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Abstract:

The heterogeneous two phases of wood plastic composites (WPC) are forcibly dispersed and
combined al complex action during the melting process due to the incompatibility belween
the polar wood fiber and nonpolar polymer, and the phenomenon of automatic precipitation
or condensation of cach phasc is difficult and it is in a stahle state of kinctics for a
long time. Although many studies have heen focused on the wood—plastic interface, it was
primarily draw lessons [rom the similar compalibility theory ol polymer, thal Is,
reducing the polarity of wood fiber or increcasing the polarity of polymer to achieve the
similar polarity between the two phases. However, the interlace ol WPC has seriously
deviated from the category of thermodynamic compatibility and there is a long way to go
to thoroughly reveal the mechanism of wood—plastic interface. This project investigates
the influence mechanism on the interfacial dynamic compatibilily of WPC systems by
guantitatively characterizing the surface free cnergy of wood fibers/polymers in a
complex environment. Based on the inhomogeneity and complexity of the surface energy of
the multistage wood [iber and the change ol the surface [ree energy ol wood [iber and
polymer after typical surface trcatment, the dynamic wetting mechanism of the polymer
melt on wood fibers at high temperature and high pressure and the quantitative analysis
of interfacial tension of WPC were studied Lo establish the interfacial model and reveal
the interrclationships and response mechanisms among the surface free cnergy, interfacial
dynamics and macro—properties, which promote the basic theoretical research of
interfacial dynamics of WPC.

REF (HASHH): RWMEE; e, R Edng; 3h))%

Keywords (4547 : wood plastic composites; interfacial
characteristics; surface free energy; dynamics
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Abstract:

Significantly increasing the wood fiber content is an effective way to reduce the
production cost of the wood—plastic composites and create conditions [or giving them
flamc rctardant and other functions, which has attracted much attentions of industrial
and academic circles. The ultra=high filling (more than 85wt.%) wood-plastic composites
(LII-WPCs) exhibit extremely complex and strongly interacting interface and rheological
properties especially in the process of molding and processing, which occurs a crossover
and overlap in both temporal and spatial dimensions. It presents the dynamic coupling
between the interface phase evolution and processing rheology, namely the dynamic
interface—rheology mechanism. It is difficult to form a typical continuous phasc
structure in LUIFWPCs owing to the presence of ultra—high amount of wood fiber, which
results in that the existing thermodynamic interlace mechanism and rheological theory
basced on cquilibrium statce arc not applicable to the UH-WPCs system. The rcelevance of the
mechanism of atypical interface action to nonlinear rheological behavior is unclear, and
the related studies are rarely reported. Interface and rheology are always the key
scientific issucs throughout the structure—processing—performance of the wood—plastic
composites. This project intends to study the mechanism of atypical interface action,
nonlinear rheological behavior and their dynamic coupling, which can reveal the dynamic
interface—rhcology mechanism of UH=WPCs. This study can provide scientific hasis for the
design and efficient preparation of UII-WPCs, and realize the source innovation of theory
and technical principles.

RRERHSSHI): AREE: WEZ: Mol SRR ARerd

Keywords (FHAS4FF) : Wood—plastic composites: Rheology; Ultra—high
tilling; Dynamic interface—rheology mechanism; Wood fiber
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ARTICLE INFO ABSTRACT

Keywords: Developing feasible and eco-friendly methods to fabricate multifunctional wood remains an imperative yet
Multifunctional wood challenging task. Prompted by biomineralization, this study proposes the fabrication of nanostructured wood
Mineralization

hybrids with efficient flame retardancy, smoke suppression, mold resistance, and antitermite activity via in situ
mineralization of nanosized zinc borate (ZnB) particles in a hierarchical void system of wood. ZnB was suc-
cessfully deposited in the hierarchical nano/microporous cell wall structures, as confirmed by X-ray micro-
tomography and energy-dispersive X-ray spectroscopy. The mineralized wood exhibited excellent heat insulation
performance during combustion. The limiting oxygen index of the mineralized wood with 22.1 wt% ZnB (MW;)
increased from 22.6% of the untreated wood to 41.2%. Cone calorimetry testing revealed reductions of 51.4%,
89.0%, and 79.5% in average CO yields, total smoke production, and maximum smoke production ratio,
respectively, in MWy, relative to those in the untreated wood; the peak heat release rate and total heat release
also decreased by 46.9% and 47.9%, respectively. A noncombustible film of molten ZnB covered and cross-linked
the carbonaceous char layer, forming a cohesive and robust 3D residual skeleton, which endowed thermal
insulation to the wood, delayed oxygen diffusion, reduced flammable gas release, and suppressed toxic smolke.
Antitermite tests showed a mothproofing rating of 10 for MWa;,, far higher than the rating of 4 for untreated
wood. Moreover, MW, exhibited exceptional mold resistance, with an average infection of O and an average
protective efficiency of 100%. Therefore, in situ mineralization of the wood cell wall architecture with ZnB
provides a facile and feasible strategy to fabricate multifunctional integrated wood, which is suitable for scaling
up and can be potentially used in modern green buildings.

Zinc borate
Nanostructured

1. Introduction Prompted by biomineralization via living organisms that generate
robust inorganic—organic hybrid composites under ambient conditions

Natural wood has been applied for millennia in building and furni- [2-4]. biomimetic mineralization of wood has recently received
ture industries, benefiting not only from its exceptional mechanics but increasing attention because of its functional tailoring, industrial po=
also from its environmental characteristics, including bioregulation, tential, and eco-friendly features [5]. Mineralization of wood generally
carbon neutrality, and renewability, among others [1]. As a material refers to the formation of silicates, phosphates, borate, and carbonates in
intimately in contact with humans, wood is a potential fire hazard, in hierarchical wood structures [6-9]. The size and distribution of the
addition to its susceptibility to mold growth and termite attack, because inorganic phase are crucial in the fabrication of functional mineralized
of its intrinsic chemical structures. These deficiencies of natural wood wood. Nano-inorganics need to be uniformly distributed inside the
lead to significant economic losses, endanger human health, and pose a hardly accessible nanoporous cell walls, instead of merely filling the
threat to life safety. Therefore, eco-friendly fabrication strategies for lumens, to achieve functional efficiency [9]. Most extensive studies on
multifunctional wood are urgently needed. wood mineralization have focused on calcification [10-13]. For
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Fig. 1. Schematic for the fabrication of mineralized wood.

instance, in one study, dimethyl carbonate and CaCl; were dissolved in
water and then diffused into bulk wood, and CaCO3 was predominantly
deposited in the nano=- and submicron=sized pores of the wood cell wall
structure [11]. The heat release of the resulting calcific wood was
reduced to 32 %—37 % of the original value for the unmodified wood.
However, the mineralized wood samples were more sensitive to mois-
ture because of the residual sodium chloride. Furuno et al. impregnated
disodium tetraborate decahydrate (NaB407-10H20) into the cell wall of
wood, yielding a 7 % mass loss and 100 % termite mortality after termite
attack, relative to those of the untreated control with 39 % mass loss and
16 % termite mortality [14]. However, owing to the water=solubility of
NayB407-10H,0, the treated wood was prone to moisture absorption,
easily leaching Na;B407-10H,0 from the wood, hence the weakening of
its antitermite activity. The previously studied mineralized wood was
capable of only a single function depending on the inorganic phase
[7,9,15], substantially limiting its efficient utilization.

Zinc borate (ZnB) has been used to enhance the resistance of polymer
composites against fire, fungi, and termites [16-19]. However, ZnB is
water=insoluble, limiting its application in the wood industry; treatment
of bulk wood using ZnB is thus rarely reported. Garba used 2 mol'L ™! of
hydrochloric acid aqueous solution (HCI) to dissolve commercial ZnB
(ZnB-to=-HCl volume ratio = 2:1); the solution was impregnated into
tropical wood to obtain ZnB mineralized wood after drying [20]. The
ZnB-treated wood exhibited an extremely low flame propagation rate
(0.05 cm-s~1) with 16 wt% ZnB loading, and the limiting oxygen index
increased by 48.6 % relative to that of the control wood. However, the
excessive utilization of volatile and corrosive HCl did not conform with
the health and environmental requirements. Mantanis et al. used an
acrylic emulsion to fix ZnB in wood. The resultant treated wood slightly
resisted the formation of mold but strongly inhibited termite fee-
ding—that is, a 2.5 % mass loss was observed after a termite attack [21].
However, the introduction of an acrylic emulsion substantially increased
the inflammability of wood [22]. A two=step process of first impregating
NayB407-10H»0 and then zinc sulfate heptahydrate (ZnSO4 7H,0) was
also used to synthesize ZnB in wood [14,23]. However, ZnB precipita=
tion has been generated before ZnSO4'7H-0 solution entered the wood
cell wall due to the rapid reaction, resulting in a blocked synthesis of ZnB
within the cell wall, thus reducing the functional effect of the treated
wood. Therefore, the use of ZnB to fabricate multifunctional wood in a
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scalable and eco-friendly way continues to present a challenge.

In the current study, a transparent [Zrl(NH3)4]2 ! solution coexisting
with borate ions was synthesized using Na;B407-10H50, ZnSO4'7H,0,
and ammonium water (NHs-HO) as raw materials. The transparent
solution was infiltrated into the hierarchical void system of poplar wood
by using a facile vacuum/pressure impregnation method. Nanosized
ZnB particles were in situ mineralized in the nano/microporous structure
of wood after ammonia volatilization. The microstructure, flammability,
mold resistance, and antitermite activity of the nanostructured wood
hybrids were systemically examined. The current study is the first to
demonstrate that ZnB-mineralized wood exhibits excellent flame
retardancy, smoke suppression capability, mold resistance, antitermite
activity, and scalability. This development alleviates the problem of
traditional wood modifiers being limited to a single function.

2. Experimental
2.1. Materials

Fast~growing poplar wood (Populus euramericana cv. ’1-214") board
originated from Luohe, Henan Province, China. They were stored in a
chamber operated at a constant=temperature (20 °C) and humidity (65
%). Wood blocks were cut from defect=free sapwood with a density of
0.45-0.48 g'cm_s. Na,B407:10H,0, ZnS047H,0, and analytical-grade
NH3-H20 (25 wt% NHj in H,0) were purchased from Guangdong
Guangshi Regent Technology Co., 1td., China. Commercial zinc borate
(2Zn0-3B,03-3.5H50, Model no. 2335) and Zn(OH), were purchased
from Aladdin.

2.2. Methods

2.2.1. Preparation of the ginc borate mineralization solution
ZnSO47H,0 was dissolved in deionized water at ambient tempera=
ture to form a clear solution with a mass concentration of 35.9 %.
NazB407-10H20 was dissolved in deionized water and magnetically
stirred at 50 °C to obtain a clear solution with a concentration of 19.1 wt
%. The two aforementioned solutions were compounded and then stir=
red for 1 h to form a uniform and stable suspension. The suspension was
centrifuged and then washed with deionized water to remove the
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unreacted substances. Subsequently, the filter residue was immediately
dissolved in 3.8 wt% dilute ammonia (NH5-H;0) to obtain a clear and
transparent [Zn(NHA_;)‘t]ZJr solution (named as the mineralized solution),
which was used for wood impregnation. ZnSO4 7H»0, Na;B407-10H,0,
and NH3-H,O were mixed in a molar ratio of 1:1:10. The reaction
mechanism is described in Equations $1-54 in a supplemental file.

2.2.2. Mineralized wood fabrication

Mineralized wood was fabricated via in situ synthesis of ZnB in hi-
erarchical wood structures (Fig. 1). First, the wood samples measuring
300 mm x 100 mm x 30 mm (L x T x R) were placed in an impreg-
nation tank and pumped to —0.08 MPa for 20 min. Second, the miner=
alized solution was siphoned into the tank by using a vacuum, and the
tank was pressurized to 0.6 MPa for 30 min. Third, the mineralized
solution was discharged, and the pressure was released. The wood
samples were subsequently removed from the impregnation tank and
carefully wiped with dust-free paper to remove the residual solution on
the wood surface. Lastly, the resulting wood samples were initially air-
dried for 12 h and then dried in a vacuum oven for 8 h at 45 °C,
75 °C, and 105 °C, sequentially, to obtain ZnB-mineralized wood with
insoluble ZnB. The aforementioned processes were repeated to obtain
different values for weight percent gain (WPG) (Fig. S1). The ZnB-
mineralized wood samples with average WPGs of 9.8 %, 15.7 %, and
22.1 % were labeled as MWy, MW, and MWy, respectively. The
original mineralized solution was also dried in a vacuum oven by using
the aforementioned parameters to obtain freestanding ZnB particles for
characterization.

2.3. Measurements and characterization

The distribution of ZnB in mineralized wood was determined by X-
ray microcomputed tomography (u=CT) (EasyTom 150 kV, RX Solutions,
France). Samples measuring 5 mm x 5 mm x 5mm (L x T x R) were
tested. Three=dimensional (3D) tomographic volumes were recon=
structed and analyzed using the software VG Studio. The working
voltage was 50 kV, and the current was 200 pA. The voxel size was 5.0
pm.

Morphological analysis of ZnB, untreated wood (UW), and mineral-
ized wood was conducted by scanning electronic microscopy (SEM) (FEL
Quanta200, FEI Co., Hillsboro, OR, United States) with the accelerating
voltage set to 12.5 kV. The cross-section from the middle layer of the
samples was trimmed with an ultramicrotome (REM=710, YAMATO,
Japan) and sputtered with a thin layer of gold before testing. The
elemental distribution on the cross-section of the sample was tested by
energy-dispersive spectroscopy (EDS).

Changes in the crystal structure of ZnB after heat treatment were
analyzed by X-ray diffraction (Rigaku, MiniFlex 600, Tokyo, Japan) with
an AlKa radiation source at 40 kV. The test was ramped from 5° to 50°
with a step of 0.02°. ZnB was heat=treated using a tube furnace at 250 °C,
350 °C, 450 °C, 600 °C, 800 °C, and 1000 °C, respectively, for 5 min
under N, atmosphere.

The leaching test was conducted according to the AWPA E11-97
standard. The mineralized wood samples (19 mm x 19 mm » 19 mm)
were completely submerged in the deionized water and shaken in an
orbital shaker. The deionized water was changed after 6, 24, 48 and
thereafter at 72 h intervals, continuing leaching for 14 days. The mass of
the wood samples before and after leaching was recorded to calculate
the leaching rate of ZnB.

A synchronous thermal analyzer (SDT 650, TA Instruments Inc.,
United States) was used to characterize the mass and heat changes of the
samples. The test was run under Ny atmosphere with a heating rate of
10 °C'min~ . The samples were dried in an oven at 103 “C for 24 h before
testing.

Inductively coupled plasma optical emission spectrometry (ICP-OES)
(Agilent 720ES) with a radio frequency generator of 1200 W was used to
analyze the Zn and B contents in ZB. Flow rates of argon as plasma,
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auxiliary, and spray gases were 15, 1.5, and 0.75 L'min ', respectively.

The mass of ZB was 0.05 g and fixed to 10 pL with nitric acid. Three=
replicate measurements were conducted, and the average was
determined.

A thermal infrared camera (Ti2009Hz, Fluke Company, Seattle WA,
United States) was employed to record the thermal distribution field of
the samples (100 mm x 100 mm x 10 mm) during combustion by using
a propane blowtorch as a heat source (1200 C). The temperature dis-
tribution on the non=exposed side was recorded by video recording. The
software SmartView 4.3 was used to analyze the video results.

The limiting oxygen index (LOI) of each wood sample measuring
100 mm x 6.5 mm x 3.2 mm (L x R x T) was determined using an
oxygen index tester (JF-3, Jiangning Analytical Instrument Co., Itd.,
Nanjing, China) in accordance with ASTM D2863-2017. The gas sources
were Op and N> with a purity of 99.5 %.

A cone calorimeter (CONE) was used to evaluate the combustion
behavior of wood samples measuring 100 x 100 x 10 mm (L x T x R) at
a heat flux of 50 kW*m 2 in accordance with ISO 5660-1(2002).

After heat treatment, the untreated and mineralized wood samples
were analyzed using a Fourier transform infrared (FT-IR) spectrometer
(i810, Thermo Fisher Scientific, United States). Spectra were collected
over the range of 500 to 4000 cm ! at a resolution of 4 cm ! and for 32
scans. Heat treatment was performed using a tube furnace at 300 °C,
400 °C, and 550 °C, respectively, for 5 min under N, atmosphere.

X=ray photoelectron spectroscopy was conducted on a Thermo
ESCALAB 250XI spectrometer (Thermo Fisher Scientific Co., ltd. United
States) equipped with an AlKa X-ray excitation source (hv = 1486.8 eV).
Elemental changes in the untreated and mineralized wood samples and
in their corresponding char residue were analyzed.

Thermogravimetry-Fourier transform infrared (TG-FTIR) analysis
was performed using a TG209F3 Netzsch thermogravimetric analyzer
connected to a Tensor27 Bruker FT-IR spectrophotometer. Samples of 8
mg were heated from 40 °C to 700 °C at a heating rate of 10 °C'min~!
under N, atmosphere.

Pyrolysis and the separation and identification of the pyrolysis
products were performed on a pyrolyzer (FrontierEGA/PY3030D,
Frontier, Japan) along with a gas chromatography (TRACE1310,
Thermo Fisher Scientific, United States) which was in conjunction with
mass spectrometry (ISQ, Thermo Fisher Scientific, United States). Sub-
sequently, 0.5 mg samples were used for pyrolysis at 350 °C for 30 s ata
heating rate of 20 °C'ms~* under helium. The chromatographic column
used was the DB-5 quartz capillary column (30 m x 0.25 mm x 0.25
um). The split ratio was 100:1, and the helium carrier gas was at a
constant flow of 1.0 mL*min~!. The mass spectrometry was recorded at
electron ionization (70 eV) in the m/z range of 40~500 amu. The chro-
matographic peaks were identified by comparing the mass spectrometric
results with the NIST mass spectrometric database and the data reported
in the literature [24=26].

The dynamic water vapor sorption behavior of the wood samples was
determined using a dynamic vapor sorption apparatus (DVS Intrinsic,
Surface Measurement Systems ltd, United Kingdom). Approximately 5
mg of block samples were used for testing. The relative humidity (RH)
was preset to increase from 0 to 95 % at a 5 % interval. For each target
RH, the wood reached the equilibrium moisture content until the rate of
mass change was less than 0.002 % per min over a period of 10 min.
Sorption techniques were run at 25 “C over the full range of RH.

Anti=mold process and evaluation were conducted per GB/T18261-
2013 [27]. Pre=dried and sterilized wood samples were incubated at
28 °C and with 85 % RH for 4 weeks with Aspergillus niger v. Tiegh,
Penicillium citrinum Thom, Botryodiplodia theobromae Pat., and Tricho-
derma viride Pers. ex Fr. Six duplicate samples were tested. After incu-
bation, the infection values were determined by observing the infection
area on the sample surfaces and then ranked on a scale from 0 to 4
(Table S2). Protective efficiency (E) was calculated as follows:
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Fig. 2. SEM of the synthesized ZnB (a), XRD of ZnB at different temperatures (b) (“#” and 4" corresponds to the peaks from ZnsB¢O; and ZnB4O-, respectively),
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o

where D; and Dy are the average infection values of MWy, and UW,
respectively.

Laboratory termite tests were conducted in accordance with AWPA
E1-2017 [28]. Pre~dried and weighed wood samples were placed in
previously prepared containers with one sample in each for no-choice
antitermite testing. A total of 360 workers and 40 soldiers of Copto-
termes formosanus Shiraki were added to each container. All test con-
tainers were maintained at 28 "C with 75 % RH for 4 weeks. The samples
were removed and dried after testing to determine the mass loss of each
and visually assess the samples by using the rating system (Table S3).
The number of live termites was determined to calculate the termite
mortality after testing.

D
1 _FL) < 100% (¢H]

0

3. Results and discussion
3.1. Characterization of the synthesized ZB

The synthesized ZnB was a square with dimensions measuring
100-500 nm (Fig. 2a). Changes in the crystal structure of the ZnB heat=
treated in a tube furnace (30 °C-1000 °C) and their corresponding
appearance are shown in Fig. 2b. The changes were classified into four
stages: (1) crystalline ZnB with a white appearance at 25 °G=350 °C; (2)
an amorphous structure with a dark appearance at 450 °G=600 °C; (3)
mixed crystals of anhydrous ZnsBsO;3 and ZnB4O7 resulting from
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Table 1
Molar ratio of Zn to B and weight ratio of crystal water in the synthesized ZnB.

Mass concentration Molality (mol Molar Crystal water
(mgL™Y) kg™ ratio (wt.%)

in 11.38 5.96 1 -

B 3.62 11.47 1.92 -

H,O0 - - - 15.85

structural rearrangement at 800 °G=900 °C; [29] and (4) amorphous ZnB
with a transparent appearance at 1000 “C. The ZnB had a mass loss of
about 16 % at 1000 °C caused by the release of crystalline water, and the
maximum mass loss rate was observed at about 300 °C (Fig. 2c).
Moreover, DSC results indicated that ZnB underwent an endothermic
process of dehydration accompanied by meldng (30 °G-450 °C), an
exothermic process of crystallization (740 °C=780 °C), and an endo-
thermic process of melting (950 °G-1000 °C) (Fig. 2d), which were
consistent with the changes in the crystal structure for ZnB (Fig. 2b).
Further, an appropriate amount of ammonia can react with zinec salt to
form the desired [Zn(NH3)4]> solution; with insufficient ammonia, Zn
(OH); is formed. To confirm the absence of Zn{OH), in the synthesized
ZnB, the auger electron spectra of Zn LMM from the synthesized ZnB (in
the current study), commercial ZnB, and commercial Zn(OH); were
collected (Fig. S2). The spectra of Zn LMM from the synthesized ZnB and
commercial ZnB exhibited the same binding energy (499.8 KeV);
meanwhile, a higher binding energy of 497.8 KeV was observed in Zn
(OH),, indicating that no Zn(OH); was doped in the synthesized ZnB.
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Fig. 3. 3D rendering of a small region=of=interest from the analyzed X~ray tomogram of untreated wood (a) and mineralized wood with 22.1 wt% ZB (b), with voxels
assigned to ZnB particles rendered in red, whereas the wood cell wall is rendered in blue. Planar cross-section of the X=ray tomogram of the mineralized wood
specimen (c). SEM of transverse section of the untreated wood (d) and mineralized wood (e). SEM image on the transverse section of mineralized wood fiber cell (f)
together with EDS elements mapping of O (g), C (h), B (i), and Zn (j), respectively. Radial section of mineralized wood (k), and (1) is the magnification of the yellow

box in (k).

The molar ratio of Zn to B in the synthesized ZnB was determined by ICP=
OES, and the weight percentage of crystalline water in the synthesized
ZnB was measured by TGA; the results are shown in Table 1. The mo-
lecular formula of ZnB was determined to be 2Zn0"2B,03"3H,0 (ZnO
wt.% = 45.34 %, B;03 wt.% = 38.81 %, H,0 wt.% = 15.85 %).

3.2. Characterization of mineralized wood

3.2.1. Micromorphological analysis
The 3D structures of the untreated and mineralized wood samples

09

were visualized by X-ray tomographic microscopy. The untreated wood
exhibited hierarchical pore structures (Fig. 3a). After treatment, the ZnB
particles appeared agglomerated mainly on the inner wall of the vessels
(Fig. 3b and c¢), and the wood porosity was reduced by 6.6 %. The ZnB
particles and their aggregates smaller than 5 ym could not be detected
because of the resolution limitation of p=CT. To further analyze the
distribution of ZnB in smaller scales, SEM-EDS was employed
(Fig. 3d=i). The transverse section of the mineralized wood revealed the
deposition of the ZnB particles on the inner wall of the vessels (Fig. 3e).
A closer observation of a fiber cell showed that smaller ZnB particles
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Fig. 4. TG (a) and DTG (b) curves of untreated (UW) and mineralized wood, the fitting curve of UW (c) and mineralized wood (d) based on the wood components.

were attached to the internal wall (Fig. 3f). EDS elemental mapping
showed that C, O, B, and Zn were uniformly distributed on the transverse
section of the wood cell wall (Fig. 3g=j), indicating the successful
modification of the wood cell wall by ZnB. The radial section of the
mineralized wood showed that the 100~500 nm ZnB particles were
uniformly deposited onto the inner walls of the fiber cells, with most
particles being square (Fig. 3k=l). These results indicate that the ZnB

particles successfully target the hardly accessible nanoporous cell wall
structure rather than the micron=sized pores of the cell lumina.

3.2.2. Thermal properties

The thermal stability of the wood samples is presented in Fig. 4. The
untreated wood retained a residual mass of 18.5 % at 700 °C (Fig. 4a).
The shoulder peak on the differential thermogravimetry (DTG) curve for

3600 3200 2800 1600 1200 800 3600 3200 2800 1600 1200 800

Wavenumber (cm-')

Wavenumber (cm-")

Fig. 5. FT-IR spectra of untreated wood (a) and mineralized wood (b) treated at different temperatures.

60



H. Zhou et al.

the untreated wood was primarily attributed to the degradation of
hemicellulose, whereas the main peak at 348 °C was mainly assigned to
the degradation of cellulose; moreover, both processes were accompa-=
nied by the degradation of lignin (Fig. 4b) [30]. For the mineralized
wood, the residual mass increased with an increase in ZnB content
(Fig. 4a), and their residual mass exceeded the sum of the masses of the
dehydrated ZnB and untreated wood residue at 1000 °C; 2.2 % and 2.9 %
supernumerary residues for MWj;y and MW,,, respectively, were
observed. To further assess the effect of ZnB on the thermal degradation
of wood, the DTG curves were fitted using the mixed Gaus-
sian-Lorentzian function according to the degradation temperatures of
wood components (Fig. 4c and d) [31,32]. The temperature at the
maximum degradation rate (Tmg) of hemicellulose was increased by
4.3 °C for MW»,, relative to that of the untreated wood. This increase is
attributable to the endothermic reaction caused by the release of crystal
water from ZnB within this temperature range (Fig. 3c). However, the
Trmax values of cellulose and lignin were decreased by 12.7 °C and 6.5 °C,
respectively, which were the catalytic effect of the dehydrated ZnB that
promoted the devoladilization reaction of cellulose and lignin [16]. The
fitting curves also show that the maximum degradation rates (peak
value) of hemicellulose and lignin were markedly decreased after
mineralization, whereas the change in cellulose was not apparent. These
results reveal that ZnB mineralization, particularly at high ZnB content,
enhanced the thermal stability of the untreated wood, as determined
from the reduced thermal degradation rate and the increased residual
mass. The improvement in thermal stability resulted from the cooling of
the crystal water released, the barrier provided by premature char layer
formation, and the physical shielding of dehydrated ZnB, which reduced
the thermal degradation dynamics [33].

The variation of the thermal degradation process of the wood sam-
ples with temperature under N» atmosphere was analyzed by FT-IR. For
the untreated wood, the stretching vibration intensities of aliphatic
C=0 at 1737 cm™* and CO—OR at 1234 cm ™! from hemicellulose, the
aromatic G=0 at 1657 cm™! from lignin [34], and the free and associ-
ated O—H at 3050-3670 cm ™, slightly decreased after heat treatment
at 300 °C (Fig. 5a), indicating the occurrence of deacetylation and
dehydration. After heat treatment at 400 “C, the stretching vibration
intensity of aliphatic C—OH at 1029 cm ™! was considerably decreased,
indicating the significant dehydration of cellulose and hemicellulose.
The CO—OR at 1234 cm™! disappeared, and the phenolic hydroxyl
(Ph—OH) at 1209 cm™! appeared, indicating the occurrence of deoxy=
genation and carbonization reactions. Meanwhile, the saturated
aliphatic C=0 stretching vibration (1737 cm ™) shifted to a low fre-
quency (1699 cm™?), suggesting an increase in unsaturated carbonyl
groups (C=C—C=O0) [35]. The aromatic skeleton vibrations (1598,
1506, and 1451 cm 1) were evidently enhanced, demonstrating
apparent aromatization [36]. Moreover, the stretching vibration of free
O—H at 3626 cm ! was increased, possibly owing to high temperatures
that destroy the hydrogen bond between the hydroxyl groups. At 550 °C,
the unsaturated carbonyl was further shifted to a lower frequency,
producing aromatic G=0 (1689 cm™'), and the vibration intensity was
significantly reduced due to the deoxygenation reaction. The stretching
vibration strength of G—O (1209 cm™1) was also markedly reduced, and
the aliphatic C—H stretching vibration (near 2900 cm™!) almost dis-
appeared, indicating that further dehydrogenation and deoxygenation
occurred. A new peak appeared at 3033 cm™), corresponding to the
aromatic C—H stretching vibration, suggesting further aromatization
[37]. The aromatic skeleton vibration shifted from 1598 cm ! to 1576
cm ™, indicating the presence of sp2=hybridized carbon [38]—that is,
the occurrence of graphitization. For MWy,, the peaks at 1342 and 1031
cm ! were assigned to the B—O—B in ZnB [39] and the stretching vi=
bration of aliphatic C—OH from holocellulose, respectively (Fig. 5b).
The changes in the characteristic groups of the mineralized wood treated
at 300 °C were less significant compared with those of the untreated
wood. However, heat treatment at 400 °C enhanced the aromatic skel=
eton vibration at 1593 cm ' and slightly weakened the CG—OH
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Fig. 6. DSC curves of untreated (UW) and mineralized wood.

stretching vibrations, indicating the occurrence of dehydration and
aromatization. After heat treatment at 550 °C, the samples were further
dehydrogenated and deoxidized, and the aliphatic C—H (2850-2950
cm_l) disappeared. The vibration intensity of aromatic C—H (3033
cm~ 1) was considerably weaker than that of the untreated wood, and the
change in peak position of the aromatic skeleton was not apparent (from
1593 to 1591 cm™Y), indicating the weakening of aromatization and the
absence of graphitization. These changes might be attributable to the
physical protection conferred by the dehydrated ZnB and preformed
charcoal, which inhibited the further thermal degradation of wood.

DSC was performed on the untreated and mineralized wood samples
to analyze the thermal conversion (Fig. 6). The first endothermic peak
(below 130 < C) of the untreated wood resulted from the release of bound
water. The heat absorption (below 130 °C) of the mineralized wood
weakened because a portion of bound water was lost during ZnB
mineralization. The second endothermic peak appeared between 300 <C
and 380 °C, corresponding to the maximum mass loss stage (Fig. 4b).
Although considerable mass loss occurred at this stage, the heat ab=
sorption was low, suggesting the occurrence of polymerization reac-
tions—that is, endothermic decomposition was accompanied by
exothermic polymerization. Previous studies have confirmed that py-
rolysis of cellulose is primarily a decomposition reaction, whereas py-
rolysis of hemicellulose and lignin is accompanied by a significant
polymerization reaction, ultimately oriented the total thermal effect
toward endothermic reactions [40]. For the mineralized wood, this
endothermic effect was decreased relative to that of the untreated wood,
particularly with higher ZnB content, indicating that the ZnB particles
inhibited wood decomposition and promoted a polymerization reaction
toward charring [40].

Heat transfer in wood during exposure to a propane flame was
recorded using an infrared thermal imager (Fig. 7a). The IR images show
that the temperature of the untreated wood rapidly increased with
exposure time, reaching 360 °C after 20 min (Fig. 7b). The untreated
wood was then ignited and burned rapidly. Heat transfer in MW7 was
delayed, and after exposure for 45 min, the maximum temperature
(360 °C) was reached. With a further increase in ZnB content to 22.1 %,
heat transfer in MW», significantly slowed down, as confirmed by a
slight change in temperature with exposure time. After exposure for 45
min, the maximum temperature (84 °C) was reached, indicating excel=
lent heat insulation performance. The decrease in heat transfer in the
mineralized wood may be attributed to the cooling effect of the release
of crystalline water in ZnB and the thermal isolation after catalytic
carbonization achieved by dehydrated ZnB.
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Fig. 8. The limiting oxygen index of untreated (UW) and mineralized wood (a), and their combustion phenomenon at 35 vol% O- concentration (b).

3.2.3. Combustibility

The limiting oxygen index (LOI) represented the minimum O, con-
centration that maintained material combustion [41]. The mineralized
wood exhibited resistance to direct flame exposure, preventing ignition
under the air atmosphere. The LOI of MW,y was 41.2 %, which was
about twice that of the untreated wood (Fig. 8a). The combustion pro-
cesses of the untreated and mineralized wood at 35 vol% O are pre-
sented in Fig. 8b. After direct exposure to the flame, the untreated wood
was ignited in 2 s, with its burning length exceeding 50 mm within 20 s.
The speed of fire propagation was markedly delayed in MW, and the
burning length of the samples exceeded 50 mm at 60 s. MWy was self-
extinguished after 30 s, and the burning length of the samples was less
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than 50 mm. MWy, was hardly ignited at 35 vol% O, indicating
considerable flame resistance.

Cone calorimetry (CONE) is a powerful method for evaluating flame
retardancy because the test is close to the real fire situation [42]. The
untreated wood shows a typical heat release rate (HRR) curve of char=
ring thermally thick polymer, presenting an HRR peak immediately after
ignition (Fig. 9a). After 40 s, the HRR decreased with the carbonization
of the superficial wood. Subsequently, the flammable volatiles were
released from the inner wood because of the cracking of the char layer,
resulting in a second HRR peak after 300 s. The mineralized wood also
showed two HRR peaks, which were markedly decreased and delayed
for the second peak by 80-100 s. The second peak of HRR for MWy, was
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Fig. 9. Cone calorimeter measurement of untreated (UW) and mineralized wood: (a) Average heat release rate (HRR), (b) Total heat release, (¢) Average smoke
production rate (SPR), (d) Total smoke production (TSP), (e) Mass retention, and (f) Fire performance index (FPI).

reduced by 71.2 % compared to the untreated wood. The total heat
release (THR) of the mineralized wood was significantly decreased,
reaching a maximum reduction of 47.9 % with 22.1 % ZnB loading
(Fig. 9b). Smoke release and carbon monoxide (CO) production are also
crucial parameters in a fire disaster. The smoke released during wood
combustion is primarily composed of suspended particles and gases. The
smoke production rate (SPR) of the untreated wood was consistent with
the HRR (Fig. 9¢), reaching its maximum SPR of 0.0124 m?/s and a total
smoke production (TSP) of 1.18 m?, The mineralized wood was almost
smokeless during combustion, exhibiting superior smoke suppression
(Fig. 9¢ and d), with reductions of 89.0 % in TSP and 79.5 % in the
maximum SPR in MW»», relative to those of the untreated wood. Relative
to those of the untreated wood, the average CO yields of the mineralized
wood were significantly reduced, with a maximum decrement of 51.4 %
in MWa; (Fig. S3). Another vital indicator of flame resistance is residual
yield. With the assumption that no interaction occurs between ZnB and
wood during combustion, the theoretical residual mass of MWy, was
expected to be 21.6 % (the sum mass of the dehydrated ZnB and un-
treated wood residue), and the actual value was 34.8 % (Fig. 9e),
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indicating the strong catalytic charring effect of ZnB on wood [43]. The
fire performance index (FPI) is a critical parameter for evaluating fire
hazards and is calculated as the ratio of ignition time to the first peak of
HRR [26,44]. Compared with the untreated wood, the mineralized wood
showed a significantly higher FPI (Fig. 9f), indicating a considerably
lower fire hazard. In addition, the flame retardancy of MWy, after
leaching (the leaching rate was 7.05 %) was also examined. The results
showed that MWy, after leaching still exhibited excellent flame retard-
ancy (Fig. S4).

3.2.4. Condensed-phase analysis

The residual structures after CONE teating were analyzed to reveal
flame retardant mechanisms. After burning for 500 s, the untreated
wood was disintegrated into fragments (Fig. 10a), whereas the miner=
alized wood with 22.1 % ZnB had a compact and robust char residue
with slight cracks on the surface (Fig. 10b). The surface of the MWy,
residue was relatively white, which was caused by the accumulation of
dehydrated ZnB after the degradation and consequent volatilization of
the surface wood. Both the aforementioned compact and robust char
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Fig. 10. Morphology of char residue: (a) untreated wood (UW) and (b)
mineralized wood with 22.1 % ZnB (MW,,) after CONE test for 500 s, and (c)
UW and (d) MW, after CONE test for 1800 s.
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residue and the accumulated dehydrated ZnB exerted physical isolation,
including thermal resistance, oxygen insulation, and blocking of
combustible volatiles. Moreover, the untreated wood was burned out
after the testing time was extended to 1800 s (Fig. 10c), whereas the char
residue of MW, remained dense and exhibited good compressive
strength (Fig. 10d), intuitively indicating the efficient flame retardancy
of ZnB.

The microstructures of the char residue after CONE testing for 500 s
were also characterized by SEM-EDS. The transverse section of the
untreated wood residue retained the typical wood scaffold structure
(Fig. 11a); meanwhile, the multitier wall structure, which was replaced
by a smooth crystalline graphite structure, could not be distinguished
(Fig. 11b). The dehydrated ZnB particles accumulated in the fiber cells
and vessels of the mineralized wood (Fig. 11¢) and were uniformly
embedded in the nano- and submicron pores of the cell wall (Fig. 11d);
this finding was confirmed by elemental mapping (Fig. 11e and 11f).
This homogeneous distribution of ZnB particles inside the cell wall is
crucial to the efficiency of flame retardancy. The microstructures of the
radial section of the char residue were also observed. A clean residual
surface of the untreated wood was found (Fig. 11g), whereas a layer of
dehydrated ZnB in the mineralized wood accumulated on the residue
surface (Fig. 11h), confirming that the dehydrated ZnB caused the
whitish surface in Fig. 11b. The dehydrated ZnB particles at high
magnification (Fig. 11i) were melted and wrapped on the residual sur-
face. The glassy melt was attributed to the boron compounds, which
promote the formation of a cohesive and robust residue, inhibiting the
transfer of heat and mass between the gaseous and condensed phases
[45].

To reveal the flame retardant mechanisms, the chemical structures of

Fig. 11. Microstructure of the char residue after 500 s CONE tests: (a) transverse section and (b) cell corner of the untreated wood residue, (¢) transverse section of
the mineralized wood residue with 22.1 % ZnB (MWa3), (d=f) cell corner and element mapping of the MW, residue, (g) radial section of the untreated wood residue,

and (h) radial section of the MW, residue and (i) its local magnification.
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Table 2
Summary of XPS spectral parameters of the untreated wood (UW) and miner-
alized wood with 22.1% ZnB (MW,,) as well as their char residue.

Sample 0/C sp2 C ¢/ c—0 C=0 Oo—C=0 ™

(%) C—H (%) (%) (%) (%)
(%)

uw 0.904 = 54.00 36.87 6.74 2.39 -

Residue 0229 7431 10.67 7.44 3.51 - 3.87

of UW

MW,, 1.110 - 49.72 40.56 7.86 1.86 -

Residue 0.683 65.14 19.33 8.24 4.36 - 2.92

of

MW,

the untreated and mineralized wood before and after CONE testing were
analyzed. The oxygen to carbon atomic ratio (O/C) of the untreated
wood markedly decreased after combustion, whereas the decrease in
MW2; was less (Table 2). This finding suggests that large amounts of
oxygen-containing compounds in the untreated wood were volatile
during combustion. The fine spectra of C1s were also analyzed (Table 2
and Fig. 12) [28,46-48]. The residues of both the untreated wood and
MWa; presented sp2 C, with the former containing a larger proportion,
indicating that the former possessed a higher degree of graphitization
(Fig. 12c and d). Moreover, the m—r content in the untreated wood res-
idue was higher than that in the MWy, residue, indicating a more pro-
nounced aromatization of the untreated wood. The hydrogen= and
oxygen-containing components of the MWy, residues were also higher
than those of the untreated wood. The aforementioned results indicate
that ZnB slowed the chemical transformation of wood during
combustion.,

3.2.5. Gas-phase analysis
The gaseous products during thermal degradation were analyzed by

37500
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TG-FTIR. As shown in the 3D diagrams, the intensity of gas generated
from the degradation of the untreated wood was much higher than that
of the MWy, (Fig. 13a). To further analyze the gaseous products, the
FTIR spectra of the released gases were collated at the temperature with
strong gas emissions (Fig. 13b), and the absorption bands were identi=
fied, with reference to the literature [43,49-52]. The absorption peaks at
3500-3800 cm ™! corresponded to the stretching vibration of free O—H,
related to H,0, alcohols, and phenols. The peaks located at 2850=-3200
em™! indicated the presence of hydrocarbons, mainly methane. The
absorption bands at 2000-2250 and 2250-2400 cm ™! were ascribed to
CO and CO,, respectively. The peaks at 1600~1900 cm™! corresponded
to the carbonyl from aldehydes, ketones, and acids. Further, the ab-
sorption bands at 1300-1600 cm™' were the combined frequency of
O—H bending and aromatic ring skeleton vibration. The absorption
band at 1000-1300 cm ™! was associated with the G—O stretching vi=
brations in ether, phenols, or alcohols. Most groups in MWay signifi=
cantly decreased relative to those in the untreated wood, suggesting a
reduced gas release. The thermal degradation of wood is a competitive
process between the volatilization of gaseous products and the forma=
tion of a stable carbon layer [5]. The formation of a stable carbon layer,
rather than gaseous volatilization, facilitates wood flame retardancy;
thus, owing to the reduction in gas release, MWy, exhibited a higher
flame resistance than that of the untreated wood. In addition, some
small molecular gases, such as H,O and CO., are generally the ultimate
products for multiple pyrolysis of wood, and their yield affects the flame
retardancy of wood. The FTIR spectra of four typical small molecular
gases (H20, COy, CHy, and CO) versus temperatures are presented in
Fig. 13c. Two peaks for CH4 release were observed during the thermal
degradation of the untreated wood. The first peak at 306 “C primarily
resulted from the cleavage of the weak methoxyl (—OCHs) and the
methylene (—CHy—) from hemicellulose [40]. The second peak at
379 °C of CH4 was mainly caused by the pyrolysis of cellulose and lignin,

35000 =
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Fig. 12. High-resolution Cls spectra: (a) untreated wood (UW), (b) mineralized wood with 22.1 % ZnB (MW,,), (c) residue of UW, and (d) residue of MWas.
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Fig. 13. (a) TG-FTIR 3D diagrams for untreated wood (UW) and mineralized wood with 22.1% ZnB (MW,,), (b) FTIR of the volatiles of UW and MW, at different
degradation temperatures, and (c¢) FTIR of four typical gases (H»O, CO., CH,, and CO).

as well as the multiple pyrolysis of preformed organic volatiles [51]. The
CH, profile merged into one sharp peak (346 <C) for MWy, indicating
that ZnB delayed the pyrolysis of hemicellulose and catalyzed the py=
rolysis of cellulose and lignin, which is consistent with the TGA result.
The yield of inflammable CH4 in MWa, decreased relative to that in the
untreated wood, which is favorable for flame retardancy because of the
decreased combustible source. The release of H,O at 240 °C=600 °C in
the untreated wood was attributed to the cleavage of aliphatic hydroxyl
groups and the condensation of hydroxyl groups in the polysaccharide
[50]. The HyO yield in MWy, decreased even though ZnB released a
small amount of crystal water, indicating that ZnB inhibited the dehy-
dration reaction of wood, particularly at elevated temperatures. In
addition, the maximum HyO0 release was reached earlier as the dehy-
drated ZnB catalyzed the degradation of wood at relatively lower tem-=
peratures. Both CO, and CO yields of MW, were lower than those of the
untreated wood, indicating that most C and O remained in the
condensed phase. The sharply reduced CO emission of MWy, signifi-
cantly decreased the fire hazard because CO is the primary gas causing
suffocation and poisoning.

Pyrolysis—gas chromatography/mass spectrometry was employed to
identify the volatile organic compounds (VOCs) released through wood
pyrolysis. More than 200 species of VOC products emitted by the un=
treated wood were detected at 350 °C; the related total ion chromato-
gram is given in Fig. S5. The primary products are listed in Table S1,
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Fig. 14. Distribution of the pyrolysis products for untreated wood (UW) and
mineralized wood with 22.1% ZnB (MW,,).

including several classes of oxy=containing compounds such as acids,
aldehydes, ketones, furans, phenols, and so on (Fig. 14). Owing to their
inflammability, the listed products are undesirable for wood flame
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Fig. 15. Appearance of (a) untreated wood (UW) and (b) mineralized wood with 22.1% ZnB (MW,,) after anti-mold tests; top to bottom: A. niger v. Tiegh, P. citrinum

Thom, B. theobromae Pat., and T. viride Pers. ex Fr.

retardant. Compared with the untreated wood, MWy, released signifi-
cantly fewer ketones and phenols, which are the main components of
combustible wood tar [53]. However, the anhydro-sugars, primarily
levoglucosan (Fig. S5 and Table S1), produced from MW, was an order
of magnitude higher than that from the untreated wood. Levoglucosan
was mainly generated from 1,4=glucosidic bonds cracking and the sub~
sequent intramolecular rearrangement. The cleavage of the 1,4-gluco-
sidic bonds was competed with the decomposition of glycan rings
which directly produced small molecules such as alcohol and aldehyde
[54]. The higher levoglucosan yield of MWy, indicates that ZnB cata=
lyzed the fracture of the 1, 4-glycosidic linkage rather than the glycan
rings. Levoglucosan as an intermediate could be further degraded at
high temperatures, and its pyrolysis could be prolonged to produce fu=
rans, alcohol, ketones, and so on. ZnB inhibited the further pyrolysis of
levoglucosan, which is conducive to achieving efficient flame retard-
ancy. In summary, incorporating ZnB changed the pyrolysis pathways of
wood and reduced the total yield of inflammable volatiles, thus pro-
moting wood flame retardancy.

3.2.6. Flame retardant mechanism

On the basis of the aforementioned analysis, the flame retardant
mechanisms of ZnB on wood are summarized as follows. The cooling
effect of crystalline water release in ZnB delays the thermal degradation
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of hemicellulose. Subsequently, the dehydrated ZnB particles catalyze
the devolatilization of cellulose and lignin toward carbonaceous char
formation. The preformed thermal stabilized char layer serves as a
barrier, protecting the interior wood. The most crucial process is the
formation of a glass-like protective film by the ZnB particles at high
temperatures, coating the wood. The incombustible ZnB film also pre=
vents cellulose and lignin from further devolatilization, thus reducing
the heat feedback to the wood substrate and consequently decreasing
the kinetics of wood pyrolysis. In addition, the uniformly impregnated
ZnB particles in the hierarchical pores of the cell wall melt at high
temperatures, forming a cross-linking network. This formation improves
the robustness of the residual skeleton and consequently delays the
growth of cracks produced by the impulse of volatile gases and flame.
The integrity of the residual skeleton hinders heat/mass transport be=
tween gaseous and condensed phases. Therefore, ZnB inhibits the three
sufficient conditions (combustibles, ignition sources, and combustion
improver) for wood combustion.

3.2.7. Mold resistance

The untreated wood and MW+, were incubated with A. niger v. Tiegh,
P. citrinum Thom, B. theobromae Pat., and T. viride Pers. ex Fr. The results
showed that the upper and lower surfaces of the untreated wood were
severely infected with mold (Fig. 15a), and the average infection value
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Table 3
Mold resistance of the untreated wood (UW) and mineralized wood with 22.1%
ZnB (MW35).

Samples A.niger P, B. T. viride
v. citrinum theobromae Pers. ex
Tiegh Thom Pat. Fr.
uw Average 4 4 4 4
infection value
Average - - - -
protective
efficiency (%)
MWao Average [ 0 0 0
infection value
Average 100 100 100 100
protective

efficiency (%)

against four types of mold was 4 (Table 3). However, MWq, showed
exceptional mold resistance (Fig. 15b), with an average infection value
of 0 and average protective efficiencies of 100 % to four types of mold
(Table 3). The mold resistance of MW»s after leaching was also detected.
The results showed that MWy after leaching still had excellent mold
resistance. (Fig. S6). The superior mold resistance of MWy, is due to the
destruction of mold by ZnB via the inhibition of cell wall synthesis, in=
hibition of metabolism by binding to enzymes, and disruption of cell
membrane permeability [55]. The low hygroscopicity (Fig. S7) and loss
of nutrients (glucose and starch) during mineralization also contribute
to the mold resistance of MWayq [56].

After the termites attack

Before the termites attack

After the termites attack
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3.2.8. Antitermite properties

The untreated wood, which was severely attacked by termites
(Fig. 16a), exhibited an average mass loss of 61.5 %, an average moths=
proofing rating of 4.8, and average termite mortality of 50.8 % (Table 4).
Meanwhile, MWy, showed extremely superior termite resistance
(Fig. 16b), with an average mass loss of 3.6 %, an average rating of 10,
and average termite mortality of 100 % (Table 3). The reason was that
when ingested via feeding, ZnB particles act as stomach poison to ter=
mites. Specifically, ZnB particles can kill the protozoa that secrete
cellulase to digest lignocellulose in the gut of termite, thereby inhibiting
cellulase secretion, leading to termite death from starvation [57]. The
aforementioned effect is passed to other termites via trophallaxis, killing
the termite population and protecting wood from termite attack [58].
The diagram illustrating the antitermite mechanism is presented in
Fig. S8.

4. Conclusions

In this study, nanostructured wood with efficient flame retardancy,
smoke suppression capability, mold resistance, and antitermite proper=
ties were fabricated by in situ synthesis of nano/microscale ZnB particles
that were uniformly deposited in a hierarchical porous wood. In situ
mineralization of insoluble ZnB inside the wood structure enables bulk
treatment and retains the aesthetically pleasing appearance of untreated
wood. The dominant factor affecting the flame retardancy of wood is the
formation of a compact char layer, which is catalyzed by dehydrated
ZnB deposited in a hierarchical wood structure. The dehydrated ZnB
particles melt at high temperatures, forming a noncombustible film,
which covers and cross-links the carbonaceous char layer and promotes

Fig. 16. Appearance of (a) untreated wood (UW) and (b) mineralized wood with 22.1% ZnB (MW,,) before and after termite attack.
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Table 4
Evaluation of antitermite properties of the untreated wood (UW) and mineral-
ized wood with 22.1% ZnB (MWs5).

Samples Mass loss (%) Termite mortality (%) Rating
Uw-1 64.9 52.2 4
UwW=2 61.4 50.2 6
Uw-3 68.4 58.2 4
Uw-4 57.1 46.4 4
UW-5 55.5 45.8 6
Average value 61.5 50.6 4.8
MW,1 4.3 100 10
MW3=2. 4.6 100 10
MW,3 3.2 100 10
MW,.~4 4.2 100 10
MW,»5 3.6 100 10
Average value 4.0 100 10

Note: Numbers behind UW and MWa, represent the number of replicates.

the

formation of a cohesive and robust 3D residual skeleton. The residual

skeleton forms an insulation barrier, which is responsible for the retar-
dation of oxygen diffusion, thermal insulation, reduction of the release
of flammable gas, and the suppression of toxic smoke. The toxicity of
ZnB against mold and termites endows mineralized wood with superior
antitermite activity and mold resistance. Owing to its simple, cost
effective, and eco-friendly fabrication process, ZnB-mineralized wood

isa

promising candidate as a green building material in various fields of

application.

Declaration of Competing Interest

The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence

the

work reported in this paper.

Data availability

No data was used for the research described in the article.

Acknowledgements

This work was supported by the Research and Development Program

in Key Areas of Guangdong Province (2020B0202010008) and the Na-
tional Key Research and Development Program of China (Grant No.
2019YFD1101203). The authors also express thanks to the supported by

the

National Natural Science Foundation of China (Grant Nos. 31901251

and 32071698).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.

0rg/10.1016/j.cej.2022.138308.
References
[1] Q. Fu, Y. Chen, M. Sorieul, Wood=based flexible electronics, ACS nano 14 (2020)

[2]

[3]

[4

[5]

[6]

3528=3538.

L.B. Mao, H.L. Gao, H.B. Yao, L. Liu, H. Colfen, G. Liu, S.M. Chen, S.K. Li, Y.X. Yan,
Y.Y. Liu, Synthetic nacre by predesigned matrix=directed mineralization, Science
354 (2016) 107.

Y. Wang, T. Azas, M. Robin, A. Vallée, C. Catania, P. Legriel, G. Pehau=-Arnaudet,
F. Babonneau, M.M. Giraud-Guille, N. Nassif, The predominant role of collagenin
the nucleation, growth, structure and orientation of bone apatite, Nat. Mater. 11
(2012) 724-733.

Y. Chen, J. Fu, B. Dang, Q. Sun, H. Li, T. Zhai, Artificial wooden nacre: a high
specific strength engineering material, ACS Nano 14 (2020) 2036-2043.

Q. Fu, L. Medina, Y. Li, F. Carosio, A. Hajian, L.A, Berglund, Nanostructured wood
hybrids for fire-retardancy prepared by clay impregnation into the cell wall, ACS
Appl. Mater. Interfaces 9 (2017) 36154=36163.

LJ. Sweeney, K. Chin, J.C. Hower, D.A. Budd, D.G. Wolfe, Fossil wood from the
middle Cretaceous Moreno Hill Formation: unique expressions of wood

15

69

[71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Chemical Engineering Journal 451 (2023) 138308

mineralization and implications for the processes of wood preservation, Int. J. Coal
Geol. 79 (2009) 1-17.

H. Guo, M. Lukovic, M. Mendoza, C.M. Schleputz, M. Griffa, B. Xu, S. Gaan,

H. Herrmann, |. Burgert, Bioinspired struvite mineralization for fire=resistant wood,
ACS Appl. Mater. Interfaces 11 (2019) 5427-5434.

Z. Xiao, J. Xu, C. Mai, H. Militz, Q. Wang, Y. Xie, Combustion behavior of Scots
pine (Pinus sylvestris L.) sapwood treated with a dispersion of aluminum
oxychloride-modified silica, Holzforschung 70 (2016) 1165-1173.

L.A. Berglund, I. Burgert, Bioinspired wood nanotechnology for functional
materials, Adv. Mater. 30 (2018) 1704285~1704300.

V. Merk, M. Chanana, S. Gaan, |. Burgert, Mineralization of wood by calcium
carbonate insertion for improved flame retardancy, Holzforschung 70 (2016)
867=876.

V. Merk, M. Chanana, T. Keplinger, S. Gaan, L. Burgert, Hybrid wood materials with
improved fire retardance by bio=inspired mineralisation on the nano= and
submicron level, Green Chem. 17 (2015) 1423=1428,

A. Pondelak, A.S. Skapin, N, Knez, F. Knez, T, Pazlar, Improving the flame
retardancy of wood using an eco=friendly mineralisation process, Green Chem, 23
(2021) 1130~1135.

Y. Tao, P. Li, L. Cai, 8.Q. Shi, Flammability and mechanical properties of
composites fabricated with CaCOz-filled pine flakes and phenol formaldehyde
resin, Compos. Part B: Eng. 167 (2019) 1-6.

T. Furuno, F. Wada, S. Yusuf, Biological resistance of wood treated with zine and
copper metaborates, Holzforschung 60 (2006) 104=109.

V. Merk, M, Chanana, N. Gierlinger, AM. Hirt, L. Burgert, Hybrid wood materials
with magnetic anisotropy dictated by the hierarchical cell structure, ACS Appl.
Mater. Interfaces 6 (2014) 9760=9767.

K. Shen, Kelvin, review of recent advances on the use of boron=based flame
retardants, in: C.D. Papaspyrides, P. Kiliaris (Eds.), Polymer Green Flame
Retardants, Elsevier, Amsterdam, 2014, pp. 367=389.

L.A. Savas, M. Dogan, Flame retardant effect of zinc borate in polyamide 6
containing aluminum hypophosphite, Polym. Degrad. Stab. 165 (2019) 101=109,
P. Khalili, X. Liu, K.Y. Tshai, C. Rudd, X. Yi, I. Kong, Development of fire retardancy
of natural fiber composite encouraged by a synergy between zinc borate and
ammonium polyphosphate, Compos. Part B: Eng. 159 (2019) 165-172.

C. Tascioglu, K. Umemura, T. Yoshimura, Seventh-year durability evaluation of
zine borate incorporated wood-plastic composites and particleboard, Compos. Part
B: Eng. 137 (2018) 123-128.

B. Garba, Effect of zinc borate as flame retardant formulation on some tropical
woods, Polym. Degrad. Stab. 64 (1999) 517=522,

G. Mantanis, E. Terzi, S.N. Kartal, A.N. Papadopoulos, Evaluation of mold, decay
and termite resistance of pine wood treated with zinc= and copper=based
nanocompounds, Int. Biodeterior. Biodegrad. 90 (2014) 140=144.

T.T. Nguyen, T.V.K. Nguyen, Z. Xiao, F. Wang, Z. Zheng, W. Che, Y, Xie,
Combustion behavior of poplar (Populus adenopoda Maxim.) and radiata pine
(Pinus radiata Don.) treated with a combination of styrene-acrylic copolymer and
sodium silicate, Eur. J. Wood Wood Prod. 77 (2019) 439-452.

T. Furuno, L. Lin, S. Katoh, Leachability, decay, and termite resistance of wood
treated with metaborates, J. Wood Sci. 49 (2003) 344-348.

J. Zhang, A. Koubaa, D. Xing, H, Wang, Y. Wang, W. Liu, Z. Zhang, X, Wang,

Q. Wang, Conversion of lignocellulose into biochar and furfural through boron
complexation and esterification reactions, Bioresour. Technol. 312 (2020),
123586.

X. Gu, X. Ma, L. Li, C. Liu, K. Cheng, Z. Li, Pyrolysis of poplar wood sawdust by TG=
FTIR and Py=GC/MS, J. Anal. Appl. Pyrolysis 102 (2013) 16=23.

Y. Xie, J. Xu, H. Militz, F. Wang, Q. Wang, C. Mai, Z, Xiao, Thermo-oxidative
decomposition and combustion behavior of Scots pine (Pinus sylvestris L.)
sapwood modified with phenol- and melamine-formaldehyde resins, Wood Sci.
Technol. 50 (2016) 1125~1143.

GB/T18261-2013, Test method for efficacy of mildew inhibitor against wood
mould and discoloration fungus, Chinese National Committee for Standardization.
AWPA. E1-2017, Laboratory methods for evaluating the termite resistance of
wood-based materials: choice and no-choice tests, American Wood Protection
Association, 2017,

F. Samyn, S. Bourbigot, S. Duquesne, R. Delobel, Eftect of zinc borate on the
thermal degradation of ammonium polyphosphate, Thermochim. Acta 456 (2007)
134=144.

B. Guo, Y. Liu, Q. Zhang, F. Wang, Q. Wang, Y. Liu, J. Li, H. Yu, Efficient flame=
retardant and smoke=suppression properties of Mg=Al=layered double=hydroxide
nanostructures on wood substrate, ACS Appl. Mater. Interfaces 9 (2017)
23039=23047,

T. Orhan, N.A. Isitman, J. Hacaloglu, C. Kaynak, Thermal degradation mechanisms
of aluminium phosphinate, melamine polyphosphate and zinc borate in poly
(methyl methacrylate), Polym. Degrad. Stab. 96 (2011) 1780-1787.

L.M. Alvarenga, T.P. Xavier, M.A. Barrozo, M.S. Bacelos, T.S. Lira, Determination
of activation energy of pyrolysis of carton packaging wastes and its pure
components using thermogravimetry, Waste Manage, 53 (2016) 68=75.

Q. Qin, R. Guo, E. Ren, X, Lai, C, Cui, H. Xiao, M, Zhou, G, Yao, S. Jiang, J. Lan,
Waste cotton fabric/zinc borate composite aerogel with excellent flame retardancy,
ACS Sustain. Chem. Eng. 8 (2020) 10335=10344.

Q. Xia, C. Chen, T. Li, S. He, J. Gao, X. Wang, L. Hu, Solar-assisted fabrication of
large-scale, patternable transparent wood, Sci. Adv. 7 (2021) 7342=7369.

M.S. Akhter, J.R. Keifer, A.R. Chughtai, D.M. Smith, The absorption band at
1590cm=1 in the infrared spectrum of carbons, Carbon 23 (1985) 589=591.



H. Zhou et al.

[36]

[371

[38]

[39]

[401

[41]

[42]

[43]

[44]

[45]

[46]

V. Emmanuel, B. Odile, R. Celine, FTIR spectroscopy of woods: a new approach to
study the weathering of the carving face of a sculpture, Spectrochim. Acta A 136
(2015) 1255=1259.

T.T. Bartels, The Sadtler Handbook of Infrared Spectra, Bio=Rad Laboratories Inc,
Informatics Division, 1978,

J. Wu, Technique and Application of Modern Fourier Transform Infrared
Photoacoustic Spectroscopy, Science and Technology Document Press, Shanghai,
1994.

J. Li, S. Xia, S. Gao, FT-IR and Raman spectroscopic study of hydrated borates,
Spectrochim. Acta A 51 (1995) 519-532.

H. Yang, R. Yan, H. Chen, D.H. Lee, C. Zheng, Characteristics of hemicellulose,
cellulose and lignin pyrolysis, Fuel 86 (2007) 1781=1788.

B.R. Xu, C. Deng, Y.M. Li, P. Lu, P.P. Zhao, Y.Z. Wang, Novel amino glycerin
decorated ammonium polyphosphate for the highly=efficient intumescent flame
retardance of wood flour/polypropylene composite via simultaneous interfacial
and bulk charring, Compos. Part B: Eng. 172 (2019) 636=648.

T. Liu, L. Sun, R. Ou, Q. Fan, L. Li, C. Guo, Z. Liu, Q. Wang, Flame retardant
eugenol-based thiol-ene polymer networks with high mechanical strength and
transparency, Chem. Eng. J. 368 (2019) 359-368.

AN. Zhang, H.B. Zhao, J.B. Cheng, M.E. Li, S.L. Li, M. Cao, Y.Z. Wang,
Construction of durable eco-friendly biomass-based flame-retardant coating for
cotton fabrics, Chem. Eng. J. 410 (2021), 128361.

B. Tawiah, Y. Zhou, R.K.K. Yuen, J. Sun, B. Fei, Microporous boron based
intumescent macrocycle flame retardant for poly(lactic acid) with excellent UV
protection, Chem, Eng, J. 402 (2020), 126209.

X. Wang, H. Pang, W. Chen, Y. Lin, L. Zong, G. Ning, Controllable fabrication of
zinc borate hierarchical nanostructure on brucite surface for enhanced mechanical
properties and flame retardant behaviors, ACS Appl. Mater. Interfaces 6 (2014)
7223=7235.

J.F. Moulder, W.F. Stickle, P.E. Sobol, K.D. Bomben, Handbook of x=ray
photoelectron spectroscopy, Muilenberg Perkin=Elmer Corp, Physical Electronics
Division, Eden Prairie, Minnesota, USA, 1992,

16

70

[47]
[48]

[49]

[50]

[53]

[54]
[55]
[56]

[57]

[58]

Chemical Engineering Journal 451 (2023) 138308

G. Beamson, D. Briggs, High Resolution XPS of Organic Polymers : The Scienta
ESCA 300 database, John Wiley & Sons, Hoboken, 1992,

Thermo scientific XPS simplified; Elements Table, Carbon. https://xpssimplified.
com/elements/carbon.php, 2021 (accessed 24 June 2021).

T. Yang, M. Xia, S. Chen, M. Mu, G. Yuan, Enhancing the thermal stability of silica=
mineralized wood via layer-by-layer self-assembly, J. Therm. Anal. Calorim. 14
(2020) 309-318.

P. Fu, S. Hu, J. Xiang, L. Sun, S. Su, S. An, Study on the gas evolution and char
structural change during pyrolysis of cotton stalk, J. Therm. Anal. Calorim. 97
(2012) 130-136.

Q. Liu, S. Wang, Y. Zheng, Z. Luo, K. Cen, Mechanism study of wood lignin
pyrolysis by using TG=FTIR analysis, J. Anal. Appl. Pyrolysis 82 (2008) 170=177.
G. Huang, W. Chen, T. Wu, H. Guo, P. Song, Multifunctional graphene-based nano=
additives toward high=performance polymer nanocomposites with enhanced
mechanical, thermal, flame retardancy and smoke suppressive properties, Chem.
Eng. J. 410 (2020), 127590.

Y. Dong, B, Tian, F. Guo, 8. Du, Y, Zhan, H, Zhou, L. Qian, Application of low=cost
Fe=based catalysts in the microwave=assisted pyrolysis of macroalgae and
lignocellulosic biomass for the upgradation of bio-oil, Fuel 300 (2021), 120944.
G. Lv, S. Wu, Analytical pyrolysis studies of corn stalk and its three main
components by TG-MS and Py-GC/MS, J. Anal. Appl. Pyrolysis 97 (2012) 11-18.
D.N. Obanda, T.F. Shupe, H.M. Barnes, Reducing leaching of boron-based wood
preservatives - a review of research, Bioresour, Technol. 99 (2008) 7312-7322,
W. Li, M, Liu, H. Zhai, H. Wang, Y. Yu, Preparing highly durable bamboo materials
via bulk furfurylation, Constr. Build. Mater. 262 (2020), 120726.

C.E. Bernard, M.C. Harrass, M.J. Manning, Chapter 94 = Boric acid and inorganic
borate pesticides, in: K. Robert (Ed.), Hayes' Handbook of Pesticide Toxicology,
3th ed., Academic Press, USA, 2010, pp. 2033=2053.

C.A. Clausen, N.S. Kartal, R.A. Arango, F. Green, The role of particle size of
particulate nano-zinc oxide wood preservatives on termite mortality and leach
resistance, Nanoscale Res. Lett. 6 (2011).



JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2022;18:1=11

Available online at www.sciencedirect.com

jmret

Journal of Materials Research and Technology

journal haomepage: www.elsevier.com/locate/jmrt

Original Article

Recycling end-of-life WPC products into ultra-high- =

Check for

filled, high-performance wood fiber/polyethylene
composites: a sustainable strategy for clean and
cyclic processing in the WPC industry

Haiyang Zhou “"', Wenjuan Li *"", Xiaolong Hao *”, Guanggong Zong °,
Xin Yi®, Junjie Xu “P, Rongxian Ou %", Qingwen Wang *”

? Institute of Biomass Engineering, Key Laboratory of Energy Plants Resource and Utilization (Ministry of Agriculture
and Rural Affairs), South China Agricultural University, 483 Wushan Road, Guangzhou 510642, China

Y Key Laboratory for Biobased Materials and Energy of Ministry of Education, College of Materials and Energy, South
China Agricultural University, 483 Wushan Road, Guangzhou 510642, China

€ Art and Design Institute, Yangzhou University, 88 Daxue South Road, Yangzhou, 225009, China

ARTICLE INFO

Article history:

Received 27 January 2022
Accepted 18 February 2022
Available online 25 February 2022

Keywords:

Wood-plastic composites
Recycling

Ultra-highly filled
Sustainability

Circular utilization

ABSTRACT

As “green” composites, recycling end-of-life wood-plastic composites (WPCs) is crucial for
sustainable and efficient resource utilization and carbon neutrality. In this study, waste
WPC windows with 47.6 wt.% wood fiber (WF) were recycled as the polymer matrix and
then reprocessed with waste WFs by extrusion into ultra-high-filled WF/polyethylene
composites (UH-WPCs) using MAPE as a compatibilizer. The tensile and flexural moduli of
all UH-WPCs with/without MAPE were higher than those of the waste WPCs. The MAPE-
compatibilized UH-WPCs demonstrated improved water resistance, creep resistance, and
dimensional stability. The tensile strength, tensile modulus, flexural strength, and flexural
modulus of the UH-WPCs with 80 wt.% WF and 4 wt.% MAPE were 26.6%, 50.0%, 26.4%, and
87.9% higher than those of the waste WPCs, respectively. The presence of MAPE could
improve the WF-matrix interfacial interaction and protect the WF from damage during
reprocessing owing to the improved wettability and plasticization on WF. It is anticipated
that the proposed strategy will provide a facile method to recycle end-of-life WPC products
into high-performance composites at a low cost.
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1. Introduction

Wood-plastic composites (WPCs) are renewable and sustain-
able materials that are composed of natural fibers as fillers
and a thermoplastic polymer matrix [1—4]. Natural fibers are
derived either from agricultural and forest residues or from
the processing residues of wood products, such as wood,
bamboo, bast fibers, and crop straws [2,5—8]. Polyethylene
(PE), polypropylene (PP), and polyvinyl chloride (PVC) are the
most commonly used thermoplastic matrixes for WPCs as
they are re-moldable, in contrast to thermosets, which per-
mits the more efficient use of raw materials through recycling
[1,5,9,10]. Deforestation and growing environmental concerns
were the main driving forces for the launch of WPCs as a
natural wood substitute over two decades ago [11]. Recently,
WPCs have been extensively utilized in non-structural appli-
cations such as buildings, construction, furniture, packaging,
and automotive products due to their water resistance, easy
processing, recyclability, and environmental friendliness
[1,12—14].

As the WPCs industry develops, there is a pressing need for
dealing with end-of-life WPC products. Compared with land-
fills and incineration, recycling can prevent waste disposal
and reduce environmental pollution by minimizing raw ma-
terial consumption and storing carbon for a longer period
[11,15—17]. As green composites, in addition to green sources
of raw materials, WPCs are recyclable, which makes them a
promising option for reducing production costs and
enhancing resource reuse efficiency and cascade utilization
[18]. Compared with virgin WPCs, recycled WPCs exhibit
different physical and mechanical properties due to changes
in the particle size, chemical composition, and dispersibility
of natural fibers and the thermal degradation and crosslinking
of thermoplastics [18,19]. The wide variability of WPC com-
positions in the waste stream, especially for end-of-life WPCs,
complicates their recycling and determines whether they are
suitable for use as a base for high-quality products.

Thermomechanical recycling, one of the most common
methods for reprocessing WPCs, is predicted to be the most
energy-efficient technique during the product lifecycle [20];
however, the mechanical, physical, and thermal properties of
the regenerated WPCs are considerably lower after being
recycled multiple times [16,21]. This is mainly due to fiber
damage and thermo-oxidative degradation of matrixes [16,20]
resulting from the high temperature and shear stress of
extruder screws [21]. Moreover, the reprocessing of industrial
WPCs scrap mixed with virgin WPCs in a specific ratio can
help maintain their mechanical properties to some degree
after being recycled multiple times [11]. Compared with flax or
glass fiber-reinforced polypropylene composites, WPCs using
medium-density fiberboard (MDF) fibers showed the best
mechanical property retention after reprocessing due to the
lowest reduction in the MDF fiber length after six cycles [22].
Rigid inorganic fibers are damaged once a critical stress is
reached, while natural fibers break after being subjected to
repeated deformation cycles and are more recyclable [20,22]. It
has been reported that the effect of fiber breakage on the
tensile properties of reprocessed WPCs is greater than that of
using a coupling agent [23,24]. Despite the aforementioned

disadvantages, the fiber dispersion in a matrix was improved
during reprocessing [25], and the water resistance increased
by reducing the number of microvoids in WPCs [26]; however,
the feasibility of WPCs reprocessing and their potential in-
dustrial applications have not been fully explored [27], and
very few literatures are available on the recycling of WPC
products into ultra-high-filled WPCs. This is a cost-effective
approach to obtaining WPCs with high mechanical proper-
ties and satisfactory dimensional stability. Consequently,
balancing recyclability and material performance is a detet-
mining factor for future applications of WPCs.

Ultra-high-filled (over 80 wt.%) wood fiber/polymer com-
posites (UH-WPCs) have a broad application prospects, but its
development is still in the initial stage due to its low me-
chanical performance, poor dimensional stability and other
defects. Here, we report the reuse of end-of-life WPCs as the
polymer matrix in bio-composites filled with sawdust to pro-
vide a sustainable cyclic processing strategy for WPCs.
Low-cost, high-strength, high dimensional stability, and ultra-
high-filled wood fiber/polyethylene composites (UH-WPCs)
were prepared by reprocessing waste WPC window profiles
with extra various recycled wood fiber contents. In order to
investigate the plasticization and wettability of waste WPCs on
WF without or with addition of MAPE during reprocessing, the
effects of the wood fiber and maleic anhydride-grafted poly-
ethylene (MAPE) contents on the dimensional stability, creep
resistance, water uptake, and mechanical properties of the
UH-WPCs were systematically investigated.
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2. Experimental

2.1.  Materials

Recycled wood fiber (WF, Populus adenopoda) was crushed in
40—80 mesh using sawdust as the raw material by a special
crusher (FY600, Fuyang Machinery Co., Ltd., China). MAPE
(HS3-008) with 1 wt.% MA grafting ratio was used as a com-
patibilizer (Hecheng Company, Guangzhou, China) and
exhibited a melt flow index of 2.0 g 10 min ! according to
ASTM 1238. HDPE-based WPCs windows were fabricated and
installed in our laboratory in August 2015. The formulation for
the WPCs window profiles was WF: HDPE: MAPE:
Lubricant = 50: 45: 5: 5, in which the WF (40—80 mesh) was also
poplar wood as above. Stearic acid (#1801) and polyethylene
wax (E19) were used as the lubricant, and both were pur-
chased from Rizhisheng Company (Nantong, China). The end-
of-life WPCs window profiles (waste WPCs) were smashed to
granules for use.

2.2.  Fabrication of the composites

Original WFs, waste WPCs granules, and MAPE were mixed in
a specific ratio (Table 1) using a high-speed mixer for 10 min at
80 °C. They were then melt-blended using a conical twin-
screw extruder (diameter of 31.8/20 mm) equipped with a
strand pelletizer (HAAKE PolyLab OS Rheodrive 7 with Rheo-
mex CTW100 OS extruding module, Thermo Fisher Scientific,
Germany) at 165—185 °C. The total weight content of WF
ranged from 60 wt.% to 85 wt.%. The UH-WPCs were extruded
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Table 1 — Formulations of the UH-WPCs filled with various contents of WF and MAPE.

Samples® Waste WPCs (wt.%)

WEF (wt.%) Total WF content (wt.%)

MAPE (wt.%) Total MAPE (wt.%) Total HDPE (wt.%)

W60 76.36 23.64 60
Weé5 66.82 33.18 65
W70 57.27 4273 70
W75 47.73 52.27 75
W80 38.18 61.82 80
W85 28.64 71.36 85
WM60-1 74.45 24.55 60
WM65-1 64.91 34.09 65
WM70-1 55.36 43.64 70
WM75-1 45.82 53.18 75
WMB80-1 36.27 62.73 80
WM80-2 34.36 63.64 80
WMB80-4 30.55 65.45 80
WM85-1 26.73 72.27 85

0 3.64 32.73
0 3.18 28.64
0 2.73 24.54
0 2.27 20.46
0 1.82 16.36
0 1.36 12.27
1 4.55 31.91
1 4.09 27.82
1 3.64 23.73
1 3.18 19.64
1 273 15.54
2 3.64 14.73
4 5.45 13.09
1 227 11.46

# W and M represent WF and MAPE, respectively, and the number behind M indicates the weight content of WF, and the number behind WM60-

85 indicates the weight content of MAPE.

using the above pellets by the same extruder with sectional
dimensions of 25 x 4 mm. The melt-blended and extrusion
processing parameters for the waste WPCs and UH-WPCs are
provided in supplementary Table 1 and Table 2, respectively.

2.3.  Fiber size and morphology

The WFs in UH-WPCs were extracted using xylene solvent at
140 °C for 48 h to remove the polymer matrix components.
Then, the mixture was filtered to isolate WF, and the sepa-
rated WFs were further extracted using xylene for 24 h to
remove the residual polymer matrix. The fiber size distribu-
tion was measured using a laser particle size analyzer (Mas-
tersizer 3000, Malvern Instruments Ltd., UK) equipped with a
wet dispersion system (Hydro 2000MU). After being sputter-
coated with a thin gold layer, the morphology of the original
and extracted WFs were analyzed with a tungsten filament
scanning electron microscope (EVO18, Carl Zeiss, Oberkochen,
Germany) at an accelerating voltage of 10 kV.

2.4. Characterizations of the composites

2.4.1. Morphological analysis

The extruded UH-WPCs samples were immediately broken
vertical to the length direction after frozen in liquid nitrogen.
The morphology of fractured surfaces were observed with a
tungsten filament scanning electron microscope (EVO18, Carl
Zeiss, Oberkochen, Germany) at an accelerating voltage of
10 kV after sputter-coated with a thin gold layer.

2.4.2. Mechanical tests

The classical dumbbell-shaped tensile specimens (type-I,
165 x 13 x 4 mm) were prepared using a special sampling
machine (GT-7016-HA, Gotech Testing Machines Dong Guan
Co., Ltd., China) and then tested at a speed of 5 mm min *
(ASTM D638) using a universal testing machine (Al 7000 MUT,
Goodtechwill, Qingdao, China) with a 20 kN load cell. Three-
point bending test (80 x 13 x 4 mm) was conducted at a
speed of 2 mm min~" (ASTM D790) using the same machine.
Un-notched cantilever impact test (80 x 10 x 4 mm) was
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performed using an electronic impact tester (XJUD-5.5, Jinjian,
Chengde, China) according to ASTM D6110. At least eight
replicates were tested for each condition.

2.4.3. Creep behavior

The creep behavior of the UH-WPC specimens (35 < 12 x
4 mm) was performed using a dynamic thermol-mechanical
analyzer (Q800, TA Instruments Inc., USA) equipped with the
single-cantilever clamp. Isothermal 25 “C and a 2 MPa load
were chose for the short-time creep tests, and the applying/
releasing load time was 30 min [28,29].

2.4.4. Effect of heat and humidity on the dimensional stability
Before testing, the extruded UH-WPCs samples
(100 x 25 x 4 mm) were placed at room temperature and in-
door humidity (50—60%) for two months to reach an equilib-
rium moisture content. The specimens were then oven-dried
in a drum wind oven at 80 °C for 10 days, and their size and
mass were recorded to investigate the combined effects of
heat and humidity on their dimensional stability. The
dimensional changes of UH-WPCs were calculated in terms of
their length, width, and thickness.

The linear coefficient of thermal expansion (LCTE) was
analyzed from 25 °C to 80 °C. After the samples reached
equilibrium mass after oven-drying at 80 "C for 7 days, they
were naturally cooled to 25 °C in a desiccator, and their di-
mensions were recorded. The samples were conditioned in a
drum wind oven at 80 °C for 24 h from an initial temperature
of 25 °C, and the LCTE was also calculated in terms of their
three-dimensional directions.

2.4.5. Water absorption and dimensional swelling testing
Before testing, the extruded UH-WPCs specimens
(25 x 25 x 4 mm) were oven-dried at 80 °C for 24 h to reach an
equilibrium moisture content. The samples with constant
weight were then soaked in water at 25 “C for 50 days (ASTM
D7031) to calculate the water absorption (WA, %). Moreover,
the dimensional swelling (DS, %) of the UH-WPCs in the three-
dimensional directions (LS, WS, and TS) were also calculated at
specific times.
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Fig. 1 — Micrographs of original WFs (a) and different WFs extracted from waste WPCs (b), W80 (c), WM80-1 (d), WM80-2 (e),

and WM80-4 (f).

3. Results and discussion

3.1.  Morphological analysis

The original WFs were rod-shaped with the largest aspect
ratio (Fig. 1a). It has been shown that the geometric size and
aspect ratio of the WFs greatly decrease after once melt
blending/extrusion for the WPCs filled with 60 wt.% WF [29].
This was because WFs were considerably damaged (peeling,
squeezing, and splitting) by the high pressure and shear forces
during the extrusion process [13,29—31]. The WFs extracted
from the waste WPCs showed the smallest decrease in their
particle size among all extracted WFs (Fig. 1b-f) due to its
highest polymer matrix content, which protected the WFs
from damage during one melt blending/extrusion cycle. The
WFs extracted from W80 were considerably damaged and
exhibited the smallest size (Fig. 1c) due to the high melt
pressure and shear forces during repeated melt blending/
extrusion process. However, the fiber size of the WFs extrac-
ted from WM80-1 was considerably higher after adding 1 wt.%
MAPE (Fig. 1d), and the number of large WFs increased upon
increasing the MAPE content (Fig. 1e and f). The fiber-shaped
original WFs were squeezed into plate-like particles in
WMB80-4 with destroying of the wood cell cavities and lumen.
This results in a comparable size to that of the waste-WPCs
processed only once (Fig. 1f). This result indicates that the
ductility and flexibility of WFs extracted from WM80-4 were
considerably enhanced owing to improved plasticization and
wettability at higher MAPE contents. Moreover, the size dis-
tributions of the extracted WFs shifted to much smaller sizes
after extrusion compared with the original WFs (Fig. 2). The
particle size decreased in the order original WF > waste
WPCs > WM80-4 > W80, which was in good agreement with
the SEM results. The above results reveal that increasing the
MAPE content helped maintain the WFs size during reproc-
essing due to improved plasticization and wettability, which
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could act as a dominant factor that affected the different
properties of the extruded WPCs.

The impact fracture surface of W60 exhibited noticeable
gaps and boundaries between the WFs and polymer matrix
(ellipse in Fig. 3a). This suggests insufficient wettability of the
waste WPCs on the WF surface without MAPE after adding
extra WFs. For W80, some traces are visible where the WFs
were pulled-out and produced more gaps (Fig. 3b). After add-
ing 1 wt.% MAPE, the boundary of WF-matrix became obscure,
and the WFs were sufficiently covered by the matrix in WM60
and WMSO (Fig. 3c and d). The broken WFs were embedded in
the polymer matrix without evident gaps at the interface,
revealing stress transfer from the boundaries to WFs more
effectively. This is attributed to the enhanced wettability of
WFs by waste WPCs with MAPE and improved WF-matrix
interfacial adhesion, which promoted the orientation and
dispersion of WFs in the WM60 and WM80 matrix. The
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Fig. 2 — Particle size distributions of original and extracted
WFs.
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Fig. 3 — Micrographs of the fracture surface of UH-WPCs: (a) W60, (b) W80, (c) WM60-1, and (d) WM80-1.

improved WFs dispersion and WF-matrix interface will help
enhance the durability of UH-WPCs such as dimensional
stability, creep and water uptake resistance etc.

3.2.  Mechanical properties of UH-WPCs

The effects of the MAPE and WF contents on the tensile and
flexural properties of the UH-WPCs are shown in Fig 4.

EE Without MAPE

Without MAPE, both the tensile and flexural strengths of the
UH-WPGCs decreased upon increasing the WF content from
60 wt.% to 85 wt.% (Fig. 4a and b), and all values were lower
than those of the waste WPCs. Specifically, the tensile and
flexural strengths decreased from 31.5 MPa to 49.3 MPa for
waste WPCs to 157 MPa and 30.7 MPa for the un-
compatibilized UH-WPC with 85 wt.% WF (W85). This was
attributed to the insufficient wettability of waste WPCs melt
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Fig. 4 — Mechanical properties of the UH-WPCs with different WF contents: (a) tensile strength, (b) flexural strength, (c)

tensile modulus, and (d) flexural modulus.
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on the additional WFs [30], which prevented the poorly-
bonded WFs from serving as barriers against crack growth in
UH-WPCs [32]. However, the tensile and flexural strengths
dramatically increased after adding 1 wt.% MAPE as a com-
patibilizer compared with that of un-compatibilized counter-
parts, and the maximum increase in tensile and flexural
strengths were 76.8% and 69.6% at 80 wt.% WF, respectively.
The tensile strength of the MAPE-compatibilized UH-WPCs
with 65—80 wt.% was comparable to that of the waste WPCs,
while the flexural strength was higher. The improvement in
the tensile and flexural strengths of the UH-WPCs with 1 wt.%
MAPE was mostly attributed to the compatibilization of MAPE
and the larger WFs particle size as demonstrated by SEM re-
sults (Figs. 1 and 3) [33—36]. It has been reported that MAPE
acts as a toughness interphase that improves the WF-polymer
matrixes interfacial adhesion, which results in stress transfer
from the polymer matrix to WFs more efficiently [31,37].

The tensile and flexural moduli of the un-compatibilized
UH-WPCs at various WFs content were all higher than those
of the waste WPCs due to the higher stiffness of the WFs
(Fig. 4c and d). Both the tensile and flexural moduli of the
MAPE-compatibilized UH-WPCs continuously increased upon
increasing the WFs content, and the UH-WPCs with 85 wt.%
WF (WMB85-1) exhibited the highest tensile and flexural
moduli of 6.5 GPa and 8.1 GPa, respectively. This indicates that
the rigidity of WFs was fully demonstrated in the presence of
MAPE, especially at high WF contents. This may be because
adding MAPE improved the interface interaction and pro-
tected the WFs from damage during reprocessing due to the
improved plasticization and wettability on WFs. Compared
with the un-compatibilized UH-WPCs, the MAPE-
compatibilized UH-WPCs exhibited comparable tensile and
flexural moduli at low WF contents but higher moduli at high
WF contents. Generally, the tensile and flexural moduli are
measured in the linear elastic regime range in low-stress
rates, where the material has not broken for WPCs with
appropriate amount of WFs (less than 70 wt.%) and is there-
fore less sensitive to the interfacial interaction. The moduli
increase upon increasing the WF content in WPCs below the
critical content (about 70 wt.%) due to the high rigidity of WFs
[31]. However, the WF content was no longer the dominant
factor determining the modulus of WPCs beyond the critical
content [30]. Except for the WF content, matrix wettability and
WEF-matrix interface are also factors that greatly affect the
modulus for highly-filled WPCs. Moreover, the SEM results
(Fig. 1) revealed that WF breakage in the compatibilized UH-
WPCs was minimized compared with that of un-
compatibilized counterparts, and the large WFs resulting
from the MAPE plasticization and wettability were believed to
be the main factor responsible for the high modulus [30].

The impact strength of WPCs was dominated by WF
breakage and the crack propagation energy between WFs-
matrix interface [29]. Compared with the waste WPCs, the
un-compatibilized UH-WPCs exhibited a lower un-notched
impact strength that decreased upon increasing the WF con-
tent (Fig. 5). The maximum decrease was 78.3% for W85
compared with the waste WPCs. This was due to an increased
stiffness after adding WFs and the insufficient interfacial
adhesion between WFs and the matrix [38,39]. Incorporating
MAPE as the compatibilizer resulted in a considerably higher
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Fig. 5 — Impact strength of the UH-WPCs with different WF
contents.

impact strength than the UH-WPCs without MAPE due to the
improved WF-matrix interface and lager WF size. The
maximum increase was 139.6% for WM80-1 compared with
the W80. This indicates that more energy was dissipated for
the compatibilized UH-WPCs when WFs were pulled-out from
the matrix.

To investigate the effect of the MAPE content on the me-
chanical properties of UH-WPCs, various MAPE contents
(1—4 wt.%) were added into the UH-WPCs filled with 80 wt.% WF.
Compared with W80, the incorporation of MAPE greatly
increased the tensile and flexural strengths, with maximum
increases of 123.3% and 91.0%, respectively, for WM80-4 loaded
with 4 wt.% MAPE (Fig. 6a and b). This is corresponding with
previous reports, which showed that increasing the MAPE
content improved the WF-matrix interfacial interactions,
which helped stress transfer from the polymer matrix to WFs
more efficiently [37]; therefore, a higher MAPE content within an
appropriate range improved the mechanical strengths. In
addition, with the increase of MAPE content, the damage of WFs
decreased during processing (Fig. 1), which was also conducive
to improving the mechanical strengths. The tensile modulus
first increased and then stabilized upon further increasing the
MAPE content (Fig. 6a), while the flexural modulus first
increased and then decreased upon increasing the MAPE con-
tent (Fig. 6b). Compared with that of W80, the tensile and flex-
ural moduli of the compatibilized UH-WPCs increased by 22.8%
at 4 wt.% MAPE and 23.3% at 2 wt.% MAPE, respectively. These
results indicate that there was a critical concentration of MAPE
for WPCs, beyond which the wetting saturation of WF and
interface quality were reached [40]. Moreover, compared with
the WF-matrix interface, this result further confirmed that the
WF content was no longer the dominant factor determining the
tensile and flexural moduli for highly-filled WPCs [30,40]. The
un-notched impact strength showed the same trend as the
tensile strength, where it increased upon increasing the MAPE
content, with a maximum increase of 286.1% for WMB80-4
compared with W80 (Fig. 6c). A higher MAPE content formed a
flexible interphase around the WFs that enhanced the tough-
ness of the UH-WPCs via the plastic deformation of the flexible
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the UH-WPCs with different MAPE contents. (The blue
dotted line indicates the mechanical properties of the
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interphase under the impact force, resulting in more energy
absorption during impact [40]. These results further confirm
that incorporating MAPE simultaneously reinforced and

toughened the UH-WPCs. The tensile strength, tensile modulus,
flexural strength, and flexural modulus of WM80-4 with 4 wt.%
MAPE were 26.6%, 50.0%, 26.4%, and 87.9% higher than those of
the waste WPCs, respectively. The aforementioned results
indicate that the incorporation of waste WFs and using MAPE as
compatibilizer may be a facile and low-cost method for recy-
cling end-of-life WPC products into high-performance
composites.

3.3. Creep behavior of UH-WPCs

Creep behavior is the intrinsic property of WPCs and exhibits
time- and temperature-dependence due to the presence of a
thermal-plastic polymer matrix [41—43]. Adding rigid fillers
such as WFs or other inorganic particles/fiber can improve the
creep resistance of polymer composites by preventing poly-
mer chains mobility [42,44—47]. The creep resistance of both
un-compatibilized and compatibilized UH-WPCs was greater
than that of the waste WPCs and increased upon increasing
the WF content. Specifically, the creep strain of the waste
WPCs after loading 30 min was 0.035%, which maximally
reduced by 48.2% upon increasing the WF content to 85 wt.%
for the un-compatibilized UH-WPCs (W85) (Fig. 7a) due to the
high stiffness of WF. Moreover, the residual deformation of
the un-compatibilized UH-WPCs after unloading also varied
inversely with the WF content. In addition, the creep strain of
the compatibilized UH-WPCs also greatly decreased upon
increasing the WF from 60 to 85 wt.% (Fig. 7b). At 60—80 wt.%
WEF contents, the creep strains of the composites with/without
MAPE were comparable. However, the UH-WPCs with MAPE
exhibited greater creep resistance than the UH-WPCs without
MAPE at 85 wt.% WF content, due to the decreased internal
defects when better interface was achieved. The creep strain
decreased by 60.1% for compatibilized UH-WPCs with 85 wt.%
WF (WM85-1) compared with that of the waste WPCs. These
results indicate that the creep behavior of the WPCs was
dominated by the polymer matrix at low WF contents, while
the effect of WF-matrix interfacial interactions became
greater for highly-filled WPCs.
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Fig. 7 — Creep strain of UH-WPCs without (a) and with (b) MAPE.
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3.4.  Dimensional stability of UH-WPCs

The presence of a polymer matrix is the dominant factor
leading to the thermal expansion of WPCs [28]. Adding rigid
fillers such as inorganic particles or WFs can reduce the
linear coefficient of thermal expansion (LCTE) of the result-
ing polymer composites [48,49]. Compared with the pure
HDPE matrix, the LCTE of both waste WPCs and UH-WPCs
obviously decreased after incorporating WFs in the matrix.
It progressively decreased upon increasing the WF content,
indicating that a high WF content improved the thermal
expansion resistance of UH-WPCs (Fig. 8). The UH-WPCs with
1 wt.% MAPE showed lower LCTE values compared with their
un-compatibilized counterparts due to the greater restriction
of WFs on polymer chains by the improving WF-matrix
interfacial adhesion. All UH-WPCs exhibited much lower
LCTEs in their length direction than along their width and
thickness directions, exhibiting obvious anisotropic thermal
expansion. The high pressure during extrusion oriented the
WFs along their length direction, while the WFs were
randomly distributed in the cross-section transverse to the
extrusion direction (width and thickness). The orientation
distribution of WFs in different directions was the determi-
nant reason for the anisotropic thermal expansion of the
WPCs [29].

Moisture absorption usually leads to dimensional swelling,
while desorption leads to dimensional shrinkage. All samples
exhibited considerable weight loss on the first day, which
gradually balanced over time, indicating that moisture
desorption of the UH-WPCs occurred at 80 °C (Fig. 9).
Compared with waste WPCs, the weight loss greatly increased
upon increasing the WF content for the un-compatibilized
UH-WPCs (Fig. 9a), while only a slight increase was observed
for the compatibilized UH-WPCs (Fig. 9 b). This resultindicates
that moisture absorption was inhibited due to the strength-
ening of the WF-matrix interface, which decreased the
accessibility of hydroxyl groups on WF. Moreover, the UH-
WPCs with 1—4 wt.% MAPE possessed a comparable reduc-
tion in weight loss (Fig. 9c), indicating that adding 1 wt.%
MAPE was sufficient for producing an acceptable WF-matrix
interface; therefore, greater weight loss led to greater dimen-
sional shrinkage of UH-WPCs.

The combined effects of thermal expansion and desorption
shrinkage on dimensional changes of the UH-WPCs are shown
in Fig. 10. Compared with the un-compatibilized UH-WPCs,
waste WPCs with a lower WF content exhibited greater
dimensional swelling in the length direction (Fig. 10a), indi-
cating that thermal expansion was higher than desorption
shrinkage due to the higher HDPE content. The un-
compatibilized UH-WPCs exhibited dimensional shrinkage
upon increasing the WF content from 60 to 85 wt.%, which
indicated that the effect of desorption shrinkage was greater
than that of thermal expansion at high WF contents. Similar
to the length direction, the un-compatibilized UH-WPCs also
exhibited slight dimensional swelling at low WF contents and
severe dimensional shrinkage at high WF contents along their
width (Fig. 10d); however, all of the un-compatibilized UH-
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Fig. 8 — The LCTE of UH-WPGCs in length (a), width (b), and
thickness (c) directions, respectively.
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WPCs exhibited severe dimensional shrinkage in their thick-
ness direction, and the thickness dimensional change was
about 3 and 10 times higher than that in the width and length
directions (Fig. 10g), respectively, which revealed the distinct
anisotropic dimensional shrinkage in the UH-WPCs. The
noticeable WFs orientation caused by extrusion was the
determinant reason for the distinct anisotropic dimensional
stability of UH-WPCs. These results illustrated that the effect
of moisture absorption or desorption on the dimensional
stability was greater than that of thermal expansion, espe-
cially for highly-filled WPCs, where shrinkage may generate
internal stresses at the WF-matrix interface that can damage
and degrade the initial properties of the UH-WPCs [50].
Compared with the un-compatibilized UH-WPCs, the MAPE-
compatibilized UH-WPCs exhibited considerably smaller
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Fig. 9 — The weight loss of UH-WPCs: (a) without MAPE, (b) with MAPE, and (c) with different MAPE contents.

dimensional changes in all directions (Fig. 10b, e, and f). The
compatibilized UH-WPCs showed small dimensional changes
in both the length and width directions upon increasing the
WF content (Fig. 10b and e) due to the improved WF-matrix
interface, which decreased moisture absorption. In addition,

the compatibilized UH-WPCs also exhibited the greatest
dimensional shrinkage in the thickness direction, which
further confirmed the anisotropic dimensional stability of the
UH-WPCs. Compared with W80, the dimensional stability was
considerably improved by adding 1 wt.% MAPE, and the
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Fig. 11 — Water uptake of UH-WPCs: (a) without MAPE, (b) with MAPE, and (c) with different MAPE contents.

improvement was more pronounced at a higher MAPE content
(Fig. 10c, £, and i). These results indicate that the dimension
shrinkage due to moisture desorption can offset the thermal
expansion to some degree. Improving the WF-matrix interface
by using a compatibilizer can increase the dimensional sta-
bility of highly-filled WPCs.

3.5.  Water absorption of UH-WPCs

The water absorption behavior of WPCs exhibited an important
effect on durability especially for the outdoor applications, and
it usually acts as a plasticizer resulting in an irreversible
degradation [21]. Compared with waste WPCs sample, the
equilibrium water absorption (EWA) and water absorption rate
(WAR) of all the UH-WPCs noticeably increased upon
increasing the WF content (Fig. 11a and b), due to the associa-
tion of hydrophilic groups of WFs with water [21]. The com-
posites with 1 wt.% MAPE exhibited considerably lower EWA
and WAR values than their un-compatibilized counterparts.
The reduce in water absorption of the compatibilized UH-WPCs
was because MAPE improved the WF-matrix interfacial adhe-
sion [37], which was confirmed by the SEM results (Fig. 3).
Adding MAPE could help polymer matrix encapsulate more
WFs and prevent the water penetrate between the WF-matrix
interface [51]. In addition, both the EWA and WAR greatly
decreased upon further increasing the MAPE content at 80 wt.%
WFs (Fig. 11c). The EWA of W80 was 22.31% after 50 days im-
mersion, while it was 17.71% for WM80-4. The only difference
between W80 and W80-4 was their MAPE content, in which
W80 possessed only 1.82 wt.% provided by waste WPCs, while
WMB80-4 had 5.45 wt.% MAPE. A higher MAPE content with
better flowability could consume many more hydroxyl groups

80

on the WFs surface, which allowed it to wet WFs more effi-
ciently [52].

Similar to the combine effect of heat and humidity on the
dimensional stability, the anisotropic dimensional swelling of
UH-WPCs was also investigated and measured in the length,
width, and thickness directions (Fig. 12). It has been proved
that the wood cell walls swelling is the key determinant for
WPCs dimensional swelling during water immersion [37].
Compared with waste WPCs, the maximum dimensional
swelling of the UH-WPCs increased upon increasing the WF
content, and the equilibrium swelling compatibilized with
1 wt.% MAPE was noticeably lower than that of the un-
compatibilized UH-WPCs counterparts, which is correspond-
ing with the EWA results. The presence of 1 wt.% MAPE acted
as a compatibilizer which improved the interfacial adhesion
and, thus, prevented the dimensional swelling by reducing
water penetration between WFs and the polymer matrix.
However, many more hydroxyl groups were exposed in the
un-compatibilized UH-WPCs, which promoted the entrance of
water with hydrogen bonding sites in the wood cell wall.
Moreover, the incorporation of 1—4 wt.% MAPE in UH-WPCs
resulted in a comparable decrease in dimensional swelling
(Fig. 12¢, f, and i), indicating that WFs can be completely
enveloped and wetted by the polymer matrix by adding a
moderate amount of MAPE. Besides, the thickness swelling of
all UH-WPCs was about 3 and 10 times higher than that in the
width and length directions, respectively. These results
further confirmed the anisotropic water absorption of UH-
WPCs. It has been reported that WFs orientation caused by
extrusion is the determinant reason that resulted in aniso-
tropic properties of WPCs, and the WFs with higher aspect
ratio usually led to more obvious anisotropy [29].
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4, Conclusions

Low-cost, high-strength, and high-dimensional-stability UH-
WPCs were successfully fabricated by reprocessing end-of-life
WPC products with waste WFs using MAPE as a compatibil-
izer, to achieve a sustainable strategy for clean and cyclic
processing in the WPC industry. The following conclusions
were obtained:

(1) The addition of 1 wt.% MAPE improved the WF-matrix
interfacial interactions and protected WFs from dam-
age during reprocessing due to the improved plastici-
zation and wettability on WF. The number of large WFs
increased upon increasing the MAPE content from 1 to
4 wt.%.

(2) The compatibilized UH-WPCs exhibited much higher
mechanical properties (tensile, flexural, and impact)
than their un-compatibilized counterparts owing to the
greater size of WFs and better interface with the pres-
ence of MAPE. Specifically, the UH-WPCs with 80 wt.%
WF and 1 wt.% MAPE (WM80-1) showed the maximum
increase in tensile, flexural, and impact strengths were

81

76.8%, 69.6%, and 136.9% compared with those of the
un-compatibilized UH-WPCs with 80 wt.% WF (W80),
respectively. Moreover, the tensile strength and
modulus, flexural strength and modulus of the WM80-4
loaded with 4 wt.% MAPE were increased by 26.6%,
50.0%, 26.4%, and 87.9% compared with those of the
waste WPCs, respectively. The WM80-4 with 80% wt.%
WF had a similar impact strength to the waste WPCs
with 47.6 wt.% WF.

(3) The creep resistance of both un-compatibilized and

compatibilized UH-WPCs was greater than that of the
waste WPCs and increased upon increasing the WF
content. The creep strain of W85 and WMB85-1 decreased
by 48.2% and 60.1% after loading 30 min compared with
that of waste WPCs respectively.

(4) The un-compatibilized UH-WPCs exhibited consider-

able anisotropic dimensional stability, and the effect of
moisture desorption on the dimensional stability was
higher than that of thermal expansion at high WF
contents (>70 wt.%). The compatibilized UH-WPCs
exhibited better dimensional stability than their un-
compatibilized counterparts due to the enhanced WF-
matrix interface. The water absorption and
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dimensional swelling of the compatibilized UH-WPCs
were considerably lower than those of their un-
compatibilized counterparts.

(5) The incorporation of waste WFs and MAPE in modera-
tion to waste WPC formulations may provide a low-cost
and facile method to recycle end-of-life WPC products
into high-performance UH-WPCs. This can increase
production efficiency, minimize waste, and align with
the circular economy. Finally, recycling end-of-life
WPCs into new products will be a complex process
and involves many factors, which need to be further
investigated.
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This study prepares multi-functional wood/polyethylene composites (WPCs) by addition of a small
amount of nanoscale conductive carbon black (CCB), leading to honeycomb-distributed WPC
(WPCq_ccp). The conductivity, electromagnetic interference shielding (EMI SE), and flame-retardancy of
WPCy_¢cg Were comparatively studied with the uniformly-distributed WPC (WPCy_¢¢) prepared through
a conventional melt-blending process. The conductivity and EMI SE of the WPGCy_ccp reached up to
1.5 % 1072 S.cm™! and 20.2 dB at 3 wt% CCB content, respectively. In comparison, the conductivity and
EMI SE of the WPCy_¢cg only had 8.3 » 10 ' S.cm ' and 5.0 dB. Moreover, the cone calorimetric analysis
revealed that the WPCy_ccp had lower smoke production and heat release than the WPCy_ccg.

€ 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Wood plastic composites (WPCs) are a class of recyclable and
sustainable materials that have been extensively used for

* Corresponding authors.

construction, decking, wallboard, and garden furniture [1-3]. How-
ever, the presence of plastic in WPCs can result in static electricity
when people walk on it [4]. Furthermore, both the main compo-
nents in WPCs, wood flour and plastic, are flammable and thus
are a fire risk [5,6]. These issues limit their application range.

To eliminate the static electricity, 3% carbon black and 20%

E-mail addresses: yxie@nefu.edu.cn (Y. Xie), gwwang@scau.edu.cn (Q. Wang).
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graphite have been added together into WPC by one-step melt
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compounding, resulting in a conductivity of 107®S.cm~!, which
meets the antistatic requirements (>10~7 S cm~!) [7,8]. In addition,
the incorporation of carbon nanotubes into WPC by one-step melt
blending can also achieve a good conductivity (107®S.cm™') at a
12% loading level [9]. Moreover, various flame retardants such as
ammonium polyphosphate [10,11] and magnesium hydroxide
[12] have been used to improve the flame retardancy of WPCs.
Generally, the high additives content (10-50 wt%) is required to
achieve a continuous network of additives, resultantly obtaining
sufficient conductivity and flame retardancy [6,13]. In addition,
the high load of additives can result in loss of mechanical-
strength and cost increase [14,15]. The preparation of sufficient
conductive and flame-retardant WPCs with a load of additives
lower than 10% is still rare.

In 1971, a “segregated structure” was proposed to create con-
ductive polymer in order to reduce the amount of additives [16].
Afterwards, various methods have been developed for the prepara-
tion of conductive polymer composites [8,17-19]. With the “segre-
gated structure”, the conductive particles were dispersed only at
the interface between the polymeric pellets rather than being uni-
formly distributed throughout the whole matrix. However, the
“segregated structures” were basically constructed in high-melt-
viscosity polymer matrices (mainly ultrahigh molecular polyethy-
lene) to prevent the migration of the conductive particles into the
polymer interior [20].

In order to address the issue of high load of CCB in WPCs, we
develop a honeycomb-like CCB network in this study based on
the view of “segregated structure” using a two-step blending tech-
nique. The formation of honeycomb-like network should be crucial
because it may form a thin-layer CCB with a high distribution den-
sity encapsulating the WPC domains, which could dramatically
reduce the load of CCB in WPCs and achieve an efficient conductiv-
ity and fire retardancy. The efficacy of the honeycomb-like WPC in
conductivity and fire retardancy was compared to that of a WPC in
which the carbon black was uniformly distributed by the tradi-
tional melt-blending method. In addition, the conductive efficacy
of the network was also studied in the high-density polyethylene
(HDPE) and the WPC.

2. Materials and methods
2.1. Materials

Wood flour retained on a 100-mesh sieve (ca. 150 um) was pre-
pared from poplar wood (Populus adenopoda Maxim) in our labora-
tory. High density polyethylene (HDPE) pellets were purchased
from the Daqing Petrochemical Company (Daqging, China). The
HDPE has a density of 0.95 g.cm™> and a melt flow index of 0.9 g.
(10 min)~" measured at 190 °C. Maleic anhydride-grafted poly-
ethylene (MAPE) pellets with a melt flow index of 2 g-(10 min)™"
measured at 190 °C and a grafting ratio of 0.9 wt¥% were obtained
from Shanghai Sunny New Technology Development Co., Ltd.,
Shanghai, China. A lubricant composed of stearic acid (#1801)
and polyethylene wax (1:1 in weight) was supplied by Nanjing
Adisi Import & Export Co., Ltd., Nanjing, China. The nanoscale con-
ductive carbon black (CCB) with a conductivity of 0.58 (20.14)
S.cm ! was obtained from Cabot Corp., Boston, MA, USA.

2.2. Preparation of WPC

2.2.1. Preparation of uniformly distributed WPC

The HDPE powder, dry wood flour (moisture content < 3%),
MAPE, lubricant, and CCB were compounded at a specific ratio
(Table 1) for 8 min at ambient temperature using a high-speed
mixer The compounded mixtures were melt-blended through a

twin-screw extruder (L/D ratio 30, SH30, Nanjing Rubber Machin-
ery Corp., Nanjing, China) with a pressure of 4 MPa, a speed of
40rpm and a temperature range of 145-165°C (Fig. 1a). The
resulting extrudates were smashed to obtain the pellets without
CCB or the pellets with uniformly-distributed CCB. The resulting
pellets were further fractionated into three fractions with a diam-
eter of approximately 2, 4 and 6 mm, respectively, for subsequent
use. The pellets without CCB and the pellets with uniformly-
distributed CCB were paved in a square stainless-steel mold
measuring 160 x 160 x 3 mm (length x width x thickness, for
the conductivity test) or 160 x 160 x 3.5 mm (for the fire
retardancy test), respectively, followed by molding into plates at
180 °C for 3 min with a pressure of 12 MPa using a flat vulcanizing
machine (XH-406B; Zhuosheng Machinery Equipment Co., Ltd.,
Dongguan, China). Subsequently, the machine was cooled slowly
to room temperature in a cold compression mode. The compressed
WPC panels obtained from the pellets without CCB and the pellets
with uniformly-distributed CCB are referred to as WPCcrg. and
WPCy_ccp, respectively.

2.2.2. Preparation of honeycomb-like distributed WPC (HDPE)

The pellets without CCB prepared in Section 2.2.1 were mixed
with the desired amount of CCB (Table 1) using a high-speed mixer
for 6 min at room temperature. The surface of the pellets was
coated with the nano-CCB by physical adsorption (Fig. 1b). As a
contrast, the same size of HDPE pellets was also coated the same
amount of CCB. The CCB-coated pellets were molded by compres-
sion into panels as described above. The resulting WPC and HDPE
panels with a honeycomb-like CCB network are referred to as
WPCh_ccr and HDPEy_¢cg, respectively.

2.3. Measurements and characterizations

2.3.1. Morphological analysis

The dried CCB, the pellets without CCB, the pellets coated with
CCB, and the tensile fractured surface of the WPC ccg were
examined by scanning electron microscopy (SEM) using a FEI
Quanta 200 field-emission scanning electron microscope (FEI Co.,
Hillsboro, OR, USA) at an accelerating voltage of 12.5 kV.

The small plates of 35 x 10 x 3 mm? were sawed from the WPC
panels and cut into 0.1-mm-thick films using a microtome. The
morphology of the films was observed under an optical microscope
(Aigo GE-5; Huaqi Information Digital Technology Co., Ltd., Beijing,
China).

2.3.2. Bulk conductivity measurements

The WPC panels with the size of 100 x 100 x 3 mm® were used
to test the bulk conductivity. When the bulk conductivity of the
sample was>10 ®S.cm !, the sample was measured using a four-
probe tester (Pro4-4000; Lucas-Signatone Corp., Gilroy, CA, USA).
For each sample, eight points were measured. In the case when
the bulk conductivity was below 10 ¥S.cm ', the sample was
measured using a Zc-36 high-resistance meter (Yang Gao Electrical
Appliance Co., Ltd., Shanghai, China). All measurements were per-
formed in triplicate and the average values were used as results.

2.3.3. Electromagnetic interference (EMI) shielding measurements

The EMI shielding efficacy (SE) was measured at the frequency
of 8-12.5 GHz using a Vector Network Analyzer (N5227A; Agilent
Technologies, Santa Clara, CA, USA) at 25°C and 50% relative
humidity. The  samples were  carefully cut into
22.86 x 10.6 x 3.5 mm? cuboids to precisely fit into the waveguide
opening.
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Table 1

Formulations of the WPC panels prepared from pellets without CCB and pellets with the uniformly-distributed CCB, respectively (wt%).
Sample* CCB WF HDPE MAPE Lubricant
WPCer, 0 50 45 3 2
WPCy-ccros 0.5 49.5 45 3 2
WPCy-cce1 1 49 45 3 2
WPCy_ccp2 2 48 45 3 2
WPCy_ccp3 3 47 45 3 2
WPCiiccnos 0.5 49,5 45 3 2
WPCh-cep: 1 49 45 3 2
WPCh-ceua 2 48 45 3 2
WPCyy_ccns 3 47 45 3 2

*The subscript CTRL, U-CCB, H-CCB, and the number behind identily WPC panel compressed (rom the pellets without CCB, the WPC panel compressed [rom pellets with
uniformly-distributed CCB, the WPC panel compressed from pellets with honeycomb-distributed CCB and the CCB content, respectively.
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Fig. 1. Scheme of the fabrication process of the WPC,, ¢ (a) and WPCy ¢cx (b).

2.3.4. Cone calorimeter (CONE) tests

The combustion test was conducted using a cone calorimeter
(Fire Testing Technology Ltd., East Grinstead, UK) according to
ISO 5660-1 at a heat flux of 50 kW-m~2. The heat release rate
(HRR), total heat release (THR), smoke production rate (SPR), total
smoke production (TSP), and residual mass were recorded and ana-
lyzed. After the ash on the residue was blown off, the bottom char
was fractured by hand and the fractured cross-sections were
observed by SEM, as described above.

3. Results and discussion
3.1. Morphology of WPC

The CCB particles were spherical with a diameter ranging from
10 to 40 nm (Fig. 2a). They aggregated into larger clusters due to
the interaction between particles under the influence of van der
Waals force and electrostatic force [21,22]. The CCB particles had
arough surface and thereby a higher surface area, which may facil-
itate the development of stronger adhesion with the pellets [23].
The pellets had a rough surface on which the wood particles were
imbedded in the HDPE matrix (Fig. 2b). The CCB particles were vis-
ible on the pellets coated with 0.5% CCB (Fig. 2¢) and the number of
CCB particles on the pellets increased with increasing CCB content
(Fig. 2d). The pellets were sufficiently covered with CCB particles at
1% content (Fig. 2d). After the CCB-coated pellets were compressed
into WPC panels, the CCB lamella structures with different thick-
ness were formed depending on the content of CCB as observed
on the tensile-fractured surface of WPCy_ccp (Fig. 2e and g). Also,
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the CCB network clearly exhibited a mixture of CCB and HDPE as
observed at a higher magnification (Fig. 2f). This can be due to
the diffusion of melt HDPE polymer into the CCB layer during the
hot compression of the WPC panels. Moreover, bulk CCB domains
accompanied by numerous micro-cracks were also observed from
in the WPC, _ccgs, as a result of the severe agglomeration of carbon
black (Fig. 2h). The diffusion of the ductile HDPE polymer enhances
the interfacial interaction between the CCB network and WPC.
Such aggregated CCB structure could not be diffused completely
by melted HDPE, which would result in a decrease of the mechan-
ical properties. Compared to the WPCy_ccp, the WPCy_ccp3 had no
continuous lamellar CCB structure and the CCB particles were ran-
domly distributed within the polymer networks (not shown).

3.2. Bulk conductivity

The WPCcrg, exhibited insulating characteristics with quite low
conductivity at around 1.89 x 10 ¥ S.cm ! due to lack of free elec-
trons in WPCcrry (the black dashed line in Fig. 3a). Compared with
the WPCcrxi, the incorporation of the CCB led to a considerable
increase in conductivity through the two-step blending process.
With the increase of the CCB content from O to 1%, the conductivity
of WPCy_ccs dramatically increased to 7.1 x 10 #S-cm !, resulting
in a conductive material (Fig. 3a). When the CCB content was fur-
ther increased from 1% to 3%, only a slight increase in the conduc-
tivity of WPCccp is observed, indicating that a sufficiently
continuous honeycomb-like CCB network had been constructed
at a CCB content of 1% (Fig. 3a) [24-26]. In contrast, there was no
significant increase in the conductivity of WPCy_ccp at the CCB con-
tent of <3% (Fig. 3a). Moreover, our previous study revealed that
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Fig. 2. SEM images of CCB nanoparticles (a), the wood flour/polyethylene composite pellets (b), the pellets coated with 0.5% CCB (c), the pellets coated with 1% CCB (d), the
tensile fractured surface of the WPC,,_¢cn, with different magnifications (e and f), and the tensile fractured surface of the WPC,_¢¢r3 with different magnifications (g and h).
Red circle in (e) demonstrates the region shown in (f). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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Fig. 3. Conductivity of the WPCy_ccy at various CCB contents (a); schematic electric current passing through the WPC,,_¢cx (b) and the WPCy_c (¢), respectively; effect of
pellet sizes on the conductivity of the WPCy._ccg (d); optical microscopic images of the internal structure of the WPCy_ccgo 5 prepared from CCB-coated pellets with a diameter

of 2 mm (e) and 6 mm (f), respectively.

the conductivity of the WPCy_ccp with 12% CCB is even lower than
that of the WPCyy_ccpo5 obtained in this study. This could be due to
the insufficient construction of a continuous CCB conductive net-
work using the conventional one-step blending process. The conti-
nuity of the conductive CCB has a decisive effect on the
conductivity of the CCB-filled WPCs. When the low-content CCB
was uniformly-distributed in the WPC, the continuity may hardly
be established (Fig. 3b). In comparison, the continuity can be easily

established by the honeycomb-like structural design, where the
limited amount of CCB particles formed an interconnected network
for delivering the electric current (Fig. 3¢) [27]. Thus, the formation
of a honeycomb-like continuous CCB network using this two-step
blending procedure has an incredible advantage for the construc-
tion of CCB-based conductive WPC, resulting in higher conductivity
by 10 orders of magnitude for the WPCy_ccy1 compared to
WPCy_con-
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The main challenge for the formation of a continuous
honeycomb-like CCB network with sufficient conductivity is to
perform the process in such a way that the CCB can form and main-
tain a continuous layer covering the pellets with adequate thick-
ness and network density during the hot-press process. Thus, the
size of the pellets also exerted a certain effect on the conductivity
of the resulting WPCyy_ccp (Fig. 3d). The WPCyy_ccp prepared using
pellets of moderate size (@4 mm) were more effective in improving
the conductivity than those prepared using the pellets with the
other two sizes (@2 mm and ©6 mm). As shown in Fig. 3e and f,
the network density decreased with the increase of the size of
the pellets from 2 to 6 mm. The WPC,y_¢cp with 2-mm size pellets
resulted in a thinner CCB layer, which led to relatively poor
delivery of electric current compared with the WPCy_¢cy formed
by 4-mm size pellets (Fig. 3e). In addition, compared with 4-mm
size pellets, the lower conductivity of WPCy.ccp formed with
6-mm size pellets is assumed to be related to the low density of
the CCB network. The ease of breakage of the larger pellets during
the hot compression process is probably the other reason that
leads to discontinuity of the CCB network (Fig. 3f) [22].

The conductivity between the WPCy_ccg and the HDPEy_cg was
also compared. The conductivity of the honeycomb-distributed
WPC was higher than the honeycomb-distributed HDPE when
the CCB content was lower than 1% (Fig. 4a). This may be due to
the lower melt viscosity of the original HDPE compared with the
WPC (Fig. 4b), giving rise to some CCB penetrating into the HDPE
pellets during hot-pressing, thus resulting in the CCB conductive
network was less densely packed than the honeycomb-
distributed WPC (Fig. 4c¢ vs d). For sufficient carbon black loading
(>1%), even if the CCB would diffuse into HDPE region, the rela-
tively continuous conductive networks could be established.

3.3. Electromagnetic interference (EMI) shielding efficacy

The EMI shielding efficacy (SE) of a material is defined as
SE1ota = —10 log (Pt/Pi), where Pt and Pi are the transmitted and
incident electromagnetic power, respectively [28,29]. The SEroa
consists of the absorption SE (SE,), reflectance SE (SEg), and multi-
ple reflections SE (SEy). The SEy can be negligible when SErq¢y
is > 10dB [20-30]. In this study, the SEro of the WPCergp was
close to zero (Fig. 5a), suggesting an absence of EMI shielding abil-
ity. The addition of CCB to form WPGCy_ccp gave rise to the EMI
shielding ability. Specifically, with an increase in the CCB content
from 0.5 to 3%, the SEtotar Of WPCy_ccp increased from around
5dB to about 20 dB. Both the WPCy_ccp2 and WPCy_ccps had a
SEtota Of > 10 dB. The high SEroa can mainly be attributed to SEa
as the measured SEg and the SE\; were almost zero (not shown).
The EMI shielding ability of the WPC;,ccps was considerably
greater than the WPCy_ccp3 at the highest CCB content (Fig. 5b).
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The SEtota Of WPCyy_ccp3 was around 5 dB, which is only a level of
the WPCy_ccpos (Fig. 5b). The high efficacy of the honeycomb-like
CCB network at low CCB content contributes to reduce the cost
and promotes its large-scale application.

3.4. Combustion behavior

Two HRR peaks can be observed for the WPCcrgi, WPCyy_ccp and
WPCy.ccg- The initial peak originated from the burning of the WPC
surface and the second resulted from the combustion of the
bottom layer (Fig. 6a) [31]. In comparison to the WPCqrg;, the
WPCy_ccp3 exhibited a decrease and delay in the second HRR peak,
which was accompanied by a reduction in THR (Fig. 6a and b).
These results can be explained by the efficient coating of the pellets
with the incombustible CCB particles in the WPCyy_¢cg, thereby pre-
venting the heat and O, from penetrating into the pellets [32,33].
In contrast, the WPCy_¢cy3 with the uniformly-distributed CCB only
showed a minor decrease in the HRR and THR (Fig. 6a and b). This
suggests that the uniform distribution of 3% CCB is not sufficient to
physically shield the inflammable WPC [34].

The WPCcrg; released considerable smoke during combustion,
which consisted mainly of combusted polymeric fragments and
gases produced from the decomposed HDPE and wood flour
[31,35]. After introduction of the honeycomb-like CCB network,
the SPR and TSP of the WPCy_ccgs were considerably reduced
(Fig. 6¢ and d). The second peak of the SPR was reduced by 71.3%
and the TSP was reduced by 32.6%. The WPCy_ccgs showed only a
slight decrease in the SPR and TSP compared with the WPCergre
(Fig. 6¢ and d). The higher efficacy in smoke suppression of the
WPCh_ccr, compared with the WPCy_¢cg, is mainly due to the suffi-
cient coverage of CCB to shield the material from the heat and O,.

Due to the presence of incombustible CCB, both the WPCy_¢cgs
and WPCyy_¢cgs exhibited higher mass retention than the WPC¢g;,
(Fig. 7a). Moreover, the WPCy_ccg3 had the highest mass retention
due to the excellent fire-retardant characteristic, which is consis-
tent with the heat and smoke release results. We assumed that
the CCB does not inflame under the Cone test conditions. The resi-
dues of the WPCy_ccps were approximately equivalent to the sum
of the residues of the WPCcrgr, and the added CCB (Fig. 7b). In con-
trast, the residual increment of the WPCyy_ccp3 is much higher than
the sum of the residues of the WPCcg; and the added CCB. This
further demonstrates that the fire resistance of the WPCyy_ccps with
honeycomb-like CCB network is much superior to that of the
WPCy_ccgs with a uniformly-distributed CCB network.

Both the WPCy_ccgs and WPCy_cces plates with a thickness of
3.5 mm were burned into ash with a thickness of approximately
2mm and 6 mm, respectively. The obtained ashes exhibited an
upper ash layer and bottom char layer (Fig. 8a and b). This
increased thickness of the residuals from the combusted

Fig. 4. Conductivity of the honeycomb-distributed WPC and HDPE (a), complex viscosity (n*) of WPC and HDPE (b); polarizing microscope photograph of HDPE,;_¢csos (¢) and

WPCh.ccpos (d).
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Fig. 6. (a) Heat release rate (HRR), (b) total heat release (THR), (c) smoke production ratio (SPR), and (d) total smoke production (TSP) of WPCcrrr, WPCy_ccp3, and WPCy_ccp3

during the CONE combustion process.

WPCh_ccss is due to the inflation resulted from the trapped
gas within the CCB network. The insufficient combustion of the
WPCy_ccp3 1s probably another reason. In addition, numerous
incompletely burned wood fragments can be observed in the ash

of the WPC,y_ccps, indicating excellent fire resistance (Fig. 8c). In
contrast, the ash of the WPCy ccp; mainly contained carbon
aggregates, which indicated a relatively complete combustion
(Fig. 8d).
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Fig. 7. The mass retention during the combustion (a) and the residual mass after combustion (b) of the WPCctg, WPCy-ccps, and WPCy-ccps, respectively.

Fig. 8. The digital photographs (a, b) and SEM (c, d) of the residues of the WPCy_ccps (a, ¢), and WPCy_ccpz (b, d) after combustion tests.

4, Conclusions

In this study, the WPC with a continuous and honeycomb-like
CCB network (WPCy.ccs) was prepared. Compared with the

uniformly-distributed WPC (WPCy.ccs)

prepared through a
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conventional one-step melt-blending process, the WPCy_ccg exhib-
ited superior characteristics in regard to conductivity, EMI shield-
ing, and flame retardancy at considerably low CCB content
(namely, low cost). The resulting WPCy_ccp confers such WPC great
application potential as building materials, such as antistatic floor,
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electromagnetic shielding and flame-retardant wall. The results
presented herein also demonstrated an efficient and facile proce-
dure to pursue further advances of WPCs with desired functions
through the formation of honeycomb-like functional additives
network.
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ABSTRACT

Natural fiber/high-density polyethylene (HDPE) composites (NFPCs) were fabricated via extrusion using three
types of natural fibers from poplar wood (PW), radiata pine (RP), and rice husk (RH), respectively. The speci-
mens were cut from the extruded samples at various off-axis angles (from 0° to 90°). The effect of fiber geometry
and orientation distribution on the mechanical properties, creep behavior, and thermal expansion of the NFPCs
was investigated. The natural fibers in the composites showed a preferential orientation along the extrusion
direction, as evidenced by the optics micrographs, The flexural properties and impact strength of the NFPCs were
the highest at zero angle and decreased considerably with increasing orientation angle, which was further
validated by the finite element analysis. At zero angle, the PW/HDPE composites had the highest flexural and
impact strength and the smallest creep strain and thermal expansion, but a small difference in mechanical
properties was observed at 90° among the NFPCs. The significant anisotropy of properties at various angles of the
PW/HDPE composites was due to the high aspect ratio (L/D) of poplar wood fiber. These results indicate that

high fiber L/D and orientation distribution had a beneficial effect on the properties of NFPCs.

1. Introduction

Natural fiber/plastic composites (NFPCs) mainly composed of nat-
ural fibers (NFs) and thermoplastics have been widely applied in various
industries such as building, construction, furniture, and automotive
[1=5]. The predominant process technologies of NFPCs include extru-
sion, injection molding, and hot pressing [2,6-9]. Extrusion and injec-
tion molding can obtain highly oriented NF and compact structure due
to contraction flow and high pressure [10,11]. However, the NFs
exhibited random orientation in hot-pressed NFPCs because there is no
unidirectional flow during hot pressing [7]. In addition, fibers in outer
layers are oriented in the main flow direction but oriented perpendicular
to flow in core layer by injection molding [12,13], while fiber orienta=
tion and boundary layers are less distinct with extrusion because of
lower pressure and shearing compared to injection molding [6].
Therefore, NFs with higher orientation in extruded NFPCs usually
exhibit higher reinforcing efficacy than those in hot=pressed or

* Corresponding author.
** Corresponding author.

injection=molded NFPCs at high fiber contents (over 60 wt%). NF
orientation also results in shear-thinning behavior which decreases melt
viscosity of NFPCs at high processing speed [14]. Consequently, fiber
orientation distribution has an important influence on properties of
NFPCs fabricated by different processing methods [6,15,16].

NFs made from different wood species exhibited different geometries
(e.g. size and aspect ratio (L/D)) even though they were subjected to the
same grinding method, resulting from their differences in anatomical
structure and chemical composition [17]. NFs with different chemical
compositions and L/D affect the processability, thermal, physical, and
mechanical properties of NFPCs [18-22]. The effect of NF size on
properties of NFPCs showed opposite results in different reports [7,23].
Usually, NFs with higher L/D may contribute to higher reinforcing ef-
ficacy for NFPCs [1,4,10,24,25]. The level of stress transfer depends on
fiber=matrix interfacial adhesion and fiber orientation [3,6,15], and the
efficacy of stress transfer from matrix to fiber increased with increasing
fiber length until reaching a critical value [6,15,25]. Low L/D generally
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Fig. 1. Schematic of the NFPCs fabrication and sampling direction.
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Table 1

Temperature of heating zone, melt pressure, feeding speed, and screw speed during the extrusion process of NFPCs.

Extruder Temperature in different heating zone (°C) Melt pressure (MPa) Feed speed (kg h ') Rotary speed (rpm)
1 2 3 4 5 6 7 Die

Twin screw 145 150 155 160 160 165 165 165 - 10 40

Single screw 145 155 160 165 - - - 165 89 12

gives rise to stress concentration and accordingly decreases the me-
chanical properties of NFPCs [6]. Therefore, fiber geometry is another
dominant factor that affects the properties of NFPCs. Many studies have
focused on the effects of particle size or L/D on composite properties
[26], but few studies have focused on the property anisotropy of NFPCs
influenced by fiber orientation with different geometries.

This study aimed to investigate the effect of fiber geometry and
orientation distribution on the property anisotropy of extruded NFPCs.
Three types of NFs were prepared in-house by milling and screening in
the same way. The anisotropy of mechanical properties, creep behavior,
and thermal expansion of the resulting NFPCs was systematically
investigated at different fiber orientation angles (from 0° to 90°) to the
extrusion direction.

2. Experimental
2.1. Materials

HDPE (5000s) pellet with a density of 0.95 g cm ™ and a melt flow
rate of 0.90 g (10 min)~! (190 °C, 2.16 kg according to ASTM D1238)
was purchased from Daqing Petrifaction Company (Daqing, China). NFs
with a size of —40 + 80 mesh from poplar wood (Populus adenopoda
Maxim.) (PW), radiata pine (RP), and rice husk (RH) were prepared in-
house by a cutter mill (FY600, Fuyang machinery Co., Ltd., China) and a
vibrating screen (HFC-600, Dongguan Huanxin machinery Co., L.,
China). Maleic anhydride grafted polyethylene (MAPE) had a maleic
anhydride grafting ratio of ca. 1 wt% and a melt flow rate of 1.7 g (10
min)=1. Stearic acid lubricant (#1801) had a density of 0.85 g cm=3 and
a melt point of 65 °C. Both of them were purchased from Rizhisheng
Company (Nantong, China).

2.2. Preparation of the composites

Three types of NFs were oven~dried at 103 °C for 24 h to reach a
moisture content of 1-2%. The dry NFs, HDPE, MAPE, and lubricant
were mixed in a specific ratio (60 : 35: 3 : 2) in a high-speed mixer (1500
r min~, HRS-10, Dongguan Huanxin Machinery Co., Ltd, China) for 10
min at 80 °C. They were melted blending using a co-rotating twin=screw
extruder (L/D — 30, SJSH=30, Nanjing Rubber Machinery Factory,
China), and afterword extruded through a single=screw extruder (L/D =
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45, SJ=45, Nanjing Rubber Machinery Factory, China) to fabricate a
profile measuring 100 mm x 4 mm (width x thickness). The specimens
cut from the extruded profiles at different inclination angles (0°, 30°,
45°, 60°, 90°) to the extrusion direction (Fig. 1) were used for flexural,
impact, creep, and thermal expansion tests. The processing parameters
for the twin- and single-screw extruders are presented in Table 1.

2.3. Fiber size and morphology

After sputter coating with a thin gold layer, fiber morphology of the
dried NFs before and after extrusion processing was observed by a
scanning electron microscope (Quanta 200; FEI Co., USA). Fiber ge-
ometry was observed using a stereomicroscope (Leica S8APO, Wetzlar,
Germany) equipped with a Leica camera (Model DFC295). An image
analysis software (Image=ProPlus 6.0) was used to analyzed the length
and diameter of individual fiber, and the L/D was accordingly
calculated,

2.4. Characterization of the composites

2.4.1. Morphological analysis

Thin slices (0.10~0.13 mm) were cut from the extruded profiles in
thickness along the extrusion direction and cross=planar transverse to
extrusion direction, respectively, and fiber orientation distribution was
observed using an optics microscope (SMART-POL, Chongging Optec
Instrument Co., Ltd, China).

2.4.2. Mechanical testing

Unnotched impact tests (ASTM D6110) with the sample size of 80
mm % 10 mm x 4 mm (length x width x thickness) were conducted
using an impact tester (XJUD=5.5, Jinjian, Chengde, China). Three=point
bending tests (ASTM D790} with sample size of 80 x 13 x 4 mm (length
x width x thickness) were conducted using a universal testing machine
(CMT5504, MTS Systems Co., Ltd., Shenzhen, China). The impact and
flexural tests were performed under the condition of 25 <C and 50% RH.
At least 10 replicates were tested for each testing.

2.4.3. Creep analysis
A dynamic mechanical analyzer (Q800, TA Instruments Inc., USA)
was used to test the short=term creep behavior of the specimens with size
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Table 2
The parameters of NFs and HDPE measured at 25 “C were used for the finite
element analysis.

Type Young’s modulus (GPa) Poisson ratio Density (g cm™)
NFs 11.0 0.36 0.56
HDPE 0.87 0.38 0.95

of 35 mm x 12 mm x 4 mm (length x width x thickness) in single
cantilever configuration. Isothermal creep tests were performed at 30
°C, and a 2 MPa load was applied on the specimens for 30 min followed
by releasing the load for 30 min [27].

2.4.4. Thermomechanical analysis

Thermal expansion of the specimens measuring 10 mm > 10 mm x 4
mm (length x width x thickness) was analyzed using a thermo me-
chanical analyzer (Q400, TA Instruments Inc., USA) at different incli
nation angles to the extrusion direction. A quartz probe was in close
contact with the specimens under a force of 0.05 N. The testing was run
at a heating rate of 3 °C min~! from —40 to 90 °C under a high purity
nitrogen atmosphere with a 50 ml min~! flow rate.

2.4.5. Finite element analysis (FEA)

The finite element analysis of flexural property of the extruded
NFPCs was conducted using Abaqus 6.13 software at different off-axis
angles. For simplicity, NFs and HDPE matrix were supposed to be
isotropic materials, respectively. The specimens for FEA were the same
dimensions as the flexural specimens. The parameters of NFs and HDPE
matrix used for FEA were presented in Table 2 [16,27,28].

3. Results and discussion
3.1. Morphological analysis

The cutter-milled NFs exhibited different morphologies and sizes

Composites Part B 185 (2020) 107778

even though they were prepared in the same way (Fig. 2a—~c). This was
attributed to the differences in chemical composition and microstructure
of cell walls [17]. PW and RP were relatively more regular in geometry
than RH. PW exhibited cylindrical shape (Fig. 2a) with the highest L/D
(Table 3), while RP exhibited spheroidal shape with the larger diameter
(Fig. 2b). RH showed plate-like structure with inorganic silicon coms-
pounds on the surface (Fig. 2¢). The PW, RP, and RH exhibited a grad-
ually decreasing average L/D of 3.64, 2.52, and 2.18, respectively. Both
fiber length and L/D were obviously decreased after extrusion process-
ing (Fig. 2d-f), and the decreased degree of L/D was 31.0%, 20.2%, and
25.7% for PW, RP, and RH, respectively (Table 3). Moreover, the width
of L/D distributions was also obviously decreased after extrusion pro-
cessing (Fig. 3). This was attributed to the fact that the fibers undergo
considerable damage like splitting, peeling, and squeezing as a result of
the high shear force from extruder screws [29]. The L/D still decreased
in the following order: PW > RP > RH. The spheroidally shaped RP was
splitted into plate=like particles (Fig. 2e) and the RH was damaged to fine
particles (Fig. 2f) after extrusion.

On the sectioned surface of the extrudates, NFs were clearly oriented
in the extrusion direction (Fig. 4a-c).The fiber orientation may
explained by the contraction flow resulting from high extrusion pressure
[10]. However, NFs showed randomly distribution at cross section
transverse to the extrusion direction (Fig. 4d—f). The size of NFs was
markedly different. The PW exhibited the highest L/D (Fig. 4a), and
most of the RH was damaged, resulting in fine particles (Fig. 4¢), which
accords with the results from SEM micrographs (Fig. 2f).

3.2. Mechanical properties

The effect of NF type and fiber off-axis angle on the flexural strength
(o) and modulus (E) of the NFPCs was shown in Fig. 5. Flexural strength
of the NFPCs increased with increasing fiber L/D (Fig. 5a), especially at
the lower off-axis angles (0 and 30°). PW/HDPE had the highest ¢ at all
angles, followed by RP/HDPE and RH/HDPE. According to the classical
theory of mechanics, load applied to a fiber-reinforced composite is

Fig. 2. Micrographs of NFs before extrusion processing (a) PW, (b) RP, (¢) RH, and after extrusion processing (d) PW, (e) RP, (f) RH.

Table 3
Fiber characteristics of the natural fibers,
Fiber types Fiber number Average length (um) Average diameter (pm) Average L/D
Before® After” Before® After” Before® After” Before® After”
PW 442 440 616.2 _ 540.3 380.9 L 291.6 172.3 1 154.5 157.9 1. 127.9 3.64 L1.72 2.51 _1.03
RP 479 431 493.0 = 401.7 292.9 £ 258.7 235.2 £204.1 157.0 £ 150.0 2.52+1.31 2.01=0.74
RH 455 501 466.7 = 341.2 214.3 £ 146.0 252.0 £ 1855 141.2 £ 101.3 2.18+1.33 1.62 = 0.55

Note: ® and P represent fiber characteristics before and after extrusion processing, respectively.
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Distributions of NFs L/D before extrusion processing (a) PW, (b) RP, (¢) RH, and after extrusion processing (d) PW, (e) RP, (f) RH.

&

Fig. 4. Optics micrographs of NFPCs along the extrusion direction (a) PW/HDPE, (b) RP/HDPE, (¢) RH/HDPE, and at cross section transverse to extrusion direction

(d) PW/HDPE, (e) RP/HDPE, (f) RH/HDPE.

transferred to the fibers from the matrix by shear stress along the fiber
matrix interface [30]. The highest o of PW/HDPE could be due to PW’s
high L/D. Stress transfer from HDPE matrix to NFs could be improved by
increasing fiber L/D, which facilitates the absorption and spreading of
energy for the composites [6,15,25]. Flexural strength and modulus of
PW/HDPE decreased significantly with increasing fiber off-axis angle.
Anisotropy ratios were calculated to be 6p/099 = 1.86 for strength and
Eo/Egp = 2.16 for modulus. RP/HDPE and RH/HDPE as well exhibited
obvious reduction in ¢ and E with increasing fiber off-axis angle. The
strength and modulus anisotropy ratios were 1.48 and 1.54 for
RP/HDPE and 1.37 and 1.13 for RH/HDPE, respectively. This reveals
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property anisotropy and deterioration in flexural properties of the
NFPCs with increasing fiber off-axis angle, especially for PW/HDPE
containing NFs with higher L/D. The reason for the reduction of flexural
properties may be the fact that the NFPCs with transverse fiber orien=
tation (90°) failed at the particular point, and cannot contribute further
in the NFPCs failure [16,31]. Therefore, the on=axis (0°) flexural prop-
erties of NFPCs were strongly dependent on NF properties, while the
off=axis properties were determined by polymer matrix properties [31].
Considering that the anisotropy of HDPE matrix after extrusion process
may also affect the property anisotropy of NFPCs, the flexural property
of the neat HDPE was also tested in the same way (Fig. 5). The results



X. Hao et al.

Composites Part B 185 (2020) 107778

—&— PWHDPE —e— RP/HDPE —&— RH/HDPE —v— HOPE
5 -
60— -
5 i |
o
g G
;’ 45+ - 5
= -
g g3
% E
T ag.- =
= » 3 24 =
8 k]
L L
v
15 E 11 T —
T T T T T T T T T T
0°  30° 45° 60° 90° 0°  30° 45° 60°  ©90°

Fig. 5. (a) Flexural strength (¢) and (b) flexural modulus (E) of NFPCs at different orientation angles.

(a)

1
oy

wﬂﬂlﬂl

rd

(B)

(d)

1
gy

Fig. 6. Schema graph of the flexural samples for finite element modelling: (a) sample for flexural modelling, (b) fiber orientation at 0°, (c) fiber orientation at 45°,

and (d) fiber orientation at 90°.

showed that o of neat HDPE did not decrease linearly with increasing
fiber off-axis angle like the NFPCs. The o decreased first and then
increased, and the lowest ¢ appeared at 45°. The E of neat HDPE only
exhibited slight decrease from 0° to 90° and was significantly lower than
that of the NFPCs. Therefore, these results further verified the effect of
NFs orientation distribution with different geometries on the property
anisotropy of NFPCs.

To clarify why the variation in fiber off-axis angle results in anisot=
ropy of flexural properties, the stress and strain distributions of the
NFPCs were simulated by FEA under constant load. The NFs were
assumed as homogeneous cylindrical fibers with a specific L/D of 3,
which is close to the L/D values of PW before and after extrusion. Three
different off=axis angles (0°, 45°, and 90°) were chosen (Fig. 6). The
HDPE matrix was assumed to be homogeneous in the NFPCs. For
simplicity, the simulation results only exhibited the flexural stress field
along z-axis direction and deflection field along y=axis direction,
respectively (Fig. 7). Higher stress values mean higher stress concen=
tration, and higher deflection values mean poorer deformation resis-
tance. The simulated results showed that the stress concentration was
more obvious for the composites with higher off-axis angles. This in-
dicates that the stress can be efficiently transferred to the NFs from the
HDPE matrix at on=axis direction (0°), and the transfer efficacy
decreased with increasing off-axis angle to 90° (Fig. 7a, ¢, & e). The
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smallest and highest flexural strain was observed for the NFPCs with
fiber off-axis angle of 0° and 90°, respectively (Fig. 7b and f). This im=
plies that NFs along the on-axis direction exhibits higher load=carrying
ability and accordingly endows the NFPCs with higher mechanical
property. The simulation results further demonstrate that the NFPCs
have obvious anisotropic flexural properties that depend on fiber
orientation angle.

The unnotched impact strength (UNIS) of a composite includes of the
crack initiation and propagation energy, in which the former dominates
[32]. The crack propagation energy dissipates through various mecha-
nisms, including the work=-of-fracture between the reinforcing fiber and
the matrix, and the energy dissipated from multiple different
fiber-matrix interactions, such as sliding, debonding, fiber pullout, etc.
[33]. PW/HDPE had the highest UNIS (Fig. 8), which may be due to the
higher L/D of PW. Pullout of long fibers dissipates high energy [20]. The
lowest UNIS of RH/HDPE may be resulted from the inorganic silicon
compounds on RH surface, which resulted in weak RH-HDPE in-
teractions. The weak RH=HDPE interface acted as stress concentration
sites decreasing the crack initiation energy form particle pullout
significantly. Furthermore, it is found that the UNIS decreased with
increasing fiber off-axis angle for all three composites. This was prob-
ably, in part, because the longitudinal fraccure strength of NFs is higher
than the transverse one, resulting in a decrease of work=of=fracture of
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Fig. 8. Unnotched impact strength of NFPCs with different orientation angles.
NFs and the energy dissipated from NF-HDPE interactions when fiber
off-axis angle increased [31].

3.3. Creep behavior of the composites

Creep behavior is the intrinsic property of NFPCs and exhibits time or
temperature=dependent due to the presence of thermoplastic matrix
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[34-37]. Generally, creep resistance of NFPCs can be effectively
improved by increasing content of stiff NFs or adding other rigid fillers
[35,38-40]. The presence of rigid fillers increases creep resistance by
hindering the mobility of polymer chains [41,42]. The creep strain of
PW/HDPE, RP/HDPE, and RH/HDPE at 0" was 0.022%, 0.025%, and
0.036%, respectively (Fig. 9). This indicates that creep resistance of
NFPCs increased with fiber L/D. The creep strain of PW/HDPE was
0.022% and 0.041% at 0° and 90°, respectively, increasing by about
86% from 0° to 90° (Fig. 9a). The residual strain after unloading also
increased with increasing fiber off-axis angle. The creep strain for
RP/HDPE and RH/HDPE increased by about 36% and 17%, respectively,
when changing fiber off-axis angle from 0° to 90¢ (Fig. 9b and c). The
results illustrate that NFs had higher load-carrying capacity along
on-axis orientation than off-axis direction. PW/HDPE exhibited the best
longitudinal creep resistance but the highest anisotropic creep resistance
upon fiber off-axis angle, which was attributed to PW’s highest L/D.
These findings accord with the results for flexural strength as mentioned
above.

3.4. Thermal expansion of the composites

The thermal expansion of PW/HDPE, RP/HDPE, and RH/HDPE
along the extrusion direction at 90 °C was 4.36%o, 5.34%o, and 9.52%o,
respectively (Fig. 10). This indicates that resistance to thermal defor=
mation of NFPCs increased with fiber L/D. The thermal expansion of all
three NFPCs increased with increasing fiber off-axis angle. The NFPCs
exhibited the highest thermal expansion perpendicular to the extrusion
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Fig. 9. Creep strain of NFPCs at different orientation angles: (a) PW/HDPE, (b)
RP/HDPE, and (c) RH/HDPE.

direction (90°) over the entire temperature range. PW/HDPE had the
highest anisotropy of thermal expansion upon varying fiber off-axis
angle. It had been proved that thermal expansion behavior of NFPCs
was dominated by thermoplastic matrix [43], and filling negative
thermal expansion fillers can reduce the thermal expansion of polymers
[44=47]. In order to further analyze the effect of varying aspect ratio on
the thermal expansion of NFPCs, dimensional change of NFPCs varying
with average L/D at different temperature was shown in Fig. 11. It was
observed that thermal expansion decreased obviously by increasing L/D
at extrusion direction (0°), however, thermal expansion increased with
increasing L/D at 90° (Fig. 11a and b). In addition, the difference of
thermal expansion at different angles was more obvious with higher
L/D, especially at high temperature (Fig. 11b). Therefore, fiber orien=
tation and L/D were the main reasons for reducing the thermal expan-
sion of NFPCs.

The linear coefficient of thermal expansion (LCTE) of HDPE (179 x
1078 °C~1) is about 18 times that of solid wood (10 x 10~¢<Cc™1) [43].
The LCTE of all NFPCs samples was positively correlated with temper=
ature: the higher the temperature, the higher the LCTE values (Fig. 12).
PW/HDPE exhibited the lowest longitudinal LCTE (0°) and the highest
transversal LCTE (90°), respectively, compared to RP/HDPE and
RH/HDPE. It has been proved that fillers with high L/D can provide
remarkable mechanical constraint to the deformation of polymer matrix
by interfering with the inside thermal stress distribution, which can
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considerably decrease the composite LCTE [47]. These results further
demonstrate that fiber orientation with specific L/D can lead to thermal
expansion anisotropy for NFPCs.

4. Conclusions

NFPCs were prepared by extrusion using three types of NFs with
different fiber geometries. The effect of fiber geometry and orientation
distribution on the anisotropy of mechanical properties, creep behavior,
and thermal expansion was investigated. The properties of NFPCs were
highly depended on fiber L/D and orientation distribution. The NFPCs
with NFs of higher L/D had higher flexural and impact strength
regardless of NF orientation angle, but showed higher anisotropy of
mechanical properties upon NF orientation angle. The NFPCs with on=
axis oriented NFs exhibited the highest mechanical properties, creep
resistance, and dimensional stability. These properties decreased with
increasing NF off-axis angle. These results demonstrate that on-axis
orientation of NFs with specific L/D could provide an effective strat=
egy for reinforcing NFPCs.
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Abstract

The inflammability of wood fiber/high-density polyethylene composites
(WPCs/HDPE) remains a limitation for its application. Here the authors
sought to improve the flame retardancy of WPCs by incorporating uniformly
dispersed SiO,. Specifically, micron- and nano-SiO, were incorporated into
HDPE via dry blending (dry dispersion) or solution blending (wet dispersion),
to prepare the compounded matrices for the WPCs. The effects of SiO, size
and dispersion mode on the thermal stability and fire retardancy of WPCs were
investigated. The results indicated that the nano-SiO, was more beneficial to
improve the thermal stability of WPCs than the micron-SiO,, especially incor-
porating via wet dispersion. The cone calorimetry tests revealed that incorpo-
rating 9 wt% micron-SiO, slightly decreased the heat release and smoke
production of the WPCs. The incorporation of nano-SiO, in WPCs showed a
moderate reduction in the heat release, while slightly increased the smoke pro-
duction. The wet dispersion presented minor advantage over dry dispersion in
improving the flame retardancy of WPCs. In addition, the dynamic thermal-
mechanical analysis revealed that the WPCs containing wet-dispersed micron-
or nano-SiO, exhibited a higher storage modulus compared to that dry-dis-
persed SiO,.

KEYWORDS

dispersion, fire retardancy, SiO,, storage modulus, thermal stability, wood plastic compeosites

4920 © 2020 Society of Plastics Engineers

wileyonlinelibrary.com/journal/pc Polymer Composites. 2020;41:4920=4932.

102



ZHOU ET AL.

o]=) WNsPmING Polymer

1 | INTRODUCTION

Wood fiber (WF) is often employed as a reinforcer in
composites due to its high rigidity, biodegradability,
renewability, and low cost.'=3 The incarporation of WF
in polymer results in woad-polymer composites (WPCs),
which are environmentally friendly materials that have
been widely used in building materials, logistics packag-
ing, and decorative materials.[**! However, both the WF
and polymer in WPCs are flammable, thus posing a fire
risk that extremely limits its application.[6'7]

Many efforts have been implemented to reduce the
flammability of WPCs.!®) The incorporation of 30 wt%
ammonium paolyphosphate (APP) was found to result
in the reduction of the peak heat release rate (PHRR)
of WF/HDPE composites by 27.1%, and the flexural
strength was found to decrease by 20.0% due to the
agglomeration of APP.®! The total smoke production
(TSP) of WF/polyvinyl chloride composites containing
6 wt% micron-scale zinc borate was 55.2% lower than
the unfilled control, and the tensile and flexural
strength was 19.9% and 8.5% lower, respectively.”) The
incorporation of 25 wt% expandable graphite into WF/
HDPE reduced the PHRR and total heat release (THR)
by 74.3% and 56.8%, respectively, and the tensile and
impact strength decreased by 18.0% and 15.3%, respec-
tively.[m] In these studies, higher loading of flame
retardants was required for efficiently fire retardancy
due to their insufficient dispersity, while the high load
of flame retardant can result in the cost increase and
the loss of mechanical properties of WPCs.

SiO, is a potential fire retardant that can improve the
mechanical properties, fire retardancy, and thermal sta-
bility of polymers and WFs."*™* For instance, the addi-
tion of 36 wt% amino-functionalized nano-SiO, (20 nm)
was found to increase the flexural modulus of epoxy by
50.0% and double its toughness, as well as delay the igni-
tion time due to the physical shielding of nano-Si0,.*4
Compared with the nonfilled HDPE, the elastic modulus
of the HDPE filled with 8 wt% organic modified nano-
SiO, (12 nm) increased by 46%, and the PHRR decreased
by 35.9%. The maximum degradation temperature of
HDPE increased by 92.0°C after incorporating 8 wt%
organic-Si0,."*! Coating nano-SiO, on the surface of
wood-derived fiber was found to increase Young's modu-
lus and prolong the fiber fracture time during combus-
tion.'®! In the authors' previous studies, the
incorporation of 9 wt% well-dispersed nano-SiO,
increased the tensile and flexural strength of the WPCs
by 12.5% and 16.7%, respectively. In addition, the incor-
porating of well-dispersed micron-SiO, decreased the ten-
sile and flexural strength by 21.8% and 9.9%,
respectively.l'”) There remains a lack of research on the
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effect of nano- and micron-SiO, and their dispersion on
the thermal stability and fire retardancy of WPCs.

The key challenge in preparing SiO, fire retardant
WPCs is to address the dispersion of SiO, in the matrix.
In this study, micron- and nano-size SiO, were dispersed
in ethanol solution, respectively. Vinyl trimethoxy silane
(VTS) and dicumyl peroxide (DCP) were used to enhance
the dispersity of SiO, and to improve the interfacial bond-
ing between SiO, and HDPE. Maleic anhydride-grafted
polyethylene (MAPE) was used to improve the compati-
bility between HDPE and WF. The thermal stability, fire
retardancy, and storage modulus of the resulting WPCs
were compared with those of WPCs directly filled with
SiO; in the dry state.

2 | EXPERIMENTAL

2.1 | Materials

High-density polyethylene (HDPE) granules (density
0.954 g/cm?®, melt flow index 0.9 g/10 minutes) were
obtained from Petrochemical Co., Ltd. (Daqing, China).
The granules were ground into powder (200 pm) using
a grinder (SMP-200; Song Ben Plastic Machinery Co.,
Ltd., Zhangjiagang, China). Dry poplar WF (Populus
adenopoda Maxim) (moisture content <3%) with
lengths of 200 to 400 pm (the length to diameter ratio
was 4.5) was prepared in-house. MAPE pellets with
the grafting ratio 0.9 wt% and the melt flow index
1.9 g/10 minutes were obtained from Hecheng Chemi-
cal Co., Ltd. (Guangzhou, China). Stearic acid and
polyethylene wax at a mass ratio of 1:1 were used as a
compounded lubricant that obtained from Adisi Co.,
Ltd. (Nanjing, China). SiO, with average diameters of
approximately 5 pm and 12nm was obtained from
Mengtaihu Industrial Co., Ltd. (Shanghai, China); the
nano-SiO, was white and the micron-SiO, was gray in
color. Dicumyl peroxide (DCP) was supplied by the
Guangfu Fine Chemical Research Institute (Tianjin,
China). VTS was supplied by Chi Ye Silicone Co., Ltd.
(Shanghai, China). The ethanol solution (ethanol/
water = 95/5 in volume) was created with commercial
products of analytical grade.

2.2 | Dispersion of SiO, in the HDPE

2.2.1 | Dispersion by the direct
compounding method (dry dispersion)

The HDPE powder and micron- or nano-SiO, particles
were compounded using a low-speed blender at room
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temperature for 8 minutes (SHR-50A, Huaming Machin-
ery Company, Zhangjiagang, China). Subsequently, the
premixture underwent melt blending in a corotating
twin-screw extruder (SH30, Nanjing Rubber Machinery
Corp., China) at a temperature from 145°C to 165°C. The
extrudate was cut into pellets as the matrix for the prepa-
ration of WPCs filled with untreated SiO, in the subse-
quent step.

2.2.2 | Dispersion by the solution
compounding method (wet dispersion)

A calculated amount of VTS (Table 1) was added to a
blended solvent (ethanol/water = 95/5 in volume) and
vigorously stirred for 1 hour through a specially-designed
conical mixing head."”! After that, the micron- or nano-
SiO, was slowly added into the solution and continuously
stirred for 7 hours. Subsequently, the HDPE powder and
DCP were poured into the suspension under continuous
stirring. Finally, the ethanol in the suspension was vola-
tilization in a fume hood for 12 hours and then
dehydrated in a vacuum oven at 50°C. The dried product
was melt-compounded in the twin-screw extruder at a
temperature range of 145°C to 165°C (Figure 1). The
extrudate was pelletized as the matrix for the WPCs filled
with VTS-treated SiO,.

2.3 | Preparation of WPC specimens

Appropriate amounts (Table 1) of HDPE filled with
untreated SiO, (dry dispersion) or VTS-treated SiO, (wet
dispersion) were, respectively, compounded with WF,
MAPE pellets, and lubricant using a high-speed mixer for
8 minutes. The mixture was fed into a corotating twin-
screw extruder for melt blending at temperatures from

155°C to 175°C. The extrudate was pelletized and subse-
quently added into a single-screw extruder (SJ-45, Nan-
jing Rubber Machinery Factory, China) to produce a
continuous WPC band measuring 4 x 40 mm’
(thickness X width). The WPCs filled with nano- and
micron-SiO, via dry dispersion were denoted as C,g and
Cms, respectively. The WPCs filled with nano- and
micron-SiO, via wet dispersion were denoted as Cr,s and
Crms, respectively.

24 | Characterizations

A scanning electron microscope (SEM) (FEI QuanTa200,
FEI Co, Hillsboro, Oregon) coupled with an energy-dis-
persive X-ray spectrometer (EDX) was employed to

HDFE pelleis
grafied with SiQz ]
Drying

FIGURE 1 Schematic of the fabrication process of SiO,
modified high-density polyethylene (HDPE) via wet dispersion
|Color figure can be viewed at wileyonlinelibrary.com|

TABLE 1 Formulation of WPC filled with various contents of nano-SiO, (wt%)

Sample® WF HDPE MAPE
Cerre 55 40 3
Cas1 55 40 3
Chss 55 40 3
Crso 55 40 3
Cornst 55 40 3
Crass 5 40 3
Crnso 55 40 3

Lubricant Nano-5i0, DCP® VTS®
2 0 — —

2 1 — —

2 5 — —

2 9 — —

2 1 0.04 0.01
2 5 0.04 0.05
2 9 0.04 0.09

Abbreviations: DCP, dicumyl peroxide; IIDPE, high-density polyethylene; MAPE, maleic anhydride-grafted polyethylene; WF, woof fiber;

WPC, wood-polymer composite; VTS, vinyl trimethoxy silane.

*The number behind the subscript nS or TnS identify the SiO, content.

"The weight ratio of DCP to HDPE is 1:1000.
°The weight ratio of VTS to SiO, is 1:100.
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observe the morphologies of the original micron-SiO,
and the fractured surfaces of the WPC samples at an
accelerating voltage of 12.5 kV. Transmission electron
microscopy (TEM) was performed on a JEM-2100 micro-
scope (JEOL, Tokyo, Japan) at a 200-kV accelerating volt-
age to observe the nano-SiO,.

Torque rheological analysis was carried out with a
torque rheometer (HAAKE PolyLab OS, Thermo Fisher
Scientific). Tests were run at 165°C and 100 rpm, and the
feeding volume was 75%. Three repetitions were com-
pleted for each group.

Thermogravimetric (TG) analysis was conducted on a
PerkinElmer Pyris 6 TGA. The test samples (10 mg) were
placed in vitreous SiO, pans, and then heated from 40°C
to 600°C at a heating rate of 10°C-min™" under a high-
purity nitrogen atmosphere with a 20 mL min™" flow
rate. All measurements were performed in triplicate, and
the average values were used as the results.

Cone calorimeter (CONE) (Fire Testing Technology,
Ltd., East Grinstead, UK) testing was conducted to investi-
gate the combustion of WPC samples (100 X 100 X
3.5 mm?®) according to the ISO 5660-1 standard under a
heat flux of 50 kW m™. The parameters of the heat release
rate (HRR), THR, smoke production rate (SPR), TSP, and
residual mass were analyzed. All measurements were con-
ducted in triplicate. The appearances of the residuals after
combustion were obtained by digital camera. The mor-
phologies of the char layers were observed via SEM.

The dynamic thermomechanical analysis (DMA) tests
were conducted using a dynamic mechanical analyzer
(Q800; TA Instruments Inc., New Castle, Delaware). The
sample dimension was 35 x 12 x 3.5 mm’. Tests were
performed using single-cantilever strain-controlled mode
with an oscillating amplitude of 15 pm and a frequency

of=) MsrmING Polymer 4923
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of 1 Hz. The temperature was swept from =10°C to
130°C at a heating rate of 3°C-min~". The average data
from triplicate measurements were used as results.

3 | RESULTS AND DISCUSSION

3.1 | Morphological analysis

The micron-SiO, particles exhibited spherical morphol-
ogies with diameters ranging from 1 to 10 pm (Figure 2A).
Some microspheres were agglomerated and formed larger
clusters as a result of the electrostatic force.!'® The SEM
image of the fractured WPCs showed that the micron-SiO,
incorporated via dry dispersion were agglomerated in the
WPCs and divorced from the HDPE matrix (Figure 2B).
The high-magnification image showed that the de-bonded
micron-SiO, exhibited a smooth surface, indicating a weak
interfacial bonding between micron-SiO, and the HDPE
(Figure 2C). Conversely, the VTS-treated micron-SiO, via
wet dispersion exhibited relatively homogeneous disper-
sion in the WPCs (Figure 2D). Moreover, the failure
mainly appeared at the HDPE matrix rather than at the
borderline between the micron-SiO, and HDPE (Fig-
ure 2E), suggesting a strong interfacial interaction between
wet-dispersed micron-SiO, and HDPE.

The diameter of the nano-SiO, was 10 to 15 nm, and
it also aggregated into clusters, as observed by TEM (Fig-
ure 2F). The nano-SiO, was too small to be distinguished
clearly from the other components in the WPCs, even at
a high magnification (Figure 2G,H). The WPCs filled
with nano-SiO, via wet dispersion presented brittle frac-
ture relative to that via dry dispersion due to the forma-
tion of covalent cross-linking between the nano-SiO, and

FIGURE 2 Micrographs of micron-SiO, (A, x5000); 9% micron-SiO, filled WPCs via dry dispersion (B, x2000; C, xX10 000); 9% micron-
SiO, filled WPCs via wet dispersion (D, x2000; E, X10 000); micrographs of nano-SiO, (F, X100 000); 9% nano-SiO, filled WPCs via dry
dispersion (G, x10 000), 9% nano-SiO, filled WPCs via wet dispersion (H, x10 000); EDX elemental mapping analysis of 9% nano-SiO, filled
‘WPCs via dry dispersion, I and wet dispersion, J, respectively [Color figure can be viewed at wileyonlinelibrary.com]
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HDPE (Figure 2G,H). EDX was employed to analyze the
distribution of nano-SiO,. It was found that wet-dispersed
nano-SiO, was more uniform in the WPCs than that via
dry dispersion (Figure 2LJ).

The coupling mechanism between the treated
micron-SiO, and HDPE was the occurrence of radical
reactions. Specifically, VIS hydrolysis generated three
highly active silanol groups that condensed with
—Si—OH on the nano-SiO, surface (Figure 3), resulting
in strong —Si—O—Si— bonds; thus, the —C=C— bonds
from the VTS were present on the micron-SiO, sur-
face.l’”) The —C=C— on the micron-SiO, surface and the
C—H from HDPE were broken by DCP to form C—C-and
C- radicals under the high temperature and shear force in

to form C—C covalent bonds. As a result, VTS-treated
SiO, and HDPE were connected by covalent bonds. This
reaction has been proven in the authors' previous
study.!'”!

3.2 | Torque rheological analysis

Compared with the unfilled WPCs, the incorporation of
1% and 5% micron-SiO, via dry dispersion had no signifi-
cant effect on the equilibrium torque and temperature of
WPCs, while they slightly decreased at the micron-SiO,
content of 9% (Figure 4A). This was because the spherical
micron-SiO, as a lubricant reduced the interfacial friction

the twin-screw extruder; the radicals combined together between HDPE chains. By contrast, an increased
OCH OH FIGURE 3 Thercaction process
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equilibrium temperature and torque were achieved after
adding nano-SiO, into the WPCs via dry dispersion,
which was ascribed to the nano-SiO, restraining the
mobility of the HDPE chains (Figure 4B).1%!

Compared with the dry-dispersed micron-SiO,, wet-
dispersed and VTS-treated micron-SiO, improved the
equilibrium torque and temperature of the resulting
WPCs (Figure 4C). This was because the covalent bond-
ing between the micron-SiO, and HDPE increased the
melting viscosities of the final WPCs. Compared with the
unfilled WPCs, the fusion torques of the WPCs filled with
nano-SiO, via wet dispersion increased with the pro-
longed time (Figure 4D), demonstrating the additional
occurrence of cross-linking reactions between the nano-
SiO, and HDPE under the high temperature and shear
stress. Compared to the micron-SiO,, the incorporation
of nano-SiO, into the WPCs via wet dispersion caused a
higher equilibrium temperature and torque (Figure 4C,
D). This was because there were more cross-linking sites
between nano-SiO, and HDPE as compared with the
micron-SiO, due to the nanometer effect.

3.3 | Thermal stability

The thermal degradation of the WPCs was divided into
two stages. The first stage mainly corresponded to the
decomposition of WF (ca. 350°C), and the second stage
mainly corresponded to the degradation of HDPE (ca.
500°C)."!! The unfilled WPC exhibited a residual yield of
8.90%. The residual of WPCs filled with micron-SiO,
increased with the incremental micron-SiO, content, and

TABLE 2 TG data of WPC filled with micron- or nano-SiO,

Second mass loss

First mass loss stage stage
Peak mass Peak mass
Sample Tpeua  loss rate Tpeakz  loss rate
code () (mg/°C) Q) (mg/°C)
Cerre 380.12 543 50043 1248
Cousi 367.81  4.63 499.05  12.00
Couss 35217 424 499.72  12.20
G 34773 4.04 501.57  11.60
Crms1 37533 527 497.70  11.82
Crmss 36824  4.63 49989  11.88
Cormso 363.68  4.12 499.09 1135
Chsi 381.83 534 501.27 11.99
Crss 37923 523 502.54  10.99
Ce 379.57  5.13 505.66  10.05
Crs1 37894 530 50232 11.97
Crnss 37779  5.20 506.24 1043
Crnso 38093  4.86 507.04  9.92

Note: Tpcakr and Tpeaxo represent the temperature corresponding to
the maximum decomposition rate of wood flour and HDPE,
respectively.

Abbreviations: HDPE, high-density polyethylene; TG, ther-
mogravimetric; WPC, wood-polymer composite.

the increments mainly came from the amount of micron-
Si0, loading (Figure 5A,B). The incorporation of micron-
Si0, via dry dispersion resulted in the accelerated

107



4926 | Wl LEY—WW Polymer

ZHOU ET AL.

PLASTICS
PROFESSIONALS  COMPOSITES

90-. (VN
80 -
70 [ ]
604 [ ]
50 [ ]
404 [ ]
301 -
20_. CTRL nS1 '_

Mass (%)

10 5

Deriv. Mass (%/min)

490 500 510

-12 = ' s

500

(B) F90 FIGURE 6 TG, A and
) DTG, C curves of nano-SiO,
L 70 filled WPCs via dry dispcrsion;
[ 60 gz) TG, B and DTG, D curves of
:—50 ,gi nano-Si0, filled WPCs via wet
F40 & dispersion [Color figurc can be
30 viewed at
-20 wileyonlinelibrary.com]
-10
L0
(2§
-4 X
(6 5
L~ 3
83
-1 o%
— V. --12

400 300

Temperature (°C)

300

degraded of WF, as evidenced by the decrease in the peak
temperature of WF degradation (Figure 5C and Table 2).
This may have been due to the higher thermal conductiv-
ity of micron-SiO, (1.31 W/m-K) facilitated the heat
transfer in WPCs.[*2! Additionally, adding micron-SiO,
into WPCs via dry dispersion disturbed the continuity of
the HDPE matrix, thus reducing the protection of HDPE
on the WF.1?*! Analogously, the degradation temperature
of WF in the WPCs decreased when micron-SiO, was
incorporated via wet dispersion (Figure 5D and Table 2),
but the decrement was lower than that via dry dispersion.
This may be because the uniform dispersion and well
interfacial bonding of micron-SiO, in HDPE slightly
improved the viscosity of the WPCs (Figure 4C), and
therefore delayed the degradation of WF compared to dry
dispersion. The maximum mass loss rates of WPCs
decreased with the increase of micron-SiO, (Figure 5C,D)
because the highly thermally-stable micron-SiO, reduced
the degradation kinetics of the WPCs.24

The residual masses of WPCs filled with nano-SiO,
via dry and wet dispersion were higher than that of the
unfilled WPCs, and the increments mainly resulted from
the amount of nano-SiO, loading (Figure 6A,B). Com-
pared with the micron-SiO,, the nano-SiO, had
unnoticeable effect on the degradation process of WF in
WPCs (Figure 6C,D), while it increased the peak temper-
atures of HDPE degradation. By incorporating 9 wt%
nano-SiO, via dry and wet dispersion, the degradation
temperatures of HDPE increased by 5.23°C and 6.61°C,
respectively (Table 2), indicating the improvements in
thermal stability of the WPCs. This was because the
nano-SiO, was more dominant than micron-SiO, in

400
Temperature (°C)

restricting the thermal mobility of HDPE chains as a
result of its nano-size.”>! The maximum mass loss rates
of HDPE degradation decreased with the increase of
nano-SiO, due to the fact that the highly thermally-stable
nano-SiO, exerted shielding effect (Figure 6C,D).

3.4 | Combustion characteristics
During the early stage of combustion, a protective char
from the charred WF was formed on the unfilled WPCs
surface, which reduced the HRR, as demonstrated by a
shoulder at approximately 90 seconds in the HRR curve
(Figure 7A). Then this protection broke down, and
resulted in an increase of the HRR, which reached a
PHRR of 451 kW/m® The incorporation of 1 and 5 wt%
SiO, showed no significant effect on the heat and smoke
release of WPCs and thus are not presented here. Com-
pared with that of the unfilled WPCs, the PHRR of the
WPCs filled with 9% micron-SiO, via dry and wet disper-
sion decreased by 14.7% and 17.1%, respectively, and the
THR decreased by 14.2% and 16.3%, respectively (Fig-
ure 7AC and Table 3). This was due to the shielding
effect of noncombustible micron-SiO, on the substance.
The advantages of wet dispersion over dry dispersion in
reducing HRR and THR were attributed to the increased
viscosity of the WPCs by wet dispersion (Figure 4C).%°!
Compared with micron-SiO,-filled WPCs, the HRR
curves of the WPCs filled with nano-SiO, tended to flat-
ten (Figure 7B,D), indicating that the heat release was
evenly distributed with time and no instantaneous heat
release during the combustion process, which was
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TABLE 3 Cone calorimeter data of WPC filled with 9 wt% micron- or nano-SiO,
Sample PHRR (kWm™) THR(MJIm™>)  Average HRR (kW m™°)
Cerrr, 451,07 + 15.1 98.33 + 4.2 231.74 + 113
Cinso 384.91 £ 13.2 8434 + 25 198.72 + 8.4
Cormso 373.91 + 11.5 81.81 + 3.2 192.69 + 7.1
Cuso 33175 + 13.5 92.87 + 4.0 218.89 + 103
Crnso 312.62 + 10.7 86.23 + 2.9 202.89 + 8.6

0 1(I)0 260 3(I)0 460
Time (s)

Average SPR (107> m’ s™") TSP (m’/kg)
210+ 0.3 9.01+1.2
2.10 £ 0.2 8.13 + 0.8
1.90 + 0.1 7.57 = 0.5

242 +0.15 10.29 + 1.3

2.35+0.21 10.00 = 1.0

Abbreviations: PHRR, peak heat release rate; SPR, smoke production rate; THR, total heat release; WPC, wood-polymer composite.

104 (©)
FIGURE 8 Smoke 1
production rate (SPR) of the 84
micron-, A and nano-SiO,, B . 6_'
filled WPCs via dry and wet e
dispersion; total smoke o 4
production (TSP) of the micron-, 2 #Cemy
C and nano-SiO,, D filled WPCs 21 *Crso
via dry and wet dispersion 0-. : : : “'CT"‘S:’
| Color figure can be viewed at 0 100 200 300 400
wileyonlinelibrary.com] Time (s)

109

D)

*Corn

"'CnSS

+Criqg

0.05
-0.04
-0.03

- 0.02

(,.8 ;W) HdS

- 0.01

0.00

(Lw) dsi

T T T
200 300 400

Time (s)

T
100



4928 | WI LEY_%WI\#C Polymer

ZHOU ET AL.

PLASTICS
PROFESSIONALS  COMPOSITES

beneficial to reduce the risk of fire.*”) The PHRR of
WPCs filled with nano-SiO, via dry and wet dispersion
decreased by 26.4% and 30.7%, respectively, as compared
with that of the unfilled WPCs (Table 3). The slight pre-
dominance of wet dispersion over dry dispersion in
reducing HRR was due to the higher viscosity of WPCs
filled with wet-dispersed nano-SiO,, which was more
favorable to resist the impulse of fire when burning. The
most important mechanisms of nano-SiO, to reduce the
HRR of WPCs were the shielding and carbonization,[zg’zg]
J which would be analyzed in detail later.

The smoke yielded during unfilled WPCs combustion
consists mainly of organic debris, carbonaceous
suspended particles, and gases decomposed by WF and

HDPE.?! After the incorporation of micron-SiO, via dry
and wet dispersion, the SPR and TSP of WPCs were
slightly decreased due to the shielding of micron-SiO,
(Figure 8A,C and Table 3). In the case of WPCs filled
with nano-SiO, via dry and wet dispersion, the SPR and
TSP increased after 250 seconds compared with that of
unfilled WPCs (Figure 8A,C). This was because the nano-
Si0,, unlike the micron-SiO,, was able to promote WF
carbonization (Figure 10D,E), and the black carbon parti-
cles were released from the residual cracks, increasing
the smoke release (Figure 8B).[3°] Similar to SPR, the TSP
increased as well at the later stage of combustion
(Figure 8D).

24 A m 24 FIGURE 9 The residual mass of
] @ Cirp residue A) @ Cerp residue B) i WPCs filled with 9% SiO, based on the
@ mSiO, loading @ nSiO, loading unfilled wood-polymer composites
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X 16 4 .9:?'5 ‘;.?v;‘ L 16 % dispersion, A; and 9% nano-SiO, filled
~ 2R SRR ®. WPCs via drv and wet dispersion. B
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FIGURE 10 Digital photographs of the wood-polymer composites (WPCs) residuals: unfilled WPCs, A; micron-SiO, filled WPCs via
dry dispersion, B; micron-SiO, filled WPCs via wet dispersion, C; nano-SiO, filled WPCs via dry dispersion, D; nano-SiO, filled WPCs via

wet dispersion, E [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 12 SEM of the residuals of
unfilled and 9% SiO, filled wood-polymer
composites (WPCs): unfilled WPCs, A; WPCs
filled with micron-SiO, via dry dispersion, B;
the crust-like nano-SiO, from WPCs filled with
nano-SiO, via dry dispersion (C, X100, E,
X5000); the crust-like nano-SiO, from WPCs
filled with nano-SiO, via wet dispersion (D,
%100, F, x5000); the bottom residuals of WPCs
filled with nano-SiO, via dry, G and wet, H
dispersion, respectively

20(m

4000m

The residuals yielded from WPCs filled with 9% micron-SiO,, the incorporation of nano-SiO, into WPCs
micron-SiO, via both dry and wet dispersion were higher = further increased the residual increment, especially
than those yielded from the unfilled WPCs, and there still incorporating by wet dispersion mode (Figure 9B). This
remained a residual increment after deducting the  further demonstrates the physical shielding and catalytic
amount of micron-SiO, (Figure 9A). Compared with  char-forming effect of nano-SiO..
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The macro-morphology of the residual after combus-
tion is crucial to the analysis of the flame retardant mech-
anism. The unfilled WPCs were basically burnt into
broken and discontinuous fragments (Figure 10A). Com-
pared with the unfilled WPCs, the residual from the
WPCs filled with 9% micron-SiO, via dry dispersion pres-
ented a gray-white upper layer consisting mainly of
micron-SiO, (Figure 10B); the bottom was a layer of char
consisting of incompletely burned WF (not shown), indi-
cating that the micron-SiO, exerted slight protective
effect on the substrate. Compared with dry dispersion,
the incorporation of micron-SiO, in WPCs via wet disper-
sion resulted in a relatively compact and continuous
residual structure (Figure 10C) due to the increased vis-
cosity of the WPCs, which slightly increased the fire
retardancy.*!!

The residuals of the WPCs filled with nano-SiO, via
both dry and wet dispersion exhibited obvious two-layer
structures with different colors (Figure 10D,E). The white
crust-like layer was formed due to nano-SiO, deposition.
The nano-SiO, gradually accumulated on the residual
surface under the influence of heat flux after the organic
components of the WPCs decomposed and gasified dur-
ing combustion.*?! The bottom layer was mainly com-
posed of the carbonized WF. The thermally-stable nano-
SiO,-char structure inhibited the transfer of heat, com-
bustible volatiles, and O, between the gas phase and the
condensed phase and reduced the burning rate of
WPCs.1*3! However, the residual of the WPCs filled with
nano-SiO, via dry dispersion was severely broken during
the later stage of combustion (Figure 10D), and the frag-
ile residual resulted in the undesirable fire retardancy

(Figures 7B,D and 8B,D). Compared with dry dispersion,
the residual of the WPCs filled with nano-SiO, via wet
dispersion was less fragile (Figure 10E), while the occur-
rence of cracks on the residual surface still led to the
release of the carbon particles, which increased the SPR
and TSP (Figure 8B,D).

The mechanism of nano-SiO, catalyzed the charring
of WF is shown in Figure 11. The silanol groups on the
nano-SiO, surface served as active catalytic sites for Bron-
sted acids that catalyzed the charring of WF by removing
H and O. Specifically, WF adsorbed on the Bronsted acids
site of nano-SiO, (i — ii), and H element from WF trans-
ferred to the silanol group on the nano-SiO, surface (iii),
then alkene was formed and desorbed (iv). After that,
water was formed and desorbed, and catalyst was
regenerated ().I**! The carbonized layer helped hinder
the diffusion of heat and O, in the substrate./*’!

SEM was employed to further observe the residual
structures of the WPCs. The residual of unfilled WPCs
partially retained the char-skeleton structure of WF (Fig-
ure 12A). In the case of WPCs filled with micron-SiO, via
dry dispersion, the residual surfaces presented a lot of
clear micron-SiO,, which exerted a slight protection on
the bottom substance (Figure 12B). The residual structure
of WPCs filled with micron-SiO, via wet dispersion was
similar to that via dry dispersion (not shown). For the
residual of WPCs filled with nano-SiO, via dry disper-
sion, there were many pores on the crust-like nano-SiO,
layer, which were smaller than that via wet dispersion
(Figure 12C,D). The high-magnification images of the
crust-like nano-SiO, showed that the arrangement of
nano-SiO, was looser by dry dispersion than by wet
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dispersion (Figure 12E,F). The larger holes on the crust-
like nano-SiO, layer after wet dispersion resulted from
the lack of channels to release gases generated from the
bottom substance; thus, the gas impingement created
holes on the crust-like nano-SiO,. The presence of holes
provided channels for the transfer of combustibles and
oxygen, and therefore it was disadvantageous to reduce
the combustion performance. For the bottom residual
structure, complete char frameworks covered by nano-
SiO, aggregates were observed (Figure 12G,H) and these
nano-SiO, aggregates served as barriers, which was bene-
ficial to reduce the heat release and smoke production.

3.5 | Dynamic mechanical analysis

The storage modulus of WPCs filled with micron-SiO,
via dry dispersion decreased with the increasing
micron-SiO, content, which was lower than the
unfilled WPCs at 9 wt% loading level (Figure 13A).
This was due to a lack of interfacial bonding between
micron-SiO, and HDPE.*®! Compared with the unfilled
WPCs, the incorporation of micron-SiO, via wet dis-
persion improved the storage modulus of WPCs (Fig-
ure 13C). This was due to the uniform dispersion and
good interfacial bonding so that the rigidity of micron-
Si0, in WPCs was well exploited.[”’:‘g]

The WPCs filled with nano-SiO, via dry and wet dis-
persion exhibited a higher storage modulus than the
unfilled WPCs due to the nano-size effect, namely the
large surface area of nano-SiO, that hindered the chain
relaxation of HDPE (Figure 13B,D).*! The storage mod-
ulus of SiO,-filled WPCs via wet dispersion was higher
than that via dry dispersion (Figure 13D,B). This was
because the homogeneous dispersion and strong interface
bonding of nano-SiO, in HDPE facilitated the efficient
transfer of stress from WPCs to nano-SiO,, which fully
exerted the rigidity of nano-SiO,.

4 | CONCLUSIONS

This study mainly compared the effects of SiO, size
(micron- and nano-scale) and dispersion mode (dry and
wet dispersion) on the thermal stability and fire ret-
ardancy of WPCs. The results showed that the micron-
SiO, advanced the degradation of WF, but had no effect
on the thermal stability of the final WPCs. While, the
incorporation of nano-Si0, improved the thermal stabil-
ity of WPCs. Compared with the unfilled WPCs, the fire
retardancy of the WPCs exhibited slight increase (<20%)
after incorporating 9% micron-SiO, via either dry or wet
dispersion, and the increment via wet dispersion was
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higher than that via dry dispersion due to the uniform
dispersion and the well bonding of micron-SiO, in
HDPE. The heat release rates of the nano-SiO,-filled
WPCs via dry and wet dispersion, respectively, decreased
by 26.4% and 30.7% due to the shielding and the catalytic
carbonization of nano-SiO,. However, the SPR slightly
increased at the later stage of combustion after incorpo-
rating nano-SiO,. The synergistic fire retardancy of nano-
Si0, and smoke suppressant on WPCs will be explored in
future research. The dynamic thermomechanical tests
revealed that the incorporation of nano-SiO, improved
the storage modulus of WPCs in the case of uniform dis-
persion and strong bonding in HDPE.
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Abstract: The mechanical properties of wood flour/high-density polyethylene
composites (WPC) were improved by adding a small amount of nano-SiO, to
obtain a network-structured WPC with a continuous honeycomb-like nano-SiO,
network. The wood flour was modificd with a fire retardant (a mixturc of sodium
octabonate and amidine urea phosphate) to improve its fire retardancy. The flex-
ural properties, creep resistance, thermal expansion, and fire retardancy of the
WPC were compared to a control (WPCc ;) without nano-SiO- or firc rctardant.
The flexural strength and modulus of the WPC containing only 0.55 wt.% nano-
Si0, were 6.6% and 9.1% higher than the control, respectively, while the creep
strain and thermal expansion rate at 90°C were 33.8% and 13.6% lower, respee-
tively. The cone calorimetry tests revealed that the nano-SiO, network physically
shielded the WPC, giving it lower heat release and smoke production rates. The
thermal cxpansion was further decreased by incorporating fire retardants into the
WPC, which showed the lowest total heat release and total smoke production and
the highest mass retention. This study demonstrates a facile procedure for produ-
cing WPC with desired performances by forming a continuous honcycomb-like
network by adding a small amount of nanoparticles.

Keywords: Wood plastic composites; nano-SiO»; mcchanical propertics; crecp;
fire retardancy

1 Introduction

Wood flour/thermoplastic composites (WPC) are environmentally-friendly materials that have been
extensively used in building, decorative, and logistics packing materials [I—3]. Nonpolar polyolefins
(polyethylene and polypropylene) are used as thermoplastics in WPCs due to their facile processing and
forming, low cost, and similar processing temperatures to wood flour. The wood flour originates from
wood processing residues, waste wood products, and agricultural and forestry residues. Weak interfaces
are formed between the polar wood flour and nonpolar polyolefins due to their surface energy differences,

This work is licensed under a Creative Commons Attribution 4.0 International Licensc, which
@ @ permits unrestricted use, distribution, and reproduction in any medium, provided the original

work is properly cited.
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which rcsults in low mechanical strength and creep resistance of the resulting WPC, which limit their
applications and shorten their scrvice lifc [4—6].

Many studics have investigated methods to improve the strength and crecp resistance of WPC [7],
including incrcasing interfacial compatibility and adding inorganic nanoparticles. For cxample, grafting a
mixture of polyethylene and polypropylene with maleic anhydride monomers improved the compatibility
between grafted polymers and wood flour. The flexural strength and modulus of the resulting WPC
increased by 117% and 29%, respectively, while the creep strain was lowered [8]. The incorporation of
maleic anhydride-grafted polypropylene into wood fiber/polypropylene composites increased the creep
modulus by nearly 28.0% at 60°C [9]. The creep resistance of wood flour/polypropylene composites
increased by about 15% and 22.5% after the addition of 1 wt.% nanoclay and transition metal-modified
nanoclay, respectively [10]. The flexural strength and modulus of polylactic acid composites after the
wood fiber was modified with 3 wt.% organo-montmorillonite increased by 30.7% and 46.8%,
respectively [11].

Nano-SiO, is a commercially-available inorganic filler that is easy to produce on large scales, low-cost,
and easily undergoes surface modification. It has the potential to improve the creep resistance and fire
retardancy of WPC [11,12]. The incorporation of 8 wt.% SiO, in polyethylene/polypropylene/flax ternary
composites significantly reduced the creep strain and improved the relaxation modulus [12]. Adding
14 wt.% nano-SiO, to wood flour/polyethylene composites reduced the average heat release rate and total
heat release by 30.3% and 12.8%, respectively, while it increased the smoke release [13]. To obtain
satisfactory creep resistance and fire retardation, high nano-SiO, loadings are required when using
traditional processes to directly disperse nano-SiO, in WPC [14,15]. This increases the cost and decreases
the mechanical properties of WPC due to the agglomeration of nano-SiO, [15].

In order to enhance the mechanical properties and creep resistance of WPC, a continuous honeycomb-
like nano-Si0, network was formed in a WPC using solution mixing, rotary evaporation, and mold pressing.
In the network-structured WPC, SiO, nanoparticles were distributed only at the boundaries between the
WPC pellets instead of uniformly throughout the WPC. Thus, the amount of nano-SiO, was significantly
reduced. In order to further improve the fire retardancy of the network-structured WPC, wood flour
modified with fire retardants (amidine urea phosphate and sodium octabonate tetrahydrate) was used to
fabricate WPC. The flexural properties, creep resistance, thermal expansion, and fire retardancy of the
resulting WPC were evaluated.

2 Experimental
2.1 Materials

HDPE pellets with a density of 0.954 g/cm® and a melt flow index of 0.9 g/10 min were obtained from
Daqing Petrochemical Co., Ltd. (Daqing, China). Wood flour (WF) with a particle size of 40—60 mesh was
prepared from poplar wood (Populus adenopoda Maxim) in our laboratory. Maleic anhydride-gratted
polyethylene (MAPE) pellets with a grafting ratio of 0.9 wt.% and a melt flow index of 1.9 g/10 min
were purchased from Sunny New Technology Development Co., Ltd. (Shanghai, China). The lubricant
was a mixture of stearic acid and polyethylene wax (1:1 in mass, Adisi Co., Ltd., Nanjing, China). SiO,
nanoparticles with an average diameter of 10—~15 nm (marked as nSiO,) were obtained from Meng Tai
Hu Industrial Co., Ltd. (Shanghai, China). The fire retardant (FR) was a mixture of guanylurea phosphate
(abbr: GUP; molecular formula: C,HgoN4OsP; purity: 99.04%; free phosphoric acid content: 0.41%) and
sodium octaborate tetrahydrate (abbr: DOT; molecular formula: Na>BgO,3:4H,O; melting point: 741°C).
The mass ratio of GUP-to-DOT was 7:3 and was made in-house. Vinyltrimethoxysilane (abbr: VTS) was
purchased from Chi Ye Silicone Co., Ltd. (Shanghai, China). Ethanol solution was obtained from Tianjin
Guangfu Co., Ltd. (Tianjin, China).
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2.2 Experimental
2.2.1 Fire Retardant Impregnated Poplar Powder

WF was dried in a vacuum oven at 103°C for 12 h to reach 1-2% moisture content. The dried WF was
impregnated in a 9 wt.% aqueous solution of fire retardant through vacuum treatment at —0.01 MPa for 6 h.
Then, the impregnated WF was drained on a 100-mesh sieve, followed by vacuum drying at 80°C for 12 h to
obtain the modified WF (Fig. 1). The weight gain rate of the modified WF was 11.25 +1.06%. WF was also
treated with distilled water using the same process as the unmodified WF.

T.'
Woed Flaur in

SANBY s sauiion

vAacuum impregnation

Figure 1: Schematic diagram of wood flour impregnated with fire retardant

2.2.2 Preparation of WPC

The unmodified WF or modified WF and HDPE, MAPE, and lubricant were compounded for 8 min at
ambient temperature using a high-speed mixer (SHR-10A; Tongsha Plastic Machinery Company,
Zhangjiagang, China). The mixture was melt-blended through a co-rotating twin-screw extruder (diameter
=40 mm, L/D = 30, SISH-30, Nanjing Rubber Machinery Corp., Nanjing, China) at a temperature range
of 145-165°C. The resulting extrudates were pelletized.

Preparation of control WPC and fire retardant (FR)-modified WPC: The obtained pellets were molded
into panels (160 mm x 160 mm x 3 mm) using a flat vulcanizing machine (XH-406B; Zhuosheng Machinery
Equipment Co., Ltd., Dongguan, China) at 180°C with a pressure of 12 MPa for 3 min after pre-pressing for
15 min. The obtained WPC panels with unmodified WF or modified WF were referred to as WPCc . and
WPC,, respectively. The weight ratio of each component in the panels is shown in Tab. 1.

Table 1: Weight ratio of each component in WPC panels (wt.%) (WPCcrry = control; WPCg = WPC panel
with nSiO- network; WPCg = WPC panel with fire retardant modified wood flour; WPCgsg = WPC panel with
nSi0, network and fire retardant modified wood flour)

Sample nSiO, Fire retardant Wood flour HDPE MAPE lubricant
WPCcrre 0 0 50 45 3 2
WPCgq 0.55 0 49.45 45 3 2
WPCr 0 5.63 44.37 45 3 2
WPCyg 0.75 5.63 43.62 45 3 2

Preparation of network-structured WPC based on nSiO; : The pellets obtained in Section 2.2.2 were
uniformly mixed with nSiO, (3 wt.% based on the WPC pellets) using an electric mixer in an ethanol
solution. Subsequently, nSiO,-coated WPC pellets were obtained after evaporating ethanol. The nSiO--
coated pellets were screened through a 30-mesh sieve to remove self-agglomerated nSiO,. The WPC
panels prepared using the nSiO--coated pellets with unmodified WF and modified WF were marked as
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WPC pelials NSi0: coated Final composites
ﬁ WPC pellets e g
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network-structured nSiCs

solvent evaporation

Figure 2: Schematic diagram of processing process of the network-structured WPC

WPCg and WPCgg, respectively. The amounts of nSiO, coated on the pellets were calculated and are shown
in Tab. 1. In the network-structured WPC panels, nSiO, was distributed at the boundary between the WPC
pellets (Fig. 2). The optical microscopic image in Fig. 2 shows that nSiO, formed a continuous honeycomb-
like network in the WPC.

2.3 Characterization

The micro-morphologies of the WPC pellets and the cross-sections of the WPC panels were observed
using a scanning electron microscope (SEM, FEI QuanTa200, FEI Co., Hillsboro, OR, USA) at an
accelerating voltage of 12.5 kV. The WPC pellets and panels were sputter-coated with gold. In addition,
the elemental distribution of the surfaces of the WPC pellets was analyzed using energy-dispersive
spectrometry (EDS).

The flexural properties of the WPC panel samples (80 mm x 13 mm x 4 mm) were analyzed by a
universal mechanical testing machine (CMT5504, MTS Systems Co., Ltd, China) according to ASTM
D790-10. Eight replicates were tested for each group.

Creep and relaxation tests of samples (35 mm X 12 mm x 3.5 mm) were performed on a dynamic
mechanical analyzer (Q800, TA Instruments Inc., SA). Isothermal (50°C) creep was tested for 50 min
under a load of 2 MPa within the elastic deformation regime. Relaxation was tested under a constant
strain of 0.1%, and the change in the relaxation modulus was recorded.

Thermal expansion of the specimens measuring 10 mm x 10 mm x 3.5 mm (length x width x thickness)
was analyzed along the thickness direction using a thermomechanical analyzer (Q400, TA Instruments Inc.,
USA). Specimens were heated from room temperature to 100°C at a heating rate of 20 °C/min and then held
at 100°C for 3 min to eliminate the thermal history and moisture. A quartz probe was in contact with the
specimens under a loaded of 0.05 N. The tests were conducted from —40°C to 90°C at a heating rate of
3°C/min under a nitrogen atmosphere.

The fire retardancy tests of WPC specimens measuring 100 mm x 100 mm x 3.5 mm were conducted
using a cone calorimeter (Fire Testing Technology Ltd., East Grinstead, UK) according to ISO 5660-1 at a
heat flux of 50 kW/m?. The heat release rate (HRR), total heat release (THR), smoke production rate (SPR),
total smoke production (TSP), and residual mass were recorded. Two replicates were tested for each group.
The residuals after combustion were analyzed by a digital camera and SEM.

3 Results and Discussion

3.1 Morphological Analysis
The WPCc g, pellets had a rough and uneven surface on which the WF was imbedded in an HDPE
matrix (Fig. 3a). The surface morphology of the WPCy: pellets was similar to that of thc WPCc g, pellets
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Figure 3: SEM micrographs of the surface of the WPC control pellets (a), the WPC pellets coated with
nano-SiO, (b), and the fire retardant modified WPC pellets coated with nano-SiO, (c); EDS
corresponding to Fig. 3¢ (d)

(not shown). The nSiO, particle aggregates were visible on the WPCg pellets (Fig. 3b). For the WPCgr
pellets, the nSiO, particles and WF were enveloped by a viscous substance (Fig. 3c). The EDS result
showed that the viscous substance contained a small amount of N and P (Fig. 3d), indicating that it may
be the product of dissolving GUP in ethanol. The viscous substance could facilitate the adhesion of more
nSiO, particles, as demonstrated by the higher nSiO, content on the WPCgr pellet surface than on the
WPCyg pellet surface (Tab. 1).

The SEM micrographs of the cross-sections of the flexural-fractured WPC panels are shown in Fig. 4.
The HDPE matrix underwent plastic deformation, as shown in the fracture cross-sections of the WPCerre
and WPCp (Figs. 4a and 4b). This was a result of the flexural failure loading mode [16]. A continuous nSiO,=
rich region was observed on the fractured cross-section of WPCg (Fig. 4c). This region exhibited brittle
fracture compared with the WPC region due to the high nSiO, content, and there was no obvious
boundary between the WPC pellets after hot-pressing. Furthermore, the high-magnification images of the
nSi0,-rich region showed a mixture of nSi0, and HDPE (Fig. 4d) due to the diffusion of molten HDPE
into the nSi0, lamella during hot-pressing. Compared with the WPCs, the WPCgr showed a wider
nSi0,-rich region on the fractured cross-section (Fig. 4e) due to the higher nSiO, content. The nSiO,-rich
region of WPCgr (Fig. 4f) exhibited more ductile fracture behavior compared with WPCg (Fig. 4d),
possibly because the viscous substance enveloping the nSiO, surface reduced the interfacial compatibility
between nSi0, and HDPE in the nSiO,-rich region of WPCgr.

3.2 Flexural Properties

The flexural strength of WPCg (37.3 MPa) was higher than that of WPCcrrr (35.0 MPa) due to the
formation of a rigid nSiO, network (Fig. 5a) which could transfer stress due to its compatibility with the
HDPE matrix [17]. Compared with the WPCcrr1, the flexural strength of WPCr (33.5 MPa) was slightly
lower due to the weak interfacial bonding between the fire retardant-impregnated WF and HDPE matrix
[18,19]. The flexural strength of WPCgr (33.0 MPa) was further decreased compared with that of WPCg
because the viscous substance weakened the nSiO, network.
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Figure 4: SEM micrographs of the flexural-fractured section of the WPC control panel (a, x1000), WPC
panel with fire retardant modified wood flour (b, x1000), WPC panel with nSiO, network (c, x1000; d
x5000), and WPC panel with nSiO, network and fire retardant modified wood flour (e, x1000; f, x5000).
Yellow rectangles in (c) and (e) demonstrate the region shown in (d) and (f), respectively

Flexural strangth (MPa)
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Figure 5: Flexural strength (a) and flexural modulus (b) of the WPC. (The abbreviations in the figure are the

same with Tab. 1)
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The flexural modulus of WPCg was 9.1% highcer than that of the WPCerg, duc to the formation of a
rigid nSiO; nctwork (Fig. 5b). Unlike flexural strength, the flexural modulus of WPC): was higher than
that of WPCcrg,. This was attributed to the positive cffect of the rigid fire-retardant particles (DOT and
GUP) on thc modulus, which compcensated for the ncgative cffeet of the weak interfacial cffect between
the modificd-WF and HDPE [20]. The ficxural modulus of WPCg: was highcr than that of WPC,., which
may have resulted from the combined action of rigid fire retardant particles and nSiO, network.

3.3 Creep and Relaxation Analysis

The creep resistances of the four WPC panels followed the order: WPCerg;, < WPC < WPCg): < WPCg
(Fig. 6a). The creep strain of WPCg (0.047%) was significantly lower than that of WPCcrgy (0.071%) after
applying an external force for 45 min. This was attributed to the formation of a rigid nSiO, network in WPCg,
which served as a rigid support that transmitted stress and provided deformation resistance. Compared with
WPCc1ri, the lower creep strain of WPC: arose due to the introduction of the rigid fire retardant [1]. The
creep strain of WPCg: was slightly higher than that of WPCg, possibly because the viscous substance
wrapping the nSiO, reduced the rigidity of the nSiO, network in WPCgp. Similar to the improved creep
resistance, the relaxation moduli of WPCs, WPC, and WPCgr were higher than that of WPCerry
(Fig. 6b). The relaxation modulus of WPCg was 21.3% higher than that of WPCc1g,, indicating that the
introduction of a rigid nSiO, network effectively resisted the deformation of WPC caused by the constant
external force.

a b | 6000
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J__‘_._A--"‘" = - WPCs 5000 EJ
- —& WECe I B
= ¥ WPCsr &
= — 3
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= WPC.E.L 1
e 43000
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Figure 6: Creep strain (a) and relaxation modulus (b) of the WPC. (The abbreviations in the figure are the
same with Tab. 1)

3.4 Thermal Expansion Behavior

The thermal expansion rates of WPCg, WPC,, and WPCg;. were lower than that of WPCe g, and ranged
from —40 to 90°C (Fig. 7a). This was due to the presence of a rigid nSiO, network and fire retardant which
were inherently not prone to thermal expansion [21]. The WPCg,- showed the lowest thermal expansion rate
over the test temperature range compared with the other WPC panels due to its higher nSiO, content. The
thermal expansion rates of WPCgy, WPC, WPCg, and WPCc g at 90°C were 19.9%o, 24.3%o0, 24.2%o,
and 28.0%o, respectively. The lincar cocfficient of thermal cxpansion (LCTE) increased with temperature,
and a highcr increment was obscrved after 50°C (Fig. 7b). This was bccausc the thermal motion of
HDPE incrcased with the tempcrature, causing an incrcasc in thc macroscopic volume of WPC [22]. It
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Figure 7: Thermal expansion rate (a) and linear coefficient of thermal expansion (b) of the WPC. (The
abbreviations in the figure are the same with Tab. 1)

was found that the LCTE of WPCgr was significantly lower than that of WPCcrr1, suggesting that the wider
rigid nSiO, network region effectively reduced the thermal expansion.

3.5 Combustion Characteristics
The WPCcrrr, was bumed to ashes (Fig. 8a). The white residual material on the surface of WPCg was
nSiO,, and the bottom was mainly carbonized wood flour (Fig. 8b). The cracks produced on the WPCg

Figure 8: Digital photographs of the residucs of four kinds of WPC after conc test: WPC control pancl (a),
WPC pancl with nSiO, nctwork (b), WPC pancl with firc retardant modificd wood flour (¢), and WPC pancl
with nSiO, nctwork and firc retardant modificd wood flour (d)
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residuals were causcd by the gas impact, which was responsible for the higher smoke relcasc of WPCy after
300 s. The residuals of WPC,: also cxhibited cracks (Fig. 8c). The combustion residuals of WPCgy: were
thicker than thosc of WPC,: because the wider nSiO, network region hindered the gas relcase and the gas
impulsc causcd the cxpansion of the residuals [4] (Fig. 8d). The physical intcgrity of the WPCy and
WPCgy: residucs were poor, indicating a weak strength, which did not help reduce the heat and smoke
release of WPC: and WPCg). In contrast to WPCg, no nSiO, was deposited on the surface of the WPCyg:
residues, possibly because the APP and PPA produced by the decomposition of GUP reacted with nSiO,
to form pyrophosphate silicon [13].

The WPCcrrr was burnt into short carbon fragments (Fig. 9a). Compared with WPCcrrr, the EDS
results indicated the formation of an nSiO, crust on the residuals surface of WPCg (Fig. 9b) and a
complete carbon skeleton of WF on the bottom of the residuals (not shown). The residuals of WPCg were
dense (Fig. 9c), and their surfaces were coated by lamellar sodium octabonate (Fig. 9d). P and N were
detected on the WPCk residuals by EDS (Fig. 9d), indicating that the degradation products of GUP, such
as PPA, also remained on the surface of the residuals. Similar to WPCg, compact residuals were observed
for WPCgqr (Fig. 9e). Its surface was coated by a layer of a glassy substance containing Na, P, N, and Si
(Fig. 91), which indicated that this film may be composed of sodium octabonate, polyphosphoric acid,
pyrophosphate silicon, and unreacted nSiO5.

Figure 9: SEM of the WPC residual: the WPCc g (a, x1000), the surface of WPCg (b, x1000), the surface
of WPC;: (¢, x100; d, x5000), the surfacc of WPCgy. (¢, x100; £, x5000), the linc drawings in the lower right
corner of figure (b), (d), and (f) arc from EDS. (Thc abbreviations arc thc same with Tab. 1)
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Comparcd with WPCerg;, the HRR of WPCy decreased slightly before 300 s during combustion
(Fig. 10a) becausc thc nSiO, nctwork cxerted physical shiclding and catalytic charring cffects [23].
Howcver, the nSiO, loading (0.55%) was insufficicnt to significantly decrcase the HRR of WPCg. After
300 s of combustion, thc HRR of WPCg was higher than that of WPCergr,, (Fig. 10a) duc to thc
formation of a large number of cracks on the surface of the residuals (Fig. 8b). These cracks provided
channcls for hcat and combustiblc gases to penctrate, increasing the HRR [24]. The HRR and THR of
WPC|: were lower than those of WPCcrgx; (Figs. 10a and 10b). The reasons for the reduction may be as
follows: (1) the thermal decomposition reactions of the fire retardant (GUP and DOT) could absorb heat
from the fire source. The small molecular gasses (H,O, NH;, and CO,) produced by the decomposition of
GUP and DOT could reduce the O, concentration, which decreased oxidative pyrolysis [25]; (2) the
glassy sodium borate that was produced from the degradation of DOT coated the residuals and provided
physical protection [26]; (3) the decomposition products of GUP may have catalyzed the charring of WF
[20]. Compared with WPC,;,, WPCg): showed a slightly lower HRR and THR, which may have been due
to the synergistic effect of the nSiO, network and fire retardants (DOT and GUP).
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Figure 10: Heat release rate (HRR) (a), total heat release (THR) (b), smoke production rate (SPR) (c), and
total smoke production (TSP) (d) of the WPC. (The abbreviations in the figure are the same with Tab. 1)

The SPR and TSP of WPCg were higher after 300 s compared with those of WPCqy, (Figs. 10c and
10d). These increased values were due to the production of cracks in the residues during the later stage of
combustion, which resulted in the combustion of the bottom substances and an increased smoke release
[24]. As for WPC,, an instantaneous increase in SPR was observed at 200 s. This may be due to the
release of the bottom substances due to the local collapse of the residuals (Fig. 8c). The SPR and TSP of
WPCgq were lower than those of WPCc g, although cracking occurred in the WPCgy residuals
(Fig. 8d). The shielding effect of the glassy sodium borate on the bottom substances and the release of
H,0, NH;, and CO, during combustion reduced the combustion power, which decreased the smoke
rclecasc of WPCg;..

The combustion reactions are shown in Fig. 1. The silanol groups on the nSiO, surface acted as active
catalytic sites for Brensted acids that catalyzed the carbonization of WF in WPCg and WPCgr by removing H
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Figure 11: Possible reactions during combustion

and O (Fig. 11a). The formation of a carbonized layer protected the substrate from fire and heat, which
decreased the heat release [27]. The DOT in WPCy and WPCgr decomposed into non-combustible
sodium borate and water at 130°C. The sodium borate acted as a barrier, and the water could absorb heat
as it evaporated, which both helped reduce the burning rate [28] (Fig. 11b). The GUP decomposed into
CO,, NHj3, and condensed guanidine phosphate (GPP) at temperatures higher than 185°C. The produced
GPP further decomposed into ammonium polyphosphate (APP) above 285°C, and the APP decomposed
into polyphosphate acid (PPA) and NHj; above 380°C [29]. The APP and PPA then catalyzed the
carbonization of WF by removing H and O [30] (Figs. 11c and 11d), and the formation of a stable carbon
layer played a shielding effect to isolate the heat and O,. The APP or PPA generated during combustion
reacted with the nSiO, in WPCqp to produce pyrophosphate silicon, H,O, and NHj;, which could absorb
heat and dilute O, (Fig. 11e) [13].

The mass retention of WPCyg was similar to that of WPCqxy (7.2%) after burning for 400 s due to the
extremely low nSiO- loading in WPCg (Fig. 12). The mass retention of WPCp and WPCgy was obviously
higher than that of WPCc g due to the formation of stable carbon layers. The mass-loss rates (the slope
of the curve) of WPCgs, WPCE, and WPCgr were lower than WPCerg;, which indicated that the
introduction of an nSiO, network and fire retardant reduced the burning rate of WPC.
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Figure 12: The mass retention of the WPC during combustion. (The abbreviations in the figure are the same
with Tab. 1)

4 Conclusions

In this study, a facile approach was used to fabricate WPC with a continuous honeycomb-like nano-SiO,
network (WPCsg). The rigid nano-SiO, network improved the strength and dimensional stability of WPCs ata
considerably low nano-SiO, content (0.55 wt.%) compared with WPCcyry. When the WF was modified
with fire retardants (DOT and GUP), the flexural modulus and creep resistance of the network-structured
WPC (WPCgr) also increased compared with WPCerr, . WPCgr showed the lowest thermal expansion
rate and LCTE, and its flexural strength only decreased by 5.5% compared with that of WPCcrgy.
Additionally, WPCgr showed an improved fire retardancy compared with WPCerry. The results
presented here demonstrated that an efficient and facile procedure could be used to produce WPC with
desired functions through the formation of continuous honeycomb-like nanoparticle networks.
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It is indeed challenging to simultaneously strengthen and toughen woody material while maintaining its recy=
clability using existing modification technology. In this study, we have successfully fabricated high-performance
and re-processable basswood with outstanding dimensional stability through reactive waterborne acrylic resin
impregnation. The pathways of resin movement within the basswood’s multi-scale structure were discussed in
detail. In comparison with unmodified wood, the compressive strength parallel/perpendicular to the grain,
hardness, and modulus of rupture (MOR) were increased by 73.8 %, 179.4 %, 406.1 %, and 113.6 %, respec-
tively. The compressive strength reached the standard of C70 degree for concrete, and MOR complied with the
highest standard (TB20) of hardwood used as a building material. Moreover, the impact bending strength was
enhanced by 113.1 % compared with the unmodified wood. Additionally, the water uptake of modified wood
was 85.4 % lower than the unmodified wood, and the anti-swelling effect reached up to 42.8 %. Furthermore, the
modified wood demonstrated recyclability and retained satisfactory strength after reprocessing, with the tensile
strength of the first recovery reaching 22.5 MPa and the flexural strength reaching 31.5 MPa. This study thus
provided a novel strategy for creating high-performance and recyclable wood, which holds significant promise
for expanding the application area of woody materials, especially as a replacement for non-renewable materials
such as concrete in the construction field.

1. Introduction

The emergence of the “double carbon” strategy has brought
increased attention to wood as a lightweight, high=strength, environ=
mentally friendly material, offering the additional benefit of carbon
sequestration [1-3]. However, the contradiction between timber supply
and demand has become more pronounced [4] due to the scarcity of
high-quality hardwood resources, domestic bans on natural forest
exploitation, and foreign restrictions on timber exports. The limited
properties of available wood constrain its potential for high=value-added
applications, such as structural materials and smart buildings.

Wood modification, encompassing physical modification [5-7] and
chemical modification [8-13], has been widely employed to enhance
the properties of wood. Despite these efforts, achieving simultaneous
improvements in the strength and toughness of wood remains a

considerable challenge in existing literature. Generally, the enhance-
ment of mechanical strength is often accompanied by a decrease in
toughness, as observed in processes like heat treatment, furfurylated
modification, or 1,3=-dimethylol-4,5-dihydroxy=-ethyleneurea
(DMDHEU) impregnation [14-21]. This outcome arises from the
decomposition of hemicellulose and lignin in the wood due to the
excessively high temperatures or improper pH values [21]. Further-
more, the intrusion of small molecules into the cell wall, followed by
cross-linking to form a three=dimensional structure, hinders the move-
ment of macromolecules, leading to a reduction in wood toughness.
Examples include phenolic resin and urea~formaldehyde resin [18-20].
However, wood is often required to exhibit both high strength and
desirable toughness in certain applications.

Polymer monomer modification offers a fresh approach [22-26],
where organic monomers polymerized through free radical initiation to
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improve physical and mechanical properties of wood. This method helps
prevent degradation of wood components, especially hemicellulose, as
free radical initiators are generally not acidic or alkaline. Acrylates are
commonly used as polymer monomers [21,27-29]. For instance, Mon-
tanari et al reported on a new fully bio-based transparent wood bio=
composite, achieved with a novel limonene acrylate monomer. This
monomer is impregnated and readily polymerized in a delignified,
succinylated wood substrate to form transparent biocomposites with
excellent mechanical properties [27]. X. Zhang et al. developed modified
poplar wood with high fire resistance, dimensional stability, and me-
chanical strength by combining the impregnation of N/P= doped acrylic
resin and unilateral surface densification [28].

While there has been extensive research on wood modification, the
recycling and utilization of modified wood have been rarely addressed.
Some modifiers form a three=-dimensional network structure [30],
making the recycling of modified wood very difficult, as they are
generally infusible or insoluble. Realizing the recovery or recycling of
modified wood would be more environmentally friendly than degrada-
tion or incineration. Drawing an analogy to plastics, although biode-
gradable plastics can return carbon and nutrients to the soil, the energy
and resources associated with their production are effectively lost [31].

Currently, discarded or modified wood is extracted with useful
substances such as lignin [32] or crushed and added with adhesive to
prepare artificial boards or as auxiliary materials for other composite
materials [33,34], or dissolved with an acidic solution to prepare wood
pulp [35] or incinerated. However, these methods often require the
additional chemicals. If the modified wood could be recovered and
recycled without adding extra chemicals, it would not only broaden its
application but also significantly extend its life cycle, making it most
environmentally friendly. Arkema’s thermoplastic recyclable liquid
resin which polymerizes through free radical initiation into a poly=
acrylate, offers inspiration in solving the challenge of recycling modified
wood, given its use for laminating with continuous long fibers (carbon
fiber, glass fiber) [36,37].

In this study, we introduce an approach to simultaneously strengthen
and toughen wood through impregnation using the Elium®1880 resin
and describe the enhancement mechanism in detail. Additionally, we
discuss the reprocessability of the modified wood. This study provided a
novel strategy for wood modification, holding significant promise for
expanding the application area of woody materials, particularly as a
replacement for non=renewable materials such as concrete in the con-
struction field.

2. Material and methods
2.1. Materials

Plain=sawn basswood (Tilia cordata Mill.) lumbers without defects
were used with an air-dry density of 0.52-0.56 g cm * and a dimension
of 200 » 100 x 10 mm (L x T » R). The low viscosity thermoplastic
reactive liquid acrylic resin (Elium®1880) and an initiator were sup-
plied by ARKEMA (China) Investment Co., Ltd. (Shanghai, China).

Table 1
Information on the resin.

Information

Appearance Light yellow transparent liquid

Liquid density 1.01gem 2

Viscosity 100 mPa s at 25 °C

Main component Methyl methacrylate-ethyl acrylate monomer and prepolymer
Molecular weight ©  80-480 Da

Process time 45=70 min

Flexural strength 110 MPa

Initiator Dibenzoyl peroxide

? 1 The liquid chromatography-mass spectrometry spectra of the resins are
displayed in Fig. S1.
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Additional details regarding the resin are presented in Table 1.
2.2. Preparation of polyacrylate-reinforced basswood composites

The process of preparing polyacrylate=reinforced basswood com=
posites is depicted in Fig. 1. Basswood lumbers with an oven~dried
density of 0.48-0.52 g cm * were selected to minimize the influence
of wood variability. The wood samples were placed in a Teflon (PTFE)
container. Solutions of acrylic resin with 1.5 wt% initiators were uni=
formly mixed under stirring for 3 min. The mixed solutions were then
poured into the container to submerge the wood samples. Eight
impregnation processes were conducted as detailed in Table 2. After
impregnation, any residual resin on the sample surface was blotted away
using dustless papers. The impregnated samples were then placed into a
vacuum=sealed bag and heated for 2 h at 30 °C, followed by 2 h at 80 “C.
Vacuum sealing was employed to prevent the volatilization of small
molecules and the oxygen inhibition of free radical polymerization of
acrylic resin.

2.3. Characterization

The details pertaining to the characterization of the modified wood
samples are provided in the Supplementary Informartion section.

3. Results and discussion
3.1. Physical properties

The resin impregnated effectively increased the density and reduced
the porosity of basswood (Fig. 2). The oven-dried density gradually
increased from 0.50 to 1.10 g em ™, while the porosity decreased from
an initial 64.6 % to 14.0 %, lower than the porosity (22.0 %) observed in
epoxy impregnated and compressed wood [38]. The WPG of A30 was
only 14.7 %. In the absence of external forces, the resin entered the
wood to a limited extent through capillarity and diffusion. Therefore,
impregnation pressure plays a crucial role in the impregnation effect.
For V10, the WPG increased substantially, reaching 46.3 %. This is due
to the resin further entering under pressure difference and the extraction
of gas from within the wood during the vacuuming process, which
provides more space for the resin to fill in. Subsequently, WPG showed a
linear improvement with the increase of impregnation time and pres-
sure, from V10/A30 to V10/P60-6. Among these, the WPG of V10,/P60-6
reached to 123.1 %. This suggests that the synergistic effect of vacuum
and pressure effectively improve the WPG of wood.

If vacuuming is omitted, although more resin enters at extra pres-
sure, the compressed air inside the wood prevents further resin filling.
Additionally, when the pressure is released, the expanded air causes
some resin to be expelled, leading to a reduction in WPG. In addition to
WPG, the values of VFP are also noteworthy. As depicted in Fig. 2a, the
resin filled only 9.8 % of the pores treated with A30. After vacuum
impregnation for 10 min, the resin filled 28.3 % of the pores, and even
occupied up to 78.5 % of the pores treated with V10/P60-6.

Surface color: The Lab values for each group are shown in Fig. 2b. A
positive value of “a” indicated a red color family, while a positive value
of “b” indicated a yellow color family. As the impregnation time and
pressure increased, the value of “L” showed a tendency to decrease,
while the value of “a” and “b” presents an upward trend (Fig. 2b).
Overall, the wood became more yellow and darker after impregnation
with resin. The greater the resin filling, the larger the color difference
between the modified wood and the unmodified wood (Fig. 2c¢).

Surface roughness: The smoothness of the modified wood improved
compared with the unmodified wood because the flowing resin filled the
exposed cell and vessel lumina on the wood surface (Fig. 2d). However,
when the impregnation time was extended to 70 min (V10/P60-1 and
V10/P60-6), the roughness increased compared to the results obtained
with shorter impregnation times.
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Table 2
The impregnation process used for the samples.

Sample Impregnation process

A30 Aumospheric impregnation for 30 min

vio Vacuum impregnation for 10 min

V10/A10 Vacuum impregnation for 10 min and atmospheric impregnation for 10
min

V10/A30 Vacuum impregnation for 10 min and atmospheric impregnation for 30
min

V10/P30- Vacuum impregnation for 10 min and pressure impregnation at 1 bar

1 for 30 min

V10/P60- Vacuum impregnation for 10 min and pressure impregnation at 1 bar
1 for 60 min

V10/P30- Vacuum impregnation for 10 min and pressure impregnation at 6 bar
6 for 30 min

V10/P60- Vacuum impregnation for 10 min and pressure impregnation at 6 bar

6 for 60 min

Note: A represents atmospheric impregnation; V stands for vacuum impregna=
tion; P denotes pressure impregnation; the numbers following the letters
represent the impregnation duration; the numbers following the “~” denote the
impregnation pressure.

3.2. Reaction mechanism

Based on the FTIR spectrum (Fig. 3), it is evident that the C = C peak
at 1676 cm™! observed in uncured resin disappears in the resin after
polymerization and in the modified wood. This indicates that the resin
polymerizes from unsaturated small molecules to saturated macromol=
ecules in the presence of initiator, and that the resin cures completely
under the set curing process. The C = O stretching vibration of the
modified wood at 1734 em ! was enhanced compared to that of the
unmodified wood due to the superimposition of the peak of resin at the
corresponding position. Additionally, the coupling peak of the saturated
and unsaturated C — H stretching vibration (near 2996 em Din acrylace
appeared in the modified wood, as well as the peaks of C — H bending
vibration at 844 and 755 cm™! [39]. These findings indicate that the
resin successfully permeated and polymerized within the wood. The
modified wood exhibited characteristic peaks that were the superim-
position of the peaks of unmodified wood and impregnated resin. No
new absorption peaks appeared, suggesting that the resin did not
chemically react with the wood, consistent with the findings of Y. Dong
[40].

3.3. Distribution of resin

The distribution of resin under different impregnation processes
significantly influences the properties of modified wood. The superficial
densities of A30 slightly increased due to a small amount of resin
entering the wood via the pits on the tangential section, while its density
in the intermediate layer was almost the same as the unmodified wood
(Fig. 4a=b), indicating a poor impregnation effect. The density of the
intermediate layer from V10 to V10/P60-6 gradually increased, signi=
fying high penetration. The resin amount near the surfaces is signifi-
cantly higher than that in the intermediate layer from V10 to V10/P60-
1. Conversely, the density distribution curves of V10/P30-6 and V10/
P60-6 exhibited the opposite trend, with the resin contenc in the inter=
mediate layer is higher than that on the surfaces. This discrepancy arose
because the resin near the surfaces is liable to recoil out during pressure
relief. The densities of V10/P30-6 and V10/P60-6 in the intermediate
layer were essentially steady and reached a peak among all modified
woods, achieving excellent impregnation volumes and a homogeneous
distribution of resin within a short impregnation time.

The resin in wood primarily derives from longitudinal transport,
especially through the vessels due to the existence of perforation be-
tween vessel element and relies on the penetration in the radial and
tangential direction, i.e., from the pits. At smaller pressures, there was a
large difference in transport efficiency between the two routes, faster in
the longitudinal direction and slower in the transverse direction,
resulting in a varied distribution of the resin. At higher pressures, the
resin penetrated not only into the vessels but also into the fiber cell
lumens through pits, achieving better penetrance and superior
homogeneity.

Basswood, a diffuse porous wood with slightly larger pores and few
to medium wood ray, exhibited vessel diameters above 50 pm
(Fig. 4c—d). The vessels serve as the main open axial flow path through
the wood due to existing perforations between the vessel elements. After
10 min of vacuum impregnation, the resin filled only the vessel lumens
but did not enter the fiber cell lumens due to the tiny communicative
channel (i.e. pits) between the cells (Fig. 4e). With higher pressures and
longer times, small molecules in resin sequentially entered the fiber cell
lumens through the connecting pits in both radial and tangential di-
rections (Fig. 4g). At a higher magnification, it can be observed that the
resin was tightly bonded to the wood cell wall (Fig. 4&=h). Although the
resin was not chemically cross-linked with the wood, the promising
interfacial bond allowed the resin to be stabilized inside the wood.

The 3D structure of the samples was further investigated using

131



J. Zhou et al.

Chemical Engineering Journal 489 (2024) 151313

@ cu i | - ]
A30-T 1 | W -
vi0-120 4 E .
V1010~ TN 4 i T |
V10iA30- TR 4 1 . .
W10/P30-1-{ T 1 41T .
V1/Pe0-1- 1 - Il .
v10/P30-6-{ T - 4T |
vigrso-s-{ERN | - D |
04 08 12 0 20 40 60 O 40 8 12 O 25 50 75
Densily (g &m?) Parosity (%) WPG (%) VFP (%)
Bl gpdic godd e 7, @m0 R
75
L -
NI |lll WTTEIAS
Hos 10+ - . :
7 ] jeeti o
.I i & E 99 104 ~ -
o ¢ " ®gadoa®,g®
\Q‘q} \'3'-'? ;53 %‘I\;}é“:&}‘ RS
..ga@ G e
& ?“.ﬁfzﬁﬁ ﬁeﬁ" XK

Fig. 2. Physical properties of the unmodified and modified wood: (a) density, porosity, weight percent gain (WPG), volume filling percentage (VFP), (b) swface

color, (c) color difference, (d) surface roughness.

Iy
T

NN
WAL

[} I "‘ll I I 1
4000 3500 3000 2000 1500 1000 500
wavenumber (cm™)

-~ WModified wood 2908 1TH B44 755

=

L=

E JUnmodified wood

5 W
E [Rieegin after polymerizing 1678

=

-

-

|Fiesin before polymerizing

Fig. 3. FT-IR spectrogram.

micro-CT (Fig. 5). It was found that the original basswood contained
35.54 vol% wood phase and 64.46 vol% pore phase, which is quite
similar to the calculated values of 35.42 % wood phase and 64.58 % pore
phase (Fig. 2a). A new WPG was calculated based on the volume per-
centage and density of each phase. The porosity and WPG of modified
wood obtained from micro-CT were compared with the calculated
values (Table 3). For the V10 sample, the porosity obtained by CT was
slightly smaller than the calculated value. This difference may be due to
the existence of micropores in the wood after the resin polymerized in it,
which were difficult to detect by CT with a resolution of 5 pm.
Conversely, for V10/P60-6, the CT=derived porosity is slightly higher
than the calculated value. This could be attributed to the leaching of
wood cell wall substances by the organic solvents in the resin under
prolonged high-pressure impregnation, resulting in the development of
macropores within the cell wall or the filling of these macropores with
resin. This could cause an increase in the CT value and a decrease in the
calculated value of the porosity. The decrease in the volume percentage
of wood phase from unmodified wood to V10/P60-6 (Fig. 5a-2 and ¢-2),

also indicated that a small amount of cell wall substances was leached
out. The results of pore distribution (Fig. 5a-5, b=5, and ¢-5) also indi=
cated that the wood vessels were filled with resin after vacuum
impregnation for 10 min. The pores (30-50 pm) were occupied after
applying pressure, and the pore sizes changed from the macropores to
the micropores.

3.4. Water resistance and anti-swelling effect

Following impregnation modification, the water resistance of the
basswood was significantly improved. As illustrated in Fig. 6a, after
soaking for 288 h, the water uptake of V10 (51.9 %) was reduced by
55.5 % compared to the unmodified wood (116.6 %). The water uptake
gradually decreased with the improvement of the impregnation time
and pressure. The water uptake of V10/P60-6 was further reduced to
17.0 %, indicating an 85.4 % decrease compared to unmodified wood.
The substantial filling of the wood pores by the polymerized resin pre=
vents water from entering and accumulating in the wood, thereby
enhancing its dimensional stability. Subsequently, the thickness
swelling of the wood was reduced (Fig. 6b), with the maximum reduc-
tion from 9.6 % before modification to 4.9 % after modification, rep=
resenting a 49.2 % decrease. Additionally, the ASE reached up to 42.8 %
(Fig. 6¢). This is attributed to the physical barrier formed by the in-situ
polymerization of the resin, primarily in the wood, which reduces the
availability of — OH groups in the wood cell wall, leading to a notable
reduction in water uptake. Moreover, methacrylates can infiltrate the
cell walls [41], further enhancing the dimensional stability of the
modified wood.

The enhancement in water resistance is further supported by the
WCA test. The mean WCA values at 100 s are shown in Fig. 6d. The WCA
of the modified wood showed a significant increase compared to the
unmodified wood. Not only did the WCA increase, but the residence
time of the droplet on the surface of the modified wood was also pro-
longed. At 20 s, the droplet on unmodified wood nearly disappeared.
However, the WCA was still above 55° at 600 s for V10,/PI30=6 and V10/
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P60=6 (Fig. S2), indicating that the modified wood was less susceptible
to water infiltration and intrusion, consequently reducing the dimen=
sional changes of the wood due to moisture. In addition to water,
moisture is another common factor causing dimensional changes in
wood. The incorporation of resin reduces the absorption of moisture, as
confirmed by the reduction of EMC.

3.5. Mechanical properties

Compressive strength is a vital parameter for measuring the me-
chanical properties of wood, especially as a building material. The
compressive strength parallel to the grain of wood (CS)) represents the
material’s strength when damaged. Compression damage perpendicular
to the grain of wood is primarily caused by squeezing and flattening of
the cells, resulting in a significant deformation [42]. Therefore, the
proportional limit strength was taken as compressive strength perpen-
dicular to grain (CS ) (Fig. S3a). The modified wood exhibited a notable
enhancement in CS (Fig. 7a). CS| of V10 was nearly double that of the
unmodified wood (3.6 MPa). The reinforcement of V10/P60=6 reached
up to 2.8 times that of the unmodified wood.

The connection among microfilaments is non-covalent in the trans-
verse direction, making wood susceptible to compressive force in the
cross=grain direction. The filling of resin limits further compressive

strain failure of the wood and provides strong mechanical support,
ensuring stress transfer within the wood [26]. With the increase of WPG,
CS | gradually increased. The CS) (69.8 MPa) of V10 was significantly
increased when the resin was filled wood vessels, by 58.5 % compared to
unmodified wood (44.1 MPa). The enhancement effect gradually leveled
off from V10 to V10/P60-6. This may be attributed to the filling of the
resin in the large channels, forming a uniaxially continuous reinforced
polymer, while the polymer within smaller cell lumens contributes less
due to its dispersed and non-continuous distribution. Despite the sub-
stantial increase in WPG, the further improvement of CS) is limited
(Table 51). Nevertheless, CS| reached the standard of C70 degree for
concrete, signifying that the prepared modified wood is comparable to
high-performance concrete and suitable for use in high-rise buildings
exceeding 30 to 60 stories.

With the increase in WPG, the hardness of the modified wood sub-
stantially increased (Fig. 7b). The hardness of V10/A10 (4.2 kN) was
more than doubled that of unmodified wood (1.6 kN), and the hardness
of V10/P60-6 reached a peak (8.4 kN) with an increase of 406.1 %.

Flexural strength, another essential load-bearing parameter of
building materials signifies the material’s ability to withstand bending
loads without fracture. From the stress-strain curves (Fig. S3b), it was
observed that beyond the maximum stress, both medified and unmod-
ified wood exhibited ductile damage, i.e., multiple step=by=-step damage.
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Table 3
The comparative porosity and WPG between formula calculation and micro-CT
test.

Porosity (%) WPG (%)

calculated micro-CT calculated micro-CT

values values values values
Control 64.58 64.46 - -
V10 46.55 43.68 46.27 44.14
V10/P60- 14.00 18.49 123.14 128.25

6

The flexural strength dramatically increased after modification by Eli-
um®1880 resin, It is observed that MOR is mostly linearly and posi=
tively correlated with WPG (Fig. S3c). Different from MOR, MOE is
linear with WPG after WPG exceeds 50 %. As illustrated in Fig. 7c, MOR
increased progressively from 81.6 to 174.4 MPa, an increase of 113.6 %;
MOE elevated from 10.3 to 14.4 GPa. Modified woods, except for A30,
comply with the highest standards (TB20) of hardwood used as a
building material according to GB 50206—2012. Additionally, this study
achieved more excellent reinforcement compared to the epoxy-modified
wood at similar WPG [38].

In conclusion, this study has demonstrated exceptional enhancement
closely associated with the excellent performance and sufficient filling
level of the resin inside the wood. The monomers enter the pores at
impregnation pressure [48,49] and polymerize in situ inside the wood,
providing additional mechanical support and stabilization of stress
within the wood [26]. The polymers inside the wood offer resistance to
bending and prevent material damage when subjected to external forces
[14].

The strains at break of the modified wood are significantly increased
compared to natural wood (Fig. S3d), suggesting that the modified wood
can withstand a higher degree of deformation without drastic damage,

indicating an increase in toughness. As shown in Fig. S3f, the brittleness
(Br) of the modified wood is slightly lower than that of the unmodified
wood, suggesting that the modification of wood with Elium® resin does
not negatively impact the toughness of the wood and may even improve
it to a certain degree. To further confirm the toughening effect of the
resin despite some uncertainty in the curve fitting, this work tested the
IBS. The results, as shown in Fig. 7d, indicated a progressive increase in
IBS from 28.7 kI m 2 for unmodified wood to 61.1 kJm 2 for V10/P60-
6, signifying an increase in toughness consistent with the Br findings. In
contrast to modification techniques such as heat treatment, furfuryl
alcohol treatment, and DMDHEU resin impregnation, which negatively
affect wood toughness [15-21], this work achieved an improvement in
toughness as well as strength and stiffness.

Fig. S4 contains macroscopic (a) and microscopic images (b=d) of the
impact-damaged sections. On a macroscopic level, the sections of all
samples appear extremely undulating and exhibit ductile damage.
Microscopically, three forms of impact fracture of modified wood are
observed from the SEM: fiber fracture, resin fracture, and resin pull-out.
The mechanism of resin toughening wood was discussed from three
perspectives. Toughness is the material's ability to resist crack propa=
gation. Under impact loading, impact energy is absorbed by transverse
breakage and splitting of longitudinal cells, respectively, allowing the
absorption of more impact energy [14]. The original toughness of the
wood is preserved. The monomer and initiator are not acidic or alkaline,
the degradation of wood, especially hemicellulose is avoided. When
impacted extremely hard, microfibrils are allowed to slide on each other,
generating plastic deformation to absorb the energy [50]. In untreated
wood, a zig-zag path can be formed in the cell wall between the S2 layer
and the S1/S2 interface under loading, which absorbs impact energy
very well. The excellent toughness structure between the S1 and S2
layers of wood cell walls is retained when the acrylic polymer mainly fill
the cell lumen instead of the cell walls [51-53]. Additionally, the mo-
lecular chains of the polymerized resin with linear or lightly branched
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moisture content (EMC).

structure are prone to movement upon impact, absorbing more energy.
This differs from the 3D rigid structures formed by a crosslinking reac-
tion DMDHEU resin modification, which decrease the impact properties
of wood. Finally, the interaction between the resin and the wood con-
tributes significantly to toughness, as observed in Fig. S4. Mechanical
bond was easily formed between resin and wood cell due to the existence
of a large amount of spiral thickening in the inner wall of basswood cell,
and more energy is required to overcome this part of the interfacial bond
upon impact. The modified wood’s inhomogeneity, with several distinct
phases, facilitates crack deflection and toughening.

In summary, this work achieves a remarkable enhancement effect
compared to other modification methods (Fig. 7e). Notably, a better
reinforcement effect than epoxy was achieved using 60 % WPG of the
epoxy resin. The flexural strength and modulus, compressed strength,
hardness, and toughness are considerably enhanced. The cell wall/pol-
yacrylate becomes the new load=bearing unit after the polymerization of
monomers in the cell lumen and duets, contributing to this compre-
hensive improvement.

3.6. Thermoplastic processing and properties

The modified wood, after pulverization, underwent reprocessing via
hot-pressing at different temperatures to assess its recyclability. It
exhibited favorable formability, as shown in Fig. 8a. The colors of the
recycled panels were similar when the hot=pressing temperature varied
from 160 to 200 °C, but noticeably darkened at 220 °C, possibly due to
the thermal decomposition of wood or polymer. The recycled panels
exhibited impressive mechanical properties, with the tensile strength of
the initial recovery reaching 22.5 MPa and the flexural strength reaching
31.5 MPa. (Fig. 8b=c). The flexural properties improved with increasing
temperature. In comparison to reprocessing at 160 “C, the flexural
strength and modulus of the panels after reprocessing at 220 °C were
increased by 79.9 % and 71.4 %, respectively. The improved interface,
resulting from the complete plasticization of the polyacrylates inside the
wood at higher temperatures, contributed to the significantly enhanced
flexural properties of the panels.

Similarly, akin to the flexural properties, the tensile strength and
modulus of the panels gradually increased with temperature up to
200 °C. However, there was a decrease at 220 °C. To explain this

decrease, the TG and DTG of the resin, wood, and modified wood are
depicted in Fig. 8d—e. In comparison to the minor mass loss of wood,
which was only 0.9 % at 220 °C (Table S2), the mass loss of the resin
significantly increased with rising temperature, reaching 6.6 % at
220 °C. This led to a reduction in tensile properties, accompanied by a
darkening of the color.

The modified wood underwent repeated pulverization and subse=
quent hot=pressing at 200 °C for three cycles (Fig. 9a). As depicted in
Fig. 9b, after the second cycle, the tensile strength and modulus of the
panel decreased by 6.3 % and 22.3 %, respectively. Following the third
cycle, the tensile strength of the material showed a recovery, being only
0.9 % lower than the first cycle, while the tensile modulus was com=
parable to the second cycle. This is due to the multiple thermoplastic
processes, which lead to more uniform resin and wood fiber fusion,
coupled with better interfacial bonding, implying the strong interfacial
forces that need to be overcome.

In contrast to the tensile properties, the flexural properties of the
panel gradually decreased with an increase in the number cycles
(Fig. 9c). After the third cycle, the flexural strength and modulus
exhibited a decrease of 43.3 % and 12.8 %, respectively, compared to
the first cycle. This may be attributed to the damage suffered by the
wood fibers after pulverization and the degradation of resin after mul=
tiple cycles, resulting in shorter chain segments of wood fiber and resin
(Fig. S5), thereby leading to weaker resistance to bending. Nonetheless,
the tensile properties of the recycled panel are comparable to the wood
plastic composites (WPCs) improved by the imine crosslinking network
[54], and the flexural properties are stronger than those of the WPCs
mold-pressed with 60 wt% HDPE and 40 wt% wood flour, which
possessed a flexural strength of 17.9 MPa and flexural modulus of
1.1 GPa [55].

4. Conclusions

This research successfully developed an environmentally friendly,
high=strength, and —toughness modified wood through reactive water=
borne acrylic resin impregnation process with low energy requirements.
The study demonstrated that Elium®1880 resin effectively filled the
vessels and cell lumen of the wood. Achieving a high WPG (123.1 %) and
uniform resin distribution in a short time was made benefiting from the
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excellent liquidity of the resin and the high porosity of basswood.
Moreover, the bond between the resin and wood interface exhibited
high strength. After modification, the dimensional stability of basswood
noticeably improved. The overall mechanical properties, encompassing
strength, stiffness, toughness, and hardness of the modified basswood,
were dramatically enhanced. The cell wall/polyacrylate acted as the
new load=bearing unit after the polymerization of monomers in the cell
lumen and vessels. The reinforcement effect achieved rivaled that of
thermosetting resin on wood, even with a reduced quantity of thermo-
plastic resin in this study. Maximum increases observed were 113.6 %
for MOR, 40.4 % for MOE, 73.8 % for GS51,179.4% for CS, and 406.1 %

for hardness. CS| even reached the C70 concrete degree standard, and
MOR conformed the highest standards (TB20) for hardwood used in
construction material. Additionally, this study significantly improved
the toughness of the wood, setting it apart from most reported modifi-
cation methods. The IBS of modified wood increased by 113.1 %
compared to that of the unmodified wood. With its high strength and
toughness, the modified wood holds promise for applications in the
construction industry and other high-value-added fields. Notably, the
modified wood can undergo cyclic processing to generate recycled
products with satisfactory strength. Importantly, this modification pro=
cess aligns entirely with the sustainability of wood modification.

137



J. Zhou et al.
CRediT authorship contribution statement

Jiahua Zhou: Writing — original draft, Software, Formal analysis,
Data curation. Xiaolong Hao: Software, Funding acquisition, Formal
analysis. Haiyang Zhou: Writing — review & editing, Supervision,
Funding acquisition. Rongxian Ou: Writing — review & editing, Su-

pervision, Methodology, Funding acquisition, Conceptualization.
Qingwen Wang: Supervision, Project administration, Funding
acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgments

This work was supported by the National Natural Science Foundation
of China (Grant Nos. 32071698 and 32201494), the Research and
Development Program of Guangzhou (2024B03J1380), the Guangdong
Basic and Applied Basic Research Foundation (2023A1515012640), and
the Research and Development Program in Key Areas of Guangdong
Province (2020B0202010008).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.cej.2024.151313.

References

[1] I Burgert, E. Cabane, C. Zollfrank, L. Berglund, Bio-inspired functional wood-based
materials=hybrids and replicates, Int. Mater. Rev. 60 (2015) 431-450.

J. Song, C. Chen, S. Zhu, M. Zhu, J. Dai, U. Ray, Y. Li, Y. Kuang, Y. Li, N. Quispe,
Y. Yao, A. Gong, U.H. Leiste, H.A, Bruck, J.Y. Zhu, A, Vellore, H. Li, M.L, Minus,
Z. Jia, A. Martini, T. Li, L. Hu, Processing bulk natural wood into a high-
performance structural material, Nature 554 (2018) 224=228.

G. Wimmers, Wood: a construction material for tall buildings, Nat. Rev. Mater. 2
(2017) 17051.

F. Jiang, T. Li, Y. Li, Y. Zhang, A. Gong, J. Dai, E. Hitz, W. Luo, L. Hu, Wood=based
nanotechnologies toward sustainability, Adv. Mater. 30 (2018) 1703453.

S. Namari, L. Drosky, B, Pudlitz, P, Haller, A, Sotayo, D, Bradley, S, Mehra,

C. O’Ceallaigh, A M. Harte, 1, El=Houjeyri, M. Oudjene, Z. Guan, Mechanical
properties of compressed wood, Constr. Build. Mater. 301 (2021) 124269.

S. Srivaro, H. Lim, M. Li, S. Jantawee, J. Tomad, Effect of compression ratio and
original wood density on pressing characteristics and physical and mechanical
properties of thermally compressed coconut wood, Constr. Build. Mater. 299
(2021) 124272.

J. Xu, C. Li, K. Hung, W. Chang, J. Wu, Physicomechanical properties of
hydrothermally treated Japanese cedar timber and their relationships with
chemical compositions, J. Mater. Res. Technol. 21 (2022) 4982=4993.

H. Chang, S. Chang, Moisture excluding efficiency and dimensional stability of
wood improved by acylation, Bioresour. Technol. 85 (2002) 201=204.

Y. Dong, K. Wang, J. Li, S. Zhang, S.Q. Shi, Environmentally benign wood
modifications: a review, ACS Sustainable Chem. Eng. 8 (2020) 3532=3540.

L.S. Martin, 8. Jelavi¢, S.M. Cragg, L.G. Thygesen, Furfurylation protects timber
from degradation by marine wood boring crustaceans, Green Chem, 23 (2021)
8003-8015.

L.G. Thygesen, G. Beck, N.E. Nagy, G. Alfredsen, Cell wall changes during brown
rot degradation of furfurylated and acetylated wood, Int. Biodeterior. Biodegrad.
162 (2021) 105257.

H. Yin, R. Ringman, M.S. Moghaddam, M. Tuominen, A. Dédinaité, M. Wélinder,
A. Swerin, S, Bardage, Susceptibility of surface-modified superhydrophobic wood
and acetylated wood to mold and blue stain fungi, Prog. Org. Coat. 182 (2023)
107628.

H. Zhou, D. Wen, X. Hao, C. Chen, N. Zhao, R. Ou, Q. Wang, Nanostructured
multifunctional wood hybrids fabricated via in situ mineralization of zinc borate in
hierarchical wood structures, Chem. Eng. J. 451 (2023) 138308.

[2]

[3]

[4

[5]

[6]

[7]

[8

[9]

[10]

[11]

[12]

[13]

10

[14]

[15]
[16]
[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]
[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

138

Chemical Engineering Journal 489 (2024) 151313

D. Guo, N. Guo, F. Fu, S. Yang, G. Li, F. Chu, Preparation and mechanical failure
analysis of wood=epoxy polymer composites with excellent mechanical
performances, Compos. Part B-Eng. 235 (2022) 109748.

W. Sun, H. Shen, J. Cao, Modification of wood by glutaraldehyde and poly (vinyl
alcohol), Mater. Des. 96 (2016) 392—-400.

Z. Xiao, Y. Xie, H. Militz, C. Mai, Effects of modification with glutaraldehyde on the
mechanical properties of wood, Holzforschung 64 (2010) 475-482.

T. Priadi, S. Hiziroglu, Characterization of heat treated wood species, Mater. Des.
49 (2013) 575-582.

W. Li, M. Liu, H. Wang, Y. Yu, Fabrication of highly stable and durable furfurylated
wood materials. Part IT; the multiscale distribution of furfuryl alcohol (FA) resin in
wood, Holzforschung 74 (2020) 1147=1155.

L. Emmerich, C. Brischke, S. Bollmus, H. Militz, Dynamic strength properties and
structural integrity of wood modified with cyclic N =methylol and N =methyl
compounds, Holzforschung 75 (2021) 932=944.

L. Emmerich, S. Bollmus, H. Militz, Wood modification with DMDHEU (1.3~
dimethylol=4.5-dihydroxyethyleneurea) = State of the art, recent research activities
and future perspectives, Wood, Mater. Sci. Eng. 14 (2019) 3-18.

W. Che, Z. Xiao, G. Han, Z. Zheng, Y. Xie, Radiata pine wood treatment with a
dispersion of aqueous styrene/acrylic acid copolymer, Holzforschung 72 (2018)
387=396.

R.R. Devi, 1. Ali, T.K. Maji, Chemical modification of rubber wood with styrene in
combination with a crosslinker: effect on dimensional stability and strength
property, Bioresour. Technol. 88 (2003) 185-188.

Y. Dong, W, Zhang, M, Hughes, M. Wu, S. Zhang, J. Li, Various polymeric
monomers derived from renewable rosin for the modification of fast-growing
poplar wood, Compos. Part B-Eng. 174 (2019) 106902.

M.A. Ermeydan, E. Cabane, P. Hass, J. Koetz, 1. Burgert, Fully biodegradable
modification of wood for improvement of dimensional stability and water
absorption properties by poly(s=caprolactone) grafting into the cell walls, Green
Chem. 16 (2014) 3313.

D. Guo, X. Shen, F. Fu, S. Yang, G. Li, F. Chu, Improving physical properties of
wood-polymer composites by building stable interface structure between swelled
cell walls and hydrophobic polymer, Wood Sci. Technol. 55 (2021} 1401-1417.
A.P. Acosta, R. de Avila Delucis, §.C. Amico, D.A. Gatto, Fast-growing pine wood
modified by a two-step treatment based on heating and in situ polymerization of
polystyrene, Constr. Build. Mater. 302 (2021) 124422.

C. Montanari, Y. Ogawa, P. Olsén, L.A. Berglund, High performance, fully bio-
based, and optically transparent wood biocomposites, Adv. Sci. 8 (2021) 2100559.
X. Zhang, Q. Fan, C. Chen, X, Hao, Z. Liu, R. Ou, Q. Wang, Enhanced mechanical
performance and fire resistance of poplar wood: Unilateral surface densitication
assisted with N/P doped acrylic resin impregnation, Constr. Build. Mater. 398
(2023) 132470,

J. Wu, Q. Fan, Q. Wang, Q. Guo, D. Tu, C. Chen, Y. Xiao, R. Ou, Improved
performance of poplar wood by an environmentally=friendly process combining
surface impregnation of a reactive waterborne acrylic resin and unilateral surface
densification, J. Clean. Prod. 261 (2020) 121022.

K. Yue, J. Wu, L. Xu, Z. Tang, Z. Chen, W. Liu, L. Wang, Use impregnation and
densification to improve mechanical properties and combustion performance of
Chinese fir, Constr. Build. Mater. 241 (2020) 118101.

S. Kakadellis, G. Rosetto, Achieving a circular bioeconomy for plastics, Science 373
(2021) 49=50.

How to turn waste wood into industrial treasure, Nature 598 (2021) 10.

F. Berger, F. Gauvin, H.J.H. Brouwers, The recycling potential of wood waste into
wood=wool/cement composite, Constr. Build. Mater. 260 (2020) 119786.

W. Tang, J. Xu, Q. Fan, W. Li, H. Zhou, T. Liu, C. Guo, R. Ou, X. Hao, Q. Wang,
Rheological behavior and mechanical properties of ultra=highefilled wood fiber/
polypropylene composites using waste wood sawdust and recycled polypropylene
as raw materials, Constr, Build. Mater. 351 (2022) 128977.

A. Pazzaglia, M. Gelosia, T. Giannoni, G. Fabbrizi, A. Nicolini, B. Castellani, Wood
waste valorization: Ethanol based organosolv as a promising recycling process,
Waste Manage. 170 (2023) 75-81.

S.K. Bhudolia, G. Gohel, K.F. Leong, S.C. Joshi, Damping, impact and flexural
performance of novel carbon/Elium® thermoplastic tubular composites, Compos.
Part B-Eng. 203 (2020) 108480.

W. Obande, D. Ray, C.M.O. Bradaigh, Viscoelastic and drop-weight impact
properties of an acrylic-matrix composite and a conventional thermoset composite
- A comparative study, Mater. Lett. 238 (2019) 38=41.

C. Xia, Y. Wu, Y. Qiu, L. Cai, L.M. Smith, M. Tu, W. Zhao, D. Shao, C. Mei, X. Nie, S.
Q. Shi, Processing high=performance woody materials by means of vacuume-assisted
resin infusion technology, J. Clean. Prod. 241 (2019) 118340.

M. Romanaguirre, Elucidating the graft copolymerization of methyl methacrylate
onto wood=fiber, Carbohydr. Polym, 55 (2004) 201=210.

Y. Dong, M. Altgen, M. Mikeld, L. Rautkari, M. Hughes, J. Li, S. Zhang,
Improvement of interfacial interaction in impregnated wood via grafting methyl
methacrylate onto wood cell walls, Holzforschung 74 (2020) 967-977.

R. Coste, M. Soliman, N.B. Bercu, S. Potiron, K. Lasri, V. Aguié-Béghin, L. Tetard,
B. Chabbert, M. Molinari, Unveiling the impact of embedding resins on the
physicochemical traits of wood cell walls with subcellular functional probing,
Compos. Sci. Technol, 201 (2021) 108485.

A.J.M. Leijten, H.J. Larsen, T.A.C.M. Van der Put, Structural design for
compression strength perpendicular to the grain of timber beams, Constr. Build.
Mater. 24 (2010) 252=257.

T. Jiang, H. Gao, J. Sun, Y. Xie, X. Li, Impact of DMDHEU resin treatment on the
mechanical properties of poplar, Polym. Polym. Compos. 22 (2014) 669=674.



J. Zhou et al.

[44]

[45]

[46]

[47]

[48]

M. Liu, S. Lyu, L. Peng, L. Cai, Z. Huang, J. Lyu, Improvement of toughness and
mechanical properties of furfurylated wood by biosourced epoxidized soybean oil,
ACS Sustainable Chem. Eng. 9 (2021) 8142=8155.

M. Piernik, M. Wozniak, G. Pinkowski, K. Szentner, 1. Ratajczak, A, Krauss, mpact
of the heat treatment duration on color and selected mechanical and chemical
properties of Scots Pine Wood, Materials 15 (2022) 5425.

H. Qiu, S. Yang, Y. Han, X. Shen, D. Fan, G. Li, F. Chu, Improvement of the
performance of plantation wood by grafting water-soluble vinyl monomers onto
cell walls, ACS Sustainable Chem. Eng. 6 (2018) 14450-14459.

K. Srinivas, K.K. Pandey, Effect of heat treatment on color changes, dimensional
stability, and mechanical properties of wood, J. Wood Chem. Technol, 32 (2012)
304=316.

X. Dong, X. Zhuo, J. Wei, G. Zhang, Y. Li, Wood-based nanocomposite derived by in
situ formation of organic-inorganic hybrid polymer within wood via a sol-gel
method, ACS Appl. Mater. Interfaces 9 (2017) 9070-=9078.

1

139

[49]

[50]
[51]
[52]
[53]

[54]

[55]

Chemical Engineering Journal 489 (2024) 151313

U.C. Yildiz, S. Yildiz, E.D. Gezer, Mechanical properties and decay resistance of
wood-polymet composites prepared from fast growing species in Turkey,
Bioresour. Technol. 96 (2005) 1003=1011.

F. Barthelat, Z. Yin, M.J, Buehler, Structure and mechanics of interfaces in
biological materials, Nat. Rev. Mater. 1 (2016) 16007.

M. Henriksson, L.A. Berglund, P. Isaksson, T. Lindstrom, T. Nishino, Cellulose
nanopaper structures of high toughness, Biomacromolecules 9 (2008) 1579-1585.
P.W. Lucas, H.T.W. Tan, P.Y. Cheng, The toughness of secondary cell wall and
woody tissue, Phil. Trans. r. Soc. Lond. B 352 (1997) 341-352.

M. Maakf, S. Saleh, H. Militz, C.A. Volkert, The structural origins of wood cell wall
toughness, Adv. Mater. 32 (2020) 1907693,

C. Ding, S. Zhang, M. Pan, M-C. Li, Y. Zhang, C. Mei, Improved processability and
high fire safety of wood plastic composites via assembling reversible imine
crosslinking network, Chem. Eng. J. 423 (2021) 130295.

K.B. Adhikary, S. Pang, M.P. Staiger, Dimensional stability and mechanical
behaviour of wood=plastic composites based on recycled and virgin high-density
polyethylene (HDPE), Compos. Part B-Eng. 39 (2008) 807=815.



Progress in Organic Coatings 187 (2024) 108061

journal homepage: www.elsevier.com/locate/porgcoat

Contents lists available at ScienceDirect

Progress in Organic Coatings

Check for

Preparation of waterborne intumescent flame-retardant coatings using il
adenosine-based phosphonates for wood surfaces

Qingjie Liu, Haolong Luo, Zhenzhong Gao, Yishuai Huang, Jiaming Liang, Haiyang Zhou P

Jin Sun

Key Laboratory for Biobased Materials and Energy of Ministry of Education, College of Materials and Energy, South China Agricultural University, Guangzhou 510642,

China

ARTICLE INFO

Keywords:

Bio-based phosphonate
Adenosine

Thermal stability
Waterborne wood coatings

ABSTRACT

Here, organic solvent-free adenosine-based waterborne flame retardant curing agents were synthesized and
introduction into a melamine urea-formaldehyde resin (MUF) to construct flame-retardant coatings for wood
surfaces. Adenosine-based phosphonate (APU), composed of adenosine, urea, formaldehyde, and phosphorous
acid, was synthesized by the Mannich reaction. The chemical structure of APU was investigated by Fourier-
transform infrared (FTIR) spectroscopy, X=ray photoelectron spectroscopy (XPS), and °'P nuclear magnetic
resonance (NMR) spectroscopy. In contrast to MAWO, the coatings containing APU exhibited similar physical
characteristics. MAW4 achieved a vertical combustion (UL-94) V-0 rating and an impressive limiting oxygen
index (LOI) of 54.5 %. Cone calorimetry indicated that the time to ignition (TTI) of MAW4 was 89 s, an increase
of 790 % compared with MAWO, which may significantly prolong the escape time from a fire. Scanning electron
microscopy (SEM), thermal infrared imaging, and Raman spectroscopy all confirmed that continuous and dense
char layers reduced the transport of heat, ignitable gases, and smoke, This limited the further pyrolysis and
combustion of wood, showing that the waterborne intumescent flame-retardant coatings proposed in this
research endowed wood with excellent flame retardancy.

1. Introduction

Wood is used widely in housing, furniture, and automobile
manufacturing because of its high strength, lightweight, renewability,
and processability [1,2]. However, it is necessary to treat wood to
endow it with flame retardancy [3,4], such as by applying flame-
retardant coatings on the exterior or impregnating the interior with
flame retardants [5,6]. Spraying flame-retardant coatings on the exte=
rior of wood is the most convenient method to impart fire resistance to
wood products [7,8]. Flame-retardant coatings must be transparent to
show the unique grain of wood [9,10]. Transparent flame-retardant
coatings are composed of reactive flame retardants and membrane-
forming materials. Intumescent flame retardants containing nitrogen
and phosphorus are reactive flame retardants, typically amino resins,
which have low toxicity, low smoke formation, and good compatibility
with the base resin [11,12]. Intumescent flame retardants produce
phosphoric acid derivatives during combustion, which facilitates the
dehydration and carbonization of the matrix resin while releasing inert

* Corresponding authors.

E-mail addresses: hyzhou@scau.edu.cn (H. Zhou), sunjin@scau.edu.cn (J. Sun).

https://doi.org/10.1016/j.porgcoat.2023.108061

gases that promote the formation of an intumescent char layer that acts
as a gas-phase and condensed-phase flame retardant [13—15]. Therefore,
intumescent flame retardants are increasingly popular.

Traditional film-forming substances include acrylic resins [16-18],
epoxy resins [19—-21], and amino resins [22,23]. UV=curable functional
coatings prepared with acrylates as film-forming substances have shown
limited fire-resistance enhancements for wood and show significant
potential fire risks. In addition, epoxy resins release a significant volume
of smoke during combustion, which is often more dangerous than the
fire itself. Transparent intumescent flame-retardant coatings composed
of modified cyclic phosphonates ester acid and amino resins have shown
remarkable fire=retardancy and smoke inhibition properties [24,25].
Regrettably, the organic solvent n=butanol is often used to synthesize
cyclic phosphate esters, which conflicts with the concept of green
chemistry [26,27]. Therefore, the development of environmentally-
friendly waterborne intumescent flame-retardant coatings with
outstanding fire-retardancy and smoke inhibition properties is crucial.

In the last several years, bio-based raw materials have received
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Scheme 1. The synthetic route of APU.

significant attention because of their low costs, eco-friendliness, and
regenerative characteristics. Numerous bio-based materials such as al
ginates [28,29], eugenol [30], tannins [31,32], cardanol [33,34],
vanillin [35,36], deoxyribonucleic acid, adenosine triphosphate [37,38]
and phytic acid [39,40] have been used as the raw materials to obtain
flame retardants. In addition, bio=based materials including tannic acid
[41], guanosine 5~monophosphate disodium salt [42], laccase [43], tea
saponin [44], and chitosan [45] have also been widely applied in flame
retardant coatings. Among various bio-based materials, adenosine, a
compound containing three hydroxyl groups and an amino group, has

been employed extensively in biomedicine because it is an endogenous
substance present in all cells of the body. Adenosine has a unique
structure and highly reactive functional groups, allowing it to be used to
prepare intumescent flame retardants [46,47]. Adenosine occurs widely
in the nucleic acids of living organisms, so raw materials are readily
available. Second, the active hydroxyl and amino groups of adenosine
are easily constructed into renewable multifunctional compounds. The
ribose and nitrogen=-containing structures of adenosine serve as carbon
and gas sources for intumescent flame retardants, which help improve a
flame retardant’s efficiency [48,49]. Consequently, intumescent flame
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Table 1
Recipes for adenosine-based flame retardant coatings.
Coatings APU(g) DI(g) MUF(g)
MAPUQ" 0 10 10
MAPU3 3 10 13
MAPU4 4 10 14
MAPUS 5 10 15
# The curing agent of MAPUO was 2.0 % mass fraction of NH,CL
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Fig. 2. The FTIR spectra for APU and adenosine.

retardants can be constructed by introducing phosphorus-containing
structures through the reactive groups of adenosine. However, there
have been few reports about synthetic intumescent flame retardants
using adenosine as raw material.

Mannich=type reactions involve the reaction between compounds
containing active hydrogen atoms and aldehydes and amines to form
f=amino (carbonyl) compounds [50,51]. The mechanism of the Mannich
reaction first involves the protonation of a carbonyl group, followed by a
nucleophilic reaction of the amine on the protonated carbonyl group to
produce an imine ion intermediate. This intermediate then reacts with
the compound containing the active hydrogen to produce the final
product [52]. The Mannich reaction enables the introduction of N atoms
into P-containing compounds and is, therefore, applied extensively to
synthesize flame retardants [53-55].

As shown in Fig. 1, we synthesized a novel adenosine-based phos-
phonate (APU) flame retardant by reacting adenosine, phosphite,
formaldehyde, and urea based on Mannich=type reaction. Flame-
retardant coatings with different APU contents were constructed on
the wood surface. The surface performance of the coatings was analyzed
to illustrate the influence of APU on the thermal stability and fire
resistance of the flame-retardant coatings. In addition, the flame retar-
dant mechanism of APU was illustrated. This paper proposed a novel
strategy for the utilization of adenosine and a new approach for syn=
thesizing waterborne transparent intumescent flame-retardant coatings.

2. Experimental section
2.1. Materials

Adenosine was supplied by Macklin Biotechnology Co., Ltd.
(Shanghai, China). Poplar wood was obtained from North Carolina,

USA. The formaldehyde aqueous solution (37 %) and ammonium chlo-
ride (NH4Cl) were obtained from Guangzhou Chemical Reagent Factory

Progress in Organic Coatings 187 (2024) 108061

Co., Ltd. (Guangdong, China). Phosphorous acid was provided by
Fuchen Chemical Reagent Co., Ltd. (Tianjin, China). Urea was supplied
by Sanning Chemical Reagent Co., Ltd. (Hubei, China). Melamine urea=
formaldehyde resin (MUF) powder was supplied by Ektel New Material
Co., Ltd. (Nanjing, China).

2.2. Synthesis of APU

Adenosine (8.01 g, 0.03 mol), formaldehyde (4.87 g, 0.06 mol), and
25 ml distilled water (DI) were added to a three=necked flask (250 ml)
fitted with a reflux condenser and a mechanical stirrer and then heated
to 50 °C. When adenosine was completely dissolved, HsPO3 (4.92 g,
0.06 mol) was added to the mixed solution, and the temperature was
raised to 130 °C for 4 h. Subsequently, urea (7.2 g, 0.12 mol) was added
to the solution and then reacted at 130 “C for 2 h to obtain the crude
product. The crude product was purified by anhydrous ethanol precip-
itation to obtain the brown-yellow solid product (APU) in 72.4 % yield.
Scheme 1 illustrates the synthesis of APU.

2.3. Flame-retardant coatings preparation and application on wood

According to Table 1, different masses of APU were mixed thor-
oughly with MUF and deionized water and then cured. The samples were
denoted as MAPUO, MAPU3, MAPU4, and MAPUS5. The flame-retardant
coatings were applied uniformly to the wood surface with a fine art
scraper at the coating amount of 0.05 g cm ™2, After room-~temperature
curing, the coated poplar specimens were designated as MAWO,
MAW3, MAW4, and MAWS5.

2.4. Characterization

Fourier-transform infrared (FTIR) spectroscopy of APU and adeno-
sine was performed using a PerkinElmer Spectrum 100 FTIR spectroms=
eter. X-ray photoelectron spectra (XPS) of APU were recorded using a
Thermo Scientific K=Alpha instrument, and all spectra were calibrated to
the C 1s peak at 284.8 eV. 31p nuclear magnetic resonance (NMR)
spectroscopy was conducted on a BRUKER AVANCE NEO 600 MHz
spectrometer using deuterium oxide (D,0) as the solvent.

The thermal stability of the coatings was evaluated with a Netzsch
TG209 F1 Libra by heating samples from 35 °C to 800 °C under a ni=
trogen atmosphere at 10 °C/min~L, The adhesion of the coatings was
tested with a QFH-A hundred-grid knife according to ASTM D3359-09.
The coatings’ pencil hardness was tested by a QHQ-S pencil hardness
apparatus following ASTM D3363-2005. The gloss of the coatings was
evaluated with a WGG=-60 gloss meter following ASTM D523-2014. The
water resistance of the coatings was examined according to ASTM D870~
02. According to ASTM D5402-06, swabs soaked in ethanol were used to
wipe the coatings, and the outcome was documented as the count the
substrate was exposed or a maximum of 200 rubs, which was used to
illustrate the solvent resistance of the coating. All coatings were coated
uniformly on highly-polished silicon chips at 0.05 g cm 2. Light trans-
mission was recorded using a Thermo Scientific Evolution 220 UV=Vis
spectrophotometer at a wavelength range of 400—-800 nm.

The limiting oxygen index (LOI) was measured according to ASTM
D2863 using a CSI-101G oxygen index tester (coating specimen size =
130 % 6.5 x 4.0 mm?). Vertical combustion (UL-94) tests were per=
formed on a PX-03-001 vertical combustion tester following ASTM
D6413 (coating specimen size = 130 x 13 x 4.0 mm®). Cone calorimetry
was performed using a CSI-311ZZ cone calorimeter with a heat flux of
50 kW m~2 following ASTM E1354 (coated specimen size — 100 x 100
% 10 mm®). Thermal infrared images were collected with a Ti200 9 Hz
thermal infrared imager. The separation interval between the camera
lens and the back of the coating was 30 cm.

The cross=sectional microstructure of the specimens was observed
with a Zeiss EVO18 scanning electron microscope (SEM). An Oxford
Innca250 energy=dispersive spectrometer was used to scan the surface of
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Table 2

Assignment of FT-IR absorption bands of APU,
Peaks position (cm ') Assignment Reference
3195, 1404 NHZF [551
2404 P-OH [53]
1665 C-N [56]
1203 P—O [54]
1161 C-0-C [56]1
1056 C=-N [56]
912 P-O [54]
768 P-C [57]1

specimens to estimate the relative contents of phosphorus, carbon, ni-
trogen, and oxygen. To compare the degree of graphitization of the char
residues, they were characterized by Raman spectroscopy on a Thermo
DXR2xi Raman spectrometer using a 532 nm laser.

Progress in Organic Coatings 187 (2024) 108061

3. Results and discussion
3.1. Characterization of APU

The FTIR spectra of APU and adenosine are shown in Fig. 2, and the
detailed data are summarized in Table 2. In the FTIR spectrum of APU,
characteristic absorption peaks of the C=N, C-0-C, and C—N bonds of
adenosine were observed at 1665 ¢cm™!, 1161 cm™), and 1056 ecm ™,
respectively [56]. The spectrum also exhibited several new peaks
assigned to P-OH, P—0, P—O, and P—C bonds at 2404 em™l, 1203
em™1, 912 ¢m™!, and 768 ¢cm™), respectively [53,54,57]. Furthermore,
the peaks at 3195 cm ™! and 1404 cm™! were ascribed to the stretching
and bending vibrations of ammonium ions [55]. The above analysis
evidenced the grafting of flame-retardant molecules onto adenosine. The
FTIR spectra tentatively confirm the successful reaction between aden=
osine and phosphoric acid, formaldehyde, and urea.

The chemical structure of APU was reconfirmed using XPS, and Fig. 3
demonstrates the fitted C 1s, N 1s, O 1s, and P 2p spectra. The C 1s
spectrum was subdivided into three fitted peaks at binding energies of
284.80 eV (C-C/C-H), 286.48 eV (C-0/C-N), and 288.70 eV (C=N) [58].
In the N 1s spectrum, the peaks at 399.5 eV, 400.2 eV, and 401.28 eV
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Fig. 3. The XPS spectrum of the APU.
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[53]. All the above analyses prove the successful synthesis of APU.

3.2. Thermal stability of coatings

The TG and DTG curves of MAPUO, MAPU3, MAPU4, and MAPU5 are
shown in Fig. 5, and the relative parameters are enlisted in Table 3. The
coatings exhibited three decomposition stages at 35-220 °C,
220-600 °C, and 600-800 °C, respectively. The degradation at

—— MAPLD —— MAPL3

MAPU4 —— "1%

e

ED

e

s
i

Transmittance (%)

were attributed to the C—N, G=N, and NHJ groups, respectively 20 -
[58,59]. The P—0 peaks appeared at 531.28 eV and 133.2 eV in the
fitted O 1s and P 2p spectra, respectively [59,60], which were consistent T T T -
with the FTIR spectra. UMD SO0 M) TEM) B
As shown in Fig. 4, signals of —0.03 ppm and 2.75 ppm were Wavelength (nm)
significantly observed in the *'P NMR spectrum, which represents . ) )
phosphorus atoms in the |(ONH4)(OH)P=0 and -(ONH4),P=0 groups Fig. 6. Transmittance curve of MAPU coatings.
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Fig. 5. TG (a) and DTG (b) curves of the adenosine-based flame-retardant coatings.
Table 3
Parameters related to adenosine-based flame-retardant coatings.
Samples Tases'("C) Ta100:("C) Taso0 (" C) Tpear{”C) Rgoo (Wt%) Tima("C)
MAPUO 116.0 158.0 256.6 265.0 21.0 100.6
MAPU3 110.5 174.5 244.6 255.5 24.9 96.7
MAPU4 108.5 175.6 245.5 257.0 26.4 96.9
MAPUS 104.0 178.6 248.0 261.6 27.5 97.3

® The temperature at which the mass of the coating degrades by 5 %.
b The temperature at which the mass of the coating degrades by 30 %.
¢ Rgqo refers to the residual char yield of the coating after testing at 800 °C.
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Table 4
Physical performance parameters of adenosine-based flame retardant coatings.
Samples  Pencil Adhesion 60~ Water Solvent
hardness gloss resistance resistance
(o]
MAPUQ 6H 4B 66.8 No effect on >200
the surface
MAPU3 6H 4B 53.4 No effect on >200
the surface
MAPU4 6H 4B 52.7 No effect on >200
the surface
MAPUS 5H 4B 50.8 No effect on >200
the surface
Table 5
Test results for Poplar wood and flame-retardant specimens UL-94 and LOL
Samples LOI (%) t1(s) t2(s) Dropping UL~94 rating
PW 229 >30 - No NR
MAWO 26.3 >30 - No NR
MAW3 46.2 0 0 No V=0
MAW4 54.5 0 0 No V=0
MAWS5 60.4 0 0 No V-0

35-220 °C was attributed to the release of small molecules and small
amounts of inert gases due to the thermal degradation of MUF and APU.
Td10% (the temperature at which the mass of the coating degraded by 10
%) of coatings increased with the APU content, showing that the
incorporation of APU enhanced the thermal stability of the coatings at
low temperacures [61].

At 220-600 °C, the coatings lost approximately 50 wt%, primarily
due to the decomposition of APU and MUF. The thermal decomposition
of APU produced phosphorus-containing radicals and phosphate de-
rivatives. The phosphorus-containing radicals eliminated flammable
radicals, thus reducing a fire’s intensity, while the phosphate derivatives
catalyzed the formation of molten char from the carbon-rich compo-
nents via polymerization and aromatization. They interacted with non=
flammable gases such as NH3 and CO; and triazine compounds produced
by MUFs to transform the molten char into an intumescent char layer.

(a) Before UL-94 tests
Fure * - r r
e MAWO MAW3  MAWE  MAWS

fi |

[

=4
‘.-;'f'
e
e
I.. I
I i
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The intumescent char served as a thermal insulator and protective layer
to prevent heat transfer to the undecomposed layer, thus preventing
further thermal decomposition [61,62]. MAPUO had the highest Tpeax
(the temperature at the maximum degradation rate of the coating) of
265 °C, while Tpe,) for MAPU3 appeared at 255 °C, which was attributed
to the accelerated forming of the char layer by pyrophosphoric acid.

The degradation of the coatings at 600~800 “C was ascribed to the
decomposition of the unstable carbon-based skeleton. Coatings with
APU flame retardant showed a higher residual weight compared with
MAPUO.

The heat resistance index temperature (Tyrp) was used to describe
the thermal stability of coatings and was calculated by the formula
[63,64]:

Ture = 0.49 x [Tys +0.6 x (Tysom  Tuss:) ]

The calculated Tyg; values for the four coatings are recorded in
Table 3, which indicates that the phosphorus-based flame retardant APU
caused the premature degradation and dehydrated charring of the
coatings. It also served as an acid source in the condensed phase [12].

3.3. Physical properties and transmittarce of coatings

As indicated by Fig. 6, the transparency of coatings gradually
declined upon increasing the APU content. The transmittance of MAPUO
and MAPU3 were high and similar, while the transmittance of MAPU5
was significantly lower.

According to specific test criteria, the physical properties of the
coatings were measured separately, including pencil hardness, adhe-
sion, water resistance, solvent resistant, and gloss. The physical prop-
erties of the coatings are summarized in Table 4. The adhesion of all
flame-retardant coatings reached level 4B, which was ascribed to the
formation of hydrogen bonds between the flame-retardant coatings
containing polar groups and the wood surface during curing. However,
the pencil hardness and gloss of MAPUS decreased slightly upon
increasing the APU content because excess APU reduced crosslinking
within MUF. Notably, excess APU did not impact the water or solvent
resistance of the coatings, and the adenosine-based flame-retardant
coatings exhibited excellent water and solvent resistance. The above
results indicated that curing MUF with an appropriate amount of APU

(b) After UL-94 tests
PUre  MAWD  MAW3 MAW4  MAWS
Wind

Fig. 7. Photographs of specimens before (a) and after (b) UL-94 testing.
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Table 6
Combustion parameters in the CCT of the specimen.
Parameter Pure wood MAWO MAW3 MAW4 MAWS5
TTI (s) 12 10 75 89 108
PHRR 206.09/ 208.26/ 147.72/ 135.52/ 122.81/
(kW m™2) 326.91 276.59 266.38 254.00 253.22
PSPR 0.013/ 0.011/ 0.005/ 0.004/ 0.004/
(m?s ) 0.026 0.022 0.017 0.019 0.014
TSP (m?) 2.91 3.23 2.23 2.15 1.81
Residue (%) 13.74 14.52 17.81 18.58 19.62
Yeo (kg kg™h) 0.0034 0.0037 0.0046 0.0063 0.0068
Yooo (kgkg™) 1,06 1.05 1.01 0.95 0.85
THR 77.76 76.73 56.54 54.85 51.90
(MIm %)
ECH 12.25 12.31 10.95 10.86 10.31
MJ kg™
MLR 1417 13.59 12.74 12.07 12,12
(gs 'm?
TSR 333.7 368.8 244.3 237.6 195.7

(m?m %)

satisfied the basic requirements of waterborne wood coatings.

3.4. Fire-retardancy of coatings on wood

Table 5 shows the relevant parameters of specimens during UL-94
and LOI tests. In the UL=94 test, MAW3, MAW4m, and MAWS5 reached
the V=0 rating, but MAWO failed to pass this rating. MAWO and poplar
wood immediately ignited, followed by the rapid spread of flame to the
fixture. However, the coatings cured with APU failed to ignite after two
ignitions, and minor amounts of white smoke were produced when the
ignition source was removed. As exhibited in Fig. 7, MAW3 (Video S1),
MAW4 (Video S2), and MAWS5 (Video S3) generated an intumescent
char layer over the substrate surface after ignition, effectively isolating
the transfer of heat, smoke, and combustible volatiles.

During the LOI tests, the LOI values for pure wood and MAWO were
22.9 % and 26.3 %, respectively, while upon increasing the APU con-
tent, the LOI value of MAWS increased to 60.4 %. The above test results
all proved that waterborne wood coatings showed excellent flame
retardancy.

Cone calorimetry was employed to simulate the actual burning
process of specimens and assess their flame-retardancy. The heat release
rate (HRR), total heat release rate (THR), smoke production rate (SPR),
and total smoke production rate (TSP) curves of all specimens are shown
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(a) Before CCT tests

Fig. 9. Digital photographs of the specimen before, after and during the CCT test.

The morphologies of different samples after thermal infrared imaging tests.

- I ——— -

Images of different samples after 5 minutes of thermal infrared imaging test.

Fig. 10. The morphologies of different samples after 5 min of burning tests.

in Fig. 8, and the detailed data are summarized in Table 6. Digital significantly increased the time to ignition (TTI) for specimens, while
photographs of the specimens before, after and during the CCT test are also remarkably decreasing the TSP and THR. Specifically, TTI increased
shown in Fig. 9. Compared with pure wood, introducing APU from 10 s for MAWO to 89 s for MAW4, and TSP and THR decreased from
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Fig. 11. Cross-sectional image (a,) surface image of MAW4 (a,); EDS energy spectrum of coatings surface (a;) EDS energy spectrum of char residue surface (bs); the
intumescent char layer of MAW4 (b, and by); Microscopic morphology of the interior structure of pure wood residual char (c;), MAWO(cy), and MAW4 (c3) after

the CCT.
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3.23 m* and 77.76 MJ/m? for MAWO to 2.15 m? and 54.85 MJ/m? for
MAWA4, respectively. Compared with MAWO, the THR and TSP of MAW4
decreased by 29.4 % and 33.4 %, respectively. The above results indi=
cated that APU decomposed rapidly during the initial combustion stage,

150
Wavenumbers (em'")

Fig. 12. Raman spectra of the surface char layer.

(ki)
Wavenambers (om')

148

Wavernumbers (cm')

producing phosphate or pyrophosphate. This promoted the production
of a phosphorus-rich char layer over the wood surface, which inhibited
further heat transfer and retarded the thermal degradation of wood
[65-67].
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The two SPR peaks for MAW4 were significantly delayed and
reduced compared with those of pure wood. The TSP of MAWO was
higher than that of pure wood due to the higher proportion of C and H
elements in MUF, which tended to produce carbon fragments. Conse-
quently, large volumes of smoke were produced due to incomplete
combustion during the test. The TSP of pure wood was significantly
lower than that of MAW4 and higher than that of MAWO because APU
facilitated smoke generation at the surface of the intumescent char layer
of MAW4 and inhibited smoke release. In addition, the average CO yield
(Yco) of MAW4 was higher than that of MAWO, while the CO yield
(Ycoz) was lower than the latter. This was attributed to the flame-
retardancy of the coated MAW4, which led to the incomplete combus-
tion of the substrate, and the release of more CO. This further confirmed
that APU facilitated the production of a protective char layer and
retarded the thermal degradation of wood [18,68,69].

Thermal infrared imaging tests illustrate the heat insulation prop-
erties of the flame-retardant coatings. The device was set up, as previ=
ously reported [12]. The thermal infrared images and residual carbon
after the experiment are shown in Fig. 10. The flames of pure wood and
MAWO spread to the back side after 5 min of burning, showing tems-
peratures of >560 °C and 452.5 °C, respectively. Compared with MAWO,
the backs=side temperatures of MAW3, MAW4, and MAWS5 decreased
significantly to 192.0 °G, 100.9 °C, and 71.1 °C, respectively. The height
of the intumescent char layer increased with the APU content, which
protected the wood by insulating it from heat.

3.5. Char residue analysis

Fig. 11a; shows a cross=sectional image of MAW4, in which the
coatings was about 130 pm thick, while the height of the carbon residue
after the test was approximately 1 cm (Fig. 11by). The expansion coef-
ficient of MAW4 was 76.9, which indicates that introducing APU
significantly enhanced the carbon-forming ability of the coating. Fig. 11
ag and bs show the elemental contents of the coatings and residual char
layer of MAW4, respectively. C, N, O, and P elements were observed in
both the coatings and carbon residue of MAW4. After testing, the rela=
tive content of N significantly decreased, and nC/nO was 1.91, which
was 70 % higher than before the test. This indicates that APU promoted
the dehydration and carbonization of the coatings and the release of
non=combustible gases such as NH3 and H»O. According to the apparent
morphology of the residual carbon of MAW4 (Fig. 11by), it formed a
continuous and homogeneous char layer at the wood surface. Fig. 12 ¢=
c3 exhibit the internal residual char micromorphologies after cone
calorimetry for pure wood, MAWO, and MAW4. In the residual char of
pure wood and MAWQO, only the basic fiber structure remained, while
MAW4 retained the complete structure of wood, indicating that the
intumescent char prevented the transmission of heat and combustible
gases and maintained the integrity of the internal structure of the wood.
The above results indicate that APU protected wood via gas-phase and
condensed=phase mechanisms.

To better demonstrate the protective function of flame-retardant
coatings for wood substrates, the graphitization of pure wood, MAWO,
and MAW4 char residues was evaluated by Raman spectroscopy (Fig. 12
a=c). The spectra of each sample showed two intense peaks near 1350
em™! and 1585 em ™, which corresponded to the D and G bands, which
represent amorphous carbon and graphitized carbon, respectively.
Generally, the degree of graphitization in char is expressed by the ratio
of the integrated peak intensities. When the value of In/I was lower, the
degree of graphitization of the residual carbon was higher, and the
higher graphitization of the char layer improved the flame-retardancy
[70,71]. The values of Ip/I for pure wood, MAWO, and MAW4 were
2.63, 2.15, and 2.03, respectively. These values indicate that APU pro-
moted the formation of ordered and dense carbon structures that
inhibited gas and mass transfer and provided better protection for wood
substrates.
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3.6. Fire-retardancy and smoke suppression mechanism

During the initial stages of combustion, the coatings underwent
thermal decomposition to release small-molecule gases and inert gases
that reduced the oxygen concentration in the environment and retarded
the degradation of the coatings. As the temperature increased, APU
decomposed into phosphate derivatives that catalyzed the formation of
phosphorus-rich crosslinked molten carbon by polymerization and
aromatization of the carbon-rich components. The coatings continued to
decompose, releasing non-combustible gases that inflated the melted
carbon to form intumescent char layers. The transmission of heat and
combustible gas was limited by the intumescent char layer at the sur=
face, which prevented further thermal degradation of the substrate.

4. Conclusions

APU was synthesized from adenosine, formaldehyde, phosphite, and
urea, and its structure was investigated by FTIR, XPS, and NMR. Then,
APU and MUF were mixed to prepare waterborne transparent flame=
retardant coatings that were applied to wood surfaces. The results
indicated that MAW4 passed the UL-94 V=0 rating, demonstrating LOI
values of 54.5 % and a TTI of 89 5. The THR and TSP of MAW4 decreased
by 29.4 % and 33.4 %, respectively, which indicated that the adenosine-
based flame-retardant coatings showed excellent fire-retardancy and
smoke suppression. The SEM images and Raman spectra revealed the
formation of a continuous and homogeneous char layer in the flame~
retardant coatings during combustion. MAW4 exhibited good physical
properties and was suitable for daily applications. This paper proposed a
novel strategy for the utilization of adenosine and a new approach for
synthesizing waterborne transparent intumescent flame-retardant
coatings.

Supplementary data to this article can be found online at htcps://doi.
org/10.1016/j.porgcoat.2023.108061.
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Abstract: In this study, a two-step method was used to realize the liquefaction of waste sawdust
under atmospheric pressure, and to achieve a high liquefaction rate. Specifically, waste sawdust
was pretreated with NaOH, followed by liquefaction using phenol. The relative optimum condition
for alkali-heat pretreatment was a 1:1 mass ratio of NaOH to sawdust at 140 °C. The reaction
parameters including the mass ratio of phenol to pretreated sawdust, liquefaction temperature, and
liquefaction time were optimized by response surface methodology. The optimal conditions for
phenol liquefaction of pretreated sawdust were a 4.21 mass ratio of phenol to sawdust, a liquefaction
temperature of 173.58 °C, and a liquefaction time of 2.24 h, resulting in corresponding liquefied
residues of 6.35%. The liquefaction rate reached 93.65%. Finally, scanning electron microscopy
(SEM), Fourier transform infrared spectroscopy (FT-IR), and X-ray diffraction (XRD) were used to
analyze untreated waste sawdust, pretreated sawdust, liquetied residues, and liquetied liquid. SEM
results showed that the alkali-heat pretreatment and liquefaction reactions destroyed the intact,
dense, and homogeneous sample structures. FT-IR results showed that liquefied residues contain
aromatic compounds with different substituents, including mainly lignin and its derivatives, while
the liquefied liquid contains a large number of aromatic phenolic compounds. XRD showed that
alkali-heat pretreatment and phenol liquefaction destroyed most of the crystalline regions, greatly
reduced the crystallinity and changed the crystal type of cellulose in the sawdust.

Keywords: waste sawdust; alkali-heat pretreatment; liquefaction; response surface methodology;
residual content

1. Introduction

Fossil energy is an important raw material utilized for the production of chemical
products [1]. However, the utilization of fossil energy generates a number of greenhouse
gases including sulfur oxide, nitrogen oxide, carbon oxide and carbon dioxide, causing
air pollution and climate change [2]. Therefore, in order to alleviate energy crises and
environmental pollution, researchers need to urgently search for cheap, clean and renew-
able energy resources [3]. As a natural renewable material with a huge storage capacity,
lignocellulosic biomass has attracted increased research attention. It has a rich variety,
including crop waste, wood processing residues, and wood product recycling waste, which
is considered to be one of the most promising and sustainable alternatives to petroleum for
the production of energy, materials and chemicals in the future [4,5].

Several treatment methods such as pyrolysis, liquefaction and gasification have been
used to process lignocellulosic biomass to produce biofuels and other valuable chemi-
cals [6,7]. Among them, liquefaction is an effective method for the integrated utilization of
lignocellulosic biomass. Liquefaction technologies can be divided into two broad categories,
hydrothermal liquefaction and solvent liquefaction [8]. Hydrothermal liquefaction is often
carried out under harsh conditions, including high temperatures (200 “C to 400 °C), high
pressures (5 MPa to 20 MPa), and a closed environment. Compared with hydrothermal
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liquefaction, solvent liquefaction can be carried out under mild reaction conditions and
is an effective method for the integrated utilization of biomass [9]. Solvent liquefaction
usually uses polyols or phenols to liquefy biomass at atmospheric pressure and relatively
low temperature. Most often, acid is used as the catalyst and phenol as the solvent in
solvent liquefaction, which reflects a high biological conversion rate [10]. The liquefied
products are rich in phenolic compounds, which can be used to prepare phenolic resin
adhesives after condensation with formaldehyde [11]. However, the liquefied products
contain unreacted solvents and acidic catalysts that require recycling or alkali neutralization
before preparing adhesives [12].

Further, during the liquefaction, the cellulose and hemicellulose of lignocellulosic
biomass are wrapped in highly polymerized polyphenolic structured lignin, which makes
it difficult to transform, thus hindering the high-value utilization of lignocellulosic biomass.
Targeted pretreatment of lignocellulosic biomass before liquefaction can change the chem-
ical structure and composition of lignocellulose, soften the raw materials, and induce
depolymerization and chain breaks [13]. More importantly, the alkaline or acidic conditions
of the pretreatment stage can be utilized to meet economic and environmental criteria dur-
ing the liquefaction, and the pretreated lignocellulosic biomass exhibits better liquefaction
performance [14].

Response surface methodology (RSM) is highly effective for the optimal design of
a regression model, which is used to resolve problems related to nonlinear data process-
ing [15]. By fitting the regression and plotting the model, the effect of the variables and
their interactions on the response variables can be easily evaluated, and the optimal value
of the response and the corresponding experimental conditions can be determined. The
model obtained by RSM is continuous and can be analyzed continuously for each experi-
mental level during the search for the optimizing experimental conditions, so we can better
understand the experimental process [16]. In addition, RSM allows process optimization in
a limited number of experimental runs, thus significantly reducing experimental time and
costs [17].

In this study, a two-step process was used to achieve the effective liquefaction of
waste sawdust. The first step entailed the pretreatment of waste sawdust with hot alkali
under atmospheric pressure. In the second step, the pretreated sawdust was liquefied
using phenol as the liquefying agent. The effects of the mass ratio of sawdust to NaOH
on the liquefaction were studied. Based on RSM, the effects of the three experimental
variables, namely the mass ratio of phenol to pretreated sawdust, liquefaction temperature,
and liquefaction time, and their interactions on the liquefaction effect of waste sawdust
were systematically investigated. At the same time, the specific residual content model
was established using the design software, which was analyzed in detail to determine
the optimal liquefaction conditions. The validity of the model was verified by repeated
experiments. Finally, the untreated waste sawdust, pretreated sawdust, liquefied residues
and liquefied liquid were characterized and analyzed by scanning electron microscopy
(SEM), Fourier transform infrared (FI-IR) spectroscopy, and X-ray diffraction (XRD) to
facilitate the high-value utilization of waste sawdust.

2. Results and Discussion
2.1. Alkali-Heat Pretreatment—Screening and Optimization Tests

The effects of the mass ratio of sawdust to NaOH at 140 °C on the liquefied residue
yield were studied (Figure 1). It could be seen that the mass ratio of sawdust to NaOH had
a signiticant effect on the liquefied residue yield. The liquetied residue yield decreased
initially and then increased as the sawdust to NaOH mass ratio increased. The liquefied
residue yield was 12.5% at a mass ratio of 1:1.5. The liquefied residue yield of sawdust
without alkali-heat pretreatment under the same liquefaction conditions was 80.4%, which
was really high, indicating that the alkali-heat treatment destroyed the internal structure of
sawdust, which was conducive to liquefaction. In a certain range, the liquefied residue yield
decreased with the reduction in the sawdust to NaOH mass ratio. This was explained by as
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the amount of NaOH increased, additional wood components were decomposed. Under
alkali-heat pretreatment, the carbohydrates are degraded via the peeling reaction of the
reducing end groups. Since hemicellulose has a substantially lower molecular weight than
cellulose, it is also degraded via hydrolysis in hot alkali, increasing the number of reducing
end groups and enhancing the erosion of polymer chains [18,19]. In addition, the presence
of NaOH separated the bonds between lignin and carbohydrates, and disrupted the ether
bonds between lignin polymers, resulting in the depolymerization and degradation of
lignin [20,21]. However, when the mass ratio of sawdust to NaOH was 1:2, the yield of
the liquefied residue was slightly increased, indicating that the high proportion of NaOH
enhanced the repolymerization of degradation products or inhibited the depolymerization
of lignocellulose [22].

At a sawdust to NaOH mass ratio of 1:1, the yield of liquefied residue was relatively
low. However, when the mass ratio decreased to 1:1.5, the yield of liquefied residue changed
slowly. In terms of energy conservation, a satisfactory liquefied residue yield was obtained
at a sawdust to NaOH mass ratio of 1:1. Meanwhile, it should be noted that some of the
adsorbed NaOH crystal on sawdust during the pretreatment was dissolved during the
subsequent liquefaction, which induced cellulose swelling and increased the porosity and
specific surface area of the sawdust, thus increasing the accessibility of phenol to sawdust
and promoting the degradation of the sawdust [23-25]. According to the literature, the
liquefied residue of sawdust has a significant impact on the performance of the subsequent
fabrication of bio-based phenolic resins [26]. Therefore, it is important to optimize the
pretreatment conditions and thus reduce the residual content of liquefaction.
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Figure 1. The effect of alkali-heat pretreatment on the liquefied residue yield. The phenol liquefaction
temperature was 150 °C, the mass ratio of phenol to pretreated sawdust was 5:1, and the liquefaction
time was 2 h.

2.2. Optimization of Phenol Liquefaction of Waste Sawwdust
2.2.1. Model Fitting

The results of the whole experimental runs are summarized in Table 1. In general,
the residual content after phenol liquefaction of waste sawdust was relatively low. Under
different liquefaction conditions, the residual content varied from 6.82% to 17.13%, sug-
gesting that phenol liquefaction is an effective and feasible biomass conversion method.
The liquefied products can further react with formaldehyde to produce valuable biobased
wood adhesive [27]. The lowest residual content was observed in a phenol-to-pretreated
sawdust mass ratio of 4.21, a liquefaction temperature of 173.58 °C, and a liquefaction
time of 2.24 h. The fitting quadratic multiple regression equation after the exclusion of the
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insignificant terms for the residual content of waste sawdust is determined based on these
data, as shown in Equation (1).

R = 162.74864 — 24.02153A — 1.03750B — 14.186057C — 0.134375BC )
+2.15511A24-0.003566B>+7.64545C>

where R is the residual content (%), A denotes the mass ratio of phenol to pretreated
sawdust (P/S), B refers to the liquefaction temperature (°C), and C is the liquefaction
time (h).

Table 1. Liquefaction variables and levels.

Factors
Order x:::elita: ;ost;f‘:;l:z?i);g Teml.‘plgietficetlgn(a 0 Liquefaction Time, t (h) Residual Content, R (%)

1 3 140 1.5 17.13
2 5 140 1.5 12.55
3 3 180 15 15.44
4 5 180 1.5 12.61
5 3 140 2.5 16.62
6 5 140 2.5 13.36
7 3 180 2.5 9.38
8 5 180 2.5 8.22
9 2 160 2 17.8
10 6 160 2 12.23
11 4 120 2 14.11
12 4 200 2 10.09
13 4 160 1 15.72
14 4 160 3 12.36
15 4 160 2 7.58
16 4 160 2 7.35
17 4 160 2 7.81
18 4 160 2 6.28
19 4 160 2 5.78
20 4 160 2 6.12

In order to further verify the adequacy of the quadratic model, an analysis of variance
(ANOVA) was carried out and the results are shown in Table 2. p-values less than 0.05
indicate the mode] variables are statistically significant, and the smaller the p-value, the
more significant the corresponding coefficient and contribution to the response variable [17].
In this study, the p-value of the model was less than 0.0001 and the adjusted R? value was
0.9189. This indicated that the response regression model was highly significant and
sufficient for the response variables tested. Further, the “lack of fit f-value” of 2.43 implied
that the lack of fit was insignificant relative to the pure error. There was a 17.65% chance of
a lack of fit f-value due to noise. The insignificant lack of fit was good, which indicated
that the proposed model fitted the data well. Based on the p-values, it can be seen that
the variables of A, B, C, the interaction term of BC, and the quadratic terms of A% B2, C?
were significant, indicating that the variables of the reaction were interactive and complex.
The significant effect of every single variable on the residual content decreased as follows:
A > B > C. The significant effect of interacting variables on residual content decreased in
the order of BC > AB > AC. The magnitude of the f-value reflects the importance of each
test variable on the index, and the larger f-value indicates the greater importance of the test
index [28]. The importance of the influence of the test variables on residual content was
as follows: A > B > C, which was identical to the significant effect of every single factor
on residual content. In addition, the R? of the selected model was 0.9573, and the fitting
degree was more than 95%, indicating that the model effectively reflected the changes in
response values.
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Table 2. Results of the analysis of variance for residual content.

Source Sum of Squares df Mean Square F Value p Value
Model 284.38 9 31.60 2491 <0.0001 significant
A 32.98 1 32.98 26.00 0.0005
B 30.39 1 30.39 23.96 0.0006
C 17.79 1 17.79 14.02 0.0038
AB 1.85 1 1.85 1.46 0.2546
AC 1.12 1 1.12 0.8811 0.3700
BC 14.45 1 14.45 11.39 0.0071
A? 116.78 1 116.78 92.07 <0.0001
B2 51.15 1 51.15 40.33 <0.0001
c? 91.85 1 91.85 72.42 <0.0001
Residual 12.68 10 1.27
Lack of fit 8.98 5 1.80 243 0.1765 not significant
Pure error 3.70 5 0.7404
Cor total 297.06 19

The comparison between the actual residual content obtained in the experiment and
the predicted residual content based on the quadratic model is shown in Figure 2. Generally,
each experimental data point should be approximately close to the regression line of the
prediction data, which suggests that the estimated effect is true and effective [29]. In this
study, the 20 groups of actual experimental values were distributed near the predicted value,
which implied a strong correlation between the experimental responses and predicted
responses.
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20
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_.
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Figure 2. Comparison between the predicted (straight line) and actual response values (points)
obtained from the model for the response of residual content.

2.2.2. Main Response Surface Plots and Optimization

The three-dimensional response surface plots and contour plots were used to delineate
the effect of independent variables and their interactions on residual content based on
the obtained regression equation. The response surface plots of residual content were a
function of two specific variables, while the other variable remained at a fixed value. The
curve shapes of all response surfaces were upward concave, and all the center and edge
points were within the studied range, which indicated that there was an optimal response
for the content of liquefied residues.

The effect of the P/S ratio and the liquefaction temperature on the residual content is
shown in Figure 3a,b. It can be seen that P/S and liquefaction temperature significantly
affected the residual content. In a specific range, the residual content decreased with the
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increase in P/S and liquefaction temperature and then increased with the further increased
P/S and temperature after reaching the optimal critical point (P/S and temperature of
4.21 and 173.58 °C, respectively). Similar phenomena were observed in other woody
materials [30]. The increase in P/S in the range of 2 to 4.21 reduced the residual content,
indicating that the P/S values in this range facilitated the liquefaction of sawdust. However,
when the P/S increased to a higher value, it negatively affected the sawdust liquefaction.
These results suggest that lower /S values lead to the recondensation of the low-molecular-
weight compounds into insoluble residues [31]. An insufficient amount of phenol in the
reaction system increases the viscosity of the liquefied products [32]. The P/S value of
4.21 is reasonable to ensure minimum residual content of waste sawdust for adequate
liquefaction.

o

=k
=]
L=]

Liquefaction temperature ("C)

4
IS (g9/g)

Figure 3. The response surface (a) and contour plots (b) showing the effects of P/S and liquefaction
temperature on the residual content.

Further, the effect of liquefaction temperature on the residual content showed a similar
trend compared with the P/S value. With the increase in reaction temperature, the residual
content decreased first and then increased above 173.58 °C which is explained by the
incomplete bond cleavage of different components of waste sawdust at lower temperatures
due to less violent reaction conditions. In addition, reactions, such as hydrolyzation and
depolymerization, resulting in smaller molecules could not be completed [33]. As the tem-
perature increases, the glycosidic bonds break, leading to dehydration and decarboxylation,
resulting in the cleavage of large molecules into smaller fragments [34], and a decrease
in the residual content. However, with the further increase in temperature (>173.58 °C),
the residual content increased gradually. This was mainly because of the unstable compo-
nents in the liquefied product at high temperatures [35], and a series of complex reactions
resulting in the formation of a large number of liquefied residues.

The comprehensive effects of the P/S ratio and liquefaction time on the residual
content at a constant temperature are depicted in Figure 4a,b. It can be observed that the
critical transition point was established when the P/S value was 4.21 and the liquefaction
time was 2.24 h. With the increase in liquefaction time from 1 h to 2.24 h, the residual
content gradually decreased to less than 5.6%. However, the residual content increased if
the liquefaction time continued to extend. In the initial stage of the reaction, the degradation
reaction played a dominant role, which decreased the residual content [32]; the residual
content decreased. With the further extension of the reaction time, the polycondensation
reaction and the degradation reaction among the liquefaction products gradually reach
the balance until they took the dominant role, which led to the increase in the residue
content [36].
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Figure 4. The response surface (a) and contour plots (b) showing the effects of P/S and liquefaction
time on the residual content.

Figure 5a,b show the effects of liquefaction time and liquefaction temperature on the
residual content at a constant P/S value. It can be seen that the effect of liquefaction time
was closely related to the liquefaction temperature. Specifically, the variation in residual
content over time was more pronounced at higher temperatures than at lower temperatures.
At a constant liquefaction temperature (greater than 173.58 °C), when the liquefaction time
increased from 1 h to 2.24 h, the residual content decreased significantly. Further extension
of time to 2.6 h or longer resulted in an almost constant residual content or a slight increase.
Similarly, compared with the shorter reaction times, the change in residual content with
temperature was more significant under the longer reaction times. At a constant reaction
time (greater than 2.24 h), the residual content decreased significantly with the temperature
increase from 100 °C to 180 °C, followed by equilibrium and then a slight increase. This
also confirmed that heating at 173.58 °C for 2.24 h facilitated waste sawdust liquefaction.
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Figure 5. The response surface (a) and contour plots (b) showing the effects of liquefaction tempera-
ture and liquefaction time on the residual content.
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To demonstrate the accuracy and reliability of the optimal liquefaction conditions
determined from the fitted model, the experiment was repeated three times using the same
method based on the predicted optimal point and the average value was calculated. The
actual residual content obtained experimentally was 6.35%, while the residual content
predicted based on Equation (1) was 6.15%. The results show that the experimental value
agrees well with the model prediction, with an error of only 3.25%. It is thus clear that RSM
can be used to optimize the process of waste sawdust phenol liquefaction. The optimal
liquefaction occurred at a P/S ratio of 4.21, liquefaction temperature of 173.58 °C, and
liquefaction time of 2.24 h.

2.3. SEM Analysis

SEM was used to assess the structural and morphological changes of sawdust after
treatment (Figure 6). The surface of untreated sawdust was continuous and smooth, and
the fibrous structure was relatively complete (Figure 6a), in which lignin was the encrusting
material connecting the fibers and hemicellulose was the filling material distributed in
the microfibers of the cell wall [37]. The pretreated sawdust (Figure 6b) revealed many
microfibril aggregates with a rougher and more wrinkled surface due to the activation
of lignocellulose with alkali, resulting in partial structural degradation [38]. Further, the
rough surface of pretreated sawdust increased the specific surface area, which increased the
accessibility of phenol during the subsequent liquefaction. Following phenol liquefaction,
the structure of the pretreated sawdust was severely damaged, with a lower degree of
polymerization and loose and irregular texture (Figure 6¢,d), due to the surface coke
generated by the condensed lignin and cellulose [39].

Figure 6. SEM micrographs of untreated sawdust (a), alkali-heat pretreated sawdust (b) liquefied
residues (c,d).
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2.4, FT-IR Analysis

The functional groups present in the untreated sawdust, pretreated sawdust, liquefied
residues, and liquefied liquid were investigated by FT-IR. For untreated sawdust (Figure 7a),
the broad peak at around 3400 cm ™! indicated O—H stretching vibrations [40]. The peak at
2925 cm ™! corresponded to the stretching vibration of C—H. The peaks between 1400 cm ™!
and 1600 cm™! are attributed to the aromatic skeleton in lignin [41]. Several peaks from
600 cm ™! to 900 cm ™! represent the characteristic peaks of aromatic monomers. Compared
with untreated sawdust, the peak intensity of pretreated sawdust at 2925 cm ! was sig-
nificantly weakened, which suggested that pretreatment peels off most of the methylene
groups in the aliphatic acid methylene group [42]. In addition, the weakening of the peaks
at 1750 cm ™!, 1240 cm™*, 1152 em~! and 1030 cm~! indicates the breakage of cellulose
glycosidic bonds and hemicellulose chains, suggesting that large amounts of hemicellu-
lose and part of cellulose were degraded by hydrolysis and peeling reactions during the
pretreatment [43]. Compared with untreated sawdust, the peaks between 1400 cm ™! and
1600 cm~! and from 600 cm ™! to 900 cm~! were enhanced, indicating that pretreatment
promoted the decomposition of lignin into aromatic monomers and increased the formation
of low-molecular-weight oligomers. It was noteworthy that the new peak of pretreated
sawdust around 1332 cm ™! might correspond to the characteristic peak of NaOH.

After the liquefaction reaction, the disappearance of the peak at 1750 cm™! for the
liquefied residues (Figure 7b) indicated that the hemicellulose was further decomposed
during the liquefaction. The strong peak of C—O at 1030 cm ™! associated with liquefied
residues demonstrated the presence of a large amount of lignin and its derivatives remain-
ing in the liquefied residues [39]. A strong peak at 1080 cm ™! attributed to the C-O peak
in cellulose, indicated the presence of unliquefied cellulose in the liquefied residues. The
peak enhancement at 1600 cm ™~ and 1480 cm ! indicated the presence of large amounts of
aromatic compounds and their derivatives from lignin in liquefied liquid (Figure 7c) Similar
phenomena were reported in previous studies [44,45]. The peak of the liquefied liquid
around 1240 cm ™! may be due to the C-O stretching of the phenol or ester [46]. In addition,
other peaks in the range of 600 cm ™! to 1000 cm ! in the spectra of the liquefied liquid were
attributed to C-H bending vibrations of aromatic hydrocarbons. The enhancement of these
peaks can also be explained by the presence of a large number of phenolic compounds in
the liquefied liquid.
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Figure 7. Cont.
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Figure 7. FT-IR spcctra of untreated sawdust and pretreated sawdust (a), untreated sawdust and
liquefied residues (b), untreated sawdust, liquefied liquid and phenol (c).

2.5. XRD Analysis

Waste sawdust showed two characteristic peaks of type I lignocellulose at 16.1° and
22.5°, which correspond to the lattice planes of (101) and (002), respectively [47]. The two
peaks were both shifted after alkali-heat pretreatment due to the transformation of some
cellulose crystals [48]. The Crystallinity Index (Ic;) of the pretreated samples (18.21%)
was reduced by 59.11% compared with untreated natural waste sawdust (44.53%) because
a large number of hydrogen bonds between and within the cellulose were destroyed,
resulting in the disruption of the crystal structure [49]. Besides, several small peaks
between 28° and 50°resulted from the NaOH crystals rearranged in the hierarchical sawdust
structures [50].

The XRD spectra of the liquefied residues exhibit many diffraction peaks (Figure 8),
indicating that the liquefied residues contained several crystalline substances, which were
difficult to liquefy. This was consistent with the results of previous studies [51]. The
liquefied residues showed two peaks of type Il cellulose at positions 20° and 22°, suggesting
the synergistic effect of alkali-heat pretreatment and phenol liquefaction, resulting in altered
cellulose crystals. Type 11 cellulose is stabler and less susceptible to liquefaction, which
also explains its presence in the liquefied residues. A sharp peak at 26.5° was due to the
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formation of carbonaceous structures, such as graphite, during liquefaction. The peak at
about 32.2° was attributed to oxidized lignin [52], which corresponded to the results of the
FI-IR analysis.
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Figure 8. X-ray diffraction of untreated sawdust, alkali-hcat pretreated sawdust and liquefied
residues.

3. Materials and Methods
3.1. Materials

The waste sawdust with a size of 20 mesh was generously provided by the carpentry
factory located at the South China Agricultural University. The chemical and elemental
composition of the sawdust is shown in Table 3. Phenol (99%) and NaOH were purchased
from Aladdin Reagent Company, Shanghai, China.

Table 3. Elcment and chemical composition of sawdust and the values were given on a dry basis.

Polymer Mass Fraction (%) Element Mass Fraction (%)
Cellulose ~ Hemicellulose  Klason Lignin C H o S N Ash (%)
42.11 24.32 28.06 46.77 5.97 46.52 0.00 1.01 1.6

3.2. Pretreatment

The sawdust was dried to absolute dryness in a drying oven at 103 °C £ 2 °C. The
pretreatment was performed in a glass beaker (150 mL) with tinfoil, and heated in an oven.
Briefly, 5 g dry sawdust, 25 g distilled water and some NaOH were loaded into the reaction
vessel and mixed thoroughly. The mass ratios of dry sawdust to NaOH were 3:1, 2.5:1, 2:1,
1.5:1, 1:1, 1:1.5, and 1:2. The beaker was then transferred to a drying oven and heated to a
fixed temperature (140 °C) until the distilled water was dried (about 280 min). At the end
of the pretreatment, the beaker was stored in a glass desiccator for subsequent liquefaction
experiments. The overall flow chart of the two step-liquefaction is presented in Figure 9.
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Figure 9. Overall flow chart of two step liquefaction of waste sawdust.

3.3. Phenol Liquefaction

The pretreated sawdust and phenol were loaded into a reactor equipped with a stirrer
and a condenser. The whole assembly was immersed into an oil bath preheated to a given
liquefaction temperature for a certain reaction time under continuous stirring. Then, the
resulting reaction mixture was diluted and dissolved in hot distilled water (50 mL). The
insoluble residues were separated by filtration with a G2 glass filter (30-50 um) under
vacuum (0.095 MPa). The filtrate was subjected to rotary evaporation under a vacuum at
70 °C to remove water. The residues were dried in an oven at 103 °C + 2 °C to constant
weight. All experiments were performed in triplicates and the average value was taken.
All product yields were calculated using the following equations.

Weight of Liquefaction Residue
Weight of Sawdust

Liquefied residue yield (wt %) = x 100 2

Liquefaction yield (wt %) = (1 — Liquefied residue yield) x 100 3)

3.4. Experimental Design and Process Optimization Using Response Surface Methodology (RSM)

To investigate the effect of independent variables on the response value (residual
content) and optimize the liquefaction conditions, experiments with three key variables
and five levels were designed using the Box=Behnken design. The Design-Expert 12.0.3.0
software was used to design experiments, perform the statistical analysis, and create the
regression model. Based on extensive pre-experiments, the independent variables that
significantly influenced the residual content and the right levels were selected. The three
independent variables were the mass ratio of phenol to pretreated sawdust (A), liquefaction
temperature (B), and liquefaction time (C). The range of each value was chosen in the range
of 2t0 6, 120 t0 200 °C, and 1 to 3 h, as shown in Table 4. The experimental design included
a total of 20 experiments, corresponding to eight factor points, six axial points, and six
center point replications to ensure the accuracy of the experiment.

Table 4. Liquefaction variables and levels.

Level
Variables eve
Code -2 -1 0 1 2
Mass ratio of phenol to
pretreated sawdust, P/S A 2 3 + > 6
Liquefaction temperature, T (°C) B 120 140 160 180 200
Liquefaction time, t (h) C 1 1.5 2 2.5 3
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What is more, the complete design matrix and actual residue are shown in Table 1, and
the experimental data were analyzed using Design Expert 12.0.3.0. The test data were fitted
to the following second order polynomial equation, as shown in Equation (4). The analysis
of variance (ANOVA) and significance test was carried out for the residual content under
different conditions to evaluate the quality of the model fitting. All these experiments were
carried out in random order.

n n n n
Y =80+ ) BiXi+ Y BuXi+ Y. Y BiXiX )
=1 i=1

=1 j=i+1

where Y is the response function (residue content), By is the model intercept, B;, B;; and B
represent coefficients of linear, quadratic, and interaction terms, respectively.

3.5. Characterization
3.5.1. Chemical and Elemental Composition Analysis

The chemical composition of sawdust was performed according to the Van Soest
method [53]. Briefly, the neutral detergent fiber (NDF), acid detergent fiber (ADF), and
acid detergent lignin (ADL) were prepared in turn by deterging waste sawdust sequen-
tially with neutral detergent reagent, acid detergent reagent and 72% H;SO,. Another
amount of dry sawdust was put in a muffle furnace at 600 °C for 6 h, and the ash content
was calculated by the weight difference. The difference values between ADF and NDF,
ADF and ADL, ADL and ash were considered as contents of hemicellulose, cellulose and
Klason lignin, respectively [49]. The elemental analysis of sawdust was performed with
an Elemental Analyzer (Vario EL cube, Elementar, Hanau, Germany). The chemical and
elemental composition of the sawdust was analyzed three times and the average values
were taken separately.

3.5.2. Scanning Electron Microscope (SEM) Analysis

The morphology of untreated sawdust, alkali-heat pretreated sawdust and liquefied
residues were analyzed via SEM (EVO MA 15, ZEISS, Oberkochen, Germany). The working
voltage was 10 kV.

3.5.3. Fourier Transform Infrared Spectroscopy (FT-IR) Analysis

FT-IR instrument (Vertex 70, Bruker, MA, USA) was used to analyze the functional
groups in the samples (untreated sawdust, alkali-heat pretreated sawdust, liquefied
residues and liquefied liquid). The sample was diluted nicely in KBr. The sample was
scanned 32 times in the range of 400 cm ™' to 4000 cm ! at a resolution of 4 cm~'. Back-
ground spectra were recorded before every sampling.

3.5.4. X-ray Diffraction (XRD) Analysis

Samples ground to powder (100 mesh) were analyzed by X-ray diffraction (xrd-6000,
Shimadzu, Kyoto, Japan) with an AlK« radiation source at 40 kV. The scanning range was
5 to 50° with a step of 0.02° at a scanning rate of 10° /min.

4. Conclusions

In this study, a facile method was used to liquefy waste sawdust via a two-step
method at a significant liquefaction rate. The alkali-heat pretreatment was optimized by
a temperature of 140 “C and a 1:1 mass ratio of sawdust to NaOH, resulting in a 4.2-fold
higher liquefaction rate than that of untreated sawdust. Based on the response model
established by RSM, it was found that the P/S ratio was the most important variable
affecting the liquefaction yield. A P/S ratio of 4.21, a liquefaction temperature of 173.58
°C, and a liquefaction time of 2.24 h were the optimal conditions for phenol liquefaction
of pretreated sawdust, resulting in corresponding liquefied residue yield of 6.35%. Thus,

164



Molecules 2022, 27, 7880 14 of 16

the liquefaction rate reached 93.65%. Based on SEM, FTIR, and XRD analyses, alkali-heat
pretreatment is essential for subsequent phenol liquefaction.
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