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ABSTRACT

Undesirable odor emissions that originate from polypropylene (PP)-based wood plastic composites (WPCs) caused by volatile
organic compounds (VOCs) restrict their indoor applications. This research investigates the effectiveness of halloysite nanotubes
(HNT) and beta-cyclodextrin (8-CD) in reducing VOC emissions while simultaneously improving the mechanical and thermal
properties of WPCs. Composites are produced by incorporating 2wt.% and 5wt.% of HNT, 8-CD and are compared to commercial
odor-control additives. Odor intensity is tested using sensory (jar) odor and headspace gas chromatography-mass spectrometry
(HS GC-MS) methods. Mechanical, thermal, morphological, and structural properties are characterized through tensile test-
ing, thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), scanning electron microscopy (SEM), Fourier-
transform infrared spectroscopy (FTIR), and Brunauer-Emmett-Teller (BET) analysis. The odor results show the addition of
5wt.% HNT and 2wt.% 3-CD causes a reduction of VOC peaks by 14% and 35%, respectively. HNT results in a 36.6% reduction of
4-methyl-octane and improves tensile strength and modulus by 6.3 (£0.3) % and 12 (£0.8) %, whereas -CD advances in tough-
ness. The BET and FTIR analyses confirm distinct adsorption behaviors and interactions within the polypropylene matrix. These
results suggest the potential of HNT and 5-CD as sustainable additives to improve the indoor applicability of PP-based WPCs.

1 | Introduction products, directing a minimum of 25% by 2025 and 55% by 2030.

The plan intends to decrease dependence on fossil-based re-

In light of increasing environmental challenges related to pop-
ulation growth, governments globally have implemented reg-
ulations with the purpose of creating the evolution towards a
circular economy. These regulations point out the importance of
resource efficiency and the necessity of reducing plastic waste.
In this framework, the European Green Deal outlines the ne-
cessity for integrating renewable materials into plastic-based

sources and lower impacts on the environment [1]. In a parallel
manner, the United States Environmental Protection Agency
(EPA) aims for a 50% renewable content in plastic production
[2]. Within this statutes and regulations, wood plastic compos-
ites (WPCs), which combine natural fibers such as wood flour
with thermoplastics like polypropylene (PP), have gained con-
siderable attention as sustainable material alternatives.
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Wood-plastic composites (WPCs) are usually produced with
polyethylene, and wood fibers have been used for outdoor ap-
plications. Conversely, WPCs that consist of polypropylene
provide increased mechanical and thermal properties, offer-
ing them suitability for indoor applications such as automotive
components and consumer products [3]. Polypropylene is widely
used because of its cost-effectiveness, resistance to moisture,
and beneficial chemical stability [4]. Even so, we want to use
the recycled polypropylene; it presents a substantial challenge
regarding odor emissions, especially in indoor environments.
The odors observed are mainly caused by volatile organic com-
pounds (VOCs) emitted during the thermal degradation of poly-
propylene during production and the decomposition of residual
additives and contaminants [5-7].

The addition of wood fibers to polypropylene further raises odor
emissions. Volatile organic compounds (VOCs) originated from
wood, which includes formaldehyde, acetaldehyde, and acetic
acid, are released during processing, with elevated temperatures
intensifying this problem [8-10]. These emissions in disputes
adversely influence the acceptability and environmental perfor-
mance of wood-plastic composites aimed at indoor applications.
Thus, the reduction of VOC emissions is essential for improving
both the functionality of materials and the acceptance by users.

Despite process-level treatments, involving degassing and ad-
justments of molding parameters, having been looked into for
odor elimination, material-based solutions have shown more
effective results [11-13]. They are the additives, such as zeolites,
copper-coated silica, activated carbon, and carbon nanotubes,
that have been examined for their capacity to adsorb volatile
organic compounds (VOCs) [14, 15]. Among these materials,
halloysite nanotubes (HNTs) and §-cyclodextrin (8-CD) have
emerged as notably promising candidates, attributed to their
distinctive chemical structures and adsorption properties.

B-cyclodextrin is a cyclic oligosaccharide that is formed from
seven glucose units. The toroidal molecular structure features
a hydrophobic cavity and a hydrophilic outer surface, enabling
the formation of stable inclusion complexes with hydrophobic
volatile organic compounds, including aromatic hydrocarbons
[16, 17]. Halloysite nanotubes are naturally occurring alumino-
silicate minerals that are characterized by their hollow tubular
structures. Their high surface area, dual surface charge, and
large aspect ratio characteristics lead to their efficacy as nano-
fillers and potential adsorbents for VOCs within polymer matri-
ces [18-20].

A comparative analysis of HNTs and $-CD with other mate-
rials reveals significant advantages in terms of performance,
safety, and environmental impact. Zeolites, while effective in
adsorbing VOCs, are more expensive and mechanically weaker
than HNTs, which possess a robust nanoscale tubular struc-
ture [21, 22]. 3-CD, known for its hydrophilic nature, is also
effective in VOC adsorption and offers advantages such as
chemical stability and aqueous solubility. The odor-removal effi-
ciency of copper-coated silica varies with copper loading, while
both HNTs and 3-CD provide consistent results. HNTs can be
converted into carbon nanoflakes for enhanced CO, adsorption
and supercapacitance, offering a non-toxic alternative to car-
bon nanotubes (CNTs) [23, 24]. In polymer composites, HNTs

have been shown to improve impact resistance more effectively
than CNTs, which tend to be brittle [25]. While graphene offers
superior mechanical reinforcement, HNTs and 5-CD are more
cost-effective and biocompatible. Biochar may interfere with bi-
ological systems, whereas §-CD is widely regarded as safe and
effective in various applications, including environmental and
pharmaceutical uses [26, 27].

Even though HNTs and f-CD represent particular potential
for the adsorption of VOCs, their specific usage for decreasing
odor emissions in polypropylene-based wood-plastic composites
(WPCs) remains not properly explored. While 3-CD has estab-
lished its effectiveness in the adsorption of VOCs such as formal-
dehyde and xylene, and halloysite nanotubes (HNTs) have been
highlighted for their ability to improve mechanical strength,
there exists an absence of research investigating their individual
effects within composite systems intended for odor control by
reducing odorous VOCs [28-30].

This study investigates the individual effects caused by HNT
and 3-CD on the VOC emissions, mechanical, and other charac-
teristics of polypropylene-based WPCs for addressing this gap.
The research proposes to obtain a dual benefits by reducing odor
levels and improving the physical performance of WPCs. The
uniqueness of this study lies in its comprehensive material ap-
proach, which promotes the development of sustainable, func-
tional composites in line with the requirements of the circular
economy.

2 | Materials and Methodology
2.1 | Materials

Polypropylene (PP) HE125MO homopolymer that has a den-
sity of 905 kg/m?3, melt flow rate (MFR) value 12 g/10 min
(230°C/2.16 kg), and derived in white granule form for injec-
tion molding application were supplied by Borealis Compounds
Inc., North Carolina, USA. Wood Fiber with 20-40 micrometer
(um) width 1.5-2.5mm weighted average length and consists
of 70 wt.% oak (Quercus robur) and 30 wt.% pine (Pinus syl-
vestris) is supplied by Kastamonu Integrated Wood Industry
Co Inc., Gebze/Kocaeli, Tiirkiye. Halloysite nanotube (HNT)
was obtained from Esan Eczacibasi Industrial Raw Materials
Industry and Trade Inc., Maltepe, Tiirkiye. STRUKTOL RP 53
odor control additive (mask) has an off-white pastille form for
compounding PE and PP WPC products provided by Struktol
Company of America LLC, Ohio, US. TEGO Sorb PY88TQ
is a zinc ricinoleate containing 8.8%-10.8% zinc, used as odor
absorber in form of pale-yellow pellets. It is used for the pro-
duction of masterbatches and compounds that are suitable for
Polyolefins were supplied by Evonik Nutrition & Care GmbH,
Essen, Germany. $-Cyclodextrin >97% purity in white powder
form with was purchased from Sigma Aldrich, Merck Group, St.
Louis, Missouri, USA.

2.2 | Preparation of PP Based WPC Formulations

Wood fiber (WF) and polypropylene (PP) were dried at 80°C for
24h prior to the preparation of wood-plastic composite (WPC)
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TABLE1 | Table of indoor odor (jar) test results.

Sample name Test condition Rating average Result
70PP-30WF 1(25°C, 24h) 3.0 Very perceptible but not disturbing
2(40°C, 24h) 3.5 Intense enough to be slightly disturbing
3(65°C, 2h) 4.0 Disturbing
68PP-30WF-2HNT 1(25°C, 24h) 2.5 Clearly perceptible but not disturbing
2(40°C, 24h) 3.0 Very perceptible but not disturbing
3(65°C, 2h) 3.5 Intense enough to be slightly disturbing
65PP-30WF-5HNT 1(25°C, 24h) 1.5 Slightly perceptible
2(40°C, 24h) 2.0 Perceptible, not disturbing
3(65°C, 2h) 2.5 Clearly perceptible but not disturbing
68PP-30WF-28-CD 1(25°C, 24h) 1.5 Slightly perceptible
2(40°C, 24h) 2.0 Perceptible, not disturbing
3(65°C, 2h) 2.5 Clearly perceptible but not disturbing
65P-30WF-53-CD 1(25°C, 24h) 2.0 Perceptible, not disturbing
2(40°C, 24h) 2.5 Clearly perceptible but not disturbing
3(65°C, 2h) 3.0 Very perceptible but not disturbing
68PP-30WF-2RP53 1(25°C, 24h) 2.5 Clearly perceptible but not disturbing
2(40°C, 24h) 3.0 Very perceptible but not disturbing
3(65°C, 2h) 3.5 Intense enough to be slightly disturbing
68PP-30WF-2PY88TQ 1(25°C, 24h) 3.0 Very perceptible but not disturbing
2 (40°C, 24h) 3.5 Intense enough to be slightly disturbing
3(65°C, 2h) 4.0 Disturbing

formulations. The base composition consisted of 70wt.% PP and
30wt.% WF, with additives incorporated at varying concentra-
tions: 2wt.% and 5wt.% Halloysite Nanotubes (HNT), 2wt.%
and 5wt.% [-Cyclodextrin (3-CD), and 2wt.% STRUKTOL
RP 53 and TEGO Sorb PY 88 TQ. The formulations were pro-
cessed using a Gelimat GI ultra-high-speed thermokinetic mixer
(Draiswerke, USA), which is characterized by high shear forces
and short retention times. During mixing, the components were
compounded at approximately 4000 rpm, resulting in a chamber
temperature of 180°C. After mixing, the wood-plastic composite
was subjected to cooling and granulation using a plastic gran-
ulator (Rhong Machinery, China). The granules were subse-
quently transformed into specimens suitable for mechanical and
thermal evaluation through injection molding (Xplore, Sittard,
Holland) at a melt temperature of 240°C, a mold temperature of
35°C, and an injection pressure of 12 bar.

2.3 | Characterization

The Jar (odor) test was conducted to evaluate the odor inten-
sity of wood-plastic composites (WPCs) formulated with 70
wt.% polypropylene (PP) and 30 wt.% wood flour (WF). The
sample set included: (i) a control WPC without additives, (ii)
WPCs modified with 2 wt.% and 5 wt.% halloysite nanotubes

(HNT), (iii) WPCs containing 2 wt.% and 5 wt.% $-CD, and
WPCs incorporating 2 wt.% of commercial odor-control ad-
ditives RP 53 and PY88TQ. As part of the pre-conditioning,
all specimens were exposed to ambient laboratory conditions
(approximately 23°C and 50% relative humidity) for a duration
of 12 days to simulate environmental aging. Subsequently, the
samples were individually placed in 1 L gas-tight glass jars
containing 50 mL of distilled water at the base. A stainless-
steel wire mesh was positioned above the water to suspend
the samples and prevent direct contact. Following sample
preparation, all specimens were subjected to three different
temperature conditions to simulate various storage and han-
dling scenarios: (i) 25°C for 24 h, (ii) 40°C for 24 h, and (iii)
65°C for 2 h. After exposure, the odor intensity of each sample
was evaluated by a panel of five independent raters. To ensure
objective evaluation, the jars were anonymized and randomly
labeled from 1 to 7, with no reference to their contents. Odor
intensity was rated on a scale from 1 to 6 (1 = imperceptible
odor, 6 = Extremely disturbing odor). The average ratings
from the panelists are presented in Table 1.

Headspace Gas Chromatography-Mass Spectrometry (HS GC-
MS) analyzed for identification of VOCs of samples. Extraction
of VOCs was performed using 1 g sample in a 10 mL HS-vial
with a PTFE septum. The samples were conditioned and
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equilibrated at 125°C with agitation at 250 rpm for headspace
enrichment. A HS-20NX Headspace Autosampler (Shimadzu
Scientific Instruments, USA) was used for automated sampling.
The injection was performed at 200°C with an injection time of
5 sand a split ratio of 1:20. The analysis was carried out on a GC-
MS-QP2010 Ultra system (Shimadzu Scientific Instruments,
Carlsbad, CA, USA) equipped with an InertCap Pure-WAX
capillary column (60 m X0.25mm X0.25 pm film thickness).
Helium was used as a carrier gas at a constant flow rate of 1 mL/
min and an average linear velocity of 22 cm/s.

The GC oven was programmed to heat from 50°C to 200°C using
a multi-rate temperature gradient: 3°C/min from 50°C to 100°C,
followed by 12°C/min to 200°C. The total running time for each
analysis was 30 min. The injector temperature was set to 250°C,
and the MS detector was operated in scan mode within a mass
range of 30-550 m/z. Blank runs were conducted between sam-
ples to prevent cross- contamination.

Identification of VOCs was based on retention times and mass
spectra comparison with reference spectra from the WILEY7/
NIST mass spectral libraries. For quantification, a seven-point
calibration curve was constructed using acetone as the internal
standard in 1-butanol at concentrations of 0.1, 0.5, 1, 5, 10, 50,
and 100 grams per liter (g/L). A 5 microliter (uL) syringe was
used to inject 2 uL of each calibration solution into 10 mL HS
vials under identical conditions. The limit of detection (LOD) for
VOCs was defined as peaks with heights at least three times the
baseline noise and areas exceeding 10% of the acetone peak area
at a concentration of 0.5 g/L acetone.

Tensile properties of the polypropylene (PP)-based wood-plas-
tic composites (WPCs) were evaluated in accordance with
the ISO 527-2 standard using a universal testing machine
(Instron 100 kilonewton (kN) Electromechanical Test System,
Massachusetts, USA). A total of five replicates (n=5) of Type 1A
dog-bone specimens, each with a thickness of 2mm and width
of 5mm in the gauge section, were tested. The experiments were
conducted using a 5 kN load cell at a constant crosshead speed of
100mm/min. An extensometer was employed to accurately re-
cord the strain and calculate the percentage elongation at break.
This setup enabled the precise determination of tensile strength,
modulus of elasticity, and elongation behavior of the composite
materials.

The surface morphologies of samples were characterized using
Field Emission Scanning Electron Microscopy (FESEM, CARL
ZEISS LEO SUPRA 35VP) operated at an accelerating voltage
of 5kV in secondary electron (SE) mode. Micrographs were ac-
quired at a magnification of 10K X to observe the microstruc-
tural features in detail. Fracture surfaces were obtained by
mechanically breaking the specimens at room temperature,
and imaging was conducted on the fractured cross-sections to
evaluate the interfacial adhesion and dispersion of components.
Prior to imaging, the sample surfaces were sputter-coated with
carbon in three layers to ensure adequate electrical conductivity
and minimize charging effects during analysis.

Fourier-transform infrared (FTIR) spectroscopy analysis of the
composites was conducted using a Thermo Scientific Nicolet
iS10 FTIR spectrometer (Waltham, Massachusetts, USA),

equipped with a diamond Attenuated Total Reflection (ATR)
crystal. FTIR spectra were recorded using OMNIC 9.2.98 soft-
ware (Thermo Fisher Scientific, Gloucester, UK), within the
wavelength range of 4000-600cm™ and a resolution of 4cm™.
The analysis was performed to identify the presence of func-
tional groups and to investigate interactions among the various
components of the composites. A total of 32 scans were collected
to enhance the signal-to-noise ratio.

The thermal stability of the specimens was assessed using ther-
mogravimetric analysis (TGA) conducted on a Mettler Toledo in-
strument (Giessen, Germany). Alumina crucibles with a volume
of 90 uL were utilized for the analysis. Each mass of the samples
was approximately 11-12mg. TGA thermograms were acquired
using STAR SW 16.10 software (Mettler Toledo, Columbus, OH,
USA). The tests were performed under a nitrogen atmosphere,
spanning a temperature range of 20°C to 700°C, with a heating
rate of 10°C/min.

The effect of HNT, 3-CD, and other additives on the thermal
transition temperatures and crystallinity of the PP polymer was
analyzed under an inert nitrogen atmosphere with a Differential
Scanning Calorimeter (DSC) (Mettler Toledo DSC 3, Giessen,
Germany). 100uL aluminum crucibles were used for testing.
The weight of each sample was approximately 10-11 mg. STAR
SW 16.10 software (Mettler Toledo, Columbus, OH, USA) was
used to determine the melting enthalpy (AHm), melting tem-
perature (Tm), cold crystallization temperature (Tc), and cold
crystallization enthalpy (AHc). DSC analysis was performed
in three cycles. In the first step of the cycle, the samples were
heated from room temperature to 200°C at 10°C/min and held
at 200°C for 2min to erase their thermal history. In the second
cycle, the samples were cooled from 200°C to —70°C at a rate
of 10°C/min and held at —70°C for 2min. The cold crystalliza-
tion temperatures (Tc) were determined from the maximum
points of the peaks in the resulting thermogram. In the third
cycle, the samples were reheated from —70°C to 200°C at a rate
of 10°C/min, and the melting temperatures (Tm) were derived
from the peak maxima observed during this final heating. The
degree of crystallinity (Xc) for each sample was calculated using
(Equation (1)):

X, = [AH,,/AH,,” X (100 - w")] x 100% 6]

where AH,, is the melting enthalpy and AH,,” is the melting en-
thalpy of 100% crystalline polymer and w’ corresponds to the
weight percentage of fiber in the composite. The theoretical
value of 100% crystalline polypropylene (AH,,") is 207J/g [31, 32].

The surface area and porosity of HNT and 5-CD were mea-
sured using nitrogen adsorption-desorption at 77K with the
Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda
(BJH) methods, employing a high-performance gas adsorption
analyzer (Micromeritics 3Flex, Norcross, GA, USA). The specific
surface areas of the samples were determined using the BET
technique, while the pore size and pore volume were calculated
from the desorption isotherm curves using the BJH method and
the maximum amount of nitrogen adsorbed at a relative pres-
sure of P/P;=0.99. The degassing pressure during the outgas-
sing process reached 1.0mmHg. All samples were subjected to
vacuum outgassing at 80°C for 24 h prior to measurement.
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FIGURE1 | HS GC-MS chromatograms of 30 wt.% WF and 70 wt.% PP based WPC, 2 and 5wt.% HNT, -CD, 2wt.% RP53, and PY88TQ added

WPCs. [Color figure can be viewed at wileyonlinelibrary.com]

3 | Results and Discussion
3.1 | Sensory Analysis Result

The odor effect of HNT, 3-CD, and commercial additives (RP53
and PY88TQ) on WPCs has been investigated by Indoor Odor
(Jar) test (FORD FLTM BO 131-03 Interior Odor Test standard).
The outcomes were presented in Table 1. Based on that table,
the odor reached a “disturbing” level when WPC is formed with
the addition of wood fiber and PP. Additionally, the odor level
of WPC reduced from 4 (disturbing) to 3 (intense enough to be
slightly disturbing) with 2wt.% HNT. An increase in concen-
tration to 5wt.% HNT led to a higher reduction in odor levels
relative to the 2wt.% HNT, which lowered the rating from 4
(disturbing) to 2.5 (not disturbing). This effect is attributable to
HNT's unique porous tubular morphology and surface charac-
teristics, which allow for effective VOC adsorption [33]. In addi-
tion, this result was affected by the high surface area and VOC
adsorption ability of HNT due to being a nanoparticle.

Furthermore, increasing the concentration from 2 to 5 wt.% im-
proved the adsorption capacity of HNT. A similar outcome with
the 5 wt.% HNT containing WPC was also achieved by adding
2 wt.% 3-CD that has adsorption ability due to its porous struc-
ture. However, increasing the 5-CD concentration to 5 wt.% did
not yield additional odor reduction, unlike HNT. Considering
this, the adsorption capacity of f-CD for odor- forming VOCs
in WPC was exceeded at this concentration. These results are
attributed to the porous structure and high surface area of HNT,
which physically adsorbs VOCs, and the host-guest complex-
ation capability of 8-CD [5, 34]. Due to the subjective nature of

the aforementioned test, it was determined that another sup-
portive and more qualitative test methods were needed such as
HS GC-MS.

Analytical techniques have been developed to identify VOC
emissions and related odors in plastics and their composite
materials. Olfactometry is frequently used to detect and mea-
sure the odors produced by VOCs. Samples with intense odors
may indicate higher concentrations of VOCs, while mild odors
may suggest lower VOC levels. The assessment of odor type and
intensity is typically subjective; therefore, involving multiple
evaluators help ensure a more accurate evaluation [8]. VOCs
released from plastics, including Polypropylene (PP), can also
be identified using Gas Chromatography (GC) combined with
either a Flame Ionization Detector (FID) or Mass Spectrometry
(MS), providing more objective results than olfactometry. GC/
MS, especially when used with the headspace (HS) technique,
allows VOCs to disperse into the gas phase from a solid matrix,
offering more accurate and reliable results. Detailed odor char-
acterization often requires a combination of instrumental and
sensory analysis techniques [35-37]. Therefore, in this study, HS
GC-MS and olfactory methods were applied to investigate VOCs
responsible for the unpleasant odors of PP-based WPCs.

3.2 | Characterization of VOCs by HS
GC-MS Result

HS GC-MS chromatogram of the volatile compounds from
30 wt.% WF and 70wt.% PP-based WPC, 2 and 5wt.% HNT,
B-CD, and 2wt.% RP53, PY88TQ added WPCs are shown in
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TABLE 2 | Undesirable odor VOCs identified according to the HS GC-MS chromatogram.

Total VOC
peaks Reduction
Sample name numbers? rate (%) Height decreased VOCs Height decreasing rate [%]
70PP-30WF 28 — — —
70PP-30WF-2HNT 24 14 Octane 4-methyl-/Acetic 1.4/17.3/6.1
acid/Ammonium Oxalate
70PP-30WF-5HNT 24 14 Octane, 4-methyl-/Dodecane, 36.6/10.3/46.4/3.2/23.3
4,6-dimethyl—/Nonane, 5-
butyl/Acetic acid/1-Octanol
68PP-30WF-23-CD 18 35 Octane, 4-methyl-/Heneicosane, 9.4/43.0/21.8/36.3
11-(1-ethylpropyl)-/2-
Furancarboxaldehyde/
Benzaldehyde
65PP-30WF-53-CD 18 35 Octane, 4-methyl-/Heneicosane, 9.4/43.0/21.8/36.3
11-(1-ethylpropyl)-/2-
Furancarboxaldehyde/
Benzaldehyde
68PP-30WF-2RP53 17 39 Acetic acid/2- 9.4/48.5
Furancarboxaldehyde (Furfural)

70PP-30WF-2PY88TQ 23 17 Acetic acid/2- 15.6/55.3

Furancarboxaldehyde (Furfural)

2After reducing peaks according to 10% Acetone (control and calibration solution) peak height.

Figure 1. The main peaks of the WPC spectrums are nearly
identical to those of other WPCs, indicating that these repre-
sent the primary constituent materials. However, there were
distinct peaks in Table 2 that could not be attributed to PP or
wood materials in WPC. These volatile compounds may result
from residual impurities in the raw materials or degradation
during processing. Dodecanoic acid (CAS) lauric acid shows
up at the 19th min in samples found in 2wt.% PY88TQ added
WPCs as in Figure 1.

In the analysis, 48 VOCs were identified in PP-based WPC via
a reference database matching VOCs by their mass spectra and
retention times. By the elimination of peaks lower than 10%
of acetone peak height, the number of VOCs decreased to 28
in WPC without additive, 24 with HNT, 23 with PY88TQ, and
18 with 8-CD, as presented in Table 2. The additives reduced
VOC peaks by 14%, 17%, and 35%, respectively. HNT was espe-
cially effective in lowering the levels of VOCs, such as octane
4-methyl, acetic acid, and nonane 5-butyl. Among these, nonane
5-butyl and octane 4-methyl were reduced mostly. Additionally,
2,4-Dimethyl-heptane, a compound linked to the pungent plas-
tic odor [9], disappeared completely when additives like HNT,
PY88TQ, or 5-CD were used. HNT had the biggest impact, re-
ducing 4-methyl-octane—a main odor-causing VOC—by 37%,
likely due to its ability to bind VOC molecules through intermo-
lecular interactions. HNT was also quite efficient in reducing
acetic acid VOCs, which are produced by wood fibers in WPC.

Compared to PY88TQ, HNT was more feasible at minimiz-
ing acetic acid caused by both the wood fibers and the PP in
the composite [8, 38]. Moreover, PY88TQ, at a 2wt.% concen-
tration, was more useful than RP53 and B-CD in reducing

2-furancarboxaldehyde (Furfural), a VOC formed during the
breakdown of hemicellulose in wood fibers [39]. 5-CD, on the
other hand, was particularly good at reducing peaks of hene-
icosane 11-(1-ethylpropyl)- and benzaldehyde. These trends align
with previous studies showing that HNT can non-selectively ad-
sorb hydrocarbons, while 5-CD selectively captures polar VOCs
via its hydrophobic cavity [40, 41].

3.3 | Mechanical Test Result

Figure 2 shows the stress—strain curves of all samples as a re-
sult of the tensile test. Their data regarding the test analyses are
given in Table 3.

The results indicated that the tensile modulus of PP was in-
creased by 63% by adding 30wt.% WF. From analysis of the
additives on the modulus of WPCs, it can be seen that the
tensile modulus increased proportionally with the content of
HNT, and the most noticeable increase was observed in the
WPC containing 5wt.% HNT. The enhancement is due to the
restriction of movement at molecular chains PP by HNT hence
giving more resistance to deformation for the material. The
modulus values of WPCs containing 30 wt.% wood fiber were
approximately increased by 8 (£0.7) %, 12 (£0.8) %, 3 (+0.8),
% and 10 (+0.7) % after the addition of 2wt.% and 5wt.% HNT.
2wt.% RP53, and 2wt.% PY88TQ, respectively. However, the
addition §-CD at concentrations of 2wt.% and 5wt.% resulted
in a reduction in the modulus of 13 (+0.09) % and 3 (+0.8)
%, respectively. This decrease can be explained by the weak
binding interactions that exist between the PP polymer and
B-CD. During the procedure, the complexing agent may be
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reduced due to hydrophobic, inactive, and non-adhering poly-
mer. Tensile strength followed a similar trend to tensile mod-
ulus for HNT containing WPCs. So, integrating 2wt.% HNT
and 5wt.% HNT to WPC increased the tensile strength by 4.5
(£0.6) % and 6.3 (+0.3) %, respectively. This can be attributed
to improved fiber-matrix interaction, as confirmed by FESEM
imaging. HNT likely acts as a rigid filler and nucleating agent,
contributing to the stiffness and load-bearing capacity of the
composite [42].

The tensile strength of 2wt.% and 5wt.% 3-CD including WPCs
slightly increased 1.7 (£0.7) % and 0.6 (£0.4) %, respectively.
Conversely, 2wt.% S-CD provided the highest strain at break
(4.3%), suggesting improved toughness. The reduction in elonga-
tion in HNT-reinforced WPCs can be explained by the fact that
the increasing HNT content, particularly at 5wt.%, restricts the
movement of polymer chains, preventing them from aligning in
the direction of tension. Additionally, HNT aggregation in the
PP matrix creates stress concentration points, leading to prema-
ture fractures [43].

50

—— 70PP-30WF
—— 68PP-30WF-2HNT
—— 65PP-30WF-5HNT
~—— 68PP-30WF-2B-CD
40 | ~—— 65PP-30WF-58-CD
~—— 68PP-30WF-2RP53
—— 68PP-30WF-2PY88TQ

Tensile Stress (MPa)

0 1 2 3 4

Tensile Strain (%)

FIGURE 2 | Stress-strain graph of the 30 wt.% WF containing WPC
and formulations with the additives. [Color figure can be viewed at wi-
leyonlinelibrary.com]

TABLE 3 | Table of tensile test results of the samples.

3.4 | Morphological Analysis

Figure 4 presents FESEM micrographs obtained from the cross-
sectional fracture surfaces of specimens broken during tensile
testing. Neat polypropylene (PP), was imaged as the control for
comparison, as shown in Figure 3a, was imaged as the control
for comparison and exhibits a smooth and relatively featureless
surface with occasional voids and fiber-like elongations. This
morphology is typical of ductile polymers and supports its base-
line mechanical behavior, particularly lower stiffness, and higher
strain at break. Figure 3b demonstrates that the addition of 30
wt.% WEF results in a less smooth surface and more brittle, frac-
tured fibrous ends. Furthermore, debonding, fiber pull-out, and
voids left by broken fibers indicate a distinct interface between
the PP matrix and the wood fibers. The weak interfacial bonding
between the hydrophilic WF and the hydrophobic PP matrix is a
phenomenon also widely documented in natural fiber composites
[44]. At low HNT content, the FESEM images (Figure 3c,d) show
homogeneously dispersed nanoparticles and reduced voids, con-
firming improved interfacial adhesion and stress transfer. These
morphological improvements are mirrored in tensile strength as
well. [42]. HNT nanoparticles that have particle sizes under 200
nm within the PP matrix as seen in Figure 3c. The same chro-
matogram also includes the effect of fibrous structure of PP.
Figure 3d illustrates that increasing the HNT content from 2 wt.%
to 5 wt.% results in a rougher surface morphology. In the compos-
ite containing 2 wt.% HNT, distinct holes are observed, whereas in
the 5 wt.% HNT sample, these are replaced by shallower surface
cavities. This change suggests improved dispersion and interac-
tion of HNTs within the matrix at higher loading levels, which is
consistent with findings reported in similar polymer nanocom-
posite systems [45]. Additionally, while thicker wood fibers gener-
ally exhibit reduced interfacial adhesion with the polypropylene
(PP) matrix, thinner wood fiber enhance matrix-fiber interaction
due to their larger specific surface area and improved wettabil-
ity [46]. This improved adhesion, combined with the increased
HNT content, contributes to the best reinforcing effect observed
in the WPC formulation containing 5 wt.% HNT. As demon-
strated in Figure 3e, WPC with the commercial additive RP53 has
micro-fractured fibrous ends on the matrix surface. In the WPC
prepared with PY88TQ, due to the insufficient bond between the
fiber and the matrix, the voids caused by the particles that mi-
grated on the matrix surface and the gap between the fiber were

Tensile strength

Tensile modulus

Tensile strain Elongation at

Sample name [MPa] [MPa] at break [%] break [MPa] Yield stress [MPa]
70PP-30WF 34.2 (+0.3) 3971.1 (+53.7) 2.5(+0.1) 28.3(x0.7) 34.2(x0.3)
70PP-30WF-2HNT 35.8 (+0.7) 4312.6 (£207.8) 2.1 (0.1) 29.9 (+1.1) 35.8 (+0.7)
65PP-30WF-SHNT 36.5 (+0.4) 4504.5 (£228.9) 1.8 (£0.1) 29.9 (£2.5) 36.5 (£0.4)
68PP-30WF-23-CD 34.8 (£0.9) 3458.7 (£58.9) 4.3 (£1.4) 30.0 (£13.7) 34.8 (£0.9)
65PP-30WF-53-CD 34.4 (+0.5) 3866.1 (£260.2) 3.2(x1.2) 28.3 (+12.1) 34.4(+0.5)
68PP-30WF-2RP53 31.3 (£1.0) 4097.8 (£292.7) 3.2 (£0.7) 21.5 (+7.5) 31.3 (£1.0)
68PP-30WF- 31.3 (+0.9) 4403.1 (£183.3) 2.9 (+0.6) 22.4(£10.1) 31.3 (0.9)
2PYS8TQ
#Values in parentheses are standard deviations.
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FIGURE3 | FESEM micrographs of the specimens: (a) Neat PP (b) 70PP-30WF, and (c) 68PP-30WF-2HNT (d) 65PP-30WF-5HNT (e) 68 PP-30WF-
2RP53 (f) 68PP-30WF-2PY88TQ (g) 68PP-30WF-2 3-CD (h) 65PP-30WF-5 3-CD. [Color figure can be viewed at wileyonlinelibrary.com]|

visually revealed with Figure 3f. The addition of 2 wt.% -CD to
WPC, as shown in Figure 3g, results in a uniform and smooth
surface, offering the highest toughness among the WPC samples
and preventing crack propagation in the wood fibers. Conversely,
Figure 3h shows that increasing the -CD content to 5 wt.% re-
duces the toughness of the WPC. Additionally, the inclusion of
B-CD visibly improves the adhesion between PP and WF.

3.5 | Fourier-Transform Infrared (FTIR)
Spectroscopy Analysis

The FT-IR spectra analysis results of WF and PP based WPC
composites containing 2wt.% and 5wt.% HNT, 8-CD, and 2wt.%
RP 53 and PY88TQ are presented in Figure 4. The broad absorp-
tion peak at 3350cm~! corresponds to the O-H stretching of
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FIGURE4 | FT-IR spectra of WPC samples composed of PP and 30wt.% WEF. [Color figure can be viewed at wileyonlinelibrary.com]

the alcoholic and phenolic hydroxyl groups in WPC belonging
to WF. This broadening disappeared, especially with the addi-
tion of 5wt.% HNT, due to the interaction of their free hydroxyl
groups with those in WPC [47]. Additionally, this bonding
causes the C-O ether peak at 1052cm™ to be more intense than
the others. The interaction of 2wt.% HNT and 3-CD with WPC
resulted in a decrease in the intensity of characteristic peaks
of C-H methylene groups (symmetric and asymmetric) and the
stretching vibration of the alkyl structure of the aliphatic group
of PP at 2950, 2918, 2872, and 2838 cm~. The stretching vibra-
tions of the aliphatic —C=C— bonds appear at 1597cm™, with
bond breakage spotted in WPC samples containing 2wt.% and
5wt.% -CD and 5wt.% HNT [48]. These results support the in-
teraction of HNT and $-CD with WPCs and their influence on
their structural properties.

3.6 | Thermal Analysis

The thermal stability of WPC with PP matrix was evaluated
through TGA and DTG analyses, as shown in Figure 5, with
the results provided in Table 4. All thermograms (weight change
vs. temperature at the top and derivative of weight change vs.
temperature at the bottom) which belong to WPCs in Figure 5
have similar trends. The thermal degradation of all WPCs was
comprised of two stages. It is based on the fact that heteroge-
neity occurs in the polymer matrix in which the wood fiber is
incorporated [38]. Results table and thermograms show that the
first degradation observed in WPCs occurs at 361°C by 5wt.%
B-CD and HNT added WPC, which is close to the WPC with-
out additive. While other additives have slightly higher degra-
dation temperatures, the highest one belongs to the commercial
additives and 2wt.% HNT added WPCs with 364°C and 363°C.
The ability of HNTs, which are relatively well-dispersed in the
PP matrix, to trap VOCs occurring during thermal degradation

~——— 70PP-30WF

~— 68PP-30WF-2HNT
~—— 65PP-30WF-5HNT
~——— 68PP-30WF-28-CD
~— 65PP-30WF-5B8-CD
~——— 68PP-30WF-2RP53
——— 68PP-30WF-2PY88TQ

a) 100

80 |

[=2]
o
1

H

Weight (%)
Y

o

1

Weight (%)
8

20

400
Temperature (°C)
T T T T

T T
100 200 300 400 500 600 700
Temperature (°C)

b)
0,000

-0,005

0,010

DTG (%/°C)

= T0PP-30WF

= 68PP-30WF-2HNT
0,015 | —— 65PP-30WF-5HNT
s 68PP-30WF-2B-CD
~—— 65PP-30WF-58-CD
= 68PP-30WF-2RP53
= 68PP-30WF-2PY88TQ

-0,02 T T T T
100 200 300 400 500 600 700

Temperature (°C)

FIGURE 5 | TGA thermograms of all PP and 30 wt.% WF added
WPC samples. [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 4 | Degradation temperatures, weight loss, and % residue of WPCs.

1st degradation 2nd degradation
Sample Name Peak [°C] Weight loss [%] Peak [°C] Weight loss [%] Residue@ 700°C [%]
70PP-30WF 361.0 21.9 465.0 72.4 5.6
70PP-30WF-2HNT 363.0 26.2 471.0 66.0 7.4
65PP-30WF-5HNT 361.0 21.5 472.0 70.8 7.5
68PP-30WF-23-CD 362.0 19.7 449.0 76.4 2.7
65PP-30WF-55-CD 361.0 21.3 463.0 73.4 5.3
68PP-30WF-2RP53 364.0 24.4 465.0 70.4 5.3
68PP-30WF-2PY88TQ 363.0 239 466.0 69.9 59
and limit polymer molecule mobility is responsible for the im- a) o
proved thermal stability [49, 50]. The same phenomenon was
observed at the second decomposition stage. The curves in this
stage, starting around 406°C, are not so similar as in the first f 5 -
step, with the highest weight loss which belongs to 2 wt.% 3-CD exo
added WPC [51]. However, the maximum peak decomposition s
temperature around 472°C was observed in the 2 and 5wt.% E 101
HNT-containing WPC, which exhibited the lowest weight loss 3
of WPC with 2wt.% HNT, approximately 66% in this stage. The u—?
residue remaining at the end of the analysis was higher for HNT "g' -15 7
added WPCs due to the high thermal stability of HNT, which b —— 70PP-30WE
resulted in a higher degradation temperature. This phenomenon 20 | T G on T
can be attributed to the high barrier effect of HNT that covers ~—— 68PP-30WF-26-CD
. . e 65PP-30WF-58-CD
the surface and distributes heat and delays the combustion. —— 68PP-30WF-2RP53
Notably, as seen in Figure 5, HNT significantly reduces the rate 25 _SSPP'3°WF'2PY88TI° i
of degradation. 150 160 170 180
Temperature (°C)
The changes on the thermal transition temperatures of the
specimens were examined by DSC analysis. The endother- b) 35
mic melting and exothermic crystallization thermograms ob- :;g:g:gg"v‘\’;_mm
tained from DSC analysis are shown in Figure 6a,b below. In } 30 { ——gsersowr.sT
addition, melting temperature (Tm), cold crystallization tem- exo :§§$$:§3x£:§§§3
perature (Tc), melting enthalpy (AHm), cold crystallization 25 - :gg:gjgmijsxgm
enthalpy (AHc), and crystallinity (Xc) thermograms are given s
in Table 5. It was found that the melting temperature of PP 3 20
increased after the 30wt.% WF addition, indicating that the g
crystallization rate of WPC has accelerated. Following this, I 155
the temperature and degree of crystallization decreased with §
the addition of wood fiber content. The explanation for these I 101
declines is that wood fibers may hinder the flow of PP polymer
and its molecular rearrangement, causing the crystallization 5 ot 2
process to be retarded. The addition of HNT to WPC led to r——
an increase in melting temperature of about 1.5% and 7.5% of 0 . : .
crystallization temperatures. Additionally, a decrease in crys- 140 130 120 110

tallization degree of about 6% was observed due to interfacial
interaction between HNT and PP [52]. This may be caused by
silanol groups on the HNT surface hindering the movement
of molecules in the PP polymer chain, preventing molecular
packing [53]. Another explanation of this is that HNT causes
polymer chains to crystallize more quickly when cooled. HNT
functioned as a nucleation agent for PP, reducing the spheru-
lite size and retarding PP crystal growth. Additionally, higher
HNT loading (5wt.% in WPC) yields aggregation in the PP ma-
trix, and aggregated HNTs have lower nucleation capability
due to reduced specific surface area, resulting in decreased

Temperature (°C)

FIGURE 6 | DSC thermograms of PP and 30 wt.% WF added WPC, 2
and 5wt.% HNT and 8-CD added WPCs, and 2wt.% RP 53 and PY88TQ
added WPCs samples: (a) Melting peaks, (b) Crystallization peaks.
[Color figure can be viewed at wileyonlinelibrary.com]

crystallinity [54]. The melting and crystallization tempera-
tures in WPC are close to those of 2wt.% RP53 and PY88TQ.
However, PY88TQ has the highest degree of crystallization
among other WPCs and is similar to Neat PP. This effect is the
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TABLE 5 | DSC Summary of Tm, Tc, AHm, AHc, and Xc of the WPC with PP matrix samples.

Sample name Tm [°C] Tc [°C] AHm [J/g] AHc [J/g] AHm" [J/g] Xc [%]
70PP-30WF 166.7 120.4 74.1 71.6 207.0 51.1
70PP-30WF-2HNT 169.2 123.8 69.1 68.9 207.0 47.7
65PP-30WF-5HNT 166.8 130.2 69.7 68.6 207.0 48.1
68PP-30WF-23-CD 166.1 119.8 73.8 73.6 207.0 50.9
65PP-30WF-53-CD 165.7 123.1 71.9 70.5 207.0 49.6
68PP-30WF-2RP53 164.9 119.3 70.4 72.5 207.0 48.6
68PP-30WF-2PY88TQ 166.2 119.2 78.7 73.6 207.0 54.3
180 1.8
160 oosd —— a) 164 oo ] ———pop b)
E 140 ,\a 0.04 T E . S 0.0005 h
= £ £ 14 ; \ /
> 1 2 o0 . o S 0.0004
g 120 E T12q ¢ y
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FIGURE 7 | BET adsorption-desorption isotherms and pore size distribution graphs for (a) HNTs and (b) 3-CD. [Color figure can be viewed at

wileyonlinelibrary.com|

TABLE 6 | Tabulated values (bottom) for surface area and pore
volume for HNTs and 5-CD.

BET
surface Total pore
Sample area volume Average pore
name [m?/g] [cm3/g] diameter [nm]
HNT 60.71 0.1622 10.69
B-CD 0.52 0.000737 5.65

inverse of using RP 53 in WPC. The addition of 2 and 5wt.% 8
CD had no significant effect on the melting and crystallization
temperature or degree of crystallinity in the WPC.

3.7 | BET Analysis

To better understand the adsorption behaviors of the HNTs and
B-CD, the surface area and porosity characteristics of them were
evaluated using nitrogen adsorption-desorption isotherms and
Brunauer-Emmett-Teller (BET) analysis. The corresponding

isotherms and pore size distributions are presented in Figure 7,
and the key parameters are summarized in Table 6.

The distinct adsorption behaviors of HNTs and 8-CD observed
as VOC reduction in WPCs can be explained through their ni-
trogen adsorption-desorption isotherms and corresponding pore
size distribution. BET analysis demonstrated the contrasting
adsorption behaviors of HNT and $-CD. As shown in Figure 7a,
the isotherm for HNTs displays a typical type IV behavior with
a pronounced H3-type hysteresis loop, indicative of mesoporous
structures [55]. The characteristics of surface area, total pore
volume, and average pore diameter shown in Table 6 point to a
surface area of 60.71m?/g and a mesoporous network (average
pore size: 10.69 nm), favoring multilayer adsorption and VOC dif-
fusion. The pore size distribution (in Figure 7a) reveals dominant
mesopores around 10-15nm, further confirming the material's
capacity for accommodating relatively large VOC molecules and
promoting physical adsorption through increased surface inter-
actions [56]. In contrast, the adsorption-desorption isotherm
of B-CD (Figure 7b) exhibits a much flatter profile with a very
low total pore volume (0.000737cm?/g) and BET surface area
(0.52m?/g), suggesting limited textural porosity. The average
pore diameter, 5.65nm, aligns with the expected dimensions of
B-CD's toroidal molecular structure. The pore size distribution
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(in Figure 7b) confirms a narrow range of mesopores with low
volume, reinforcing its relatively low bulk adsorption capacity
[57]. Despite these limitations, 3-CD's effectiveness in targeting
specific VOCs arises from its ability to form host-guest inclusion
complexes through its hydrophobic cavity and hydrophilic exte-
rior. This enables selective trapping of small polar VOCs, such
as formaldehyde and aromatic compounds, and also benzalde-
hyde, as supported by GC-MS data [58-61]. Therefore, while
HNTs primarily contribute through high-capacity, non-selective
adsorption enabled by their large surface area and mesoporous
network, B-CD offers selective molecular recognition. These
complementary properties suggest their suitability for tailored
WPC applications depending on whether bulk VOC reduction or
targeted adsorption is prioritized.

4 | Conclusion

This study reveals that halloysite nanotubes (HNT) and §-
cyclodextrin (B-CD) function as effective additives for enhanc-
ing the odor reduction, strength, and thermal resistance of wood
plastic composites (WPCs) derived from polypropylene. HNT en-
abled this through considerable non-selective adsorption due to
its mesoporous structure. 3-CD, alternatively, efficiently trapped
polar VOCs via host-guest inclusion complexation. Both sensory
(jar) odor analysis and HS GC-MS tests showed that the for-
mulation containing 5wt.% HNT and 2wt.% -CD significantly
reduced most of the VOC emissions, including 4-methyloctane,
which is one of the key odorous compounds in WPCs with a
polypropylene matrix.

The integration of HNT increased the material's strength and
elasticity, whereas the addition of 3-CD increased its toughness
without compromising its total strength. Thermal and spectro-
scopic analyses shown that each addition is associated with the
polypropylene matrix distinctly. The BET results confirmed
their individual adsorption characteristics, illustrating their col-
laborative functionality in multiple uses.

The usage of each HNT and 8-CD effectively produces WPCs
that convey restricted odors while functioning successfully in
indoor applications. In the future, the investigation of modify-
ing the surfaces of HNT and $-CD will further improve their
multifunctionality in composite systems.
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