analysis were prepared by slip-propelled slicer
from the experimental tree trunk every two meters. The
morphologies were examined by TM 3000 scanning electron
microscope (HITACHI), using an accelerating voltage of
15 kV.

3. Results and Discussion

3.1. XRD Analysis. XRD analysis is used to investigate the
phase evolution of the preservative treated samples.The XRD
pattern of the pureChinese fir powder is shown in Figure 3(a).
The diffraction peaks observed at 16.1∘ and 22.5∘ are the
characteristic diffraction peaks of the I type of wood cellulose
(101) and (002) crystal plane in the structure cell. For the
treated samples, the same diffraction peaks also appear in the
corresponding position, which show that the addition of the
modified agent does not destroy the crystalline form of the
cellulose.

3.2. FTIR Studies. The chemical compositions of the Chinese
fir treated under different preservative solutions are studied
by using Fourier transform infrared spectroscopy (FTIR).
The obtained spectra are shown in Figure 4. Several charac-
teristic absorption peaks are observed in the range of 2000–
500 cm−1. The band at 1743 cm−1 is identified to the carboxyl
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Figure 2: The sampling schematic diagram for detecting modifier retention.
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Figure 3: XRD patterns of (a) Chinese fir powder; (b) the first part;
(c) the second part; (d) the third part; (e) the fourth part of the 2%
Cu-NH treated Chinese fir.

stretching vibration in carboxylic acid groups in hemicel-
lulose (Figure 4(a)). The band at 1510 cm−1 is assigned to
aromatic skeletal vibration in lignin [18]. The bands at 1427
and 896 cm−1 are assigned to the absorption of the beta bonds
stretching the cellulose. For the treated samples, the band
density at 1743 cm−1 has a slight reduction. The reduction of
the band is attributed to the reactions between copper and
carboxylic groups that have taken place, while the cellulose
acts as a stabilizer of the Cu-NH complex in solution [19–23].
Based on an analysis of the references, the groups of -COOH,
-OH, -CHO, and so forth are the reactive groups to fix the
metal ions. It can be seen fromFigures 4(e)–4(g) that the den-
sities of the wide band at 1100–980 cm−1 increase obviously
due to the asymmetric stretching vibration absorption of
the -CH

2
-O-CH

2
- of the PEG additive. Other characteristic

peaks have not changed significantly. From these data, it is
concluded that the preservatives solutions have not changed
the chemical compositions of treated wood.

3.3. Distribution of the Preservative Solutions. During the
stumpage treatment procedures, the preservative solutions
flowwith the longitudinal tracheids along the truck from root
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Figure 4: FTIR spectra of Chinese fir treated under different
conditions. (a) Chinese fir; (b) 2 wt.% Cu-NH treated Chinese fir; (c)
4 wt.%Cu-NH treatedChinese fir; (d) 6wt.%Cu-NH treatedChinese
fir; (e) 2 wt.% Cu-NH-PEG treated Chinese fir; (f) 4 wt.% Cu-NH-
PEG treated Chinese fir; (g) 6wt.% Cu-NH-PEG treated Chinese fir.

to top of the canopy by the driving force of transpiration.
The complicated capillary structure of wood has an uncertain
influence on the permeability of the preservative solutions
[24]. Therefore, it is necessary to analyze the vertical con-
centration distribution of the preservative in different height
positions.

Figure 5 shows the copper-based compounds concen-
tration, identified as copper oxidation, changing with the
longitudinal height of the trunk. It can be seen that lower
concentration of preservative is easier to diffuse into the
wood. Moreover, the preservative retention reduces with the
increase of longitudinal height of the trunk. However, high
concentration of preservative forms large retention gradient
due to the preservative enrichment and solidifying at the
bottom of the trunk, which influences the homogenous
distribution of the preservative in the trunk [25, 26]. As seen
from Figure 5(a), the preservative retention at the first part
is 2.24 kg/m3, 4.24 kg/m3, and 6.25 kg/m3, respectively. At
the fourth part of treated trees, the values are 0.97 kg/m3,
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Figure 5: The preservative retention in different height positions in the treated Chinese fir by (a) the Cu-NH preservative solutions; (b) the
Cu-NH-PEG preservative solutions.

1.98 kg/m3, and 3.14 kg/m3, respectively. For the composite
preservative solutions (Figure 5(b)), the preservative reten-
tion at the first part is 2.04 kg/m3, 3.94 kg/m3, and 5.57 kg/m3,
respectively. At the fourth part, the values are 0.87 kg/m3,
1.62 kg/m3, and 2.69 kg/m3, respectively. From these data, it
is concluded that the preservative retention for the composite
preservative solutions is lower than that of the single preser-
vative solution.

Liquid movement from the roots to the atmosphere is
controlled by the conductivity of the water pathway compo-
nents [27]. Conductivities affecting liquid flow in the plant are
hydraulic and diffusive [28]. In the course of the experiments,
the effect of pressure on the fluid diffusion is constant. The
effect of pressure is not considered. On a theoretical basis,
modification of the tracheids size may potentially cause
unfavorable effect on the transport of water in the xylem
[27–29]. In other words, changing the shape of the tracheids
or filling the tracheids space will also affect the diffusion
of liquid in the xylem [30]. For the composite preservative
solutions, higher relative molecular mass of PEG will fill the
tracheids or pits or xylem rays, which will block the diffusion
of the composite preservative solutions in the wood. There-
fore, the retention of the preservatives in the woods is lower
than that of the single preservative solutions [31, 32].

3.4. Morphology of the Samples. The morphologies of the
samples are examined by SEM. The nontreated sample is
tested as a reference. The porous structure of wood is clearly
visible and nothing is filled in the tracheids and pits
(Figure 6(a)). As shown in Figure 6(b) to Figure 8, the mor-
phologies of the resulting samples are different from the non-
treated sample. Longitudinal tracheids are the main diffusion
channels of coniferous wood and their main functions are
to transport water and support the tree. Water migration

between the tracheids depends mainly on the pits of the
tracheids walls. Tens or hundreds of pairs of pits connect the
adjacent tracheids. Xylem rays are main diffusion channels
of the axial direction for coniferous wood. Then, the main
materials circulation systems consisting of the longitudinal
tracheids, pits, and xylem rays are constructed for coniferous
wood. During the transpiration, the preservative diffuses
along the longitudinal direction from the root of the trunk
pipe to the crown. Simultaneously, the preservatives diffuse
in wood through the pits and the xylem ray.The preservatives
are more inclined to solidify into particles during the diffu-
sion along with the xylem rays. Therefore, the solid particles
appear in the xylem rays, which are shown in Figure 6(b).
In the root of the trunk, large numbers of solidified particles
appear due to its local higher concentration. During the pro-
cess of transmission from the root to the crown, the solidified
preservative particles gradually reduce with the decrease of
the concentration of preservative solution. To the fourth-part
sample, the solidified particles appear in a few xylem rays.
For 2wt.%, 4wt.%, and 6wt.%, three different concentrations
of the preservative solutions, diffusion processions of the
preservative solutions have similar variations, which are
reflected in Figures 6, 7, and 8, respectively. Moreover, EDS
spectrumof the solidified particles is given in Figure 6(f).The
presence of Cu coming from the solidified particles is con-
firmed.

In comparison with the single preservative solution Cu-
NH, it is more difficult for the composite preservative solu-
tion Cu-NH-PEG to diffuse in the wood due to the increase
of solution viscosity.Therefore, the preservativemainly solid-
ifies in the root of the trunk. Concentration also has some
influence on the diffusion of the preservative in wood. It
can be seen from Figures 9–11 that low concentrations of
preservative solutions are more conducive to diffusion and
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Figure 6: SEM of (a) the Chinese fir; (b) the first part; (c) the second part; (d) the third part; (e) the fourth part of 2% Cu-NH solution treated
Chinese fir; (f) EDS spectrum of the solidified particle.

transport in wood, and thenmore solidifying particles appear
in the xylem rays.Those results are consistent with the results
shown in Figure 5. In the process of diffusion, the preservative
can react with the active groups of the cellulose, such as
hydroxyl, carbonyl, and aldehyde group, which will enhance
the properties of wood. Physical filling solidified preservative
in xylem rays can also effectively improve the mechanical
properties of wood [33, 34].

3.5. XPS Measurements. The chemical compositions of the
Chinese fir and the 2wt.% Cu-NH solution treated Chinese fir
are determined using XPS, which are shown in Figure 12. As
seen from the treated Chinese fir specimen, the peak located
at 934.17 eV is attributed to the Cu 2p region of the copper-
based preservative compared with the Chinese fir specimen
[35, 36]. The result shows that the copper-based preservative

is solidified in the wood, which is consistent with the EDS
result.

4. Conclusions

Copper- (Cu-) based preservative with other reagents is
successfully injected into the standing tree Chinese fir by
using sap-flow method. It is more difficult for the composite
preservative solution to diffuse in the tree compared with the
single preservative solution. For the single preservative solu-
tion, the preservative retention at the first part is 2.24 kg/m3,
4.24 kg/m3, and 6.25 kg/m3, respectively. At the fourth part
of treated trees, the values are 0.97 kg/m3, 1.98 kg/m3, and
3.14 kg/m3, respectively. For the composite preservative solu-
tions, the preservative retention at the first part is 2.04 kg/m3,
3.94 kg/m3, and 5.57 kg/m3, respectively. At the fourth part,
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Figure 7: SEM of (a) the Chinese fir; (b) the first part; (c) the second part; (d) the third part; (d) the fourth part of 4 wt.% Cu-NH solution
treated Chinese fir.
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Figure 8: SEM of (a) the first part; (b) the second part; (c) the third part; (d) the fourth part of 6wt.% Cu-NH solution treated Chinese fir.

the values are 0.87 kg/m3, 1.62 kg/m3, and 2.69 kg/m3, respec-
tively.The results are consistent with the SEM results. During
the diffusion and transportation of the preservative solution,
the preservatives are more easily solidified in the xylem rays.

In further research, the mechanical properties and dimen-
sional stability combined with anticorrosion resistance of
the resulting wood will be carried out to better understand
the application value of this sap-flow method and provide
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Figure 9: SEM of (a) the Chinese fir; (b) the second part; (c) the third part; (d) the fourth part of 2 wt.% Cu-NH-PEG composite solution
treated Chinese fir.
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Figure 10: SEM of (a) the Chinese fir; (b) the second part; (c) the third part; (d) the fourth part of 4 wt.% Cu-NH-PEG composite solution
treated Chinese fir.
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Figure 11: SEM of (a) the first part; (b) the second part; (c) the third part; (d) the fourth part of 6 wt.% Cu-NH-PEG composite solution
treated Chinese fir.
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Figure 12: XPS spectra of (a) the Chinese fir; (b) the first part of
2 wt.% Cu-NH solution treated Chinese fir.

technical support for the function design of the target wood
products.
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