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Abstract: Chrysin is a natural bioactive molecule with various groups, and it has been a challenge
to separate and enrich chrysin from natural products. Molecularly imprinted polymers have been
widely used in the extraction of natural products, but the number and type of functional monomers
limits the separation effect. The synergistic action of multiple functional monomers can improve
the separation effect. In this paper, molecularly imprinted polymers (Bi-MIPs) were prepared using
methacrylic acid and acrylamide as binary functional monomers for the separation and enrichment of
chrysin. The Bi-MIPs were characterized using thermogravimetric analyzer (TGA), Fourier transform
infrared spectroscopy (FT-IR) and scanning electron microscope (SEM). The performances of Bi-MIPs
were assessed, which included adsorption isotherms, selective recognition and adsorption kinetics.
The experimental results show that Bi-MIPs are shaped as a uniform sphere with an abundant pocket
structure on its surface. The adsorption of chrysin on the Bi-MIPs followed a pseudo-second-order
and adapted Langmuir–Freundlich isotherm models. The adsorption performance of the Bi-MIPs was
determined at different temperatures, and the Bi-MIPs showed excellent adsorption performance at
30 ◦C. The initial decomposition temperature of the Bi-MIPs was 220 ◦C. After five times of adsorption
and desorption, the adsorption performance of the Bi-MIPs decreased by only 7%. In contrast with
single functional monomer molecularly imprinted polymers (Si-MIPs), the Bi-MIPs showed excellent
specificity, with an imprinting factor of 1.54. The Bi-MIPs are promising materials in the separation and
enrichment of chrysin for their high adsorption capacity, low cost and being environmentally friendly.

Keywords: chrysin; molecular imprinting; adsorption performance; binary functional monomers

1. Introduction

Natural products have gained enormous popularity over the years as they are used in
clinical settings [1]. They have made excellent contributions historically to drug develop-
ment, and many of them have had profound effects on our lives [2]. Chrysin, chemically
known as 5,7-dihydroxy flavone [3], is a kind of flavonoid compound with extensive phar-
macological activity isolated from active ingredients of Chinese traditional medicine [4,5]
and has great antioxidative [6] and anti-inflammatory effects [7]. Research has shown that
chrysin inhibits tumor cell proliferation [8], induces tumor cell apoptosis [9], suppresses
tumor angiogenesis [10] and circumvents drug resistance [11]. Therefore, studies on the
extraction and identification of chrysin are of great value.

Polymers 2022, 14, 2771. https://doi.org/10.3390/polym14142771 https://www.mdpi.com/journal/polymers1
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According to literature reviews, there are many methods for the separation of chrysin,
including HPLC [12], column chromatography [13], solid-phase extraction (SPE) [14], gas
chromatography–mass spectrometry(GC-MC) [15], macroporous resin [16] and other tradi-
tional methods. However, due to the problems of long extraction time and a large amount of
solvent and waste, the instrumental methods are not suitable for industrial mass production
applications. Although the traditional separation methods, such as extraction and precipita-
tion, can be applied at a low cost, these approaches are restricted because of low recoveries
and purities. At present, there is still a lack of efficient extraction methods of chrysin.

The molecularly imprinted polymer has been widely used for the separation and en-
richment of active components from natural products [17–21]. Molecular imprinting is a
technique for preparing polymers of desired and predetermined selectivity [22]. This polymer
is a material with complementary spatial structure and functional group interaction with
template molecule. The molecularly imprinted polymer has a strong affinity and recognition
ability for the template molecule [23–28]. The method has excellent prospects for application
in the field or market for easy and fast molecular identification. Due to their unique properties,
molecularly imprinted polymers have been widely used in various applications, such as
drug delivery [29], detection of viruses [30], chemical sensor [31,32], specific recognition of
protein [33], chromatography [34], solid-phase extraction [35] and bioanalysis [36].

Generally speaking, most natural products have multiple active groups. Single func-
tional monomers and template molecules are easily destroyed during hydrogen bond
formation, which reduces adsorption capacity and separation factor and, thus, cannot be
well separated and purified from traditional Chinese medicine. The synergistic effect of
the two functional monomers is beneficial to the separation and purification of natural
products. For example, Wan [37] selectively extracted myricetin from traditional Chinese
medicine with an adsorption capacity of 10.58 mg/g using glycidyl methacrylate (GMA)
and 4-vinylpyridine as bifocal monomers. Huan [38] used acrylamide and 2-vinylpyridine
as bifocal monomers to prepare a solid-phase extraction column for the separation of rutin
extract from traditional Chinese medicine, and the recovery rate was 85.93%, which was
better than the traditional separation column. The calculation and practical experiments
show that MIP synthesized from an acrylamide (AM) monomer has a higher specific factor
and adsorption capacity [39]. Chrysin has a rigid benzene ring structure and contains both
a hydroxyl group and an aldehyde group, belonging to polar flavonoids. The functional
monomer methacrylic acid (MAA) was acidic and acrylamide (AM) neutral. Under the
synergistic action of AM, the force of MAA on the hydrogen bonds, electrostatic and π–π
stacking of chrysin increased, which is expected to improve the adsorption selectivity of
molecularly imprinted polymers. Therefore, the strategy of multifunctional monomer is
a valid synthetic option to synthesize imprinted materials for the template molecules of
flavonoids with polar functional groups, such as chrysin.

In this paper, Bi-MIPs are used for the separation and enrichment chrysin for the first
time. The Bi-MIPs were prepared by precipitation polymerization using methacrylic acid
and acrylamide as functional monomers and ethylene glycol dimethacrylate as a crosslinking
agent. The adsorption selectivity of the Bi-MIPs was evaluated by preparing Si-MIPs with
methacrylic acid as a functional monomer as the control group. Furthermore, we also study
the feasibility of the Bi-MIPs as effective sorptive materials for the dissociation and enrichment
of chrysin. The equilibrium, kinetics and thermodynamics of the adsorption process were
investigated to study the adsorption mechanism of chrysin on the Bi-MIPs. Thus, Bi-MIPs are
presented for their promising output application toward the extraction of chrysin.

2. Materials and Methods

2.1. Materials

Chrysin, 2,2′-azobisisobutyronitrile (AIBN) and acrylamide (AM) were purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Methyl alco-
hol and acetic acid were purchased from Chengdu Cologne Chemicals Co., Ltd. (Chengdu,
China). Methacrylic acid (MAA) was purchased from Sinopharm Chemical Reagent Co.,
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Ltd. (Shanghai, China). Ethylene glycol dimethacrylate (EGDMA) was purchased from
Alfa Aesar (Qingdao, China). Chloramphenicol and oxytetracycline were purchased from
Shanghai Maclin Biochemical Technology Co., Ltd. (Chengdu, China).

2.2. Preparation of Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs

The Bi-MIPs were synthesized by the precipitation polymerization method, using
chrysin as template molecule, MAA and AM as function monomers, EGDMA as cross-
linker and AIBN as initiator. Chrysin (0.3 mmol), MAA (2.4 mmol) and AM (0.4 mmol)
were dissolved in 50 mL of methanol in a 250 mL three-necked round-bottomed flask. The
function monomers (MAA (2.4 mmol) and AM (0.4 mmol)) interacted with the template
molecule (chrysin) through intermolecular force to form a stable “pre-polymerization”
complex. Then, the 50 mL of mixture solution of EGDMA (9.6 mmol), AIBN (0.1043 g) and
methanol was added and dispersed under ultrasound. The mixture was heated followed
by mechanical agitation (50 rpm) and heat-polymerized at 65 ◦C for 12 h. The synthesis
process is shown in Figure 1. The Bi-MIPs were collected through vacuum filtration, and
the unreacted monomers were removed by methanol: acetic acid (9:1, v/v) extraction
for 24 h and methanol extraction for 12 h. The Bi-MIPs were dried under a vacuum at
50 ◦C for 12 h. The binary functional monomers molecularly non-imprinted polymer
(Bi-NIP) microspheres were synthesized using the same procedure as the Bi-MIPs, but
without the chrysin (template molecules). The Si-MIPs were synthesized following the
same procedure without adding the AM. The single functional monomer molecularly
non-imprinted polymers (Si-NIPs) were synthesized following the same procedure without
adding the AM and chrysin.

Figure 1. The scheme for preparing the Bi-MIPs (R is -O-CH2-CH2-O-).

2.3. Characterization of Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs

The analysis of the size and the morphology of the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-
NIPs were performed using field-emission scanning electron microscopy (SEM; Supra 55
Sapphire, Carl Zeiss, Jena, Germany). Thermogravimetric analysis (TGA) and differential
thermogravimetric analysis (DTG) (STA 449 F5, NETZSCH-Gerätebau GmbH, Selb, Germany)
were conducted to evaluate the thermal stabilities of the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs
under an N2 atmosphere at a heating rate of 10 K/min. The functional groups of the Bi-MIPs,
Bi-NIPs, Si-MIPs and Si-NIPs were recorded by Fourier transform infrared spectrometer
(MagnA-IR55, Thermo Fisher Scientific, Massachusetts, USA) in the range of 4000–400 cm−1.
The chrysin solution was determined by UV-visible spectra (UV-2600 Shimadzu, Tokyo,
Japan). The Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs were weighed by analytical balance with
an accuracy of 0.1 mg (Practum124-1cn, Sartorius AG, Göttingen, Germany).
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2.3.1. Scanning Electron Microscopy (SEM)

The surface morphology of the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs was determined
by SEM analysis (SEM, Supra 55 Sapphire, Carl Zeiss Germany, Jena, Germany). The
samples were evenly coated on the conductive adhesive of the sample sheet and then
sprayed with gold for 0.5 h. The surface morphology of the Bi-MIPs, Bi-NIPs, Si-MIPs
and Si-NIPs after the samples were sprayed with gold was observed by SEM under low
vacuum conditions.

2.3.2. Diameters of the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs

The diameters of the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs were measured from their
SEM images using image analysis software (Image J). The diameter of more than 60 samples
in each sample were measured. AD represents mean diameter ± standard deviation, and
N represents sample quantity.

2.3.3. Thermogravimetric Analysis (TGA)

The thermal stability of the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs was determined
by thermogravimetric analysis (TGA) (STA449F5, NETZSCH-Gerätebau GmbH, Selb, Ger-
many). The samples were heated from 30 to 800 ◦C for thermal degradation under nitrogen
protection at a rate of 10 ◦C/min [40].

2.3.4. Nitrogen Adsorption/Desorption Analysis (BET)

The specific surface area and pore size of the samples were measured by the specific
surface area and pore size analyzer (ASAP2460, Micromeritics, Georgia, USA). Nitrogen
adsorption–desorption was measured at 90 ◦C for 12h under nitrogen protection [41].

2.4. Static Adsorption
2.4.1. Adsorption Isotherm of Chrysin on Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs

To estimate the adsorption properties of Bi-MIPs, the Bi-MIPs were weighed
(0.02 ± 0.0002 g) with an analytical balance and placed into a round of 50 mL conical
flasks, and added into 20 mL of a chrysin methanol solution with different concentrations
(0.2 mg/mL–1.4 mg/mL). The adsorption process of the Bi-MIPs was carried out for 5 h
in an 80 rpm constant temperature oscillator at 25 ◦C. After the sorption experiments, the
Bi-MIPs were separated from the mixed solution by a centrifuge and the concentration in
the supernatant was obtained for UV-vis absorbance. The chrysin adsorption amount of
Bi-MIPs was determined based on the following Equation (1):

Qe =
(C 0 −Ce) × V

W
(1)

where C0 (mg/mL) represents the initial concentration of chrysin in the solution, Ce
(mg/mL) represents the equilibrium concentration of chrysin after adsorption, V (mL)
represents the volume of the adsorbed chrysin solution and W (g) represents the mass of
polymers in the adsorbed chrysin solution.

At the same time, to evaluate the adsorption capacity of Bi-NIPs, Si-MIPs and Si-MIPs.
A total of 20 mg of Bi-NIPs, Si-MIPs or Si-MIPs was placed into a round of 50 mL conical
flasks and added into 20 mL of chrysin solution with different concentrations (0.2 mg/mL–
1.4 mg/mL). Under the same operating conditions of Bi-MIPs, the concentration of chrysin
in the supernatant was analyzed using UV-vis absorbance. The equilibrium adsorption
capacity was calculated using Equation (1).

2.4.2. Adsorption Kinetics

To estimate the adsorption kinetics of Bi-MIPs on chrysin, the influence of the adsorp-
tion properties over time was studied. The Bi-MIPs were weighed (0.02 ± 0.0002 g) with
an analytical balance and placed into a round of 50 mL conical flasks. After adding 20 mL
of chrysin methanol solution, the Bi-MIPs were used to adsorb chrysin (1 mg/mL) in an
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80 rpm constant temperature oscillator at 25 ◦C. Samples of 0.05 mL volume were taken
at 15, 30, 45, 60, 75, 90, 105,120, 150, 180, 210, 240 and 300 min, and the concentration in
the supernatant was obtained for UV-vis absorbance. The chrysin equilibrium adsorption
amount of the Bi-MIPs was obtained based on the following Equation (2):

Qt =
(C 0 −Ct)

W
× V (2)

where C0 (mg/mL) represents the initial concentration of chrysin in the solution, Ct
(mg/mL) represents the concentration of chrysin solution at time t (min), V (mL) rep-
resents the volume of adsorbed chrysin solution and W (g) represents the mass of polymers
in the adsorbed chrysin solution.

At the same time, to evaluate the adsorption capacity of Bi-NIPs, Si-MIPs and Si-MIPs.
Under the same operating conditions of the Bi-MIPs, the concentration of chrysin in the
supernatant was analyzed using UV-vis absorbance. The equilibrium adsorption capacity
was calculated using Equation (2).

2.4.3. Adsorption Thermodynamics

To determine the adsorption temperature of chrysin on the Bi-MIPs, the effect of five
different temperatures (10, 20, 30, 40 and 50 ◦C) on the adsorption capacity of chrysin by
Bi-MIPs was evaluated. The Bi-MIPs were weighed (0.02 ± 0.0002 g) with an analytical
balance and placed into a round of 50 mL conical flasks. After adding 20 mL of chrysin
methanol solution, the Bi-MIPs were used to adsorb chrysin (1 mg/mL) in an 80 rpm
constant temperature oscillator. The concentration of chrysin in the supernatant was
analyzed using UV-vis absorbance. The equilibrium adsorption capacity was calculated
using Equation (1). At the same time, to evaluate the adsorption temperature of chrysin on
the Bi-NIPs, Si-MIPs and Si-MIPs, under the same operating conditions of the Bi-MIPs, the
concentration of chrysin in the supernatant was analyzed using UV-vis absorbance. The
equilibrium adsorption capacity was calculated using Equation (1).

2.5. Selective Adsorption

To evaluate the specific recognition ability of Bi-MIPs for chrysin, selective experiments
were conducted with chloramphenicol and oxytetracycline as structural analogues. The
Bi-MIPs were weighed (0.02 ± 0.0002 g) with an analytical balance and placed into a
round of 50 mL conical flasks. After adding 20 mL of a solution of chrysin (1 mg/mL),
chloramphenicol (1 mg/mL) and terramycin (1 mg/mL), it was adsorbed in an 80 rpm
constant temperature oscillator at 25 ◦C. After the adsorption experiments, the Bi-MIPs were
separated from the mixed solution by a centrifuge. The concentration in the supernatant
was obtained by UV-vis absorbance. The selective adsorption ability of Bi-MIPs was
obtained using the selectivity factors (α), which is shown in Equation (3).

α =
QBi-MIPs
QBi-NIPs

(3)

2.6. Adsorption Reusability

After 20 mg Bi-MIP was adsorbed and balanced in 20 mL chrysin solution, the sat-
urated adsorption sample was obtained by centrifugation. The Bi-MIPs were cleaned
with a methanol solution for several times, and then dried and weighed. The processed
Bi-MIPs were subjected to the adsorption test again. Under the same conditions, the
adsorption–desorption cycle was performed 5 times, and the adsorption amount deter-
mined the concentration after adsorption each time and calculated the adsorption amount
according to Formula (1).

5
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3. Results and Discussion

3.1. Characterization of Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs
3.1.1. SEM

The surfaces of Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs were analyzed using a scanning
electron microscope. The most representative SEM images of all particles including Bi-
MIPs, Bi-NIPs, Si-MIPs and Si-NIPs are shown in Figure 2. The SEM results show that
were differences in the polymerization process in the presence of the template or without it.
From Figure 2a–d, the as-synthesized polymers products present a regular and spherical
structure with a diameter size of about 1–2 μm. The pore volume and surface area of the
Bi-MIPs are 4.459 × 10−3 cm3/g and 2.8488 ± 0.1059 m2/g, respectively. The Bi-MIPs and
Bi-NIPs particles are the same, but the Bi-MIPs have more surface folds, which can provide
more adsorption sites [19,42]. The results show that the chrysin occupies a position on
the polymer surface during the synthesis process. After elution with methanol and acetic
acid, the surface of the Bi-MIPs becomes more wrinkled than that of Bi-NIPs. However,
some clustered small particles remain on the surface of the Bi-MIPs, which shows that
the template molecules had a remarkable effect on the shape and adsorption properties.
This is due to the addition of template molecules in the synthesis of Bi-MIPs, which have
a larger particle size and more surface adsorption sites due to the presence of template
molecules that give the crosslinking agent and functional monomers a fuller skeleton. The
Si-MIP particles are smaller than the Bi-MIP particles, which indicates that the number of
functional monomers has a significant influence on the formation of particles and the final
particle size. These results suggest that the Bi-MIPs are successfully synthesized.

3.1.2. FT-IR

The structures of the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs were investigated by FT-IR
spectroscopy, and the results are shown in Figure 3. As shown in Figure 3a, the Bi-MIPs,
Bi-NIPs, Si-MIPs and Si-NIPs display a stretching vibration peak of -CH2- occurring at
2987 cm−1, indicating that MAA is contained in polymerization. The stretching vibration
peak of the -NH- double bond appeared at 1456 cm−1, the single-bond vibration region
of -CH appeared at 1398 cm−1, and the stretching vibration peak of -C=O occurred at
1732 cm−1 [42–45]. The carbonyl groups tend to have a higher vibration absorption,
indicating the successful preparation of the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs. The
partial single-bond vibration absorption peak of -COC- was observed at 1154 cm−1 on the
Bi-MIP curve, indicating the presence of EGDMA. At the same time, in the Bi-NIP, Si-MIP,
and Si-NIP curves, partial single-bond vibration absorption peaks of -COC- were observed
at about 1154 cm−1, indicating the presence of EGDMA, indicating that the polymer was
successfully synthesized. The FT-IR of the Bi-MIPs and Bi-NIPs were almost the same.
After removing the template molecule chrysin, the chemical structure and composition
of the Bi-MIPs were the same as that of the Bi-NIPs. These results prove that the types
of functional monomers have a certain influence on the synthesis of polymers, and the
functional monomers play a role in the construction of adsorption pocket size.

3.1.3. TGA

The thermal stabilities of the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs were studied
by TGA analysis, and the results are presented in Figure 3b,c. As shown in Figure 3b,
the thermogravimetric analysis curves of the Bi-NIPs, Si-MIPs and Si-NIPs are the same
as those of the Bi-MIPs without significant difference. The Bi-MIPs start to decompose
at 220 ◦C, the temperature of the fastest decomposition rate occurs at 404 ◦C and the
maximum decomposition temperature (Tmax) is 468 ◦C. The decomposition process is
divided into two stages, including dehydration in the low-temperature zone (100–220 ◦C)
and decomposition in the high-temperature zone (404–462 ◦C). The decomposition of the
second stage is due to the decomposition of the crosslinker (EGDMA), indicating that the
stability of the crosslinker is the main factor affecting the thermal stability of the polymers.
The TGA results demonstrate that the Bi-MIPs have excellent thermal stability.
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Figure 2. SEM, average particle size and particle size distribution images of Bi-MIPs (a,b),
Bi-NIPs (c,d), Si-MIPs (e,f) and Si-NIPs (g,h).
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Figure 3. (a) FI-IR images of the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs; (b) TGA images of the
Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs; (c) TGA and DTG images of the Bi-MIPs.

3.2. Static Adsorption Experiments
3.2.1. Adsorption Isotherm

The adsorption isotherms of chrysin on the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs
at (298 K) with chrysin concentrations of 0.2–1.4 mg/mL are presented in Figure 4. As
shown in Figure 4a, the chrysin adsorption property for the Bi-MIPs, Bi-NIPs, Si-MIPs and
Si-NIPs increased with increasing chrysin concentration. As the concentration increases,
the adsorption difference increases. The Bi-MIPs have the highest adsorption capacity of
chrysin, followed by Si-MIPs. These results indicate that the Bi-MIPs and Si-MIPs have
specific cavities sizes and specific adsorption capacity for chrysin. By comparing Bi-MIPs,
Bi-NIPs, Si-MIPs and Si-NIPs to the adsorption capacity of chrysin, the adsorption capacity
of the binary functional monomers was better than that of the single functional monomer,
which further indicates that the Bi-MIPs have an excellent application prospect.

To analyze the adsorption mechanism, Langmuir and Freundlich isotherm models
were used to fit the experimental data when the adsorption process reached the adsorption
equilibrium. The equations of these two models are as follows [46–49].

Langmuir isotherm equation:

1
Qe

=
1

Qm
+

1
K1Qm

× 1
Ce

(4)

Freundlich isotherm equation:

lnQe = lnk2 +
1
n

lnCe (5)

where Ce represents the concentration of chrysin at the adsorption equilibrium (mg/mL);
Qe represents the chrysin adsorption amount for the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs
at equilibrium (mg/g); Qm represents the maximum adsorption amount of monolayer cov-
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erage (mg/g); K1 represents the Langmuir constant (mL/mg); K2 represents the Freundlich
constant; and 1/n represents the dimensionless Freundlich constant.

Figure 4. (a) Adsorption isotherm of the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs; (b) Langmuir
adsorption isotherm of the Si-MIPs and Si-NIPs; (c) Freundlich adsorption isotherm of the Si-MIPs
and Si-NIPs; (d) Langmuir adsorption isotherm of the Bi-MIPs and Bi-NIPs; (e) Freundlich adsorption
isotherm of the Bi-MIPs and Bi-NIPs.

According to the Langmuir and Freundlich isotherm models, the experimental data
were fitted and the parameters are shown in Table 1. The Bi-MIPs are illustrated by
comparing the Langmuir and Freundlich equation correlation coefficients (the Langmuir
and Freundlich correlation coefficients are 0.9953 and 0.9669, respectively). The isothermal
adsorption curve of the Bi-MIPs is better represented by the Langmuir model. The Bi-
NIPs, Si-MIPs and Si-NIPs were compared and analyzed by the Langmuir and Freundlich
equation correlation coefficients (Langmuir and Freundlich correlation coefficients are
0.9946 and 0.9788, 0.9912 and 0.9736, 0.9905 and 0.9596, respectively), indicating that the
Bi-NIPs, Si-MIPs and Si-NIPs with Bi-MIPs have the same degree of compatibility with
Langmuir. The isothermal adsorption curves of the Bi-NIPs, Si-NIPs and Si-NIPs are better
represented by the Langmuir model. These results indicate that the adsorption of chrysin
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on the Bi-MIPs occurs via monolayer adsorption, which shows that the Bi-MIPs can easily
adsorb chrysin.

Table 1. Parameters of the Langmuir and Freundlich adsorption models.

Samples

Langmuir Isotherm Freundlich Isotherm

K1

(mL mg−1)
R2 Qm

(mg g−1)
K2

(mL mg−1)
R2 1/n

Bi-MIPs 0.1370 0.9953 209.64 34.20 0.9669 1.106
Bi-NIPs 0.1935 0.9946 106.72 25.77 0.9788 1.116
Si-MIPs 0.1193 0.9912 60.350 30.20 0.9736 1.183
Si-NIPs 0.3417 0.9905 176.99 23.75 0.9596 1.046

3.2.2. Adsorption Kinetics

Kinetic experiments were carried out on the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs
with a chrysin solution with an initial concentration of 1.0 mg/mL and the results are shown
in Figure 5. The adsorption of chrysin on the Bi-MIPs showed excellent characteristics of
the adsorption kinetics. The adsorption capability is increased with the increase in the
adsorption time, and the adsorption rate decreased gradually with increasing adsorption
time. At any time, the Bi-MIPs have the highest adsorption capacity of chrysin compared
with the Bi-NIPs. As for the Bi-MIPs, the adsorption process can be divided into the fast
adsorption stage (0–105 min) and the slow adsorption stage (105–240 min). The adsorption
capacity in the fast adsorption stage accounted for 76% of the equilibrium adsorption
capacity. As for the Si-MIPs, the adsorption capacity in the fast adsorption stage (0–75 min)
accounted for 64.7% of the equilibrium adsorption capacity. The chrysin absorption capacity
of Bi-MIPs reached equilibrium after 240 min, which indicates that the specific cavities of
the adsorbent formed by binary functional monomers promote the adsorption effect. At the
same time, the chrysin absorption capacity of the Bi-MIPs, Bi-NIPs, Si-MIPs, Si-NIPs and
MIPs exceeds the NIPs, which further indicates that Si-MIPs and Bi-MIPs have successfully
synthesized imprinted pores.

The pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic models were
used to investigate the kinetic behaviors of the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs
during chrysin adsorption. The kinetic data of different initial melanoidin concentrations
were fitted using the following models [50–54].

PFO kinetic equation:

ln(Qe − Qt) = lnQe − k3

2.303
(6)

PSO kinetic equation:
t

Qt
=

1
k4Q2

e
+

1
Qe

(7)

where k3 (1/min) represents the rate constant of PFO kinetic adsorption, k4 (mg/(g·min))
represents the rate constant of PSO kinetic adsorption, Qt represents the amounts of chrysin
adsorbed (mg/g) at time t, and Qe represents the amounts’ equilibrium time.
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Figure 5. (a) Adsorption kinetics curves of the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs; (b) PFO kinetic
mode of the Si-MIPs and Si-NIPs; (c) PSO kinetic mode of the Si-MIPs and Si-NIPs; (d) PFO kinetic
mode of the Bi-MIPs and Bi-NIPs; (e) PSO kinetic mode of the Bi-MIPs and Bi-NIPs.

The experimental data were fitted to the PFO kinetic and PSO kinetic to obtain the
corresponding fitting curves (Figure 5) and kinetic parameters (Table 2). It is known from
Table 2 that the correlation coefficient (R2) values of the PSO and PFO kinetic models of the
Bi-MIPs are R2 = 0.9903 and R2 = 0.9153, respectively. The PSO kinetic model creates better
experiments with the adsorption behavior of chrysin onto the Bi-MIPs than the PFO kinetic
model; this phenomenon also indicates that chemisorption is the principal mechanism
involved in the sorption process. The results indicate that the Bi-MIPs are beneficial to
the adsorption of chrysin, and these results further prove the potential applications in the
separation of chrysin by the Bi-MIPs.
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Table 2. Kinetic data of the PFO and PSO kinetic models.

Samples
PFO Kinetic PSO Kinetic

K3 (min−1) R2 K4 (g mg−1 min−1) R2

Bi-MIPs 0.0533 0.9153 0.00015 0.9903
Bi-NIPs 0.0421 0.9746 0.00023 0.9816
Si-MIPs 0.0466 0.9751 0.00020 0.9841
Si-NIPs 0.0275 0.9750 0.00026 0.9808

3.2.3. Adsorption Thermodynamics

Adsorption isotherm experiments were performed at the same initial chrysin solution
and at different temperatures of 10, 20, 30, 40 and 50 ◦C. The fitting results of the adsorption
isotherms are presented in Figure 6. As shown in Figure 6a, the adsorption ability of chrysin
by the Bi-MIPs is the highest, followed by the Si-MIPs. This is due to the specific cavities of
the Bi-MIPs and Si-MIPs, which have specific adsorption on chrysin.

Figure 6. (a) Thermodynamic curves of the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs; (b) Selective
adsorption of the Bi-MIPs, Bi-NIPs, Si-MIPs and Si-NIPs.

With the temperature increase from 10 to 30 ◦C, the absorption capacity of the adsor-
bents increased, which due to increases in temperature accelerate the movement of the
molecules in a methanol solution. Therefore, the probability of albumin binding to the
adsorbent adsorption site is enhanced. As the temperature increased from 30 to 50 ◦C, the
Qe of chrysin on the adsorbents decreased. Due to the hydrogen bonds of the adsorbents
being broken with the increase in temperature, the adsorption capacity of chrysin by the
adsorbents is weakened. From the point of view of economic and industrial applications,
30 ◦C is chosen as the optimum temperature. The energy consumption of the adsorption
process is reduced, which builds the foundation for the large-scale extraction and separation
of the binary functional monomer polymers in natural products.

3.3. Adsorption Selectivity

To further investigate the selectivity of the Bi-MIPs for chrysin, chloramphenicol and
oxytetracycline were chosen as comparative substrates in the selective adsorption test. The
results are shown in Figure 6b; the Bi-MIPs have the highest adsorption capacity for chrysin,
followed by the Si-MIPs. This is due to the specific pockets of Bi-MIPs and Si-MIPs, which
have specific adsorption on chrysin. The Bi-MIPs and Si-MIPs have electrostatic adsorption on
chloramphenicol and oxytetracycline. The imprinting factor (QBi-MIPs/QBi-NIPs) of the Bi-MIPs
is 1.54, and the imprinting factor (QSi-MIPs/QSi-NIPs) of the Si-MIPs is 1.42. These results
indicate that, under the synergistic action of AM, the force of MAA on the hydrogen bonds,
electrostatic and π-π stacking of chrysin increased [37–39], and the adsorption selectivity of
molecularly imprinted polymers is improved. The selectivity of binary functional monomers in
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the separation and extraction of chrysin further proves that the Bi-MIPs have broad application
prospects in the extraction and separation of natural products.

3.4. Adsorption Reusability

To evaluate the capacity of the Bi-MIPs to be regenerated and reused, the adsorption
performance after repeated cycles was investigated. Multiple adsorptions and desorption
experiments were carried out using a polymer chrysin solution, and the results are shown
in Figure 7. After five times of adsorption and desorption, the remaining solid mass of the
sample is 0.0402, 0.0356, 0.0356, 0.0317, and 0.0302. The solid loss rate is 24.88%. After being
recycled and reused, the Bi-MIPs only lost 4.92% of adsorption capacity. This decrease
may be attributed to the reduction in active binding loci following the regeneration and
inadequate desorption of the adsorbed chrysin molecules. The results suggest that the
Bi-MIPs exhibited excellent adsorption capability in all five cycles. At the same time, we
should further consider how to improve the recovery efficiency of the Bi-MIPs.

Figure 7. Regeneration rebinding performance of the Bi-MIPs.

4. Conclusions

The Bi-MIPs were prepared by precipitation polymerization using methacrylic acid
and acrylamide as functional monomers and ethylene glycol dimethacrylate as a crosslink-
ing agent. Their physicochemical properties and chemical structures were analyzed and
characterized. The Bi-MIP has excellent adsorption performance for chrysin in methanol
solution and has a larger specific surface area and thermodynamic properties. The adsorp-
tion of chrysin on the Bi-MIPs followed the PSO kinetic model and Langmuir isothermal
model, and the adsorption process was dominated by homogeneous monolayer adsorption.
Compared with the Si-MIPs, the Bi-MIPs showed excellent adsorption performance and
specificity in the adsorption process of chrysin and its analogs. At the same time, the
Bi-MIPs showed excellent adsorption performance in multiple cycles and were conducive
to the extraction and purification of an organic solvent-soluble bioactive component from
natural products. Under the synergistic action of AM, the force of MAA on the hydrogen
bonds, electrostatic and π-π stacking of chrysin increased. This synthetic method is green,
efficient, eco-friendly and cost-effective. Thus, this paper provides new ideas and methods
for the synthesis of high adsorption performance, green and safe molecular-imprinted
polymers and build the foundation for the large-scale extraction and separation of the
Bi-MIPs in chrysin.
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Abstract: In order to ease the white pollution problem, biodegradable packaging materials are
highly demanded. In this work, the biodegradable poly (butylene adipate-co-terephthalate)/MXene
(PBAT/Ti3C2TX) composite casting films were fabricated by melt mixing. Then, the obtained
PBAT/Ti3C2TX composite casting films were biaxially stretched at different stretching ratios so
as to reduce the water vapor permeability rate (WVPR) and oxygen transmission rate (OTR). It was
expected that the combination of Ti3C2TX nanosheets and biaxial stretching could improve the
water vapor and oxygen barrier performance of PBAT films. The scanning electron microscope
(SEM) observation showed that the Ti3C2TX nanosheets had good compatibility with the PBAT
matrix. The presence of Ti3C2TX acted as a nucleating agent to promote the crystallinity when the
content was lower than 2 wt%. The mechanical tests showed that the incorporation of 1.0 wt%
Ti3C2TX improved the tensile stress, elongation at break, and Young’s modulus of the PBAT/Ti3C2TX

nanocomposite simultaneously, as compared with those of pure PBAT. The mechanical dynamical
tests showed that the presence of Ti3C2TX significantly improved the storage modulus of the PBAT
nanocomposite in a glassy state. Compared with pure PBAT, PBAT-1.0 with 1.0 wt% Ti3C2TX exhib-
ited the lowest OTR of 782 cc/m2·day and 10.2 g/m2·day. The enhancement in gas barrier properties
can be attributed to the presence of Ti3C2TX nanosheets, which can increase the effective diffusion
path length for gases. With the biaxial stretching, the OTR and WVPR of PBAT-1.0 were further
reduced to 732 cc/m2·day and 6.5 g/m2·day, respectively. The PBAT composite films with enhanced
water vapor and water barrier performance exhibit a potential application in green packaging.

Keywords: PBAT; MXene; nanocomposite; gas barrier properties; biaxial stretching

1. Introduction

Green packaging materials are highly demanded in the recent years because of the ever-
increasing plastic pollution problem. The traditional packaging materials, such as polyethy-
lene (PE) and poly(vinyl chloride) (PVC), have been gradually replaced by biodegradable
polymers such as poly(lactic acid) (PLA), poly(butylene adipate-co-terephthalate) (PBAT),
and poly(butylene succinate) (PBS) [1–4]. Compared with other biodegradable polyesters,
PBAT has adjustable properties due to the copolymerization of 1,4-butanediol, adipic
acid, and terephthalic acid [5]. In addition, it has good ductility, good thermal resistance,
and high impact performance, which is similar to PE. However, it was reported that the oxy-
gen transmission rate (OTR) of PBAT under ambient conditions was around 1050 cc/m2·day,
whereas the water vapor permeability rate (WVPR) was 3.3 × 10−11 g·m/m2·s·Pa, which
made it difficult to meet the requirements for packaging applications [6–8]. The poor
oxygen and water vapor barrier performances limit the broad applications of PBAT in
packaging. Therefore, it is necessary to improve the oxygen and water vapor barrier
performance of PBAT so as to prolong the shelf life and maintain good quality of food.
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It is widely accepted that the incorporation of nanofillers is a simple and effective
method to reduce the OTR and WVPR of polymer films [9–12] because the presence
of fillers can have barrier effects that increase the escape distance of oxygen and water
molecules [13,14]. Li et al. reported that the well-aligned graphene nanosheets simulta-
neously reduced the oxygen permeability and enhanced the aging resistance of the PBAT
composite film [15]. The oxygen-containing groups on graphene nanosheets enhanced the
interactions between water molecules and altered the diffusion paths of water molecules.
Mondal et al. found that the WVPR of PBAT could be reduced by 25% with the addi-
tion of 4 wt% organically modified montmorillonite (OMMT) [16]. This was because
the impermeable OMMT in the PBAT matrix increased the tortuosity of the path for wa-
ter molecules. Li et al. mixed graphene nanosheets with PBAT by the solution casting
method [15]. The presence of graphene resulted in an 80% reduction in water permeation
and a 99% reduction in oxygen transmission of PBAT nanocomposite films, which was
ascribed to the fact that the graphene nanosheets enlarged the effective diffusion path
length of water and oxygen across the films.

MXene is a novel family of (2D) transition metal carbides and/or nitrides [17–21].
The abundance of functional groups on the surface of MXene, such as oxygen (=O), hydroxyl
(-OH), or fluorine (-F), endows it with good compatibility with many polar polymer
matrices [22]. MXene has attracted considerable research interest for various applications,
such as energy storage, sensors, electromagnetic shielding, and so on [23–26]. Ti3C2TX
nanosheets have high stiffness and strength, which can serve as effective, reinforced fillers
to improve the mechanical properties of polymer/Ti3C2TX nanocomposites. In addition,
Wu et al. demonstrated that a small amount of Ti3C2TX improved the complex viscosity
and storage modulus of PVDF nanocomposites significantly [22]. The ultrahigh molecular
weight polyethylene (UMWPE) composites containing 0.75 wt% Ti3C2TX had the best
creep performance [27]. With the addition of 1.9 vol% of MXene, the Ti3C2TX/polystyrene
nanocomposites exhibited a 54% higher storage modulus than that of neat polystyrene [28].
Yu et al. demonstrated that the addition of MXene improved the thermal stability and
fire safety of polystyrene [29]. However, to the best of our knowledge, the PBAT/Ti3C2TX
nanocomposites have not been reported on yet. It is expected that the impermeable Ti3C2TX
nanosheets in the PBAT matrix via biaxial stretching can not only improve the gas barrier
performance, but also enhance the thermal stability and stiffness of the nanocomposites.

Biaxial stretching processing is the process of stretching hot polymeric films in the
cross-machine direction. It is also reported that the biaxial stretching process endows the
polymer matrix with an ordered structure and improved gas barrier properties [30–32].
This is because the biaxial stretching can help to reduce the free volume of the amor-
phous region of the polymers, resulting in an enhancement in gas barrier performance [33].
In addition, the biaxial stretching can help the 2D filler in the polymer matrices form an
orientation structure, which can benefit for the enhancement of the gas barrier perfor-
mance [34]. Li et al. reported that the orientated OMMT in the PBAT matrix prepared by
biaxial stretching significantly reduced the WVPR and caused a 99% reduction in OTR
with an enhancement in elongation at break [15]. Yoksan et al. demonstrated that the
stretched PLA/PBAT/thermoplastic starch composite films had stacked-layer planar mor-
phology, which contributed to the improvement in crystallinity, impact strength, water
vapor, and oxygen barrier properties [35].

2. Materials and Methods

2.1. Materials

Poly(butylene adipate-co-terephthalate) (PBAT) pellets were supplied by BASF. The melt
flow index (190 ◦C, 2.16 kg) was 5.0 g/10 min. The MXene (Ti3C2TX, 400 mesh, purity > 99%)
nanosheets etched by HF were supplied by 11 Technology Co., Ltd. (Changchun, China).
The specific surface area of the obtained Ti3C2TX was approximately 31.5 m2/g.
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2.2. Preparation of PBAT/Ti3C2TX Nanocomposite Biaxial Stretching Films

The preparation diagram of PBAT/Ti3C2TX nanocomposite biaxial stretching films is
shown in Scheme 1. To achieve a better dispersion of Ti3C2TX nanosheets in the PBAT ma-
trix, Ti3C2TX was first mixed with PBAT pellets by melt compounding via a twin extruder to
obtain composite casting films. Then the PBAT/Ti3C2TX nanocomposite casting films were
biaxially stretched. The effects of Ti3C2TX content on the morphology, thermal stability,
and crystallization behavior, as well as mechanical properties of PBAT/Ti3C2TX nanocom-
posites, were comprehensively evaluated. The PBAT nanocomposite films containing the
optimized 1 wt% Ti3C2TX were biaxially stretched under different parameters.

Scheme 1. Schematic diagram of preparation of PBAT/Ti3C2TX nanocomposite biaxial stretching films.

The PBAT/Ti3C2TX nanocomposite biaxial stretching films were prepared by two
steps. Prior to the experiment, the PBAT pellets were dried in a vacuum oven at 80 ◦C for
12 h. Firstly, the PBAT/Ti3C2TX nanocomposite casting film was prepared by extrusion
casting (FDHU-35, Potpo, Guangzhou, China) so that the Ti3C2TX could have a better
dispersion in the PBAT matrix. The temperatures from the hopper to the nozzle were set
at 130-150-170-170-170-150 ◦C. The screw speed was set at 60 rpm. The thickness of the
obtained PBAT/Ti3C2TX nanocomposite casting films was approximately 100 μm. The code
of the samples was abbreviated as PBAT-X, where X represents the weight ratio of Ti3C2TX
in the PBAT/Ti3C2TX nanocomposites.

The extruded PBAT nanocomposite casting films containing 1 wt% Ti3C2TX nanosheets
were cut into squares (80 mm side length) for biaxial stretching. The biaxially oriented
films were then prepared at different stretching ratios on a KARO 5.0 (Brückner Maschi-
nenbauGmbH & Co., Siegsdorf, Germany) equipped with mechanically driven clamps.
The stretched films were thermally annealed at a temperature of 110 ◦C for 60 s. Finally,
the biaxially oriented nanocomposite films were obtained to characterize the crystal orien-
tation and the gas barrier properties.

2.3. Characterization

The fracture surfaces of the PBAT/Ti3C2TX nanocomposite were characterized by
scanning electron microscopy (SEM, Quanta 250, FEI, Hillsboro, OR, USA). The samples
were fractured in liquid nitrogen for 30 min. They were observed at an accelerating voltage
of 5 kV. Prior to the observation, all the samples were coated with a layer of gold.

Thermogravimetric analysis (TGA) of all PBAT/Ti3C2TX nanocomposites was con-
ducted on a TG-209F1 thermal analyzer (Netzsch, Selb, Germany) to measure the thermal
stability under air atmosphere. The samples of about 10 mg were heated from room
temperature to 600 ◦C at a heating rate of 10 ◦C/min.

The crystallization and melting behaviors of PBAT/Ti3C2TX nanocomposites were
conducted on a DSC-204F1 (Netzsch, Selb, Germany). The samples of approximately 5 mg
were first heated to 180 ◦C at a heating rate of 10 ◦C/min to establish the thermal history,
then cooled to 20 ◦C at a cooling rate of 10 ◦C/min and followed by a second heating
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rate of 10 ◦C/min to 180 ◦C. The peak crystallization temperature (Tcp), the peak melting
temperature (Tmp), the crystallization enthalpy (ΔHc), and the melting enthalpy (ΔHm) of
these samples were summarized. The degree of crystallinity of PBAT (χc) was calculated
by the following equation:

χc =
ΔHm

ΔH0(1 − ϕc)
(1)

where ΔH0 is the 100% melting enthalpy of PBAT (114 J/g) [36], and ϕc presents the weight
ratio of Ti3C2TX in the nanocomposites.

The tensile test was performed on an Instron 5566 universal electron tensile machine.
The specimens were cut into rectangle shape with a dimension of 1 cm × 8 cm × 100 μm.
The tensile speed was fixed at 10 mm/min. The reported results were the average values of
at least five successful specimens.

The dynamical mechanical analysis was conducted on a Netzsch DMA 242E (Netzsch,
Selb, Germany) analyzer. Tensile measurements were taken on specimens with dimensions
of 30 mm at a fixed frequency of 1 Hz and from 90 ◦C to 70 ◦C at a ramping rate of 3 ◦C/min.

The 2D, wide-angle, X-ray scattering (2D-WAXS) measurements were carried out
on an X-ray diffractometer (Rigaku UltimaIV, The Woodlands, TX, USA). The data were
collected in the scanning range of 10–60◦ with a step of 0.02◦.

The oxygen transmission rate (OTR) of the oriented films was measured with a MO-
CON OX-TRAN (Ametek Mocon, Brooklyn Park, MN, USA) 2/21 at 23 ◦C, 1 atm, and 85%
RH. The water vapor transmission rate (WVTR) was determined according to ASTM
E96-80 at MOCON PERMATRAN-W 3/33 (Ametek Mocon, Brooklyn Park, MN, USA).
The reported values were the average results of three successful samples.

3. Results and Discussions

3.1. Morphology

Figure 1 shows the SEM images of the cross-section fracture surfaces of PBAT/Ti3C2TX
nanocomposite films. In Figure 1a,b, PBAT-0 exhibits a relatively smooth surface due to
its brittle fracture after immersion in liquid nitrogen [37]. With the addition of Ti3C2TX
nanosheets, the surfaces of the PBAT/Ti3C2TX nanocomposites become gradually rough in
Figure 1c–f when the Ti3C2TX content is lower than 2.0 wt%. This is due to the presence of
Ti3C2TX, which served as a rigid filler to transfer the stress during facture. In addition, it can
be seen that an agglomeration phenomenon existed on the surface of PBAT-2.0 (Figure 1g,h).
In Figure 1, no pores and holes are observable between the exposed Ti3C2TX nanosheets on
the surfaces (Figure 1f,h) and the PBAT matrix, indicating that Ti3C2TX nanosheets have
good compatibility with the PBAT matrix. It is attributed to the large number of polar
groups of Ti3C2TX that can react with the polyester groups of PBAT.

Figure 1. SEM images of the cross-section PBAT/Ti3C2TX nanocomposite films. (a,b) PBAT-0,
(c,d) PBAT-0.5, (e,f) PBAT-1.0, and (g,h) PBAT-2.0.
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3.2. Thermal Stability

The thermal stability of PBAT/Ti3C2TX nanocomposites is shown in Figure 2, and the
corresponding data, including the temperatures at 10% weight loss (T10), the temperatures
at the maximum weight loss rate (Tmax), and the char yields at 600 ◦C, are listed in Table 1.
In Figure 2a, two thermal decomposition stages are observable for all the samples. The first
stage between 300 ◦C and 420 ◦C can be attributed to the random, main-chain scission
and thermo-oxidative reactions of PBAT [38]. The second stage, in the range of 420–550 ◦C,
corresponds to cis-elimination and thermo-oxidative reactions [32]. In Table 1, it can be
seen that the values of T10 showed an increasing trend with the increase of Ti3C2TX content.
When compared to PBAT-0, the T10 of PBAT-2.0 dropped from 373.5 ◦C to 379.2 ◦C. In addi-
tion, the Tp of PBAT-2.0 gradually increased to 412.5 ◦C with the addition of 2 wt% Ti3C2TX.
That is because the presence of Ti3C2TX rapidly catalyzed the formation of a char layer
that served as a thermal barrier to protect the underlying polymer matrices [39]. The im-
provement of char yield benefited from the isolating of volatile gases and oxygen; therefore,
improving the thermal stability of PBAT. Furthermore, the char yield at 600 ◦C for PBAT-0,
PBAT-0.5, PBAT-1.0, and PBAT-2.0 was 0.7%, 1.0%, 1.4%, and 1.7%, respectively. It was
mainly due to the introduction of Ti3C2TX, which promoted charring, and partial polymers
could not be completely thermally decomposed, resulting in enhanced char residues [40].

Figure 2. TGA curves of PBAT/Ti3C2TX nanocomposites at air atmospheres. (a) TGA and (b) DTG.

Table 1. Thermal stability of PBAT/Ti3C2TX nanocomposite films.

Samples T10 (◦C) Tp (◦C) Char Yield at 600 ◦C (wt%)

PBAT-0 373.5 398.3 0.7
PBAT-0.5 375.1 404.7 1.0
PBAT-1.0 376.4 408.5 1.4
PBAT-2.0 379.2 412.5 1.7

3.3. Crystallization and Melting Behavior

The DSC curves of the PBAT/Ti3C2TX nanocomposites are shown in Figure 3.
In Figure 3a, the onset crystallization temperatures of PBAT nanocomposites exhibit an
increasing trend with the increase of Ti3C2TX content. In addition, the values of Tcp for
PBAT nanocomposites in Table 2 are 72.1, 73.1, 73.7, and 75.2 ◦C, respectively. The increase
in Tcp indicated that the presence of Ti3C2TX had a heterogeneous nucleation effect, acceler-
ating the formation of crystallites in the PBAT matrix during cooling [41]. It was noted that
the values of ΔHm were lower than ΔHc for the PBAT/Ti3C2TX composites, which can be
ascribed to the fast cooling rate. In Figure 3b, the values of Tmp for PBAT nanocomposites
are 119.3, 121.0, 121.6, and 121.0 ◦C, respectively. The increase in Tmp suggests that the
filling Ti3C2TX contributes to the formation of perfect crystallinity of PBAT during the
cooling procedure. Moreover, the crystallization degree of PBAT-1.0 had the highest value
of 13.4% with the addition of 1.0 wt% Ti3C2TX. When the content of Ti3C2TX was further
increased up to 2.0 wt%, the crystallization degree of PBAT-2.0 showed a slight decrease.
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This may be due to the excessive addition of Ti3C2TX, which led to agglomeration, to some
extent. On the other hand, the inhibition effects of the excessive Ti3C2TX nanosheets were
more profound than the nucleating effect that led to smaller crystallization and decreased
crystallinity [42].

Figure 3. Differential scanning calorimetry (DSC) thermograms of PBAT/Ti3C2TX nanocomposites.
(a) first cooling, (b) second heating.

Table 2. DSC thermograms of PBAT/Ti3C2TX nanocomposites.

Samples Tcp (◦C) ΔHc (J/g) Tmp (◦C) ΔHm (J/g) χ (%)

PBAT-0 72.1 16.8 119.3 14.6 12.8
PBAT-0.5 73.1 17.0 121.0 14.7 13.0
PBAT-1.0 73.7 16.8 121.6 15.1 13.4
PBAT-2.0 75.2 16.9 121.0 14.2 12.7

3.4. Mechanical Properties of Casting Films

Figure 4 shows the typical stress–strain curves for pure PBAT and PBAT/Ti3C2TX
nanocomposite casting films, and the corresponding data are summarized in Table 3.
It was observed that PBAT-0 exhibited a high ductility (elongation at break ~ 1442%) but
low tensile strength (~22.6 MPa), which is consistent with previous report [14]. With the
addition of 0.5 wt% Ti3C2TX, the tensile strength of the PBAT/Ti3C2TX nanocomposite
increased by 19.8% with a slight increase in the elongation at break. As depicted in Figure 1,
the Ti3C2TX had good interfacial interaction with the PBAT matrix; therefore, the addition of
Ti3C2TX nanosheets can transform the stress during the tensile process. When the Ti3C2TX
content was increased to 1.0%, the PBAT/Ti3C2TX nanocomposite had the maximum tensile
strength (31.6 MPa). This enhancement can be ascribed to the reinforcement effects of the
nanofillers and the interaction between the stress concentration zones around the Ti3C2TX
nanosheets [43,44]. It is worth noting that PBAT-2.0 showed a decreasing tendency in both
tensile stress and elongation at break as compared with PBAT-1.0. This may be due to the
aggregation of Ti3C2TX nanosheets in the PBAT matrix.

Table 3. Tensile properties of PBAT/Ti3C2TX nanocomposite casting films.

Samples Tensile Stress (MPa) Young’s Modulus (MPa) Elongation at Break (%)

PBAT-0 22.6 ± 3.2 24.5 ± 4.1 1442.3 ± 104.5
PBAT-0.5 27.1 ± 3.6 28.6 ± 2.0 1524.8 ± 98.7
PBAT-1.0 31.6 ± 4.7 31.4 ± 2.9 1483.2 ± 132.4
PBAT-2.0 24.3 ± 5.1 32.1 ± 3.3 1350.3 ± 329.7
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Figure 4. Tensile stress versus strain of PBAT/Ti3C2TX nanocomposite casting films.

3.5. Dynamic Mechanical Analysis

The storage modulus as a function of temperature for PBAT/Ti3C2TX nanocomposite
casting films is shown in Figure 5a. It is clear that the storage modulus of the PBAT
nanocomposite reinforced with Ti3C2TX was higher than that of PBAT-0 in the glassy states.
In addition, the reinforcement effect was more obvious with the increase of Ti3C2TX content.
When compared to PBAT-0, the storage modulus of PBAT-2.0 at 80 ◦C increased from
1220 MPa to 2342 MPa. This is due to the stiffening effect of rigid Ti3C2TX nanosheets.
Aside from this, the polar groups on the surface of Ti3C2TX may have had intramolecular
interaction with the PBAT. matrix, which may have also improved the storage modulus of
the PBAT/Ti3C2TX nanocomposites [43]. The loss factor peak (tanδ) is usually defined as
the glass transition temperature (Tg). It is observable from Figure 5b that the Tg shifted
to a lower temperature when the PBAT matrix was incorporated with Ti3C2TX. With the
addition of 2 wt% Ti3C2TX, the PBAT-2.0 shifted from −11.9 ◦C to −15.0 ◦C, as compared
with that of PBAT-0. It can be attributed to the incorporation of Ti3C2TX, which can improve
the chain mobility of the amorphous regions of PBAT due to the liberation effect of Ti3C2TX.
In addition, the height of tanδ also showed a slight increase, indicating that an increase in
Ti3C2TX content will result in higher dissipative energy [45].

Figure 5. (a) Storage modulus and (b) loss factor of PBAT/Ti3C2TX nanocomposite casting films.

3.6. 2D-WAXS Patterns of Biaxial Stretching Films

Figure 6 shows the 2D-WAXS images of the PBAT-1.0 casting films under different
biaxial stretching ratios. It is observable that there are four crystal planes (111), (100), (110),
and (010) in the PBAT film (1 × 1) in Figure 6a, and these crystal planes belong to the
PBAT phase [10]. With the increase of the stretching ratio in the machine direction (MD),
the crystal planes (111), (100), (110), and (010) in the PBAT composite films (Figure 6b,c)
had more obvious orientation. In addition, the larger the stretching ratio, the more obvious
the orientation effect, which indicates that uniaxial stretching can promote the orientation
of the PBAT/Ti3C2TX biaxial stretching films’ crystal form along the MD. In Figure 6d,e,
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there is no obvious crystal orientation in the 2D-WAXS diffraction pattern in the biaxially
stretched PBAT/Ti3C2TX films, indicating that the biaxial stretching will not cause the film
to have an obvious crystal orientation in a certain direction. The crystal orientation of
PBAT/Ti3C2TX composite films further confirms that the biaxially oriented PBAT/Ti3C2TX
film has excellent isotropy.

Figure 6. The films of PBAT-1.0 under different biaxial stretching ratio (transverse direction × machine
direction). (a) 1 × 1, (b) 1 × 2, (c) 1 × 3, (d) 1.5 × 1.5, and (e) 2 × 2.

3.7. Gas Barrier Properties of Biaxial Stretching Films

The gas barrier properties of PBAT/Ti3C2TX nanocomposite casting films are shown
in Figure 7. In Figure 7a, the OTR of PBAT nanocomposite casting films shows a decreasing
trend with the increase of Ti3C2TX content. The lowest OTR was achieved for PBAT-1.0,
which decreased from 1030 to 782 cc/m2·day. Similarly, the water vapor transmission rate
(WVTR) of PBAT/Ti3C2TX nanocomposite casting films decreased as the Ti3C2TX content
increased in the PBAT matrix. In Figure 7b, the WVTR for PBAT-0, PBAT-0.5, PBAT-1.0,
and PBAT-2.0 is determined to be 14.3, 12.7, 10.2, and 11.7 g/m2·day, respectively. It is
speculated that the addition of Ti3C2TX nanosheets can serve as a barrier to form a tortuous
path, increasing the effective diffusion path length. Furthermore, the abundant hydroxyl
groups on the surface of Ti3C2TX will contribute to the interactions with water molecules,
delaying the diffusion to some extent. However, the aggregation of Ti3C2TX will result in a
deterioration of the gas barrier performance when the content of Ti3C2TX is increased by
up to 2.0 wt%.

To investigate the effects of the stretching ratio on the gas barrier performance of
PBAT/Ti3C2TX nanocomposite stretching films, the OTR and WVTR data of PBAT-1.0
stretching film under different stretching ratios are shown in Figure 8. In Figure 8a, it is
clear that the OTR of PBAT-1.0 stretching film decreased from 782 to 732 cc/m2·day with
the stretching ratio increasing to 3 under uniaxial stretching. This can be attributed to the
enhanced orientation of PBAT crystallites formed during the uniaxial stretching process,
which is demonstrated in 2D-WAXS patterns (Figure 6). Meanwhile, the WVTR for PBAT-
1.0 stretching film achieved the lowest value of 6.5 g/m2·day under 2 × 2 biaxial stretching
condition, shown in Figure 8b. This is because the biaxial stretching process can contribute
to the formation of an amorphous phase of PBAT and the exfoliation of Ti3C2TX sheets.
However, the barrier effect of Ti3C2TX sheets is more profound than the effect of the PBAT
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amorphous phase, resulting in a further decrease in OTR and WVTR. The combination of
two-dimensional, inorganic nanofillers with the biaxial stretching process paves the way
for the preparation of a biodegradable polymer with enhanced gas barrier performance.

Figure 7. The gas barrier properties of PBAT/Ti3C2TX nanocomposite casting films. (a) OTR, (b) WVTR.

Figure 8. The gas barrier properties of PBAT-1.0 films under different biaxial stretching ratio.
(a) OTR, (b) WVTR.

4. Conclusions

In this work, two-dimensional MXene (Ti3C2TX) nanosheets were mixed with PBAT
by melt compounding. The effects of Ti3C2TX content on the morphology, thermal sta-
bility, crystallization behavior, and gas barrier performance of PBAT were investigated.
Furthermore, the effects of the biaxial stretching ratio on the gas barrier properties were
further discussed. The TGA results showed that the addition of Ti3C2TX improved the
thermal stability of the PBAT nanocomposite. In addition, the tensile tests showed that the
addition of 1.0 wt% Ti3C2TX improved the maximum tensile stress without losing ductility.
The storage modulus of PBAT was significantly improved in the glassy state with the
addition of Ti3C2TX. After biaxial stretching, the PBAT-1.0 film (1 × 3) exhibited an oxygen
transmission rate of 732 cc/m2·day, which was 28.9% lower than that of pure PBAT casting
film. When the stretching ratio was 2 × 2, the WVTR of PBAT-1.0 biaxial stretching film was
6.5 g/m2·day, which was 36.3% lower than that of 1 × 1 PBAT-1.0 film. The enhancement
in gas barrier properties can be attributed to the presence of Ti3C2TX nanosheets, which can
increase the effective diffusion path length for gases. The results of this work indicate the
need for further studies on the influence of the orientation and surface functionalization of
Ti3C2TX nanosheets, as well as the incorporation of compatbilizers in the PBAT composite
films for packaging applications.
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Abstract: A self-healing waterborne polyurethane (WPU) materials containing dynamic disulfide
(SS) bond was prepared by introducing SS bond into polymer materials. The zeta potential revealed
that all the synthesized WPU emulsions displayed excellent stability, and the particle size of them
was about 100 nm. The characteristic peaks of N-H and S-S in urethane were verified by FTIR,
and the chemical environment of all elements were confirmed by the XPS test. Furthermore, the
tensile strength, self-healing process and self-healing efficiency of the materials were quantitatively
evaluated by tensile measurements. The results showed that the self-healing efficiency could reach
96.14% when the sample was heat treated at 70 ◦C for 4 h. In addition, the material also showed a
good reprocessing performance, and the tensile strength of the reprocessed film was 3.39 MPa.

Keywords: waterborne polyurethane; self-healing; dynamic disulfide bond

1. Introduction

To date, polymer materials have been widely used in various fields because of their ex-
cellent corrosion resistance and mechanical and barrier properties. However, it is accessible
to produce micro-slaps on the surface and inside of the traditional polymer materials due to
the influence of mechanical, light and chemical substances in the manufactural processing
and practical applications. These cracks are difficult to detect with the naked eye and
may cause further damage to the materials, thus reducing the mechanical properties and
safety of the materials and shortening their service time. Therefore, some researchers intro-
duced the biological self-healing characteristics and mechanisms into polymer materials
and formed functional self-healing materials through bionic design. These materials can
recover their original properties spontaneously after damage or under external stimulation,
resulting in new intelligent/smart materials with longer lives and more reliable perfor-
mances, such as shaped memory polymer [1–3] and self-healing polymer [4,5] intelligent
polymer materials.

From the perspective of bionics, self-healing materials can be divided into extrinsic and
intrinsic types according to whether they contain additional repair reagents or not. Extrinsic
self-healing can preinstall some special structural components (such as microcapsules or
micro-vessels) in the polymer composites by implantation technology. When the material
is damaged, the repair reagent at the damaged part is released rapidly, which promotes the
polymerization reaction and repairs the material structure in time [6], whereas intrinsic
self-healing materials can achieve multiple internal repairs through the breaking and
recombination of reversible chemical bonds within or between molecules. Therefore, it is
not necessary to add additional repair reagents in advance [7,8].

As the earliest discovered dynamic polymerization reaction, disulfide exchange re-
action can be carried out at a low temperature and has great advantages in preparing
dynamic polymers [9,10] For instance, aromatic disulfide compounds can form a rapid
self-healing system [11]. In 2007, Nitschke et al. found that disulfide bonds in aromatic
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disulfides were easier to reach the translocation exchange equilibrium than that in aliphatic
disulfides [12]. Ibon Odriozola et al. successfully prepared a catalyst-free disulfide bond
polymer elastomer that can be repaired at room temperature by the condensation reac-
tion of 4, 4′-dithiodianiline with isocyanate [13]. Kim et al. developed a transparent and
easy-to-process polyurethane elastomer (IP-SS), which can be rapidly self-healed at room
temperature and possess a maximum tensile strength of 6.8 MPa [14]. Zhang et al. prepared
a self-healing polyurethane material based on solar light-induced disulfide bond metathesis
reaction [15]. In addition to the electron-donating groups connected with disulfide bonds,
it helps to reduce their bond energy and form hydrogen bonds between macromolecular
chains, the amorphous structures of aliphatic monomers and soft and hard segments also
play a key role in the self-healing of hydrogen sulfide. However, there are still some prob-
lems in the development of the disulfide exchange reaction. Aromatic disulfide monomers
are usually expensive and not conducive to large-scale industrial production. At the same
time, the molecular design usually leads to the yellowish appearance and low transparency
of self-healing materials.

Herein, the low-cost aliphatic bis (2-alkylethyl) disulfide (HEDS) with flexible seg-
ments was used to prepare the self-healing waterborne polyurethane materials, which was
synthesized by introducing HEDS-containing −OH groups into the WPU and reacted with
−NCO groups. The successful introduction of SS bond in the polymer chain was verified
by FTIR. Then, the influence of SS bond content on the self-healing efficiency of WPU
film was studied by the tensile test, the dispersion and stability of WPU were assessed
by the particle size and zeta potential analysis and the thermal properties of the polymer
were tested by DMA and TGA. In addition, the reprocessing performance of the film was
investigated by a plate vulcanizing machine.

2. Materials and Methods

2.1. Materials

Poly-tetrahydrofuran (PTMG, Mn = 1000), Triethylamine (TEA), 2,2-Dimthylolpropionic
acid (DMPA), Dibutyltin dilaurate (DBTDL) and bis (2-alkylethyl) disulfide (HEDS) were
obtained from Shanghai Aladdin Company, Shanghai, China. Hexamethylene diisocyanate
(HDI) was purchased from Bayer Technology, Germany. PTMG and DMPA should be
dehumidified under vacuum at 100 ◦C for 2 h before the experiment.

2.2. Preparation of WPU-SS Emulsion

WPU-SS was synthesized by three steps, in which acetone was replaced by DMAc to
reduce the viscosity of polyurethane prepolymer. Table 1 lists the experimental formulation
of different WPU samples. The molar ratio of the isocyanate group to hydroxyl group was
kept at 1.4, and the ratio of PTMG to HEDS was 1/2 (WPU1), 1/1(WPU2) and 2/1(WPU3).

Table 1. Molar ratio formulations of different WPU samples.

HDI PTMG DMPA HEDS TEA

WPU1 3.5 0.55 0.85 1.10 0.85
WPU2 3.5 0.83 0.85 0.83 0.85
WPU3 3.5 1.10 0.85 0.55 0.85

According to the experimental formulation listed in Table 1, the synthesis process of
WPU2 was illustrated. As shown in Figure 1, firstly, PTMG and DMPA were added in a
500-mL four-necked round-bottomed flask with a mechanical agitator, nitrogen inlet and
drying condenser tube. DMAc was used as a solvent, and DBTDL was used as a catalyst.
IPDI was slowly added after thoroughly stirring. Under mechanical stirring, the reaction
temperature was 80 ◦C, when the content of −NCO reached the theoretical value, the
polyurethane prepolymer terminated with −NCO was generated. Then, the temperature
was reduced to 60 ◦C, HEDS containing −OH was added and reacted with isocyanate
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under nitrogen protection until the content of −NCO in the system reached the theoretical
value again.

Figure 1. The synthesis process of WPU2 (R1 is the repeating chain segment).

TEA with DMPA and other substances was added to neutralize −COOH in DMPA,
and the system temperature was further reduced to 6~10 ◦C. The synthesized mixture
was added to deionized water for high-speed dispersion for 1 h to obtain the final WPU2
emulsion. In the emulsification process, the residual −NCO of the prepolymer reacted
with deionized water to form urea and biuret derivatives. The final WPU2 emulsion was
light blue and the solid content was about 30 wt%. The WPU samples with PTMG and
HEDS ratios of 1/2 and 2/1 were synthesized by the same method.

2.3. Preparation of WPU Films

The predetermined amount of WPU-SS emulsion was poured into the horizontally
placed PTFE mold with the size of 10 cm × 10 cm × 1.5 cm. After drying at room
temperature for 48 h, most of the water evaporated. Then, the film was stripped from the
mold, and the water and solvent were completely removed within 24 h in a vacuum drying
oven at 60 ◦C to obtain a constant weight WPU-SS film. The prepared WPU-SS films were
stored in the dryer containing silica gel before further characterization.

2.4. Measurement of Isocyanate Content by Dibutyl-Amine Method

(1) Reagent preparation:

a. Preparation of 0.1 mol/L hydrochloric acid standard solution and calibration
with anhydrous sodium carbonate.

b. Configure 0.1-mol/L di-n-butylamine-acetone solution: 12.9-g di-n-butylamine
was placed in a 1000-mL volumetric flask, diluted with acetone and shaken.
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c. Bromocresol green indicator: 0.1-g bromocresol green was dissolved in 100-mL
volumetric flasks with a 1.5-mL concentration of 0.1-mol/L sodium hydroxide
solution and diluted with distilled water to scale.

(2) Operation process: Accurate weighing 1~3-g prepolymer to 150-mL conical flask,
adding 20-mL dibutyl-amine-acetone solution, fully reaction 20 min after adding
5 drops of bromocresol green indicator. Use the configured 0.1-mol/L hydrochlo-
ric acid standard solution to titrate the prepolymer. When the color changes from
blue to yellow, it will be the end of the reaction. Read the volume and do a blank
control experiment.

(3) Isocyanate content was determined by using the following Equation (1):

−NCO % = [(V0 − V) × c × 4.202]/m × 100% (1)

Thereinto, c is HCL concentration (mol/L), V is the sample consumed HCL volume
(mL), V0 is blank consumed HCL volume (mL) and m is Sample mass (g).

2.5. Characterization
2.5.1. Determination of Dispersion Stability

The average particle size and polydispersity index (PDI) of the dispersions were mea-
sured by dynamic light scattering (DLS) at room temperature using Zetasizer Nano ZS90
of Malvern Instrument and Equipment Company, Malvern, UK. In order to test the storage
stability, all dispersions were stored in closed bottles and stored at room temperature.

2.5.2. Fourier-Transform Infrared Spectroscopy (FTIR)

The synthesized polymer was analyzed by TENSORII Fourier-transform infrared
spectrometer produced by BRUKER company in Germany. The attenuated total reflection
(ATR) mode was used for infrared testing of WPU-SS samples. The spectra obtained were
recorded in the range of 4000–500 cm−1.

2.5.3. Dynamic Thermomechanical Analysis (DMA)

The dynamic mechanical properties of the rectangular WPU-SS spline (30 mm × 10 mm)
were tested using the tensile mode of the DMA 850 dynamic thermomechanical analyzer of the
United States TA company. The test temperature range is −100~120 ◦C, and the experimental
frequency is 1 Hz. The heating rate is 5 ◦C/min.

2.5.4. Thermogravimetric Analysis (TGA)

A certain amount of WPU-SS was investigated by the TGA55 thermogravimetric
analyzer of TA company. It was carried out in a nitrogen atmosphere with an airflow
velocity of 20 mL/min, a heating rate of 10 ◦C/min and a temperature range of 30~800 ◦C.

2.5.5. X-ray Photoelectron Spectroscopy (XPS)

The surface chemical compositions of WPU-SS samples were analyzed by XPS ES-
CALAB 250A of Thermo Electron Corporation company with an Al Kα excitation radiation.
The containment C 1s hydrocarbon peak at 284.8 eV was applied to calibrate the bind-
ing energies.

2.5.6. Determination of Self-Healing Performance

The samples were cut into dumbbell-shaped samples, and five points were randomly
selected on the dumbbell-shaped samples to measure the thickness using a desktop thick-
ness gauge, and the average value was taken. The USA Instron 3369 universal tensile testing
machine was used to test the tensile strength and elongation at break at 100 mm/min, and
the average value of each sample was measured after 5 times.

The dumbbell-shaped standard sample was cut from the middle position to part of
the adhesion, and then the incision part was docked together. The samples were repaired
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under different conditions. The tensile properties of original and repaired samples were
tested, and the self-healing efficiency was calculated by using the following Equation (2):

η% = σ/σ0 × 100% (2)

where η is self-healing efficiency, σ is fracture strength of repaired specimen and σ0 is
fracture strength of the original sample.

3. Results and Discussion

3.1. Dispersion and Stability Analysis

The synthesized WPU-SS emulsion was analyzed by a nano-particle size analyzer to
evaluate its storage stability. The particle size and distribution of suspension waterborne
polyurethane particles are shown in Figure 2a. The average particle sizes of WPU1, WPU2
and WPU3 were 71.27, 77.12 and 131.6 nm, respectively, and the PDI were 0.130, 0.084
and 0.285, respectively. The particle sizes of WPU1 and WPU2 dispersion systems are
similar, and the polydispersity index shows that the distribution of WPU2 dispersion is
more uniform than that of WPU1 dispersion. With the increase of soft segment content, the
proportion of hydrophilic groups in WPU3 emulsion decreased, the polydispersity index
increased, and the dispersion became worse.

Figure 2. Particle size and distribution of WPU (a) and their zeta potential (b).

Zeta potential is another important indicator for evaluating emulsion stability. As
shown in Figure 2b, the Zeta potential of WPU1, WPU2 and WPU3 were −41.6, −40.7 and
−43.6 mV, respectively. The high absolute value of zeta potential indicates that there is
abundant electrostatic repulsion on the surface of water particles. Besides, introducing SS
bonds in the WPU-SS chain had little effect on the Zeta potential value, manifesting that the
addition of SS bonds had no significant effect on the stability of the emulsion. In addition,
there is no deposit at the bottom of WPU-SS dispersions stored in closed glass bottles
at room temperature for 2 months. The WPU emulsions were diluted into 1 wt% water
dispersion and looked light blue. In summary, stable WPU emulsions can be obtained by
introducing SS bond into the molecule chain.
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3.2. Structure Analysis

Figure 3 are FTIR spectra and XPS survey spectra of the linear WPU-SS samples.
In Figure 3a, all curves have no absorption peak at 2270 cm−1, which indicates that −NCO
groups in the system are all involved in the reaction [16,17]. Compared with the three
curves, the distribution of all characteristic peaks was essentially the same, indicating
that −OH and −NCO on HEDS reacted to form carbamate, and no new chemical bond
was formed. The three curves are in line with the characteristic peaks of waterborne
polyurethane. The band located at 3321 cm−1 corresponds to the N−H stretching vibration
and the band at 1531 cm−1 is assigned to the N–H in-plane bending vibration [18,19]. The
absorption bands at 1460 and 1360 cm−1 are assigned to the –CH2– bending vibrations.
The bands at 2940 and 2856 cm−1 are associated with the C–H asymmetry and symmetric
stretching vibration of methylene in polyurethane molecular chain [20,21]. The band
at 1110 cm−1 corresponds to bending vibration of C−O (aliphatic ether) in polyether
polyol [22]. The characteristic band about 1707 and 1631 cm−1 is related with nonhydrogen
bond C=O hydrogen bond C=O in urea, respectively [23–25]. HEDS in polymer chain
has a characteristic absorption peak of SS bond at 637 [26]. With the increase of disulfide
bond content, the absorption peak of the corresponding SS bond at 637 cm−1 became
more obvious, which proved that SS bond was successfully introduced into waterborne
polyurethane to form WPU-SS.

Figure 3. (a) FTIR spectra of WPU-SS samples, (b) XPS survey spectra of WPU2, (c) C 1s of WPU2,
and (d) O 1s of WPU2.

The XPS measurement was used to further confirm the construction by analyzing
the chemical compositions in the WPU-SS system. The peaks in XPS survey spectrum
indicated the present of S element (163.5 eV) in the samples due to disulfide bond should
be successfully chemically linked to the matrix of waterborne polyurethane. In addition,
the C 1s spectrum was further measured to explore the types of carbon bonds to analyze
the existence of interfacial interactions, as shown in Figure 3c. The C 1s peak was curved-
fitted into four main components including C-C/C-H, C-N, C-O, C-S and C=O bonds
corresponding to the peaks at 284.8, 285.7, 286.5, 287.7 and 288.8 eV, respectively. The O
1s peak was curved-fitted into four main components including C-O-C and C=O bonds.
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The peak of C-S bond appeared implying that disulfide bond was successfully grafted onto
polyurethane chains, as supported by FTIR results.

3.3. Dynamic Thermodynamic Analysis

The DMA results are shown in Figure 4. During the heating process of WPU-SS at
−100~120 ◦C, the polymer with microphase separation structure showed two glass transi-
tion temperatures. The storage modulus and loss modulus of WPU-SS films are shown
in Figure 4a,b, respectively. It could be found that the storage modulus (E′) decreased
significantly at about −70 to −60 ◦C, while the loss modulus (E”) increased significantly
at the same temperature range, which corresponding to the glass transition of the hard
segments, moreover, with the increase of SS bonds, the E’ did not change much while
the peak value of E” changed obviously, which meant the move of the polymer chains
took more energy. The decrease of disulfide bond content leads to the increase of soft
segment content, which reduced the E′ and E” of the films at room temperature. This is
mainly due to the less restriction of the slip of the soft segment molecular chain, which
leads to the easier entanglement of the molecular chain and the easier interaction with the
main chain [27]. At the same time, the degree of microphase separation is reduced but the
damping performance is improved.

 

Figure 4. (a) Storage modulus, (b) loss modulus and (c) tan delta of WPU-SS samples with different contents of SS as a
function of temperature.

The link between tan delta and temperature is determined in Figure 4c. With the
loss of SS bond loading, the soft segment rises, and the microphase separation diminishes
gradually. When the microphase separation is cut down to a certain extent, the glass
transition temperature of the hard segment cannot be shown in the experiment. Since the
glass transition temperature of the hard segment is much lower than room temperature,
the film is in a highly elastic state and exhibits the properties of an elastomer at room
temperature.
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3.4. Thermal Stability Analysis

To investigate the thermal stability of WPU-SS films, thermogravimetric analysis (TGA)
was carried out at 30~800 ◦C in a nitrogen atmosphere. Figure 5 shows the typical TGA
and the first derivative curve DTG, respectively. The characteristic thermal degradation
data display in Table 2. From the TGA curve, the thermal stability of WPU-SS films was
improved with the decrease of short chain disulfide bond content and the enhancement of
long chain PTMG content. In particular, the 50% weight loss temperature (Td50%) increased
from 361 ◦C to 382 ◦C. In the region of 230~440 ◦C, there are two obvious degradation
stages for WPU-SS films. The partial weight loss at 230~350 ◦C can be attributed to the
rupture of the amino ester bond in the hard segment isocyanate, and the thermal stability
of the hard segment is poor, which can be decomposed into primary amines (or secondary
amines), alkenes and carbon dioxide [28–30]. In contrast, polyether has better thermal
stability, 350~440 ◦C weight loss is mainly the decomposition of the soft segment [31–33].

Figure 5. TGA curves and DTG curves of different WPU-SS films.

Table 2. Particular thermal degradation dates of diifferent WPU samples.

Td5% (◦C) Td10% (◦C) Td50% (◦C)

WPU1 256 273 361
WPU2 264 278 377
WPU3 270 290 382

3.5. Tensile Properties and Self-Healing Efficiency of WPU-SS Films

In addition, the self-healing process of WPU films was evaluated more quantitatively
through tensile measurement, and the self-healing efficiency was calculated according to
the final tensile stress ratio of the repaired sample to the original sample. Figure 6 reveals
the stress-strain curves of the original samples of WPU1, WPU2 and WPU3. The film of
WPU1 exhibits a high tensile strength since the hard segment content is relatively high,
and the content of carbamate in WPU1 may be more than that in WPU2 and WPU3. On
the contrary, WPU2 and WPU3 possesses high soft segment content, and strong molecular
weight mobility, so its self-healing performance is also relatively improved.
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Figure 6. Stress-strain curve of WPU1, WPU2, WPU3.

Figure 7 shows the self-healing efficiency of WPU1 WPU2 and WPU3 under different
conditions. The self-healing efficiency of WPU1 is only 29.02% after 4 h at 70 ◦C, while
the healing efficiency of the WPU2 and WPU3 films reached 96.14% and 97.28% under the
same conditions, respectively. Meanwhile, WPU2 and WPU3 films also had a self-healing
efficiency of up to 84.21% and 85.86% after being placed at 25 ◦C for 24 h. The table of
repair efficiency changing over time is shown in Table 3. There is no doubt that introducing
SS bond endowed the film with excellent self-healing performance. Of course, the content
of the soft segment also exerts a certain degree of influence on the repair effect of the
film [34,35].

 

Figure 7. Stress-strain curves of WPU1 (a), WPU2 (b) and WPU3 (c) films repaired under different conditions.
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Table 3. Details of Tensile Results and the Healing Efficiency of WPU-SS Samples under different conditions.

Samples
Heat Treatment

Time (h)
Tensile

Strength (MPa)
Elongation at

Break (%)
Healing

Efficiency (%)

WPU1 / 13.75 820.01 /
2 3.85 71.67 28.00
4 3.99 151.12 29.02

24(25 ◦C) 3.26 23.9 23.70
WPU2 / 2.85 1427.78 /

2 2.43 1213.34 85.26
4 2.74 1365.01 96.14

24(25 ◦C) 2.40 1235.01 84.21
WPU3 / 1.84 2053.08 /

2 1.64 1719.64 89.13
4 1.79 1880.01 97.28

24(25 ◦C) 1.58 1671.88 85.86

3.6. Reprocessing Performance

After being placed in a constant temperature and humidity box for 24 h, the cut
dumbbell-shaped spline was used for the tensile test. Figure 8 provides the stress-strain
curve of WPU2 film and WPU2 film after reprocessing. The tensile strength of WPU2 film
after reprocessing was 3.39 MPa, compared with the original spline, its tensile strength
increased and the elongation at break reduced, which indicated that the film had a good
reprocessing performance.

Figure 8. Tensile properties of the reprocessed WPU2 film.

4. Conclusions

In this paper, based on the principle of introducing reversible covalent bond contain-
ing SS into polymer, functional self-healing waterborne polyurethane was synthesized
with PTMG as soft segment, IPDI as hard segment and DMPA containing hydrophilic
group as auxiliary. The zeta potential revealed that all the synthesized WPU emulsions
displayed excellent stability, and the particle sizes of WPU1 and WPU2 emulsions were
relatively small. The characteristic peaks of N-H and S-S in urethane were verified by FTIR.
Furthermore, the tensile strength, self-healing process and repair effect of WPU-SS film
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were quantitatively evaluated by tensile measurement. After the cut spline WPU2 sample
was heat treated at 70 ◦C for 4 h, it could maintain the tensile strength and the self-healing
efficiency could reach 96.14%, whilst the repair efficiency of the sample was 84.21% after
24-h self-repair at 25 ◦C. In addition, to realize the reprocessing of the self-healing film, the
cut WPU2 film fragments were hot pressed at 130 ◦C for 20 min to reshape into a square
film by a flat vulcanizing machine. The results indicated that the tensile strength of the
reprocessed WPU2 film was 3.39 MPa, and it possessed good reprocessing performance.
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Abstract: It is important to lower the cost and stability of the organic–inorganic hybrid perovskite
solar cells (PSCs) for industrial application. The commonly used hole transport materials (HTMs) such
as Spiro-OMeTAD, poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) and poly(3-hexylthiophene-
2,5-diyl) (P3HT) are very expensive. Here, 3,4-ethylenedioxythiophene (EDOT) monomers are in-situ
polymerized on the surface of graphene oxide (GO) as PEDOT-GO film. Compared to frequently
used polystyrene sulfonic acid (PSS), GO avoids the corrosion of the perovskite and the use of H2O
solvent. The composite PEDOT-GO film is between carbon pair electrode and perovskite layer as
hole transport layer (HTL). The highest power conversion efficiency (PCE) is 14.09%.

Keywords: perovskite solar cell; hole transport layer; carbon materials; polymeric composites; solar
energy materials

1. Introduction

Renewable clean energy devices are urgently demanded for the sustainable develop-
ment of society. Among them, organic–inorganic metal hybrid perovskite solar cells (PSCs)
have attracted ever-increasing attention owing to their excellent photovoltaic performance,
simple preparation process, and relatively low cost [1]. PSCs are generally composed of
FTO glass, an electron transport layer, a light absorption layer, a hole transport layer, and a
counter electrode [2]. In the multi-layer structure of PSCs, the hole transport layer (HTL) is
designed to promote the separation of electrons and holes, which is key to the performance
and stability of the cell. However, certain problems of HTL hinder the development and
application of the PSCs technology. Currently, the HTL of PSCs are based on materials such
as Spiro-OMeTAD, PTAA [3] and P3HT [4]. The costs of these materials are all prohibitively
high for large-scale applications [5]. What is more, the dopants in Spiro-OMeTAD show
strong water absorbency, which seriously threatens the service life of PSCs [6]. Therefore,
it is necessary to explore a low-cost and stable hole transport materials (HTMs) for the
practical stage of PSCs.

PEDOT, usually combined with PSS, is widely used in inverted PSCs [7–9], whose
price is much cheaper than the materials mentioned above. However, sulfonic acid groups
contained in PSS are extremely harmful to the device life. To avoid the usage of PSS,
Jiang et al. [10] synthesized 2,5-dibromo-3,4-ethylenedioxythiophene (DBEDOT) monomer,
which was spin-coated on a perovskite layer and in-situ polymerized as PEDOT; a pho-
toelectric conversion efficiency (PCE) of PSCs of about 17% was achieved. Wei et al. [11]
used sulfonated acetone-formaldehyde (SAF), instead of PSS, to composite with PEDOT in
inverted PSCs, which effectively increased the life of PSCs. Meanwhile, graphene oxide
(GO) was also selected as the HTM of PSCs. Wu et al. [12] fabricated 2 nm thickness GO
film as HTL, and the PCE of the inverted PSCs reached 12.40%.
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In this work, a harmless HTL was obtained by PEDOT composited with GO. The PE-
DOT interacted with GO sheet via π–π stacking and hydrogen-bonding interactions, thus a
conjugated system can be formed [13]. Moreover, GO functions as an excellent carrier to
enable the dispersion of PEDOT in isopropanol solution, which is also harmless to the
perovskite layer. Using PEDOT-GO film as HTL, a PSC with a PCE of up to 14.09% with
good stability can be realized based on carbon counter electrode.

2. Materials and Methods

2.1. Material Preparation

The perovskite (PbI2, MAI), FTO glasses (3 × 3 cm2) and the hole transport layer
(HTL) ((Spiro-MeOTAD, lithium-bis (tri-fluoromethanesulfonyl) imide (Li-TFSI), and 4-tert-
butylpyridine (tBP)) solution were purchased from Xi’an Polymer Light Tech-nology Co., Ltd.
(Xian,China) 3,4-ethylenedioxythiophene (EDOT), graphite, acidic (NH4)2S2O8 (APS),
TiCl4, DMSO (99.9%) and 4-hydroxybutyric acid lactone (DMF) (99.9%) were purchased
from Aladdin. Acetone, ethanol, and isopropyl alcohol were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Sinopharm Chemical Reagent Co., Ltd. ) And all the materials
were used as received without further purification.

2.2. Fabrication of Device

FTO glasses were ultrasonically cleaned with detergent, acetone, ethanol, and iso-
propyl alcohol sequentially. After that, they were dried under hot air and treated in
ultraviolet-ozone for 15 min. The clean FTO substrate was then soaked in dilute 0.2 M
aqueous TiCl4 solution at 70 ◦C for 1 h, and washed with deionized water, then annealed
at 200 ◦C for 60 min. In the Glove box, dropping the perovskite (CH3NH3I: 159 mg, PbI2:
461 mg, DMF: 600 mg, and DMSO: 78 mg) onto the substrate and deposited it by spin-
coating at 4000 rpm for 30 s. Solvent treatment was conducted at late 15 s, where 150 μL
chlorobenzene was dropped on the spinning substrate followed by annealing at 100 ◦C for
10 min. After cooling to room temperature, the hole transport materials prepared before
(3 mg/mL in dimethylcarbinol) were spin-coated onto the perovskite layer at 2000 rpm for
30 s and followed by 10 min of thermal annealing at 90 ◦C. Besides, Spiro-OMeTAD hole
transport material was used in the comparative experiment: 20 μL spiro-OMeTAD solution,
containing 36.1 mg spiro-OMeTAD, 14.4 μL t-BP and 9 μL Li-TFSI solution (520 mg in
acetonitrile), was spin-coated on the perovskite layer at 4000 rpm for 30 s. Lastly, a carbon
black counter electrode was coated on the top of the device by blade coating and sintered
at 80 ◦C for 30 min.

2.3. Device Characterization

The X-ray diffraction (XRD) patterns of the samples and perovskite films were mea-
sured with a Bruker-AXS D8 Advance (Malvern Panalytical, Malvern, UK). MAPbI3 per-
ovskite films morphology was measured with scanning electron microscope (SEM, sigma
500, Krefeld, Germany). The GO nanosheets were characterized via transmission electron
microscopy (TEM, TecnaiG2 F20, FEI Company, Hillsboro, OR, USA). The photocurrent-
voltage (J-V) characteristics of PSCs were analyzed under simulated AM 1.5 G radiation
(100 mW/cm2 irradiance) by using a solar simulator (Oriel, model 91192-1000) and a source
meter (Keithley 2400, USA). Electrochemical impedance spectroscopy (EIS) was measured
with an electrochemical workstation (Zennium, IM6, Kronach, Germany) over the frequency
range of 100 mHz−2 MHz with 10 mV AC amplitude at −1 V bias under simulated AM 1.5 G
radiation (100 mW/cm2 irradiance). The steady-state photoluminescence (PL) measurements
were acquired using an Edinburgh Instruments FLS920 fluorescence spectrometer (Oxford In-
struments, Abingdon, UK). Raman spectroscopy analysis was performed by a micro-Raman
instrument (XperRam 200, Nanobase, Seoul, South Korea), using 542 nm excitation with
an incident power of 5 mW. The devices were measured under ambient conditions (15%
< relative humidity (RH) < 60%) every time (winter, summer). After the measurements,
the devices were stored in a humidity-controlled dry room (20% < RH < 40%).
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3. Results and Discussion

Figure 1A–C respectively correspond to XRD, FT-IR, and Raman analyses to explore
the structural properties of the as-prepared materials [14–16]. As shown in Figure 1A,
an intense and sharp peak centered at 10.65◦ in the (GO) curve, which corresponds to the
(001) crystal surface of the GO nanoflakes. The pattern of pure PEDOT depicts a broad
peak in the region of 25.82◦, which corresponds to the polymer chain structure of PEDOT.
However, neither of the two peaks appeared in the composite samples. This is due to the
influence of conjugation and the coating effect of PEDOT on GO sheets, indicating that the
in-situ polymerization changes the growth state of the polymer chain [14,17].

Figure 1. (A) XRD of GO, PEDOT and PEDOT-GO (B) FTIR spectra of GO, PEDOT and PEDOT-GO (B) Raman spectra of
GO, PEDOT and PEDOT-GO.

In Figure 1B, the PEDOT curve shows two peaks at 981 cm−1 and 836 cm−1 are
duo to C–S–C bond stretching of thiophene ring. The tensile vibration of the C–O–C
bond at 1199 cm−1 was detected. The peak at 1338 cm−1 is due to C=C and C–C in
the thiophene ring indicating that PEDOT was successfully synthesized. Combining
three curves, the characteristic peaks of GO and PEDOT are all reflected in PEDOT-GO.
Furthermore, two peaks at 1199 cm−1 and 1338 cm−1 on PEDOT skewed to 1214 cm−1

and 1401 cm−1 on the curve PEDOT-GO. This redshift phenomenon was due to the π–π
stacking interaction between GO and PEDOT [13].

In Raman spectra, the three characteristic peaks of 441 cm−1, 1434 cm−1, and 1505 cm−1

in the red curve indicate the successful synthesis of PEDOT [18]. Meanwhile, the char-
acteristic peaks of 1343 cm−1 and 1590 cm−1 (black curve) correspond to the respiratory
vibration peaks of SP2 hybrid carbon atoms and the symmetric stretching motion peaks
of SP2 hybrid atoms in the carbon ring, respectively, which are the characteristic peaks
(D and G) of GO. Meanwhile, the characteristic peaks at 1434 cm−1 (red curve) are as-
signed to Cα = Cβ symmetric stretching vibration in PEDOT, which moves to 1427 cm−1

in the Raman spectra of the PEDOT-GO sample (Figure 1C). This redshift phenomenon
demonstrates that the PEDOT polymer changed to the quinoid form, and thus enabled the
increase of conductivity [19]. Moreover, the characteristic peaks of GO and PEDOT are
reflected in the curve of PEDOT-GO, confirming the in-situ polymerization of PEDOT-GO
nanocomposites.

Figure 2a depicts an SEM cross-sectional view of the device. The cell structure is clearly
displayed, and the thickness of the composite film is about 50 nm. Figure 2b presents the
top view of the device [20–22]. The entire composite film is thin and evenly covered on the
perovskite layer. Figure 2c,d are the TEM images of the GO and PEDOT-GO composite
material, respectively. It can be seen that the surface of the graphene oxide sheet is smooth
and transparent (Figure 2c). By comparison, the surface of the graphene oxide sheet is
coated with a large amount of PEDOT nanoparticles in the PEDOT-GO film (Figure 2d),
which is mutually confirmed with the previous analysis. This tight combination comes
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from the presence of conjugated heterocyclic structures and electronegative oxygen atoms.
Simultaneously, PEDOT rich in free electrons and GO rich in carboxyl group form a good
conjugated structure.

Figure 2. (a,b) SEM images of the device (c) TEM images of GO (d) TEM images of PEDOT-GO.

In order to investigate the optimum component, samples with PEDOT/GO ratio as
0, 0.5, 0.75, 1 were prepared and tested, respectively. Figure 3a is the J–V curves of the
mesoporous PSCs with different mass ratio PEDOT-GO composite films. The FTO/cp-
TiO2/MAPbI3/C structure of PSC was fabricated as a control group compared with
FTO/cp-TiO2/MAPbI3/PEDOT-GO (or spiro-OMeTAD)/C structure. Figure 3b shows the
Nyquist plots and the equivalent circuit model of the PSCs [23]. The high frequency arc
is reflected to the hole transport and extraction between the PEDOT-GO and the carbon
cathode; the low frequency arc shows charge recombination of PSCs [24].

The corresponding photovoltaic parameters are shown in Table 1. The device exhibits
the highest performance when the PEDOT-GO mass ratio is 0.75, the PCE reached the
14.09% with the voltage (Voc) as 1.10 V, the short-circuit current (Jsc), as 20.36 mA/cm2,
and the fill factor (FF) as 0.63. The PCE of the modified sample was increased by 26.6%
compared to the HTL-free one. It is worth noting that, the FTO/TiO2/MAPbI3/spiro-
OMeTAD/C sample with the PCE of 13.49%, Voc of 1.10 V, Jsc of 20.70 mA/cm2, and FF of
0.59 shows similar performance to the PEDOT-GO (0.75) sample. Meanwhile, the lowest
Rtr value of the PEDOT-GO (0.75) sample as 23.9 Ω indicates the excellent charge transfer
performance, and the highest Rrec value as 187.4 Ω indicates its best anti-recombination
property among all cells [25]. When the PEDOT/GO mass ratio is lower than 0.75, the Jsc

increases with the PEDOT content, but the Voc remains unchanged, indicating that the hole
transport performance of the composite material is effectively optimized and enhanced.
However, when the PEDOT/GO mass ratio gets higher than 0.75, the dispersion of the
composite material in the solvent becomes worse, suggesting the insufficient addition of
GO, which leads to the deterioration of the film quality and negatively affects both the
Jsc and Voc. Finally, the mass ratio of PEDOT / GO is determined to be 0.75, the film
quality and hole transport performance of the composites reach a balance, and the highest
PCE is obtained. In addition, the hysteresis in the J-V curve of PEDOT-GO based devices
is significantly reduced compared with the HTL-free devices (Figure 3c) [26]. PEDOT-
GO composite material effectively optimized the hole extraction and transfer ability of
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the device, and reduces the built-in electric field at the interface of perovskite and HTL.
Figure 3d shows the corresponding incident photon-to-electron conversion efficiency (IPCE)
curves: the integrated current value for PEDOT-GO (0.75) sample was 19.69 mA cm−2,
which is consistent with the Jsc values extracted from the J-V curves.

Figure 3. (a) J-V curves of control (HTL-free) sample and mass ratio PEDOT/GO: 0/1, 0.5/1, 0.75/1, 1/1, spiro-OMeTAD
samples (b) Nyquist plots of resistance for the above samples (c) current-voltage characteristics with forward and reverse
scans of PEDOT-GO and control sample (d) IPCE spectra of the PEDOT-GO (0.75) devices (e) steady-state PL spectra of
PSCs of HTL-free sample and PSCs with PEDOT-GO (0.75) (f) time-resolved PL spectra of HTL-free sample and PSCs with
PEDOT-GO (0.75).
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The steady-state photoluminescence (PL) and the time-resolved photoluminescence
(TRPL) tests were also conducted to evaluate the hole extraction ability of the HTL [27].
In Figure 3e, with the introduction of PEDOT-GO as HTL, the intense fluorescence at 790
nm is obviously suppressed. As shown in Figure 3f, for the control sample, the fast decay
time (τ1) was 133.44 ns, and the slow decay time (τ2) was 63.08 ns, with an amplitude τave
(τave = ΣAiτi

2/ΣAiτi, where A1 and A2 are pre-exponential factors) of 103.72 ns. For the
PEDOT-GO sample, τ1 was 99.63 ns, and τ2 was 45.71 ns, derived in an amplitude τave of
66.34 ns. Obviously, the sharp decrease in the average fluorescence lifetime indicates that
the PEDOT-GO film effectively inhibits the charge recombination. This is consistent with
the analysis of the polymer structure obtained by Raman. The above experiments further
verify the positive effect of the PEDOT-GO film, which dramatically promote the separation
and directional transmission of electrons and holes, thus explaining the increased PCE in
the device [28].

Table 1. Photovoltaic parameters of PSCs (Sweep speed of 0.25 V s−1, voltage range 0 V–1.2 V, electrode area of 0.06 cm2).

PEDOT/GO Voc Jsc FF PCE Highest PCE Rs Rtr Rrec

Control 1.05 ± 0.01 16.58 ± 1.15 0.61 ± 0.02 10.66 ± 0.46 11.12 72.05 74.12 95.13
0/1 1.05 ± 0.02 17.62 ± 1.11 0.61 ± 0.01 11.44 ± 0.57 12.01 51.06 23.23 175.1

0.5/1 1.06 ± 0.01 18.31 ± 1.09 0.62 ± 0.01 12.19 ± 0.6 12.79 53.4 30.02 140.7
0.75/1 1.09 ± 0.01 19.65 ± 0.72 0.63 ± 0.01 13.60 ± 49 14.09 52.3 23.9 187.4

1/1 0.99 ± 0.02 17.1 ± 0.95 0.57 ± 0.04 9.82 ± 1.12 10.94 75.04 76.82 80.54
Spiro 1.09 ± 0.01 20.20 ± 0.50 0.60 ± 0.01 13.18 ± 31 13.49 50.2 25.1 147.9

The stability of solar cells samples, without encapsulation, was further evaluated and
compared in the air with the humidity of ~35% [29]. As shown in Figure 4, after ten-days
placement, the PCE of spiro-OMeTAD-based solar cells decreased to 75% of the initial value,
while the PCE of PEDOT-GO-based solar cells still maintained 90% of the initial value.
As an approximation, the time at which the efficiency has degraded to 80% of the initial
value was denoted as Ts80 [30]. We can observe that the Ts80 of spiro-OMeTAD-based solar
cells was about 5 days, while it needed more than 10 days for that of PEDOT-GO-based
solar cells. The device with PEDOT-GO HTL takes twice as long to fall to the same level of
spiro-OMeTAD-based solar cells, which suggests that better durability can be realized by
the introduction of PEDOT-GO composite films.

Figure 4. The durability test of spiro-OMeTAD-based solar cells and PEDOT-GO-based solar cells.
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4. Conclusions

In this paper, the PEDOT-GO composite film was successfully prepared as a hole trans-
port layer for the PSCs. The functional thin film significantly inhibited the recombination
of holes and electrons, improved the current density, and finally enhanced the PCE of the
PSCs. With the mass ratio of 0.75, the highest PCE reaches 14.09%, which is 26% higher
than that of the HTL-free sample, and similar results were obtained from Spiro-OMeTAD
devices. Compared with Spiro-OMeTAD, PTAA, P3HT, and other traditional hole transport
materials, it is much cheaper and more suitable for large-scale applications.
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Abstract: At present, the thickener market is relatively advanced. Only by imparting thickeners
with new properties can they meet the needs of the current market. In this work, a new modified
tackifying dispersant poly (vinyl alcohol-acrylic acid-triallyl cyanate) (PVA-AA-t) was prepared via
alcoholysis of a random copolymer composed of vinyl acetate (VAc), acrylic acid (AA), and triallyl
cyanate (TAC) by a one-step high-temperature solution polymerization in methanol, which was a
relatively simple method. The structure of the polymer was characterized by FTIR and TG. FTIR
proved the successful synthesis of PVA-AA-t, while TG showed the thermal stability of PVA-AA-t
at around 100 ◦C. The excellent thickening properties of the PVA-AA-t were observed using a nano
particle size analyzer and a rotary viscometer. The nano particle size analyzer showed that the PVA-
AA-t particles swelled in water to nearly nine times their initial size. The rotary viscometer showed
that the viscosity of PVA-AA-t in water increased significantly, while PVA-AA-t was sensitive to
electrolytes and pH, which changed the polymer molecular chain from stretched to curled, resulting
in a decrease in viscosity. In addition, the dispersion properties of PVA-AA-t and a common thickener
as graphene (Gr) dispersants were compared. The results indicate that PVA-AA-t has very good
compatibility with Gr, and can effectively disperse Gr, because of the introduction of weak polar
molecules (VAc) to the polymer molecules, changing their polarity, meaning that it is possible to
use PVA-AA-t in the dispersion of Gr and other industrial applications (such as conductive textile
materials, Gr batteries, etc.) derived from it.

Keywords: thickener; dispersant; graphene

1. Introduction

As we know, thickeners can be used to improve fluid viscosity and fluid rheology [1,2].
Adding a small amount of thickener to the required thickening system can significantly
increase the apparent viscosity of the system. At present, thickeners are widely used in
oil exploitation [3], agriculture [4], food processing [5], daily chemical products [6], textile
printing and dyeing [7], the pharmaceutical industry, and other fields [8–11]. With the
development of industry, the variety of thickeners is gradually increasing, among which
cellulose [12] and polyacrylic acid thickeners [8] are the most widely used. At present, with
the thickener market being well established, domestic and foreign researchers have begun
to devote themselves to the research of various modified thickeners.

Valeria et al. [13] reported a study on the rheological properties of polymer chains hydropho-
bically modified with a small amount of N, N-dialkyl acrylamide (N, N-dihexylacrylamide
(DHAM) and N, N-dioctylacrylamide (DOAM)). Chang-E Zhou et al. [14] prepared an asso-
ciative thickener by compounding two polyacrylate-based copolymers—cationic starch and poly-
acrylic acid—mediated by polyethylene glycol and a polyacrylamide crosslinker, which were
used for digital printing of nylon carpet with enhanced performance. Abdelrahman et al. [15]
reported that the thickener of biodegradable poly (lactic acid-methacrylic acid)-crosslinked

Polymers 2022, 14, 557. https://doi.org/10.3390/polym14030557 https://www.mdpi.com/journal/polymers49



Polymers 2022, 14, 557

polymer hydrogel was formulated in situ via a one-pot reaction employing polycondensation of
lactic acid and methacrylic acid followed by free radical polymerization with N, N-methylene
diacrylamide crosslinker. Tao Guan et al. [16] reported a polymerizable acrylic-type hydropho-
bically modified ethoxylated urethane (HEUR), which was end-functionalized by the reactive
methacrylate group and hydrophobic octadecyl tail to significantly improve the viscoelastic
behavior of waterborne systems such as coatings and inks.

This modified thickener has a remarkable thickening effect; however, due to the variety
of raw materials, high price, and complex synthesis steps, its commercial application value
is greatly limited. Meanwhile, researchers are rarely involved in the application of modified
thickeners [17]. For example, applications in wearable and implantable conductive textile
materials have increased in recent years [18–20], one method of which is preparing the
graphene (Gr) finished onto the surface of the fabric via multiple impregnation [20,21].
However, the surface of Gr lacks groups that form a good combination with textile materials,
showing the poor adhesion between Gr and the matrix, along with weak physical fastness,
seriously affecting the product quality [22]. Therefore, in order to improve Gr-Gr and
Gr-fabric adhesion, as well as enhance the conductivity, thickener and dispersant should
generally be added to graphene slurry [23], while the addition of a dispersant (such as
alkyl diphenyl ether sulfonate, naphthalene sulfonic acid condensate, etc.) will affect the
flexibility of the fabric. Therefore, in this paper, from the perspective of reducing the use
of dispersant while improving the adhesion of Gr, a modified tackifying dispersant was
synthesized, which can not only maintain the thickening performance, but also effectively
disperse Gr.

2. Materials and Reagent

Vinyl acetate (VAc), acrylic acid (AA), azodiisobutyronitrile (AIBN), anhydrous
methanol, and sodium hydroxide were purchased from Chengdu Kelong Chemical Co.,
Ltd. (Chengdu, China). Triallyl cyanate (TAC) was obtained from Shanghai McLean Bio-
chemical Technology Co., Ltd. Graphene (Gr) (Shanghai, China) powder was purchased
from Jiangsu Xianfeng Nano Material Technology Co., Ltd. (Jiangsu, China). Except for the
VAc—which requires distillation in order to remove the polymerization inhibitor before
use—and AIBN, which needs recrystallization, the other reagents were used as received.

2.1. Synthesis of PVAc-AA-t

Random copolymerization of poly (vinyl acetate-acrylic acid-triallyl cyanate) (PVAc-AA-t)
was carried out as follows: Typically, calculated amounts of VAc, AA, and TAC were
added sequentially to methanol (100% of monomer mass) in a 500 mL four-necked round-
bottomed flask equipped with a mechanical stirrer, condenser, and nitrogen inlet. After
bubbling nitrogen for 30 min to remove oxygen, the reaction was carried out at 65 ◦C for
3 h, with methanol solution of 5% AIBN (5‰ of monomer mass) slowly added during this
process, followed by continuous stirring for 2 h. In this process, the viscosity of the system
increased gradually, releasing a lot of heat, and finally forming transparent polymer gel
particles (PVAc-AA-t).

The polymerization of polyacrylic acid (PAA) was carried out as follows: Typically, AA
(100 mL), water as a solvent (250 mL), and the oxidant potassium persulfate (KPS) (5‰ of
monomer molar mass) were added sequentially to a 500 mL four-necked round-bottomed
flask equipped with a mechanical stirrer, condenser, and nitrogen inlet. After bubbling
nitrogen for 30 min to remove oxygen, the reaction was carried out at −2 ◦C for 5 h, with
the aqueous solution of 1% reducing agent (NaHSO3-FeCl2) (where n(KPS): n(NaHSO3):
n(FeCl2) = 5:1:1) slowly added during this process. Throughout this process, the viscosity
of the system increased gradually, releasing a lot of heat and, finally, forming PAA (the
polymerization process of poly (acrylic acid-triallyl cyanate) (PAA-t) was the same as that
of PAA, except for TAC).
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2.2. Alcoholysis of PVAc-AA-t

The gelatin particles synthesized in the reaction were added to a methanol solution
of 0.5 mol/L NaOH at room temperature, with mechanical stirring throughout the whole
process. Meanwhile, a methanol solution of 0.5 mol·L−1 NaOH was continuously added
until the solution showed weak alkalinity, and could transform -OCOCH3 on the surfaces
of gel particles into -OH, and transform -COOH into -COONa. In the alcoholysis stage,
a lot of heat was produced, producing some colored substances because of side reactions if
the temperature in the system was too high. Then, the obtained poly (vinyl alcohol-acrylic
acid-triallyl cyanate) (PVA-AA-t) was rinsed with anhydrous methanol several times and
dried in a vacuum at 50 ◦C until all of the solvents were removed. Finally, the dried samples
were ground to an appropriate size by a ball mill, the reaction and alcoholysis of PVA-AA-t
is shown in Figure 1. The alcoholysis of PAA and PAA-t was carried out in aqueous sodium
hydroxide solution (0.5 mol·L−1). The specific operation steps were the same as for the
alcoholysis of PVA-AA-t.

Figure 1. Flowchart of the reaction and alcoholysis of PVA-AA-t.

3. Characterizations

The viscosity of the PVA-AA-t aqueous solution (25 ± 1 ◦C) was measured using an
NXS-11A viscometer at different shear rates; the formula is as follows:

μ =
T
Γ

(1)

where μ is the viscosity (Pa·s), T is the shear stress (Pa), and Γ is the shear rate (s−1).
The FTIR spectra of the samples were recorded on a Nicolet iS50 Fourier-transform

infrared spectrophotometer (Tokyo, Japan) using KBr pellets (frequency range from 4000
to 400 cm−1; each sample was scanned 32 times). In this experiment, the size and size
distribution of the polymer were measured using a HELOS KR dry wet laser particle size
analyzer produced by Sympatec GmbH (Clausthal-Zellerfeld, Germany). The polymer solid
powder was tested by a dry method with compressed air. The sample pool was selected
for wet testing of the polymer aqueous solution. The resistivity of the Gr electrode sheet
was measured using an FT-340 series double-electrometric four-probe square resistance
resistivity tester (ROOKO Instruments, Tokyo, Japan). Thermogravimetric analysis (TGA)

51



Polymers 2022, 14, 557

was carried out on a TGA2 (METTLER TOLEDO, Columbus, OH, USA) to characterize the
thermal stability of the samples. Samples (5–10 mg) were heated from room temperature to
500 ◦C at a heating rate of 10 ◦C·min−1.

4. Results and Discussion

FTIR measurement was employed to investigate the structure of PVA-AA-t, PAA-t,
and PAA, as shown in Figure 2. In the three curves, the strong absorption bands at
3000–3500 cm−1 are assigned to -OH of H2O or VAc after alcoholysis (only in PVA-AA-t).
The absorption bands at 2922 cm−1 should be assigned to C-H. The strong absorption bands
1557 cm−1 and 1406 cm−1 can be attributed to the symmetric and antisymmetric stretching
vibration peaks of COO-, respectively. However, the weak absorption at 1717 cm−1 in
the PVA-AA-t curve should also be noted, which represents the stretching vibration of
carbonyl (-C=O) in the acetate group, indicating that the ester bond in the polymer molecule
is incompletely alcoholized [24,25]; the C-O-C peaks of the ester bond at 1251 cm−1 and
1024 cm−1 also confirm this.

Figure 2. FTIR spectra of PVA-AA-t, PAA-t, and PAA (KBr).

Figure 3 shows the TG curve of PVA-AA-t. Under a nitrogen atmosphere, the mass
decreases for the first time at 50–100 ◦C, and the weight loss rate is 13%. This is mainly
because the polymer absorbs moisture at room temperature. The weight loss rate of the
polymer is 10% at 180–215 ◦C, because the carboxyl group in the polymer molecular chain
is removed. The weight loss rate at 270–340 ◦C is 20%, which is caused by the breaking and
decomposition of the ester or hydroxyl bonds in the molecular chain. When the temperature
is higher than 430 ◦C, the mass of the polymer decreases rapidly, due to the fracture and
decomposition of C-C in the main chain of the polymer. In general, the structure of the
polymer is damaged when the temperature is higher than 180 ◦C, so it can be used in below
150 ◦C without damaging the properties of the polymer.
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Figure 3. TG curve of PVA-AA-t under N2.

We dissolved the PVA-AA-t in water and tested the viscosity, as shown in Figure 4. With
the increase in the polymer’s concentration, the viscosity of the aqueous solution increases
exponentially. When the concentration is less than 0.2%, the viscosity is less than 1 Pa·s
(when the solution concentration is only 0.1%, there is almost no thickening effect). When
the concentration increases to 0.3%, the viscosity increases rapidly to 4 Pa·s. The viscosity of
0.5% aqueous solution can reach 11 Pa·s, showing a clear thickening effect similar to that
of other thickeners. Under shear force, with the increase in shear rate, the viscosity of the
solution decreases rapidly, showing the characteristics of a pseudoplastic fluid.

Figure 4. Viscosity curves of PVA-AA-t aqueous solutions with different concentrations.

Figure 5 shows the variation in the viscosity of PVA-AA-t solutions with different
monomer ratios. It can be seen from the figure that the viscosity is the highest when
VAc:AA = 7.5:2, reaching 3.6 Pa·s. With the increase in the AA content of the copolymer,
the initial viscosity decreases gradually. When the ratio of VAc:AA is 6.5:3, the initial
viscosity drops to 2.14 Pa·s. When the ratio of VAc:AA is 2:7.5, the whole system has no
thickening effect, showing Newtonian fluid characteristics. As can be seen from previ-
ous literature [16,26], sodium polyacrylate has been used as a thickener for many years;
however, under these experimental conditions, we found that increasing the content of
acrylic acid did not further improve the thickening effect—possibly due to the simultaneous
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copolymerization of three monomers in the system, affecting their respective reaction rates.
Moreover, at high temperatures, the reaction rate of AA is faster than that of VAc, and
the formed molecular chain is shorter, which leads to a poor thickening effect. On the
other hand, VAc with a relatively slow reaction rate can form long-chain molecules at this
temperature (65 ◦C).

Figure 5. Effects of different monomer ratios on the viscosity of PVA-AA-t aqueous solution (concen-
tration: 0.3%; TAC = 0.2 phr).

In this experiment, triallyl cyanate (TAC), which contains three ethylene groups, was
used as a crosslinking agent. The crosslinking structure can be formed in the reaction
process, and the more TAC is used, the higher the crosslinking density. From the Figure 6,
we found that the viscosity (1.79 Pa·s) was relatively low when the dosage of TAC was
0.1 phr, which may have been due to the low dosage of the crosslinking agent, low crosslink-
ing density of the molecular chain, and the polymer stretching and dissolving in water,
resulting in the decrease in viscosity. Further increasing the amount of TAC, there was little
change in viscosity, because TAC acts as a connecting point in the molecular structure [27],
and the carboxyl and hydroxyl groups in the molecular chain play a thickening role. There-
fore, from the perspective of application economy, the crosslinking agent is expensive; the
dosage of TAC in the synthesis is 0.2 phr.

Figure 6. Effects of different amounts of crosslinking agent on the viscosity of polymer solution
(concentration: 0.3%; VAc:AA = 7.5:2).
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In this experiment, we compared the particle size distribution (PSD) of PVA-AA-t
before and after swelling, as shown in Figure 7. The PSD of solid powder was in the range
of 0.5–150 μm, the median diameter (D50) was 17.90 μm, and the average particle size was
24.74 μm (note: the solid polymer powder can be continuously ground by a ball mill, and
the polymer powder within the fixed particle size range can be selected by standard sample
separation). After swelling, the PSD of the polymer was in the range of 20–600 μm, D50
was 156.4 μm, and the average particle size was 187.2 μm. Comparing the two cases, the
particle size increased nearly ninefold, showing an obvious tackifying effect. The swelling
principle is the combination of non-associative thickening and associative thickening [28];
that is, -COO- in the polymer molecular chain combines with H2O to form hydrated ions,
hindering the flow of molecules in the system, so as to achieve the purpose of thickening.
On the other hand, the polymer molecular chain contains a small amount of acrylate chain,
forming a comb-like structure. These hydrophobic short chains associate with one another
to form a network structure, which can enhance the interaction between polymer particles
and further increase the viscosity in water.

Figure 7. Particle size distribution of PVA-AA-t before and after swelling.

Figure 8 shows the effects of different electrolytes on the viscosity of the polymer
solution. Under the same conditions, the viscosity decreases significantly (the original
viscosity is nearly 4 Pa·s) after adding electrolytes. This is because the electrolyte can
partially shield the carboxyl anion on the polymer molecular chain, resulting in the curling
of the stretched macromolecular chain formed by the repulsion from the anions, reducing
the friction between the molecular chains, and causing the viscosity to decrease rapidly
with the addition of the electrolyte. The influence of different electrolytes on the viscosity
follows the sequence CaCl2 > KCl > NaCl > CH3COONa. The greater the charge number
of divalent ions at the same mole number, the stronger the shielding effect on the polymer
molecules [29]. Compared with K+ and Na+, the larger the ion radius, the better the
shielding effect on the charge of the molecular chain, making the molecular chain curl
further and the viscosity decrease simultaneously. CH3COONa is a strong base and a
weak acid salt. In aqueous solution, CH3COO- hydrolyzes to form CH3COOH, which
weakens the shielding effect on the polymer molecular chain compared with the other
three electrolytes. In general, the addition of an electrolyte has a great influence on the
thickening effect of PVA-AA-t.
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Figure 8. Effects of different electrolytes on the viscosity of polymer aqueous solution (polymer
concentration: 0.3%, electrolyte concentration: 0.001 mol/L).

There is a carboxylic sodium salt on the polymer molecules, the pH value of which
has a great influence on the viscosity of the solution. Therefore, we compared the effects of
different pH values on solution viscosity. As shown in Figure 9, the viscosity of the polymer
solution (about 4.0 Pa·s) is the highest in the range of pH = 5–7; with the increase in the pH
value, the viscosity begins to decrease gradually. When pH = 9, the viscosity decreases to
1.2 Pa·s; further increases in the pH value cause the viscosity to further decrease. When
the pH is ~13, the whole solution has no thickening effect—this is mainly because under
strong alkaline conditions, the system contains a large amount of ions, which weaken the
hydration of the polymer molecular chain to H2O, making the molecular chain return to a
curled state, reducing the intermolecular friction, and causing the decrease in viscosity.

Figure 9. Effect of pH value on viscosity (polymer concentration: 0.3%).

On the other hand, when the pH value is reduced, white turbidity begins to appear
in the solution. With the decrease in pH value, the sediment increases. We centrifuged
the solution to obtain white insoluble matter, which was analyzed by FTIR, as shown in
Figure 10. The peaks at 2942 cm−1 and 2864 cm−1 correspond to the symmetrical stretching
vibration peaks of the C-H bond, while 1721 cm−1 is the carbonyl peak of the ester bond
C=O, but the peak strength is significantly higher than the infrared absorption peak before
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acidification. It is possible that the carboxylic acid in the molecular chain reacts with the
hydroxyl group to form ester bonds during acidification. The C-O-C peaks at 1242 cm−1

and 1164 cm−1 demonstrate the formation of ester bonds in the molecular chain. It is
also possible that the peak intensity increases due to the increase in the carbonyl peak in
the acidified carboxyl group, and the infrared absorption peaks of the acidified sample
at 1557 cm−1 and 1408 cm−1 disappear, which may indicate that Na+ in the carboxylate
is replaced by H+. The above research shows that PVA-AA-t has excellent thickening
performance, and is sensitive to electrolytes and pH.

Figure 10. Infrared absorption of white turbidity after acidification.

In addition, we studied the dispersion of Gr by PVA-AA-t. Gr was added to the
polymer solution for high-speed stirring and dispersion, and the change in the system’s
viscosity was measured using a portable viscometer (model: VL7-100B-d21-TS). At the same
time, the dispersibility of Gr by PAA and PAA-t was compared. As shown in Figure 11, the
initial viscosity of the three thickeners (PAA, PAA-t, and PVA-AA-t) was 4.3 Pa·s, 3.6 Pa·s,
and 0.8 Pa·s, respectively. When t = 0 s, 0.5% Gr was added to three solutions. With the
increase in dispersion time, the viscosity of the PAA solution decreased to a certain extent,
and then remained stable. After long-time dispersion and grinding, there was still a large
amount of agglomerated Gr in the PAA solution. This phenomenon also appeared in the
PAA-t system, the viscosity of which decreased after the addition of Gr, with a large amount
of agglomerated Gr. Conversely, when Gr was added to PVA-AA-t, the viscosity increased
rapidly to more than 10 Pa·s under high-speed stirring, showing paste-like characteristics
without fluidity. After full grinding and dispersion, the Gr slurry appeared as a dark
glossy paste. Three kinds of Gr slurry were evenly coated on silicon wafers and glass
(thickness: 60 μm) with an applicator, before being transferred to a vacuum-drying oven
and dried at 60 ◦C for 5 h. The dried silicon wafers were used to measure the resistivity.
The dried glass sheets were placed under a microscope (YKP-700C magnification: ×600)
for observation (as shown in Figure 12a,b). As shown in Figure 12, the Gr dispersed by
PVA-AA-t showed good resistivity, while the Gr dispersed by the other two thickeners
(PAA, PAA-t) showed poor resistivity; this is because the Gr dispersed by PVA-AA-t was
evenly distributed, without obvious agglomeration. After the Gr slurry was dried, it can be
seen from Figure 12b that it showed evenly distributed pores (left by the dried polymer
powder particles), and the Gr particles were overlapped with one another, showing good
adhesion and good conductivity. However, the Gr dispersed by PAA and PAA-t had a lot of
agglomeration, and the existence of the acrylic acid on the polymer chains likely inhibited
bridging between particles, causing the force between the Gr particles to weaken, yielding
obvious cracking and even falling off after drying, which affected the conductivity of the
Gr electrode sheet.
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Figure 11. The changes in the viscosity of graphene dispersion slurry (polymer concentration: PAA: 1%;
PAA-t: 1%; PVA-AA-t: 0.1%; Gr: 0.5%).

Figure 12. Resistivity of graphene electrode sheet. (a) PAA and PAA-t; (b) PVA-AA-t.

The Gr in dispersed systems is stabilized mainly by charge stabilization and steric
stabilization. The Gr surface contains a small amount of hydroxyl, carboxyl, and other
functional groups, and is generally shown as an inorganic powder with weak polarity (ex-
cept some with special chemical treatment). Therefore, a widely used sodium polyacrylate
dispersant—such as PAA or PAA-t—in which the polymer chains contain acrylic acid only,
has poor compatibility with Gr. If other components, such as alkyl acrylate, are introduced
into a polymer such as PVA-AA-t, the second component will influence the adsorption of
the polymer and the charge density of the particles adsorbed by it, consequently increasing
the ability of that polymer to disperse Gr. In addition, the introduction of TAC makes the
linear polymer molecules form a crosslinking structure, causing the polymer to form gel
particles. When mixing and dispersing Gr, gel particles reduce the time needed for disentan-
glement between the long-chain polymers, and improve the dispersion efficiency Gr. After
drying, the Gr powders are connected by dehydrated gel particles (PVA-AA-t), showing
better adhesion and better electrical conductivity.

5. Conclusions and Perspectives

In this paper, a weakly polar polymer (PVA-AA-t) was synthesized by a relatively
simple solution polymerization method. The polymer has similar properties to a alkali-
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soluble polyacrylic acid thickener, is sensitive to pH and electrolytes, and shows excellent
thickening performance under neutral conditions, where the solution viscosity of only 0.3%
PVA-AA-t can reach 4 Pa·s. In addition, it shows much better dispersion and thickening
performance for Gr than other thickeners. Based on the findings of this paper, there is
realistic potential for the application of Gr slurry dispersed by PVA-AA-t in the develop-
ment of various products (such as conductive textile materials, robots, etc.) and industrial
production for solving Gr adhesion, while the polymer could be used in research on the
dispersion of other non-polar powders using PVA-AA-t.
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Abstract: Plant extracts represent a rich repository of metabolites with antioxidant and antimicrobial
properties. Neem (Azadirachta indica) is a medicinal plant considered the tree of the 21st century.
In this study, we investigated the antioxidant and antimicrobial effects of propyl disulfide (PD), a
major volatile compound in neem seed, against the pericarp browning (BI), microbial decay incidence
(DI), and water loss of longan fruit. Fresh longan cv. Shixia samples were packaged in oriented
polypropylene (OPP) and polyethene (PE) packages of different thicknesses (20, 40, and 60 μm).
Sterile gauze was fixed inside the packages and 500 uL of PD was placed on them to avoid the direct
contact of PD with fruit samples. Packages were sealed immediately to minimize vaporization and
stored at 12 ± 1 ◦C for 18 days. Fruit samples packaged in open net packages served as controls. The
results showed that fruit treated with PD in OPP and PE packages significantly prevented losses of
water, DI, and BI compared to control treatment. PD also maintained the color, TSS values, TA values,
pH values, high peel firmness, high TPC content, and high TFC content, and reduced the activity
levels of PPO and POD. Scanning electron microscope (SEM) analysis indicated that the exocarp,
mesocarp, and endocarp of longan peel were smooth, uniform, and compact with no free space
compared to control, where crakes, a damaged and loose structure, and a lot of fungal mycelia were
found. The shortest shelf life of 9 days was observed in control as compared to 18 days in OPP-20 and
OPP-40; 15 days in OPP-60, PE-20, and PE-40; and 12 days in PE-60 packaging films. Therefore, PD as
a natural antioxidant and antimicrobial agent, in combination with OPP-20 and OPP-40 polymeric
films, could successfully be applied commercially to extend the postharvest shelf life of longan.

Keywords: longan; fruit; polymeric films; antioxidant activity; enzymatic browning; neem; propyl
disulfide; microbial decay; essential oil

1. Introduction

Longan (Dimocarpus longan L.) is an attractive subtropical fruit of the evergreen tree of
the Sapindaceae family. The fruit is widely cultivated in many countries, especially China,
Thailand, Vietnam, and Australia. The fruit has high nutritional value and is best when
eaten fresh. However, longan is non-climacteric; the fruit is harvested at optimum maturity
and does not continue to ripen once harvested. The fruit matures in high temperature and
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humidity, meaning it deteriorates rapidly once harvested due to pericarp browning and
microbial rot. Further, due to the unique pericarp structure of longan fruit, the dehydration
and microbial invasion expedite the senescence and browning, consequently shortening its
postharvest life [1]. Several studies have been conducted on treatments such as chlorine
dioxide [2]; adenosine triphosphate (ATP) [3]; hydrogen peroxide [4]; chitosan [5]; SO2,
ClO2, or their combination [6]; thymol coatings and thymol fumigation [7,8]; and many
other studies in order to preserve the quality and extend the shelf life. However, due
to consumer awareness of the health concerns regarding the residues of the synthetic
compounds and the resistance of the microbes to the existing preservatives, there is a need
to develop other preservatives that are safe to humans and the environment. Therefore, the
continuous use of synthetic compounds needs to be eliminated to ensure the availability of
safe and fresh fruits for longer periods of time.

Recently, plant-based extracts have attracted much more interest from researchers
due to their biologically active components with antioxidant and antimicrobial properties.
Various essential oils have been extracted from plants and have been utilized in the food
industry. The neem plant (Azadirachta indica) is a rich source of about 300 primary and
secondary metabolites, which possess antifungal, antibacterial, and antioxidant proper-
ties [9–11]. In another study, more than 140 biologically active compounds have been
isolated from different parts [9], which have anti-inflammatory, antihyperglycemic, antiul-
cer, antimalarial, antifungal, antibacterial, antioxidant, antimutagenic, and anticarcinogenic
properties [10,12,13]. So far, most studies have been conducted on neem extracts in the
pharmaceutical industry or traditional medicines. Few studies have reported on control-
ling plant diseases. Propyl disulfide compound is the major volatile compound in neem
plant seeds, and our research group previously assessed the antifungal activity levels of
propyl disulfide, which effectively inhibited the mycelial growth of fungi, which causes
anthracnose [14] and stem end rot [15] in mango fruit, obtaining very promising results.
Zakawa et al. [16] studied the effects of neem leaf extract on the fungi causing anthracnose
in wild mango. In 2011, Suleiman [17] reported on the effects of neem leaf extract against
tomato anthracnose.

Neem extracts have also been used to preserve a wide range of other food products.
For example, Serrone et al. [11] preserved the quality of fresh retail meat using neem oil and
reported its efficacy against a wide range of bacterial populations. In another study, neem
cake oil was used to preserve the quality of fresh retail meat [18]. The antioxidant activity
of neem oil was reported in regard to beef lipid oxidation reactions, which extended the
shelf life of raw beef patties to 11 days at 4 ◦C [19].

Enzymatic browning, microbial decay, and water loss are the major concerns in longan
fruit; therefore, in this study, we focused on the antioxidant and antimicrobial activity
levels of propyl disulfide from neem. Different packaging films were tested to find the
best storage conditions. A very simple, cost-effective, and practical method was proposed
for PD fumigation. The in-depth antioxidant mechanism of propyl disulfide was assessed
regarding the enzymatic browning reaction in longan fruit, which includes phenolic sub-
strates, enzymes, and browning. Pearson’s correlation coefficient analysis was carried out
to find the relationships between these parameters. The effect of PD on the unique pericarp
structure of longan fruit and its three components were analyzed via scanning electron
microscopy and are reported in detail in this paper.

2. Materials and Methods

2.1. Fumigation and Fruit Treatment

Longan fruit cv. Shixia were harvested from a commercial farm in the Guangxi region
and transported to the laboratory. Fruit samples of uniform size and color with no defects
were prepared. About 500 g of fruit was packed in oriented polypropylene (Jiahang OPP
Packing Bag Co., Ltd., Jinhua, Zhejiang, China) of different thicknesses (OPP-20, OPP-40,
OPP-60) and polyethylene (Bailiheng PE Packaging Bag Co., Ltd., Shenzhen, China) (PE-20,
PE-40, PE-60) packages. A sterile gauze was fixed inside in each package, and 500 uL of the
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propyl disulfide (a major volatile compound in neem (Azadirachta indica) seed; >99% Food
grade, Aladdin Reagent Co., Ltd., Shanghai, China; Figure 1) was placed on the gauze to
avoid its direct contact with the fruit. Each package was immediately sealed to reduce the
evaporation of the compound from the bag. For comparison, fruit samples packaged in
open net packages without propyl disulfide were considered the control treatment. All
packages were stored at 12 ± 1 ◦C. The quality of the longan fruit was evaluated every
third day using three bags (three replicates) from each treatment.

Figure 1. Structure of propyl disulfide.

2.2. Quality Evaluation Tests
2.2.1. Weight Loss, Decay Incidence, and Pericarp Browning Index

Weight loss was determined by weighing the fruit on day 0 and then every third day,
and the results were expressed as percentages. Fruit showing visible decay symptoms on
the surface were considered decayed, and all the decayed fruit were counted and the decay
percent was calculated using the following formula:

Percentage of fruit decay =
Number of decayed fruit

Total number of fruit
× 100 (1)

The pericarp browning index (BI) of longan fruit was determined by observing the
amount of total brown area on each fruit surface, whereby 1 = 0% (no browning), 2 = 1–10%
(slight browning), 3 => 10–25% (moderate browning), 4 => 25–50% (severe browning), 5 =>
50%, calculated using the below equation [20]. Fruit with a browning scale above 3 was the
limit of acceptability:

BI = ∑
Browning level × number of fruit at each browning level

Total number of fruit in the treatment
(2)

2.2.2. Color, Firmness, Total Soluble Solids, Titratable Acidity, and pH

Pericarp color (L*, a*, b*) was measured using a Konica Minolta Spectrophotometer
(CM-3600d, Konica Minolta Sensing Inc., Tokyo, Japan) using 3 fruit samples from each
replicate. The firmness of the peel was measured using a texture analyzer (TA.XT Plus
10752, Godalming, UK) in compression mode. A 2-mm-diameter plunger was used to
puncture the fruit to a depth of five mm at a speed of 20 mm min−1. The maximum force
needed to penetrate the fruit was recorded in newtons (N). A total of 3 fruit samples were
used for each test from each replicate. For TSS, TA, and pH, the flesh of about 15 fruit
samples from each replicate was ground, filtered through muslin cloth, and clear juice
was obtained. TSS was determined using a digital Abbe refractometer (Way-2S, Shanghai
Shenguang Instruments and Instrument Co. Ltd., Shanghai, China. Titratable acidity (TA)
was carried out via the titration of juice with 0.1 N NaOH. The pH of the longan juice was
determined using a pH meter (FE28, Mettler Toledo Co. Ltd., Shanghai, China). TSS, TA,
and pH were conducted in triplicate.

2.2.3. Extraction and Determination of Phenolic and Flavonoid Contents

Phenolic and flavonoid contents were extracted from the pericarps of 15 fruit samples
according to Khan et al. [20]. Reaction mixtures for TPC and TFC were prepared according
to the methods of Khan et al. [20] and Dewanto et al. [21], respectively, using a UV–visible
spectrophotometer (SPECORD 50 Plus, Analytik Jena, Germany). The results for TPC and
TFC were expressed as milligrams of gallic acid per kg and milligrams of catechin per kg of
fresh weight, respectively. The experiment was performed in triplicate.
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2.2.4. Polyphenol Oxidase (PPO) and Peroxidase (POD) Activity Levels

The antioxidant effect of PD on the inhibition of enzymes activity levels was de-
termined using the pericarps of 15 fruit samples. Crude enzyme extract was obtained
according to the method used by Khan et al. [7] and Duan et al. [22]. The reaction mix-
ture used to assess the PPO activity was prepared by following the protocol used by
Khan et al. [7] and Jiang [23]. Absorbance was recorded at 410 nm for 5 min with a
UV–visible spectrophotometer (SPECORD 50 Plus, Analytik Jena, Germany). One unit of
enzyme activity was defined as the activity that caused a change of 0.001 in the absorbance
per min. The reaction mixture for POD activity was prepared following the protocol used
by Khan et al. [7] and Zhang et al. [24] and absorbance was measured using a UV–visible
spectrophotometer (SPECORD 50 Plus, Analytik Jena, Germany). One unit of enzyme
activity was defined as the amount that caused a change of 0.01 in the absorbance per min.
Protein contents were determined according to the method used in [25]. Enzyme (PPO and
POD) activity levels were expressed as units min−1 mg−1 protein. The experiments were
performed in triplicate.

2.3. Scanning Electron Microscope and Pericarp Microstructure

Longan pericarps were prepared by following the protocols of Yao et al. [1] and
Chitbanchong et al. [26], with slight modifications. Briefly, pericarps of 3 mm squares were
washed twice with 0.1 M of phosphate buffer (pH 7.4). The pieces were immediately shifted
to the 2.5% glutaraldehyde prepared in 0.1 M of phosphate buffer and kept overnight for
24 h at 4 ◦C. Samples were then rinsed in the same buffer and postfixed in 1% osmium
tetroxide for 2 h and stepwise exposed to a series of ethanol–buffer mixtures of 30%, 50%,
70%, 80%, 90%, and 100% ethanol for 15 min for dehydration. The dried samples were then
mounted on specimen stubs, sputter-coated with gold, and viewed under SEM (InspectTM,
FEI company, Hillsboro, OR, USA) with an accelerating voltage of 20 kV.

2.4. Statistical Analysis

Data were subjected to analysis of variance (ANOVA) using Statistix. The least sig-
nificant difference (LSD) tests were performed to determine the significant differences
(p ≤ 0.05) among the treatments. The correlation analysis was carried out in Microsoft
Excel 2016.

3. Results

3.1. Weight Loss, Decay Incidence, and Pericarp Browning

An increase in weight loss was observed with storage time. Weight loss was signifi-
cantly higher in control samples throughout the storage time, while in all other packaged
samples no significant differences were observed until day 9 (Figure 2). From day 12
onward, some differences in weight loss were observed. Among all the treatments, the
lowest weight loss was found in OPP-20. Statistics within the storage intervals also showed
that weight loss increased significantly on each quality test day in each treatment; however,
OPP-20 comparatively prevented the loss in weight more than other treatments (Figure 2).
No decay symptoms were found in any treatment until day 6, except PE-60 and control,
which showed decay rates of 3.91% and 6.87%, respectively. On day 9, DI increased in
all treatments, being significantly (p ≤ 0.05) higher in the control, followed by PE-20 and
PE-40. Due to the high DI rate, the control treatment was discarded on day 9 (70.62%),
while the storage of PE-60 and OPP-60 and PE-20 and PE-40 treatments was discontinued
on day 12 and day 15, respectively (Figure 3). Among all treatments, the lowest DI rates
were observed in OPP-20 and OPP-40, which extended the longan storage life to up to 18
days (Figure 3). Pericarp browning (BI) was gradually enhanced in all treatments. BI was
significantly (p ≤ 0.05) higher in control followed by PE treatments. Among the OPP films,
OPP-20 and OPP-40 maintained lower BI rates than all other packaging films during the
entire storage period (Figure 4).
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Figure 2. Weight loss rates (%) of longan fruit samples in different packaging films fumigated with
propyl disulfide and control, stored at 12 ± 1 ◦C. Vertical bars represent means ± standard deviations
(n = 3). Different small and capital letters show significant differences between the treatments within
the same day and between the days in the same treatment, respectively, via LSD test at p ≤ 0.05.

 

Figure 3. Decay incidence rates (%) of longan fruit samples in different packaging films fumigated
with propyl disulfide and control, stored at 12 ± 1 ◦C. Vertical bars represent means ± standard
deviations (n = 3). Different small and capital letters show significant differences between the
treatments within the same day and between the days in the same treatment, respectively, via LSD
test at p ≤ 0.05.
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Figure 4. Pericarp browning rates of longan fruit samples in different packaging films fumigated
with propyl disulfide and control, stored at 12 ± 1 ◦C. Vertical bars represent means ± standard
deviations (n = 3). Different small and capital letters show significant differences (p ≤ 0.05) between
the treatments within the same day and between the days in the same treatment, respectively, via
LSD test at p ≤ 0.05.

3.2. Firmness of Longan Fruit Samples

The peel firmness of longan fruit samples decreased with the extension of storage
time. The peel firmness significantly declined in the control treatment. Among the other
treatments, the firmness fluctuated and dropped at the end of storage time in each treatment,
probably associated with decay incidence. In comparison to other films, OPP-20 maintained
the highest level of firmness, followed by OPP-40 (Figure 5).

3.3. Color (L*, a*, and b*) Values

The lightness (L*) values of the longan pericarps were reduced in all treatments with
storage time, as shown in Table 1. The decrease in L* values in the control treatment was
comparatively high compared to other packaging films, and storage was discontinued on
day 9. Similarly, the a* values, which indicate the redness of fruit samples, increased over
time, and high a* values were obtained in the control treatment. The b* values, which
indicate the yellowness of the longan pericarp, decreased with storage. Statistical analysis
within treatments and storage intervals revealed the greatest decrease in b* values in the
control treatment (Table 1). With prolonged storage time, the changes in pericarp color
became more prominent, as presented in Figure 6. The outer and inner pericarps of fruit
samples changed to dark brown with storage, with more severe effects in control fruit
(day 9) than other treatments.
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Figure 5. Peel firmness rates of longan fruit samples in different packaging films fumigated with
propyl disulfide and control, stored at 12 ± 1 ◦C. Vertical bars represent means ± standard deviations
(n = 6). Different small and capital letters show significant differences between the treatments within
the same day and between the days in the same treatment, respectively, via LSD test at p ≤ 0.05.

Table 1. Color values of longan pericarps fumigated with propyl disulfide in different packaging
films in comparison to control, stored fruit at 12 ± 1 ◦C.

Treatments

Days OPP-20 OPP-40 OPP-60 PE-20 PE-40 PE-60 Control

L*

0 69.44 aAB

(2.44)
69.44 aA

(2.44)
69.44 aA

(2.44)
69.44 aA

(2.44)
69.44 aA

(2.44)
69.44 aA

(2.44)
69.44 aA

(2.44)

3 70.68 aA

(0.26)
67.47 abAB

(1.90)
66.25 bAB

(1.70)
65.64 bB

(0.89)
67.13 abA

(2.30)
64.74 bA

(0.78)
56.59 cB

(2.22)

6 66.81 aBC

(0.14)
67.00 aAB

(0.17)
66.91 aAB

(0.06)
66.22 aB

(0.87)
66.61 aA

(0.42)
65.84 aA

(1.10)
48.44 bC

(2.44)

9 66.01 aCD

(0.51)
66.47 aB

(0.61)
64.33 bB

(2.23)
61.88 cC

(2.07)
62.16 cB

(1.14)
59.39 dB

(0.86)
35.50 eD

(0.35)

12 62.70 aDE

(0.28)
64.89 aB

(0.82)
56.91 bC

(0.06)
53.55 bD

(0.13)
53.27 bC

(2.61)
52.28 bC

(4.16)
–

15 59.37 aEF

(1.15)
60.61 aC

(0.73)
48.02 bD

(1.13)
46.88 bE

(0.93)
48.83 bD

(2.82)
– –

18 57.94 aE

(0.16)
56.03 aD

(1.02)
– – – – –
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Table 1. Cont.

Treatments

Days OPP-20 OPP-40 OPP-60 PE-20 PE-40 PE-60 Control

a*

0 1.78 aC

(0.24)
1.78 aE

(0.24)
1.78 aD

(0.24)
1.78 aE

(0.24)
1.78 aD

(0.24)
1.78 aD

(0.24)
1.78 aD

(0.24)

3 2.36 bC

(0.22)
3.44 aD

(0.30)
2.64 bC

(0.21)
4.00 aD

(0.15)
3.38 aC

(0.29)
3.61 aBC

(0.19)
3.45 aC

(0.13)

6 4.02 abcB

(0.08)
3.65 bcCD

(0.28)
3.84 abcB

(0.23)
4.23 abCD

(0.33)
3.83 abcC

(0.21)
3.38 cC

(0.26)
4.51 aB

(0.26)

9 4.11 bcB

(0.28)
4.23 bcBCD

(0.06)
4.12 bcB

(0.13)
4.68 bBC

(0.20)
4.06 cBC

(0.24)
4.23 bcB

(0.16)
5.87 aA

(0.35)

12 4.43 bB

(0.10)
4.51 bBC

(0.10)
4.57 abB

(0.16)
4.91 abAB

(0.18)
4.57 abB

(0.18)
5.23 aA

(0.17)
–

15 4.68 bAB

(0.03)
5.07 abAB

(0.24)
6.02 aA

(0.19)
5.58 abA

(0.43)
5.35 abA

(0.17)
– –

18 5.19 bA

(0.19)
5.84 aA

(0.33)
– – – – –

b*

0 35.23 aA

(0.85)
35.23 aA

(0.85)
35.23 aA

(0.85)
35.23 aA

(0.85)
35.23 aA

(0.85)
35.23 aA

(0.85)
35.23 aA

(0.85)

3 33.96 bA

(0.10)
35.04 aA

(0.35)
30.29 bB

(1.82)
28.66 bcB

(0.75)
35.15 aA

(0.34)
26.14 cdB

(1.90)
23.82 dB

(2.14)

6 31.51 aAB

(0.62)
32.15 aB

(0.34)
27.74 bBC

(0.59)
26.66 bcBC

(1.14)
32.37 aA

(0.25)
23.92 cdBC

(0.67)
20.38 dC

(1.32)

9 28.51 aBC

(0.93)
30.60 aB

(0.91)
25.40 bC

(0.80)
25.33 bC

(0.22)
28.71 aB

(0.60)
20.80 cCD

(1.29)
18.05 dC

(0.57)

12 25.74 aCD

(0.70)
25.71 aC

(0.96)
20.96 bD

(1.33)
22.55 abD

(1.08)
26.15 aB

(0.09)
18.92 bD

(0.51)
–

15 22.96 aDE

(1.59)
22.37 aD

(0.23)
18.51 bD

(0.26)
21.33 aD

(0.59)
21.37 aC

(1.05)
– –

18 20.96 aE

(0.37)
19.71 bE

(0.21)
– – – – –

Different small letters in each row and capital letters in each column show the significant differences between the
treatments within the same day and between the days in the same treatment, respectively, via LSD test at p ≤ 0.05.
SDs are presented in parenthesis.

     

   

   
Day-0 OPP-20  

(D-18) 
OPP-40 
(D-18) 

OPP-60 
(D-15) 

PE-20 
(D-15) 

PE-40  
(D-15) 

PE-60  
(D-12) 

Control  
(D-9) 

Figure 6. Changes in the peel and flesh of longan fruit samples during storage at 12 ± 1 ◦C treated
with propyl disulfide and packaged in oriented polypropylene (OPP-20, OPP-40, and OPP-60),
polyethylene (PE-20, PE-40, and PE-60), and control (open net) packages.
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3.4. Total Phenolic (TPC) and Total Flavonoid Contents (TFC)

Figure 7A,B presents the total phenol and flavonoid contents in the longan fruit
samples. A continuous decline was observed in all treatments in terms of TPC and TFC
contents, being significantly (p ≤ 0.05) higher in control samples. The contents of phenols
and flavonoids varied slightly among the treatments during storage; however, OPP-20 and
PE-20 showed relatively higher TPC and TFC contents than the other treatments.

 

Figure 7. Total phenolic (A) and total flavonoid (B) contents in longan fruit samples in different
packaging films fumigated with propyl disulfide and control, stored at 12 ± 1 ◦C. Vertical bars
represent means ± standard deviation (n = 3). Different small and capital letters show significant
differences between the treatments within the same day and between the days in the same treatment,
respectively, via LSD test at p ≤ 0.05.

3.5. Enzymes Activity Levels

Enzyme activity levels are presented in Figure 8A,B. Polyphenol oxidase (PPO) and
peroxidase (POD) activity levels significantly increased in all treatments with storage time.
The highest activity levels for PPO and POD were found in control treatment at days 6 and
9. Generally, at the end of the storage period, PPO and POD activity levels were higher in
OPP packages than PE packages. The longest shelf life times were obtained for OPP-20 and
OPP-40 packages with no difference in PPO and POD activity levels, with few exceptions
(Figure 8A,B).

3.6. TSS, TA, and pH

In all treatments, TSS decreased with increased storage time (Table 2). No significant
differences were found between the treated and control fruit samples, with few exceptions.
Similarly, packaging films did not affect the TA and pH values, as no significant differences
were found in the treated and control fruit samples, with few exceptions. However, storage
time had an effect, as TA and pH values increased in all treatments with increasing storage
time (Table 2).
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Figure 8. Polyphenol oxidase (A) and peroxidase (B) activity levels in longan fruit samples in
different packaging films fumigated with propyl disulfide and control, stored at 12 ± 1 ◦C. Vertical
bars represent means ± standard deviations (n = 3). Different small and capital letters show significant
differences between the treatments within the same day and between the days in the same treatment,
respectively, via LSD test at p ≤ 0.05.

Table 2. TSS, TA, and pH values of longan fruit treated with propyl disulfide in different packaging
films in comparison to control, stored samples at 12 ± 1 ◦C.

Treatments

Days OPP-20 OPP-40 OPP-60 PE-20 PE-40 PE-60 Control

TSS

0 20.73 aA

(0.12)
20.73 aA

(0.12)
20.73 aA

(0.12)
20.73 aA

(0.12)
20.73 aA

(0.12)
20.73 aA

(0.12)
20.73 aA

(0.12)

3 18.77 bcC

(0.15)
18.53 cC

(0.32)
18.40 cC

(0.10)
18.80 bcB

(0.40)
18.60 cD

(0.26)
19.17 abC

(0.29)
19.43 aB

(0.38)

6 19.10 bB

(0.10)
18.10 cC

(0.10)
17.13 eE

(0.15)
17.73 dC

(0.15)
20.07 aB

(0.06)
18.23 cD

(0.12)
19.13 bBC

(0.12)

9 18.90 cBC

(0.20)
19.13 bcB

(0.15)
19.50 abB

(0.17)
17.93 dC

(0.21)
19.03 cC

(0.06)
19.90 aB

(0.35)
18.87 cC

(0.35)

12 18.97 aBC

(0.23)
17.13 cdD

(0.47)
13.63 bcD

(0.31)
16.97 dD

(0.15)
17.93 bE

(0.35)
17.90 bD

(0.17)
–

15 18.70 aC

(0.30)
17.50 bD

(0.36)
17.47 bD

(0.15)
16.83 cD

(0.25)
17.47 bF

(0.21)
– –

18 17.53 aD

(0.15)
17.27 aD

(0.55)
– – – – –
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Table 2. Cont.

Treatments

Days OPP-20 OPP-40 OPP-60 PE-20 PE-40 PE-60 Control

TA

0 0.15 aD

(0.01)
0.15 aE

(0.01)
0.15 aE

(0.01)
0.15 aE

(0.01)
0.15 aC

(0.01)
0.15 aD

(0.01)
0.15 aB

(0.01)

3 0.16 bcC

(0.01)
0.16 bcD

(0.01)
0.17 abD

(0.01)
0.16 bcD

(0.01)
0.15 cC

(0.01)
0.17 abC

(0.01)
0.18 aA

(0.01)

6 0.19 aB

(0.01)
0.17 bD

(0.01)
0.19 aC

(0.01)
0.16 bD

(0.01)
0.18 aB

(0.01)
0.19 aB

(0.01)
0.18 aA

(0.01)

9 0.19 bB

(0.01)
0.19 bC

(0.01)
0.21 aB

(0.01)
0.18 bC

(0.01)
0.20 abB

(0.01)
0.20 abB

(0.01)
0.17 cA

(0.01)

12 0.20 bB

(0.01)
0.20 bBC

(0.01)
0.22 aAB

(0.01)
0.20 bB

(0.01)
0.22 aA

(0.01)
0.23 aA

(0.01)
–

15 0.23 abA

(0.01)
0.21 cAB

(0.01)
0.23 abA

(0.01)
0.22 bcA

(0.01)
0.24 aA

(0.01)
– –

18 0.23 aA

(0.01)
0.22 aA

(0.01)
– – – – –

pH

0 6.88 aG

(0.02)
6.88 aE

(0.02)
6.88 aE

(0.02)
6.88 aE

(0.02)
6.88 aE

(0.02)
6.88 aD

(0.02)
6.88 aD

(0.02)

3 6.94 abcF

(0.02)
6.96 abcD

(0.05)
6.93 bcD

(0.03)
6.92 cE

(0.05)
6.98 aD

(0.02)
6.97 abC

(0.02)
6.99 aC

(0.01)

6 6.99 cE

(0.01)
6.99 cD

(0.01)
6.97 cC

(0.02)
6.98 cD

(0.01)
7.11 bC

(0.02)
7.11 bB

(0.02)
7.20 aB

(0.02)

9 7.13 cdD

(0.04)
7.18 bC

(0.02)
7.10 dB

(0.01)
7.14 cC

(0.02)
7.25 aB

(0.02)
7.10 cdB

(0.01)
7.29 aA

(0.03)

12 7.20 cC

(0.01)
7.26 bB

(0.03)
7.33 aA

(0.03)
7.21 cB

(0.02)
7.25 bcB

(0.05)
7.27 bA

(0.02)
–

15 7.31 bB

(0.02)
7.31 abA

(0.03)
7.32 abA

(0.02)
7.26 cA

(0.03)
7.35 aA

(0.01)
– –

18 7.36 aA

(0.03)
7.31 bAB

(0.02)
– – – – –

Different small letters in each row and capital letters in each column show the significant differences between the
treatments within the same day and between the days in the same treatment, respectively, via LSD test at p ≤ 0.05.
SDs are presented in parentheses.

3.7. Scanning Electron Microscopy and Pericarp Microstructure

Longan peel consists of three major parts, namely the exocarp, mesocarp, and endo-
carp. In this experiment, SEM analysis of the longan fruit samples treated with propyl
disulfide was conducted to observe the structural changes in these parts and to compare
them with controls. The SEM micrographs of the various parts of the treated and con-
trol longan peel samples are presented in Figure 9. The exocarp is the outermost part
of the longan peel. The propyl disulfide had a positive effect; as shown in Figure 9, the
exocarps of the treated fruit samples were very smooth, complete, tight, and connected.
This honeycomb-like structure was composed of cup-shaped cells that were uniform and
more clear, while the exocarp of the control fruit was not complete, had free space, a
loose structure, a non-uniform honeycomb appearance, less cup-shaped cells, and more
mycelial pathogens. The mesocarp is the second layer of the longan peel and comprises
about 70% of the longan pericarp. The mesocarp layer of the propyl-disulfide-treated fruit
was more uniform and continuous than the control, where rough structures and many
cracks and openings were observed. The rills were deeper and broader in control samples
than treated samples. The endocarp is a single layer of cells. The endocarp layer of the
propyl-disulfide-treated fruit showed a regular surface omamentation compared to the
control fruit, where some irregular surface omamentation was observed.
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 Exocarp Mesocarp Endocarp 
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Figure 9. Scanning electron micrographs of treated and control longan pericarp. Exocarp samples
at 1500× magnification, mesocarp samples at 400× magnification, and endocarp samples at 1500×
magnification.

4. Discussion

Water loss is one of the main reasons for pericarp browning in longan fruit, whereby
shrinkage occurs when substrates, enzymes, and other cell constituents come into contact
and initiate browning. This can be seen from the strong positive correlation of water loss
with BI (r = 85) and L* values (r = 87), as shown in Table 3. Weight loss was significantly
higher in control fruit samples than in all the other treatments. This is one of the benefits of
polymeric films, which prevent water loss from fruit samples. On the other hand, PD also
might play a role in water loss prevention, probably maintaining the pericarp’s integrity
and reducing water loss. Additionally, it can be stated that PD worked as a barrier against
water loss, as previously found in thymol-treated longan fruit samples [8] and fresh-cut
beans treated with tea tree essential oil and peppermint essential oil [27].

PD effectively inhibited the growth of microbes on the longan fruit surfaces. Although
DI percentages increased in all treatments at the end of storage, the DI percentage of the
control longan fruit samples was comparatively higher than all other treatments (Figure 2).
A possible mechanism of the decay prevention of PD could be attributed to the sulfur
compound, as it is well known for its antimicrobial activity levels. Ramos et al. [28] re-
ported that the antiadhesive mechanism of neem extract could be the hydrophobicity of the
cell surfaces’ and the formation of biofilm, which could affect the microbial colonization.
Koul [29] stated that either the characteristic odor of sulfur compounds or some physiologi-
cal mechanism of interaction make the PD an effective grain protectant against insect pests.
Kumar and Kudachikar [30] reported that the antifungal mechanisms of natural plant
extracts against pathogens could be attributed to the disruption of membrane integrity
and cellular component leakage. As microbial growth symptoms appear on the longan
fruit’s surfaces, in the current research work we did not study the antimicrobial efficiency
of PD on specific microorganisms, but generally evaluated the decay of longan fruit. Hence,
no decay and less symptoms were found in PD-treated fruit samples than control fruit.
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The term decay incidence was used to describe this process, and the data are presented
in Figure 3. However, in our previous study on mango fruit, we found that PD was very
efficient in inhibiting the growth of major fungi in mango fruit samples. We found that PD
effectively inhibited the mycelial growth of Colletotrichum gloeosporioides and Colletotrichum
acutatum, causing anthracnose, as well as Lasiodiplodia theobromae and Neofusicoccum parvum,
causing stem end rots in mango [14,15]. Future research should be directed toward the
specific microorganisms found in longan fruit samples.

Pericarp browning of longan is another major concern that limits its postharvest life.
The combined effect of PD and polymeric films delayed the pericarp browning. Pericarp
browning is a complex phenomenon that may include many interconnected factors that
can be represented in terms of color values, phenol contents, activity levels of enzymes,
and so on. The effect of PD on browning inhibition was obvious in maintaining the color
values of longan pericarp samples (Table 1). Compared to the control treatment, fruit
samples treated with PD and packaged in various polymeric films had high L* values,
lowest redness (a*), and high yellowness (b*). The presence of high TPC and TFC contents
in longan pericarps treated with PD further confirmed the antioxidant efficiency of neem
plant extracts. Interestingly, PD also affects the enzymes involved in the browning reaction.
Longan fruit samples treated with PD and packaged in polymeric films showed lower
PPO and POD activity levels than those in the control treatment. Regarding the overall
phenomenon of the browning reaction and the antioxidant properties of neem, the high
TPC and TFC contents (Figure 7), reduced activity levels of PPO and POD (Figure 8), high
color values (Table 1), and lower BI levels (Figure 4) indicate the high antioxidant effect of
PD. This can be seen from the correlation coefficient values in Table 3, whereby BI is highly
correlated with PPO (r = 92), POD (r = 83), phenols (r = −85), flavonoids (r = −88), L*
(r = −99), a* (r = 92), and b* (r = −93) (Table 3). This good fit of the correlation coefficients
in these parameters and compounds involved in the enzymatic browning reaction and their
dependency on each other shows the antioxidant efficiency of PD against the enzymatic
browning in longan fruit samples. The apparent color changes in the longan pericarp
further confirm the antioxidant activity of PD, as can be seen in Figure 6, where the longan
fruit pericarp turned brown on day 9. Changes in PD-treated fruit and packaged in the
polymeric films were very slow, and the fruit samples were still acceptable on day 18 in
OPP-20 and OPP-40 packages. This trend of high phenols, reduced enzymes activity levels,
and consequently low BI levels was also seen in our previous study, when longan fruit
cv. Daw was treated with plant essential oil (thymol) [7,8]. Valero et al. [31] fumigated
table grapes with thymol, eugenol, and menthol, and reported that these essential oils
maintained the phenol contents and high color values better than the control. Similar to our
study on the propyl disulfide compound, other phytochemicals, such as diallyl disulfide
and diallyl trisulfide obtained from garlic essential oil, showed strong antioxidant activity
against nicotinamide–adenine dinucleotide phosphate (NADPH) oxidase enzymes [32].

The antioxidant activity of neem extract was also studied regarding the preservation
and shelf life extension of other food products. Ouerfelli et al. [19] preserved the quality
and extended the shelf life of raw beef patties to 11 days storage at 4 ◦C. These authors
reported that neem extract prevented the loss in color, reduced the metmyoglobin formation,
scavenged the DPPH free radicals, and possessed high antibacterial potential against beef
patties. Serrone and Nicoletti [18] preserved fresh retail meat using neem cake oil and
reported its efficacy against a wide range of bacteria. Serrone et al. [11] reported that neem
oil effectively preserved the quality of fresh retail meat.

The peel firmness of the longan was higher in the treated fruit than in control. As
shown in Figure 6, the peel and aril breakdown in the control on day 9 meant they were
not suitable for further storage and were discarded, while the complete aril and peel in the
treated fruit showed that PD treatment and storage in various polymeric films, particularly
OPP-20 and OPP-40, prevented softness and aril breakdown.
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Table 3. Pearson’s correlation coefficient values for different quality parameters in longan fruit
samples stored at 12 ± 1 ◦C.

Wt. Loss BI DI Texture L* a* b* TSS TA pH TPC TFC PPO POD

Wt.
loss 1

BI 0.87 1
DI 0.68 0.94 1

Texture −0.47 −0.79 −0.90 1
L* −0.85 −0.99 −0.96 0.79 1
a* 0.70 0.92 0.95 −0.90 −0.92 1
b* −0.71 −0.93 −0.94 0.87 0.92 −0.99 1

TSS −0.48 −0.80 −0.91 0.93 0.80 −0.96 0.94 1
TA 0.31 0.70 0.83 −0.91 −0.69 0.89 −0.89 −0.97 1
pH 0.63 0.89 0.92 −0.91 −0.87 0.98 −0.98 −0.96 0.93 1
TPC −0.59 −0.85 −0.89 0.93 0.83 −0.97 0.97 0.95 −0.94 −0.99 1
TFC −0.61 −0.88 −0.94 0.93 0.88 −0.99 0.98 0.97 −0.94 −0.99 0.99 1
PPO 0.64 0.92 0.99 −0.91 −0.93 0.95 −0.94 −0.92 0.86 0.92 −0.90 −0.95 1
POD 0.51 0.83 0.96 −0.93 −0.86 0.93 −0.91 −0.96 0.91 0.91 −0.89 −0.94 0.97 1

Longan fruit has a unique pericarp structure, and besides the effect of PD on the
physicochemical characteristics, the impact of PD was also evaluated on the pericarp
structure. The scanning electron microscopy analysis indicated that PD maintained a
uniform smooth surface. The SEM analysis confirmed that the PD maintained the cell
integrity and compactness, prevented water loss, and minimized the chance of pathogen
growth. On the other hand, the pericarp of the control treatment was cracked and damaged,
showing an irregular surface and free space (Figure 9). This kind of loose structure was
beneficial for the pathogens’ invasion, as shown in Figure 3 (decay incidence), and enhanced
the water loss, as shown in Figure 2.

Another reason for the good quality of the longan fruit being maintained could be the
application of PD in the vapor phase due to the slow release time, which might maintain
the quality and suppress the microbes for a longer time. Another benefit of the vapor
phase application is that low quantities of PD are required, without altering the sensory
properties of the products. Hence, the shelf life of the longan fruit treated with PD was
extended up to 18 days compared to 9 days in control.

5. Conclusions

In this study, we applied a new fumigation method by placing the essential oil on
the sterile gauze inside the polymeric films. Fruit samples without PD and in open net
packages were considered as controls and all packages were stored at 12 ± 1 ◦C for
18 days. In combination with plant extract (PD), polymeric films played a very effective
role in the quality maintenance of longan fruit samples. Compared to control packages,
all types of polymeric films in combination with PD prevented weight loss, inhibited
microbial growth, and delayed the pericarp browning of longan fruit samples. PD-treated
fruit samples and sealed in packaging films also exhibited high firmness and color values,
better prevented the oxidation of the phenols and flavonoids, and better inhibited enzyme
activity than the control treatment. Extended shelf life of 18 days was observed in OPP-20
and OPP-40 packaging films with good quality attributes. SEM analysis showed a clear
uniformity in the pericarp structures, which was entirely associated with the obtained
results. Overall, PD maintained the structural integrity of the pericarp, prevented pericarp
browning, inhibited the growth of microorganisms, and had a very positive effect on longan
fruit quality as compared to control fruit samples. Therefore, with a combination of OPP-20
and OPP-40 polymeric films, PD could be applied commercially as a potent antioxidant
and antimicrobial agent in a wide range of food products to replace synthetic fumigants
or preservatives.
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Abstract: Polyetheretherketone (PEEK) is a novel polymer material with excellent material properties.
The hardness and strength of PEEK can be further improved by introducing fiber reinforcements to
meet the high-performance index of the aerospace industry. The machinability will be influenced
when the material properties change. Therefore, it is crucial to investigate the influence of material
properties of the fiber-reinforced PEEK on machinability. In this paper, the main materials include
pure PEEK, short carbon-fiber-reinforced PEEK (CF/PEEK), and short glass-fiber-reinforced PEEK
(GF/PEEK). The effects of the fiber type and mass fraction on the tensile strength, hardness, and
elastic modulus of materials were discussed using the tensile test and nanoindentation experiments.
Furthermore, the fiber-reinforced PEEK lapping machinability was investigated using lapping experi-
ments with abrasive papers of different mesh sizes. The results showed that the hardness and elastic
modulus of PEEK could be improved with fiber mass fraction, and the tensile strength of CF/PEEK
can be improved compared with that of GF/PEEK. In terms of lapping ability, the material removal
rates of the fiber-reinforced materials were found to be lower than the pure PEEK due to the higher
hardness of the fiber. During the lapping process, the material removal methods mainly included the
ductile deformation or desquamation of reinforcing fiber and ductile removal of the PEEK matrix.
The lapped surface roughness of PEEK material can be improved by fiber reinforcement.

Keywords: polyetheretherketone; short fiber-reinforced; material property; lapping machinability

1. Introduction

Polyetheretherketone (PEEK) is a novel crystalline thermoplastic polymer material that
is widely used in aerospace, electronics, and medical industries for its excellent properties,
such as low density and superior machinability [1–3]. However, PEEK has a few shortcom-
ings, such as lower strength and lower hardness than most metal materials. These make it
difficult to meet the higher performance requirements of certain industries. Therefore, the
study about the performance of modified PEEK is of great significance. The mechanical
properties of PEEK can be further improved through modification, and fiber-reinforced
modification is a commonly used method to modify PEEK. The material properties of the
fiber-reinforced PEEK vary with different fiber types. The fibers commonly used for PEEK
reinforcement include carbon fiber, glass fiber, graphite fiber, and polytetrafluoroethylene
(PTFE) fiber [4–7]. Carbon fiber has certain advantages, such as high strength, high mod-
ulus, small thermal expansion coefficient, and superior machinability [8,9]. On the other
hand, glass fiber is often preferred due to its high stiffness, elastic modulus, and good
load-bearing capacity [10]. Both carbon and glass fibers are widely used for reinforcement
purposes [11–13]. However, despite materials possessing excellent properties, they also
need to obtain better surface integrity through mechanical processing to fulfill the high
requirements of the manufacturing industry [14]. Therefore, to expand the application
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fields of PEEK materials, it is crucial to study the material properties of the fiber-reinforced
PEEK and analyze the influences of the change in the material properties on machinability.

The material properties and machinability of PEEK material change with fiber rein-
forcement, and the types and the mass fraction of fibers have diverse impacts on the PEEK
matrix. The mechanical properties of PEEK can be enhanced with fiber reinforcing. Li
et al. [9] compared the mechanical properties of PEEK and carbon-fiber-reinforced PEEK
(CF/PEEK) and pointed out that carbon fiber can significantly improve the hardness, ten-
sile, and compressive strength of PEEK. Zhang et al. [15] studied the material properties
enhancement of the PEEK matrix by analyzing various fibers. The results showed that
carbon fiber, glass fiber, and TiO2 could effectively increase the tensile strength of the PEEK
matrix. Although the material properties of PEEK have been improved by fiber reinforce-
ment, PEEK material still needs to be mechanically processed to meet the higher surface
integrity requirements of some industries. Therefore, it is of great significance to study the
machinability of the fiber-reinforced PEEK materials. The commonly applied machining
methods of modified PEEK materials include turning and grinding. Davim et al. [14]
studied the influence of turning parameters on cutting force and surface roughness of
PEEK and glass-fiber–reinforced PEEK (GF/PEEK) materials with PCD tools turning. The
results showed that the cutting force decreased with the increase in cutting velocity and
feed rate. The surface roughness of PEEK and GF/PEEK decreased with increasing cutting
velocity and increased with the feed rate. The surface quality of pure PEEK was better than
GF/PEEK with the same turning parameters. Ji et al. [16,17] worked on the nanomechanical
properties and machinability with the single-point diamond turning of PEEK, CF/PEEK,
and GF/PEEK materials. The results demonstrated that PEEK was a single-phase material
with constant values of nano-hardness and modulus, whereas CF/PEEK and GF/PEEK
were fiber composite materials with superior hardness and elastic modulus. The processing
surface had poor uniformity of force in turning, which led to poorer turning processability
as compared to the pure PEEK. Khoran et al. [18] investigated the grinding machinability
of PEEK materials. They concluded that the ground temperature has a great influence
on grinding surface morphology and force. The ground surface quality was profoundly
affected by the cryogenic cooling that led to superior surface quality.

Although micron surface roughness of PEEK materials can be achieved by turning and
grinding, the surface roughness after processing was bad due to the poor uniformity of the
cutting force. Therefore, ultra-precision lapping is suitable for PEEK material processing
due to its good uniformity and controllability of the lapping force, and improved machin-
ability is achieved on the surface of the workpiece. Furthermore, ultra-precision lapping
is an effective method to obtain high surface quality and accuracy [19]. However, there
are only a few studies on the ultra-precision lapping process of the fiber-reinforced PEEK.
Therefore, the lapping process based on analyzing the material properties of fiber-reinforced
PEEK should be further researched to fully understand the process.

In this paper, the material properties and lapping machinability of fiber-reinforced
PEEK has been studied. The effects of the type and mass fraction of modified fibers on
the mechanical properties of PEEK have been investigated by analyzing the mechanical
properties of PEEK that have been reinforced by carbon fiber and glass fiber. Finally,
the lapping experiment was conducted to analyze the influences of property changes of
materials on the material removal rate and surface roughness with abrasive paper lapping.

2. Materials and Methods

2.1. Materials

PEEK and its fiber-reinforced materials were provided by Nanjing Shousu Special En-
gineering Plastic Products Co., Ltd. (Nanjing, China). In this paper, five kinds of materials
were investigated, which include the pure PEEK, carbon-fiber-reinforced PEEK with 10%
mass fraction (CF10/PEEK) and 30% mass fraction (CF30/PEEK), glass-fiber-reinforced
PEEK with 10% mass fraction (GF10/PEEK) and 30% mass fraction (GF30/PEEK). The
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average diameter and length of carbon fiber are 8 and 40 μm. The average diameter and
length of glass fiber are 10 and 60 μm. The materials were prepared with molding.

2.2. Methods
2.2.1. Material Property Tests

Carbon fiber and glass fiber have excellent mechanical properties. The machinability
and application of the fiber-reinforced PEEK are influenced by changing the material
properties. Therefore, the tensile strength, hardness, and modulus of fiber-reinforced PEEK
were tested in this paper to further analyze the influence of material properties on lapping
machinability.

The tensile test was conducted at 298K with a tensile rate of 1mm/min using a material
testing machine (5500A, Instron, Norwood, MA, USA) to measure the tensile stress curves
of the fiber-reinforced PEEK. Flat dog-bone-shaped tensile specimens with a gauge length
of 90 mm were made by wire cutting. The tensile specimens were ground on each side with
SiC paper, resulting in a final specimen thickness of 4 mm and a gauge section width of
5 mm.

The nanoindenter (TI950, Hysitron, Eden Prairie, MN, USA) with a standard Berkovich
indenter was used in this work to measure the load–displacement curves of the fiber-
reinforced PEEK materials. The sample was a 15 mm × 15 mm × 5 mm square block made
by wire cutting, and the sample surface was polished before the nanoindentation tests. To
ensure that the data of the experiment are reliable, three points in a random site of the
PEEK matrix on the samples were checked during the test for each indentation depth. The
maximum load was 8 mN, with the loading for 10 s, holding for 5 s, and unloading for 10 s.
Furthermore, nanoindentation was conducted on the pure PEEK material, carbon fiber, and
glass fiber, respectively, with the same conditions.

2.2.2. Lapping Experiment Details

The surface roughness and the material removal rate (MRR) are the most relevant
parameters to reflect the lapping machinability of materials. Thus, the MRR and surface
roughness with abrasive paper lapping were studied in this work to analyze the influence
of fiber types and mass fraction on the lapping machinability of fiber-reinforced PEEK.

All lapping experiments were conducted on an ultra-precision lapping machine
(ZYP230, Shenyang Kejing Instrument Inc., Shenyang, China). The sample was a square
block made by wire cutting with a size of 15 mm × 15 mm × 10 mm. The different mesh
size of silicon carbide abrasive paper was applied in the lapping process to obtain the best
surface roughness. During lapping, four samples for the same material were placed on a
sample carrier in the once lapping process. A schematic diagram of the lapping experiment
is shown in Figure 1.

Figure 1. The lapping experimental setup.
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The lapping parameters for the PEEK machinability analysis are presented in Table 1.
The material removal rate (MRR) was calculated by the change of sample thickness per unit
time and the sample thickness change during lapping was measured by a laser measuring
device (Technological Gocator 2520, LMI, Mississauga, ON, Canada). The surface roughness
with abrasive papers of different particle sizes was measured after the lapping process by
Talysurf Profiler (CLI2000, Taylor Hobson Ltd., Leicester, UK), and the surface morphology
was observed by SEM (SU820, Hitachi, Tokyo, Japan).

Table 1. Lapping parameters for fiber-reinforced PEEK lapping machinability analysis.

Lapping Condition Value

Abrasive Silicon carbide abrasive paper
Mesh size 180, 240, 320, 600, 1000, 2000

Lapping plate speed (r/min) 40
Workpiece speed (r/min) 63

Lapping time (min) 40
Lapping pressure (KPa) 11

3. Results

3.1. Material Properties of Fiber-Reinforced PEEK
3.1.1. Nanomechanical Properties of Fiber-Reinforced PEEK

The components of the fiber-reinforced materials may have a great influence on the
mechanical properties. The nanomechanical properties of five kinds of PEEK materials
were studied in this work, and their results are exhibited in Figure 2. The nanoindentations
in pure PEEK, CF/PEEK, and GF/PEEK show different load–displacement curves.

In Figure 2, the depth of carbon fiber and glass fiber were both smaller than the
PEEK with the same load, which proved that the hardness of the fiber was higher than
the PEEK. Furthermore, the depth of the fiber-reinforced PEEK matrix was smaller than
the pure PEEK, and the influence of the indentation depth was more significant with an
increased fiber mass fraction. The hardness and modulus could be calculated based on
the Olive-Pharr method [20], and the results are shown in Figure 3. The hardness and
modulus of the PEEK matrix and fiber are exhibited in Table 2. As shown in Figure 3 and
Table 2, the hardness and modulus of carbon/glass fiber far exceeded that of the PEEK
matrix. The hardness and modulus of the PEEK matrix were enhanced by the fiber due to
its excellent mechanical properties, and the reinforcement was improved with the increased
mass fraction of fiber.

Figure 2. Load–depth (P–h) curves for (a) carbon-fiber-reinforced PEEK (CF/PEEK) materials and (b)
glass-fiber-reinforced PEEK (GF/PEEK) materials from the nanoindentation tests with a maximum
load of 8 mN. The P–h curves of the pure PEEK, the carbon fiber, and the glass fiber are displayed for
comparative analysis.
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Figure 3. The average hardness and modulus of the pure PEEK and fiber-reinforced PEEK materials.

Table 2. The average hardness and modulus of the pure PEEK and carbon/glass fiber.

Sample PEEK Carbon Fiber Glass Fiber

Hardness (GPa) 0.3 3.3 2.9
Modulus (GPa) 5.06 16.52 26.71

3.1.2. Tensile Mechanical Properties of Fiber-Reinforced PEEK

The tensile load–displacement curves of the pure PEEK and fiber-reinforced PEEK
materials are shown in Figure 4. The tensile load–displacement curves demonstrated the
different deformation phases of fiber-reinforced PEEK materials. In Figure 4, the load of
pure PEEK increased with the increase in displacement in the elastic phase. When the load
attained the maximum tensile load, the pure PEEK had a necked phenomenon and the load
decreased to a constant value until the material failed at the fracture point. The ultimate
tensile strength was the value of the maximum tensile load, and the tensile curves proved
that the pure PEEK is a ductile material.

The tensile curves of CF/PEEK are represented in Figure 4b. In the elastic phase,
the load increased with the displacement. However, necking of the CF/PEEK material
occurred, and it fractured immediately when the load attained the ultimate tensile stress.
The tensile length of the CF/PEEK fracture was smaller than that of pure PEEK. The tensile
length of the material fracture was smaller and the ultimate tensile stress was higher with
the increased carbon fiber mass fraction. The tensile curves proved that the CF/PEEK is a
brittle material.

Figure 4c demonstrates the tensile curves of GF/PEEK. Similarly, the tensile load
increased in the elastic phase until the ultimate tensile stress was attained. The tensile
length of the material fracture and ultimate tensile stress became smaller as the glass fiber
mass fraction increased. The GF/PEEK is a brittle material. The ultimate tensile stress of
five kinds of PEEK materials is exhibited in Table 3. The CF/PEEK had the greatest tensile
strength.
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Figure 4. Tensile load–displacement curves of dog-bone-shaped specimens loaded in tension with
tensile speeds of 1 mm/min for various materials: (a) PEEK; (b) carbon-fiber-reinforced PEEK
with 10% fiber mass fraction (CF10/PEEK); (c) carbon-fiber-reinforced PEEK with 30% fiber mass
fraction (CF30/PEEK); (d) glass-fiber-reinforced PEEK with 10% fiber mass fraction (GF10/PEEK);
(e) glass-fiber-reinforced PEEK with 30% fiber mass fraction (GF30/PEEK).
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Table 3. The ultimate tensile strength of the pure PEEK and fiber-reinforced PEEK materials.

Materials PEEK CF10/PEEK CF30/PEEK GF10/PEEK GF30/PEEK

Ultimate tensile
strength (MPa) 98.1 99.5 102.6 78.6 61.0

3.2. Lapping Processing Properties of Fiber-Reinforced PEEK

The material removal rate (MRR) reflects the degree of material removal difficulty
during the lapping process. Taking the lapping experiment with abrasive paper of #240
mesh size as an example, Figure 5 shows the MRR of pure PEEK and fiber-reinforced
PEEK materials. It can be seen in Figure 5 that the maximum MRR was of pure PEEK with
the value of 17.4 μm/min. The MRR of CF10/PEEK and CF30/PEEK were 10.3 and 8.5
μm/min, respectively, whereas the MRR of GF10/PEEK and GF30/PEEK were 10.6 and
9.8 μm/min, respectively. As per the data, the MRR during the lapping process showed a
decreasing trend when the fiber mass fraction increased.
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Figure 5. The material removal rates of the pure PEEK and the fiber-reinforced PEEK.

The surface roughness reflects the quality of the lapping process. The results of surface
roughness after the lapping process are shown in Figures 6 and 7. The surface roughness
of fiber-reinforced PEEK showed a downward trend with the particle size of the abrasive
paper decreasing. When the mesh sizes of abrasive paper were small (#180, #240, #320), the
lapped surface roughness was poor, and in addition, the downward trend of the surface
roughness was obvious. When the abrasive paper of the #1000 mesh size was applied, the
surface roughness improved and the downward trend flattened.

As shown in Figure 6a, with the same mesh size of the abrasive paper, the surface
roughness of CF10/PEEK was lower than the GF10/PEEK, which was the same trend
between the CF30/PEEK and GF30/PEEK. The CF/PEEK showed better lapping machin-
ability than the GF/PEEK.
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Figure 6. Comparative analysis on surface roughness of fiber types: (a) The surface roughness of the
pure PEEK, CF10/PEEK, and GF10/PEEK, (b) the surface roughness of the pure PEEK, CF30/PEEK,
and GF30/PEEK.

Figure 7 compares the surface roughness of different fiber mass fraction reinforced
PEEK materials with the same type of fiber. As shown in Figure 7a, the surface rough-
ness of CF30/PEEK was lower than that of CF10/PEEK. Similarly, the surface quality of
GF30/PEEK was better than that of GF10/PEEK. The surface quality of fiber-reinforced
PEEK improved as the fiber mass fraction increased. As per the data of MRR and surface
roughness during the lapping process, the carbon fiber and glass fiber could improve the
surface quality but decrease the MRR.

Figure 7. Comparative analysis on surface roughness of the fiber mass fraction: (a) The surface
roughness of the pure PEEK, CF10/PEEK, and CF30/PEEK, (b) the surface roughness of the pure
PEEK, GF10/PEEK, and GF30/PEEK.

4. Discussion

4.1. The Influence of Fiber Types on Lapping Machinability of Fiber-Reinforced PEEK Materials

The tensile strength, hardness, and elastic modulus of CF/PEEK materials were larger
than the pure PEEK due to the extremely larger hardness and modulus of carbon fiber.
The hardness and modulus of glass fiber also far exceeded that of pure PEEK, resulting
in improvements in the hardness and modulus of GF/PEEK materials. In contrast, the
average length and diameter ratio of glass fibers was too high, which resulted in an easier
concentration and formation of defects inside the PEEK matrix and may reduce the tensile
strength [21].
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As shown in Figure 5, the MRRs of fiber-reinforced PEEK materials were smaller
than that of the pure PEEK. During the lapping process, the interaction between abrasive
particles and the workpiece could be divided into two categories. The first category was
the interaction between abrasive particles and the PEEK matrix, and the second category
was the interaction between abrasive particles and reinforcing fibers. The contact between
the abrasive particles and the workpiece surface was irregular. Some abrasive particles
were in contact with the PEEK matrix, and the others were in contact with the fibers. It can
be observed in Table 2 that the hardness of carbon fiber or glass fiber far exceeded that of
the pure PEEK. The high hardness of carbon fiber or glass fiber made it more difficult to
remove than the pure PEEK during the lapping process, resulting in smaller MRRs of the
fiber-reinforced PEEK materials than that of the pure PEEK. In the lapping process, the
abrasive particle was coarse and exhibited poor height uniformity. Therefore, the surface
roughness significantly decreased, resulting in the quick removal of the material. A rapid
reduction in surface roughness would occur when the abrasives were courser. When the
abrasive paper with the mesh size of #1000 was applied, the abrasive grains were finer.
This improved the high equivalence more, and the pressure of a single abrasive particle
on the fiber-reinforced PEEK materials became smaller. The MRR was then reduced, and
the surface roughness tended to be better and constant. As shown in Figures 6 and 7,
the PEEK had poorer surface quality than the fiber-reinforced PEEK materials with the
same mesh size abrasive paper lapping. The lapped surface morphology of CF30/PEEK
and GF30/PEEK are shown in Figure 8. The pure PEEK is a ductile material, and the
fiber-reinforced PEEK is a brittle material (Figure 4). In Figure 8, there were many built-up
edges and delamination on the PEEK matrix surface due to the ductile performance and
low strength of the PEEK materials [22]. In the early period of lapping, there was only
friction between the workpiece and abrasive particles with no material removal in the
workpiece surface, resulting in ductile and elastic deformation. As the abrasive cutting
process continued, the PEEK matrix was pressed by the abrasive particle and formed
the scratches on the surface [23,24]. It can be observed in Figure 8 that there were many
scratches and built-up edges on the lapped surface.

In Figure 8b, the scratch also occurred on the carbon fiber surface, but the scratch depth
was shallower than the pure PEEK due to its high hardness. During the lapping process, the
material removal methods of carbon fiber included cracks, scratches, and desquamations
from the matrix [25]. The concaves formed by fiber desquamation were covered by the
PEEK matrix as the lapping process continued; therefore, the fiber-reinforced PEEK had
better surface quality than the pure PEEK with the same mesh size abrasive paper lapping.

In Figure 6, the CF/PEEK attained better surface quality than the GF/PEEK with the
same fiber mass fraction. On the one hand, in Table 2, the hardness of carbon fiber was
higher than the glass fiber. With the same mesh size abrasive paper lapping, the carbon
fiber was more difficult to remove than the glass fiber, and the scratches on the carbon
fiber were shallower than the glass fiber. Moreover, the average diameter and length of
glass fiber were larger than that of carbon fiber, and in Figure 8c, the carbon fiber concaves
formed by fiber desquamation were easier to cover by the PEEK matrix, resulting in better
surface quality and a smaller MRR.

On the other hand, the reinforcement of fiber on the PEEK matrix varied with the
fiber types. In Figure 3, the hardness and modulus of CF30/PEEK were higher than that of
GF30/PEEK. Therefore, deformation of CF30/PEEK was more difficult, and the scratches
of CF/PEEK would be shallower than the GF/PEEK. The CF/PEEK can attain better
surface quality, whereas the CF/PEEK matrix attained higher hardness, which made it
more difficult to be removed than the glass fiber, the MRR of CF/PEEK was smaller than
that of GF/PEEK.
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Figure 8. Surface morphology lapped with the #1000 mesh size silicon carbide abrasive paper of
various fiber types of reinforced PEEK materials, (a) pure PEEK; (b) carbon-fiber-reinforced PEEK
with the 30% fiber mass fraction; (c) glass-fiber-reinforced PEEK with the 30% fiber mass fraction.

4.2. The Influence of Fiber Mass Fraction on Lapping Machinability of Fiber-Reinforced
PEEK Materials

In Figures 2 and 3, the hardness and modulus of the PEEK matrix improved signif-
icantly as the fiber mass fraction increased. The more carbon fiber or glass fiber mass
fraction, the more the fiber was widely distributed on the PEEK matrix surface, which
improved the hardness and modulus of fiber-reinforced PEEK materials. In Figure 4, the
fiber-reinforced PEEK materials performed as brittle materials due to the brittleness of
carbon and glass fiber. The tensile length of the fracture point decreased with the fiber
mass fraction. The carbon fiber could improve the ultimate tensile strength of CF/PEEK.
However, the length and diameter ratio of glass fiber was too large to form the defects
inside the PEEK, resulting in the decrease in the ultimate tensile strength. Furthermore, the
ultimate tensile strength decreased as the fiber mass fraction increased.

In Figures 5 and 7, the fiber-reinforced PEEK materials that had more fiber mass
fraction could attain a smaller MRR and a better surface quality. In terms of MRRs of the
same fiber type reinforced with PEEK of different fiber mass fractions, the more fiber mass
fraction, the wider the interaction area between the abrasive particles and the fiber would
be. Furthermore, the hardness of the PEEK matrix would be improved with an increased
fiber mass fraction, resulting in the decreasing trend of the MRR due to the high hardness
of the fiber.

Figure 9 shows the surface morphology of different carbon fiber mass fraction rein-
forced PEEK materials. As shown in Figure 2a, the nanoindentation curves of CF30/PEEK
were above the CF10/PEEK, demonstrating that CF30/PEEK has a better ability to resist
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deformation. The scratches on the CF30/PEEK matrix were shallower than the CF10/PEEK.
On the other hand, the carbon fiber could attain better surface quality than the PEEK matrix.
Therefore, the improvement effect on the surface quality was more significant with an
increased carbon fiber mass fraction.

 
Figure 9. Surface morphology lapped with the #1000 mesh size silicon carbide abrasive paper of
carbon-fiber-reinforced PEEK materials with different carbon fiber mass fractions, (a) carbon-fiber-
reinforced PEEK with 10% carbon fiber mass fraction; (b) carbon-fiber-reinforced PEEK with 30%
carbon fiber mass fraction.

The lapped surface morphology of GF10/PEEK and GF30/PEEK are shown in Fig-
ure 10. In Figures 2b and 3, the GF30/PEEK had superior mechanical properties to the
GF10/PEEK. In Figure 10a, the scratches on the GF10/PEEK matrix were wider and more
densely distributed, which led to poor surface quality, and there was tearing damage and
material accumulation near the glass fiber concaves due to the ductile performance of the
PEEK matrix. In Figure 10b, the glass fiber was distributed wider and the mechanical
properties of PEEK matrix were improved significantly more than the CF10/PEEK. The
scratches became shallow and narrow. The tearing damage phenomenon was greatly
weakened and the surface quality improved.

 
Figure 10. Surface morphology lapped with the #1000 mesh size silicon carbide abrasive paper
of glass-fiber-reinforced PEEK materials with different glass fiber mass fractions, (a) glass-fiber-
reinforced PEEK with 10% glass fiber mass fraction; (b) glass-fiber-reinforced PEEK with 30% glass
fiber mass fraction.

5. Conclusions

In this paper, tensile tests, nanoindentation tests, and lapping experiments were carried
out on five varieties of PEEK and its fiber-reinforced materials. The influences of the types
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and mass fraction of the modified fibers on the material properties were investigated in
this work, including tensile strength, hardness, modulus, and lapping machinability. The
following conclusions have been drawn from the results.

(1) In terms of material properties for CF/PEEK, carbon fiber has high hardness and mod-
ulus and is evenly distributed inside the material. Thus, the tensile strength, hardness,
and modulus are improved. For GF/PEEK, the glass fiber is easy to concentrate and
form defects inside the material due to its high hardness, modulus, and brittleness.
This, in turn, decreases the tensile strength and improves the hardness and modulus.
The influences on tensile strength and nanomechanical properties are more significant
as the fiber mass fraction increases.

(2) In the lapping process, fiber-reinforced PEEK has better surface quality, and the MRR
is lower than the pure PEEK due to the superior mechanical properties of the fiber.
The lapped surface quality of CF/PEEK is better than GF/PEEK. Because the carbon
fiber has higher hardness and modulus than the glass fiber, this results in a weaker
deformation on the PEEK matrix surface.

(3) The higher the mass fraction is, the more the mechanical properties of fiber-reinforced
PEEK are improved. As the fiber reinforcing can improve the lapped surface quality
and hardness of the PEEK matrix, the fiber-reinforced PEEK with a higher fiber mass
fraction has a better lapped surface quality and lower MRR.
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Abstract: Dried hybrid fillers comprised of silica/CNF were successfully synthesized in ethanol/water
mixed solvents at room temperature without the usage of any precursor. The as-prepared fillers were
incorporated with polypropylene (PP) as a polymer matrix through a twin-screw extruder. From
surface morphology analysis, the agglomeration of the silica/CNF hybrid fillers was prevented in the
PP matrix and they exhibited moderate transparency, around 17.9% and 44.6% T at 660 nm. Further,
the chemical structures of the polymer composites were identified by Fourier transform infrared
(FT-IR) analysis. According to thermogravimetric analysis (TGA), the insertion of silica as a co-filler
to the PP matrix resulted in an increase in its degradation onset temperature and also thermal stability.
In addition, the mechanical properties of the PP composites also increased after the blending process
with the hybrid fillers. Overall, sample PP-SS/CNF exhibited the highest tensile strength, which was
36.8 MPa, or around 73.55% compared to the pristine PP. The improvements in tensile strength were
attributed to good dispersion and enhanced efficiency of the stress transfer mechanism between the
silica and the cellulose within the PP matrix. However, elongation of the sample was reduced sharply
due to the stiffening effect of the filler.

Keywords: cellulose nanofiber; silica; polypropylene; composite; hybrid filler

1. Introduction

A polymer matrix composite is a material consisting of a polymer matrix with a re-
inforcing dispersed phase. Incorporating inorganic fillers into a polymer matrix can give
the composite unique properties such as rigidity, high thermal stability, good mechanical
property, flexibility, and ductility [1]. Fillers with particle sizes in the 1–100 nm range are
defined as nanofillers. Generally, nanofillers are categorized into three types based on
their geometries: one-dimensional (1D, rod-like), two-dimensional (2D, platelet-like), and
three-dimensional (3D, spherical) materials [2]. Important factors used to determine the
reinforcing effect of these fillers are the polymer matrix’s properties, the nature and type
of filler, concentration of polymer and filler, and particle size as well as particle distribu-
tion [1]. Moreover, the most common nanofillers include metallic nanoparticles, polyhedral
oligomeric silsesquioxane, carbon nanomaterials, graphite nanoplates, silica nanoparticles,
and nanocellulose [3–5]. These nanofillers are inserted into polymer matrixes improve
the mechanical properties, gas and solvent barrier properties, thermal degradability, and
chemical resistance of the polymer [6,7]. In contrast, traditional micro-fillers can lead to
polymer embrittlement, loss of transparency, and loss of lightness.
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Cellulose fiber has drawn considerable interest as natural filler in polymer composites
due to its superior mechanical properties, eco-friendliness, processability, biodegradability,
biocompatibility, low toxicity, cost savings, and improved fuel efficiency [8,9]. However, it
is difficult to disperse it properly in hydrophobic polymer because of their different surface
properties. Fillers with various properties are used as hybrid fillers along with reinforcing
fibers to further enhance physical and mechanical properties.

Researchers have utilized more than one filler material to investigate the synergis-
tic effect of fillers on the final properties of polymer composites [10]. Anwer et al. [11]
prepared nanocomposites using epoxy resin with carbon nanofibers (CaNFs), graphene
nanoplatelets (GNPs), and a hybrid combination of CaNFs/GNPs as fillers. These com-
posites were processed with and without the use of surfactants. It was proposed that
GNPs prevented agglomeration of CaNFs during the process, leading to larger particle
aspect ratios in the nanocomposite. In addition, Kwak et al. [12] successfully prevented
the agglomeration of CaNFs using fish-derived gelatin during the dehydration process.
According to Thomas et al. [13], a hybrid filler of carbon nanotubes (CNTs)/clay enhanced
dispersion through the synergism and prevented agglomeration in the composite blend. A
hybrid filler can improve crosslink density, tensile strength, and tear resistance due to the
large contact area between clay and CNTs.

Typically, silica/cellulose-reinforced polymer composites have been prepared using
the sol-gel method. Li et al. [14] synthesized cellulose nanocrystal/silica hybrids using
TEOS as the silica precursor. This hybrid material was melt-blended with ultra-high molecu-
lar weight polyethylene (UHMWPE) polymer in a twin-screw extruder. The nanocomposite
showed improvement in its flexural modulus and tensile and flexural strength. Although
this sol-gel method is widely used to produce hybrid fillers, the precursors, such as TEOS,
are relatively expensive and contain high amounts of embedded energy [3,15].

Herein, an ethanol/water mixed-solvent method was proposed as an accessible, fast,
and low-cost protocol to prepare silica particles (SiPs) with cellulose nanofibers (CNFs)
without chemical modification. Ethanol is miscible with water at any ratio, and the addition
of ethanol to water can easily change its physicochemical properties. The in situ nucleation
and growth of silica onto cellulose occurs rapidly in an aqueous solution. However, the
addition of ethanol to water can restrain the diffusion of ions and the nucleation and growth
of the silica. It is well known that rapid nucleation and slow growth favor the formation of
particles with narrow size distribution. Thus, we chose ethanol/water mixed solvents as
the solvent system.

Commercialized SiPs and CNFs were dispersed in the mixed solvent, and SiPs were
deposited onto the CNF surface. During the solvent evaporation process, it was expected
that the SiPs could prevent the agglomeration of CNFs. The interaction between the
silica surface group and cellulose chain prevented immediate aggregation. To the best of
our knowledge, there are no studies on incorporating cellulose fibers into hydrophobic
polymers without surfactants or chemical modifications [3].

In this study, polypropylene (PP) was used as a polymer matrix. It is a widely utilized
polymer with various advantages including low cost, superior transparency, good moisture
barrier properties, and high recyclability compared to other polymers [16]. The composites,
PP with fillers (SiPs, CNFs or SiP/CNF) were prepared by melt-blending in a twin-screw
extruder. The effects of fillers and hybrid fillers in PP matrixes were investigated by the
analysis of the matrixes’ morphological, chemical, thermal, and mechanical properties.
The performance of pulverized SiPs and pulverized CNFs as filler in PP composites was
also identified.

2. Materials and Methods

2.1. Materials

Polypropylene (PP), as a polymer matrix, was obtained from Japan Polypropylene
Corporation, Tokyo, Japan (Polypropylene FY-6, MFR 2.5 g/10 min, CrI 59.80%). It has
melting point of 162 ◦C, crystallization temperature of 104 ◦C and degradation tempera-
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ture of 461 ◦C. Cellulose nanofibers (5 wt% aqueous dispersion, DP 650) were provided
from Sugino Machine Limited, Toyama, Japan. The CNFs were produced by a super
high-pressure water jet system. SiP powders, Sylosphere 200 (SS, diameter 3.0 μm) and
Sylophobic 200 (SP, diameter 3.9 μm) were supplied from Fuji Silysia Chemical, Aichi,
Japan. The ethanol (>99.5%) was purchased from Wako Pure Chemical Industries Ltd.,
Osaka, Japan, and reverse osmosis (RO) water was used throughout the experiments.

2.2. Filler Preparation Procedure

The compositions of the reinforced PP created by using as-prepared filler and hybrid
filler samples prepared in this study are listed in Table 1. The required amount of SiPs
and CNFs was added into the ethanol/water mixed solvents and stirred for one hour. The
mixture was then evaporated by using a rotary evaporator (Eyela N-1110, Tokyo Rikakiki
Co., Ltd., Tokyo, Japan). Subsequently, it was dried under vacuum overnight before use.

Table 1. Sample composition of PP and filler.

Sample PP (wt%)
Sylosphere

(wt%)
Sylophobic

(wt%)
CNF (wt%)

PP 100 - - -
PP-8.75 SS 91.25 8.75 - -
PP-10 SS 90 10 - -

PP-1.25 CNF 98.75 - - 1.25
PP-SS/CNF 90 8.75 - 1.25

PP-8.75 SP 91.25 - 8.75 -
PP-8.75 pul.SP 91.25 - 8.75 -

PP-10 SP 90 - 10 -
PP-SP/CNF 90 - 8.75 1.25

2.3. Composite Preparation

The desired amount of filler, hybrid filler, and PP polymer were fed into a twin-
screw extruder with an ellipse-blade type screw L/D 0.5 (IMC-1979, Imoto Machinery Co.,
Toyama, Japan). The rotation speed, temperature, and residence time for melt-mixing were
controlled at 40 rpm, 180 ◦C, and 5 min, respectively. The films were prepared using a
hydraulic hot-press (IMC-180C, Imoto Machinery Co., Toyama, Japan) at 180 ◦C for 3 min
under a pressure of 30 MPa, and then cooled at room temperature.

2.4. Characterization

The surface morphologies of SiPs were observed under a 3D laser scanning confocal
microscope (LSCM) model VK-X 100 (Keyence Corporation, Osaka, Japan) under prescribed
conditions of laser: red semiconductor laser, λ = 658 nm, 0.95 mW, and pulse width of 1 ns,
using a depth composition procedure.

The morphology of the fractured composites and dispersion state of the hybrid filler
in the PP matrixes were investigated using a scanning electron microscope equipped
with energy dispersive spectroscopy (SEM-EDS) (JCM 6000, JEOL Ltd., Tokyo, Japan).
SEM images were obtained at 15 kV accelerating voltage and the PP composite samples
were fractured under liquid nitrogen. Each sample was deposited on carbon tape and
carbon-coated for 90 s before observation.

The optical properties of the PP composite films were determined by UV–Vis spectra.
A rectangular piece of each film sample (4 cm × 4 cm) was directly mounted between
two spectrophotometer magnetic cell holders. The transmittance spectra of the films
were measured at selected wavelength ranges from 190 to 1000 nm using a UV–Vis spec-
trophotometer (GENESYS 50, Thermo Fisher Scientific, Waltham, MA, USA). The optical
properties of the PP and PP composite films were characterized by the transmittance of
visible (660 nm) regions.
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Chemical analysis was carried out using a Fourier Transform Infrared (FT-IR) spec-
troscope Nicolet iD7 ATR (Thermo Fisher Scientific, Waltham, MA, USA). Each sample
recording consisted of 16 scans recorded from 4000 to 400 cm−1.

The PP composite films were cut into a rectangular shape of 40 mm × 5 mm × 0.5 mm.
The mechanical properties of each PP composite were determined by an IMC-18E0 model
machine (Imoto Machinery Co., Ltd., Kyoto, Japan) at a rate of 10 mm/min crosshead
speed at 23 ◦C. Each measurement was carried out with five replicates.

The thermal properties of PP composites were characterized using an EXSTAR TG/DTA
7200 (SII Nanotechnology Inc., Chiba, Japan). The samples were scanned at a range of 30 to
550 ◦C at a constant heating rate of 10 ◦C/min under a continuous nitrogen flow rate of
100 mL/min.

3. Results and Discussion

3.1. Silica/CNF Filler Mechanism in PP Polymer

Fine particles aggregated due to van der Waals forces or chemical bonds [17], and
CNFs agglomerated due to strong fiber–fiber hydrogen bonding coupled with their polar
nature, especially in a non-polar polymeric environment [18]. We hypothesized that the
silica particles would adhere to the CNFs’ surface, which weakens the hydrogen bonds
and prevents agglomeration. Figure 1 shows the interaction of the fine particles and CNFs
if mixing in solvents. When the ratio of the fine particles is low, CNFs will agglomerate,
and if too high, the fine particles will agglomerate. To further elucidate the respective
mechanisms, SiPs were utilized and mixed with CNFs in ethanol/water mixed solvent.
In this research, we only focus on the specific ratio of CNFs and SiPs first in order to
investigate the basic interactions of the hybrid filler.

Figure 1. Interaction of fine particles and CNFs in ethanol/water mixed solvent.

Figure 2a,c shows the hybrid filler preparation in the ethanol/water mixed solvent
and the possible hybrid filler mechanism in the hydrophobic polymer. Hydrophilic CNFs
caused irreversible agglomeration during drying (Figure 2b), and due to the formation of
additional hydrogen bonds between fibers, hydrophilic CNFs induced aggregation in the
non-polar matrix [19]. Therefore, SiP powder was used to prevent the CNFs’ aggregation
from occurring when incorporated into the hydrophobic polymer. From the observation of
the hot-press film, the hybrid filler prevented the aggregation of CNFs in PP composites,
and a good dispersion rate and transparency were achieved (Figure 2c).
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Figure 2. Images of SiP/CNF filler; (a) hybrid filler preparation, (b) agglomerated CNFs without SiPs
and (c) hybrid filler mechanism in PP polymer.

Based on Figure 2a, the SiPs were mostly localized at each of the CNF fibers. Interaction
between SiPs and CNFs was posited to be due to the presence of hydrogen bonds, due to the
large surface areas and high amount of hydroxyl groups present in SiPs [20,21]. To further
study the effect of hybrid fillers in hydrophobic polymer, PP polymer as a polymer matrix
was melt-blended with fillers using a twin-screw extruder. Then, a hot-press sheet of the
composite was prepared for further analysis. The chemical structures, thermal stabilities,
and degree of substitution of MCC with different reaction temperatures and times were
analyzed and investigated.

3.2. Surface Morphologies of the Hybrid Filler and PP Composite

Figure 3a,c presents the surface morphologies of dried SiP SS and SP under a laser
microscope with 50× magnification. A SiP SS is a single-distributed spherical silica particle
and has a smooth surface with average size of 3–4 μm, having features such as high mobility
and outstanding dispersity. Meanwhile, A SiP SP has a rough surface and irregular shape
with an average size of 2–7 μm. According to the manufacturer, SiP SP demonstrates
hydrophobic properties by chemically replacing the hydroxy groups on the silica surface
with organic silicone compounds.
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Figure 3. Morphological image of SiP particles: (a) SiP SS 50X, (b) SS/CNF 1000X, (c) SiP SP 50X, and
SEM image of hybrid filler, (d) SP/CNF 1000X.

The structures of both hybrid fillers can be directly observed by using SEM. The
SEM images in Figure 3b,d (SS/CNF and SP/CNF) illustrate that the SiPs were relatively
homogeneously dispersed in the CNF matrix. It was verified that both types of SiPs were
deposited predominantly on the surface of CNFs and prevented CNF agglomeration during
the drying process. Both SiP SS and SP helped the dispersion of CNFs via a synergism
effect. Silica not only offered a great surface area for coherence, but also provided aid in
the dispersal of CNFs, which in turn reduced and minimized agglomeration. According
to Sharip et al. [18], conventionally water-dispersed CNFs were employed to prepare a
bio-nanocomposite, which required higher cost and energy. Hence, an ethanol/water
mixed solvent method was used to address the setbacks of the conventional approach.

3.3. Optical Properties of the PP Composite with Fillers

The effect of different types of silica and CNFs on optical properties was elucidated.
The PP composite was melt-blended through a twin-screw extruder. Figure 4 shows the PP
composite after melt-blending and hot-pressing for analyses and the study of mechanical
properties. Pristine PP (Figure 4a) acted as a reference. Figure 4b,c demonstrates the PP
composite with SiP SS and SiP SP, while Figure 4e,f shows the PP-SS/CNF and PP-SP/CNF
composites. Figure 4d presents the PP composite with only CNFs as the filler.

Based on observations, excellent dispersibility was noticed for the PP composite with
SiPs and also the PP composite with SiPs/CNF. However, significant agglomeration or poor
dispersion of CNFs can be observed in PP/CNF composites. This scenario was posited to
be due to the different surface properties and the hydrophilic nature of CNFs. Inherently
strong intra- and inter-molecular hydrogen bonds of CNFs led to a strong affinity to itself.
Achieving good dispersion of fillers within polymer matrixes is the most critical factor in
determining their resultant mechanical performance [22].
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Figure 4. Digital images showing the transparency of (a) PP, (b) PP-8.75 SS, (c) PP-8.75 SP, (d) PP-1.25
CNF, (e) PP-SS/CNF, and (f) PP-SP/CNF.

UV-vis spectroscopy analysis was carried out to further support the optical trans-
parency results of the PP nanocomposites. Figure 5 shows the UV-vis transmittance spectra
of the PP composite with the hybrid fillers, and the percentages of visible light transmittance
values of the PP composite are summarized in Table 2.

Figure 5. UV–vis transmittance spectra for PP and PP composite.

Table 2. Optical properties of PP and PP composite.

Sample Thickness (mm)
%T (Transmittance)

(660 nm)

PP 0.255 65.3
PP SS/CNF 0.446 17.9
PP SP/CNF 0.356 44.6
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The UV-visible spectra of PP nanocomposites were analyzed in the wavelengths
between 200 and 800 nm. Based on data given in Table 2, the transmittance of plain PP
was about 65.3 %T at 660 nm. After adding the hybrid fillers, the transmittance value
was reduced. The transmittance efficiency decreased due to blocking by the hybrid filler.
The dispersity of the reinforcement will affect the transparency of the nanocomposite.
The transmittance level of the PP SP/CNF (44.6 %T) was higher than the PP SS/CNF
(19.9 %T), even provided the same hybrid filler loading level. This scenario was due to
the higher hydrophobicity of SP making it easier to incorporate with the hydrophobic PP
polymer matrix.

3.4. Chemical Structure of Composite Films

Functional group analysis of the PP and PP composites can be performed using FTIR
spectroscopy. Figure 6 depicts the typical FT-IR spectra of pristine PP, SiPs, CNFs, and PP
composite. The appearance of characteristic absorption bands of SiPs at 1054 and 1048 cm−1

were assigned to the siloxane Si–O–Si bonds for SiP SS and SP, respectively. Furthermore,
transmittance peaks at 794 and 797 cm−1 indicated the presence of hydroxyl groups on
the surface [23]. The C-H stretch vibration at 2966, 2898 and 1392 cm−1 were the typical
characteristics of polyalkyl siloxane on the SiP SP as hydrophobic surface treatments [24].

Figure 6. FTIR spectra of SiP Sylosphere 200, Sylophobic 200, CNF, and PP composites.

For the CNFs, the broad peak at 3400–3300 cm−1 was attributed to the stretching
vibration of O–H bonding from absorbed water molecules of the cellulose chains. This peak
also included inter- and intra-molecular hydrogen bond vibrations in hydroxyl groups in
cellulose I [25,26]. The peak at 2895 cm−1 was assigned to the C–H stretching vibration of
all hydrocarbon constituent in polysaccharides and the peak at 894 cm−1 attributed to the
β-glycosidic linkages of the cellulose chain [27].

Furthermore, the peaks at 2950–2835 cm−1 were contributed by C–H stretching vibra-
tions while peaks at 1450 and 1376 cm−1 were assigned to CH2 and CH3 bending vibration
in neat PP [28]. Further, the transmittance peak located at 840 cm−1 was assigned to C–CH3
stretching vibration [29]. This peak is a typical characteristic of PP polymers.

New transmittance peaks of the PP nanocomposites at 1087 and 1076 cm−1 of the
asymmetric vibration of O–Si–O bonds indicated that PP with SS/CNF and SP/CNF con-
tained silica fillers. In addition, increasing peak intensity at 806 cm−1 indicated stretching
vibrations of Si–O. From the FT-IR spectra, it is confirmed that the hybrid fillers did not
damage the composite materials via denaturing through the extrusion process. However,
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the characteristic bonds of the C–O group in CNFs were undetected due to the overlap
with the O–Si–O band [30].

3.5. Mechanical Properties of PP Composite

Mechanical properties such as tensile strength and elongation are often used to mea-
sure the strength and elasticity of composite films. The representative tensile stress-strain
curves of pure PP and its composites are shown in Figure 7 and their key mechanical prop-
erties are summarized in Table 3. The fillers incorporated into composite films significantly
affected the mechanical properties of the composites due to the specific surface area and
dispersibility of each filler. Improved mechanical properties can be achieved through an
improved interface between the filler and polymer matrix [31].

Figure 7. Mechanical properties of (a) stress-strain curves of PP composites and (b) an enlarged graph.

Table 3. Mechanical properties PP composites.

Sample Code Tensile Strength at Yield (MPa) Tensile Elongation at Break (%)

PP 20.78 ± 1.06 260.50 ± 27.03
PP-8.75 SS 27.80 ± 1.09 7.30 ± 1.10
PP-10 SS 23.53 ± 0.86 24.71 ± 12.20

PP-1.25 CNF 23.30 ± 2.22 12.17 ± 2.54
PP-SS/CNF 36.81 ± 1.56 20.87 ± 2.68

PP-8.75 SP 29.98 ± 2.94 149.20 ± 49.36
PP-10 SP 31.45 ± 1.34 47.40 ± 15.21

PP-SP/CNF 33.08 ± 0.47 14.57 ± 2.77

Figures 7 and 8 and Table 3 also show the effect of filler on the tensile strength at yield
of PP composites compared to pristine PP polymer. The yield strength of PP increased after
melt-blending with filler or hybrid filler. This scenario was due to the addition of filler into
the matrix, which reduced the available free spaces and hence increased the stiffness of the
composite. The filler linked the matrix together, leading to enhanced interaction between
the reinforcement and the matrix. Once the load has been applied, the stress can easily
be transferred from the polymer matrix to the reinforcing materials, thus improving the
tensile strength of the polymer composite [32].
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Figure 8. Mechanical properties of PP composites: bar charts of elongation at break and
yield strength.

The tensile strength at yields of PP-8.75 SS and PP-10 SS was 27.80 and 23.53 MPa,
respectively. Increasing the by-weight percentage of SS led to inferior mechanical properties.
The agglomeration extent increased with the increase of nanofiller content and reduction
of nanofiller size. When compared to SP, the particle size of SS is smaller overall, so
aggregation has a higher chance to occur in PP/SS composites. Agglomeration decreased
the effectiveness of nanoparticles in polymer matrix, which lastly resulted in the poor
properties of the samples.

However, increasing the by-weight percentage of SP from 8.75 to 10 increased the
tensile strength. The irregular shape and slightly larger particle size of the filler produced
different properties. The surface roughness and irregular shape enhanced the interfacial
properties between the matrix and reinforcement, such that the tensile strength still in-
creased after the addition of 10 wt.% of SP. Both PP-SS/CNF and PP-SP/CNF samples
depicted excellent yield strengths, which were 36.81 and 34.06 MPa, respectively. The
synergy of the hybrid filler occurred due to the possibility of physical interaction between
the functional groups of SiPs and CNFs. This functional group built the interfacial surface
compatibility and increased the dispersibility between the CNFs and PP matrix. In addition,
the homogeneity and matrix particle interactions were improved after adding the hybrid
filler. Compared to the pristine PP (21.2 MPa), the tensile strength at yield of PP-SS/CNF
and PP-SP/CNF samples showed 73.5% and 60.3% increments, respectively.

Furthermore, the elongation at break of PP composites was sharply reduced by the
addition of filler due to the stiffening effect of SiPs and CNFs on the PP composite [31].
The presence of a rigid interface between SiPs and CNFs and the PP matrix decreased
the deformability of the PP matrix, which led to more rigid and stiffer composites [28,33].
The PP-8.75 SP (201.70%) composites exhibited the highest elongation at break. SP is a
hydrophobic filler, which can enhance the interfacial interaction between the filler and
PP matrix and generate a stronger interfacial bonding. However, further study needs to
be carried out to investigate the unexpected elongation behavior of sample PP-8.75 SP
compared to other polymer composites.
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3.6. Morphology of the Fracture Surface of PP Composites

PP composites were further analyzed with SEM-EDS to observe their cross-sectional
fracture surface. First, each sample was submerged in liquid nitrogen for 5 min to ensure
it was completely frozen. It was then removed from the liquid nitrogen and immediately
snapped in half. The sample was dried to remove excess water. After freeze-fracture, the
cross-section of the sample was carbon-coated and observed. Figure 9 depicts the SEM-EDS
micrograph and quantitative analysis of elements present at the white spot. The elements
are oxygen (O) and silica (Si). The SEM image also shows the typical fracture surfaces of
neat PP and PP composite samples. This characterization technique can be used to identify
the hybrid filler distribution in the polymer composite as well.

Figure 9. SEM images mapped with EDS analysis for distribution of oxygen (O) element represents
CNF and silica (Si) element represent SiP: (a) PP polymer, (b) PP-1.25 CNF, (c) PP SS/CNF and
(d) PP SP/CNF.

In Figure 9a, the rough surface observed on neat PP indicated the typical characteristic
of the elastic behavior of PP [34] and the element mapping of Si and O was almost com-
pletely black in colour. In addition, it can be observed that CNFs were agglomerated in the
polymer composite (white circle) in the EDS analysis and also SEM morphology, which is
supported by the study of Yasim-Anuar et. al. [35]. According to the respective literature,
the distribution of oxygen (O) represents CNFs (Figure 9b).

Moreover, the EDS images showed the samples PP SS/CNF and PP SP/CNF in
Figure 9c,d to consist of uniform white spots of O and Si, which further confirm the
good dispersion of the hybrid filler in the polymer composite. The oxygen element of PP
nanocomposites increase compared with PP/CNF is due to Si-O-Si bonding formed after
blending. These results are in line with the FT-IR assignment in the previous section.

Further, the SEM images present a uniform distribution of the hybrid fillers in a PP
composite surface. Sample PP SS/CNF showed that the particulate fillers with a spher-
ical and fibrous shape (red circle) were found in the composite, suggesting the applied
stress effectively transferred to the filler from the polymer matrix by scattering the en-
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ergy during crack propagation [36]. While on the sample PP SP/CNF, interconnected
nanofibers formed with rough surfaces and irregular shapes were observed. SiP SP exhib-
ited better interfacial bonding strength and filler dispersion in the PP composite. These
results indicate robust interfacial adhesion between the PP matrix and filler due to their
hydrophobicity compatibility.

3.7. Thermogravimetric Analysis (TGA) of PP Composite

Figure 10 shows the thermal stability of the neat PP, SiPs, CNFs, and PP composite. The
TGA results show the neat PP and PP composite degradation in a single step of degradation.
SiP SP had weight loss at 420 ◦C, attributed to the thermal decomposition of the functional
group of polyalkyl siloxane. Above 450 ◦C, there was no weight loss observed for either SiP
sample, indicating residual SiPs. Further, SiPs have high thermal stability at temperatures
up to 800 ◦C [37]. For the CNF sample, weight loss started from 270 ◦C due to the thermal
decomposition of cellulose [38]. The TGA result also showed the neat PP almost degraded
without any char formation, with the residual of the original sample mass being only 1.3%.

Figure 10. TGA curves of PP, SiP, CNF, PP SS/CNF, and PP SP/CNF.

Compared to the neat PP, the decomposition temperature of the PP composite in-
creased significantly with the addition of hybrid filler, indicating that SiPs hindered thermal
decomposition of PP composite. The degradation depends on the particle encapsulation
and extent of interaction with matrix. Improvement in the thermal stability of PP compos-
ites was posited to be due to the excellent dispersion of the hybrid filler in the polymer
matrix. Due to the stable thermal properties of the hybrid filler, chain scission process
occurred at a higher temperature compared to pristine PP polymer [39]. Additionally, the
weight residue at 500 ◦C of the PP composite showed the highest for sample PP SS/CNF at
10.28% residue, followed by CNF at 9.54% residue, and PP SP/CNF at 7.53% residue. The
char yield increase after melt-blending with filler is attributed to the increased interactions
between the filler and the matrix which resulted in the onset of thermal degradation.

Additionally, the DTA curves of the discussed composite PP SS/CNF and PP SP/CNF
show that during their decomposition, endothermic reactions occurred (Figure 11). The
DTA curve exhibited two endothermic events. The first is attributed to Tm at around
161 ◦C, corresponding to the melting of the crystalline phase in the studied polymer (PP).
Other endothermic peaks were observed with decomposition maxima at 428 and 450 ◦C
in higher temperature ranges. The thermal decomposition of PP SP/CNF is higher than
PP SS/CNF.
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Figure 11. DTA curves of (a) PP SS/CNF, and (b) PP SP/CNF.

4. Conclusions

An environmentally benign ethanol/water mixed solvent method was used to prepare
a PP-SiP/CNF composite. The method applied in this work is very convenient, requires less
energy, and sidesteps chemical modification. It is noted that a synergistic effect of the hybrid
filler occurred in this composition, showing a significant enhancement of the dispersion of
CNFs in the hydrophobic polymer. Morphology results confirmed the deposition of SiPs
onto the CNF surface, resulting in good dispersion of the hybrid filler in the PP matrix and
preventing the agglomeration of CNFs. The incorporation of filler into the PP matrixes
significantly increased the mechanical properties of the composites. Sample PP-SCNF
exhibited higher tensile strength at 36.8 MPa (increments 73.55%) compared to the neat
PP. However, its elongation sharply reduced due to the stiffening effect of the filler. The
thermal stability of PP composites was improved by the incorporation of fillers as a physical
barrier. The hybrid filler exhibited synergistic effects, especially for tensile strength, and
proved to be more effective than single-filler systems. The simplicity of this strategy can be
applied to other fillers such as metal oxide and graphene oxide to prepare hybrid fillers
for designing polymer composites, especially to enhance the mechanical properties and
thermal stability of a product.
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Abstract: In this work, we prepared thermoplastic silicone rubber (TPSiV) by dynamically vulcanizing
different relative proportions of methyl vinyl silicone rubber (MVSR), styrene ethylene butene styrene
block copolymer (SEBS), and styrene butadiene styrene block copolymer (SBS). The compatibility
and distribution of the MVSR phase and SEBS/SBS phase were qualitatively characterized by Fourier
transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM) tests on TPSiV.
Subsequently, the backscattered electron signal image was analyzed using a colorimeter, and it was
found that the size of the interface layer between the MVSR phase and the SEBS-SBS phase could
be quantitatively characterized. This method overcomes the defect of the etching method, which
cannot quantitatively analyze the size of the compatible layer between the two polymers. The final
experiment proved that the two phases in TPSiV exhibited a “sea-island” structure, in which the
MVSR phase acted as a dispersed phase in the SEBS-SBS phase. In addition, the addition of the silane
coupling agent KH-907 (γ-isocyanatopropyltriethoxysilane) improved the mechanical properties
of TPSiV, increasing the tensile strength by about 40% and the elongation at break by 30%. The
permanent tensile deformation increase rate was about 15%. Through the quantitative measurement
of the compatible layer, it was found that KH-907 could increase the thickness of the interface layer
between the MVSR phase and the SEBS-SBS phase by more than 30%, which explained why the silane
coupling agent KH-907 improved the mechanical properties of TPSiV at the micro level.

Keywords: thermoplastic silicone rubber; backscattered electrons; compatibility layer; scanning
electron microscope; dynamic vulcanization

1. Introduction

Rubber is a class of polymers that is commonly used in daily life, and vulcanization is
a necessary process to impart various properties to rubber [1,2]. Dynamic vulcanization
refers to the melt blending of rubber and thermoplastic polymer at a high temperature and
then vulcanizing the rubber under the action of a cross-linking agent, thereby obtaining
a vulcanized rubber phase with a size in the micron level and uniformly dispersed in the
thermoplastic polymer. Compared with other rubber vulcanization methods, dynamic
vulcanization has the advantages of greatly improving the performance of blended ther-
moplastic elastomers, reducing equipment investment, and improving efficiency [3]. Since
Gessler first proposed the concept of dynamic vulcanization in 1962, researchers have
successively discovered polypropylene (PP)/ethylene propylene diene rubber (EPDM) [4],
nitrile rubber (NBR)/polylactic acid (PLA) [5], and other dynamic vulcanization systems.

Silicone rubber is a polymer material with a silicon–oxygen bond as the main chain
and phenyl, vinyl, and other groups as side chains and has excellent comprehensive prop-
erties [6]. At present, researchers often improve some properties of silicone rubber by
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blending it with different inorganic substances or polymers. In recent years, the develop-
ment of special functions, such as high-voltage electrical properties, thermal conductivity,
flame retardant properties, and antistatic properties of silicone rubber, has been a trend [7,8].
In addition to silicone rubber, thermoplastic elastomer is widely used because it has the
physical and mechanical properties of vulcanized rubber and the processing properties
of thermoplastic plastics [9,10]. As one of the most important types of thermoplastic elas-
tomers, SBS is often used for asphalt modification [11]. Since the aging resistance of SBS
is not ideal, SEBS obtained by hydrogenating SBS came into being, and it is often used in
situations where high aging resistance is required [12]. In this paper, TPSiV prepared by
melt blending MVSR and SEBS/SBS is also a material that can combine the biocompatibility
of MVSR with the excellent mechanical properties of SEBS/SBS. This TPSiV can be used
for medical elastomers and other applications. Before this, the study of this blend system
was rarely reported.

Although a variety of materials with excellent properties can be obtained by melting
and blending various polymers, because most polymers have poor compatibility with each
other, solving the compatibility between polymers and enhancing the interaction between
different phase interfaces has become the focus of researchers. Among many solutions,
adding a silane coupling agent to the polymer blend system is one of the commonly used
methods [13,14]. Therefore, in this paper, we chose the silane coupling agent KH-907 as the
compatibilizer of TPSiV.

Scanning electron microscopy (SEM) is one of the most commonly used methods to
characterize polymer compatibility and phase interface conditions [15]. The characteri-
zation of copolymer compatibility and phase interface by scanning electron microscopy
can be roughly divided into two categories. One is to directly observe the surface with
obvious phase separation by observing the difference in the phase separation before and
after adding the compatibilizer as evidence of the enhanced interaction and improved
compatibility of the two-phase interface [16–18]. The other is to dissolve the material
section in a good solvent of a phase, dissolve and remove the phase, observe the section
of the material, and measure the strength of the interaction between the phases by the
roughness of the surface of the undissolved phase, to prove that a substance has an obvious
effect on the improvement of the compatibility between the two phases [19–21]. However,
this method is only applicable to the situation where one phase is completely dissolved by
the solvent, and the other phase is not dissolved by the solvent at all, which is difficult in
some dynamic vulcanization blend systems. In addition, SEM is often used in conjunction
with Transmission Electron Microscopy (TEM) and Energy Dispersive X-Ray Spectroscopy
(EDX) to characterize more information on the surface of the material [22,23]. However,
TEM testing has high requirements for samples, and it is necessary to find suitable dyes.

The SEM test described above usually uses the secondary electron signal [24]. In
addition to the secondary electron signal, the backscattered electron signal reflected from the
sample surface can also be analyzed to obtain information about the sample surface [25,26].
This characterization method is usually used to observe the changes in alloy phases [27–29]
and the phase distribution of cement cross-sections [30–32]. However, there are few reports
on the characterization of dynamic vulcanization blend systems. Therefore, we applied the
backscattered electron signal characterization method to the dynamic vulcanization system
and quantitatively characterized the phase interface between the dispersed phase and the
continuous phase by using the method combined with the colorimeter, which can avoid
many shortcomings of the etching method. For example, it is impossible to effectively
prove that the etched phase is completely etched, and the unetched phase collapses and
easily adheres to the cross-section, which affects the observation and cannot quantitatively
characterize the phase interface between the dispersed phase and the continuous phase. At
the same time, this method can also observe and analyze the dynamic vulcanization blend
system without obvious phase separation.
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2. Experimental

2.1. Materials

To prepare thermoplastic silicone rubber, we used the following materials: methyl
vinyl silicone rubber (HCR 9670 UE, Lanxingxinghuo Silicone Co., Ltd., Jiujiang, China),
SEBS (YH-602T, Baling Petrochemical Branch of Sinopec Group, Yueyang, China), SBS
(D1155JOP, Kraton, Belpre, OH, USA), white oil (250N, Wanghai Petrochemical Co., Ltd.,
Taizhou, China), silane coupling agent KH-907 (γ-isocyanatopropyl triethoxysilane, Jessica
Chemical Co., Ltd., Hangzhou China), platinum catalyst (Daxi Chemical Raw Materials
Co., Ltd., Guangzhou, China), and hydrogen-containing silicone oil (hydrogen content
1.6%, Xinglongda New Materials Co., Ltd., Jinan, China).

2.2. Sample Preparation

First, the raw materials were weighed according to the weights shown in Table 1. Then,
to evenly disperse the white oil 250N in the sample, we first mixed the white oil 250N with
SEBS and SBS and stirred for 5 min before letting it stand. After SEBS fully absorbed the
white oil, we added the pre-mixed mixture to the torque rheometer (chamber temperature
170 ◦C, rotation speed 70 rpm). When the torque value was stable, we continued to add the
methyl vinyl silicone rubber. We waited for the torque value to stabilize and then added the
silane coupling agent, hydrogen-containing silicone oil, and platinum catalyst in sequence
to allow for the dynamic vulcanization of the mixture in the cavity. When the torque value
rose due to the cross-linking of the mixture in the cavity and then stabilized, the blend was
taken out and placed on a flat vulcanizing machine to be pressed for tableting (pressing
time was 5 min) to obtain a sample tablet with a thickness of 2 mm.

Table 1. TPSiV dynamic vulcanization experimental formula (unit: phr) (a).

Entry MVSR SEBS SBS KH-907 Platinum Catalyst

1 40 30 30 1 0.5
2 50 25 25 1 0.5
3 60 20 20 1 0.5
4 70 15 15 1 0.5
5 40 30 30 0 0.5
6 50 25 25 0 0.5
7 60 20 20 0 0.5
8 70 15 15 0 0.5

(a) Unless otherwise specified, all samples contain 10 units of white oil and 1 unit of hydrogen-containing silicone oil.

2.3. Scanning Electron Microscope Test

The eight groups of prepared samples were cut into strips with a size of 10 × 2 × 2 mm3,
and they were placed in liquid nitrogen to freeze for 5 min. Then, the test strips were taken out
with tweezers and broken in the middle, and the cross-sections of the samples were treated
with gold spraying. Finally, the cross-sections after gold spraying were observed by a scanning
electron microscope (Thermo Fisher Scientific, Helios G4 UC, Waltham, MA, USA) to obtain
backscattered electron (BSE) images.

2.4. Fourier Transform Infrared Spectroscopy Test

The prepared samples were tested with a Fourier transform infrared spectrometer
(Bruker Scientific Technology Co., Ltd., Beijing, China). The detection mode was ATR, the
resolution was 4 cm−1, the test wavenumber range was 400–4000 cm−1, and the number of
scans was 16.

2.5. Etching Method to Test the Cross-Sectional Morphology of the Samples

The eight groups of prepared samples were cut into strips with a size of 10 × 2 × 2 mm3,
and they were placed in liquid nitrogen to freeze for 5 min. Then, the test strips were taken out
with tweezers and broken in the middle. The broken samples were completely immersed in
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chloroform for 72 h (the samples were taken out and replaced with a new chloroform solvent
every 24 h to completely dissolve the etched MVSR phase). After 72 h, the samples were taken
out from the chloroform solvent and placed in a fume hood for 12 h to allow the solvent on
the surface of the samples to evaporate completely. Finally, the cross-sections were sprayed
with gold, and we observed them with a scanning electron microscope (SEM) to obtain the
secondary electron images.

2.6. Compatibility Layer Quantitative Characterization Test

The 1000-times backscattered electron images obtained by the scanning electron micro-
scope test were cut by one-eighth according to the method shown in Figure 1 (image pixel:
3840 × 2160 dpi), and then the obtained images were printed on photo paper by a high-
definition printer. The pixel dimensions of the printer were 1200 × 1200 dpi, and the size
of the photo paper was 420 × 297 mm. Finally, according to the method shown in Figure 2,
the light passage of the colorimeter was oriented and shifted quantitatively to determine
the size of the compatibility layer between the MVSR phase and the SEBS/SBS phase.

Figure 1. Printing method of BSE diagrams.

 

Figure 2. The test method for the colorimeter to test the size of the compatibility layer in TPSiV.
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2.7. Mechanical Property Test

According to GB/T 528-2009 standards, five dumbbell-shaped samples with a gauge
length of 20 mm, a width of 4 mm, and a thickness of 2 mm were cut from the eight groups
of samples prepared in Section 2.2. The tensile strength and elongation at the break of the
samples were tested by a tensile testing machine (AGS-J, Shimadzu Corporation, Kyoto,
Japan), and the tensile rate was 200 mm min−1. Then, the samples were pulled off and
left to stand for five minutes, and the permanent tensile deformation was tested after
the standing was completed. Finally, the arithmetic means of the test results of the five
dumbbell-shaped specimens were taken for each mechanical property test result.

3. Results and Discussions

The scanning electron microscope (SEM) is a common characterization method to
observe the microscopic information of polymer materials. By analyzing the electron
signals excited by the interaction of incident electrons with the sample, information about
the surface of the sample can be obtained. The excited signal when the incident electron
interacts with the sample is shown in Figure 3 [24]. In this work, the condition of the
sample surface is mainly characterized by analyzing the secondary electron signal and the
backscattered electron signal.

Figure 3. Signals excited when the incident electron interacted with the sample.

3.1. Analysis of Secondary Electron Signal Results of TPSiV Made of MVSR and SEBS-SBS with
Different Relative Contents

Figure 4A–H are the SEM images of samples 1–8 after being etched by chloroform,
during which the MVSR phase was dissolved by the solvent. As the content of silicone
rubber increases, the diameter of the pores left by the etching and dissolution of the silicone
rubber gradually increases. By observing the marked parts in Figure 4A–D, we can find
that with the increase of the content of silicone rubber, the diameter of the pores left by the
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etching and the dissolution of the silicone rubber gradually increases. However, by compar-
ing the secondary electron signal results of the silane coupling agent KH-907 (for example,
Figure 4A,E), we found that the silane coupling agent KH-907 could not distinguish the
MVSR and SEBS-SBS interface. Therefore, it cannot explain the improvement of mechanical
properties after adding the silane coupling agent KH-907. Except for Figure 4A,B, it is
difficult to distinguish the dispersed phase from the continuous phase. Moreover, we
observed the marked parts in Figure 4D,H and found that the unetched phase was attached
to the cross-section. Since the hardness of the SEBS-SBS phase is relatively small when the
relative content of silicone rubber increases, the etching degree of the etched phase also
increases, and the remaining SEBS-SBS phase will easily adhere to the cross-section and
affect the observation (for example, Figure 4G,H).

  

  

  

Figure 4. Cont.
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Figure 4. SEM diagrams obtained by etching method (A–H) correspond to samples 1–8, respectively.

3.2. Analysis of the Backscattered Electron Signal of TPSiV Made of MVSR and SEBS-SBS with
Different Relative Contents

Among many electronic signals, backscattered electrons are the part of primary elec-
trons reflected from the surface of the sample after the elastic and inelastic scattering of the
incident electrons from colliding with the atoms on the surface of the sample. Elastically
backscattered electrons are incident electrons reflected from the nucleus of the sample after
a single or few large-angle elastic scatterings, and their energy does not change. We usually
put reflected electrons with slightly varying energies in this category as well. Inelastic
backscattered electrons are those incident electrons that are eventually reflected from the
sample surface after tens or hundreds of inelastic collisions. Backscattered electrons are re-
flected in an irregular direction. However, their number is related to the angle of incidence
and the average atomic number Z of the sample. The larger the value of Z, the stronger
the signal strength of the backscattered electrons. Experiments show that when the energy
of incident electrons is 10–40 keV, the backscattering coefficient η of the sample increases
with the increase of element atomic number Z. The relationship between the backscattering
coefficient η and the backscattered electron signal intensity ib and the incident electron
intensity ip is as follows:

η =
ib
ip

(1)

When the atomic number is greater than 10, the backscattering coefficient η has the
following quantitative relationship with the atomic number Z:

η =
ln Z

(
Z
)

6
− 1

4
(2)

Figure 5 shows the relationship between the atomic number Z and the backscattering
coefficient η. From Figure 5, we can see that for elements with Z < 20, η increases rapidly
and linearly with the increase in Z. Therefore, the MVSR phase (the main constituent
element is silicon) and the SEBS-SBS phase (the main constituent element is carbon) in
TPSiV can be distinguished in the backscattering signal diagram, and the difference in the
backscattering coefficient η of the two phases is about 0.08 [25].

The larger the atomic number Z is, the stronger the backscattered signal is. Therefore,
in Figure 4, the brighter area is the MVSR phase, and the darker area is the SEBS-SBS phase.
From Figure 6, we can observe that the atomic number contrast of the two phases in TPSiV
achieves the effect of distinguishing them. According to the marks in Figure 6A,B, we also
found that when the silicone rubber content was low, a distinct “sea-island” structure was
formed between the dispersed phase and the continuous phase. However, as the silicone
rubber content increases, especially when the amount of silicone rubber reaches 70 phr,
through the observation of the marks in Figure 6D,H, there is a tendency for a co-continuous
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phase in some regions, and it is difficult to distinguish between the continuous phase and
the dispersed phase, which may affect some properties of the material. Through the image
analysis system built into the software used when taking the SEM image, we obtained the
size distribution of the dispersed phase, as shown in Figure 7. By comparing the dispersed
phase size distribution of samples with the same content of silicone rubber and different
content of silane coupling agent KH-907 (for example, samples 1 and 5), we found that
adding silane coupling agent KH-907 would make the area of the dispersed phase smaller.
We think that it may be that the promotion of interfacial interaction by silane coupling
agent KH-907 improves the dispersion of the dispersed phase, but this needs to be further
verified by other quantitative characterization methods.

Figure 5. Relationship between atomic number Z and backscattering coefficient η.

3.3. Characterization of the Compatibility between MVSR and SEBS-SBS by Fourier Transform
Infrared Spectroscopy

Fourier transform infrared spectroscopy is one of the common methods used to
qualitatively characterize the compatibility of two polymers after blending. According to
the information provided in Table 2, for MVSR, we usually take 1260 and 1010 cm−1 as
characteristic peaks.

Table 2. Infrared characteristic peaks of MVSR and SEBS/SBS.

Abbreviation Peak Position (cm−1) Corresponding Groups and Vibration Types

MVSR 2965 Stretching vibration of CH3 on siloxane
1260 Stretching vibration of Si(CH3)2
1010 Stretching vibration peak of Si-O-Si

SEBS/SBS 2920, 2850 Stretching vibration of CH3 group in SEBS/SBS
760, 700 Characteristic vibration of monosubstituted benzene
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Figure 6. BSE diagrams of TPSiV, (A–H) correspond to samples 1–8, respectively.
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Figure 7. Bar diagrams of the size distribution of the dispersed phase in the backscattered signal diagrams.

According to Figures 8 and 9 and Table 3, we found that no matter whether the silane
coupling agent KH-907 was added or not, it can bring about the shift in characteristic
peaks, and with the decrease in the relative content of silicone rubber, the wavenumber
shift is more obvious. However, after adding silane coupling agent KH-907, the value of
the wavenumber shift is larger. For example, comparing pure MVSR with samples 1 and
5, the stretching vibration peak of Si(CH3)2 in sample 1 is shifted by eight wavenumbers
compared to the same characteristic peak of pure MVSR, while the stretching vibration peak
of Si(CH3)2 in sample 5 is shifted by six wavenumbers compared to the same characteristic
peak of pure MVSR.

Figure 8. Cont.
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Figure 8. FI-IR diagrams of 100% MVSR, 50% SEBS + 50% SBS and samples 1–4. (A) Complete
spectrum; (B) Enlarged detail near wavenumber 1260 cm−1; (C) Enlarged detail near wavenumber
1010 cm−1.

Table 3. Peak wave numbers of FI-IR diagrams of 100% MVSR, 50% SEBS + 50% SBS and samples 1–8.

Abbreviation Peak Position (cm−1) Abbreviation Peak Position (cm−1)

MVSR 1010, 1259 50%SEBS + 50%SBS 1261

Sample No. Peak position (cm−1) Sample No. Peak position (cm−1)

1 1018, 1261 5 1016, 1261
2 1016, 1261 6 1014, 1260
3 1014, 1260 7 1014, 1259
4 1014, 1259 8 1012, 1259
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Figure 9. FI-IR diagrams of 100% MVSR, 50% SEBS + 50% SBS and samples 5–8. (A) Complete
spectrum; (B) Enlarged detail near wavenumber 1260 cm−1; (C) Enlarged detail near wavenumber
1010 cm−1.
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Usually, we use the compatibility results obtained by infrared spectroscopy as the
basis for qualitative analysis and do not use the absolute magnitude of the wavenumber
offset as the basis for the quantitative comparison of the compatibility of the two phases.
The infrared spectrum results in this experiment can only show that the blend system of
MVSR and SEBS/SBS has certain compatibilities, and we cannot further draw a quantitative
conclusion regarding the compatibility of MVSR and SEBS/SBS.

3.4. Analysis of the Results of the Quantitative Characterization Test of the Compatibility Layer

We usually use three parameters, L, A and B, to represent the chromaticity value of the
color of the object. The size of these three values represents the color space coordinates of a
certain color, and every color has a unique color space coordinate value. Among them, L
stands for lightness and darkness, black and white; A stands for red and green; and B stands
for yellow and blue. Since the BSE image obtained by scanning electron microscopy is black
and white—that is, the values of A and B are both 0—in the experiment, we only measure
the chromaticity value of the color of a certain point in the BSE image by the L value.

We printed the 1000 x BSE diagrams on A3 size (420 × 297 mm) photo paper with
a high-definition printer, as shown in Figure 1, and moved the colorimeter, as shown in
Figure 2. In each direction, we recorded the L value every time the colorimeter moved by
1 mm and took the arithmetic average of the thickness of the compatible layer obtained
from each direction as the final experimental result.

The field of view of the BSE diagram is not related to the size of the photo paper, so
we can first find the field of view of the BSE diagram. According to the size of the scale
bar in the BSE map and the measurement of the vernier caliper, we can calculate that the
field of view of the BSE diagram was 27.19 × 18.54 μm. Next, as shown in Figure 1, we
divided the BSE diagram into eight parts, randomly selected one of them, and printed it
out on photo paper. According to the segmentation method in Figure 1, we can calculate
that the field of view of the divided diagrams was 6.80 × 9.27 μm. We converted this field
of view with the A3 size photo paper (420 × 297 mm), and we found that 1 mm length of
photo paper represents 0.0162 μm of the diagram length and 1 mm width of photo paper
represents 0.031 μm of the diagram width.

Before the start of the experiment, we tested the L value of the MVSR and SEBS/SBS
phases. We found that the L value of the MVSR phase was between 70 and 72, and the
L value of the SEBS/SBS phase was between 47 and 50. Therefore, we inferred that the
distance with the L value of 50–70 can be regarded as the thickness of the compatibility
layer between the MVSR phase and the SEBS/SBS phase.

According to the data in Table 4, with the increase in the relative content of MVSR, the
thickness of the compatibility layer between the MVSR and the SEBS/SBS phases gradually
decreased. Since the thickness of the compatibility layer can be used as a measure of the
degree of interaction between the MVSR and the SEBS/SBS phases, combined with the
statistical data in Figure 7, we believe that the dispersed phase size of TPSiV with a high
proportion of MVSR was larger, and the “sea-island” structure tended to disappear because
the force of the two phases was reduced. By comparing the thicknesses of the compatibility
layers of several groups with the same MVSR content, with the variable only being the
content of silane coupling agent KH-907 (for example, samples 1 and 5), we found that the
thickness of the compatibility layer significantly increased after adding silane coupling
agent KH-907, which shows that the silane coupling agent can promote the interaction
between the MVSR and the SEBS/SBS phases. This can serve as a microscopic explanation
for the improved macroscopic properties after adding the silane coupling agent KH-907. It
can be seen that this characterization method overcomes the disadvantage that the etching
method and infrared spectroscopy cannot quantitatively characterize the thickness of the
compatibility layer and also avoids the defect that when the MVSR content is high, and the
etching method is used, the non-etched phase collapses and then adheres to the section.
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Table 4. Compatibility layer thickness of samples 1–8.

Sample No.
Thickness of Compatible

Layer (μm)
Sample No.

Thickness of Compatible
Layer (μm)

1 0.5616 5 0.4143
2 0.4439 6 0.3304
3 0.3518 7 0.2632
4 0.1276 8 0.0963

3.5. Analysis of the Experimental Results of the Mechanical Property Test

Table 5 shows the test results of the mechanical properties of samples 1–8. From this,
we can easily find that with the increase in the silicone rubber content, the mechanical
properties of TPSiV are significantly reduced. It is more obvious when it increases to 70%.
This is because the mechanical properties of silicone rubber itself are poor and far inferior
to SEBS and SBS. With the obvious increase in the content of silicone rubber, the material
itself gradually showed properties closer to that of silicone rubber. In addition, according
to Figure 6D,H, the partial disappearance of the “sea-island” structure in TPSiV is also one
of the reasons for the obvious deterioration of the mechanical properties of the sample with
a silicone rubber content of 70 phr.

Table 5. Mechanical properties of samples 1–8.

Sample No. Tensile Strength (MPa) Break Elongation (%) Tensile Set Rate (%)

1 9.94 664.74 17.74
2 8.83 583.71 17.89
3 7.17 456.06 24.58
4 4.09 380.01 29.09
5 7.16 516.34 20.82
6 6.52 442.34 21.53
7 5.03 352.80 28.92
8 2.94 296.37 34.21

For a material, tensile strength, elongation at break and tensile set are the three most
critical mechanical properties. Using the data shown in Table 5, we can analyze the
performance change after adding the silane coupling agent KH-907. We can calculate the
ratio of improvement in tensile strength and elongation at break by:

T =
W2 − W1

W1
(3)

where T is the improvement ratio of tensile strength and elongation at break, W1 is the
tensile strength and elongation at break before adding silane coupling agent KH-907,
and W2 is the tensile strength and elongation at break after adding silane coupling agent
KH-907.

Since the smaller the value of the tensile set, the better the performance of the material,
we use the following formula to calculate the improvement ratio of the tensile set:

R =
M1 − M2

M1
(4)

where R is the improvement ratio of the tensile set, M1 is the tensile set before adding silane
coupling agent KH-907, and M2 is the tensile strength and elongation at break after adding
silane coupling agent KH-907.

By substituting the data of Table 5 into Equations (3) and (4), we obtain Table 6. Ac-
cording to Table 6, we found that the addition of silane coupling agent KH-907 significantly
improved the mechanical strength of TPSiV; the tensile strength is increased by about 40%,
the elongation at break is increased by about 30%, and the tensile set is increased by about
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15%. Since we have quantitatively characterized the thickness of the compatibility layer
above, we believe that the reason for the improvement of mechanical properties comes
from the increase in the thickness of the compatibility layer. When the material is stretched,
the interaction between the MVSR phase and SEBS/SBS phase will be closer. This closer
interaction gives the material better mechanical properties and resilience.

Table 6. The improvement rate of mechanical properties of TPSiV after the addition of silane coupling
agent KH-907.

Silicone Rubber
Content (phr)

Tensile Strength
Improvement Rate (%)

The Rate of Increase
in Elongation at

Break (%)

Tensile Set
Improvement Rate (%)

40 38.83 28.74 14.79
50 35.43 31.96 16.91
60 42.55 29.27 15.01
70 39.12 28.22 14.97

4. Conclusions

We prepared a thermoplastic silicone rubber from methyl vinyl silicone rubber, SEBS
and SBS using a torque rheometer. By taking the backscattered electron diagram of the
material, we found that the phase distribution of the material could be characterized and
analyzed using this method. The MVSR phase is the dispersed phase, the SEBS/SBS phase
is the continuous phase, and the two have a “sea-island” structure. When the MVSR
content reaches 70 phr, the “sea-island” structure tends to disappear. After adding silane
coupling agent KH-907, the size of the MVSR phase will decrease. According to the results
obtained by infrared spectroscopy, we found that there is a certain degree of compatibility
between the MVSR phase and the SEBS/SBS phase, but this can only be used as a basis for
qualitative analysis. By using a colorimeter to analyze the printed backscattered electron
diagrams, we found that the size of the compatibility layer between the two phases can be
quantitatively characterized. Moreover, the silane coupling agent KH-907 can increase the
thickness of the compatibility layer between the two phases. In the subsequent mechanical
property test, we also found that silane coupling agent KH-907 improved the mechanical
properties of TPSiV, in which the increase rate of tensile strength is about 40%, the increase
rate of elongation at break is about 30%, and the increase rate of the tensile set is about
15%. The increase in the thickness of the compatibility layer can provide a microscopic
explanation for the improvement of mechanical properties.
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Abstract: Basalt-fiber-reinforced plastic-bars-reinforced concrete beams (i.e., BFRP-RC beams) usually
possess significant deformations compared to reinforced concrete beams due to the FRP bars having a
lower Young’s modulus. This paper investigates the effects of adding steel fibers into BFRP-RC beams
to reduce their deflection. Ten BFRP-RC beams were prepared and tested to failure via four-point
bending under cyclic loading. The experimental variables investigated include steel-fiber volume
fraction and shape, BFRP reinforcement ratio, and concrete strength. The influences of steel fibers
on ultimate moment capacity, service load moment, and deformation of the BFRP-RC beams were
investigated. The results reveal that steel fibers significantly improved the ultimate moment capacity
and service load moment of the BFRP-RC beams. The deflection and residual deflection of the
BFRP-RC beams reinforced with 1.5% by volume steel fibers were 48.18% and 30.36% lower than
their counterpart of the BFRP-RC beams without fibers. Under the same load, the deflection of
the beams increased by 11% after the first stage of three loading and unloading cycles, while the
deflection increased by only 8% after three unloading and reloading cycles in the second and third
stages. Finally, a new analytical model for the deflection of the BFRP-RC beams with steel fibers
under cyclic loading was established and validated by the experiment results from this study. The
new model yielded better results than current models in the literature.

Keywords: cyclic loading; deflection; BFRP-RC beams; steel fiber; analytical model

1. Introduction

The corrosion of steel bars in RC structures shortens the service life of RC structures
and significantly increases maintenance costs. Over the past decades, fibre-reinforced
polymer (FRP) bars have been used extensively in the construction industry as a new
type of reinforcement that replaces steel bars to solve corrosion problems [1,2]. Compared
with steel bars, FRP bars are corrosion-free, magnetically transparent, and lighter but with
higher tensile strength [3]. These important features enable FRP-RC structures to withstand
various complex and corrosive environments with desirable performances. Based on
the raw materials used for manufacturing FRPs, FRPs are divided into four categories,
including basalt-fiber-reinforced plastic (BFRP), aramid-fiber-reinforced plastic (AFRP),
glass-fiber-reinforced plastic (GFRP) and carbon-fiber-reinforced plastic (CFRP). CFRP has a
higher Young’s modulus and tensile strength than any other FRP, but its high price hinders
its wider applications in construction. Although GFRP and AFRP are less expensive,
their alkali resistance is poor, leading to a large degree of strength degradation when
reinforcing concrete with alkalinity of pH 12~13. In this regard, BFRP is now used in more
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applications in construction due to its relatively low cost, good thermal resistance, and
excellent freeze/thaw resistance [4]. At the same time, the bond performance between
BFRP bars and concrete is also better than that between GFRP bars and concrete. More
importantly, BFRP is made of volcanic basalt, which is widely recognized as a type of
green construction material with high sustainability credentials; therefore, BFRP has greater
application prospects [5]. However, the Young’s modulus of FRP bars is lower than that of
steel bars, which leads to FRP-RC structures usually possessing larger crack widths and
deflection than RC structures [6–8]. In addition, FRP-RC structures are prone to brittle
failure because FRP bars are usually brittle while steel bars are ductile.

To solve the above problems, researchers have proposed various ways to improve
the structural performance of FRP-RC beams, which include composite reinforcement
composed of steel core and FRP to reinforce RC beams [9], increasing the transverse rein-
forcement ratio for FRP-RC beams [10], grouting FRP bars in corrugated sleeves to reinforce
RC beams [11] and adding fibers as additional reinforcement into FRP-RC beams [12].
Previous studies have demonstrated that fibers can improve ductility and strain-hardening
of cementitious composite mortars and grouts [13]. Adding discrete fibers into a concrete
matrix is the most effective way to improve the serviceability performances of FRP-RC
structures. More importantly, the bridging effect of fibers leads to the pseudo-ductile
behavior of FRP-RC structures [14–29]. Chellapandian et al. [14] investigated the effects of
adding macro-synthetic fibers into concrete on the cracking, stiffness, and deformability of
GFRP-RC beams. They concluded that the fibers improved the post-cracking behavior of
GFRP-RC beams with their deformation largely enhanced by adding only 1% by volume of
steel fibers, which also transformed the GFRP-RC beams from brittle flexure–shear failure
to ductile flexural failure with higher pseudo-ductility. Filipe et al. [15] found that the use
of fibers enhanced the stiffness of FRP-RC members and helped to reduce crack spacing
and width. The same findings were also obtained by other researchers [16,17]. Ibrahim
and Eswari [18] investigated the strength and ductility of GFRP = laminated RC beams
incorporated with various amounts of discrete steel fibers. Their study revealed that incor-
porating steel fibers can effectively improve the strength and ductility of FRP-RC beams.
Issa et al. [19] concluded that polypropylene fibers, glass fibers, and steel fibers all improved
the ductility of FRP-RC beams, in particular, in the case of steel fibers, which increased
the ductility of the beams by 277.8%. Short discrete fibers not only improved the tensile
properties of concrete but also improved the shear capacity of concrete beams [20–23].
Zhu et al. [24] studied the effects of partially steel fibers reinforced concrete (SFRC) on the
flexural behavior of FRP-RC beams. The results suggest that compared with full section
SFRC beams, partially reinforced SFRC beams cannot provide a better performance, and
steel fibers helped to reduce the deflection of the FRP-RC structures. Similar findings
were also reported by other researchers. In summary, previous studies have systematically
studied the flexural behaviors of FRC beams strengthened with FRP bars under static
loading, including crack behaviors, ductility, deflection, and ultimate moment capacity.

However, for practical purposes, RC beams always bear cyclic loading rather than
static loading [30]. The flexural behaviors of RC beams under static loading are different
from those under cyclic loading, so it is imperative to investigate the effects of the deteri-
oration of concrete and FRP bars on the flexural performances of FRP-RC beams under
cyclic loading. Zhu et al. [27] studied the influence of steel fiber on the bearing capacity
of the BFRP-RC beams, and the results showed that steel fiber can help to increase the
ultimate compressive strain of concrete so as to increase the bearing capacity of the BFRP
reinforced concrete beams, and the calculation method of flexural capacity of the BFRP
bars and steel-fiber-reinforced concrete beams was established. Li et al. [28,29] analyzed
the influence of steel fibers on crack width and ductility of the BFRP-RC beams; the results
showed that steel fibers were beneficial in reducing crack width and increasing the duc-
tility of the BFRP-RC beams. The calculation method of maximum crack width and the
evaluation method of ductility were put forward. However, the research on the dRC beams
with steel fibers under cyclic load is still rare in literature.
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The purpose of this research is to study the volume fraction and type of steel fibers on
the deformation and flexural behavior of the BFRP-RC beams. In addition, the effects of
concrete strength and BFRP reinforcement ratio on the deformation and flexural behavior
of the BFRP-RC beams were also investigated. Ten beams were prepared and loaded
via four-point bending under cyclic loading until failure, which included nine beams
reinforced by both BFRP bars and steel fibers and one BFRP-RC beam without steel fibers
as a reference case. The responses of the beams under cyclic loading were compared and
analyzed from the aspects of failure mode, ultimate moment capacity, service load moment,
load-deflection relation, envelop curves, residual deflection, and stiffness degradation. In
addition, a new analytical model for the deformation of the BFRP-RC beams with steel
fibers was proposed. Compared with other models, the newly proposed model in this
paper accords better to experimental results.

2. Materials and Methods

2.1. Material Properties

In this study, three types of steel fibers were used as reinforcement for concrete, which
were differentiated in the number of hook-ends, length, diameter, and tensile strength, but
with the same aspect ratio (i.e., fiber length-to-diameter ratio). Based on the number of
hook-ends, the three types of fibers were named 3D, 4D, and 5D, respectively. Three kinds
of steel fibers were produced by Bekaert company in Shanghai, China. The steel fibers
having only one hook-end were denoted as 3D fibers, as shown in Figure 1a; those with
one and a half hook-ends were named 4D fibers, as shown in Figure 1b; and those with two
steel fiber hook-ends were called 5D fibers, as shown in Figure 1c. The physical properties
and dimensions of the three types of steel fibers are shown in Table 1. It can be seen that
the 4D and 5D fibers both had a length of 60 mm, which was longer than that, i.e., 35 mm,
of 3D fibers. In addition, 5D fibers had the highest tensile strength among the three types
of fibers.

  

 

(a) (b) 

(c) 

Figure 1. Three types of steel fibers: (a) 3D; (b) 4D; (c) 5D.

Table 1. Physical properties and dimensions of steel fibers used in this research.

Types lsf (mm) dsf (mm) lsf/dsf ft,sf (MPa) Esf (GPa)
Number of
Hook-Ends

3D 35 0.55 65 1345 200 1
4D 60 0.90 65 1600 200 1.5
5D 60 0.90 65 2300 200 2

Note: lsf is the length of steel fibers; dsf is the diameter of steel fibers; ft,sf is the tensile strength of steel fibers; Esf is
the Young’s modulus of steel fibers.
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The BFRP bars were produced by Jiangsu lvcaigu new material technology devel-
opment Co., Ltd. The BFRP bars used as the reinforcement had a diameter of 12 or 14
mm. Their tensile strength and Young’s modulus were measured conforming to Chinese
standard GB/T 30022-2013 [31], with the average of the results of five samples taken as the
relevant representative value as shown in Table 2.

Table 2. Tensile properties of the BFRP bars.

Types Diameter (mm)
Tensile Strength

(ffu) (MPa)
Young Modulus

(Ef) (GPa)
Yield Strength

BFRP 12 1080 47.0 —
BFRP 14 1060 46.5 —

In this study, two grades of concrete were prepared with the characteristic strength of
30 and 60 MPa, respectively. Mix proportions of the two grades of concrete were designed
according to JG/T 472–2015 [32], as shown in Table 3. All beam specimens are labelled
as “BN-CN-VN-SN”, where “BN” represents the BFRP reinforcement ratio in percentage,
“CN” refers to concrete grade, “VN” refers to steel-fiber volume fraction in percentage and
“SN” denotes the type of steel fibers used. For example, “B0.56C60V1.0S3” refers to the
beam specimen with a BFRP reinforcement ratio of 0.56% (i.e., 2Φ12), concrete strength of
60 MPa, the steel-fiber volume fraction of 1.0%, and 3D steel fibers.

Table 3. Concrete mixtures (in kg/m3) of the specimens.

Beams Water Cement Sand Steel Fiber Coarse Aggregate Polycarboxylate Superplasticizer

B0.56C60V1.0S3 172 521.2 669.3 78.5 (3D) 1013.5 5.212
B0.77C60V1.0S3 172 521.2 669.3 78.5 (3D) 1013.5 5.212
B1.15C60V1.0S3 172 521.2 669.3 78.5 (3D) 1013.5 5.212
B1.65C60V1.0S3 172 521.2 669.3 78.5 (3D) 1013.5 5.212

B1.15C60 172 521.2 648.6 — 1058.2 2.606
B1.15C60V0.5S3 172 521.2 658.9 39.3 (3D) 1035.9 4.170
B1.15C60V1.5S3 172 521.2 679.6 117.8 (3D) 991.1 7.297
B1.15C60V1.0S4 172 521.2 669.3 78.5 (4D) 1013.5 5.212
B1.15C60V1.0S5 172 521.2 669.3 78.5 (5D) 1013.5 5.212
B1.15C30V1.0S3 215 330.8 706.2 78.5 (3D) 1124.0 0

To ensure the slump of both grades of concrete falling between 50 and 70 mm, a
polycarboxylate superplasticizer was added to the concrete mixture. Natural gravels
with particle size ranging between 5 and 20 mm was used as coarse aggregates when
making concrete. The fine aggregate used was river sand, and its particle size was less
than 5 mm. The physical properties of aggregate are shown in Table 4. Grade 42.5R
ordinary Portland Cement conforming to Chinese standard GB175-2007 [33] was used
as the binder in preparing concrete; its physical properties are shown in Table 5. Six
150 × 150 × 150 mm3 concrete cubes and six 150 × 150 × 300 mm3 concrete prisms were
also prepared alongside each beam specimen for measuring compression strength and
splitting tensile strength of concrete.

Table 4. Physical properties of aggregate.

Aggregate Specific Gravity Water Absorption
Fineness
Modulus

Free Moisture
Content

Graded Zone

Fine aggregate 2.60 1.01% 2.78 2% II
Coarse aggregate 2.74 0.30% 7.5 NIL NIL
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Table 5. Physical properties of the used cement.

Compressive
Strength/MPa

Flexural Strength
/MPa

Setting Time/min
Specific Surface Area

m2/kg
3 d 28 d 3 d 28 d Initial Setting Time Final Setting Time

27.8 46.8 5.6 8.5 122 232 345

2.2. Test Beams

The flexural behaviors of nine BFRP-RC with steel fibers were investigated, together
with that of one BFRP-RC beam without steel fibers, which was also investigated as a refer-
ence point. All ten beam specimens had the same sizes, i.e., 150 mm wide (b) × 300 mm
deep (h) × 2100 mm long (l), and were tested via four-point bending under cyclic loading
until failure, as shown in Figure 2. ACI 440 1R-15 [34] stipulates that FRP-RC beams
should be designed with concrete crushing failure, and its reinforcement ratio should be
greater than 1.4 times of the balanced reinforcement ratio (ρfb), which can be obtained via
Equation (1).

ρ f b = 0.85β1
f ′c

f f u

Ef εcu

Ef εcu + f f u
(1)

where β1 is a factor, which can be calculated by Equation (2).

β1 = 0.85 − 0.05 × (
f ′c − 28

7
) ≥ 0.65 (2)

The balanced reinforcement ratio of all ten beam specimens was calculated by Equation (1).
The design BFRP reinforcement ratios were 0.56% (in the case of 2Φ12 FRP bars), 0.77%
(in the case of 2Φ14 FRP bars), and 1.15% (in the case of 3Φ14 FRP bars), respectively.
The reinforcement ratios of all beam specimens were higher than 1.4 times the balanced
reinforcement ratio. Four levels of steel-fiber volume fractions were investigated, which
are 0%, 0.5%, 1.0% and 1.5% respectively. Among them, three types of steel fibers were
used as reinforcement when the steel-fiber volume fraction was 1%. Steel stirrups with a
diameter of 10 mm and spacing of 75 mm were placed along the whole length of all beam
specimens, which ensures that shear failure will not occur. The concrete cover was 25 mm.
Figure 2 depicts the details of the beam specimens. Table 6 lists technical details of all beam
specimens as well as the actual mechanical properties of concrete making the specimens.

 

 

Figure 2. Specimen details (all dimensions in millimeters).
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Table 6. Technical details and actual mechanical properties of concrete for all specimens.

Beams
ρf

(%)
ρsf
(%)

Steel Fiber
Shapes

fcu,k
(MPa)

Actual Physical Properties of Concrete

fcu (MPa) ft (MPa) fc
′ (MPa) Ec (GPa)

B0.56C60V1.0S3 0.56 1.0 3D 60 60.16 5.59 48.13 41.30
B0.77C60V1.0S3 0.77 1.0 3D 60 74.99 5.70 52.45 42.70
B1.15C60V1.0S3 1.15 1.0 3D 60 81.47 6.60 65.18 42.40
B1.65C60V1.0S3 1.65 1.0 3D 60 76.47 5.84 61.18 42.40

B1.15C60 1.15 0 — 60 74.54 3.56 59.63 41.62
B1.15C60V0.5S3 1.15 0.5 3D 60 69.00 4.88 51.75 41.00
B1.15C60V1.5S3 1.15 1.5 3D 60 81.47 5.17 65.18 42.23
B1.15C60V1.0S4 1.15 1.0 4D 60 83.89 5.83 62.92 42.38
B1.15C60V1.0S5 1.15 1.0 5D 60 79.14 5.51 63.31 43.02
B1.15C30V1.0S3 1.15 1.0 3D 30 44.00 3.36 34.00 35.00

2.3. Experiment Setup and Procedure

From Figure 3a, four-point bending tests under cyclic loading mode were carried
out on beams using a 2000 kN Hydraulic Press Machine (HPM) together with a load-
distribution steel beam. Seven linear voltage differential transformers (LVDTs) were
mounted at both supports, midspan, both loading points, and the other two quartile
spans of the pure bending zone of a BFRP-RC beam. To capture the strain of the BFRP bars
during loading, nine electrical strain gauges with the size of 3 × 2 mm2 were attached to
the bottom of the BFRP bars, and their distribution on the beam was depicted in Figure 2.
Nineteen π-type strain gauges were attached to the top, bottom, and front surfaces of
each BFRP-R beam specimen to capture its strain evolution during loading, as shown in
Figure 3b. The crack width of concrete at BFRP bar levels was observed by the ZBL-F120
crack width gauge.

 
(a) Beam loading setup 

Figure 3. Cont.
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(b) Details of beam instrumentation 

Figure 3. Test setup (dimensions in millimeters).

The unloading–reloading protocol is depicted in Figure 4. First, the beams were loaded
at a rate of 0.5 kN/min until cracking; subsequently, the displacement of the hydraulic
pressure head was increased every 6 mm (i.e., actuator) as the loading grade; for example,
the displacement of the first loading grade actuator was 6 mm, the displacement of the
second loading grade actuator was 12 mm, and so on. At each loading grade, the loading–
unloading cycles were done three times until the test beam failed.

 
Figure 4. Unloading–reloading process. Note: Fcr is the cracking load; Fn is the load applied to
a beam.

3. Results and Discussion

This section presents the experimental results of the nine BFRP-RC beams with steel
fibers and the one BFRP-RC beam without steel fibers in terms of failure mode, cracking
load, service load moment, ultimate moment capacity, cracking moment, load-deflection
evolution, envelope curve, residual deflection, and stiffness degradation. The cracking
moment (Mcr) of a BFRP-RC beam was defined as the moment when the stress of the BFRP
bars quickly increased or the initial concrete cracking occurred. The stabilized moment
(Ms) referred to the moment when no new cracks appeared. Table 7 lists the experimental
results for all beams tested.
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Table 7. Experimental results for all beams.

Beams Failure Modes
Mcr

(kN·m)
Ms

(kN·m)
Mu

(kN·m)
Δmax
(mm)

ω100 kN
(mm)

Number of
Cracks

B0.56C60V1.0S3 BFRP bars rupture 13.50 21.07 51.85 32.23 0.72 7
B0.77C60V1.0S3 BFRP bars rupture 14.10 23.40 73.28 35.23 0.70 8
B1.15C60V1.0S3 Concrete crushing 14.25 25.74 101.34 44.32 0.37 10
B1.65C60V1.0S3 Concrete crushing 15.00 28.23 101.43 46.83 0.35 10

B1.15C60 Concrete crushing 9.30 18.14 93.48 44.31 0.75 7
B1.15C60V0.5S3 Concrete crushing 13.50 21.27 94.92 46.03 0.52 9
B1.15C60V1.5S3 Concrete crushing 16.50 27.93 106.77 44.42 0.33 11
B1.15C60V1.0S4 Concrete crushing 15.00 25.50 103.53 46.04 0.35 10
B1.15C60V1.0S5 Concrete crushing 15.00 26.82 104.37 45.50 0.34 11
B1.15C30V1.0S3 Concrete crushing 9.75 22.90 80.50 46.45 0.50 10

Note: Mcr is the cracking moment; Ms is the stabilized moment; Mu is the ultimate moment capacity of a beam;
Δmax is the deflection when the ultimate moment capacity is reached; ω100 kN is the crack width of a beam at
100 kN.

3.1. Failure Modes, Service Load Moment, and Ultimate Moment Capacity

Although the BFRP reinforcement ratios of the beam specimens were all greater than
1.4 times the balanced reinforcement ratio as recommended by ACI 440.1R-15, the beam
specimens tested in this research exhibited two distinguished failure modes, which are
concrete crushing and BFRP bar rupturing. Figure 5 depicts the two failure modes. BFRP
bar rupturing occurred in specimens B0.56C60V1.0S-3 and B0.77C60V1.0S-3 (see Figure 5a),
while all other beam specimens failed by concrete crushing. As can be seen from Table 7, the
number of cracks of specimens B0.56C60V1.0S-3 and B0.77C60V1.0S-3 was less than that of
other beam specimens, but their crack width was larger. For the beams that failed by BFRP
bar rupture, the stiffness of the beams decreased rapidly after cracking, and the deflection
increased sharply. Then the bearing capacity decreased suddenly before the ultimate failure,
and BFRP bars were broken, which was companied by a loud sound. Beams exhibited no
ductility under this failure mode, which shall be avoided in design. A beam that failed
by concrete crushing is shown in Figure 5b. It can be seen that under such a failure mode,
multiple cracks but with smaller widths occurred, and horizontal cracks were observed
at the top of the beam section. As observed, the beam experienced the following cracking
process before ultimate failure: first, small horizontal cracks appeared one by one at the
top of the beam section; then, the small horizontal cracks gradually connected and formed
a crack, which led to the bulge of concrete in the compression zone; finally, the ultimate
moment capacity of the beam was reached. Therefore, the FRP-RC beams with concrete
crushing exhibited good ductility [19,27].

The maximum crack width of FRP-RC beams under service load moment was larger
than that of RC beams due to FRP bars possessing an anticorrosion property. The CSA
code [35] recommends that the maximum crack width of FRP-RC beams in outdoor and
indoor service environments shall be less than 0.5 mm and 0.7 mm, respectively. Coastal
engineering structures, bridges, and other infrastructure, which frequently experience
cyclic loading, are usually constructed in an outdoor service environment. Therefore, the
service load moment (Mser) of an FRP-RC beam was defined as the moment when the
maximum crack width reached 0.5 mm. Figure 6 illustrates the service load moment (Mser)
and ultimate moment capacity (Mu) of all beams. It can be seen from Figure 6a that service
load moment and ultimate moment capacity increases with the BFRP reinforcement ratios,
but the influence of the BFRP reinforcement ratio on the ultimate moment capacity of
beams with BFRP bars rupture was significantly higher than that of beams with concrete
crushing. The reason is that the ultimate moment capacity of the beams with BFRP bars
rupture was determined by the BFRP reinforcement ratio, while the ultimate moment
capacity of beams with concrete crushing was dictated by concrete performances. Steel
fibers made a significant contribution to improving the performance of concrete, including
enhancing concrete’s tensile strength, ultimate compressive strain, and bond strength,
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which is beneficial for improving the service load moment and ultimate moment capacity of
the beams. The service load moment and ultimate moment capacity of the beam with 1.5%
by volume steel fibers were 103.3% and 14.2%, respectively, higher than their counterparts
of those beams without steel fibers, as shown in Figure 6b. Steel fibers significantly
improved the serviceability of the beams under cyclic loading. From Figure 6c, the service
performance and ultimate moment capacity of the beams increased with the increase in
fiber length and the number of fiber hook-ends. Compared with 3D and 4D steel fibers
reinforced beams, the load moment and ultimate moment capacity of beams with 5D steel
fibers were higher. The concrete strength also significantly affects the flexural performances
of the beams. As can be seen from Figure 6d, the service load moment and ultimate moment
capacity of the beams with high strength concrete (i.e., Grade 60) were 17.1% and 25.9%,
respectively, higher than those with low strength concrete (i.e., Grade 30).

 
(a) C60B0.56S1.0-5 

 
(b) C60B1.15S1.0-5 

Figure 5. Failure modes of beams: (a) BFRP bars rupture; (b) concrete crushing.

  
(a) (b) 

Figure 6. Cont.
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(c) (d) 

Figure 6. Service load moment and ultimate moment capacity of beams with respect to (a) BFRP
reinforcement ratio; (b) steel fiber content; (c) steel fiber shape; (d) concrete strength.

3.2. Load-Deflection Curve and Envelope Curve

Load-deflection curves of beams under cyclic loading were commonly used for ex-
amining their flexural behaviours, from which the envelope curve, energy dissipation,
residual deflection, stiffness, etc., was able to be derived. The envelope curve was the curve
connecting the peak load of all cycles in the load-deflection curve of a beam under cyclic
loading. The enclosed area in the load-deflection curve after the unloading–reloading cycle
represented the energy dissipation of the beam under this unloading–reloading cycle. The
residual deflection was defined as the irrecoverable deflection of a beam after the load
was unloaded to 0. The load degradation coefficient meant the reduction coefficient of
the peak load at the same displacement in different unloading–reloading cycles. Figure 7
presents the load-deflection curves of all beams tested in this research. The red curves,
blue curves, and pink curves indicate the first cycle, the second cycle, and the third cycle
envelope curves, respectively, of the load-deflection curves. The envelope curve was also
an important index for studying the flexural performance of a beam under cyclic loading.
From Figure 7, it is obvious that the load-deflection curves of all beams demonstrate the
identical characteristics, i.e., all load-deflection curves increased linearly after cracking;
the residual deflection increased with unloading–reloading cycles, especially at larger
deflection; the peak load and energy consumption of the beam under the same deflection
decreased gradually with the increase of loading–unloading cycles. Figure 8 reproduces
the first cycle envelope curves for all beams.

  
(a) (b) 

Figure 7. Cont.
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(c) (d) 

  
(e) (f) 

  
(g) (h) 

  
(i) (j) 

Figure 7. Load-deflection curves for all beams tested: (a) B0.56C60V1.0S3; (b) B0.77C60V1.0S3;
(c) B1.15C60V1.0S3; (d) B1.65C60V1.0S3; (e) B1.15C60; (f) B1.15C60V0.5S3; (g) B1.15C60V1.5S3;
(h) B1.15C60V1.0S4; (i) B1.15C60V1.0S5; (j) B1.15C30V1.0S3.
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(a) (b) 

  
(c) (d) 

Figure 8. Envelope curve (first cycle) for beams with different: (a) BFRP reinforcement ratio; (b) steel-
fiber volume fraction; (c) steel fiber shape; and (d) concrete strength.

3.2.1. Number of Unloading–Reloading Cycles

From Figure 7, it can be found that unloading–reloading cycles at the same stroke
displacement significantly reduced the peak load of a beam. However, the peak load
reduction rate decreased with the increase of unloading–reloading cycles. According to the
experimental results, the average peak load of the second cycle was 3%~12% lower than
that of the first cycle, while the average peak load of the third cycle was only 1%~5.38%
lower than that of the second cycle. This was due to greater damage to the beams caused by
the increase in loading in the first cycle, leading to the increase in crack width and height,
the decrease of the effective area of concrete, and hence the reduction of stiffness. The
peak load of the second and third unloading–reloading cycles was lower than that of the
first unloading–reloading cycle. But the width and height of cracks after the second and
the third unloading–reloading cycles were comparable to those after the first unloading–
reloading cycle. The decrease in stiffness was only related to the internal damage and bond
between concrete and BFRP bars. Therefore, the reduction rate of peak load was decreased
with the increase of unloading–reloading cycles. For example, for beam B1.15C60V1.0S3
with a stroke displacement of 6 mm, the peak load degradation coefficient after the second
and the third unloading–reloading cycles were 7.12% and 1.08%, respectively.

More importantly, the deflection of all beams increased with the increase of the number
of unloading–reloading cycles under the same applied load. Table 8 shows the deflections
of the beams at the first cycle and the deflections after three unloading–reloading cycles
under the same applied load. It can be seen from Table 8 that after three loading and
unloading cycles of the first stage under the same applied load, the deflections of the beams
increased by 11% on average, but after three loading and unloading cycles of the second
and third stages under the same applied load, the deflections of the beams increased by
only 8% on average. The reason was that the skeleton curves of the beams were bilinear;
due to the lower elastic modulus of the BFRP bars, the stress of the BFRP bars increased
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rapidly after concrete cracking, resulting in a large increase of the deflection after three
loading and unloading cycles of the first stage. Therefore, the deflections of the beams
under cyclic loading can be calculated by the following formula.

Δ′ = Δ × (1 + 11%)× (1 + 8%)n−1 (3)

where Δn
′ is the deflection of a beam after three cycles under cyclic loading, Δ is the

deflection of the beam under static loading, and n is the loading grade under cyclic loading
(n ≥ 1).

Table 8. Beam’s deflections at the first cycle and after three loading–unloading cycles under the same
applied load.

Beams
Load
(kN)

Δ1

(mm)
Δ1′

(mm)
Δ1/Δ1′

Load
(kN)

Δ2

(mm)
Δ2′

(mm)
Δ2/Δ2′

Load
(kN)

Δ3

(mm)
Δ3′

(mm)
Δ3/Δ3′

B0.56C60V1.0S3 74.43 5.57 6.50 1.17 106.19 12.20 13.56 1.11 133.17 18.85 20.72 1.10
B0.77C60V1.0S3 78.53 3.59 4.20 1.17 119.00 9.54 10.51 1.10 160.93 15.74 17.39 1.10
B1.15C60V1.0S3 85.80 4.63 5.15 1.11 140.40 10.82 11.75 1.09 191.50 17.27 18.50 1.07
B1.65C60V1.0S3 130.90 5.77 6.60 1.14 169.40 8.76 9.50 1.08 229.00 14.87 16.19 1.09

B1.15C60 60.00 5.33 5.86 1.10 105.32 11.79 12.62 1.07 150.39 18.27 19.11 1.05
B1.15C60V0.5S3 71.00 5.02 5.60 1.12 124.90 11.55 12.28 1.06 175.10 17.97 18.95 1.05
B1.15C60V1.5S3 93.10 4.66 5.15 1.11 152.50 11.00 11.86 1.08 206.20 17.51 18.89 1.08
B1.15C60V1.0S4 85.00 4.88 5.30 1.09 147.40 11.19 11.86 1.06 201.70 17.52 18.70 1.07
B1.15C60V1.0S5 89.40 4.75 5.20 1.09 155.40 10.77 11.45 1.06 212.90 16.85 17.90 1.06
B1.15C30V1.0S3 76.33 5.79 6.32 1.09 130.28 12.18 13.27 1.09 175.49 18.62 20.10 1.08

Average value 1.12 1.08 1.08

Note: Δm is the deflection of a beam at the first cycle under the mth loading stage, and Δm
′ is the deflection of the

beam after the third unloading–reloading cycle under the mth loading stage.

3.2.2. BFRP Reinforcement Ratio

Compared with other variables, the BFRP reinforcement ratio had the greatest influ-
ence on both the envelope and the load-displacement curves. The BFRP reinforcement ratio
directly affects the failure modes of beams under bending. There was an obvious difference
between the load-deflection curves of beams that failed by concrete crushing and those
that failed by the rupture of BFRP bars. For the beams failed by BFRP bar ruptures, the
crack width and height developed rapidly after cracking, which caused the slope of the
load-deflection curves to decrease rapidly. More importantly, the peak load decreased with
the increase in deflection. For beams B0.56C60V1.0S3 and B0.77C60V1.0S3, the peak load
reached the maximum when the displacement was 36 mm, but the peak load decreased at
the displacement of 42 mm, as shown in Figure 8a. Therefore, the beams failed by BFRP
bars rupture exhibited poor ductility. The slope of the load-deflection curves of the beams
with concrete crushing decreased gently after cracking. Moreover, the energy consumption
of the beams that failed by concrete crushing was much higher than that of the beams that
failed by BFRP bars rupture. The deflection of beams B0.77C60V1.0S3, B1.15C60V1.0S3,
and B1.65C60V1.0S3 was 39.57%, 43.78%, and 62.95%, respectively, lower than that of beam
B0.56C60V1.0S3 at the applied load of 110 kN.

3.2.3. Steel Fiber Volume Fraction and Shape

Remarkably, the envelope curve of the BFRP-RC beams with steel fibers was different
from that of the BFRP-RC beam without steel fibers, as shown in Figure 8b,c. The slope
of the first cycle envelope curve of the BFRP-RC beams with steel fibers decreased slowly
after cracking, and the first cycle envelope curves were approximately trilinear. However,
the first cycle envelope curve of the BFRP-RC beam without steel fibers is approximately
bilinear. From Figure 8b, it can be seen that the envelope curve of beam B1.15C60 had the
same features as the BFRP-RC beams with steel fibers before cracking, but the bridging
effect of steel fibers after cracking limited the further development of crack width and
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height, which resulted in the stiffness of the beam decreased slowly and the slope of
the first cycle envelope curve reduced slowly. The steel-fiber volume fraction of beam
B1.15C60V1.0S3 was 1.5% which was higher than that of beam B1.15C60, and the deflection
of the former was reduced by 48.18% at 110 kN applied load compared with the latter. The
increase in the number of fiber hook-ends was beneficial to improve the stiffness and thus
reduce the deflection of the beam. As shown in Figure 8c, when the number of steel fiber
hook-ends increased from 1 to 2 (i.e., from 3D to 5D), the deflection of the beam reduced by
11.56% at the applied load of 110 kN.

3.2.4. Concrete Strength

From Figure 8d, the envelope curves of beams with high strength concrete and low
strength concrete exhibited the same features during both the elastic growth stage and the
rising plastic stage. The load was shared by BFRP bars and concrete matrix before cracking,
and the envelope curves demonstrated a linear increase manner until crack occurred. The
stress and strain of the BFRP bars increase linearly. After cracks appeared, the first cycle
envelope curve increased with the increase of deflection until failure, but the slope of
the first cycle envelope curve decreased. This was because the width and height of the
crack increased with the increase of deflection, resulting in the reduction of the stiffness of
beams. High strength concrete had higher Young’s modulus and tensile strength than low
strength concrete, resulting in that the stiffness of beam B1.15C60V1.0S3 was larger than
that of beam B1.15C30V1.0S3. Moreover, the area surrounded by the load-deflection curve
of beam B1.15C60V1.0S3 was higher than that of beam B1.15C30V1.0S3, suggesting that
increasing concrete strength is beneficial for increasing energy consumption, improving
stiffness, and reducing deflection of the beam. Compared with beam B1.15C30V1.0S3
with low strength concrete grade 30, the energy dissipation of beam B1.15C60V1.0S3 with
high strength concrete grade 60 increased by 2.67% before failure, but the deflection of the
beam at 110 kN was reduced by 17.54%. Therefore, the deflection of FRP-RC beams can be
effectively reduced by increasing concrete strength [21–23].

3.3. Residual Deflection

The residual deflection was defined as the irrecoverable deflection of a beam after the
load was unloaded to 0 [36]. Figure 9 presents the load-residual deflection curves of beams.
From Figure 9, it can be found that the residual deflection of all beams increased with the
increase of the applied load and the number of unloading–reloading cycles under the same
deflection. Moreover, the influence of the number of unloading–reloading cycles on the
residual deflection became more significant under higher load. For beam B1.15C60V1.0S3,
the residual deflection after the third unloading–reloading cycle was only 5.15% higher
than that of the first loading when the deflection was 6 mm, while the residual deflection
after the third unloading–reloading cycle was nearly 10% higher than that of the first
loading when the deflection increased to 42 mm. The residual deflection of other beams
demonstrated a similar trend. The reason was that the stiffness of a beam was larger at the
initial stage of loading, the unloading–reloading cycle had a little cumulative effect on the
internal damage of the beam, but the stiffness of the beam degraded rapidly at the later
stage of loading, the damage accumulation of concrete and BFRP bars increased with the
increase of a number of unloading–reloading cycles, resulting in larger residual deflection.

Figure 10 illustrates the load-residual deflection curves of the beams under the first
unloading–reloading cycle. The influences of the four variables on the load-residual
deflection curves of the beams are elaborated in Figure 10. The BFRP reinforcement ratio
had the greatest influence on the load-residual deflection curves. The stress growth rate of
beams with a high BFRP reinforcement ratio was lower than that of beams with a low BFRP
reinforcement ratio after cracking. Therefore, beams with a low reinforcement ratio had
a larger residual deflection. The residual deflection of B0.77C60V1.0S3, B1.15C60V1.0S3,
and B1.65C60V1.0S3 under the 110 kN load was 40.31%, 62.61%, and 76.13%, respectively,
lower than that of B0.56C60V1.0S3.
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Figure 9. Cont.
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(i) (j) 

Figure 9. Load-residual deflection curves for beams: (a) B0.56C60V1.0S3; (b) B0.77C60V1.0S3;
(c) B1.15C60V1.0S3; (d) B1.65C60V1.0S3; (e) B1.15C60; (f) B1.15C60V0.5S3; (g) B1.15C60V1.5S3;
(h) B1.15C60V1.0S4; (i) B1.15C60V1.0S5; (j) B1.15C30V1.0S3.

  
(a) (b) 

  
(c) (d) 

Figure 10. Load-residual deflection (first cycle) for beams with different: (a) BFRP reinforcement
ratio; (b) steel fiber content; (c) steel fiber shape; (d) concrete strength.

Secondly, concrete strength and steel-fiber volume fraction also had significant effects
on the load-residual deflection curves. From Figure 10a,b, the residual strength of the beam
decreased with the increase of concrete strength and steel-fiber volume fraction. Compared
with beam B1.15C30V1.0S3 with low-strength concrete grade 30, the residual deflection of
beam B1.15C60V1.0S3 with high-strength concrete grade 60 at 110 kN reduced by increased
by 5.56%. The increase of steel-fiber volume fraction increased the bridging action between
concrete and steel fibers, which hindered the development of concrete cracking in the
tensile zone, and then enhanced the stiffness of the beams, therefore reducing their residual
deflection [36]. Compared with beam B1.15C60 without steel fibers, the residual deflection
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of beam B1.15C60V1.5S3 with a steel-fiber volume fraction of 1.5% at 110 kN applied load
was reduced by 30.36%.

Finally, the steel fiber shape had the least influence on the load-residual deflection
curves, as shown in Figure 10d. 3D, 4D, and 5D steel fibers all had the same fiber aspect ratio
but different lengths, numbers of hook-ends, and tensile strength. The results indicated
that all three types of steel fibers had a bond-slip failure, and no steel fibers were broken
during testing. Longer fibers and more hook-ends are both beneficial for improving the
bond between concrete and steel fibers, but the strength of steel fibers had little influence on
the bond between concrete and fibers. Therefore, the residual deflection of the beams with
5D steel fibers was lower than that of beams with 3D steel fibers. However, the influence of
steel fiber shape on the residual deflection was less obvious than the other three variables.

3.4. Stiffness Degradation

The deflection of the beams increased with the increase of the unloading–reloading
cycles under the same applied load, which was called stiffness degradation. According to
JGJ/T 101-2015 [37], the stiffness of a beam is expressed by secant stiffness Kij, which can
be calculated by the following equation.

Kij =

∣∣+Fij
∣∣+ ∣∣∣−F′

ij

∣∣∣∣∣+Δij
∣∣+ ∣∣∣−Δ′

ij

∣∣∣ (4)

where Fij represents the peak load of the jth cycle under a displacement of ith; Δij represents
the largest displacement of the jth cycle under a displacement of ith; Fij’ represents the
minimum load of the jth cycle under a displacement of ith; Δij’ represents the residual
deflection of the jth cycle under a displacement of ith; j is the number of cycles under a
displacement of ith, where j is less than or equal to 3 in this study.

As the loading mode was cyclic in this research, Fij” = 0, Δij
′ = 0. Therefore, the secant

stiffness Kij can be simplified as the following equation:

Kij =

∣∣+Fij
∣∣∣∣+Δij
∣∣ (5)

Figure 11 depicts the stiffness–displacement curves of all beams. The stiffness of
the beams decreased with the increase of displacement, and the stiffness degradation
rate decreased with the increase of displacement. In particular, the stiffness degradation
rate was the highest from the initiation of cracking to an actuator displacement of 6 mm.
The stiffness of the beams remained unchanged before cracking. After cracking to an
actuator displacement of 6 mm, the crack width and height increased rapidly, and the
effective section of a beam decreased accordingly, leading to a higher rate of stiffness
degradation. When the actuator displacement reached 6 mm, the crack height of a beam
changed little, and the stiffness degradation was small. Noticeably, increasing the number
of unloading–reloading cycles decreased the stiffness under the same deflection, but the
stiffness degradation rate of beams decreased. The stiffness of the beams in the second
cycle was 4.00% lower than in the first cycle under the same deflection, and their stiffness
in the third cycle was 1.59% lower than in the second cycle. The main reason for this was
that after the first cycle, new cracks appeared, and old cracks further developed, leading
to rapid stiffness degradation. The peak load of the second cycle decreased under the
same displacement, and no new cracks appeared, which had little effect on the stiffness of
the beams.
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Figure 11. Cont.
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Figure 11. Stiffness–displacement curves: (a) B0.56C60V1.0S3; (b) B0.77C60V1.0S3; (c) B1.15C60V1.0S3;
(d) B1.65C60V1.0S3; (e) B1.15C60; (f) B1.15C60V0.5S3; (g) B1.15C60V1.5S3; (h) B1.15C30V1.0S3;
(i) B1.15C60V1.0S4; (j) B1.15C60V1.0S5.

Figure 12 illustrates stiffness–displacement curves of the beams in the first cycle under
different variables. The stiffness had increased with the increase of the BFRP reinforcement
ratio, but the stiffness degradation rate decreased. After cracking, the restraint force of
the beams with a higher reinforcement ratio on crack width expansion was higher than
that of the beams with a lower reinforcement ratio, so the stiffness degradation rate of
beams with a higher reinforcement ratio was reduced. The increase of steel-fiber volume
fraction and number of hook-ends helped to enhance the stiffness. From Figure 12b,c, it can
be found that steel-fiber volume fraction and the number of hook-ends had a significant
effect on the stiffness–displacement curve of the beams in the early stage of loading, but the
effect became less significant in the later stage. Increasing volume fraction and number of
hook-ends of steel fibers was beneficial for improving the tensile strength of concrete, and
the random distribution of fibers helped to hinder the further development of cracks, thus
reducing the deflection of the beams in the early stage of loading. The effects of fibers on
deflection were reduced at the later stage of loading because most steel fibers in the tensile
zone were pulled out at the ultimate failure. 5D steel fibers had higher tensile strength and
more hook-ends than the 3D and 4D steel fibers. Therefore, the bond strength between
concrete and fibers was higher than other steel fibers, which made the stiffness of beam
B1.15C60V1.0S5 higher than that of beams B1.15C60V1.0S3 and B1.15C60V1.0S4. The effect
of concrete strength on beam stiffness–displacement curves are depicted in Figure 12d.
Increasing concrete strength can increase the stiffness of the beams, but it has little effect on
the stiffness degradation rate.

  
(a) (b) 

Figure 12. Cont.
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Figure 12. Stiffness–displacement curves of beams at the first loading–unloading cycle with respect
to (a) reinforcement ratio; (b) steel-fiber volume fraction; (c) steel fiber shape; (d) concrete strength.

4. Experimental Results versus Model Prediction

FRP-RC beams usually possess larger deflection than RC beams due to the FRP bars
having a lower Young’s modulus. In this regard, the serviceability limit states usually
control the structural design of FRP-RC beams. Controlling the deformation of FRP-RC
beams under cyclic loading is particularly important for design. At present, most studies
and design codes use the effective moment of inertia method to evaluate the deflection of
FRP-RC beams under static loading, which is also used in this paper to predict and evaluate
the deflections of the BFRP-RC beams with steel fibers under cyclic loading. Results from
various analytical models/empirical equations were compared with experimental results
from this research, through which the analytical model/empirical equations were evaluated
for their appropriateness for calculating the deflection of the BFRP-RC beams with steel
fibers under cyclic loading. Table 7 summarizes the comparisons between the experimental
and theoretical results of the deflection of beams tested at a crack width of 0.5 mm.

4.1. Theoretical Calculation of Deflection of FRP-RC Beams

To simplify the analysis, the following assumptions were taken when evaluating the
deflection of FRP-RC beams.

(1) A beam section is homogeneous before concrete cracking, and the contribution of the
BFRP bars to the total moment of inertia of a beam section is neglected. Therefore, the
total moment of inertia (Ig) can be obtained by the following equation.

Ig =
bh3

12
(6)

(2) After a crack is initiated in concrete, the contribution of the concrete in the tension
zone is neglected. Therefore, the moment of inertia (Icr) of the cracked beam section
can be obtained by the following equation.

Icr =
b
3

d3k3 + n f A f d2(1 − k)2 (7)

k =
√

2ρ f n f + (ρ f n f )
2 − ρ f n f (8)

n f =
Ef

Ec
(9)

where d is the effective depth of the beam section, k is the ratio of the depth of the
neutral axis to the depth of reinforcement bars, nf is the ratio of Young’s modulus
of FRP bars to the modulus of elasticity of concrete, Ec is the Young’s modulus of
concrete, Ef is the Young’s modulus of FRP bars, and ρf is the FRP reinforcement ratio.
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Currently, there are various calculation models for the effective moment of inertia (Ie)
of an FRP-RC beam section. Bischoff [38,39] recommended that the effective moment of
inertia (Ie,bischoff) of an FRP-RC beam section can be obtained by Equation (10).

Ie,bischo f f =
Icr

1 −
(

1 − Icr
Ig

)(
Mcr
Ma

)2 (10)

where Mcr is the cracking moment, and Ma is the applied moment.
According to Benmokrane et al. [40], the effective moment of inertia (Ie,benmokrane) of an

FRP-RC beam section can be evaluated by Equation (11).

Ie,benmokrane =

(
Mcr

Ma

)3 Ig

7
+ 0.84

[
1 −

(
Mcr

Ma

)3
]

Icr ≤ Ig (11)

Alsayed et al. [41] proposed that the effective moment of inertia (Ie,alsayed) of an FRP-RC
beam section can be evaluated by Equation (12).

Ie,alsayed =
(

1.4 − 2
15

(
Ma
Mcr

))
Icr f or 1 < Ma

Mcr
< 3

Ie,alsayed = Icr f or 3 < Ma
Mcr

(12)

Canadian ISIS [42] code recommends that the effective moment of inertia (IISIS) of an
FRP-RC beam section can be evaluated by Equation (13).

Ie =
Ig Icr

Icr +

[
1 − 0.5

(
Mcr
Ma

)2
](

Ig − Icr
) (13)

Combined with classical beam theory and the effective moment of inertia method, the
mid-span deflection (Δ) of an FRP-RC beam can be obtained by Equation (14).

Δ =
pla

48Ec Ie
(3l2

o − 4l2
a) (14)

where p is the applied load, la is the shear span, and lo is the clear span.
Using the various effective moment of inertia formulas in literature and design codes

summarized above, combined with the deflection calculation method from the classical
beam theory, the deflection of a BFRP-RC beam with steel fibers at 0.5 mm crack width
can be obtained. However, none of the above analytical models for the effective moment
of inertia considers the positive contribution of steel fibers to the moment of inertia of
the section of a beam strengthened with BFRP bars. Indeed, for a BFRP-RC beam with
steel fibers, the contribution of steel fibers in the concrete tensile zone cannot be neglected,
because steel fibers reinforced concrete can bear large tensile stress after concrete cracking.

4.2. A New Model for the Deflection of the BFRP-RC Beams with Steel Fibers

As elaborated above, when calculating the deflections of the BFRP-RC beams with
steel fibers, the effect of steel fibers on the deflection should be considered. However, the
influences of steel fibers on the deflection of a BFRP-RC beam with steel fibers should be
considered after concrete cracking [19]. The distance from the center of the mass of a fiber
to the neutral axis of the beam cannot be calculated, resulting in the inability to obtain its
area and moment of inertia. Rather, some scholars believe that the steel fibers in a beam
section can be taken as a whole, which can obtain its area and moment of inertia [19]. The
distribution and orientation of steel fibers dictate the concrete’s performance, especially
at the post-cracking stage. Generally, the distribution of steel fibers is described by the
non-uniformity coefficient ηv, while the orientation is by the orientation coefficient η0.
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Zhu [19] recommends that the total area of steel fibers in an SFRC beam is obtained by the
following equations:

As f = η0ηvbhρs f = ηbhρs f (15)

where η is the steel fiber effective coefficient (in this research, η was taken as 0.16).
Figure 13a depicts the gross section and transformed an uncracked section of a beam.

Since the area moments of the compression and tension zones of the beam are equal,
Equations (16) and (17) can be derived as follows:

bx2
0

2
+

(ns f − 1)bx2
0 As f

2h
=

b(h − x0)
2

2
+ (ns f − 1)As f

(h − x0)
2

2h
+ (n f − 1)A f (d − x0) (16)

x0 =

bh2

2 + (n f − 1)A f d +
(ns f −1)As f h

2h
bh + (n f − 1)A f + (ns f − 1)As f

(17)

ns f =
Es f

Ec
(18)

The moment of inertia of the gross section (Ig) of a BFRP-RC beam with steel fibers is
calculated by the following equation.

Ig =
b
3

[
x3

0 + (h − x0)
3
]
+ (n f − 1)A f (d − x0)

2 +
(ns f − 1)As f

3h

[
x0

3 + (h − x0)
3
]

(19)

Figure 13b describes the cracked and transformed cracked sections of a beam. Since the area
moments of the compression and tension zones of the beam are equal, Equations (20) and (21)
can be derived as follows:

bx2
cr

2
+

(ns f − 1)bx2
cr As f

2h
= ns f As f (d − xcr) +

ns f (h − xcr)
2 As f

2h
(20)

xcr =
−(ns f As f + n f A f ) +

√
(ns f As f + n f A f )

2 + 2(b − As f
h )(

ns f
2 hAs f + n f A f d)

b − As f
h

(21)

The moment of inertia of the cracked section (Icr) of a BFRP-RC beam with steel fibers
is calculated by the following equation.

Icr =
b
3

x3
cr + n f A f (d − xcr)

2 +
ns f As f

3h
(h − xcr)

3 (22)

After the moment of inertia of the gross and cracked section of a BFRP-RC beam
with steel fibers was obtained, the deflection of the beam can be calculated by introducing
Equations (13) and (14).

  
(a) (b) 

Figure 13. Sectional parameters of the gross and cracked sections: (a) gross section; (b) cracked
section. “筋” = steel.
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According to the loading regime adopted in this research, the deformation of the beam
can be checked according to the static loading before the stroke of the actuator reached
6 mm, but the cyclic loading effect shall be considered after the actuator’s stroke reached
6 mm. Table 9 lists the deflections of all beams investigated in this research when the stroke
of the actuator reached 6 mm from experiment and calculation from various models in
literature and design codes, as well as the new analytical model established in this study.
From Table 9, the calculated deflections from the Bischoff, Benmokrane, Alsayed, and
Canadian ISIS models are 13%~49% higher than the experimental value. While the average
deflections calculated by the proposed analytical model in this paper are only 9% higher
than the experimental ones, and the coefficient of variation is only 0.22, which is lower
than the coefficient of variation of any other existing model investigated. Therefore, the
analytical model proposed in this paper is more reliable and accurate for evaluating the
deflection of the BFRP-RC beams with steel fibers.

Table 9. Deflections of the beams from the experiment and calculated from the proposed analytical
momodelhen the stroke of the actuator reached 6 mm.

Beams
F1

(kN)
Δ1

(mm)
Δc

(mm)
Δc
/Δ1

ΔBenm.
(mm)

ΔBenm.
/Δ1

ΔBisch.
(mm)

ΔBisch.
/Δ1

ΔAlsa
(mm)

ΔAlsa
/Δ1

ΔISIS
(mm)

ΔISIS
/Δ1

B0.56C60V1.0S3 74.43 5.57 6.6 1.20 9.14 1.64 7.84 1.41 9.92 1.78 9.73 1.75
B0.77C60V1.0S3 78.53 3.59 5.84 1.63 8.02 2.23 6.22 1.73 7.96 2.22 7.79 2.17
B1.15C60V1.0S3 85.80 4.63 5.02 1.08 7.10 1.53 5.11 1.10 6.12 1.32 6.10 1.32
B1.65C60V1.0S3 130.90 5.77 7.58 1.31 9.63 1.67 8.36 1.45 9.16 1.59 8.99 1.56

B1.15C60 60.00 5.33 4.37 0.91 5.03 0.94 3.82 0.72 4.40 0.83 4.42 0.83
B1.15C60V0.5S3 71.00 5.02 4.34 0.86 5.72 1.14 3.74 0.74 4.95 0.99 4.81 0.96
B1.15C60V1.5S3 93.10 4.66 4.91 1.05 7.67 1.65 5.25 1.13 6.55 1.41 6.47 1.39
B1.15C60V1.0S4 85.00 4.88 4.89 1.00 7.05 1.44 4.83 0.99 6.00 1.23 5.94 1.22
B1.15C60V1.0S5 89.40 4.75 5.2 1.09 7.38 1.55 5.27 1.11 6.35 1.34 6.33 1.33
B1.15C30V1.0S3 76.33 5.79 5.22 0.84 6.82 1.18 5.40 0.93 6.39 1.10 6.33 1.09
Average value 1.09 1.50 1.13 1.38 1.36
Coefficient of variation 0.22 0.34 0.30 0.38 0.37

Note: F1 is the applied load on the beams when the stroke of the actuator reached 6 mm; Δ1 is the deflection of
the beams when the stroke of the actuator reached 6 mm; Δc is the deflection of the beams calculated from the
analytical model established in this paper; ΔBenm. is the deflection of the beams calculated using Benmokrane’s
model; ΔBisch. is the deflection of the beams calculated using Bischoff’s model; ΔAlsa is the deflection of the beams
calculated from Alsayed’s model; ΔISIS is the deflection of the beams calculated using the Canadian ISIS model.

According to the loading regime adopted in this study, the cyclic loading effect shall
be considered after the stroke of the actuator reached 6 mm. In sum, the deflection of a
beam under a certain load can be calculated by using Equations (13), (14), (19) and (22).
By introducing the calculated results into Equation (1), the deflection of the beam under
cyclic loading can be calculated. Table 10 compares the calculated deflection and the actual
deflection of the beams after three loading and unloading cycles. From Table 10, it can be
seen that the ratio between the calculated value from the model to the counterpart from the
experiment was 0.99, and the coefficient of variation was 0.16, suggesting that the analytical
model proposed in this paper can accurately evaluate the deflection of the BFRP-RC beams
with steel fibers under cyclic loading.
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Table 10. Deflections of the beams were obtained from the experiment and calculated from the
proposed analytical model after three loading and unloading cycles.

Beams
F1

(kN)
Δ1′

(mm)
Δc1′

(mm)
Δc1′
/Δ1′

F2

(kN)
Δ2′

(mm)
Δc2′

(mm)
Δc2′
/Δ2′

F3

(kN)
Δ3′

(mm)
Δc3′

(mm)
Δc3′
/Δ3′

B0.56C60V1.0S3 74.43 6.50 7.33 1.13 106.19 13.56 12.43 0.92 133.17 20.72 17.35 0.84
B0.77C60V1.0S3 78.53 4.20 6.48 1.54 119.00 10.51 11.68 1.11 160.93 17.39 17.66 1.02
B1.15C60V1.0S3 85.80 5.15 5.57 1.08 140.40 11.75 10.73 0.91 191.50 18.50 16.20 0.88
B1.65C60V1.0S3 130.90 6.60 8.41 1.27 169.40 9.50 11.98 1.26 229.00 16.19 17.81 1.10

B1.15C60 60.00 5.86 4.85 0.83 105.32 12.62 11.06 0.88 150.39 19.11 17.42 0.91
B1.15C60V0.5S3 71.00 5.60 4.82 0.86 124.90 12.28 10.43 0.85 175.10 18.95 16.27 0.86
B1.15C60V1.5S3 93.10 5.15 5.45 1.06 152.50 11.86 10.65 0.90 206.20 18.89 15.98 0.85
B1.15C60V1.0S4 85.00 5.30 5.43 1.02 147.40 11.86 11.29 0.95 201.70 18.70 17.11 0.91
B1.15C60V1.0S5 89.40 5.20 5.77 1.11 155.40 11.45 11.91 1.04 212.90 17.90 18.02 1.01
B1.15C30V1.0S3 76.33 6.32 5.79 0.92 130.28 13.27 10.46 0.79 175.49 20.10 15.40 0.77
Average value 0.99
Coefficient of variation 0.16

Note: Δcn
′ is the deflection of the beams calculated from the analytical model established in this paper after three

loading and unloading cycles.

5. Conclusions

The main purpose of this paper was to quantify the influences of short steel fibers on
the flexural behaviors of the BFRP-RC beams. Ten beams, including nine BFRP-RC beams
with steel fibers and one BFRP-RC beam without steel fibers, were tested via four-point
bending under cyclic loading. To accurately calculate the deflection of the BFRP-RC beams
under serviceability limit states, a modified analytical model for deflection of the BFRP-RC
beams with steel fibers under cyclic loading was proposed and compared with the available
deflection calculation models for FRP-RC beams without steel fibers. The following main
conclusions can be drawn from the results of this research:

1. The service load moment of the BFRP-RC beams with 1.5% by volume steel fibers
was 103.3% higher than that of the beams without fibers, and the deflection and the
residual deflection of the beams were reduced by 48.18% and 30.36% at the applied
load of 100kN. Moreover, increasing the steel-fiber volume fraction can significantly
enhance the stiffness of the BFRP-RC beams after cracking.

2. Increasing the number of unloading–reloading cycles reduced the peak load and
increased the residual deflection of the BFRP-RC beams under the same deflection.
The deflection of the beams increased by 11% after the first stage of three loading and
unloading cycles, while the deflection increased by only 8% after three unloading and
reloading cycles in the second and third stages of loading.

3. The BFRP reinforcement ratio had the greatest influence on the load-deflection curves,
load-residual deflection curves, and stiffness–displacement curves of the BFRP-RC
beams. Higher-strength concrete was beneficial in improving the stiffness of the beams
and reducing their deflection. A higher BFRP reinforcement ratio was beneficial to
improving the serviceability of the BFRP-RC beams, which is the controlling limit
state for the structural design of the BFRP-RC beams with steel fibers.

4. Combined with the influences of cyclic loading on the deflection, a new analytical
method for evaluating the deflection of the BFRP-RC beams with steel fibers un-
der cyclic loading was proposed in this research, which gives better results than
any other available model in literature and design codes when compared with
experimental results.
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Abstract: The accumulation of dissolved and colloidal substances (DCS) in the increasingly closed
paper circulating water system can seriously lower the productivity and safety of papermaking ma-
chines, and it has been a challenge to develop an adsorbent with low cost, high adsorption efficiency
and large adsorption capacity for DCS removal. In this study, cationic lignocellulose nanofibers
(CLCNF) were obtained by cationic modification of agricultural waste bagasse in deep eutectic sol-
vents (DES) followed by mechanical defibrillation, and then CLCNF were employed as an adsorbent
for DCS model contaminant polygalacturonic acid (PGA) removal. CLCNF was characterized by
transmission electron microscopy, Fourier transform infrared, elemental analysis, X-ray diffraction,
and thermogravimetric analysis. The analytical results confirmed the successful preparation of
CLCNF with 4.6–7.9 nm diameters and 0.97–1.76 mmol/g quaternary ammonium groups. The effects
of quaternary ammonium group contents, pH, contact time and initial concentration of PGA on the
adsorption were investigated in a batch adsorption study. According to the results, the cationic modi-
fication significantly enhanced the adsorption of PGA by CLCNF and the adsorption performance
increased with the increase of the quaternary ammonium group contents. The adsorption of PGA on
CLCNF followed the pseudo-second-order and the fitted Langmuir isotherm model. The adsorption
showed fast initial kinetics and the experimental maximum adsorption capacity was 1054 mg/g,
which is much higher than PGA adsorbents previously reported in the literature. Therefore, CLCNF
with high cationic group content developed in this paper is a promising adsorbent for DCS removal.

Keywords: lignocellulose nanofibers; adsorption; deep eutectic solvents; cationization; dissolved
and colloidal substances removal

1. Introduction

The paper industry needs to reduce the consumption of freshwater resources due to
the requirements of environmental protection. It is of great significance to increase the
utilization of recycled white water and purposely convert it into a totally effluent-free
papermaking process [1]. This will lead to an accumulation of pollutants in the system as
the white water reuse rate increases. The accumulated pollutants in the water recycling
system are called dissolved and colloidal substances (DCS) [2]. The composition of DCS,
which mainly comes from pulp, filler, recycled water and the chemicals added during the
papermaking process, is very complex [3]. DCS are also known as “anionic waste” because
they are generally negatively charged substances in water [4]. Polygalacturonic acid (PGA)
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is one of the main sources of anionic waste in white water [5,6]. PGA was often selected as a
model contaminant of DCS due to its relatively high content in DCS [7]. Excessive buildup
of the DCS in process water stream may decrease the functioning of the paper machine and
increase corrosion, foaming, pitch, precipitation, scaling, consumption of chemicals and the
poor physical properties of the paper produced [2,8]. Therefore, it is necessary to remove
these harmful substances or reduce their negative impact in order to obtain a completely
closed loop water system.

The traditional method of controlling and reducing DCS in paper mills is to use cationic
polyelectrolytes for neutralization, but this leads to a high consumption of hazardous
chemicals [9]. As technology continues to improve, some new environmentally friendly
methods have been invented. For example, membrane filtration treatment [10], dissolved
air flotation [11], membrane reactor [12] and biological enzymes [13] have been proposed
during recent years, but adaptability and costs have limited their application. Apart from
these methods, adsorption methods gained increasing attention due to the advantages of
simple and safe operations, low cost, no secondary pollution and the ability to treat water
with high concentrations of waste. In current times, some adsorbents have been designed
to reduce DCS content in white water through electrostatic interactions [1,8,14]. However,
the current technology is still unsatisfactory, so it is necessary to find new adsorbents with
larger capacity, higher adsorption efficiency and lower cost.

The vision has shifted to bio-based adsorbents, such as cellulosic nanomaterials,
a promising class of adsorbents in the field of environmental remediation. Cellulosic
nanomaterials are generally obtained from pretreated cellulose followed by nanofibrillation.
So far, cellulosic nanomaterials have been used to adsorb and remove many types of
water contaminants, such as natural organic matter [15], dye [16], heavy metals [17,18],
fluoride [19], pharmaceutical agents [20] and viruses [21]. Cellulosic nanomaterials have
proven to be an ideal sorbent for water contaminants. In contrast to other materials,
they have the characteristics of high specific surface area, versatile surface chemistry,
environmental inertness and renewability [22,23]. Conventional adsorbents usually have
limited low adsorption efficiency and adsorption capacity due to the limited surface area or
active sites for adsorption [24]. When the size of adsorbents is reduced to nanoscale, high
specific surface area [25] and short intraparticle diffusion distance are expected to improve
the situation. At the same time, its strong potential for surface chemical modification [26]
means that a large number of active sites can be added. Cellulosic nanomaterials are
renewable, widely sourced and environmentally inert biomaterials, and therefore pose
little threat to the environment. However, cellulosic nanomaterials have not yet been
investigated as a DCS adsorbent.

In general, cellulosic nanomaterials can reduce cost and improve performance by
adjusting raw materials and pretreatment methods. In most cases, cellulosic nanomaterials
used for water purification are obtained from purified cellulose sources, i.e., cellulose fibers
where noncellulosic components (mainly lignin) have been removed [17]. This usually
requires a complex and hazardous bleaching process. Therefore, a more beneficial way
to produce water purification nanomaterials is directly from lignocellulosic raw materials
without or with mild chemical treatment while achieving full lignocellulose utilization.
Moreover, there is a preference for agricultural by-products rather than wood as ligno-
cellulosic raw materials due to the lack of forest resources. Over 32 billion kilograms of
high volume, low value and underutilized lignocellulosic biomaterial are produced from
agricultural by-products annually, creating significant disposal problems [27]. In terms
of pretreatment methods, deep eutectic solvents (DES) have been heralded as the most
promising environmentally benign solvents to replace volatile organic solvents due to their
almost null toxicity and total biodegradability [28]. DES are a fluid obtained by simply
mixing two or three cheap and safe components with lower melting point than any of
the original components [29]. Recently, deep eutectic solvents (DES) have been used as
pretreatment mediums for production of functionalized lignocellulosic nanofibers [30,31].
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The current study aims to use a green and simple strategy to prepare functionalized
nanofiber adsorbents with high adsorption efficiency, large adsorption capacity and low
cost from bagasse for the efficient removal of DCS model contaminant PGA. Concretely,
cationic lignocellulose nanofibers (CLCNF) with different contents of quaternary ammo-
nium groups have been prepared via cationic modification of bagasse in a DES followed
by mechanical disintegration. DES is composed of aqueous tetraalkylammonium hydrox-
ide and 1,3-dimethylurea, and Glycidyltrimethylammonium chloride was chosen as the
cationization agent. The structure of CLCNF has been characterized using transmission
electron microscopy, Fourier transform infrared, elemental analysis, X-ray diffraction, and
thermogravimetric analysis. On the other hand, the effects of quaternary ammonium
group contents, pH, contact time and initial concentration of PGA on the adsorption were
investigated in a batch adsorption study. Moreover, the kinetics of adsorption and ad-
sorption isotherms were performed to analyze the adsorption mechanism and predict
adsorption capacity.

2. Materials and Methods

2.1. Materials

Between sixty to eighty mesh powder of sugarcane bagasse (cellulose: 43 wt%; hemi-
cellulose: 30 wt%; lignin: 24 wt%) was collected after grinding and sieving. It was washed
with water and ethanol alternately, then dried at 60 ◦C for 24 h before being used.

Tetraethylammonium hydroxide solution (TEAOH, 35 wt% in water) was obtained
from TCI (Shanghai, China). 1,3-dimethylurea (1,3-DMU) and the cationization agent
glycidyltrimethylammonium chloride (GTAC) were purchased from the Aladdin Industrial
Corporation (Shanghai, China). The cationization agent was formulated into an 80 wt%
solution for later use. Polygalacturonic acid (PGA) with a molecular weight between
25,000–50,000, sodium tetraborate and 3-Phenylphenol were purchased from Shanghai
Macklin Biochemical Co., Ltd. (Shanghai, China). The stock solution of PGA (1 g/L)
was made by dissolving PGA in pH 11 water adjusted with NaOH and then adjusted to
pH 7 with HCl. 0.15% solution of 3-Phenylphenol in 0.5% NaOH and sodium tetraborate
0.0125 M in concentrated sulphuric acid were used as color rendering agents in adsorption
experiments. To adjust the pH, 0.1 M HCl or NaOH was used. Deionized water was used
throughout the experiments.

2.2. Preparation of CLCNF
2.2.1. Cationization of Bagasse

The simplified reaction scheme of the cationization of bagasse is illustrated in Scheme 1.
Specifically, 1,3-DMU and TEAOH were mixed in a 2:1 (1,3-DMU: TEAOH) molar ratio at
room temperature (24 ◦C) to obtain 90 g of transparent aqueous deep eutectic solvent (DES).
Then, 10 g of sugarcane bagasse was added followed by the addition of GTAC solution
(80 wt% in water). The dry weight of GTAC was 10 g, 20 g and 30 g, respectively, and the
control group did not use the cationization agent. The reaction was mixed by mechanical
stirring at room temperature for 8 h. At the end of the reaction, excessive water was added
to terminate this reaction. The mixture was centrifuged for 20 min using a rotation speed
of 4000 rpm. The supernatant was discarded and the sample was rediluted with water and
then centrifuged again, and so on until the pH of the supernatant was neutral, indicating
that the agents involved in the reaction were almost removed. These samples were collected
and stored at 4 ◦C.
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Scheme 1. The cationization reaction between hydroxyl groups of lignocellulose and GTAC (DES as
a reaction medium).

2.2.2. Disintegration of Cationic Bagasse into Nanofibers

Mechanical defibrillationdecomposition of cationic bagasse was performed with a
high-pressure homogenizer (AH-PILOT 2018, ATS Nano Technology Co., Ltd., Suzhou,
China). The cationic bagasse was prepared as a 1 wt% suspension and subsequently
decomposed in the high-pressure homogenizer at a pressure of 1000 bar for 30 min. The
cationic bagasse directly entered the chamber of the high-pressure homogenizer and was
easily decomposed to obtain cationic lignocellulose nanofibers (CLCNF). The nanofiber
samples obtained with GTAC dosages of 10 g, 20 g and 30 g were named CLCNF-1, CLCNF-
2 and CLCNF-3, respectively. The control group required pre-mechanical pulverization
by shearing to enter the chamber of the high-pressure homogenizer for disintegration,
otherwise it would block the narrow chamber. The nanofiber sample of the control group
was named LCNF.

2.3. Characterizations
2.3.1. Transmission Electron Microscopy (TEM)

The analysis of the size and the morphology of CLCNF and LCNF were performed
by transmission electron microscopy (JEM-1400plus, JEOL, Tokyo, Japan). The samples
were highly diluted to around 0.005 wt% by deionized water and then added dropwise to
carbon coated copper grids. Finally, phosphotungstic acid solution (2 wt%) was applied as
a negative stain before imaging. The average width of the nanofibers was measured using
ImageJ software. The width of each nanofiber sample with standard errors was calculated
based on over 100 individual nanofibers.

2.3.2. Light Transmittance

Light transmittance of the nanofiber suspensions was measured using a UV-Vis spec-
trophotometer (Specord 50 Plus, Analytik Jena AG, Jena, Germany). Well-dispersed CLCNF
and LCNF suspensions (0.1 wt%) were placed in a cuvette with an optical path of 10 mm
and the percent transmittance in the 400–800 nm wavelength range was recorded.

2.3.3. Fourier Transform Infrared (FTIR)

The chemical structure changes of pristine bagasse, CLCNF and LCNF were char-
acterized using a Fourier transform infrared spectrometer (Tensor II, Bruker, Ettlingen,
Germany). FTIR spectra was collected in the wavenumber range from 400 to 4000 cm−1

with a resolution of 2 cm−1.

2.3.4. Elemental Analysis

The nitrogen content of CLCNF and LCNF was analyzed using an elemental analyser
(Elemantar Vario EL cube, Elementar, Hanau, Germany). All samples were freeze-dried
prior to analysis. Each of the introduced quaternary ammonium group contains one
nitrogen, so the quaternary ammonium group of the nanofiber samples are directly related
to the nitrogen content.
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2.3.5. Surface Charge Density

The surface charge densities of CLCNF and LCNF were determined using the poly-
electrolyte titration method through a particle charge detector (PCD-05, BTG Mütek, Hei-
denheim an der Brenz, Germany). 10 mL of nanofiber suspension (0.01 wt% in water)
was titrated with 0.001 N anion standard solution (Polyanetholesulfonic acid sodium)
and 0.001 N cation standard solution (Polydadmac), and the surface charge density was
calculated based on the consumption of standard solution.

2.3.6. Zeta-Potential

The zeta-potential of CLCNF and LCNF was determined using a Zetasizer NanoZS
instrument (Zetasizer Nano ZS90, Malvern Instruments Limited, Worcestershire, UK).
CLCNF and LCNF were prepared at the same consistency of 0.1 wt% and adjusted to
different pH for zeta-potential measurements. First, the zeta-potential of all samples was
measured at pH 7. Then, the zeta-potential of CLCNF-3 and LCNF in the pH range of
3–11 (i.e., pH = 3, 5, 7, 9 and 11) was reported.

2.3.7. Nanofibers Yield

The nanofiber yield of CLCNF and LCNF was determined and calculated using
centrifugation. Briefly, the nanofiber suspension with a concentration of 0.2 wt% was
centrifuged at a rate of 4000 rpm for 20 min to separate nanofibers (in supernatant) and
non-nanofiber parts (in sediment). After carefully discarding the supernatant, the sediment
was dried at 104 ◦C. A nanofiber yield of CLCNF and LCNF was calculated according to
the following formula:

Nano f ibers yield =
WL − Ws

WL
× 100% (1)

where WL is the weight of dried lignocellulose in the suspension before centrifugation and
WS is the weight of dried sediment after centrifugation.

2.3.8. X-ray Diffraction (XRD)

The crystal structures of pristine bagasse, CLCNF and LCNF were investigated using
an X-ray diffractometer (D8 Discover, Bruker AXS GmbH, Karlsruhe, Germany). Cu Kα

radiation was generated at 40 kV and 30 mA. The scanning range is 5–50◦, and the scanning
speed is 5◦/min. The crystallinity index (CrI) was estimated according to the patterns using
the following equation [32]:

CrI =
I200 − Iam

I200
× 100% (2)

where I200 was the maximum intensity of the peak at 2θ between 22◦ and 23◦, and Iam was
the minimum intensity of the amorphous cellulose at 2θ between 18◦ and 19◦.

2.3.9. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis of pristine bagasse, CLCNF and LCNF was performed us-
ing a TGA-DSC/DTA analyzer (STA 449 F5, NETZSCH-Gerätebau GmbH, Selb, Germany)
under a nitrogen atmosphere at a constant rate of 30 mL/min. Approximately 5 mg of dry
sample was placed in an aluminum oxide pan and thermally degraded by heating from
30 ◦C to 850 ◦C at a rate of 10 ◦C/min.

2.3.10. Viscosity

The viscosity of CLCNF-3 suspension (0.5 wt%) was measured using the rotational
rheometer (Haake MARS 4, Thermo Fisher Scientific, Waltham, MA, USA). The measure-
ments were conducted at 25 ◦C and at a shear rate of 0.01–1000 s−1.
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2.4. Adsorption Studies

The adsorption experiments were performed in batch mode, and the performance of
the nanofiber adsorbents were researched in terms of the different quaternary ammonium
groups’ content of nanofibers (LCNF, CLCNF-1, CLCNF-2, and CLCNF-3), pH (3–11),
initial concentration of PGA (400–800 mg/L), and adsorption time (0–6 h).

In batch adsorption experiments, 5 g of nanofiber suspensions at 0.5 wt%was mixed
with PGA stock solution (1 g/L) and the total volume was adjusted as 50 mL with deionized
water. Then the suspensions were mixed at 300 rpm by a magnetic stirrer. In adsorption
experiments of various variables, the adsorption time was 6 h excluding the time series,
and the initial concentration of PGA was 400 mg/L excluding the initial concentration
series, and the pH of the solution was adjusted to 7 excluding the pH series. Next, the
supernatant obtained after centrifuging the mixture was filtered using a 0.22 μm membrane
syringe filter. The change in the concentration of PGA in the solution before and after
adsorption was analyzed by a UV-Vis spectrophotometer (Specord 50 Plus, Analytik Jena
AG, Jena, Germany). Briefly, in a similar way to a previously published method [33], 1 mL
of PGA-containing sample and 5 mL of the sulphuric/tetraborate solution were mixed in a
water-ice bath. The solution was reacted in a boiling water bath for 8 min, immediately
cooled in a water-ice bath, and 0.1 mL of 3-Phenylphenol solution was added and turned to
pink after mixing. The absorbance of the solution was measured in 524 nm by the UV-Vis
spectrophotometer, and the PGA concentration was determined by comparison to a stable
calibration curve (R2 = 0.9993).

3. Results and Discussion

In this study, sugarcane bagasse was directly cationized using a deep eutectic solvent
(DES) as a reaction medium. Afterwards, three cationic lignocellulose nanofiber (CLCNF)
samples with different positive charge contents and molar quantities of quaternary ammo-
nium groups were prepared via mechanical disintegration, respectively denoted CLCNF-N
where N increases with the surface charge content (i.e., CLCNF-1, CLCNF-2 and CLCNF-3).
LCNF, as the reference sample, was also prepared by mechanical disintegration with DES-
based pretreatment but without cationic modification. In this reaction, Glycidyltrimethy-
lammonium chloride (GTAC) was chosen as a cationization agent, as it grafted quaternary
ammonium groups to bagasse fibers and promoted mechanical decomposition. DES was
composed of aqueous tetraalkylammonium hydroxide and 1,3-dimethylurea (1,3-DMU),
providing an alkaline condition to allow cationic modification. This DES has been proven to
be a green solvent because of the low toxicity and biodegradability of its components [34].
With the applied cationization method (Scheme 1), the hydroxyl groups of cellulose, lignin
and hemicellulose are deprotonated under the alkaline conditions provided by DES, and
the active hydroxyl groups react with GTAC to generate quaternary ammonium groups.
DES acted as a swelling agent, which is confirmed in the optical microscope images of
bagasse and precursors of CLCNF and LCNF (no mechanical disintegration) in Figure S1.
Robust lignocellulosic structures swelled and dissociated after DES-based treatment, and
this dissociation phenomenon was significantly enhanced after GTAC usage increased.

3.1. Adsorbent Characterization

TEM images confirmed the nanoscaled structure of all the prepared nanofibril samples.
Specifically, LCNF has an average width of 25.3 ± 6.7 nm (Figure 1A). Compared with
LCNF, the CLCNF samples have well-individualized structures with a homogeneous
size distribution (Figure 1B–D). This was more directly reflected in the width of CLCNF
samples. As shown in Figure 1E, the average width for CLCNF-1, CLCNF-2 and CLCNF-
3 was 7.9 ± 1.7, 5.5 ± 1.0 and 4.6 ± 0.8 nm, respectively. These results suggest that
the cationization of bagasse could facilitate the mechanical disintegration process, thus
resulting in nanofibers with small and homogeneous widths. Such a positive effect for
mechanical disintegration is especially remarkable when upgrading the amount of GTAC in
DES. Additionally, the precursor of LCNF needs to be mechanically pretreated for avoiding
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the blockage of the chamber for the high-pressure homogenizer. However, this is not
the case with the cationized bagasse fibers, which can readily pass through the chamber
of the high-pressure homogenizer without the occurrence of clogging. It is presumed
that the charged groups on the cationized bagasse fibers can create electrostatic repulsion
between fibirls and thus enhance the penetration of water into the fibers to create osmotic
pressure. Undoubtedly, such effects would promote the mechanical defibrillation process
of fibers [26,35].

Figure 1. TEM images of LCNF (A), CLCNF-1 (B), CLCNF-2 (C), CLCNF-3 (D) and their correspond-
ing widths (E). Scale bar is 100 nm.

The suspension transmittance is one of the main methods to indirectly evaluate the
degree of fibrillation [36]. The light transmittance measurement results of the nanofiber
suspensions are shown in Figure 2A. It was shown that the percentage transmittance in
the UV–visible range of LCNF suspension was the lowest because of its huge fiber size.
In contrast, the percentage transmittance of the CLCNF suspensions was significantly
higher than the LCNF suspension and the CLCNF-3 suspension exhibited the highest
transmittance. This is because the light transmittance of the suspension is related to the
light-scattering phenomenon, and the light scattering is proportional to the cross section
area of the particles [37]. A higher transmittance means a smaller fiber size and a higher
degree of fibrillation. This result corroborates what was observed in the TEM images and it
is also consistent with the visual observations of the nanofiber suspensions in Figure 2B.

Figure 2. Light transmittance (A) and photograph (B) of LCNF and various CLCNF suspensions
having a concentration of 0.1 wt%.

In order to confirm the successful cationic modification of bagasse, a Fourier transform
infrared (FTIR) experiment was carried out. Figure 3 illustrates the FTIR spectra of bagasse,
LCNF and various CLCNF samples. It was shown that the new peak at 1484 cm−1 corre-
sponding to the C-N stretching vibration appeared in all CLCNF samples but not in the
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other samples. And the epoxy ether vibrations that belong to GTAC at 1261 cm−1 were not
present in all CLCNF samples, indicating the epoxide ring opening reaction of bagasse with
GTAC [38]. This confirms the successful introduction of quaternary ammonium groups
on bagasse. Another significant chemical structure change is the disappearance of the
characteristic peak at 1733 cm−1 attributed to the C=O bond after DES treatment. This is
because highly alkaline conditions of DES caused the breakage of naturally occurring ester
bonds in bagasse, specifically the acetyl group of hemicellulose and the ester linkage of the
carboxylic groups in the ferulic and p-coumaric acids of lignin/hemicellulose [32,39]. In
addition, the broadening of the hydroxyl peak around 3300 cm−1 indicates that chemical
modification altered the hydrogen bonding pattern of bagasse and made the bagasse more
susceptible to moisture uptake from air. This will be further confirmed in the results of the
thermogravimetric analysis later.

Figure 3. FTIR spectra of bagasse, LCNF and various CLCNF.

The specific number of quaternary ammonium groups grafted to bagasse was mea-
sured by elemental analysis (based on the weight percentages of N) and was also confirmed
by polyelectrolyte titration. The results of elemental analysis and polyelectrolyte titration
are listed in Table 1. The result shows that the quaternary ammonium group contents and
surface charge densities were 0.97–1.76 mmol/g and 0.87–1.85 meq/g, respectively. The
contents of the quaternary ammonium group in the same sample varied slightly due to
the analyzing methods [40]. These results show that the increase of GTAC content in the
reaction mixture improved the reactivity. The charged group content is a key performance
indicator for nanofiber adsorbents in water purification applications, and it may directly
affect the purification effect of contaminants [41]. CLCNF-3 was selected as the nanofiber
with the highest cationic group content in this study. This was a fairly high value when
compared with previous reports. In the literature, cationized CNF with an ammonium con-
tent of 0.134 mmol/g were obtained using 3-chloro-2-hydroxypropyl trimethylammonium
chloride as the cationization agent [42]. Cationic CNF with a quaternary ammonium group
content of 1.2 mmol/g were obtained from cellulose pulp etherified with a quaternary am-
monium salt in water [15]. Cationic wood nanofiber with a cationic group content around
1.5 mmol/g were obtained using four different aqueous solvents containing TEAOH with
different carbamides and GTAC as the cationization agent [32]. Surface quaternized cellu-
lose nanofibrils with a trimethylammonium chloride content of 2.31 mmol/g were obtained
from wood pulp [41]. In addition, LCNF were detected to contain trace amounts of N
elements, which may be due to incomplete washing of TEAOH during centrifugal washing.
Zeta-potential and surface charge densities both reflected the charge on the nanofiber
surface. The zeta-potential and surface charge density were detected as negative for LCNF,
but positive for CLCNF. A negative zeta-potential corresponds to a negatively charged
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surface, and vice versa. The results again confirmed that the presence of GTAC successfully
introduced positively charged quaternary ammonium groups to the fibers.

Table 1. Nitrogen content, cationic group content, surface charge density, zeta-potential and
nanofibers yield of LCNF and various CLCNF.

Sample N (%)
Cationic Group

Content (mmol/g)
Surface Charge
Density (meq/g)

Zeta-Potential
(mV)

Nanofibers
Yield (%)

LCNF 0.08 0 −0.11 ± 0.02 −13.6 ± 0.3 8.49
CLCNF-1 1.36 0.97 0.87 ± 0.02 26.7 ± 0.9 76.49
CLCNF-2 1.49 1.06 0.97 ± 0.01 35.7 ± 0.9 88.59
CLCNF-3 2.46 1.76 1.85 ± 0.06 44.7 ± 0.8 92.50

In this study, nanofibers were separated and quantified by means of centrifugation.
After centrifuging the nanofiber suspensions, the larger-sized fibers will sink to the bottom
and the smaller-sized fibers will remain suspended in the upper layer. The nanofiber yield
refers to the percentage of small size fibers with diameters in nanoscale in the total fiber
weight [43]. It showed that the nanofiber yield of LCNF was extremely low at only 8.49%.
The increase in the amount of GTAC caused the value of the nanofiber yield to increase
linearly to at least 76.49%, with a maximum value of 92.50%. This again confirms the results
observed in the TEM images.

Zeta-potential is an important and useful parameter to describe the electric potential in
the solid/liquid interfacial layer of a material in aqueous solution [44]. The zeta-potential
as a function of pH for LCNF and CLCNF-3 water suspensions at consistencies of 0.1 wt%
was shown in Figure 4. In this way, more information on the surface charge states of
representative samples LCNF and CLCNF-3 was obtained. In the studied pH range (3–11),
the zeta-potential of CLCNF-3 was always positive, while LCNF was always negative. The
absolute value of the zeta-potential of LCNF became larger as the pH in water increased,
with values ranging from −6.49 to −19.20 mV. This was attributed to the negatively
charged surface groups (i.e., hydroxyl groups) on LCNF and the interactions of protons
and sodium ions with them at different pH. The zeta-potential of CLCNF-3 fluctuates
in the range of 21.17 to 44.73 mV. These values were always positively attributed to the
presence of quaternary ammonium functional groups on the surface of the nanofibers.
The zeta-potential of CLCNF-3 was maximum at neutral pH, and a pH that is too high or
too low will decrease the zeta-potential. This is similar to the phenomenon observed for
another cationized cellulose nanofiber [42]. The state of the nanofiber surface charge will
most likely affect its adsorption performance for anionic contaminants in water [41,45].

CLCNF-3 is predicted to be the most outstanding adsorbent due to it containing the
highest surface charge density of all samples. Therefore, the rheological properties of
CLCNF-3 were investigated. The rheological properties were obtained from the viscosity
measurements of CLCNF-3 suspension and are shown in Figure 5. The results show that
the viscosity of the CLCNF-3 suspension decreases with increasing shear rate, suggesting
the typical shear thinning behavior of the nanofiber suspension [40]. This indicates that the
CLCNF-3 suspension is a pseudoplastic fluid and its diffusion in water was unimpeded.
This would facilitate the capture of contaminants in the wastewater by CLCNF-3. The
literature reports that some samples containing the naturally hydrophobic non-derivated
lignin were difficult to disperse in water [46,47]. This would have raised concerns about
the diffusivity of CLCNF-3 in water affecting water-based applications but did not occur.
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Figure 4. Zeta-potential of LCNF and CLCNF-3 water suspensions at consistencies of 0.1 wt% at
different pH values.

Figure 5. Viscosities of CLCNF-3 water suspensions at consistencies of 0.5 wt%.

The crystal structure and the crystallinity index (CrI) of bagasse, LCNF and various
CLCNF was investigated by X-ray diffraction (Figure 6). All samples exhibit a sharp high
peak around 2θ = 22.2◦ in XRD graphs (Figure 6A), which corresponds the (0 0 2) lattice
plane of cellulose I. The results indicate that all samples contain a large amount of native
cellulose I, and the cellulose I crystal structure was basically retained after modification [48].
The CrI of various samples are shown in Figure 6B. In general, mechanical disintegration
led to the destruction of the crystalline region of cellulose and the depolymerization of
cellulose, resulting in a decrease in crystallinity [38]. Chemical treatment can dissolve the
amorphous fraction of cellulose [49], hemicellulose [38] and lignin [50], which in turn may
lead to an increase in crystallinity. The CrI values of bagasse and LCNF were 50.6% and
48.8%, respectively. It may be due to the combined effect of mechanical defibrillation and
chemical treatment that the CrI of LCNF is slightly lower than that of bagasse. On the other
hand, the CrI values of all CLCNF samples were significantly lower compared to that of
bagasse, and CLCNF-3 showed the lowest CrI value at 26.5%. This is mainly due to the
fact that the charged quaternary ammonium groups on CLCNF made a strong electrostatic
repulsion between fibers making the mechanical disintegration effect amplified. Secondly,
the quaternary ammonium groups on CLCNF were detected as an amorphous region that
negatively affects CrI [40].
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Figure 6. X-ray diffractogram (A) and calculated crystallinity indices (B) of bagasse, LCNF and
various CLCNF.

The TGA and DTG curves are presented in Figure 7, and they were used to assess
the effect of DES treatment and cationic modification on the thermal degradation behavior.
Bagasse exhibited a typical thermal degradation profile of lignocellulose. Its DTG curve
shows two main peaks, a shoulder peak at 200~310 ◦C attributed to hemicellulose decom-
position, and the most prominent peak at 310~395 ◦C, which is attributable to cellulose
decomposition [51]. The TGA curves of the LCNF and bagasse almost overlap, indicating
that they have similar thermal degradation behaviors. A different thermal degradation
behavior was observed for CLCNF compared to bagasse. CLCNF lost more mass in the low
temperature region from 30 to 160 ◦C. Bagasse lost about 8.8% of mass in water form and
CLCNF lost 10.6% or more. This was attributed to the grafting of CLCNF with extremely
hydrophilic quaternary ammonium groups. At the same time, the onset decomposition
temperature (Tonset) and the maximum decomposition temperature (Tmax) of CLCNF were
significantly lower than that of bagasse. The Tonset of bagasse was 313.8 ◦C, and the Tonset
of CLCNF was reduced by 6.3 to 24.5 ◦C in comparison. The Tmax of bagasse was 356.1 ◦C,
and the Tmax of CLCNF was reduced by 20.6 to 37.8 ◦C in comparison. This is attributed to
the fact that the quaternary ammonium groups on CLCNF contain a volatile component
(NCH2(CH3)2), making it unstable and thus susceptible to degradation [32]. Secondly, the
decrease in CrI also negatively affected the degradation temperature [52]. Clearly, DES
treatment has little effect on the pyrolysis behavior of bagasse, but cationic modification
greatly reduced its thermal stability.

Figure 7. TGA (A) and DTG (B) curves of bagasse, LCNF and various CLCNF.

3.2. Adsorption Studies
3.2.1. Different Quaternary Ammonium Groups Content of Nanofibers Effect on
PGA Adsorption

The relationship between the quaternary ammonium groups content and the ability
of lignocellulose nanofiber adsorbents to adsorb PGA is presented in Figure 8. The non-
modified LCNF reference displayed a very low adsorption removal rate of about 7.25%.
Since PGA is a negatively charged contaminant in water, and LCNF with no quaternary
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ammonium group is also negatively charged in water, it is expected that the limited
interaction between LCNF adsorbent and PGA would result in such a low adsorption
effect. In comparison, all CLCNF adsorbents exhibited the significant ability to remove
PGA by adsorption. CLCNF displayed an increased adsorption removal rate of PGA
with the gradual increase of their positive charge. According to the results, the adsorption
removal of PGA by CLCNF was achieved by electrostatic interactions between the positively
charged quaternary ammonium group on CLCNF and the negatively charged PGA in
water. This is considered reasonable based on previous studies [7]. A maximum of 96.92%
of negatively charged contaminants could be adsorbed onto CLCNF-3 with the most
quaternary ammonium groups. The corresponding adsorption capacity of CLCNF-3 is
775 mg/g, and this is much higher than the adsorption capacity of a polystyrene sphere
(3 mg/g) [8] and a Gel-type ion exchange resin (Amberlite IRA-67) (19 mg/g) [14] as
referenced in previous reports on PGA adsorbents. Therefore, CLCNF-3 was chosen as a
model nanofiber adsorbent for the subsequent adsorption studies.

Figure 8. Comparative adsorption removals of PGA onto LCNF and various CLCNF (initial concen-
tration, 400 mg/L; adsorbent dose, 0.5 g/L; stirring time, 6 h).

3.2.2. pH Effect on PGA Adsorption

The pH value of the aqueous solution is usually one of the important factors affecting
the adsorption effect, which usually affects the adsorption capacity by influencing the
surface charge of the adsorbent. Meanwhile, the pH of real-life wastewater varies widely,
so it is desired that potential adsorbent functions over a wide pH range. Figure 9 displays
the percentage adsorption removals of PGA onto CLCNF-3 at different pH values. The
results showed that the excellent adsorption removal rate of PGA by CLCNF-3 was in the
pH range of 5–9, and the highest adsorption removal rate was 97.17% at pH 7. When the
pH of the aqueous solution is low, many of the Cl− that appear due to pH adjustment may
be adsorbed to CLCNF-3 and occupy the adsorption sites, resulting in reduced adsorption
capacity. When the pH is high, the presence of Na+ in the solution might lead to charge
screening effects, resulting in a lower adsorption onto the CLCNF-3. Nevertheless, the
removal rate of PGA still reached 76.99% even under the acidic condition of pH 3. These
results show that CLCNF-3 has excellent adsorption capacity over a wide pH range, and
the adsorption effect slightly depends on the pH. CLCNF-3 is better at adsorbing PGA in
neutral and slightly alkaline environments, but the adsorption effect will be significantly
reduced in an acidic environment.
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Figure 9. Plot of percentage adsorption removals of PGA onto CLCNF-3 at different pH values (initial
concentration, 400 mg/L; adsorbent dose, 0.5 g/L; stirring time, 6 h).

3.2.3. Adsorption Kinetics

It was perceived from the adsorption kinetics (Figure 10A) that the adsorption of
PGA by CLCNF-3 was a very fast process, and the adsorption saturation was almost
reached within 2 min of the start of adsorption. Such a rapid adsorption process was
not unexpected, as nanofiber adsorbents usually exhibited fast adsorption responses to
water contaminants [17,20]. CLCNF-3 exhibited such a strong and fast adsorption capacity
because of its large surface area and abundant quaternary ammonium groups as binding
sites to adsorb PGA. After the equilibration time of 180 min, the surface of the adsorbent
became saturated.

Figure 10. (A) Adsorption kinetics of PGA on adsorbents from CLCNF-3 (pH = 7; adsorbent dose,
0.5 g/L; initial concentration, 400 mg/L); Fits to (B) pseudo-first-order (PFO), (C) pseudo-second-
order (PSO), and (D) intraparticle diffusion (IPD) kinetic models.
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By fitting pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic models to
the experimental data (Figure 10B,C), this allows further description and understanding of
the adsorption process. The equations of these two models are as follows [42]:

PFO:
log(Qe − Qt) = logQe − K1

2.303
t (3)

PSO:
t

Qt
=

1
K2Q2

e
+

t
Qe

(4)

where Qt (mg/g) and Qe (mg/g) represent the amounts adsorbed at time t (min) and at equi-
librium, respectively, and K1 (min–1) and K2 [mg/(g·min)] represents the rate coefficients
for the PFO and PSO kinetic models, respectively.

The kinetic parameters calculated from the fitted equations in these figures along with
the regression coefficients are listed in Table 2. The R2 value of the PSO rate equation (0.9999)
is higher than that of the PFO rate equation (0.9727), indicating that the process of PGA
adsorption by CLCNF-3 is more consistent with PSO kinetics. The excellent applicability
of the PSO model to the adsorption kinetics of PGA onto CLCNF-3 implies that the rate-
controlling step of adsorption is the chemisorption between adsorbent and adsorbate.

Table 2. Parameters of pseudo-first-order, pseudo-second-order and intraparticle diffusion for
PGA adsorption.

Pseudo-First-Order Pseudo-Second-Order Intraparticle Diffusion
Parameter Value Parameter Value Parameter Value

K1 (min–1) 0.01566 K2 [mg/(g·min)] 0.00121 Ki [mg/(g·min0.5)] 16.4826
Qe (mg/g) 775.36 Qe (mg/g) 769.23 C 595.49

R2 0.9727 R2 0.9999 R2 0.2091

Since neither PFO nor PSO kinetic describe the process of diffusion, the Weber-Morris
intraparticle diffusion model was also used to explain the adsorption process. The Weber-
Morris intraparticle diffusion equation is as follows [45]:

Qt = Kit0.5 + C (5)

where Ki [mg/(g·min0.5)] is the rate constant of intraparticle diffusion; C is the constant
related to the thickness of the boundary layer, which is in direct ratio to the effect of the
boundary layer.

The fitted curve of the Weber-Morris intraparticle diffusion model is shown in Figure 10D,
and the parameters are listed in Table 2. According to this model, the plots of Qt versus t0.5

must pass through the origin and yield a straight line. However, in this study, the plots of Qt
versus t0.5 were not linear over the whole time range, and the fit was very low. This result
shows that the Weber-Morris intraparticle diffusion model was not suitable for predicting
the adsorption kinetics of PGA onto CLCNF-3 over the whole range. This suggests that
intraparticle diffusion is not the rate-limiting step in the adsorption process [53].

3.2.4. Adsorption Isotherm

As the concentration of PGA in wastewater is often fluctuating, the adsorption capac-
ity of the adsorbent at different concentrations was investigated. Figure 11 illustrates the
adsorption of PGA as a function of initial concentration. Figure 11A shows the reduction in
the percentage adsorption removals of PGA onto CLCNF-3 with increasing initial concentra-
tions of PGA. This reduction can be attributed to the finite number of active sites available
on CLCNF-3 that were occupied by adsorbed PGA, subsequently leading to a decrease in
PGA adsorption. On the other hand, it was found that the maximum adsorption capacity
of CLCNF-3 increased with increasing initial concentration until the initial concentration of
PGA was increased to 550 mg/L. This is because a higher concentration provides a driving
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force to overcome all the resistances of PGA between the aqueous and solid phases, thus
increasing adsorption; moreover, as the initial concentration increased, so did the number
of collisions between PGA and CLCNF-3, thus improving the adsorption process.

Figure 11. (A) Effects of initial concentration on the adsorption of PGA onto CLCNF-3 (pH = 7;
adsorbent dose, 0.5 g/L; stirring time, 6 h; concentration range, 400–800 mg/L); (B–D) Fits to
(B) nonlinear adsorption isotherms, (C) the Langmuir isotherm, and (D) the Freundlich isotherm.

The experimental data were fitted to the Langmuir model [54], which applies to mono-
layer adsorption, and the Freundlich model [55], which applies to multilayer adsorption, in
order to identify the mechanisms of contaminant removal (Figure 11B–D). The respective
equations for these models are:

Langmuir model:
Ce

Qe
=

Ce

Qm
+

1
KLQm

(6)

Freundlich model:
lnQe = lnkF +

lnCe

n
(7)

where Ce and Qe are the PGA solution concentration (mg/L) and adsorption capacity
(mg/g) at equilibrium, respectively, and Qm is the theoretical saturation capacity (mg/g).
KL and KF are the Langmuir adsorption constant (L/g) and the Freundlich adsorption
constant (L/mg), respectively, and n is the heterogeneity factor for the adsorption.

The fitting parameters are presented in Table 3. The R2 value for the Langmuir model
is 0.9994 compared to only 0.5520 for the Freundlich model, demonstrating that the ad-
sorption process is more consistent with monolayer adsorption without lateral interactions
between adsorbed molecules. Moreover, the maximum experimental adsorption value
(i.e., Qe = 1054 mg/g) is very close to the calculated value of Qm, the maximum theoretical
adsorption value of PGA uptake for CLCNF-3.
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Table 3. Parameters of the Langmuir and Freundlich Adsorption Isotherms for PGA adsorption.

Langmuir Isotherm Freundlich Isotherm
Constant Value Constant Value

KL (L/mg) 0.84 KF (mg/L) 733.69
Qm (mg/g) 1026.17 n 14.9768

R2 0.9994 R2 0.5520

The value for KL can be calculated from the Langmuir equation which can then be
used to determine the separation factor RL using:

RL =
1

1 + KLC0
(8)

The relationship between the initial concentration C0 and the separation factor RL
is shown in Figure S2. RL can be used to determine the favorability and feasibility of an
adsorption process. An RL value between 0 and 1 is favorable for adsorption and values
greater than 1 are adverse for adsorption [56]. The RL values for CLCNF-3 are all between
0 and 1 indicating that the adsorption of PGA by CLCNF-3 is a favorable process. It should
be noted that as the initial concentration increased from 400 to 800 mg/L, the RL value
gradually decreased from 0.0030 to 0.0015, indicating that higher concentrations promote
PGA adsorption by CLCNF-3.

4. Conclusions

In conclusion, cationic lignocellulose nanofibers (CLCNF) with nanoscale diameters
and quaternary ammonium group contents in the range of 0.97–1.76 mmol/g were success-
fully prepared by cationic modification of bagasse in deep eutectic solvents (DES) followed
by mechanical defibrillation. Such lignocellulosic nanomaterials showed excellent adsorp-
tion performance in removing dissolved and colloidal substances (DCS) model contaminant
polygalacturonic acid (PGA). The cationic modification in DES changed the surface charge
of bagasse from negative to positive and obtained a large number of active adsorption sites,
so CLCNF can easily adsorb the negatively charged PGA in water. Electrostatic interactions
were considered as the main mechanism for capturing PGA by CLCNF in water. The
kinetic process of PGA adsorption by CLCNF can be predicted by a pseudo-second-order
model and the Langmuir model fitted the data well, indicating monolayer adsorption.
The CLCNF adsorbent in current research has the advantages of low cost, high efficiency
and large adsorption capacity, which can meet the new demand of DCS adsorbents. It is
expected to be used for the adsorption of other anionic contaminants in water.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14050910/s1, Figure S1: Optical microscope images of
bagasse (A), the precursors of LCNF, CLCNF-1, CLCNF-2, and CLCNF-3 (B–E); Figure S2: Separation
factor of PGA adsorption by CLCNF-3.

Author Contributions: Methodology, L.Y.; formal analysis, L.Y., X.L. and Y.J.; investigation, X.Z.,
L.Y., Y.J., H.Z. and G.C.; data creation, X.Z. and S.Z.; writing original draft preparation, L.Y.; writing
review and editing, X.L. and Y.J.; supervision, X.L.; project administration, S.W. All authors have read
and agreed to the published version of the manuscript.

Funding: The research was supported by the China Postdoctoral Science Foundation (2020M683209),
the Natural Science Foundation of Guangxi (2020GXNSFBA159009, 2021GXNSFBA075043, 2018GXNS-
FAA138126), the Opening Project of Guangxi Key Laboratory of Clean Pulp & Papermaking and
Pollution Control (2019ZR04, 2019KF28), the Scientific Research Foundation of Guangxi University
for Nationalities (2019KJQD10), Guangxi Ba-Gui Scholars Program, the Guangxi Major Projects of
Science and Technology (GXMPSTAB21196064) and the Specific Research Project of Guangxi for
Research Bases and Talents (AD18126002).

Institutional Review Board Statement: Not applicable.

164



Polymers 2022, 14, 910

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References

1. Guyard, A.; Daneault, C.; Chabot, B. Use of modified silica nanoparticle for fixation and elimination of colloidal and dissolved
substances from white water. Nord. Pulp Pap. Res. J. 2006, 21, 620–628. [CrossRef]

2. Liu, K.; Li, X.-F.; Li, X.-M.; He, B.-H.; Zhao, G.-L. Lowering the cationic demand caused by PGA in papermaking by solute
adsorption and immobilized pectinase on chitosan beads. Carbohydr. Polym. 2010, 82, 648–652. [CrossRef]

3. Petzold, G.; Petzold-Welcke, K.; Qi, H.; Stengel, K.; Schwarz, S.; Heinze, T. The removal of stickies with modified starch and
chitosan—Highly cationic and hydrophobic types compared with unmodified ones. Carbohydr. Polym. 2012, 90, 1712–1718.
[CrossRef] [PubMed]

4. Xiao, H.; He, B.; Qian, L.; Li, J. Cationic polystyrene spheres for removal of anionic contaminants in white water of papermaking.
J. Appl. Polym. Sci. 2015, 132. [CrossRef]

5. Boegh, K.H.; Garver, T.M.; Henry, D.; Yuan, H.; Hill, G.S. New methods for on-line analysis of dissolved substances in white-
water—It’s important to maintain an equilibrium. Pulp Pap.-Can. 2001, 102, 40–45.

6. He, Z.B.; Ni, Y.H.; Zhang, E. Further understanding on the cationic demand of dissolved substances during peroxide bleaching of
a spruce TMP. J. Wood Chem. Technol. 2004, 24, 153–168. [CrossRef]

7. Xiao, H.; He, B.; Li, J. Adsorption of polygalacturonic acid on crosslinked polystyrene spheres with cationic polyelectrolyte. RSC
Adv. 2016, 6, 11522–11527. [CrossRef]

8. Xiao, H.; He, B.; Li, J. Immobilization of cationic polyelectrolyte on polystyrene spheres and adsorption for model whitewater
contaminants. J. Appl. Polym. Sci. 2015, 132. [CrossRef]

9. Ho, Y.S.; Mckay, G. The kinetics of sorption of divalent metal ions onto sphagnum moss peat. Water Res. 2000, 34, 735–742.
[CrossRef]

10. Nuortila-Jokinen, J.; Mänttäri, M.; Huuhilo, T.; Kallioinen, M.; Nyström, M. Water circuit closure with membrane technology in
the pulp and paper industry. Water Sci. Technol. 2004, 50, 217–227. [CrossRef]

11. Miranda, R.; Negro, C.; Blanco, A. Internal Treatment of Process Waters in Paper Production by Dissolved Air Flotation with
Newly Developed Chemicals. 1. Laboratory Tests. Ind. Eng. Chem. Res. 2009, 48, 2199–2205. [CrossRef]

12. Lin, H.; Liao, B.-Q.; Chen, J.; Gao, W.; Wang, L.; Wang, F.; Lu, X. New insights into membrane fouling in a submerged anaerobic
membrane bioreactor based on characterization of cake sludge and bulk sludge. Bioresour. Technol. 2011, 102, 2373–2379.
[CrossRef]

13. Liu, K.; Zhao, G.; He, B.; Chen, L.; Huang, L. Immobilization of pectinase and lipase on macroporous resin coated with chitosan
for treatment of whitewater from papermaking. Bioresour. Technol. 2012, 123, 616–619. [CrossRef]

14. Vallerand, R.; Daneault, C.; Chabot, B. Adsorption of Model Whitewater Contaminants on Ion-Exchange Resins. J. Pulp Pap. Sci.
2010, 36, 22–27.

15. Sehaqui, H.; Perez de Larraya, U.; Tingaut, P.; Zimmermann, T. Humic acid adsorption onto cationic cellulose nanofibers for
bioinspired removal of copper(ii) and a positively charged dye. Soft Matter 2015, 11, 5294–5300. [CrossRef]

16. Dassanayake, R.S.; Acharya, S.; Abidi, N. Recent Advances in Biopolymer-Based Dye Removal Technologies. Molecules 2021,
26, 4697. [CrossRef]

17. Sirviö, J.A.; Visanko, M. Lignin-rich sulfated wood nanofibers as high-performing adsorbents for the removal of lead and copper
from water. J. Hazard. Mater. 2020, 383, 121174. [CrossRef]

18. Lehtonen, J.; Hassinen, J.; Kumar, A.A.; Johansson, L.-S.; Mäenpää, R.; Pahimanolis, N.; Pradeep, T.; Ikkala, O.; Rojas, O.J.
Phosphorylated cellulose nanofibers exhibit exceptional capacity for uranium capture. Cellulose 2020, 27, 10719–10732. [CrossRef]

19. Sehaqui, H.; Mautner, A.; Perez de Larraya, U.; Pfenninger, N.; Tingaut, P.; Zimmermann, T. Cationic cellulose nanofibers from
waste pulp residues and their nitrate, fluoride, sulphate and phosphate adsorption properties. Carbohydr. Polym. 2016, 135,
334–340. [CrossRef]

20. Selkälä, T.; Suopajärvi, T.; Sirviö, J.A.; Luukkonen, T.; Lorite, G.S.; Kalliola, S.; Sillanpää, M.; Liimatainen, H. Rapid uptake
of pharmaceutical salbutamol from aqueous solutions with anionic cellulose nanofibrils: The importance of pH and colloidal
stability in the interaction with ionizable pollutants. Chem. Eng. J. 2018, 350, 378–385. [CrossRef]

21. Sato, A.; Wang, R.; Ma, H.; Hsiao, B.S.; Chu, B. Novel nanofibrous scaffolds for water filtration with bacteria and virus removal
capability. J. Electron Microsc. 2011, 60, 201–209. [CrossRef]

22. Abouzeid, R.E.; Khiari, R.; El-Wakil, N.; Dufresne, A. Current State and New Trends in the Use of Cellulose Nanomaterials for
Wastewater Treatment. Biomacromolecules 2019, 20, 573–597. [CrossRef] [PubMed]

23. Voisin, H.; Bergström, L.; Liu, P.; Mathew, A.P. Nanocellulose-Based Materials for Water Purification. Nanomaterials 2017, 7, 57.
[CrossRef] [PubMed]

165



Polymers 2022, 14, 910

24. Anjum, M.; Miandad, R.; Waqas, M.; Gehany, F.; Barakat, M.A. Remediation of wastewater using various nano-materials. Arab. J.
Chem. 2019, 12, 4897–4919. [CrossRef]

25. Sehaqui, H.; Zhou, Q.; Ikkala, O.; Berglund, L.A. Strong and tough cellulose nanopaper with high specific surface area and
porosity. Biomacromolecules 2011, 12, 3638–3644. [CrossRef] [PubMed]

26. Rol, F.; Belgacem, M.N.; Gandini, A.; Bras, J. Recent advances in surface-modified cellulose nanofibrils. Prog. Polym. Sci. 2019, 88,
241–264. [CrossRef]

27. Reddy, D.H.K.; Seshaiah, K.; Reddy, A.V.R.; Lee, S.M. Optimization of Cd(II), Cu(II) and Ni(II) biosorption by chemically modified
Moringa oleifera leaves powder. Carbohydr. Polym. 2012, 88, 1077–1086. [CrossRef]

28. Yang, Z.; Asoh, T.-A.; Uyama, H. Cationic functionalization of cellulose monoliths using a urea-choline based deep eutectic
solvent and their applications. Polym. Degrad. Stab. 2019, 160, 126–135. [CrossRef]

29. Zhang, Q.; De Oliveira Vigier, K.; Royer, S.; Jérôme, F. Deep eutectic solvents: Syntheses, properties and applications. Chem. Soc.
Rev. 2012, 41, 7108–7146. [CrossRef]

30. Sirviö, J.A.; Isokoski, E.; Kantola, A.M.; Komulainen, S.; Ämmälä, A. Mechanochemical and thermal succinylation of softwood
sawdust in presence of deep eutectic solvent to produce lignin-containing wood nanofibers. Cellulose 2021, 28, 6881–6898.
[CrossRef]

31. Yu, W.; Wang, C.; Yi, Y.; Wang, H.; Yang, Y.; Zeng, L.; Tan, Z. Direct pretreatment of raw ramie fibers using an acidic deep eutectic
solvent to produce cellulose nanofibrils in high purity. Cellulose 2021, 28, 175–188. [CrossRef]

32. Segal, L.; Creely, J.J.; Martin, A.E.; Conrad, C.M. An Empirical Method for Estimating the Degree of Crystallinity of Native
Cellulose Using the X-ray Diffractometer. Text. Res. J. 1959, 29, 786–794. [CrossRef]

33. Ibarz, A.; Pagán, A.; Tribaldo, F.; Pagán, J. Improvement in the measurement of spectrophotometric data in the m-hydroxydiphenyl
pectin determination methods. Food Control 2006, 17, 890–893. [CrossRef]

34. Sirviö, J.A.; Ismail, M.Y.; Zhang, K.; Tejesvi, M.V.; Ämmälä, A. Transparent lignin-containing wood nanofiber films with
UV-blocking, oxygen barrier, and anti-microbial properties. J. Mater. Chem. A 2020, 8, 7935–7946. [CrossRef]

35. Sirviö, J.A.; Ukkola, J.; Liimatainen, H. Direct sulfation of cellulose fibers using a reactive deep eutectic solvent to produce highly
charged cellulose nanofibers. Cellulose 2019, 26, 2303–2316. [CrossRef]

36. Uetani, K.; Kasuya, K.; Koga, H.; Nogi, M. Direct determination of the degree of fibrillation of wood pulps by distribution analysis
of pixel-resolved optical retardation. Carbohydr. Polym. 2021, 254, 117460. [CrossRef]

37. Saito, T.; Nishiyama, Y.; Putaux, J.-L.; Vignon, M.; Isogai, A. Homogeneous Suspensions of Individualized Microfibrils from
TEMPO-Catalyzed Oxidation of Native Cellulose. Biomacromolecules 2006, 7, 1687–1691. [CrossRef]

38. Wang, Y.; Xie, W. Synthesis of cationic starch with a high degree of substitution in an ionic liquid. Carbohydr. Polym. 2010, 80,
1172–1177. [CrossRef]

39. Hafrén, J.; Oosterveld-Hut, H.M.J. Fluorescence lifetime imaging microscopy study of wood fibers. J. Wood Sci. 2009, 55, 236–239.
[CrossRef]

40. Li, P.; Sirviö, J.A.; Hong, S.; Ämmälä, A.; Liimatainen, H. Preparation of flame-retardant lignin-containing wood nanofibers using
a high-consistency mechano-chemical pretreatment. Chem. Eng. J. 2019, 375, 122050. [CrossRef]

41. Pei, A.; Butchosa, N.; Berglund, L.A.; Zhou, Q. Surface quaternized cellulose nanofibrils with high water absorbency and
adsorption capacity for anionic dyes. Soft Matter 2013, 9, 2047–2055. [CrossRef]

42. Muqeet, M.; Malik, H.; Mahar, R.B.; Ahmed, F.; Khatri, Z.; Carlson, K. Cationization of Cellulose Nanofibers for the Removal of
Sulfate Ions from Aqueous Solutions. Ind. Eng. Chem. Res. 2017, 56, 14078–14088. [CrossRef]

43. Jiang, Y.; Liu, X.; Yang, Q.; Song, X.; Qin, C.; Wang, S.; Li, K. Effects of residual lignin on mechanical defibrillation process of
cellulosic fiber for producing lignocellulose nanofibrils. Cellulose 2018, 25, 6479–6494. [CrossRef]

44. Cho, D.; Lee, S.; Frey, M.W. Characterizing zeta potential of functional nanofibers in a microfluidic device. J. Colloid Interface Sci.
2012, 372, 252–260. [CrossRef]

45. Zhao, J.; Wang, L.; Xiao, J.; Tao, M.; Zhang, W. Removal of anionic azo dyes from aqueous solutions by quaternary ammonium
salt-functionalized fibers with adjustable surface microenvironments. React. Funct. Polym. 2020, 154, 104684. [CrossRef]

46. Gordobil, O.; Herrera, R.; Llano-Ponte, R.; Labidi, J. Esterified organosolv lignin as hydrophobic agent for use on wood products.
Prog. Org. Coat. 2017, 103, 143–151. [CrossRef]

47. Visanko, M.; Sirviö, J.A.; Piltonen, P.; Sliz, R.; Liimatainen, H.; Illikainen, M. Mechanical fabrication of high-strength and
redispersible wood nanofibers from unbleached groundwood pulp. Cellulose 2017, 24, 4173–4187. [CrossRef]

48. Qing, Y.; Sabo, R.; Zhu, J.Y.; Agarwal, U.; Cai, Z.; Wu, Y. A comparative study of cellulose nanofibrils disintegrated via multiple
processing approaches. Carbohydr. Polym. 2013, 97, 226–234. [CrossRef]

49. Sirviö, J.A.; Anttila, A.-K.; Pirttilä, A.M.; Liimatainen, H.; Kilpeläinen, I.; Niinimäki, J.; Hormi, O. Cationic wood cellulose films
with high strength and bacterial anti-adhesive properties. Cellulose 2014, 21, 3573–3583. [CrossRef]

50. Francisco, M.; van den Bruinhorst, A.; Kroon, M.C. New natural and renewable low transition temperature mixtures (LTTMs):
Screening as solvents for lignocellulosic biomass processing. Green Chem. 2012, 14, 2153–2157. [CrossRef]

51. Wan, C.; Lu, Y.; Jiao, Y.; Jin, C.; Sun, Q.; Li, J. Ultralight and hydrophobic nanofibrillated cellulose aerogels from coconut shell
with ultrastrong adsorption properties. J. Appl. Polym. Sci. 2015, 132. [CrossRef]

52. Hideno, A. Comparison of the Thermal Degradation Properties of Crystalline and Amorphous Cellulose, as well as Treated
Lignocellulosic Biomass. BioResources 2016, 11, 6309–6319. [CrossRef]

166



Polymers 2022, 14, 910

53. Duman, O.; Tunç, S.; Gürkan Polat, T. Adsorptive removal of triarylmethane dye (Basic Red 9) from aqueous solution by sepiolite
as effective and low-cost adsorbent. Microporous Mesoporous Mater. 2015, 210, 176–184. [CrossRef]

54. Jin, L.; Li, W.; Xu, Q.; Sun, Q. Amino-functionalized nanocrystalline cellulose as an adsorbent for anionic dyes. Cellulose 2015, 22,
2443–2456. [CrossRef]

55. Lu, M.; Lü, X.; Xu, X.; Guan, X. Thermodynamics and kinetics of bacterial cellulose adsorbing persistent pollutant from aqueous
solutions. Chem. Res. Chin. Univ. 2015, 31, 298–302. [CrossRef]

56. Zhao, R.; Li, X.; Sun, B.; Li, Y.; Li, Y.; Yang, R.; Wang, C. Branched polyethylenimine grafted electrospun polyacrylonitrile fiber
membrane: A novel and effective adsorbent for Cr(vi) remediation in wastewater. J. Mater. Chem. A 2017, 5, 1133–1144. [CrossRef]

167





Citation: Li, L.; Liu, X.; Li, L.; Wei, S.;

Huang, Q. Preparation of

Rosin-Based Composite Membranes

and Study of Their Dencichine

Adsorption Properties. Polymers 2022,

14, 2161. https://doi.org/10.3390/

polym14112161

Academic Editors: Wei Wu,

Hao-Yang Mi, Chongxing Huang,

Hui Zhao and Tao Liu

Received: 20 April 2022

Accepted: 11 May 2022

Published: 26 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

polymers

Article

Preparation of Rosin-Based Composite Membranes and Study
of Their Dencichine Adsorption Properties

Long Li 1,2,3,4, Xiuyu Liu 1,2,3,4, Lanfu Li 1, Sentao Wei 1 and Qin Huang 1,2,3,4,*

1 School of Chemistry and Chemical Engineering, Guangxi Minzu University, Nanning 530006, China;
lilong19980227@163.com (L.L.); xiuyu.liu@gxun.edu.cn (X.L.); a17876072393@163.com (L.L.);
a1184306866@163.com (S.W.)

2 Key Laboratory of Chemistry and Engineering of Forest Products, State Ethnic Affairs Commission,
Nanning 530006, China

3 Guangxi Key Laboratory of Chemistry and Engineering of Forest Products, Nanning 530006, China
4 Guangxi Collaborative Innovation Center for Chemistry and Engineering of Forest Products,

Guangxi Minzu University, Nanning 530006, China
* Correspondence: huangqin@gxun.edu.cn

Abstract: In this work, rosin-based composite membranes (RCMs) were developed as selective
sorbents for the preparation of dencichine for the first time. The rosin-based polymer microspheres
(RPMs) were synthesized using 4-ethylpyridine as a functional monomer and ethylene glycol maleic
rosinate acrylate as a crosslinking. RCMs were prepared by spinning the RPMs onto the membranes
by electrostatic spinning technology. The optimization of various parameters that affect RCMs was
carried out, such as the ratio concentration and voltage intensity of electrospinning membrane. The
RCMs were characterized by SEM, TGA and FT-IR. The performances of RCMs were assessed, which
included adsorption isotherms, selective recognition and adsorption kinetics. The adsorption of
dencichine on RCMs followed pseudo-second-order and adapted Langmuir–Freundlich isotherm
model. As for the RCMs, the fast adsorption stage appeared within the first 45 min, and the
experimental maximum adsorption capacity was 1.056 mg/g, which is much higher than the previous
dencichine adsorbents reported in the literature. The initial decomposition temperature of RCMs is
297 ◦C, the tensile strength is 2.15 MPa and the elongation at break is 215.1%. The RCMs have good
thermal stability and mechanical properties. These results indicated that RCMs are a tremendously
promising adsorbent for enriching and purifying dencichine from the notoginseng extracts.

Keywords: rosin-based composite membranes; dencichine; electrostatic spinning technology;
notoginseng extracts

1. Introduction

Pharmacologically active natural products have gained unprecedented popularity
in recent decades [1]. They have made great contributions historically to drug devel-
opment, and many of them have had profound effects on our lives. Dencichine (b-N-
oxalyl-L-a, b-diaminopropionic acid, b-ODAP), isolated from the roots of panax notogin-
seng, has a high medicinal value [2]. Dencichine has been reported to show beneficial
effects against numerous diseases, such as dispersing stasis and hemostasis, improving
platelet number, relieving swelling and pain, kidney diseases, neuroprotection, lowering
blood glucose [2–5] and rheumatic diseases [6]. Natural ingredients in plants are charac-
terized by low concentration [7], the existence of multi-component mixtures, structural
diversity and similarity, which pose great challenges to the separation and purification
of natural ingredients [8]. Therefore, it is essential to explore efficient extraction and
purification processes for dencichine. According to several literature reviews, various
methods have been developed to carry ou the separation, determination and enrichment
of dencichine in panax notoginseng, such as colorimetry [9], high-performance liquid
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chromatography (HPLC) [10], gas chromatography–mass spectrometry (GC/MS) [11], liq-
uid chromatographic–tandem mass spectrometric (LC/MS) [12], ultra-high-performance
liquid chromatography–tandem mass spectrometry (UPLC-MS/MS) [13], water-methanol
method [14] and ultrasonic/microwave-assisted method [15]. The instrumental method
employed a specific type of specialization and sophistication of the instruments. The sepa-
ration method is not highly efficient and profitless to mass production. At the same time,
the separated products need to be purified to remove harmful solvents such as acetoni-
trile. Water-methanol extraction is a traditional and easy-to-operate extraction approach,
although inefficient. The ultrasonic/microwave-assisted method in the extraction process
has a low separation effect on the structural analogs of dencichine. Molecularly imprinted
technology is an easy and efficient method for the preparation of tailor-made polymeric
materials with molecular recognition abilities [16]. However, the imprinting of dencichine
is problematic and easy to cause template molecule waste. An efficient, low-cost material
for dencichine extraction and purification is currently lacking.

In recent years, adsorption-based methods have been widely used in the separation
and enrichment of bioactive compounds from many natural products. For example, RPM
separation of total alkaloids from coptidis [17] and chitosan membrane purification of
artemisinin [18]. The adsorption effect depends on the type and quality of the adsorp-
tion material. At present, many kinds of adsorption materials have been developed and
deployed for the purification and separation of natural products. The commonly used
adsorbents are activated carbon, iron oxide, silica gel, starch, adsorption resin, clay min-
erals and composite membranes. They use the porous matrices [19–21] as an adsorption
platform and have good application prospects in the mass transfer and adsorption process.
Among them, the composite membranes [22–25] have excellent thermal stability, high
adsorption capacities and stable three-dimensional structure. In addition, they are used
repeatedly, so they are widely used for isolating and the enrichment of active ingredients
from natural products, such as half terpene [26], flavonoids [27], alkaloids [17] and other
active compounds. Poly-ethersulfone (PES) [28], poly-sulfone (PSF) [29], poly-vinylidene
fluoride (PVDF) [30,31], poly-vinylpyrrolidone (PVP) [32], poly-acrylonitrile (PAN) [33],
poly-vinyl alcohol (PVA) [34] and natural product cellulose [35–38] are widely used as the
polymeric membranes. With people paying more attention to the environment, porous
chitosan, cellulose, rosin and other natural polymers appear in people’s field of vision, and
the use of natural adsorption materials is becoming more and more prevalent. The rosin-
based crosslinking agent has excellent rigidity and contains three double bonds, non-toxic,
non-carcinogenic, high abundance, low cost, environmental protection and other advan-
tages. The polymer materials prepared from rosin have the advantages of degradation,
high mechanical strength and excellent luster. Rosin-based polymers have been generally
implemented not only in traditional fields such as coatings [39] and adhesives [40], but
also in emerging fields such as energy [41], environment [42], drug delivery [43] and drug
analysis. There are several methods for the preparation of composite membranes, including
the casting flow method [44], freeze-drying approach [45] and electrostatic spinning et al.
The composite membranes prepared by electrospinning have unique properties such as
high specific surface area and uniform nanofiber structure. Electrospinning is currently
applied in various applications including electrochemistry, natural product extraction,
medicine, the environment and batteries.

In this work, RCMs were developed as excellent adsorbents for the preparation of
dencichine for the first time. The preparation of RPMs was carried out using ethylene
glycol maleic rosinate acrylate as a crosslinking by precipitation polymerization, and the
RCMs were further prepared by electrospinning. Furthermore, we also study the feasibility
of RCMs as effective sorptive materials for the dissociation and enrichment of dencichine.
The RCMs were characterized by SEM, TGA and FT-IR. Then, the RCMs were evaluated
for their sorbent performance of dencichine from notoginseng extracts. The adsorption
kinetics of dencichine on RCMs was studied, and the adsorption mechanism was analyzed
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in detail. Studies have shown that the membranes have excellent application prospects for
the extraction of dencichine.

2. Materials and Methods

2.1. Materials

Dencichine was provided from Chengdu Plant standard pure Biotechnology Co., Ltd.
(Chengdu, China). 4-ethylpyridine and 2,2′-azobisisobutyronitrile (AIBN) were provided
from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). N, N′-
methylenebis (acrylamide) and acetic acid were provided from Shanghai Maclin Biochemi-
cal Technology Co., Ltd. (Shanghai, China). Methyl alcohol was obtained from Chengdu
Cologne Chemicals Co., Ltd. (Chengdu, China). Glycine-DL-leucine (GL) and glycyl-L-
phenylalanine (GP) were provided from Aladdin Chemistry Co. Ltd. (Shanghai, China).
HPLC-grade acetonitrile and methanol were provided from Agilent Technologies (Shang-
hai, China) Co., Ltd. Ethylene glycol maleic rosinate acrylate (EGMRA) was purchased by
Wuzhou Sun Shine Forestry & Chemicals Co., Ltd. (Wuzhou, China) [17].

2.2. Preparation of RPMs

The functional monomers 4-VP (2.4 mmol) and the EGMEA (0.48 mmol) and MBA
(9.6 mmol) were dissolved in 100 mL of methanol in a 250 mL flask. Subsequently, 0.1260 g
AIBN was added to the mixed solutions and the organic phase was formed by ultra-
sound. Then, the mixture was heated followed by mechanical agitation (50 rpm), and
heat-polymerized at 70 ◦C for 11 h. The unreacted monomers were removed by methanol
extraction for 48 h. The RPMs were dried under vacuo at 50 ◦C for 12 h.

2.3. Preparation of RCMs

The RCMs were prepared via the electrospinning method. First, the mixed solution
with contents of 10 wt% (PAN) and 1 wt% (RPMs) was prepared by adding PAN (2.0000 g)
and RPMs (0.2000 g) into DMSO (20 mL) under continuous magnetic stirring at 85 ◦C for
2.5 h. The mixed solution was extracted 10 mL by using a 10 mL disposable syringe and
then the composite membranes were prepared by electrostatic spinning. Electrospinning
was carried out at a temperature of 25 ± 5 ◦C, humidity of 30 ± 5%, the fixed voltage of
20 KV, feeding rate of 0.1 mL/h and a distance of 16 cm. Electrospinning was stopped after
10 h. Finally, RCMs were obtained after methanol extraction for 24 h and vacuum dried at
60 ◦C for 12 h. The scheme for preparing the RCMs was represented in Figure 1.

Figure 1. The scheme for preparing the RCMs.
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2.4. Characterization of RCMs and RPMs

The RCMs and RPMs were investigated by FT-IR (MagnA-IR550, Thermo Fisher
Scientific, Waltham, MA, USA) in the range 4000–400 cm−1. The analysis of the size and
morphology of the RCMs and RPMs were performed using field-emission scanning electron
microscopy (SEM, Supra 55 Sapphire, Carl Zeiss, Jena, Germany)). Thermogravimetric
analysis of the RCMs and RPMs performed using TGA-DSC/DTA analyzer (STA 449 F5,
NETZSCH-Gerätebau GmbH, Selb, Germany). The RCMs and RPMs were weighed by
analytical balance with an accuracy of 0.1 mg (Practum124-1cn, Sartorius AG, Göttingen,
Germany). The zeta potentials of the RCMs and RPMs were measured using a Laser
Nanoparticle Size and Zeta Potential Analyzer (Zetasizer Nano, Malvern, UK). The RCM
and RPM pore and specific surface area were measured at 77 k using surface area and pore
size analyzer (ASAP2020, Micromeritics, Norcross, GA, USA). The mechanical properties
of RCM were tested by an electronic universal testing machine (JDL-10000N, Yangzhou
Tianfa test Machinery Co., Ltd., Yangzhou, China).

2.4.1. Scanning Electron Microscopy (SEM)

The surface morphology of the RCMs and RPMs was determined by SEM analysis
(SEM, Supra 55 Sapphire, Carl Zeiss Germany, Oberkochen, Germany). The samples were
evenly coated on the conductive adhesive of the sample sheet and then sprayed with gold
for 0.5 h. The surface morphology of the RCMs and RPMs after the samples were sprayed
with gold was observed by SEM under low vacuum conditions.

2.4.2. Thermogravimetric Analysis (TGA)

The thermal stability of the RCMs and RPMs was determined by thermogravimetric
analysis (TGA) (STA 449 F5, NETZSCH-Gerätebau GmbH, Selb, Germany). The sample
was heated from 30 ◦C to 800 ◦C for thermal degradation under nitrogen protection at
a rate of 10 ◦C/min.

2.4.3. Dynamic Mechanical Analyzer

The samples were cut to 1 cm in width and 4 cm in length, and the stress–strain curve
of the RCMs was measured at a lifting rate of 1 mm/min by the electronic universal testing
machine (JDL-10000N, Yangzhou Tianfa test Machinery Co., Ltd., Yangzhou, China). The
tensile strength of the RCMs was calculated based on the following Equation (1) [46]:

σb =
P

A0
=

P
bd

(1)

where σb represents the tensile strength, P represents the maximum tensile load, A represents
the cross sectional area of the sample, b represents the width and d represents thickness.

The elongation at the break of RCMs was calculated based on the following
Equation (2) [46]:

δ =
ΔLb
L0

(2)

where δ represents the elongation at the break, ΔLb represents the increase in length at the
breaking point and L0 represents the original length.

2.5. HPLC Analysis

All analysis were performed on an Agilent Series 1260 (Agilent Technologies, La Jolla,
CA, USA) system, equipped with an autosampler, a quaternary pump, a diode-array
detector and a column compartment, controlled by Agilent1260 LC software. Separation
was achieved on a ZORBAX SB-C18 analytical column (4.6 × 250 mm, 5 μm, USA) [47].
The mobile phase was 0.05% H3PO4 aqueous solution and acetonitrile, and the ratio was
95:5. The detection wavelength was 213 nm, the mobile phase flow rate was 1 mL/min and
the injected sample volume was 10 μL. The temperature remained at 25 ◦C.
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2.6. Static Adsorption
2.6.1. Standard Curve of Dencichine

The content of examined dencichine was determined by HPLC. Dencichine solution
with concentration of 0, 0.06, 0.08, 0.10, 0.12, 0.14, 0.16 mg/mL was prepared. The
contents of dencichine at different concentrations were analyzed by HPLC (Agilent
Technologies, La Jolla, CA, USA) at 213 nm. The standard curve is represented by the
following fitting Equation (3).

A = 4071.577C − 0.1569 (3)

where A represents the absorption peak area of dencichine solution at 213 nm, C repre-
sents the concentration of the different dencichine standards (mg/mL) and the correlation
coefficient (R2) for this equation was 0.9995.

2.6.2. Static Adsorption of Dencichine on RCMs and RPMs

The RPMs were accurately weighed (0.02 ± 0.0002 g) and placed into round 50 mL
conical flasks. After adding 20 mL of dencichine solution, it was adsorbed for 5 h in
an 80 rpm air constant temperature oscillator at 25 ◦C. The content of dencichine after
adsorption was determined by HPLC. The adsorption amount of the RPMs on dencichine
was calculated based on the following Equation (4) [17].

Qe =
(C0 − Ce)× V

W
(4)

Here, Qe represents the amount adsorbed (mg/g), Ce represents the equilibrium solu-
tion concentration (mg/mL), C0 represents the initial concentration (mg/mL), V represents
adsorbed solution volume (mL) and W represents the mass of the RPMs (g).

Similarly, the RCMs were accurately weighed (0.15 ± 0.0001 g) and placed into round
50 mL conical flasks. After adding 20 mL of dencichine solution, it was adsorbed for 5 h
in an 80 rpm air constant temperature oscillator at 25 ◦C. The content of dencichine after
adsorption was determined by HPLC. The dencichine adsorption amount of the RCMs was
calculated based on Equation (4).

2.6.3. Adsorption of Dencichine on Different Mass RCMs and RPMs

The RPMs (10, 15, 20, 25, 30, 35, 40 mg) were weighed with an analytical balance and
placed into round 50 mL conical flasks. After adding 20 mL of dencichine solution, it was
adsorbed for 5 h in an 80 rpm air constant temperature oscillator at 25 ◦C. The RCMs (75, 100,
125, 150, 175 mg) were weighed with an analytical balance. After adding 20 mL of dencichine
solution, it was adsorbed for 5 h in an 80 rpm air constant temperature oscillator at 25 ◦C. The
content of dencichine after adsorption was determined by HPLC. The dencichine adsorption
amount of RCMs and RPMs was calculated based on Equation (4).

2.6.4. Adsorption Kinetics of Dencichine on RCMs and RPMs

The adsorption process of dencichine was studied with the optimal experimental
mass. The RCMs and RPMs were used to adsorb dencichine (0.1 mg/mL) in an 80 rpm
air constant temperature oscillator at 25 ◦C. Samples of 0.5 mL were absorbed with 1 mL
syringe at 1, 2, 3, 4, 5, 6, 7, 8, 9, 11, 13, 15, 20, 25, 30, 45, 60, 75, 90, 105, 120, 135, 150,
180, 240, 300 min, respectively, and the content of dencichine was determined by HPLC.
Subsequently, the adsorption kinetic curve according to the relationship between time and
adsorption amount was plotted.

2.6.5. Adsorption Isotherm and Thermodynamics of Dencichine on the RCMs and RPMs

To evaluate the adsorption isotherm of dencichine on RCMs and RPMs, the adsorption
was carried out by the addition of 150 mg RCMs or 20mg RPMs into 20 mL of dencichine
solution with different concentrations (0.08, 0.10, 0.12, 0.14, 0.16, 0.18 mg/mL). The adsorp-
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tion equilibrium time was determined by adsorption kinetics experiments. Following the
experiment, the adsorption content of RCMs for dencichine in each sample was measured.

To evaluate the thermodynamics of dencichine on the RCMs and RPMs, a series of
adsorption tests were carried out, including different temperatures 15, 25, 35, 45 and 55 ◦C.

2.6.6. Adsorption of Dencichine on the RCMs and RPMs at Different PH

To evaluate the influence of PH on the adsorption performance of dencichine on RCMs
and RPMs, a series of adsorption tests were carried out at different pH values (1, 3, 5, 6, 7, 8,
9, 11). The adsorption tests were carried out at 25 ◦C, 80 rpm with 0.1 mg/mL of dencichine.

2.7. Selective Adsorption on the RCMs and RPMs

To evaluate the selective adsorption on the RCMs and RPMs, the adsorption tests
were carried out at different solutions (0.10 mg/mL dencichine, 0.10 mg/mL glycine-DL-
leucine (GL), 0.10 mg/mL glycyl-L-phenylalanine (GP)). An aqueous GL solution with
concentration of 0, 0.06, 0.08, 0.10, 0.12, 0.14, 0.16 mg/mL was prepared. The concentrations
of different solutions were measured at 200 nm (GL) using HPLC (Agilent Technologies,
La Jolla, CA, USA). The standard curve was represented by the following Equation (5).

A2 = 4251.53C2 − 0.4393 (5)

Here, A2 represents the absorption peak area of GL solution at 200 nm, C2 represents
the concentration of different GL standards (mg/mL) and the correlation coefficient (R2)
for this equation was 0.9999.

An aqueous GP solution with a concentration of 0, 0.06, 0.08, 0.10, 0.12, 0.14, 0.16 mg/mL
was prepared. The concentrations of different solutions were measured at 210 nm (GP)
using HPLC (Agilent Technologies, La Jolla, CA, USA). The standard curve is represented
by the following Equation (6).

A3 = 7873.23C3 − 4.6747 (6)

Here, A3 represents the absorption peak area of GP solution at 210 nm, C3 represents
the concentration of different GP standards (mg/mL) and the correlation coefficient (R2)
for this equation was 0.9999.

3. Results and Discussion

3.1. Characterization of the RCMs and RPMs

SEM was used to study the surface morphology of RCMs and RPMs, and the results
are represented in Figure 2. As can be seen in Figure 2a,b, the RPMs are found to be
spherical or nearly spherical objects, and the surfaces of the microspheres had a porous,
large surface area. These pores are formed as a result of the diffusion of methanol from
the particle to the surface during the polymerization of the polymer. This interconnected
porous network provides accessibility and active sites for dencichine adsorption, thus
facilitating adsorption. In Figure 2b, it can be seen that the RCMs and the RPMs form
a three-dimensional network structure, and the polymers are encased in the membranes.
As can be seen from Figure 2c,d, the diameter of the composite membrane fiber prepared by
electrostatic spinning is at the nanometer level, with a range of 322.9 ± 73.49 nm. The RCMs
present random distributions and are very uniform with dense structure and interconnected
large pores. Therefore, electrospinning can provide a rigid frame for the RPMs, which is
conducive to the further recycling of the RPMs.
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Figure 2. (a) SEM images of RPMs; (b,c) SEM images of RCMs; (d) Average particle size and particle
size distribution images of RCMs.

The structure of the RCMs and RPMs was investigated by FT-IR spectroscopy, and the
results are represented in Figure 3. In Figure 3a, the RPMs display a stretching vibration
peak of -NH occurs at 3308 cm−1, a stretching vibration peak of -C=O occurs at 1653 cm−1, a
-C=C stretching vibration absorption peak is observed at 1521 cm−1 and a -COO- stretching
vibration absorption peak is observed at 2359 cm−1, indicating the successful preparation
of RPMs. In the RCM curve, the stretching vibration absorption peak of -C≡N is observed
at 2243 cm−1, indicating the presence of PAN. Compared with RPMs, the presence of PAN
leads to a blue shift in -C=O and a red shift in -C=C. In addition, the FT-IR spectra of the
RCMs and RPMs samples are similar, indicating the successful preparation of RCMs.

N2 adsorption–desorption experiments were carried out to study the pore volumes [48],
pore size distributions, average pore diameters and specific surface areas of the RPMs, and
the results are shown in Figure 3b. The pore volume and surface area of the RPMs are
2.756 × 10−3 cm3/g and 6.1776 ± 0.1204 m2/g, respectively. The RPMs have a high specific
surface area, which was favorable for the adsorption and extraction of analytes.

TGA curves were presented in Figure 3c, and they were used to describe the thermal
stability of the RCMs and RPMs. The RPMs start to decompose at 360 ◦C, the temperature
of the fastest decomposition rate occurs at 381 ◦C and the maximum decomposition tem-
perature (Tmax) is 462 ◦C. The decomposition process is divided into two stages, including
dehydration in the low temperature zone (100–360 ◦C) and decomposition in the high
temperature zone (381–462 ◦C). The initial decomposition temperature for the RCMs is
297 ◦C, the temperature of the fastest decomposition rate occurred at 306 ◦C, and the Tmax
is 333 ◦C. Decomposition occurs in two stages, including dehydration (100–297 ◦C) and
decomposition (297–333 ◦C). The second stage of decomposition is due to the breakdown of
the PAN in the RCMs. Compared with RCMs, the RPMs have different thermal degradation
behavior. The RPMs lost more mass in the high-temperature region from 360 to 500 ◦C. The
TGA results demonstrate that the RCMs and RPMs have excellent thermal stability.
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The mechanical properties stability of the membrane long-term stability is one of
the significant parameters. Figure 3e shows the stress–strain curves of the as-prepared
membranes measured by a dynamic mechanical analyzer. In Figure 3e, it can be seen that
the RCMs exhibited excellent mechanical stability with the tensile strength of 2.15 MPa,
along with the elongation at the break of 215.1%. The stress–strain curve results demonstrate
that the RCMs had excellent mechanical properties.

 

Figure 3. (a) FI-IR images of RCMs and RPMs; (b) N2 adsorption–desorption of RPMs; (c) TGA of
RCMs and RPMs; (d) DTG of RCMs and RPMs (e) Stress−strain curves of RCMs.

3.2. Optimization Preparation Conditions of the RCMs

The results of the investigation into the preparation conditions of the RCMs are
represented in Figure 4. As can be seen in Figure 4a, the adsorption amount of dencichine
increases as the RPM concentration increases. When the RPM concentration exceeds 1 wt%,
the adsorption amount decreases with the increase in the RPM concentration. The sediment
volume is also increased, for a certain PAN concentration, when the polymer concentration
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increases. Thus, the optimal concentration of the RPMs is 1.0 wt%. In Figure 4b, it can
be seen that the adsorption amount of dencichine increases with the increase in the PAN
concentration. When the concentration exceeds 10 wt%, the adsorption amount decreases
with the increase in the PAN concentration. This may be because the spinning solution
with low PAN content has low adhesion, poor spinning effect and poor adsorption amount
of the dencichine. PAN content continues to increase, the spinning effect is excellent, and
the preparation of the RCMs has also increased the adsorption amount. However, as the
content of PAN continues to increase, the spinning solution surface tension increases, the
droplet formation of jet flow in the electric field tension is difficult, even blocking the
syringe needle which affects the spinning, and the preparation of the morphology of the
RCMs will become worse, reducing the adsorption amount. In Figure 4c, it can be seen
that the adsorption amount of dencichine increased as the voltage increased. When the
concentration exceeds 20 KV, the adsorption amount decreases with the increased voltage.
When the voltage concentration is increased, membranes thickness is also increased. With
the further increase in the electric field, the drop gradually stays in the electric field for
a shorter time and the radius of the RCM center circle decreases. This may be due to the
RPMs being wrapped in membranes, thus reduce reducing the adsorption amount.

 

Figure 4. Optimization preparation conditions of the RCMs: (a) Polymer content; (b) PAN content;
(c) Voltage adsorption amount.

3.3. Adsorption of Dencichine on Different Mass RCMs and RPMs

The adsorption of dencichine (0.1 mg/mL) on different mass RCMs and RPMs is
represented in Figure 5. As can be seen in Figure 5a, the adsorption amount of dencichine
is increased by increasing the mass of the RPMs. When the mass exceeds 20 mg, the
adsorption amount decreases with the increase in the RPM mass. In Figure 5b, it can be
seen that the adsorption amount of dencichine increases with the increase in the RCM
mass. When the mass exceeds 150 mg, the adsorption amount decreases with the increase
in the RCM mass. Under the same concentration conditions, more adsorption sites are
provided to dencichine at a small increase, which raises the effective contact area and the
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amount of dencichine adsorption. With the increase in mass, the RCMs and RPMs had
inadequate adsorption of dencichine, and the adsorption amount decreased. In other words,
the adsorption of the sorption system stays correlated with the availability of adsorption
sites on the surface of the adsorbent and the concentration of the dencichine solution.

 

Figure 5. Adsorption of dencichine on different mass RCMs and RPMs; (a) RPM adsorption amount;
(b) RCM adsorption amount.

3.4. Adsorption Kinetics of Dencichine on the RCMs and RPMs

The adsorption kinetics curves of dencichine on the RCMs and RPMs at initial concentra-
tions (0.1 mg/mL) are represented in Figure 6a. The adsorption of dencichine on the RCMs
and RPMs showed excellent characteristics of the adsorption kinetics, the adsorption capacity
increased with the increase in the adsorption time, and the adsorption rate decreased gradu-
ally with increasing adsorption time. As for the RPMs, the fast adsorption stage appeared
within the first 15 min, while the slow adsorption stage appeared at 15 to 60 min and the
adsorption equilibrium appeared after 150 min. As for the RCMs, the fast adsorption stage
appeared within the first 45 min, while the slow adsorption stage appeared at 45 to 90 min and
the adsorption equilibrium appeared after 240 min. Compared with RPMs, the RCMs have
different adsorption kinetics behavior. This is because dencichine molecules are adsorbed on
the 4-VP surface of the RPMs and RCMs during the initial stages. Then, over time, it becomes
increasingly difficult for the dencichine to enter the RCMs.

 

Figure 6. Adsorption kinetics of dencichine on the RCMs and RPMs. (a) Adsorption kinetics curves;
(b) Pseudo-first-order adsorption kinetics model; (c) Pseudo-second-order adsorption kinetic.
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To determine the mass transfer mechanisms and rate controlling, adsorption kinetics
of dencichine onto the RCMs and RPMs are evaluated using fitting pseudo-second-order
(PSO) and pseudo-first-order (PFO) models [49–53].

PFO adsorption kinetics models:

ln(Qe − Qt) = lnQe − K1

2.303
t (7)

PSO adsorption kinetics models:

t
Qt

=
1

K2Q2
e
+

1
Qe

t (8)

where Qe represents the adsorbed amount at equilibrium (mg/g), Qt represents the amounts
adsorbed at time t (mg/g), K1 represents the PFO adsorption kinetics models rate constant
(min−1) and K2 represents the PSO adsorption kinetics models rate constant (g/(mg min)).

The corresponding kinetic parameters calculated by Origin are shown in Table 1. The
PFO kinetic model is based on the assumption that adsorption controls diffusion and the PSO
kinetic model assumes that the adsorption rate is controlled by the chemisorption process.

Table 1. Kinetic data of PFO kinetic model and PSO kinetic model.

Samples
PFO Kinetic PSO Kinetic

K1 (min−1) R2 K2 (g mg−1 min−1) R2

RCMs 0.0678 0.8235 0.3662 0.9992
RPMs 0.0758 0.9082 0.0603 0.9999

Figure 6b shows the relationship between ln (Qe − Qt) and time (t), and Figure 6c
shows the relationship between t/Qt and time t. It can be seen from the kinetics parameters
of both adsorbents presented that the coefficient of determination of PFO kinetics R2 (the
RPMs) and R2 (the RCMs) are 0.9082 and 0.8235, respectively, and that of PSO kinetics R2

(the RPMs) and R2 (the RCMs) are 0.9999 and 0.9992. The results indicate that the PSO
kinetics model fits well with experimental data, and the R2 values of the PSO kinetics
model are higher than that of the PFO kinetics model. This phenomenon also indicates that
chemisorption is a dominant role in the adsorption process.

3.5. Adsorption Isotherm and Thermodynamics of Dencichine on the RCMs and RPMs

The adsorption isotherms of dencichine on the RCMs and RPMs at (298 K) with
dencichine concentrations of 80, 100, 120, 140, 160 and 180 μg/mL are shown in Figure 7a.
As can be seen in Figure 7, the adsorption process of dencichine on RCMs and RPMs was
obviously affected by the initial concentration. The dencichine adsorption amount for
RCMs and RPMs increased with increasing dencichine concentration.
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Figure 7. Adsorption thermodynamics of dencichine on RCMs and RPMs. (a) Adsorption isotherms;
(b) Langmuir isotherm model; (c) Freundlich isotherm model.

In order to analyze the adsorption mechanism, fitting Langmuir Freundlich isotherm
models to the experimental data (Figure 7b,c) is helpful and allows further understanding
of the adsorption mechanism. The equations of these two models are as follows [54–56].

Langmuir isotherm equation:

1
Qe

=
1

Qm
+

1
K3Qm

× 1
Ce

(9)

Freundlich isotherm equation:

lnQe = lnk4 +
1
n

lnCe (10)

where Ce represents the concentration of dencichine at equilibrium (mg/mL), Qe represents
the dencichine adsorption amount for the RCMs and RPMs at equilibrium (mg/g), 1/n is
the dimensionless Freundlich constant, Qm represents the saturation adsorption capacities
of monolayer coverage (mg/g), K3 represents the Langmuir constant (mL/mg) and K4
represent the Freundlich constant (mg/mL).

The Freundlich and Langmuir isotherms for the adsorption of dencichine on the RCMs
and RPMs are represented in Figure 7b,c, and the fitting data is shown in Table 2. From
the adsorption isotherms data, it is observed that the correlation coefficient (R2) for the
adsorption of dencichine on the RPMs adsorption has a higher value for the Freundlich
equation (0.9976) than the Langmuir (0.9968), indicating that the Freundlich model is more
suitable for the adsorption process of dencichine on RPMs. Overall, 0 < 1/n < 1 indicates
that the adsorption process easily occurs and has excellent adsorption capacity, 1/n (0.7988)
in the Freundlich equation can be seen as a reflection of the easy adsorption behavior. The
Langmuir model (0.9570) fits the adsorption data less than the Freundlich model (0.9842)
for the adsorption of dencichine on the RCMs. In total, 1/n (2.062) in the Freundlich
equation can be seen as a reflection of the adsorption behavior. These results indicated that
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the adsorption of dencichine on the RCMs was multilayer adsorption. According to the
prediction of the Langmuir isothermal model, the maximum adsorption capacity of RPMs
for dencichine at 25 ◦C is 85.11 mg/g. These results further proved the application prospect
of RCMs in the separation of dencichine.

Table 2. Parameters of Langmuir adsorption model and Freundlich adsorption model.

Samples
Langmuir Isotherm Freundlich Isotherm

K3

(mL·mg−1)
R2 Qm

(mg·g−1)
K4

(mL·mg−1)
R2 1/n

RCMs −4.990 0.9570 0.6864 84.19 0.9842 2.062
RPMs 2.511 0.9968 85.11 106.8 0.9976 0.7988

To understand the effect of temperature on the adsorption amount of dencichine on the
RCMs and RPMs, the results are discussed for the different temperatures, and the results
are represented in Figure 8. As shown in this figure, the adsorption process of dencichine
on the RCMs and RPMs is affected by temperature. At low temperatures, the dencichine
adsorption capacities for the RCMs and RPMs increased with increasing temperature. The
contact probability of the RCMs of dencichine increases with the increase in temperature.
The RCMs and RPMs have temperature sensitivity because of the hydrogen bonding
interaction with the dencichine molecules, and the hydrogen bond is destroyed gradually
with the increase in temperature. With the increase in temperature, the adsorption capacity
of the RCMs decreased, indicating that high temperature is not conducive to the progress
of the adsorption process. This phenomenon proves that chemisorption is dominant in the
adsorption process.

 

Figure 8. Adsorption thermodynamics of dencichine on RCMs and RPMs.

3.6. Adsorption of Dencichine on the RCMs and RPMs at Different PH Levels

To understand the effect of PH on the adsorption amount of dencichine on the RCMs
and RPMs, the results were discussed for the different PH levels, and the results are shown
in Figure 9. The adsorption of dencichine on the RCMs and RPMs at the different PH levels
of 1, 3, 5, 6, 7, 8, 9 and 11 are shown in Figure 9a.
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Figure 9. (a) Adsorption of dencichine on RCMs and RPMs in different pH conditions; (b) The zeta
potential of RCM and RPM adsorption amounts.

As shown in this Figure 9a, the maximum dencichine adsorption amount of the RPMs
is reached when the pH is 6, and the RCMs are reached when the pH is 7. The results
are due to the fact that dencichine is acidic and 4-ethylpyridine is basic, and proves that
a weakly acidic or neutral condition could favor the adsorption process. The zeta potentials
of the RCMs and RPMs at various pH levels were measured, and the results are presented
in Figure 9b. The points of zero charges are at the pH values: 1.7 for RCMs and 8.0 for
RPMs, the zeta potential of the RCMs and RPMs decreased as PH increased, and RCMs
have more surface negative charge than RPMs. The results indicate that the amino group
in PAN reduces the surface charge. Therefore, the adsorption of dencichine by RCMs
may be affected by electrostatic interactions. These results further prove that RCMs have
exceptional promise for the separation and enrichment of dencichine.

3.7. Selective Adsorption on RCMs and RPMs

The selectivity study of RCMs and RPMs was evaluated by using dencichine, two ana-
logues including GL and GP, compared with the adsorption of dencichine in a single
solution and the mixed solution (Table 3). Table 3 illustrated the data obtained from the
selectivity experiment for both RCMs and RPMs, concerning the adsorption quantity.

Table 3. Preferential adsorption of dencichine on RCMs and RPMs.

Material The Single Adsorption (mg/g) The Compound Adsorption (mg/g)

Dencichine GL GP Dencichine GL GP

RPMs 15.57 1.148 0.5734 13.79 1.261 0.3456
PCMs 1.056 0.0260 0.1841 0.8625 0.2930 0.4494

In the single solution of three substances, the adsorption amount for dencichine on the
RPMs and RCMs is 15.57 mg/g and 1.056 mg/g, respectively. The adsorption amount is
better than those for the two analogues. Similarly, in the mixed solution of three substances,
the adsorption amount for dencichine on the RPMs and RCMs was 13.79 mg/g and
0.8625 mg/g, respectively, which is significantly higher than those for the two analogues.
This phenomenon illustrates a high discrimination property of RCMs and RPMs between
dencichine and analogues. These results further proved the application prospect of RCMs
in the separation of dencichine.

4. Conclusions

In the present work, RPMs were synthesized using 4-VP as a functional monomer
and EGMRA as a crosslinker and RCMs were further prepared by electrospinning. Their
physicochemical properties and chemical structures were analyzed and characterized. It
was observed that RCMs have a negative charge on the surface and have an excellent
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adsorption effect on dencichine in an aqueous solution and the RCMs showed excellent
mechanical and thermodynamic properties. The support of the adsorption isotherm model
for Langmuir-Freundlich indicated that the adsorption of dencichine and its analogues by
RCMs was multilayers adsorption, and the kinetic adsorption suggested that chemisorption
was the main adsorption mechanism. In the meantime, the RCMs showed excellent water
solubility and were highly discriminating against dencichine and its analogues, and were
conducive to the extraction and purification of a water-soluble bioactive component from
natural products. This synthetic method is green, efficient, eco-friendly and cost effective.
Therefore, our study provides a novel, efficient and green polymer for the concentration
and the purification of dencichine and will open up a new avenue for the purification
of dencichine.
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