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ABSTRACT: In recent years, with the increasing scarcity of fossil
resources and the worsening environmental pollution, the effective
utilization of wood and plastic waste has become a critical issue. In this
paper, propylene glycol (PG) was used as an alcoholysis agent to degrade
waste poly(ethylene terephthalate) (PET), and unsaturated polyester
(UPR) was synthesized by the polycondensation reaction. The Chinese
fir was modified by chemical impregnation to obtain a new type of waste
PET-based wood−plastic composites. It exhibits a compressive strength
of about 107 MPa and a water absorption of less than 20%. These results
highlight the outstanding modification effect on fir, demonstrating
excellent mechanical properties and corrosion resistance. This study
presents a green and efficient method for the preparation of wood−plastic
composites and the recycling of waste PET, providing promising solutions
for sustainable resource utilization and environmental protection.

1. INTRODUCTION
Wood is a natural and renewable porous polymer material. As a
green and environmentally friendly material, it has always been
favored by people and is widely used in construction, industrial
component construction, furniture production, indoor and
outdoor decoration, and paper industries. However, due to the
over-exploitation of natural forests in the past and the
implementation of logging ban protection measures in recent
years, the supply of high-quality wood is far from enough to
meet the market demand.1 Plantation trees not only have a
short growth cycle but also have natural defects such as loose
material, low mechanical strength, poor dimensional stability,
easy mildew, and corrosion, which greatly limit their
application range.2,3

PET is a high-performance engineering polymer with
excellent mechanical and barrier properties; thus, it is used
in large amounts nowadays, and it is widely used in plastic
packaging bottles, films, and synthetic fibers.4−6 Excellent
comprehensive properties make PET the third most widely
used polymer in the packaging industry, almost monopolizing
the entire beverage packaging bottle market.7 PET products
such as plastic packaging bottles and polyester fibers have
become an important part of living. The production of PET
worldwide is also increasing year by year, and the annual
output has increased from 42 million tons in 2014 to 74
million tons in 2020.8−10 The design life of plastic is usually 1
to 50 years, but most plastic packaging materials lose their
value after a short period of use.11 Most plastics are difficult to
decompose quickly in the ecosystem and easily accumulate in

the environment after use, which causes serious environmental
damage, known as “plastic pollution”.12

In the chemical cyclic utilization process of PET, the
polymer is depolymerized into oligomers or monomers, which
are then separated, purified, and used as raw materials for the
production of chemical products. Chemical recycling methods
include hydrolysis, methanolysis, glycolysis, amine hydrolysis,
ammonia hydrolysis, and other methods.4,13 Hydrolysis is the
only method that directly depolymerizes PET into TPA
(terephthalic acid) and EG (ethylene glycol), and the reaction
can be carried out in water media with different acid−base
conditions. Since the technology for synthesizing PET directly
from TPA and EG through esterification is well-established,
and the production cost of TPA from para-xylene (PX)
oxidation is relatively high, the recovery of TPA from waste
PET materials through hydrolysis is of great significance.
Hydrolysis can be classified into alkaline hydrolysis,14 acid
hydrolysis,15 and neutral hydrolysis.16 Based on the different
alcoholysis agents, alcoholysis methods are generally divided
into glycolysis17and methanolysis,18 which are the two most
commercially mature depolymerization methods. The amine
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hydrolysis reaction of PET mainly produces TPA diamide and
EG, and the most commonly used amine hydrolysis agents are
methylamine, ethylamine, ethanolamine, and other primary
amines, as well as ethylenediamine and other diamines, which
are generally conducted within the temperature range of 20−
100 °C.16,19 In the related research of chemical recycling of
waste PET, the main objectives are to improve the conversion
rate and monomer yield of PET, shorten the reaction time, and
conduct the reaction under milder conditions as much as
possible. In recent years, numerous efforts have focused on the
application of emerging technologies such as microwave
heating,20 supercritical fluids,18,21 ionic liquids,22−24 deep
eutectic solvents,25,26 etc. These approaches aim to address
issues such as low thermal conductivity of PET, inadequate
reaction contact, improvement of heat distribution in reactors,
increase of depolymerization energy, enhancement of the
effective contact area between PET and solvents/catalysts, and
achievement of higher cyclic utilization efficiency.
Efficient cyclic utilization of discarded PET products to

achieve renewable resource utilization is a major direction for
the development of the green chemical industry. Duque-
Ingunza et al.27 catalyzed the ethanolysis of PET with Na2CO3,
and the purified product was polycondensed with maleic
anhydride to produce a linear unsaturated polyester. The resin
was then cross-linked and cured using peroxide acetone and
cobalt 2-ethylhexanoate, achieving the performance standards
of commercial unsaturated polyester resins. However, the
application of the polyester in some biomaterials has not been
studied. Abdullah and Ahmad28 synthesized UPR from
ethanolysis of discarded PET and blended it with 0.3%
coconut fibers to prepare coconut fiber-reinforced composite
materials. In this study, the proportion of coconut fibers was
relatively low, leaving room for further utilization of
biomaterials. Wang et al.29 reacted bifunctional epoxy
oligomers with poly(ethylene glycol) to produce a waterborne
epoxy resin, which was then impregnated into wood to study
its related properties. For the impregnation modification of fir
wood, Wang et al.29 employed phenol−formaldehyde (PF)
resin for chemical impregnation, while Liu et al.30 used furfuryl
alcohol (FA) resin for the modification of fir and poplar wood.
However, the organic compounds used in these studies not
only pose harm to human health but also do not adhere to the
concept of green chemistry. To the best of our knowledge,
there have been few studies on the application of UPR

prepared from discarded PET in wood, achieving the
combination of sustainable and green resource utilization,
broadening the application range of fast-growing wood, and
benefiting resource conservation and environmental protec-
tion.
We will establish a connection between wood and waste

PET products, using propylene glycol as an alcoholysis agent
and alcoholysis under high-temperature conditions; the PET
ester bond is broken and replaced by hydroxyl end groups, and
then, the addition of maleic anhydride (MA) and phthalic
anhydride (PA) introduces double bonds and benzene rings
into the molecular chain to obtain unsaturated polyester
oligomers. The schematic diagram of the reaction is shown in
Figure 1. Maleic anhydride provides active functional groups
for the subsequent cross-linking of UPR oligomers; phthalic
anhydride is used to adjust the double-bond content in the
molecular chain of UPR oligomers, reduce the structural
regularity, and increase the compatibility of UPR oligomers
with cross-linking monomers while controlling its cross-linking
density. Then, diluent styrene (St), cross-linking agent
divinylbenzene (DVB), and initiator benzoyl peroxide (BPO)
were added to the oligomer to prepare an impregnating liquid,
which was modified by chemical impregnation.31 The
impregnation liquid was injected into the wood voids and
cured. The result is a wood−plastic composite material with
significantly improved mechanical properties, water absorption
performance, and thermal stability. This further enhances the
service life of the wood, improves its corrosion resistance and
insect resistance, and provides a new solution for the recycling
and utilization of waste PET plastics. It should be noted that
the curing process of UPR is extremely complicated. The C�
C bond on the linear unsaturated polyester molecular chain
undergoes a free radical copolymerization reaction with
styrene, which can form four possible cross-linking structures:
(i) intermolecular cross-linking with or without the styrene
monomer; (ii) intramolecular cross-linking with or without the
styrene monomer; (iii) branching on polyester molecules by
styrene; and (iv) a free styrene homopolymer.32 Furthermore,
the degree of polymerization of polystyrene between the cross-
linked chains is different, and the existence of the steric
hindrance effect also leads to some unreacted unsaturated
double bonds in the cured product of the unsaturated
polyester, which makes the resin-cured cross-linked network

Figure 1. Schematic diagram of the reaction of PG alcoholysis of PET and the synthesis of UPR oligomers.
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highly chaotic and difficult to express clearly with chemical
reaction formulas.

2. EXPERIMENTAL SECTION
2.1. Main Raw Materials and Instruments. 2.1.1. Ex-

perimental Materials and Reagents. Industrial PET pellets,
commercial 191-type resin (Purity: 99%), and Chinese fir were
all purchased in the market. Waste PET recycled materials
were obtained from PET bottle recycling and homemade. The
alcoholysis agent 1,2-propanediol (PG, A.R. 99%) was
purchased from Guangdong Guanghua Technology Co., Ltd.,
China. The catalyst zinc acetate dihydrate (A.R. 99%), the
curing initiator benzoyl peroxide (BPO, A.R. 99%), the
inhibitor hydroquinone (HQ, A.R. 99%), and dibutyl phthalate
(A.R. 99%) were all provided by Sinopharm Group Chemical
Reagent Co., Ltd., China. The diluent monomer styrene (St,
A.R. 99%) and methyl methacrylate (MMA, A.R. 99%) were
produced by Shanghai McLean Biochemical Science Co., Ltd.,
China. The cross-linking agent divinylbenzene (DVB, A.R.
80%) was purchased from Tianjin Baima Technology Co.,
Ltd., China. The drugs were used directly for the experiment
without purification after purchase.
2.1.2. Analytical Testing Instruments. An NDJ-1 rotational

viscometer (Shanghai Precision Scientific Instrument Co.,
Ltd.), a Fourier transform infrared spectrometer (FTIR,
Spectrum Two, Perkin Elmer), a pressure testing machine
(YAW-100D, Jinan Zhongluchang Testing Machine Manufac-
turing Co., Ltd.), a thermogravimetric analyzer (TGA, TGA-
50, Shimadzu Corporation, Japan), an X-ray photoelectron
spectrometer (XPS, PHI5000 Versaprobe-II, Ulvac-Phi,
Japan), and a scanning electron microscope (SEM, Model
TESCAN VEGA 3, Czech Tescan Company) were used.
2.2. PET Raw Material Processing. Industrial PET pellets

were small elliptical cylinders (1.36 × 1.16 × 2.59 mm3).
Waste PET recycled materials were small square flakes (5 × 5
× 0.45 mm3) cut from recycled PET packaging bottles. A 1%
NaOH aqueous solution was used to soak the PET raw
material for 1 h to remove surface impurities (oil stains), which
was then washed with distilled water, dried in an oven at 80 °C
for 2 h, and stored in a desiccator after treatment.
2.3. Preparation of Modified Wood Specimens.

2.3.1. Chemical Degradation of Waste PET and Synthesis
of UPR. In a three-necked flask, propylene glycol was added
with a metering relationship of npropylene glycol/nPET = 8:1, stirred,
and heated up to 180 °C. Propylene glycol was taken as the
benchmark, and 2 wt % zinc acetate dihydrate was added and
reacted at a constant temperature for 9 h. The alcoholysis
reaction was considered complete when all of the PET particles
disappeared and the resulting product appeared transparent
and clear in color. The alcoholysis products were used directly
for the subsequent reaction without purification. When the
temperature was reduced to 150 °C, the maleic anhydride
(MA) and phthalic anhydride (PA) with the metering
relationship of nalcoholysis system/nacid anhydride = 1.2:1 (MA/PA =
1:1) were added. The device was changed to a reflux and
distillation device. The stirring was started, and then it was
heated up to 170−175°C, and the acid value was monitored
according to GB/T 6743-2008.33 When the acid value was
decreased to about 135 mg KOH/g, the temperature was
increased to 190−200°C to carry out the polycondensation
reaction, until the acid value of the system decreased to 50 mg
KOH/g. The heating was stopped, and 0.025 wt %
hydroquinone was added to the total amount of the system

when the temperature of the reaction system decreased to 120
°C. A preset ratio of the diluent/cross-linking agent was added
when the temperature decreased to 90 °C; when the UPR
oligomer was completely dissolved in the diluent/cross-linking
agent, the stirring was stopped, and the waste PET-based UPR
resin was prepared (Figure 2). The products were used for
wood impregnation modification without undergoing purifica-
tion.

2.3.2. Modification of Wood Specimens. In order to
minimize the natural difference between the wood specimens
(20 × 20 × 30 mm3), the selected Chinese fir specimens
should be sawn from the same board with a complete shape
and no defects, and the density should be close to the average
density. The Chinese fir specimens that were vacuum-dried at
103 ± 2 °C for 2 h were placed into the impregnation bottle
and pre-evacuated for 30 min; then, under a pressure of −0.08
MPa, the UPR impregnation system with the preadded
initiator was sucked into the impregnation bottle and
submerged the wood specimen, and the vacuum impregnation
at this pressure was maintained for 30 min. Finally, it was
immersed under normal pressure for 2 h to ensure the
complete immersion of the specimen,34 and then the immersed
wood samples were heated to solidify the immersion liquid
inside the wood to complete the wood modification (Figure
3). Table 1 lists a summary of the experimental conditions of
UPR-impregnated modified wood with Chinese fir as an
example. In the experiment, to distinguish between industrial
PET-based UPR-impregnated modified wood and waste PET-
based UPR-impregnated modified wood, a ″W″ prefix was
added to the waste PET-based UPR impregnation system.
2.4. Test Analysis Method. 2.4.1. FTIR Spectroscopy.

FTIR was used to characterize the structure of PET raw
materials and PET alcoholysis products. The test resolution
was 4 cm−1, the number of scans was 32, and the test
wavenumber range was 4000−400 cm−1.
2.4.2. Determination of the Gel Content of the Dipping

System. Determination of the gel content of the pure UPR
resin impregnation system: according to the method in GB/T
2576-2005,36 the soluble components in the UPR impregna-
tion system after curing are extracted with ethyl acetate close
to the boiling point temperature using a Soxhlet extractor, and
the insoluble components are considered a cured resin. The gel
content α is calculated according to formula 1

m
m

100%= ×
(1)

Figure 2. Industrial synthesis of PET-based UPR resin (left) and
waste PET-based UPR resin (right).
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where m is the mass of the sample before extraction, mg, and
m′ is the mass of the sample after extraction, mg.
Determination of the gel content of the UPR impregnation

system in wood: with reference to the determination method
of the gel content of the pure UPR impregnation system, the
gel content β of the UPR impregnation system in wood is
calculated according to formula 2

m m c
m m

(1 )
100%3 2 0

1 2
= ×

(2)

where m1 is the mass of the modified wood sample before
extraction, mg; m2 is the mass of the log in the modified wood
sample before extraction, mg; m3 is the mass of the modified
wood sample after extraction, mg; and c0 is the log mass loss
rate after extraction, %.
2.4.3. Determination of the Impregnation Rate and

Curing Weight Gain Rate of Modified Wood. The
impregnation rate IY of the UPR system impregnated wood
is calculated according to formula 3, and the curing weight gain
rate WPG is calculated according to formula 4

W W
W

IY 100%2 1

1
= ×

(3)

W W
W

WPG 100%3 1

1
= ×

(4)

where W1 is the mass of the log specimen, g; W2 is the mass of
the wood specimen after impregnation, g; and W3 is the mass
of the wood specimen after curing, g.
2.4.4. Determination of the Water Absorption Resistance

of Modified Wood. According to the measurement method in

GB/T 1934.1-2009,37 the measurement period was 8 days.
The specimens were placed in an oven and subjected to a
temperature of 60 °C for approx. 4 h. Subsequently, the drying
and weighing procedures outlined in GB/T 1931-200938

sections 5.2 to 5.4 were followed. After the specimens were
weighed, they were immediately placed into a container filled
with distilled water. The specimens were submerged below the
water surface by at least 50 mm using a stainless steel mesh and
the container was securely covered. The water temperature was
maintained within a range of (20 ± 2)°C. After 6 h, the
specimens were weighed for the first time while still submerged
in water. Subsequent weighings were conducted after 1, 2, 4,
and 8 nights. The process continued until the difference in
moisture content between the last two measurements was less
than 5%, indicating that the maximum water absorption had
been reached. The water absorption rate A of the modified
wood specimen is calculated according to formula 5

A
m m

m
100%n 0

0
= ×

(5)

In the formula, m0 is the mass of the wood specimen when it is
completely dry, g, and mn is the mass of the wood specimen
after water absorption, g.
The water absorption resistance WRE of the modified wood

sample is calculated according to formula 6

A A
A

WRE 100%0

0
= ×

(6)

In the formula, A0 is the water absorption rate of the log
specimen, %, and A is the water absorption rate of the modified
wood specimen, %.
2.4.5. Determination of Compressive Strength along the

Grain of Modified Wood. According to the method in GB/T
1935-2009,39 a pressure testing machine is used to measure the
compressive strength of wood specimens along the grain. The
specimen is placed in the center of the spherical movable
support of the testing machine along the grain direction, the
loading speed is set to 0.5 KN/s, and the failure load of the
specimen is recorded. The compressive strength along grain σ,

Figure 3. Schematic diagram of the impregnation and curing reaction of the PET-UPR system inside wood.35

Table 1. Combination of Experimental Conditions of UPR-
Impregnated Modified Wood

modified wood
code

wood
species

UPR impregnation
system

type of
initiator

curing time
(h)

W-S-P S P-S/D BPO 6
S-191 S 191-UPR BPO 6
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MPa, of the modified wood specimen is calculated according
to formula 7

P
b t

max=
× (7)

In the formula, Pmax is the failure load, N; b is the width of the
specimen, mm; and t is the length of the specimen, mm.
2.4.6. Thermogravimetric Analysis (TGA). The samples

were processed with a pulverizer to a powder sample with a
particle size of less than 0.2 mm, and the thermal stability of
the modified wood was analyzed using TGA. The nitrogen
flow was set to 20 mL/min, and the sample was heated from
room temperature to 800 °C at a heating rate of 10 °C/min.
2.4.7. X-ray Photoelectron Spectroscopy (XPS). The log

and modified wood specimens were cut from the chord
direction into chord sections of 5 × 5 × 2 mm3, and the surface
chemical elements were analyzed by XPS. The Al anode was
used as the X-ray source, the power was 50 KW, the pass
energy was 46.95 eV, the step size of the XPS full spectrum and
high-resolution spectrum were 0.8 and 0.2 eV, respectively, and
the binding energy was C 1s of alkyl carbon (284.8 eV) for
charge correction.
2.4.8. Scanning Electron Microscopy (SEM). The log and

modified wood specimens were cut from the chord direction
into chord section specimens of 5 × 5 × 2 mm3, and the
surface micromorphology was studied by SEM. The samples
were sprayed with gold to avoid charge accumulation during
characterization and then tested at 1000 and 5000 times
magnification, separately, at an accelerating voltage of 20 KV.

3. RESULTS AND DISCUSSION
3.1. FTIR Analysis of PET Raw Materials and Products

at Each Stage. Figure 4 shows the infrared spectra of
industrial PET pellets, waste PET recycled materials, and their
corresponding propylene glycol alcoholysis products and UPR
oligomers from top to bottom. It can be seen that the
characteristic absorption peaks of industrial PET pellets and
waste PET recycled materials are completely consistent. The

double absorption peaks of C−H symmetric and antisym-
metric stretching vibration near 2950 cm−1 indicate the
existence of alkyl chains. 1720 cm−1 is the characteristic peak
of the carbonyl group, and C−O−C symmetric and
antisymmetric stretching vibration doublets appear at 1245
and 1110 cm−1, respectively, indicating the existence of ester
groups. The C−H stretching vibration of the para-
disubstituted benzene ring appears near 880 and 730 cm−1,
indicating that there is a para-substituted benzene ring in the
structure. The comparison results of characteristic peaks show
that there is no difference in the chemical composition
structure of industrial PET pellets and waste PET recycled
materials, and they all completely accorded with the character-
istic band properties of PET.
Figure 4 shows the C−H stretching vibration absorption

peak of the alkyl group in the PET structure and the C�O
stretching vibration absorption peak of the ester group. The
C−H out-of-plane bending vibration absorption peaks of the
para-disubstituted benzene ring appear at the same frequency
position in the spectra of PET alcoholysis products and UPR
oligomers, indicating that the PET glycolysis and UPR
synthesis process successfully introduced some characteristic
groups in the PET raw material structure into the subsequent
stage products. In this experiment, UPR oligomers with a p-
benzene structure were successfully synthesized. The intro-
duction of unsaturated acid anhydrides and a reactive dilution
system provided conditions for the cross-linking and curing of
UPR.
3.2. Research on the UPR Impregnation System.

3.2.1. Analysis of Factors Influencing the Viscosity of the
UPR Oligomer Mixture. The viscosity of the UPR oligomer
mixture to a certain extent reflects the impregnation ability of
the resin system, directly impacting the performance of
modified wood as a subsequent impregnation solution. In
the synthesis process of UPR, both the dilution system and the
PET raw material can affect the viscosity of the UPR oligomer
mixture. This study referred to the curing method of
commercial resin type 191 and selected styrene as the
diluent40 and DVB as the cross-linking agent. The selection
of DVB was based on its unique double-bond structure, which
allows for copolymerization with styrene, facilitating the
introduction of functional groups while maintaining good
strength. This has been widely applied in ion exchange
resins.41,42 The dilution system used in the UPR synthesis
experimental scheme consisted of two active diluents, St and
MMA, and one cross-linking agent, DVB, in the designed mass
ratio of the UPR oligomer, as detailed in Table 2.

The viscosity of the UPR oligomer mixture is highest when
solely using St as the dilution system, accounting for 30% of
the total UPR oligomer content, as shown in Figure 5a. When
an additional 2% of the cross-linking agent DVB is added to
the dilution system, the viscosity of the UPR oligomer mixture
noticeably decreases. Furthermore, when the dilution system
consists of 20% St and 10% MMA, the viscosity of the UPR

Figure 4. Infrared spectra of PET raw materials and corresponding
products. In the figure, W-PET represents waste PET, W-P represents
the alcoholysis products of waste PET, P-S/D represents the UPR
oligomer synthesized from industrial PET, and W-P-S/D represents
the UPR oligomer synthesized from waste PET.

Table 2. Combination of Experimental Conditions for
Determination of UPR Curing Reactivity

UPR oligomer mixture code dilution system type of initiator

P-S 30%St BPO
P-S/D 30%St + 2%DVB BPO
P-2S/M 20%St + 10%MMA BPO
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oligomer mixture decreases significantly. From Figure 5b, it
can be observed that the variation in PET raw materials has a
relatively small impact on the viscosity of the UPR oligomer
mixture. The UPR oligomer mixture synthesized from recycled
PET waste through alcoholysis exhibits higher viscosity than
industrial PET granules, which may be attributed to the use of
recycled materials. The experimental substitution of MMA for
a portion of styrene as a diluent in the comprehensive dilution
conditions aims to investigate whether MMA can replace
styrene as a new diluent. The results of this study will be
discussed in the following sections.
3.2.2. Influence of the Dilution System on UPR Curing

Reactivity. The curing reactivity of UPR was comprehensively
evaluated by gel time, curing time, and exothermic peak
temperature. The gel time and curing time are relatively short,
and the curing reactivity of the UPR oligomer system with a
higher exothermic peak temperature is relatively higher. In this
experiment, St and MMA were used as active diluents for UPR
oligomers, DVB was used as a cross-linking agent, and BPO
was used as an initiator. The effect of the dilution system on
the curing reactivity of UPR was investigated. Table 2
summarizes the combination of experimental conditions for
the determination of UPR curing reactivity.
Table 3 lists the corresponding evaluation indicator data.

When BPO is used as the initiator, the exothermic peak

temperature of P-S/D is the highest, but its gel time and curing
time are slightly longer than those for the other two systems
(Figure 6). The addition of MMA as a diluent reduces the
viscosity of the system, as shown in Figure 5a, but its
performance in the curing reactivity experiment is not rational.
The incorporation of the cross-linking agent DVB slightly
extends the gel time and curing time, while it not only reduces
the viscosity of the system (Figure 5a) but also increases the

exothermic peak temperature. In a comprehensive comparison,
the curing reactivity of P-S/D is better. Comprehensive
analysis shows that the curing reactivity of P-S/D is better,
and adding 2% of the bifunctional cross-linking agent DVB to
the dilution system can significantly improve the curing
reactivity of UPR.
3.2.3. Influence of PET Raw Materials on UPR Gel

Content. According to the best plan of UPR curing, the
UPR system synthesized from industrial PET pellets and waste
PET recycled materials was cured at 80 °C for 3 h, showing
degrees of cure of 86.5 and 81.8%, respectively. The reason for
the slight decrease in the gel content of the UPR product may
be the aging or oxidation of the recycled material due to light,
heat, abrasion, and other factors during the use process. (Table
4) Even so, the gel content of UPR synthesized from PET
recycled materials still reaches more than 80%, and it still has a
high curing ability, which can be used for the research of
impregnation and modification of fast-growing wood.

Figure 5. (a) Influence of dilution system on the viscosity of the UPR oligomer mixture. (b) Effect of the PET raw material on the viscosity of the
UPR oligomer mixture.

Table 3. UPR Curing Reaction Activity Data of Dilution
System

curing
UPR

exothermic peak temperature
(°C)

gel
time(s)

curing
time(s)

P-S 141.8 814 904
P-S/D 147.3 849 979
P-2S/M 112.0 781 892

Figure 6. Comparison of the UPR curing activity of the PG dilution
system. In the figure, P-S represents the complete dilution using
styrene as the diluent, P-2S/M is the dilution with partial substitution
of MMA for styrene, and P-S/D is the addition of the cross-linking
agent DVB on the basis of styrene dilution. The specific amounts of
additives are shown in Table 2.
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3.3. Properties of UPR-Impregnated Modified Wood.
3.3.1. Effect of the UPR Impregnation System on the
Strengthening Properties of Modified Wood. Table 5 shows
the impregnation rate, curing weight gain rate, and water
absorption resistance data of different UPR impregnation
systems in Chinese fir modification. It is found that the
impregnation rate of PET-based UPR-impregnated modified fir
is about 190%, the curing weight gain rate is 160−180%, and
the water absorption resistance rate is 88−90%. In comparison,
the waste PET-based UPR impregnation system and the
industrial PET-based UPR impregnation system have signifi-
cant effects on the impregnation weight gain and water
absorption resistance of Chinese fir, which are almost the
same. In the case of modified wood impregnated with 191-type
commercially available UPR resin, it has been observed that
the impregnation rate, curing weight gain rate, and water
absorption resistance are marginally superior. Upon analysis, it
has been deduced that the primary cause for this disparity lies
in the substantially lower viscosity of the commercial UPR
compared to the PET-based UPR system. Consequently, this
results in relatively enhanced fluidity and wetting properties.
Figure 7 shows the water absorption and compressive

strength curves of waste PET-based UPR-modified wood and
logs. In Figure 7a, the water absorption of Chinese fir in 8 days
is 167.3%, which is extremely unfavorable for the waterproof
and anticorrosion requirements in the subsequent processing
and application of wood. After impregnation and modification
of waste PET-based UPR, the water absorption rate of Chinese
fir in 8 days dropped to less than 20%, and the water
absorption resistance of fast-growing wood was greatly
improved. The compressive strength curves of Chinese fir
before and after modification are shown in Figure 7b: the
compressive strength of unmodified Chinese fir is 35.4 MPa,
and the compressive strength of modified Chinese fir is 107.1
MPa, significantly improved.
3.3.2. Thermal Stability Analysis of UPR-Impregnated

Wood. The thermogravimetric curve reflects the weight loss
process of the sample as the temperature increases. Figure 8
shows the comparison of the thermogravimetric curves of the
modified wood sample and the log sample, and the modified
wood sample and the cured UPR sample.
It can be found from Figure 8 that the samples all have a

relatively obvious weight loss process, and the weight loss
process of the modified wood is slightly shifted to the high-

temperature direction compared with the log. This weight loss
process of curing UPR is slightly shifted toward higher
temperatures compared to modified wood. The thermal
decomposition of cured unsaturated polyester resin (W-P-S/
D) can be explained through three main stages. The initial
decomposition is observed before 250 °C, which is due to the
evaporation of moisture and uncured materials on the surface
of the resin, with a weight loss of around 8 wt %.43,44

Subsequently, between 270 and 480 °C, a steep weight loss is
exhibited, with the maximum DTG peak at approx. 394 °C.
This is primarily due to the high temperature, causing rapid
decomposition and volatilization of the cured UPR until the
TGA and DTG curves return to their original baseline. Above
500 °C, a gradual and slow decrease in mass is observed, which
is attributed to the slow oxidation of thermally stable carbon
produced during the decomposition process.45 According to
the change of weight loss and weight loss rate of the sample
with the change of temperature, the thermogravimetric analysis
results of the log and modified wood are listed in Table 6.
It can be found from Table 6 that the weight loss change

process of fir log and waste PET-based UPR-modified wood
can be divided into four stages. The initial stage of weight loss
from room temperature to 100 °C is mainly caused by the
evaporation of residual moisture in the wood cell walls. The
first stage is the dehydration stage. The weight loss rate of the
modified wood at this stage is significantly lower than that of
the log, which shows that under the same sample treatment
conditions and storage environment, the modified wood can
absorb less water with a lower saturation point, which refers to
better water absorption resistance.
There is a large difference between the weight loss rate in

the second stage. The quality of logs remains basically constant
in the temperature range of 125−220 °C, which is a stage of
slight weight loss. The weight loss rate of modified wood is
7.76% in the temperature range of 116−251 °C, mainly
because a small part of the uncured UPR oligomers in the
impregnation system have poor thermal stability, and weight
loss occurs first.46

The third stage is the thermal decomposition stage, which is
the main stage of log and modified wood weight loss. The
weight loss rate of logs in the temperature range of 220−420
°C is 65.3%, mainly due to the pyrolysis of cellulose and
hemicellulose.47 The weight loss rate of modified wood is
74.49% in the temperature range of 251−456 °C, which is a
mixed pyrolysis process of cellulose and hemicellulose of the
wood itself and the UPR impregnation system after curing.
The fourth stage is the carbonization stage. The residual

substances in the log and modified wood continue to be slowly
pyrolyzed until carbonization, and the weight loss rate of the
sample is low.
Comparing the thermal decomposition temperature range

between the untreated spruce wood (S) and the waste PET-
modified wood (W-S-P), it was observed that the thermal
decomposition temperature of W-S-P was approx. 30 °C
higher than that of S. This indicates that the modified wood

Table 4. Comparison of the Gel Content of UPR
Synthesized from the PET Industrial Material and the
Recycled Materiala

cured UPR
designation

curing
temperature

(°C)
curing
time (h)

gel
content
(%)

standard deviation
of gel content

P-S/D 80 ± 2 3 86.5 0.17
W-P-S/D 80 ± 2 3 81.8 0.25

aIn the table, P-S/D represents industrial PET pellets and W-P-S/D
represents waste PET recycled materials.

Table 5. Comparison of Properties of Modified Chinese Fir with Different UPR Impregnation Systems

UPR systems wood type viscosity (Pa·s) Plog (g/cm3) Pcuring (g/cm3) IY(%) WPG (%) WRE (%)

P-S/D S 4.0 0.36 0.98 193.1 182.7 88.6
W-P-S/D S 4.7 0.34 0.92 192.5 168.8 90
191-UPR S 0.6 0.33 1.11 270.7 233.4 92.8
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exhibits relatively higher thermal stability. The thermogravi-
metric analysis further confirms that the impregnation
modification of waste PET-based UPR resin has improved
the thermal stability of fast-growing wood.
3.3.3. XPS Analysis of UPR-Impregnated Modified Wood.

Chinese fir logs and Chinese fir-modified samples were
selected for XPS characterization. Figures 9 and 10 are the
XPS full scan spectrum and the C 1s high-resolution spectrum
of each sample, respectively. It can be seen from the figure that
the binding energy is 283−290 eV, and there are strong
absorption peaks near 532 eV, indicating that the surface of
Chinese fir logs and modified Chinese fir samples contains a
large amount of C and O elements. The bonding state of C
atoms in wood with other atoms or atomic groups can be
divided into four forms.48,49 In Figure 10, the C atoms of the
C1 component correspond to aliphatic and aromatic carbon

chains. C atoms are only combined with C or H atoms, mainly
derived from lignin with the phenylpropane structure in logs,
wood extracts, and the main chain structure in UPR. Its
electron binding energy is about 284.8 eV.
The C2 component corresponds to the combination of C−

O, and both cellulose and hemicellulose molecules in wood
have a large number of C atoms connected to hydroxyl groups.
Therefore, this combined state represents the chemical
structural characteristics of cellulose and hemicellulose in
wood. The electron binding energy is about 286.4 eV.
The C atom of the C3 component is related to the

connection of two non-carbonyl-like O atoms or one carbonyl-
like O atom, mainly derived from cellulose and hemi-
cellulose.50 The oxidation state of C is higher in the O−C−
O structure. The electron binding energy is about 288 eV,
which will give a significant chemical shift.

Figure 7. (a) Water absorption rate−time curves of modified woods and (b) compressive strength−time curves of modified woods. In the figure, S
represents the unmodified spruce wood sample, and the codes and synthesis conditions for other wood−plastic composite materials can be found
in Table 1.

Figure 8. TGA and DTG curves of modified wood, cured UPR, and logs. In the figure, S represents the unmodified spruce wood, W-S-P refers to
the wood−plastic composite material of modified spruce wood using W-P-S/D, and W-P-S/D represents the cured sample of waste PET-based
unsaturated polyester resin.

Table 6. Thermogravimetric Analysis Results of Logs and Modified Woods

stage 1 stage 2 stage 3 stage 4

sample
name

temperature range
(°C)

weight loss
rate

temperature range
(°C)

weight loss rate
(%)

temperature range
(°C)

weight loss rate
(%)

temperature range
(°C)

weight loss rate
(%)

S 21−125 4.14 125−220 0.5 220−420 65.31 420−800 10.16
W-S-P 21−116 1.22 116−251 7.76 251−456 74.49 456−800 4.99
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The C atom of the C4 component is connected to a non-
carbonyl-like O atom and a carbonyl-like O atom and has a
high oxidation state with a binding energy of about 289 eV,
which can produce a large chemical shift. Its main sources are
fatty acids, acetic acid, and other substances in wood extracts
and ester groups in unsaturated polyester resins.
In Table 7, from the chord section of the log sample to the

inner, middle, and outer chord sections of the modified wood
sample, the changes in the relative content of carbon atoms in
different binding modes were observed. It can be seen that the
carbon content ratio of C−C and O−C�O relative to the
total carbon gradually increases, while the relative carbon
content of C−O and O−C−O gradually decreases. At the
same time, the total oxygen content and O/C of the samples
showed a decreasing trend in the gradient direction from the
log chord section to the inner, middle, and outer chord
sections of the modified wood. The analysis showed that the
relative content of cellulose and hemicellulose on the surface of
modified Chinese fir decreased gradually from the inner chord
section to the outer chord section compared with the fir log.
After analysis, the reason for this changing trend is that the
UPR with C−C and O−C�C as the characteristic link mode
shows an increasing trend in this gradient direction. Moreover,
the relative concentration of UPR on the outer chord section is
slightly higher than that in the middle chord section, and that
on the middle chord section is slightly higher than that in the
inner chord section. The impregnation method of the resin is
mainly transverse infiltration with a decreasing trend of
permeability from outside to inside.

3.3.4. SEM Analysis of UPR-Impregnated Modified Wood.
Figure 11 shows the scanning electron microscopy photos of
the internal chord section samples of Chinese fir logs and
modified Chinese fir W-S-P-B6. It can be seen from the figure
that there are no obvious attachments in the duct molecules,
wood fibers, and wood ray cells on the inner chord section of
the log, and the pit openings and pit cavities are open, which
provides a channel and place for the waste PET-based UPR
system to penetrate into the cell cavity, intercellular space, pit,
and other voids. In contrast, on the inner chord section of the
modified wood, the vessel molecules, wood fibers, and wood
ray cells were partially filled and adhered with translucent resin.
The pit orifices were almost completely blocked by the resin,
which indicates that the UPR system was successfully
impregnated into the wood without destroying the micro-
structure of the wood.
The pits are the channels for water and other liquids to flow

between the cells of the microscopic tissues of the wood. The
UPR impregnation system blocks most of the pits in the wood,
which reduces the permeability of the modified wood and
greatly improves the water absorption resistance. Wood fibers
(hardwood) and tracheids (softwood) in the wood structure
play the main role of mechanical support. The UPR system
fills, adheres to the cell walls of these cells, and further cross-
links and solidifies, which in turn increases the compressive
strength of the modified wood.

Figure 9. Survey XPS spectrum of Chinese fir log and waste PET-based UPR-impregnated modified Chinese fir samples.
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4. CONCLUSIONS
In this paper, a p-benzene-type structure was introduced into
the impregnation system by the method of depolymerizing
waste PET with glycol. The chemical structure lays a
foundation for the improvement of heat resistance, corrosion
resistance, and mechanical properties of modified wood. The
curing characteristics of PET-based UPR were comprehen-
sively evaluated with gel time, curing time, exothermic peak
temperature, and gel content as indicators to achieve the
purpose of optimizing the UPR impregnation system and the
wood modification process.
The FTIR analysis results of PET raw materials and

products of each stage show that during the PET dihydric
alcoholysis and UPR synthesis process, the characteristic
groups such as alkyl groups, ester groups, and benzene ring
para-position double substitution structures in the PET raw
material structure were successfully added to the products of
subsequent stages, and the UPR oligomer with the p-phenylene
structure was successfully synthesized. The participation of
unsaturated anhydride and the active diluent system provides
the preconditions for the cross-linking and curing of UPR.

The XPS analysis results of waste PET-based UPR-
impregnated modified wood stated that the relative content
of UPR in the modified wood decreased gradually from the
outer chord section to the inner chord section, which showed
that the impregnation method of UPR is mainly transverse
infiltration with a decreasing trend of permeability from
outside to inside. It shows that the impregnation method of
UPR is mainly transverse infiltration with a decreasing trend of
permeability from outside to inside. The changes in the
micromorphology observed by SEM indicated that the
microstructure of the modified wood was not damaged. The
UPR impregnation system fills and adheres to the vessel
molecules, wood fibers, tracheids, wood rays, and other cells of
the wood structural tissue and undergoes cross-linking and
solidification. The pit openings on the cell wall are blocked,
which greatly improves the water absorption resistance and
mechanical strength of fast-growing wood. The results of
thermogravimetric analysis show that the thermal decom-
position initiation temperature of the waste PET-based UPR-
impregnated modified wood is about 30 °C higher than that of
the log and can maintain relatively high thermal stability.

Figure 10. High-resolution C 1s XPS spectrum of Chinese fir log and waste PET-based UPR-impregnated modified Chinese fir samples.

Table 7. Contents of Chemical Elements on the Surface of Chinese Fir Log and Modified Chinese Fir Samples

sample serial number C(%) C−C(%) C−O(%) O−C−O(%) O−C�O(%) O(%) O/C(%)

fir log chord section 68.86 32.49 29.92 4.71 1.74 29.37 42.65
modified fir inner chord section 67.61 32.09 27.67 4.37 3.48 30.65 45.33
modified fir middle chord section 69.20 38.09 23.24 3.83 4.04 28.64 41.39
modified fir outer chord section 71.38 50.93 10.44 3.96 6.05 24.40 34.18
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This article solves the cyclic utilization of waste PET and the
enhancement and modification of fast-growing wood. The
modification effect is comparable to that of commercially
available 191-type resin derived from fossil resources, which
contains corrosion resistance, high mechanical strength, and
thermal stability. This achievement embodies the scientific
concept of green chemistry, aligning with the principles of
sustainability and environmental responsibility in the realm of
academic research.
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